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Abstract


Photosynthesis performance can be assessed quantitatively with light response curves. These curves record the Electron Transport Rate (ETR) as a function of light intensity. Then, statistical fit on these curves parameterize light use efficiency, maximum photosynthetic activity and the reaction of the apparatus to stress. While this technique is performed with portable fluorometers in field conditions, it is difficult to scale it to the canopy level. The Fraunhofer line discrimination technique, which detects fluorescence signals emitted during photosynthesis, is a promising method to assess photosynthetic performance of canopies. In this study, we define a remote sensing ETR index based on a combination of three parameters: sun-induced fluorescence, normalized differential vegetation index and light intensity. Two representatives of C3 and C4 photosynthesis, L. sativa and Z. mays, experienced a fertilization concentrations gradient. ETR increased with light intensity in both crops. In L. sativa, ETR assumed a linear relationship between the photosynthetic activity and light intensity, with a correlation of R2 = 0.99 to the portable fluorometer. Additional parametrization revealed a resilience of its reaction centers to photoinhibition in maximum light intensities. When Z. mays experienced open field conditions, ETR correlated with the plant’s status. While the results of this study are promising, the index still requires validation in terms of temporal track and spatial variability.
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1. Introduction


Plants harvest sunlight energy in order to perform photosynthesis [1]. However, not all energy is used in primary production [2]. The absorbed energy can have three different fates: (a) photochemistry—where light energy is used to excite electrons within the Photosystem II (PSII) and the Photosystem I (PSI) reaction centers, (b) photoprotection—energy is dissipated back to the environment as heat [3] and (c) energy is emitted back to the environment as fluorescence [4]. A successful excitation of electrons within the reaction centers occurs when an electron passes from an excited reaction center to the first acceptor within the photosynthetic electron transport chain—Quinone a (Qa). This transfer is accompanied with a change in fluorescence emitted from the apparatus and, therefore, can be quantitatively determined [5]. In fact, a successful transfer of electrons can be qualified as quantum yield of the system, i.e., the ability of PSII or PSI to perform photosynthesis in a given light intensity. When quantum yield is multiplied by the amount of light present during the measurement, the product determines the rate of electrons entering the chain [5]. Electrons moving along the chain are transferred to various locations, one of which is the Nicotine Amide DiPHosphate (NADPH) [5]. During movement along the chain, Adenosine TriPhosphate (ATP) is synthesized through photophosphorylation within the apparatus. Both parts will be used later as chemical components in the Calvin–Benson–Bassham (CBB) cycle in order to assimilate inorganic carbon into Glyceraldehyde-3-phosphate, the precursor of sugars [1]. Therefore, electron transport rate (ETR) and light response curves report indirectly on primary production.



The logarithmic behavior of the light response curve is divided into three parts (Figure 1): (a) the light limiting intensity range, where the photosynthetic rate is affected only by light intensity, (b) carbon assimilation limiting intensity range, where the photosynthetic rate depends on the assimilation rate of inorganic CO2 and (c) the photoinhibition limiting intensity range, where the photosynthetic rate starts to decline due to a closure of reaction centers [6].



Fitting a logarithmic function to the light response curve, in turn, enables its parameterization [7]: (a) Ik—characteristic light intensity (the concave in the logarithmic function) reveals the size of light-harvesting complexes, (b) Im—predicted light intensity, where the maximum ETR is achieved, (c) light use efficiency (LUE)—the linear part of the curve (slope) and (d) Omega—the magnitude of photoinhibition. It is, therefore, not surprising that light response curves are the method of choice to define photosynthetic performance towards environmental conditions [8]. Portable fluorometers are being used to record light response curves, yet from a very small part of one leaf, from one plant at a time [9,10]. Remote sensing techniques overcome such a limitation: powerful spectral resolution spectrometers situated above a crop measure the average signal coming back from the canopy and assess the overall fluorescence emitted [11]. This signal can be detected via the Fraunhofer line discrimination (FLD) technique [12]. This method exploits the overlap between natural atmospheric oxygen absorption lines within the reflected light and fluorescence spectrum that is emitted back to the environment from the plants.



Photosynthetic organisms have evolved to maximize carbon assimilation in their respected environments. C3-type photosynthetic crops dominate most terrestrial ecosystems, while C4-type photosynthesis is found in subtropical and tropical regions [13]. The main biochemical difference between C3 and C4 plants is the compartmentalization of the fixating CO2 enzyme, Ribulose-1,5-bisphosphate-Carboxylase-Oxygenase (RUBISCO). In C3-type photosynthesis, RUBISCO is located to the mesophyll chloroplasts, while in C4-type photosynthesis, RUBISCO is located to the bundle sheaths chloroplasts [14]. In turn, there is a difference in the way RUBSICO receives the CO2 needed for assimilation. In C3 plants, CO2 diffuses through the intercellular cavities into the chloroplast and RUBISCO; in C4 plants, CO2 is delivered into the bundle sheath chloroplast via a 2-PhosphoEnolPyruvate (PEP)-carboxylase step, which incorporates CO2 into triose molecules. These will be shuttled to the bundle sheath chloroplasts and only then de-carboxilated and fed to the RUBISCO. Eventually, in both types of photosynthesis, RUBISCO is the ultimate stop for CO2, which is then assimilated into the photosynthetic CO2 reductive pathway [15]. Hence, light response curves of C3- and C4-type photosynthesis will behave similarly, given specific conditions.



There are only a few studies which have attempted to calculate remote sensing of ETR in the past. The difficulty to reach this index is due to understating what is included within the Sun Induced Fluorescence (SIF) signal, for example, see Reference [16]. In part, It appears that SIF directly relates to quantum yield at the leaf level [17], but, on the other hand, reports show that additional parameters are needed in order for SIF to report on quantum yield [18]. From these studies, it is understood that remotely sensed light response curves can provide additional information which is not available with a simple SIF signal acquisition. On top of that, the retrieval of SIF is possible from any airborne platform (satellites, airplanes and drones), but the recurring measurements for light response curve limit the construction of the curve along planes [19] or drones [20], due to the requirement of an overpassing frequency. The objective of this study, therefore, is to construct a remote sensing ETR index. In this study, we report on a novel formula which calculates remote sensing of ETR and light response curves. The index was calibrated on the C3-type photosynthesis plant, L. sativa, under photoprotective conditions. These conditions enabled the apparatus to divert most energy to photochemistry at the expense of energy losses due to photoprotection. Then, we used the index to calculate crop status with a C4-type photosynthesis plant, Z. mays.




2. Materials and Methods


2.1. Experimental Design


We performed an experiment over one year on two crop types that are typically grown in Israel during winter and summer. While the crops were able to grow until the end of the vegetative growth, measurements were performed over a single time instance during each season per each crop. The first period was winter—a greenhouse in Havat Ma’taim (33°09′10.3″N, 35°37′23.4″E) in the Upper Galilee region in Israel and which grows L. sativa (Figure 2a). The greenhouse was covered with a scattering UltraViolet—VISual spectral range (UV-VIS) polygon sheet and a shade net which reduced light intensity by at least half (Figure 2c). The cultivation period took place during the winter of 2018, starting at 7 February 2018 until 6 March 2018. The internal climate was monitored by Galcon’s© humidity and temperature controller (Galileo climate, Galcon, Israel), which directly controls on transparent curtains, thus maintaining the humidity and temperature at about constant conditions. Average conditions during the experimental period within the greenhouse were: Temperatureperiod = 17.69 ± 0.09 °C, Humidityperiod = 88.5% ± 0.15%, averaged conditions during experiment: Temperatureinstance = 17.56 ± 0.40 °C, Humidityinstance = 83.17% ± 0.59%. The second period was summer—under open field conditions in Havat Gadash located at 33°10′48.7″N 35°34′58.5″E, in proximity to the other experimental site. The cultivation period in open field conditions took place during summer of 2017, starting at 6 September 2017 until 29 November 2017, with Z. mays ‘super sweet’ (sh2). Averaged conditions during the experiment in open field were: Temperatureperiod = 21.52 ± 0.15 °C, Humidityperiod = 56.29% ± 0.42%, during the experiment: Temperatureinstance = 26.17 ± 1.00 °C, Humidityinstance = 61.38% ± 2.80%.




2.2. Fertilization Treatments


L. sativa was potted in 2 L pots with 80% peat:20% clay soil constituents (Kekkila BVB, Sweden). It was fertigated with a gradient of Shefer-1 (ICL, Haifa, Israel) liquid fertilizer with 8:3:5 K:P:N (Potassium:Phosphate:Nitrogen) + 3 µgr microelements at the following concentrations: 30, 60, 120 and 300 ppm, identified by the total nitrogen amount in the fertilizer. Each treatment consisted of 30 pots divided into 6 biological repeats (5 pots per repeat) and organized in random blocks between three rows. Thus, the experiment was arranged as 40 pots per row, 20 on each side. The Z. mays experiment was fertilized with a slow-release fertilizer Multicote© (ICL, Haifa, Israel) 15:7:15 K:P:N + 2MgO + micronutrients in the following concentrations: Control, 6, 12, 20 and 30 g/L. Each treatment contained 30 pot quads that were ordered in 5 rows, each resembled a biological repeat and 6 pot quads per row. This experiment was part of a larger dataset where additional types of Multicote© fertilizers were used but were omitted from analysis.




2.3. Sensors System Setup


We followed the same setup as suggested by Burkart et al. [20]. Briefly, there were two units of spectrometers (STS-microspectrometers, OceanInsight, FL, USA) designated as AIR and GROUND units. The AIR unit was either mounted on cable grids 3.5 m above the plot (Z. mays) or mounted on a trolley 2.5 m above (L. sativa). The GROUND unit was situated above a 94% white reflective panel (Permaflect©, Labsphere, USA). The readings of both spectrometers were simultaneously taken. Reflectance spectrums were constructed according to the spectrometers manufacturer’s instructions and Pavia et al. [21]. Spectral data acquisition occurred at the following time instances per each crop: (a) L. sativa—07:00 a.m. (4.2 W m−2), 08:30 a.m. (33.2 W m−2), 10:30 a.m. (185.5 W m−2), 12:00 p.m. (225.3 W m−2); (b) Z. mays—07:00 a.m. (187.2 W m−2), 10:30 a.m. (447.7 W m−2), 11:30 a.m. (527.1 W m−2).




2.4. Vegetation Indices Calculation


Vegetation Indices (VIs) are a mathematical combination of two or more spectral wavelengths [22]. This study made use of two robust VIs: the normalized differential vegetation index (NDVI) [23] and the photochemical reflectance index (PRI) [24]. Originally constructed for the classification of vegetation within mixed soil/vegetation satellite images, NDVI is known to be a non-invasive yet sensitive tool for biomass and nitrogen variability within crop canopies [25]. It is, therefore, used by plant breeders in order to search for variabilities in crop yield via agronomic traits [26] or the early detection of compromised crops due to biotic stressors [27]. The PRI index is the reflectance spectrum remote sensing alternative to photoprotection detection at the leaf level. It is very sensitive to plant stress and thus used in the classification of grain yield [28] and identification of light energy stress in various crops [29]. Both of these indices belong to a large family of equations which compare the normalized difference between two wavelengths to their sum:


  N o r m a l i z e d   D i f f e r e n c e =    ρ i  −  ρ j     ρ i  +  ρ j     



(1)




where    ρ  i , j     are the terms describing two values of the reflectance spectrum at a designated wavelength i or j (units of spectral measurement, in this study nanometer (nm)). NDVI and PRI wavelengths used in this study are (670 nm, 800 nm) [30] and (531 nm, 570 nm), respectively.




2.5. Chlorophyll Fluorescence Measurements


Active fluorescence measurements were performed with a Pulsed Amplitude Modulation (PAM) portable fluorometer (FP100-Max, Photon System Instruments, Drasov, Czech Republic) on two of the fully expanded young leaves (3–5 from top meristem) within each potted crop. Sun-induced fluorescence (SIF) was calculated as dictated by Alonso [31] in the O2A and O2B Fraunhofer atmospheric absorption bands.




2.6. Construction of ETR Index


The ETR index was calculated by the following formulation:


  E T R    Wm  − 2     =   S I  F  687     S I  F  687   + S I  F  760     · N D V I · P A R    Wm  − 2      



(2)




where, SIFλ is the SIF calculated at the respected atmospheric oxygen absorption line (687 nm or 760 nm), NDVI is calculated as mentioned above and photosynthetically active radiance (PAR) values are retrieved from a local meteorological station. During investigation, we checked whether the ETR term (without the PAR argument) could be considered as a quantum yield index. For this reason, either SIF687 or SIF760 were used in the numerator.




2.7. Logarithmic Function Statistical Fit


A logarithmic model by Eilers and Peeters [7] was fitted to each of the generated curves in the case of the winter experiment with L. sativa:


  P =  I  a  I 2  + b I + c    



(3)




where, P stands for photosynthetic activity, I for light intensity and a, b and c are constants which are calculated as (Figure 1):


  a =  1  s l o p e ·    I m   2     



(4)






  b =  1   P m    −  2  s l o p e ·  I m     



(5)






  c =  1 S   



(6)




where, slope is the linear part of the curve,    I m    is light intensity achieved at maximum electron transport rate and    P m    is maximum photosynthetic activity (in this study, maximum electron transport rate). Two additional parameters can be extracted as well:


   I k  =  c  b + 2   a · c      



(7)






  O m e g a =    I m     I k    − 2  



(8)




where,    I k    is the characteristic light intensity (intersection between the linear slope and maximum photosynthesis. It is considered an effective light harvesting complex size), and   O m e g a   is the magnitude of photoinhibitory stress.




2.8. Statistical Analyses


We followed Laerd statistics [32] for formulation suggestions on statistical analysis of the study. Each group of fertilization treatment was checked for the presence of outliers, and samples that exceeded 1.5 times the interquartile range in each group were omitted from further analysis. Then, groups of fertilization treatments were checked for normal distribution with a Shapiro–Wilk test and for homogeneity of variances via Levene’s test. Analysis of variance (ANOVA) was applied when both tests were satisfied. In case one of the tests was violated, Welch’s ANOVA was used instead, and if both tests were violated, a Kruskal–Wallis ANOVA was used. In order to compare between different times of the day or different days during the cultivation season, a repeated measures ANOVA was used if Mauchly’s sphericity test was satisfied. In case the sphericity test was violated, Friedman’s non-parametric repeated measures ANOVA was used instead. In order to check for pairwise correlations between groups, each group was tested for homoscedasticity in addition to normal distribution, and then a Pearson’s correlation test was applied to the entire set. If the homoscedasticity test was violated, a Spearman’s rank non-parametric correlation test was used instead. Statistical significance was always set at p < 0.05. Linear regressions, as well as curve fitting, were performed with the ‘data solver’ module in Excel 2013© and the least sum of squares method. Statistical analyses were carried out in Statistical Product and Service Solutions (SPSS) (IBM, Chicago, IL, USA).





3. Results and Discussion


We have divided the discussion based on the results for three sections: (a) Analysis of each of the terms within Equation (2), (b) analysis of the SIF yield term within Equation (2) and (c) analysis of the index itself.



3.1. Attenuation of Each of the ETR Index Terms with Respect to Light and Fertilization Treatment in L. sativa


The index proposed in this study is constructed from both a VI (NDVI) and a SIF calculation. We first researched their attenuation within a photo-protected environment (Figure 3). The NDVI value decreased proportionally with an increase in light intensity and correlated to the increase with fertilizer concentration with respect to N, as expected [33] (compare Figure 3a to Figure 2b, up until 120 ppm N). There was a statistical difference between fertilization treatments, however, there is no statistically significant effect between 120 and 300 ppm N (five times the recommended dose in our conditions). The overall signal declines with light intensity towards noon (225.3 W m−2). Lacaze et al. [34] found that recording the spectra from the nadir angle (normal to the ground) while the sun is situated right above the sensor reduces the NDVI index values by a magnitude. They termed the phenomenon “hot spot” due to its singular visibility on a graph of NDVI values as a function of the time of the day. Ishihara et al. [35] also reported the change in the magnitude of NDVI with the time of the day, as wider angles from the nadir angle yield an increase in the reflectance profile’s magnitude and, therefore, change the NDVI values. In our study, the “hot spot effect” was more pronounced with higher doses of fertilizer. An alternative explanation for the decay in the NDVI value at noon is due to its ability to predict the leaf area index (LAI). Ding et al. [36] show that the LAI value keeps decreasing until noon, and this may be the reason for the overall decay in the NDVI signal.



The PRI index predicts light stress and the buildup of photoprotective carotenoids within the light harvesting complexes. It shows a converted profile of what is expected for a photosynthetic response (Figure 3b). While there is a slight rise in the overall magnitude of the PRI index between 07:30 and 09:30 a.m. (the first two light intensities in the graph), this behavior shifts and decays with time until noon (225.3 W m−2 light intensity in the figure). There was no difference between the fertilization treatments in each light intensity group, but there was a significant difference when comparing the overall activity of each fertilization treatment as a function of time. There were also no greater PRI values on the over-fertilization treatments. This can be explained by the fact that the PRI index changes depending on the temporal resolution inspected. It predicts the quantum yield on an annual cycle, but the level of photoprotection on a diurnal cycle. Gamon et al. [37] explain that the PRI index predicts the epoxidation state (EPS) for the overall carotenoid cycle attenuation. This means that the overall pool of carotenoid increases with light intensity. Thus, the magnitude of the PRI index becomes smaller and the value declines with light intensity.



While the overall activity of each SIF wavelength increases with light intensity, it can be seen that the two signals behave differently. SIF760 reaches a plateau at noon while SIF687 increases almost linearly with light. There was only a statistical difference with respect to the changes in light intensity between the extreme points—30 and 300 ppm N. The fluorescence emitted from the photosynthetic reaction centers peaks at the maximal intensity of 684 nm and 740 nm for PSII, and 722 nm for PSI [38]. Therefore, the SIF760 presents both PSII and PSI mixed signals as unequal portions of the fluorescence between PSII and PSI. The PSI’s fluorescence contribution is considered negligible at high light intensities (i.e., noon) (Figure 3c,d) and the SIF687 signal contains mostly PSII with some interference of PSI fluorescence. This ‘plateau’ behavior in SIF760 can be explained as a light quenching. It occurs as more photosystems are recruited to harvest light and perform photosynthesis, when the excited centers of PSI-3P700 and, specifically, P700+, efficiently quench fluorescence [39]. Altogether, there was a similarity between the fluorescence emitted from the various fertilizer treatments in both SIF signals, while the error was greater for SIF760 than SIF687. We suggest that there are several sub-processes which have an impact on the variability of the signal at the 760 nm wavelength, as expected with a photosystems mixed signal. The overall conclusion from this step is that the crops are not found to have visible stress due to the fertilization treatments. NDVI remains constant throughout the measurements if we assume the decline to be the result of the position of the sensor relative to the sun. We also conclude that PRI does not present stress to the crop and the activity of the photosystems depend on light intensity, as expected by the experimental setup of reduced lightning.




3.2. SIF Yield Term within the ETR Index


ETR at the leaf level is estimated as the product of the quantum yield with light intensity [40]. We were, therefore, interested to explore the argument in Equation (2) relating to quantum yield (the product of the SIF-normalized term multiplied by NDVI) (Figure 4). This term is the probability of two events occurring simultaneously, so they are multiplied by each other. The two events are the absorption of light by the apparatus, which is dependent on the leaf area index and the chlorophyll content. The NDVI index convolves these two traits, and then every active photosystem that emits fluorescence is reflected in the second term. In the second term, the fraction of PSII is calculated as the ratio between either SIF760 or SIF687, and their sum signifies the overall fluorescence emission. We compared this term to the SIF yield—a remote sensing index which has been used as the equivalent to leaf-level effective quantum yield under ambient light [41]. However, part of this established index is to assess fraction of absorbed light in the canopy. This measurement cannot be scaled to large vegetative areas when working with natural light. This is because during the time it takes to complete a measurement of the whole field, the ambient light changes, inserting bias into the overall values. An alternative to this technique is to replace the absorbed light fraction with NDVI, as this was proven to be linearly correlated with absorbed light by the canopy, both for multispectral [42] and hyperspectral sensors [43]. The SIF yield index presented a clustered phenotype at different hours during the day, at both the 760 and 687 nm spectral lines (Figure 4a,b, respectively). The correlation strength of the SIF yield at the 760 nm band is small when compared to the SIF yield in the 687 nm band, together with their clustered profiles (Figure 4b). Each group of data represents a different light intensity moving from right to left, clockwise for early morning to noon. A jump in activity was observed at 09:30 a.m. (Figure 4a, around 0.7 Relative Units (R.U.) on the X-axis) and the quantum yield declined until noon. This is in agreement with the calculation of the PRI index, which rendered a less active apparatus with more photoprotective measures during this time. The same observation was extracted for the 687 nm data (Figure 4b), where the only difference between it and the 760 nm wavelength was a positive trend line. Importantly, the part of the ETR novel index which responds to the quantum yield calculation corrected the grouping pattern for both spectral lines (see Figure 4’s upper and lower panels). However, it maintained a large standard error, rendering the differences not significant between light intensities and fertilization treatment. Both of the terms, SIF yield and the respected term within the ETR index, identified a negative trend for SIF760, while SIF687 obtained a positive trend.




3.3. ETR Index


The ETR index was calculated with SIF687 values in the numerator due to the positive trend of its quantum yield term with that of the Pulse Amplitude Modulation ( PAM) fluorometer (Figure 4). However, while it is acceptable to also multiply the quantum yield term by 0.5 to account for the division of energy between the two photosystems, we can only assume that the PSI influence on the calculation would be negligible due to its low fluorescence emission profile in this part of the spectrum. Calculation of remote sensing ETR at the four time points revealed an almost linear relationship with light intensity, and was not concaved at all (therefore, resembles the yellow part in Figure 1). This means that the L. sativa did not reach its maximal photosynthetic activity, regardless of light intensity within the greenhouse or the fertilization treatment it experienced. There was a statistically significant difference between, but not within, groups of different light intensities regarding the fertilization treatments. When inspecting the logarithmic fit (dashed lines, Figure 5a), the curves exhibited similarity to the behavior of the PRI index at noon (Figure 3b, right-most group). Only the red curve showed a slight bend, implying that its photosynthetic capacity is somewhat compromised when compared to the other treatments. This effect is also evident in Figure 2b, where the PRI value for 60 ppm N (red column) was significantly higher than the other treatments. In general, there was less stress on the apparatus when compared to earlier time points during the measurement (Figure 5a). The comparison between our index and the PAM-generated electron transport rate was linearly correlated (Figure 5b). This corroborated the fact that the index does predict the correct dynamics of PSII, despite the large error bars in the quantum yield term. The final biomass was measured after the experiment ended (Figure 5c), approximately two weeks afterwards. In general, there was a distinct visual difference when inspecting the biomass produced during the cultivation cycle between fertilization treatments (Figure 5c). Most importantly, the final weight presented a logarithmic relationship with the nitrogen content measured in the leaves. This corroborated the reduction in the slope’s magnitude of fit (Figure 5a). We also extracted the additional parameters from the logarithmic fit (Table 1) [7]. The extracted parameters show that maximum predicted light intensity (Im) predicted is almost twice the maximal light intensity during the experiment (Figure 2c). This means that no light intensity during the cultivation of the Lettuce in these conditions could hamper the maximally attainable production. In view of the fertilization gradient, there was only a marginal effect on the actual biomass attained (Figure 5c). The only statistical differences between these parameters existed for size of light harvesting complexes and light use efficiency, as expected, where the maximum photosynthetic activity and the maximum light intensity obtained are the same for all treatments, made apparent from the graph.



We checked the capability of the ETR index to predict plant health under open field conditions and in various light and fertilizer concentrations with a C4-type model organism—Z. mays (Figure 6). We assume a similar behavior of C4- and C3-type photosynthesis crops despite the biochemical differences in both mechanisms based on Collatz et al. [13]. Collatz et al. show that in limiting conditions of CO2 (i.e., both the greenhouse and open field sites), the complex formulation for carbon assimilation in C4 plants can be simplified to resemble an earlier model suggested by the same group for C3 plants [44]. In this experiment, the growth rate of the corn was measured as a proxy of elongation of the stalk—from the surface ground of the pot to the plant top meristem. Aside from light stress, there were two extreme fertilization treatments, a control (without fertilizer at all), and five times the recommended fertilizer dose. The growth rate of the sub-optimal concentration and the control stopped growing 44 days after seeding, although all the treatments showed a decreasing growth rate towards the 65th day. The change in elongation rate was examined between the 44th and 65th days [45,46] (Figure 6b). The change between the 44th to 65th day was the highest for sub-fertilized treatments. It declined, respectively, along a gradient towards excess fertilizer treatment. Then, the over-fertilization treatment began to incline again, indicating a falloff as the elongation rate became prominent again at these concentrations. When constructing a light response curve with the ETR index calculation (Figure 6c), it is evident that the behavior is similar to the change in the elongation rate between those two dates. Both green and black lines, the 20 g/L and control respectively, exhibited a growing trend in their photosynthetic behavior. This was also measured at the lowest growth arrest change in the elongation rate of the corn stalks (see trends at the highest light intensity for the green and black curves in Figure 6c and the column values in Figure 5b). Previous reports suggested that Z. mays displayed a similar trend between the CO2 assimilation and fluorescence light response curves [47]. This fact corroborates our observation that the change in stalk height rate is similar to the electron transport rate calculated by the ETR index (Figure 6b,c). Differences between treatments with regard to different light intensities were statistically significant. The abrupt change in trend of the arrest of growth rate, as seen for the red column, is also visible in the trend of the light response curve. The over-fertilization treatment not only reaches a plateau, but, moreover, is concave (albeit not significantly). This resembles a photo-inhibited trend for these samples. Z. mays may experience a more severe photoinhibition between different tissues performing photosynthesis due to the additional carbon transfer between them [48]. Photosynthetic light reaction centers within the bundle sheaths do not produce ATP and reducing equivalents that support the assimilation reaction in C3 plants. These molecules need to be transported from the mesophyll tissue together with the triose molecules which carry CO2. Therefore, in this study, we corroborate that in photoinhibitory conditions, such as high irradiance and nutrient stresses, we expect to observe a concave in the ETR curve, especially with the over-fertilization treatment. Within this dataset, only three time points were taken (Figure 5c), and logarithmic fit could not be constructed. When comparing ETR curves between Z. mays and L. sativa, there is a need to elaborate on the differences between their photosynthetic physiologies. There is a tradeoff in photosynthetic efficiency between C3 and C4 plants [49]. While C3 plants cannot reduce photorespiration within their chloroplast, they have an advantage over C4 plants in terms of their ability to fix inorganic carbon at low temperatures and/or high CO2 conditions. This happens because C4-type plants use an additional ATP to the PEP carboxylase step. When moving to higher temperatures and increased respiration, C4 plants have an advantage due to the reduced photorespiration in saturating CO2 concentrations, as does occur within the bundle sheath chloroplasts. Under our experimental conditions, Z. mays experienced cooler temperatures which probably affected its photosynthetic behavior and, as expected, was more variable in its light use efficiency (slope) within the ETR graph when compared with L. sativa (compare the increased variance in the slope of Corn in Figure 6c and Lettuce in Figure 5a).



The main advantage of the novel ETR index suggested in this study is the overall measurement of a plant’s photosynthetic performance. This can reduce the need to record the light response curve on the crops’ various gradients—for example, leaf age, size and radial light interception in complex crop geometries [50]. Moreover, it will enable researchers to evaluate thresholds for optimum photosynthetic activity across different geographical and environmental conditions without the need to account for complex experimentation. On the other hand, there are also disadvantages to this index. First of all, there is still a need to pass over the crop area several times a day. While this can be performed with drones or aircraft, the former method is limited in flight time, and thus in distance. A second disadvantage to this technique is its inability to assess other environmental factors, such as the CO2 concentration or the temperature of the surrounding area, two parameters which are needed in order to verify the index parameters in term of photosynthetic activity. Although these parameters can be retrieved from local meteorological stations, not every agricultural field has a meteorological station.



There are also several sources of errors which need to be addressed in future studies. The ground truth technique relates to a very small area within the leaf. Therefore, even multiple measurements of several leaves within the area of detection of the spectrometer can result in a poor correlation of the ETR index when experimenting with different canopy geometries. Working on many biological repeats limits the amount of time instances in the day for measurement. It is important to receive more time instances throughout the day in order to get a better sense of the logarithmic behavior of the photosynthetic apparatus under the conditions studied. To overcome this, the authors suggest to perform airborne campaigns with a drone [20] on a small area, to scan a large number of biological repeats. This ensures that more time points are collected along a gradient of light intensity. Finally, the two experimental setups were constructed in pots. While this is good for calibration and validation on a statistical level, it does not resemble a true agriculture situation where crops share the same area conditions—soil, nutrients and water. This study can be expanded to other C3 and C4 plants. However, in order to do that, two important factors need to be taken into account: (a) different crop species may attenuate in canopy geometry; therefore, the SIF signal and reflectance spectrums may be skewed. To correct this, the authors suggest to compare calculations of SIF in general with radiative transfer models (see, for example, Reference [51], the Soil-Canopy Observation, Photochemistry & Energy fluxes (SCOPE) model). (b) It is beneficial to simultaneously record the ETR index, with the intercellular CO2 and rates of carbon assimilation such as performed with portable gas exchange systems. This will corroborate the findings and validate (in real time) the overall logarithmic trend of the curve created by ETR as a function of light intensity. Finally, we foresee possible uses of this index in standalone situations when comparing various agriculture crops’ photosynthetic performance under different environmental conditions. However, together with an active measurement of stomatal conductance, it can also approximate carbon assimilation using established physical models of gas exchange [13].





4. Conclusions


This study proposed a novel index for remote sensing of ETR of L. sativa and Z. mays. The index was developed for these two crops on the background of a fertilization gradient experiment. While the two crops obtained a different photosynthesis physiology, their electron transfer rates were similar in behavior. The index was calibrated on L. sativa in a photo-protected environment. Under these conditions, it presented a linear correlation between ETR and light intensity with only marginal differences between fertilizer concentrations used. Additional parameterization of the curve with a logarithmic fit, revealed, as expected, that the apparatus will enter into carbon assimilation limitation only in twice the light intensity experienced. When calculating the ETR index with Z. mays in open field conditions, the index relates to actual primary production and plant health. While there are several sources of error which are suggested to be resolved in future studies, this index can report on photosynthetic performance of crops in various environmental conditions. Future studies are needed in order to validate it both in the temporal context of seasons, additional crop species and climatic conditions.
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Figure 1. Light response curve and its parameterization. rETR refers to relative Electron Transport Rate, LUE—light use efficiency, Pm—maximum rETR, Ik—characteristic intensity, Im—maximum intensity, Omega—stress reaction magnitude. Color code: Light limiting intensity range, carbon assimilation limiting intensity range and photoinhibition limiting intensity range are yellow, green and red colors, respectively. 
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Figure 2. Experimental conditions of the fertilization gradient experiment on L. sativa. (a) The greenhouse L. sativa setup and location (Panel A subset). (b) Macro-nutrients composition of the leaves where K:P:N stands for Potassium: Phosphate:Nitrogen, respectively. Color code is the same throughout the manuscript for the lettuce dataset: blue, red, green and purple refer to 30, 60, 120 and 300 ppm total nitrogen, respectively. (c) Dual spectra comparison between the interior and exterior of the greenhouse. (d) Humidity and temperature by season and experiment (blue and brown lines, respectively). 
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Figure 3. Vegetation indices and sun-induced fluorescence (SIF) calculated for L. sativa, along a fertilizer gradient, two weeks after planting. (a–d) represent the normalized differential vegetation index (NDVI), photochemical reflectance index (PRI), SIF760 and SIF687, respectively. The four colored bars represent the fertilizer gradient, where blue, red, green and purple are 30, 60, 120 and 300 ppm of the total nitrogen, respectively. Error bars represent standard error of the mean at n = 30 per fertilization treatment. 
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Figure 4. Comparison of remote sensing quantum yield calculations with Pulse Amplitude Modulation (PAM) technique in L. sativa. Panels (a,c) and panels (b,d), represent calculations with SIF760 and SIF687, respectively. Color code of blue, red, green and purple, resembles four fertilization concentrations of 30, 60, 120, and 300 ppm respectively. Each point represents 30 repeats and error bars are standard errors of the mean. 
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Figure 5. Linear correlation of ETR with the PAM measurements and predictions of plant health and photosynthesis performance. (a) Fertilizer treatments: 30, 60, 120, 300 ppm—color-coded as blue, red, green and purple, respectively (dots seen on the graph, n = 30). The dashed colored lines represent an average of the fit calculated points from Equation (3). (b) Remotely sensed ETR calculation correlated with the ground truth PAM calculation. Error bars represent standard errors of the mean. (c) Final weight of L. sativa measured two weeks after the measurement, at the end of the cultivation period. Error bars represent standard error of the mean, n = 30. 
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Figure 6. ETR index responds to plant health in Z. mays. (a) Stalk elongation as a proxy for biomass production of Z. mays along a fertilization gradient. Color scheme indicates black, grey, light green, green and red colors which correspond to control (irrigation only), 6, 12, 20 and 30 g of total nitrogen per L of irrigation. n = 5, with 4 technical repeats per each biological repeat and error bars representing standard error of the mean. (b) The change in elongation rate between the 44th and the 65th day. (c) Light response curve of the ETR index at three time instances during the 65th day after sowing. The points are connected in straight lines in order to present the trend of the curve. n = 5, with 4 technical repeats per each biological repeat, and error bars represent standard error of the mean. 
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Table 1. Photosynthetic performance parameters extracted from a logarithmic curve and fitted to the ETR index [7].
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	ppm a
	Slope b
	Im c
	Pm d
	Ik e
	Omega f
	R2 g
	n h





	30
	0.13 ± 0.01
	147.6 ± 4.7
	9.36 ± 0.34
	69.0 ± 0.34
	0.13 ± 0.02
	0.94
	15



	60
	0.23 ± 0.02
	121.1 ± 4.9
	13.5± 0.64
	59.7 ± 2.43
	0.02 ± 0.0
	0.9
	12



	120
	0.31 ± 0.02
	193.895 ± 45
	18.7 ± 1.04
	62.59 ± 4.4
	1.36 ± 0.89
	0.95
	14



	300
	0.3 ± 0.04
	465 ± 97.38 i
	24.32 ±1.71
	99.8 ± 15.3
	3.65 ± 1.38
	0.97
	13







a ppm—parts per million. b Slope—the linear portion of the hyperbolic curve. c Im—The position on the light intensity axis when Pm is reached in light flux units (W m−2). d Pm—the value of maximum photosynthetic activity in relative units. e Ik—the characteristic intensity of the fitted model (W m−2). f Omega—the photoinhibition effect on the photosynthetic apparatus. g R2 value was averaged on the samples taken for the analysis per fertilization treatment. h The number of curves taken for average calculation varied because only fitted curves with R2 > 0.9 were used. i Light intensity which could not be reached in the conditions of the experiment performed in this study.
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