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Abstract

:

Hyperspectral reflectance is becoming more frequently used for measuring the functions and productivity of ecosystems. The purpose of this study was to re-evaluate the potential of the photochemical reflectance index (PRI) for evaluating physiological status of plants. This is needed because the reasons for variation in PRI and its relationships to physiological traits remain poorly understood. We examined the relationships between PRI and photosynthetic parameters in evergreen Norway spruce and deciduous European beech grown in controlled conditions during several consecutive periods of 10–12 days between which the irradiance and air temperature were changed stepwise. These regime changes induced significant changes in foliar biochemistry and physiology. The responses of PRI corresponded particularly to alterations in the actual quantum yield of photosystem II photochemistry (ΦPSII). Acclimation responses of both species led to loss of PRI sensitivity to light use efficiency (LUE). The procedure of measuring PRI at multiple irradiance-temperature conditions has been designed also for testing accuracy of ΔPRI in estimating LUE. A correction mechanism of subtracting daily measured PRI from early morning PRI has been performed to account for differences in photosynthetic pigments between irradiance-temperature regimes. Introducing ΔPRI, which provided a better estimate of non-photochemical quenching (NPQ) compared to PRI, also improved the accuracy of LUE estimation. Furthermore, ΔPRI was able to detect the effect of drought, which is poorly observable from PRI.
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1. Introduction


Photosynthetic CO2 uptake by the leaves is a key process determining plant productivity. A major part of the light absorbed by leaves is used in the photosynthetic light and associated electron transport reactions to form energy carriers ATP and NADPH, which are required to assimilate CO2 in the carbon reduction cycle [1]. The absorbed light energy is used to convert CO2 into carbohydrates, which are used as building blocks for plant growth. Processes involved in photosynthetic CO2 uptake are affected by environmental factors such as light intensity, water availability, and temperature [2]. Accurate measurement of photosynthetic CO2 uptake is possible at leaf level using gas-exchange technique or at ecosystem level using eddy-covariance systems. Moreover, there is increasing potential to use measurements of hyperspectral reflectance in monitoring the functioning and productivity of terrestrial ecosystems and their spatial and temporal variability. Remote sensing is, thus, regarded as an alternative method of estimating CO2 fluxes at large scales [3]. While net productivity and amount of ground biomass can be easily assessed using the normalized difference vegetation index (NDVI) and enhanced vegetation index (EVI), a review of the literature across a range of plant functional types and ecosystems indicates that light use efficiency (LUE) of vegetation is more closely associated with the photochemical reflectance index (PRI). The strength of the relationship between PRI and LUE, however, varies greatly with canopy structure, light conditions, and ontogeny [4].



PRI, typically calculated as [R531 − R570]/[R531 + R570] (where Rx is the reflectance factor at wavelength x), was developed to derive changes in foliar photochemistry [5,6]. PRI was later applied to physiological processes measured at leaf level [6,7] and to fluxes of ecosystems monitored at regional scale [8,9]. Originally, PRI was interpreted as a reflectance parameter enabling to detect the spectral signature of xanthophyll cycle pigments involved in the dissipation of excess light through non-photochemical quenching (NPQ; Demmig-Adams and Adams [10]), since the drop in reflectance factor at 531 nm is functionally related to the de-epoxidation state of the xanthophyll cycle pigments [11] and hence to efficiency of photosynthesis. PRI can track subtle LUE changes in an environment with changing light, or it can serve as a proxy for physiological variables of light-dependent photosynthetic reactions (e.g., quantum yield of photosystem II [PSII] or NPQ). Therefore, PRI is increasingly used as an index of photosynthetic performance in all types of vegetation.



More research is needed towards understanding the factors affecting these relationships, since PRI can explain only about 50–60% of LUE’s variability (reviewed by Garbulsky et al. [4]). Shortcomings that preclude PRI’s generalization to the scale of ecosystems as an estimator of LUE mainly originate from seasonal, acclimatory, or ontogenetic adjustments in pigment pool sizes. Extended periods of strong light, stress conditions, or leaf senescence are often accompanied by a decreased ratio of total chlorophylls to carotenoids (Chla+b/Carx+c), thereby influencing reflectance factors on each side of the green reflectance hump and indicating permanently increased needs for photoprotection by carotenoids [12]. PRI, therefore, varies not only with NPQ dynamics but also as a result of long-term adjustments in plant pigment pools associated with environmental conditions [13,14]. For example, Frechette et al. [15] showed that the changes of Chla+b/Carx+c under changing temperature constitute the main source of variation in the PRI–LUE relationship. Similarly, Chla+b/Carx+c ratios and, hence, PRI values, vary with position in vertical canopy profile and irradiance [16]. These differences reflect ontogenetic and acclimatory responses to prevailing conditions, but these adjustments may lead to substantial confusion in interpreting PRI. Other difficulties may occur due to interference in PRI signal produced by other plant pigments not involved in photoprotection mediated by xanthophyll cycle pigments [17], structural differences in canopies [18], and varying background effects [19]. Interference can be introduced by the cycle of lutein [20] and anthocyanin pigments [21].



Recognition of a link between leaf level PRI and Chla+b/Carx+c ratios prompted efforts to deconvolute the sources of variability in relationships between PRI and LUE and to improve LUE estimations from PRI. Separating the diurnally changing (facultative) and seasonally changing (constitutive) components of the PRI signal by introducing a differential diurnal PRI (ΔPRI) has been proposed as an alternative for obtaining information from spectral data [17]. It has been shown that subtracting PRI from a reference PRI (PRI0) at a low intensity of photosynthetically active radiation (PAR) can correct the signal for foliar pigment concentrations, thereby producing a more consistent relationship between PRI and LUE at a seasonal scale. Gamon and Surfus [22] first demonstrated that ΔPRI was correlated with the de-epoxidation state of xanthophyll-cycle pigments in sunflower leaves. The potential of ΔPRI to detect the effects of water availability [23,24,25] or nitrogen status [26] on photosynthetic performance was subsequently demonstrated.



Although the general link between PAR intensity and PRI is well known, the effects of interactions between PAR intensity and temperature or drought stress on variations in the relationships between PRI and LUE or other photosynthetic parameters are not yet sufficiently understood. Studies exploring the effects of PAR at different temperatures suggest that pigment acclimation is triggered not by PAR directly but by the balance between absorbed light energy and the energy used by photosynthesis [27]. This energy balance may depend on ambient temperature; even though light absorption and charge separation by reaction centers are independent of temperature under most natural conditions, the subsequent photosynthesis is markedly influenced by temperature. That, then, alters the distribution of energy and changes the activities of enzymes that metabolize carbon, particularly RuBisCO [28]. Recent studies have indicated that PRI is sensitive to drought stress, which is associated with de-epoxidation of the xanthophyll cycle pigments under water-limiting conditions [29,30]. Understanding the interactions amongst various environmental drivers that may affect the variation in PRI and evaluating ΔPRI’s potential for improving estimation of photosynthetic parameters are thus key tasks towards improving the prediction potential when estimating key ecosystem processes and functions.



This study was conducted to reveal the mechanisms behind the variation in relationships between photochemistry, CO2 fixation, and PRI in distinct environments. Such mechanisms were studied in saplings of Norway spruce (Picea abies) and European beech (Fagus sylvatica) by measuring PRI simultaneously with physiological parameters under changing environmental conditions of growth chambers with adjusted irradiance and temperature set-up. Reflectance factors and PRI of the examined saplings was measured from proximal distance using automated spectroradiometers. The selected method of measuring canopy reflectance factors offers advantages over the traditional approach of leaf-scale measuring reflectance factors using integrating spheres. Even as the traditional approach can provide us with accurate and reproducible measurements [31], it offers limited opportunities to change the climatic factors affecting the studied leaves. In addition, the setup of fixed irradiance levels allows us to investigate the constitutive role of foliar pigments in the relationship between PRI (ΔPRI) and LUE.



The main objective of this work was to analyze the relationships between the key physiological and reflectance parameters in coniferous (Norway spruce) and broadleaved (European beech) tree species in changing regimes of PAR and temperature, and in particular to: (i) study the impact of changing environment on leaf photosynthetic pigment contents, photosynthetic activity, reflectance factors and estimated PRI of trees; (ii) examine the ability of PRI to capture dynamic changes in processes related to photosynthetic carbon uptake in response to changing environmental conditions and leaf pigment contents; (iii) compare the ability of PRI and ΔPRI to monitor physiological responses to changing environmental conditions; (iv) examine opportunities to detect water stress using PRI and ΔPRI; and (v) re-evaluate the role of constitutive photosynthetic pigments (Chla+b/Carx+c) in establishing PRI, PRI0, and ΔPRI.




2. Materials and Methods


2.1. Plant Material


Four-year-old (0.5–0.6 m tall) saplings of European beech (F. sylvatica) and Norway spruce (P. abies) were planted during early spring in pots with dimensions 25 × 25 × 26 cm (11 L). The pots were filled with a mixture of Base Substrate Standard (Klasmann-Deilmann, Geeste, Germany) and quartz sand (fraction 0–2 mm) in a volumetric ratio of 2:1. The saplings were grown under natural conditions in the garden of the Global Change Research Institute in Brno, Czech Republic (49°12′N, 16°37′E) until they had completed sprouting. Plants were watered once per week with approximately 15 L m−2. The plants were then transferred to controlled conditions in FS-SI 4600 growth chambers (Photon Systems Instruments, Brno, Czech Republic), where they were kept for measurement purposes. Twenty-four saplings of each species were distributed equally into two growth chambers and used in the experiment. Canopy reflectance factors were measured from four saplings arranged in close proximity to one another to create a closed canopy complex. Another six saplings (out of 10 measured) were used for estimating mean physiology response to conditions inside of growth chambers. Leaves of the remaining 10 saplings inside of both growth chambers, which were not used for spectroradiometric and physiological measurements, were sampled randomly for foliar pigments analysis periodically on days of physiological measurements. Each pot was watered daily with 200 mL of deionized water.




2.2. Experimental Set-Up


During the experiment, the spruce and beech saplings were grown in large (step-in) FS-SI 4600 growth chambers (PSI, Drásov, Czech Republic). Before the start of experimental regimes, the plants were acclimated for two weeks to low PAR and standard temperature conditions with a daily photoperiod of 14 h, PAR intensity of 100 µmol m−2 s−1, day/night temperatures of 23/18 °C, and relative air humidity of 65/80%. The acclimation period was followed by individual experimental regimes lasting 10–12 days each. A low PAR-intensity regime (LI) with a 14 h photoperiod was first applied. In this regime, PAR intensity was gradually increased to a maximum of 300 µmol m−2 s−1 (Table 1). The initial LI regime was followed by a regime with high PAR intensity (HI; daily maximum PAR of 1200 µmol m−2 s−1). On a daily basis, air temperature and relative humidity were adjusted in the same intervals as was the PAR intensity, thereby providing a daily course of environmental conditions (Table 1). The minimum night/maximum day temperatures were 12/21 °C for the low-temperature (LT) regime and 15/26, 22/35, and 24/37 °C for the high-temperature (HT) regimes (HT, HT2, and HT3, respectively). The irradiation and temperature regimes were joined to create combined regimes that followed in this order: LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3. The irradiation and temperature changes were set up with the aim of inducing periodic changes in plant physiology and pigment content in response to increasing PAR intensity, rising temperature, and occasional cooling during the trees growth. Periods of regular watering were discontinued in the middle of the HI–LT regime to induce drought stress under the subsequent HI–HT3 regime.




2.3. Measurement of Spectral Reflectance


The spectral reflectance of the beech and spruce saplings was measured under light provided by LED Fyto-panels (PSI, Drásov, Czech Republic), which are mounted inside the growth chambers. The LED Fyto-panels provide uniform light distribution and high homogeneity of irradiances at different levels of intensity as shown in Supplementary Figure S1. The panels are producing intensity of PAR up to 1500 µmol m−2 s−1 at 1 m distance. LED panels allow linear intensity control by current regulation in the range from 1 to 100%. The change of intensity does not have impact on illumination directions and shade fractions of vegetation. Reflectance factors of canopies inside growth chambers were measured using DFOV system operating in hemispherical-conical configuration that uses a pair of JAZ spectrometers (Ocean Optics, Dunedin, FL, USA). The optical fiber tips for collecting data were placed approximately 1 m above the measured canopy and 0.4 m below the light source. Up-welling radiance was measured through QP600-UV-VIS optical fiber (Ocean Optics, Dunedin, FL, USA) with field of view 23°, down-welling irradiance was measured using the same type of optical fiber equipped with a CC-3-UV-T cosine corrector (Ocean Optics, Dunedin, FL, USA). Irradiance and reflected-light spectra were collected on 2048 channels between 340 and 1025 nm with spectral resolution (FWHM) of 1 nm. Within the range of the highest interest (500–600 nm), the spectral sampling interval of the spectrometers is 0.35 nm. The system of two spectrometers is operated through a computer unit connected via a USB port, what allows automated simultaneous operation of both units. Both of the components are placed in the minicomputer case, which offers basic protection and thermal stability of the measuring system. Entire system was placed inside of metallic box of greater dimensions, which offered higher thermal stability during measurements, as the instrument has been placed inside of growth chamber during the measuring campaign. Operation of fans in this metallic box was set-up to hold inner temperature between 22–28 °C to keep the components responsible for conducting and dispersing the light in static environment and thereby to increase stability of measured outputs [32]. Optimization of the DFOV system for measuring reflectance factors inside growth chambers was done using spectralon panel (Labsphere, North Sutton, NH, USA) reflecting down-welling radiance flux at maximum used irradiance 1200 µmol m−2 s−1. Integration time of the both measuring units has been adjusted to stop photon count after reaching a count of 60,000 digital units at a wavelength with maximal photon capture in a single scan to avoid non-linearity effects in the data and reach high stability of photo-generated outputs [33]. The peak of the signal at 60,000 counts lies below the threshold of 95% of the saturation level, which is for this spectrometer reached at counts level >64,000. Reflectance factors for calculating canopy vegetation indices were estimated from radiance data converted from digital counts measured using the two used spectrometers. Calibration of the two measuring spectrometers for acquisition of radiometric data was done using a calibration lamp HL-2000-CAL (Ocean Optics, Dunedin, FL, USA). Dark current signal for each measuring unit was recorded during the lamp calibration and later subtracted from measured signal in each data acquisition. The converting factors for calculating radiance data from digital count units measured using each spectrometer have been saved as a text files and later used for calculating radiance data from measurements at top of canopy irradiances levels 100, 200, 300, 600, and 1200 µmol m−2 s−1. The conversions to radiometric data include also dark current approximation for each measuring unit estimated during radiometric calibration and signal optimization to integration time. The calibration files for calculating radiance data have been created once before the measurements of beech and spruce saplings started. Similarly, measuring signal optimization by spectralon and dark current spectrum for each measuring unit was recorded only before the initiation of the measurements and the outputs have been saved as supporting information for calculating reflectance factors. The created files supported estimations of canopy reflectance factors during each entire measuring cycle of beech and spruce lasting for 45 days. Operation of spectrometers is ensured by the interface and control software provided by the manufacturer of the entire system (Safibra, Říčany, Czech Republic). The software in the computer is responsible also for calculation of reflectance factors at selected wavebands from measured irradiance and reflected radiance data. Varying integration time adjusted to irradiance level should secure high signal-to-noise ratio of measurements at varying light intensities. As a consequence of measurements taken with varying integration times taking into account dark current measured before the initiation of measurements; dark current subtracted from the measured signal may not match the instantaneous dark current signal in the sensor, what may lead to small modifications of vegetation indices at lower light intensities as dark current estimated at high irradiance level may be overestimated for these measurements [33]. We assume these differences should not affect significance of the conclusions coming out as outputs from the data measured at very distinct and static irradiance levels as the dark current represented less than 0.2% of the signal upon lamp calibration. Direct communication between the JAZ spectrometers and computer ensured automated spectral reflectance measurements with temporal resolution of 1 min starting at 07:30 and ending at 19:00. Each saved spectrum was an average calculated directly in the instrument from 50 collected spectra.



PRI was calculated following Gamon et al. [5] as:


PRI = (R531 − R570)/(R531 + R570),



(1)




where R531 is the average reflectance factor from wavelengths 530.37, 530.73, 531.08, 531.44, and 531.79 nm, and R570 is the average reflectance factor from wavelengths 570.31, 570.67, and 571 nm. The measured reflectance factors at selected wavebands have been averaged to reduce influence of multicollinearity between neighboring wavebands. This procedure helped to reduce the noise in PRI value originating from the hyperspectral configuration of the used spectrometers (not shown) and increased the stability of PRI at the selected irradiances (Figure 1).



Using PRI0 as a proxy for each day’s steady state pigment content, as proposed by Liu et al. [34], a ΔPRI was computed to account for pigment composition changes in PRI throughout the entire measuring period. ΔPRI for each acquisition of spectral data was calculated as the difference between PRI measured during the day and PRI0 as:


ΔPRI = PRI − PRI0



(2)







PRI0 was estimated from measurements taken early in the morning under low PAR intensity (100 µmol m−2 s−1) and given temperature (Table 1) providing minimal de-epoxidation state of xanthophyll cycle pigments. We averaged PRI0 data measured in the final 5 min of the initial low PAR period in order to account for an effect from gradual activation of the photosynthetic system in low light that can reduce the need for non-photochemical quenching and decrease xanthophyll de-epoxidation [35].




2.4. Measurement of Gas Exchange and Chlorophyll Fluorescence


Gas exchange and chlorophyll fluorescence were measured on the second and final day of each regime. Measurements were collected five times per day at PAR intensities of 300, 600, 1200, 600, and 300 µmol m−2 s−1 for the HI regimes and 200, 250, 300, 250, and 200 µmol m−2 s−1 for the LI regimes after 30 min acclimation to the actual irradiation and temperature conditions. Leaves and needles in the uppermost part of the sapling crowns were measured using the LI-6400 XT portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA) equipped with an LI-6400-02B leaf assimilation chamber for estimating actual photosynthesis rate (A), stomatal conductance (Gs), and transpiration (Tr). CO2 concentration (400 ppm), PAR intensity, temperature, and relative humidity were adjusted to be identical to the actual conditions in the growth chamber. Flow was fixed at 500 µmol s−1 for measurements in each treatment of both species. The effect of pigment content on PAR absorption under individual irradiance-temperature regimes was tested by changes in Green NDVI calculated from wavebands 555 and 677 nm. The changes have not been found significant, therefore, LUE has not been corrected for changes in absorbed PAR and chlorophylls content. LUE was calculated as the ratio of the rate of CO2 assimilation (A) and actual irradiance level as:


LUE = A/PAR



(3)







Chlorophyll fluorescence was measured using a PAM-2500 portable chlorophyll fluorometer (Heinz Walz, Effeltrich, Germany). The measurements were conducted on the same leaves as those used for the measurements of gas exchange. Chlorophyll fluorescence measurements were performed before each set of gas exchange measurements. The minimum (F0) and maximum (Fm) chlorophyll fluorescence in a dark-adapted state were measured before dawn (prior to 07:30) and were used for calculating the maximum quantum yield of PSII photochemistry (Fv/Fm), as:


Fv/Fm = (Fm − F0)/Fm



(4)







Actual quantum yield of PSII photochemistry (ΦPSII) in a light-adapted state, non-photochemical fluorescence quenching (NPQ), and photochemical fluorescence quenching (qP) were calculated as described by Genty et al. [36] from the steady state (Fs), light-adapted maximum (Fm′), and light-adapted minimum (F0′) chlorophyll fluorescence of leaves adapted to the conditions of PAR intensity and temperature as:


ΦPSII = (Fm′ − Fs)/Fm′



(5)






NPQ = (Fm − Fm′)/Fm′



(6)






qP = (Fm′ − Fs)/(Fm′ − F0′)



(7)







Maximum chlorophyll fluorescence emissions in both the dark- and light-adapted states (Fm and Fm′) were obtained after application of the saturating light pulse for 0.8 s and producing an incident PAR intensity >3500 µmol m–2 s–1. A weak pulse of far-red light was applied to leaves kept in darkness to determine F0′.




2.5. Analysis of Photosynthetic Pigments


The content of photosynthetic pigments was determined throughout the experiment on the days of the physiological measurements to study the impact of changes in total chlorophylls and carotenoids on PRI variation. The contents of the total chlorophylls (Chla+b) and total carotenoids (Carx+c) were measured with a Specord 500 spectrophotometer (Analytik Jena, Jena, Germany) from the supernatant obtained after centrifugation (for 3 min at 480 g) of pigments extracted in 80% acetone with a small amount of MgCO3. The pigment contents were determined using the equations by Lichtenthaler [37] from absorbance measured at 470, 646.8, 663.2, and 750 nm.




2.6. Data Analysis


The data for the individual parameters were tested for normality using the Kolmogorov–Smirnov test before analysis of variance (ANOVA). A one-way fixed-effect ANOVA model was used for general analysis as to the effects of temperature and light regimes. A Tukey’s post-hoc (p < 0.05) multiple range test was used to compare the differences between means. Homogeneous groups with no significant differences were identified in graphs by the same letters. The ANOVA analyses were conducted using Statistica 12 (StatSoft, Tulsa, OK, USA).



In order to visualise and quantitatively summarise the multivariate covariation of optical variables (PRI and ΔPRI) and major vectors of environmental factors, leaf pigment contents, and physiology measures we performed a principal component analysis (PCA) on the correlation matrix of the variables, plotting correlation circle of the principal component analysis between 15 estimated variables. We used PCA axes as PRI and ΔPRI correlates of all variables to eliminate collinearity in the predictors [38]. Since non-linear relationships have been identified between most of the key physiology variables and reflectance indicators, a logarithmic regression model was then used to study the relationships between ΦPSII, NPQ, LUE, PRI, and ΔPRI. Steady-state PRI and ΔPRI are presented as means of six subsequent reflectance measurements after the PRI had stabilized at a given irradiation and temperature (ca. 30–60 min after change of PAR intensity and temperature). A linear regression model was used to study the impact of foliar Chla+b/Carx+c on PRI, PRI0, and ΔPRI. The significance of the statistical model was tested at probability levels p < 0.05, p < 0.01, and p < 0.001 using ANOVA. All regression analyses and PCA were conducted using R 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria).





3. Results


3.1. Changes in Content of Photosynthetic Pigments


The saplings of both species adjusted their foliar chlorophyll contents throughout the experiment in response to changing environmental conditions. Chla+b content changed significantly only in beech, but the pattern of response to PAR and temperature regimes was similar also for spruce (Figure 2). The transition from LI–LT to HI–HT significantly increased Chla+b content in beech, but the subsequent high temperature (HI–HT2) regime led to decline of Chla+b content. Although other changes in Chla+b content were not statistically significant, both regimes HI–LT and HI–HT3 did lead to its slight decrease.



Similarly to Chla+b content, the Carx+c content increased significantly during transition from the LI–LT to HI–HT regime, but only in beech (Figure 2). The subsequent decline in Carx+c was statistically significant first under the HI–LT regime when compared to HI–HT. In spruce, on the other hand, the Carx+c content increased under the HI–LT regime and this increase was statistically significant in comparison to the LI–LT and also the HI–HT regime. Chla+b/Carx+c decreased during the experiment from 4.5 and 4.9 to 3.3 and 2.9 in beech and spruce, respectively (Figure 3). The dynamics of the response of the Chla+b/Carx+c ratio differed between beech and spruce. In beech, Chla+b/Carx+c decreased in two steps, first under the HI–HT and then under the HI–LT regime. In spruce, continuous decline of Chla+b/Carx+c was observed throughout the experiment.




3.2. Responses of the Photosynthetic Parameters


Fv/Fm followed similar dynamics in the spruce and beech saplings throughout the experiment (Figure 4). Fv/Fm remained stable during LI–LT and HI–HT at around 0.74 and 0.78 in beech and spruce, respectively. In beech, Fv/Fm increased significantly (p < 0.05) to near 0.8 immediately after the temperature increased under HI–HT2 (up to 35 °C). Similar, but not statistically significant, increase in Fv/Fm under HI–HT2 was observed in spruce. Subsequent exposure of the saplings to low temperatures under HI–LT decreased Fv/Fm to 0.69 in beech and 0.72 in spruce, which values were significantly lower than those measured under HI–HT conditions (p < 0.05). The HI–HT3 regime returned Fv/Fm to values comparable to those of HI–HT2, and these remained relatively stable thereafter until the end of the experiment.



ΦPSII had similar dynamics as did Fv/Fm under any given PAR and temperature regime, albeit with different magnitudes depending on the PAR intensity at which this parameter was measured (Figure 5A,B). ΦPSII was, therefore, higher in the morning at low PAR intensities and declined with increasing PAR intensity. ΦPSII also responded more negatively to drought and high temperature (HI–HT3) under high irradiance when compared to HI–HT2 and early HI–HT3 (p < 0.05). Similarly to ΦPSII, NPQ was affected more by the regimes of PAR intensity and temperature when measured at maximum PAR intensity near noon than when measured in the morning (Figure 5C,D). NPQ increased significantly (p < 0.05) at the transitions from LI–LT to HI–HT and from HI–LT to HI–HT3. Conversely, NPQ decreased during the transition from HI–HT2 to HI–LT (p < 0.05 in beech). Changes in temperature, thus, played a crucial role in the NPQ responses. The differences in NPQ were generally more pronounced in the beech saplings compared to spruce. In contrast, changes in qP under different conditions of PAR intensity and temperature were more pronounced in the spruce saplings (Figure 5E,F). qP decreased particularly under the transitions from LI–LT to HI–HT and from HI–HT2 to HI–LT. The decrease in qP during transition from HT2 to LT was not statistically significant in beech, but it was significant in spruce (p < 0.05). qP first increased under HI–HT3, but it later decreased. Again, these changes occurred primarily at the peak PAR intensities near noon.



CO2 assimilation rate (A) increased under higher PAR intensities and temperatures (HI–HT) and decreased under lower temperatures and given irradiance (HI–LT; Figure 6A,B). Decreasing temperatures under HI–LT reduced A in both species as compared to the values under HI–HT. A decreased further after transition to the regime of stress from drought and high temperature (HI–HT3, p < 0.05). Distinct responses of A to high temperature treatments HI–HT2 and HI–HT3 were observed in beech and spruce. A decreased upon exposure to high temperatures and high irradiance (around noon) in spruce (p < 0.05), but increased in beech. In these conditions, A was rather stimulated in beech, as indicated by the positive response of stomatal conductance to higher temperature in this species (Figure 6C). Final exposure to HI–HT3 stress initially increased and then significantly decreased Gs of beech leaves in a water-limited environment. Applied principal component analysis revealed quite good agreement between A, Gs, and transpiration rate (Tr) in beech, but poor explanation is given for the photosynthetic rate in spruce needles by Gs and Tr. The high midday PAR intensity and high temperatures under HI–HT and HI–HT2 led to stomatal closure in spruce, and the low-temperature HI–LT regime rapidly increased Gs. Final drought and high temperature stress under HI–HT3 produced a similar decrease in Gs for midday observations as in beech.



The increased PAR intensities and temperatures under HI–HT and HI–HT2 increased the transpiration rate (Tr) in both species (Figure 6E,F). Tr gradually increased until HI–HT2, subsequently declined when the temperature decreased (HI–LT), and then increased again in response to the temperature rise under HI–HT3 (all changes were statistically significant at p < 0.05). Tr, however, decreased rapidly in both species at the end of HI–HT3.




3.3. Optical Properties of Leaves and Needles under the Acclimation Regimes


Daily observed changes of reflectance factors R570 and R531 are displayed in Figure 7C–F. The PRI and PRI0 with the corresponding maximum ΔPRI for each day of measurement are also shown in Figure 7A,B. A detailed example of daily PRI development measured with temporal resolution of 1 min within individual regimes of PAR intensity and temperature is shown in Figure 1.



PRI exhibited a typical diurnal pattern, with lowest PRI near noon (Figure 1 and Figure 7A,B). PRI had generally similar responses in both spruce and beech seedlings at the longer temporal scale of the entire experiment. Acclimation to HI–HT was accompanied by a decrease in PRI throughout this regime (Figure 7A,B). PRI increased immediately after the transition to HI–HT2 to a level at which it then remained stable. The transition to HI–LT was accompanied by a rapid decrease in PRI to an overall minimum. Then early morning PRI and PRI0 values increased rapidly with a gradual increase of midday PRI upon the start of HI–HT3, thus resulting in high ΔPRI. This PRI increase was followed by a decrease at the end of the measuring cycle due to the combined heat and drought stress. A continuous increase in ΔPRI has been observed throughout the HI-HT3. Less pronounced dynamics as compared to PRI or PRI0 was observed for ΔPRI. ΔPRI, in general, produced reversal dynamic as compared to PRI as it estimates daily observed amplitude responses (Figure 7).




3.4. Relationships between PRI, ΔPRI, and Photosynthetic Parameters


The correlation circle of the PCA ran on the data is presented in Figure 8 for the two axis explaining most of the variance in the data (for beech axis 1:45% and axis 2:22%; for spruce axis 1:46% and axis 2:21%). Overview of the data used for this analysis and the complete correlation plots and its quantitative values are presented in Supplementary Figures S2 and S3, respectively.



A weak explanation for PRI and ΔPRI variation is given by photosynthesis measures estimated using gas-exchange method (A, Gs, Tr). Both PRI and ΔPRI exhibit sensitivity to variables, which are correlated also with PAR. The figure shows positive correlation and mutual interaction between PRI, ΔPRI, ΦPSII, qP and LUE. These variables are irreversibly proportional to NPQ, and PAR. Detailed relationships between PRI, ΔPRI, NPQ, ΦPSII, and LUE are shown in Figure 9 and Figure 10. Within these relationships, the average physiological responses measured for each time period five times per day at different irradiance and temperature conditions were compared with the mean spectral response measured for corresponding intervals. The graphs showing relationships between the variables display mostly nonlinear relationships.



PRI generally provided good estimates of ΦPSII, NPQ, and LUE in both species (R2 = 0.58–0.70), except for NPQ in beech (R2 = 0.40). Higher sensitivity of PRI towards LUE in spruce (R2 = 0.73) as compared to beech (R2 = 0.64) seems to be the result of a more pronounced decrease of Chla+b/Carx+c in spruce. The reason for this may be seen in the comparisons of PRI change between canopies varying in leaf area index (higher for spruce), which, as a consequence of the different scale of drop in Chla+b/Carx+c (Figure 3), produce similar PRI ranges between −0.02 at the beginning of HI–HT and −0.1 at the end of HI–LT (Figure 7A,B) in both species. ΔPRI especially improved the estimates of LUE and NPQ (R2 = 0.80–0.94), providing more sensitive assessment of LUE in beech, whereas the correlation with ΦPSII remained similar to that for PRI (R2 = 0.64–0.68).



Data from the noon measurements showed influence of foliar Chla+b/Carx+c on PRI at high PAR intensities (PRI1200) (Figure 11). In addition, the analysis found that the Chla+b/Carx+c ratios had a lower impact on the corresponding diurnal differential PRI (ΔPRI1200) values, and Chla+b/Carx+c was much less strongly correlated with PRI0.





4. Discussion


The aim of this study was to contribute to improved understanding of ability of photochemical reflectance indices, PRI and ΔPRI, to track variability in the photosynthetic responses of a coniferous tree species, P. abies, and a broadleaved tree species, F. sylvatica, to changing environmental conditions. The experiment was designed to compare PRI responses after short-term (diurnal) and medium-term (10 days) exposure of saplings to changing PAR intensity and air temperature under controlled conditions in growth chambers. Interactions between these two factors are known to determine the activity of photosynthetic enzymes [28], size of photosynthetic pigment pools [27], reflectance signature, and PRI [12]. Since water availability may also strongly influence photosynthesis and spectral responses, water stress was simulated in the final stage of the experiment.



4.1. Effect of Photosynthetic Activity and Pigments on Reflectance Signature


When measuring leaf spectra throughout the day, changes in green reflectance factors are subjected to more than just the xanthophyll cycle change, for example to chloroplast movements, lutein epoxide cycle or temperature stress and in natural conditions also to changing illumination angles. Non-linearity in reflectance measurement output as consequence of the measurements taken under different radiation levels, can also affect observed daily dynamic in reflectance factors [33], and may constitute a part of observed dynamic in R570 and R531 on each day (Figure 7C,D). Observed changes in R570 between days seems to be the result of subtle chlorophylls changes [39]; the extent of change over measuring period (2% and 1% of the total reflectance for beech and spruce) may be dependent on canopy LAI. Responses of reflectance factors at 531 nm to chlorophyll content are more ambiguous. Increasing magnitude of response in R531 after switching to HI–HT corresponded to increasing the need for protective functions under higher PAR intensities (Figure 5C,D; Gamon and Surfus [22]). Decreased diurnal magnitude of the R531 response under HI–LT (Figure 7E,F) can be attributed to maintaining sustained NPQ. The development of NPQ in response to low temperature is typically correlated with the retention of antheraxanthin and zeaxanthin [40] under conditions when generation of the electrochemical potential on thylakoid membrane (ΔpH) or the enzymatic de-epoxidation reaction necessary for optimal functioning of the NPQ are very slow [41,42]. Although most of the published works report increased overnight zeaxanthin levels under freezing temperatures [43], the temperature around 12 °C also seems to produce substantial overnight zeaxanthin retention in studied tree species. The operating mechanism, based on structural reorganization of PSII and aggregation of light harvesting complex, increases the size of the xanthophyll-cycle pigments pool, reorganizes thylakoid membranes in the long-term, and brings a large decrease in PSII components, particularly the D1 protein and oxygen-evolving complex [44].



Cold stress in HI–LT induced the opposite reactions in R531 as compared to R570. An increase of the reflectance factor at 570 nm was detected as a consequence of chlorophyll degradation. Although chlorophyll degradation was initiated during increased temperature (HI–HT2) in accordance with expectations [45] in both species, a low temperature in HI-LT resulted in a decrease of R531 (Figure 7A,B). This simultaneous increase of R570 and decrease of R531 resulted in a rapid decrease of PRI. The decrease in PRI under HI–LT corresponded to the inhibition of photosynthetic reactions observed as a decrease of ΦPSII (Figure 5A,B) and A (Figure 6A,B). With induced low-temperature stress, rapid changes in Chla+b/Carx+c (Figure 3) were observed. Increasing of leaf carotenoids to enhance photon capture and dissipation pathway in cold environments had been reported also by Ensminger et al. [46]. The initial observation of the data suggests that multiplicative factors including xanthophyll cycle pigments conversions are driving the observed changes in PRI, which, resultingly, displays sensitivity to ΦPSII dynamic.




4.2. Use of PRI for Determining Photosynthetic Parameters


PCA showing associations among all the data measured further indicated that leaf Chla+b and Carx+c concentrations cannot be considered within this study as the main factors affecting PRI variations on a daily scale, and also over longer time intervals (Figure 8). In this context, PRI is more likely driven by PAR producing light responses in conversion of carotenoids [47]. The PCA graphs suggest a minor influence of temperature and vapor-pressure deficit (VPD) on PRI value, as well as low sensitivity of PRI towards A, Gs, and Tr. Shortcomings of PRI in detecting CO2 assimilation rate may originate mainly from photorespiratory processes, which are constituting a major sink of excessive energy in stress environments and eliminate excessive energy carriers ATP and NADPH while reducing the accumulation of H+ ions is necessary for the actions of the xanthophyll cycle [48]. As an example, we attribute non-significant change of midday PRI in spruce under the HI–HT2 as compared to HI–HT regime (Figure 7B) which does not correspond to decreasing of Chla+b/Carx+c (Figure 3B) and decreasing of A (Figure 6B) to stomatal limitations (Figure 6D) and increasing respiration. On the other hand, PRI exhibits close association with PAM-derived ΦPSII, qP and NPQ, as well as LUE, all of which, in general, exhibit strong light response (Figure 8).



Regression analysis connecting data measured across all irradiation and temperature conditions (n = 45) showed the closest association of PRI with leaf ΦPSII (Figure 9 and Figure 10), which concurs with results provided by other authors [7,39,49,50]. However, the tight relationship between ΦPSII, LUE, and PRI may exist only under non-stressed conditions [51], typically observed under low light intensities. Stress conditions usually develop into decoupling between photosynthetic electron transport and RuBisCO carboxylation that results in irregularities in the relationship between PRI and LUE as observed in Figure 9 and Figure 10. In addition to the photorespiration already discussed, mechanisms decoupling ΦPSII and LUE and sources of errors in the relationship between LUE and PRI in C3 plants can also involve other processes competing with carboxylation for energetic compounds (ATP, NADPH), such as nitrogen metabolism and electron donation to oxygen in the Mehler reaction [52,53].



It is assumed that electron sinks, and particularly partitioning between PSI and PSII, that determine the amount of light energy that needs to be dissipated non-photochemically via the xanthophyll cycle [54] have an impact on PRI behavior and affect the relationship between PRI and LUE. The balance between photochemical and carbon assimilation processes ensured by the action of the xanthophyll cycle maintains vegetation in a state optimal for photosynthesis [10]. Extensive studies have been conducted in recent years to explain impairment in the PRI–LUE relationship during spring caused by increased PSI activity upon recovering photosynthesis functions [55,56]. It is furthermore assumed that ATP consumption and cyclic electron flow around PSI help maintain the integrity of chloroplasts in cold environments [57]. As the cold temperature regime was not severe in our study, the recorded rapid decrease of PRI during HI–LT (Figure 7A,B) corresponded mainly with decreasing of Chla+b/Carx+c in both species. The observed PRI rise after increasing temperature from HI–LT to HI–HT3 (Figure 7A,B) can be attributed to a subsequent recovery of PSII reaction centers in the initial phase of the HI–HT3 regime. Also Huang et al. [58] reported a positive correlation between the extent of PSII photodamage under low temperatures and stimulation of electron transfer flow during the recovery when temperature increased. This can be confirmed by the initial rapid increase of PRI on the first and second days of HI–HT3 and later slow increase towards the peak PRI value during HI–HT3 (Figure 7A,B). Consuming ATP in a protective process and synthesis of PSII, thus, serve as zeaxanthin-independent NPQ mechanisms reducing the demand for de-excitation via the xanthophyll cycle and leading in both species to an overestimation of LUE when using PRI. As a consequence of high temperatures, PSII and the stroma become more oxidized and high electron flow around PSII helps maintain an energy gradient across the thylakoid membrane via processes of photosynthesis and photorespiration, thereby helping to prevent irreversible damage [59,60]. Because PSI itself is also heat-tolerant, interruption of the photosynthetic functions under high temperatures observed as PRI decrease in late HI–HT3 (Figure 7A,B) may originate primarily from inactivation of PSII reactions [61] in drought-stressed plants observed as ΦPSII decreases (Figure 5A,B).



The observed generally higher sensitivity of PRI to LUE in the evergreen spruce (Figure 10) was in accordance with the observations of Nichol et al. [62], who reported a greater sensitivity of airborne-measured PRI to LUE measured by eddy covariance of coniferous evergreen Picea mariana and Pinus banksiana forests than to LUE of a broadleaved Populus tremuloides forest. Some reports demonstrated that larger change in Chla+b/Carx+c during the vegetative period can have important implications for the use of PRI as an estimator of photosynthetic LUE [6,63]. Our experimental work, revealing a higher PRI-LUE relationship in spruce with a larger Chla+b/Carx+c drop, suggests that the response of PRI to pigments content change may significantly improve decoupling in the relationship between PRI and LUE.



Inasmuch as PRI of natural canopies is particularly sensitive to directional irradiance [64], our results suggest that shifts in carotenoid contents are responsible for the variation in the PRI–LUE relationship when PRI is measured at viewing angles close to the nadir in the field [16]. A similar mechanism can be responsible for increased PRI–LUE correlations for observations from satellites at higher viewing angles from the zenith [65]. Our results furthermore suggest that PRI of canopies with lower Chla+b/Carx+c may vary particularly with mechanisms operating at the level of electron transport chain, thus displaying a weaker PRI–LUE relationship. Another factor that precludes generalizing PRI on large canopies is that the LUE at the top of the crown can be as little as half the LUE of the lower canopy [66]. Although the contribution of the lowest canopy layer to the overall canopy LUE remains questionable, LUE is expected to increase markedly when moving downwards through the canopy. Nevertheless, the lower Chla+b/Carx+c of sunlit foliage improves the estimation of LUE using PRI in comparison with shade foliage, as reported by Hall et al. [67], who noted that the PRI–LUE relationship is stronger for a sunlit foliage surface.




4.3. Use of ΔPRI for Tracking Photosynthetic Performance


Some studies have demonstrated a strong correlation between PRI and NPQ (reviewed by Garbulsky et al. [4]), but our measurements indicated a poorer performance of PRI in tracking NPQ over longer periods, which is similar to results of Nichol et al. [7] and Rahimzadeh-Bajgiran et al. [50]. Porcar-Castell et al. [56] attributed disruptions in the relationship between PRI and NPQ to differences in the physiological mechanisms controlling each variable and to other forms of energy dissipation independent of the xanthophyll cycle, particularly at low temperatures. They summarized that PRI is driven primarily by Chla+b/Carx+c, whereas NPQ is driven by dynamic changes in the xanthophyll cycle. The correction mechanism of subtracting steady-state PRI at an actual PAR level from the initial PRI0 each day provides a more accurate NPQ estimation. Foliar LUE was, in our study, closely associated with NPQ, which is consistent with numerous earlier studies [39,68], and introducing ΔPRI improved the determination of LUE (Figure 9 and Figure 10).



Similarly as did Wong and Gamon [69], who observed a drop of ΔPRI values in winter that coincided with photosynthetic downregulation, we detected declining ΔPRI after exposing trees to HI–LT. Significant decreases in electron transport associated with this drop result in lower CO2 assimilation rates [70]. Later during HI–LT, the magnitude of ΔPRI response differed between beech and spruce (Figure 7A,B). The reduced need for xanthophyll cycle pigments conversions in beech trees increasing their photosynthetic capacity in late HI–LT (Figure 6A), appeared as lower NPQ (Figure 5C) and ΔPRI (Figure 7A). An opposite response showing a negative relationship between photosynthesis and NPQ (as well as ΔPRI) was observed in spruce. This has been reported also for pine trees [15]. In accordance with work conducted on different plant species, the highest ΔPRI values have been observed in seedlings suffering from drought and exposed to high irradiance [23,24]. Observed stomata closure (Figure 6C,D), photosynthetic downregulation (Figure 6A,B), and extensive synthesis of carotenoids (Figure 3) constitute the basis for high NPQ (Figure 5C,D) in many species during drought episodes [71]. The contrasting difference between ΔPRI data points at the start and end of measurements coincides with an observation by Gamon and Berry [17], who demonstrated that ΔPRI within a tree canopy is larger in sun needles than in shade needles.



A lower ΔPRI in Norway spruce does not correspond to a naturally increased capacity for photoprotection by xanthophylls in evergreen species [72]. The greater importance of the xanthophyll cycle in protecting spruce was supported by the higher NPQs during high-temperature regimes HI–HT2 (Figure 5C,D). The ΔPRI response was larger in beech saplings, which can be attributed to lower chlorophyll content decreasing also reflectance in the visible region (Supplementary Figure S1), and thereby providing a greater capacity to intercept light. Future work also should include studying the interferences introduced to the signal from changing illumination geometry during the day and variability of ΔPRI with canopy LAI. Magney et al. [26] reported that ΔPRI is more useful for comparing plots with different LAIs because it is less sensitive to LAI than is PRI, and our measurements suggest that LAI can produce variability in ΔPRI.




4.4. Evaluation of Water Limitation from PRI


Under severe water and heat stress, downregulation of the whole-canopy LUE due to stomata closure should be detectable through PRI, but only limited information suggests a close relationship between plant water status and PRI [48,73]. Moreover, there are reports of difficulties with tracking LUE changes in drought-stressed vegetation that may originate from enhancement of respiration processes [74,75,76]. Probably due to interference with respiration we were also unable to distinguish between the effects of low temperature (HI–LT) versus the combined drought and high temperature stress (HI–HT3) using PRI in our dataset (Figure 7A,B). The observed decrease in Chla+b/Carx+c (Figure 3), though, also did not induce a decrease in PRI under conditions of water stress [13]. The drought-induced photosynthetic changes were matched, however, by PRI first at the end of HI–HT3.



The findings of close connection between high NPQ and increased ΔPRI in water-stressed plants are in agreement with those reported by Elsheery and Cao [23], who were able to discriminate between irrigated and water-stressed mango cultivars based on NPQ and using ΔPRI. Similarly, Rippullone et al. [77] tracked the photosynthetic responses of various tree species using ΔPRI under varying conditions of water stress. Hmimina et al. [25] used ΔPRI to detect changes in LUE induced by water limitation in oak, beech, and pine saplings. Zhang et al. [78] used ΔPRI to track photosynthesis responses to experimental drought and warming in a Mediterranean shrubland. The lower Chla+b/Carx+c in our study did not facilitate separating the effect of drought using PRI, but the higher carotenoid levels in HI–HT3 did increase the magnitude of ΔPRI in saplings stressed by high temperature and drought. Increased carotenoids levels provide higher capacity for dynamic NPQ, which generates larger amplitudes of ΔPRI under given conditions [79].




4.5. Re-Evaluating the Role of Constitutive Chla+b/Carx+c Ratio in Developing PRI, PRI0, and ΔPRI


Measurements at constant irradiance levels allowed discriminating the influence of photosynthetic pigments on PRI and its derivatives PRI0 and ΔPRI (Figure 11). Additional control of temperature during the experiment allowed investigating in greater detail the role of dominant physiological processes under defined environmental conditions in forming PRI and ΔPRI. Regression established between PRI and Chla+b/Carx+c confirmed a strong effect of Chla+b/Carx+c on PRI at constant high irradiance levels (as reported also by, for example, Stylinski et al. [14] and Garrity et al. [12]). Our measurements, furthermore, confirmed that additional processes removing excessive energy accumulated in chloroplasts and not directly linked to photosynthetic CO2 uptake have a likely impact on the magnitude of the PRI response [48]. Additional PRI differences can originate from exposure of plants to light of higher or lower intensity that enhances protective mechanisms by changing the photochemistry of leaves.



Regression analysis of PRI0 and Chla+b/Carx+c revealed no significant correlation between them. Our measurements thereby suggested that PRI0 is more dependent on transitions between dynamic and sustained NPQ, which is related to the retention of de-epoxided forms of xanthophyll cycle pigments during night-time [80]. Since PRI at high light intensity is the result of changes in Chla+b/Carx+c and, to a certain, but not large, extent of enhanced zeaxanthin-independent de-excitation processes, the resulting magnitude of ΔPRI is highly influenced by sustaining levels of NPQ. Our measurements demonstrated that an accurate and reproducible assessment of PRI0 can produce consistent estimations of LUE. Several methods for estimating PRI0 from field measurements have appeared in the literature in recent few years. Determining PRI from measurements within a certain time interval in the morning based on measurements under a certain illuminating geometry has been shown to be the easiest method for estimating PRI0 from canopy reflectance measurements [26,34]. These authors also emphasize the necessity to estimate PRI0 from measurements under low PAR intensities in vegetation with inactivated light-protective functions. Such PRI0 determination is complicated under natural conditions for measurements under low sun elevations in the morning, however, due to the constraint created by the bidirectional reflectance distribution function. At this point, mathematical deconvolution of PRI0 derived from early morning measurements of PRI under increasing PAR intensities as the intercept of the linear regressions of PRI versus PAR, proposed by Hmimina et al. [24], seems a proper method for estimating PRI0. In this study the problems with PRI0 estimation were reduced by measurement at a constant low irradiance level and constant (nadir) illumination geometry.



Gamon and Berry [17] showed that PRI consists of constitutive and facultative components, and our measurements suggest that an ability to discriminate between these two components may play a crucial role in evaluating PRI data. Separate modelling between sunlit and shaded portions of canopy yielding different Chla+b/Carx+c and PRI was the most efficient way to simulate daily photosynthesis from multi-angular PRI measurements [81]. Contrary to the direct use of PRI, recent pioneering studies employing procedures to estimate ΔPRI from PRI0 and PRI are leading to attempts to use ΔPRI for the purpose of estimating various stresses [25,75,78]. We also suggest that ability to discern between the two effects of Chla+b/Carx+c and daily dynamics in xanthophylls in PRI0 should play a crucial role in evaluating ΔPRI. This study clarifies some of the leaf-level responses that affect the PRI signal over a range of timescales, but further consideration of scaling effects would also be needed to identify the opportunities for measuring that signal in the field.





5. Conclusions


Our measurements showed that processes that reduce energy carriers for use in photosynthetic CO2 uptake result in decoupling in the ΦPSII–LUE and PRI–LUE relationships that may occur at the daily timescale. We furthermore suggested that acclimation responses of plants that adjust the amount of energy needing to be dissipated via the xanthophyll cycle constitute additional causes of impairment in the PRI–LUE relationship over the long-term. We also provided a description of the mechanisms involved in improving LUE estimation using ΔPRI and insight into mechanisms behind the variation of ΔPRI in distinct environments caused by change in leaf Chla+b/Carx+c. It will be still important to further validate the mechanisms identified here on mature trees and in natural systems, where additional causes of PRI variation such as sun angle or canopy structure are likely to add further complexity to the signal detected from reflectance measurements. Studies assuming a variety of stresses should be performed to validate the suggested relationships between ΔPRI and LUE.
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Figure 1. Examples of diurnal photochemical reflectance index (PRI) courses in European beech (A) and Norway spruce (B) saplings during regimes of high photosynthetically active radiation (PAR) intensity and high temperature (HI–HT), high PAR intensity and low temperature (HI–LT), and high PAR intensity and the highest of three different high temperature conditions (HI–HT3). 
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Figure 2. Content of total chlorophylls (Chla+b) and carotenoids (Carx+c) expressed per mg fresh weight (FW) before dawn for European beech (A) and Norway spruce (B) in response to five consecutive regimes of photosynthetically active radiation (PAR) intensity and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Means (columns) and standard deviations (error bars) are presented (n = 3). Letters above the bars indicate homogeneous groups (p < 0.05; Tukey’s post hoc test) separately for each parameter. Different letters represent statistically significant differences between means. 






Figure 2. Content of total chlorophylls (Chla+b) and carotenoids (Carx+c) expressed per mg fresh weight (FW) before dawn for European beech (A) and Norway spruce (B) in response to five consecutive regimes of photosynthetically active radiation (PAR) intensity and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Means (columns) and standard deviations (error bars) are presented (n = 3). Letters above the bars indicate homogeneous groups (p < 0.05; Tukey’s post hoc test) separately for each parameter. Different letters represent statistically significant differences between means.



[image: Remotesensing 10 01202 g002]







[image: Remotesensing 10 01202 g003 550] 





Figure 3. Total chlorophyll/carotenoid ratio (Chla+b/Carx+c) in European beech (A) and Norway spruce (B) saplings in response to five consecutive regimes of irradiation and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Means (columns) and standard deviations (error bars) are presented (n = 3). Letters above the bars indicate homogeneous groups (p < 0.05; Tukey’s post hoc test), different letters represent statistically-significant differences between means. 
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Figure 4. Changes in maximum quantum yield of photosystem II photochemistry (Fv/Fm) measured on dark-adapted leaves and needles at predawn in response to five consecutive regimes of photosynthetically active radiation (PAR) intensity and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Means (points) and standard deviations (error bars) of the measurements on European beech (black points) and Norway spruce (grey points) are presented (n = 6). Letters above (spruce) and below (beech) the error bars indicate homogeneous groups (p < 0.05; Tukey’s post hoc test) within individual tree species. Different letters represent statistically significant differences between means. 






Figure 4. Changes in maximum quantum yield of photosystem II photochemistry (Fv/Fm) measured on dark-adapted leaves and needles at predawn in response to five consecutive regimes of photosynthetically active radiation (PAR) intensity and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Means (points) and standard deviations (error bars) of the measurements on European beech (black points) and Norway spruce (grey points) are presented (n = 6). Letters above (spruce) and below (beech) the error bars indicate homogeneous groups (p < 0.05; Tukey’s post hoc test) within individual tree species. Different letters represent statistically significant differences between means.



[image: Remotesensing 10 01202 g004]







[image: Remotesensing 10 01202 g005 550] 





Figure 5. Changes in actual quantum yield of photosystem II photochemistry (ΦPSII, (A,B)), non-photochemical fluorescence quenching (NPQ, (C,D)), and photochemical fluorescence quenching (qP, (E,F)) in response to five consecutive regimes of photosynthetically active radiation (PAR) intensity and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Data from morning (grey lines and points) and noon (black lines and points) measurements are shown. Means (points) and standard deviations (error bars) of the measurements are presented (n = 6). Letters indicate homogeneous groups (p < 0.05; Tukey’s post hoc test) separately for morning and noon measurements. Different letters represent statistically significant differences between the means. 
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Figure 6. Changes in the rate of CO2 assimilation (A, (A,B)), stomatal conductance (Gs, (C,D)), and transpiration (Tr, (E,F)) in response to five consecutive regimes of photosynthetically active radiation (PAR) intensity and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3). Lowercase letters in the regime labels indicate data from measurements at the beginning (a) and end (b) of acclimation to the given regime. Data from morning (grey lines and points) and noon (black lines and points) measurements are shown. Means (points) and standard deviations (error bars) of the measurements are presented (n = 6). Different letters indicate significant differences between the means of the noon values (p < 0.05; Tukey’s post hoc test). 
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Figure 7. Dynamics of changes in photochemical reflectance index (PRI; black or grey points), reference PRI (PRI0; blue points), and differential PRI (ΔPRI; red points) in response to five consecutive regimes of irradiation and temperature (LI–LT, HI–HT, HI–HT2, HI–LT, and HI–HT3) in European beech (A) and Norway spruce (B) saplings. Alternations between black and grey indicate different regimes of photosynthetically active radiation (PAR) intensity and temperature. Dynamics are for reflectance factor at 570 (C,D) and 531 nm (E,F) for beech and spruce saplings, respectively. 
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Figure 8. Two-dimensional canonical graph of the variable factorial map (correlation circle of the principal component analysis) showing interactions between spectral information (PRI, photochemical reflectance index; ΔPRI, differential PRI), environmental conditions inside growth chambers (PAR, photosynthetically active radiation; T, temperature; VPD, vapor-pressure deficit), data measured with the use of active fluorimeter (ΦPSII, quantum yield of photosystem II photochemistry; qP, photochemical fluorescence quenching; NPQ, non-photochemical quenching), gas-exchange system (A, CO2 assimilation; LUE, light use efficiency; Gs, stomatal conductance; Tr, transpiration) and foliar pigment (chlorophyll and carotenoids) contents (Chla+b, Carx+c, Chla+b/Carx+c). Direction indicate responsibility for PC1 (horizontal) or for PC2 (vertical), length reflect the correlations between active variables and principal components. Angle between variable shifts indicates correlation between variables vectors, and values are listed in Supplementary Figures S2 and S3. 
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Figure 9. Relationships between actual quantum yield of photosystem II photochemistry (ΦPSII), non-photochemical fluorescence quenching (NPQ), light-use efficiency (LUE), photochemical reflectance index (PRI), and differential PRI (ΔPRI) in European beech saplings. Means (points) and standard deviations (error bars) are presented (n = 6). Each point represents one of five measurements during the nine measuring days. Exponential regressions have been estimated for 45 pairs of data points. Asterisks indicate statistical significance of the coefficients of determination (R2): * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 9. Relationships between actual quantum yield of photosystem II photochemistry (ΦPSII), non-photochemical fluorescence quenching (NPQ), light-use efficiency (LUE), photochemical reflectance index (PRI), and differential PRI (ΔPRI) in European beech saplings. Means (points) and standard deviations (error bars) are presented (n = 6). Each point represents one of five measurements during the nine measuring days. Exponential regressions have been estimated for 45 pairs of data points. Asterisks indicate statistical significance of the coefficients of determination (R2): * p < 0.05, ** p < 0.01, and *** p < 0.001.



[image: Remotesensing 10 01202 g009]







[image: Remotesensing 10 01202 g010 550] 





Figure 10. Relationships between actual quantum yield of photosystem II photochemistry (ΦPSII), non-photochemical fluorescence quenching (NPQ), light-use efficiency (LUE), photochemical reflectance index (PRI), and ΔPRI in Norway spruce saplings. Means (points) and standard deviations (error bars) are presented (n = 6). Each point represents one of five measurements during the nine measuring days. Exponential regressions have been estimated for 45 pairs of data points. Asterisks indicate statistical significance of the coefficients of determination (R2): * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 11. Relationships of noon photochemical reflectance index (PRI) measured under a photosynthetically active radiation (PAR) irradiance of 1200 µmol m−2 s−1 (PRI1200, (A,B)), the corresponding differential PRI (ΔPRI1200, (C,D)), and morning PRI (PRI0, (E,F)) of each day measured under a PAR intensity of 100 µmol m−2 s−1 with the foliar Chla+b/Carx+c ratio in dark-adapted leaves and needles. Linear regressions have been estimated for eight pairs of data-points (individual days of measurement). Statistical significance of the coefficients of determination (R2) is indicated: ** p < 0.01, non-significant (ns). 
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Table 1. Daily courses of photosynthetically active radiation intensity (PAR), air temperature (T), relative air humidity (RH), and vapor-pressure deficit (VPD) in growth chambers during the individual combined regimes of PAR intensity and temperature.
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Regime

	

	

	
07:30

	
08:00

	
10:00

	
12:00

	
14:00

	
16:00

	
19:00

	
21:30






	
LI–LT

	
PAR

	
(µmol m−2 s−1)

	
100

	
200

	
250

	
300

	
250

	
200

	
100

	
0




	
HI–HT

	
100

	
300

	
600

	
1200

	
600

	
300

	
100

	
0




	
HI–HT2

	
100

	
300

	
600

	
1200

	
600

	
300

	
100

	
0




	
HI–LT

	
100

	
300

	
600

	
1200

	
600

	
300

	
100

	
0




	
HI–HT3

	
100

	
300

	
600

	
1200

	
600

	
300

	
100

	
0




	
LI–LT

	
T

	
(°C)

	
14

	
16

	
18

	
21

	
18

	
16

	
14

	
12




	
HI–HT

	
17

	
20

	
22

	
26

	
22

	
20

	
17

	
15




	
HI–HT2

	
25

	
27

	
31

	
35

	
31

	
27

	
25

	
22




	
HI–LT

	
14

	
16

	
18

	
21

	
18

	
16

	
14

	
12




	
HI–HT3

	
27

	
29

	
33

	
37

	
33

	
29

	
27

	
24




	
LI–LT

	
RH

	
(%)

	
70

	
60

	
55

	
50

	
55

	
60

	
70

	
80




	
HI–HT

	
68

	
55

	
50

	
45

	
50

	
55

	
68

	
80




	
HI–HT2

	
68

	
55

	
50

	
45

	
50

	
55

	
68

	
80




	
HI–LT

	
70

	
60

	
55

	
50

	
55

	
60

	
70

	
80




	
HI–HT3

	
65

	
50

	
45

	
40

	
45

	
50

	
65

	
80




	
LI–LT

	
VPD

	
(kPa)

	

	
0.73

	
0.93

	
1.24

	
0.93

	
0.73

	

	




	
HI–HT

	

	
1.05

	
1.32

	
1.85

	
1.32

	
1.05

	

	




	
HI–HT2

	

	
1.60

	
2.25

	
3.09

	
2.25

	
1.60

	

	




	
HI–LT

	

	
0.73

	
0.93

	
1.24

	
0.93

	
0.73

	

	




	
HI–HT3

	

	
2.00

	
2.77

	
3.76

	
2.77

	
2.00
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