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Abstract

:

Extreme droughts and heat events, frequently produced in Mediterranean climates, induce anomalies in the ecosystem–atmosphere CO2 fluxes. In order to mitigate the consequences on forests and agriculture, managers must have a better knowledge of the ecosystem by monitoring plant status. Water status is commonly observed measuring water potential but when the extreme event is over, this parameter cannot show managers the recovery of other physiological processes such as photosynthesis. To address this problem, we have evaluated the Quercus ilex L. water status and photosynthetic capacity throughout an intense water scarcity event and a subsequent re-watering. Photosynthetic capacity was evaluated through chlorophyll fluorescence parameters and leaf reflectance indices. We found that all fluorescence parameters changed as water potential decreased and they did not completely recover after re-watering. Among the reflectance indices, the physiological reflectance index (PRI) varied similarly to fluorescence, obtaining a strong correlation with the non-photochemical quenching (NPQ). We proposed using PRI to detect the level of photosynthetic capacity in Q. ilex, as it is much easier-to-handle. We also concluded that intense droughts and heat stress not only might reduce photosynthetic capacity through changes in Chl fluorescence parameters during the stress period, but might also affect photosynthetic capacity once the plant water status is recovered.
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1. Introduction


Extreme climatic events, such as droughts and heat stress, can induce anomalies in the CO2 fluxes between the ecosystem and the atmosphere, which may change the net carbon balance of an ecosystem [1,2]. Furthermore, the simultaneous combination of both stresses, drought and heat, entails a stronger C sink reduction than any other single extreme event [3]. Unfortunately, both stresses occur during the summer season of those areas under Mediterranean type-climates like the Mediterranean Basin [4]. In such ecosystems, climate change models also predict an increase of these extreme events [5], that would enhance water scarcity [6] leading to a higher down-regulation of net photosynthesis [7] and to a severe reduction in primary productivity [8]. Short-term consequences of this reduction are the increase of forest decline episodes [9] and, in agriculture, a more frequent use of irrigation for an affordable crop production [10]. Quercus ilex L., as a key tree species of the Mediterranean Basin might suffer both consequences. On the one hand this species is a well-spread oak of the Mediterranean Basin landscape [11] being also part of the so-called “dehesa” [12]. On the other hand, the oak is commonly used as producer of edible fungi of the genus Tuber, well appreciated in the haute cuisine [13,14].



In order to mitigate the consequences of extreme climatic events on forest and agriculture, managers must have a better knowledge of the ecosystem by monitoring plant status [15]. In this sense, the parameter water potential (Ψ) [16,17] is globally used to characterized plant water status (e.g., [18,19,20]). Nevertheless, once water scarcity is over, Ψ can only show managers the recovery of plants in terms of water, leaving unknown the recovery of other physiological processes such as photosynthesis. To avoid this problem, it is important to implement monitoring along with other easy-to-handle and efficient methods.



The development of hyperspectral remote sensing has enabled the use of leaf reflectance signals, both to estimate the leaf water concentration [21] and to quantify leaf chemistry in vegetation [22,23,24]. In this way, changes in reflectance indices such as the physiological reflectance index (PRI), based on changes in de-epoxidized forms of the xanthophyll cycle molecules [25,26], have been used to detect the effect of drought stress on photosynthetic capacity [27,28,29,30]. However, other indices as the normalized difference vegetation index (NDVI) that indicate changes in the chlorophyll pigment [31] did not always show a clear correlation with plant water stress [32]. Photosynthetic capacity changes are also accompanied by the emission of chlorophyll a fluorescence (ChlF) that regulates the switch between an efficient sunlight utilization and a thermal dissipation state [33,34]. This phenomenon is measurable as non-photochemical quenching (NPQ) of chlorophyll fluorescence [35], which under environmental stress, is associated to the down-regulation of maximum photochemical efficiency of photosystem II (FV/FM) [32,36,37,38].



Taking into account that plant status can be monitored easily and efficiently in terms of both water status and photosynthetic capacity, the aim of this work was to confirm the relationship of Ψ with fluorescence and reflectance parameters in order to find the best indices related to photosynthetic capacity able to complement a more established water status measurement. The relationship was studied during an intense soil water deficit period, under extreme temperature conditions, in Q. ilex, a species particularly important in Mediterranean forest landscape and agriculture. Additionally, plant recovery was also investigated by measuring plant status after re-watering. We hypothesized that most of the parameters used in this study would change with a decrease in water potential. We also hypothesized that after re-watering, plant water status would be completely recovered while photosynthetic capacity, estimated through ChlF and reflectance parameters, would not be completely recovered.




2. Materials and Methods


2.1. Plant Material and Experimental Conditions


Seeds from holm oak (Q. ilex subsp. rotundifolia) (“Soria” provenance, 41°46′ N, 2°29′ W, 1074 m above sea level, Spain) were sown and cultivated in 2003 in 0.5 L containers inside a greenhouse under the same conditions with a mixture of 80% compost (Neuhaus Humin Substrat N6; Klasman-Deilmann GmbH, Geeste, Germany) and 20% perlite. After the first growth cycle, seedlings were transplanted to 25 L containers filled with the same mixture (4:1 compost:perlite) and cultivated outdoors since then at CITA de Aragón (41°39′ N, 0°52′ W, Zaragoza, Spain) under Mediterranean conditions (mean annual temperature 15.4 °C, total annual precipitation 298 mm). A slow-release fertilizer (15:9:12 N:P:K, Osmocote Plus, Sierra Chemical, Milpitas, CA, USA) was periodically added to the top 10-cm layer of substrate (3 g L−1 growth substrate). All plants were grown under the same environmental conditions and drip-irrigated every 2 days.



The experiment took place during the summer of 2017. Two weeks before the beginning of the experiment, ten potted plants (14 years old) were placed under a clear plastic roof that allowed the passing of 90% of PPFD (~1800 µmol photons m−2 s−1 at midday, during the experiment). The use of covers in water-stress experiments had the advantage of performing measurements in more controlled environmental conditions, avoiding re-watering by storms or unwanted rainfall events. Watering was stopped on 21 August 2017 and measurements in well-watered plants started on 22 August 2017. During the following days, measurements were performed every two or three days with increasing levels of drought stress. Drought stress was imposed during 20 days. Finally, after the last measurement under drought stressed conditions, plants were re-watered and measurements were performed again after 7 days.



Air temperature (T, °C) and relative humidity (RH, %) were measured at the experimental site using a Hobo Pro temp/RH data logger (Onset Computer, Bourne, MA, USA) located at 1.30 m above the soil surface. Measurements were recorded every 60 min during August and September of 2017. Mean diurnal (from dawn to sunset) T and RH, maximum T and minimum RH values for each day during this period are shown in Figure 1.




2.2. Water Potential Measurements


Predawn and midday leaf water potentials (ΨPD and ΨMD, MPa) were measured in shoots of holm oak (with leaves still attached to the shoots) with a Scholander pressure chamber following the methodological procedure described by Turner [39].




2.3. Chlorophyll Fluorescence


Chlorophyll fluorescence (ChlF) parameters were measured in fully developed current-year attached leaves of holm oak with a FMS II modulated fluorometer (Hansatech Instruments, Norfolk, UK). Initial ChlF in darkness (F0) was measured at predawn by switching on the modulated light (0.6 kHz); leaf surface photosynthetic photon flux density was below 0.4 μmol m–2 s–1. Maximal Chl fluorescence in darkness (FM) was measured at predawn (20 kHz) with a 0.8-s pulse of 6000 μmol m–2 s–1 of white light. F0 was measured in presence of far-red light that fully oxidizes the PSII acceptor side [40,41]. The Chl fluorescence at steady-state photosynthesis (FS) was measured at mid-morning (8 h solar time) and midday (12 h solar time), and a second pulse of high-intensity white light was used to determine the maximum ChlF in the light-adapted state (F’M). Leaves were then covered and the minimum ChlF after illumination in presence of far-red light (7 μmol m–2 s–1) was determined (F’0). The experimental protocol for the analysis of the ChlF quenching was essentially as described by Genty et al. [42] with some modifications. These involved the measurements of F0 and F’0, which were measured in presence of far-red light (7 μmol m–2 s–1) in order to fully oxidize the PSII acceptor side [40,41]. The dark-adapted, maximum potential PSII efficiency was calculated as FV/FM [43,44]. The actual (ФPSII) and intrinsic (Фexc) PSII efficiency were calculated as (F’M − FS)/F’M and F’V/F’M, respectively [42,45]. Photochemical quenching (qP) was calculated as (F’M − FS)/F’V according to van Kooten and Snel [46]. NPQ was calculated as (FM/F’M) − 1 [47].




2.4. Spectral Reflectance


Leaf reflectance was measured at mid-morning (8 h solar time) and midday (12 h solar time) in fully developed current-year attached leaves of holm oak with a visible/near-infrared spectroradiometer USB-2000 (Ocean Optics, Dunedin, FL, USA). A bifurcated fiber optic cable was connected to the spectroradiometer into one end and to a tungsten halogen light source LS-1-LL (Ocean Optics, Dunedin, FL, USA) into the other end. Leaf reflectance was expressed as spectral reflectance after standardization with white standard (Spectralon, Labsphere, North Sutton, NH, USA). Integration time was 200 ms. The physiological reflectance index (PRI) was calculated as (R531 − R570)/(R531 + R570), where R531 and R570 represent, respectively, the reflectance at 531 and 570 nm [31,48,49]. The normalized difference vegetation index (NDVI) was calculated as (R750 − R705)/(R750 + R705), where R750 and R705 represent, respectively, the reflectance at 750 and 705 nm [50,51]. The water index (WI) was calculated as R970/R900, where R970 and R900 represent, respectively, the reflectance at 970 and 900 nm [52,53]. The first derivate spectra were used to study the wavelength of the red-edge position [54,55].




2.5. Statistical Analysis


Data are expressed as means ± standard error of at least five single measurements, each one made on a different plant. Student’s t-tests were used to compare the values measured for well-watered plants before the drought period and those measured 7 days after plants were re-watered. Values were considered statistically different when p-values were lower than 0.05. All statistical analyses were performed with SAS version 8.0 (SAS, Cary, NC, USA).



Data have been deposit in citaREA. The handle number is http://hdl.handle.net/10532/4065 and data are available online at https://citarea.cita-aragon.es/citarea/bitstream/10532/4065/1/Data.xlsx.





3. Results


3.1. Water Potential


Plants started the water deficit period with a predawn water potential (ΨPD) mean value of −0.1 ± 0.0 MPa. At this well-watered state, midday water potential (ΨMD) mean value was −2 ± 0.2 MPa. At the end of the dry period, plants reached ΨPD and ΨMD mean values of −7.0 ± 0.2 and −7.5 ± 0.2 MPa respectively. Seven days after plant re-watering ΨPD and ΨMD returned to less negative Ψ mean values, i.e., −0.6 ± 0.2 and −1.7 ± 0.4 MPa respectively, recovering the well-watered status.




3.2. Chlorophyll Fluorescence Parameters


The maximum potential PSII efficiency (FV/FM) had an initial mean value of 0.81 ± 0.00 that remained constant from ΨPD = −0.1 to −3.0 MPa (Figure 2). Below −3.0 MPa, FV/FM started to decrease reaching a mean value of 0.48 ± 0.04 at ΨPD = −7 MPa. After plant re-watering, FV/FM mean value sifted up to 0.75 ± 0.01, value that was statistically different (p < 0.05) to the one measured at the beginning of the dry period when plants had a ΨPD = −0.1 MPa.



Mean values of actual (ФPSII) and intrinsic (Фexc) PSII efficiency and photochemical quenching (qP) measured at mid-morning were constant between ΨPD = −0.1 and −3.0 MPa. From −3.0 MPa to −7.0 MPa, the three parameters decreased: ФPSII decreased from 0.48 ± 0.05 to 0.06 ± 0.01, Фexc from 0.56 ± 0.06 to 0.21 ± 0.02 and qP decreased from 0.84 ± 0.03 to 0.31 ± 0.04 (Figure 3). At midday, the relation between ΨMD and these parameters, showed a continuous decrease of their mean values along the water potential range observed (from −2 to −7.5 MPa): ФPSII decreased from 0.51 ± 0.00 to 0.08 ± 0.00, Фexc from 0.59 ± 0.02 to 0.16 ± 0.03 and qP decreased from 0.87 ± 0.02 to 0.48 ± 0.04 (Figure 3). Mean values of ФPSII and qP after re-watering shifted up, both at mid-morning and midday, reaching mean values above 0.2 and 0.5, respectively. On contrary, Фexc did not show any recovery. Concerning the relations between Ψ and the non-photochemical quenching (NPQ), there were also no changes in the mean values of NPQ in the first sections of the curves (from ΨPD = −0.1 to −3.0 MPa and from ΨMD = −2.0 to −4.0 MPa) both measured at mid-morning and at midday. In the second sections (below ΨPD = −3.0 MPa and ΨMD = −4.0 MPa), mean values of NPQ increased from 1.2 ± 0.3 to 4.9 ± 0.6 at mid-morning and from 3.1 ± 0.0 to 6.1 ± 0.8 at midday. After plant re-watering, mean values of NPQ shifted down to 4.3 ± 0.3 at mid-morning and to 5.0 ± 0.7 at midday (Figure 3). Recovery values of these fluorescence parameters (excluding qP measured at midday) were statistically different (p < 0.05) to the ones measured at the beginning of the experiment (Figure 3).




3.3. Reflectance Indices


The physiological reflectance index (PRI) measured at mid-morning remained constant from a well-hydrated state (ΨPD = −0.1 MPa) to a value of ΨPD c.a. −3.0 MPa. Below this ΨPD value, PRI measured at mid-morning dropped from 0.01 ± 0.00 to −0.02 ± 0.00, value that remained constant at more negative values of ΨPD. PRI measured at midday followed a similar pattern: a constant mean value of 0.01 ± 0.01 from −2.0 to −4.0 MPa and a drop to c.a. −0.04 ± 0.01 at ΨMD = −7.5 MPa (Figure 4). After plant re-watering both mid-morning and midday PRI mean values were −0.02 ± 0.01, values statistically different (p < 0.05) to those measured at the beginning of the dry period.



The normalized difference vegetation index (NDVI) at mid-morning slightly decreased from a mean value of 0.45 ± 0.01 (at ΨPD = −0.1 MPa) to 0.41 ± 0.02 (at ΨPD = −7.0 MPa). The decrease at midday was a bit more remarkable falling from 0.48 ± 0.01to 0.37 ± 0.02. Mean values after re-watering reached 0.43 ± 0.02 both at mid-morning and at midday (Figure 4). These values were not statistically different (p < 0.05) to those measured at the beginning of the dry period.



The mean value of water index (WI) slightly increased towards lower values of Ψ from 0.94 ± 0.01 to 0.99 ± 0.01, both at mid-morning and at midday. After plant re-watering, mean values of WI were 0.94 ± 0.01 at mid-morning (not statistically different to the one measured at ΨPD= 0.1, p < 0.05) and 0.97 ± 0.01 at midday (statistically different to the one measured at ΨPD= 0.1, p < 0.05).



Finally, the red-edge position did not show any variation with changes in water potential (data not shown).





4. Discussion


4.1. Response to Water Scarcity


The enhanced levels of soil water scarcity imposed in this study caused a severe reduction in shoot water potential, both at predawn (ΨPD) and at midday (ΨMD), reaching values close to those found in natural stands during summer drought [56]. This reduction in has been successfully related to the variation of several chlorophyll fluorescence (ChlF) parameters (maximum potential PSII efficiency (FV/FM); the actual (ФPSII) and intrinsic (Фexc) PSII efficiency; photochemical (qP) and non-photochemical (NPQ)), confirming similar results found in previous studies [32,57]. As these fluorescence parameters can be considered a proxy of the photosynthesis capacity [33,34], the ΨPD value from which the parameters started to change (c.a. −3 MPa) could be the threshold from which CO2 assimilation rates of Q. ilex could significantly decreased, reducing the primary productivity and inducing anomalies in the tree–atmosphere CO2 fluxes [1,2]. In fact, Peguero et al. [58] measured negligible CO2 assimilation rates at −3 MPa for Q. ilex, showing also similar results in FV/FM, ФPSII and qP. This threshold, obtained with fluorescence parameters, was also detected in Robinia pseudoacacia and Amorpha fruticosa [57], which initial decrease in FV/FM also matched the beginning of negligible CO2 assimilation rates. However, FV/FM in Quercus suber did not show a clear variation with ΨPD [58], which implies that not always Chl fluorescence parameters worked as photosynthesis capacity proxies.



Changes in ChlF have also been related to changes in reflectance indices in previous studies [31,49,59,60]. Our investigation confirmed such relation as we found an increase in the values of NPQ with a decrease in the physiological reflectance index (PRI) during the progressive increment in water scarcity (R2 = 0.80, p < 0.05, Figure 5). Other works have also found good correlations between PRI and NPQ for Vitis vinifera [61] and Quercus coccifera [31]. This relation can be expected because both parameters reflect in many cases photoprotection processes related to pH and/or de-epoxidation of the xanthophyll cycle [49]. In fact, PRI has been directly correlated with various photosynthetic-related variables [62,63,64]. Due to the relationship in Figure 5, the variation of ΨPD with PRI was similar to those found for the ChlF parameters, including the detection of the same threshold point at ΨPD = −3 MPa (Figure 4). Variations in PRI with changes in holm oak water status have been also found in Tsonev et al. [64] and Zhang et al. [32]. However, these authors stated that values of PRI at severe drought remained quite stable. Our results confirmed partially this statement as PRI values measured at mid-morning remained constant below c.a. ΨPD = −4.5 while PRI measured at midday continued decreasing (Figure 4). The other reflectance indices used in this study (normalized difference vegetation index (NDVI); water index (WI); red-edge position) showed weaker and noisier relationships with Ψ. Furthermore, these indices did not show correlations with fluorescence parameters (data not shown), indicating a worse relation with photosynthesis capacity. In fact, previous studies in holm oak showed that WI was not very sensitive to changes in leaf water content during the first steps of the drying process [21] and NDVI was not correlated with leaf-level net photosynthesis rates [32,65]. On contrary, red edge measured in pine was strongly correlated with chlorophyll concentration [66] and it was able to distinguish healthy pines from those undergoing decline [67]. Despite of NDVI and position of red edge to be highly related to changes in chlorophyll concentration [54,55,68], the lack of drought-induced changes in Chl concentration showed in Q. ilex, (as reported by Peguero-Pina et al. [58]), may help to explain the lack of relationship between NDVI and the red-edge position with fluorescence parameters.




4.2. Recovery from Water Scarcity


The level of drought stress imposed in this study can induce in Q. ilex an 80% loss of xylem conductivity [69]. In spite of this possible loss, Ψ after re-watering indicated a complete recovery of plant water status, consistent with other species in previous reports [57,69,70,71]. On contrary, the photosynthetic capacity, estimated through Chl fluorescence parameters, did not show a complete recovery, indicating a possible reduction in the CO2 fixation rates after drought stress. With respect to this, Galmés et al. [72] also showed a net photosynthesis partial recovery in 10 other Mediterranean plant species after a severe drought. Concerning the reflectance indices, the partial recovery of PRI was similar to the partial recovery of NPQ, supporting the relation found in Figure 5. The other reflectance indices (NDVI, WI, red-edge) showed in most cases a complete recovery, probably due to their lower change, confirming again the lack of relationship with Chl fluorescence parameters previously found during the drought period.



The non-recovery of ChlF activity after an intense water stress event in the evergreen Q. ilex might imply, not only a reduction in primary productivity during the stress event, but also a reduction after the stress event when plants were water recovered. Water efficiency of the ecosystem in these cases will be very low and the income flux of CO2 would be reduced until a new leaf growth.





5. Conclusions


Chlorophyll fluorescence parameters, as estimators of photosynthetic capacity, varied with a decrease in water potential during a drought-simulated period in Quercus ilex. One on these parameters, the non-photochemical quenching (NPQ), was correlated with the physiological reflectance index (PRI), which values also changed with the increase of water scarcity. Both parameters had a threshold point around −3 MPa that might indicate the beginning of negligible net photosynthesis rates. After re-watering, plant water status was completely restored while fluorescence parameters and PRI did not recover the initial values. That is, intense droughts and heat stress not only might reduce the photosynthetic capacity of holm oak during the stress period, but also might affect the photosynthetic capacity once the plant water status is recovered. Taking into account that PRI showed the same trend than ChlF parameters and that measuring PRI is much easier-to-handle than ChlF, we propose to use PRI to detect the level of photosynthesis capacity in Q. ilex, and in this way, to complement the measurements of Ψ during drought events.







Author Contributions


D.S.K., O.M., E.G.P. and J.J.P.P. conceived and designed the experiments; D.S.K., J.J.P.P. and O.M. performed the experiments; J.J.P.P. and O.M. analyzed the data; D.S.K. wrote the initial draft; All authors contributed to the discussion of the results and to the writing of the final version of the manuscript.




Funding


This research was funded by Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria (INIA) grant number RTA2015-00054-C02-01 and by Gobierno de Aragón grant number PETRA R+D PLATEA FITE 2017. Research of D. S. K. is supported by a DOC INIA-CCAA contract co-funded by INIA and European Social Fund.




Acknowledgments


Authors thank Ernesto Ruíz for his valuable work during the experiment.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Reichstein, M.; Bahn, M.; Ciais, P.; Frank, D.; Mahecha, M.D.; Seneviratne, S.I.; Zscheischler, J.; Beer, C.; Buchmann, N.; Frank, D.C.; et al. Climate extremes and the carbon cycle. Nature 2013, 500, 287–295. [Google Scholar] [CrossRef] [PubMed]

	



Frank, D.; Reichstein, M.; Bahn, M.; Frank, D.; Mahecha, M.D.; Smith, P.; Thonicke, K.; van der Velde, M.; Vicca, S.; Babst, F.; et al. Effects of climate extremes on the terrestrial carbon cycle: concepts, processes and potential future impacts. Glob. Change Biol. 2015, 2, 2861–2880. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Von Buttlar, J.; Zscheischler, J.; Rammig, A.; Sippel, S.; Reichstein, M.; Knohl, A.; Jung, M.; Menzer, O.; Altaf Arain, M.; Buchmann, N.; et al. Impacts of droughts and extreme-temperature events on gross primary production and ecosystem respiration: A systematic assessment across ecosystems and climate zones. Biogeosciences 2018, 15, 1293–1318. [Google Scholar] [CrossRef]

	



Gil-Pelegrín, E.; Saz, M.A.; Cuadrat, J.M.; Peguero-Pina, J.J.; Sancho-Knapik, D. Oaks under mediterranean-type climates: functional response to summer aridity. In Oaks Physiological Ecology. Exploring the Functional Diversity of Genus Quercus L., 1st ed.; Gil-Pelegrín, E., Peguero-Pina, J.J., Sancho-Knapik, D., Eds.; Springer: Cham, Switzerland, 2017; pp. 137–194. ISBN 978-3-319-69098-8. [Google Scholar]

	



García-Mozo, H.; Mestre, A.; Galán, C. Phenological trends in southern Spain: A response to climate change. Agric. For. Meteorol. 2010, 150, 575–580. [Google Scholar] [CrossRef]

	



Iglesias, A.; Garrote, L.; Flores, F.; Moneo, M. Challenges to manage the risk of water scarcity and climate change in the Mediterranean. Water Resour. Manag. 2007, 21, 775–788. [Google Scholar] [CrossRef]

	



Farquhar, G.D.; Sharkey, T.D. Stomatal conductance and photosynthesis. Annu. Rev. Plant Physiol. 1982, 33, 317–345. [Google Scholar] [CrossRef]

	



Ciais, P.; Reichstein, M.; Viovy, N.; Granier, A.; Ogee, J.; Allard, V.; Aubinet, M.; Buchmann, N.; Bernhofer, C.; Carrara, A.; et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 2005, 437, 529–533. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Calcerrada, J.; Sancho-Knapik, D.; Martin-StPaul, N.K.; Limousin, J.M.; McDowell, N.G.; Gil-Pelegrín, E. Drought-induced oak decline-Factors involved, physiological dysfunctions, and potential attenuation by forestry practices. In Oaks Physiological Ecology. Exploring the Functional Diversity of Genus Quercus L., 1st ed.; Gil-Pelegrín, E., Peguero-Pina, J.J., Sancho-Knapik, D., Eds.; Springer: Cham, Switzerland, 2017; pp. 419–451. ISBN 978-3-319-69098-8. [Google Scholar]

	



Chaves, M.M.; Santos, T.P.; Souza, C.R.; Ortuño, M.F.; Rodrigues, M.L.; Lopes, C.M.; Maroco, J.P.; Pereira, J.S. Deficit irrigation in grapevine improves water-use efficiency while controlling vigour and production quality. Ann. Appl. Biol. 2007, 150, 237–252. [Google Scholar] [CrossRef][Green Version]

	



De Rigo, D.; Caudullo, G. Quercus ilex in Europe: distribution, habitat, usage and threats. In European Atlas of Forest Tree Species; San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G., Houston Durrant, T., Mauri, A., Eds.; Publication Office of the European Union: Luxembourg, 2016; pp. 130–131. ISBN 978-92-79-36740-3. [Google Scholar]

	



Rodriguez-Estevez, V.; Sanchez-Rodriguez, M.; Arce, C.; García, A.R.; Perea, J.M.; Gomez-Castro, A.G. Consumption of acorns by finishing iberian pigs and their function in the conservation of the Dehesa Agroecosystem. In Agroforestry for Biodiversity and Ecosystem Services—Science and Practice; Kaonga, M., Ed.; IntechOpen: London, UK, 2012; pp. 1–22. ISBN 978-953-51-0493-3. [Google Scholar]

	



Reyna, S.; García-Barreda, S. Black truffle cultivation: A global reality. For. Syst. 2014, 23, 317–328. [Google Scholar] [CrossRef]

	



Gil-Pelegrín, E.; Peguero-Pina, J.J.; Sancho-Knapik, D. Oaks and people: a long journey together. In Oaks Physiological Ecology. Exploring the Functional Diversity of Genus Quercus L., 1st ed.; Gil-Pelegrín, E., Peguero-Pina, J.J., Sancho-Knapik, D., Eds.; Springer: Cham, Switzerland, 2017; pp. 1–11. ISBN 978-3-319-69098-8. [Google Scholar]

	



Sancho-Knapik, D.; Gómez Álvarez-Arenas, T.; Peguero-Pina, J.J.; Gil-Pelegrín, E. Air-coupled broadband ultrasonic spectroscopy as a new non-invasive and non-contact method for the determination of leaf water status. J. Exp. Bot. 2010, 61, 1385–1391. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Barrs, H.D. Determination of water deficits in plant tissues. In Water Deficits and Plant Growth; Kozlowski, T.T., Ed.; Academic Press: New York, NY, USA, 1968; Volume 1, pp. 235–368. [Google Scholar]

	



Slavík, B. Methods of Studying Plant Water Relations; Springer: Berlin, Germany, 1974; ISBN 3-540-06686-1. [Google Scholar]

	



Peguero-Pina, J.J.; Sancho-Knapik, D.; Martín, P.; Saz, M.A.; Gea-Izquierdo, G.; Cañellas, I.; Gil-Pelegrín, E. Evidence of vulnerability segmentation in a deciduous Mediterranean oak (Quercus subpyrenaica E. H. del Villar). Trees 2015, 29, 1917–1927. [Google Scholar] [CrossRef]

	



Sancho-Knapik, D.; Medrano, H.; Peguero-Pina, J.J.; Mencuccini, M.; Fariñas, M.D.; Gómez Álvarez-Arenas, T.; Gil-Pelegrín, E. The application of leaf ultrasonic resonance to Vitis vinifera L. suggests the existence of a diurnal osmotic adjustment subjected to photosynthesis. Front. Plant Sci. 2016, 7, 1601. [Google Scholar] [CrossRef] [PubMed]

	



Sancho-Knapik, D.; Sanz, M.A.; Peguero-Pina, J.J.; Niinemets, Ü.; Gil-Pelegrín, E. Changes of secondary metabolites in Pinus sylvestris L. needles under increasing soil water déficit. Ann. For. Sci. 2017, 74, 24. [Google Scholar] [CrossRef]

	



Peñuelas, J.; Llusia, J.; Pinol, J.; Filella, I. Photochemical reflectance index and leaf photosynthetic radiation-use-efficiency assessment in Mediterranean trees. Int. J. Remote Sens. 1997, 18, 2863–2868. [Google Scholar] [CrossRef]

	



Gitelson, A.; Merzlyak, M.N. Signature analysis of leaf reflectance spectra: algorithm development for remote sensing of chlorophyll. J. Plant. Physiol. 1996, 148, 494–500. [Google Scholar] [CrossRef]

	



Huang, Z.; Turner, B.J.; Dury, S.J.; Wallis, I.R.; Foley, W.J. Estimating foliage nitrogen concentration from HYMAP data using continuum removal analysis. Remote. Sens. Environ. 2004, 93, 18–29. [Google Scholar] [CrossRef]

	



Asner, G.P.; Carlson, K.M.; Martin, R.E. Substrate age and precipitation effects on Hawaiian forest canopies from spaceborne imaging spectroscopy. Remote. Sens. Environ. 2005, 98, 457–467. [Google Scholar] [CrossRef]

	



Morales, F.; Abadía, A.; Abadía, J. Characterization of the xanthophyll cycle and other photosynthetic pigment changes induced by iron deficiency in sugar beet (Beta vulgaris L.). Plant Physiol. 1990, 94, 607–613. [Google Scholar] [CrossRef] [PubMed]

	



Ruban, A.V.; Young, A.J.; Horton, P. Induction of nonphotochemical energy dissipation and absorbance changes in leaves. Plant Physiol. 1993, 102, 741–750. [Google Scholar] [CrossRef] [PubMed]

	



Vicca, S.; Balzarolo, M.; Filella, I.; Granier, A.; Herbst, M.; Knohl, A.; Longdoz, B.; Mund, M.; Nagy, Z.; Pintér, K.; et al. Remotely-sensed detection of effects of extreme droughts on gross primary production. Sci. Rep. 2016, 6, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Dobrowski, S.Z.; Pushnik, J.C.; Zarco-Tejada, P.J.; Ustin, S.L. Simple reflectance indices track heat and wáter stress-induced changes in steady-state chlorophyll fluorescence at the canopy scale. Remote Sens. Environ. 2005, 97, 403–414. [Google Scholar] [CrossRef]

	



Sun, P.; Wahbi, S.; Tsonev, T.; Haworth, M.; Liu, S.; Centritto, M. On the use of leaf spectral indices to assess water status and photosynthetic limitations in Olea europaea L. during water-stress and recovery. PLoS ONE 2014, 9, e105165. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, A.; Maselli, F.; Gilabert, M.A.; Chiesi, M.; Martínez, B.; Seufert, G. Assessment of MODIS imagery to track light-use efficiency in a water-limited Mediterranean pine forest. Remote Sens. Environ. 2012, 123, 359–367. [Google Scholar] [CrossRef]

	



Peguero-Pina, J.J.; Morales, F.; Flexas, J.; Gil-Pelegrín, E.; Moya, I. Photochemistry, remotely sensed physiological reflectance index and de-epoxidation state of the xanthophyll cycle in Quercus coccifera under intense drought. Oecologia 2008, 156, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Preece, C.; Filella, I.; Farré-Armengol, G.; Peñuelas, J. Assessment of the response of photosynthetic activity of mediterranean evergreen oaks to enhanced drought stress and recovery by using PRI and R690/R630. Forests 2017, 8, 386. [Google Scholar] [CrossRef]

	



Horton, P.; Ruban, A.V.; Walters, R.G. Regulation of light harvesting in green plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1996, 47, 655–684. [Google Scholar] [CrossRef] [PubMed]

	



Krause, G.; Weis, E. Chlorophyll fluorescence and photosynthesis: The basics. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1991, 42, 313–349. [Google Scholar] [CrossRef]

	



Briantais, J.M.; Vernotte, C.; Picaud, M.; Krause, G.H. A quantitative study of the slow decline of chlorophyll a fluorescence in isolated chloroplasts. Biochim. Biophys. Acta 1979, 548, 128–138. [Google Scholar] [CrossRef]

	



Demmig-Adams, B.; Adams, W.W. Photoprotection in an ecological context: The remarkable complexity of thermal energy dissipation. New Phytol. 2006, 172, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Porcar-Castell, A. A high-resolution portrait of the annual dynamics of photochemical and non-photochemical quenching in needles of Pinus sylvestris. Physiol. Plant. 2011, 143, 139–153. [Google Scholar] [CrossRef] [PubMed]

	



Verhoeven, A. Sustained energy dissipation in winter evergreens. New Phytol. 2014, 201, 57–65. [Google Scholar] [CrossRef]

	



Turner, N.C. Measurement of plant water status by pressure chamber technique. Irrigation Sci. 1988, 9, 289–308. [Google Scholar] [CrossRef]

	



Belkhodja, R.; Morales, F.; Quílez, R.; López-Millán, A.F.; Abadía, A.; Abadía, J. Iron deficiency causes changes in chlorophyll fluorescence due to the reduction in the dark of the photosystem II acceptor side. Photosynth. Res. 1998, 56, 265–276. [Google Scholar] [CrossRef]

	



Morales, F.; Abadía, A.; Abadía, J. Photosynthesis, quenching of chlorophyll fluorescence and thermal energy dissipation in iron deficient sugar beet leaves. Aust. J. Plant Physiol. 1998, 25, 403–412. [Google Scholar] [CrossRef]

	



Genty, B.; Briantais, J.M.; Baker, N.R. The relationship between the quantum yield of photosynthetic electron transport and quenching of chlorophyll fluorescence. Biochim. Biophys. Acta 1989, 990, 87–92. [Google Scholar] [CrossRef]

	



Morales, F.; Abadía, A.; Abadía, J. Chlorophyll fluorescence and photon yield of oxygen evolution in iron-deficient sugar beet (Beta vulgaris L.) leaves. Plant Physiol. 1991, 97, 886–893. [Google Scholar] [CrossRef] [PubMed]

	



Abadía, J.; Morales, F.; Abadía, A. Photosystem II efficiency in low chlorophyll, iron-deficient leaves. Plant Soil 1999, 215, 183–192. [Google Scholar] [CrossRef][Green Version]

	



Harbinson, J.; Genty, B.; Baker, N.R. Relationship between the quantum efficiencies of Photosystems I and II in pea leaves. Plant Physiol. 1989, 90, 1029–1034. [Google Scholar] [CrossRef] [PubMed]

	



Van Kooten, O.; Snel, J.H.F. The use of chlorophyll fluorescence in plant stress physiology. Photosynth. Res. 1990, 25, 147–150. [Google Scholar] [CrossRef] [PubMed]

	



Bilger, W.; Björkman, O. Role of the xanthophyll cycle in photoprotection elucidated by measurements of light-induced absorbance changes, fluorescence and photosynthesis in leaves of Hedera canariensis. Photosynth. Res. 1990, 25, 173–185. [Google Scholar] [CrossRef] [PubMed]

	



Gamon, J.A.; Serrano, L.; Surfus, J.S. The photochemical reflectance index: an optical indicator of photosynthetic radiation use efficiency across species, functional types, and nutrient levels. Oecologia 1997, 112, 492–501. [Google Scholar] [CrossRef] [PubMed]

	



Peguero-Pina, J.J.; Gil-Pelegrín, E.; Morales, F. Three pools of zeaxanthin in Quercus coccifera leaves during light transitions with different roles in rapidly reversible photoprotective energy dissipation and photoprotection. J. Exp. Bot. 2013, 64, 1649–1661. [Google Scholar] [CrossRef] [PubMed]

	



Gitelson, A.; Merzlyak, M.N. Spectral reflectance changes associated with autumn senescence of Aesculus hippocastanum L. and Acer platanoides L. leaves: spectral features and relation to chlorophyll estimation. J. Plant Physiol. 1994, 143, 286–292. [Google Scholar] [CrossRef]

	



Richardson, A.D.; Berlyn, G.P. Spectral reflectance and photosynthetic properties of Betula papyrifera (Betulaceae) leaves along an elevational gradient on Mt. Mansfield, Vermont, USA. Am. J. Bot. 2002, 89, 88–94. [Google Scholar] [CrossRef] [PubMed]

	



Peñuelas, J.; Filella, I.; Biel, C.; Serrano, L.; Savé, R. The reflectance at the 950–970 nm region as an indicator of plant water status. Int. J. Remote Sen. 1993, 14, 1887–1905. [Google Scholar] [CrossRef]

	



Peñuelas, J.; Filella, I.; Serrano, L.; Savé, R. Cell wall elasticity and Water Index (R970 nm/R900 nm) in wheat under different nitrogen availabilities. Int. J. Remote Sen. 1996, 17, 373–382. [Google Scholar] [CrossRef]

	



Filella, I.; Peñuelas, J. The red edge position and shape as indicators of plant chlorophyll content, biomass and hydric status. Int. J. Remote Sens. 1994, 15, 1459–1470. [Google Scholar] [CrossRef]

	



Gitelson, A.A.; Merzlyak, M.N.; Lichtenthaler, H.K. Detection of red edge position and chlorophyll content by reflectance measurements near 700 nm. J. Plant Physiol. 1996, 148, 501–508. [Google Scholar] [CrossRef]

	



Limousin, J.M.; Longepierre, D.; Huc, R.; Rambal, S. Change in hydraulic traits of Mediterranean Quercus ilex subjected to long-term throughfall exclusion. Tree Physiol. 2010, 30, 1026–1036. [Google Scholar] [CrossRef] [PubMed]

	



Yan, W.; Zheng, S.; Zhong, Y.; Shangguan, Z. Contrasting dynamics of leaf potential and gas exchange during progressive drought cycles and recovery in Amorpha fruticosa and Robinia pseudoacacia. Sci. Rep. 2017, 7, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Peguero-Pina, J.J.; Sancho-Knapik, D.; Morales, F.; Flexas, J.; Gil-Pelegrin, E. Differential photosynthetic performance and photoprotection mechanisms of three Mediterranean evergreen oaks under severe drought stress. Funct. Plant Biol. 2009, 36, 453–462. [Google Scholar] [CrossRef]

	



Peñuelas, J.; Piñol, J.; Ogaya, R.; Filella, I. Estimation of plant water concentration by the reflectance Water Index WI (R900/R970). Int. J. Remote Sens. 1997, 18, 2869–2875. [Google Scholar] [CrossRef]

	



Méthy, M. Analysis of photosynthetic activity at the leaf and canopy levels from reflectance measurements: A case study. Photosynthetica 2000, 38, 505–512. [Google Scholar] [CrossRef]

	



Evain, S.; Flexas, J.; Moya, I. A new instrument for passive remote sensing: 2. Measurement of leaf and canopy reflectance changes at 531 nm and their relationship with photosynthesis and chlorophyll fluorescence. Remote Sens. Environ. 2004, 91, 175–185. [Google Scholar] [CrossRef]

	



Goerner, A.; Reichstein, M.; Rambal, S. Estimation of photosynthetic light use efficiency in semi-arid ecosystems with the MODIS-derived photochemical reflectance index. In Proceedings of the 2008 IEEE International Geoscience and Remote Sensing Symposium, Boston, MA, USA, 7–11 July 2008; Volume 3, pp. 756–758. [Google Scholar]

	



Garbulsky, M.F.; Peñuelas, J.; Gamon, J.A.; Inoue, Y.; Filella, I. The photochemical reflectance index (PRI) and the remote sensing of leaf, canopy and ecosystem radiation use efficiencies: A review and meta-analysis. Remote Sens. Environ. 2011, 115, 281–297. [Google Scholar] [CrossRef]

	



Tsonev, T.; Wahbi, S.; Sun, P.; Sorrentino, G.; Centritto, M. Gas exchange, water relations and their relationships with photochemical reflectance index in Quercus ilex plants during water stress and recovery. Int. J. Agric. Biol. 2014, 16, 335–341. [Google Scholar]

	



Garbulsky, M.F.; Peñuelas, J.; Ogaya, R.; Filella, I. Leaf and stand-level carbon uptake of a Mediterranean forest estimated using the satellite-derived reflectance indices EVI and PRI. Int. J. Remote Sens. 2013, 34, 1282–1296. [Google Scholar] [CrossRef]

	



Curran, P.J.; Dungan, J.L.; Gholz, H.L. Exploring the relationship between reflectance red edge and chlorophyll concentration in slash pine leaves. Tree Physiol. 1995, 15, 203–206. [Google Scholar] [CrossRef] [PubMed]

	



Zarco-Tejada, P.J.; Hornero, A.; Hernández-Clemente, R.; Beck, P.S.A. Understanding the temporal dimension of the red-edge spectral region for forest decline detection using high-resolution hyperspectral and Sentinel-2a imagery. J. Photogramm. Remote Sens. 2018, 137, 134–148. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.; Niu, Z.; Tang, Q.; Huang, W. Estimating chlorophyll content from hyperspectral vegetation indices: Modeling and validation. Agric. For. Meteorol. 2008, 148, 1230–1241. [Google Scholar] [CrossRef]

	



Peguero-Pina, J.J.; Sancho-Knapik, D.; Barrón, E.; Camarero, J.J.; Vilagrosa, A.; Gil-Pelegrín, E. Morphological and physiological divergences within Quercus ilex support the existence of different ecotypes depending on climatic dryness. Ann. Bot. 2014, 114, 301–313. [Google Scholar] [CrossRef] [PubMed]

	



Gallé, A.; Haldimann, P.; Feller, U. Photosynthetic performance and water relations in young pubescent oak (Quercus pubescens) trees during drought stress and recovery. New Phytol. 2007, 174, 799–810. [Google Scholar] [CrossRef] [PubMed]

	



Martorell, S.; Diaz-Espejo, A.; Medrano, H.; Ball, M.C.; Choat, B. Rapid hydraulic recovery in Eucalyptus pauciflora after drought: linkages between stem hydraulics and leaf gas exchange. Plant Cell Environ. 2014, 37, 617–626. [Google Scholar] [CrossRef] [PubMed]

	



Galmés, J.; Medrano, H.; Flexas, J. Photosynthetic limitations in response to water stress and recovery in Mediterranean plants with different growth forms. New Phytol. 2007, 175, 81–93. [Google Scholar] [CrossRef] [PubMed][Green Version]








[image: Forests 09 00400 g001 550] 





Figure 1. Atmospheric climatic conditions of the site during the experiment. 
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Figure 2. Relationship of predawn shoot water potential (ΨPD) with the maximum potential PSII efficiency (FV/FM). Yellow and violet circles are mean values ±SE (n ≥ 5) measured during the water deficit period and after re-watering, respectively. Lowercase letters on top of the first yellow and violet mean points indicate statistically significant differences (Student’s t-test, p < 0.05). 
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Figure 3. Relationships of predawn and midday shoot water potential (ΨPD, ΨMD) with chlorophyll fluorescence (ChlF) parameters: Actual (ФPSII) and intrinsic (Фexc) PSII efficiency, photochemical quenching (qP) and non-photochemical quenching (NPQ). ChlF parameters measured during mid-morning were associated to ΨPD, while those measured at midday were related to ΨMD. Yellow and violet circles are mean values ±SE (n ≥ 5) measured during the soil water deficit period and after re-watering, respectively. Lowercase letters on top of the first yellow and violet mean points indicate statistically significant differences (Student’s t-test, p < 0.05). 
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Figure 4. Relationships of predawn and midday shoot water potential (ΨPD, ΨMD) with reflectance indices: physiological reflectance index (PRI), normalized difference vegetation index (NDVI) and water index (WI). Reflectance indices measured during mid-morning were associated to ΨPD, while those measured at midday were related to ΨMD. Yellow and violet circles are mean values ±SE (n ≥ 5) measured during the soil water deficit period and after re-watering, respectively. Lowercase letters on top of the first yellow and violet mean points indicate statistically significant differences (Student’s t-test, p < 0.05). 
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Figure 5. Relationship between mean values (±SE) of the non-photochemical quenching (NPQ) and the physiological reflectance index (PRI) measured along the water scarcity period (yellow) and after re-watering (violet). Mid-morning and midday mean values are both included. 
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