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Abstract: Photosynthesis response curves were carried out using different light intensities in 14 olive cultivars 

subjected to moderate and severe water deficits. For each cultivar, the electronic transfer ratio in response to 

light was also obtained. The mathematical adjustment of these response curves allowed calculating, with a 

correlation coefficient above 0.95, parameters such as photosynthetic efficiency, the slope of the curves, the 

number of electrons required to fix a CO2 molecule, and the number of photons to assimilate a molecule of 

CO2, among others, as well as their variation with the lack of water. This work represents the first contribution 

of the response of photosynthesis in olive cultivars to different light intensities in moderate and severe drought 

conditions for a considerable number of cultivars. The parameters described, and the results provided, pave 

the road for subsequent work related to plant physiology and other areas of science and technology, and allow 

the tolerance to water stress to be objectively compared in these fourteen olive cultivars. 

Keywords: Olea europaea; drought stress; photosynthesis-light response; olive cultivars; cultivar 

characterisation 

 

1. Introduction 

Genetic resources are a global asset of inestimable value for the survival of future generations. 

The UN Convention on Biological Diversity (1992) [1] recognises that their conservation, which 

currently is being lost at a worrying rate, is of critical importance to humankind. In the context of 

climate change, one of the pressures accelerating biodiversity loss is habitat destruction (e.g., 

deforestation, urbanisation, and conversion of land for agriculture), leading to the loss of critical 

habitats for many species. The other factors of pressure are overexploitation, pollution and invasive 

exotic species. A turn toward a green and sustainable economy is increasingly necessary. In the case 

of olive groves, the presence of monospecific crops established throughout the Mediterranean basin 

prevents autochthonous species from persisting over time, being relegated to their conservation in 

germplasm banks. More than 1,200 different cultivars have been described throughout the 

Mediterranean basin [2]. Additionally, there exists enormous biodiversity in the wild olive, a species 

relegated to the margins of olive groves and relict zones in the Mediterranean Basin. These genetic 

resources increase the possibility of olive breeding in a new scenario of adaptation to climate change. 

This possibility is especially interesting for the study of some agronomic characters related to biotic 

and abiotic stresses. Specifically and as an example, while there are no cultivated olive varieties that 

resist the wilt caused by Verticillium dahliae, some authors have studied the existence of wild 

germplasm capable of tolerating the presence of this fungus without producing disease in the plant 

[3,4]. 

In Spain, more than 250 olive cultivars have been reported [5,6]. The most abundant in the olive 

groves of the Iberian Penisula is Picual, typical of the fields of Jaén, with more than 66 million olive 

trees in this province, and it is also a predominant cultivar in Southeastern Andalusia and part of the 

Centre of Spain. Arbequina cultivar is one of the most abundant in Northeastern Spain, which, in 

recent years, has been widely used, together with Arbosana, Sikitita1 and Sikitita2 for crops grown 
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in hedgerows and superintensive crops. Another new cultivar is Martina, which is obtained from 

crosses between other cultivars. Hojiblanca and Cornicabra are very common in the Málaga and 

Córdoba provinces, respectively. Manzanilla de Sevilla and Cornezuelo de Jaén are widely used for 

table olives. Empeltre is cultivated in areas of Aragon, Navarra and Castellón. Other very common 

cultivars in other countries of the Mediterranean basin are Koroneiki, the most important cultivar in 

Greece, Frantoio, the main Italian variety, and Chemlali de Kabile, one of the most important varieties 

grown in Tunisia. 

The improvement in the efficiency of photosynthesis for increasing crop yields is an issue of 

special attention between plant physiologists and breeders. In photosynthesis, there exists a balance 

between the energy used for photosystems II and I to obtain ATP and NADPH and the one spent to 

protect the photosynthetic machinery when the irradiances are very high [7]. The quantity and 

quality of light and the concentration of CO2 in the ambient have a direct effect on this process. At 

low irradiances, the amounts of ATP and NADPH produced during the light reactions of 

photosynthesis are not sufficient to synthesise the necessary carbohydrates, and therefore, plants 

decrease and even stop their growth. However, when the irradiances are very high, as occurs in the 

spring and summer of the Mediterranean Basin, another problem appears, since the plants need to 

use their photosystems efficiently to benefit from the abundant light that reaches them, while 

avoiding excess irradiance, which produces damages in the structure of the photosynthetic apparatus 

[8]. Leaf anatomy and development, i.e., establishment of the polarity, xylem and phloem formation, 

leaf blade expansion, shape morphogenesis, and the development of mesophyll (palisade and spongy 

tissues), is a process with great influence on the photosynthetic efficiency of plants [9], which, in the 

case of drought stress, can have a significant impact. When plants experience a lack of water, leading 

to water deficits in their tissues, they may close their stomata to conserve water. This closure reduces 

the availability of carbon dioxide for photosynthesis, limiting the rate of assimilation. The production 

of oxygen free radicals interacts with the biochemical cell cycles. The chlorophyll content in leaves 

may decrease, causing damage to the photosynthetic machinery, and thus affecting the functionality 

of photosystems II and I. The enzymatic activity, synthesis and structure of some proteins, such as 

RuBisCo and Phosphoenol pyruvate carboxylase, are affected, disrupting the overall efficiency of the 

photosynthetic process [10].  

New perspectives to improve photosynthetic efficiency include a better display of leaves in crop 

canopies, avoiding the photorespiration process, especially in C3 species, genetic engineering of 

carboxylase enzymes to obtain a better affinity for CO2, and optimisation of plants to maximise 

carbon gain with decreases in water use [11]. Few studies exist to date in this regard on Olea europaea. 

Aranda Barranco et al., (2020) [5,6] studied the capacity to sequester carbon in two Spanish olive 

groves whose management differed in the vegetation cover of each of them. In the first case, the field 

did not have such plant groundcovers compared to the second olive grove, which did. The 

experiment was carried out for a year and concluded that weed cover is responsible for the high 

carbon sequestration capacity of this conservation practice in olive groves. With the policies of 

adaptation to climate change, a crucial objective nowadays is the achievement of negative CO2 

emissions to the atmosphere. Biotic sequestration can be a winning strategy for climate mitigation. 

Terrestrial ecosystems have the potential to sequester around 333 Gigatons of C by the end of this 

century. For this, it is necessary to implement the best management practices in agriculture, adapting 

olive groves to climate change in the Mediterranean basin, and their sustainability in olive oil 

production. The diversification of olive groves with a diverse range of cultivars can enhance resilience 

because of their varying tolerance to extreme temperatures, water stress, salinity and diseases. By 

selecting cultivars, farmers minimise the risk of crop failure, provide better natural pest control and 

pollination, and improve overall ecosystem health. Planting groundcovers, creating a habitat for 

beneficial insects, and preserving native vegetation could help support a diverse and resilient 

ecosystem. In addition, the modification of carbon photoassimilation in crops through genetic 

engineering is a promising alternative, which can improve carbon sequestration in ecosystems [12]. 

Knowing the behaviour of an olive cultivar under optimal growth and comparing it with 

drought stress conditions, through the response to photosynthesis using different intensities of light 
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is a fundamental tool as a starting point for the design of any further complex experiment in the 

adaptation to climate change. To this end, it is important to characterise the cultivars of a species in 

relation to their drought tolerance and the response to the light intensity they receive. This work 

represents an in-depth study of the photosynthetic efficiency of 14 olive cultivars in two experimental 

conditions of water deficit. Surprisingly, these cultivars produce very different responses under 

standard irrigation and even more in moderate and severe drought conditions. 

2. Results 

In this work, a physiological characterisation of the response of photosynthesis to light intensity 

under control conditions and under moderate and severe drought stress was carried out in 14 

different olive cultivars from all over the Mediterranean basin. The control plants (six samples of each 

cultivar) were grown for more than 40 days in a culture chamber with ad libitum irrigation. Another 

six replicates of each cultivar were grown in the same growth chamber but without any irrigation for 

at least 28 days for the sensitive cultivars, and up to 42 days without irrigation for the tolerant 

cultivars. In the case of control plants, at least five response curves were performed per cultivar along 

the experiment. This behaviour represents the ability of each cultivar to respond to light intensity 

under optimal conditions, which were labelled as control conditions. To characterise the responses 

of these cultivars under waterless conditions, triplicate curves were obtained weekly for each 

cultivar. From the response curves obtained at 7, 14 and 21 days post-irrigation, the behaviour of the 

plant under MD conditions was determined. Likewise, from the curves obtained 21, 28 and 35 days 

after irrigation, the behaviour of each cultivar in the severe drought condition was determined. Each 

of the curves obtained was fitted to an ad hoc function, as explained in the section on materials and 

methods, to obtain photosynthetic parameters that describe the experimental data.  

Curve fitting 

The curve exhibits several phases. At the beginning, from complete darkness to the light 

compensation point, there is a rapid increase in A with light, due to the activation of photosynthetic 

processes as soon as light becomes available, known as the “light-limited phase.” As light intensity 

continues to increase beyond the light compensation point (quantity of light in which photosynthesis 

is zero), the rate of photosynthesis increases, although at a slower rate. This phase is called the “light-

saturated phase” and is characterised by photosynthesis being mainly limited by other factors, such 

as CO2 availability, temperature, or other biochemical processes. After reaching the maximum 

photosynthetic rate (Pmax), additional increases in light intensity do not result in a significant 

increase in the rate of photosynthesis. The curve levels off and reaches stability, indicating that the 

photosynthetic process is fully saturated and cannot be improved by further increasing light 

intensity. This stage is called the “saturation phase.” 

The maximum photosynthetic rate (Pmax), the efficiency of photosystem II (ϕ_PSII), and the 
respiration rate in the dark (Rd) were determined in the three experimental conditions: control plants, 

MD and SD, as indicated in materials and methods (Table 1). Additionally, other photobiological 

parameters such as theta (θ), the curvature of the curve between the linear increment phase and the 

saturation phase of photosynthesis in response to irradiance, and Jmax, i.e., the maximum rate of 

electron transport in saturating light (µmol electrons m⁻² s⁻¹), which influence plant photosynthetic 
activity, are studied in relation to environmental conditions. θ refers to the quantum efficiency of 
photosystem II (PSII). It represents the fraction of absorbed photons that are used for photosynthesis. 

In other words, it indicates the proportion of light energy that is converted into chemical energy 

during photosynthesis. This model is a better fitting alternative to describing the relationship 

between photosynthesis and light compared to the Farquhar, von Caemmerer and Berry (FvCB) 

model [13]. 

Table 1. Mean values and standard deviation of the parameters obtained from the hyperbolic 

tangential model fitted to the ETR versus irradiance curves. Under control conditions, 5 samples were 

used per cultivar, whereas, under conditions of moderate (MD) and severe (SD) drought, 9 samples 
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were used. Pmax corresponds to the maximum rate of net photosynthesis. φ_PSII is the quantum 
efficiency of photosystem II, represented as the number of molecules of CO2 assimilated by a photon. 

Rd is the respiration rate. ISAT_A50 refers to the quantity of light at which the CO2 assimilation rate 

reaches 50% of its maximum value, and in the case of the ISAT_A99.9 parameter, it would be 99.9% 

of photosynthesis or Pmax. Jmax represents the maximum rate of electron transport through the 

electron transport chain and Theta is the curvature factor of the response curve of photosynthesis to 

radiation (dimensionless parameter), which comes from the model fitted by the quadratic equation 

for the photosynthesis rate versus irradiance curve. The parameter Fv/Fm refers to the relationship 

between the fluorescence variability Fv, derived from the difference between the maximum 

fluorescence and the fluorescence produced by the dark-adapted plant (Fm-Fo) with respect to the 

maximum fluorescence Fm. 

 

Cultivar Condition Pmax φ_PSII Rd ISAT_A50 ISAT_A99.9 Jmax Tetha Fv/Fm

Name Symbol µmol  CO2 m⁻² s ⁻¹ µmol  CO2/µmol  

photons
µmol  CO2 m⁻² s ⁻¹ µmol  photons  

m⁻² s⁻¹
µmol  photons  

m⁻² s⁻¹ µmol  CO2 m⁻² s ⁻¹ - -

Control 11,154 ± 1,721 0,049 ± 0,004 0,907 ± 0,045 144,98 ± 7,25 925,11 ± 46,26 205,467 ± 30,958 0,246 ± 0,012 0,827 ± 0,041

MD 4,873 ± 1,536 0,046 ± 0,012 1,159 ± 0,059 80,46 ± 5,8 425,66 ± 27,92 86,888 ± 38,261 0,213 ± 0,01 0,83 ± 0,041

SD 1,552 ± 0,404 0,034 ± 0,008 0,957 ± 0,076 66,66 ± 10,99 289,82 ± 51,57 27,653 ± 6,903 0,35 ± 0,055 0,801 ± 0,03

Control 9,164 ± 2,012 0,033 ± 0,009 0,802 ± 0,04 114,3 ± 5,72 888,91 ± 44,45 222,425 ± 46,271 0,189 ± 0,009 0,829 ± 0,041

MD 3,871 ± 0,953 0,045 ± 0,011 0,846 ± 0,071 72,04 ± 6,41 415,74 ± 42,28 75,704 ± 37,616 0,146 ± 0,008 0,775 ± 0,038

SD 2,597 ± 0,681 0,045 ± 0,007 0,888 ± 0,044 96,79 ± 20,47 458,98 ± 84,19 47,887 ± 18,505 0,192 ± 0,005 0,751 ± 0,036

Control 10,918 ± 2,092 0,044 ± 0,006 0,77 ± 0,039 143,76 ± 7,19 921,94 ± 46,1 193,878 ± 44,339 0,118 ± 0,006 0,836 ± 0,042

MD 6,916 ± 1,881 0,051 ± 0,011 0,587 ± 0,687 95,23 ± 36,38 611,31 ± 255,71 86,649 ± 15,553 0,154 ± 0,285 0,806 ± 0,039

SD 6,452 ± 1,984 0,043 ± 0,006 0,105 ± 0,12 86,8 ± 8,46 611,12 ± 89,57 81,536 ± 26,508 0,348 ± 0,085 0,818 ± 0,039

Control 14,82 ± 1,716 0,056 ± 0,004 0,584 ± 0,029 180,81 ± 9,04 1202,99 ± 60,15 200,454 ± 37,884 0,266 ± 0,013 0,804 ± 0,04

MD 1,501 ± 0,488 0,033 ± 0,007 0,705 ± 0,02 54,51 ± 6,44 273,74 ± 37,39 56,931 ± 26,192 0,17 ± 0,012 0,701 ± 0,038

SD 1,428 ± 0,168 0,03 ± 0,006 0,72 ± 0,022 32,87 ± 2,12 148,39 ± 10,81 42,238 ± 11,269 0,113 ± 0,012 0,723 ± 0,031

Control 3,688 ± 1,83 0,04 ± 0,005 0,605 ± 0,038 161,57 ± 11,7 810,92 ± 57,54 90,085 ± 10,998 0,059 ± 0,009 0,8 ± 0,037

MD 1,799 ± 0,454 0,046 ± 0,007 0,727 ± 0,057 51,91 ± 4,05 273,21 ± 27,7 63,049 ± 19,887 0,34 ± 0,034 0,781 ± 0,706

SD 1,046 ± 0,083 0,045 ± 0,003 0,79 ± 0,038 6,36 ± 1,38 33,07 ± 7,19 57,17 ± 6,376 0,179 ± 0,037 0,648 ± 0,028

Control 12,986 ± 2,395 0,051 ± 0,007 0,559 ± 0,031 126,14 ± 5,22 824,96 ± 33,13 181,259 ± 28,284 0,268 ± 0,013 0,826 ± 0

MD 2,395 ± 1,663 0,061 ± 0,007 1,102 ± 0,08 56,53 ± 3,68 318,9 ± 22,9 132,452 ± 51,907 -0,025 ± 0,01 0,754 ± 0,029

SD 1,373 ± 0,336 0,068 ± 0,007 0,892 ± 0,042 23,07 ± 3,24 90,35 ± 12,48 82,638 ± 2,828 0,394 ± 0,03 0,738 ± 0,03

Control 2,15 ± 0,81 0,047 ± 0,007 0,969 ± 0,056 180,66 ± 7,65 553,9 ± 51,08 232,878 ± 46,382 0,06 ± 0,006 0,82 ± 0

MD 5,224 ± 1,001 0,054 ± 0,01 0,323 ± 0,036 136,59 ± 24,43 951,65 ± 187,5 69,465 ± 16,203 0,398 ± 0,049 0,781 ± 0

SD 1,694 ± 0,477 0,063 ± 0,009 0,586 ± 0,045 100,68 ± 23 695,17 ± 178,6 1,217 ± 0,563 0,603 ± 0,04 0,714 ± 0,018

Control 11,354 ± 1,656 0,035 ± 0,004 0,577 ± 0,026 65,91 ± 5,82 405,85 ± 40,55 260,433 ± 36,286 -0,019 ± 0,001 0,808 ± 0,039

MD 2,74 ± 0,811 0,051 ± 0,013 0,669 ± 0,05 59,77 ± 6,87 348,66 ± 50,47 51,517 ± 24,784 0,363 ± 0,033 0,804 ± 0,037

SD 1,223 ± 0,327 0,03 ± 0,009 0,675 ± 0,045 50,51 ± 3,4 253,06 ± 30,64 35,645 ± 9,714 -0,177 ± 0,076 0,804 ± 0,037

Control 7,573 ± 2,002 0,017 ± 0,006 0,552 ± 0,056 212,37 ± 10,48 1294,77 ± 71,76 345,323 ± 55,737 0,093 ± 0,008 0,799 ± 0,039

MD 6,815 ± 1,25 0,045 ± 0,01 0,628 ± 0,034 79,9 ± 5,63 509,29 ± 39,43 89,605 ± 39,406 0,151 ± 0,016 0,696 ± 0,038

SD 1,053 ± 0,094 0,048 ± 0,011 0,784 ± 0,024 27,57 ± 2,29 157,91 ± 13,52 30,181 ± 9,282 0,295 ± 0,029 0,68 ± 0,039

Control 2,958 ± 0,97 0,047 ± 0,004 0,647 ± 0,034 118,4 ± 7,61 702,87 ± 50,74 47,736 ± 17,872 1,614 ± 0,159 0,803 ± 0,04

MD 9,553 ± 2,204 0,046 ± 0,008 0,664 ± 0,021 112,85 ± 3,88 699,7 ± 42,45 127,622 ± 36,468 -0,012 ± 0,006 0,772 ± 0,002

SD 4,432 ± 1,285 0,038 ± 0,008 0,944 ± 0,047 78,13 ± 4,36 414,46 ± 24,04 95,963 ± 29,357 0,124 ± 0,007 0,784 ± 0,038

Control 3,037 ± 0,103 0,038 ± 0,011 1,295 ± 0,073 89,2 ± 4,71 445,16 ± 18,33 104,968 ± 9,452 0,161 ± 0,009 0,804 ± 0,04

MD 3,934 ± 0,79 0,048 ± 0,008 1,631 ± 0,108 92,36 ± 5,28 452,34 ± 30,5 116,479 ± 31,064 0,222 ± 0,021 0,804 ± 0

SD 1,96 ± 0,926 0,054 ± 0,01 1,047 ± 0,068 45,14 ± 2,61 232,42 ± 18,01 81,762 ± 27,592 0,254 ± 0,018 0,782 ± 0,036

Control 12,649 ± 3,061 0,054 ± 0,007 0,936 ± 0,044 127,06 ± 6,12 809,74 ± 39,21 132,237 ± 54,636 0,258 ± 0,012 0,8 ± 0,04

MD 5,059 ± 2,95 0,041 ± 0,011 0,593 ± 0,057 94,83 ± 18,33 620,94 ± 153,3 64,61 ± 14,538 0,16 ± 0,021 0,787 ± 0,034

SD 1,179 ± 0,156 0,04 ± 0,016 0,755 ± 0,035 58,09 ± 18,18 284,67 ± 93,27 46,717 ± 3,518 1,755 ± 0,383 0,623 ± 0,023

Control 8,078 ± 1,688 0,035 ± 0,01 0,667 ± 0,039 107,51 ± 5,47 640,18 ± 34,6 186,121 ± 25,637 0,213 ± 0,01 0,835 ± 0,042

MD 4,1 ± 1,073 0,049 ± 0,008 0,763 ± 0,064 52,76 ± 3,06 303,85 ± 19,77 35,041 ± 18,394 0,191 ± 0,009 0,733 ± 0,036

SD 2,201 ± 1,025 0,047 ± 0,008 0,838 ± 0,038 32,33 ± 1,98 173,7 ± 13,92 27,916 ± 4,443 0,329 ± 0,024 0,724 ± 0,034

Control 12,153 ± 1,82 0,045 ± 0,003 0,75 ± 0,042 157,14 ± 8,06 879,79 ± 39,22 253,289 ± 52,388 0,209 ± 0,011 0,82 ± 0

MD 4,177 ± 0,704 0,046 ± 0,006 0,728 ± 0,036 71,24 ± 3,54 415,7 ± 21,02 83,876 ± 19,123 0,226 ± 0,01 0,764 ± 0,038

SD 3,54 ± 0,894 0,046 ± 0,007 0,76 ± 0,032 64,17 ± 3,22 364,21 ± 17,79 54,196 ± 16,032 0,242 ± 0,013 0,778 ± 0,038

E
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3. Photosynthesis-light response and ETR-light curves of the 14 olive cultivars 

Figure 1 represents the three real curves (C, MD and SD) obtained for each cultivar and the 

theoretical curves that were mathematically adjusted to each of the real curves. In most cultivars, 

control samples present higher maximal photosynthesis (Pmax) and a higher saturation irradiance 

(Isat) than samples subjected to moderate drought (MD), and these, in turn, explain higher values of 

maximal photosynthesis and saturation irradiance than severe drought samples (SD). This behaviour 

confirms that plants with sufficient water availability, moderate temperature and adequate CO2 

concentration have a greater capacity to photosynthesise efficiently, their stomata are open for the 

correct gas uptake, and chlorophylls, photosystems and chloroplast electron transport chains show 

good functionality. Figure 1 indicates that, although all the cultivars studied belong to the same 

species, Olea europaea ssp europaea, their behaviour is very different. It can be observed that 

cultivars such as Chemlali (Ch), Empeltre (E) and Cornicabra (C) produce high assimilation of CO2 

(above 12 µmols of CO2 m-2. s-1). Comparatively, Manzanilla de Sevilla (MS) does not exceed 2.5 

µmols.m-2.s-1 and Hojiblanca (H) does not assimilate more than 6 µmols.m-2.s-1 under control 

conditions. It is striking that some of the cultivars photosynthesise more efficiently under MD 

conditions than under control conditions. This is the case of MS, Frantoio (F), Koroneiki (K) and 

Martina (M). Knowing the drought resistance of the olive tree, which is a typically Mediterranean 

species, it is not surprising that some olive cultivars may be more efficient when water availability is 

relatively reduced, as in the case of moderate drought conditions. This peculiarity is not directly 

related to drought tolerance: while K is one of the most sensitive cultivars, Martina is one of the most 

tolerant.  

 

The behaviour of the cultivars follows several different patterns: there are some cultivars in 

which a small water deficit leads to a very sharp drop in photosynthesis. The most striking case 

occurs in Ch, which goes from being the most photosynthetically efficient plant under control 

conditions, assimilating more than 14 µmols of CO2 m-2·s-1, to producing almost no CO2 assimilation 

under MD and SD conditions. Although not to the extent of Chemlali, the same pattern occurs in 

Arbequina (A), E, F, H and Sikitita2 (S2). Other cultivars reduce their assimilation capacity sharply 

as the lack of water in the plant increases. This pattern of behaviour occurs in Arbosana (Ab), C, 

Cornezuelo de Jaén (CJ), K, M, MS, Picual (P) and Sikitita 1(S1). It should be noted that some cultivars, 

despite the extreme lack of water, continue to produce considerable CO2 assimilation in SD. This is 

the case of C, which produces a maximum photosynthesis of 6 µmols of CO2. m-2.s-1 in SD or M, which 

produces 4 µmols of CO2.m-2.s-1 under the same conditions. MS is the least photosynthetically efficient 

cultivar in control conditions, although the lack of water does not affect its assimilation capacity 

considerably in MD or SD.  
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Figure 1. Experimental data of photosynthesis/Iight (P/l) curves (dotted lines) of the 14 olive cultivars 

studied, and their mathematical fitting under control and two water stress conditions. The fitting was 

carried out following the mathematical model described by [14]. The photosynthetic rate (P, µmol 

CO2 m⁻² s⁻¹) is shown as a function of the photosynthetic photon flux density (I, µmol photons m⁻² s⁻¹) 
for each cultivar under control, moderate drought (MD), and severe drought (SD) conditions. The 

data points represent the mean values, selecting only those where the mathematical relationship 

provided by the model is highly predictive and closely fits the observed real values in the P/I curve 

(R2 > 0.95). Error bars indicate the typical error considering the sample size of each experimental 

condition (nC = 4-6, nMD = 9, and nSD = 5-9). The curves display the photosynthetic response to 

different light levels (0-2000 µmol photons m⁻² s⁻¹) and irrigation conditions (C, MD, and SD). The 
photosynthetic response to light intensity varies among cultivars and drought conditions, suggesting 

differences in the adaptation of cultivars to water availability. 

This work measured the electron transfer rate (ETR) that occurs along the transport chain during 

the luminous phase of photosynthesis in the thylakoids (Figure 2), that is, the number of electrons 

that pass through PSII mainly, and also through PSI, as a consequence of the excitation produced by 
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light on photosynthetic pigments that are able to produce energy in the form of ATP and NADPH in 

the plant.  
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Figure 2. Fitting of ETR/I curves for 14 olive cultivars under different water stress conditions 

following the mathematical model described by [14]. The electron transport rate (ETR, µmol electrons 

m⁻² s⁻¹) is shown as a function of photosynthetic photon flux density (I, µmol photon m⁻² s⁻¹) for each 
cultivar under control, moderate drought (MD), and severe drought (SD) conditions. The data points 

represent the mean values, selecting only those where the mathematical relationship provided by the 

model is highly predictive and closely fits the observed values on the curve (R2 > 0.95). Error bars 

indicate the typical error considering the sample size of each experimental condition (nC = 4-6, nMD 

= 9, and nSD = 5-9). The curves depict the photosynthesis response at different light levels (0-2000 

µmol photon m⁻² s⁻¹) and watering conditions (C, MD, and SD). 
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Under drought conditions, ETR can be affected more severily or not, depending on the cultivar’s 

adaptation and tolerance to water stress. Water deprivation significantly impacts photosynthesis and 

electron transport along PSII, resulting in a reduction of the maximum electron transport speed 

(Jmax). In this case, PSII is less efficient (as an adaptive strategy to prevent damage from photo-

oxidation under high light intensities during drought), affecting the activity and stability of these 

complexes. There is a decrease in the saturation irradiance (Isat) that produces Jmax. Another 

consequence of water stress is a decrease in the curve slope, indicating a minor transfer of electrons 

with increasing light intensity and, finally, water deficit produces an increased susceptibility to 

photo-inhibition. 

The ETR curves at different light intensities (ETR/l) were obtained for each olive cultivar (Figure 

2). Under control conditions, with ad libitum irrigation of the samples, it can be observed that most 

cultivars produce a maximum ETR, except for some cultivars, such as F, K and MS, in which the 

efficiency of electron transfer is higher under MD conditions, although under ad libitum irrigation 

conditions, M cultivar suffers a considerable decrease of assimilation (Figure 1) (proof that it is a very 

drought-tolerant variety); however, it is curious that the ETR value under control conditions is higher 

than in MD. Therefore, the amount of photosynthesis this plant produces does not depend so much 

on an increased electron transfer along the oxidation-reduction chain, but perhaps on enzymes 

related to the Calvin cycle, which may not be fully functional when the amount of water the plant 

receives is high. Figure 2 indicates that, in general terms, the photosystems do not seem to be affected 

severely by the lack of water in the plant. Even so, although this electron transition occurs in the plant 

in all experimental conditions, including SD conditions, it does not translate into effective 

photosynthesis. The minimum amount of ETR produced in SD (except for E cultivar, where electron 

transfer seems to be very affected), occurs in Picual, with values of 10 µmols of electrons m-2. s-1. As 

an example, we can see that, in the case of F, the affectation produced in the capacity of the 

photosystems to transfer electrons is very small, (Emax in SD >25 µmols electrons.m-2.s-1); however, 

the assimilation of CO2 produced by this cultivar under MD conditions and, especially, in SD, is 

strongly affected by the lack of water. This observation suggests, once again, that it is not the macro-

complexes associated with the thylakoids (PSII, PSI, Cit b6f) structures and their electron transfer 

which cause this sudden decrease in photosynthesis during drought stress. It should be noted that, 

in C, CJ and F, electron transfer is practically unaffected by drought, with very similar response 

curves in the three experimental conditions. In some cultivars (CH, H, and S2), there are barely 

noticeable differences between both drought conditions. 

The purpose of adjusting these theoretical curves from the curves measured with the Li-Cor 6800 

is to obtain and calculate parameters that will serve as indicators of the capacity of each cultivar to 

cope with the lack of water. These parameters are shown in Tables 1, 2 and 3. From the adjustment 

of the curves, provided that this adjustment has a correlation coefficient with a value greater than 

0.95, very interesting parameters were calculated in the three experimental conditions in order to 

discern objectively the tolerance of each cultivar to drought. 

Small discrepancies can be observed between the real values of Pmax, represented in Figures 1 

and 2, and the theoretical values of Pmax that these curves show after mathematical adjustment 

(which represents the maximum theoretical photosynthesis rate under ideal conditions provided by 

the ExpertCurve programme, necessary in eq 1 described in material and methods). This could be 

due to several reasons. Firstly, the equation being used to model the relationship between irradiance 

(I) and photosynthesis rate (P) may be a simplified representation of reality and may not capture all 

the complexities of the system. In some cases, a more complex model might be necessary to accurately 

describe the behaviour of photosynthesis. Secondly, the experimental data collected may have 

limitations or biases that affect the model’s ability to fit them. Experimental conditions, such as carbon 

dioxide (CO2) concentration, temperature, humidity, and other factors, can affect the ability of 

photosynthesis to reach its maximum rate under ideal conditions. Thirdly, photosynthesis shows a 

saturation response, which means that, as the irradiance increases, the rate of photosynthesis 

increases until it reaches a maximum value, after which the rate of photosynthesis no longer 

increases. This could explain why the calculated values of Theorical_P do not reach the maximum 
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value of “P” in the range of irradiances. Lastly, respiration in darkness (Rd) is not being considered, 

which eventually reduces (depending on its value) the rate of photosynthesis in the graph. 

In summary, although the “Pmax” value represents the theoretical maximum rate of 

photosynthesis under ideal conditions, in practice, several factors can limit the ability of plants to 

achieve this maximum rate under all irradiance conditions. Photosynthesis is a complex process 

influenced by multiple variables, and it is important to consider these limitations when interpreting 

the results and fitting the model. 

Table 1 shows that the maximum photosynthesis (Pmax) progressively decreases in general with 

the lack of water and, in turn, the saturation irradiances (Isat50 and Isat99.9) decrease in a positive 

correlation with it. This decrease is logical, since drought stress directly affects the availability of CO₂ 
inside the cells of the leaf as a consequence of the stomatal closure induced by ABA. The efficiency of 

photosystem II, ф_PSII also decreases, indicating that, with the lack of water, a greater number of 

photons are necessary to fix a molecule of CO2. The maximum electron transport speed (Jmax, or the 

ability to assimilate CO2) decreases in all cases, becoming almost zero for cultivars like F in SD. Rd 

and MS present strikingly high respiration in the dark compared to the rest of the cultivars. This 

parameter seems to remain constant in most cultivars for all experimental conditions, except for C 

and F, where it decreases with drought. The same occurs with the Fv/Fm values, which remain 

constant or decrease slightly with water deficit in all cultivars. 

Table 2 shows the values of some parameters obtained from the fitted curves of ETR response 

versus irradiance (Figure 2). Although the mathematical fit of these curves with the real curves is not 

as good as in the first case (photosynthesis-irradiance response), the calculation of the parameters 

indicated in Table 2 were obtained from the zones of the curve in which there is a fit with a value of 

R> 0.95 with the real curves. ETRmax is the maximum electron transfer rate in the thylakoids during 

the luminous reactions. This parameter, as can be seen in Table 2, decreases with drought, which 

indicates the importance of water in the light phase of photosynthesis. The plant, by not having good 

functionality, decreases its capacity to receive light and transform it into stable chemical energy. This 

occurs in all cultivars, except in F, K and MS, where the maximum radius of electron transfer occurs 

under MD conditions. Alpha-ETR is the slope of the curve, that is, the efficiency of photosynthesis in 

relation to incident light intensity (measured in micromoles electrons/micromols photons). This 

efficiency is quite stable with the lack of water, which indicates that a practically constant number of 

electrons jump in the protein complexes of the chloroplast with a photon of light, regardless of the 

water deficit. Of course, the result produced on the ETRmax is different, since the efficiency of 

transferring those electrons from one macro-complex to another is affected by the lack of water. For 

example, in the case of the CH cultivar, although alphaET ( ) remains almost constant in the three 

experimental conditions, ETRmax goes from 88.9 under control conditions to 22.9 in MD and 26.1 in 

SD. The exception occurs in two cultivars, CJ and P, in which decreases with drought. 

ETRd is the electron transport rate when the plant is adapted to the dark and, therefore, all the 

macrocomplexes inserted in the thylakoids are completely reduced. Logically, this parameter has a 

very low value, since the plant is in darkness and does not receive luminous energy. ISAT_ETR50 

refers to the point at which the electron transport rate reaches 50% of its maximum value in response 

to light intensity. Therefore, ISAT_ETR75 and ISAT_ETR99.9 are the irradiances at which 75% and 

99.9% of electron transfer occurs, respectively, between the protein macro complexes involved in the 

red-ox chain of the light phase. 

Table 2. Mean values and standard deviation of the parameters obtained from the hyperbolic 

tangential model fitted to the ETR versus irradiance curves. In control conditions, 5 samples were 

used per cultivar, in conditions of moderate (MD) and severe (SD) drought, 9 samples were used. The 

ETRmax corresponds to the maximum rate of electron transport in the thylakoids during the 

luminous reactions. Alpha-ETR is the initial efficiency of photosynthesis in relation to incident light 

intensity (µmol electrons/µmol photons). ETRd is the electron transport rate under dark conditions. 

ISAT_ETR50 refers to the point at which the electron transport rate reaches 50% of its maximum value 

in response to light intensity, which, in the case of ISAT_ETR75 and ISAT_ETR99.9, would be 75% 

and 99.9%, respectively. 
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With respect to the data reflected in Table 3, it should be noted that ΔF/Fv’ represents the 

photosynthetic efficiency of the plant adapted to light. The value of this parameter decreases with the 

Cultivar Condition ETR_max Alpha-ETR (α) ETRd Fv/Fm ΔF/Fm'

Name Symbol µmol  e⁻  m⁻² s ⁻¹ µmol  e⁻ / µmol  
photons

µmol  e⁻ m⁻² s ⁻¹ - -

Control 72,384 ± 3,619 0,34 ± 0,028 0,868 ± 0,043 0,827 ± 0,041 0,583 ± 0,029

MD 42,381 ± 1,782 0,337 ± 0,027 0,499 ± 0,035 0,83 ± 0,041 0,599 ± 0,026

SD 25,022 ± 1,329 0,295 ± 0,056 0,028 ± 0,012 0,832 ± 0 0,561 ± 0,029

Control 55,025 ± 2,751 0,332 ± 0,028 0,72 ± 0,036 0,829 ± 0,041 0,552 ± 0,028

MD 32,991 ± 1,695 0,316 ± 0,018 0,135 ± 0,011 0,769 ± 0,038 0,533 ± 0,028

SD 26,883 ± 1,29 0,295 ± 0,025 -0,069 ± 0,006 0,742 ± 0,036 0,505 ± 0,023

Control 69,242 ± 3,462 0,341 ± 0,009 0,963 ± 0,048 0,836 ± 0,042 0,631 ± 0,032

MD 68,213 ± 3,75 0,322 ± 0,023 0,487 ± 0,032 0,804 ± 0,039 0,603 ± 0,032

SD 74,262 ± 4,323 0,331 ± 0,024 0,588 ± 0,039 0,809 ± 0,039 0,576 ± 0,03

Control 88,941 ± 4,447 0,334 ± 0,016 1,248 ± 0,062 0,804 ± 0,04 0,549 ± 0,027

MD 22,959 ± 1,107 0,316 ± 0,03 0,076 ± 0,003 0,715 ± 0,037 0,536 ± 0,027

SD 26,166 ± 1,505 0,305 ± 0,044 0,244 ± 0,018 0,709 ± 0,034 0,519 ± 0,025

Control 36,096 ± 2,116 0,321 ± 0,024 0,342 ± 0,019 0,824 ± 0 0,551 ± 0,027

MD 37,68 ± 3,184 0,345 ± 0,03 0,436 ± 0,056 0,808 ± 0,038 0,556 ± 0,025

SD 19,892 ± 1,14 0,301 ± 0,044 0,032 ± 0,004 0,77 ± 0,039 0,506 ± 0,026

Control 94,477 ± 4,915 0,348 ± 0,008 1,26 ± 0,064 0,826 ± 0 0,565 ± 0,028

MD 39,42 ± 1,703 0,334 ± 0,031 0,377 ± 0,03 0,814 ± 0,037 0,539 ± 0,028

SD 2,089 ± 0,109 0,296 ± 0,042 0,17 ± 0,009 0,462 ± 0,029 0,516 ± 0,026

Control 31,334 ± 1,781 0,315 ± 0,03 0,441 ± 0,023 0,82 ± 0 0,539 ± 0,027

MD 58,055 ± 3,746 0,34 ± 0,026 0,663 ± 0,045 0,814 ± 0,039 0,586 ± 0,03

SD 31,45 ± 1,628 0,333 ± 0,029 0,125 ± 0,025 0,803 ± 0,038 0,574 ± 0,028

Control 86,028 ± 4,054 0,328 ± 0,014 0,336 ± 0,027 0,825 ± 0 0,562 ± 0,029

MD 51,045 ± 4,14 0,315 ± 0,03 0,241 ± 0,028 0,825 ± 0 0,58 ± 0,031

SD 24,577 ± 1,339 0,297 ± 0,034 0,22 ± 0,02 0,825 ± 0 0,567 ± 0,029

Control 36,33 ± 1,909 0,292 ± 0,047 -0,172 ± 0,031 0,798 ± 0,039 0,487 ± 0,024

MD 44,383 ± 2,24 0,321 ± 0,028 0,019 ± 0,002 0,731 ± 0,036 0,48 ± 0,024

SD 27,024 ± 1,756 0,325 ± 0,02 0,047 ± 0,006 0,713 ± 0,037 0,467 ± 0,024

Control 52,981 ± 2,653 0,358 ± 0,028 0,981 ± 0,04 0,803 ± 0,04 0,569 ± 0,028

MD 49,108 ± 3,406 0,32 ± 0,025 0,303 ± 0,038 0,77 ± 0,039 0,646 ± 0,033

SD 30,133 ± 1,68 0,303 ± 0,021 0,021 ± 0,003 0,79 ± 0,057 0,596 ± 0,037

Control 26,056 ± 1,215 0,305 ± 0,037 0,111 ± 0,011 0,792 ± 0,039 0,515 ± 0,026

MD 40,667 ± 2,292 0,32 ± 0,016 0,229 ± 0,008 0,804 ± 0 0,571 ± 0,027

SD 25,169 ± 1,488 0,323 ± 0,02 0,071 ± 0,01 0,804 ± 0 0,58 ± 0,029

Control 79,794 ± 4,098 0,336 ± 0,015 0,988 ± 0,056 0,8 ± 0,04 0,612 ± 0,031

MD 45,693 ± 1,917 0,293 ± 0,034 0,232 ± 0,011 0,819 ± 0 0,593 ± 0,029

SD 8,377 ± 0,506 0,263 ± 0,03 -0,089 ± 0,016 0,601 ± 0,02 0,554 ± 0,029

Control 71,013 ± 4,031 0,356 ± 0,015 1,095 ± 0,054 0,835 ± 0,042 0,525 ± 0,024

MD 36,105 ± 1,708 0,336 ± 0,024 0,469 ± 0,025 0,772 ± 0,035 0,494 ± 0,027

SD 29,273 ± 1,675 0,329 ± 0,023 0,243 ± 0,02 0,794 ± 0,04 0,521 ± 0,026

Control 69,063 ± 3,335 0,344 ± 0,006 0,689 ± 0,039 0,82 ± 0 0,549 ± 0,028

MD 28,509 ± 1,589 0,318 ± 0,013 0,216 ± 0,013 0,764 ± 0,038 0,513 ± 0,027

SD 29,733 ± 1,606 0,328 ± 0,016 0,174 ± 0,011 0,778 ± 0,038 0,522 ± 0,025
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lack of water in general terms. There are some exceptions, such as M, where the maximum efficiency 

occurs in MD conditions, and S1, where its maximum efficiency occurs in SD. Both cultivars turn out 

to be very drought-tolerant. Moreover, Fv/Fm is always greater than ΔF/Fm’, since the first parameter 

is measured when the plant is adapted to darkness, where all macrocomplexes are in a reduced state. 

NPQ (Non-Photochemical Quenching) is the capacity of photosystems to dissipate excess energy as 

heat. To this end, the amount of carotenoids that are part of the antennas of the photosystems, which 

are responsible for obtaining this excess energy and dissipating it into the atmosphere in the form of 

heat, play a fundamental role. qP (Photochemical Quenching) represents the fraction of photosystems 

that are in the reduced state, i.e., available for the photochemical process, that is, the fraction of light 

that is, at those moments, used to produce photosynthesis, and qN (Non-Photochemical Quenching) 

represents the fraction of reaction centres of PSII that are in an oxidised state, or the quantity of 

dissipated light. The amount of photons necessary to make an electron jump increases with drought; 

this parameter, above all, is greatly increased in SD conditions. The number of photons required to 

fix a CO2 molecule is slightly increased between the control samples and the samples subjected to 

MD. In some cultivars, even a moderate lack of water in the plant favours the CO2 fixation process. 

Finally, the amount of electrons that the plant needs to transfer along the redox chain to produce 

the fixation of a CO2 molecule is also increased with the lack of water. 

Table 3. Mean values and standard deviation of the parameters obtained from the hyperbolic 

tangential model fitted to the ETR versus irradiance curves. Under control conditions, 5 samples were 

used per cultivar, whereas, in conditions of moderate (MD) and severe (SD) drought, 9 samples were 

used. The number of photons required to move an electron is calculated as the inverse of the 

alpha_ETR parameter. It is expressed in µmol photons/µmol e⁻. The number of photons to fix a 
molecule of CO2 is calculated from the inverse of the φ_PSII parameter, which is expressed in µmol 
photons/µmol CO2. The number of electrons required to fix a CO2 molecule (mol e⁻/mol CO2) is 
calculated by dividing the initial efficiency of photosynthesis (alpha_ETR) by the quantum yield of 

PSII (φ_PSII), which is expressed in µmol e⁻/µmol CO2. The rest of the parameters are dimensionless. 

Fv/Fm refers to the ratio between the maximum variability of fluorescence (Fm) and the steady-state 

fluorescence (F0), that is, the performance of fluorescence emission at the dark point of the curve. 

ΔF/Fm’ evaluates the maximum quantum efficiency of photosystem II (PSII) in photosynthesis 

(effective quantum yield). NPQ (Non-Photochemical Quenching) is the capacity of PSII to dissipate 

excess energy as heat. qP (Photochemical Quenching) represents the fraction of PSII reaction centres 

that are in the reduced state, i.e., available for the photochemical process, and qN (Non-Photochemical 

Quenching) represents the fraction of reaction centres of PSII that are in an oxidised state. These 

parameters come from the value of the real curve, whose irradiance is closest to the saturation 

irradiance according to the model fitted for the ETR vs. Irradiance curve. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2023                   doi:10.20944/preprints202310.0039.v1

https://doi.org/10.20944/preprints202310.0039.v1


 14 

 

 

  

Cultivar Condition NPQ qP qN mol photons/mol e⁻ mol photons/mol 

CO2

mol e⁻/mol 
CO2

Name Symbol - - -
µmol  

photons/µmol  e⁻

µmol  

photons/µmol  

CO2

µmol  

e⁻/µmol  CO2

Control 2,469 ± 0,123 0,388 ± 0,019 0,803 ± 0,04 2,941 ± 0,028 20,179 ± 1,491 6,861 ± 0,041

MD 2,34 ± 0,135 0,366 ± 0,019 0,788 ± 0,038 2,97 ± 0,027 23,513 ± 7,367 7,916 ± 0,199

SD 2,863 ± 0,132 0,346 ± 0,023 0,83 ± 0,04 3,386 ± 0,056 30,663 ± 8,169 9,055 ± 0,455

Control 3,1 ± 0,153 0,4 ± 0,02 0,841 ± 0,042 3,008 ± 0,028 31,407 ± 6,714 10,44 ± 0,186

MD 2,326 ± 0,139 0,412 ± 0,021 0,777 ± 0,038 3,167 ± 0,018 23,87 ± 7,377 7,538 ± 0,136

SD 1,834 ± 0,107 0,434 ± 0,025 0,774 ± 0,037 3,393 ± 0,025 22,779 ± 3,591 6,713 ± 0,089

Control 2,423 ± 0,121 0,352 ± 0,018 0,79 ± 0,04 2,937 ± 0,009 23,193 ± 3,354 7,898 ± 0,03

MD 1,597 ± 0,088 0,313 ± 0,017 0,716 ± 0,036 3,108 ± 0,023 20,419 ± 4,614 6,569 ± 0,105

SD 2,063 ± 0,107 0,373 ± 0,023 0,779 ± 0,038 3,022 ± 0,024 23,802 ± 3,524 7,875 ± 0,085

Control 2,379 ± 0,119 0,336 ± 0,017 0,812 ± 0,041 2,994 ± 0,016 18,102 ± 1,464 6,046 ± 0,024

MD 1,9 ± 0,078 0,406 ± 0,022 0,753 ± 0,038 3,164 ± 0,03 31,022 ± 6,202 9,805 ± 0,185

SD 1,162 ± 0,061 0,414 ± 0,03 0,681 ± 0,03 3,278 ± 0,044 34,724 ± 6,217 10,593 ± 0,272

Control 2,802 ± 0,158 0,392 ± 0,02 0,831 ± 0,042 3,116 ± 0,024 25,636 ± 3,354 8,227 ± 0,08

MD 2,392 ± 0,113 0,516 ± 0,027 0,808 ± 0,04 2,897 ± 0,03 22,269 ± 3,252 7,686 ± 0,097

SD 2,032 ± 0,101 0,361 ± 0,015 0,809 ± 0,04 3,327 ± 0,044 22,13 ± 1,464 6,652 ± 0,065

Control 2,514 ± 0,128 0,393 ± 0,02 0,821 ± 0,041 2,875 ± 0,008 19,862 ± 2,426 6,909 ± 0,019

MD 3,045 ± 0,151 0,464 ± 0,025 0,846 ± 0,042 2,996 ± 0,031 16,517 ± 1,79 5,513 ± 0,056

SD 3,436 ± 0,172 0,45 ± 0,023 0,869 ± 0,043 3,382 ± 0,042 14,775 ± 1,524 4,369 ± 0,065

Control 2,71 ± 0,131 0,451 ± 0,025 0,84 ± 0,042 3,174 ± 0,03 21,583 ± 3,282 6,8 ± 0,099

MD 2,189 ± 0,109 0,374 ± 0,021 0,784 ± 0,039 2,939 ± 0,026 19,042 ± 3,455 6,479 ± 0,09

SD 2,225 ± 0,1 0,438 ± 0,029 0,783 ± 0,037 3,002 ± 0,029 16,113 ± 2,167 5,368 ± 0,062

Control 2,881 ± 0,138 0,438 ± 0,022 0,819 ± 0,04 3,053 ± 0,014 28,53 ± 3,221 9,346 ± 0,046

MD 2,392 ± 0,098 0,433 ± 0,022 0,797 ± 0,037 3,171 ± 0,03 20,925 ± 5,702 6,598 ± 0,172

SD 2,581 ± 0,127 0,397 ± 0,022 0,818 ± 0,041 3,37 ± 0,034 35,975 ± 10,746 10,676 ± 0,37

Control 2,983 ± 0,178 0,411 ± 0,015 0,865 ± 0,044 3,419 ± 0,047 65,16 ± 24,126 19,059 ± 1,136

MD 2,1 ± 0,109 0,452 ± 0,025 0,806 ± 0,04 3,111 ± 0,028 23,919 ± 8,548 7,689 ± 0,241

SD 1,935 ± 0,111 0,436 ± 0,021 0,793 ± 0,039 3,079 ± 0,02 21,798 ± 6,173 7,079 ± 0,124

Control 2,106 ± 0,104 0,474 ± 0,024 0,787 ± 0,039 2,793 ± 0,028 21,571 ± 2,082 7,725 ± 0,058

MD 0,755 ± 0,032 0,344 ± 0,024 0,457 ± 0,012 3,127 ± 0,025 22,348 ± 3,942 7,146 ± 0,099

SD 1,97 ± 0,124 0,379 ± 0,027 0,718 ± 0,048 3,302 ± 0,021 27,426 ± 7,962 8,307 ± 0,169

Control 2,866 ± 0,145 0,363 ± 0,018 0,848 ± 0,042 3,276 ± 0,037 28,005 ± 9,302 8,549 ± 0,341

MD 2,068 ± 0,128 0,396 ± 0,023 0,78 ± 0,041 3,125 ± 0,016 21,54 ± 3,485 6,892 ± 0,054

SD 1,96 ± 0,103 0,409 ± 0,025 0,77 ± 0,039 3,093 ± 0,02 19,299 ± 4,134 6,239 ± 0,081

Control 1,444 ± 0,073 0,374 ± 0,02 0,711 ± 0,037 2,979 ± 0,015 18,8 ± 2,639 6,311 ± 0,038

MD 2,113 ± 0,134 0,263 ± 0,009 0,759 ± 0,039 3,419 ± 0,034 25,46 ± 6,09 7,447 ± 0,207

SD 3,009 ± 0,152 0,213 ± 0,008 0,858 ± 0,046 3,799 ± 0,03 27,518 ± 8,876 7,244 ± 0,263

Control 3,157 ± 0,16 0,389 ± 0,019 0,866 ± 0,045 2,81 ± 0,015 29,684 ± 7,522 10,565 ± 0,11

MD 2,79 ± 0,202 0,441 ± 0,026 0,836 ± 0,043 2,978 ± 0,024 21,038 ± 3,587 7,064 ± 0,088

SD 2,591 ± 0,134 0,478 ± 0,024 0,825 ± 0,041 3,036 ± 0,023 21,966 ± 3,752 7,235 ± 0,085

Control 2,742 ± 0,135 0,411 ± 0,021 0,833 ± 0,041 2,904 ± 0,006 22,118 ± 1,616 7,615 ± 0,009

MD 2,053 ± 0,119 0,492 ± 0,019 0,817 ± 0,045 3,142 ± 0,013 22,125 ± 2,806 7,043 ± 0,036

SD 2,319 ± 0,138 0,47 ± 0,023 0,808 ± 0,041 3,045 ± 0,016 22,343 ± 3,406 7,338 ± 0,054
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4. Materials and Methods 

4.1. Plant material: 

Fourteen olive cultivars were used as plant material: Arbequina (A) Arbosana (Ab), chemlali 

(Ch) Cornicabra (C) Cornezuelo de Jaén (CJ), Empeltre (E), Frantoio (F), Hojiblanca (H), Koroneiki 

(K), Manzanilla de Sevilla (MS), Martina (M), Picual (P), Sikitita1 (S1) and Sikitita2 (S2). These are 

predominant cultivars in the olive groves of the Mediterranean Basin, and they are used in the three 

culture systems of current olive groves: classical, intensive and super-intensive production systems. 

There were 12 samples per cultivar of one year of age, from a height of one meter approximately, all 

of them certified by the World Olive Germplasm Bank of Córdoba (WOGBC). The cultivars used 

were Arbequina, Arbosana, Chemlali, Cornezuelo de Jaén, Cornicabra, Empeltre, Frantoio, 

Hojiblanca, Koroneiki, Manzanilla de Sevilla, Martina, Picual, Sikitita1 and Sikitita2. The experiment 

was carried out in a growth chamber Aralab, 12000 PHL-LED, with irrigation ad libitum for six 

“control” samples and the following controlled parameters: photoperiod light/dark 16h/8h; light 
intensity 1600 µmol m-2 s-1; temperature 21 °C; 400ppm CO2 concentration in the chamber; and relative 

air humidity of 50%. The other six samples of each cultivar were used in the drought stress 

experiment. In this case, the plants stopped being watered for a minimum of 28 days in the case of 

the most sensitive cultivars and a maximum of 42 days for the most tolerant to water stress.  

4.2. Curve fitting 

In order to obtain a full overview of photosynthetic performance in the different cultivars 

considered, we used different approaches for the fitting of the experimental data. Thus, firstly, we 

fitted the data using the equation described by [15] (Eq. 1), a hyperbolic tangent model: 

𝑃 = 𝑃𝑚𝑎𝑥 ∙ 𝑡𝑎𝑛ℎ (𝜙𝑃𝑆𝐼𝐼 ∙ 𝐼𝑃𝑚𝑎𝑥) − 𝑅𝑑 (𝐸𝑞. 1)  
where P is the net assimilation rate ( mol CO2 m-2 s-1), Pmax is the maximum rate of net 

photosynthesis ( mol CO2 m-2 s-1), tanh is the hyperbolic tangent function, I is the incident irradiance 

( mol photon m-2 s-1), 𝜙𝑃𝑆𝐼𝐼  is the initial slope of net photosynthesis versus irradiance ( mol CO2 

mol photon-1), and Rd is the respiration rate in darkness ( mol CO2 m-2 s-1). 

In order to determine saturating irradiance (Isat), i.e., irradiance at which net assimilation rate 

was saturated, the assimilation rate versus irradiance data was also fitted according to the equation 

described by [16] 

𝐼𝑠𝑎𝑡(𝑛) = 𝑎𝑟𝑐𝑡𝑎𝑛ℎ ( 𝑛100 ∙ (𝑃𝑚𝑎𝑥 − 𝑅𝑑) + 𝑅𝑑𝑃𝑚𝑎𝑥 ) ∙ 𝑃𝑚𝑎𝑥𝜙𝑃𝑆𝐼𝐼  (𝐸𝑞. 2)  
where Pmax is the maximum net assimilation rate ( mol CO2 m-2 s-1), n is the fraction of Pmax for 

which Isat(n) is calculated (dimensionless, [0 ≤ n ≤ 100]), Isat(n) is the irradiance at which the n fraction of 

Pmax is produced ( mol photon m-2 s-1), Rd is the respiration rate in darkness ( mol CO2 m-2 s-1) and 𝜙𝑃𝑆𝐼𝐼  is the initial slope of net photosynthesis versus irradiance ( mol CO2 mol photon-1). Thus, this 

equation allowed us to calculate Isat(100), Isat(75) and Isat(50), the irradiances at which 100% (typically 

known as saturating irradiance), 75% and 50% of Pmax were achieved, respectively. 

ElectronTransfer Rate was calculated through the following equation: 

ETR = AQ∗FII∗AF/Fm’ (Eq. 3) 

where ETR is the electron transport rate ( mol e- m-2 s-1), AQ is the absorbed quanta ( mol photon m-

2 s-1), calculated as the product of incident quanta by absorptance, which is considered to be 0.5, and 

AF/Fm’ is the effective quantum yield of PS II. 

The equation proposed by [15] was also used to fit the data from the fluorescence vs irradiance 

curves (Eq. 2, modified from Eq. 1): 
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𝐸𝑇𝑅 = 𝐸𝑇𝑅𝑚𝑎𝑥 ∙ 𝑡𝑎𝑛ℎ (𝛼𝐸𝑇𝑅 ∙ 𝐼𝐸𝑇𝑅𝑚𝑎𝑥) − 𝐸𝑇𝑅𝑑  (𝐸𝑞. 4)  
where ETR is the electron transport rate (see Eq. 3, defined in the above equation) ( mol e- m-2 s-1), 

ETRmax is the maximum electron transport rate ( mol e- m-2 s-1), tanh is the hyperbolic tangent 

function, I is the incident irradiance ( mol photon m-2 s-1), 𝛼𝐸𝑇𝑅  is the initial slope of ETR vs 

irradiance ( mol e- mol photon-1) and ETRd is the electron transport rate in darkness ( mol e- m-2 s-

1). 

Additionally, experimental data of net photosynthesis versus irradiance were fitted using 

equation 5 described by [17]: 

𝑃 = (𝐼 + 𝐽𝑚𝑎𝑥) − √(𝐼 + 𝐽𝑚𝑎𝑥)2 − 4 ∙ θ · I · 𝐽𝑚𝑎𝑥2 ∙ θ (𝐸𝑞. 5) 

where P is the net assimilation rate ( mol CO2 m-2 s-1), I is the incident irradiance ( mol photon m-2 s-

1), Jmax is the maximum rate of electron transport ( mol e- m-2 s-1) needed to supply energy for 

carboxylation and reduction reactions, which are subsequently catalysed by RuBisCO in the C 

assimilation stage (Calvin-Benson cycle), and θ is the curvature factor (convexity (dimensionless), [0 

< θ < 1]). 

Finally, several parameters were calculated from those obtained from the curve fitting.  

4.3. Photosynthesis and fluorescence versus light response curves  

All gas exchange and fluorescence measurements were recorded on fully expanded adult leaves 

in plants from each cultivar. The photosynthesis response (net photosynthetic rate, P, mol CO2 m-2 

s-1) to different irradiance ( mol photon m-2 s-1) was measured on 5 leaves (either control or moderate 

and severe drought samples), using a LI-6800 Portable Photosynthesis System with a transparent leaf 

chamber. The chamber was installed in a direction vertically upward to the soil surface using a level 

so as to not affect the other leaves. The LI-6800 was equipped with a 6800-01 fluorometer, to 

determine fluorescence parameters. Here is a brief explanation of each parameter: Fv/Fm is an 

estimate of the maximum quantum efficiency of PSII reaction centers. This ratio is calculated from 

two parameters: Fo and Fm. Fo is the fluorescence level of a dark-adapted plant with all PSII primary 

acceptors ‘open’ (QA fully oxidised). Fm is the maximal fluorescence level achieved upon application 

of a saturating flash of light, such that all primary acceptors ‘close’ Quinone QA fully reduced. 
Variable fluorescence, Fv, is the difference between Fo and Fm. Pmax (also known as Psat or PN, 

mol CO2 m-2 s-1) refers to the maximum rate of net CO2 assimilation per unit leaf area. It represents 

the highest achievable photosynthesis rate of a leaf under optimal conditions, such as high radiation, 

suitable temperature, and no limitations from other factors. Rd (also known as Rdark or R, mol CO2 

m-2 s-1) is the rate of dark respiration. It denotes the amount of CO2 released by plant respiration in 

the absence of light. Rd is a constant rate and is a crucial component in calculating the net 

photosynthesis rate under illuminated conditions. Photoynthetic efficiency, alpha (α, mol CO2 mol 

photon-1), represents the photosynthetic efficiency. It indicates the plant’s ability to convert absorbed 

radiation into photosynthesis. Alpha corresponds to the initial slope (linear response) of the 

photosynthesis response curve concerning radiation. Theta (θ, dimensionless) is the curvature of the 
curve response in the transition from the linear part to the saturation part, i.e., the rate at which 

photosynthesis saturates at high irradiances. This parameter is linked to photoinhibition, which is 

the reduction in photosynthesis rate at high light intensities. Jmax ( mol e- m-2 s-1) stands for the light-

saturated potential maximum rate of electron transport through photosystem II (PSII) measured from 

the evolution of CO2 assimilation. It represents the plant’s utmost capacity to utilise light in the 

photosynthesis process and is a critical limiting factor for photosynthesis at high light intensities. 

These parameters are crucial for understanding and modelling plant responses to light and 

photosynthesis under diverse environmental conditions. Their estimation and comprehension are 

fundamental for studies in plant physiology and ecology, and they have practical applications in 

areas such as agronomy and conservation biology. 
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Before recording the photosynthetic and fluorescence measurements, five randomly selected 

plants were adapted to darkness overnight. Then, saturated pulsed light (3000 µmol m−2 s−1, 300 ms 

duration) was applied to determine maximum quantum yield efficiency (Fv/Fm), according to 

equation 6 [18]: 𝐹𝑣𝐹𝑚 = 𝐹𝑚 − 𝐹𝑜𝐹𝑚  (𝐸𝑞. 6)  
where Fv is the variable fluorescence (dimensionless), Fm is the darkened maximum fluorescence 

(dimensionless), and Fo is the darkened minimum fluorescence (dimensionless). This measurement 

allowed adjusting parameters in the fluorometer system to properly acquire fluorescence signal. 

Light response data were gathered using the “Autolog-Light response” auto-programme in the 

LI-6800. Full light response curves on trees from each olive cultivar and control/drought treatments 

were measured using 10 different incident irradiance levels (2000, 1500, 1000, 750, 500, 400, 200, 100, 

50, 0 µmol photon m-2 s-1). All the plants in each combination were selected randomly. During the 

measurements, the following parameters were controlled: CO2 concentration at 400 ppm, relative 

humidity at 40%, ambient temperature at 21°C, airflow at 500 mmol s-1, and fan speed at 10000 rpm. 

The auto-programmes were set to run for 60 to 180 s at a given light level before moving to the next 

light level in the auto-programme. The responses of the 14 cultivars to photosynthesis subjected to 

drought stress and in the control treatment were measured once a week in triplicate to obtain nine 

response curves to light for the analysis of the moderate drought interval (7, 14 and 21 days post 

irrigation) and nine curves for the analysis of the severe drought interval (curves taken at 21, 28 and 

35 days post irrigation) vs the control plants. 

In each light response curve, the following parameters were estimated from the gas exchange: 

P, net assimilation rate ( mol m-2 s-1), gsw, stomatal conductance to water vapour (mol H2O m-2 s-1), E, 

transpiration rate (mol H2O m-2 s-). 

Using the fluorometer during the light response curves the following parameters were also 

determined: Fv/Fm, maximum quantum yield efficiency (as defined above, dimensionless, 

determined in darkness), F/Fm’, effective quantum yield efficiency in the light-adapted plant 

(dimensionless, defined as in equation), qP, photochemical quenching (dimensionless, defined as in 

Eq. 7), and qN, non-photochemical quenching (dimensionless, defined as in Eq. 7). ∆𝐹 𝐹𝑚′  (𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑) = 𝐹𝑚′ − 𝐹𝑠𝐹𝑚′  (𝐸𝑞. 7)  
Fm’ is the maximum fluorescence emission under steady-state illumination (dimensionless, 

analogous to Fm), and Fs is the minimum fluorescence emission under steady-state illumination 

(dimensionless, analogous to Fo). 𝑞𝑃 (𝑝ℎ𝑜𝑡𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔) = 𝐹𝑚′ − 𝐹𝑠𝐹𝑚′ − 𝐹𝑜′  (𝐸𝑞. 8)  
where Fo’ is the minimum fluorescence emission in a light-adapted sample after a brief dark period, 

and Fm’ and Fs as described above. 𝑞𝑁 (𝑛𝑜𝑛-𝑝ℎ𝑜𝑡𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔) = 𝐹𝑚′ − 𝐹𝑠𝐹𝑚′ − 𝐹𝑜′  (𝐸𝑞. 9)  
with all the parameters as described above. 

Although values of E, F/Fm’, qP and qN were determined in each curve for all the incident 
irradiances, only those measured at the saturating irradiance (Isat(100)) were considered. 

Finally, electron transport rate curves (ETR) were considered. ETR was calculated according to 

Eq. 10: 𝐸𝑇𝑅 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒) = 𝐴𝑄 ∙ 𝐹𝐼𝐼 ∙ ∆𝐹/𝐹𝑚′ (𝐸𝑞. 10)  
where ETR is the electron transport rate ( mol e- m-2 s-1), AQ is the absorbed quanta ( mol photon m-

2 s-1), calculated as the product of incident quanta by absorptance, FII is the fraction of AQ directed to 

Photosystem II and AF/Fm’ is the effective quantum yield of PS II. Absorptance was not measured 

but considered to be 0.84, the average ratio of light absorbed by leaves in higher plants, and FII was 

considered to be 0.5, as the average ratio of PSII to PSI reaction centres [19]. 
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4.4. Statistical analyses 

Once all the study parameters, both those from non-linear fitting models and those from the 

analysis with the LI-COR 6800 system, were collected, an analysis of distribution and homogeneity 

of variances was performed as a function of the fixed factors: experimental condition and cultivar 

type. The study of normality and homogeneity of variances was based on the p-value result obtained 

from the Shapiro-Wilk test and Levene test, respectively. For p-values > 0.05 in both tests, it is 

considered that the data approximate a normal and homogeneous distribution. 

For those parameters that showed a normal distribution and homogeneity in their variances, a 

parametric analysis was conducted, in this case, a factorial analysis of variance, to identify if there 

was interaction between the fixed factor “condition” and the fixed factor “cultivar” for each study 

parameter. Parameters showing positive interactions underwent a subsequent post hoc analysis to 

identify significant changes between experimental conditions for the same cultivar or between 

cultivars for a specific experimental condition. 

For parameters that followed a non-normal distribution or heterogeneity in their variances, 

multiple transformations, such as arccosine, logarithmic, exponential, inverse, etc., were performed 

until a normal and homogeneous distribution was achieved. In cases where data transformation was 

not possible, a non-parametric analysis was conducted. The Kruskal-Wallis test was chosen as a non-

parametric version of one-way ANOVA, as the data came from independent samples, but the 

assumptions of normality or homogeneity of variances were not met. 

In both analyses, only significant changes with p-value < 0.05 were considered. The Tukey test 

(p ≤ 0.05) was applied for comparisons between groups in parametric analyses, and the Dunn’s 

multiple comparison test (an extension of the Mann-Whitney test) allowed comparisons between 

pairs of groups after the Kruskal-Wallis test (non-parametric analysis). 

These statistical analyses were conducted using RStudio Version: 2023.06.1+524 (requires R 

3.3.0+, 2023 Posit Software, PBC formerly RStudio, PBC) along with the statistical software 

Statgraphics Centurion 19 Version 19.1.3 (Statgraphics Technologies, Inc. 1982-2020). 

5. Conclusions 

According to the data obtained for the 14 cultivars in the two experimental drought conditions, 

we can make a classification based on their ability to photosynthesise at optimal light intensities and 

according to the tolerance expressed by each of them against water deficit. Table 4 offers the 

possibility of choosing the most suitable cultivar to implement according to these two observed 

variables. 

Table 4. Classification of the studied cultivars according to their tolerance to the deficit of water and 

their optimal light intensity interval of growth. 

 Arid areas 

200-400 mm/year 

Moderately 

tolerant  

350-500 mm/year 

Moderately sensitive 

400-650 mm/year 

Non-arid areas   

500-800 mm/year 

Low irradiances - F MS CJ 

Medium irradiances AO S1  K 

High irradiances M, S2, C CH, P AE, H E 
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