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Abstract

:

The conditions of the agroecological environment play a fundamental role in the physiological performance of quinoa; however, due to the accelerated expansion of quinoa cultivation and the great diversity of cultivars present in the world, it has not been possible to study the effect that their interaction can have, which brings with it problems in productivity and even in the adaptability of cultivars. The aim of this research was to evaluate the physiological performance of seven quinoa cultivars under three altitude gradients in the central region of Colombia (cold, temperate and warm climates). The research was developed using a completely randomized design with a 3 × 7 factorial arrangement where the first factor corresponded to the study areas and the second factor to the selected cultivars. The results showed a highly differential performance between the phenological, physiological and compositional variables, mainly between the quinoa cultivars planted in cold climates and those established in temperate and warm climates. In this sense, the time elapsed between the phenophases, the physiological activity associated with the chlorophyll content and the quantum efficiency of photosystem II, as well as the grain yield and its protein content, are highly influenced by the cultivar and the altitudinal gradient. The results obtained support the notion that the physiological performance of quinoa depends largely on the edaphoclimatic environment by influencing different agronomic and compositional parameters of the seeds. Additionally, it was possible to identify that the evaluated quinoa cultivars were grouped into two large groups. The first group is made up mainly of the Nueva and Soracá cultivars, while the second group includes the Nariño and Puno cultivars. These four cultivars show a lower effect of the factors and their interaction on the parameters evaluated.
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1. Introduction


The expansion of quinoa cultivation in Colombia has been increasing in recent years. However, its production has been limited to cold climate zones with grain yields that do not exceed 2 t/ha−1 [1]. This situation has been studied in different parts of the world and, therefore, research strategies have been generated that are intended to expand quinoa production to different agroecological zones that include temperate and warm climates. Reguera et al. [2] consolidated the first study, in which they observed phenological, productive and compositional traits of three quinoa cultivars planted under different edaphoclimatic conditions, finding a strong relationship between the cultivar and the agroecological context with respect to the variables evaluated. Such a relationship is of great importance in specialized agricultural production systems, because the effect of the environment on the compositional attributes of the products obtained is recognized, so their interaction and response has been strongly studied in crops relevant to the food industry, such as rice, wheat and maize [3,4,5].



When quinoa is established in different climatic regions, changes are generated in the natural conditions and adaptability of the species, mainly in climate elements related to temperature, radiation and precipitation that are determining precursors of activities such as protein stability, the synthesis of phytohormones, the transport of substances and the biological activity of the tissues, which has made it possible to evaluate quinoa in other countries in areas where other crops have not been successfully adapted [6,7,8].



Thus, these researches have been consolidated mainly to evaluate the response that plants have to the genotype–environment interaction, which finally manifests itself in the physiological and biochemical expression of plants [9]. However, there are many responses that quinoa can generate to a modification, whether in the genetic or environmental module or in their interaction, rapidly favoring changes of morphological, photosynthetic, productive and compositional order [10,11].



In this sense, the effect of the environment–genotype interaction brings responses related to phenotypic plasticity, which is associated with changes related to root architecture, stem height and thickness, leaf morphology, leaf area, chlorophyll content, photosynthetic yield, productivity and proximal characteristics of the grains that are in most cases related to the stability of plant tissues, the antioxidant response of the plant, osmotic activity and the synthesis of proteins that cope with stress [12,13,14].



In the case of the central region of Colombia, quinoa cultivars such as Tunkahuan, Soracá and Blanca Jericó were identified, which present a variation in the duration of the phenological cycles under cold weather conditions [15,16] and may be directly associated with temperature and precipitation, influencing variables such as grain yield, harvest index, biomass and phenological time, as has already been reported in other researches [17,18]. However, there is still a lack of knowledge about the effect that the altitude gradient may have on physiological activity parameters in Colombian quinoa cultivars, so our working hypothesis was that the altitude gradient has a differential effect on the physiological performance of seven quinoa cultivars.




2. Materials and Methods


Experiments were established in three regions during the year 2020, with spatial specifications as shown in Table 1. The experimental design was completely randomized where each experimental unit corresponded to 9 m2 (3 m × 3 m) with a 3 × 7 factorial combination. The first factor corresponded to the three altitude gradients (cold (2648 m a.s.l.), temperate (1707 m a.s.l.) and warm (698 m a.s.l.) climate), and the second factor to the seven quinoa cultivars evaluated (Blanca Real, Pasankalla, Nariño, Titicaca, Puno, Soracá and Nueva), each with three replications (i.e., for a total of 21 treatments).



Each experimental unit corresponded to 6 rows of 3 m in length, with a planting density of 8 kg/ha−1 and with an average planting depth of 2 cm. Sowing, weeding, harvesting and seed selection were performed manually. Quinoa cultivars were obtained from the germplasm bank of the Government of Boyacá, the AOF-JDC Agricultural Organizations and Fruits Research Group, and local markets and farmers in the central region of Colombia.



The types of soil were reported according to what was established by the IGAC [19] while the chemical characteristics were determined by soil analysis. The type of soil in Oicatá is an association of Vertic Haplustalf—Andic Dystrustepts, with a pH of 5.8, organic matter of 4.1%, and exchangeable bases (cmol/Kg) of Ca, Mg, K and Na equivalent to 2.5, 1.12, 1.07 and 0.14, respectively. The soil type in Moniquirá is a Humic Dystrudepts—Typic Dystrudepts association with a pH of 4.94, organic matter of 6.19%, and exchangeable bases (cmol/Kg) of Ca, Mg, K and Na equivalent to 4.29, 0.51, 0.34 and 0.14, respectively. The soil type in Pauna is an intro association-Typic Eustrudepts—Typic Udorthents—Humic Dystrudepts, with a pH of 6.61, organic matter of 4.26%, and exchangeable bases (cmol/Kg) of Ca, Mg, K and Na equivalent to 28, 5.1, 2.8 and 0.5, respectively.



2.1. Environmental Conditions


The temperature conditions during the investigation varied significantly between the three study areas. Between the cold-temperate, cold-warm and temperate-warm climates, there was a difference in temperature of 35.4%, 48.2% and 19.8%, respectively, while for precipitation there were two rainy seasons throughout the year, with a differential intensity between the zones that varied in the same order by 45.4%, 67% and 39.68% (Figure 1).




2.2. Plant Growth and Development


The days of development were measured as a reference for the phenological phases of quinoa and based on the Biologische Bundesanstalt Bundessortenamt und Chemische Industrie (BBCH) scale, which classifies the occurrence of its phases in nine main stages of development [20].




2.3. Physiological Activity


The greenness index of the leaves was determined in the course of the most relevant phenological phases for quinoa together with the fluorescence of chlorophyll, reporting the maximum quantum efficiency of photosystem II (Fv/Fm), using a SPAD 502 plus chlorophyllometer (Konica-Minolta, Tokyo, Japan) and a Junior-PAM fluorometer (Walz GmbH, Effeltrich, Germany), respectively. Additionally, to determine the specific leaf area, the leaf area was measured using a LI-3000-A portable meter (LI-COR, Lincoln, NE, USA), while the stomatal density was determined by taking leaves from three thirds of the plants at the time from the grain filling phase, covering them with transparent industrial resin and later examining them in a 200X optical microscope to facilitate their quantification.




2.4. Grain Yield


The amount of grain per unit area was determined by manually harvesting all fully mature plants present in a linear meter. Subsequently, these were dried at room temperature for 15 days and manually threshed to facilitate the elimination of all impurities. The seeds were placed on a digital scale to determine their weight.




2.5. Protein Content


The protein concentration in the quinoa cultivars under the different treatments was determined at the time of plant maturity using the Kjeldahl methodology and multiplying it by the conversion factor 6.25, which is equivalent to 0.16 g of nitrogen per gram of protein.




2.6. Statistical Analysis


The effects of different quinoa cultivars and their interaction with the three altitude gradients were evaluated with a two-way analysis of variance (ANOVA). The normality and data homogeneity were evaluated with the Shapiro–Wilk and Bartlett tests, respectively. Multiple analyses of means were compared using the Tukey HSD test where the probability level of p ≤ 0.05 was considered statistically significant. The data were analyzed in the statistical program R version 3.6.1 using the Agricolae and Factorextra libraries.





3. Results and Discussions


3.1. Growth and Development


The cultivars presented different phenological times during the productive cycle, which also varied throughout all of the phenological phases. It was possible to identify that in the course of all of the phases, there were significant variations between the treatments (p < 0.001) due to the effect of both the cultivar and the altitudinal gradient. However, the interaction of the two factors influenced only the time to true leaves, 50% flowering and harvest (p < 0.01–0.05). Finally, the cultivar with the highest earliness was Puno in warm climatic conditions, while the latest was Soracá in cold climate (Table 2).



The quinoa cultivars showed different development speeds during the phenological cycle, allowing confirmation of the sensitivity of quinoa cultivars to the edaphoclimatic conditions of the region where quinoa is established [2]. In this sense, it is important to highlight that the late or early behavior of a quinoa cultivar is the result of the expression of the genetic character of the species and its interaction with the environment, so that the identification of cultivars with high productive potential for a specific edaphoclimatic region is an important task when establishing a productive system [21]. Some research on quinoa has shown that high rainfall favors the lengthening of the plant’s life cycle, attributed mainly to the constant cellular turgor, which affects the movement of compounds that allow cell division and elongation, through which they form structures such as leaves, stems and roots [1].



For this reason, the study of the phenological development of quinoa has become relevant within its measurement through the BBCH scale, since the assignment of codes for each of the development stages favors the analysis of the growth and development of the species [20]. In this sense, the identification of the phenological phases in quinoa has been conducted under the influence of factors associated with fertilization, genetic diversity, irrigation and phenotypic characterizations [14,22,23], showing changes even under the same genetic character, which supports observations in this research.




3.2. Total Chlorophyll Content


As expected, the total chlorophyll content in the treatments differed significantly during all of the phenological phases evaluated. It was found that height (p < 0.001), the cultivar (p < 0.001), and their interaction (p < 0.05) had a differential effect on the index (Table 3). It was identified that the highest chlorophyll content was present in the Blanca Real cultivar established in the temperate climate during the appearance of true leaves, Pasankalla in warm climate in the branching phase, and Pasankalla in cold climate during the last two phenological phases evaluated.



The total content of chlorophyll was higher in the 50% flowering phase for all treatments. However, a higher content was identified for the Soracá and Pasankalla cultivars, which reached values of up to 57 and 56 SPAD units, respectively, under cold weather conditions, levels similar to those reported by Garcia-Parra et al. [24], who found values of up to 66.4 SPAD units in the flowering phase in an altitudinal gradient above 2500 m (cold climate). In addition, a slight decrease in total chlorophyll content was observed in the flowering and grain-filling phases in all treatments. Such behavior was attributed to the increase in temperature due to the effect the altitude gradient, which was highly significant for this variable, since its incidence results in some notorious changes in photosynthetic activity and, therefore, in the formation and functionality of chlorophylls, giving rise to an accelerated rate of vegetative development as day and night temperatures increase [25].



It is worth noting that the cultivar factor is of high significance to the content of total chlorophyll, which is attributed to the influence of environmental temperature in each of the study areas, since it has been reported that this climatic element affects the photosynthetic apparatus of plants, mainly in the stability of the thylakoid membranes, given that their increase can cause denaturation of the proteins and phospholipids that make up the photosystems [26].



Another determining factor of the chlorophyll content in plants occurs at the beginning of the physiological maturity phase, since at this moment a marked accumulation of ethylene is generated, which favors the maturation of the tissues and, therefore, a significant increase in gerontoplasts that give slow step to expression of remaining carotenoids and anthocyanins in leaf and stem tissues [27].




3.3. Chlorophyll Fluorescence (Fv/Fm)


The maximum quantum efficiency of photosystem II is a variable that can be affected by different external factors, as manifested in this research. It was found that the altitude gradient considerably influences the Fv/Fm (p < 0.001), while the cultivar factor and its interaction do not exert significant influence (Table 4). In addition, it was identified that cultivars with a productive tradition in the central region of Colombia (Soracá and Nariño) are more susceptible to changes in altitude gradient (temperate and warm climate), mainly in the phases of true leaves and grain filling.



The activity of the fluorescence of chlorophyll was determined in the most important phases established by Bertero and Ruiz [28], which allows identifying the photochemical activity throughout the phenological cycle. During the study, it was observed that the environmental conditions have a marked influence on the maximum quantum efficiency of photosystem II, identified as a variable highly sensitive to genetic and environmental modifications. Bascuñán-Godoy et al. [29] reported variations in Fv/Fm due to the influence of the quinoa genotype used and the edaphic character. In addition, other studies have reported the effect of drought stress on Fv/Fm, causing a significant decrease [21].



However, it has been found that environmental temperature does not have a negative effect on the Fv/Fm indices, as has been reported in wheat and quinoa plants subjected to high temperatures (40–45 °C), since a slight decrease was observed in the index [30,31]. Therefore, it is noteworthy that the index values between 0.8 and 0.85 indicated that the plant was not under a state of stress [32,33], but that according to what was obtained in this research, it was possible to observe a slight reduction in Fv/Fm as the altitude gradient decreased.



In this way, it can be concluded that the general stability of Fv/Fm during the phases of true leaves, branching and flowering indicates that temperature is the main climatic variable of the altitudinal gradient, which does not affect the efficiency of electron transport in the photosynthetic apparatus and, therefore, photoinhibition is not generated, so the reduction in the values of this variable during the grain-filling phase is attributed to the senescence of the foliage due to the end of the productive cycle, as demonstrated by Panda and Sarkar [34].




3.4. Stomatal Density


Another interesting observation in this study was the phenomenon generated by altitudinal gradient, cultivar and their interaction in the number of stomata per unit area (Figure 2). It was found that warm weather conditions influenced the number of leaf surface structures, while, in the case of the Blanca Real cultivar under warm weather conditions, the amount decreased by up to 25.6% compared to its production in temperate climate, which was similar for the Nariño, Nueva, Pasankalla and Titicaca cultivars, while in Puno and Soracá, the greatest number of stomata occurred in plants established in cold climate.



Stomatal density varied significantly in the study as a response between cultivars, environments and their interaction. This phenomenon can be derived from factors such as the hydric status of the plant and the environmental temperature mainly, which may be the reflection of a marked reduction in precipitation during the months of July and August, which coincided with the phase in which the precipitation was measured, and agrees with the findings on stomatal density reported by Issa-Ali et al. [35], who reported constant variations in the number of stomata after inducing edaphic drought, which allows this variable to be recognized as a phenotypic plasticity response capable of determining transpiration in foliar tissues.




3.5. Specific Leaf Area


The specific leaf area presented high variation in relation to the cultivars, the altitude gradient and their combination (Figure 3). It was possible to identify a greater proportion of the specific foliar area in the cold region, with the exception of the cultivars Pasankalla, Blanca Real and Puno, and it was possible to determine a greater difference between the altitude gradients of cold and warm climate, mainly in the cultivars Blanca Real, Nueva, Titicaca and Soracá, which presented a reduction in this variable by 40.7%, 39.9%, 39% and 30.1%, respectively, as the altitude gradient was reduced.



Different researches have determined that the specific leaf area (SFA) can be understood as an indicator of photosynthetic activity and plant growth performance. The AFE showed significant changes in all cultivars as the altitudinal gradient was reduced, an aspect that has been observed in different grass species when the temperature of the production area increases [36]. In this same sense, it has been shown in rice plants (Oryza sativa) that the increase in daytime temperature reduces the AFE [37], most likely as a response to the loss of water in the tissue, which can happen more easily in areas with warmer conditions, due to the insensitive meatiness of the leaf tissue that quinoa leaves have and the C3 metabolism that makes it difficult for the leaves to retain and fix CO2 for gas exchange.




3.6. Grain Yield


Grain production per linear meter showed significant statistical differences (Figure 4), revealing a marked influence between the cultivars evaluated and the altitude gradient. The cultivar with the best productive performance was Soracá. However, its productivity was affected in lower altitude conditions, which reduced grain production by up to 60.1%, which was very similar to what happened with the Nariño and Nueva cultivars, where their production fell by 65% and 52.5%, respectively. Additionally, it was possible to identify a particular behavior for the Puno cultivar, which showed its best performance under altitude conditions with a temperate climate.



The grain yield varied significantly in relation to the treatment; in this sense, different studies have reported that productivity between quinoa cultivars is variable [38,39]. However, it has been found that there is no significant variation in grain production rates when quinoa plants are subjected to an increase in environmental temperature [40], but there is an effect from the availability of water and nutrients in terms of the amount of grain harvested [41].



Some studies have reported a significant change in yield when the night temperature was increased in certain growth phases, causing a significant grain reduction between the cultivars evaluated and the phenological phase in which the heat treatment was carried out [25], an aspect that can be attributed to the accelerated use of the sugar reserve in organs that are considered landfills but do not benefit productivity.




3.7. Protein Content


The cultivars showed differences in grain protein concentration, highlighting the highest content in the Titicaca cultivar under cold and temperate climate conditions, while the lowest content was presented for the same cultivar under warm climate conditions (Figure 5). The reduction in the altitudinal gradient had a positive association with the protein content in the grain (p < 0.001). No association was found between the cultivars used and the altitudinal gradient (p = 0.1); in addition, it is important to note that the protein content showed highly significant differences between the cultivars evaluated.



The response of the compositional characteristics of the grains is the result of all of the physiological and biochemical performance of the plants. For this reason, research has been carried out in which the effect of the agroecological environment on the characteristics of quinoa grains was evaluated, as reported by Reguera et al. [2], who found significant statistical differences in the protein content of different quinoa cultivars planted under different agroclimatic conditions, in addition to identifying the highest percentage of protein in the Titicaca cultivar. In this sense, Gonzalez et al. [42], found significant differences between cultivars from different agroecological regions, which also varied in the profile of amino acids present in quinoa seeds.



This situation is a reflection of the influence of environmental conditions such as ambient temperature, hydric status and the physicochemical characteristics of the soil on the source-dump dynamics, while in many cases the induction of stress in the plants generates a benefit in the compositional characteristics of the seeds as a response to the accumulation of soluble sugars, amino acids and proteins [43].




3.8. Altitudinal Gradient Relationship with Seven Quinoa Cultivars


The treatments were grouped in the Bootstrap-based cluster analysis with respect to the physiological and compositional performance of the seeds (Figure 6A). Two macrogroups were evidenced. The first comprised the Soracá cultivar planted in the different climates, Pasankalla and Blanca Real in cold and temperate, Nueva in cold and warm and Titicaca in cold, while the second group covered the other treatments. The Nariño cultivar under average climate conditions expressed an intermediate performance between the other treatments, which allowed them to be grouped according to the response that each of the cultivars evaluated under the three altitudinal gradients had, mainly due to physiological responses in the field. In addition, three groups of cultivars were identified that performed in a very similar way with regard to physiology, which could be corroborated with a starting value greater than 98%.



According to the principal component analysis PCA, it was found that the first component explained 45.9% of the variance and the second component, 24.5% (70.4% of the accumulated variance) (Figure 6B). In addition, it was identified that the warm climate treatments were similar to those of the temperate climate, while those of the cold climate had a greater association with the variables of the maximum quantum efficiency of the FSII. Time to harvest tended to increase in the temperate climate and decrease in the warm climate, while yield per plant and AFE were significantly higher in cool climate cultivars. It was possible to identify interaction between the measured variables using the Spearman correlation (Figure 6C), highlighting a high relationship between time to harvest, AFE and grain production, while stomatal density had a slight relationship with Fv/Fm variables. However, this last variable presented a negative correlation with the chlorophyll content in the different phenological phases.



HV: true leaves, R: Branching, 50F: 50% flowering, LLG: grain filling, PR: grain production, AFE: specific leaf area, P: protein, Chl: chlorophyll content, Fv.Fm: maximum quantum efficiency of FSII, C: time to harvest, DE: stomatal density.



This panorama of similarities is the result of the genetic association that exists between quinoa cultivars and their attributes related to the different morphological characters of the leaves, stems and inflorescence, mainly [12,16]. Thus, the physiological response has been a set of species grouping characters, as has been shown in wheat (Triticum aestivum L.) [44], rice (Oryza sativa L.) [45] and maize (Zea mays L.) [46]. The Soracá and Pasankalla cultivars present high physiological variability, given that they have not been incorporated into breeding programs, which means that they present high variability in response to stress generated by temperature, radiation, salinity and water status [13], an aspect that allowed them to show homogeneity in the phenological variables evaluated.



In the case of the Blanca Real, Nariño, Titicaca and Nueva cultivars, there were relevant changes due to the effect of the genetic selection that has been carried out on these cultivars, so that a reduction in the genetic pool could reduce the adaptability strategies of this cultivar. species. In addition, slight changes were identified in the physiological responses related to the cultivars established in temperate and warm climates, which is attributed to the phenotypic plasticity that some quinoa cultivars can achieve more easily, mainly in aspects related to the increase in temperature [47].



In addition, the relationships that are generated between the variables are relevant. A very close relationship has been identified between the time to harvest and the chlorophyll content in the leaves, while as its concentration increases in the foliar tissues, the phenological period of the cultivar tends to be prolonged, as has been observed in the cultivar Soracá [15]. In addition, the low variability in the maximum quantum efficiency of the FSII has been common in the vast majority of quinoa cultivars [31], so this variable must be combined with more response variables in order to establish more accurate results for physiological stress.





4. Conclusions


The edaphoclimatic conditions of the three altitude gradients had a differential effect on the phenological and physiological performance of the different quinoa cultivars evaluated, which allows us to highlight that the edaphoclimatic conditions of the production area could significantly alter the production parameters of quinoa, also modifying the compositional characteristics of its seeds. Although not all of the parameters evaluated varied to the same extent, this research corroborates that both the cultivar and the altitudinal gradient determined the productivity of the cultivar, but that the gradient and the cultivar, as independent factors, affected the protein content in the seeds. In addition, it is highlighted that the maximum quantum efficiency of photosystem II was the variable that varied the least, since its index did not change among the quinoa cultivars evaluated. However, the altitude gradient associated with changes in environmental temperature influenced the fluorescence of chlorophyll dynamics, manifesting a higher level of physiological stress in quinoa plants grown in temperate and warm climates.







Author Contributions


Conceptualization: M.G.-P. and D.R.-A.; methodology: M.G.-P.; software: M.G.-P. and D.R.-A.; validation: J.E.B.-G. and D.R.-A.; formal analysis: M.G.-P. and J.E.B.-G.; investigation: M.G.-P. and D.R.-A.; resources: M.G.-P., D.R.-A. and J.E.B.-G. All authors have read and agreed to the published version of the manuscript.




Funding


The authors express gratitude to the Minciencias (Ministerio de Ciencia and Tecnología e Innovación) No. 779/2017. We are also grateful to the Boyacá Department of the government and the Universidad del Cauca, ID 5637 and ID 4854 project.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data generated within this work are open access and available to be shared with interested persons.




Acknowledgments


The authors thank Roman Stechauner-Rhoringer.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



García-Parra, M.; Zurita-Silva, A.; Stechauner-Rohringer, R.; Roa-Acosta, D.; Jacobsen, S.-E. Quinoa (Chenopodium quinoa Willd.) and its relationship with agroclimatic characteristics: A Colombian perspective. Chil. J. Agric. Res. 2020, 80, 290–302. [Google Scholar] [CrossRef]

	



Reguera, M.; Conesa, C.M.; Gil-Gómez, A.; Haros, C.M.; Pérez-Casas, M.Á.; Briones-Labarca, V.; Bolaños, L.; Bonilla, I.; Álvarez, R.; Pinto, K.; et al. The impact of different agroecological conditions on the nutritional composition of quinoa seeds. PeerJ 2018, 14, e4442. [Google Scholar] [CrossRef] [PubMed]

	



Lafitte, H.R.; Courtois, B. Interpreting cultivar X environment interactions for yield in upland rice: Assigning value to drought-adaptive traits. Crop Sci. 2002, 42, 1409–1420. [Google Scholar] [CrossRef]

	



Subira, J.; Álvaro, F.; García del Moral, L.F.; Royo, C. Breeding effects on the cultivar×environment interaction of durum wheat yield, Eur. J. Agron. 2015, 68, 78–88. [Google Scholar] [CrossRef]

	



Tonk, F.A.; Ilker, E.; Tosun, M. Evaluation of genotype X environment interactions in maize hybrids using GGE biplot analysis. Crop Breed. Appl. Biotechnol. 2011, 11, 1–9. [Google Scholar] [CrossRef]

	



Bazile, D.; Pulvento, C.; Verniau, A.; Al-Nusairi, M.S.; Ba, D.; Breidy, J.; Hassan, L.; Mohammed, M.I.; Mambetov, O.; Otambekova, M.; et al. Worldwide evaluations of quinoa: Preliminary results from post international year of quinoa FAO projects in nine countries. Front. Plant Sci. 2016, 7, 850. [Google Scholar] [CrossRef]

	



Bazile, D.; Jacobsen, S.-E.; Verniau, A. The global expansion of quinoa: Trends and limits. Front. Plant Sci. 2016, 7, 622. [Google Scholar] [CrossRef]

	



García-Parra, M.; Plazas-Leguizamón, N. La quinua (Chenopodium quinoa Willd) en los sistemas de producción agraria. Prod.+ Limpia 2018, 13, 112–119. [Google Scholar] [CrossRef]

	



Marschner, P. Mineral Nutrition of Higher Plants, 3rd ed.; Elsevier Ltd.: Berlin, Germany, 2012. [Google Scholar]

	



Granado-Rodríguez, S.; Vilariño-Rodríguez, S.; Maestro-Gaitán, I.; Matías, J.; Rodríguez, M.J.; Calvo, P.; Cruz, V.; Bolaños, L.; Reguera, M. Genotype-dependent variation of nutritional quality-related traits in quinoa seeds. Plants 2021, 10, 2128. [Google Scholar] [CrossRef]

	



Thiam, E.; Allaoui, A.; Benlhabib, O. Quinoa productivity and stability evaluation through varietal and environmental interaction. Plants 2021, 10, 714. [Google Scholar] [CrossRef]

	



Bhargava, A.; Shukla, S.; Ohri, D. Chenopodium quinoa—An Indian perspective. Ind. Crops Prod. 2006, 23, 73–87. [Google Scholar] [CrossRef]

	



Hinojosa, L.; González, J.A.; Barrios-Masias, F.H.; Fuentes, F.; Murphy, K.M. Quinoa abiotic stress responses: A review. Plants 2018, 7, 106. [Google Scholar] [CrossRef] [PubMed]

	



Stanschewski, C.S.; Rey, E.; Gabriele, F.; Craine, E.B.; Wellman, G.; Melino, V.J.; Patiranage, D.S.R.; Johansen, K.; Schmöckel, S.M.; Bertero, D.; et al. Quinoa phenotyping methodologies: An international consensus. Plants 2021, 10, 1759. [Google Scholar] [CrossRef] [PubMed]

	



García-Parra, M.A.; Stechauner-Rohringer, R.; Garcia-Molano, J.F.; Ortiz-Gonzalez, D. Analysis of the growth and morpho-physiological performance of three cultivars of colombian quinoa grown under a greenhouse. Rev. Cienc. Agrovet. 2020, 19, 73–83. [Google Scholar] [CrossRef]

	



Manjarres-Hernández, E.; Morillo-Coronado, A.; Ojeda-perez, Z.; Cárdenas-Chaparro, A.; Arias-Moreno, D. Characterizacion of the yield components and selection of materials for breeding programs of quinoa (Chenopodium quinoa Willd.). Euphytica 2021, 217, 101. [Google Scholar] [CrossRef]

	



Curti, R.N.; De la Vega, A.J.; Andrade, A.J.; Bramardi, S.J.; Bertero, D. Multi-environmental evaluation for grain yield and its physiological determinants of quinoa genotypes across Northwest Argentina. Field Crop. Res. 2014, 166, 46–57. [Google Scholar] [CrossRef]

	



Curti, R.N.; De la Vega, A.J.; Andrade, A.J.; Bramardi, S.J.; Bertero, D. Adaptive responses of quinoa to diverse agro-ecological environments along an altitudinal gradient in North West Argentina. Field Crop. Res. 2016, 189, 10–18. [Google Scholar] [CrossRef]

	



IGAC. Suelos de Boyacá no son tan Productivos Como se Piensa: IGAC. Pagina Oficial Instituto Geográfico Agustín Codazzi, 2016. Available online: https://noticias.igac.gov.co/en/contenido/suelos-de-boyaca-no-son-tan-productivos-como-se-piensa-igac (accessed on 6 June 2019).

	



Sosa-Zuniga, V.; Brito, V.; Fuentes, F.; Steinfort, U. Phenological growth stages of quinoa (Chenopodium quinoa) based on the BBCH scale. Ann. Appl. Biol. 2017, 171, 117–124. [Google Scholar] [CrossRef]

	



Fghire, R.; Anaya, F.; Ali, O.I.; Benlhabib, O.; Ragab, R.; Wahbi, S. Physiological and photosynthetic response of quinoa to drought stress. Chil. J. Agric. Res. 2015, 75, 174–183. [Google Scholar] [CrossRef]

	



Alvar-Beltrán, J.; Dao, A.; Dalla Marta, A.; Saturnin, C.; Casini, P.; Sanou, J.; Orlandini, S. Effect of drought, nitrogen fertilization, temperature and photoperiodicity on quinoa plant growth and development in the Sahel. Agronomy 2019, 9, 607. [Google Scholar] [CrossRef]

	



Dumschott, K.; Wuyts, N.; Alfaro, C.; Castillo, D.; Fiorani, F.; Zurita-Silva, A. Morphological and physiological traits associated with yield under reduced irrigation in chilean coastal lowland Quinoa. Plants 2022, 11, 323. [Google Scholar] [CrossRef] [PubMed]

	



García-Parra, M.; García-Molano, J. Deaquiz-Oyola, Y. Physiological performance of quinoa (Chenopodium quinoa Willd.) under agricultural climatic conditions in Boyaca, Colombia. Agron. Colomb. 2019, 37, 160–168. [Google Scholar] [CrossRef]

	



Lesjak, J.; Calderini, D. Increased night temperature negatively affects grain yield, biomass and grain number in chilean quinoa. Front. Plant Sci. 2017, 8, 352. [Google Scholar] [CrossRef] [PubMed]

	



Akter, N.; Islam, M.R. Heat stress effects and management in wheat. A. review. Agron. Sustain. Dev. 2017, 37, 37. [Google Scholar] [CrossRef]

	



Martínez, D.E.; Costa, M.L.; Gomez, F.M.; Otegui, M.S.; Guiamet, J. Senescence-associated vacuoles’ are involved in the degradation of chloroplast proteins in tobacco leaves. Plant J. 2008, 56, 196–206. [Google Scholar] [CrossRef]

	



Bertero, H.D.; Ruiz, R.A. Determination of seed number in sea level quinoa (Chenopodium quinoa Willd.) cultivars. Eur. J. Agron. 2008, 28, 186–194. [Google Scholar] [CrossRef]

	



Bascuñán-Godoy, L.; Sanhueza, C.; Hernández, C.E.; Cifuentes, L.; Pinto, K.; Álvarez, R.; González-Teuber, M.; Bravo, L.A. Nitrogen supply affects photosynthesis and photoprotective attributes during drought-induced senescence in quinoa. Front. Plant Sci. 2018, 9, 994. [Google Scholar] [CrossRef]

	



Sharma, D.K.; Andersen, S.B.; Ottosen, C.O.; Rosenqvist, E. Phenotyping of wheat cultivars for heat tolerance using chlorophyll a fluorescence. Funct. Plant Biol. 2012, 39, 936–947. [Google Scholar] [CrossRef]

	



Eustis, A.; Murphy, K.M.; Barrios-Masias, F.H. Leaf gas exchange performance of ten quinoa genotypes under a simulated heat wave. Plants 2020, 9, 81. [Google Scholar] [CrossRef]

	



Jiménez-Suancha, S.; Alvarado, O.; Balaguera-López, H. Fluorescencia como indicador de estrés en Helianthus annuus L. Una revisión. Rev. Colomb. Cienc. Hortícolas 2015, 9, 149–160. [Google Scholar] [CrossRef]

	



Garcia-Parra, M.; Stechauner-Rohringer, R.; Roa-Acosta, D.; Ortiz-González, D.; Ramirez-Correa, J.; Plazas-Leguizamón, N.; Colmenares-Cruz, A. Chlorophyll fluorescence and its relationship with physiological stress in Chenopodium quinoa Willd. Not. Bot. Horti Agrobot. Cluj-Napoca 2020, 48, 1742–1755. [Google Scholar] [CrossRef]

	



Panda, D.; Sarkar, R.K. Natural leaf senescence: Probed by chlorophyll fluorescence, CO2 photosynthetic rate and antioxidant enzyme activities during grain filling in different rice cultivars. Physiol. Mol. Biol. Plants 2013, 19, 43–51. [Google Scholar] [CrossRef] [PubMed]

	



Issa-Ali, O.; Fghire, R.; Anaya, F.; Benlhabib, O.; Wahbi, S. Physiological and morphological responses of two quinoa cultivars (Chenopodium quinoa Willd.) to Drought Stress. Gesunde Pflanz. 2019, 71, 123–133. [Google Scholar] [CrossRef]

	



Liu, M.; Wang, Z.; Li, S.; Lü, X.; Wang, X.; Han, X. Changes in specific leaf area of dominant plants in temperate grasslands along a 2500-km transect in northern China. Sci. Rep. 2017, 7, 10780. [Google Scholar] [CrossRef]

	



Stuerz, S.; Asch, F. Responses of rice growth to day and night temperature and relative air humidity-dry matter, leaf area, and partitioning. Plants 2019, 8, 521. [Google Scholar] [CrossRef]

	



Präger, A.; Munz, S.; Nkebiwe, P.; Mast, B.; Graeff-Hönninger, S. Yield and quality characteristics of different quinoa (Chenopodium quinoa Willd.) cultivars grown under field conditions in southwestern Germany. Agronomy 2018, 8, 197. [Google Scholar] [CrossRef]

	



Yan, H.; Shah, S.S.; Zhao, W.; Liu, F. Variations in water relations, stomatal characteristics, and plant growth between quinoa and pea under salt-stress conditions. Pak. J. Bot. 2020, 52, 1–7. [Google Scholar] [CrossRef]

	



Bunce, J.A. Variation in yield responses to elevated CO2 and a brief high temperature treatment in quinoa. Plants 2017, 6, 26. [Google Scholar] [CrossRef]

	



Choukr-Allah, R.; Rao, N.K.; Hirich, A.; Shahid, M.; Alshankiti, A.; Toderich, K.; Gill, S.; Butt, K.U.R. Quinoa for marginal environments: Toward future food and nutritional security in MENA and central Asia regions. Front. Plant Sci. 2016, 7, 346. [Google Scholar] [CrossRef]

	



Gonzalez, J.A.; Konishi, Y.; Bruno, M.; Valoy, M.; Prado, F.E. Interrelationships among seed yield, total protein and amino acid composition of ten quinoa (Chenopodium quinoa) cultivars from two different agroecological regions. J. Sci. Food Agric. 2012, 92, 1222–1229. [Google Scholar] [CrossRef]

	



Smith, M.R.; Rao, I.M.; Merchant, A. Source-sink relationships in crop plants and their influence on yield development and nutritional quality. Front. Plant Sci. 2018, 9, 1889. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Wang, S.; Deng, X.; Zhang, Z.; Yin, L. Comprehensive evaluation of physiological traits under nitrogen stress and participation of linolenic acid in nitrogen-deficiency response in wheat seedlings. BMC Plant Biol. 2020, 20, 501. [Google Scholar] [CrossRef] [PubMed]

	



Jung, H.; Lee, J.; Chae, M.; Kong, M.; Lee, C.; Kang, S.; Kim, Y. Growth-inhibition patterns and transfer-factor profiles in arsenic-stressed rice (Oryza sativa L.). Environ. Monit. Assess. 2017, 189, 2017. [Google Scholar] [CrossRef] [PubMed]

	



Tahjib-Ul-Arif, T.; Siddiqui, N.; Sohag, A.; Sakil, A.; Rahman, M.; Polash, M.; Mostafa, M.; Tran, L. Salicylic acid-mediated enhancement of photosynthesis attributes and antioxidant capacity contributes to yield improvement of maize plants under salt stress. J. Plant Growth Regul. 2018, 37, 1318–1330. [Google Scholar] [CrossRef]

	



Sanabria, K.M.; Lazo, H.O. Aclimatación a la alta temperatura y tolerancia al calor (TL 50) en 6 variedades de Chenopodium quinoa. Rev. Peru. Biol. 2018, 25, 147–152. [Google Scholar] [CrossRef]








[image: Agronomy 12 02112 g001 550] 





Figure 1. Climatic conditions of the three study regions. 
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Figure 2. Stomatal density of different quinoa cultivars subjected to three altitude gradients. The bars indicate standard error. Different letters indicate significant differences. A: Altitudinal; C: Cultivar; A/C: Altitudinal/Cultivar. 






Figure 2. Stomatal density of different quinoa cultivars subjected to three altitude gradients. The bars indicate standard error. Different letters indicate significant differences. A: Altitudinal; C: Cultivar; A/C: Altitudinal/Cultivar.
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Figure 3. Specific leaf area performance of different quinoa cultivars subjected to three altitude gradients. The bars indicate standard error. Different letters indicate significant differences. A: Altitudinal; C: Cultivar; A/C: Altitudinal/Cultivar. 
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Figure 4. Grain yield of different quinoa cultivars subjected to three altitude gradients. The bars indicate standard error. Different letters indicate significant differences. A: Altitudinal; C: Cultivar; A/C: Altitudinal/Cultivar. 
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Figure 5. Protein content of different quinoa cultivars subjected to three altitudinal gradients. The bars indicate standard error. Different letters indicate significant differences. A: Altitudinal; C: Cultivar; A/C: Altitudinal/Cultivar. 
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Figure 6. Grouping of treatments with respect to their physiological response. (A) Bootstrap-based cluster analysis. AU: Approximately Unbiased; BP: Bootstrap Probability (B) Principal component analysis of physiological variables with climate grouping. (C) Spearman correlation. 






Figure 6. Grouping of treatments with respect to their physiological response. (A) Bootstrap-based cluster analysis. AU: Approximately Unbiased; BP: Bootstrap Probability (B) Principal component analysis of physiological variables with climate grouping. (C) Spearman correlation.



[image: Agronomy 12 02112 g006]







[image: Table] 





Table 1. Location and edaphoclimatic description of the experimental regions.
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Region

	
Geographical Position

	
Climate

(Caldas Lang)

	
Altitude (m)

	
Soil Type *

	
T (°C)

	
Rainfall (mm)

	
Planting Day




	
Latitude

	
Longitude






	
Oicatá

	
5°36′ N

	
73°10′ W

	
Cold

	
2648

	
Association Vertic Haplustalf—Andic Dystrustepts

	
12.1

	
741

	
8 April 2020




	
Moniquirá

	
5°52′ N

	
73°33′ W

	
Temperate

	
1707

	
Complex Chromic Hapluderts—Typic Dystrudepts

	
18.1

	
1305.9

	
14 April 2020




	
Pauna

	
5°39′ N

	
74°04′ W

	
Warm

	
698

	
Typic Eustrudepts—Typic Udorthents—Humic Dystrudepts

	
23.1

	
1984

	
18 April 2020








* Source: IGAC, (2005).
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Table 2. Phenological performance of seven quinoa cultivars under three altitude gradients (days after planting).
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	Altitudinal Gradient
	Cultivar
	First Pair of Leaves Visible (11)
	One Side Shoot Visible (21)
	Inflorescence Present (50)
	Beginning of Anthesis (60)
	Milky Grain (81)
	Thick Grain (85)
	Plant Dead and Dry (97)





	Cold
	Blanca Real
	13.66 ± 1.52 abcde
	21.66 ± 1.15 f
	50 ± 2 abcd
	87 ± 2 ab
	97.66 ± 2.51 abc
	111.33 ± 2.88 abc
	124.33 ± 4.04 bcd



	
	Pasankalla
	10.66 ± 0.57 bcdef
	32 ± 2 ab
	48.66 ± 1.15 abcd
	74.66 ± 1.52 fgh
	101.66 ± 3.21 ab
	110.66 ± 7.50 abc
	122.33 ± 2.08 bcde



	
	Nariño
	14.66 ± 1.15 abc
	23.66 ± 0.57 ef
	42.33 ± 2.51 fg
	75.33 ± 2.51 fgh
	86.33 ± 3.05 abc
	99 ± 7.81 bc
	111.33 ± 3.51 ef



	
	Soracá
	13.33 ± 1.52 abcde
	24.66 ± 2.51 cdef
	51.33 ± 1.52 abcd
	91.33 ± 1.52 a
	108.33 ± 5.50 a
	124.33 ± 12.89 a
	136.66 ± 1.52 a



	
	Titicaca
	14.33 ± 0.57 abcd
	33.66 ± 1.52 a
	51.66 ± 1.52 abc
	76 ± 1 efg
	87.33 ± 3.78 c
	100 ± 5 bc
	114 ± 5.29 def



	
	Nueva
	11 ± 1 bcdef
	23.33 ± 2.08 ef
	51 ± 1.15 abcd
	76.33 ± 1.52 efg
	86.66 ± 4.16 abc
	113.66 ± 5.13 ab
	111.33 ± 2.08 bcde



	
	Puno
	9.66 ± 1.52 cdef
	22.33 ± 1.52 ef
	47 ± 1.73 cdef
	77.66 ± 1.52 def
	89 ± 5.29 bc
	106 ± 5.19 bc
	116.33 ± 4.72 def



	Temperate
	Blanca real
	15.66 ± 2.08 ab
	24 ± 1 ef
	50 ± 2 abcd
	85 ± 1 bc
	96 ± 5.29 abc
	107.66 ± 2.51 abc
	118.33 ± 1.52 cdef



	
	Pasankalla
	16.33 ± 1.52 a
	31.33 ± 1.15 ab
	49.66 ± 1.52 abcd
	73 ± 1 fgh
	96.33 ± 5.50 abc
	109 ± 3.60 abc
	129.66 ± 1.53 abc



	
	Nariño
	13.33 ± 30.5 abcde
	24.33 ± 1.52 def
	43.33 ± 1.52 efg
	74 ± 1 fgh
	86.33 ± 5.50 c
	100.66 ± 6.65 bc
	113 ± 4.35 def



	
	Soracá
	14.33 ± 1.15 abcde
	28.66 ± 1.52 bcd
	51.33 ± 1.52 abcd
	83 ± 2.64 bc
	95 ± 5 abc
	112.66 ± 6.42 abc
	132 ± 2 ab



	
	Titicaca
	10.33 ± 1.52 cdef
	35.33 ± 1.52 a
	53 ± 1 ab
	75 ± 1 fgh
	87 ± 4.35 c
	101.33 ± 5.50 bc
	113.66 ± 5.05 def



	
	Nueva
	10 ± 1 cdef
	25 ± 1 cdef
	53.33 ± 1.52 a
	72.66 ± 1.52 fgh
	90 ± 2.64 bc
	104 ± 5.29 bc
	119.66 ± 1.52 cdef



	
	Puno
	9 ± 1 ef
	23.33 ± 1.15 ef
	48 ± 1 bcde
	76.33 ± 1.52 efg
	88 ± 2.64 bc
	102 ± 5.29 bc
	117.66 ± 2.51 def



	Warm
	Blanca real
	13.66 ± 2.08 abcde
	21.66 ± 1.15 f
	48.33 ± 1.52 abcde
	82.66 ± 1.52 bcd
	97 ± 3.60 abc
	107.33 ± 4.50 abc
	118.33 ± 1.52 cdef



	
	Pasankalla
	13.33 ± 1.52 abcde
	29 ± 1.73 bc
	50.33 ± 3.5 abcd
	70.66 ± 0.57 h
	93 ± 7 bc
	111 ± 3.60 abc
	118.66 ± 3.21 cdef



	
	Nariño
	11.66 ± 2.51 abcdef
	22.66 ± 1.15 ef
	41 ± 1 g
	71.66 ± 1.52 gh
	85 ± 4.35 c
	95.66 ± 4.93 c
	111.66 ± 7.63 ef



	
	Soracá
	12 ± 1 abcdef
	26.66 ± 1.52 cde
	49.33 ± 1.52 abcd
	81 ± 2.64 cde
	91 ± 4.58 bc
	109 ± 4.58 abc
	121 ± 3.60 bcdef



	
	Titicaca
	9.66 ± 2.08 cdef
	34 ± 1 a
	51.33 ± 1.15 abcd
	72.66 ± 1.52 fgh
	86.66 ± 4.16 c
	101 ± 2.64 bc
	111 ± 3.60 ef



	
	Nueva
	9.33 ± 1.52 def
	23 ± 1 ef
	51 ± 1 abcd
	71.33 ± 1.52 gh
	90.33 ± 4.35 bc
	102 ± 5.29 bc
	113 ± 4.35 def



	
	Puno
	8 ± 2 f
	21.33 ± 1.52 f
	46.33 ± 1.52 def
	73.33 ± 1.53 fgh
	85.33 ± 4.72 c
	96 ± 5.29 bc
	110 ± 4.58 f



	Altitudinal
	
	**
	***
	*
	***
	***
	**
	***



	Cultivar
	
	***
	***
	***
	***
	***
	***
	***



	A/C
	
	**
	NS
	NS
	*
	NS
	NS
	*







Results are expressed as the mean ± standard deviation (n = 3). Different letters indicate statistical differences, and asterisks indicate significant differences between treatments (* p < 0.05, ** p < 0.01, and *** p < 0.001) by Tukey’s honestly significant difference (HSD) test.
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Table 3. Total chlorophyll content (SPAD) in seven quinoa cultivars subjected to three altitude gradients.
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	Altitudinal Gradient
	Cultivar
	First Pair of Leaves Visible (11)
	First Pair of Leaves Visible (21)
	First Pair of Leaves Visible (60)
	Fruit Set (70)





	Cold
	Blanca Real
	28 ± 2.64 bcd
	40 ± 2 bcde
	46.66 ± 1.57 cdef
	40 ± 2 ef



	
	Pasankalla
	28.33 ± 3.78 bcd
	42 ± 1.73 bcd
	57.66 ± 2.51 a
	57.66 ± 2.51 a



	
	Nariño
	25 ± 3 cde
	37 ± 1.73 de
	50 ± 2 abcde
	32 ± 2 g



	
	Soracá
	20.66 ± 1.15 e
	34.66 ± 0.57 e
	56.66 ± 3.51 ab
	54.66 ± 5.03 ab



	
	Titicaca
	22.33 ± 2.08 de
	39.66 ± 1.52 bcde
	42.33 ± 2.51 ef
	31.66 ± 2.88 g



	
	Nueva
	22.66 ± 2.59 de
	34.66 ± 2.51 e
	48 ± 3 cdef
	40.33 ± 1.52 ef



	
	Puno
	21 ± 1 e
	40.33 ± 0.57 bcde
	48.33 ± 2.08 cdef
	36 ± 1.73 fg



	Temperate
	Blanca Real
	35 ± 1 a
	44.66 ± 1.52 abc
	45 ± 2 ef
	37.66 ± 2.51 fg



	
	Pasankalla
	25 ± 2.64 cde
	46 ± 5.29 ab
	54.33 ± 4.04 abc
	52.33 ± 2.51 abc



	
	Nariño
	26 ± 1.73 bcde
	39.66 ± 2.08 bcde
	47.66 ± 2.51 cdef
	31 ± 1 g



	
	Soracá
	26.66 ± 1.52 bcde
	39.33 ± 1.52 bcde
	53 ± 3.60 abcd
	50.33 ± 1.52 bcd



	
	Titicaca
	28 ± 2 bcd
	41.33 ± 3.51 bcde
	42.33 ± 2.51 ef
	31 ± 1 g



	
	Nueva
	26 ± 1.73 bcde
	39.66 ± 2.08 bcde
	46.33 ± 1.52 def
	37 ± 2 fg



	
	Puno
	30 ± 2 abc
	41.33 ± 1.52 bcde
	48.33 ± 2.51 cdef
	34 ± 2 fg



	Warm
	Blanca Real
	27 ± 2 bcde
	41.33 ± 1.57 bcde
	43.33 ± 2.08 ef
	32.66 ± 2.08 g



	
	Pasankalla
	32.33 ± 2.51 ab
	51 ± 1 a
	53 ± 2 abcd
	45 ± 3 de



	
	Nariño
	27.66 ± 2.08 bcd
	41 ± 1.73 bcde
	46.66 ± 1.52 cdef
	31 ± 1 g



	
	Soracá
	28 ± 1 bcd
	40 ± 2 bcde
	49.66 ± 2.51 bcdef
	46.66 ± 2.08 cde



	
	Titicaca
	26.66 ± 1.52 bcde
	38 ± 2 cde
	42 ± 2 f
	30.66 ± 1.15 g



	
	Nueva
	28.33 ± 1.15 bcd
	38.66 ± 2.51 cde
	44.66 ± 2.51 ef
	32.33 ± 2.51 g



	
	Puno
	28.66 ± 1.15 abcd
	41.33 ± 2.08 bcde
	48 ± 2 cdef
	33.66 ± 3.21 fg



	Altitudinal
	
	***
	***
	***
	***



	Cultivar
	
	***
	***
	***
	***



	A/C
	
	***
	*
	NS
	**







Results are expressed as the mean ± standard deviation (n = 3). Different letters indicate statistical differences, and asterisks indicate significant differences between treatments (* p < 0.05, ** p < 0.01, and *** p < 0.001) by Tukey’s honestly significant difference (HSD) test.
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Table 4. Effect of the altitudinal gradient and the cultivar on the Fv/Fm.
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	Altitudinal Gradient
	Cultivar
	First Pair of Leaves Visible (11)
	First Pair of Leaves Visible (21)
	First Pair of Leaves Visible (60)
	Fruit Set (70)





	Cold
	Blanca Real
	0.81 ±0.010 abcd
	0.77 ± 0.010 abcd
	0.76 ± 0.011 ab
	0.68 ± 0.015 ab



	
	Pasankalla
	0.82 ± 0.020 abc
	0.77 ± 0.020 abc
	0.76 ± 0.015 ab
	0.69 ± 0.010 a



	
	Nariño
	0.83 ± 0.010 a
	0.78 ± 0.015 a
	0.77 ± 0.010 a
	0.66 ± 0.011 ab



	
	Soracá
	0.82 ± 0.010 abc
	0.76 ± 0.010 abcde
	0.75 ± 0.020 abcd
	0.68 ± 0.015 ab



	
	Titicaca
	0.80 ± 0.005 abcde
	0.77 ± 0.010 abcd
	0.76 ± 0.010 abc
	0.67 ± 0.015 ab



	
	Nueva
	0.81 ± 0.010 abcd
	0.75 ± 0.005 abcdef
	0.78 ± 0.010 a
	0.67 ± 0.015 ab



	
	Puno
	0.82 ± 0.020 ab
	0.78 ± 0.005 ab
	0.77 ± 0.020 a
	0.69 ± 0.010 a



	Temperate
	Blanca Real
	0.79 ± 0.015 abcdef
	0.74 ± 0.011 abcdef
	0.72 ± 0.015 bcde
	0.65 ± 0.020 ab



	
	Pasankalla
	0.79 ± 0.010 abcdef
	0.72 ± 0.015 def
	0.71 ± 0.010 e
	0.64 ± 0.005 b



	
	Nariño
	0.79 ± 0.005 abcdef
	0.74 ± 0.017 abcdef
	0.72 ± 0.010 cde
	0.66 ± 0.015 ab



	
	Soracá
	0.76 ± 0.010 f
	0.74 ± 0.010 abcdef
	0.72 ± 0.015 bcde
	0.66 ± 0.005 ab



	
	Titicaca
	0.77 ± 0.015 def
	0.73 ± 0.025 cdef
	0.7 ± 0.015 e
	0.64 ± 0.005 b



	
	Nueva
	0.76 ± 0.015 f
	0.73 ± 0.025 bcdef
	0.71 ± 0.010 e
	0.65 ± 0.015 ab



	
	Puno
	0.78 ± 0.005 bcdef
	0.72 ± 0.017 ef
	0.7 ± 0.011 e
	0.66 ± 0.011 ab



	Warm
	Blanca Real
	0.76 ± 0.015 ef
	0.71 ± 0.015 ef
	0.7 ± 0.010 e
	0.65 ± 0.025 ab



	
	Pasankalla
	0.76 ± 0.011 ef
	0.71 ± 0.015 ef
	0.71 ± 0.020 de
	0.65 ± 0.020 ab



	
	Nariño
	0.78 ± 0.005 bcdef
	0.72 ± 0.010 ef
	0.71 ± 0.010 e
	0.64 ± 0.005 b



	
	Soracá
	0.78 ± 0.010 cdef
	0.73 ± 0.017 cdef
	0.71 ± 0.010 bcde
	0.64 ± 0.005 b



	
	Titicaca
	0.78 ± 0.020 bcdef
	0.71 ± 0.017 f
	0.71 ± 0.015 e
	0.65 ± 0.011 ab



	
	Nueva
	0.79 ± 0.005 abcdef
	0.71 ± 0.015 ef
	0.69 ± 0.011 e
	0.66 ± 0.020 ab



	
	Puno
	0.78 ± 0.015 bcdef
	0.71 ± 0.020 ef
	0.7 ± 0.010 e
	0.67 ± 0.005 ab



	Altitudinal
	
	***
	***
	***
	***



	Cultivar
	
	NS
	NS
	NS
	NS



	A/C
	
	*
	NS
	NS
	NS







Results are expressed as the mean ± standard deviation (n = 3). Different letters indicate statistical differences, and asterisks indicate significant differences between treatments (* p < 0.05 and *** p < 0.001) by Tukey’s honestly significant difference (HSD) test.
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