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Abstract

:

Different concentrations of compost applied as organic fertilizer can modify productive, quality, and chemical parameters in several fruit tree species. The objective of this study was to determine the effect of increasing applications of compost on physiological, productive, and quality parameters in calafate fruit during the seasons of 2018–2019 and 2019–2020. The study was conducted on a commercial calafate orchard using a randomized complete block design with four treatments (CK: no compost application, T1: 5 Ton ha−1, T2: 10 Ton ha−1, and T3: 15 Ton ha−1), each with four repetitions. The results did not show statistical significance for stomatal conductance (Gs), quantum yield of PSII, or photosynthetic active radiation (PAR) within treatments. As for fruit yield, a statistical difference was found between the control treatment and T1, which were lower than T2 and T3 in both seasons. The trees reached a higher leaf area index with T2 in both seasons. The highest antioxidant capacity was obtained with T3 and T2 for the first and second season, respectively. Polyphenols and total anthocyanin production showed statistical significance, with a higher content at the second season with T2. It is concluded that the dose under which yield, quality, and nutraceutical content of calafate fruit are optimized is the one used in T2, 10 Ton ha−1.
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1. Introduction


Calafate (Berberis microphylla G. Forst) is a bush native of the Chilean and Argentine Patagonia. In Chile, it can be found from the metropolitan region to Punta Arenas (34° 59′0″ South to 53° 28′33″ South). However, its existence is concentrated in the Aisén and Magallanes regions. In these regions, an increasing demand for products made from calafate has been observed [1,2]. Currently, this plant is a subject of study due to its biological properties, attributed mainly to the content of polyphenols present in it [3]. The antioxidant capacity of B. microphylla compared with other species has shown to be up to 10 times more than apples, oranges, and pears, and more than four times higher than blueberries [4]. Different studies have detected 18 anthocyanins in the calafate fruit, with a total concentration between 14.2 and 26 µmol g−1 of fresh weight [5,6]. These polyphenols (PF) substantially reduce the presence of degenerative, cardiovascular, and carcinogenic diseases [7]; therefore, they are beneficial compounds for human health [8].



Most studies of B. microphylla have been developed in the so-called Austral Zone of Chile; all of them use wild calafate for which vegetative growth takes place by mid-spring [9]. Furthermore, a comparative study about the morphology and anatomy of mature leaves of calafate, growing under two different conditions, showed that leaves change their morphology and structure to adapt to new environmental conditions [10]. This makes it important to analyze the behavior and/or adaptation of B. microphylla focusing on both physiology and phenology mainly in agroclimatic zones different from its natural habitat, which could also lead to negative effects of the quality of the product [11,12] as well as variations in photosynthetic efficiency [13,14]. Thus, a question that the present research addresses is: could the introduction of B. microphylla into an intensive commercial environment, different from the original, generate changes on productive and quality parameters of the fruit? [15].



Currently, there is an unsatisfied demand for this fruit that wild species have not been able to meet [16], generated by educated consumers who are eager for a more natural and nutritious alimentation to have a healthier life. This has increased safe and environmental friendly food production [17].



Calafate is a species capable of growing under several environmental conditions [5]. However, no agronomic research has been conducted under intensive-commercial conditions that allow for optimized productivity and polyphenolic content in the fruit [10]. Despite the fact that compost application is a widely used technique of organic fertilization to use bio-residues [18], however, it is known that compost usage has beneficial effects on both quality and soil fertility but also on the environment [19].



Compost, as an organic fertilizer, has been shown in other species to enhance fruit quality, as pointed out by Vásquez and Maravi [20], where applications of 10 Ton ha−1 of compost in Morus alba L. significantly increased yield and quality of the fruit. Similarly, in a study on strawberries (Fragaria × ananassa Duch) cvs. Allstar and Honeoye grown in pots with an organic fertilization, the concentration of anthocyanins, phenolic content, and antioxidant capacity of the fruit increased with the increasing compost doses [21].



Furthermore, in macadamia (Macadamia integrifolia), compost application to the soil increased its total cationic exchange capacity, organic matter, potassium (K), calcium (Ca), and magnesium (Mg), among other micronutrients [22]. Compost also modifies physical properties in the soil, such as total porosity and water retention capacity. It has also been observed on studies on wine grapes (Vitis vinifera cv. Chardonnay), improving nitrogen mineralization and its availability to the studied crop [23]. Additionally, in research conducted for 21 years of organic applications to eroded soils that were nutritionally deficient and with low pH, it significantly increased soil pH, organic carbon content, total nitrogen, phosphorus, potassium, available nitrogen, and biological activity [24].



According to the stated above, the objective of this research was to determine the effect of different doses of compost on productive and physiologic parameters, including polyphenolic composition and antioxidant activity of the fruit of calafate grown under an intensive agronomic management in the central zone of Chile.




2. Materials and Methods


2.1. General Characteristics of the Site of the Study and Orchard Establishment


The study was conducted at the Universidad Adventista de Chile (UnACh), located in the Kilometer 12 route to Tanilvoro, province of Chillán, region of Ñuble (36°31′ S; 71° 54′ W), Chile. The site of the study has volcanic soil (Melanoxerand) (Stolpe, 2006), a temperate Mediterranean climate, hot and dry summers, cold and humid winters, with an annual precipitation of 815 mm concentrated in winter and early spring [25]. The study was conducted in a commercial calafate orchard established in August of 2017, using two-year-old plants with an average height of 70 cm. The plants were multiplied from seeds in 2015. The plant population density was 1 m within a row and 3 m between rows, planted on berms 1 m wide and 20 cm high. After establishing the orchard, the soil was physically and chemically characterized at a depth of 0 to 40 cm, where most parts of the roots are found [9] (Table 1). These analyses were carried out at the laboratory of chemistry and physics of soils of the Agricultural Research Institute of Chile (INIA Quilamapu, Chillán, Chile).



At establishment, a base fertilization was applied into the plantation hole of 150 g of urea (45% N), 200 g of triple superphosphate (46% P2O5). and 200 g of potassium sulfate (50 % K2O) [19]. In addition, hydraulic replenishment was standardized for all treatments and estimated according to the daily potential evapotranspiration of the crop (ETCc) using the methodology suggested by Romero et al. [26]. This was performed with the objective of maintaining optimum humidity levels in the soil during the entire development of the crop. Weed control was also standardized for all treatments and consisted of the manual elimination of them when establishing the orchard, plus three times a year, equally distributed, according to the annual cycle of the crop. In parallel, the same phytosanitary management was applied to all treatments, which consisted of six annual applications during the growing season, alternating two active ingredients, which were Tebuconazole (Orius 43 SC) at a concentration of 25.8 g per hectoliters and cuprous oxide (Cuprodul WG) at a concentration of 180 g per hectoliter of the active ingredient.



The experimental design used for the study was a randomized complete block design with a total of 4 treatments of compost doses, with 4 repetitions per treatment. Each treatment and repetition consisted of 4 plants in which only the 2 central plants were evaluated. Additionally, there were border rows to help diminish the border effect. Compost treatments consisted of: (1) control treatment (CK) with no compost application, (2) 5 tons per hectare (Ton ha−1) of compost (T1), (3) 10 Ton ha−1 of compost (T2), and (4) 15 Ton ha−1 of compost (T3). All treatments were applied each year in August to each experimental unit, administering the first application at the plantation.



The compost used in the study was commercially produced by the composting and recycling center of the Universidad Adventista of Chile, which was created from chicken manure, produced at the same institution, and oat bales. The manure and bales were mixed at a rate of 3:1 (Vol/Vol). The creation process lasted 5 months, controlling during that time the temperature, humidity, and ventilation [27,28,29]. The physical–chemical characterization of the compost used for this study is detailed in Table 2.




2.2. Characterization of Physiological and Environmental Conditions of the Plant


2.2.1. PAR Radiation and Leaf Area Index


For the purposes of environmental records, the photosynthetic photon flux density (PPFD, µmol m−2 s−1) was quantified at five times of the day: 09:00, 11:00, 13:00, 15:00, and 17:00 h, in ambient conditions of a completely sunny day. The radiation parameters correspond to the direct, diffuse, residual, and reflected photosynthetically active radiation of the soil and plant throughout the development of the crop, and with these parameters, the intercepted PAR was estimated. For this, an AccuPAR LP-80 ceptometer (Decagon Devices Inc., Washington, DC, USA) was used, which delivers the average of 80 quantum sensors. The readings of the leaf area index (LAI; m2 m−2) were made at noon and were measured in post-harvest (January) when the growth of the plant had already stopped, using the same instrument and in parallel to the PAR radiation measurements [30].




2.2.2. Chlorophyll Fluorescence and Stomatal Conductance


The maximum intensity of fluorescence (Fm) was measured as well as the minimum intensity of fluorescence (Fo) of chlorophyll. This was achieved by using a portable fluorimeter model OS-5p (Opti-Sciences, Hudson, NH, USA) during a clear day at five times of the day, respectively: 09:00, 11:00, 13:00, 15:00, and 17:00 h, on leaves exposed to the sun and in the second third of a branch of the season [31].



Both Fo and Fm were determined after a period of 30 min in which the leaves were adapted to darkness [31,32]. For this, foliar clips that included a mobile obturation plate were used. With these parameters, the maximum photochemical efficiency of photosystem II (Fv/Fm) was quantified using the following relationship proposed by Kooten and Snell and Maxwell and Johnson [33,34]: Fv/Fm = (Fm − Fo)/Fm.



At the same time, stomatal conductance measurements (Gs, mmol m−2 s−1) were performed. For this, a portable porometer model SC-1 (Decagon Devices INC, Washington, DC, USA) was used. The Gs measurements were performed on fully illuminated leaves of the same plant, shoots, location, and frequencies used in the chlorophyll fluorescence measurements. Using the same equipment and the same frequencies as for Fv/Fm, a record of the leaf temperature (Tf; °C) was kept. In order for the data collected to be representative, these were taken on leaves exposed to the sun and in the second third of a branch of the season [14].





2.3. Yield and Chemical Parameters of the Fruit


2.3.1. Calafate Fruit Productivity


The harvest was carried out 130 days after full flower for both study seasons. The harvest was done manually in which the total weight (g) of fruits per plant was quantified.




2.3.2. Determination of Total Polyphenol Concentration


Total polyphenols were determined by colorimetry using the method of Folin Ciocalteu in the food chemistry laboratory of the Universidad de Concepcion, Chillán, Chile. To calculate the polyphenol content, a calibration curve with gallic acid was used, with concentrations between 0 to 1000 mg L−1 of gallic acid according to the methodology proposed by Yıldırım et al. [35]. The results are expressed in mg of gallic acid 100 g−1 [10].




2.3.3. Determination of Anthocyanin Content


Total anthocyanins were determined by a differential pH technique. The determination of the anthocyanin content is based on the Lambert–Beer Law (A = ε * C * L), where A corresponds to the absorbance that is measured with a spectrophotometer; ε corresponds to the molar absorbance, a constant physics for molecular species in a solvent at a given wavelength; C is the molar concentration; and L is the length of the route, expressed in cm. Molar absorbance values for purified pigments were obtained from the literature. The concentration in mg L−1 was determined by multiplying by the molecular weight (MW) of the pigment. To calculate the anthocyanin content, the molecular weight and molar absorbance of the anthocyanin pigment present in the highest proportion were used [5]. The calculation of the anthocyanin concentration was carried out with the equation shown below, and data was expressed as mg of cyanidin 100 g−1 of fresh weight:


    A × 1000 × 449.2   26,900   ×   3000   100   ×  5  1000 × g   s a m p l e   × 100                                        



(1)








2.3.4. Determination of Antioxidant Capacity


The DDPH antioxidant capacity was determined through the decolorization of the 1.1-Diphenyl-2-picrylhydrazyl free radical, proposed by Brand-Williams et al. [36]. The DPPH radical is reduced in the presence of antioxidants, manifesting a color change in the solution over time. To quantify the inhibition, a calibration curve was elaborated using the TROLOX reagent in methanol, achieving concentrations of 25, 50, 75, 100, 150, 200, 250, 300, 350, and 400 ppm. A methanol solution was used as a blank, and all solutions were incubated in the dark for 30 min; absorbance was measured in the spectrophotometer at 515 nm after 60 min. The antioxidant capacity was expressed in μmol Trolox equivalent (TE) 100 g−1 fresh weight).





2.4. Statistical Analysis


The effect of the treatments was estimated by an ANOVA and the Fischer LSD test, with a level of statistical significance of 0.05; for this, the INFOSTAT software was used (Infostat, Cordoba, Argentina, 2015).





3. Results


3.1. Edaphoclimatic and Physiological Parameters of Calafate


In Figure 1a, the average of direct photosynthetically active radiation (µmol m−2 s−1) can be observed in the 2018–2019 and 2019–2020 seasons, quantified at five times of the day: 09:00 a.m., 11:00 a.m., 1:00 p.m., 3:00 p.m., and 5:00 p.m, presenting the lowest PAR values at 09:00 for both seasons, with values close to 750 µmol m−2 s−1. In both seasons, the same trend of increasing PAR was observed from the first hours of the day until reaching the maximum values, close to 2000 µmol m−2 s−1, towards the end of the day, with values close to 1500 µmol m−2 s−1, in both seasons (Figure 1a). In Figure 1b, the absorbed photosynthetically active radiation can be observed, which did not show significant differences between treatments for each of the seasons under evaluation, registering similar values (p < 0.05) in both seasons, which were on average 866, 878, 893, and 873 µmol m−2 s−1 for CK, T1, T2, and T3, respectively.



Table 3 shows the variations in the physicochemical parameters of the soil at the end of the study for the different compost treatments. It should be noted that the percentage of organic matter increased in the different treatments as the volume of compost applied increased, being CK < T1 < T2 < T3, with values of 9.8%, 10.40%, 11.00%, and 11.90% for each treatment, respectively. For the pH parameter, no significant modifications were observed between treatments towards the end of the study, corresponding to 6.59, 6.56, 6.50, and 6.60 for CK, T1, T2, and T3, respectively. The nutritional levels of the soil tended to improve with increases in the dose of compost applied, mainly in the case of P, K, Ca, S, and Mg (Table 3). Together, the cation exchange capacity increased close to 12% in the treatments with the application of compost (Table 3). On the contrary, the concentration of iron and manganese decreased by 12 and 89%, respectively.



In Figure 2, the results obtained for the leaf area index parameter can be observed. In the first season, the treatment that registered the highest leaf area index (LAI) value was T2 (LAI: 2.5), which was significantly higher than CK and T3 and with no significant differences from T1 (Figure 2). For the second season, the same trend was observed, with T2 showing the highest LAI value (2.41; p < 0.05) compared to treatments CK, T1, and T3, which did now show statistical significance (p > 0.05) between the three of them; the results were 1.9, 1.9 and 2.08 LAI, respectively.



The results for the variation of maximum quantum yield of photosystem II (Fv/Fm) analysis can be observed in Figure 3a,b for the 2018/2019 and 2019/2020 seasons, respectively. Emphasizing that, in the first season, all treatments presented similar values at the beginning of the day (p < 0.05), close to 0.8. Similar results were observed at 11:00, 13:00, 15:00, and 17:00, where the average values recorded for Fv/Fm were 0.79, 0.78, 0.76, and 0.77, respectively. In all treatment values, Fv/Fm decreased as the day passed (Figure 3a) without significant differences between the treatments (p < 0.05). For the second season, the same trend and values obtained in the first season were observed, on average, with only a lower average value of Fv/Fm towards the end of the day in the second season under evaluation (Figure 3b).



In Figure 4, it is possible to observe the registered values of the stomatic conductance (mmol m−2 s−1) of the calafate leaf at different hours of the day and for different compost dose treatments. Highlighting that, for the 2018–2019 season, no significant differences were observed among treatments, with average values of 260, 289, 308, and 291 mmol m−2 s−1 (p > 0.05) for CK, T1, T2, and T3, respectively. However, for the control treatment, from 11:00 until the end of the day, Gs values were always above 260 mmol m−2 s−1 unlike the rest of the treatments, which, after obtaining the maximum values of stomatal conductance, their values decreased by up to 40% (data not shown). For the 2019/2020 season, the same trend was observed as in the 2018/2019 season. However, recorded values were slightly lower than the previous season, with averages of Gs for CK, T1, T2, and T3 of 227, 214, 257, and 230 mmol m−2 s−1 (p > 0.05), respectively.




3.2. Productive and Quality Parameters of the Calafate Fruit


In Figure 5, the antioxidant capacity of the calafate fruit can be observed for the 2018–2019 and 2019–2020 seasons. For the first season under study, the highest value of DDPH antioxidant capacity was recorded at the dose of 15 Ton ha−1 (T3; p < 0.05) with 4900 μmol TE/100 g fw, followed by treatments CK, T1, and T2 with 3961, 4130, and 4172 μmol TE/100 g fw, respectively, being similar to each other (p > 0.05). For the second season, a greater effect was observed where T2 was the one that reported the highest antioxidant capacity of the calafate fruit with 4905 μmol TE/100 g fw (p < 0.05), followed by treatments T1 and T3, with values of 4406 and 4435 μmol TE/100 g fw, respectively, both without significant differences. Finally, the control treatment showed the lowest DDPH antioxidant capacity of all the treatments (p > 0.05) with a value of 3958 μmol TE/100 g fw (Figure 5).



Figure 6 shows the total content of polyphenols in the calafate fruit grown with different doses of compost for the 2018–2019 and 2019–2020 seasons. In the first season, no significant differences were observed between treatments. However, for the 2019/2020 season, the average polyphenolic content of the fruit decreased by 25% compared with CK. T2 and T3 were the ones that contributed the highest CPT values (p < 0.05), these being 764 and 718 mg of gallic acid/100 g of fresh weight, respectively (Figure 6). However, T3 did not show significant differences with T1 (645 mg of gallic acid/100 g of fresh weight). CK was the one that registered the lowest PFT content (543 mg of gallic acid/100 g of fresh weight) (p < 0.05) among all treatments.



Figure 7 shows the total anthocyanin content (TAC) in the calafate fruit for the different compost treatments in the 2018–2019 and 2019–2020 seasons. For the first season under evaluation, the same behavior as the CPT was observed, not registering significant differences between CK, T1, T2, and T3, whose values averaged 573 mg cyanidin-3-glucoside/100 g fw. For the second season, more noticeable effects were observed, although there was a decrease in TAC in most treatments. T2 was the one that registered the highest TAC (p < 0.05), with 545 mg cyanidin -3-glucoside/100g fw. This was followed by T1 and T3, without significant differences between them, with values of 445 and 431 mg cyanidin-na-3-glucoside/100 g fw, respectively. Finally, the one that registered the lowest TAC (p <0.05) was CK, with a value of 363 mg cyanidin-3-glucoside/100g fw (Figure 7).



In Figure 8, the yields of fresh calafate fruit (g plant−1) grown under different doses of compost in the 2018–2019 and 2019–2020 seasons are observed. For the first season, the treatments that recorded the highest fruit production were T2 and T3 (p < 0.05), without significant differences, with values of 629 and 561 g plant−1, respectively. On the contrary, the treatment that registered a lower production was CK, with an average fruit yield of 249 g plant−1 (p < 0.05). In the second season, there was an increase in performance in most treatments, with T3 and T2 as the ones that registered the highest average fruit production of 924 and 726 g plant−1 (p > 0.05), respectively, and without significant differences between them. Finally, lower fruit production T1 and CK registered an average production of 424 and 370 g plant−1 (p > 0.05), respectively.





4. Discussion


Despite that photosynthetically active radiation (Figure 1a) was 26% higher at the site of study with respect to the habitat of origin of the plants (1600 µmol m−2 s−1; Valdivia, Chile), no symptoms of excess radiation were observed. This was possibly due to the great structural and physiological plasticity that this species possesses [15,37,38,39,40,41], managing to adapt to higher ambient temperature conditions, as indicated by Radice and Arena [10]. The above is confirmed by Romero-Román et al. [42], who observed that productive and some physiological parameters of the calafate plant were not influenced by extreme temperatures; however, these environmental conditions could influence chemical parameters of the fruit [42] in response to higher levels of radiation, such as those observed at the study site (Figure 1a). Even though the radiation was high, no higher levels of absorbed PAR radiation between treatments and seasons were registered (Figure 1b), which could be showing that calafate, despite having morphological plasticity, has low variability of its light saturation point. The light saturation point of calafate is 800 µmol m−2 s−1 [43], and at values higher than 1000 µmol m−2 s−1, photosynthesis rates would be constant. Therefore, higher levels of PAR radiation could be generating photo-oxidative damage due to an excess of radiation. Studies developed by Arenas et al. [15] point out that low levels of irradiation improve plant development and nutrient content in the calafate leaf. In this study, however, no improvements were observed in indirect parameters used as indicators of photosynthetic performance, such as stomatal conductance (Figure 4). Results showed that this species does not respond strongly to changes in fertilization levels in relation to Gs, with values between 200 and 300 mmol m−2 s−1 between treatments and evaluation seasons (p > 0.05). These results are in contrast to those found in a study carried out on blueberries, where Gs was affected by the fertilization doses together with the water regime, where a correlation was found between the fertilization dose and moisture content in the soil [44]. As the soil moisture was constant for all treatments in this study, it could be strongly influential so that no significant differences in Gs are observed between treatments [44].



On the other hand, the application of compost to the soil increased levels of organic matter (OM) in all treatments (Table 1 and Table 2), which could be affecting the moisture retention capacity, aeration, porosity, and soil carbon content as reported in multiple studies [45,46,47]. Said OM modifications in the soil could be having an impact not only on the physical parameters of the soil, but also to the nutritional status and biomass of the plant and consequently on the foliar area of the plant [44,45]. In the present study, the LAI was higher in both seasons in Q3 (Figure 2), showing an increase in the second season of more than 20% compared to CK and T1 (p < 0.05) and close to 10% higher than T3 (p < 0.05). These results are consistent with other authors, who point out that the application of compost not only increases the vegetative development of the plant, but also the total chlorophyll content of the leaf [15,45].



In a study carried out on vine (Vitis vinifera cv. Chardonnay), during 9 years of compost applications, equal yields were observed with inorganic fertilization. However, fertilization with compost significantly increased levels of organic matter in the soil; in addition, there was a substantial increase in the concentrations of mineralizable nitrogen in the soil [23]. The former could have happened in this study since the applied levels of nitrogen reached 60 mg kg−1 of soil (Table 2), but they were not strongly affected until the third year from the implementation of the study (Table 3). Interestingly, nitrogen levels in the soil fluctuated between 13 and 16 mg kg−1 in all treatments; this response of low nitrogen availability in the soil could be generated by the high levels of nitrogen that the plant is extracting to satisfy the greater vegetative development [48] (Figure 2) in conjunction with the higher levels of productivity [45] (Figure 8), as those observed in T2 and T3, which were 100% higher in both seasons for the treatments of 10 and 15 ton ha−1 of compost, compared to the control treatment. The treatments that obtained the best productive results, both at the beginning and at the end of the study, were the treatments with the highest doses of compost, corresponding to 10 and 15 tons ha−1 and with productivity levels close to 1000 g per plant (Figure 8), coinciding with the results of other authors [45,48,49]. These results suggest that the long-term application of compost to the soil, in addition to improving the physical and chemical properties of the soil, as indicated above, could improve its biological activity. [24]. Although, the aforementioned is an uncertainty in this new species for commercial purposes since there are no studies related to the microbial activity in the soil and rhizosphere. Therefore, this study opens the door to future investigations that propose to understand and/or analyze the interaction of agronomic management with the activity and microbiological diversity of the soil and the response of the calafate plant [15,42].



In the present study, it can be observed that the evaluated nutraceutical parameters were positively influenced by the dose of compost application when compared with the control treatment (Figure 5, Figure 6 and Figure 7). Regarding the content of polyphenols (Figure 6) and total anthocyanins of the calafate fruit (Figure 7), these decreased in the second evaluation season by 25% on average between treatments. The compost treatment of 15 Ton ha−1 was the one that contributed the greatest decrease in polyphenolic content in the second season. However, the average total polyphenol contents observed in this study (764 mg of gallic acid/100 g fw) were below the polyphenolic contents observed in wild plants in studies developed by other authors [50]. Nevertheless, the results obtained in the compost treatments were superior to the control treatment. This has been corroborated in other species, such as strawberries, where the effect of an organic fertilization based on compost increased the contents of anthocyanins, phenolic contents, and antioxidant capacity, and also in the Rhubarb (Rheum rhabarbarum L.) crop, where organic fertilization also improved the levels of polyphenolic content and antioxidant capacity of the fruit [48,51]. In a study conducted by Cojocaru et al., no increase in fruit yield was observed as it was observed in this study (Figure 8) and was probably associated with the low doses of compost (2.4 Ton ha−1) used in their study [51], which was associated with the high levels of extraction given by the levels of fruit production.



Regarding the contents of total anthocyanins, despite the fact that these plants are being cultivated and subjected to intensive agronomic management, the total concentrations of anthocyanins observed were higher than the results obtained in wild calafate plants in different locations in Usuahia (Argentina) and Buenos Aires (Argentina) [10], with values close to 118 and 316 mg cyanidin-3-glucoside/100 g fw, respectively, as well as values lower than the results observed in Chile [16,43,52], with values over 1000 mg cyanidin-3-glucoside/100 g of fresh weight. These differences in concentrations of anthocyanins and total polyphenols could be stimulated by multiple factors, which could affect the biosynthesis of bioactive compounds, such as different light intensities, ultraviolet radiation, extreme temperatures, and availability of nutrients and water, among other factors, specific to each environment where this species grows [15,53]. However, it is suggested that, among the factors that could be influencing the differences in results between the different studies, the most influential is the great variability in the opportune moment of harvest, which is influenced by the aforementioned parameters. It is important to mention that in this study, the harvest time corresponded to 130 days after full flower, which is longer than the harvest dates observed in other polyphenolic evaluation studies of wild calafate fruits, fluctuating from 98 to 126 days after full flower [40,54].




5. Conclusions


The use of increasing doses of compost turned out to be beneficial to the physiological, productive, and quality parameters of calafate during the studied seasons. Treatment T2 at a rate of 10 Ton ha−1 obtained the highest index of foliar area, antioxidant capacity, total polyphenols, and total anthocyanins in the second study season. The compost application rates of 10 and 15 Ton ha−1 obtained the highest fruit production per plant, with a production of 3300 kilos per hectare. On the other hand, increasing compost doses generated an increase in organic matter in the soil and nutritional content of the soil. Therefore, the dose that optimizes the yield, fruit quality, and nutraceutical content of the calafate fruit is set at a rate of 10 Ton ha−1. However, this study opens the doors to future research in this matter to answer questions regarding the behavior of soil microbial activity and its interaction between agronomic management and the calafate plant, which could alter the nutraceutical properties of calafate fruits.
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Figure 1. Average photosynthetically active radiation (PAR); (a) direct PAR (µmol m−2 s−1) and (b) absorbed PAR (µmol m−2 s−1) for the different treatments for the seasons 2018–2019 and 2019–2020. For (b): according to Fischer’s LSD test (p < 0.05), there are no significant differences between treatments; the experimental error was very small, so the error bars were not observed. 






Figure 1. Average photosynthetically active radiation (PAR); (a) direct PAR (µmol m−2 s−1) and (b) absorbed PAR (µmol m−2 s−1) for the different treatments for the seasons 2018–2019 and 2019–2020. For (b): according to Fischer’s LSD test (p < 0.05), there are no significant differences between treatments; the experimental error was very small, so the error bars were not observed.



[image: Agriculture 12 00098 g001]







[image: Agriculture 12 00098 g002 550] 





Figure 2. Leaf area index (LAI; m2 m−2) of calafate (Berberis mycrophilla G. Forst) for the different compost treatments for the 2018–2019 and 2019–2020 seasons. For each figure: CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each season, different lowercase letters indicate significant differences for the leaf area index between treatments according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment. 
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Figure 3. Variation of maximum quantum yield of photosystem II (Fv/Fm) in calafate plants (Berberis mycrophilla G. Forst) for the different compost treatments, evaluated at different times of the day, 09:00, 11:00, 13:00, 15:00 and 17:00, corresponding to the figure: (a) season 2018–2019; (b) season 2019–2020. For each figure: CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each hour of the day, different lowercase letters indicate significant differences between treatments according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment. 
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Figure 4. Effect of different doses of compost on stomatal conductance (mmol m−2s−1) of the calafate leaf (Berberis mycrophilla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant differences in both seasons according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment. 
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Figure 5. Effect of different doses of compost on the antioxidant capacity of the Calafate fruit (Berberis mycrophilla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant differences in both seasons according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment. 
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Figure 6. Effect of different doses of compost on the total polyphenolic content of calafate fruit (Berberis mycrophilla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant differences in both seasons according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment. 
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Figure 7. Effect of different doses of compost on the total anthocyanin content of the calafate fruit (Berberis microphylla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each treatment, different lowercase letters indicate significant differences in both seasons according to Fischer’s LSD test (p <0.05). The bars correspond to the experimental error of each treatment. 
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Figure 8. Effect of different doses of compost on the yield of calafate fruit (Berberis microphylla G. Forst) for the 2018–2019 and 2019–2020 seasons. CK = Control treatment (without application of com-post); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). For each season, different lowercase letters indicate significant differences in the different treatments according to Fischer’s LSD test (p < 0.05). The bars correspond to the experimental error of each treatment. 
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Table 1. Physical-chemical analysis of the soil before treatments.
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	Analysis 1
	Unit
	Result





	Organic matter
	%
	9.70



	Water pH
	
	6.40



	Nitrogen availability
	mg kg−1
	19.00



	Phosohorus availability
	mg kg−1
	15.30



	Potassium availability
	mg kg−1
	496.00



	Sulfur availability
	mg kg−1
	24.00



	Exchangeable calcium
	cmol + kg−1
	8.70



	Exchangeable magnesium
	cmol + kg−1
	1.60



	Exchangeable potassium
	cmol + kg−1
	1.30



	Exchangeable sodium
	cmol + kg−1
	0.01



	Sum of bases
	cmol + kg−1
	11.60



	Interchangeable aluminum
	cmol + kg−1
	0.02



	CEC
	cmol + kg−1
	11.59



	Aluminum saturation
	%
	0.14



	Boron
	mg kg−1
	0.40



	Copper
	mg kg−1
	1.63



	Zinc
	mg kg−1
	0.90



	Iron
	mg kg−1
	44.00



	Manganese
	mg kg−1
	3.02







1 Samples were obtained at the beginning of the study in August of 2017, 0–40 cm depth. CEC = cation exchange capacity of soil.
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Table 2. Physical–chemical analysis of compost used for this study.






Table 2. Physical–chemical analysis of compost used for this study.










	Analysis
	Units
	Result





	Humidity (dry basis)
	%
	22.20



	Apparent density (dry basis ˂16 mm)
	Kg m−3
	NS *



	Porosity (sample ˂16 mm)
	mg kg−1
	NS *



	pH in water 1:5
	
	7.41



	Electric conductivity 1:5
	dS/m
	0.19



	Organic matter
	%
	21.60



	Organic carbon
	%
	12.00



	Total nitrogen
	%
	0.87



	Nitrogen–ammonia (N–    NH  4   +)
	mg kg−1
	0.50



	Nitrogen–Nitric (N–   NO 3   −)
	mg kg−1
	59.64



	Carbon/Nitrogen Ratio
	--
	13.78



	Ammonium/Nitrate Ratio
	--
	0.008







* Undetermined.
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Table 3. Physicochemical analysis of the soil in the 2019/2020 season at the end of the study.
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Analysis

	
Units

	
Treatments 1




	
CK

	
T1

	
T2

	
T3






	
Organic matter

	
%

	
9.80

	
10.40

	
11.00

	
11.90




	
Water pH

	
---

	
6.59

	
6.56

	
6.50

	
6.60




	
Nitrogen available

	
mg kg−1

	
16.00

	
18.00

	
16.00

	
13.00




	
Available phosphorus

	
mg kg−1

	
10.00

	
14.00

	
9.00

	
13.00




	
Available potassium

	
mg kg−1

	
342.00

	
332.00

	
372.00

	
359.00




	
Available sulfur

	
mg kg−1

	
9.00

	
12.00

	
29.00

	
27.00




	
Exchangeable calcium

	
cmol+ kg−1

	
9.25

	
10.90

	
10.04

	
10.86




	
Exchangeable magnesium

	
cmol+ kg−1

	
2.17

	
2.33

	
1.82

	
2.19




	
Exchangeable potassium

	
cmol+ kg−1

	
0.87

	
0.85

	
0.95

	
0.92




	
Exchangeable sodium

	
cmol+ kg−1

	
0.30

	
0.27

	
0.29

	
0.29




	
Sum of bases

	
cmol+ kg−1

	
12.59

	
14.36

	
13.10

	
14.26




	
Interch. aluminum

	
cmol+ kg−1

	
0.010

	
0.001

	
0.010

	
0.010




	
CEC

	
cmol+ kg−1

	
12.60

	
14.37

	
13.11

	
14.27




	
Aluminum saturation

	
%

	
0.08

	
0.07

	
0.08

	
0.07




	
Boron

	
mg kg−1

	
0.45

	
0.48

	
0.50

	
0.45




	
Copper

	
mg kg−1

	
2.06

	
2.11

	
2.14

	
1.85




	
Zinc

	
mg kg−1

	
0.90

	
1.62

	
1.17

	
1.74




	
Iron

	
mg kg−1

	
35.00

	
33.10

	
31.30

	
30.80




	
Manganese

	
mg kg−1

	
3.02

	
3.50

	
3,20

	
6.00








1 CK = Control treatment (without compost application); T1 = Treatment 1 (5 Ton ha−1); T2 = Treatment 2 (10 Ton ha−1); T3 = Treatment 3 (15 Ton ha−1). CEC = cation exchange capacity of soil; all samples were obtained at the end of the study in August 2020 at a depth between 0–40 cm.
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