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Abstract

:

Opuntia species grow in arid and semiarid lands, where water for irrigation is scarce. However, supplemental irrigation can be a feasible strategy for commercial cactus pear orchards. From 2018 to 2020, a commercial cactus pear orchard was managed to validate the effect of supplemental irrigation on fruit yield, crop water use efficiency, fruit quality, and storability of ‘Roja Lisa’ cactus pear grown in the semiarid region of Mexico. The irrigation treatments were no irrigation and supplemental irrigation, with four replications. Crop water use was less and, therefore, water productivity greater in non-irrigated plants than in plants with supplemental irrigation. Mean fruit yield, mean fruit mass, and proportion of commercial fruit increased with supplemental irrigation. These differences were more pronounced in growing seasons with less rainfall. Fruit quality at harvest or after room temperature or cold storage was examined. Fruit mass loss rate was reduced in fruit receiving supplemental irrigation in both storage conditions. In addition, supplemental irrigation was consistent with water savings and food security programs in marginal areas: this irrigation strategy improved both pre- and postharvest some quality components of cactus pear fruit. Therefore, this irrigation strategy is suggested for cactus pear growers, depending on the availability of water for irrigation.
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1. Introduction


Global warming is damaging ecosystems around the world. This is more noticeable in arid and semiarid regions where, now, the temperatures are more extreme, rainfall patterns are changing, soil erosion is increasing, and water scarcity is reflected in poverty and human migration [1]. In addition, water shortage drastically reduces both livestock and agricultural activities in these agricultural lands [2]. However, combining available sustainable technologies and appropriate crops can enhance both crop productivity and grower incomes.



Cactus pear is a succulent, crassulacean acid metabolism plant that is used in semiarid lands to restore degraded lands, as animal fodder, to grow tender cladodes for human consumption [3], for biogas production [4], and as a fruit crop [5,6]. In most producing countries, cactus pear for fruit consumption is cultivated mainly under rainfed conditions. Nevertheless, in some Mediterranean and American countries, this fruit crop is drip-irrigated to increase fruit productivity [5,7,8,9]. However, groundwater for irrigation is limited in all cactus-pear-growing areas [10], including north-central México, due to the overexploitation of aquifers [11]. Therefore, water conservation and savings, and water productivity enhancement through new irrigation strategies are crucial to both food production and security [12]. Supplemental irrigation may be an alternative for crops cultivated under rainfed conditions [13]. This irrigation strategy has been applied successfully in chickpeas, fava beans, lentils [14], common beans [15], wheat [16], sugarcane [17], sorghum [18], and maize [19]. In all these crops, yield and yield components were significantly improved with supplemental irrigation. In the case of maize, the application of this irrigation technic resulted in economic advantages for growers. Regarding fruit trees, supplemental irrigation also improved yields in peach [13] and olive [20] trees. In the latter fruit crop, water use efficiency was improved without affecting oil content. Unlike the study of Van Der Merwe [21], supplemental irrigation was tested successfully in commercial and non-commercial cactus pear varieties in a semiarid area of north-central Mexico [18]. After three consecutive growing seasons, compared to fully irrigated plants, supplemental irrigation enhanced water use efficiencies and water productivity in favor of water savings by 52%. Cactus pear plants had fruit yields and marketable fruit sizes similar to fully irrigated plants, but some fruit quality parameters were enhanced and the fruit storage life of all cultivars was extended at both room and cold temperatures, which is important for transportation, marketing, and consumers [22].



To our best knowledge, except experimentally, supplemental irrigation has not been tested previously at the level of commercial cactus pear orchards. This study uses a commercial cactus pear orchard to validate the effects of supplemental irrigation on the fruit yield, crop water use, fruit quality, and storability of ‘Roja Lisa’ cactus pear grown in a semiarid region, where weather conditions are more extreme than the places where previous trials on supplemental irrigation were performed [22]. Therefore, we hypothesize that this irrigation strategy can be replicated at a commercial scale, with similar effects to those reported previously [22,23].




2. Materials and Methods


2.1. Experimental Site, Vegetative Material, and Orchard Management


The experiment was conducted in a commercial cactus pear orchard located in ‘La Victoria’, Pinos, Zacatecas, Mexico (lat. 22°22′ N, long. 101°67′ W, elevation 2161 m) from 2018 to 2020. Fifteen-year-old cactus pear plants of the cultivar ‘Roja Lisa’ (O. ficus-indica (L.) Mill.) were used. This cultivar can be used as fodder, vegetable (tender cladodes), and fruit. This essay is oriented to its consumption as fresh fruit. The fruit peel and pulp are red, medium size (8.5 and 5.7 cm of equatorial and polar diameters, respectively), fruit mass (136 g; 60% pulp and 40% peel) that has juicy pulp with 14.5° Brix of sugar content at the ready-to-eat stage. The plants were trained to an in-row-oriented system and spaced at 5.6 × 2.7 m between rows and plants, respectively. The orchard’s management program included cladode pruning, fruit thinning, drip irrigation, mineral and organic fertilization, and weed and pest control, as required.




2.2. Treatments and Experimental Design


The field experiment had two irrigation treatments: no irrigation (NI, as control) and supplemental irrigation (SI). A section of the orchard was drip-irrigated three times during each dry season (April–June) of the 2018 and 2019 growing seasons and just once in 2020 due to malfunctioning of the irrigation pumping system. The irrigation was applied according to the grower’s criterion; nevertheless, the irrigation water applied was calculated using three-quarters of the plant area, and volume was estimated as the product of the number of drippers, dripper flow rate (4 L h−1), and time used for each irrigation event. Irrigation water applied was calculated by adding all irrigation events. The physical soil parameters for permanent wilting point and field capacity were established at 0.14 and 0.27 cm3 cm−3, respectively. From bloom until harvest, soil water content (θ) was monitored in both treatments using time-domain reflectometry (TDR, Mini-Trase System, Soil Moisture Equipment Corp., Santa Barbara, CA, USA). Probes were placed 20 cm deep in the soil at 10 and 70 cm from emitters and plants, respectively. Climate information was recorded by an automated weather station placed 600 m from the experiment. This information, in part, was used to estimate the reference evapotranspiration by the Penman–Monteith method [9] and to track air temperature and precipitation (Figure 1). The year 2019 was the driest growing season. The experiment was conducted in a completely random design with four replicates, each comprising two uniform plants whose crop load was adjusted by fruit thinning [24] to minimize, in part, the variation among replicates. One plant was used for destructive sampling, while the other one was used to assess fruit yield, fruit sizing distribution, fruit quality, and storability.




2.3. Preharvest Determinations


2.3.1. Relative Water Content (RWC)


RWC was determined from two fruiting cladodes per replication as follows: between 12:00 and 13:00 h on every sampling date, two stem segments were taken out with a cork borer (17 mm internal diameter). The tissue samples were placed and sealed in Eppendorf tubes. The tissue specimens were individually weighed to determine the fresh mass (FM), turgid mass (TM), and dry mass (DM). The tissue samples were placed into the Eppendorf tubes and hydrated to full turgidity for 3 h to determine TM. DM was determined by oven-drying the samples at 65 °C to constant mass. RWC was calculated as RWC (%) = ((FM − DM)/(TM − DM)) × 100.




2.3.2. Crop Production


Cactus pear productivity was measured as fruit yield, mean fruit mass, and fruit size distribution. The harvest took place from June 28 to August 30 in 2018, from Jun 26 to August 5 in 2019, and from July 13 to August 4 in 2020 when the fruit peel color was reddish-green. Fruit from each plant was harvested separately and graded from Grade 1 to Grade 4 using the equatorial diameter (cm). Grade 1 fruit had a diameter between 6.0 and 7.0 cm. The corresponding values for Grade 2, Grade 3, and Grade 4 were 5.0 to 5.9 cm, 4.0 to 4.9 cm, and shorter than 4.0 cm, respectively. Fruit from each plant was counted and weighed, and the total mass was measured as gross yield. The mean fresh mass of fruit was calculated by dividing the gross yield by the number of fruits per plant. Water productivity was measured here by dividing the gross yield (kg) and commercial fruit yield (fruit of Grade 1 and 2) by the volume of applied irrigation water (m3).





2.4. Postharvest Determinations


Fruit Quality


To assess the fruit quality (FQ) of the third harvest event, fruit at color break (green to red) was harvested randomly from the outer and middle parts of cactus pear plants. In the postharvest laboratory, three lots each of 24 Grade 1 fruits (6 fruit per replicate per treatment) were formed. One group was used to evaluate FQ at harvest; the other two lots were stored in a cold room or at room temperature. The storage periods ceased when, on average, fruit lost 8% of its original mass, and FQ was measured. The cold room temperature (T) and relative humidity (RH) values (± standard deviation) were set at 7 °C and 90 ± 4%, respectively. At room temperature, T and RH values were 24 ± 2 °C and 40 ± 10% in 2018, 25 ± 2 °C and 37 ± 7% in 2019, and 25 ± 2 °C and 38 ± 7% in 2020. Room T and RH were determined every two hours with a data logger (model 42276, ExTech, Instruments, Waltham, MA, USA). Before storing, the spines were removed from the fruit, and the fruit was treated with a solution of copper sulfate (2.5 mL L−1) and chlorine (1%).



FQ evaluations at harvest or after storage followed the same protocol. The mass of each fruit was recorded with a precision scale (VE-303, Velab, Ciudad de Mexico, Mexico). After removing the fruit skin, two flesh firmness determinations were made on two opposite sides, in the equatorial part of each fruit, using a press-mounted Wagner penetrometer (model FT 327, Wagner Instruments, Greenwich, CT, USA) with an 11.1 mm head. For each flesh firmness determination, some juice drops were mixed and the soluble solids concentration was measured with a digital refractometer with automatic temperature compensation (model PR-32α, Atago, CO., Ltd., Tokyo, Japan). Each fruit was split into peel and pulp, and each tissue was weighed separately with a precision scale (VE-303, Velab, Ciudad de Mexico, Mexico). The dry mass of fruit pulp was determined from 25 g composite samples of fresh pulp tissue (including seeds) from three fruits. Samples were oven-dried at 60 °C for one week to constant mass. Fruit mass loss was evaluated weekly by weighing the fruit individually at both storage conditions, taking into account the initial mass to calculate this parameter.





2.5. Data Analysis


The pre- and postharvest data were analyzed with a completely randomized model using the general linear model procedure of Statistical Analysis System software (SAS Institute ver. 9.4, 2002–2010, Cary, NC, USA). As fruit size distribution was expressed in percentage, it was arcsine-transformed and de-transformed for its presentation. Treatment means were separated by Fisher’s least significant difference test at p ≤ 0.05. Fruit decay incidence was analyzed by the chi-square test.





3. Results


3.1. Preharvest Results


Soil Water Content (θ) and Relative Water Content (RWC)


The θ of plants under no irrigation was below the permanent wilting point (PWP), but when plants received supplemental irrigation plus rainfall, it was between field capacity (FC) and PWP in 2019 and 2020. In contrast, except for one occasion at 204 days in 2019, despite the early rainfall in the 2020 growing season (Figure 1), θ remained below the PWP in non-irrigated plants (Figure 2c,d). The RWC was sensitive to changes in θ in both treatments, but plants under supplemental irrigation had the greatest RWC in both growing seasons (Figure 2a,b). The θ and RWC were not measured in 2018, but it is assumed that they were similar to 2019 and 2020.



Based on the irrigation water applied, crop water uses on the plants given supplemental irrigation was, over a three-year average, 2.5-fold greater than in non-irrigated plants (Table 1). Except for in 2018, this was reflected in increased total fruit yield, commercial fruit yield, and mean mass of fresh fruit of irrigated plants, with a corresponding reduction in water productivity in the first two growing seasons (Table 2). Fruit size distribution was enhanced in plants undergoing supplemental irrigation, particularly in the fruit of the first category (the most marketable fruit) in the second and third growing seasons (Table 3).





3.2. Postharvest Results


3.2.1. Fruit Quality


At harvest, irrigated plants averaged a more fleshy mass of fruit and its components (peel and pulp) over the three growing seasons, although the differences were not always significant. These results remained consistent after room temperature storage for 13 weeks in 2018 and 9 weeks in 2019 and 2020 and after cold storage for 14, 11, and 10 weeks in 2018, 2019, and 2020, respectively (Table 4).



At harvest, plants under both treatments produced fruit with similar firmness in all years and after storage at either temperature, except in 2019, when fruits from irrigated plants and stored in a cold room were maintained the firmest (Table 5).



In 2018, at harvest, soluble solids concentration showed no measurable differences between non-irrigated and supplementally irrigated fruit. The same was true after fruit storage at room temperature or in a cold room. In contrast, soluble solids concentration was reduced in supplementary irrigated fruit at harvest in 2019 and 2020. This last trend was also consistent after storage at room temperature or in a cold room. The pulp dry matter acted similarly to the soluble solids concentration (Table 5).



Fruit from non-irrigated plants had the fastest fruit mass loss (FML) rate and, therefore, reached the threshold of 8% of the FML rate established for this non-climacteric fruit. Alternatively, fruit deterioration was observed before reaching this threshold. The opposite was observed in supplementally irrigated fruit, which had a long storage life (Figure 3a–c). Similar behavior was observed in fruit stored in a cold room. In both fruit types, the FML rate was lower with cold room storage than at room temperature. Nevertheless, the assay ended before reaching the FML threshold because signs of fruit deterioration were observed (Figure 3d–f). No measurable differences were found in 2020 (Figure 3f).




3.2.2. Fruit Decay Incidence


The chi-square (χ2) test of independence concluded that irrigation treatment and storage condition are independent of each other for fruit decay presence (χ2 = 1.32, p = 0.25; Fisher’s exact test p = 0.262). The highest incidence of decay occurred in the fruit from plants given supplemental irrigation that were then stored in the cold room in 2018 or 2019. Decay was minimal or absent in 2020 (Table 6).






4. Discussion


Supplemental irrigation could be a feasible alternative to full irrigation to enhance the productivity of cactus pear orchards in semiarid agricultural lands [22,23]. This experiment examined its effect on fruit yield, crop water use, fruit quality, and storability of ‘Roja Lisa’ cactus pear grown in a commercial orchard in the semiarid region of Mexico.



Similar to other fruit trees [25,26,27], the relative water content of cactus pear cladodes acted as an indicator of plant water status and was sensitive to changes in soil water content in both irrigation treatments. This occurred due to water inputs (irrigation or rainfall) and created measurable differences between non-irrigated and supplementally irrigated plants (Figure 1 and Figure 2). The permanent wilting point for this kind of soil was established at 0.14 m3 m−3, but the soil water content in non-irrigated cactus pear plants was as low as 0.06 m3 m−3 in 2020 (Figure 2). However, after rainfall, these plants not only recovered but also produced a commercial yield (Table 2). This shows that the permanent wilting point for this plant must be established because this soil physical parameter is the product of the plant (succulent)–soil–atmosphere continuum [28]. This determination was not made during this study, and it was not the purpose of this study either.



Because non-irrigated plants received water input only from rain, supplementally irrigated plants had greater crop water use and, therefore, lower water productivity than those under no irrigation (Table 1 and Table 2). The latter conclusion is supported by previous irrigation research on cactus pear plants that received various irrigation techniques [9], including a comparison of full and supplemental irrigation [22]. Similar results were seen in peach and olive orchards grown under water scarcity [29], similar to the weather conditions of the place where this experiment was conducted. In 2020, water productivity, measured as total fruit yield and commercial fruit yield, was similar between irrigation treatments (Table 2). This was attributed to both treatments receiving a similar amount of water, mainly due to rain (Table 1). The reduced water applied to supplementally irrigated plants was due to the malfunctioning of the irrigation system. However, this season was rainy, which could have masked the effect of both treatments on total fruit yield. This suggests that in a rainy growing season, irrigation may be suspended, at least in succulent plants such as cactus pear [21].



This experiment was expected to enhance cactus pear fruit yield by applying supplemental irrigation in a semiarid region facing water scarcity for agricultural activities. As seen at the start of a mineral fertilization program for this plant species [30], in 2018, the irrigation treatments made no measurable difference to total fruit yield, commercial fruit yield, and mean fruit mass (Table 2). This may be attributed to the plants’ adjustment to irrigation [9] because in the two following growing seasons, commercial fruit yield, mean fruit mass, and fruit size distribution were greater in supplementally irrigated plants than in non-irrigated plants. The cladodes of the latter had the lowest relative water content (Figure 2) and a shriveled appearance by the middle of the growing season, indicating a water stress effect. Hence, it is likely that these plants had limited photosynthetic activity and, therefore, a low rate of photo-assimilate remobilization from source tissues into the reproductive sink organs [31]. The data also indicate that in a rainy season, which is atypical in this region, supplemental irrigation must be applied judiciously to produce marketable fruit with lower irrigation costs (Table 3).



The influence of preharvest management on the postharvest quality maintenance and storability of cactus pear fruit has received little attention [23]. We assessed the influence of no irrigation and supplemental irrigation on cactus pear fruit at harvest and their effect on postharvest life during storage at room temperature and in cold storage. Cactus pear plants receiving supplemental irrigation produced fruit with significantly greater fruit and peel mass and occasionally significantly more pulp than cactus pear plants grown without irrigation (Table 4). This suggests that the non-irrigated fruit would have had an insufficient supply of carbohydrates from the source cladodes (leaves as a source were limiting) or that the fruit (sink tissues) was unable to utilize the available carbohydrates from the source cladodes fully (sink-limited) [32]. Except for this measure, irrigation treatments did not affect flesh firmness at harvest or after cold or room temperature storage (Table 5). Although this study did not examine fruits at the cellular level, neither irrigation treatments nor storage conditions modified fruit cell density, as occurred in other fruits [33,34], including fruit from various cactus pear cultivars [23]. The soluble solids concentration and pulp dry matter were usually greater in non-irrigated fruit than in supplementally irrigated fruit, at harvest and after storage at either temperature (Table 5). The reduced soluble solids concentration and dry mass of pulp in irrigated fruit are probably due to dilution. The larger cells of irrigated fruits can store more water than the presumably smaller ones in non-irrigated fruits or under deficit irrigation [9,23,33,34]. The association of fresh mass of fruit with soluble solids concentration (r = −0.18; p = 0.0002) and dry mass of pulp (r = −0.05; p = 0.54) was weak and negative.



A mass loss of 5% causes many perishable commodities to appear wilted and shriveled, among other postharvest physiological disorders [35]. For white cactus pear varieties, an 8% mass loss during storage creates visible changes in fruit appearance (wilting and shriveling) and fruit texture (flaccidity and softening) [36]. In this experiment, supplementally irrigated fruit minimized fruit mass loss rates and prolonged fruit storage life under both storage conditions, as reported previously for cactus pear undergoing deficit irrigation [9] or supplemental irrigation [23]. After harvest, fruit mass loss occurs mainly via transpiration [37,38]. Therefore, supplemental irrigation is likely to promote positive changes at the levels of the epidermis [23,39] that minimize fruit mass loss to the surrounding atmosphere [35]. This finding has important implications for the local and long-distance transportation, marketing, and final consumers of this exotic fruit.



In cactus pear plants, fruit decay incidence depends on the cultivar, fruit maturation stage, and storage conditions. In this experiment, all fruit were collected at the same fruit maturity (color break) and were spineless, curated with a solution of copper sulfate and chlorine, and stored, theoretically, under the same conditions. Temperature variation could be a key factor in postharvest disease occurrence. Cactus pear fruit rot is caused by Alternaria alternata, Chlamydomyces spp., Fusarium spp., Macrophomina phaseolina, and Penicillium polonicum [40,41]. Although this experiment was not designed to study cactus pear fruit diseases, both storage temperatures and causal agents deserve special attention in order to minimize fruit postharvest losses.




5. Conclusions


This study was conducted in a commercial cactus pear orchard to validate the effects of supplemental irrigation on the fruit yield, crop water use, fruit quality, and storability of ‘Roja Lisa’ cactus pear grown in the semiarid region of Mexico. This irrigation strategy is easily implemented on a farm scale. Although crop water use and water productivity were low in supplementally irrigated plants, total fruit yield, mean fruit mass, and commercial fruit yield were greater than in non-irrigated plants. These differences were more pronounced in growing seasons with low rainfall and vice versa. Fruit quality, measured as flesh firmness, was the same at harvest and maintained under both storage conditions (room temperature or cold room storage), but soluble solids concentration and dry mass of pulp were consistently low in supplementally irrigated fruit at harvest and under both storage conditions. An important finding was that the fruit mass loss rate was the lowest in those fruit receiving supplemental irrigation. This is very important for fruit storage, transportation, marketing, and final consumption. Therefore, this irrigation strategy is suggested for cactus pear growers with limited water availability for irrigation, and it corroborates our hypothesis. Cactus pear growers need more knowledge and training to efficiently manage supplemental irrigation applications.
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Figure 1. Climate conditions prevailed at the experimental site from 2018 to 2020. La Victoria, Pinos, Zacatecas, México. 
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Figure 2. Changes in relative water content of cladodes (a,b) and soil water content (c,d) in experimental plots of ‘Roja Lisa’ cactus pear plants undergoing no irrigation or supplemental irrigation in 2019 and 2020. The data were collected in the commercial orchard ‘Las 100 Hectáreas’. La Victoria, Pinos, Zacatecas, Mexico. 
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Figure 3. Changes in fruit mass loss of ‘Roja Lisa’ cactus pear, as influenced by supplemental irrigation in three consecutive growing seasons. Fruit were harvested from the commercial orchard ‘Las 100 Hectárias’. La Victoria, Pinos, Zacatecas, Mexico. 
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Table 1. Accumulated reference evapotranspiration (ETo), irrigation water applied (IWA), and crop water use (CWU) of ‘Roja Lisa’ cactus pear under non-irrigated and supplemental irrigation in 2018, 2019, and 2020. Data were collected from a commercial orchard, ‘Las 100 Hectáreas’. La Victoria, Pinos, Zacatecas, Mexico.






Table 1. Accumulated reference evapotranspiration (ETo), irrigation water applied (IWA), and crop water use (CWU) of ‘Roja Lisa’ cactus pear under non-irrigated and supplemental irrigation in 2018, 2019, and 2020. Data were collected from a commercial orchard, ‘Las 100 Hectáreas’. La Victoria, Pinos, Zacatecas, Mexico.











	Year/Irrigation Treatment
	ETo (mm)
	IWA (mm)
	CWU (mm)





	2018
	588
	0
	155



	Non-irrigated
	588
	219
	374



	Supplemental irrigation
	
	
	



	2019
	657
	0
	50



	Non-irrigated
	657
	247
	297



	Supplemental irrigation
	
	
	



	2020
	522
	0
	113



	Non-irrigated
	522
	24
	137



	Supplemental irrigation
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Table 2. Influence of supplemental irrigation on total fruit yield (TFY), commercial fruit yield (CFY, Grade 1 + Grade 2), and mean mass of fresh fruit (MMFF) and water productivity of ‘Roja Lisa’ cactus pear. Fruit were harvested from the commercial orchard ‘Las 100 Hectáreas’. La Victoria, Pinos, Zacatecas, Mexico.






Table 2. Influence of supplemental irrigation on total fruit yield (TFY), commercial fruit yield (CFY, Grade 1 + Grade 2), and mean mass of fresh fruit (MMFF) and water productivity of ‘Roja Lisa’ cactus pear. Fruit were harvested from the commercial orchard ‘Las 100 Hectáreas’. La Victoria, Pinos, Zacatecas, Mexico.





	
Year/Irrigation Treatment

	
TFY (t ha−1)

	
CFY (t ha−1)

	
MMFF (g)

	
Water Productivity (kg m−3)




	
CFY

	
TFY






	
2018

	

	

	

	

	




	
Non-irrigated

	
17.3a *

	
14.0a

	
113.4a

	
9.1a

	
11.1a




	
Supplemental irrigation

	
18.4a

	
16.7a

	
117.7a

	
4.5b

	
4.9b




	
Least significant difference

	
9.3

	
9.6

	
29.6

	
4.1

	
3.0




	
Significance (p > F)

	
0.77

	
0.52

	
0.74

	
0.03

	
0.002




	
Coefficient of variation (%)

	
30.1

	
36.1

	
14.8

	
35.0

	
21.3




	
2019

	

	

	

	

	




	
Non-irrigated

	
17.7a

	
13.7b

	
109.3b

	
27.4a

	
35.4a




	
Supplemental irrigation

	
32.3a

	
28.5a

	
126.9a

	
9.6b

	
10.9b




	
Least significant difference

	
15.1

	
14.5

	
14.3

	
9.4

	
10.6




	
Significance (p > F)

	
0.05

	
0.05

	
0.02

	
0.004

	
0.001




	
Coefficient of variation (%)

	
35.0

	
39.6

	
7.0

	
29.4

	
26.4




	
2020

	

	

	

	

	




	
Non-irrigated

	
23.8a

	
19.4b

	
103.8a

	
17.2a

	
21.1a




	
Supplemental irrigation

	
29.1a

	
26.3a

	
133.0b

	
19.3a

	
21.3a




	
Least significant difference

	
5.6

	
5.4

	
15.3

	
4.0

	
4.1




	
Significance (p > F)

	
0.06

	
0.02

	
0.004

	
0.25

	
0.93




	
Coefficient of variation (%)

	
12.2

	
13.6

	
7.5

	
12.6

	
11.2








* Within columns per year, means followed by the same letter were not significantly different by Fisher’s test at p ≤ 0.05.
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Table 3. Influence of supplemental irrigation on the fruit size distribution of ‘Roja Lisa’ cactus pear. Fruit were harvested from the commercial orchard ‘Las 100 Hectáreas’. La Victoria, Pinos, Zacatecas, Mexico.
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Fruit Size Distribution (%)




	

	
Grades (Equatorial Diameter, cm)




	
Year/Irrigation Treatment

	
1 (7.0–6.0)

	
2 (5.9–5.0)

	
3 (4.9–4.0)

	
4 (3.9–3.5)






	
2018

	

	

	

	




	
Non-irrigated

	
24.0a *

	
56.0a

	
19.1a

	
0.9a




	
Supplemental irrigation

	
33.4a

	
57.7a

	
7.8a

	
1.11a




	
Least significant difference

	
34.3

	
17.7

	
21.3

	
1.6




	
Significance (p > F)

	
0.53

	
0.82

	
0.24

	
0.72




	
Coefficient of variation (%)

	
69.2

	
18.0

	
91.5

	
96.4




	
2019

	

	

	

	




	
Non-irrigated

	
7.2b

	
70.2a

	
21.7a

	
0.8a




	
Supplemental irrigation

	
22.2a

	
64.6a

	
12.9a

	
0.3a




	
Least significant difference

	
9.1

	
10.2

	
11.1

	
1.6




	
Significance (p > F)

	
0.01

	
0.23

	
0.10

	
0.48




	
Coefficient of variation (%)

	
36.0

	
8.8

	
37.0

	
166.7




	
2020

	

	

	

	




	
Non-irrigated

	
8.3b

	
73.1a

	
17.0a

	
1.6a




	
Supplemental irrigation

	
19.7a

	
70.7a

	
9.6b

	
0.0b




	
Least significant difference

	
5.8

	
5.5

	
4.5

	
0.9




	
Significance (p > F)

	
0.00

	
0.32

	
0.01

	
0.01




	
Coefficient of variation (%)

	
23.8

	
4.4

	
19.6

	
69.2








* Within columns per year, means followed by the same letter were not significantly different by Fisher’s test at p ≤ 0.05.
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Table 4. Influence of supplemental irrigation on fruit mass attributes of ‘Roja Lisa’ cactus pear. Fruit were harvested from the commercial orchard ‘Las 100 Hectárias’. La Victoria, Pinos, Zacatecas, Mexico.
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Irrigation/Fruit Condition

	
Fresh Mass of Fruit (g)

	
Fresh Mass of Peel (g)

	
Fresh Mass of Pulp (g)




	
2018

	
2019

	
2020

	
2018

	
2019

	
2020

	
2018

	
2019

	
2020






	
Harvest

	

	

	

	

	

	

	

	

	




	
Non-irrigation

	
122.7b *

	
114.2b

	
136.4a

	
59.6b

	
52.1b

	
54.2b

	
63.1b

	
63.1a

	
82.2a




	
Supplemental irrigation

	
150.5a

	
133.7a

	
160.1a

	
70.2a

	
65.6a

	
73.0a

	
80.3a

	
68.2a

	
87.1a




	
Least significant difference

	
14.6

	
18.4

	
25.1

	
5.1

	
9.8

	
13.6

	
11.4

	
10.4

	
13.6




	
Significance (p > F)

	
0.003

	
0.04

	
0.06

	
0.002

	
0.01

	
0.02

	
0.01

	
0.28

	
0.41




	
Coefcient of variation (%)

	
11.8

	
7.9

	
12.7

	
12.8

	
8.6

	
13.6

	
13.9

	
11.3

	
15.5




	
Room temperature **

	

	

	

	

	

	

	

	

	




	
Non-irrigation

	
116.2b

	
121.2b

	
129.6b

	
41.0b

	
41.5b

	
41.6b

	
75.2a

	
79.7a

	
88.0a




	
Supplemental irrigation

	
138.8a

	
143.4a

	
152.4a

	
52.8a

	
55.7a

	
61.4a

	
85.9a

	
87.7a

	
91.0a




	
Least significant difference

	
14.4

	
15.6

	
16.0

	
6.1

	
6.7

	
7.5

	
14.5

	
14.3

	
12.6




	
Significance (p > F)

	
0.007

	
0.01

	
0.01

	
0.002

	
0.003

	
0.001

	
0.125

	
0.25

	
0.61




	
Coefcient of variation (%)

	
10.3

	
11.0

	
10.3

	
14.1

	
12.6

	
13.4

	
11.7

	
14.7

	
13.2




	
Cold room ***

	

	

	

	

	

	

	

	

	




	
Non-irrigation

	
139.3b

	
119.1b

	
126.6b

	
50.9b

	
47.6b

	
41.4b

	
88.4a

	
71.4b

	
84.2a




	
Supplemental irrigation

	
168.6a

	
161.9a

	
146.7a

	
65.2a

	
64.9a

	
54.9a

	
103.3a

	
96.9a

	
91.8a




	
Least significant difference

	
22.7

	
19.9

	
12.2

	
9.4

	
8.1

	
5.6

	
17.7

	
13.0

	
8.1




	
Significance (p > F)

	
0.02

	
0.001

	
0.01

	
0.01

	
0.002

	
0.002

	
0.09

	
0.003

	
0.06




	
Coefcient of variation (%)

	
8.5

	
11.4

	
12.2

	
11.7

	
11.7

	
16.8

	
8.8

	
14.1

	
12.7








* Within columns, per fruit conditions means followed by the same letter were not significantly different by Fisher’s test at p ≤ 0.05. ** Room temperature conditions were set at 24 ± 2 °C and 40 ± 10% in 2018; 25 ± 2 °C and 37 ± 7% in 2019; and 25 ± 2 °C and 38 ± 7% in 2020. *** Cold storage conditions were set at 7 °C and 90 ± 4%.
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Table 5. Influence of supplemental irrigation on some fruit quality attributes of ‘Roja Lisa’ cactus pear. Fruit were harvested from the commercial orchard ’Las 100 Hectárias’. La Victoria, Pinos, Zacatecas, Mexico.
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Irrigation/Fruit Condition

	
Fresh Firmness (Newtons)

	
Soluble Solids Concentration (Brix)

	
Dry Mass of Pulp

(mg g−1 FW)




	
2018

	
2019

	
2020

	
2018

	
2019

	
2020

	
2018

	
2019

	
2020






	
Harvest

	

	

	

	

	

	

	

	

	




	
Non-irrigation

	
34.6a *

	
28.3a

	
28.7a

	
12.0a

	
13.9a

	
13.3a

	
145.8a

	
219.3a

	
143.9a




	
Supplemental irrigation

	
34.2a

	
32.5a

	
28.2a

	
12.2a

	
11.9b

	
12.6a

	
148.0a

	
210.4b

	
131.2a




	
Least significant difference

	
4.1

	
3.8

	
5.6

	
0.8

	
0.08

	
0.9

	
6.3

	
4.1

	
15.5




	
Significance (p > F)

	
0.85

	
0.08

	
0.86

	
0.5

	
0.001

	
0.11

	
0.50

	
0.000

	
0.09




	
Coefficient of variation (%)

	
18.3

	
14.2

	
18.1

	
6.8

	
6.9

	
6.8

	
5.7

	
1.8

	
10.9




	
Room temperature **

	

	

	

	

	

	

	

	

	




	
Non-irrigation

	
22.2a

	
23.1a

	
23.5a

	
11.4a

	
12.8a

	
13.3a

	
139.7a

	
187.1a

	
151.1a




	
Supplemental irrigation

	
22.3a

	
22.5a

	
21.7a

	
10.8a

	
11.0b

	
11.3b

	
141.4a

	
173.8b

	
127.7b




	
Least significant difference

	
4.9

	
3.8

	
3.7

	
0.8

	
0.7

	
0.4

	
17.5

	
5.3

	
9.5




	
Significance (p > F)

	
0.99

	
0.8

	
0.30

	
0.07

	
0.001

	
0.0001

	
0.8

	
0.001

	
0.001




	
Coefficient of variation (%)

	
17.5

	
18.5

	
15.3

	
5.0

	
6.6

	
5.6

	
10.8

	
3.1

	
12.3




	
Cold room ***

	

	

	

	

	

	

	

	

	




	
Non-irrigation

	
33.2a

	
29.9b

	
31.7a

	
11.6a

	
12.2a

	
13.6a

	
129.3a

	
191.7a

	
150.9a




	
Supplemental irrigation

	
33.6a

	
33.3a

	
30.8a

	
11.4a

	
11.4b

	
13.0b

	
134.3a

	
187.0a

	
147.5a




	
Least significant difference

	
4.4

	
2.6

	
3.1

	
0.4

	
0.7

	
0.5

	
18.6

	
12.5

	
8.9




	
Significance (p > F)

	
0.85

	
0.04

	
0.52

	
0.60

	
0.04

	
0.02

	
0.54

	
0.4

	
0.38




	
Coefficient of variation (%)

	
10.6

	
13.1

	
10.3

	
5.6

	
5.8

	
8.1

	
21.7

	
5.5

	
10.4








* Within columns per fruit conditions means followed by the same letter were not significantly different by Fisher’s test at p ≤ 0.05. ** Room temperature conditions were 24 ± 2 °C and 40 ± 10% in 2018; 25 ± 2 °C and 37 ± 7% in 2019, and 25 ± 2 °C and 38 ± 7% in 2020. *** Cold storage conditions were set at 7 °C and 90 ± 4%.
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Table 6. Number and percentage (in brackets) of fruit with decay from ‘Roja Lisa’ cactus pear plants under different irrigation treatments and storage conditions in three consecutive growing seasons.
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Storage Conditions




	
Year/Irrigation Treatments

	
Room Temperature

	
Cold Room






	
2018

	

	




	
No irrigation

	
1 (4.2)

	
2 (8.3)




	
Supplemental irrigation

	
2 (8.3)

	
4 (16.7)




	
2019

	

	




	
No irrigation

	
2 (8.3)

	
0 (0)




	
Supplemental irrigation

	
2 (8.3)

	
7 (29.2)




	
2020

	

	




	
No irrigation

	
0 (0)

	
0 (0)




	
Supplemental irrigation

	
1 (4.2)

	
0 (0)
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