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Abstract: Study of appropriate planting time and response to agronomic management practices is
imperative for the newly introduced cactus pear (Opuntia ficus-indica (L.) Mill.) into a semi-arid
region of India. Responses of cactus pear to agronomic practices (planting time and irrigation and
fertilizer application) were evaluated to determine the potential for fodder production and livestock
feed in a semi-arid environment of India. We assessed four planting times (February, March, July and
October) and two agronomic managements (with and without irrigation and fertilizer application)
during 2016-2020 at Jhansi, India. Cactus pear establishment and growth improved with planting
time in July and October due to favorable soil moisture and congenial temperature. However, plant
height (19 cm) and cladode weight (118 g) were greater in July than in October planting. Nutrient
uptake and crude protein contents, however, were higher for the earlier plantings of February and
April compared to June and October. Irrigation and nutrients application had little effect on the
cactus pear plant growth, except on plant width and cladode length and width. Cactus pear can
be planted during July in moderately fertile soils without any agronomic intervention in semi-arid
situations of India and has potential as an effective alternative source of forage for livestock during
the summer months.

Keywords: biomass yield; crude protein; digestibility; micronutrient content; soil properties

1. Introduction

Drylands (arid, semi-arid and dry subhumid) cover 41.3% of the Earth’s land sur-
face [1]. Approximately 44% of farming land is in drylands and supports nearly one billion
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people and 50% of the world’s livestock and wildlife [1]. Semi-arid regions alone cover
approximately 15% of the dryland area and support 14.4% of the world’s population [2].
Semi-arid regions receive 200-700 mm of average annual precipitation and have an aridity
index of 0.20-0.50 [3,4]. Farming practices in such ecosystems are extremely vulnerable
to precarious climate [5], land degradation [6], marginal land [7] and desertification [1].
Desertification and degradation alone result in a USD 42 billion annual loss of revenue in
these regions.

A highly prevalent farming practice in semi-arid and arid regions is the “mixed crop-
livestock farming system” [8]. Livestock numbers are high, but feed and water supply
are a major concern of farmers in these regions. In India, the practice of open grazing on
community land and roadsides is common during the non-cropped season (April-June).
In India, the area under fodder cultivation is 8.3 million hectares (Mha) and available green
and dry fodder and concentrates are 126, 365 and 34 million tons (Mt), respectively. The
current estimated deficit of green and dry fodder in India is 31% and 12%, respectively [9].
In India, the area under forage crops accounts for about 5% of the total gross cropped area
and has remained constant over the past few decades. Major drivers of the low productivity
of fodder crops are considering fodder crops as a secondary venture after food crops, lower
commercial value compared to food crops, use of degraded and marginal land for fodder
cultivation, input constraints for most livestock farmers with small land holdings and lack
of quality seeds.

These constraints can be managed by practices such as introducing fodder crops in
food-based production systems, intercropping with food crops, encouraging intercropping
in fodder crops, hortipastoral and silvopastoral systems and promoting new niche areas
such as field boundaries, bunds, channels, degraded lands, community pasture resources
and other noncompetitive land [10]. When perennial forages are planted in new niche
areas (e.g., field boundaries, bunds and channels), they also need care and inputs. In
these new niches, forage crops that require minimal management, less attention and less
input are preferred by farmers and grazing communities. Cactus pear (Opuntia ficus-indica
(L.) MillL) is a crop that requires little input and care under such situations and it is very
popular in low-fertile and water-deficit regions of the world [11,12]. Cactus pear belongs
to the Cactaceae family, which includes 122 genera and 1600 species. The genus Opuntia
comprises 180 species, among which O. albicarpa, O. ficus-indica and O. robusta are commonly
cultivated [13].

Cactus pear has potential to grow in nontraditional areas and can provide a significant
amount of forage for livestock. It can produce more dry matter with less irrigation water
due to its specialized photosystem namedcrassulacean acid metabolism [14]. Additionally,
cactus pear prevents wind and water erosion of soil in dry areas. An established cactus pear
plantation can produce ~250 t ha~! under limited water conditions [13]. It also contains
71 and 264 g kg~ ! of crude protein in field and greenhouse conditions, respectively [15]. It
is therefore considered a low-cost fodder crop in dry areas.

Although cactus pear is a low-input crop, it can respond well to manipulating agro-
nomic practices and soil types. Previous studies reported that applying higher rates of
bovine manure (71.8 Mg ha~! year~!) promoted nutrient extraction, cactus pear quality,
nutrient uptake and dry matter yield [16,17]. Cactus pear accumulated higher nitrogen
(N, 191.3 kg ha~! year~!) and phosphorus (P, 161 kg ha~! year~!) with application of
190 kg N ha~! year~! and 56.8 kg P,Os ha~! year~! under a biennial harvest system,
showing that cactus pear responds well to fertilizer rate gradient [18]. Ramos et al. [19]
also reported that the biomass yield of cactus pear was 123.81 Mg ha~! year~! greater for
farmyard manure (FYM) application of 20 Mg ha~! year~! compared to without FYM.
Nevertheless, the response of cactus pear to supplementation of nutrients and other man-
agement practices is highly dependent on soil type and its fertility status.

Soil physiochemical properties can be influenced by tillage [20,21], manure applica-
tion [22,23] and irrigation [24]. In Nigeria, applying poultry manure and a combination
of poultry and cow dung manure improved organic matter (by 14.11-14.70%), organic
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carbon (OC, by 14-14.66%) and nitrogen (N) content (by 33-43%) in soil polluted with
crude oil [25]. Similarly, Tadesse et al. [23] reported that FYM application of 15 t ha™!
increased soil organic carbon (SOC) and N contents and water-holding capacity.

However, only limited studies are available on planting time and nutrient management
response of cactus pear for semi-arid regions [26,27]. To realize the full genetic potential of
cactus pear, it is necessary to evaluate its planting time, nutritional and water requirements.
Such studies are required for obtaining better yields in each soil and climatic situation. This
study was undertaken to evaluate the response of cactus pear growth and soil properties to
different planting times and farmyard manure (FYM) and irrigation application. The results
are expected to provide guidance to farmers about when to plant and how to manage
cactus pear with minimal input resources for semi-arid situations in India.

2. Materials and Methods
2.1. Experimental Site

A field experiment was set up at the ICAR-Indian Grassland and Fodder Research
Institute (IGFRI), Crop Production Research Farm (25°31'38.5” N, 78°33/39.4" E, 233 m asl)
in Jhansi, Uttar Pradesh, India, during 2016-2020. Soil type of the experimental site is a
sandy clay loam, with pH 6.56, medium soil fertility (N (215.75 kg ha~!), phosphorus (P,
16.53 kg ha—') and potassium (K, 271.44 kg ha™1)) and low organic C (OC, 0.41%). The
five-year (2016-2020) average maximum and minimum temperatures of the study site
varied from 31.7-32.9 °C and 19.3-20.3 °C, respectively and total annual rainfall also varied
from 690-1121 mm (Table 1), while the long-term average annual rainfall of this region is
887.8 mm.

Table 1. Weather parameters of the planting area at Jhansi, India *.

Month Maximum Temperature (°C) Minimum Temperature (°C) Rainfall (mm)
2016 2017 2018 2019 2020 2016 2017 2018 2019 2020 2016 2017 2018 2019 2020
January 24.7 234 244 22.8 224 10.1 9 8.9 8.2 9.3 12 8 3 4 12
February 28.5 28.3 28.8 26.2 26.5 13.1 12.6 13.1 10.7 12.5 1 2 2 11 17
March 34.1 33.3 349 315 32.8 18.5 17.3 18.4 15.5 17.3 5 6 1 10 8
April 39.4 39.5 38.7 38.6 38.8 241 23.9 23.3 22.9 22.9 0 0 2 10 6
May 423 41.9 42.7 42 414 29 28.8 29.2 28.3 27.4 4 7 2 2 8
June 40.2 37.8 40.1 41.2 38.7 29.9 28.7 29.6 304 28.8 63 72 70 36 97
July 32.8 33.1 33.3 343 325 25.9 25.8 26.2 26.9 26.2 414 214 270 330 290
August 313 32.1 315 31.8 31 249 255 25.1 25.2 252 442 186 250 337 261
September 32.7 33.1 31.8 32.3 31.6 25 25.2 23.9 241 24.2 157 165 239 375 138
October 33.0 34.8 34 33 323 20.2 212 20.1 19.4 20.2 21 6 5 32 19
November 30.1 29.6 30.3 30.8 28.7 13.1 13 13.7 14.2 15.5 1 17 1 2 6
December 26.4 25.8 24.2 22.7 224 10 9.9 7.9 6.5 10.9 1 7 2 18 9
Mean 329 327 328 322 317 20.3 20.0 19.9 19.3 20.0 1121
Total 690 847 1167 871

* Meteorological observatory, ICAR-IGFRI, Jhansi.

2.2. Experimental Design and Treatments Description

The best-performing cactus pear accession “Yellow San Cono” was used for this
study based on results obtained from previous evaluation observation in IGFRI, Jhansi [9].
The trial consisted of four planting dates: February, April, July and October 2016 and two
agronomic managements (two fertilizer and irrigation combinations): control and irrigation
and fertilization treatments, during planting time 2 kg plant ! of farmyard manure (4.0 N,
1.16 P and 3.1 K, g kg !) and 10 L plant~! of water were applied for both control and
irrigation and fertilization treatments. Afterwards, in the irrigation and fertilizer treatment,
the application of 2 kg plant ! of FYM was scheduled according to irrigation and fertilizer
treatment plots annually during the three growing seasons (summer, rainy and winter
seasons) and need-based irrigation (when cladodes showed shrinking and displaying
yellowing symptoms) was also applied, whereas the control plots were maintained without
any irrigation or FYM application. Weed management was carried out using a directed
spray of glyphosate (1.0 kg a.i. ha~!) during the rainy season of each year.



Agronomy 2021, 11, 1647

40f12

All treatments were replicated three times in a randomized complete block design.
Individual plots were 10 m long and 8 m wide, separated by 3 m alleys. The cactus pear
cladodes were planted at 2 m row spacing and 1 m plant spacing.

2.3. Agronomical Observations

Data on cactus pear growth and biomass yield were first recorded during 2018 at
2 years after planting (i.e., 2016) and in 2020 after another gap of 2 years. For growth
observations, three plants were randomly identified and tagged from each plot and the
average values taken as a final observation. Plant height was measured from the plant
base up to the highest point and plant width was measured as the maximum width of the
plant. The numbers of cladodes per plant were also counted for the randomly selected
plants. Cladode length was measured from the base of the cladode and cladode width
was measured at the broadest part using a digital caliper (VCF200, MGW precision, c/o
Amazon Seller Services Private Limited, Bangalore, India). For this, we randomly selected
10 cladodes (age 2 years). Fresh and dry weights of cladodes were measured during harvest
of cladodes. To calculate the dry weight, the cladodes were chopped, airdried for a few
days and then oven dried (PTE-510-H, Unique Tech Engineering, Bhopal, India) at 65 °C to
a constant weight. For both years of the study, three cactus pear plants (randomly selected)
plot~! were harvested and weighed to determine the fresh biomass yield plant ™.

2.4. Laboratory Analysis for Proximate Values

The plant parts (cladodes and primary and secondary branches) were collected at
maturity from 4-year-old plants, washed with 0.2% detergent solution, 0.1 N HCI and
finally with double distilled water. They were dried at 60 °C for 48 h in a hot-air oven
(PTE-510-H, Unique Tech Engineering, Bhopal, India). The dry plant materials were finely
ground. Plant N and crude protein (N content x 6.25) were analyzed using the modified
Kjeldahl method (DISTYL EMS, KEL PLUS [28]). After the digestion using 10 mL of diacid
mixture (4:1 v/v HNO3:HClOy), the plant P and K were analyzed using colorimetric (U128,
Hitachi, Fukuoka, Japan [28]) and flame photometer meter methods (T-128, Systronics,
Ahmedabad, India [29]), respectively. The Fe, Mn, Zn and Cu contents in cladode dry
matter were determined using an atomic absorption spectrophotometer (AA240, Varian,
Mulgrave, Australia) as per the procedure outlined by Tandon [30].

2.5. Soil Analysis

During December 2018 and 2020, topsoil (0-15 cm) using a soil auger was collected
from the center of each plot. For each control and irrigation and fertilization treatments, soil
samples collected from the same replicate were combined into one composite sample (six
per treatment per year). Prior to chemical analysis, soil samples were airdried and crushed
to a diameter of 2 mm. Soil pH and electrical conductivity (EC) were determined using
the methods of Jackson [29], SOC by wet oxidation method [30], available N by KMnO,
oxidizable method [31], available P using 0.5 M NaHCO3 at pH 8.5 [32] and available K
using 1 N neutral ammonium acetate [33]. Micronutrients such as iron (Fe), zinc (Zn),
copper (Cu) and manganese (Mn) were analyzed using atomic absorption spectroscopy
(AA240, Varian, Mulgrave, Australia; [34]). Soil microbial biomass carbon (SMBC) was
determined by chloroform fumigation—incubation method [35].

2.6. Data Handling and Analysis

All biometric parameter data were subjected to a two-way variance analysis (ANOVA)
using PROC GLIMMIX in SAS 9.3. The two-way ANOVA followed a mixed model proce-
dure (i.e., random effects were year and replication and fixed effects were planting time
and agronomical management). The normality of residuals was checked before performing
ANOVA using the PROC UNIVARIATE procedure (Shapiro-Wilk test) and all data were
found to be normal. For soil properties and nutrient data, a two-way ANOVA was also
conducted with year and agronomic practices as main effects and replication as a random
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effect. The soil data relating to the sowing date were not considered for this statistical
analysis because of the lack of a practical relationship between the sowing date and soil
properties. The plant proximal composition was also analyzed using the same ANOVA
procedure of PROC GLIMMIX, with year and replication kept as random effects and plant-
ing time and agronomic management as fixed effects. The least significant difference test
was used to test significance (p < 0.05) between treatments.

3. Results and Discussion
3.1. Agronomic Management Practices and Cactus Pear Growth

The planting time X agronomic management practices interaction was not significant
(p > 0.05) for the growth and yield parameters. However, the main effect of planting time had
a significant effect (p < 0.05) on all growth and yield parameters of cactus pear (Table 2).

Table 2. Analysis of variance for plant height, plant width, cladode number, cladode length, cladode width, cladode weight
and biomass yield of cactus pear.

Plant Plant Cladode Cladode Cladode Cladode Biomass

Variables N df Height Width Number Length Width Weight Yield
p-value
Planting time 4 3 <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Agronomic management 2 1 0.15 0.03 0.16 0.03 0.001 0.06 0.14
Time of planting X Agronomic management 3 x1 3 0.98 0.99 0.79 0.64 0.68 0.72 0.83

Cladodes planted in July had greater plant height, plant width, cladode number,
cladode weight and biomass yield, followed by planting in October (Table 3). However,
there was no significant difference in cladode width between July- and October-planted
cladodes (Figure 1). The July-planted cladodes had greater plant height (130.1 cm), plant
width (126.4 cm), cladode number (32.5 cladode plant~!), cladode weight (914 g) and
biomass yield (157 t ha~!) compared to October-planted cladodes (Table 3 and Figure 1).
Compared to July and October planting, lower plant height (by 34-41%; 76.8-86 cm),
plant width (37-48%; 66-79.1 cm), cladode number (56-69%,; 10.2-14.2 cladode plant_l),
cladode weight (28-36%; 585.1-652.2 g) and biomass yield (68-79%; 29.5-47.5 t ha—1) were
recorded during April and February, respectively. This could highlight differences in
weather and soil moisture availability during the planting season. The average annual
rainfall and temperature were highly variable over the months during the growing season
(Table 1). Changes in weather variables have a significant effect on cactus pear growth and
biomass yield [36]. In Brazil, Souza et al. [37] also reported that optimal maximum and
minimum temperatures for better cactus pear growth and development were 28.5-31.5 °C
and 8.6-20.4 °C, respectively. In India, optimal temperatures for cactus pear growth
prevailed during the second half (July-December) compared to the first half of the year
(January-June). In addition, the monsoon season (July-December) also encourages cactus
pear growth and development compared to the drier months of January-June (Table 1).
Therefore, planting during July-October may be favorable for sprouting, growth and
biomass yield of cactus pear in similar semi-arid areas.

Table 3. Effect of planting time on cactus pear height, width and cladode number of cactus pear at Jhansi, India.

. . Plant Height Plant Width Cladode Number Cladode Weight
Planting Time 1
(cm) (cm) (plant—1) (g
February 86.0 (£3.3*) ¢ ** 79.1 (£8.5) ¢ 14.2 (£2.5) ¢ 652.2 (£24.2) c
April 76.8 (£2.8) d 66.0 (+6.0) d 10.2 (£1.3) ¢ 585.1 (+19.2) d
July 130.1 (+£6.4) a 126.4 (£7.5) a 32,5 (+4.4) a 914.0 (+16.3) a
October 111.1 (£52) b 110.7 (£8.5) b 22.1(£2.8)b 796.0 (£16.0) b
p-value 0.001 0.001 <0.0001 <0.0001

* Standard error; ** values with different letters indicate the significance (p < 0.05).
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Figure 1. Influence of planting time on cactus pear (A) cladode width, (B) biomass yield and (C) cladode weight (different
letters above the bars indicate the significance (p < 0.05)).

The ANOVA demonstrated a significant effect of agronomic management practices for
plant width, cladode length and cladode width. However, plant height, cladode number,
cladode weight and biomass yield were not influenced by agronomic practices (Table 4).

Table 4. Effect of agronomic management on cactus pear cladode length and width and green
biomass yield at Jhansi, India.

. Plant Width Cladode Length Cladode Width
Agronomic Management
(cm) (cm) (cm)
Irrigation and fertilizer 100.1 (£7.4 %) a** 33.5(£0.7) a 154 (£0.4) a
No irrigation and fertilizer 91.0(£7.1) b 32.1(+£0.8) b 14.0 (£0.3) b
p-value 0.03 0.03 0.001

* Standard error; ** values with different letters indicate the significance (p < 0.05).

The irrigated and fertilized plots showed greater plant width (100.1 cm), cladode
length (33.5 cm) and cladode width (15.4) compared to without irrigation and fertilizer
plots where the plant width, cladode length and cladode width were recorded as 91, 32.1
and 14 cm, respectively (Table 4).

Previous studies have also shown that cactus pear responds strongly to fertilizer
application and irrigation [38,39]. A study conducted in Brazil showed a positive response
of cactus pear growth and yield with an increase in N and P fertilization rate up to
130 kg ha=! N and 190 kg ha~! P under an annual harvest schedule [18]. Similarly, cactus
pear also responds to irrigation, with higher plant growth and yield [40,41]. The significant
response of plant growth and yield to irrigation and fertilizer application may be due to
higher capacity to produce biomass per unit time [18,42]. The lack of effect of agronomic
management on plant height, cladode number, cladode weight and biomass yield could
be due to several other factors such as plant character, acclimatization ability in a new
environment and genotype genetic potential. Overall, fertilizer application and irrigation
clearly affected some growth attributes of cactus pear.

3.2. Cactus Pear Nutrient and Crude Protein Content

The main effect of both planting time and application of irrigation and fertilizer
treatments and their interaction on crude protein and all nutrient contents in cactus pear
were significant except for Cu, which was affected by the main effects of irrigation and
fertilizer application and planting time, but not by their interaction (Table 5 and Figure 2).
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Table 5. Short-term effect of irrigation and fertilizer application and planting time on cactus pear: proximate values at

Jhansi, India.

Agronomic Management Planting Total P Total K Zn Mn Fe Crude Protein
& 8 Time (gkg1) (gkg1) (mg kg-1) (mg kg1 (mg kg-1) (gkg1)
No irrigation and fertilizer February 1.4 (£0.09% g  23.7(£0.3) f 73.56 (£2.2)e 19717 (£4.0) 2955 (+4.6)e  44.2(*£1.3)g**
April 1.6 (£0.09) e  24.6(£03)d 7487 (£21)d 20250 (£4.0) 290.1 (£5.6)f 462 (+14)e
July 1.6 (£0.09) f 242 (+03)e  71.80(£2.1)f 20550 (+4.2) 299.1 (+4.6)d 45 (+1.4) f
October 1.7 (£0.11) e 25(£0.3)d 6736 (£2.3)g 19417 (£4.0)  292.1 (+44)f 469 (£1.1)d
Irrigation and fertilizer February 2 (£0.09)d 29.7 (£0.2)a  90.78 (£2.0)a  245.50 (+4.6) 338.1(+£74)b 65.2 (+1.2)a
April 2.6 (+0.06) a 29.1(+0.1)b  89.51 (£1.6)b 24350 (+4.6)  299.1 (+£6.2) ¢ 63.3(+14)b
July 22(£0.09) ¢ 284 (£03)c  88.94(£22)b 23650 (£3.6) 350.1(+44d)a  63.5(£14)b
October 2.4 (£0007)b  29.4(+0.1)b  74.87 (£2.3)c  239.83 (£3.8) 341.1(+44)b  61.5(+1.2)c
ANOVA df p-value
Planting time 3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.001
Agronomic management 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Planting time x Agronomic 3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

management

Copper (mg kg_] )

* Standard error; ** different superscript lowercase letters (column) indicate differences between mean values for each treatment (p < 0.05).
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Figure 2. Plant copper accumulation response of cactus pear to (A) planting time and (B) agronomic management practices

(different letters above the bars indicate the significance).

Macronutrient uptake by plants varied considerably with planting time, but all re-
sponded in the same way to agronomic management practice. However, total N only was
affected by agronomic management practices; irrigation and fertilizer treatment recorded a
higher total N uptake than the without irrigation and fertilizer. Total P and K uptake was
higher in those planted in April and February compared with July and October (Table 5).
Plant total P and K contents ranged within 1.4-2.6 g kg ! and 23.7-29.7 g kg !, respectively.
Among micronutrients, plant Zn and Mn contents were greater in February-planted cactus
pear with application of irrigation and fertilizer (Table 5). However, Fe and Cu levels
in plants were higher in July and in April and October, respectively, with irrigation and
fertilizer application (Table 5). Similar to plant total K, Zn and Mn, the crude protein
content was also higher in February-planted cactus pear with the application of irrigation
and fertilizer (Table 5). Several studies conducted on different forage crops concluded that
the uptake of nutrients and crude protein was influenced by planting time and agronomic
practices [43,44]. Rao and Northup [44] reported that delayed planting (i.e., after June)
of forage crops is more beneficial for crop yield and vice versa for quality aspects. It is
evident from our study that cactus pear planted after June produced higher biomass but
a lower nutrient content than cactus pear planted earlier. Probably, cladodes planted in
June accumulated more moisture and used all their energy and photosynthates for growth
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rather than accumulation of nutrients and protein. Fertilizer, irrigation and appropriate
timing of planting were likely the reasons for differences in accumulation of macronutrients
and micronutrients.

3.3. Change in Soil Properties and Nutrient Status

The year x agronomic practices interaction effect was not significant for soil properties
and nutrient content (p > 0.05). However, the individual effects of year and agronomic
practices were significant for bulk density (BD), SOC, N and P (Tables 6 and 7). Some soil
properties and nutrients (i.e., pH, EC, SMBC, K, Fe, Zn, Cu and Mn) were only affected by
agronomic practices (Tables 6 and 7).

Table 6. Short-term effect of fertilizer and irrigation application vs. no irrigation and no fertilizer application on soil
properties of cactus pear planting area at Jhansi, India.

Treatment H EC BD PD SOC SMBC
P (dSm-1) (Mg m~3) (Mg m~3) (mg kg ") (mg kg™")
Agronomic management
No irrigation and fertilizer 6.81(£0.01*)b  0.11(£0.02)a**  1.35(£0.02)b  2.30(£0.02) a 5(x0.12) b 807 (£3.06) b
Irrigation and fertilizer 6.55 (+0.03) a 0.09 (£0.01)b  1.40(£0.01)a  233(£0.01)a  59(+£0.13)a 867 (£7.95) a
Year
2020 6.70 (+0.06) a 0.11(£0.02)a  1.38(£0.01)a  233(£0.02)a  55(£021)a 839 (+1451)a
2018 6.66 (+0.05) a 0.10 (£0.02) a 136 (£0.01)b  230(£0.01)a  54(£0.12)b 834 (+1451)a
ANOVA df p-value
Agronomic management 1 0.0004 0.0002 <0.0001 0.11 <0.0001 0.0002
Year 1 0.30 0.23 <0.0001 0.15 0.002 0.52
Agronomic management x Year 1 0.37 1.00 1.00 0.82 1.00 1.00

EC, electrical conductivity; BD, bulk density; PD, particle density; SOC, soil organic carbon; SMBC, soil microbial biomass carbon.
* Standard error; ** different superscript lowercase letters (column) indicate differences between mean values for each treatment (p < 0.05).

Table 7. Short-term effect of fertilizer and irrigation application vs. no irrigation and no fertilizer application on soil nutrients of cactus
pear planting area at Jhansi, India.

Treatment N P K Fe Zn Cu Mn
(kg ha-1) (kg ha-1) (kg ha-1) (mg kg—1) (mg kg—1) (mg kg—1) (mg kg~1)
Agronomic management
No irrigation and fertilizer 234 (£4.57*)b  19(£0.68)b**  327(£10.93)b 16 (£1.42) b 1.2(£0.02) b 1.3 (£0.02) b 17.9 (£1.33) b
Irrigation and fertilizer 250 (+4.30) a 20 (£0.73) a 363 (£7.31) a 21 (£0.99) a 1.5 (£0.03) a 1.6 (£0.01) a 224 (£1.18)a
Year
2020 243 (£3.05) a 20 (£0.78) a 346 (+£12.28) a 19 (£1.72) a 1.4 (£0.08) a 1.5 (£0.07) a 20.2 (£1.61)a
2018 241 (£5.75) b 19 (£0.48) b 344 (+10.28) a 18 (£1.72) a 1.4 (£0.06) a 1.5 (£0.07) a 20.1 (£1.61)a
ANOVA df p-value
Agronomic management 1 <0.0001 <0.0001 0.001 <0.0001 <0.0001 <0.0001 <0.0001
Year 1 0.0006 0.001 0.73 0.63 0.05 0.11 0.78
Agronomic management x Year 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00

* Standard error; ** different superscript lowercase letters (column) indicate differences between mean values for each treatment (p < 0.05).

The SOC and SMBC were 3.57 and 6.92% higher at the study site in the irrigated and
fertilized plots (5.9 g kg !, 867 mg kg !, respectively) than in the site without irrigation
and fertilizer plots (5 g kg ™!, 807 mg kg, respectively, Table 6); however, soil pH and
electrical conductivity were higher in the control plots (6.81, 0.11 dS m~!, respectively)
than plots with irrigation and fertilizer (6.55, 0.09 dS m ™!, respectively, Table 6). The only
notable effect of the year factor was for BD and SOC; compared to 2018, these were 1.4%
and 1.81% higher in 2020, respectively, this is due to the role of cactus pear in enhancing
accumulation of SOC in soils through the root turnover [45,46]. Due to the cactus pear high
water-use efficiency, the addition of organic manure and irrigation may have enhanced the
water availability and root absorption of both water nutrients, which consequently enable
greater growth of cactus pear roots and cladodes and increased the soil organic matter
(SOM) caused by root activity [47,48]. SMBC is highly affected by SOM and this significant
positive relationship was reported by many researchers [49-52]. High variability in the
relationship between manure application and soil acidity was found in the literature [53].
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In the current study, the decrease in soil pH might be related to the soil conditions or to the
acidifying effect of manure application [53,54]. In a short-term study (7 years), Li et al. [55]
observed a 10% decrease in soil pH and a 44.19% increase in SOC under drip irrigation
with organic fertilizer treatment compared to before the treatments commenced.

Soil macronutrient (i.e., N, P and K) and micronutrient (i.e., Fe, Zn, Cu and Mn)
status was greatly influenced by the application of irrigation and fertilizer (Table 7). In
the irrigated and fertilized plots, the N, P, K, Fe, Ze, Cu and Mn contents were higher
than in the non-irrigated and nonfertilized plots. In irrigated and fertilized plots, the
mean of mineral contents was 234, 19 and 327 kg ha=! for N, P and K, respectively; Fe,
Zn, Cu and Mn contents in the irrigated and fertilized plots were recorded as 21, 1.5, 1.6
and 22.4 mg kg~ !, respectively and were higher by 23.8, 20, 20 and 20.8% than in the non-
irrigated and nonfertilized plots. The levels of N (234-250 kg ha~1), P (19-20 kg ha—1), K
(327-363 kg ha 1), Fe (16-21 mg kg !), Zn (1.2-1.5mg kg 1), Cu (1.3-1.6 mg kg ') and Mn
(17.9-22.4 mg kg~ !) were in the medium range in the study site. The positive effect of year
was observed only in soil N and P contents; in 2020, soil N (243 kg ha~—!)and P (20 kg ha=1)
contents were higher compared to 2018, with 241 and 20 kg ha~!, respectively. Our findings
are consistent with previous research [56]. Increases in macronutrient and micronutrient
contents in the irrigated and fertilized plots were probably due to the combined effect of
irrigation and fertilizer, which might have promoted the conversion of crop residues to
SOC and growth of the microbial population [55,57]. Overall, the short-term application of
a combination of irrigation and fertilizer could promote microbial activity, SOC buildup
and nutritional status of cactus pear.

4. Conclusions

Cactus pear is gaining increasing interest across the globe because of its unique char-
acteristics, which provide resilience to climate change impact and population pressures.
Despite its relatively recent introduction into India, cactus pear has proven its potential
to make a contribution in minimizing green fodder shortage. Nevertheless, a proper
understanding of the yield responses to different strategies of agronomic management
under field conditions would help to increase crop productivity. The aim of this study
was to explore the effects of planting time and agronomic practices (irrigation and FYM
application) on cactus pear growth and development in a semi-arid region of India. Estab-
lishment and growth were better for planting in July and October due to having enough
soil moisture and optimal temperature. However, July was a better planting time than
October in many aspects (plant height and width and cladode number and weight), in-
dicating that cactus pear responded well to the monsoon season. Similarly, agronomic
practices also influenced some of the biometric characteristics, such as plant width, cladode
length and cladode width, but not important agronomic features, such as plant height,
cladode number, cladode weight and biomass yield. This could be due to soil fertility at
the study site, which was sufficient to support cactus pear growth without irrigation and
fertilizer application. The nutrients and crude protein contents were influenced by planting
time and agronomic management practices and vice versa for biomass yield. This study
clearly showed that cactus pear cladodes planted in July in moderately fertile soils with no
nutrient supply and irrigation under semi-arid conditions in India showed better results
than other planting times. However, the response to management practices (i.e., nutrients
and irrigation application) may depend on ecosystem soil type and rainfall.
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