Evaluation of the effect of different plants species in the Push-pull strategies against Spodoptera frugiperda in Maize

Abstract
Fall armyworm, Spodoptera frugiperda (Noctuidae: Lepidoptera), is an economically important invasive pest of maize. Habitat manipulation is a form of conservation biological management that uses cover crops/hedge rows/flower strip crops in the main crop field to conserve beneficial insect fauna such as natural enemies. Push pull strategies is a most effective way of managing the pest is through the use of companion cropping system. It involves intercropping maize with repellent plants such as Desmodium (Push) and planting an attractive trap plants such as Napier grass and sudan grass (pull) as a border crop around this intercropped field. An experiment was conducted to evaluate the performance of the push-pull strategies in maize for the management of fall armyworm. Seven treatments viz., Maize + Green leaf fodder (Desmodium sp.) (trap/border crop: Napier grass) :Conventional Push-Pull Technology, Maize + Groundnut (Trap/border crop: Sudan grass), Maize + Cluster bean (Trap/border crop: Sudan grass), Maize + Cowpea (Trap/border crop: Sudan grass), Maize + Sunhemp (Trap/border crop: Sudan grass), Maize + Soybean (Trap/border crop: Sudan grass) and monocrop of maize were evaluated for the severity of damage caused by fall armyworm. The per cent plant damage and number of larvae per 25 plants were significantly less in the maize + Desmodium sp. at 12 weeks after planting compared to the monocrop of maize. The abundance of Coccinellid predators, Earwigs and spiders was significantly higher in maize intercropped with Desmodium sp. (conventional push-pull technology) compared to the sole crop of maize. The results of the study indicated the push-pull strategies in reducing fall armyworm damage in maize.
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Introduction
	Maize (Zea mays L.) is the major cereal crop that contributes significantly to the global agricultural economy. It is often referred to as the "Queen of Cereals" around the world due to its great genetic yield potential and adaptability (Ashok et al., 2021). Apart from being a staple food for humans and a high-quality feed for animals, maize is also used as a raw material in a variety of industrial goods. Maize is planted on 192.14 million hectares worldwide, yielding 1,113.02 million tonnes with a productivity of 5,790 kg ha-1 (Anonymous, 2020). In India, maize is a very important cereal crop that is grown on a large scale. It ranks fourth in the world in terms of land area and seventh in terms of production. India grows 4 percent of the world's maize and makes 2 percent of the world's maize (Srujana et al., 2021). Maize is India's third-most significant food crop, after rice and wheat. The maize crop covers around 9.2 million ha in 2018-19 with an output of 280.80 million MT and average productivity of 3070 kg/ha (Ashok et al., 2021; DACNET, 2021). Maize crops span around 0.89 lakh hectares in Rajasthan, with average productivity of 1355 kg per hectare (Anonymous, 2019-20).
	Fall armyworm (Spodoptera frugiperda) was first reported in Africa in 2016 as an invasive pest (Goergen et al., 2016); as a highly transboundary migratory pest (Otim et al., 2021), “it has the potential to cover a large geographical area in a short period of time. In 2018, this pest was reported as an invasive pest in a number of Asian countries, including Yemen, India, Thailand, Myanmar, and Sri Lanka” (Liu et al., 2019), Bangladesh (Chhetri and Acharya 2019), and has since spread to China and Korea (Zhang et al., 2019; Guo et al., 2018; Lee et al., 2020), Vietnam and Japan, as well as Queensland, Australia (Nayyar et al., 2021). In India, fall armyworm was first detected on maize in May 2018 in the state of Karnataka (Sharanabasappa et al., 2018). “It has expanded to various states in the country, including Andhra Pradesh, Bihar, Chhattisgarh, Gujarat, Madhya Pradesh, Maharashtra, Odisha, Rajasthan, Tamil Nadu, Telangana, Kerala and West Bengal” (Ramesh Babu et al., 2019), Arunachal Pradesh, Meghalaya, Manipur, Sikkim, Mizoram, Nagaland, and Tripura (Firake et al., 2019). FAW was found for the first time in Rajastahan in early 2019 in the state's southern area on kharif and rabi maize, causing severe losses in the crop (Ramesh Babu et al., 2019; Deepika et al., 2020; Ahir et al., 2021).	
	“Push-pull technology (PPT) is a conservation agriculture intercrop technology that protects and enhances natural resources productivity and ecosystem services in mixed farming systems. Push-pull tactics are used to manipulate the behaviour of insect pests and their natural enemies by integrating cues that make the protected resource unpleasant or inappropriate for the insects (push) while drawing them toward a desirable source (pull) from which the pests are then removed” (Shankarkumar et al., 2022). “Generally, the push and pull components are harmless. As a result, the measures are often combined with population reduction techniques, ideally with the biological control. Push-pull techniques increase the effectiveness of behavior-modifying stimuli by combining their usage. The technique is an effective method for decreasing pesticide input in integrated pest control systems” (Cook et al., 2007). “This approach entails intercropping maize with fodder legumes of the family Desmodium and using Napier grass (Pennisetum purpureum, Schumach) as a trap plant around the intercrop. Desmodium's volatile compounds deter stemborer moths (push component), while its roots emit an allelochemical that inhibits Striga weeds” (Khan et al., 2000; Tsanuo et al., 2003; Khan et al., 2008a, 2008b).
Materials and Methods
	A field experiment was conducted at the Agronomy farm, Rajasthan College of Agriculture, Udaipur in Kharif 2021 to study the performance of push-pull strategies against Spodoptera frugiperda in maize. The experiment was done in a Randomized Block Design (RBD) with seven treatments and three replications. In this case, the intercrops were made up of different types of crops: groundnut and soybean. They were also made up of different types of crops like cowpea, cluster bean, sunflower, and Sudan grass as a trap/border crop. With push-pull technology (PPT), maize crops were mixed with Desmodium, and Napier grass was used to line the edges of this plot. There was a 60 cm x 20 cm inter and intra-row spacing for the maize crop in the field. 0.5 m away from the edges of the maize field plots were two rows of Sudan grass (pull-plant). The inter and intra-row spacing of the Sudan grass batch was 0.5 m and 0.5 m, respectively, for the rows of Sudan grass.

Observations 
(Charles et al., 2017; Gebreziher et al., 2020; Guera et al., 2020 and Udhayakumar et al., 2020). 
	Numbers of FAW plant damage were counted from 25 randomly selected plants across the PPT maize plots and monocrop maize plots in order to assess the impact of PPT adoption during Kharif, 2021 experiments were evaluated by comparing PPT adopted maize plots with monocrop plots using FAW infestation; The plants that had been damaged were looked at for signs like skeletonized leaves and windowed whorls filled with fresh larval frass. The per cent plant damage was calculated by dividing the total number of plants in the plot by the number of injured plants. At 3, 6, 9 and 12 weeks after planting, observations on fall armyworm damage and live larvae per 25 plants were made. On young leaves, leaf whorls, tassels, or cobs of maize, fall armyworm larvae can be found (Goergen et al., 2016). As a result, the levels of pests and damage to young leaves and leaf whorls during vegetative growth were assessed non-destructively. A look at each plant was then done. FAW eggs and larvae on each plant were counted, summed, and then divided by the number of plants to get the number of eggs or larvae per plant. During the vegetative phase of the plants, the FAW larvae eat the leaves, leaving behind skeletonized leaves and whorls filled with larval frass (Goergen et al., 2016). So, damage caused by larvae was measured by looking at the vegetative parts of each of the 25 plants to see if there was visible larval damage. The percentage of plants damaged per plot was then calculated. At the reproductive stage of maize, the larvae target reproductive organs, boring into the ears; From push-pull technology maize fields and sole crop maize plots, yield per plot data was recorded and converted to yield per hectare. 

Statistical Analysis 
	All data collected were subjected to the analysis of variance. Data on fall armyworm proportion of plant damage were averaged for each plot; analyzing using an unpaired two-sample t-test to derive comparisons between the PPT adopted maize plots and maize monocrop plots. Data on fall armyworm infestation levels, plant damage and grain yields of maize were averaged for each plot; analyze using a t-test to derive comparisons between the push-pull and maize monocrop plots. Data on fall armyworm larval counts were square root transformation; while data on proportions of plant damage were subjected to arcsine transformation before analysis to normalize the data and stabilize the variance. Analysis of variance was used to compare the effect of intercrops on a number of live larvae per 25 plants, per cent plant damage and natural enemy population, where significant differences were detected; treatment means were separated using Tukey’s HSD (0.5%) (Udhayakumar et al., 2020).

Results
	The percent plant damage and number of live larvae per 25 plants were recorded at 3, 6, 9 and 12 weeks after planting and presented in Table 1 and Figure 1 and 2. There was a significant difference in the number of live larvae between the intercropped plot and monocrop plot of maize (F value = 119.42; P value < 0.0001). Among the intercropped systems, the lowest number of live larvae per 25 plants was recorded in maize intercropped with Desmodium sp. and Napier grass as a border crop (Conventional Push Pull Technology) (14.67) which was statistically at par with maize + Sunhemp (15.83). The other treatments maize + soybean (17.67), maize + groundnut (17.83), maize + cowpea (19.33) and maize + cluster bean (21.33) recorded a low number of live larvae per 25 plants when compared to sole maize crop (29.00). The percent plant damage of maize significantly varied between the treatments (F value = 295.48; P < 0.0001) at twelve weeks after planting. The per cent plant damage of 77.78 was recorded in the sole maize crop when compared to maize + Desmodium sp. with Napier grass as the border crop (Conventional Push Pull Technology) (23.70). This treatment was statistically at par with intercropped systems with sudangrass as a border crop in which maize + sunhemp had recorded 24.44 per cent plant damage. The other intercropped systems like maize + soybean, maize + groundnut, maize + cowpea and maize + cluster bean had a plant damage percentage of 30.37, 31.11, 34.07 and 37.04, respectively.  

Table 1. Per cent Plant Damage and Mean no. of Live Larvae of Fall Armyworm (FAW) on Maize Intercropped with legumes and Sudan Grass (Border Crop),Conventional Push-Pull Technology (PPT) and SoleMaize during Kharif, 2021
	Treatment
	
	Per cent plant damage
	Mean number of live larvae per 25 plants

	
	3 weeks
	6 weeks
	9 weeks
	12 weeks
	3 weeks
	6 weeks
	9 weeks
	12 weeks

	T1
	10.37*
(18.76)d
	16.30
(23.80)e
	20.00
(26.54)e
	23.70
(29.11)d
	3.33**
(3.83)b
	8.00
(8.50)c
	12.33
(12.83)d
	14.67
(15.17)e

	T2
	15.56
(23.19)bc
	22.22
(28.13)cd
	25.19
(30.12)cd
	31.11
(33.89)c
	4.67
(5.17)b
	11.67
(12.17)bc
	14.67
(15.17)cd
	17.83
(18.33)cd

	T3
	16.30
(23.80)bc
	27.41
(31.56)b
	31.11
(33.89)b
	37.04
(37.49)b
	6.33
(6.83)ab
	14.00
(14.50)ab
	18.33
(18.83)b
	21.33
 (21.83)b

	T4
	17.04
(24.37)b
	25.93
(30.58)bc
	29.63
(32.96)bc
	34.07
(35.71)bc
	6.17
(6.67)ab
	13.00
(13.50)ab
	17.33
(17.83)bc
	19.33
(19.83)bc

	T5
	11.85
(20.12)cd
	17.04
(24.37)e
	20.74
(27.09)de
	24.44
(29.63)d
	3.67
(4.17)b
	10.67
(11.17)bc
	13.67
(14.17)d
	15.83
(16.33)de

	T6
	13.33
(21.42)bcd
	19.26
(26.02)de
	22.96
(28.63)de
	30.37
(33.44)c
	4.00
(4.50)b
	11.33
(11.83)bc
	14.00
(14.50)d
	17.67
(18.17)cd

	T7
	30.37
(33.40)a
	42.96
(40.95)a
	62.22
(52.08)a
	77.78
(61.89)a
	8.33
(8.83)a
	16.67
(17.17)a
	23.00
(23.50)a
	29.00
(29.50)a

	F value
	29.99
	80.81
	148.25
	295.48
	7.84
	11.78
	42.33
	119.42

	P value
	P< 0.0001
	P< 0.0001
	P< 0.0001
	P< 0.0001
	P< 0.001
	P< 0.0001
	P< 0.0001
	P< 0.0001


Mean values followed by different letters are significantly different by Tukey’s test (P ≤ 0.05); *Figures in parenthesis are arc-sine transformed values and **Figures in parenthesis are square root transformed values. Note: T1: Maize + Desmodium (1:1) +Napier grass as border crop (Conventional Push-Pull Technology), T2: Maize + Groundnut (1:1) + Sudan grass as border crop, T3: Maize + Cluster bean (1:1) + Sudan grass as border crop, T4: Maize + Cowpea (1:1) + Sudan grass as border crop, T5: Maize + Sunhemp (1:1) + Sudan grass as border crop, T6: Maize + Soybean (1:1)   + Sudan grass as border crop, T7: Maize sole crop (1:1) + Sudan grass as border crop.

Figure 1: Per cent plant damage of FAW on maize intercropped with legumes and Sudan grass (border crop) (Conventional push-pull Technology) and sole maize during kharif, 2021

Figure 2: Mean no. of FAW on maize intercropped with legumes and Sudan grass (border crop) (Conventional push-pull Technology) and sole maize during kharif, 2021

Natural enemy complex
	In the present study, the major predators of Coccinellids, spiders and earwigs were observed. Cheilomenes sexmaculata (Fabricius) was recorded as a major coccinellid species observed in the present study on the maize crop (Table 2 and Figure 3). The number of Coccinellids (F value = 18.17; P value <0.0001), Spider (F value = 8.61; P value <0.0001) and Earwig (F value = 3.00; P value <0.013) predators recorded per plant differed significantly between the treatments. The number of coccinellids per maize plant recorded on intercrops with Desmodium sp. (Conventional Push Pull Technology) (4.83), cowpea (4.33), Sunhemp (4.00), soybean (3.17), groundnut (2.83), cluster bean (2.00) and sole maize crop (1.67). The highest number of spider predators per plant was recorded in maize intercropped with Desmodium sp (Conventional Push Pull Technology) (3.00) which was statistically on par with sunhemp (2.67), cowpea (2.33), groundnut (2.00) and soybean (2.00). Whereas, treatment with maize + cluster bean recorded 1.33 per plant and sole maize crop (0.67). Earwig predators per plant were recorded in maize intercropped with cowpea (1.67), Desmodium sp (Conventional Push Pull Technology) (1.33), Sunhemp (1.00), groundnut (1.00), soybean (0.67), cluster bean (0.33) and sole maize crop (0.33) which was statistically at par with each other.

Table 2. Population of predators were recorded per plant on different treatments
	Treatment

	Coccinellids
	Spiders
	Earwigs

	T1
	4.83
(2.31)a
	3.00
(1.87)a
	1.33
(1.34)a

	T2
	2.83
(1.82)cd
	2.00
(1.58)ab
	1.00
(1.22)a

	T3
	2.00
(1.58)de
	1.33
(1.34)bc
	0.33
(0.88)a

	T4
	4.33
(2.20)ab
	2.33
(1.68)ab
	1.67
(1.46)a

	T5
	4.00
(2.12)abc
	2.67
(1.77)ab
	1.00
(1.22)a

	T6
	3.17
(1.91)bcd
	2.00
(1.58)ab
	0.67
(1.05)a

	T7
	1.67
(1.46)e
	0.67
(1.05)c
	0.33
(0.88)a

	F value
	18.17
	8.61
	3.00

	P value
	< 0.0001
	< 0.0001
	< 0.013


Mean values followed by different letters are significantly different by Tukey’s test (P ≤ 0.05); Figures in parenthesis are square root transformed values. Note: T1: Maize + Desmodium (1:1) + Napier grass as border crop (Conventional Push-Pull Technology), T2: Maize + Groundnut (1:1) + sudan grass as border crop, T3: Maize + Cluster bean (1:1) + sudan grass as border crop, T4: Maize + Cowpea (1:1) + sudan grass as border crop, T5: Maize + Sunhemp (1:1) + sudan grass as border crop, T6: Maize + Soybean (1:1) + sudan grass as border crop, T7: Maize sole crop (1:1) + sudan grass as border crop.

Figure 3: Population of predators recorded per plant on different treatments

Discussion
[bookmark: _GoBack]	“Push-pull technology (PPT) farming system intensification involves luring insect pests with trap plants (pull) like Brachiaria or Napier grass (Pennisetum purpureum), driving them away from the primary crop with a repellent intercrop (push) like the Desmodium species, and luring natural parasitoids and predators to the field” (Khan et al., 2018). Similarly, several studies demonstrated that PPT is acceptable, cost-effective, and beneficial to smallholder farmers in the region for FAW management (Kassie et al., 2018; Midega et al., 2018; Hruska, 2019; Midega et al., 2018). Midega et al., (2018) also observed that maize PPT plots generated significantly higher grain yields and maize plant height than maize monocrop plots. The push-pull strategy adopted by smallholder farmers resulted in efficiently reducing FAW infestation mediated by semiochemicals released by the push-and-pull plants (Midega et al., 2015a & 2015b; Midega et al., 2018).
	The present study concurs with the stated findings where intercropped maize with leguminous crops resulted in a significantly lower FAW infestation, compared with mono-cropped maize. Within leguminous crops intercropped with maize, levels of FAW infestation were relatively similar (65% bean, 74% soybean, and 64% groundnut) and differences were not significant as reported by Hailu et al., (2018).
	In the current research, maize intercropped with Desmodium sp. and Napier Grass as border crop resulted in the lowest number of live larvae of S. frugiperda and the lowest percentage of maize plant damage, which was then followed by maize intercropped with Sunhemp, groundnut, soybean, cowpea and cluster bean along with sudangrass as a border crop. Similar to the present study results, Udaya Kumar et al., (2020) revealed that Desmodium sp. intercropped maize recorded the least number of live larvae per 25 plants and percent plant damage by the fall armyworm. Broad bean and groundnut intercropped with maize had similar percentages of plant damage and live larval counts. The findings of the present research concur with those of Hailu et al., (2018), who found that the climate-smart push-pull technique (maize intercropped with Desmodium intortum and border cropped with Brachiaria species) had the lowest average severity index for autumn armyworm (1.37). Similarly, fall armyworm infestations were seen in maize intercropped with bean, soybean, and peanut, according to Khan et al., (2010), who found no appreciable changes across the treatments. The volatiles of Napier grass was observed to attract adult moths for oviposition, whereas the volatiles of Desmodium species was reported to discourage adult moths from oviposition. The field effect of the Push–Pull systems was proposed by Guera et al. 2021 for the management of S. frugiperda in maize crops in the state of Morelos, Mexico. They observed significant differences in the incidence of S. frugiperda (Fall Armyworm (FAW)) in the Push–Pull Systems at 7, 14 and 21 days. The lowest incidences were recorded in the maize intercropped with Brachiaria cv Mulato II and Crotalaria junceasystem and the highest in the monoculture of maize.
	The major predators' Coccinellids, Spiders and Earwigs were observed. The number of Coccinellids and Spiders was recorded as maximum in Desmodium sp. (Conventional Push Pull Technology), least in sole maize crop. The Earwig was highest in cowpea while least in sole maize. Similarly, Parthiban et al., (2018) reported the maximum population of natural enemies, such as Coccinellids (8.11 and 3.13 nos./10 plants) and green lacewings (5.94 and 2.27 nos./10 plants) was found in groundnut intercropped with maize and bajra at a 4:1 ratio, which is also supported by the present findings. Sharanabasappa et al., (2019) reported the natural enemies of coccinellid predators to include Harmonia octomaculata (0.5-1.00 numbers per plant) and Coccinella transversalis (0.5-1.00 numbers per plant) which are also supported with the present investigation. Tenient et al., (2020) reported that generalist predators were the most abundant natural enemies in maize and sorghum fields, which strongly supports the findings of the present study. The predators Eocanthecona furcellata, Andrallus spinidens, Forficula spp. and ground beetles have all been observed feeding on FAW life stages in southern India reported by Shylesha and Sravika (2018) and Sharanabasappa et al., (2019) which is also consistent with the present findings. The predatory nature of Oxyopus birmanicuson FAW larvae was earlier reported by Firake and Behere (2020).

Conclusions
	The current study found that the push-pull strategy can significantly reduce FAW infestation in maize. Push-pull is a harmless and effective method for integrated pest management. It is mainly concerned with the behavioral manipulation of the pests and natural enemies whereby several companion crops are grown with the main crop. Intercropping with legumes is a relatively economical, pesticide-free, and sustainable intervention that could easily be adopted by small farmers for management of FAW infesting maize. Intercrops not only help with pest management but they also provide additional yield of intercrops such as Desmodium sp., Cowpea, Cluster Bean, Groundnut, Soybean etc. apart from maize and restore soil fertility through nitrogen fixation.
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3rd 	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	10.370000000000006	15.56	16.3	17.04	11.850000000000026	13.33	30.37	6th 	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	16.3	22.22	27.41	25.93	17.04	19.260000000000002	42.96	9th	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	20	25.19	31.110000000000031	29.630000000000031	20.74	22.959999999999987	62.220000000000013	12th	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	23.7	31.110000000000031	37.04	34.07	24.439999999999987	30.37	77.78	Per cent plant damage
3rd 	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	3.3333333333333335	4.67	6.33	6.17	3.67	4	8.3333333333333304	6th 	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	8	11.67	14	13	10.67	11.333333333333334	16.666666666666668	9th	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	12.33	14.67	18.329999999999988	17.329999999999988	13.67	14	23	12th	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	sole crop of maize	14.67	17.829999999999988	21.330000000000005	19.329999999999988	15.83	17.670000000000005	29	Live larvae per 25 plants 
No of Coccinellids per plant	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	monocrop of maize	4.83	2.8299999999999987	2	4.33	4	3.17	1.6700000000000021	No of Spiders per plant	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	monocrop of maize	3	2	1.3333333333333333	2.3333333333333335	2.6666666666666665	2	0.66666666666666663	No of Earwigs per plant	Maize+Desmodium 	Maize+Groundnut	Maize+Cluster bean	Maize+Cowpea	Maize+Sunhemp	Maize+Soybean	monocrop of maize	1.3333333333333333	1	0.33333333333333331	1.6666666666666667	1	0.66666666666666663	0.33333333333333331	Number of predators per plant
