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Soybean production is substantially affected by insect pests, necessitating the implementation of appropriate management strategies. Effective irrigation and fertilizer regimes have been found to affect pest populations in agroecosystems. However, their interactive effects on herbivore incidence are less understood. This study reports the abundance and diversity of insect pests, especially hemipteran, lepidopteran, and stink bug species complexes, encountered on soybeans throughout their vegetative and reproductive growth stages under varying irrigation and micronutrient treatments. First, we compared total and major insect pest population densities in irrigated and rainfed conditions. Afterwards, we evaluated how the frequency of insect pests on soybean was influenced by the foliar application of various micronutrients (Fe, Zn, and Fe + Zn) compared to the control plots. This field experiment was repeated over two growing seasons, during 2023 and 2024. Results showed that total insect pest populations were significantly higher (p<0.001) in control plots than in plots treated with the combined micronutrients (Fe + Zn). However, compared to rainfed treatment, irrigated soybean attracted significantly more insect herbivores. Furthermore, micronutrients had no significant impact on reducing pest pressure when applied in conjunction with irrigation. These findings indicated that micronutrients and irrigation can have complex effects on plant-insect interactions, and the specific effects may depend on particular nutrients, crop species, and water availability. These findings also provide evidence that combining foliar applications of ferrous and zinc in soybean fields can efficiently decrease insect pest populations independent of irrigation.
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1 Introduction


Soybean (Glycine max (L.) Merr.), is the sixth most commonly grown agricultural crop that generates around 53% of the world’s seed oil production (Beta and Isaak, 2016). Globally, Brazil, United States, and Argentina are the top three producers. In 2023-24, the United States produced approximately 113.27 million metric tons of soybeans, which accounted for 29% of global soybean production (USDA-FAS Production-Soybeans). However, in 2023, damage by invertebrate pests resulted in a loss of 1.6% of soybean bushels across 19 states. The total management costs were estimated to be 669.3 million USD, which also accounts for non-targeted insecticide applications (Soybean Invertebrate Loss Estimates from the United States, 2023). Due to their negative impact on crop yield through extensive defoliation, insect pests are a major concern in row crop production, and soybean production. The severity of insect pest damage depends upon the specific type of insect, their growth stage, and the crop being cultivated (Barathi et al., 2024). While numerous strategies are employed to control insect pests, chemical insecticides are the most widely adopted approach. However, the unregulated application of insecticides results in a considerable ecological footprint of pesticides on the environment, leading to the development of insect pest resistance and contamination of non-target ecosystems, including soil and water (Ren et al., 2023).


Globally, soybean production is threatened by diverse leaf-feeding and pod- damaging pests. Early monitoring of insect pest incidence is crucial for preventing severe damage; also, the use of appropriate management strategies is critical for yield. In the United States, nearly 700 insect pest species have been documented that attack soybean (Gautam et al., 2024; Greene et al., 2021). Among these, approximately 20 species or species complexes are recognized as significant economic pests (Steffy, 2015). Furthermore, various widely distributed insect pests may have considerable economic impact in certain soybean production regions while being minor in other systems. This suggests that there are additional, unidentified factors that affect the status of these pests (Steffy, 2015). The increasing impact of climate change is causing a growing concern about the adaptation of herbivore pest populations and their resistance to insecticides. Ultimately, how genetic changes shape the diversity and distribution of herbivore pest dynamics is not fully understood. Therefore, incorporating efficient agronomic practices could be a more sustainable solution for soybean pest management.


Identifying the pest’s status and population dynamics is crucial in any pest management program. Once the exact pest species and phenology are understood, management efforts can focus on species specific recommendations. Proper knowledge of the infestation and population dynamics of key insect pests facilitates the use of more targeted control methods. Lepidopteran insect species are one of the most critical pest groups in soybean (Murúa et al., 2018). Currently, Bt soybeans and foliar insecticides are used for control of the primary lepidopteran pests such as Anticarsia gemmatalis (Hübner) (Lep: Erebidae), Chrysodeixis includens (Walker) (Lep: Noctuidae), Hypena scabra (Fabricius) (Lep: Erebidae), and Spodoptera sp (McPherson and MacRae, 2009; Yu et al., 2013; Bernardi et al., 2014; Debnath et al., 2024). The soybean looper (Chrysodeixis includens Walker) has been reported as a significant pest of soybean in almost all states in the United States (Huseth et al., 2021; Ayala et al., 2024). In addition, Threecornered alfalfa hopper (TCA), Spissistilus festinus (Say) (Hemiptera: Membracidae), is also considered a pest of soybeans that causes injury and yield loss in certain scenarios. Stink bug complex (i.e., Green stink bug, Brown stink bug, Redbanded stink bug, and Southern green stink bug) (Hemiptera: Pentatomidae) are usually the late-season insect pests affecting soybean production in the United States. They utilize their piercing and sucking mouthparts to puncture plant tissues and extract fluids, which ultimately reduces both the yield and quality of the crops. Clearly, soybean hosts a wide range of insect pests that vary in their feeding guild, spatiotemporal dynamics, and taxonomic status.


Rainfall remarkably influences more than 90% of United States soybean production, resulting in substantial yield fluctuations between wet and dry years (NASS, 2013). Irrigation can significantly enhance soybean yields and profitability, particularly in soils that are prone to water deficiency (Karam et al., 2005). The reproductive stage of soybean is most vulnerable to yield reduction due to water deficiency, whereas water scarcity at the flowering stage has a comparatively lesser impact on yield (Andrade, 1995; Lich et al., 2013). Studies from other systems show that irrigation can significantly impact pest incidence. For example, in tomato, Colella et al. (2014) recorded that the population abundance of glasshouse whitefly, potato aphids, and leafhoppers was higher in the irrigated plots when compared to control. Similarly, the mustard aphid population increased significantly in the Chinese cabbage field after increased irrigation (Dhaliwal and Arora, 2002). In addition, soil moisture levels can have a direct impact on the water content of insects, subsequently influencing their physiological processes and population dynamics (Chang et al., 2008). Taken together, the dynamics of insect pest populations in an environment are determined by the physiological, morphological, and behavioral adaptations of insects in response to abiotic and biotic stressors (Djaman et al., 2019).


In addition to irrigation, fertilizer application is a major management practice that significantly affects crop nutrition and consequently, their growth, yield, and defenses. The impact of irrigation and nutrient management differs across various crop systems (Bala et al., 2018). Interestingly, insect pest preferences also can be influenced by the type and quantity of micronutrients used (Kazemi-Dinan et al., 2015; Dueli et al., 2021). Secondary nutrients such as calcium and micronutrients like zinc and ferrous enhance plant resistance against insect pests, reducing pest populations, and they can be efficiently integrated with other pest management practices (Bala et al., 2018). More importantly, a recent meta-analysis examining the nutrient enrichment effects of nitrogen (N), phosphorus (P), and (N + P) reported a significant negative impact of N enrichment and (N + P) on arthropod abundance (Nessel et al., 2023). Although the effects of fertilizer application and irrigation on pest incidence are broadly reported (Zaffaroni et al., 2020), to date, no studies are available on the impacts of the interaction between irrigation and micronutrients on insect pests in soybean. Identifying the prevalent insect pest populations is key to the selection of effective pesticides and their application rates, in addition to optimizing pest control strategies in accordance with economic thresholds.


The primary objectives of our study were: (i) to construct a comprehensive database of insect pests that attack soybean in the southern United States, (ii) to determine the pest population fluctuations during soybean growth stages, (iii) to examine the impact of irrigation on insect pest population dynamics, (iv) to explore the effect of different micronutrients (Fe, Zn, and a combination of Fe and Zn) on total and significant insect pests, and (v) to assess the possible interactive effects of micronutrients and irrigation on soybean pests under field conditions.






2 Materials and methods





2.1 Experimental site and layout


The experiments were conducted for two consecutive cropping seasons during the summers of 2023 and 2024 at the USDA-ARS farm in Stoneville, Mississippi, United States, situated at a latitude of 33° 26’57” N, and a longitude of 90° 52’08” W (
Figure 1
). The experiment design was a split-plot design with four replications, where irrigation was the whole plot treatment and micronutrient fertilizer treatments were subplots. The size of each plot was 60.96 m long and rows 7.73 m wide. Irrigation and micronutrient treatments were replicated four times, resulting in a total of 32 plots (
Figure 2
).


[image: A composite image showing three parts: a U.S. map with color-coded elevation, focusing on Mississippi; a detailed map of Mississippi highlighting cities like Jackson and Greenville; and a photograph of a lush green agricultural field under a cloudy sky.]
Figure 1 | 
A map showing the experiment site in Mississippi, United States (A, B) and field picture of experiment location (C).




[image: Diagram illustrating a field layout for an experiment with four replications. Each replication consists of two blocks: irrigation and non-irrigation. The blocks contain eight rows labeled Control (C), Ferrous (F), Zinc (Z), and Ferrous + Zinc (FZ), arranged in different sequences. The plot size is 61 meters, orientated north to south. A compass in the top left indicates cardinal directions. The key at the top identifies color codes for each treatment: blue for Control, green for Ferrous, yellow for Zinc, and red for Ferrous + Zinc.]
Figure 2 | 
A schematic diagram of experimental field layout, showing four sub-plots together representing one whole plot. Irrigation treatment was applied to the whole plot, and different colors were used for sub-plots indicating particular micro-nutrient treatments applied to that plot.








2.2 Treatments


Irrigation treatments were (1) Rainfed-fully dependent on precipitation and (2) Furrow irrigation- irrigated five times in 2023 (6/8/2023, 6/27/2023, 7/27/2023, 8/4/2023, 8/23/2023) and three times in 2024 (6/24/2024, 7/9/2024, 7/31/2024) depending on amount of rainfall received. The micronutrient treatments were foliar application of (1) zinc (Zn), (2) ferrous (Fe), and (3) Zn + Fe, and (4) no micronutrient control. Soybean variety 48XFO was planted on April 18, 2023, and April 26, 2024. The Fe was applied at 2.80 kg ha-1 and Zn at 5.60 kg ha-1,respectively. The micronutrients (Zn and Fe) were foliar applied 48 days after planting (DAP) in both the 2023 and 2024 seasons.






2.3 Insect sampling


Over the two years, weekly insect collections (for 12 weeks) were made using sweep nets during the vegetative and reproductive (V3-R7) phase of soybean growth. A total of 7.62 m length (25 sweeps) was sampled in the eight-row plots. Four sweep net sampling were conducted for each treatment/week. The sweep samples were collected in a foldable mesh cage (30 x 30 x 30 cm) and then kept at -20°C before being counted. Both quantitative and qualitative analyses of the insects and their developmental stages were carried out, and insect identification and quantification were performed in the laboratory by using a stereo zoom microscope (Leica S6E, Leica, United States).






2.4 Statistical analysis


Quantitative differences in the total and significant pest population of control and micronutrient treatment were compared using one-way analysis of variance (ANOVA) (SPSS software, version 25.0). A Tukey’s HSD mean comparison test was performed when significant differences were found following ANOVA. Student’s t-test was used to analyze the population abundance of insect pests between irrigated and rainfed conditions (SPSS software, version 25.0) (Zar, 1999). A principal component analysis (PCA) was conducted to show the effect of different micronutrients on irrigation under rainfed and irrigated conditions as variables (XLSTAT version 13). Shannon-Wiener Index (H’) and Simpson’s diversity index (1-D) were used to estimate the diversity of different insect pest species/complexes. Individual effects and interaction of irrigation and micronutrients were analyzed using a two-way ANOVA (SPSS), and Sigma Plot 14.0 (Sigma Plot Software, Palo Alto, California, USA) was used to graph the plots.


The Shannon-wiener index (H’) is defined as: H=- Σ Pi In Pi


Where, Pi=S/N


S=number of individuals of one species; N=total number of all individuals in the sample


In=logarithm to base e


Simpson’s Index is expressed as:
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Where, n=the total number of organisms of a particular family


N=the total number of organisms of all families







3 Results





3.1 Composition and abundance of insect pests in soybean field


A total of 13,995 insect pests belonging to five families and more than 34 different species, were collected during two growing season (as listed in 
Table 1
). In the 2023 growing season, the total number of insects collected was 7549; among these, highest proportion was of hemipteran insects (58.54%), and the dominant hemipteran species was threecornered alfalfa hopper (TCA), Spissistilus festinus (Say) (36.1%) in 2023, and (31.55%) in 2024. The proportion of lepidopteran species complex was 6.13% in 2023 and 6.49% in 2024 of the total insect samples. Stink bug complex (i.e., Green stink bug, Brown stink bug, Redbanded stink bug, and Southern green stink bug) accounted for 1.6% in 2023 and 1.8% in 2024. Meanwhile, the remaining species in the 2023 season accounted for 56.17% in 2023 and 60.16% in 2024 out of the total insect samples collected.



Table 1 | 
Number and types of insect pest collected from established soybean plot during the period of 2023-2024.





	Name of insect pest (Common name)

	Scientific name and authority

	Order and family

	Life stage

	Number of spp. in 2023

	Percentage (%)

	Number of spp. in 2024

	Percentage (%)

	Number of spp. during 2023-24






	Green stink bug
	
Acrosternum hilare (Say)
	(Hemiptera: Pentatomidae)
	Adult
	18
	0.24
	10
	0.15
	28



	Nymph
	12
	0.16
	2
	0.03
	14



	Brown stink bug
	
Euschistus servus (Say)
	(Hemiptera: Pentatomidae)
	Adult
	58
	0.77
	51
	0.79
	109



	Nymph
	21
	0.28
	12
	0.19
	33



	Southern green stink bug
	
Nezara viridula (Linnaeus)
	(Heteroptera: Pentatomidae)
	Adult
	2
	0.03
	24
	0.37
	26



	Nymph
	3
	0.04
	16
	0.25
	19



	Red-shoulderd stink bug
	
Thyanta custator (Fabricius)
	(Hemiptera: Pentatomidae)
	Adult
	6
	0.08
	1
	0.02
	7



	Plant bug
	
Cimex striatus L.
	(Hemiptera: Miridae)
	Adult
	7
	0.09
	4
	0.06
	4



	Spined soldier bug
	
Podisus maculiventris (Say)
	(Hemiptera: Pentatomidae)
	Adult
	2
	0.03
	4
	0.06
	6



	Nymph
	1
	0.01
	3
	0.05
	4



	Broad headed bug
	
Alydus calcaratus (Amyot & Serville)
	(Hemiptera: Alydidae)
	Adult
	13
	0.17
	24
	0.37
	37



	Burrower bug
	
Cydnus aterrimus (Billberg)
	(Hemiptera: Cydnidae)
	Adult
	136
	1.81
	38
	0.59
	174



	Threecornered alfalfa hopper
	
Spissistilus festinus (Say)
	(Hemiptera: Membracidae)
	Adult
	2581
	34.28
	1928
	29.88
	4509



	Nymph
	137
	1.82
	108
	1.67
	245



	Potato leafhopper
	
Empoasca fabae (Harris)
	(Hemiptera: Cicadellidae)
	Adult
	1274
	16.92
	2268
	35.15
	3542



	Tarnished plant bug
	
Lygus linoleris (Palisot de Beauvois)
	(Hemiptera: Miridae)
	Adult
	20
	0.27
	11
	0.17
	31



	American grasshopper
	
Schistocerca americana (Dirsh)
	(Orthoptera: Acrididae)
	Adult
	116
	1.54
	75
	1.16
	191



	June beetle
	
Phyllophaga sp

	(Coleoptera: Scarabaeidae)
	Adult
	1
	0.01
	3
	0.05
	4



	Japanese beetle
	
Popillia japonica Newman
	(Coleoptera: Scarabaeidae)
	Adult
	41
	0.54
	3
	0.05
	44



	Margined blister beetle
	
Epicauta funebris Horn
	(Coleoptera: Meloidae)
	Adult
	4
	0.05
	4
	0.06
	8



	Striped blister beetle
	
Epicauta vittata (Fabricius)
	(Coleoptera: Meloidae)
	Adult
	1
	0.01
	0
	0.00
	1



	Dectes stem borer
	
Dectes texanus LeConte
	(Coleoptera: Cerambycidae)
	Adult
	28
	0.37
	46
	0.71
	74



	Larva
	2
	0.03
	30
	0.46
	32



	Bean leaf beetle
	
Cerotoma trifurcata (Forster)
	(Coleoptera: Chrysomelidae)
	Adult
	1640
	21.78
	404
	6.26
	2044



	Banded cucumber beetle
	
Diabrotica balteata LeConte
	(Coleoptera: Chrysomelidae)
	Adult
	14
	0.19
	3
	0.05
	17



	Spotted cucumber beetle
	
Diabrotica undecimpunctata Mannerheim
	(Coleoptera: Chrysomelidae)
	Adult
	205
	2.72
	217
	3.36
	422



	Grape colaspis beetle
	
Colaspis brunnea (Fabricius)
	(Coleoptera: Chrysomelidae)
	Adult
	260
	3.45
	189
	2.93
	449



	Larva
	5
	0.07
	17
	0.26
	22



	White-fringed beetle
	
Naupactus leucoloma Boheman
	(Coleoptera: Curculionidae)
	Adult
	26
	0.35
	7
	0.11
	33



	Soybean nodule fly
	
Rivellia quadrifasciata (Macquart)
	(Diptera: Platystomatidae)
	Adult
	453
	6.02
	533
	8.26
	986



	Lesser cornstalk borer
	
Elasmopalpus lignosellus (Zeller)
	(Lepidoptera: Pyralidae)
	Adult
	42
	0.56
	2
	0.03
	44



	European corn borer
	
Ostrinia nubilalis (Hübner)
	(Lepidoptera: Crambidae)
	Adult
	3
	0.04
	0
	0.00
	3



	Corn earworm
	
Helicoverpa zea (Boddie)
	(Lepidoptera: Noctuidae)
	Adult
	9
	0.12
	6
	0.09
	15



	Larva
	1
	0.01
	11
	0.17
	12



	Yellow-striped armyworm
	
Spodoptera ornithogalli (Guenée)
	(Lepidoptera: Noctuidae)
	Adult
	2
	0.03
	15
	0.23
	17



	Velvetbean caterpillar
	
Anticarsia gemmatalis (Hübner)
	(Lepidoptera: Erebidae)
	Adult
	34
	0.45
	13
	0.20
	47



	Larva
	73
	0.97
	52
	0.81
	125



	Soybean looper
	
Chrysodeixis includens (Walker)
	(Lepidoptera: Noctuidae)
	Adult
	146
	1.94
	185
	2.87
	331



	Larva
	89
	1.18
	72
	1.12
	161



	Green cloverworm
	
Hypena scabra (Fabricius)
	(Lepidoptera: Erebidae)
	Larva
	42
	0.56
	18
	0.28
	60



	Adult
	10
	0.13
	21
	0.33
	31



	Beet armyworm
	
Spodoptera exigua (Hübner)
	(Lepidoptera: Noctuidae)
	Adult
	5
	0.07
	12
	0.19
	17



	Fall armyworm
	
Spodoptera frugiperda (Smith)
	(Lepidoptera: Noctuidae)
	Adult
	4
	0.05
	8
	0.12
	12



	Alfalfa caterpillar
	
Colias eurytheme (Boisduval)
	(Lepidoptera: Pieridae)
	Adult
	1
	0.01
	2
	0.03
	3



	Garden webworm
	
Achyra rantalis (Guenée)
	(Lepidoptera: Crambidae)
	Adult
	0
	0.00
	1
	0.02
	1



	Black cutworm
	
Agrotis ipsilon (Hufnagel)
	(Lepidoptera: Noctuidae)
	Adult
	1
	0.01
	0
	0.00
	1



	TOTAL
	
7549

	

	
6453

	

	
13995








Individual and total number of insects captured in 2023, 2024 cropping season.








3.2 Diversity of insect group/complex


In our study, we found that the lepidopteran species complex is the most diverse insect family (Shannon-Wiener Index: H’=1.40), followed by the coleopteran (H’=1.11), and stink bug complex. In terms of species evenness, species belonging to the stink bug complex were more abundant in between themselves, and the least relative abundance was found in the hemipteran group (
Table 2
). Simpson’s diversity index supported the Shannon index in indicating the diversity of insects. Simpson’s diversity index also indicated higher diversity in the lepidopteran group and lower diversity in the dipteran and orthopteran groups. A detailed description of diversity indices can be found in 
Table 2
.



Table 2 | 
Diversity of different insect orders caught during field collection.





	Insect group/complex

	Number of individuals

	Shannon-Wiener index (H’)

	Evenness (E)

	Simpson’s diversity index (1-D)






	Hemiptera
	8788
	0.96
	0.40
	0.54



	Coleoptera
	3150
	1.11
	0.51
	0.54



	Diptera and Orthoptera
	1177
	0.44
	0.64
	0.27



	Lepidoptera
	880
	1.4
	0.56
	0.63



	Stink bug complex
	236
	1.03
	0.75
	0.57














3.3 Variation in the abundance of total and major insect species across soybean growth stages


The variation in abundance of the total insect species and TCA, lepidopteran, and stink bug complex during soybean growing season for the 2023–2024 period is presented in (
Figure 3
). The highest abundance of insect pest pressure was observed during the R5-R6 growth stages in both years. As the reproductive stage progressed, insect populations showed a gradual decline, eventually approaching the population levels observed in the R4-R5 stages of 2023 (
Figure 3A
). TCA population peaked during the R7-R8 growth stage in 2023. The population density in the R6-R7 stage was the highest. However, it decreased during the R7-R8 growth stage in the 2024 season (
Figure 3B
). The pressure from lepidopteran pest species increased steadily throughout the study, peaking in the R5-R6 stage for both seasons (
Figure 3C
). Stink bug infestations were minimal until soybeans reached the R5-R6 stage; after that, the population density peaked in the R7-R8 stage throughout both seasons (
Figure 3D
).


[image: Four line graphs (A, B, C, D) display insect counts during soybean growth stages: V3, R1-R2, R2-R3, R3-R4, R4-R5, R5-R6, R6-R7, R7-R8 for 2023 and 2024. Graph A shows peaks at R5-R6 for 2023. Graph B peaks at R7-R8 in 2023. Graph C peaks at R5-R6 in 2023. Graph D peaks at R7-R8 in 2023. Each graph shows varying trends in insect counts over time.]
Figure 3 | 
Variation in the population density of (A) total insect pests, (B) Threecornered alfalfa hopper, (C) Lepidopteran complex, and (D) Stink bug complex at different growth stages of soybean during the 2023–2024 crop season.








3.4 Effects of irrigation on insect pest population dynamics


The effect of irrigation on total insect pests and TCA, lepidopteran complex, stink bug complex was identified (
Figure 4
). During the 2023 growing season, the number of total insect pests was significantly higher in irrigated plots compared to rainfed plots (t=2.994; df =6; P<0.05). Similar results were found during the 2024 growing season as well (t=2.681; df =6; P<0.05) (
Figure 4A
). TCA population was higher in irrigated plots in 2023 (t=2.973; df =6; P<0.05), and 2024 (t=2.723; df =6; P<0.05) compared to rainfed plots (
Figure 4B
). Significantly higher number of lepidopteran pests were observed in irrigated plots in 2023 (t=3.609; df =6; P<0.01) and 2024 season (t=2.625; df =6; P<0.05) compared with rainfed plots (
Figure 4C
). No significant differences were observed between irrigated and rainfed conditions for stink bug complex in 2023, whereas the population was significantly higher in irrigated conditions in 2024 (t=3.441; df=6; P<0.01) compared with rainfed plots (
Figure 4D
).


[image: Bar graphs labeled A, B, C, and D compare population density across 2023 and 2024 for irrigated (striped) and rainfed (spotted) conditions. Graph A shows the highest values, decreasing sequentially to D. In each graph, irrigated data have significantly higher values than rainfed, marked with different letters above bars.]
Figure 4 | 
Impact of irrigation and rainfed treatments on (A) Total insect population, (B) Threecornered alfalfa hopper, (C) Lepidopteran complex, and (D) Stink bug complex during 2023 and 2024 cropping seasons. Different letters indicate statistically significant differences followed by (Tukey’s HSD, P<0.05).








3.5 Impact of micronutrients on insect populations


The impact of different micronutrients, ferrous (Fe), zinc (Zn), and their combination (Fe + Zn), was compared with the control plot (i.e., no micronutrients were applied) on the total insect pests and TCA, lepidopteran complex, stink bug complex (
Figure 5
). Significant differences were observed in the total insect population between control (316.88 ± 18.10) and individual micronutrient Fe (270.13 ± 7.04) and Zn (266.63 ± 9.14) application, and also the combination of both micronutrients (218.75 ± 9.66) in 2023 season (F
3,28=11.60, P<0.0001), (
Figure 5A
). Similar patterns of pest infestation were observed in 2024 growing season (F
3,28=12.30, P<0.0001) (
Figure 5A
). The combination of micronutrients (F
3,28=4.802, P<0.008) significantly reduced the TCA population (70.00 ± 3.50) compared to the control plots (90.63 ± 4.38) (
Figure 5B
). No significant differences were found between control (90.63 ± 4.38) and individual micronutrient Fe (76.50 ± 3.96) and Zn (78.25 ± 3.85) in 2023 growing season. In 2024, significantly higher TCA population density was found in the control plot (70.63 ± 7.67), intermediate in individual treatment Fe (54.75 ± 4.59), Zn (52.88 ± 3.89), and least in Fe + Zn (48.13 ± 3.80) (F
3,28=3.48, P<0.029) (
Figure 5B
).


[image: Bar charts labeled A to D compare population density across control, ferrous, zinc, and combined treatments during 2023 and 2024 growing seasons. Chart A shows the highest density in control, chart B shows similar densities for control and treatments, chart C displays decreasing density from control to combined, and chart D presents the lowest overall densities.]
Figure 5 | 
Effect of different micronutrients on (A) Total insect population, (B) Threecornered alfalfa hopper, (C) Lepidopteran complex, and (D) Stink bug complex on different crop season. Different letters indicate significant differences among micronutrient treatments determined by post hoc analyses using Tukey’s HSD (P<0.05).




Lepidopteran population was significantly higher in control (14.25 ± 0.94) plots compared to individual micronutrient Fe (11.50 ± 0.42), Zn (10.88 ± 0.58) and combined micronutrient (8.88 ± 0.44) treatments (F
3,28=12.37, P<0.0001). No significant differences were observed between Zn and combined micronutrients (
Figure 5C
) in the 2023 growing season. Although the same pattern was observed as combined micronutrients significantly reduced pest population densities (F
3,28 = 11.81, P<0.0001), there were no significant differences between Fe (8.50 ± 0.82) and combination of micronutrients (5.38 ± 0.53) (
Figure 5C
) in 2024. Stink bugs population dynamics were significantly (F
3,28=5.36, P<0.005) (
Figure 5D
) affected by combined (2.63 ± 0.78) and individual micronutrient treatment Fe (2.88 ± 0.67) and Zn (3.00 ± 0.33) compared to control (5.88 ± 0.77). However, there were no significant differences in stink bug populations between individual and combined micronutrient applications during the 2023 growing season. Similarly, 2024 exhibited the same pattern (F
3,28=6.69, P<0.002) (
Figure 5D
).






3.6 Interactive effects of irrigation and micronutrients


The treatment effects and interaction of irrigation and different micronutrients, ferrous (Fe), zinc (Zn), and their combination (Fe + Zn) on the total insect pest population, TCA, lepidopteran complex, and stink bug complex were explored (
Table 3
). A significantly higher number of total insects were found in irrigated plots (F=13.852, P<0.0001) than rainfed plots, whereas nutrient-treated plots contained a comparatively lower number of total insects (F=4.452, P<0.013) than control. Meanwhile, no significant differences were observed in plots that contained irrigation as well as micronutrients (F=2.242, P<0.109). For, TCA populations, the numbers were significantly higher in irrigated (F=12.809, P<0.002) than in rainfed treatments. Micronutrient treated plots had comparatively lower insect abundance (F=7.430, P<0.001). Meanwhile, no significant differences were observed in plots that contained irrigation as well as micronutrients (F=2.053, P<0.133) (
Table 3
). Significantly higher lepidopteran population was found in irrigated plots (F=27.042, P<0.0001) compared with rainfed treatments, and significantly lower lepidopteran numbers were found in micronutrient treatment (F=19.620, P<0.0001). Also, when micronutrients and irrigation were applied together, no significant difference in lepidopteran species complex was found (F=2.807, P<0.061) (
Table 3
). The population density of stink bugs was significantly lower in nutrient treatment (F=36.467, P<0.0001). No significance differences in species abundance were found when irrigation and micronutrients were applied together in soybean plots (F=2.365, P<0.096) (
Table 3
). Principal component analysis depicted variation in the total insect species abundance from irrigated and rainfed conditions and combined micronutrients completely apart from control and other individual micronutrients. The first two principal components accounted for a total cumulative variability of 100%, with PC1 explaining 69.76% and PC2 explaining 30.24% of the variation between the irrigated and rainfed conditions (
Figure 6
).



Table 3 | 
Treatment effects and interaction of water and micronutrients on mean ( ± SEM, n =4 for each nutrient) abundance of insect pests in soybean field during the period of 2023-2024.





	Insect/Insect complex

	Treatments

	Irrigation

	Rainfed

	
F value

	
P value




	Control

	Fe

	Zn

	Fe + Zn

	Control

	Fe

	Zn

	Fe + Zn






	Total insect
	Water
	543.50 ± 20.56
	465.75 ± 26.91
	431.00 ± 19.20
	444.50 ± 31.76
	

	

	

	

	13.852
	
0.0001




	Micronutrient
	

	

	

	

	425.25 ± 21.45
	428.75 ± 21.23
	424.75 ± 26.93
	354.25 ± 20.35
	4.452
	
0.013




	Water x micronutrient interaction
	

	

	

	

	

	

	

	

	2.242
	0.109



	TCA
	Water
	186.25 ± 9.20
	137.50 ± 13.88
	135.25 ± 10.23
	131.25 ± 8.05
	

	

	

	

	12.809
	
0.002




	Micronutrient
	

	

	

	

	136.25 ± 5.36
	125.00 ± 8.80
	128.25 ± 9.11
	105.00 ± 8.93
	7.43
	
0.001




	Water x micronutrient interaction
	

	

	

	

	

	

	

	

	2.053
	0.133



	Lepidopteran complex
	Water
	34.50 ± 2.90
	23.00 ± 2.16
	24.50 ± 1.85
	16.75 ± 1.55
	

	

	

	

	27.042
	
0.0001




	Micronutrient
	

	

	

	

	21.50 ± 1.19
	17.00 ± 1.29
	21.50 ± 1.94
	11.75 ± 1.11
	19.62
	
0.0001




	Water x micronutrient interaction
	

	

	

	

	

	

	

	

	2.807
	0.061



	Stink bug complex
	Water
	14.25 ± 0.85
	6.75 ± 0.85
	5.75 ± 0.63
	4.75 ± 0.85
	

	

	

	

	0.953
	0.339



	Micronutrient
	

	

	

	

	11.25 ± 0.85
	6.00 ± 0.71
	6.50 ± 0.65
	5.50 ± 1.04
	36.467
	
0.0001




	Water x micronutrient interaction
	

	

	

	

	

	

	

	

	2.365
	0.096







Bold values represent both the individual and total insect species collected from the soybean field during the 2023-24 season.




[image: Principal Component Analysis (PCA) biplot showing data points labeled as Control, Fe, Zn, and Fe+Zn across two axes: PC1 (69.76%) and PC2 (30.24%). Vectors labeled Irrigated and Rainfed point in different directions from the origin.]
Figure 6 | 
Principal component analysis (PCA) of total insect pest abundance on different micronutrient treatments under irrigated and rainfed conditions. The PCA shows the variation in insect abundance under irrigated and rainfed condition.









4 Discussion


In this study, we examined the role of irrigation and micronutrients in pest incidence in soybeans during the two summer seasons. Our results show that irrigation positively impacts insect pest incidence, but when combined with micronutrients, it leads to a significant reduction in pest numbers. The results from this research collectively suggest that the application of combined micronutrients, even without irrigation, can efficiently decrease insect pest populations in soybeans.





4.1 Soybeans host a wide range of insect pest species


Effective pest management of soybean production requires a thorough understanding of the population dynamics of the major insect pests. A total of nearly 14,000 insects across a variety of families and species were collected in our study, highlighting the complex ecological interactions they have with soybean. We identified the threecornered alfalfa hopper (TCA) as the most abundant hemipteran species in both seasons. TCA has led to substantial yield reductions in soybeans (roughly 25%) and increased control costs in some years in several mid-southern states (Hesler et al., 2018). Beyer et al. (2017) documented that damaging populations of TCA have historically been restricted to the southern United States. Survey results by Huseth et al. (2021) showed that Anticarsia gemmatalis (velvetbean caterpillar) and Chrysodeixis includens (soybean looper) remain widespread soybean pests in southern states. In contrast, our study showed that the lepidopteran pest pressure peaked during the R5 growth stage, and these two species were caught in more than 65% of the total Lepidoptera collections. Pest pressure from the stink bug complex peaked in the R7-R8 stage, which is mainly considered a late-season pest. Musser et al. (2022) reported that stink bugs represented the most expensive insect pest affecting soybean crops in the United States during 2022, considering both yield losses and management expenses. In our survey, based on the diversity index, we found that the lepidopteran species complex has the highest diversity among all other species, and the least diversified insect groups are the diptera and orthoptera order of insects. Although the number of species is highest in Hemiptera, it has low diversity in comparison to other groups.






4.2 Irrigation positively impacts insect pest incidence


The influence of irrigation on insect pest abundance has been found to vary across species. The abundance of phytophagous insects in tomatoes can be reduced by water stress, which also depends on cultivars and other stress levels (Inbar et al., 2001; Rivelli et al., 2013). Raderschall et al. (2021) showed that the abundance of aphids as higher in irrigated plants than in water-stressed plants. Melloul et al. (2024) reported that irrigation negatively affected the abundance of several beneficial arthropods in vineyards. However, after few weeks, direct effects from irrigation seem to disappear (Srikanth et al., 1997). The present study demonstrated that total insect pest population density was significantly higher in irrigated plots in both seasons. We found that irrigated plots resulted in a higher population density for both TCA and the lepidopteran complex in both growing seasons compared to rainfed or non-irrigated plots. The likely reason could be that the herbivore insects benefit from feeding on irrigated, vigorously growing plants. On the contrary, plants with limited water availability could be less efficient in absorbing and utilizing essential nutrients (Hale et al., 2003; Mcvean and Dixon, 2001; Huberty and Denno, 2004). Studies have reported that soybean looper, a dominant herbivore, avoids water-stressed soybean plants (Gautam et al., 2024). While stink bug population densities remained stable in both irrigated and rainfed plots during the 2023 season, they were more abundant in the irrigated plots during the 2024 season. Collectively, these findings suggest that the incidence of insect pests is positively correlated with plant nutrient absorption and soil water availability through irrigation.






4.3 Interactive roles of micronutrients and irrigation


The metal defense hypothesis proposes that plants can benefit from accumulating metals, potentially deterring pests and pathogens by using them as a defense mechanism (Boyd and Martens, 1992; Poschenrieder et al., 2006). Micronutrients play a crucial role in shaping insect pest populations by altering the nutritional quality of host plants and other factors such as feeding, reproduction, survival, and overall population growth. Additionally, balanced micronutrient levels in plants can lead to increased resistance against insect pests by altering the plant’s biochemical defenses and making it less suitable for feeding (Dueli et al., 2021).


Studies have also demonstrated that consuming zinc-rich diets leads to higher zinc levels in insects, resulting in lower fertility, reduced growth, and increased mortality (Kazemi-Dinan et al., 2015; Lagisz et al., 2008), and a strong deterrent effect on host choice (Kazemi-Dinan et al., 2014, 2015). The results of the current study indicated that total insect population density significantly declined by the foliar application of zinc. Likewise, due to the foliar application of ferrous, the total population density of insect pests significantly decreased. However, no significant effects were found in the case of individual insect groups. This is likely due to the fact that different insects respond differentially to the addition of micronutrients in plants. Consistent with this, ferrous accumulation in plants has been found to act as a natural defense mechanism against insect pests (Rodríguez et al., 2005). Evidence also suggests that low levels of micronutrients (ferrous and zinc) can contribute to increased plant resistance to herbivory (Ribeiro, 2017; Coleman et al., 2005). Also, the synergistic effect of using both micronutrients is more pronounced than individual application (Kazemi-Dinan et al., 2014). However, there was no significant reduction in pest abundance when irrigation and micronutrients were applied together in the same plot. The reason behind this could be that the presence of irrigation increases insect populations, while micronutrients can decrease them. Combining water treatment with micronutrients could potentially mitigate the effects of higher pest incidence under irrigation. Despite acknowledging the study’s limitations, including the lack of clarity regarding the precise mechanisms by which micronutrients affect insect pests, this research offers valuable insight into the impact of micronutrients in pest control strategies.







5 Conclusion


In the present investigation, findings on pest incidence indicates that soybeans are attacked by herbivore pests from five families and more than 34 different species across the southern United States. This study also put forward the evidence that pest populations in soybean fields fluctuate at various growth stages, with the highest incidence of pests occurring during the V5-V6 stage and stink bug peaks at the R7-R8 stage. Foliar application of micronutrients can influence plant defenses, thereby reducing the insect pest pressure on crop systems. Results from the micronutrient application on total and specific insect species or species complexes support the hypothesis that combined micronutrient applications could impact insect pest population dynamics. However, the application of irrigation in soybean plots potentially attracted more insect pests to crops. No impacts on pest population were observed when the irrigation and micronutrients were applied simultaneously. Micronutrient combinations, even without irrigation, effectively controlled insect pests. Therefore, the application of combined micronutrients (ferrous and zinc) could offer a solution for reducing the impact of insect pests on soybeans. Future studies should explore the impact of micronutrients on plant and insect physiology in relation to pest infestations.
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