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Both intensive farming of paddy field crops and conventional farm management techniques have been a major cause of environmental issues in recent years. A more ecosystem-based, sustainable agricultural methodology should be utilized to help solve this dilemma. However, the joint effects of landscape and farming on arthropod communities in paddy fields are unexplored. In eco-friendly paddy fields, we postulate the arthropod diversity to be higher in fields that use ecosystem-based methods. In this study, we collected arthropods monthly using a blower-vac during the first rice crop of 2019 in Taiwan. A total of 53,522 individuals of 14 orders, 96 families, and 445 morphospecies were collected. All arthropods were identified into four functional groups. The result showed that insect communities are different between sustainable and conventional fields. Results showed that sustainable fields had a higher abundance of arthropod fauna than conventional fields. It was also apparent that the arthropod community changed along with the developmental growth of rice and in different areas. Three functional groups, viz., herbivores, parasitoids, and detritivores, present the best model when the farming type was assigned as the fixed effect, while the predator reveal the best model when the farming type, landscape, and their interaction were assigned as the fixed effects. The arthropod communities have also been affected by the surrounding landscape. This study reveals that both agricultural management and landscape can have a joint effect on arthropod communities in paddy fields.
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1 INTRODUCTION
Sustainable agriculture is a relatively new farming idea based on an ecological concept that embraces the interactions of organisms to achieve a balance and maintain the productivity of a given ecosystem. In contrast, in conventional agriculture, pesticides have been used intensively to control pests and diseases that maintain the crop yield loss and product quality (Aktar et al., 2009; Damalas, 2009). Although the usage of conventional agricultural methods can control the pest population, non-target organisms and their associated agroecosystem environments are highly threatened (Gibbs et al., 2009; Stanley, 2016). For example, the decline of arthropod predator diversity occurs (Frampton and Çilgi, 1994; Marie et al., 2018; Graf et al., 2019). Therefore, outcomes of sustainable agriculture are closely linked to the ecological environment and have resulted in several interactions being developed, such as eco-agriculture (McNeely and Scherr, 2003), natural farming (Fukuoka, 2010), organic agriculture (Geier, 2007), environmentally friendly farming (Novelli, 2018), and low-input agriculture (Daberkow and Reichelderfer, 1988). The combination of ecology and new technology can decrease the environmental costs of conventional agriculture. It is believed that the long-term application of such methods can improve the quality of resources and help preserve the ecological environment (Harwood, 1990).
The surrounding landscape of agroecosystems is also one of the important factors affecting the diversity of agroecosystem arthropods (Hendrickx et al., 2007; Mitchell et al., 2014). The whole farmland area may be separated by roads and low-density buildings. It is block-fragmented and may be surrounded by natural or semi-natural habitats such as vegetable gardens, orchards, woodlands, mountains, wastelands, streams, and artificial irrigation ditches (Verhagen et al., 2016; Haan et al., 2019). Baba and Tanaka (2016) found that ditches around fields can serve as non-rice cropping periods and overwintering habitats for Tetragnathidae spiders. Similarly, the combination of paddy fields and surrounding forests can increase the richness and abundance of grassland-dwelling spiders (Miyashita et al., 2012). Delettre and Morvan (2000) suggested that the distance from natural waterbodies affects the dispersal of Chironomidae species in agricultural areas. As the aforementioned studies suggest, different habitats around a farmland affect the make-up of the farmland’s arthropod diversity and preserve the habitats for natural enemies (Rusch et al., 2010; Holland et al., 2016). Diverse habitats surrounding the farmland also help maintain the biodiversity so that agroecosystems can maintain good ecosystem services for both humans and other organisms (Landis, 2017).
Arthropods play an important role in the human economy and ecological niches of the agroecosystem (Chakravarthy and Sridhara, 2016). They are not only preyed on by high trophic-level consumers, such as birds, frogs, and reptiles but also connect and interact with other arthropods in the food web of agroecosystems. Rice (Gramineae: Oryza sativa L.) is an important food crop in Asia and elsewhere. The production of approximately 770 million tons per year makes rice one of the most important agricultural products produced in the world (FAO, 2017). A paddy field is both a semi-humid and semi-arid habitat that consists of a unique ecosystem that combines the properties of both wetland and dryland areas that are common in the agricultural landscape of Asia. Paddy fields are flooded in the growing stage and become dry land before the harvest season; therefore, paddy fields are also a part of the wetland (Hook, 1993; Watanabe, 2018), attracting habitation of both aquatic and terrestrial arthropods. As Bambaradeniya and Amerasinghe (2004) discussed, in paddy field agroecosystems, the highest diversity of invertebrates is arthropods, most of which are insects. Arthropod communities develop, and their success coincides with rice planting stages. Arthropods in paddy field agroecosystems are highly diverse, susceptible to paddy field conditions, and can be regarded as indicators to help understand how paddy field agroecosystem management impacts organisms (Ueno, 2012; Morrison et al., 2018).
Most of the studies regarding agricultural management and agricultural landscape effects on arthropods focus on wheat fields in temperate biomes (Moreby et al., 1994; Clough et al., 2007; Diekötter et al., 2010; Tuck et al., 2014). Taiwan is an island located at the border of tropical and subtropical climate zones. We believe that our work is the first to assess the joint effects of farming and landscape on arthropod communities in paddy fields. Taiwan is narrow in area but densely populated; hence, the total potential area for cultivation is also limited. Small and quality agricultural areas are well-developed in Taiwan, and the arthropod community of paddy fields here is different compared to those of temperate and tropical zones. Therefore, we aim to examine and compare the effects of agricultural management and landscape factors on total and dominant arthropod abundance and diversity in a subtropical zone (i.e., northeastern Taiwan). This study examines the advantages and disadvantages of paddy field management systems that are currently in practice. It also compares the relationship between various arthropod communities and the landscape surrounding these management systems. This will help establish basic information that can serve as a reference for future evaluation of agricultural management strategies.
2 MATERIALS AND METHODS
2.1 Arthropod sampling
We selected four sampling areas, each more than 1 km in the Lanyang Plains of Taiwan (Figure 1). Each sampling area contained two paddy fields that were used for conventional agriculture (CA) and sustainable agriculture (SA), respectively (Table 1). The distance between these two fields was more than 100 m for decreasing the effect of the farming type. The major distinction between CA and SA is that CA uses chemical pesticides and fertilizers, and SA uses non-chemical materials. The four sampling areas were located in Jiaoxi (Jx), Zhuangwei (Zw), Luodong (Ld), and Sanxing (Sx). The farming information is shown in Table 1. Arthropods were collected monthly during the first crop season, i.e., from March to June 2019. A customized blower-vac (Arida and Heong, 1992; Buffington and Redak, 1998) was used for sampling arthropods on four randomly selected plots on each field (2.5 * 2.5 square meters). Arthropods were collected from the aboveground part of rice plants in each field. Each of the sampling plots was sampled for 90 s. The samplings were preserved in 34*45-cm zipper bags, brought back to the laboratory, and preserved in 70% ethanol for further sorting and identification. All specimens were identified to at least family level and categorized as morphospecies given a serial number, following the abbreviation of order, such as Hem-03 and Dip-08. Additionally, arthropods were grouped into functional guilds, herbivores, predators, parasitoids, and detritivores, for further analysis (Dominik et al., 2017). Supplementary data to this article can be found online at https://doi.org/10.13140/RG.2.2.10367.18082.
[image: Figure 1]FIGURE 1 | Location of the sample sites in four sampling areas in northeastern Taiwan. Green and dark blue points stand for sustainable and conventional farming fields, respectively. Jx, Jiaoxi; Zw, Zhuangwei; Ld, Luodong; Sx, Sanxing. SA, sustainable agriculture; CA, conventional agriculture.
TABLE 1 | Information on the sampling sites in four sample areas in the northeastern area.
[image: Table 1]2.2 Environmental data
For the environmental characteristics of each sampling area, we determined the spot directly between the sustainable and conventional sample areas and measured a 1-km radius from that point. Then, we measured the field size and surrounding landscape coverage using Google Earth Pro and ImageJ (v1.52r) software. We identified various landscape coverage, such as farmland, forest, ditch, cement (cement building and road), and stream. These ratios of coverage were presented by principal component analysis (PCA) to reveal the landscape characteristics of each sampling site (Figure 2). The Jx area possesses relatively more forests. Sx and Zw areas were occupied by paddy farms and some streams, while the Ld area has a large portion of buildings and some artificial ditches. Four sampling areas show different surrounding landscapes. In addition, the rice field size hectare, rice plant average interval, and width were measured.
[image: Figure 2]FIGURE 2 | Four sampling sites characterized by five environmental data by principal component analysis. Four sampling areas are displayed by shape: circle, Jiaoxi (Jx); square, Zhuangwei (Zw); cross, Luodong (Ld); triangle, Sanxing (Sx).
2.3 Statistical analysis
We characterized the arthropod community structure by calculating the abundance, species richness, Shannon’s diversity index, Simpson’s diversity index, Pielou’s evenness index, and Margalef’s richness index for each field using Past 3.14 software (Hammer et al., 2001). To determine whether the arthropod communities were affected by the season, farming type, and landscape, we used permutational analysis of variance (PERMANOVA) performed by the package ‘vegan’ within the R statistical framework (version 4.0.0). The abundance of all arthropods was log-transformed prior to analyses to meet the assumptions of normality (Pinheiro et al., 2014). To measure the differences in the species structure among study sites, we performed non-metric multidimensional scaling (NMDS) ordinations after the computation of a Bray–Curtis dissimilarity matrix based on arthropod abundances.
To determine whether the abundance of each ecological group was affected by the farming type or landscape, we used generalized linear mixed models (GLMMs) performed by the lme4 package within the R statistical framework (version 4.0.0). The farming type, landscape, farming type + landscape, and farming type*landscape were assigned as fixed effects sequentially. The model with the lowest Akaike’s information criterion (AIC) is regarded as the best. In the GLMM, the farming system is a binary variable (either a conventional or sustainable system) in the model, while the landscape was represented by four sampling sites (Jx, Zw, Ld, and Sx, Figure 2). Other field characteristics, including the rice field size hectare, rice plant average interval, and width, were assigned as random effects. A stepwise regression procedure was used together with testing all variable combinations to determine the best-fitting model based on the lowest AICc score. The procedure was repeated separately for each response variable and spatial scale. Each response variable has a Poisson distribution in the model.
3 RESULTS
In total, 53,522 individuals of 14 orders, 96 families, and 445 morphospecies were collected overall for sampling during the study period (Figure 3). The arthropod composition varied among different sampling sites (Figure 3). The arthropod communities located in Jx were characterized by Thysanoptera (35%) and Hemiptera (18%) in SA farming, while Diptera (43%) was the most abundant taxa in CA farming. In Zw, Hemiptera (54%) was the most dominant taxa in SA farming, while Diptera (38%) and Acariformes (26%) were more abundant in CA farming. In Ld, Diptera was seen in SA farming and CA farming (31% and 48%, respectively). Regarding Sx, both Thysanoptera and Hemiptera were the most dominant taxa in SA farming (34% and 39%, respectively) and CA farming (39% and 32%, respectively) (Figure 3). Dominant taxa (90% of all arthropods) presented by NMDS showed that each type of paddy field was separated by different dominant arthropods (Figure 4). Overall, more hemipterans (specifically Delphacidae and Cicadellidae) and thysanopterans (almost Thripidae) inhabit the SA farm, while more dipterans (specifically Chironomidae) occurred in the CA farm.
[image: Figure 3]FIGURE 3 | Fraction of abundance of order-level terrestrial arthropods in four sample areas in northeastern Taiwan. SA field, sustainable agricultural field; CA field, conventional agricultural field; Jx, Jiaoxi; Zw, Zhuangwei; Ld, Luodong; Sx, Sanxing.
[image: Figure 4]FIGURE 4 | Non-metric multidimensional scaling (NMDS) analysis of the Bray–Curtis dissimilarity matrix represented by 34 dominant taxa (90% of all arthropods). Each point represents each paddy field. Sampling areas are displayed by shape: circle, Jiaoxi (Jx); square, Zhuangwei (Zw); diamond, Luodong (Ld); triangle, Sanxing (Sx). The farming type is marked by color: blue, sustainable agriculture (SA); red, conventional agriculture (CA) (stress = 0.091).
According to the PERMANOVA analysis, the arthropod abundance was significantly different among months (F = 6.55, p < 0.001), the farming type (F = 2.29, p < 0.05), and area (F = 1.95, p < 0.005). The arthropod composition varied along with the growing stages of the paddy field, from the seedling (March) to the mature stages (June). Diptera (specifically Chironomidae) was dominant in the seedling stage, while Hemiptera and Thysanoptera (major herbivores) were dominant in the latter stages. The arthropod community was more abundant under SA farming compared to CA farming (Table 2). Generally, the number of arthropod families, morphospecies, and species abundance in SA farming was higher than that in CA farming, except for the Ld sampling area (Table 2). Shannon’s Index, Simpson’s Index, Pielous’s Index, and Margelef’s Index indicate that the diversity was higher in SA farming than those in CA farming. LdSA has the highest diversity index, while LdCA has lowest (Table 2).
TABLE 2 | Biodiversity indicator results of sample sites in four sample areas in northeastern Taiwan (SA, sustainable agriculture; CA, conventional agriculture).
[image: Table 2]Regarding the ecological guilds, herbivores accounted for 53.2% of the total arthropods collected and were dominated by white-backed planthoppers (Sogatella furcifera), leafhoppers (Macrosteles striifrons), and the rice thrips (Stenchaetothrips biformis). Predators contributed 7.5% of the total abundance and were mostly represented by long-jawed orb weavers (Tetragnathidae), orb-weaver spiders (Araneidae), Miridae, and Coccinellidae. The detritivores guild represented 35.3% of the total arthropod abundance and was mainly composed of chironomids and some collembolans. Finally, parasitoids accounted for 4.0% of the total abundance and were mainly represented by Mymaridae and Pteromalidae. According to the GLMM, the abundance of herbivores (AIC = 498.8, p < 0.001), parasitoids (AIC = 334.4, p < 0.001), and detritivores (AIC = 478.2, p < 0.001) presents the best model when only the farming type was assigned as the fixed effect, while the predators reveal the best model when the farming type, landscape, and their interaction were assigned as the fixed effects (AIC = 381.3, p < 0.05). Moreover, the abundance of herbivores, parasitoids, and predators is higher under SA farming but not detritivores (Figure 5).
[image: Figure 5]FIGURE 5 | Comparison of arthropod abundance between SA and CA farming. The total arthropod abundance is shown in the parentheses.
4 DISCUSSION
We recorded a total of 445 morphospecies of arthropods in the paddy field of northern Taiwan, which is higher than in other studies of the paddy field in the Philippines (Heong et al., 1991; Dominik et al., 2017). Overall, the abundance of arthropods in SA farming was higher than that of CA farming (Table 2). Conventional agroecosystems are not easily colonized by arthropod species as there is typically a lack of flora diversity (monocropping), and these areas are heavily disturbed (Brown, 1991; Benton et al., 2003). SA farming (eco-friendly agriculture) has a higher abundance of arthropods because of the limited use of pesticides.
Hemiptera, Thysanoptera, and Diptera are the three most dominant arthropod taxa in our study sites. Hemiptera, mostly Delphicidae, Cicadellidae, and Aphidae, and Thysanoptera are known major pests of rice in Taiwan (classified as herbivores). The abundance of these two taxa is significantly higher under SA farming compared to that in CA farming. This result is predictable because some major pesticides applied in the paddy field are specific to hemipteran and thysanopteran pests. However, another dominant group, Diptera (specifically Chironomidae), is classified as detritivores in this study, whose abundance is higher under CA farming. Their larvae are aquatic and feed on organic humus and algae in farmlands, ditches, and semi-aquatic environments (Stevens et al., 2006). Chironomids can endure water pollution and do not require good habitat quality (Al-Shami et al., 2010). In the early stages of rice farming, paddy fields are full of water. At this time, a large number of chironomids inhabit the paddy fields. They usually occur in the early stage of the paddy field, in which the pesticide spray is less compared to the later stage of the paddy field. This may cause some effects on chironomids by pesticides. On the other hand, Diptera abundance may be slightly affected by certain landscape factors, including ditch coverage. In this study, Chironomidae represented nearly half of the total arthropod abundance in the LdCA, which possess some coverage of ditches (Figure 2). The distance to the nearest waterbody also affects the distribution of chironomid populations (Delettre and Morvan, 2000). However, this phenomenon is not verified statistically and needs further study.
In this study, we also have found that the abundance of parasitoids, specifically parasitoid wasps of Hymenoptera, is higher in paddy fields under SA farming methodologies. This has seldom been mentioned in previous studies. The importance of other natural enemies in paddy fields has been well-documented, such as spiders and ground beetles (Tsutsui et al., 2016; Russell et al., 2017). These generalists play an important role in the suppression of pest populations (Settle et al., 1996). However, the significance of specialists, like parasitoid wasps, deserves more attention. Parasitoid wasps search for specific host species and effectively decrease the population of that host, which may or may not be considered a pest. The most dominant parasitoids in this study are Mymaridae, which are the major parasitoids of hemipterans (Jacob et al., 2006; Mutitu et al., 2013). It is observed that the most dominant herbivores in the paddy field are hemipterans. Both ecological guilds are significantly increased in the sustainable farming type (Birkhofer et al., 2016).
Other factors of the farming type may also be beneficial to the arthropod community, like loosening planting density. Many previous studies have pointed out that the rice planting density and interval are related to the field’s hemipteran population and disease occurrence (Denno and Roderick, 1991; Ishii-Eiteman and Power, 1997). Moreover, the density of rice plants may affect an arachnid’s ability to inhabit the paddy because dense planting would make web building more difficult, and the prey could remain hidden more easily (Foelix, 2011; Butt and Xaaceph, 2015). Roitberg (2018) also suggested that dense field planting may increase the difficulties for parasitoid wasps to find their host.
In this study, the surrounding landscape seems to not have any overall effect on the arthropod community, inferring that a simplified landscape may weaken the effect of the landscape. Dominik et al. (2017) suggested that arthropod composition is extremely different among different landscapes, which is less significant in our study. However, the sampling sites of Dominik et al. (2017) are separated by about 100 km, which makes the surrounding landscape completely different, including the terrain and flora. These abiotic and biotic differences cause the varied arthropod composition. In contrast, our four sampling sites are all located in the Lanyang Plains, which is an important area of rice production in northern Taiwan since the 18th century. After a long history of reclaim, more than 11,100 ha of area are paddy fields currently (AFA, 2023). The native vegetation has been removed in this area, which is a simplified landscape. The sampling areas of this study are separated by merely more than 1 km, which suggests that the arthropods moderately share the same surrounding landscape. The simplified landscape may result in a decrease in arthropod diversity; on the other hand, it highlights the importance of sustainable farming in the paddy field. More biodiversity in an agricultural ecosystem will bring more ecological service to humans. The arthropod diversity is more vulnerable in a simplified landscape without abundant vegetation. Moreover, the neighborhood effects of conventional farms cause negative effects on the sustainable farms nearby. We suggest that the policy of payments for ecosystem services (PES) should be promoted in Lanyang Plains to maintain the arthropod diversity.
5 CONCLUSION
In conclusion, our work suggests that the effects of the sustainable farming type on arthropod communities in paddy fields are beneficial to certain arthropod taxa, such as Hemiptera (major herbivores), Araneae (major predators), and Hymenoptera (major parasitoids). The spraying of pesticides mainly focuses on the hemipteran prey, and the major host of parasitoid wasps collected by this study is also hemipterans. To properly analyze and compare arthropod diversity and abundance with factors such as farming methodology and landscape, some important steps must be taken. First, a specific understanding of the diversity and taxonomic makeup of the ecosystems that are being examined must be developed. Once this is understood, taxa that are known to be more sensitive to factors that are being compared and focused on should be selected. Second, different farms located in varied landscapes need to be compared to understand the effect of landscapes on the arthropod community.
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