The impact of field margins on biological pest control: a meta-analysis.
Abstract
Floral field margins are known to benefit invertebrate species diversity and abundance within agricultural landscapes, but variation in success limits widespread uptake.  Understanding of variation within floral field margins and margins can affect certain entomological groupings is lacking but would allow for a more individualised design of margins to enhance biological control. This meta-analysis aims to answer the question; do floral field margins benefit biological pest control over grassy field margins? Finding that floral margins significantly benefit the natural enemy community and biological control services, relative to non-floral grass margins. We confirm that field margin type is linked to higher abundance and diversity of natural enemies, lower numbers of herbivorous invertebrate pests, and reduced crop damage. We consider whether specific characterisations of natural enemies and pest communities vary between these margin types; finding key differences in the abundances of aerial and epigeal enemies, the diversity of parasitoid and predatory enemies and pest abundances found in naturally regenerating and sown floral field margins. The finding here cements the implementation of floral field margins as a legitimate control method for crop pests in the face of pesticide losses and highlights design and management considerations for the success of floral margins.
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Introduction
Over recent years, pest control in agriculture has become a growing concern. The decline in available forms of chemical pest control, through legislation and declining efficacy, has led to a rising reliance on biological control services provided by the local ecosystem (Chaplin-Kramer et al. 2011). Although, the long-term overreliance on chemical control and widespread monoculture systems have caused considerable degradation to these services (Bommarco, Kleijn & Potts, 2013). Ecosystem services, the beneficial services obtained by humans from the environment, have significantly diminished as a whole within agricultural landscapes, due to habitat loss and fragmentation, and intensive agricultural production (Holland et al. 2017; Albrecht et al. 2020). Additional concerns over biodiversity declines on a larger scale have led to the promotion of Integrated Pest Management (IPM), which promotes sustainable, ecosystem-based pest control systems, that focus on long-term results, through the combination of multiple pest control techniques (Barzman et al. 2015). Such techniques include the promotion or restoration of diverse hedgerows, the creation of semi-natural habitats, crop rotation, the development of pest and disease-resistant varieties (Rusch et al. 2013; Ramsden et al. 2015; Montgomery, Caruso & Reid, 2020). Such pest control techniques are classified as conservation biological control; a broad definition for techniques that reduce reliance on pesticides through promoting beneficiary invertebrates (Begg et al. 2017). 
[bookmark: _Hlk135678865]Establishment of floral field margins; linear areas of uncultivated herbaceous habitats, established between crops and field boundaries; is a widely implemented technique that has been identified as a successful approach to combat local biodiversity losses and preserve and restore associated ecosystem services (Marshall & Moonen, 2002; Bianchi & Wäckers, 2008; Bommarco et al. 2013; Albrecht et al. 2020). In the UK, maintaining uncultivated ‘green cover’ (i.e. grass margins) between boundary habitats or structures (e.g. hedgerows) and the cultivatable area, is incorporated within Cross Compliance; the rules farmers must stay within the receive rural payments (Ernoult et al. 2013). Such grass margins are commonly characterised by low floral diversity, potentially including some species considered agricultural weeds, such as docks (Rumex spp.), nettles (Urtica spp.) and thistles (Cirsium spp.), and a high abundance of competitive grasses (Marshall & Moonen, 2002). Grass field margins support essential resources required by naturally occurring enemies of crop pests, beyond those supplied by the crop (Ramsden et al. 2015; Bishoff et al. 2016). Such resources include shelter (over winter and during times of agricultural activity), oviposition or nesting sites to promote reproduction and food resources (Shackelford et al. 2013; Ramsden et al. 2015; Holland et al. 2016; Albrecht et al. 2020). Floral margins have been highlighted as a prospective option to increase the quantity and diversity of such resources (Karp et al. 2011). 
[bookmark: _Hlk135652369][bookmark: _Hlk135679641]Understanding the effectiveness of floral field margins and the mechanisms by which they contribute to the biocontrol of crop pests is a complex task but can lead to improvement in the establishment and management of future margins (Chaplin-Kramer et al. 2011), as well as adding to our understanding as to why sometimes conservation biological control measures fail (Karp et al. 2018). Consideration can be made to the nature of establishment and continuous management of floral field margins: i) sown to promote diversity or ii) managed to promote diversity, often termed “naturally regenerated” or “weedy margins”. A wide array of seed mixes are available commercially which allows quick establishment of floral field margins, and may be specifically designed to provide diverse floral resources over a long flowering period. Though these mixes can be effective in doing so, they can also introduce non-native species (Garland & Wells, 2020). An alternative method to increased diversity is to develop an appropriate management regime for an existing margin to foster the seed bank and increase species diversity, such as limiting grazing pressure and removal of annual cuttings (Fritch et al. 2011). 
[bookmark: _Hlk135648892]Another factor influencing the efficacy with which field margins support biological control is the assemblage of natural enemies delivering pest control. The natural enemies involved may constitute a relatively diverse suite of organisms with differing resource requirements. Within this group, functionally important subdivisions may also be formed depending on factors such as mode of action (pathogens, parasites and parasitoids, and predators), dietary specialism, and guild. The members of each of these groupings depend on different resources, over different timeframes, within the wider ecosystem. Thus, tailoring floral field margins to particularly effective groups, in terms of biocontrol, could be advantageous. Pathogens are microorganisms that cause disease, increasingly utilised by application for biocontrol, much like a pesticide (Lacey et al. 2015). While these organisms are likely to already be present in the environment, floral field margins have the potential to act as a refuge for pathogens, providing alternative hosts to promote continuous infection and a stabilised local microclimate (Baverstock, Clark & Pell, 2008). Many parasitoid adults require pollen and nectar resources for survival and reproduction, meaning the provisioning of a high quantity of quality open floral resources is imperative to promote their associated services (Ramsden et al. 2015). Dietary specialism refers to the broadness of a given species' diet/host range; generalist natural enemies will rely on a myriad of food resources, while specialists will have a narrower diet/host range, utilising a smaller group, or even a singular species (Hsu, Ou and Ho, 2021). Authors disagree with the labelling of some families as distinctly specialist or generalist, a general consensus can be found based on the majority of that group, though outliers may be included. Finally, the guild is a term here used to describe the area in which an arthropod carries out the majority of its activity; aerially (flying) or epigeal (on the soil surface; Martin et al. 2012). 
[bookmark: _Hlk135647984][bookmark: _Hlk135774310][bookmark: _Hlk135773487][bookmark: _Hlk135652928][bookmark: _Hlk135648093][bookmark: _Hlk135648110]Invertebrate pest species can also be categorised in several functionally relevant ways: for example, based on which life stage causes damage, the mode of feeding, or the morphological development pathway. Here, we use the classifications of endopterygota and exopterygota, reflecting morphological development characteristics. Endopterygota species are those that go through distinct larval, pupal, and adult life-cycle stages, characterised by changes in morphology and behaviour. Invertebrate orders that fall into this grouping include Coleoptera, Diptera, Hymenoptera, and Lepidoptera. In contrast, exopterygota closely resemble adults throughout their life, with small, gradual changes occurring between life stages (Wilby & Thomas, 2002). Hemiptera and Thysanoptera are key orders within exopterygota. The differences between these groupings may be important in terms of biological pest control; endopterygota may occupy entirely differing niches throughout their life cycles, thus there could be a different natural enemy assemblage associated with distinct stages (Strand & Obrycki, 1996; Bernays, 1998). It has been predicted that a greater diversity of natural enemies may be required to provide full control of endopterygota, in comparison to exopterygota, which utilise similar resources throughout their life cycle (Wilby & Thomas, 2002).
[bookmark: _Hlk135743749][bookmark: _Hlk136461658]Recent meta-analyses confirm that specifically designed floral field margins can positively influence biological control as a whole (Dainese et al. 2019; Albrecht et al. 2020). In this meta-analysis, the addition of categorisation of natural enemies, crop pests and field margin type, will enable a more nuanced understanding of the ways in which floral margins influence the local invertebrate population. The main research question in this meta-analysis is: do floral field margins benefit biological pest control over grassy field margins? This will first be accessed using the abundance and diversity of the local arthropod natural enemy community, the abundance of invertebrate pests and crop damage. The following questions aim to further elucidate the role of field margins: (1) Do floral field margins benefit  dietary specialist or generalist natural enemies?; (2) Do floral field margins affect natural enemies of differing guilds differently?; (3) Do floral field margins promote pest control services in the local landscape?; and (4) Do floral field margins best promote control of endopterygote or exopterygote herbivorous pests?

Materials and Methods
Literature search 
[bookmark: _Hlk135744453][bookmark: _Hlk135744719]Studies were selected based on a search of scientific articles in Web of Science Core Collection using the following search terms; (“biological control” OR “biocontrol” OR “pest control” OR “natural enem*” OR predator* OR parasite*) AND (“floral field margin*” OR “field margin*” OR “field border*” OR “field boundar*” OR “field edge*” OR “insectary strips” OR “field strip*” OR “wildflower strip*” OR “flower strip*” OR “grassy strip*”). The search was limited to the last 20 years (2000-2021). Additional searches were done of reference lists to ensure no appropriate studies were missed. Studies were included if they complied with the following criteria: i) made a comparison of species abundance and diversity of invertebrate natural enemies and/or pest species in field margins or adjacent crop, ii) used grass field margins as the control for comparison, iii) had a minimum of two replicates per treatment, and iv) reported test statistics, means and standard error or sample sizes needed to calculate test statistics, for comparative analysis (Pastor & Lazowski, 2017). These criteria were necessary to remove studies that did not fit the topic being reviewed (see Supplementary Figure S1). Where possible additional test statistics or necessary information was collected on crop damage and yield. Authors of studies that did not report all necessary information were contacted for the original data sets, if data sets were provided the study was included within the study. The search terms produced 556 results (as of 11/02/2021). A total of 171 test statistics were identified from 40 studies that met all criteria for analysis of the influence of field margin composition on pest and natural enemy communities. Studies could produce multiple test statistics if multiple response variables were measured. Three studies produced six test statistics of crop damage, and three studies produced four test statistics of yields (see Supplementary Table S1).
Statistical analysis
[bookmark: _Hlk135741543][bookmark: _Hlk135682603]As is common practice (Shackelford et al. 2013; Dainese et al. 2019), for each study, Pearson's correlation coefficient r was calculated based on reported test statistics, or means, samples sizes and standard deviations, using the formulas found in Lipsey and Wilson (2000) and Borenstein et al. (2009).  This was used to provide a standard unit for comparison to be input into the model. This analysis was conducted using the metafor package (Viechtbauer, 2010) in R 4.0.3 (R Core Team, 2021). This package was chosen due to its ability to conduct meta-analyses and moderator (predictor variable) analyses, giving it the ability to fit meta-regression models using continuous or categorical predictor variables. Within metafor, the Pearson’s corelation coefficient r values were transformed once more using Fisher’s z-transformation (z’ = 1/2ln[(1+r)/(1-r)]; Hedges and Olkin, 1985) so that the data set was normally distributed. Fisher’s z-transformation was selected in favour of Hedges’ d, due to the potential bias associated with the latter (Hamman et al. 2018). This transformation function provided the Fisher’s z value and a measure of the corresponding variance, based on sample size, to assign a weighting of precision to each study. Test statistics were split by response variable: natural enemy abundance, natural enemy diversity, pest abundance, crop damage, yield.
The meta-analysis was conducted using a random-effect meta-regression (rma function), with a restricted maximum-likelihood estimator to estimate heterogeneity (Viechtbauer, 2005). When testing the influence of predictor variables, a mixed-effect model was utilised (with study as the random effect), to account for multiple test statistics coming from the same studies, and the Wald χ2 test was used, as a single model was being tested. For each response variable, the model was fit, and then each predictor variable was tested separately. For the classifications of species features in the included studies see Supplementary Table S2. 
A test for heterogeneity was conducted to establish variance across all studies; a diagnostic Baujat plot was used to visualise any particular studies influencing the overall heterogeneity, using diagnostics for checking the quality of regression fits. The included studies were reviewed for potential outliers and extreme outliers were removed from the analysis (Baujat et al. 2002; see Supplementary Figure S2).  To assess publication bias, a funnel plot was generated to visually highlight any apparent bias, this visualised standard error against the correlation coefficients (Peters et al. 2008; see Supplementary Figure S3). Two tests were conducted to test for bias: regression test for funnel plot asymmetry and rank correlation test for funnel plot asymmetry, both giving non-significant results: p = 0.609 and p = 0.608, respectively, suggesting low publication bias.
Results 
Natural enemy abundance
[bookmark: _Hlk134192563][bookmark: _Hlk137022885]A total of 92 test statistics reported the difference in the abundance of natural enemy communities between grass and floral field margins. Overall, there was a significant difference in the abundance of natural enemies between grass margins and the floral margins (z=8.71, P<0.001). In the predictor variable analysis, natural enemy type, dietary specialism and floral margin type were found to have no significant influence on the difference found between floral and grass margins. However, the natural enemy guild classification (aerial versus epigeal species), was found to be a significant predictor of the difference between natural enemy abundances (χ2=12.921, df=1, P<0.001; see Figure 1 and Table 1). Although floral strips show higher abundances of both guilds, the difference is significantly greater for epigeal compared with aerial natural enemies. 
Natural enemy diversity 
Overall, the results of the random-effect model (n=24) showed that there is a significant difference in the species diversity between the grass control treatment compared to the floral field margin treatment (z=8.07, P<0.001). The predictor variables of natural enemy diet, guild, and type of floral margin showed to have no significant influence on the variability seen between the grass control margin and the floral margin treatments. The diversity of differing natural enemy type groupings did, however, account for some of the variability found (χ2=5.952, df=1, P=0.015; see Figure 2 and Table 1). Both parasitoid and predatory species diversity was higher in floral margins compared to grass margins. Though, the greatest difference was found in species counts of parasitoid species. 
Pest abundance 
Forty test statistics were generated based on the difference between pest abundance in floral and grass margins. Overall, there was a significant difference in pest abundance between areas associated with grass margins and floral margins (z=4.53, P<0.001). The abundance of individuals in the pest community was assessed using the predictor variables; morphological development (χ2=1.484, df=1, P=0.223) and the margin type (sown or regenerated; χ2=20.748, df=1, P <0.001, see Figure 3 and Table 1). The type of floral field margin (sown to regenerated) accounted for the largest variation found in pest abundances, with regenerated margins contributing slightly more to this variation found between the grass control than sown margins. This result is one of the key results in terms of farmer and grower interest; a reduced number of pests within crops associated with the establishment of both types of floral field margins, and specifically regenerated margins, continuously managed to promote diversity. 
Crop damage
Analysis of crop damage was limited due to sample size (n=6). Thus, no predictor variable analysis was conducted. Overall, there was a significant difference in crop damage associated with grass (control) field margins and floral field margins, as a whole (z=3.63, P<0.001), being lowest when the field margins were floral. As with pest abundance, this is another key metric for farmers and growers, confirmation that floral margins benefit the control of damage in the crop in comparison to grass field margins is imperative for the continuous establishment and management of floral margins. 
Discussion 
This analysis of published studies demonstrates a conclusive positive response from biological control services based on the establishment of floral field margins, relative to standard grass margins. We conclude that floral field margins are associated with a significant increase in abundances and species diversity of natural enemies of crop pests, as well as a significant decrease in pest abundance and crop damage. This confirmation that the establishment of specific non-crop habitats increases biological control services is hugely important, not only for farmers and growers in terms of yield quantity and quality but also as a broader incentive to manage habitats in a wildlife-friendly way to benefit ecosystem services (Chaplin-Kramer et al. 2011; Albrecht et al. 2020; Hatt et al. 2020).
Natural enemy communities
Both abundance and the species diversity of the natural enemy community were found to be significantly greater in areas associated with floral field margins compared to grass field margins. This result supports the thought that floral field margins are able to better support beneficial arthropod communities through greater resource provisioning and the creation of stable micro-ecosystems within an unstable landscape (Gardner et al. 2021). It is important to note that a more diverse community can benefit a community’s adaptive capacity in the face of local environmental change (i.e. agricultural activities; Hellmann et al. 2016). This is due to a greater number of niches fulfilled, with species that can each tolerate a differing variety of environmental conditions (Tilman, Lehman & Bristow, 1998). Previous meta-analyses highlight the wider local landscape heterogeneity as a key consideration when evaluating the success of floral field margins. Complex agroecosystems offer a higher abundance and diversity of habitats and therefore resources and can act as a source for rapid migration of beneficial invertebrates to new habitats (Shackelford et al. 2013; Holland et al. 2017).  
The predictor analysis results concluded that grouping the natural enemy community by enemy type (predator or parasitoid) and guild (aerial or epigeal) can aid us in understanding how natural enemy communities respond to the establishment of floral field margins. In terms of natural enemy abundance, epigeal natural enemies benefitted more than aerial, though both were significantly more abundant in association with floral margins compared to grass. This was unexpected, given aerial enemies largely encompass parasitoid wasps which directly benefit from increased floral diversity (Lavandero et al. 2006; Géneau et al. 2012).  However, both ground beetles and spiders, two of the largest groups of epigeal natural enemies, are known to significantly benefit from increased plant diversity, with the benefits being based more on microclimate, vegetation structure and ease of mobility, over nectar and pollen resources (Meek et al. 2002; Ditner et al. 2013). 
[bookmark: _Hlk134533805]For natural enemy diversity, the enemy type classification was a significant predictor of the difference between floral and grass margins, with the difference being found in parasitoid (rather than predator) species diversity. Our understanding of the reasoning behind parasitoid diversity benefiting more so from an increased floral diversity is relatively straightforward; a large proportion of this grouping requires pollen and nectar resources in their adult stage to power reproduction and maintain fitness (Lavandero I et al. 2006; Wäckers and van Rijn, 2012). Thus, greater abundance and diversity of floral resources equates to greater resource variability and availability (Ramsden et al. 2015). The predictor variables dietary specialism and floral margin types did not significantly describe any of the difference found between floral and grass margins. It appears that both specialist and generalist natural enemies are significantly supported by floral margins of any kind (McCabe et al. 2017). 
Pest abundance & crop damage 
Counts of pest abundance were found to be significantly different between grass field margins and floral field margins, with floral margins playing host to fewer individual pests. Likewise, crop damage was shown to be significantly reduced in association with floral field margins, though the limited number of studies that assessed crop damage prevented further analysis of predictor variables. Both pest abundance and cop damage are key for farmers and growers when considering the effectiveness of a control measure; here we can successfully say that floral field margins can benefit biological control services, through the reduction in pest counts and crop damage, more so than standard grass field margins (Letourneau et a. 2011).
Predictor variable analysis found that the type of floral field margin was a significant influence on arthropod pest responses.  Of the two types of floral margin, the naturally regenerated margins were shown to support fewer individual pests than sown margins. The reason for this finding could be two-pronged: 1) naturally regenerated margins support more natural enemies and so manage the number of pests, and/or 2) sown margins support more pest species than regenerated, though still fewer than grass margins (Letourneau et al. 2011). There is evidence that herbivorous pests can benefit from the increase in floral species diversity, in much the same way as natural enemies would, as there is some overlap in resource requirements (Winkler et al. 2010; Wäckers and van Rijn, 2012; Karp et al. 2018). Though the predictor variable of morphological development proved to be non-significant, that overall significant increase in both natural enemy abundance and diversity might shroud this result. 
Knowledge gaps
The data set collated here was distinctly biased towards predator natural enemies, over parasitoids and pathogens. This imbalance could be due to differences in the ease of surveying and identifying predators, and the total abundance of predators and parasitoids over known beneficial pathogens. The analysis of existing studies identified several areas where more research is needed; studies that included information regarding crop damage and crop yield were generally lacking. The failure to measure these outcomes of increasing local floral diversity highlights the redirection needed in future research, as these are the variables that quantify the effectiveness of floral field margins and increased implementation by persuading farmers and growers (Chaplin-Kramer et al. 2011; Albrecht et al. 2020). The addition of such data into the academic and public sphere will only continue to increase our understanding of floral field margins, and their ability to promote local biological control services. Though one size may never fit all when it comes to cultural biological controls, increasing and collating our knowledge in such ways as this meta-analysis will allow us to understand our failures and develop a reliable methodology to establish floral field margins for biological control. 
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Figure captions
Figure 1. The effect estimates of the fixed-effect predictor variables on natural enemy abundance. Estimates were calculated using Fisher’s z-transformation, with 95% confidence intervals (CI). An effect estimate is significantly different from zero if the associated CI range does not include zero. The model estimate (diamond symbol) is based on the random-effect model, comparing grass and floral field margins. Additional values are the model degrees of freedom, the test for heterogeneity, random-effect model significance value, tau2 value (model generated estimate of total heterogeneity) and I2 value (model generated total heterogeneity). 
Figure 2. The effect estimates of the fixed-effect predictor variables on natural enemy diversity. Estimates were calculated using Fisher’s z-transformation, with 95% confidence intervals (CI). The model estimate (diamond symbol) is based on the random-effect model, comparing grass and floral field margins. Additional values are the model degrees of freedom, the test for heterogeneity, random-effect model significance value, tau2 value (model generated estimate of total heterogeneity) and I2 value (model generated total heterogeneity). 
Figure 3.  The effect estimates of the fixed-effect predictor variables on pest abundance. Estimates were calculated using Fisher’s z-transformation, with 95% confidence intervals (CI). The model estimate (diamond symbol) is based on the random-effect model, comparing grass and floral field margins. Additional values are the model degrees of freedom, the test for heterogeneity, random-effect model significance value, tau2 value (model generated estimate of total heterogeneity) and I2 value (model generated total heterogeneity). 
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Figure 1. The effect estimates of the fixed-effect predictor variables on natural enemy abundance. Estimates were calculated using Fisher’s z-transformation, with 95% confidence intervals (CI). An effect estimate is significantly different from zero if the associated CI range does not include zero. The model estimate (diamond symbol) is based on the random-effect model, comparing grass and floral field margins. Additional values are the model degrees of freedom, the test for heterogeneity, random-effect model significance value, tau2 value (model generated estimate of total heterogeneity) and I2 value (model generated total heterogeneity). 
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Figure 2. The effect estimates of the fixed-effect predictor variables on natural enemy diversity. Estimates were calculated using Fisher’s z-transformation, with 95% confidence intervals (CI). The model estimate (diamond symbol) is based on the random-effect model, comparing grass and floral field margins. Additional values are the model degrees of freedom, the test for heterogeneity, random-effect model significance value, tau2 value (model generated estimate of total heterogeneity) and I2 value (model generated total heterogeneity). 
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Figure 3.  The effect estimates of the fixed-effect predictor variables on pest abundance. Estimates were calculated using Fisher’s z-transformation, with 95% confidence intervals (CI). The model estimate (diamond symbol) is based on the random-effect model, comparing grass and floral field margins. Additional values are the model degrees of freedom, the test for heterogeneity, random-effect model significance value, tau2 value (model generated estimate of total heterogeneity) and I2 value (model generated total heterogeneity). 






Table 1. Results of the test of moderators within the mixed-effect meta-analysis model, for each measure of effect. χ2 indicates the results of the Wald-type χ2 test. Significant p values are shown in bold. 
	Measure
	Predictor
	Test of moderators

	
	
	df
	χ2
	p

	Natural enemy abundance
	Type 
	2
	0.045
	0.978

	
	Diet
	1
	1.18
	0.277

	
	Guild
	1
	12.921
	<0.0003

	
	Margin

	1
	2.599
	0.107

	Natural enemy diversity
	Type 
	1
	5.952
	0.015

	
	Diet
	1
	0.154
	0.694

	
	Guild
	1
	0.507
	0.476

	
	Margin

	1
	0.292
	0.589

	Pest abundance
	Development 
	1
	1.484
	0.223

	
	Margin
	1
	20.748
	<0.0001
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