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Abstract 16 

Landscape-scale agricultural intensification is a major driver of biodiversity loss. Highly 17 

mobile species, such as aerial invertebrates may be disproportionately affected by land cover 18 

at large spatial scales due to their ability to disperse. Assessing the efficacy of environmentally 19 

friendly farming, such as Agri-Environment Schemes (AES), therefore, requires establishing 20 

the influence of land cover beyond focal farms or fields, contextualising the impact of 21 

agricultural management. This study measured the response of aerial invertebrate functional 22 

groups to AES management in improved and semi-improved upland grasslands accounting for 23 

spatial autocorrelation and multi-scale effects of land cover within buffers varying from 100m 24 

to 5km at 88 paired fields. Total aerial invertebrate abundance and diversity, including 25 

detritivores, herbivores, nectivores, predators and parasitoids all responded to different land 26 

cover types at varying scales indicative of highly complex and idiosyncratic functional group 27 

responses to landscape. After accounting for spatial autocorrelation and multi-scale landscape 28 

composition, total aerial invertebrate abundance was unaffected by agricultural management 29 

but diversity was (5%) higher in AES than conventionally managed fields. Detritivore (mostly 30 

Mycetophilidae fungus gnat) diversity and abundance were higher in AES than conventional 31 

fields, but only on improved grasslands, while predator (adult Muscidae house fly, 32 

Scathophagidae dung fly and Dolichopodidae long-legged fly) diversity was lower but 33 

abundance higher in AES than conventional fields. Aerial invertebrate herbivores 34 

(Anthomyiidae root-maggot flies and Cecidomyiidae gall midges and gnats), nectivores 35 

(Syrphidae hoverflies and Apoidea bees) and parasitoids (Ichneumonidae wasps) responded to 36 

landscape composition, but not agricultural management. Synthesis and Applications. This 37 

study suggests that landscape composition drives aerial invertebrate functional group diversity 38 

and abundance at multiple spatial scales. Nevertheless, the responses of some functional groups 39 

(detritivores and predators) to local agricultural management suggest that AES management 40 

may contribute to the maintenance or enhancement of ecosystem service delivery (nutrient 41 

cycling and pest biocontrol). Explicitly accounting for multi-scale landscape effects is 42 

necessary when assessing the impact of agricultural management on highly mobile taxa. 43 

 

 

 

 



Introduction 44 

Agriculture covers almost 40% of global land area (FAO, 2019), with grassland contributing 45 

ca. 30% (Thébault et al., 2014). Intensification of grassland management is one of the biggest 46 

global drivers of ecosystem service decline, through the loss of biodiversity (Allan et al., 2015; 47 

Thébault et al., 2014). Intensification of agricultural land reduces landscape complexity and 48 

biodiversity (Tsiafouli et al., 2014). However, land abandonment can also have a negative 49 

effect on biodiversity (Henle et al., 2008), through the reduction of diverse landscape 50 

composition (Macdonald et al., 2000); this is especially the case for taxa that rely on swathes 51 

of open habitat (Queiroz et al., 2014; Regos et al., 2016). 52 

Conservation strategies for maintaining or increasing biodiversity on agricultural land, 53 

in the form of Agri-Environment Schemes (AESs), subsidise farmers to offset declines in 54 

biodiversity through environmental management. AES management prescriptions fall into two 55 

categories: those that attempt to enhance the status of a single or few target taxa, such as 56 

maintaining arable stubble overwinter for bird food provision, or, more commonly, those that 57 

aim to enhance biodiversity generally through actions such as the reduction of inputs (e.g. 58 

biocides or artificial fertilisers) or reduction in livestock density. AES subsidies are regularly 59 

employed in marginal upland grasslands, in order to account for the economic shortfall due to 60 

their low productivity (Acs et al., 2010). Marginal upland habitats are generally classed as High 61 

Nature Value (HNV) for their high levels of biodiversity and subsequent ecosystem service 62 

provision, such as carbon sequestration, soil nutrient turnover, flood mitigation, pest biocontrol 63 

and pollination (Reed et al., 2009). However, large-scale upland grassland abandonment, 64 

driven by the lack of economic viability of marginal farming, has led to scrub encroachment 65 

which results in biodiversity turnover (Navarro and Pereira, 2012). It may be argued that this 66 

creates greater heterogeneity in agricultural landscapes, which can benefit certain taxa, such as 67 

birds (Plieninger et al., 2014).  68 



Ecosystem services from agricultural landscapes can be maximised by maintaining high 69 

levels of biodiversity, as the ongoing habitat and species loss is often associated with a decline 70 

in ecosystem service delivery, due to a direct link with the loss of functional taxa (Balvanera 71 

et al., 2006; Cardinale et al., 2006; Lefcheck et al., 2015; Naeem, 2012). Increased biodiversity 72 

supports ecosystem service delivery following perturbation (Bengtsson et al., 2003), and the 73 

range of responses of species within the same functional group is critical to ecosystem 74 

resilience (Loreau and Hector, 2001). This is especially true in the case of agricultural 75 

grasslands, where frequent mechanical and chemical disturbances occur. Therefore, to support 76 

and benefit from ecosystem services, agricultural landscapes must include a mosaic of natural 77 

and semi-natural habitats to support high biodiversity (Ekroos et al., 2016; Tscharntke et al., 78 

2005).  79 

Although habitat quality and management are important factors in explaining 80 

biodiversity within agricultural fields, the wider landscape matrix may also drive diversity 81 

(Clough et al., 2020), especially of highly mobile taxa, such as aerial invertebrates. Landscape 82 

composition and habitat patch diversity affects species abundance, richness and subsequent 83 

ecosystem services (Dunning et al., 1992; Reid et al., 2007; Wagner et al., 2000). It is 84 

commonplace for studies to examine the effect of landscape habitat complexity on a single or 85 

few focal taxa often belonging to key functional groups, for example, among invertebrates 86 

pollinators or biocontrol agents are often the focus (Birkhofer et al., 2016; Chaplin-Kramer et 87 

al., 2011; Dauber et al., 2003; E. Martin et al., 2016; Steffan-Dewenter et al., 2002). However, 88 

studies investigating the effect of landscape at multiple spatial scales across multiple functional 89 

groups are scarce (e.g. Birkhofer et al., 2018). It is known that the effects of landscape may 90 

operate at various spatial scales across different habitats driving the diversity and abundance 91 

of different organisms in idiosyncratic ways due to the diversity of their species traits (Schmidt 92 

et al., 2008; Chaplin-Kramer et al., 2011; Martin, Seo, Park, Reineking, et al., 2016). The ‘scale 93 



of effect’ (Jackson and Fahrig, 2012) is not only determined by the scale of the movement of 94 

the organisms, but  also by more complex population dynamics processes beyond the scale of 95 

regular movement of individuals (Miguet et al., 2016), such as dispersal (Schmidt et al., 2008). 96 

The ‘mass effect’ (Shmida and Wilson, 1985) of dispersal from one area to another enhances 97 

species richness through source-sink dynamics, wherein the immigration (source) of organisms 98 

compensates for reduced fertility (sink) of local populations (Amarasekare and Nisbet, 2009; 99 

Mouquet and Loreau, 2003). Studies suggest that the dispersal distance of spiders (Araneae) 100 

can be relevant for spatial scales of >500m (Schmidt et al., 2008), bumblebees (Apidae) at ca. 101 

600m (Dauber et al., 2003), hoverflies (Syrphidae) >2,000m (Moquet et al., 2018), whilst house 102 

flies (Muscidae) can disperse distances >5,000m (Nazni et al., 2005). The disparity in dispersal 103 

distances identifies the need to consider multiple spatial scales simultaneously when assessing 104 

the effects of landscape across multiple functional groups or taxa.  105 

 Taxa specialization may predict the relevance of different habitat patches to focal taxa 106 

(Krauss et al., 2003; Schmidt et al., 2008), and consequently increasing habitat complexity in 107 

the wider landscape can have positive and negative effects. For example, specialist taxa that 108 

exist in fragmented ‘islands’ of habitats may respond negatively to an increasing diversity of 109 

landscape habitats, which are different from their optimal habitat. Fahrig (2003) suggested that 110 

specialist organism diversity and abundance loss can occur if only 20-30% of their required 111 

habitat remains in the wider landscape.  112 

It might be expected that high landscape complexity coupled with extensification of 113 

farming practices such as AESs should offset declines, maintain, or increase biodiversity. AES 114 

efficacy in biodiversity conservation may be constrained by landscape complexity, and AES 115 

effectiveness may be highest at intermediate levels of landscape complexity (Concepción et 116 

al., 2008). It is, therefore, expected that the benefits of environmentally friendly farming will 117 

likely be greatest in simpler landscapes (Tscharntke et al., 2005) 118 



This study aimed to test the effects of AES management and focal field habitat and their 119 

interaction on total and functional aerial invertebrate abundance and diversity in upland 120 

grasslands, whilst simultaneously accounting for surrounding landscape composition and 121 

complexity at multiple spatial scales. Aerial invertebrates are an abundant, taxonomically- and 122 

functionally rich group that provide many ecosystem services possessing a high dispersal 123 

capability. As such, aerial invertebrates are well suited for the investigation of suitable habitats 124 

at different spatial scales. The specific objectives were to explore the effect of landscape habitat 125 

composition and scales on aerial invertebrate functional groups and to explicitly test for mean 126 

differences in abundance and diversity between conventional and AES management across 127 

grassland types (semi-improved and improved) and their interaction. We predict that AES 128 

management would yield greatest benefits in intensive improved grasslands embedded in 129 

simple landscapes relative to more extensive semi-improved grasslands in more complex 130 

landscapes whilst the effects of landscape would vary across spatial scales for different 131 

functional groups.  132 



Methods  133 

Study sites and experimental design 134 

Field surveys were conducted under dry weather conditions between June and September 2018, 135 

where paired fields were sampled within the same week, in 88 fields across upland regions of 136 

County Antrim, Northern Ireland (see Arnott, A et al. (2021) for a map of study sites). Fields 137 

were categorized by management (conventional or Agri-Environment Scheme) and habitat 138 

type (semi-improved and improved grassland). Areas of semi-natural habitat are increased 139 

under AES management and limits are placed on nitrogen (fertiliser) application for improved 140 

and semi-improved fields. Habitat types are designated by plant species richness where semi-141 

improved grassland is moderately species-rich and contain <25% sown species (e.g. perennial 142 

ryegrass Lolium perenne and white clover Trifolium repens) and improved grasslands contain 143 

>25% sown species with a low percentage of native grasses maintained by intensive grazing, 144 

and regular ploughing and reseeding (DAERA, 2007). AES fields were selected first (n=44), 145 

then paired with a similarly sized (±2ha) conventionally managed control fields (n=44). 146 

Originally, 90 fields were surveyed, however, aerial invertebrate traps were destroyed by 147 

livestock in one field, therefore, this field and its paired conventional field were removed from 148 

analysis (n=88). Sites ranged from 0.26 - 23ha and were paired within a 1km buffer to minimise 149 

spatial effects, focal fields were also selected on the basis of altitude (>150m above sea level), 150 

focal field habitat type, and whether three or more sides of the field bordered another field of 151 

the same management/habitat type in order to reduce edge effects.  To test the effect of focal 152 

field habitat type, each of the 44 AES/conventional pairs consisted of either two improved or 153 

two semi-improved fields, therefore 23 improved grassland fields and 21 semi-improved 154 

grassland fields were selected. The unbalanced design was caused by a lack of available semi-155 

improved fields within a <1km buffer region, which was used to constrain the fields spatially. 156 

Study sites were selected using spatial datasets in ArcMap 10.8 (ESRI, California, USA). These 157 



included: 1) AES field parcels within schemes that were active from 2006 to 2019, and which 158 

had been part of the Northern Ireland Countryside Management Scheme (NICMS) for at least 159 

five years (provided by the Department of Agriculture, Environment and Rural Affairs 160 

(DAERA)); and 2) the UK Land Cover Map 2007 provided by the Centre for Ecology & 161 

Hydrology (CEH). 162 

 163 

Aerial invertebrate sampling 164 

Flight interception traps were fashioned from double-sided yellow sticky card (20 x 25 cm) 165 

attached to a bamboo pole 1m aboveground and above vegetation level following Nelson et al. 166 

(2018). A single sticky trap was placed in the centre of each field and left for one week. This 167 

approach provides a basis for comparison of diversity estimates between conventional and AES 168 

managed fields in semi-improved and improved grasslands. The objective was not to 169 

exhaustively sample the aerial invertebrate fauna (an approach that would ideally require the 170 

use of replicate Malaise traps over many nights during each season, in each field, until species 171 

accumulation curve asymptotes are reached). Rather the goal was to provide an unbiased and 172 

comparative set of samples providing the basis for our hypothesis tests, i.e. consistent sampling 173 

density in each of our treatment groups (management and grassland habitat type). 174 

Consequently, each field was sampled using one trap. Whilst this approach may have 175 

undersampled rare species, we nevertheless applied a uniform sampling effort across treatment 176 

groups. To ensure our sample density was sufficient to demonstrate effects, we conducted an 177 

a priori Power Analysis assuming our sample size and two 2-level factors and their interaction. 178 

The minimum effect size detectable at 80% power was ≤0.22; characterised as a ‘small’ 179 

difference between groups (see Cohen, 1988).  180 



Upon collection, sticky cards were placed within individual clear plastic bags and 181 

transported to the laboratory, where invertebrates were removed from the sticky card using De-182 

Solv-it®. This solvent has proved effective in removing invertebrates from sticky cards with 183 

minimal damage to specimens (Davidson et al., 2015). The card was placed in 50ml of solvent 184 

and agitated regularly to allow extraction of invertebrates by gently washing over a fine mesh 185 

with a drop of detergent and water before specimens were transferred to individual sample 186 

tubes with 70% ethanol for identification later. All adult invertebrates were identified to 187 

Family-level, and subsequently classified according to Chinery (1993) and Roberts (1995). An 188 

example of invertebrates collected can be seen in Fig. S1. Spiders were included in the analysis 189 

due to ballooning aerial dispersion of Linyphiidae spiders. The objective was to classify 190 

families into functional group: detritivores, herbivores, nectivores, predators and parasitoids 191 

(using Kimmins, 1950; New, 1975; Sunderland, Fraser and Dixon, 1986; Watson and Dallwitz, 192 

2003; Coleman, Crossley and Hendrix, 2004; P, 2008; Jung and Lee, 2012; Traugott et al., 193 

2015; Thorp and Rogers, 2015; Crotty et al., 2016; Bonacci et al., 2018; Epps and Penick, 194 

2018). Where the invertebrate family group spanned more than one functional group across its 195 

life history, it was assigned to the group that most closely fitted its trophic traits during the 196 

adult phase of the life cycle in grasslands. For example, Scathophagidae (dung flies) have a 197 

diverse biology with detritivorous (dung feeding) larval stages whereas adults, although 198 

attracted to dung in great numbers for mating and egg laying, are obligate predators and feed 199 

on smaller invertebrates (Blanckenhorn et al., 2018; Failes et al., 1992), and thus were 200 

classified as predators.  201 

 202 

Environmental parameters 203 



Land cover data were extracted from the Land Cover Map 2007 and the Northern Ireland Agri-204 

Environment Scheme Map, which was supplied from the Agri-Environment Scheme Branch, 205 

DAERA. As aerial invertebrates are highly mobile and capable of longer distance dispersal 206 

than many flightless invertebrates, spatial buffers were placed around the centroid of each field 207 

at varying scales of study: 100m, 250m, 500m, 1000m and 5000m. Although some fields were 208 

larger than the smallest buffer, very few fields fell within this category and the larger buffers 209 

(>500m) were likely to capture landscape effects. The extent (area in hectares) of each habitat 210 

type therein was calculated and expressed as a percentage of each buffer (standardising extents 211 

across scales) for: improved grassland, semi-improved grassland, crop, scrub, woodland, bog, 212 

moor, heath & marsh and urban. Simpson’s Diversity Index (SDI) of habitat patches describing 213 

landscape complexity were also extracted for each buffer region (Fig. 1).  214 

Dung density was calculated from dung percentage cover recorded using three 50x50cm 215 

quadrats placed randomly in the centre of each surveyed field. Dung density was used as an 216 

explanatory variable to help explain invertebrate detritivore diversity and abundance. Average 217 

plant species percentage cover and sward height were recorded from quadrats. Only total 218 

flowering (angiosperm) plant cover from quadrats was measured as explanatory variable for 219 

nectivore and herbivore diversity and abundance. Total abundance and SDI of non-predatory 220 

invertebrates were calculated as explanatory variable to account for variation in invertebrate 221 

predator and parasitoid diversity and abundance.  222 

 223 

Statistical Analysis 224 

Given the high mobility of aerial invertebrates it was necessary to account for landscape-scale 225 

habitat effects and remove variation associated with these prior to an exploration of treatment 226 

(management and grassland habitat type) effects on different response groups. This involved 227 



initially selecting the optimal candidate scale at which each land cover variable affected each 228 

functional group. This was achieved by constructing a separate Generalised Linear Mixed 229 

Model (GLMM) for total invertebrate abundance and diversity (all groups summed) as well as 230 

for the abundance and diversity of each functional group separately (detritivores, herbivores, 231 

nectivores, predators and parasitoids); each fitted as the dependent variable (with a total of 12 232 

dependent variables). Initially, a suite of models fitted just one independent variable in each 233 

case, i.e. percentage land cover extent with a separate model for each candidate spatial scale 234 

e.g. Crop100, Crop250, Crop500, Crop1000 and Crop5000 and so on for each land cover habitat. It 235 

was anticipated that the smallest buffer size (100m) would likely contain data most able to 236 

explain within-field invertebrate diversity and abundance. Consequently, the 100m scale was 237 

selected a priori, except where a model retaining a different scale had an ΔAICc ≤2 (i.e. the 238 

difference in the Akaike Information Criterion corrected for sample size was less than 2 units 239 

different from the 100m scale model), and with a higher R2 value (i.e. we could be certain that 240 

a lower spatial resolution (larger buffer) had greater explanatory power than the 100m buffer).  241 

Selected spatial scales for each land cover type were taken forward for final multi-scale 242 

model building after testing mixed scales for multicollinearity using Variance Inflation Factor 243 

(VIF) and Pearson’s Correlation Coefficient values indicated by the thresholds of <10 and <0.7 244 

respectively (Humphreys et al., 2019; Zuur et al., 2010). If any set of collinear explanatory 245 

variables exceeded these thresholds, one of each set of significant bivariates was excluded from 246 

GLMM analysis. 247 

Access to sampling sites and availability of habitats and management types above our 248 

elevation threshold for uplands resulted in loose clusters of pairs. Moran’s I tests found 249 

significant spatial autocorrelation in abundance and diversity data between sites, therefore, 250 

Principal Coordinates of Neighbourhood Matrix (PCNM) eigenvectors of the distance matrix 251 

of X and Y coordinates of each field was used to model potential spatial dependence between 252 



pairs and clusters (following Borcard and Legendre, 2002; Maaß et al., 2014; Caruso et al., 253 

2017). ANOVA testing of models identified the PCNM axes that were significantly associated 254 

with variation in aerial invertebrate abundance and diversity and were retained in our analyses. 255 

Field Pair Identity was additionally fitted as a random factor in the analysis.  256 

Each final model was constructed fitting non-collinear, selected, multi-scale land cover 257 

variables as independent variables with dung density, flowering plant cover, and total non-258 

predator abundance as appropriate to each trophic level being modelled (see above). A negative 259 

binomial distribution was used for abundance models and a Gaussian distribution for diversity 260 

models as was appropriate for the dependent variables. Multimodel selection of all subset 261 

models (all possible variable combinations) was used to select the single best model using 262 

AICc. Management (conventional or AES), Focal field (improved or semi-improved grassland) 263 

and their interaction (Management*Focal field) were forced in all models as these were the key 264 

independent variables of interest. All variables were standardised to have a mean equal to 0 265 

and a standard deviation of 1 before analysis so regression coefficients were directly 266 

comparable. To test whether the data met the assumptions of homogeneity of variance and the 267 

selected distribution of each model, residuals were assessed using summary statistics, 268 

histograms and QQ-Plots. Model fit was described using R2 and the significance of each 269 

variable using p values. The modelled estimated marginal means (predicted values) ± SE were 270 

derived for the interaction of Management*Focal field and compared using pair-wise Tukey 271 

tests after accounting for spatial autocorrelation and variation in land cover and environmental 272 

variables fitted at their average value (i.e. the effect of management independent of landscape-273 

scale drivers) and plotted using Violin graphs.  274 

Aerial invertebrate abundance was reduced to two axes using Redundancy Analysis (RDA) 275 

to visualize invertebrate community composition.  Raw counts were Hellinger-transformed 276 

prior to analysis to ensure that the underlying Euclidean distance of metric methods (RDA) 277 



could be used as a meaningful ecological distance metric (Legendre and Gallagher, 2001). 278 

Permutational ANOVA approaches were then used to test for significance and quantify the 279 

effects of all constraining variables within the RDA after taking into account the effect of 280 

spatial eigenvectors.   281 

 282 

Results 283 

Aerial invertebrate diversity 284 

A total of 29,506 aerial invertebrates belonging to 77 families were identified from sticky traps 285 

(Table S1). Diptera flies represented 29% of families and were the most abundant taxa (25,006 286 

individuals) with Muscidae house flies being the most common. Hymenoptera bees, wasps and 287 

ants were the most taxon rich order (23 families, 30%), but roughly an order of magnitude less 288 

abundant than flies (2,718 individuals). They were represented mainly by Ichneumonidae 289 

parasitoid wasps, with a few Vespidae wasps and Apoidea bees (643, 20 and 11 individuals 290 

respectively). Predators comprised the largest functional group (40% of all invertebrates, Fig. 291 

2), comprised largely of Muscidae house flies (4,574), Scathophagidae dung flies (3,160) and 292 

Dolichopodidae long-legged flies (2,653). Herbivores were also notably common (30%), with 293 

Anthomyiidae root-maggot flies (3,789) and Cecidomyiidae gall midges and gnats (2,918) 294 

representing the largest groups. Syrphidae hoverflies were the most dominant nectivores 295 

(1,749), and Mycetophilidae fungus gnats represented over half of the detritivore group 296 

(1,104). 297 

Improved grasslands had higher total invertebrate abundance than semi-improved grasslands 298 

(Fig. 2). Detritivores and nectivores were more common in semi-improved grasslands, 299 

predators were more common in improved grasslands while herbivores and parasitoids showed 300 

no clear pattern (Fig. 2). Redundancy Analysis (RDA) captured 16% of variance in aerial 301 



invertebrate taxa (Fig. S4, Table S3). Permutational ANOVA tests to assess the significance of 302 

the constraining variables within the axes of RDA suggested that invertebrate families varied 303 

between Habitats but not management (Table S4).  304 

 305 

Multi-scale land cover and environmental variation 306 

Across spatial buffers from 100m to 5,000m, the mean proportional extent of each land cover 307 

habitat varied from 23.7 – 58.1% for improved grassland, 16.3 – 34.1 % for semi-improved 308 

grassland, 2.8 – 11.3% for crop, 1.8 – 15.3% for bog, moor, heath & marsh, 0.4 -2.2% for 309 

woodland, 0.3 – 1.3 % for scrub, and 0.5 – 0.8% for urban land cover; mostly representing 310 

farm buildings (Fig. S2). The extent of land cover across spatial scales varied with percentage 311 

area of bog, moor, heath and marsh and scrub increasing with increasing spatial scale (from 312 

100-5000m), while the rest tended to decline with increasing spatial scale (Fig. S2). 313 

Final multi-scale GLMM models (Table 1) had R2 values from 0.22 - 0.63 for functional 314 

group abundance (detritivores > predators > nectivores > parasitoids > herbivores), and 0.41 - 315 

0.67 for SDI (parasitoids > herbivores >  nectivores  > detritivores > predators).  316 

Principal Coordinates of Neighbourhood Matrix (PCNM) eigenvectors 1 and 7 were 317 

included in all models to account for spatial autocorrelation, but were significant for total aerial 318 

invertebrate abundance, herbivore, nectivore and predator abundance and herbivore and 319 

parasitoid diversity. 320 

The land cover variables, and their optimal selected spatial scales, included in top models 321 

varied between functional groups. Total invertebrate abundance was significantly positively 322 

associated with improved grassland at 100m (58.1% mean cover) and urban at 500m (0.8 mean 323 

cover). Total invertebrate diversity (SDI) was negatively associated with semi-improved 324 



grassland at 250m (29.0% mean cover), scrub at 1km (1.1% mean cover) and woodland at 325 

500m (0.5% mean cover).  326 

Detritivore abundance was positively associated with urban at 500m (0.8 mean cover) and 327 

habitat SDI at 250m but negatively associated with crop at 1km (9.3% mean cover). Detritivore 328 

SDI was negatively associated with crop cover at 5km (2.8% mean cover). Dung was not 329 

significantly associated with detritivore abundance nor SDI though was retained in the top 330 

model for detritivore abundance indicative of contributing some variation. 331 

Herbivore abundance was positively associated with habitat SDI at 250m, improved 332 

grassland at 250m (53.2% mean cover) and flowering plant cover (Fig. S3-a), and negatively 333 

associated with scrub at 1km (1.1% mean cover). Herbivore SDI positively associated with 334 

habitat SDI at 100m but negatively associated with bog, moor, heath & marsh at 1km (7.1% 335 

mean cover) and flowering plant cover (Fig. S3-b). 336 

Nectivore abundance was positively associated with woodland at 100m (2.2% mean cover) 337 

and negatively associated with flowering plant cover (Fig. S3-c), scrub at 1km (1.1% mean 338 

cover) and habitat SDI at 5km. Nectivore SDI was positively associated with urban at 1km 339 

(0.7% mean cover), crop at 250m (10.9% mean cover) and with flowering plant cover (Fig. 340 

S3-d). Nectivore SDI was negatively associated with habitat SDI at 500m and bog, moor, heath 341 

& marsh at 5km (15.4% mean cover).  342 

Predator abundance was positively associated with prey abundance but negatively 343 

associated with bog, moor, heath & marsh at 5km (15.4% mean cover). Predator SDI was 344 

negatively affected by woodland at 500m (0.50% mean cover), and scrub at 1km (1.1% mean 345 

cover). 346 

Parasitoid abundance was negatively associated with scrub at 1km (1.1% mean cover). 347 

Parasitoid SDI was positively associated with improved grassland at 5km (23.7% mean cover), 348 



habitat SDI at 500m and total invertebrate SDI. Parasitoid SDI was negatively associated with 349 

scrub at 1km (1.1% mean cover) and crop at 5km (2.8% mean cover). 350 

The two-level factor of Focal field type (improved or semi-improved grassland) may have 351 

been a surrogate for improved or semi-improved grassland percentage cover within the smallest 352 

spatial scales (100m and 250m) whilst the latter may have been selected in some final models 353 

(i.e. total aerial invertebrate abundance and diversity, herbivore and nectivore abundance) 354 

because as a covariate it would have explained more variation than a two-level factor. Thus, to 355 

test these potentially confounding effects these specific models were re-run excluding 356 

percentage cover within buffers to test if the significance of Focal field type changed. In all 357 

cases, the significance of the latter did not change substantially, and thus, percentage cover 358 

values within buffers were retained and reported.   359 

 360 

Agricultural management 361 

Total aerial invertebrate abundance was not significantly influenced by Management, Focal 362 

field type (improved or semi-improved grassland) or their interaction (Table 1a; Fig. 3a). Total 363 

SDI was significantly affected by Management (Table 1a), being 5% higher under AES than 364 

conventional management consistent across grassland types (Fig. 3b). 365 

Detritivore abundance was negatively associated with conventional management across 366 

both grassland types (Table 1b). The Management*Focal Field interaction significantly 367 

affected detritivore abundance where AES management was associated with higher detritivore 368 

abundance in improved but lower abundance in semi-improved grassland (Fig. 3c). 369 

Additionally, The Management* Focal Field interaction significantly affected detritivore SDI 370 

with AES management associated with higher detritivore abundance in improved but lower 371 



abundance in semi-improved grassland (Fig. 3d). Diversity was 58% higher in improved than 372 

semi-improved grasslands. 373 

Herbivore abundance was significantly affected by the interaction of Management*Focal 374 

Field type (Table 1c) being higher in AES than conventional improved grasslands yet lower in 375 

AES than conventional semi-improved grassland (Fig. 3e). Herbivore diversity was unaffected 376 

by Management, Focal field type and their interaction (Table 1c). 377 

Nectivore abundance was significantly affected by the interaction of Management*Focal 378 

Field type (Table 1d) being similar between AES than conventional improved grasslands yet 379 

higher in conventional than AES semi-improved grasslands (Fig. 3g). Nectivore diversity was 380 

unaffected by Management, Focal field type or their interaction (Table 1d). 381 

Predator abundance was significantly affected by Management being generally higher in 382 

conventionally managed grasslands (Table 1e) with a significant interaction of 383 

Management*Focal Field type being higher in conventional than AES improved grasslands but 384 

lower in conventional than AES semi-improved grasslands (Fig. 3i). Predator diversity was 385 

significantly higher in improved grasslands (Table 1e; Fig. 3j) and significantly higher in AES 386 

than conventionally managed grasslands consistent across both improved and semi-improved 387 

grassland types (Fig. 3j). 388 

Parasitoid abundance and diversity were unaffected by Management, Focal field type or 389 

their interaction (Table 1f; Fig. 3k-l) 390 

 

Discussion  391 

The diversity and abundance of aerial invertebrate functional groups exhibited idiosyncratic 392 

landscape-scale ecologies with each associated with different habitats at different, multiple, 393 



spatial scales. After accounting for spatial autocorrelation and landscape-scale land cover 394 

effects, total aerial invertebrate diversity was higher in AES compared to conventional fields 395 

and detritivore diversity and abundance were higher in AES than conventional fields in 396 

improved grassland, while predator diversity was lower but abundance higher in AES than 397 

conventional fields. In marginal upland fields, AES management should be encouraged to 398 

maintain intermediate levels of habitat complexity, to support the functioning of aerial 399 

invertebrate taxa in agricultural landscapes.  400 

 401 

Agri-environment scheme management  402 

Detritivore (mostly Mycetophilidae fungus gnat with some Coleoptera beetle) diversity 403 

and abundance were higher in grassland fields under AES management though a significant 404 

interaction with grassland type suggested contrasting responses with greater benefits observed 405 

in improved than semi-improved systems. Improved grasslands, as the more intensive 406 

production system (with lower baseline biodiversity) are likely to gain most from 407 

environmentally friendly management. 408 

Predator (mostly adult Muscidae house fly, Scathophagidae dung fly and 409 

Dolichopodidae long-legged fly) diversity was consistently positively associated with AES 410 

management of both improved and semi-improved grasslands likely reflecting an association 411 

with increased total aerial invertebrate abundance providing a larger prey base. Hambäck et al. 412 

(2020) reported that Dipteran predators were positively associated with AES management of 413 

orchards. The effect of AES management on predator abundance was less clear with greater 414 

numbers of predators in conventional improved fields, though numbers were largely similar 415 

across other treatment groups. The results, therefore, suggest that AES management does yield 416 



greater benefits for some, but not all, taxa, with the greatest benefits seen in homogenous 417 

grasslands.  418 

 419 

Landscape scale composition and local effects 420 

Landscape habitat composition was an important driver of many aerial invertebrate functional 421 

groups at different scales. Abundance and diversity of invertebrates did not often respond to 422 

the same habitat type and reacted at different scales. Without direct observational methods, 423 

which was beyond the scope of this study, it is difficult to predict the most suitable habitats for 424 

invertebrate taxa at a landscape scale. Even then, there are indirect effects of habitat quality, 425 

mediated through plant diversity that can also influence the scales at which invertebrates 426 

respond to habitat. Patterns of aerial invertebrate community dynamics can also be driven by 427 

landscape habitat size, shape, and fragmentation (Concepción et al., 2008; Krimmer et al., 428 

2019). Individuals within functional groups can have enormously different resource 429 

requirements to complete their life cycle (such as bees and hoverflies for example), and, 430 

therefore, this makes the evaluation of landscape suitability particularly difficult. Nevertheless, 431 

the results from this exploratory modelling approach suggest that it is important to take into 432 

account landscape composition and the scale at which taxa may respond, to provide an 433 

indication of beneficial habitats for invertebrate functioning, and associated ecosystem services 434 

to enable better planning for future agri-environment schemes.  435 

Detritivore abundance was positively associated with urban land cover at close 436 

proximity (500m). Based on GIS maps these instances reflect farm buildings, rather than large 437 

urban developments. This and the higher detritivore diversity on conventionally managed 438 

improved grasslands may be explained by proximity to farmyards and higher livestock 439 

densities (dairy cattle are kept at higher density than beef cattle and grazed closer to the farm 440 



due to milking requirements with fields receiving higher fertiliser inputs). Thus, it might be 441 

expected that dung resources, both cowpats in fields but also slurry tanks in farmyards would 442 

provide food resources and breeding substrates for detritivores increasing diversity and 443 

abundance (Clough et al., 2007). Detritivore diversity and abundance were negatively 444 

associated with arable crops; likely due to the absence of dung and slurry application in such 445 

fields, which are typically managed with inorganic nitrogen-potassium-phosphorus (NPK) 446 

fertilizers. Habitat complexity (high Simpson’s Diversity Index) at the local 250m scale was 447 

positively associated with detritivores, which tend to be less migratory when feeding/breeding 448 

resources are nearby (Krosch et al., 2011; Worthen, 1989). Detritivorous Diptera and 449 

Coleoptera play important roles in dung decomposition and leaf litter shredding; valuable 450 

ecosystem services necessary for nutrient cycling (Frank et al., 2017). Although there was no 451 

significant association with dung density in the study, dung density was retained in the single 452 

best model of detritivore abundance suggesting a direct effect which may not have been 453 

adequately captured due to the small quadrat size and low replication within fields making the 454 

quantification of stochastically scattered dung difficult.  455 

Predators were overwhelmingly dominated by three main taxa: adult Muscidae house 456 

flies, Scathophagidae dung flies and Dolichopodidae long-legged flies. Consequently, 457 

landscape habitat effects were probably driven by the life histories of Diptera. The abundance 458 

of non-predatory invertebrates (potential prey) was positively associated with predator 459 

abundance. Invertebrate predators provide pest biocontrol and suppress crop pests i.e. 460 

herbivores (Martin et al., 2016). Herbivore abundance was negatively associated with scrub at 461 

the 1km scale, with predator diversity exhibiting the same relationship potentially indicative of 462 

bottom-up effects. Predator abundance was positively associated with crops at the largest 5km 463 

scale perhaps further reflecting their role in pest control where arable crops host key prey such 464 

as aphids and other sap sucking Hemiptera. Generally, Dipteran predators are often found in 465 



close proximity to woodland (Pfister et al., 2017), as many larvae develop in rotting bark 466 

(Hambäck et al., 2020). Nevertheless, Dolichopodidae long-legged flies have been shown to 467 

have a negative association with woodland (Pfister et al., 2017), which may explain the 468 

negative effects of woodland and scrub on predator diversity here given how common this taxa 469 

was in our samples. Predators were negatively associated with bog, moor, heath and marsh at 470 

the largest 5km scale. These habitats have waterlogged acidic substrates which inhibit the 471 

aerobic decomposition of leaf litter and thus may provide poor habitats for the often 472 

detritivorous larvae of adult Diptera predators. 473 

Herbivore diversity and abundance were positively associated with surrounding land 474 

cover diversity, suggesting plant diversity in the immediate vicinity was an important factor. 475 

Whilst herbivore abundance was positively associated, diversity was negatively associated 476 

with flowering plant cover. Sampled grasslands were overwhelmingly dominated by perennial 477 

ryegrass, thus the result may not suggest herbivores are associated with flowers per se (as might 478 

be expected for nectivores), but rather they are associated with herbaceous weeds. These can 479 

provide a high density of plant leaves on which to feed, supporting higher abundances of 480 

herbivores. Where weed communities were dominated by a few key species this may have had 481 

a homogenising effect on herbivore diversity. Herbivores were more abundant with a higher 482 

cover of improved grassland within 250m with data suggesting that vegetation height was 483 

substantially taller in such swards likely reflecting their more intensive management, including 484 

fertiliser application, for the purposes of silage production. Taller swards provide a greater 485 

biomass of grass on which herbivores can feed, increasing abundance. Scrub, bog, moor, heath 486 

and marsh are mostly dominated by woody biomass providing less attractive feeding 487 

opportunities for folivores than grassland swards, perhaps explaining their negative effects on 488 

herbivore diversity and abundance at the 1km scale (Martin et al., 2016). 489 



Nectivore diversity was positively associated with flowering plant cover, in contrast to 490 

abundance, which was negatively associated with flowering plant cover. Kleijn and van 491 

Langevelde (2006) suggested that there is an interaction between flower cover and semi-natural 492 

habitats, where there is only a positive effect of flower cover on hoverfly abundance in semi-493 

natural landscapes. Lucas et al. (2017) reported that hoverfly abundance increased with 494 

flowering cover only in semi-natural grasslands. The Syrphidae hoverflies exhibit strong 495 

preferences for certain flower morphotypes, and this can be influence syrphid species body size 496 

(Klecka et al., 2018). Thus, it may be that flowering plant species in the swards of the 497 

agricultural grasslands studied here represent a less favoured species assemblage (i.e. providing 498 

fewer open-type flowers), and as most fields were dominated by ryegrass, characteristic of 499 

highly managed grasslands, this may not be sufficient to support a high abundance of 500 

nectivores. Haenke et al. (2009) found hoverfly abundance was higher in simpler landscapes 501 

within <1km from their study sites with nectivore diversity and abundance in the current study 502 

negatively associated with land cover diversity within 500m and 5km respectively.  503 

Parasitoids are supported by landscapes with high habitat diversity (Balzan et al., 2016; 504 

Chaplin-Kramer et al., 2011; Haan et al., 2020) and our results suggest parasitoid diversity and 505 

abundance were positively associated with land cover diversity within 500m and 100m 506 

respectively. Parasitoids are usually highly host specific (Pennacchio and Strand, 2006) with 507 

parasitoid community diversity positively associated with total aerial invertebrate diversity. 508 

Parasitoid diversity and abundance was negatively associated with crop (5km) and scrub (1km), 509 

in contrast, it was positively associated with improved grassland (5km). This may be due to 510 

trophic cascades, wherein parasitoids are controlled from the bottom up, i.e. improved 511 

grassland was positively associated with herbivores while crop and scrub was negatively 512 

associated with herbivores and detritivores, which may reflect parasitoid associations with their 513 

hosts. 514 



The present study suggests that land cover drives aerial invertebrate functional group 515 

diversity and abundance at multiple spatial scales in highly complex ways, more than 516 

agricultural management, and that different factors drive invertebrate abundance and diversity. 517 

Nevertheless, total aerial invertebrate diversity was higher in AES compared to conventional 518 

fields and some functional groups (detritivores and predators) responded to AES management 519 

of improved and semi-improved upland grasslands, which may contribute to the maintenance 520 

or enhancement of ecosystem service delivery (nutrient cycling and pest biocontrol). Whilst 521 

the impact of AES management was greatest on predators in improved grasslands the effects 522 

on other functional groups varied between improved and semi-improved grasslands making 523 

generalisation difficult. Thus, AES management cannot be viewed as a blanket positive 524 

approach to biodiversity conservation being highly dependent on surrounding landscape 525 

context. Landscape scale effects are complex and disentangling their impact on management 526 

will require significant understanding of habitat scale effects of multiple functional groups. We 527 

demonstrate that explicitly accounting for multi-scale landscape effects is necessary when 528 

assessing the impact of agricultural management on highly mobile taxa.  529 

 530 

Acknowledgements 531 

This project at the Institute of Global Food Security (IGFS) was funded by the Department of 532 

Agricultural, Environment and Rural Affairs (DAERA). Thanks to the Agri-Environment 533 

Scheme Branch, DAERA for provision of spatial datasets, and to the landowners for granting 534 

access to the fields.  535 

 536 

Online Supplementary Materials 537 

Aerial invertebrate summary data.xlsx  Table S1. Invertebrate Abundance 538 



Supplementary Model Selection.xlsx Table S2. AIC and R2 for models at 539 

individual habitat scales 540 

Supplementary Figures & Tables.docx  Fig. S1 Invertebrates collected example 541 

       Fig. S2 Average % habitat area per buffer 542 

Fig. S3 Relationship between mean 543 

flower cover and Nectivore/Herbivore 544 

abundance & SDI 545 

Fig. S4 RDA biplot 546 

Table S3. RDA ordination axes 547 

Table S4. Anova of RDA 548 

References 549 

 Acs, S., Hanley, N., Dallimer, M., Gaston, K.J., Robertson, P., Wilson, P., Armsworth, P.R., 550 

2010. The effect of decoupling on marginal agricultural systems: Implications for farm 551 

incomes, land use and upland ecology. Land use policy 27, 550–563. 552 

https://doi.org/10.1016/j.landusepol.2009.07.009 553 

Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., Böhm, S., Grassein, 554 

F., Hölzel, N., Klaus, V.H., Kleinebecker, T., Morris, E.K., Oelmann, Y., Prati, D., 555 

Renner, S.C., Rillig, M.C., Schaefer, M., Schloter, M., Schmitt, B., Schöning, I., 556 

Schrumpf, M., Solly, E., Sorkau, E., Steckel, J., Steffen-Dewenter, I., Stempfhuber, B., 557 

Tschapka, M., Weiner, C.N., Weisser, W.W., Werner, M., Westphal, C., Wilcke, W., 558 

Fischer, M., 2015. Land use intensification alters ecosystem multifunctionality via loss 559 

of biodiversity and changes to functional composition. Ecol. Lett. 18, 834–843. 560 

https://doi.org/10.1111/ele.12469 561 



Amarasekare, P., Nisbet, R.M., 2009. Spatial Heterogeneity , Source-Sink Dynamics , and the 562 

Local. Am. Nat. 563 

Arnott, A., Riddell, G., Emmerson, M., Caruso, T., Reid, N., 2021. Upland grassland habitats 564 

and agri-environment schemes change soil microarthropod abundance. J. Appl. Ecol. 1–565 

10. https://doi.org/10.1111/1365-2664.13933 566 

Balvanera, P., Pfisterer, A., Buchmann, N., He, J.-S., Nakashizuka, T., Raffaelli, D., Schmid, 567 

B., 2006. Quantifying the evidence for biodiversity effects on ecosystem functioning and 568 

services. Ecol. Lett. 1146–1156. https://doi.org/10.1111/j.1461-0248.2006.00963.x 569 

Balzan, M. V., Bocci, G., Moonen, A.C., 2016. Landscape complexity and field margin 570 

vegetation diversity enhance natural enemies and reduce herbivory by Lepidoptera pests 571 

on tomato crop. BioControl 61, 141–154. https://doi.org/10.1007/s10526-015-9711-2 572 

Bengtsson, J., Angelstam, P., Elmqvist, T., Emanuelsson, U., Ihse, M., Moberg, F., Nyström, 573 

M., Bengtsson, A.J., Angelstam, P., Elmqvist, T., 2003. Reserves , Resilience and 574 

Dynamic Landscapes. Ambio 32, 389–396. 575 

Birkhofer, K., Andersson, G.K.S., Bengtsson, J., Bommarco, R., Dänhardt, J., Ekbom, B., 576 

Ekroos, J., Hahn, T., Hedlund, K., Jönsson, A.M., Lindborg, R., Olsson, O., Rader, R., 577 

Rusch, A., Stjernman, M., Williams, A., Smith, H.G., 2018. Relationships between 578 

multiple biodiversity components and ecosystem services along a landscape complexity 579 

gradient. Biol. Conserv. 218, 247–253. https://doi.org/10.1016/j.biocon.2017.12.027 580 

Birkhofer, K., Arvidsson, F., Ehlers, D., Mader, V.L., Bengtsson, J., Smith, H.G., 2016. 581 

Organic farming affects the biological control of hemipteran pests and yields in spring 582 

barley independent of landscape complexity. Landsc. Ecol. 31, 567–579. 583 

https://doi.org/10.1007/s10980-015-0263-8 584 



Blanckenhorn, W.U., Bauerfeind, S.S., Berger, D., Davidowitz, G., Fox, C.W., Guillaume, F., 585 

Nakamura, S., Nishimura, K., Sasaki, H., Stillwell, R.C., Tachi, T., Schäfer, M.A., 2018. 586 

Life history traits, but not body size, vary systematically along latitudinal gradients on 587 

three continents in the widespread yellow dung fly. Ecography (Cop.). 41, 2080–2091. 588 

https://doi.org/10.1111/ecog.03752 589 

Bonacci, T., Mazzei, A., Naccarato, A., Elliani, R., Tagarelli, A., Brandmayr, P., 2018. 590 

Beetles “in red”: are the endangered flat bark beetles Cucujus cinnaberinus and C. 591 

haematodes chemically protected? (Coleoptera: Cucujidae). Eur. Zool. J. 85, 129–137. 592 

https://doi.org/10.1080/24750263.2018.1449906 593 

Cardinale, B.J., Srivastava, D.S., Duffy, E., Wright, J., Downing, A., Sankaran, M., Jouseau, 594 

C., 2006. Effects of biodiversity on the functioning of trophic groups and ecosystems. 595 

Nature 989–992. 596 

Chaplin-Kramer, R., O’Rourke, M.E., Blitzer, E.J., Kremen, C., 2011. A meta-analysis of 597 

crop pest and natural enemy response to landscape complexity. Ecol. Lett. 14, 922–932. 598 

https://doi.org/10.1111/j.1461-0248.2011.01642.x 599 

Chinery, M., 1993. Collins Field Guide to the Insects of Britain and Northern Europe, 3rd ed. 600 

HarperCollins. 601 

Clough, Y., Kirchweger, S., Kantelhardt, J., 2020. Field sizes and the future of farmland 602 

biodiversity in European landscapes. Conserv. Lett. 13, 1–12. 603 

https://doi.org/10.1111/conl.12752 604 

Clough, Y., Kruess, A., Tscharntke, T., 2007. Organic versus conventional arable farming 605 

systems : Functional grouping helps understand staphylinid response. Agric. Ecosyst. 606 

Environ. 118, 285–290. https://doi.org/10.1016/j.agee.2006.05.028 607 



Cohen, J., 1988. Statistical power analysis for the behavioural sciences, 2nd ed. Lawrence 608 

Erlbaum, New Jersey. 609 

Coleman, D.C., Crossley, D.A., Hendrix, P.F., 2004. Fundamentals of Soil Ecology, 2nd ed. 610 

Academic Press. https://doi.org/10.1017/CBO9781107415324.004 611 

Concepción, E.D., Díaz, M., Baquero, R.A., 2008. Effects of landscape complexity on the 612 

ecological effectiveness of agri-environment schemes. Landsc. Ecol. 23, 135–148. 613 

https://doi.org/10.1007/s10980-007-9150-2 614 

Crotty, F., Fychan, R., Benefer, C.M., Allen, D., Shaw, P., Marley, C.L., 2016. First 615 

documented pest outbreak of the herbivorous springtail Sminthurus viridis (Collembola) 616 

in Europe. Grass Forage Sci. 71. 617 

DAERA, 2007. Countryside Management Scheme Information Booklet. 618 

Dauber, J., Hirsch, M., Simmering, D., Waldhardt, R., Otte, A., Wolters, V., 2003. Landscape 619 

structure as an indicator of biodiversity: Matrix effects on species richness. Agric. 620 

Ecosyst. Environ. 98, 321–329. https://doi.org/10.1016/S0167-8809(03)00092-6 621 

Davidson, M.M., Nielsen, M.C., Butler, R.C., Vellekoop, R., George, S., Gunawardana, D., 622 

Muir, C.A., Teulon, D.A.J., 2015. The effect of adhesives and solvents on the capture 623 

and specimen quality of pest thrips on coloured traps. Crop Prot. 72, 108–111. 624 

https://doi.org/10.1016/j.cropro.2015.03.008 625 

Dunning, J.B., Danielson, B.J., Pulliam, H.R., Ecology, I., 1992. Ecological Processes That 626 

Affect Populations in Complex Landscapes. Oikos 65, 169–175. 627 

Ekroos, J., ödman, A.M., Andersson, G.K.S., Birkhofer, K., Herbertsson, L., Klatt, B.K., 628 

Olsson, O., Olsson, P.A., Persson, A.S., Prentice, H.C., Rundlöf, M., Smith, H.G., 2016. 629 

Sparing land for biodiversity at multiple spatial scales. Front. Ecol. Evol. 3, 1–11. 630 



https://doi.org/10.3389/fevo.2015.00145 631 

Epps, M.J., Penick, C.A., 2018. Facultative mushroom feeding by common woodland ants 632 

(Formicidae, Aphaenogaster spp.). Food Webs 14, 9–13. 633 

https://doi.org/10.1016/j.fooweb.2017.12.001 634 

Fahrig, L., 2003. Effects of Habitat Fragmentation on Biodiversity. Annu. Rev. Ecol. Evol. 635 

Syst. 487–515. https://doi.org/10.1146/annurev.ecolsys.34.011802.132419 636 

Failes, Whistelcraft, Tomlin, 1992. Predatory behaviour of Scatophaga stercoraria under 637 

laboratory conditions. Entomophaga 37, 205–213. 638 

https://doi.org/https://doi.org/10.1007/BF02372419 639 

FAO, 2019. World Food and Agriculture – Statistical pocketbook 2019. Rome. 640 

Frank, K., Hülsmann, M., Assmann, T., Schmitt, T., Blüthgen, N., 2017. Land use affects 641 

dung beetle communities and their ecosystem service in forests and grasslands. Agric. 642 

Ecosyst. Environ. 243, 114–122. https://doi.org/10.1016/j.agee.2017.04.010 643 

Haan, N.L., Zhang, Y., Landis, D.A., 2020. Predicting Landscape Configuration Effects on 644 

Agricultural Pest Suppression. Trends Ecol. Evol. 35, 175–186. 645 

https://doi.org/10.1016/j.tree.2019.10.003 646 

Haenke, S., Scheid, B., Schaefer, M., Tscharntke, T., Thies, C., 2009. Increasing syrphid fly 647 

diversity and density in sown flower strips within simple vs. complex landscapes. J. 648 

Appl. Ecol. 46, 1106–1114. https://doi.org/10.1111/j.1365-2664.2009.01685.x 649 

Hambäck, P.A., Porcel, M., Tasin, M., Samnegård, U., 2020. Predatory arthropod community 650 

composition in apple orchards: Orchard management, landscape structure and sampling 651 

method. J. Appl. Entomol. 1–9. https://doi.org/10.1111/jen.12832 652 

Henle, K., Alard, D., Clitherow, J., Cobb, P., Firbank, L., Kull, T., McCracken, D., Moritz, 653 



R.F.A., Niemelä, J., Rebane, M., Wascher, D., Watt, A., Young, J., 2008. Identifying 654 

and managing the conflicts between agriculture and biodiversity conservation in Europe-655 

A review. Agric. Ecosyst. Environ. 124, 60–71. 656 

https://doi.org/10.1016/j.agee.2007.09.005 657 

Humphreys, R.K., Puth, M.T., Neuhäuser, M., Ruxton, G.D., 2019. Underestimation of 658 

Pearson’s product moment correlation statistic. Oecologia 189, 1–7. 659 

https://doi.org/10.1007/s00442-018-4233-0 660 

Jackson, H.B., Fahrig, L., 2012. What size is a biologically relevant landscape? Landsc. Ecol. 661 

27, 929–941. https://doi.org/10.1007/s10980-012-9757-9 662 

Jung, S., Lee, S., 2012. Molecular phylogeny of the plant bugs (Heteroptera: Miridae) and the 663 

evolution of feeding habits. Cladistics 28, 50–79. https://doi.org/10.1111/j.1096-664 

0031.2011.00365.x 665 

Kimmins, D.E., 1950. Handbooks for Identification of British Insects: Plecoptera. R. 666 

Entomol. Soc. 1. 667 

Klecka, J., Hadrava, J., Biella, P., Akter, A., 2018. Flower visitation by hoverflies ( Diptera : 668 

Syrphidae ) in a temperate plant- pollinator network. PeerJ. 669 

https://doi.org/10.7717/peerj.6025 670 

Kleijn, D., van Langevelde, F., 2006. Interacting effects of landscape context and habitat 671 

quality on flower visiting insects in agricultural landscapes. Basic Appl. Ecol. 7, 201–672 

214. https://doi.org/10.1016/j.baae.2005.07.011 673 

Krauss, J., Steffan-dewenter, I., Tscharntke, T., 2003. How does landscape context contribute 674 

to effects of habitat fragmentation on diversity and population density of butterflies ? 675 

Agroecology 889–900. 676 



Krimmer, E., Martin, E.A., Krauss, J., Holzschuh, A., Steffan-Dewenter, I., 2019. Size, age 677 

and surrounding semi-natural habitats modulate the effectiveness of flower-rich agri-678 

environment schemes to promote pollinator visitation in crop fields. Agric. Ecosyst. 679 

Environ. 284, 106590. https://doi.org/10.1016/j.agee.2019.106590 680 

Krosch, M.N., Baker, A.M., Mather, P.B., Cranston, P.S., Tropics, W., 2011. Spatial 681 

population genetic structure reveals strong natal site fidelity in Echinocladius martini ( 682 

Diptera : Chironomidae ) in northeast Queensland , Australia. Freshw. Biol. 1328–1341. 683 

https://doi.org/10.1111/j.1365-2427.2010.02571.x 684 

Lefcheck, J.S., Byrnes, J.E.K., Isbell, F., Gamfeldt, L., Griffin, J.N., Eisenhauer, N., Hensel, 685 

M.J.S., Hector, A., Cardinale, B.J., Duffy, J.E., 2015. Biodiversity enhances ecosystem 686 

multifunctionality across trophic levels and habitats. Nat. Commun. 6, 1–7. 687 

https://doi.org/10.1038/ncomms7936 688 

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for ordination 689 

of species data. Oecologia 129, 271–280. https://doi.org/10.1007/s004420100716 690 

Loreau M., Hector. A., 2001. Partitioning selection and complementarity in biodiversity 691 

experiments. Nature 412, 72–76. 692 

Lucas, A., Bull, J.C., de Vere, N., Neyland, P.J., Forman, D.W., 2017. Flower resource and 693 

land management drives hoverfly communities and bee abundance in seminatural and 694 

agricultural grasslands. Ecol. Evol. 7, 8073–8086. https://doi.org/10.1002/ece3.3303 695 

Macdonald, D., Crabtree, J.R., Wiesinger, G., Dax, T., Stamou, N., Fleury, P., Lazpita, J.G., 696 

Gibon, A., 2000. Agricultural abandonment in mountain areas of Europe : 697 

Environmental consequences and policy response. J. Environ. Manage. 47–69. 698 

https://doi.org/10.1006/jema.1999.0335 699 



Martin, E., Seo, B., Park, C., Reineking, B., Steffan-Dewenter, I., 2016. Scale-dependent 700 

effects of landscape composition and configuration on natural enemy diversity, crop 701 

herbivory, and yields. Ecol. Appl. 26, 448–462. https://doi.org/10.1890/15-0856 702 

Martin, Seo, B., Park, C., Reineking, B., Steffan - Dewenter, I., 2016. Scale-dependent 703 

effects of landscape composition and configuration on natural enemy diversity, crop 704 

herbivory, and yields. Ecol. Appl. 26, 448–462. 705 

Miguet, P., Jackson, H.B., Jackson, N.D., Martin, A.E., Fahrig, L., 2016. What determines 706 

the spatial extent of landscape effects on species? Landsc. Ecol. 31, 1177–1194. 707 

https://doi.org/10.1007/s10980-015-0314-1 708 

Moquet, L., Laurent, E., Bacchetta, R., Jacquemart, A.L., 2018. Conservation of hoverflies 709 

(Diptera, Syrphidae) requires complementary resources at the landscape and local scales. 710 

Insect Conserv. Divers. 11, 72–87. https://doi.org/10.1111/icad.12245 711 

Mouquet, N., Loreau, M., 2003. Community Patterns in Source-Sink Metacommunities. Am. 712 

Nat. 162. 713 

Naeem, S., 2012. The Functions of Biological Diversity in an Age of Extinction. Science (80-714 

. ). 1401. https://doi.org/10.1126/science.1215855 715 

Navarro, L.M., Pereira, H.M., 2012. Rewilding Abandoned Landscapes in Europe. 716 

Ecosystems 15, 900–912. https://doi.org/10.1007/s10021-012-9558-7 717 

Nazni, W.A., Luke, H., Wan Rozita, W.M., Abdullah, A.G., Sa’diyah, I., Azahari, A.H., 718 

Zamree, I., Tan, S.B., Lee, H.L., Sofian, M.A., 2005. Determination of the flight range 719 

and dispersal of the house fly, Musca domestica (L.) using mark release recapture 720 

technique. Trop. Biomed. 22, 53–61. 721 

Nelson, J.L., Hunt, L.G., Lewis, M.T., Hamby, K.A., Hooks, C.R.R., Dively, G.P., 2018. 722 



Arthropod communities in warm and cool grass riparian buffers and their influence on 723 

natural enemies in adjacent crops. Agric. Ecosyst. Environ. 257, 81–91. 724 

https://doi.org/10.1016/j.agee.2018.01.019 725 

New, T.R., 1975. The biology of Chrysopidae and Hemerobiidae (Neuroptera), with 726 

reference to their usage as biocontrol agents: a review. R. Entomol. Soc. 127. 727 

P, O.J., 2008. A review of the Irish thrips (Thysanoptera). Irish Nat. J. 29. 728 

Pennacchio, F., Strand, M.R., 2006. Evolution of Developmental Strategies in Parasitic 729 

Hymenoptera. Annu. Rev. Entomol. 730 

https://doi.org/10.1146/annurev.ento.51.110104.151029 731 

Pfister, S.C., Sutter, L., Albrecht, M., Marini, S., Schirmel, J., Entling, M.H., 2017. Positive 732 

effects of local and landscape features on predatory flies in European agricultural 733 

landscapes. Agric. Ecosyst. Environ. 239, 283–292. 734 

https://doi.org/10.1016/j.agee.2017.01.032 735 

Plieninger, T., Hui, C., Gaertner, M., Huntsinger, L., 2014. The impact of land abandonment 736 

on species richness and abundance in the Mediterranean Basin: A meta-analysis. PLoS 737 

One 9. https://doi.org/10.1371/journal.pone.0098355 738 

Queiroz, C., Beilin, R., Folke, C., Lindborg, R., 2014. Farmland abandonment : threat or 739 

opportunity for biodiversity conservation ? A global review. Front. Ecol. Environ. 740 

https://doi.org/10.1890/120348 741 

Reed, M.S., Bonn, A., Slee, W., Beharry-borg, N., Birch, J., Brown, I., Burt, T.P., Chapman, 742 

D., Chapman, P.J., Clay, G.D., Cornell, S.J., Fraser, E.D.G., Glass, J.H., Holden, J., 743 

Hodgson, J.A., Hubacek, K., Irvine, B., Jin, N., Kirkby, M.J., Kunin, W.E., Moore, O., 744 

Moseley, D., Prell, C., Price, M.F., Quinn, C.H., Redpath, S., Reid, C., Stagl, S., 745 



Stringer, L.C., Termansen, M., Thorp, S., Towers, W., Worrall, F., 2009. Land Use 746 

Policy The future of the uplands. Land use policy 204–216. 747 

https://doi.org/10.1016/j.landusepol.2009.09.013 748 

Regos, A., Dominguez, J., Gil-Tena, A., Brotons, L., Ninyerola, M., Pons, X., 2016. Rural 749 

abandoned landscapes and bird assemblages : winners and losers in the rewilding of a 750 

marginal mountain area ( NW Spain ). Reg. Environ. Chang. 199–211. 751 

https://doi.org/10.1007/s10113-014-0740-7 752 

Reid, N., McDonald, R.A., Montgomery, W.I., 2007. Mammals and agri-environment 753 

schemes: Hare haven or pest paradise? J. Appl. Ecol. 44, 1200–1208. 754 

https://doi.org/10.1111/j.1365-2664.2007.01336.x 755 

Roberts, M.J., 1995. Collins Field Guide to the Spiders of Britain and Northern Europe. 756 

HarperCollins. 757 

Schmidt, M.H., Thies, C., Nentwig, W., Tscharntke, T., 2008. Contrasting responses of arable 758 

spiders to the landscape matrix at different spatial scales. J. Biogeogr. 35, 157–166. 759 

https://doi.org/10.1111/j.1365-2699.2007.01774.x 760 

Shmida, A., Wilson, M., 1985. Biological Determinants of Species Diversity. J. Appl. 761 

Entomol. 12, 1–20. 762 

Steffan-Dewenter, I., Munzenberg, U., Burger, C., Thies, C., Tscharntke, T., 2002. Scale-763 

Dependent Effects of Landscape Context on Three Pollinator Guilds. Ecology 83, 1421. 764 

https://doi.org/10.2307/3071954 765 

Sunderland, K.D., Fraser, A.M., Dixon, A.F.G., 1986. Field and Laboratory Studies on 766 

Money Spiders (Linyphiidae) as Predators of Cereal Aphids. J. Appl. Ecol. 23, 433–447. 767 

Thébault, A., Mariotte, P., Lortie, C.J., Macdougall, A.S., 2014. Land management trumps 768 



the effects of climate change and elevated CO2 on grassland functioning. J. Ecol. 102, 769 

896–904. https://doi.org/10.1111/1365-2745.12236 770 

Thorp, J.H., Rogers, C., 2015. Thorp and Covich’s Freshwater Invertebrates. Elsevier Inc. 771 

https://doi.org/https://doi.org/10.1016/C2010-0-65590-8 772 

Traugott, M., Benefer, C.M., Blackshaw, R.P., Van Herk, W.G., Vernon, R.S., 2015. 773 

Biology, ecology, and control of elaterid beetles in agricultural land∗. Annu. Rev. 774 

Entomol. 60, 313–334. https://doi.org/10.1146/annurev-ento-010814-021035 775 

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter, I., Thies, C., 2005. Landscape 776 

perspectives on agricultural intensification and biodiversity - Ecosystem service 777 

management. Ecol. Lett. 8, 857–874. https://doi.org/10.1111/j.1461-0248.2005.00782.x 778 

Tsiafouli, M.A., Thébault, E., Sgardelis, S.P., de Ruiter, P.C., van der Putten, W.H., 779 

Birkhofer, K., Hemerik, L., de Vries, F.T., Bardgett, R.D., Brady, M.V., Bjornlund, L., 780 

Jørgensen, H.B., Christensen, S., Hertefeldt, T.D., Hotes, S., Gera Hol, W.H., Frouz, J., 781 

Liiri, M., Mortimer, S.R., Setälä, H., Tzanopoulos, J., Uteseny, K., Pižl, V., Stary, J., 782 

Wolters, V., Hedlund, K., 2014. Intensive agriculture reduces soil biodiversity across 783 

Europe. Glob. Chang. Biol. 21, 973–985. https://doi.org/10.1111/gcb.12752 784 

Wagner, H.H., Wildi, O., Ewald, K.C., 2000. Additive partitioning of plant species diversity 785 

in an agricultural mosaic landscape. Landsc. Ecol. 15, 219–227. 786 

https://doi.org/10.1023/A:1008114117913 787 

Watson, L., Dallwitz, M.J., 2003. Insects of Britain and Ireland [WWW Document]. URL 788 

https://www.delta-intkey.com/britin/index.htm 789 

Worthen, W.B., 1989. Effects of Resource Density on Mycophagous Fly Dispersal and 790 

Community Structure. Oikos 54, 145–153. 791 



Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid common 792 

statistical problems. Methods Ecol. Evol. 1, 3–14. https://doi.org/10.1111/j.2041-793 

210x.2009.00001.x 794 

795 



 

Figure 1.  Example of two sampled focal fields: one with low and the other with high habitat Simpson’s Diversity 
Index in the surrounding landscape up to 500m (note buffers of 1,000 and 5,000m are excluded from this 
illustration for the purposes of presentation but data were included in analyses).  

 

 

 

  



 

 

 

 

Figure 2 Relative abundance of each functional group across management of focal field types.   

  



Table 1. Single best GLMM for a) total aerial invertebrate abundance and SDI, b) detritivore abundance and SDI, 
c) herbivore abundance and SDI, d) nectivore abundance and SDI, e) predator abundance and SDI, and f) 
Parasitoid abundance and SDI. Symbol “-” indicates variables that were not in the model for either abundance or 
SDI. 

Model Explanatory Variables Abundance SDI 
 Standardised 

estimate ± SE 
p Standardised 

estimate ± SE 
p  

(a) Total aerial invertebrates  (R2 = 0.24) (R2 = 0.60)  
Improved grassland (100m) 0.267 ± 0.087 0.002 - -  
Semi-improved grassland (250m) - - -0.051 ± 0.020 0.012  
Scrub (1km) - - -0.067 ± 0.023 0.003  
Urban (100m) - - -0.031 ± 0.019 0.096  
Urban (500m) 0.207 ± 0.047 <0.001 - -  
Woodland (500m) - - -0.049 ± 0.019 0.013  
PCNM1 2.681 ± 0.575 <0.001 0.396 ± 0.227 0.080  
PCNM7    1.824 ± 0.581 0.002 -0.260 ± 0.205 0.204  
Management (conventional) -0.080 ± 0.135 0.553 -0.105 ± 0.044 0.019  
Focal field (improved) 0.125 ± 0.172 0.468 0.050 ± 0.063 0.429  
Management (conventional) * Focal field 
(improved) 

Factorial 0.078 Factorial 0.761  

      
(b) Detritivores (R2 = 0.63) (R2 = 0.42)  
Dung 0.078 ± 0.045  0.086 - -  
Crop (1km) -0.040 ± 0.020 0.020 - -  
Crop (5km) - - -0.081 ± 0.037 0.028  
Habitat SDI (250m) 1.788 ± 0.730 0.014 - -  
Urban (500m)  0.376 ± 0.154 0.015 - -  
PCNM1 2.390 ± 1.253 0.056 0.641 ± 0.097 0.097  
PCNM7 1.524 ± 1.094 0.163 0.220 ± 0.358 0.538  
Management (conventional) -0.430 ± 0.218 0.049 -0.188 ± 0.083 0.022  
Focal field (improved) 0.387 ± 0.330 0.241 0.535 ± 0.102 <0.001  
Management (conventional) * Focal field 
(improved) 

Factorial 0.029  Factorial <0.001  

      
(c) Herbivores (R2 = 0.22) (R2 = 0.60)  
Flowering plant cover 0.220 ± 0.099  0.027 -0.097 ± 0.045  0.032  
Bog, moor, heath & marsh (1km) - - -0.191 ± 0.043 <0.001  
Habitat SDI (100m) - - 0.302 ± 0.175 0.085  
Habitat SDI (250m) 1.811 ± 0.734 0.013 - -  
Improved grassland (250m) 0.485 ± 0.180  0.006 - -  
Scrub (1km) -0.331 ± 0.095 <0.001 - -  
PCNM1 2.530 ± 1.189  0.033 1.104 ± 0.447 0.013  
PCNM7 2.315 ± 1.014  0.022 -0.357 ± 0.433 0.409  
Management (conventional) -0.225 ± 0.246 0.358 -0.011 ± 0.090 0.896  
Focal field (improved) 0.287 ± 0.334 0.390 0.226 ± 0.123 0.067  
Management (conventional) * Focal field 
(improved) 

Factorial 0.036 Factorial 0.556  

      
(d) Nectivores  (R2 = 0.55) (R2 = 0.56)  
Flowering plant cover -0.303 ± 0.090 <0.001 0.096 ± 0.044 0.032  
Bog, moor, heath & marsh (5km) - - -0.101 ± 0.041 0.012  
Crop (250m) - - 0.104 ± 0.048 0.031  
Scrub (1km) -0.350 ± 0.091 <0.001 - -  
Semi-improved grassland (250m) -0.160 ± 0.089 0.071 - -  
Urban (1km) - - 0.083 ± 0.041  0.046  
Woodland (100m) 0.252 ± 0.102  0.013 - -  
Habitat SDI (500m) - - -2.130 ± 0.626 <0.001  
Habitat SDI (5km) -3.909 ± 1.468 0.007 - -  
PCNM1 4.556 ± 0.929   <0.001 0.596 ± 0.456 0.191  
PCNM7 1.884 ± 0.850 0.027 0.429 ± 0.419 0.307  
Management (conventional) -0.125 ± 0.192 0.515 0.052 ± 0.091 0.556  
Focal field (improved) 0.037 ± 0.262 0.885 0.110 ± 0.122 0.367  
Management (conventional) * Focal field 
(improved) 

Factorial 0.045 Factorial 0.392  

      
(e) Predators  (R2 = 0.61) (R2 = 0.41)  
Bog, moor, heath & marsh (5km) -0.506 ± 0.080 <0.001 - -  
Crop (5km) 0.155 ± 0.083  0.064 - -  
Scrub (1km) - - -0.128 ± 0.031  <0.001  
Woodland (500m) - - -0.075 ± 0.029  0.010  
Non-predator abundance 0.001 ± 0.005 0.036 - -  
Habitat SDI (100m) 0.547 ± 0.317  0.084 - -  



Table 1 continued      
PCNM1 -3.873 ± 1.021 <0.001 -0.402 ± 0.307 0.190  
PCNM7 1.583 ± 0.799 0.047 -0.287 ± 0.320 0.370  
Management (conventional) 0.320 ± 0.167 0.055 -0.258 ± 0.073 <0.001  
Focal field (improved) -0.022 ± 0.227 0.921 0.173 ± 0.090 0.055  
Management (conventional) * Focal field 
(improved) 

Factorial 0.034 Factorial 0.418  

      
(f) Parasitoid (R2 = 0.52) (R2 = 0.67)  
Crop (5km) -0.256 ± 0.135 0.057 -0.112 ± 0.045 0.014  
Improved grassland (5km) - - 0.108 ± 0.041 0.009  
Scrub (1km) -0.312 ± 0.119 0.008 -0.106 ± 0.047 0.023  
Habitat SDI (100m) 0.853 ± 0.461 0.064 - -  
Habitat SDI (500m) - - 2.351 ± 0.628 <0.001  
Total aerial invertebrate SDI - - 0.952 ± 0.195  <0.001  
PCNM1 2.061 ± 1.037 0.132   -1.002 ± 0.489 0.041  
PCNM7 -1.494 ± 1.11 0.178 -0.125 ± 0.426 0.769  
Management (conventional) -0.230 ± 0.236 0.328 -0.079 ± 0.092 0.386  
Focal field (improved) 0.531 ± 0.331 0.108 -0.164 ± 0.126 0.191  
Management (conventional) * Focal field 
(improved) 

Factorial 0.687 Factorial 0.753  
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Figure 3. Violin plots showing data density and spread of GLMM estimated marginal (predicted) means values for (a) 
total invertebrate abundance and (b) SDI, (c) detritivore abundance and (d) SDI, (e) herbivore abundance and (f) SDI, (g) 
nectivore abundance and (h) SDI, (i) predator abundance and (j) SDI, (k) parasitoid abundance and (l) SDI. Significance 
stars reflect between-group differences from pair-wise Tukey tests. 


