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Abstract

:

Arable land covers a large part of the European landscape, and its biodiversity is declining rapidly due to agricultural intensification. Among the most threatened groups of organisms are insectivorous ground-foraging farmland birds. To reverse their decline, it is necessary to understand the impact of agriculture on the factors potentially shaping their populations. This study therefore evaluates the invertebrate food availability and vegetation structure of three widespread crops—wheat, maize and rapeseed—during their breeding. This research took place in Slovakia, the country with the largest average field size in the EU. Wheat overlapped bird habitat preferences for the longest part of their breeding season by vegetation structure, but it also had the most limited food supply due to frequent treatment with insecticides. Maize and rapeseed provided higher invertebrate abundance and biomass, but their stands created unsuitable vegetation structures for farmland bird nesting and foraging over a major part of the breeding season. The food supply improved closer to the field edges, but the birds’ ability to use these benefits could be considerably limited by the large field sizes. Therefore, conservation measures should include reduction of field size and insecticide application to improve the food supply and switch to spring sowing to improve the vegetation structure.
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1. Introduction


The loss of biodiversity in agricultural landscapes has been ongoing for several decades worldwide [1,2]. Dramatic population declines due to intensification of arable land management have been reported in Europe and include various taxa: plants [3], invertebrates [4] and birds [5,6]. Birds are a particularly good indicator of the biologically relevant impacts of changes occurring in farmland, as they stand on the top of food chain and reflect negative effects on organisms at lower trophic levels [7]. Among farmland birds, insectivorous species, especially those feeding on the ground, have the most pronounced negative trends [8,9,10]. The evaluation of invertebrate food availability in intensively used arable fields from the perspective of such species is thus of primary concern because insectivorous ground-nesting farmland birds do not have many alternative habitats for breeding [11,12].



Here, we study vegetation structure and potential invertebrate food supply for farmland birds in intensively used farmland by focusing on three crops that cover a major part of arable fields in Europe: winter wheat, rapeseed and maize. Based on data from the Statistical Office of the European Union [13], wheat, and especially winter wheat, is the most widespread crop in Europe. In 2020, 126.3 million tons of wheat and spelt were harvested in EU countries in 22.75 million hectares, out of a total of 98.3 million hectares covered by arable land in the EU. Maize is the second most frequently cultivated cereal. It is grown for grain used in human food production, but it is also planted as green maize, directly consumed by animals and whole cobs harvested for feedstuff or silage, as well as for renewable energy production. In 2020, 67 million tons of grain maize and 243.5 million tons of green maize were harvested in the EU in a total area of 15.3 million hectares [13]. Rapeseed is the key oilseed crop in the EU and is used for making edible oil, biodiesel fuel and livestock feed; in 2020, 16.61 million tons were grown on 5.3 million hectares [13].



Various factors can potentially influence the abundance and diversity of invertebrates on arable land [14,15,16]. In conventionally farmed fields, the application of insecticides has a significant impact on invertebrates, which, together with reducing the number of pests, has a negative impact on non-target invertebrate species [17]. However, crops differ in the amount and timing of such applications, so their significance and impact can vary considerably. Invertebrate communities are strongly affected by vegetation structure [18,19], which is represented by crop height and cover in the conditions of arable fields. Both crop height and cover are partly determined by the identity of crop species; for instance, marked differences exist between grasses and broad-leaved crops [20]. In addition, crop height and cover are linked to the planting approach; winter sown stands are typically higher and denser earlier in the season than spring sown stands of the same crop species [21,22]. These characteristics may not only affect the abundance and diversity of invertebrates but also the ability of birds to use a given crop stand as a source of food supply. The accessibility of food plays an important role in the selection of a bird’s food habitat [22]. It depends on the height and density of the crop stand and affects both the ability to move in the given environment, recognition of prey and thus hunting efficiency, but also the detectability of their predators [22,23,24]. In general, food may be less accessible in too dense and high stands [25,26,27]. In situations where the structure of the stand is not suitable, this can result in seemingly paradoxical situations in which birds more often forage in places with a smaller amount of prey [25,26,27]. For a comprehensive evaluation of the potential food supply for birds, it is therefore necessary to describe the structure of the vegetation in the foraging habitat.



The vast majority of studies focusing on European farmland biodiversity come from the western part of Europe [28]. From the perspective of invertebrate food supply for birds, these studies describe birds’ preferential use of food-rich habitats for foraging within the mosaic of different habitat types present in farmland bird territories [29,30,31]. However, the situation may be different in the countries of Central and Eastern Europe that have undergone collectivization [32]. Here, the fields are considerably larger than territories of farmland birds and a territory typically samples a single crop type. In this landscape context, the identity of particular crops becomes much more important than in heterogeneous landscapes because birds can hardly switch among different crops within their territories. Moreover, various parts of such large fields, notably edges and field centers, may offer different food supplies to birds because edges are likely less efficiently cultivated and can be positively influenced by adjected non-productive vegetation. Finally, the evaluation of the invertebrate food supply in Central and Eastern Europe is important because this part of Europe represents a farmland biodiversity stronghold [28].



In our study, we focused on winter wheat, maize and rapeseed in a Central-Eastern European country, Slovakia. It is the country with the largest average field size in the European Union [12]. In the studied area of western Slovakia, 60% of arable land is made up of maize, winter wheat and rapeseed, and the average field size here is 18 hectares, and the maximum is 160 hectares [33]. In these three crops, we compared the available invertebrate food supply for breeding farmland birds and, at the same time, the structure of the vegetation created by the crops, which may have influenced the ability of birds to use these habitats. In addition, we evaluated these characteristics with respect to the different distances from the edge of the field.




2. Materials and Methods


2.1. Study Area and Study Sites


The research took place in Záhorie region, western Slovakia, Europe. The study area (250 km2, 140–155 m above sea level) is a flat lowland dominated with open agricultural land (covering ca 70% of the area), represented mainly by intensively cultivated arable fields and, in the western part, by permanent intensive grasslands. The rest of the study area is covered by forests, small rural settlements and two towns (Malacky and Stupava).



Twenty wheat, 19 maize and 19 rapeseed fields were sampled over the years 2019 and 2020 (Figure 1). Some of the fields were sampled in both years; the total number of fields was 35. The average field size was 50 ha (range 17.3–128 ha). In each of the fields, we established a 500 × 100 m study site, with the longest side corresponding to the edge of the field. The minimum distance between the study sites was 500 m.




2.2. Crop Type and Application of Insecticides


Crop type was recorded for each study site, recognizing wheat, rapeseed and maize. For each study site, the date of insecticide application was obtained from the farm keeper.




2.3. Invertebrate Food Availability


Pitfall traps were used to collect invertebrates to assess food availability for breeding birds. The pitfall trap was a plastic container with a volume of 500 mL and a diameter of 8 cm. Each trap was placed on the ground. The top of the container reached the ground surface, enabling the collection of invertebrates moving into the trap. Every trap was under a metal roof to protect the contents from rainfall. Monopropylene glycol was used in the traps to fix the material.



Two pairs of traps were placed along the shorter side of each study site: one pair at a distance of 1 m and one pair at a distance of 100 m from the field edge (Supplementary Figure S1). The field work took place from April to June and the pitfall traps were left exposed for 14 days each month. This period was selected because it represents the main part of the breeding season for farmland birds in Central Europe. Due to agrotechnical work connected with sowing in maize fields, the traps were not installed before May in this crop type. The contents of both traps within each pair were pooled into one sample, i.e., every study site was characterized by one sample collected at a distance of 1 m (position edge) and another one collected at a distance of 100 m from the edge (position center) separately for each month. Invertebrates were subsequently determined and counted in the laboratory to the level of higher taxonomic groups, mostly orders (Coleoptera, Diptera, Hymenoptera, Araneae, Orthoptera, Heteroptera, Diplopoda, Isopoda, Opiliones, Collembola, Chilopoda, Acari, Lumbricidae, Nematoda, Dermaptera, Stylomatophora, Lepidoptera, Neuroptera, Pseudoscorpiones, Blattodea, Mecoptera and insect larvae). Necrophagous Coleoptera species were removed from the samples before further processing, as their presence and quantity were influenced by the contents of the trap itself. The samples were dried in drying cabinets at 80 °C for 12 h and subsequently weighted with a precision balance (to the level of a thousandth of a gram). For further analysis, the data on invertebrates were expressed using three different variables for each sample: abundance (number of invertebrate individuals), biomass (dry weight) and diversity (Shannon–Weaver index on the relative abundance of respective invertebrate taxa).




2.4. Vegetation Structure


We recorded two vegetation structure characteristics at the study sites: crop height (in cm) and crop cover (in %). Crop height and cover were measured in the area near individual pitfall traps. Specifically, a 1 × 1 m square was established around each trap, within which the cover was estimated by eye as a percentage of the land covered by vegetation (at the scale with the 5% steps, i.e., 0%, 5%, 10%, etc.). Height was determined as the average of measurements at 4 random points within the square. At each study site, the data on vegetation structure collected in the 1 × 1 m squares near the pitfall traps were averaged for the distance 1 m and 100 m from the field edge, respectively (see the details on pitfall trap location above). As a result, we obtained mean crop height and mean crop cover in these positions with respect to the field edge at individual study sites.




2.5. Statistical Analysis


2.5.1. Vegetation Structure


Vegetation structure was examined in three sets of analyses. First, we compared crop height and cover as respective response variables among different crop types, where crop type was considered as a fixed-effect explanatory variable with three levels corresponding to wheat, rapeseed and maize. These relationships were tested by separate generalized linear mixed models (Gaussian error structure, identity link function) run for every month (i.e., April, May and June) using the package ‘glmmTBM’ [34] of the R 4.1.2 software [35]. In each model, the random effects part contained field identity and year as random intercepts. Each response variable was log-transformed before the analysis to improve normality. When the generalized linear mixed model indicated a significant effect of crop type, we applied Tukey’s post-hoc test to assess the differences among respective levels of the explanatory variable (package ‘multcomp’ [36]).



In the second set of analyses, we evaluated changes in crop height and cover during the season. For this purpose, we used crop height and cover as respective response variables related to months as an ordinal fixed-effect explanatory variable. We ran a separate generalized linear mixed model for every crop type (i.e., wheat, rapeseed and maize). The error structure and random effects were the same as in the first analysis set.



In the third set of analyses, we compared crop height and cover between the field edge and the center. For this purpose, we pooled the data from all months and composed a separate model for each crop type. We used generalized linear mixed models (Gaussian error structure, identity link function) with crop height and cover as respective response variables and position within the study site as a fixed-effect explanatory variable, with two levels corresponding to position-edge and position-center. Random effects, variable transformations and post-hoc testing were the same as in the first set of analyses.



Since maize fields did not have vegetation and were not sampled for invertebrates in April, we did not include April data from maize fields in all sets of analyses.




2.5.2. Invertebrate Food Availability


Invertebrate food availability was expressed using three different measures, namely abundance, biomass and diversity (see Section 2.2 Invertebrate Food Availability above), and these measures served as respective response variables in all models. Abundance and biomass were log-transformed to improve normality, whereas diversity had a normal distribution without transformation. We used the same modeling approach to compare the respective measures of food availability among different crop types, changes during the season and between field edge and center as we applied to the analysis of vegetation structure.



To compare taxonomic composition among respective crops, months and positions within the focal fields, we used redundancy analysis (RDA, package ‘vegan’ [37]). RDA was run separately for invertebrate abundance and biomass. In each of these RDAs, invertebrate taxa were respective response variables and crop type, month and position were explanatory variables. Year was included as a covariate to take the repeated sampling of some fields in both years into account.






3. Results


3.1. Vegetation Structure


In every month, the studied crops differed significantly in their height (April: χ2 = 136.71, p < 0.001; May: χ2 = 447.73, p < 0.001; June: χ2 = 30.79, p < 0.001), as well as in their cover (April: χ2 = 5.79, p = 0.016; May: χ2 = 1161.84, p < 0.001; June: χ2 = 469.37, p < 0.001). Maize had zero height and cover in April and low values of both measures were still observed in May (height 0–25 cm, cover 0–10%), which resulted in great differences in comparison with the other crops at that time (Figure 2a). From May to June, maize markedly increased its height (χ2 = 115.05, p < 0.001) reaching 5–200 cm in June and being not significantly different from wheat (50–85 cm, Figure 2a). Its cover remained very low (up to 20%, Figure 2b) even in June, although it still increased significantly over the season (χ2 = 21.08, p < 0.001). Rapeseed also increased its height (χ2 = 154.56, p < 0.001) and cover (χ2 = 17.31, p < 0.001) over the season. It was the tallest crop in all months (reaching the maximum of 150 cm in June, Figure 2a) and had a high coverage, similar to wheat (60–100 %) in all months (Figure 2b). Wheat height progressively increased through the season (χ2 = 193.56, p < 0.001), reaching a maximum of 100 cm in June (Figure 2a). However, its cover remained constant (χ2 = 0.80, p = 0.372) and was relatively high (around 70%) throughout the season (Figure 2b).



There was no difference in the height (χ2 = 0.30, p = 0.582) and cover (χ2 = 1.88, p = 0.170) between the center and edge parts of the study sites in wheat (Figure 3) and the same applied for both height (χ2 = 0.25, p = 0.619) and cover (χ2 = 2.24, p = 0.135) in maize (Figure 3). Only in the case of rapeseed, height (χ2 = 4.20, p = 0.041) and cover (χ2 = 28.50, p < 0.001) had significantly lower values at the edge of the study sites than in the center (Figure 3).




3.2. Insecticide Applications


There were considerable differences in the number and timing of insecticide applications across the studied crops. In maize, insecticides were not applied even once during the observed period. In wheat, on the other hand, insecticides were applied at the beginning of each monitored month (April—June). In rapeseed, insecticides were applied in March (before the start of monitoring), in the first half of April and, in 2019, in the first half of May (Table 1).




3.3. Invertebrate Food Availability


3.3.1. Taxonomic Composition


In total, 76,777 individuals of 22 taxonomic groups of invertebrates were determined, with Coleoptera, Diptera and Araneae predominating across all three crops irrespective of whether abundance or biomass is considered (Figure 4). In all crops, the relative representation of some taxa differed markedly, depending on whether we considered abundance or biomass. Hymenoptera, which was represented mainly by ants, had high abundance, but due to the small weight of individual specimens, they formed only a very small part of the total biomass. In wheat, this was also true for Diptera (Figure 4a,b) and in rapeseed for insect larvae (Figure 4e,f). Stylommatophora, Lumbricideae and Orthoptera (e.g., mole crickets), in contrast, were recorded in small numbers of individuals, but they constituted a significant part of the total biomass.



In wheat, we recorded most of the invertebrate taxa (21; Figure 4a,b). The most numerous were Coleoptera. Together with 6 other taxa (Diptera, Hymenoptera, Araneae, Diplopoda, Collembola, insect larvae), they represented more than 90% of all individuals. In terms of biomass, more than half were represented by Coleoptera. Together with Diplopoda and Araneae, they made up three-quarters of the total biomass. In rapeseed, unlike other crops, the most numerous taxa were Diptera, together with 5 other groups (Hymenoptera, Araneae, Diplopoda, Collembola and insect larvae); they represented more than 95% of all individuals (Figure 4e). When we focused on biomass in rapeseed, almost 50% was made up of Coleoptera. Together with Araneae and Diptera, they made up almost 85% of the total biomass (Figure 4f). In maize, we recorded 19 invertebrate taxa, but almost 90% of all individuals formed only 4 groups: Coleoptera, Diptera, Hymenoptera and Araneae (Figure 4c). Almost 60% of the biomass was made up of Coleoptera in maize (Figure 4d).



To explore gradients in invertebrate taxonomic composition and to explain these gradients by focal explanatory variables (namely crop type, month and position within the studied fields), RDA was performed separately for abundance and biomass. Each RDA model explained a significant amount of variation in invertebrate taxonomic composition in the studied fields (abundance: adjusted R2 = 13.4%, F = 12.039, p = 0.001; biomass adjusted R2 = 5.2%, F = 8.513, p = 0.001). The effects of the respective explanatory variables on taxonomic composition were significant: crop type (abundance: F = 9.989, p = 0.001; biomass: F = 7.596, p = 0.001), month (abundance: F = 15.562, p = 0.001; biomass: F = 10.441, p = 0.001) and position (abundance: F = 12.617, p = 0.001; biomass: F = 8.418, p = 0.001).



According to the abundance RDA model, the first canonical axis depicting the most important gradient (explaining 7.4% of variation in invertebrate taxonomic composition; F = 24.495, p = 0.001) ordinated the taxa from Diplopoda, Araneae and Diptera at its positive end to Hymenoptera, insect larvae, Opiliones, Isopoda and Coleoptera at its negative end (Figure 5a). The negative end of that gradient was associated with the later phases of the season and the connection to maize, while the positive end to the earlier phases of the season and weakly also to rapeseed and the position in the center of the fields (Figure 5a). The second axis (3.3%; F = 10.909, p = 0.001) showed a gradient from Opiliones, Hymenoptera, Lumbricidae, Chilopoda and Coleoptera at its negative end to insect larvae, Collembola and Isopoda at its positive end (Figure 5a). The negative end was associated with maize and the positive one with wheat and weakly also with the position on the field edge (Figure 5a).



According to the biomass RDA model, the first canonical axis (3.0%; F = 15.747, p = 0.001) depicted the gradient from Opiliones, insect larvae and Coleoptera to the taxa Diplopoda, Araneae and Acari (Figure 5b). The negative end of that gradient was associated with the later phase of the season and the connection to maize, while the positive end was connected to the earlier phase of the season and weakly to rapeseed and wheat (Figure 5b). The second axis (1.8%; F = 9.462, p = 0.001) showed a gradient from Diptera and Lumbricidae to Isopoda, Hymenoptera and Diplopoda, with the negative end associated with field edge position and wheat, and the positive end with rapeseed and field center position (Figure 5b).




3.3.2. Abundance, Biomass and Diversity


Invertebrate abundance increased during the season in rapeseed (χ2 = 79.754, p ≤ 0.001; Figure 6a). In wheat, the increase was lower but still significant (χ2 = 4.645, p = 0.031; Figure 6a). In maize, the abundance decreased between the observed months (χ2 = 5.738, p = 0.017; Figure 6a).



In April, the per-sample mean invertebrate abundance differed significantly between individual crops (χ2 = 7.666, p = 0.006). Specifically, the mean abundance was 168.0 individuals in wheat and 127.7 individuals in rapeseed (Figure 6a). In May, the significant differences were observed, too (χ2 = 92.818, p ≤ 0.001). Maize had the highest invertebrate abundance (mean = 480 individuals per sample; Figure 6a), followed by rapeseed (209.07 individuals; Figure 6a), whereas wheat hosted the fewest invertebrates (144 individuals; Figure 6a). In June, the model indicated a significant effect of crop type (χ2 = 24.877, p ≤ 0.001), but the differences were less pronounced: rapeseed and maize showed similar abundance (rapeseed: 474.42 individuals, maize: 375.6 individuals), while wheat showed significantly lower values (259.7 individuals; Figure 6a).



Invertebrate biomass increased during the season in rapeseed (χ2 = 85.998, p ≤ 0.001; Figure 6b), less so, but significantly in wheat (χ2 = 5.092, p = 0.024; Figure 6b). In contrast, biomass did not change in maize (χ2 = 1.020, p = 0.313; Figure 6b).



In April, the mean biomass was higher in wheat (0.689 g; Figure 6b) than in rapeseed (0.467 g, χ2 = 9.589, p = 0.002; Figure 6b). In May, the significant effect of crop type on invertebrate biomass (χ2 = 19.510, p ≤ 0.001) was driven by a higher mean value in maize (1.845 g per sample; Figure 6b) than in rapeseed (1.024 g; Figure 6b) or wheat (0.863 g; Figure 6b), which did not differ significantly from each other (Figure 6b). In June, the significant effect of crop type (χ2 = 16.724, p ≤ 0.001) was attributed to the lower invertebrate biomass in wheat (1.399 g; Figure 6b) than both in rapeseed (2.221 g; Figure 6b) and maize (2.142 g; Figure 6b) that showed similar values (Figure 6b).



Invertebrate diversity tended to increase during the season across all crops (Figure 6c), but the changes were modest compared to abundance and biomass. Indeed, a significant increase in diversity was observed only in maize (χ2 = 7.370, p = 0.007) but not in rapeseed (χ2 = 3.203, p = 0.074) and wheat (χ2 = 3.017, p = 0.082).



In April, the diversity of invertebrates was higher in wheat (Shannon index = 1.494; Figure 6c) than in rapeseed (Shannon index = 1.354; diversity: χ2 = 6.673, p = 0.010; Figure 6c). Interestingly, in May, invertebrate diversity showed quite a different pattern from that of abundance and biomass (Figure 6). The significant effect of crop type (χ2 = 25.662, p < 0.001) was due to lower invertebrate diversity hosted by maize (Shannon index = 1.243; Figure 6c) than by the other crops (rapeseed: Shannon index = 1.356, wheat: Shannon index = 1.540; Figure 6c). In June, the pattern of inter-crop differences (χ2 = 9.237, p = 0.010) in invertebrate diversity was similar to that observed in May (Figure 6c), i.e., lower diversity in maize (Shannon index = 1.408; Figure 6c) than in the two other crops (rapeseed: Shannon index = 1.461, wheat: Shannon index = 1.584; Figure 6c).



In all crops, more invertebrates were sampled at the edge of the study sites than at their centers (Figure 7), but the individual crop types showed some differences in this general pattern. Specifically, abundance and biomass of invertebrates were significantly higher near edges in maize (abundance: χ2 = 6.97, p = 0.008; biomass: χ2 = 7.76, p = 0.005; Figure 7a,b) and wheat (abundance: χ2 = 29.07, p < 0.001; biomass: χ2 = 16.06, p < 0.001; Figure 7a,b), but only an insignificant tendency was observed in rapeseed (abundance: χ2 = 2.90, p = 0.088; biomass: χ2 = 3.18, p = 0.075; Figure 7a,b). In contrast, diversity was higher at the edge in wheat (χ2 = 41.18, p < 0.001; Figure 5c) and rapeseed (χ2 = 25.41, p < 0.001; Figure 5c) but not in maize (χ2 = 0.14, p = 0.707; Figure 5c).






4. Discussion


4.1. Patterns in Invertebrate Food Availablity and Vegetation Structure


In this study, we compared several characteristics of invertebrate food availability and vegetation structure among three widespread crops, i.e., wheat, rapeseed and maize, in intensively cultivated large arable fields in southwestern Slovakia. The diversity of invertebrates (expressed as the Shannon index) reached similar levels across all crop types and showed only small changes over the course of the season, i.e., from April to June. In contrast, invertebrate abundance and biomass varied markedly. Specifically, wheat had the lowest abundance and biomass of invertebrates throughout the season. Maize hosted a much higher abundance and biomass compared to other crops in May and maintained high levels of these measures to June. Rapeseed showed very low levels of invertebrate abundance and biomass at the beginning of the growing season, but both of these measures quickly raised as the season progressed, doubled between May and June, and finally reached the same levels as observed in maize.



These seasonal patterns and inter-crop differences can be explained by the interplay of changes in vegetation structure and insecticide application. Insecticides kill both target and non-target invertebrates [17], so their impacts on food availability for farmland birds can be extensive [38]. Here, the low levels of invertebrate abundance and biomass recorded in wheat correspond to the fact that this crop type was also the most frequently treated with insecticides, i.e., in every month of our sampling period. Similarly, maize was the only crop untreated with insecticides in the period of our sampling, which concurs with the high levels of invertebrate abundance and biomass in this crop. The rapid increase in invertebrate abundance and biomass observed in rapeseed from April to June tracks the decreasing frequency of insecticide applications in this crop; the first application occurred just before the start of the sampling period at the end of March, then occurred at the beginning of April, and finally, it was left untreated until the end of June (with the exception of application at the beginning of May in 2019).



The majority of the studied groups of invertebrates increased their total abundance and biomass during the time period. This effect could be explained by the phenological changes of invertebrates during the season, with higher diversity and abundances in the later part of the season [39,40]. At the same time, since invertebrates strongly rely on the vegetation characteristics of their habitats [41,42], seasonal development of the vegetation structure most likely played an important role. Specifically, aboveground vegetation volume rapidly increases with increasing crop height, which results in more habitat and food resources for terrestrial invertebrates [43,44].



This mechanism likely underpins the increase in invertebrate abundance and biomass observed in rapeseed well, corresponding to the marked increase in rapeseed height. Similarly, the growth of wheat from April to June likely contributed to a slight increase in the abundance and biomass of invertebrates over the course of the season, even though the changes in food availability were probably hampered by frequent insecticide applications (see above). On the other hand, seasonal changes in measures of invertebrate abundance, biomass and diversity were decoupled from changes in vegetation height in maize. This crop showed the most drastic increase in height between May and June from all studied crops and was untreated by insecticides at the same time, but the invertebrate abundance and biomass did not increase from May to June. This pattern could be explained by the very low stem density (expressed here by crop cover) observed in maize. Planting maize in low densities is linked to high exposure of topsoil during spring and at the beginning of summer to sunshine. This results in a dry and warm microclimate, which is unsuitable for ground-dwelling invertebrate taxa that prefer wetter and more humid conditions [45]. Therefore, exposure to maize fields likely creates a suboptimal microclimate for most invertebrate assemblages sampled by our traps. These unfavorable microclimatic conditions might have mitigated the usually positive effect of plant height on arthropod biomass and diversity. In addition, the low crop cover per se (being in maize 0–10% in May and up to 35 % in June, i.e., several times lower than in wheat and rapeseed) may also explain low invertebrate diversity in maize because such a simplified habitat structure is typically linked to simplified community composition resulting in low diversity [46,47]. In fact, maize showed the highest inequitability in the invertebrate community composition, with up to 90% of the total abundance represented by only four taxa (Coleoptera, Diptera, Hymenoptera and Araneae). Finally, an important factor responsible for differences in diversity between crops could also be the timing of sowing. Both rapeseed and wheat were winter crops in our case, so fields with these crops could create a longer-term and more stable habitat for invertebrates compared to spring-sown maize [48]. This study also aimed at comparing invertebrate food availability and vegetation structure between field centers and edges. A greater food supply was generally found at the edges of the fields, whereas the vegetation structure did not show increased height and cover closer to the field edge. These results indicate that the higher food supply near the edges could be due to the lower efficiency of insecticide application at the edge of the fields where, for example, lower doses are applied [49]. At the same time, invertebrates can recolonize fields more quickly after treatment from the non-productive vegetation adjacent to the field [50,51,52] resulting in their higher representation near the field edge. The process of recolonization after insecticide treatment, or specifically its absence, could also be the reason why the invertebrate diversity in maize did not differ between the edge and the center of the study site. In this crop, insecticides were not applied, so the effect of recolonization could not be observed in contrast to insecticide-treated wheat and rapeseed. In these treated fields, some groups were completely absent from the center of the study site and may not have been able to quickly recolonize from the edge.



The difference between field margin and interior was also observed in the case of the caught diversity of invertebrate taxa. The majority of groups were more abundant or had higher biomass at the field margins. This could be explained mainly by the spillover effect from adjacent non-productive habitats [40]. Many pollinating groups of insects (e.g., Hymenoptera) in agricultural landscapes depend on food resources from neighboring habitats, increasing their abundance in field margins but with only limited overlap to the internal parts of field blocks [53]. Some ground-dwelling taxa (e.g., Isopoda) are able to persist in such habitats for a long time [54] but due to their worse dispersal abilities [55] altogether with frequent disturbances in the fields, they probably can disperse to the field centers only to a limited extent. In contrast to the field margins, the field interior with dens and spacious crop stands probably forms more stable and humid conditions. The dense and tall vegetation cover is preferred by more mobile ground-dwelling detritivores [40] and can be more attractive to smaller decomposing Diptera and their predators [43]. These links could explain higher abundances of Diplopoda, Diptera and Araneae in the samples from field centers.



Similar effects can also probably explain the differences in invertebrate diversity between crops. While denser stands of wheat and rapeseed were inhabited more by detritivorous ground-dwellers (Collembola, Diplopoda, Isopoda), decomposers (Diptera) and predatory Araneae, the maize form more sparse stands well penetrated to mobile Hymenoptera or larger Coleoptera, especially larger Carabids.




4.2. Implications for the Possibilities of Farmland Bird Occurrence


From the perspective of the bird diet, all groups of invertebrates captured at our study sites were used by the farmland bird species. In general, the most important taxa for adult birds and chicks in the breeding season are adult and larval Coleoptera, adult Hemiptera, adult and larval Lepidoptera, adult and larval Diptera, Hymenoptera, Araneae, Opiliones and Orthoptera [56,57]. However, invertebrate taxonomic composition is of minor importance in contrast to overall food abundance, biomass or food accessibility [58].



When choosing breeding territories, ground-nesting insectivorous farmland birds use a number of factors to assess habitat quality [59]. These factors include vegetation structure and food availability [22]. The vegetation structure plays a primary role in the selection of nesting places, when many species, such as Yellow Wagtail (Motacilla flava) or Corn Bunting (Emberiza calandra), preferentially settle in denser sward to hide nest from predators [60,61], while some others have well-developed antipredator behavior, such as Skylark (Alauda arvensis) or Northern Lapwing (Vanellus vanellus), select open and relatively sparsely vegetated ground [62,63,64,65]. Invertebrates are a key component of the farmland bird diet, not only for obligatory insectivorous species, such as Yellow Wagtail, but also many species mainly herbivorous but supplementing their diet with insects during the reproductive season, such as Grey Partridge (Perdix perdix) [56].



Due to the very different structure of the vegetation and its development during the season, each of the studied crops could create a suitable environment in different parts of the breeding season for different bird species. Wheat forms the most important breeding habitat for farmland birds on arable land in Europe [21,65,66,67]. Based on literature information about farmland bird habitat preferences e.g., [36,37,38], the stand structure in this crop recorded in the study area met such preferences for the longest period from all studied crops. For example, it created suitable conditions in the first half of the Skylark nesting period, when its preferences for height and coverage [20,65,68,69,70,71,72] well corresponded to the values recorded on our study sites in April. On the other hand, in June, the wheat height reached up to 100 cm at 100% density, which most farmland species probably cannot use anymore [73,74].



Maize was very low and sparse at the beginning of the season and agrotechnical processing of the fields occurred at that time, which for many species of birds does not allow a safe placement of the nest [20,75]. However, some birds that prefer low vegetation or bare soil can colonize maize fields at that time, which may be the case with Lapwing [76] or Stone-curlew (Burhinus oedicnemus) [63,77]. At later stages of the season, maize no longer met the preferences of the farmland bird species [63,65,68,78].



In contrast to the sparsely vegetated maize fields, rapeseed formed very dense stands from the beginning of the season and reached an average height of over 1 m during the season. Rapeseed is thus not frequently used for nesting ground-dwelling farmland birds, especially at the end of the season [20]. In the beginning, however, it can suit several species, such as Skylark and Yellow Wagtail [20,68,79,80].



Although wheat was the most suitable crop in terms of vegetation structure, there was the most limited food supply throughout the season in terms of invertebrate abundance and biomass, reducing wheat suitability for insectivorous farmland birds. In addition, the use of invertebrates as food for farmland birds can be negatively affected by a relatively high and dense sward in this crop, especially at the end of the season. This can make food less accessible [22]. Birds that use winter wheat for nesting also often prefer low stands with bare soil for foraging, as applies to Skylark [65,69] or Yellow Wagtail [60,81,82]. Several studies have described the preferential use of tramlines for foraging when crops are too dense, even in cases where there is less food than in the crop [30,69].



Rapeseed, on the other hand, had significantly larger invertebrate abundance and biomass compared to wheat, which continuously increased throughout the season, likely due to the absence of insecticide applications. However, as with wheat, the structure of the stand may prevent birds from using the food potentially supplied by this habitat. Rapeseed fields reached 100% cover and a very high height already in May, which probably makes them less suitable for foraging in many farmland bird species. However, birds can compensate for this inaccessibility by using various defects in the vegetation or tactor tracks [45].



Compared to other studies, maize came out as a relatively food-rich habitat, but this could be due to our sampling method based on pitfall traps. When using a sweep net or D-vac, maize was reported to be worse compared to other crops in other studies [83]. It remains an open question which of the methods samples the food supply in a more appropriate way with respect to bird foraging techniques. In any case, a sparse stand of maize could serve as a farmland foraging habitat in areas where other very dense stands occur.



In our study, a greater and more diverse food supply was found at the edges of the fields. This corresponds with the preferential use of such food-richer habitats in various farmland bird species [29,30,31]. However, the ability of birds to use them may depend on the distance at which their nests are located. For example, in Skylark, its use of field edges dropped sharply if the nest was located in a distance longer than 100 m. [31]. This may have serious implications for the potential use of the food-rich field edges by insectivorous farmland birds in the conditions of excessively large fields occurring in our study area or elsewhere in Central and Eastern Europe. If birds use the center of a 50 ha large field for breeding, they may not be able to benefit from an enhanced food supply at the edge of the field. Therefore, the large field size greatly reduces the availability of such a suitable habitat at the landscape scale.





5. Conclusions and Conservation Implications


From the results of our study, we can conclude that for most typical European ground-nesting insectivorous farmland bird species potentially occurring in our study area, the vegetation structure of the three focal widespread crops provides suitable conditions for nesting only during part of their breeding season and seemingly deteriorates toward its end. Such an unsuitable vegetation structure may, for example, prevent birds from laying second or third clutches. From the invertebrate food supply perspective, we recorded some food-rich habitats, such as maize in May or rapeseed in June. However, the vegetation structure on those sites was not suitable for most ground-foraging birds, making the cover too sparse for nesting (maize) or food likely inaccessible (rapeseed). Wheat provided the most reduced food supply in terms of invertebrate abundance and biomass, likely due to frequent insecticide applications in these fields. Therefore, even though wheat offers the most suitable habitat for ground-nesting insectivores in terms of vegetation structure, this benefit is compromised by food shortages. Improved invertebrate food availability close to the field edges may partly compensate for this deficiency. However, excessive field size, leading to expected fitness costs for birds, effectively reduces the conservation potential of field edges at both local and landscape scales. Based on these findings, conservation measures should include reducing field sizes, limiting the use of pesticides (e.g., by promoting organic farming) to improve food supply, and cultivating spring types of cereals to improve vegetation structure. We are convinced that these measures would have a positive impact on parts of Central and Eastern Europe covered by agricultural areas similar to the ones we studied here.
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Figure 1. Location of the sampled arable fields (maize, rapeseed and wheat) in the study area (main map). Within each sampled field, a 500 × 100 m study site with four pitfall traps (blue circles) was established (upper right inset). The position of the study area in Slovakia and Slovakia in Europe is also shown (lower left insets). 
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Figure 2. Comparison of (a) mean crop height and (b) crop cover among crop types in individual months. Vertical lines represent the standard deviation (SD). Superscripts indicate significant differences between the crop types in each month, based on Tukey’s post-hoc tests. 
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Figure 3. Comparison of (a) mean crop height and (b) mean crop cover in each crop type at different distances from the edge of the field. Vertical lines represent the standard deviation (SD). Superscripts indicate significant differences between the edge and center for each crop type, based on Tukey’s post-hoc tests. 
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Figure 4. Mean (a,c,e) abundance and (b,d,f) biomass of individual taxa in each crop type at two different distances from the field edge. For each crop type, the figure shows the 15 most represented taxa, ordered from the most to the least numerous groups at the field edge. 
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Figure 5. Results of the redundancy analyses (RDA) relating invertebrate taxonomic composition, expressed as either (a) abundance or (b) biomass, to crop type (wheat, rapeseed and maize), position within the field (edge and center) and the time of sampling within the season (month). The relationships depicted by the two most important canonical axes (RDA1 and RDA2) in the respective RDAs are shown. Abbreviations—Aca: Acari; Aran: Araneae; Blatt: Blattodea; Coleo: Coleoptera; Collem: Collembola; Derma: Dermaptera; Diplo: Diplopoda; Dipt: Diptera; Hetero: Heteroptera; Hymeno: Hymenoptera; Chilo: Chilopoda; IL: insect larvae; Isop: Isopoda; Lepido: Lepidoptera; Lumbri: Lumbricidae; Meco: Mecoptera; Nem: Nematoda; Neuro: Neuroptera; Opil: Opiliones; Ortho: Orthoptera; PS: Pseudoscorpiones; Stylo: Stylomatophora. 
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Figure 6. Comparison of (a) the mean abundance, (b) biomass and (c) Shannon index between crop types in individual months. Vertical lines represent the standard deviation (SD). Superscripts indicate significant differences between the crop types in each month, based on Tukey’s post-hoc tests. 
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Figure 7. Comparison of (a) the mean abundance, (b) biomass and (c) Shannon index of individual crop types at different distances from the field edge. Vertical lines represent the standard deviation (SD). Superscripts indicate significant differences between edge and center for crop type, based on Tukey’s post-hoc tests. 
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Table 1. Number and timing of insecticide applications in each crop type every year.
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	March
	April
	May
	June





	Maize
	0
	0
	0
	0



	Rapeseed
	1
	1
	1 *
	0



	Winter Wheat
	0
	1
	1
	1







* Applied only in 2019.
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