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27 Abstract

28 Calcareous grasslands are one of the most species-rich habitats in Europe but are often 

29 fragmented and highly degraded because of agricultural intensification and the 

30 abandonment of traditional livestock farming. This leads to loss of biodiversity together 

31 with the degradation of ecosystem services, such as predation. In this study, we 

32 determined how local characteristics of grasslands (size and management), and 

33 landscape composition (connectivity and agri-environmental schemes) modulate 

34 predation by insectivorous birds and arthropods in calcareous grasslands. We conducted 

35 an experimental study in 96 calcareous grasslands in three countries (three different 

36 bioclimatic regions): 32 each in Spain, Germany and Estonia, using artificial caterpillars 

37 (10 pairs per grassland). Each pair consisted of one green and one brown caterpillar. 

38 Our results showed higher predation in Spain than in Germany and Estonia, as well as 

39 a positive effect of exposure height: the higher the caterpillars were placed, the higher 

40 the predation. In line with our expectations, we observed that bird predation was 

41 determined by predator abundance and landscape characteristics. The arthropod 

42 predation was negatively related to grassland size and positively related to management 

43 status of the grasslands. For both type of predations, the results show that fragmentation 

44 and loss of connectivity in European calcareous grasslands had negative effects on 

45 predation. In contrast, the results did not suggest that surrounding agri-environmental 

46 schemes were effective in compensating for the loss of predation services resulting from 

47 the reduced connectivity. In conclusion, our work demonstrates that improving 

48 connectivity favors predation by insectivorous birds and arthropods, suggesting that the 

49 conservation and restoration of calcareous grasslands, in addition to greatly favoring 

50 biodiversity, can lead to an increase in key ecosystem services such as predation and 

51 pest control.

52 Keywords: Agricultural intensification, agri-environmental schemes, dummy 

53 caterpillars, sentinel prey, farmland birds, habitat restoration, traditional livestock 

54 farming, connectivity, landscape.
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55 1. Introduction

56 Since the middle of the last century, European agricultural landscapes have 

57 changed dramatically due to the fast agricultural intensification (Matson et al., 1997; 

58 Winkler et al., 2021). Consequently, many of the natural and semi-natural habitats that 

59 characterized agricultural landscapes in the past have disappeared, or their area has 

60 been severely reduced (Matson et al., 1997; Pienkowski and Pain, 1997; Traba and 

61 Morales, 2019; Winkler et al., 2021). One important example is the loss of semi-natural 

62 grasslands either due to intensification through increased fertilizer use, grazing and 

63 mowing or through abandonment and the decline of traditional management (Shipley et 

64 al. 2024). This is also the case for calcareous grasslands, increasingly scarce habitats 

65 in European agricultural landscapes (WallisDeVries et al., 2002; Helm et al., 2006). 

66 Calcareous grasslands are one of the most species-rich habitats in Europe, offering 

67 many niches for threatened species from different organism groups such as plants, 

68 insects and birds (Gazol et al., 2012; Kormann et al., 2015; Ernst et al., 2017). They are 

69 the result of extensive grazing and mowing regimes on dry calcareous soils (Poschlod 

70 and WallisDeVries, 2002) and are characterized by plant and animal communities that 

71 are particularly adapted to dry, nutrient-poor conditions (Öckinger et al., 2006; Kasari et 

72 al., 2016). However, nowadays most of the calcareous grasslands are fragmented and 

73 highly degraded because of agricultural intensification and the abandonment of 

74 traditional livestock farming (WallisDeVries et al., 2002; Helm et al., 2006; Gorris et al., 

75 2024). Particularly, the loss of traditional agro-pastoral practices leads to shrub and 

76 forest encroachment, resulting in biotic homogenization (Gossner et al., 2016; Prangel 

77 et al., 2023; Gorris et al., 2024). This degradation and fragmentation of calcareous 

78 grasslands could have a strong negative impact on their biodiversity and thus, on the 

79 ecosystem services they have historically provided, such as predation (Steffan-Dewenter 

80 and Tscharntke, 2002; Bengtsson et al., 2019; Klaus et al., 2021; Prangel et al., 2023; 

81 Prangel et al., 2024). This could also have implications for agriculture, as crop fields in 

82 the landscape surrounding calcareous grasslands could benefit from higher pollinator 

83 abundances, predation rates and biological pest control due to spill-over of organisms 

84 from these highly diverse habitats (Blitzer et al. 2012; Maas et al., 2021; Vilumets et al., 

85 2023).

86 At local scale, reduction in grassland size could have significant negative impacts on 

87 biodiversity and in particular for specialist and endangered species, both in terms of 

88 species richness and abundance (Olsen et al., 2018; Loos et al., 2021, Kirsch et al. 

89 2024), and therefore on ecosystem services they provide (Klaus et al., 2021). Moreover, 
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90 to minimize or reverse the effect of abandonment, different management measures are 

91 applied within some of these grasslands, such as grazing, shrub removal, ploughing, 

92 mowing, or a combination of them, while in others no management is applied at all 

93 (Kormann et al., 2015; Helbing et al., 2021; Prangel et al., 2024). This leads to a great 

94 diversity in the management and therefore conservation status of European calcareous 

95 grasslands (Kormann et al., 2015; Helbing et al., 2021; Prangel et al., 2024), which 

96 possibly also has implications for biodiversity and ecosystem services (Helbing et al., 

97 2021; Prangel et al., 2023).

98 At landscape scale, the impact of fragmentation and the loss of habitat connectivity could 

99 be particularly negative for specialist and endangered species (Kormann et al., 2015; 

100 Olsen et al., 2018; Maas et al., 2021; Gallé et al., 2022; Kirsch et al. 2024), which could 

101 also lead to a decrease in predation service, due to the loss of potential predators. This 

102 effect may vary depending on the grassland size, with a stronger negative effect being 

103 more likely in smaller grasslands where landscape context may have a greater influence 

104 (Rösch et al., 2013). In this sense, the Common Agricultural Policy of the European 

105 Commission (hereafter CAP) supports the implementation of agri-environmental 

106 schemes (hereafter AES), such as organic farming, fallows, flower fields or extensive 

107 grassland management, aiming to conserve farmland biodiversity (Pe'Er et al., 2017), 

108 and contribute to mitigate the loss of ecosystem services. These AES could be grouped 

109 into two groups, non-productive measures such as fallow land, green strips or 

110 conservation grassland and productive measures such as organic farming, organic 

111 grassland or permanent grassland. Non-productive AES are not so well accepted by the 

112 farmers but considered to have more beneficial effects on biodiversity (Pe'Er et al., 

113 2017). However, effects of AES are often only tested for single schemes, such as organic 

114 farming or fallow land (Schmidt et al., 2008; Winqvist et al., 2012), or AES are included 

115 in more general variables describing landscape composition, e.g based on landscape 

116 diversity (Gámez-Virués et al., 2015). To disentangle potentially diverging outcomes, 

117 effects of productive and non-productive AES on biodiversity and ecosystem functions 

118 and services should be analyzed separately.

119 A widely used method for the experimental study of predation is the use of dummy 

120 caterpillars made of modelling clay (Howe et al., 2009; Lövei and Ferrante, 2017; Roslin 

121 et al., 2017; Hernández-Agüero et al., 2020). This methodology allows to differentiate 

122 the imprints left on the dummy caterpillars by different taxa (e.g. birds, mammals, 

123 arthropods and gastropods) and to quantify and compare their predation rates (Roslin et 

124 al., 2017; Valdés‐Correcher et al., 2022). Thus, the use of dummy caterpillars provides 
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125 reliable and comparable data in a simple and single experiment (Roslin et al., 2017; 

126 Ferrante et al., 2024). 

127 In this study, we aim to determine how local characteristics of grassland (size and 

128 management), and landscape composition (connectivity and area of productive and non-

129 productive AES around target grasslands) modulate predation by birds and arthropods 

130 in calcareous grasslands. We used dummy caterpillars to estimate the effects of these 

131 local and landscape characteristics on predation by birds and arthropods. Our main 

132 hypotheses are: 1) bird and arthropod predation are positively associated with grassland 

133 connectivity and size; 2) productive AES will have negative or negligible effects on 

134 predation while non-productive AES, as they tend to promote natural vegetation habitats, 

135 will have positive effects on predation; 3) the effects will be different between regions 

136 depending on management measures implemented. 

137

138 2. Material and methods

139 2.1. Study regions

140 We conducted the study in three European countries of different biogeographical 

141 regions; in Spain (Mediterranean region), Germany (continental region), and Estonia 

142 (boreal region). Therefore, the study sites cover the entire continental variability of 

143 calcareous grassland ecosystems in Europe (Fig. 1; more detailed descriptions of the 

144 study regions in Gorris et al., 2024). The study was carried out during May 2023. 

145 2.2. Grassland selection and calculation of local and landscape management

146 In each country, we selected 32 calcareous grasslands. This selection was made 

147 from a pre-selection of over 100 calcareous grasslands of up to 10 hectares. We aimed 

148 at selecting 16 managed and 16 unmanaged grasslands. However, this was not possible 

149 in all countries, e.g. in Germany less than 16 unmanaged grasslands were available in 

150 the study region. The selection aimed to maximize variability in the following landscape-

151 scale variables: connectivity, productive agri-environmental schemes (hereafter 

152 productive AES) and non-productive agri-environmental schemes (hereafter non-

153 productive AES). 

154 Connectivity was estimated as the percentage of area covered by other calcareous 

155 grasslands around the focal one, and the AES were estimated as the percentage 

156 covered by productive and non-productive agri-environmental schemes. All three 
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157 variables were estimated within a 1km and 2km buffer around the border of each 

158 grassland. We categorized the AES based on whether they were applied to a field with 

159 productive purposes (e.g. organic farming) or to a field that was left unexploited (e.g. 

160 fallow), we provide detailed information about each category in Table A1, Appendix A. 

161 We calculated these environmental variables (connectivity and AES) using QGIS 

162 (QGIS.org, 2024) and R (R Core Team 2023) based on land use data available in each 

163 country for the year 2023: Unique Agrarian Statement/DUN and Regional Geographic 

164 Information System of Farming Land of the Generalitat de Catalunya in Spain; EELIS - 

165 Estonian Nature Information System of the Estonian Environment Agency and WFS map 

166 of Estonian organic areas in Estonia; and LEA portal of Lower Saxony 

167 (https://sla.niedersachsen.de/landentwicklung/LEA/) as well as IACS data (Integrated 

168 Administration and Control System) in Germany. 

169 For each of the 32 selected grasslands, we also estimated a country-specific local 

170 management index. The aim of the local management index was to combine the intensity 

171 of different restoration and conservation measures (which are only available for managed 

172 sites) with the woody cover as an indicator for site abandonment (which is most relevant 

173 for not managed sites) into one variable for each of the study sites.

174 Restoration and conservation measures were collected differently in each country due 

175 to local context discrepancies and differences in source availability. They included a 

176 grazing index (Germany, Estonia) or a grazing category (Spain), continuity in grassland 

177 management (Estonia, Germany), time since restoration (Estonia) and regular shrub 

178 mowing (Germany). The abandonment variable woody cover was available in all three 

179 countries. In the case of Germany and Estonia, all variables except the woody cover 

180 were obtained by interviews with farmers. Detailed information on collection and 

181 calculation of restoration and conservation measures can be found in Appendix B.

182 To obtain one management index per site, we aimed at ranking the sites according to i) 

183 their restoration and management measures and ii) their abandonment state indicated 

184 by woody cover. In a first step, we used multivariate statistics in Germany and Estonia 

185 to reduce the dimensionality of the different restoration and conservation measures. 

186 Therefore, we built a specific Principal Component Analysis (PCA) model (Legendre & 

187 Legendre, 2012) for each of the two countries based on the available information about 

188 restoration activities (see Supplementary Material Table S2). PCAs were calculated 

189 using the vegan package (Oksanen et al., 2024) and variables were scaled for the 

190 calculation. PCA first axis (PC1) represented a proportion of 65.59% of the explained 

191 variance in Estonia and 41.76% in Germany and were in both cases positively correlated 
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192 with all restoration and conservation measures (see supplementary material Fig. A1 and 

193 Fig. A2, Appendix A for more details). Thus, we extracted PC1 and ranked all sites per 

194 country based on their PC1 values, ranking the highest PC1 as the highest management 

195 value. For non-managed sites we assigned the lowest value, calculated as the average 

196 rank of all non-managed tied values. In Spain a PCA was not necessary, because only 

197 one management variable was available. Therefore, we ranked all sites in Spain based 

198 on their grazing category. 

199 In a second step, we ranked the sites according to their woody cover in each country 

200 representing the state of abandonment (sites with the lowest shrub cover received the 

201 highest rank and sites with the highest shrub cover the lowest rank). Finally, we 

202 combined the ranks of restoration and conservation measures with the ranks of woody 

203 cover, by taking the mean of both for each site, resulting in the final management index. 

204 2.3. Assessing predation with dummy caterpillars

205 The study on predation was carried out using dummy caterpillars. These 

206 caterpillars (25mm x 3mm) were made of two colors of Staedtler Modelling clay 

207 (Supplementary material, Figure S4): brown (Ref. Noris® 8421-7) and green (Ref. 

208 Noris® 8421-5; Meyer et al., 2019; Valdés-Correcher et al., 2019). A pair of caterpillars 

209 (one of each color) was closely attached to a shrub in a visible place using cyanoacrylate. 

210 We placed 10 pairs of dummy caterpillars on each grassland, on 10 different shrubs, at 

211 a height of 20 - 200 cm (mean = 82.8 cm; standard deviation = 27.7 cm). The caterpillars 

212 were installed in a moving posture (Supplementary material, Fig. A3, Appendix A). We 

213 decided not to place caterpillars on the ground because arthropod predation at ground 

214 level is predominant (Kuli-Révész et al., 2021) and we were focusing on predation by 

215 both birds and arthropods. In total, we installed 960 pairs of dummy caterpillars, 320 per 

216 country; of these caterpillars, 16 disappeared (2 in Spain, 8 in Germany and 6 in Estonia) 

217 and we did not consider them for the analysis. We recorded the height at which we placed 

218 each pair of caterpillars and average height of grassland was used as the height of 

219 exposure.

220 Caterpillars remained on the field for 7 days (Lövei, et al., 2017). After this time, we 

221 checked the caterpillars and noted all predation events detected. We classified predation 

222 events into four categories according to the predator marks/imprints: birds, arthropods, 

223 gastropods, and rodents (Valdés‐Correcher, et al., 2022; Fig. A4, Appendix A). In all 

224 cases, whenever a predation event was detected, we took a photo of the caterpillar to 

225 unify criteria, as the sampling was carried out by different people in each country. All 

226 photos were reviewed by a single researcher (XC).
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227

228 2.4. Bird point counts

229 To determine whether predation by birds was related to bird abundance, we 

230 carried out two bird surveys in each grassland to estimate an index of bird abundance 

231 before and after the experiment. We conducted these surveys based on 10-minute 

232 census on the most central point of each grassland. We used the maximum number of 

233 individuals detected per species in one of the two surveys as an index of abundance for 

234 each species. Then, we classified each bird species by functional traits using the Avonet 

235 database (Tobias et al., 2022). We selected only invertivore or omnivore species typical 

236 for grasslands and shrublands, with a body mass under 150g and which did not feed in 

237 flight.

238 2.5. Statistical analysis

239 2.5.1. Color preferences

240 First, we analyzed differences in the predation recorded on the caterpillars with 

241 the different colors to provide methodological guidance for future studies (i.e. to avoid or 

242 control for color preferences). We fitted three generalized linear mixed models (GLMM) 

243 with a binomial error and a logit link function, for the binomial response variables 

244 (presence/absence) using the R package lme4 (Bates et al., 2015); one for total 

245 predation, one for predation by birds and one for predation by arthropods. The fixed 

246 factors "caterpillar color" (brown/green) and "country" (Estonia/Germany/Spain) were 

247 included as explanatory variables and the grassland ID as random factor in all models.

248 2.5.2. Local and landscape-scale effects on predation 

249 We compiled five local and three landscape-scale variables that were included 

250 as explanatory variables in our analyses (Table 1). As response variable, we used a 

251 double column response variable (predated pairs of caterpillars, not predated pairs of 

252 caterpillars). Combining the predation data for each pair of caterpillars (both colors) 

253 resulted in a better-balanced data set. Consequently, we counted a predation event 

254 when at least one of the caterpillars of the pair was predated (regardless of color). 

255 We built four double column variables based on predator type: i) total predation, ii) 

256 predation by birds, iii) predation by arthropods, and iv) predation by gastropods. 

257 Predation by rodents was not considered, as it was an extremely scarce event (4 

258 predated pairs of caterpillars out of 960). First, we evaluated differences in the predator 

259 type-specific predation between countries by fitting 4 binomial generalized linear models 
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260 (GLMs, R package lme4; Bates et al., 2015), one per response variable, including height 

261 of exposure and country as explanatory variables. 

262 Second, in the cases of bird and arthropod predation (the most common ones), we 

263 explored their relationship with local and landscape variables (Table 1). We fitted a GLM 

264 with a binomial error and a logit link function for each of these two predation variables. 

265 Prior to building the models, we checked for the intercorrelation of explanatory variables 

266 and found no highly correlated variables (absolute values of Pearson's correlation 

267 coefficient < 0.7). 

268 For the bird predation model, the following explanatory variables were used: country, 

269 grassland size, height of exposure, management index, abundance of invertivore birds, 

270 abundance of omnivore birds, connectivity in 2 km, percentage of productive AES in 2 

271 km, and percentage of non-productive AES in 2 km (Table A3, Appendix A). We used 

272 landscape variables in a 2 km buffer around the grasslands because of the high mobility 

273 of birds (McKenzie et al., 2013). We also included the two-way interactions of each 

274 variable with country, except for connectivity, which had very different ranges across 

275 countries and made interactions problematic. Moreover, we added the interaction 

276 between non-productive AES and connectivity to determine if the impact of connectivity 

277 loss was mitigated by the implementation of non-productive AES. Finally, we included 

278 the interaction between connectivity and grassland size to assess whether the effect of 

279 connectivity loss was influenced by the grassland size. Starting from this model, we 

280 made a model selection using the dredge function of the MuMIn package in R (Barton, 

281 2009), which compares the Akaike information criterion (AIC) values of all models. We 

282 selected the best model and provided information on all models with ΔAICc ≤ 2 in 

283 Appendix C. 

284 Regarding the model of arthropod predation, we used landscape variables estimated in 

285 a 1 km buffer around the grasslands, since the distance that the most common predatory 

286 arthropods (ants, beetles and wasps) tend to cover is usually shorter (Gámez-Virués et 

287 al., 2015). For the model we included as explanatory variables: country, grassland size, 

288 height of exposure, management index, connectivity in 1 km, percentage of productive 

289 AES in 1 km, and percentage of non-productive AES in 1 km. We also added the two-

290 way interactions of each variable with country, except for connectivity, the interactions 

291 between non-productive AES and connectivity, and the interaction between connectivity 

292 and grassland size (Table A3, Appendix A). We used the same model selection process 

293 than above using dredge function of MuMIn package in R (Barton, 2009). Similarly, we 
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294 selected the best model and provided information on all models with ΔAICc ≤ 2 in 

295 Appendix C. 

296 All analyses were carried out with R v4.3.2 (R Core Team 2023), and graphics were 

297 produced with the package ggplot2 of R (Wickham 2016). We computed Tukey HSD 

298 post hoc test for comparisons between countries within models using the lsmeans R 

299 package (Russell 2016), and we used the function Anova of car R package (Fox et al., 

300 2012) to extract statistical results from models. 

301

302 3. Results

303 Our results on the effect of caterpillar color showed that there were differences 

304 in predation between caterpillars of different colors, with brown caterpillars being more 

305 often predated (X2
1 = 4.59, p < 0.05). However, when analyzed by predator type, these 

306 differences were not significant (Fig. A5, Appendix A).

307 3.1. Differences in the predation between countries 

308 There were pronounced differences in predation between countries. We found 

309 that total predation, predation by birds and predation by arthropods were much higher in 

310 Spain than in Germany and Estonia (Figure 2; Table A4, Appendix A). However, we did 

311 not observe differences in predation between Estonia and Germany (Figure 2; Table A4, 

312 Appendix A). In the case of predation by gastropods, no significant differences were 

313 observed between countries (Table A4, Appendix A). In addition, the results showed that 

314 birds were the predominant predators in all countries, followed by arthropods (Figure 2). 

315 Besides, we also found that height of exposure seemed to have a positive effect on 

316 predation, although this was only marginally significant (X2
1 = 3.34, p = 0.07; Fig. A6, 

317 Appendix A). This positive effect of installation height was significant for predation by 

318 birds (X2
1 = 5.40, p < 0.05), but not for predation by arthropods (X2

1 = 1.40, p = 0.24) and 

319 gastropods (X2
1 = 0.03, p = 0.86; Fig. A6, Appendix A). 

320 3.2. Local and landscape effects on bird predation

321 Regarding the predation by birds, the best model included as explanatory 

322 variables: country, height of exposure, abundance of invertivore birds, connectivity, and 

323 percentage of productive AES (Table A3, Appendix A). We found significant positive 

324 effects of invertivore bird abundance (X2
1 = 11.38, p < 0.001) and connectivity (X2

1 = 

325 4.79, p < 0.05), a significant negative effect of productive AES (X2
1 = 5.96, p < 0.05), and 
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326 a marginally significant positive effect of the height of exposure (X2
1 = 2.88, p = 0.09; Fig. 

327 3). Grassland size did not appear to affect predation, nor did it modulate the effect of 

328 connectivity on predation, as both variables were rejected during model selection. 

329 Likewise, the management index and non-productive AES did not appear to affect bird 

330 predation. Finally, the interactions with country were not significant, indicating no 

331 substantial differences in the effect of the local and landscape-scale variables across 

332 different countries. Other models with a ΔAICc ≤ 2 included other variables (Appendix 

333 C) but in all cases the effect of those variables was not significant, and the effect of the 

334 above-mentioned variables was constant in all models.

335 3.3. Local and landscape effects on arthropod predation 

336 The best model for arthropod predation included as explanatory variables the 

337 country, grassland size, height of exposure, management index, connectivity in 1 km, 

338 percentage of non-productive AES in 1 km, and the interaction between height of 

339 exposure and country and between connectivity and grassland size (Table A3, Appendix 

340 A). 

341 Our results revealed that predation by arthropods was influenced by a broader range of 

342 factors than predation by birds, including some important interactions (Fig. 4 and Fig. 5). 

343 At local scale, predation by arthropods was affected by grassland size, the management 

344 index and the height of exposure, the later in interaction with country (Fig. 4). Grassland 

345 size showed a negative effect (X2
1 = 4.62, p < 0.05; Fig. 4a) and management index a 

346 positive effect on arthropod predation (X2
1 = 3.62, p = 0.06; Fig. 4b). Moreover, height of 

347 exposure showed a positive effect in Germany, and no effect in Spain and Estonia (Fig 

348 4c). In case of arthropod predation, we also observed an interaction effect of connectivity 

349 and grassland size (Fig. 5b). Connectivity had a positive effect on predation in large 

350 grasslands (Fig. 5b, 90% percentile), but no effect in medium and small grasslands (Fig. 

351 5b, median and 10% percentile). At the landscape level, we also found a negative effect 

352 of non-productive AES on arthropod predation (X2
1 = 5.61, p < 0.05; Fig. 5a). 

353 According to model selection, there were other two models with a ΔAICc ≤ 2, both very 

354 similar to the best model (Appendix C). The third model was the most complex (Appendix 

355 C), including to the best model the interaction between non-productive AES and country 

356 without a significant effect, but in this model the positive effect of the management index 

357 was significant (X2
1 = 4.15, p < 0.05).

358

359 4. Discussion
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360 We found that predation on calcareous grasslands is affected by multiple local 

361 and landscape variables. Concerning grassland local management and restoration, we 

362 found that a better conservation status favors predation by arthropods but does not seem 

363 to affect predation by birds. The latter, as expected, was found to be closely linked to the 

364 abundance of insectivorous birds. Importantly, we could also demonstrate that 

365 landscape composition and especially grassland connectivity play an important role to 

366 enhance predation on calcareous grasslands. Surprisingly, we found that both AES 

367 (productive ones for birds and non-productive ones for arthropods) decreased the 

368 predation within the grasslands.

369 Consistent with previous studies, our data showed that dummy caterpillar color 

370 significantly influences the probability of predation (Zvereva et al., 2019; Hernández-

371 Agüero et al., 2020; Roeder et al., 2023). In calcareous grasslands within an agricultural 

372 mosaic landscape, we found that brown dummy caterpillars were more heavily predated. 

373 This is in line with previous works in Europe, which indicates a slight preference for dark-

374 colored caterpillars (Zvereva et al., 2019; Hernández-Agüero et al., 2020). However, this 

375 preference seems to be determined by predator species and may vary considerably with 

376 geographic region, since in the United States and in tropical regions, other patterns of 

377 preference for green or light colors have been described (Zvereva et al., 2019; Roeder 

378 et al., 2023). These data suggest that it may be beneficial, especially when working in 

379 different regions, to use groups of dummy caterpillars of different colors as a study unit 

380 (pairs in this study), which increases the probability of predation and thus facilitates data 

381 collection.

382 Moreover, we found that predation was significantly higher in Spain compared to Estonia 

383 and Germany, with no significant difference between the latter two countries. On the one 

384 hand, this could be due to a higher abundance of predators, both birds and arthropods, 

385 which seems to be the case for invertivore birds (e.g. warblers) and some arthropod 

386 groups (e.g. wasps and ants) in Spain (pers. obs.). On the other hand, these differences 

387 may also be due to differences in grassland plant composition and structure (Duckworth 

388 et al., 2020), which is likely to lead to substantial differences in the predator community 

389 between regions (Woodcock and Pywell, 2010). These differences are especially 

390 marked between the grasslands of Spain and those of Germany and Estonia. The former 

391 are drier and when shrubs are present, they are mostly small (<1 m, e.g. Salvia 

392 rosmarinus), whereas in Germany and Estonia grasslands are more humid, have 

393 herbaceous species and taller shrubs (>1.5 m, e.g. Prunus spinosa, Juniperus communis 

394 or Rosa canina). We also observed that exposure height significantly influences 

395 predation, which to our knowledge was not previously described. This information should 
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396 be of great importance for the design of future studies and should be considered when 

397 comparing predation estimated in different studies with different heights of exposure.

398 Looking at local environmental factors that modulate predation, we could confirm a 

399 strong relationship between predation and predator abundance (Bereczki et al., 2014; 

400 Meyer et al., 2019), although this could only be tested in birds. In addition, grassland size 

401 (negative effect) and management (positive effect) influenced predation by arthropods. 

402 Thus, the results confirmed that, at least for arthropods, the management and therefore 

403 the conservation status of the grasslands is important for predation (Prangel et al., 2023). 

404 As for other ecosystem services such as pollination (Prangel et al., 2023; 2024), restored 

405 and well managed grasslands provide higher rates of predation ecosystem service. On 

406 the other hand, contrary to expectations, higher predation was detected in small 

407 grasslands. This unexpected result may be due to an edge effect (Kuli-Révész et al., 

408 2021), with more predators on the edges and a higher edge/area ratio in small 

409 grasslands. The impact of edge effects on arthropod predation, along with its influence 

410 on interspecific interactions and the distribution of arthropod functional traits, is well-

411 documented (Murphy et al., 2016; Wimp et al., 2019; Gallé et al., 2020). In the case of 

412 birds, neither grassland size nor management index were included in the final model and 

413 were not significant in other models, so they were not considered to be relevant for 

414 predation. This indicates that predation by birds in calcareous grasslands is not so much 

415 determined by local changes, but more by the landscape context.

416 At the landscape level, both connectivity and proportion of AES showed significant 

417 effects on bird and arthropod predation, with opposite trends for the different organism 

418 groups. Connectivity increased the predation of both arthropods and birds, although in 

419 the case of arthropods this effect was only observed in larger grasslands. Surprisingly, 

420 this interaction between connectivity and grassland size in arthropods is the opposite of 

421 that described previously in the literature (Rösch et al., 2013), where a greater effect of 

422 connectivity on species richness in small-sized grasslands was found. Another study on 

423 pollinators found no interactive effects between habitat size and connectivity (Kirsch et 

424 al., 2024). These differences could also be related to the connectivity indices used, since 

425 Rösch et al. (2013) and Kirsch et al. (2024) used Hanski's connectivity, and we used the 

426 surface percentage around the grassland. This relationship may also be influenced by 

427 the edge effect (Kuli-Révész et al., 2021). By contrast, higher percentages of AES 

428 reduced the predation: Productive AES in the case of bird predation and non-productive 

429 AES in the case of arthropod predation. This could indicate that these AES do not provide 

430 as many predators as the calcareous grasslands and instead provide trophic resources 

431 and therefore the predation decreases by dilution. In any case, our data do not indicate 
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432 interactions between AES and connectivity, AES do, therefore, not compensate for the 

433 decrease in predation caused by the loss of connectivity. However, as we grouped 

434 several AES into two categories, i.e. productive and non-productive AES, potential 

435 positive effects of single measures on predation cannot be ruled out. Probably non-

436 productive and permanent AES (semi-natural permanent habitats) can have the most 

437 beneficial effect on predation. They could perform like the calcareous grasslands 

438 themselves, as long as they have adequate time to naturalize and be colonized (Maas 

439 et al., 2021; Kirsch et al. 2024).

440 In conclusion, this study demonstrated that fragmentation and loss of connectivity in 

441 European calcareous grasslands not only have negative effects on biodiversity but also 

442 on the ecosystem functions that these natural habitats provide within the agricultural 

443 landscape, such as predation, which is an important function for biological pest control 

444 in agricultural crops. Likewise, the results showed that predation is determined by 

445 predator abundance and for some predators, such as arthropods, by grassland size and 

446 conservation status of grasslands. In contrast, at least in this study, the results did not 

447 suggest that AES are effective in compensating for the loss of the predation function 

448 resulting from the fragmentation and connectivity loss of calcareous grasslands. 

449 Therefore, to improve predation in the agricultural landscapes, grassland connectivity 

450 should increase and the conservation and restoration of calcareous grasslands.
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712 Tables

713 Table 1. Local and landscape-scale variables used in the analyses.

Variable type Variable

Local

1. Grassland size
2. Mean caterpillar installation height
3. Grassland management index
4. Invertivore birds’ abundance
5. Omnivore birds’ abundance

Landscape
1. Connectivity (in 1km and 2km)
2. % of productive AES (in 1km and 2km)
3. % of non-productive AES (in 1km and 2km)

Region 1. Country
714

715

716 Figure captions:

717 Figure 1: Map of the study regions in Estonia, Germany and Spain.

718 Figure 2: Predation by country (proportion of caterpillar pair predated). a) Total 

719 predation, b) predation by birds, c) predation by arthropods, and d) predation by 

720 gastropods. The statistical values of the model are provided in the Table A4, Appendix 

721 A.

722 Figure 3: Predicted relationships between explanatory variables and bird predation 

723 (proportion of caterpillar pair predated by birds). a) effect of invertivore birds’ abundance 

724 on predation; b) effect of the height of exposure on predation; c) effect of connectivity on 

725 predation; d) effect of productive AES on predation. Local variables are shown in blue, 

726 while landscape variables are shown in yellow.

727 Figure 4: Effect of local scale variables on arthropods predation (proportion of caterpillar 

728 pair predated by arthropods). a) effect of grassland size on predation; b) effect of 

729 grassland restoration index on predation; c) effect of height of exposure on predation by 

730 country.

731 Figure 5: Effect of landscape scale variables on arthropods predation (proportion of 

732 caterpillar pair predated by arthropods). a) effect of non-productive AES on predation; b) 

733 effect of connectivity on predation at different grassland sizes; at 10th percentile (1.1 ha); 

734 at the median (2.4 ha); at 90th percentile (7 ha). 

735
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