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Background . Anthropogenic activities signiûcantly impact natural ecosystems, leading to
alterations in plant and pollinator diversity and abundance. These changes often result in
shifts within interacting communities, potentially reshaping the structure of plant-pollinator
interaction networks. Given the escalating human footprint on habitats, evaluating the
response of these networks to anthropization is critical for devising eûective conservation
and management strategies.Methods. We conducted a comprehensive review of the
plant-pollinator network literature to assess the impact of anthropization on network
structure. Employing a meta-analytical approach, we examined how anthropization
activities, such as land use changes, urbanization, habitat fragmentation, agriculture, and
livestock farming, aûect both plant and pollinator richness. Additionally, we assessed
network metrics such as nestedness (NODF), network specialization (H2), connectance (C),
and modularity (Q) to understand structural changes.Results. We generated a dataset of
36 eûect sizes for various metrics of network structure from 38 papers published between
2010 and 2023. Studies assessing the impact of agriculture and livestock farming were
well-represented, with networks involving interacting insects being the most studied taxa.
Our meta-analysis suggests that anthropization decreases richness for both plants and
pollinators. However, there was high heterogeneity among studies. Similarly, agriculture
and fragmentation reduce nestedness and increase specialization in plant-pollinator
networks, while modularity and connectance are mostly not aûected. We also performed
meta-regressions to identify variables accounting for this heterogeneity across studies,
and we demonstrate that outcomes may depend on the habitat fragment size where the
studies were carried out. Conclusions. The analysis of human impacts on plant-pollinator
networks showed varied eûects worldwide. Activities like agriculture and livestock farming
signiûcantly changed ecosystems, reducing species richness in both pollinators and plants,
highlighting network vulnerability. Responses diûered among network metrics, signaling
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nuanced impacts on structure. Regional diûerences stressed the need for tailored
conservation. Despite insights, more research is crucial for a complete understanding of
these ecological relationships.
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31 Abstract

32 Background. Anthropogenic activities significantly impact natural ecosystems, leading to 

33 alterations in plant and pollinator diversity and abundance. These changes often result in shifts 

34 within interacting communities, potentially reshaping the structure of plant-pollinator interaction 

35 networks. Given the escalating human footprint on habitats, evaluating the response of these 

36 networks to anthropization is critical for devising effective conservation and management 

37 strategies.

38 Methods. We conducted a comprehensive review of the plant-pollinator network literature to 

39 assess the impact of anthropization on network structure. Employing a meta-analytical approach, 

40 we examined how anthropization activities, such as land use changes, urbanization, habitat 

41 fragmentation, agriculture, and livestock farming, affect both plant and pollinator richness. 

42 Additionally, we assessed network metrics such as nestedness (NODF), network specialization 

43 (H2), connectance (C), and modularity (Q) to understand structural changes.

44 Results. We generated a dataset of 36 effect sizes for various metrics of network structure from 

45 38 papers published between 2010 and 2023. Studies assessing the impact of agriculture and 

46 livestock farming were well-represented, with networks involving interacting insects being the 

47 most studied taxa. Our meta-analysis suggests that anthropization decreases richness for both 

48 plants and pollinators. However, there was high heterogeneity among studies. Similarly, 

49 agriculture and fragmentation reduce nestedness and increase specialization in plant-pollinator 

50 networks, while modularity and connectance are mostly not affected. We also performed meta-

51 regressions to identify variables accounting for this heterogeneity across studies, and we 

52 demonstrate that outcomes may depend on the habitat fragment size where the studies were 

53 carried out.

54 Conclusions. The analysis of human impacts on plant-pollinator networks showed varied effects 

55 worldwide. Activities like agriculture and livestock farming significantly changed ecosystems, 

56 reducing species richness in both pollinators and plants, highlighting network vulnerability. 

57 Responses differed among network metrics, signaling nuanced impacts on structure. Regional 

58 differences stressed the need for tailored conservation. Despite insights, more research is crucial 

59 for a complete understanding of these ecological relationships.

60

61
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62 Introduction

63 Anthropization is the process by which humans transform natural environments or ecosystems 

64 (Steffen et al., 2011). This multifaceted process involves a myriad of economic and political 

65 factors, including changes in land use, urbanization, infrastructure development, deforestation, 

66 agriculture, mining, and pollution, collectively reshaping the landscapes that sustain life on our 

67 planet (Ellis & Ramankutty, 2008; Mellink, Riojas-López, Cárdenas-García, 2017). Within this 

68 context, the intricate relationships between plants and their pollinators face unprecedented 

69 challenges and disruptions.

70    Studies exploring the impacts of anthropization on plant-pollinator interaction networks have 

71 been pivotal in our understanding of how human activities have fundamentally altered these vital 

72 ecological relationships. The focus of these investigations primarily centers on discerning the 

73 shifts in structural patterns within these networks. These changes are driven by an assortment of 

74 influences, including disturbance gradients, land use modification, urbanization, habitat loss, and 

75 fragmentation, which have been studied extensively in recent years (Marrero, Torreta & Medan, 

76 2014; Moreira, Boscolo & Viana, 2015; Grass et al., 2018; Jauker et al., 2019; Newton et al., 

77 2018; Della Rocca et al., 2023). Importantly, these same factors constitute the primary drivers 

78 behind the alarming worldwide decline in pollinators (Adedoja & Kehinde, 2018).

79    The sensitivity of pollinators to habitat alterations is striking, resulting in reductions in species 

80 richness and abundance. Moreover, these alterations provoke shifts in species composition and 

81 the foraging behavior of pollinators, with far-reaching ecological consequences (Murcia, 1996; 

82 Aizen & Feinsinger, 2003). Nevertheless, it is not a uniform decline, as anthropized ecosystems 

83 affect various species differently. Some species suffer harm, while others might even benefit 

84 (Ewers & Didham 2006; Steffan-Dewenter et al., 2007). Furthermore, the conversion of natural 

85 areas into cultivated land significantly modifies the abundance and availability of floral 

86 resources, the number of visits by pollinators, and the richness of these crucial species in crops 

87 (Ricketts et al., 2008). This transition can also disrupt the spatial and temporal stability of these 

88 interactions (Garibaldi et al., 2011a).

89    Urbanization, a hallmark of anthropization, is associated with the decline in the richness and 

90 abundance of insect pollinator species. This decline is attributed to factors like environmental 

91 pollution (Morón & Márquez, 2012), and the extensive use of pesticides and herbicides in urban 

92 green spaces (Muratet & Fontaine, 2015). Intriguingly, there are instances where no significant 
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93 differences have been identified in terms of pollinator abundance or diversity between urbanized 

94 and less urbanized areas (Williams & Winfree, 2013; Vanbergen et al., 2014; Zakardjian et al., 

95 2020). A nuanced impact emerges when considering specialist and generalist pollinators. 

96 Specialists, which rely on a limited number of plant species for sustenance, are more severely 

97 affected by anthropization compared to generalists, which have a broader dietary range 

98 (Bronstein, 1994; Kunin, 1997; Marrero, Torreta & Medan, 2014; Marín et al., 2020).

99    Animal pollination is crucial for the sexual reproduction of the majority of flowering plants 

100 (Kremen, James & Pitts-Singer, 2008; Campbell et al., 2012; Cardoza, Harris & Grozinger, 

101 2012). The efficiency of pollinators in transporting compatible pollen to plant stigmas 

102 profoundly influences reproductive success. Consequently, the decline in pollinators can trigger 

103 adverse impacts on the life cycle of zoogamous plants and lead to reductions in species 

104 populations (Yao, Holt & Marshall, 1999; Lennartsson, 2002). Habitat fragmentation, a frequent 

105 outcome of anthropization, is a known factor in the disruption of pollinator richness, abundance, 

106 and composition (Kearns, Inouye & Waser, 1998; Young & Clarke, 2000). It is often cited as the 

107 primary cause of reproductive impairment in fragmented habitats (Aguilar et al., 2009). 

108 Documented cases emphasize how habitat fragmentation and alterations in pollination negatively 

109 affect the reproductive success of certain plants. However, the intricate relationship between 

110 habitat alteration and pollination is shaped by various factors, including plant-pollinator 

111 specificity, the quality of fragmented habitat, and resource availability (Jauker et al., 2019).

112    To truly grasp the impacts of habitat modification on species survival and community 

113 composition, it is imperative to transcend species richness and recognize that all species are 

114 intricately interconnected by ecological interactions (Valiente-Banuet et al., 2015). Plant-

115 pollinator interactions exist as complex networks, organized into local groups of plants and 

116 pollinators (Biella et al., 2019). Network analysis emerges as a valuable tool, providing insights 

117 into the stability and functionality of plant-pollinator communities in ecosystems. Nonetheless, 

118 the influence of land use changes on insect diversity and the structure of their plant-insect 

119 interaction networks may be contingent on the intensity of the disturbance (Escobedo-Kenefi et 

120 al., 2022).

121    The primary objective of this review was to synthesize the existing body of literature 

122 concerning plant-pollinator interaction networks in anthropized environments. Our emphasis was 

123 on understanding the impact of human activities on the structural characteristics of these 
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124 networks. We utilized various indices, including nestedness (NODF), specialization (H2), 

125 connectivity (C), and modularity (Q), to conduct our analysis. Additionally, using a meta-

126 analysis, our review aimed to compare species richness of both pollinators and plants in 

127 anthropized and conserved environments. We assessed whether the effect size varied depending 

128 on factors such as the type of organism (plant or pollinator), the type of disturbance, the 

129 continent of study, authorship, and the size of fragmented areas where the revised studies were 

130 carried out. These assessments were conducted through a comprehensive meta-analysis, 

131 providing a more detailed understanding of the multifaceted impact of anthropization on plant-

132 pollinator interaction networks.

133

134 Materials & Methods

135 Search protocol and data collection

136 A comprehensive literature search was conducted by KL-V and CL based on studies published 

137 from 2010 to 2023 in scientific journals reporting plant-pollinator interaction networks within 

138 anthropized environments. Keyword searches and their combinations were used. These included 

139 �interaction networks� AND �pollinators� AND �diversity� AND �fragmentation�, OR �land 

140 use change�, OR �habitat loss�, along with specific terms such as �bats�, �bees�, �beetles�, 

141 �birds�, �butterfly�, �flies�, �hummingbirds� and �moth�. Articles were retrieved through an 

142 intensive search in the public databases Web of Science and Scopus.

143    Selection criteria: After conducting the literature search, article titles and abstracts were 

144 reviewed to determine whether they met the inclusion criteria for the review. Only studies that 

145 assessed the impact of anthropogenic activities on structural patterns of plant-pollinator 

146 interaction networks, allowing for comparisons of pollinator and plant species richness within 

147 these networks, and studies that considered at least three sampling sites (see Figure 1) were 

148 included. Titles and abstracts were carefully examined to determine if the article met the 

149 inclusion criteria for the review. Subsequently, articles meeting these criteria were read in their 

150 entirety. By adhering to these explicit inclusion and exclusion criteria, potential disagreements 

151 were resolved. In cases where discrepancies persisted, our co-authors were consulted. A final 

152 decision was reached through a majority vote.

153    In order to describe the impact of anthropization on the structure of interaction networks 

154 between plants and pollinators, those studies employing network metrics such as nestedness 
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155 (NODF), network specialization (H2�), connectivity (C), and modularity (Q) were included for 

156 our analyses. These network-level parameters allow for a comprehensive understanding of the 

157 overall structure of all interactions within the community.

158    Nestedness (NODF) is an asymmetric pattern of network specialization where specialist 

159 species exclusively (or predominantly) interact with generalists, while the generalists also 

160 interact with each other (Jordano, Bascompte & Olesen, 2003; Guimarães et al., 2006). The 

161 nestedness pattern holds significant ecological importance as it acts as a kind of insurance for the 

162 long-term functioning of the ecosystem. It serves as a buffering mechanism against 

163 environmental variations (Thébault & Fontaine, 2010) and significantly contributes to the 

164 stability of such networks (Bastolla et al., 2009; Thébault & Fontaine, 2010) by promoting 

165 greater resilience to extinction for well-connected generalist species (Aizen, Sabatino & 

166 Tylianakis, 2012).

167    Connectance (C) is a parameter that measures the proportion of observed interactions relative 

168 to all possible interactions within the network and is used to assess the complexity of a network. 

169 From a conservation perspective, there is a desire to maintain high levels of connectance, as this 

170 provides stability and resilience to the network. Additionally, connectance is closely related to 

171 species richness in each community and, therefore, the size of the network. As the network size 

172 increases, interactions that do not involve species become more frequent, which decreases the 

173 value of connectance (Jordano, 1987).

174    Network specialization (H2�) is a parameter that measures the degree of specialization (or 

175 selectivity) of the network, with values ranging from 0 to 1. When values are close to 0, the 

176 network consists mainly of generalist species, indicating low specialization. Conversely, values 

177 close to 1 indicate that the network is highly specialized, with a predominance of specialist 

178 species (Blüthgen, Menzel & Blüthgen, 2006). Particularly, specialization in plant-pollinator 

179 interactions can be a successful strategy in stable and specific environments, but in areas with 

180 anthropogenic activities, it can make species more vulnerable to changes and disturbances in 

181 their surroundings.

182    Modularity (Q) is a parameter that indicates whether there is a group of individuals or species 

183 that have more interactions among themselves than with other groups in the network (Marquitti 

184 et al., 2014). It has been observed that the modularity of networks increases their robustness 

185 against disturbances, as specialized interactions are concentrated within the modules and do not 
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186 affect other species outside of those modules (Stouffer & Bascompte, 2011). Additionally, 

187 modules can have specific ecological functions, so if one module is negatively affected by a 

188 disturbance, other modules can partially compensate for the loss of function, maintaining the 

189 overall functional stability of the network (Montoya, Pimm & Solé, 2006). However, highly 

190 modular networks also inevitably exhibit lower overall connectivity and thus lower overall 

191 redundancy, which could reduce resilience to secondary extinctions (Thébault & Fontaine, 

192 2010).

193

194 Statistical analyses

195 A synthesis was conducted on the potential impact of anthropization on the structural patterns of 

196 plant-pollinator interaction networks, describing the decrease, increase, or lack of effect as 

197 reported by the authors (see Table 1). As an initial step in assessing the impact of anthropogenic 

198 activities on the structure of plant-pollinator interaction networks, we examined variations in 

199 metric values associated with network structural patterns, such as NODF, H2, connectance, and 

200 modularity (as response variables), across different anthropogenic activities, including land use 

201 change, urbanization, fragmentation, agriculture, and livestock (as a fixed factor), using analysis 

202 of variance (ANOVA). To identify specific groups of anthropogenic activities that displayed 

203 significant differences in their network metric values, we utilized Tukey post hoc tests. These 

204 tests were performed using the R Studio software (R Core Team, 2020).

205

206 Effect size calculation

207 To conduct a meta-analysis, it was necessary to determine an effect size that could be 

208 summarized across all studies. In this regard, the effect size is defined as a metric that quantifies 

209 the relationship between two entities, capturing the direction and magnitude of this relationship 

210 (Harrer et al., 2021). The effect size was selected using the standardized mean difference 

211 (SMD), with the Hedges� g correction for small samples (Hedges & Vevea, 1996). This was 

212 because the means of plant and pollinator richness between preserved and anthropized 

213 environments were the most frequently reported response variables in the collected articles. The 

214 calculation of SMD for each study involved subtracting the mean of pollinator or plant richness 

215 from the preserved site from the mean of pollinators and plants from the anthropized site in each 

216 respective study, and then dividing this difference by the pooled standard deviation (Harrer et 
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217 al., 2021). Positive values indicate a higher number of pollinators or plants in the preserved site, 

218 while negative values indicate the opposite. A value of 0 represents the absence of an effect size.

219 When means and standard deviations were not reported in an article, other reported statistics that 

220 could be converted to SMD, such as correlation coefficients, chi-square (ó2), one-way ANOVA, 

221 and two-sample t-test, along with their corresponding formulas, were used (Harrer et al., 2021). 

222 In cases where a document did not provide any of these data, it was excluded from the meta-

223 analysis.

224

225 Meta-analysis and meta-regressions

226 The limited number of studies conducted in a semi-arid climate prevented its inclusion as a 

227 category in the meta-analysis. Consequently, these were included within the category of studies 

228 in tropical climates and analyzed accordingly. Additionally, only one study included in the 

229 review examined livestock as an anthropogenic activity; therefore, this activity was not included 

230 as a category in the analyses.

231    For the meta-analysis, a random-effects model was employed. This model assumes that studies 

232 do not reflect a single true effect due to differences in populations, interventions, comparators, or 

233 outcome assessment methods (Fernández-Chinguel et al., 2019). This approach allowed the 

234 comparison of results across different studies, even when they did not measure the parameters of 

235 interest in the same way. The maximum likelihood (ML) method was used to obtain tau2, which 

236 measures the variability between the effects of different studies (Higgins, 2011), and the Jackson 

237 method was used to calculate confidence intervals for tau2 and tau (Borenstein et al., 2009). To 

238 enhance the robustness of our analysis, outlier effect sizes were excluded. Outliers were 

239 identified when the confidence intervals fell outside the confidence interval of the summary 

240 effect (Higgins, 2011). All analyses were conducted using the dmetar, meta, and metafor 

241 packages in the R Studio programming environment (Viechtbauer, 2010), and the results are 

242 displayed in forest plots. In these forest plots, when the confidence interval of an effect size does 

243 not intersect with the null vertical line on the �effect sizes� axis, it suggests a significant 

244 difference in the response variable influenced by the studied factor. Furthermore, if multiple 

245 confidence intervals do not cross the null line in the same direction, this may indicate 

246 consistency in the results and stronger evidence of a significant difference. A t  test was 

247 performed to determine if the size effect was different from the nule value (zero). The Q-test was 
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248 used to compare the observed value to the expected value (i.e. residual heterogeneity, QE), 

249 assuming a chi-squared (Ç²) distribution with degrees of freedom k-1, where k is the number of 

250 studies. If the observed value was significantly greater than the expected value, the p-value from 

251 the test indicated the presence of a real difference in effect sizes among subgroups (Higgins, 

252 2011). Also, we calculated the I2 statistic, which determines the percentage of the total variability 

253 in a set of effect sizes due to true heterogeneity, that is, the between-study variance (Gurevitch & 

254 Nakagawa, 2015).

255    Additionally, subgroup analysis was performed to determine if the pattern of heterogeneity in 

256 effect size was related to the group of organisms evaluated (pollinators and plants), climate, 

257 continent, or anthropogenic activity. The model for subgroup analyses is a mixed-effects model, 

258 because contains both random effects (within subgroups) and fixed effects (since subgroups are 

259 assumed to be fixed). The Q-test was used to compare the observed value to the expected value 

260 (i.e. residual heterogeneity, QE), assuming a chi-squared (Ç²) distribution with degrees of 

261 freedom G-1, where G is the number of groups. If the observed value was significantly greater 

262 than the expected value, the p-value from the test indicated the presence of a real difference in 

263 effect sizes among subgroups (Higgins, 2011). Also, we calculated the I2 statistic for each 

264 subgroup.

265    Furthermore, a meta-regression was conducted to identify specific continuous variables 

266 explaining heterogeneity between studies (Borenstein et al., 2009; Koricheva, Gurevitch & 

267 Mengersen, 2013). In this type of analysis, one or more predictor variables can be used to predict 

268 real differences in effect sizes, considering mixed-effects models (Higgins, 2011). In our study, 

269 the following predictor variables were employed: 1) habitat fragment size where the studies were 

270 conducted (total coverage in square meters), 2) year of study publication, 3) year of sampling. 

271 The model was constructed using a stepwise (forward) approach, where predictor variables were 

272 added one by one. Comparison between the full model and the reduced model was performed 

273 using the likelihood ratio test. If the full model proved superior to the reduced model, the added 

274 variable was retained, and the next variable was added. The Knapp-Hartung adjustment was used 

275 to obtain more robust estimators, especially when the number of studies was low (Higgins, 

276 2011). Finally, permutations were used to assess the robustness of the model through resampled 

277 data (Higgins, 2011). In this analysis, p-values were recalculated based on test statistics obtained 

278 from all possible permutations or a random selection of permutations from the original dataset. If 
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279 the test statistic was equal to or greater than the original value in 50 out of 1000 permutations, a 

280 p-value of 0.05 was established for that predictor.

281

282 Results

283 Network metrics from a total of 38 articles published between 2010 and 2023, were use for the 

284 ANOVAs. This dataset is representative across four continents. The most prominently 

285 represented anthropogenic activities included agriculture and livestock farming. Furthermore, the 

286 most well-represented taxon was that of insects (see Figure 2 and Table 1). The nestedness 

287 metric showed no effect in nine studies, decreased in fourteen, and increased in two out of the 25 

288 studies reviewed. Concerning H2�, ten articles exhibited no effect, seven indicated a decrease, 

289 and nine showed an increase in the 26 studies that used this metric. Regarding connectance, 

290 seven publications did not record an increase, while seven indicated an increase, and eight 

291 demonstrated a decrease in the 22 studies analyzed. In terms of modularity, eight articles showed 

292 an increase, three exhibited no effect, and one indicated a decrease out of the 12 studies in which 

293 this metric was assessed (see Table 1). Our ANOVAs revealed that anthropogenic activities have 

294 varying effects on metrics associated with the structure of plant-pollinator interaction networks. 

295 NODF values showed significant variation among different anthropogenic activities in the 

296 studies we evaluated (F = 16.15, d.f. = 2, p = 0.007), with agriculture (p = 0.001) and 

297 fragmentation (p = 0.009) being the primary determining factors. A similar significant effect was 

298 observed for specialization (H2�) (F = 0.02, d.f. = 3, p = 0.02), where land use change (p = 0.02) 

299 and fragmentation (p = 0.03) contributed to these differences. Conversely, no significant 

300 differences were found among anthropogenic activities in their effects on connectance values (F 

301 = 0.9, d.f. = 3, p = 0.46). Regarding modularity, ANOVA was not applicable due to the limited 

302 sample size of the reviewed studies and the lack of variance homogeneity

303    

304 Meta-analysis 

305 For the meta-analyses, only 16 out of the 38 studies met the inclusion criteria, and for the final 

306 dataset used, 36 effect sizes were included (16 for plant species and 20 for pollinator species). 

307 The average effect size was 0.52, with a 95% confidence interval ranging from 0.07 to 0.96. The 

308 associated p-value was significant (t = 2.37, d.f.= 35, p=0.02), indicating that anthropogenic 

309 disturbance reduces the richness of pollinators and plants (see Figure 3). The value of tau2 was 
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310 1.21, while the I2 value was 83.8%. The test of heterogeneity was significant (Q = 215.75, d.f.= 

311 35, p < 0.0001), suggesting variability in effect sizes among different studies. The results 

312 indicated a statistically significant difference in the richness of pollinator species between 

313 conserved and disturbed sites. Both pollinators and plants are more vulnerable in sites with 

314 anthropogenic activities, as they exhibit lower species richness. However, there is also 

315 significant heterogeneity among the studies. This suggests that the actual effect may vary 

316 depending on the type of disturbance or that additional factors, beyond disturbance, may 

317 influence species richness of pollinators at different sites (see Table 2, Figure 3).

318

319 Subgroup Analysis

320 A subgroup analysis revealed significant differences in the observed effects within subgroups of 

321 pollinators, plants, continents, and anthropogenic activities and climate subgroup (see Table 2).

322    Pollinators and Plants. The group of �Pollinators� showed the largest effect size (g = 0.13) 

323 compared to �Plants� (g = 0.79; Table 2). The Tau2 value for �Pollinators� (Ç2=0.88) indicates low 

324 heterogeneity, meaning that the studies regarding this group are consistent in their findings. On 

325 the other hand, the Tau2 value for �Plants� (Ç2 = 1.37) indicates a moderate level of heterogeneity, 

326 suggesting that there is some variability in the effect sizes  reported in the studies concerning this 

327 group. This variability may be due to differences in study characteristics, methodologies, or other 

328 factors that influence the relationship between �Pollinators� and the structure of the studied 

329 networks.

330    Anthropogenic Activity. Our results indicate that �Fragmentation�have the most significant 

331 effect (g =2.07, Table 2 ) on the outcome variable within the anthropogenic activity category. 

332 The high SMD value suggest that this activity have a substantial impact on the richness of plant-

333 pollinator networks, and the low Tau2 value (Ç2 = 0.11, Table 2) indicate that this effect was 

334 consistent among the different studies within this subgroup. We can also observe that the other 

335 types of antropogenic disturbances had similar negative effects in plant and pollinators richness 

336 (Table 2).

337    Continent. Our results indicate differences in the effect sizes and levels of heterogeneity among 

338 continents. �America� has the largest effect size (g = 0.66, Table 2) observed moderate 

339 heterogeneity between-study (Ç2 = 2.64, Table 2). �Asia� has a low effect size (g = 0.3) with 

340 moderate heterogeneity (Ç2=1.59 Table 2). �Africa� and �Europe� have smaller effect sizes (g = 
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341 0.5 and g=0.5, respectively) with moderate levels of heterogeneity (Ç2=0.84 and Ç2=0.57 Table 

342 2). The differences in effect sizes and heterogeneity may be attributed to regional variations, 

343 such as different environmental factors, study methodologies, or other factors that affect the 

344 relationship between anthropogenic activities and plant-pollinator networks richness in these 

345 continents.

346    Climate. Our results indicated a larger effect size in studies conducted in tropical climates 

347 (g=1.08), with an intermediate level of heterogeneity among these studies (g=-0.02) with slightly 

348 lower heterogeneity ( Ç2=0.77) compared to the former.

349

350 Meta-regression

351 A meta-regression analysis was conducted to identify quantitative variables that could act as 

352 sources of heterogeneity and explain differences in effect size between studies. The model used 

353 in this analysis exhibited a significant amount of residual heterogeneity that is explained by the 

354 fragment size variable (QE = 180.53, d.f. = 33,  p = <0.0001). In combining variables that could 

355 explain our meta-analysis results, in addition to fragment size, we included the year of sampling 

356 (QE = 206.90, d.f. = 34, p = <0.0001) and the year of publication of the studies (QE = 215.17, 

357 d.f. = 34, p = <0.001). Their values were found to be significant. Furthermore, after conducting 

358 permutations, however there was insufficient evidence to assert a significant relationship 

359 between fragment size, year of sampling, and year of publication variables (QE = 178.06, d.f. = 

360 31, p = 0.52).

361

362 Discussion

363 Identifying the structural patterns most susceptible to alterations caused by anthropogenic 

364 activities in the plant-pollinator interaction network allows us to anticipate the potential 

365 consequences of anthropogenic impacts on biodiversity. Our results showed that the most 

366 impactful activities in this research are related to agriculture and fragmentation. These activities 

367 are widely practiced worldwide. Some articles have examined how these agricultural activities 

368 affect plants and their pollinators. They explain how intensified agriculture can influence the 

369 availability of native pollinators for crops, affecting food production. This highlights that greater 

370 expanses of natural habitats contribute to increased stability and predictability of pollination 

371 services (Tscharntke et al., 2005; Sardiñas & Kremen, 2014).      
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372    Furthermore, it has been observed that agricultural practices can affect pollinator populations, 

373 such as bees, a widely studied taxonomic group in plant-pollinator interaction networks. It has 

374 been noted how monocultures and pesticide use impact not only populations of wild bees but 

375 also other pollinators (Roulston & Goodell, 2011; Garibaldi et al., 2011b). It�s worth mentioning 

376 that a significant transformation of natural ecosystems into agricultural land is projected to reach 

377 109 million hectares by 2050. This transformation is expected to have substantial implications 

378 for the environment, such as increased nitrogen and phosphorus-driven eutrophication and 

379 pesticide use (Tilman et al., 2001). 

380    Although our study did not find significant effects of activities such as livestock farming, 

381 urbanization, land-use change, and intentional fires on interaction networks, it�s important to 

382 consider that these results may be due to the study�s limitation in focusing solely on structural 

383 patterns of networks. However, other research suggests that these activities also contribute to 

384 climate change, which can affect plants through alterations in temperatures, precipitation 

385 patterns, and atmospheric carbon dioxide levels, favoring invasive species over native ones 

386 (Dukes & Mooney, 1999). It has also been examined that when analyzing livestock farming 

387 independently from agriculture, how livestock impact pollinator visitation frequency can vary 

388 and is further modified by changes in vegetation cover caused by livestock presence (Tadey, 

389 2008). 

390    On the other hand, changes in land use can vary in intensity, but in all cases, they cause habitat 

391 alterations that affect pollinator populations. This effect is mainly evident through the alteration 

392 of floral resources; its impact varies depending on specific characteristics of pollinators, such as 

393 specialization, mobility, sociability, nesting sites, and phenology (Lázaro & Tur, 2018). 

394 Regarding the impact of intentional fires on pollinators, most studies are limited to comparing 

395 burned areas with unburned areas (Carbone et al., 2019). The overall results of the two analyzed 

396 studies indicated a positive effect on pollinator richness. However, a slight impact on 

397 Lepidoptera richness was identified (Peralta et al., 2017; Da Silva, 2022). Regarding the effects 

398 of anthropization on the structural patterns of interaction networks, previous research supports 

399 our results, concluding that the metrics used (NODF, H2�, C, and Q) are particularly sensitive to 

400 environmental changes (Aguilar et al., 2009; Ferreira, Boscolo & Viana, 2013; Soares, Ferreira 

401 & Lopes, 2017). However, contrary to our findings, other studies have indicated that empirical 

402 data available suggest that nesting is not affected by habitat disturbance. Instead, H2� metrics 
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403 show responses similar to those obtained in this study. Furthermore, changes in the roles of 

404 species are also described, with oscillations between generalists and specialists in different 

405 conditions. This is because in situations of lower environmental quality, specialist species with 

406 morphological and behavioral limitations tend to be lost, as observed in previous research 

407 (Ferreira, Boscolo & Viana, 2013). 

408    The reviewed studies indicate that, although network nesting exhibited different effects on 

409 anthropogenic activities, we can infer that the explanation for the fourteen studies where nesting 

410 tends to decrease is that authors have observed that any disturbance resulting from anthropogenic 

411 activities affects total species richness and the abundance of interactors, which decreases with 

412 habitat loss (Spiesman & Inouye, 2013). This is because a reduction in species richness decreases 

413 the network size, and in turn, the number of interactions (links) by generalist species. This is also 

414 related to specialization results (H2�), where an increase was observed in most studies. In some 

415 cases, no effect was recorded concerning the different impacts of anthropogenic activities. This 

416 can be attributed to the loss of specialist species, the increase in generalist species, and the 

417 decrease of pollinators specialized in plants sensitive to environmental changes (Weiner et al., 

418 2014). Furthermore, this is confirmed by the analysis of variance, which shows that there are 

419 indeed significant differences between anthropogenic activities concerning this metric, as it 

420 demonstrates that specialization increases in studies where agricultural activities are present. 

421    Consequently, these changes can reduce network robustness, which is less robust or more 

422 susceptible when core species are extinguished due to potential alterations in the species that 

423 comprise it, resulting in an imbalance in communities. Furthermore, some articles argue that 

424 reduced nesting may be due to the reduction of lower-quality environmental areas (Burkle, 

425 Marlin & Knight, 2013; Vanbergen et al., 2014; Moreira, Boscolo & Viana, 2015). An example 

426 of this is the observation of a rapid decrease in species diversity over a short period, which 

427 primarily affects specialist species and leads to a narrowing of the niche for the remaining 

428 generalist species (Burkle, Marlin & Knight, 2013; Moreira, Boscolo & Viana, 2015). However, 

429 in the long term, an even more intense reduction in diversity can be observed, also impacting 

430 generalist species (Burkle & Knight, 2012). Furthermore, the increase and lack of effect on 

431 nesting in the 11 presented studies could be linked to the concentration of interactions by 

432 generalist species, both in plants and pollinators (Jauker et al., 2019; Díaz Infante, Lara & 

433 Arizmendi, 2020; Morrison & Dirzo, 2020; Motivans et al., 2021; Escobedo-Kenefic, 2022). 
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434    Regarding network connectance, it did not generally change, although it increased in seven 

435 studies and decreased in eight. While we may consider that network connectance is not 

436 significantly affected in most studies, it�s essential to note that some research has found large, 

437 highly connected networks in agricultural areas due to the presence of flowering herbaceous 

438 plants and fruit trees (Aavik et al., 2008). In this regard, some studies suggest that conservation 

439 efforts should focus on preserving highly connected communities, seeking empirical evidence of 

440 a relationship between connectance (complexity) and the conservation value of communities at 

441 different stages of degradation (Prendergast & Ollerton, 2021). 

442    As for modularity, the results showed an increase, likely because interaction networks in 

443 fragmented sites tend to exhibit modular patterns. This is due to the high specialization in these 

444 sites, given the limited number of interacting species (Santamaría et al., 2018; Morrison & 

445 Dirzo, 2020; Librán0Embid et al., 2021). However, this modularity could result from a temporal 

446 relationship influenced by species phenology (Morente-López et al., 2018; Lázaro & Gómez-

447 Martínez, 2022). As a result, the meta-analysis results showed that there is an impact on the 

448 richness of interacting species of both plants and pollinators. While two previous studies have 

449 evaluated the impact of these activities, none have focused on describing what happens to 

450 species richness within interaction networks. Furthermore, these studies have been limited to the 

451 group of bees or insects, where the results have been similar to those obtained in this study. In 

452 contrast, in the meta-analysis, the magnitude of the effects was not as significant. 

453    It has also been shown that the only type of anthropogenic activity that has a negative effect is 

454 agriculture, an activity performed extensively in many parts of the world where there is very 

455 little natural habitat left (Winfree et al., 2009). It has also been demonstrated that as the species 

456 richness of plants increases in anthropized sites, the species richness of pollinators also increases. 

457 As the richness of plant species increases in anthropized areas, there is also an increase in 

458 pollinator species richness, suggesting that strategies to enhance plant species diversity can 

459 promote pollinator richness (Kral-O�Brien et al., 2021). These findings may also relate to the 

460 results obtained in the meta-regression analyses, where we explored the influence of publication 

461 year, sampling year, and fragment size on the effect size. While two of these variables 

462 (publication year and sampling year) did not yield statistically significant results, they may help 

463 explain why, over time, there is a declining trend in species richness within interaction networks 

464 due to anthropogenic activities. In contrast, the fragment size variable did yield significant 
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465 results. In this context, the composition of vegetation cover in the fragments confirms that having 

466 a greater number of flowering species can attract more pollinators (Herrera, 1987).

467    Finally, our results indicated a larger effect size in studies conducted in tropical climates 

468 compared to those conducted in temperate climates. During our data compilation, we found a 

469 higher number of studies carried out in areas with tropical climates. This bias may be related to 

470 the fact that the majority of terrestrial biodiversity is found in tropical forests (Dáttilo & Rico-

471 Gray, 2018). Therefore, it is in these areas where a greater number of studies regarding plant-

472 pollinator interactions are conducted. This suggests the need for a greater number of studies that 

473 delve more deeply into the impacts of anthropization on plant-pollinator interaction networks in 

474 temperate climate zones around the world.

475

476 Conclusions

477 An in-depth analysis of patterns in plant-pollinator interaction networks shows a wide range of 

478 responses to human activities. The study suggests that intensified agriculture and habitat 

479 fragmentation are significant factors harming biodiversity and species interactions. While our 

480 results didn�t reveal major effects from activities like livestock farming, urbanization, land-use 

481 changes, or intentional fires, it�s possible these impacts are underestimated because we focused 

482 on network structural patterns. Our findings suggest that metrics such as nestedness, H2�, 

483 connectance, and modularity are useful for assessing how human activities affect these networks. 

484 Nestedness often decreases, likely due to habitat loss and a decline in species, affecting overall 

485 diversity and interaction abundance. Connectance and modularity show variable responses, but 

486 studies emphasize the importance of protecting well-connected communities.

487    Our study demonstrates that the impact of anthropogenic activities on plant-pollinator networks 

488 is complex, context-dependent, and varies across different taxa and regions. The findings 

489 underscore the importance of considering these factors when designing conservation strategies 

490 and policies aimed at mitigating the negative effects of anthropogenic activities on biodiversity 

491 within these networks. Further research may be needed to identify additional variables that 

492 contribute to the observed heterogeneity and to develop more targeted conservation approaches.

493
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Table 1(on next page)

The dataset comprised 38 studies for the systematic review and 16 studies for the
complete set of meta-analyses.

These were utilized to investigate the potential impact of anthropization on the structural
patterns of plant-pollinator interaction networks.
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1 Table 1. The dataset comprised 38 studies for the systematic review and 16 studies for the complete set of meta-analyses. These were 

2 utilized to investigate the potential impact of anthropization on the structural patterns of plant-pollinator interaction networks.

Metric Taxonomic 

group

Climate Anthropogenic activity Trend Reference

Nestedness Bees Temperate Agriculture No effect Hagen & Kraemer, 2010

   Fragmentation Decrease Newton et al., 2018

  Tropical Land use change Decrease Mathiasson & Rehan, 2020

   Fragmentation Increase Ferreira et al., 2020

   Urbanización Decrease Traveset et al., 2018

   Urbanización Decrease Prendergast & Ollerton, 2021

  Semi-arid Intentional fires No effect Peralta et al., 2017

 Bees and others Tropical Agriculture No effect Morrison & Dirzo, 2020

   Land use change No effect Escobedo-Kenefic et al., 2022

  Semi-arid Fragmentation No effect Jauker et al., 2019

   Fragmentation Decrease Grass et al., 2018

 Insects Temperate Agriculture No effect Motivans et al., 2021

   Agriculture Decrease Vanbergen et al., 2017

   Agriculture No effect Olsson et al., 2021

   Fragmentation Decrease Burkle & Knight, 2012

   Fragmentation No effect Spiesman & Inouye et al., 2013

   Livestock Decrease Vanbergen et al., 2014

  Tropical Agriculture Decrease Moreira, Boscolo & Viana, 2015

   Land use change No effect Adedoja & Kehinde, 2018

   Fragmentation Decrease Della Rocca et al., 2023

  Semi-arid Fragmentation Decrease Santamaría et al., 2018

 Butterflies Tropical Agriculture No effect Banza, Belo & Evans, 2015

  Semi-arid Agriculture Decrease Colom, Traveset & Stefanescu, 2021

 Hummingbirds Tropical Agriculture Decrease Bustamante-Castillo, Hernández 

Baños & Arizmendi, 2020
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   Land use change Increase Díaz Infante, Lara & Arizmendi, 

2020

 General Tropical Fragmentation No effect Pinto et al., 2020

H2� Bees Temperate Agriculture No effect Hagen & Kraemer, 2010

  Tropical Fragmentation Increase Newton et al., 2018

  Fragmentation Decrease Ferreira et al., 2020

   Urbanización Increase Traveset et al., 2018

   Urbanización Increase Mas & Vilagines, 2018

   Urbanización No effect Prendergast & Ollerton, 2021

  Semi-arid Intentional fires Increase Peralta et al., 2017

 Bees and others Tropical Agriculture No effect Fründ, Linsenmair & Blüthgen, 

2010

   Land use change No effect Escobedo-Kenefic et al., 2022

  Semi-arid Fragmentation Increase Jauker et al., 2019

 Insects Temperate Agriculture No effect Weiner et al., 2011

   Agriculture Increase Vanbergen et al., 2017

   Agriculture Increase Shinohara,Uchida & Yoshida, 2019

   Agriculture Decrease Motivans et al., 2021

   Fragmentation Decrease Burkle & Knight, 2012

   Fragmentation Decrease Marrero, Torretta & Medan, 2014

   Urbanización Decrease Marín et al., 2020

  Tropical Land use change No effect Adedoja & Kehinde, 2018

   Land use change Increase Sritongchuay et al., 2022

   Fragmentation Decrease Della Rocca et al., 2023

   Intentional fires No effect Da Silva et al., 2022

  Semi-arid Fragmentation Increase Santamaría et al., 2018

 Butterflies Tropical Agriculture Decrease Banza, Belo & Evans, 2015

  Semi-arid Agriculture No effect Colom, Traveset & Stefanescu, 2021

 Hummingbirds Tropical Agriculture No effect Bustamante-Castillo, Hernández 

Baños & Arizmendi, 2020

 General Tropical Fragmentation No effect Pinto et al., 2020
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Conectance Bees Temperate Fragmentation Decrease Newton et al., 2018

  Tropical Land use change Decrease Mathiasson & Rehan, 2020

   Urbanización Decrease Mas & Vilagines, 2018

   Urbanización No effect Traveset et al., 2018

   Urbanización No effect Prendergast & Ollerton, 2021

  Semi-arid Intentional fires Decrease Peralta et al., 2017

 Bees and others Tropical Agriculture Increase Morrison & Dirzo, 2020

   Land use change No effect Escobedo-Kenefic et al., 2022

  Semi-arid Fragmentation Decrease Jauker et al., 2019

 Insects Temperate Agriculture Increase Vanbergen et al., 2014

   Agriculture Increase Shinohara,Uchida & Yoshida, 2019

   Agriculture Decrease Motivans et al., 2021

   Agriculture No effect Olsson et al., 2021

   Fragmentation Increase Spiesman & Inouye et al., 2013

   Fragmentation Decrease Librán0Embid et al., 2021

   Livestock Decrease Vanbergen et al., 2017

  Tropical Land use change No effect Adedoja & Kehinde, 2018

   Fragmentation Increase Della Rocca et al., 2023

  Semi-arid Fragmentation Increase Santamaría et al., 2018

 Hummingbirds Tropical Agriculture No effect Bustamante-Castillo, Hernández 

Baños & Arizmendi, 2020

   Land use change No effect Díaz Infante, Lara & Arizmendi, 

2020

 General Tropical Agriculture Increase Sritongchuay et al., 2019

Modularity Bees Semi-arid Intentional fires Increase Peralta et al., 2017

 Bees and others Tropical Agriculture Increase Morrison & Dirzo, 2020

   Land use change No effect Escobedo-Kenefic et al., 2022

  Semi-arid Fragmentation Increase Grass et al., 2018

 Insects Temperate Agriculture Increase Villa0Galavi et al., 2021

   Fragmentation Increase Spiesman & Inouye et al., 2013

   Fragmentation Increase Librán0Embid et al., 2021
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  Tropical Intentional fires No effect Da Silva et al., 2022

  Semi-arid Fragmentation Increase Santamaría et al., 2018

 Butterflies Semi-arid Agriculture Decrease Colom, Traveset & Stefanescu, 2021

 Hummingbirds Tropical Agriculture No effect Bustamante-Castillo, Hernández 

Baños & Arizmendi, 2020
3

4 Insects: Refers to studies that analyzed taxonomic groups of bees, butterflies, beetles, and flies. 

5 Bees and others: Refers to studies that analyzed taxonomic groups of bees, hoverflies, bumblebees, and wasps. 

6 General: Refers to studies that analyzed taxonomic groups of insects, mammals, and hummingbirds.

7

8

PeerJ reviewing PDF | (2024:01:95435:0:1:NEW 16 Jan 2024)

Manuscript to be reviewed



Table 2(on next page)

The subgroup analyses unveil notable diûerences in observed eûects among subgroups
of pollinators, plants, continents, anthropogenic activities, and climate.

This detailed analysis oûers a more nuanced understanding of the overall eûect by
accounting for potential diûerences and variations present across the included studies.
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1 Table 2. The subgroup analyses unveil notable differences in observed effects among subgroups 

2 of pollinators, plants, continents, anthropogenic activities, and climate. This detailed analysis 

3 offers a more nuanced understanding of the overall effect by accounting for potential differences 

4 and variations present across the included studies.

Category SMD

size effect

95% 

confidence 

intervals

p

(within groups)

Tau2

Species 0.02

Pollinators 0.79    0.22�1.36 0.88

Plants 0.13   -0.58�0.85 1.37

Climate 0.02

Tropical 1.08    0.43�1.73 1.04

Temperate         -0.02   -0.03�0.50 0.77

Anthropogenic 

activity

0.02

Agriculture 0.15   -0.32�0.62 0.62

Fragmentation 2.07    1.06�3.09 0.11

Urbanization         -0.44  -4.54�2.76 0.82

Land use 

change

0.98   0.11�1.85 0.36

Fires         -0.49  -2.57�1.72 2.26

Continent 0.02

America 0.66   -0.55�1.87 2.64

Europe 0.50   0.003�1.01 0.57

Africa 0.50   -0.78�1.80 0.84

Asia 0.50   -2.33�2.93 1.59
5
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Figure 1
PRISMA ûow diagram illustrating the data compilation process for the systematic review
and meta-analysis. In the ûowchart, the articles obtained from other sources are a
result of reviewing the reference lists of the articles identiûed in the database

In the ûowchart, the articles obtained from other sources are a result of reviewing the
reference lists of the articles identiûed in the database search, while the excluded articles
are those that did not meet the evaluation criteria in our review.
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Figure 2
Representativeness of papers by taxonomic group in studies on plant-pollinator
networks conducted in locations with anthropogenic activities, which were used in the
meta-analysis.

Taxonomic groups were categorized as follows: (1) <Bees,= referring to studies focused on
this group of hymenopterans; (2) <Bees and others,= which includes studies that analyze
insect groups such as bees, syrphid ûies, bumblebees, and wasps; (3) <Insects,=
encompassing studies that analyze bees, beetles, and butterûies as a group; (4)
<Butterûies,= focusing on Lepidoptera; (5) <Hummingbirds=, covering studies conducted on
this group of birds; and (6) <General,= incorporating studies that analyze species groups,
including insects, mammals, and hummingbirds.

PeerJ reviewing PDF | (2024:01:95435:0:1:NEW 16 Jan 2024)

Manuscript to be reviewed



Figure 3
Forest plot for the eûect size (grey squares) and 95% conûdence intervals (CI, vertical
lines) for pollinator (<po=) and plant (<pl=) richness. The plot displays measurements in
conserved (positive eûect size values) and disturbed sites (negative eûec

The plot displays measurements in conserved (positive eûect size values) and disturbed sites
(negative eûect size values) across each study (Study ID).
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