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Land use change has been identified as a cause for biodiversity loss and has significant effects on pollinators and their interactions with plants. Interaction network analyses complement diversity estimators by providing information on the stability and functionality of the plant-pollinator community in an ecosystem. However, how land use changes affect insect diversity, and the structure of their plant-insect interaction networks, could depend on the intensity of the disturbance but also may be a matter of scale. Our study was carried out in a tropical highland landscape dominated by intense, yet diverse, small-scale agriculture. We studied the effects of land use, at a landscape scale, and local cover and plant ecological descriptors, at a local scale; on diversity descriptors of insect pollinator communities, the abundance of the most frequent flower visitors, and their interaction networks. Seminatural vegetation favored insect flower visitors at both scales. At the landscape scale, human settlements positively influenced bee diversity, and seminatural areas favored the abundance of frequent hoverfly and bumblebee species. At the local scale, bare soil cover negatively influenced honeybee abundance while flower-rich covers positively related to bumblebee abundance. Only local scale variables had influence on network metrics. Bare soil cover was related to higher network specialization, probably due to a low rate of honeybee interactions. Flower-rich covers negatively influenced network connectance but favored modularity. These results suggest that flower resources, provided by weed areas and flowering crops, promote a high rate of interactions between trophic levels and a non-random structure in the interaction networks that may be helping to sustain network stability. Our results highlight the role of seminatural vegetation, at both scales, in maintaining stable insect pollinator communities and interactions in heterogeneous agricultural landscapes of the tropics.

KEYWORDS
  land use, hoverflies, small-scale agriculture, pollination, bumblebees, honeybees


Introduction

Croplands and cultivated grasslands occupy ~30% of the surface of the Earth (Asner et al., 2004; Foley et al., 2005). It is estimated that by 2050 one billion hectares of croplands will be necessary to satisfy human food demand (Laurence et al., 2014), which entails a conflict between the amount of land dedicated to crops for human nutrition, and the preservation of natural areas that provide ecological services to humanity and agricultural areas, including animal-mediated pollination (Steffan-Dewenter et al., 2005). Further, insect-mediated pollination is necessary for reproduction and maintenance of plant populations, either wild or cultivated (Ollerton et al., 2011). It has been observed that crop yield generally increases with insect species richness, abundance, and visitation (Garibaldi et al., 2013; Kleijn et al., 2015; Rader et al., 2016; Woodcock et al., 2019). However, despite the fact that bees are perceived as the most important pollinators, both farmers and scientific studies recognize that other floral visitors, such as flies, are also important (Doyle et al., 2020: Raguso, 2020; Osterman et al., 2021). General trends show that insect pollinator populations are declining worldwide as a consequence of habitat loss (Potts et al., 2010; IPBES, 2016; Dicks et al., 2021). Nevertheless, not all pollinator taxa respond equally, which might be due to taxon-specific habitat requirements that may vary at different spatial scales (Jauker et al., 2009; Bates et al., 2011). In that way, understanding taxon-specific habitat requirements is key to developing effective pollinator conservation strategies in agricultural landscapes (Kohler et al., 2008; Jauker et al., 2009).

On the other hand, stable and robust populations of insect pollinators depend upon the availability of floral resources (i.e., pollen, nectar, and non-volatile oils) to feed adults and larvae, and non-floral resources (i.e., resins and nest availability) to protect brood cells of both eusocial and solitary bees (Requier and Leonhardt, 2020). Several studies suggest that flower-rich sites with intermediate levels of perturbation by human activities (e.g., human settlements and agriculture) can have a positive effect on bee and fly abundance and the total diversity of insect pollinators in temperate zones (Kratschmer et al., 2019; Aguilera et al., 2020; Wenzel et al., 2020; Bergholz et al., 2021) and tropical areas (Meng et al., 2012; Landaverde-González et al., 2017; Cusser et al., 2019; Escobedo-Kenefic et al., 2020; Coutinho et al., 2021). In this sense, habitat quality can strongly affect how insect pollinators proceed toward resources that are defined by land use (Grundel et al., 2010; Bates et al., 2011). The provision of high flower diversity to pollinator communities may mitigate the negative impacts of landscape perturbation on pollinator diversity (Bates et al., 2011; Birdshire et al., 2020). In addition, it has been demonstrated that agroforestry systems in the tropics where non-intensive agriculture is performed, play an important role in the conservation of pollinator diversity (Jha and Vandermeer, 2010; Landaverde-González et al., 2017; Vides-Borrell et al., 2019; Armas-Quiñonez et al., 2020) and plant-pollinator interactions (Klein et al., 2008; Perfecto et al., 2014; Escobedo-Kenefic et al., 2020) Also, tropical croplands are immersed in topographically diverse areas that may promote complex interactions among the habitat, pollinator diversity and plant-pollinator interaction systems, at landscape and local scales (Klein et al., 2008; Motzke et al., 2016; Cely-Santos and Philpott, 2019; Wayo et al., 2020).

Studies in tropical agroecosystems have found effects of land use on the diversity of insect pollinators at different scales, probably due to differences in ecological characteristics of the studied species or biological guild (Jauker et al., 2009; Burrascano et al., 2018). Some studies have identified that landscape factors like forest cover proportion (Wayo et al., 2020), crops cover (Cely-Santos and Philpott, 2019) and seminatural vegetation cover (Cusser et al., 2019) can explain pollinator diversity. Other studies have pointed out that small scale factors as habitat type (Tarakini et al., 2020), herbaceous stratum height (Hernández-Villa et al., 2020), flower richness (Landaverde-González et al., 2017; Escobedo-Kenefic et al., 2020; Tarakini et al., 2020; Wayo et al., 2020), and flower abundance (Cely-Santos and Philpott, 2019) can be predictors of pollinator diversity. However, pollinator communities may respond to land use both at landscape and local scales. In temperate regions, Ropars et al. (2020) found that large bee richness (i.e., more than 11.5 mm in body length) was associated negatively to seminatural vegetation areas at landscape scale while local scale plant richness variables were non-significant, and Benjamin et al. (2013) determined that large bees had a negative relationship with agricultural land use at landscape and local scales, while small bees were negatively associated to agricultural lands at local scale but positively related at landscape scale. In the tropics, Motzke et al. (2016) observed that bee abundance increased with flowering-plant cover at local scale whereas small bee abundance increased with closeness to forest. Also, Meng et al. (2012) recorded the highest hoverfly species richness in habitats with vegetation of early successional stages as rice fields and fallows at landscape scale, and found a positive significant relationship among hoverfly richness and weed richness at local scale.

As a complement to diversity descriptors like richness and diversity, ecological network analyses show how interactions among trophic levels affect the structure, composition, and distribution of biological communities (Bascompte and Jordano, 2007). Interaction networks have inherent properties as connectance, nestedness, specialization, generalization, and modularity. These metrics allow to visualize how interactions are assembled at community level, and also to indirectly assess ecosystem functions as pollination stability and robustness (Kaiser-Bunbury and Blüthgen, 2015; Kaiser-Bunbury et al., 2017; Burrascano et al., 2018). Some studies have shown that along with pollinator diversity, plant-pollinator network attributes such as robustness, nestedness and modularity, differ across seasons suggesting spatial and temporal niche partitioning between pollinator species (Souza et al., 2018; Rabeling et al., 2019; Escobedo-Kenefic et al., 2020; Stein et al., 2021; Assunção et al., 2022). Also, genetic diversity in the plant trophic level may act as a buffer to minimize the effect of landscape structure on ecological interaction networks ( Landaverde-González et al.,2021). However, to our knowledge, hitherto no analyses comparing between landscape and local scales have been done to understand which land use variables are important drivers of the topology of ecological interactions in the tropical highlands.

In this study, we investigate the effect of land use (at landscape scale), local cover, and plant population ecological descriptors (at a local scale) on the diversity of flower visitors and their interaction networks. We were interested in testing how landscape and local variables affect (1) the diversity of insect flower visitors, (2) the abundance of the most frequent flower visitor species, and (3) the stability of insect flower visitor interaction networks. We hypothesize that seminatural vegetation at landscape scale, and flowering weed local cover and floral abundance and diversity at local scale, will have a positive effect on the diversity of insect flower visitors and on the stability of the interaction networks between pollinators and flowering plants.



Materials and methods


Study area and experimental design

Our study was carried out in a seasonal agriculture area of the department of Chimaltenango, Guatemala, between 2,086 and 2,500 masl. In this area, agricultural cycles are adjusted to the rainy season; consequently, most crops grow through a single season (i.e., usually 6 months or fewer) (Altieri, 2004). Even though traditional-based agricultural practices (e.g., milpa system) are prevalent among local farmers, most of them use fertilizers and pesticides to improve the harvest yield of crops. Also, most of the land that is suitable for crops is being used all year long, even though some crop rotation is practiced. In this sense, agricultural practices are intensive in the study region (Carey, 2009). Agricultural land use is composed of a combination of non-traditional crops (i.e., carrots, cabbage, cauliflower, broccoli, and peas) and traditional crops (i.e., corn, avocado, lima beans, and beans) arranged in a highly heterogeneous mosaic of small areas (1,100–10,000 m2) of different crops and cover types (Guardiola and Bernal, 2009; Escobedo-Kenefic et al., 2014; Gálvez et al., 2014). Human settlements in our study area are predominantly rural in nature and often are surrounded by diverse and heterogeneous land use arrangements that may include housing areas, small forest patches, pastures and small farming plots (e.g., traditional-based milpa system) (Nigh and Diemont, 2013; Hellin et al., 2018). Forests are composed of long-established plants, mostly pine and oak trees, and seminatural vegetation consists of combined recently established plants, mostly small trees, bushes and weeds that comprise the early succession stages of plant community (Escobedo-Kenefic et al., 2014). We randomly selected 8 sites within the study area, separated by a minimum of 2 km (Figure 1; Supplementary Table S1). We selected our study area considering land use composition and configuration (e.g., size and shape of forest, crops, and settlement patches), so that our sites represented the variability of land use composition (i.e., mixture of forest, seminatural vegetation, crops, and settlements areas) of the study region.
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FIGURE 1
 Locations of study sites (site names as in Supplementary Table S1) in the highlands of Guatemala. The red dots represent the analysis units, the red circles represent the 2 km buffers used to obtain the landscape scale variables. Dark green = forest, light green = seminatural, yellow dash = seasonal agriculture, gray = human settlements. The location of the Chimaltenango department in the maps is shaded in yellow.


Fieldwork was carried out only once in each study site within a 1-month period (from December 16, 2019, to January 19, 2020). It was not possible to repeat the samplings due to the short duration of the wild vegetation blooming peak and to the COVID-19 lockdown.

To analyze the effect of local and landscape scales on the diversity of flower visitor community and their interaction networks, we calculated first land use composition at both scales using a modification of the methodology created by Cely-Santos and Philpott (2019). To characterize land use at a landscape scale, we obtained the area of each land use within a 1,000 m radius buffer using Google Earth images version 7.3.4.8642 (Google Earth/Maxar Technologies, 2020) with 15 meters resolution and the supervised classification algorithm from the ArcGIS software version (ESRI, 2014). We classified land uses within four categories: (i) forest, (ii) crops, (iii) seminatural vegetation, and (iv) human settlements (as defined above) (Supplementary Table S2).

In each study site, we defined a 100 × 100 m field plot that constituted our analysis units to determine land use composition at local scale. Further, to obtain a detailed description at the local scale, we measured a priori the area of each local cover within each 100 × 100 m field analysis unit using Google Earth images (2020). We defined local cover as each of the different land use types at local scale that we characterized within each 100 × 100 m field plot (Supplementary Figure S1). Subsequently, we field-verified each individual local cover. We classified the local covers within the following categories: (1) non-flowering crops (crops without pollinator-attractive flowers from growth to harvest, e.g., corn, carrots, cabbage, cauliflower, and broccoli), (2) flowering crops (e.g., pumpkin, lima beans, peas, and beans), (3) flowering weeds (i.e., abandoned crops mixed with naturally-grown flowering weeds and regeneration areas with flowering herbaceous plants and bushes), and (4) bare soil and/or dry crops (areas where crops were allowed to dry out, and most of the bare soil was exposed) (Supplementary Table S2). All eight 100 × 100 m field analysis units were located in agricultural lands. Each analysis unit was constituted as a unique combination of different kinds of agriculture and flowering weed areas but did not include any forest patches or human settlements.

Additionally, in each analysis unit we delimited 4 plant-community plots within flowering weeds local cover areas to perform a detailed characterization of plant ecological estimators. We performed 4 replicates of each 4 m2 plot (16 m2 in total per site, see details in Supplementary Figure S2). For each 4 m2 plot we measured (1) floral density (flowers/m2), (2) herbaceous stratum height, (as a measurement of stratum maturity in meters, measured from the floor to the top portion of the plants), and (3) plant species richness and abundance. From these last measurements we calculated Chao1 corrected richness (Chao and Shen, 2003) and Shannon diversity index (Shannon and Weaver, 1949) of weeds. Floral density and herbaceous stratum height were measured in all sites, but plant richness and abundance were measured in seven sites only (Supplementary Table S2). We intended to complete the data during a second sampling round, but this was not possible due to resource limitations and the reasons mentioned before.

Also, we standardized the local cover values (local scale) by converting the raw m2 values to proportions, as land use values (landscape scale) were already measured as proportions. Further, we calculated a land use heterogeneity index (LH) at landscape and local scales, derived from the Shannon diversity index (Supplementary Table S2). Landscape-scale LH was calculated using the land use categories, measured within 1,000 m buffer areas (forest, crops, seminatural vegetation, and human settlements). Local-scale LH was calculated using the local covers, measured within each 100 × 100 m analysis unit (bare soil/dry crops, flowering crops, flowering weeds, and non-flowering crops cover). Additionally, in order to compare land use effects between the two scales, we considered all agricultural use covers (bare soil/dry crops, flowering crops, and non-flowering crops), at local scale as equivalents to the “crops” use the landscape scale, and the “flowering weeds cover” at local scale as an equivalent to “seminatural vegetation” at landscape scale. Since the experiment was designed to measure local-scale variables in agricultural lands only, we do not have local-scale equivalents to the “forest” and “human settlements” landscape-scale categories. Lastly, we used a Pearson test to explore the relationship between the local covers and the plant population ecological estimators (Supplementary Table S3).



Sampling of flower visitors and their interactions

Insect samples and interaction records were gathered through observations during an exhaustive 3-h random walk within each 100 × 100 m analysis unit for the eight selected sites. Each flowering plant or patch was observed for 5 min at a time. Flower visitor visits were recorded for individuals that touched or searched for the reproductive parts of any flowering plant in each analysis unit. In the case of highly abundant and recognizable insect species (i.e., Apis mellifera Linnaeus, 1758, Bombus wilmattae Cockerell, 1912, Bombus ephippiatus Say, 1837) and plant species (i.e., Bidens pilosa L., Bidens bicolor Greenm., Lopezia racemosa Cav., Raphanus raphanistrum L.) only a representative number of specimens were collected, and their subsequent interactions were recorded. We collected the flower visitors and visited plants that we were not able to identify during the in situ observations. All insects were collected manually, using entomological nets. We stored unidentified flower visitors and visited plants for later taxonomic identification. Samplings were performed during the flower visitor activity peak (10:00–13:00 h), only on sunny days without rain or perceptible wind.



Flower visitor diversity and interaction network metrics

We calculated abundance, Chao1 corrected richness (Chao and Shen, 2003) and Shannon diversity index (Shannon and Weaver, 1949) to describe the diversity of the complete flower visitor community. We also calculated abundance, Chao1 corrected richness and Shannon diversity index for bees and flies as separate taxonomic groups. All the diversity metrics were calculated using the Past statistics software, version 4.09 (Hammer et al., 2001).

Additionally, we analyzed separately the abundance of the most frequent bee floral visitors in the communities: A. mellifera, B. wilmattae, and B. ephippiatus, considered key floral visitors in the region (Brosi et al., 2008), and the abundance of the most frequent hoverfly species Eristalis sp. (Diptera: Syrphidae). From this data we constructed species/morphospecies-based interaction networks. To obtain network metrics from plant-insect interactions, we constructed an individual quantitative interaction matrix for each 100 × 100 m analysis unit. We defined the abundance of each interaction in the network as the frequency of visits of each insect flower visitor species to the same flowering plant species, sampled from each analysis unit. From each matrix we computed five metrics: specialization (H2′), nestedness (NODF), modularity (Q), connectance, and generalization. For nestedness, we used the NODF metric (Almeida-Neto et al., 2008). NODF calculates the persistence of the interaction at network level based on the tendency of specialist species to interact with the subset of generalist species. For modularity, we used the QuanBiMo algorithm (Dormann and Strauss, 2014). QuanBiMo computes the strength of division of the network in modules based on a hierarchical clustering algorithm. Thus, a module is delineated when species are having more interaction within the module than between modules. For specialization, we used the H2′ metric (Blüthgen et al., 2006). The H2′ metric quantify the reciprocal selectivity of interaction between trophic levels. In contrast, the generalization metric evaluates the reciprocal impression of interactions between trophic levels (Tylianakis et al., 2007). Lastly, the connectance metric measures the proportion of possible links realized among the trophic levels (Jordano, 1987).

Due to the dependence of network metrics on network dimensions, we simulated 1,000 random interaction networks, using the Patefeld's algorithm (Patefeld, 1981) for each site and then Δ-transformed all network metrics (Schleuning et al., 2014; Dalsgaard et al., 2017; Simmons et al., 2018; Escobedo-Kenefic et al., 2020). The Δ-transformed network metrics were calculated as Nobs – Nrammean where Nobs is the observed value of a network metric and Nrammean is the mean value for the 1,000 randomized networks and reflects the degree to which a network metric deviates from a random expectation (see Supplementary Table S4). All the analyses were performed using the bipartite package (Dormann et al., 2009) in RStudio. In addition, we used t-tests to evaluate whether relative metrics are consistently smaller or larger than zero (Supplementary Table S5).



Statistical analyses

To answer whether landscape or local variables affect (1) the diversity of insect flower visitors, (2) the abundance of the most frequent flower visitor species, and (3) the stability of flower visitor interaction networks; we ran generalized linear models with Gaussian distribution which included 18 response variables and 15 explanatory variables by following the three steps described below:

1. Definition and standardization of the variables: We defined 18 response variables and categorized them in three groups: (a) nine insect diversity descriptors (abundance, Chao1 corrected richness, Shannon diversity index of the total insect floral visitors, as well as for bees and flies as separate groups); (b) the abundance of four of the most frequent floral visitors (the honeybee A. mellifera, the bumblebees B. ephippiatus and B. wilmattae and the hoverfly Eristalis sp.); and (c) five plant-flower visitor network descriptors (Δ-transformed connectance, Δ-transformed specialization, Δ-transformed generalization, Δ-transformed nestedness and Δ-transformed modularity). Additionally, we defined 15 explanatory variables that were grouped as follows: (A) four landscape scale land use categories, measured within 1,000 m buffer areas (forest, crops, seminatural vegetation, and human settlements) and the landscape-scale land use heterogeneity index; (B) four local-scale land covers measured within each 100 × 100 m analysis unit (bare soil/dry crops, flowering crops, flowering weeds, and non-flowering crops cover) and the local-scale heterogeneity index, as described before; and (C) five plant population ecological estimators obtained from the 4 m2 plant-community plots (flower density, herbaceous stratum height, Chao1 corrected richness, Shannon diversity index, and abundance of weeds).

To compare between equivalent estimators of landscape at landscape and local scale, we analyzed the explanatory variables from groups A (landscape-scale) and B (local-scale) in the same models together, since the variables were measured as areas (although the scales were different), and thus were comparable. Plant population ecological estimators (group C) were analyzed as a separate set, since they were only measured at the local scale and did not have equivalent estimators at the landscape scale. Further, to make the model parameters comparable we standardized all variables: we scaled and centered to zero each raw variable by subtracting its mean value and subsequently dividing it by its standard deviation, as in Moreira et al. (2015) and Coutinho et al. (2021). The response variables that did not follow a normal distribution (B. ephippiatus abundance and Δ-transformed modularity); Shapiro Wilk test (P < 0.05), were normalized by 1 + Log10 transformations.

2. Selection of explanatory variables for model analyses: To identify correlations among explanatory variables, we ran Pearson correlation analyses between all the variables, using the “Hmisc” package version 4.7-1 (Harrell, 2022). Only four local scale variables were uncorrelated (bare soil/dry crops cover, flowering crops cover, flower density and herbaceous stratum height; P > 0.05) whereas all the landscape scale variables were correlated (P > 0.05). Thus, to avoid the inclusion of correlated explanatory variables that could generate spurious effects, we evaluated which of the explanatory variables clustered in the A, B, and C groups (as described previously in the Section Introduction) were best supported for our response variables, through the multi-model inference based on Akaike's information criterion (AIC) and the second order AIC (AICc) from de “AICmodavg” package version 2.3-1 (Mazerolle, 2020). We used the Δ-AICc values to discard the hypotheses (models) with lower likelihood probability, and the same time leave out the explanatory variables with no effect on the response variables, sensu the parsimony principle. In that sense, we chose the hypotheses with Δ-AICc values < 2. In all the hypotheses in the cluster of variables A, B, or C had Δ-AICc values < 2, we select the hypotheses in the lowest AIC (Δ-AICc = 0).

3. Final model analyses: Since correlated variables remained after the application of the AIC criterion on the hypotheses above, we used a stepwise model selection and the backwards method to identify the final set of explanatory variables for each model, using the MASS package version (Venables and Ripley, 2002) version 4.3-58.1, in R. If the final models included correlated explanatory variables, we analyzed each correlated variable in a different model. We used the Δ-AICc parameter to compare the performance among the candidate final models. We report the final models with Δ-AICc < 2 values (Supplementary Table S6). Finally, we tested all model residuals for normality using a Shapiro-Wilk test, using the Past statistics software, version 4.09 (Hammer et al., 2001). The other model assumptions (linearity and homogeneity of variances) were verified visually. All models were run in R 2.3-1 (R Core Team, 2022).




Results


Flower visitors' diversity, and their interaction networks

We sampled a total of 1,344 insect specimens and their interactions (complete network graphic in Supplementary Figure S3) and identified 21 species and 38 morphospecies from 33 genera. Altogether, 1,146 specimens were bees (85%), 102 were flies (mostly hoverflies) (8%) and 96 specimens were butterflies, wasps, and beetles (7%) (see Supplementary Figure S4 for details). No other species or morphospecies exceeded 5% of the total specimens sampled. A complete list of species or morphospecies and their abundances is detailed in Supplementary Table S7. The most frequent interactions were: 279 visits registered in Bidens bicolor Greenm. (Asteraceae) (21%), 263 in Raphanus raphanistrum L. (Brassicaceae) (20%), 139 in Lopezia racemosa Cav. (Onagraceae) (10%), 126 in Salvia polystachia Cav. (Lamiaceae) (9%), and 95 in Viguiera mima S. F. Blake (Asteraceae) (7%). Other visited plant species did not exceed 4% of the total observed visits. A complete list of flower visitor-plant interactions and their frequency is described in Supplementary Table S8.



Effects of land use and local cover on flower visitor diversity

At the landscape scale (1,000 m radii), we did not find any effects of land use categories (forest, seminatural vegetation, crops, and human settlements) on corrected richness and Shannon diversity of the total flower visitors (P > 0.05). Similarly, we did not find any influence of land use categories on the abundance and corrected richness of bee flower visitors, Shannon diversity of flies, or on the abundance of the most frequent flower visitor species, A. mellifera and B. wilmattae (P > 0.05). Human settlements showed a significant positive relationship with the total insect abundance (t = 4.11, P = 0.015) and with the Shannon diversity of bees (t = 2.86, P = 0.029), but had a significant negative relationship with fly abundance (t = −3.045, P = 0.023). Seminatural vegetation showed a significant positive relationship with the total insect abundance (t = 3.18, P = 0.034) and with Eristalis sp. abundance (t = 3.048, P = 0.028). Finally, forest exhibited a significant positive relationship with the corrected fly richness (t = 2.59, P = 0.049) (Table 1).


TABLE 1 Top general linear models explaining the effects of land use categories at the landscape and local scales (landscape: within 1,000 m radius buffers, local: 100 × 100 m analysis units) on the flower visitor diversity variables (total floral visitor abundance, Shannon diversity index of bees, the abundance and Chao1 corrected richness of flies and the abundance of A. mellifera, B. ephippiatus, B. wilmattae, and Eristalis sp.) and on network topological attributes (connectance and specialization).
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At local scale, we did not find significant relationships between local cover variables (flowering crops, non-flowering crops, seminatural vegetation, and bare soil/dry crop) and the total flower visitor diversity (Shannon diversity index and Chao1 corrected richness) (P > 0.05). In addition, we did not find significant relationships between local cover variables (described above) and bee diversity (abundance, Shannon diversity index, and Chao1 corrected richness) (P > 0.05) or with the abundance and Shannon diversity of flies (P > 0.05). However, flowering weeds cover had a significant positive relationship with total flower visitor abundance (t = 4.19, P = 0.014) and B. wilmattae abundance (t = 3.73, P = 0.0097). Bare soil/dry crops showed a significant negative relationship with A. mellifera abundance (t = −2.49, P = 0.047) and a positive significant relationship with Eristalis sp. abundance (t = 2.81, P = 0.038). Flowering crops cover exhibited a significant negative relationship with B. ephippiatus abundance (t = −4.18, P = 0.006). Non-flowering crops had a marginally negative relationship with corrected richness of flies (t = −2.16, P = 0.084) (Table 1; Figure 2).
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FIGURE 2
 Insect flower visitor metrics that were affected by land cover variables (local scale), vs. the effects of their equivalent landscape scale variables. Circles represent landscape scale variables; squares represent local scale variables. Equivalent variables are shaded in the same color: “flowering weeds” was defined as the local scale equivalent to “seminatural vegetation” at the landscape scale, and all the agricultural-use local scale variables (flowering crops, non-flowering crops, and bare soil /dry crops) were defined as equivalent to the landscape scale variable “crops”. Positive significant effects are represented by upward-pointing arrows, negative significant effects are represented by downward-pointing arrows (*P < 0.05). The effects of “forest” and “human settlements” are not included in the figure since the analysis units were placed in agricultural lands and did not include local scale equivalents to these variables. **P < 0.01.


Regarding plant population ecological estimators, we did not find any influence of floral density, herbaceous stratum height, weed Shannon diversity, weed abundance or weed Chao1corrected richness on total insect visitor diversity and bee diversity measurements (abundance, Chao1 corrected richness, and Shannon diversity) (P > 0.05). We did not find significant relationships among plant population ecological estimators (previously described) and Shannon diversity of fly flower visitors (P > 0.05).

However, herbaceous stratum height had a positive relationship with B. wilmattae abundance (t = 4.33, P = 0.0049) and a marginal negative relationship with B. ephippiatus abundance (t = −2.58, P = 0.061), respectively. Flower density showed a significant negative relationship with fly abundance (t = −4.84, P = 0.084) and a marginal negative relationship with Eristalis sp. abundance (t = −2.19, P = 0.080). Moreover, weed abundance displayed a marginal positive relationship with A. mellifera abundance (t = 0.30, P = 0.083) while weed corrected richness displayed a significant positive relationship with fly abundance (t = 3.68, P = 0.021) (Table 2; Figure 3).


TABLE 2 Top general linear models explaining the effects of plant population ecological descriptors on the flower visitor diversity variables (the abundance of flies and the abundance of A. mellifera, B. ephippiatus, B. wilmattae, and Eristalis sp.) and on network topological attributes (connectance and modularity).
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FIGURE 3
 Effects of plant ecological estimators on insect flower-visitor metrics. Capitals: Explanatory variables, lowercase: Response variables. Positive significant effects are represented by upward-pointing arrows, negative significant effects are represented by downward-pointing arrows (**P < 0.01, *P < 0.05, .P < 0.1).



Effects of land use, local cover, and plant ecological estimators on flower visitor interaction metrics

The honeybee A. mellifera and the bumblebee B. willmattae were the most abundant species within the interaction network system (Supplementary Table S7). All network metrics were higher than zero (ΔNODF: 33.85 ± 8.04 SE, t-test P < 0.001; connectance: 0.16 ± 0.020 SE, t-test P < 0.001; H2′: 0.091 ± 0.029 SE, t-test P < 0.001; modularity: 3.36 ± 1.29 SE, t-test P < 0.001; generalization: 4.23 ± 0.56 SE, t-test P < 0.001; Supplementary Table S7).

At the landscape scale (1,000 m radii), we did not find any effects of land use area (forest, seminatural vegetation, crops, and human settlements) on the Δ-transformed network descriptors: connectance, generalization, nestedness, specialization and modularity (P > 0.05). At the local scale, we did not find any effects of non-flowering crops or seminatural vegetation local covers on any of our network topological descriptors (P > 0.05). Flowering crops had a significant negative relationship with Δ-transformed connectance (t = −2.51, P = 0.046), and bare soil/dry crops cover had a significant positive relationship with Δ-transformed specialization H2′ (t = 2.54, P = 0.044) (Table 1).

Concerning plant population ecological estimators, we did not find any significant relationships of the herbaceous stratum height, corrected richness, or Shannon diversity of weeds with our network topological descriptors (P > 0.05). Flower density had a significant negative relationship with Δ-transformed connectance (t = −2.56, P = 0.042). Weed abundance had a marginal positive relationship with Δ-transformed modularity (t = 2.13, P = 0.086) (Table 2; Figure 3).



Influence of explanatory variables at landscape scale vs. local scale

Eight insect-flower visitor response variables (total insect abundance, fly richness, Eristalis sp. abundance, B. wilmattae abundance, B. ephippiatus abundance, A. mellifera abundance, network specialization, and network connectance) were influenced by local-scale explanatory variables. Only two of these insect flower visitor metrics (total insect abundance and B. wilmattae abundance) were affected by landscape-scale variables that were the equivalents to the local-scale variables (Figure 2).



Relationship between local covers and plant population ecological estimators

We did not find any effects of local cover (bare soil/dry crops, non-flowering crops, and flowering weeds) on the plant population ecological estimators of weeds (flower density, herbaceous stratum height, Chao1 corrected richness, Shannon diversity index, and abundance). Nonetheless, flowering crops cover had a positive significant relationship with Shannon diversity (P = 0.012) and Chao1 corrected richness of weeds (P = 0.055; Supplementary Table S9).




Discussion

Regarding our first goal, to investigate how landscape and local variables affect the diversity of insect flower visitors, we observed that human settlements and seminatural vegetation areas, at the landscape scale, and flowering weed areas, at the local scale, influenced positively the total abundance of insect flower visitors. Conversely, human settlement areas had a negative influence on fly abundance. At the local scale, fly abundance was negatively influenced by flower density, but showed a positive relationship with weed richness. Fly richness was positively related to forest at the landscape scale, but negatively influenced by non-flowering crops cover at the local scale. More specifically, regarding our second goal, to assess the effects of land use on the abundance of the most frequent flower visitor species, we observed that bare soil/dry crops cover had a positive influence on the abundance of Eristalis sp., but negatively affected the abundance of A. mellifera. As a complement, A. mellifera abundance was positively influenced by weed abundance. Flowering crops and flowering weeds influenced positively the abundance of B. ephippiatus, and B. wilmattae, respectively. At the landscape scale, only seminatural vegetation had a significant relationship with the abundance of Eristalis sp. Regarding our third goal, to evaluate the influence of land use on network metrics, we observed that only local variables presented a significant influence on the stability of insect flower visitor interaction networks. We discuss the detail of our findings in the next paragraphs.



Influence of land use at landscape and local scales on flower visitor diversity

Insect abundance was positively affected by seminatural areas at both scales (“Seminatural areas” at the landscape scale and “Flowering weeds” at the local scale). This result points toward a general beneficial effect of seminatural vegetation on insect flower visitor abundance, as it has been observed in the tropics (e.g., Tangtorwongsakul et al., 2018). At the landscape scale, we observed that bee diversity was positively affected by settlement areas, although fly abundance was affected negatively. Similarly, human settlements have been found to be beneficial for bee diversity, their visitation rate and pollination service, while negatively affecting Diptera and Lepidoptera (Theodorou et al., 2020a,b). This has been attributed to the increase of heterogeneity, floral resources and nesting places, resulting from the presence of home gardens and traditional agricultural practices normally found in both human settlements and seminatural areas (Landaverde-González et al., 2017; Du Clos et al., 2020; Sexton et al., 2021). These arrangements may provide suitable habitats and resources for flower visiting insects, and thus explain the positive effect of settlement areas on bee abundance. Many other works have shown that human settlement areas tend to negatively affect the abundance and presence of flies (Jauker et al., 2009; Potts et al., 2010; Theodorou et al., 2020b), that hoverflies are frequent floral visitors for many crops, and that floral density favors their richness and abundance (Rader et al., 2011, 2013; Moquet et al., 2018; Raguso, 2020). In addition, forest areas had a positive influence on fly richness, and seminatural areas (both variables at the landscape scale) had a positive influence on Eristalis sp. abundance. The abundance of Eristalis sp. was also positively influenced at the local scale by the bare soil/dry crops area (areas with abandoned dry crops or without any vegetation cover). Syrphid hoverflies have heterogeneous nutritional and ecological requirements during their development that may determine their relationship to seminatural areas, although very little is known about their ecology in tropical agroecosystems (Inouye et al., 2015; Doyle et al., 2020) and their role in pollination (Mayer et al., 2011); which makes our study one of the first to provide information on how the ecological dynamics of hoverflies are affected by land use at different scales. It has been reported that hoverflies are declining less rapidly than bees, thus, although relatively less frequent, flower visiting flies may be aiding the robustness of pollination services in changing landscapes and environments, possibly by niche complementarity, especially where bees may be becoming less abundant (Lucas et al., 2018; Doyle et al., 2020). In accordance with these studies, our results suggest that fly flower visitors may be carrying out an important role as pollinators in semi natural areas.



Influence of land use at landscape and local scales on most frequent insect visitors

Regarding the most frequent insect flower visitors, we observed that B. ephippiatus abundance was positively affected by flowering crop areas, and B. wilmattae abundance was positively affected by flowering weed abundance, both at the local scale. Bumblebees have been positively associated with seminatural vegetation and forested areas in previous studies from the Guatemalan highlands (Landaverde-González et al., 2018; Escobedo-Kenefic et al., 2020). At the local scale, bare soil and/or dry crops areas showed a negative influence on A. mellifera abundance. Small areas with high diversity and abundance of flowering plants have been known to maintain bee richness and abundance in agricultural landscapes of the tropics (Landaverde-González et al., 2017; Tangtorwongsakul et al., 2018). The lack of floral resources offered by the bare soil/dry crops cover may explain its negative effect on honeybee abundance. On the contrary, the abundance of Eristalis sp. was observed to be influenced positively by bare soil and/or dry crops areas. As mentioned above, the ecological requirements of hoverflies are highly heterogeneous and vary from one species to another. A more detailed taxonomic identification of the species in the area could provide information on the possible reasons for these results. More insect samplings and further taxonomic efforts are needed to address this supposition. Also, it is necessary to point out that most of our analysis units had very small representation of the bare soil/dry crops local variable, but it was largely represented in at least one unit. This strong difference could be influencing our results, since we had only eight analysis units.



Effects of plant ecological estimators on insect-visitor abundance

Interestingly, the abundance of B. ephippiatus was negatively influenced by the height of the herbaceous stratum, while B. wilmattae was positively influenced. Bombus ephippiatus and B. wilmattae are two phylogenetically related bumblebee species that coexist sympatrically in the study area (Duennes et al., 2012). Although B. wilmattae has a smaller geographic distribution, in our study area it is the most abundant bumblebee species (Duennes et al., 2012; Escobedo-Kenefic et al., 2014, 2020). Taller vegetation height indicates less frequent mowing and longer regeneration time, which has been associated with bumblebees (Xie et al., 2008), even though other studies have found this variable to be more important to moths and butterflies (Pöyry et al., 2006; Milberg et al., 2016). In this sense, B. wilmattae may be dominating the areas with larger and older flowering resources, while B. ephippiatus could be making use of areas with smaller floral resource availability. Niche partitioning has been theorized as a survival trade-off that allows the coexistence of closely related species (e.g., Kaplan and Denno, 2007; DeMarche et al., 2013). However, a detailed analysis on the ecological dynamics of these species is beyond of the scope of this study and further studies on this subject are necessary.

Regarding other frequent visitors, weed abundance had marginally positive influence on A. mellifera abundance, while weed richness was positively related to fly abundance. A greater preference by different flower visitors for weed plants has already been observed (Balfour and Ratnieks, 2022). Interestingly, flower density negatively influenced fly and Eristalis sp. abundance. This could be explained by competitive behavior, since competition for floral resources between bees and hoverflies has been recently addressed in other studies (e.g., Jeavons et al., 2022). Although, specific experiments are needed to test this hypothesis in our study area.



Effects on interaction networks

In our study we did not find any significant effects of landscape variables on flower visitor interaction networks. At the local scale, we observed that network specialization was positively affected by bare soil/dry crop cover, while flowering crops had a negative influence on network connectance. Traveset et al. (2020) found highly specialized plant-pollinator networks in areas with radical habitat loss (vegetation removal leading to bare soil). This network pattern was associated to low species abundance, which results in the disruption of the interactions after the disturbance. The negative impacts of bare soil/dry crop and agricultural areas on the abundance of the most frequent floral visitor A. mellifera could be driving the loss of interactions in our flower visitor systems. A specialized network structure may imply (1) high interaction complementarity among trophic levels, (2) strong differences in species niches, and (3) that more species are needed to accomplish the pollination functions of the ecosystem (Blüthgen, 2010; Blüthgen and Klein, 2011).

Less connected networks showed a relationship with larger areas of flowering crops and with flower density. This outcome may be due to the fact that weeds and flowering crops represent the only floral resource available to floral visitors in agricultural areas, and also because the most frequent and dominant blooming weeds attract the most generalist floral visitors (Vaca-Uribe et al., 2021). Our networks were also less connected when flower density and flowering-crops cover increased, but interestingly the flowering crops cover had a positive relationship with the diversity and richness of weeds. Also, weed abundance had a positive relationship with the abundance of a dominant floral visitor of our networks, the honeybee A. mellifera. This suggests that flowering crops cover constitutes a flower-rich habitat to floral visitors, and that most floral resources attract the most generalist floral visitors in our studied agricultural highlands system. Therefore, less connected network patterns may be due to the presence of a flower-rich habitat and the dominance of a single generalist floral visitor, A. mellifera, in our plant-floral visitor systems.

Also, we observed a tendency of flowering weed abundance increasing modularity, although this was just marginally significant. Similarly, a tendency to generate modules due to trait-matching between interaction partners has been observed in Neotropical plant-pollinator networks (Olesen et al., 2007; Vizentin-Bugoni et al., 2018), as well as a change in abundance in the most generalist floral visitors in the network (Watts et al., 2016). In addition, interactions between non-crop plants and bees have been observed to be modular and robust in tropical agroecosystems in Brazil, which suggested spatial habitat partitioning among bee species (Assunção et al., 2022). The coexistence of low connected and highly modular networks with high nested structures has been described for other mutualistic networks (Fortuna et al., 2010; Landaverde-González et al., 2021). However, high weed abundance favored the presence of A. mellifera in our sites. The presence of A. mellifera could propitiate the disassembling of interactions between the trophic levels in our plant-flower visitor systems. This may result in the loss of interactions among modules and consequently the increase of modularity (Valido et al., 2019). The existence of modules of interacting partners give rise to a non-random interaction link structure among the trophic levels (Olesen et al., 2007; Chacoff et al., 2012). Also, high modularity and high specialization may be allowing the isolation of perturbations and thus maintaining its stability (Thébault and Fontaine, 2010).



Additional considerations

As a caveat to our results, it must be considered that they were obtained from eight analysis units (seven units for some plant ecological estimators). It also must be considered that our analysis units were located in agricultural lands only, which did not allow us to directly compare the effects of two important landscape-scale variables (human settlements and forest) with equivalent effects at a local scale. Because of this, we could be missing important information on species that are associated to these landscape-scale variables. For instance, native social bee species like stingless bees are known to be dependent on forest in the Guatemalan highlands as well (Escobedo-Kenefic et al., 2020). Although at least six stingless bee species have been reported close to our study area (Escobedo-Kenefic et al., 2014), the only one observed in three of our analysis units was Partamona bilineata (Say, 1837). Species-specific functional traits, like nesting place and body size may determine stingless bee abundance in disturbed areas (Lichtenberg et al., 2017). Since P. bilineata bees can also build their nests in various substrates, including man-made structures and materials (e.g., Camargo and Pedro, 2003), they are more adaptable to disturbed areas, like our sampling units. On the other hand, tree-nesting bee species may be prone to remain in forest patches that provide them with nesting places (Brosi, 2009) and to avoid disturbed areas (Lichtenberg et al., 2017). Even though our analysis units were located only in agricultural areas, the forest remnants at our study sites are ravines that are impossible to cultivate, and thus, constitute small but relatively well-conserved primary forest remnants that provide nest and food resources, and may be serving as refuge to forest-dependent species. Overall, these may be the reasons why P. bilineata was observed during our samplings while other stingless bees were absent, but additional effort including local forest patches and temporal analysis will be necessary to test this supposition.

However, the fact that we were able to detect significant effects points toward an important influence of local variables on insect visitor diversity. Also, to our knowledge, this is the first study to detect significant influence of local variables, like land covers and plant ecological estimators, on insect visitor diversity and their interactions in a tropical highland agroecosystem.




Conclusions

Our study highlights the relevance of local context in the maintenance of flower visitor communities and their interactions. Both landscape and local scales revealed contradictory effects on different taxa. For instance, human settlement areas seem to be positive for bee diversity but negative for flower visiting fly abundance. This pattern has been previously observed and attributed to the availability of floral resources and nesting sites for bees in human settlements, while hoverflies may have complex development requirements that seem to be present in seminatural areas, but not in settlement areas. Further, local scale variables better explained the abundance of flower visiting insects, including the most frequent social bee species (honeybees and bumblebees). Seminatural vegetation, represented in our local scale by flowering weed areas, showed a positive influence on insect abundance, highlighting the role of flower resource availability on maintaining flower visiting insect populations in agroecosystems. Also, the abundance of the three most frequent bee species was influenced by local scale variables in different ways: B. ephippiatus and B. wilmattae were influenced positively by flowering crops and flowering weeds, respectively, while A. mellifera was negatively influenced by bare soil/dry crops area, which suggests possible species-specific effects of the different local covers.

Interaction network metrics were only affected by local scale variables, suggesting that land cover at a local scale is an important driver of ecological interaction networks in tropical highland agroecosystems. Network specialization was positively affected by the presence of bare soil/dry crops cover, probably due to the lower abundance of flower visitors and therefore less interactions. Modularity was found to be positively associated with flowering weed abundance, which was already observed in Neotropical agroecosystems. This effect suggests that modularity may benefit network stability by isolating perturbations when specialization increases. These findings suggest susceptibility of the interaction network to small-scale changes and highlight the importance of promoting agricultural practices that allow land cover heterogeneity. Finally, our results point out the complementary roles that the most abundant insect flower visitors carry out in the study area, and the importance of studying the biology and ecological dynamics of lesser-known pollinators.
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