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Numerous studies show that semi-natural habitats within agricultural landscapes benefit native pollinating insects and increase resultant crop pollination services. More recently, evidence is emerging that agricultural diversification techniques on farms, as well as increased compositional and configurational heterogeneity within the cropped portion of landscapes, enhance pollinator communities. However, to date, only a few studies have investigated how diversifying the crops within the farm field itself (i.e., polyculture) influences wild pollinator communities and crop pollination services. In the Central Coast of California, we investigate how local crop diversification within fields, crossed with the proportion of natural habitat in the surrounding landscape, jointly affect pollinator communities and services to strawberry. On 16 organic farms varying in farm type (monoculture vs. polyculture) and proportion of natural land cover, we find that both factors enhance pollinator abundance and richness, although neither affect honey bee abundance. Further, natural cover has a stronger effect on pollinator richness on monoculture (vs. polyculture) farms. Although strawberry can self-pollinate, we document experimentally that pollinator exclusion doubles the probability of berry malformation, while excluding both pollinators and wind triples malformation, with corresponding effects on berry marketability. Finally, in post-hoc tests, we find that berry malformation is significantly higher with greater visitation by honey bees, and observed a trend that this reduction was mitigated by increased native bee richness. These results suggest that both polyculture and semi-natural habitat cover support more abundant and diverse pollinator communities, and that ambient levels of pollinator visitation to strawberry provide an important crop pollination service by improving berry marketability (i.e., by reducing berry malformation). Although further confirmation would be needed, our work suggests that honey bees alone do not provide sufficient pollination services. Prior work has shown that honey bees tend to visit only the top of the strawberry flower receptacle, while other native bees often crawl around the flower base, leading to more complete pollination of the achenes and, consequently, better formed berries. If honey bee visits reduced native bee visitation in our system, this could explain the unexpected correlation between increased honey bee visits and malformation.
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1. Introduction

The security of food production depends on the function of many synergistic ecosystem services such as soil fertility, pest control, pollination, and flood and erosion control (Kremen and Miles, 2012; Tscharntke et al., 2012; Bommarco et al., 2013). Widespread adoption of farming practices that support these services is only feasible when those practices do not inhibit economic sustainability or overextend logistical resources (e.g., time, knowledge, labor) for the farmer. It is, therefore, critical that we determine farming practices that simultaneously benefit ecosystem services, food production, and farmer livelihoods. Practices that increase on-farm vegetative diversity, such as polyculture (growing multiple crops within a field), cover cropping, hedgerow installation, or natural habitat restoration, often improve ecosystem function with neutral or even positive effects on crop yields (Rosa-Schleich et al., 2019; Tamburini et al., 2020). For example, crop diversification has been shown to improve soil health (Beillouin et al., 2021) and natural pest control (Iverson et al., 2014), while hedgerows around fields and natural habitat patches in the surrounding landscape can enhance natural predator and pollinator communities (Kremen and Miles, 2012; Karp et al., 2016; Albrecht et al., 2020; Tamburini et al., 2020).

The importance of maintaining robust pollinator communities for food production is now well-established and recognized by many international government sectors (see http://www.fao.org/pollination/major-initiatives/en/ for a list of global and national pollinator initiatives), including the Pollinator Health Task Force in the US (Pollinator Health Task Force 2015). Reliable pollination services maintain food diversity, marketability, production stability, and even shelf life (Steffan-Dewenter et al., 2005; Klein et al., 2007; Gallai et al., 2009; Potts et al., 2010; Eilers et al., 2011; Tscharntke et al., 2012; Wietzke et al., 2018). Roughly 30% of all foods are dependent on pollination to some degree, and those foods provide the majority of our lipids and important vitamins and minerals (Eilers et al., 2011). Yet, as consolidation and industrialization continues across various agricultural production systems, important pollinator habitat is lost which negatively impacts beneficial native bee communities and increases reliance on the managed honey bee (Apis mellifera) (Kremen et al., 2004; Kremen and Ostfeld, 2005; Potts et al., 2005; Goulson et al., 2008; Kohler et al., 2008; Ricketts et al., 2008; Rundlöf et al., 2008; Dicks et al., 2010; Roulston and Goodell, 2011).

The value of crop pollination by native bees is often underestimated, despite their important contribution to food production (e.g., Kremen et al., 2002; Klein et al., 2007; Winfree et al., 2007; Albano et al., 2009; Brittain et al., 2013b; Garibaldi et al., 2013). While crop pollination is often managed using honey bees in North America, Europe, and other regions, robust and diverse communities of native bees can provide more effective pollination to many crops than honey bees alone (Albano et al., 2009; Klein et al., 2012; Garibaldi et al., 2013). The pollination services provided by a highly abundant single pollinator species, such as the honey bee, could be insufficient when physical, phenological, or behavioral mismatch occur at some or all points in time. In these situations, the crop would benefit from the functional complementarity that a diverse pollinator community may offer; different pollinator species can provide unique, complementary roles that together yield higher function (Chagnon et al., 1993; Blüthgen et al., 2006; Hoehn et al., 2008; Rader et al., 2013a,b). Functional complementarity can occur temporally, when different pollinator species are present at different times of the day, season, or year (Blüthgen and Klein, 2011; Pisanty et al., 2016), or spatially, when different bees forage at different locations on a plant or flower [e.g., outer verses inner flowers, Blüthgen and Klein (2011); Brittain et al. (2013a), different parts of the flower receptacle, Chagnon et al. (1993)]. Thus, promoting diverse pollinator communities that span a range of functionality should result in better quality and more resilient pollination services (Grab et al., 2017). Specifically in strawberry, it has been observed that honey bees tend to visit only the top of the flower receptacle, while other native bees often crawl around the flower base, leading to more complete pollination of the achenes and, consequently, less malformed and heavier berries (Chagnon et al., 1993). Further, honey bee visits have led to smaller berries in strawberry, despite adequate amount of pollen deposition, probably due to their methodical foraging within rows, which reduces cross-pollination among varieties when they are present in a farm field (MacInnis and Forrest, 2019).

One of the most effective ways to build or restore robust pollinator communities is to increase vegetative diversity at both landscape and local scales (Ricketts et al., 2008; Winfree et al., 2009; Klein et al., 2012; Kremen and Miles, 2012). At a large scale, farms with greater proportions of natural vegetation in the surrounding landscape have a higher abundance and diversity of native bees (Steffan-Dewenter et al., 2002; Kremen et al., 2004; Klein et al., 2012; Mandelik et al., 2012; Kennedy et al., 2013; Martins et al., 2015). Similarly, studies in Europe and North America have found positive, landscape-scale effects of crop compositional and configurational diversity on pollinator regional species richness (Sirami et al., 2019). At a local scale, leaving areas of undisturbed land on the farm such as field margins or boundaries, drainage ditches, native vegetation remnants, and hedgerows, can provide important habitat to unmanaged pollinators and, in turn, increase pollinator abundance and richness (Hannon and Sisk, 2009; Klein et al., 2012; Kennedy et al., 2013). Recent syntheses comparing farms with more diversified vs. more simplified types of farming found agricultural diversification to have important positive effects on pollinator abundance, richness, and crop pollination (Tamburini et al., 2020; Sánchez et al., 2022). However, while some of these studies looked at aspects of crop diversification, such as crop rotational diversity (planting crops in a sequence over time), agroforestry (including a tree and a shrub or ground layer) or intercropping (growing two crops together in the same row to facilitate inter-species interactions), they did not examine how polycultures (i.e., growing multiple crops in separate blocks of rows within a farm field) can contribute to pollinator abundance, diversity, and function, due to the paucity of such studies.

In California, polyculture is practiced in the Northern and Southern Central Valley and in the Central Coast growing regions of the state, often but not always on organic farms (Chaplin-Kramer and Kremen, 2012; Forrest et al., 2015; Guzman et al., 2019). While organic farming generally supports abundant and diverse insect communities (Holzschuh et al., 2008), variation in farm-scale crop diversity and input use exists across organically managed farms (Tscharntke et al., 2021). Working within a United States Department of Agriculture (USDA) certified organic management system that reduces chemical variables that influence pollinators, we compare field specialization (monoculture) to field diversification (polyculture) to specifically explore whether crop diversity within a field may better support native bee populations and, if so, whether this may lead to higher provisioning of pollination services. We expected that, if crop diversity better supports native pollinators, polyculture farms would increase native bee abundance and diversity, thereby, increasing crop yields. If the benefits of local on-farm crop diversity can substitute for the known benefits of landscape-scale natural habitat, then polyculture farming may provide a pathway to restoring critical services provided by native pollinators, while optimizing the amount of land left in production.



2. Materials and methods


2.1. Study area

We measured pollinator abundance, diversity, and pollination services at each of 16 organic strawberry farm sites located from North of Santa Cruz to South of Salinas in the Central Coast growing region of California (see Supplementary Figure 1 for a map of site locations). Farms were visited two times each across one flowering season in 2012 (except one site was visited only once because the strawberry crop was removed before the second sample round due to complications with soil diseases). This area is one of the largest strawberry producing regions in the US; Monterey and Santa Cruz counties make up nearly 38.6% of CA strawberry production and CA grows 87.6% of the nation's strawberries with a value of over 2.3 Billion USD (California Agricultural Statistics Review CDFA 2018–2019). Monterey county is also the second largest producer of organic produce in California, a state that is responsible for 40% of U.S. organic production (California Department of Food and Agriculture, 2019).

The landscape surrounding the study farms comprises a mosaic of natural habitat and intensive agriculture, which enabled us to examine the effects of large-scale natural habitat separately from local farm crop diversity. Eight study farms were large organic monocultures and eight were organic polycultures (defined below) that included strawberry as one of up to 33 crops (the latter quantity was inferred based on interviews conducted in 2015). Each farm type was surrounded chiefly by intensive agriculture or by natural habitat. Though the extent of field diversification varies in both organic and conventional sectors, we were not able to find sufficiently many diversified conventional farms to allow us to test for consequences of diversification in conventional farms. Therefore, we worked only within the organic sector, which also reduced the potential for chemical factors to depress pollinator populations independently of local or landscape composition (although some organic growers do utilize pesticides allowed by the USDA National Organic Program National Archives and Records Administration, 2018). Farm sites were at least 1, 500 m apart to maintain independence (mean distance between sites was 22 km, and minimum was 1, 600 m).



2.2. Classification of local and landscape vegetative diversity
 
2.2.1. Local vegetative diversity

We qualified two categories of crop diversity (polyculture and monoculture). We considered farms as “polyculture” if they had five or more crop species or types (e.g., broccoli, lettuce, tomato, herbs, and strawberry) and the majority of polyculture farms had more than 10 and up to 33 crops during the study period. “Monoculture” farms, in contrast, comprised only strawberries in fields of 10+ acres. Field sites ranged from 2 to 80 acres (0.80 to 32 hectares). Non-crop vegetative diversity was also not completely homogenous across sites. Polyculture sites tended to contain floral strips and flowering hedgerows along at least one field margin, though not all polyculture sites contained these features. While flowering hedgerows are less common for monoculture sites, we selected monoculture sites with non-crop vegetative features like those at our monoculture sites, to the best extent possible. Non-flowering perennial wind breaks and floral strips were the most common non-crop vegetation features in monoculture sites. See Supplementary Table 1 for specific details about sites.



2.2.2. Quantifying natural cover in the surrounding landscape

We quantified natural cover in the surrounding landscape using aerial photos available from The National Agriculture Imagery Program (United States Geological Survey, 2022), by summing habitat types across land classification categories “native planted,” “oak woodland,” “oak savannah,” “riparian forest,” “riparian scrub”, and “weedy/sparse scrub”. Specifically, we estimated the amount of natural habitat within a 1km radius around each farm, following many similar studies of pollinators (Steffan-Dewenter et al., 2002; Kremen et al., 2004; Greenleaf et al., 2007; Ricketts et al., 2008; Zurbuchen et al., 2010). We used Geographic Information Systems (ArcGIS, Environmental Systems Research Institute) to calculate the percent area of natural habitat within 1km. Polyculture sites had a mean level of natural habitat equal to 31% (sd = 31%) and monoculture sites 20% (sd = 22%). While the mean level of natural cover is higher at polyculture sites, which might suggest that natural cover and farm type are confounded, natural cover is only weakly correlated with farm type (Pearson's correlation = 0.20). We provide a more complete breakdown of the composition of habitat types surrounding each site in Supplementary Table 2.




2.3. Study crop

We used organic strawberry as our model crop. In this study region, farmers mostly plant day-neutral or everbearing varieties which typically start flowering in February (on average) and start producing fruit in March and plants can be harvested until they are pulled up in October/November. Strawberries are mostly grown as an annual crop, though some farmers will occasionally grow strawberries for a second consecutive year. We considered only sites growing first year strawberries because second year berries accumulate more soil-borne diseases, can harbor overwintering pests, and generally exhibit lower yields. We expect that ground nesting pollinator communities might also differ between first and second year strawberry fields, as the ground is deeply tilled more frequently for first year berries. Once open, individual strawberry flowers stay “fresh” for 1–3 days, but will remain open indefinitely. Although they do not completely depend on insect pollination (Free, 1993), strawberries do not always autonomously self and have been shown to produce larger and more marketable berries when open to external pollen vectors (Wietzke et al., 2018). Berries become malformed when seeds fail to develop and pollination failure is attributed as the most frequent cause (Lopez-Medina et al., 2004). While honey bee hives are not managed for strawberries, this region also grows a lot of cane berries (e.g., raspberries and blackberries) for which, honey bee hives are frequently used. Since honey bees have a large foraging distance, it is common to find high numbers of honey bees in all strawberry fields despite their non-management for this particular crop.

Strawberries provided the most feasible system for this study for three reasons: (1) pollinators enhance fertilization and strawberry fruit production (McGregor, 1976; Lopez-Medina et al., 2004; Albano et al., 2009; Connelly et al., 2015), (2) A diverse range of insects pollinate strawberry (Albano et al., 2009; Connelly et al., 2015) and pollinator diversity has been shown to enhance strawberry pollination through functional complementarity (Chagnon et al., 1993; Klatt et al., 2014), (3) strawberry crops can be found in all four qualifying farm type settings (i.e., polyculture and monoculture, each within largely agricultural vs. largely natural landscapes); no other crop types met this study requirement in this or other farming areas in California at the time of the study.



2.4. Native bee abundance and diversity

To sample pollinator communities, we netted floral visitors of strawberries and set out pan traps, two standard and complementary methods (Roulston et al., 2007). We netted insects visiting strawberry flowers along six transects, each for a 10-min sample period for a total sampling time of 60 min. We placed these walking transects strategically to cover as much of the strawberry field as possible, including both field edges and field interior locations. In small strawberry fields, this sometimes required sampling the same area multiple times. During each 10-min sample period, we surveyed strawberry flowers for any floral visitor, stopping the timer to net and process each specimen. Consequently, total walked transect length would often be shorter at sites with a greater abundance of bees, due to more frequent collections. Because honey bees were overwhelmingly abundant at all sites (even though honey bees colonies are not generally placed at strawberry fields) and, because we were interested in non-honey bee pollinators, we did not stop the timer or collect honey bees that visited strawberry flowers. Instead we tallied honey bee visits for each sample period. While we attempted to count each honey bee visitor only once on a given transect, some may have been counted more than once. Twenty-one pan traps (7 each of blue, white, and yellow plastic Solo bowls filled with a soapy solution) were placed 10 m away from one another along a 210 m transect that typically ran from the field edge to the field interior. Pan traps were placed in each field for a duration of 5 h. We used a 5 h window because, in this microclimate, many days did not have fog-free weather conditions for more than 5 h/day. In large fields the transect started at the field edge and finished in the field interior, whereas in some smaller fields, the transect would run from one field edge to another field edge.

We sampled only under good weather conditions, once in late spring to early summer and once in mid to late summer. Summer weather in the Central Coast of California is variable, though typically foggy, windy, and cold for at least part of the day and, consequently, pollinator surveys were sometimes conducted under weather conditions that would be considered poor in other studies in nearby regions (e.g., M'Gonigle et al., 2015). Specifically, we sampled when the sky was at least partially sunny with temperatures at least 14°C but not higher than 35°C, wind speeds no greater than 5 m per second, and flying insects must have been present. Occasionally weather conditions would change during a sampling period, particularly across the 5-h pan trapping duration, as certain regions were prone to fog in the mornings and afternoons and/or high winds that typically picked up in the late afternoons. Pinned bee specimens were identified by Robbin Thorp (UC Davis) and Jason Gibbs (Lasioglossum specimens only, University of Manitoba) and species names were compiled in a database. Non-bee specimens were pinned but only classified with general identification categories such as butterfly, ant, beetle, etc.



2.5. Berry malformation and marketability

To determine the contribution of insect pollinators to strawberry quality and production, we compared quality of fruit from open-pollinated flowers to those where either insect pollinators were excluded or both pollinators and wind were excluded. Fruit marketability has been used as a sound measurement of strawberry pollination services and has shown to be affected by pollination (McGregor, 1976; Lopez-Medina et al., 2004; Albano et al., 2009). Lopez-Medina et al. qualified strawberry shape into two categories: nicely shaped and misshaped. We used a more quantitative measure to allow us to incorporate the malformation factor into the regression analyses. Our categories of malformation are defined as follows:

0: No malformation, “perfect” berry

1: ≤ 10%, minor blemishes

2: 10−25%, some blemishes

3: ≥25%, major blemishes

We worked with grower participants and industry standards to create these designations of categories. Under conservative market standards such as those for wholesale, berries with scores of 2 and 3 are deemed unmarketable, while some direct market channels can allow more imperfection and scores of 3 are deemed unmarketable. We chose to calculate marketability for more conservative markets, which better represented the typical standards for our study region, thus scoring 0 and 1 berries as “marketable” and 2 and 3 berries as “not marketable.”

In both the spring and summer, we applied three pollination treatments to 35 plants in each strawberry field. On each plant, we marked one flower and left it untreated, so that it remained open to insect and wind pollination (in the case of strawberries, wind will facilitate self-pollination, Chagnon et al., 1993; Żebrowska, 1998). We bagged a second and third flower with fine mesh and cotton, respectively, to exclude pollinators (but not wind) and both pollinators and wind, respectively. We flagged plants and then checked berry ripening beginning after 14 days. At full berry maturity and ripeness (indicated by color and firmness), we weighed each berry and also assigned a score of 0−3 for malformation.

Unpublished field observations, previous greenhouse experiments, and work by others (e.g., Bänsch et al., 2021) has revealed that flower position significantly affects fruit size. That is, primary flowers produce larger fruits than secondary, secondary larger than tertiary, and so on. When possible, we selected secondary flowers on the same crown for these experiments. On a given plant, we selected only flowers of the same position (i.e., all secondary flowers or, if that was not possible on a given plant, all tertiary flowers).



2.6. Analyses

We use linear mixed models and generalized linear mixed models to evaluate how farm type and surrounding natural cover impact (1) pollinator communities and (2) strawberry quality, assessed using berry weight and probability of malformation. To assess pollinator communities, we consider four response variables: native bee abundance, native bee richness, honey bee abundance, and non-bee abundance. In all cases, we consider the regression model:

[image: image]

The linear and quadratic “Julian Date” terms allow abundance and/or richness to peak part way through the field season, as bee abundances in Mediterranean climates typically increase across the spring and early summer season and then decrease as floral resources dry down in late summer. The “Collection method” term allows for differences in response totals between net and trap caught specimens. Note, however, that we have not included any interactive effects between Collection method and landscape-level predictors and, thus, by construction, patterns for nets and pans will resemble one another. We include a random effect of site to account for repeated visits to the same site. For abundance metrics, we use a log response and linear mixed model framework (the former, to correct for large skew in the raw abundance data) and, for native bee richness, we use a generalized linear mixed model with a Poisson family and Log link function. We checked predictors for collinearity using variance inflation factors and found that all variance inflation factors were less than 1.1.

To assess berries, we consider two response variables: berry weight and marketability. We used the regression model:

[image: image]

For berry weight we use a linear mixed model and for marketability we use logistic regression to model the probability that a berry is marketable (0 = not marketable, 1 = marketable).

We also included strawberry variety as a fixed effect in the above model and conclusions were unchanged. However, because most berries are the same variety (“Albion”), including variety can cause model convergence problems and, thus, we opted to exclude this variable.

To test whether different visitors were equivalent, we conducted an additional analysis (not planned as part of our original study), where we asked whether our response (berry weight or malformation, for open-pollinated flowers) is affected by native bee richness and/or honey bee abundance. Specifically,
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Because abundance and richness of native bees are highly collinear (Pearson's correlation = 0.78), we do not consider the abundance of native bees here. However, results from models that substitute native bee abundance for native bee richness show similar patterns. Note that because we are only considering open pollinated flowers here, we no longer have multiple flowers per plant and, consequently, we no longer include a random effect of plant. Model results are presented in Table 3.




3. Results

We collected/observed 2, 422 honey bees, 1, 699 native bees, and 2, 399 non-bee visitors. Our native bee specimens comprise 41 species. Many of these native species were rare, with 27 of the 41 collected fewer than 5 times. Supplementary Table 3 presents a complete list of collected species and information about how and where they were collected.

We found higher native bee abundance and richness at polyculture farms than monocultures (effect of polyculture on abundance = 0.69, P < 0.01 and richness = 1.82, P < 0.01, Table 1, Figure 1A, and Supplementary Figure 2A). Further, both native bee abundance and richness were higher at farms with more surrounding natural cover (effect of natural cover on abundance = 3.08, P < 0.05 and richness = 1.92, P < 0.001, Table 1) and this effect was stronger at monoculture farms (interaction terms were both negative, Table 1, Figure 1B, and Supplementary Figure 2B; note that the interaction between farm type and natural cover is only statistically significant for native bee richness). In contrast, we found no evidence that farm type or natural cover impacts honey bee or non-bee abundance (Table 1). We found no strong effect of collection method, indicating that, for native bee abundance or richness and for non-bee abundance, both nets and pans collect roughly similar communities in this system. Many fewer honeybees were collected in pans than were counted foraging which is not surprising, given the large number of honeybees foraging at any given time.


TABLE 1 Estimated parameters for flower visitor abundance and richness models.
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FIGURE 1
 Abundance (A) and richness (B) of net caught native bees is higher in polyculture than in monoculture and increases with increasing natural cover in the surrounding landscape. Further, this increase is more pronounced in monoculture than in polyculture [slopes of brown and green curves differ, but this difference is only statistically significant in (B), P = 0.12 in (A) and P = 0.039 in (B); see Table 3 for parameter estimates]. Shaded regions show 95% confidence intervals, conditioned on mean values for other predictors.


Excluding pollinators led to smaller berries (Table 2) and berries that were more likely to be malformed and non-marketable, while excluding both pollinators and wind intensified these effects (Figure 2 and Table 2). We did not observe a significant effect of farm type or surrounding natural cover on berry malformation, or any evidence of interaction effects between these variables.


TABLE 2 Estimated parameters for berry weight and malformation models.
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FIGURE 2
 Probability of berry malformation increases when pollinators or pollinators and wind are excluded from flowers. Vertical bars show 95% confidence intervals, conditioned on mean values for other predictors.


Translating the above results into real-world numbers: at both monocultures and polycultures, berry weight decreases from 20 to 18 g per berry when pollinators are excluded and to 16 grams per berry when both pollinators and wind are excluded. The probability that a berry is malformed at a farm at the average level of natural cover more than doubles (from 0.18 to 0.39) when pollinators are excluded and more than triples (from 0.18 to 0.62) when both pollinators and wind are excluded (Figure 2).

Finally, we found that honey bee abundance increases the probability of berry malformation while native bee species richness decreases it (Table 3) but we found no such effects for berry weight.


TABLE 3 Estimated parameters for models examining impacts of the pollinator community on berry weight and malformation.
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4. Discussion

For the future of farming to be sustainable, farmers need economically feasible options for practices that maintain or improve natural resources beneficial for farming operations. Our study corroborates the body of literature that shows that vegetative diversity at both the landscape and the field level can indeed enhance the natural resources that provide ecosystem services, in this case pollinators. However, the amount of natural habitat surrounding a farm is largely out of farmer control and, therefore, not usually a feasible diversification option (Morandin and Kremen, 2013). Lack of surrounding natural habitat may be particularly true in agriculturally intensive regions where natural habitat is limited or non-existent. It may also prove impossible for farmers to restore or conserve habitat parcels if they lease rather than own land and have little incentive to invest in long-term diversification, despite the benefits it can provide (Chapman et al., 2022). In either case, farmers may not have access to parcels near natural habitat.

While we have focussed on landscape level natural habitat, non-crop habitats such as floral strips, flowering hedgerows and windbreaks (which provide nesting habitat) were also present across both monoculture and polyculture sites. Floral strips and flowering hedgerows were typically more abundant at polyculture sites, while non-flowering windbreaks were typically more abundant at monoculture sites (Supplementary Table 1). These semi-natural habitats may impact the observed pollinator communities and it is possible that this may confound the effects of field diversification and abundance of semi-natural habitats in the fields surroundings.

A hopeful outcome of this study is that diversifying crops on a farm, which is largely in control of farmers, can potentially substitute for large scale adjacent natural habitat in supporting abundant native pollinator communities. Farms with greater crop diversity had significantly more native bees visiting strawberry and these visits came from a significantly greater number of species. It is possible that, in polyculture, different crops bloom at different times and this temporal complementarity provides greater phenological coverage for a greater number of pollinator species' flight seasons. In contrast to native bees, honey bees and non-bees were equally abundant across all sites. The former is not surprising given that honey bee numbers in this landscape are largely a function of where hives have been placed to provide pollination for other (non-strawberry) crops. Overall, local crop diversity on farms had an important and positive impact on pollinator communities.

It is notable that the results from this study also highlight the benefits of diversifying crops (within) the organic system. Many studies focus on the comparison of conventional to organic agriculture without recognizing or describing the variation in farm-scale diversification that exists within organic (but see Ponisio et al., 2015; Tscharntke et al., 2021; Lu et al., 2022). Organic food is produced on a range of farm sizes and levels and forms of on-farm diversification, from specialized monocultures to highly diversified systems, both over space and time. While organic management has been shown to support biodiversity better than conventional systems overall (Holzschuh et al., 2008; Kremen and Miles, 2012), our results show that, within organic agriculture, crop-diverse farms will support biodiversity better than specialized monocultures. Since 2017, in the United States, USDA organic certification requires farmers to maintain or improve biodiversity (National Archives and Records Administration, 2018), and this study suggests that adding crop diversity can assist in fulfilling that mandate.

Pollinator exclusion experiments revealed that insect pollination is important for strawberry production, even though most fields hosted only a single variety (Albion) consisting of genetically-identical (clonal) individuals. Pollinator visitation nonetheless can increase the probability of producing marketable fruits by nearly 20%. Fruits resulting from flowers that were open to pollinators were significantly bigger and better shaped. Fruits from flowers where both wind and pollinators were excluded were the smallest and the most likely to be malformed, suggesting that wind may also play an important role in pollination. While strawberries are self compatible, berries from open flowers are often larger and more marketable (Wietzke et al., 2018). That is, the flowers require a vector to move the pollen within the flower to facilitate self-pollination. Our results suggest that wind may move the flowers in a way that allows self pollen to drop onto the receptacle and facilitate selfing. It is also likely that any floral visitor can help facilitate selfing, which is why future work should examine the role of non-bee visitors.

Our post-hoc analyses linking pollinator community metrics to berry weight and marketability revealed that all insect visits are likely not equivalent, with higher native bee richness lowering the likelihood of berry malformation and higher honey bee abundance actually increasing it. Previous studies (Chagnon et al., 1993) and our field observations have found that honey bees tend to visit only the top of the strawberry receptacle, potentially providing incomplete pollination. Because native bees often visit other parts of the receptacle and, in particular, the base of the flower, the native bees may complement honey bees to yield more complete pollination and, ultimately better formed and more marketable berries. In contrast, when honey bees are the dominant strawberry pollinator, complete pollination may not always occur. Further, when multiple varieties are present, honey bee visits may saturate stigmas with self or clonal pollen from the same variety, leading to lower weights or marketability than visits from wild pollinators, which forage more erratically and tend to cross-pollinate among varieties more frequently (MacInnis and Forrest, 2019, 2020). Instead in our study system, pollen transported by bees was most likely from clonally-related plants.

While our results indicate that pollinators (and wind) significantly improve strawberry marketability, we did not find that sites with greater native pollinator abundance or diversity produced more marketable fruits. We also did not find a direct effect of local or landscape diversification on fruit marketability. Our dataset may have been too small or contained too little variation within the open pollinated flowers to detect an effect. The vast majority of flowers that were open to pollination resulted in a marketable fruit, regardless of local or landscape level diversification for each site. It is possible that, while the benefits of pollinators can be demonstrated by exclusion, pollinator limitation does not exist for strawberries at our selected study sites, where both honey bees and native floral visitors were abundant. Larger differences might also have been found if multiple varieties were planted in close proximity, which can lead to increased fruit weight and quality (MacInnis and Forrest, 2019, 2020).



5. Conclusions

Our work suggests that local and landscape diversification support larger and more diverse pollinator communities and those pollinators provide an important service to strawberry production, even in a clonal production system. In this system, field diversification is a promising management practice that provides environmental benefits and is more feasible for farmers than conserving or restoring large swaths of natural habitat that are often not part of the land they manage. Additionally, field diversification is a practice that may be executed by conventional and organic farmers alike (Tscharntke et al., 2021). Field diversification likely improves conditions for pollinators by providing multiple sources of pollen and nectar that support different species, or support the same species at different times (Guzman et al., 2019) and will benefit both. While our findings support the role of diversification in moving toward sustainable food production, moving from a highly specialized farming operation to one with multiple crops will be met with many challenges. Further, many recent syntheses have shown additive or interactive benefits between local diversification and surrounding semi-natural habitat (Kennedy et al., 2013; Siramtext et al., 2019). Future studies should consider multiple and simultaneous ecosystem services to quantify comprehensive benefits of crop diversity against the costs.
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