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Introduction

Native bee communities of temperate forests are conventionally sampled from the understory, yet there is growing evidence that bee assemblages in forest canopies are distinct from those in the understory. Therefore, conventional approaches to quantify forest bee–habitat relationships may not comprehensively characterize forest bee communities.





Methods

To examine this, we sampled bees 1–26 m from ground level at 5-m increments at 47 locations in forests located in western Massachusetts, USA. We evaluated bee abundance and species richness responses to a suite of environmental factors measured in the understory with linear and segmented regression comparing four bee sampling strategies: (1) understory sampling only, (2) understory and midstory, (3) understory and canopy, and (4) all strata combined.





Results

We found that not sampling higher strata underestimated bee abundance and species richness, and linear models had less ability to explain the data when bees of higher strata were included. Among strategies, responses analyzed linearly differed in magnitude due to overall differences in abundance and species richness, but segmented regressions showed relationships with understory characteristics that also differed in slope, which would alter interpretation.





Discussion

Collectively, our findings highlight the value of including vertically stratified sampling strategies throughout the flight season to fully characterize native bee and other pollinator communities of forests.
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1 Introduction

Native pollinators and their pollination services are critical in supporting ecosystems worldwide (Klein et al., 2007; Winfree et al., 2007, 2008; Ollerton et al., 2011; Kennedy et al., 2013; Rodger et al., 2023). Evidence that many pollinator species are experiencing population declines (Biesmeijer et al., 2006; Cameron et al., 2011; Bartomeus et al., 2013; Burkle et al., 2013; Koh et al., 2016) has raised alarm among conservationists and the public. In response, there has been a rapid increase in research aimed at understanding basic habitat associations at community and species levels to inform pollinator conservation efforts (Williams et al., 2010; Tonietto and Larkin, 2017; Neumüller et al., 2020; Milam et al., 2022). To date, research within the temperate zone suggests that native bees tend to be more abundant and diverse within open and early-successional communities (Taki et al., 2013; Hanula et al., 2015; Roberts et al., 2017; Wagner et al., 2019; Milam et al., 2022; Ulyshen et al., 2022). As a result, the bulk of native bee research in the interest of pollinator conservation has focused on early-successional plant communities over other natural communities such as closed-canopy forest (herein referred to as ‘forests’; Ulyshen et al., 2023).

Limited research addressing native bee communities within forests has primarily focused on the understory (e.g., Rodríguez and Kouki, 2015; Roberts et al., 2017; Smith et al., 2019; Rivers and Betts, 2021; Eckerter et al., 2022; reviewed in Ulyshen et al., 2023). This sampling strategy, although accessible and convenient, is potentially problematic since the understory contains only a fraction of the vertically distributed resources available to bees (Saunders, 2018; Smith et al., 2019; Requier and Leonhardt, 2020; Urban-Mead et al., 2021). Indeed, field experiments that sampled at heights reaching beyond the understory have firmly established that bees are well distributed throughout temperate forest canopies (Ulyshen et al., 2010, 2020; Campbell et al., 2018; Cunningham-Minnick and Crist, 2020; Simon et al., 2021; Urban-Mead et al., 2021; Allen and Davies, 2022; Milam et al., 2022; Cunningham-Minnick et al., 2023), sometimes at significantly greater abundances than in the understory (Ulyshen et al., 2010; Campbell et al., 2018; Urban-Mead et al., 2021). Thus, sampling approaches that rely on understory sampling alone (e.g., Roberts et al., 2017; Harrison et al., 2018; Wagner et al., 2019) are informative but may not sufficiently characterize the full breadth of the forest bee community, although the magnitude and meaningfulness of this bias – from both a statistical and conservation perspective – remains uncertain. Further research in forests from a broader geographic range are necessary to gauge the extent to which vertical sampling affects the characterization of forest bee communities.

Milam et al. (2022) addressed the concern that only sampling forest understories may bias results and influence conclusions when comparing forest and early-successional communities in restored barrens. This study demonstrated how sampling the forest canopy does not change the conclusion drawn when comparing bee communities of the forest understory to the restored barrens: bee communities in barrens were more abundant and diverse. Though not the focus of their study, the authors also found significant differences in bee species composition between the forest understory (1.0 m) and canopy (8.6 m) in stands ~20 m tall, yet did not compare abundance or species richness between strata. Similarly, Ulyshen et al. (2010) sampled the forest understory at 0.5 m and canopy at 18.8 m near trees with an average height of 31.7 m and found a unique canopy assemblage with greater abundance, species richness, and diversity than the understory. Urban-Mead et al. (2021) sampled at 1.0 m and 22.5 m in a stand with an average maximum canopy height of 25 m and also found that the bee community was more diverse in the canopy but only more abundant for one of the three sampling years. Though regional differences (e.g., landscape composition or configuration; bee or plant species) may explain variation in vertical stratification of species among studies, the interaction between trap positioning and vegetation height may play an important role in the distribution of native bee communities (Geroff et al., 2014; Roberts et al., 2017; Ulyshen et al., 2023). Thus, the variation in results among these studies could also be due to differences in the maximum canopy height of these forests, which may affect the accessibility of canopy resources, or differences in the relative position of bee traps relative to the canopy, which could affect the proximity of the traps to different resources (e.g., canopy flowers, dead wood, alternative food sources; Cunningham-Minnick and Crist, 2020; Urban-Mead et al., 2021; Ulyshen et al., 2023). Of course, the maturity (size and flowering) and life histories of the tree species that comprise the forest community are likely to determine the availability of preferred resources throughout the canopy and thus the presence of particular bee species at different strata (Cunningham-Minnick and Crist, 2020; Urban-Mead et al., 2023). These points raise the question of whether the vertical stratification of bee communities can be better predicted from height above the ground or in relation to the height of the canopy. The inconsistency in findings across studies highlights the issue of how authors define each stratum, which complicates comparisons among studies and is exacerbated by studies that sampled at three (Ulyshen et al., 2020), four (Cunningham-Minnick et al., 2023), or more (Cunningham-Minnick and Crist, 2020) heights. Ulyshen et al. (2020) reconciled this issue with their recommendation of sampling at 5 m above the forest floor following findings that the bee assemblages at 1 and 15 m above the ground were distinct in composition while the assemblage at 5 m was not statistically different from either. Still, the variation in canopy height among forest types and forest composition based on geographic locations suggests the need for a more standardized approach that can account for these differences.

The goal of this study was to understand the extent to which sampling at different forest strata influences how forest bee communities might be characterized, and in turn, its implications for understanding broader environmental relationships. We vertically sampled a total of 47 forest sites for one year (17 sites in 2020; 30 sites in 2021) at 5-m increments from the understory into the upper reaches of the canopy to compare the effects of four potential sampling strategies on the characterization of the vertically stratified bee community: (a) understory sampling only, (b) understory and midstory sampling, (c) understory and canopy sampling, and (d) understory, midstory, and canopy sampling. Specific objectives were to: (1) determine if vertical stratification is best described in terms of absolute height above the ground or in relation to the height of the canopy, (2) compare abundance and diversity among these sampling strategies, and (3) examine whether sampling strategy has the potential to influence conclusions about relationships with the environment (e.g., microhabitat).




2 Methods



2.1 Study area

This study took place in western Massachusetts within heavily forested areas of three ecoregions in 2020 and 2021 (Figure 1). The Connecticut Valley ecoregion includes central and transition hardwood as well as floodplain forests in relatively rich soils due to thick outwash and alluvial deposits with a largely sedimentary geology while the Worcester/Monadnock Plateau and Lower Worcester Plateau/Eastern Connecticut Upland ecoregions include transition hardwood forests at southern sites of lower elevations on stratified deposits of sand, gravel, and silt as well as hardwood forests and forested wetlands with scattered monadnock relics from glaciation events, which are typically colder in temperature due to their higher elevation (150–425 m) on a shared gneiss, schist, and granite geology (Griffith et al., 2009). All study sites comprised closed-canopy forests with an average maximum canopy height of 24.6 m (range: 19–31 m); dominate species include Pinus strobus and Quercus rubra and codominant species Acer rubrum, Betula lenta, and Tsuga canadensis that reached the canopy ceiling while intermediate species included scattered Betula alleghaniensis, Betula papyrifera, Fagus grandifolia, Pinus rigida, Quercus alba, and Quercus montana depending on the forest type. The understory consisted largely of Amelanchier spp., Hamamelis virginiana, Kalmia latifolia, Vaccinium corymbosum, and snags, as well as immature Castanea dentata, F. grandifolia, and P. strobus trees, with an herbaceous layer primarily of ferns, seedlings, Vaccinium spp., and scattered Monotropa uniflora, Panax trifolius, Trientalis borealis, and Viola spp. on a groundcover of leaf litter, Maianthemum canadense, and Mitchella repens. These forests do not generally support spring ephemerals characteristic of mesic forests with rich soils.




Figure 1 | Sites were located in the northeastern United States in a forested landscape of western Massachusetts. Within each forest, or Wildlife Management Area, a series of sites were established that collectively represented a distance gradient from an opening, often a powerline right-of-way, managed for wildlife (see inset for an example).






2.2 Bee sampling

Bees were sampled at 17 sites in 2020 (April 29–October 14) followed by a different suite of 30 sites in 2021 (March 25–August 25) across nine forests (Figure 1) for a total of 47 sites that were each sampled for one year (Supplementary Table A1). Sites were established along a distance gradient from the edge of a managed opening and into the forest interior up to 640 m within each forest to represent the multidimensional aspect of a forest (Figure 1). Since some bee species have the capacity to forage long distances (Zurbuchen et al., 2010), and to include a variety of forest types and management histories into our study, we addressed potential spatial autocorrelation among sites within a forest through our statistical approach. The shortest distance between sites within a forest averaged 351 m (SD: 162 m; range: 157–973 m) and the shortest distance between forests averaged 3.1 km. We sampled bees at each site by attaching Blue Vane Traps (BanfieldBio Inc.™) to one central rope that reached from the forest floor to a branch high in the canopy (herein ‘trap line’) as in Cunningham-Minnick and Crist (2020). Tree species targeted for trap lines varied depending on the tree composition of the site and branch availability for a trap line, but included all aforementioned canopy species. Traps were vertically spaced five meters apart at 1, 6, 11, and 16 m on each trap line, though we included traps at heights of 21 and 26 meters if branches in the high canopy were strong enough, for a total of 4–6 traps per site. Soapy water was placed in traps to reduce surface tension and capture specimens. Sampling was continuous over time; the contents from traps were emptied and traps reset with fresh soapy water roughly every two weeks (Supplementary Table A1). Bees were taken back to the lab, pinned, and identified to species by JM using published keys (Mitchell, 1960, 1962; LaBerge, 1973, 1980, 1986, 1989; Gibbs, 2011; Gibbs et al., 2013) and the online source Discoverlife.org (Ascher and Pickering, 2020). Seven Nomada bees were lumped as Nomada bidentate group due to unresolved taxonomy. Voucher specimens are currently being held in the research collection of JM.




2.3 Vegetation sampling



2.3.1 Not tree-associated

To understand local environmental factors that may affect the bee community, including available nesting and food resources, we measured multiple aspects of the vegetation community. At each site, we recorded the ground substrate at 20 randomized locations (angle and distance up to 20.0 meters from trap line) as either bare soil, dead wood, duff, leaf litter, moss, or rock. Since 95% of the 340 randomized locations sampled were leaf litter, we did not include this as a predictor in our models. We converted the presence of coarse woody debris (>4 cm diameter) on the ground and herbaceous plants at each location into separate variables as proportions to represent relative availability of food and nesting resources. To address potential negative effects of vegetation density on the presence of bees in the understory, we took detailed measurements of understory structure including the highest contact point less than 1, 2, and 3 meters on a 3-m pole for a total of 60 measurements per site (Roberts et al., 2017). This information was used to create variables of the overall understory structure (proportion of potential contact points touched by vegetation), the average maximum vegetation height, and the coefficient of variation in the max height of vegetation at each site.




2.3.2 Tree-associated

To develop variables that are likely to influence bees at strata above the understory, we measured the diameter of each snag (dead standing tree) and mature tree (>8 cm diameter at breast height) within 11.3 m of the site center, chosen to account for the breadth of tree crowns, of the trap line and calculated the mean diameter at breast height, as well as total basal area, of the site for snags, coniferous trees, and deciduous trees as separate variables. We also qualified the presence of foliage and deadwood (estimated >4 cm diameter) above the ground and binned to distances above the ground that corresponded to the height of each trap (0–3.5 m for trap at 1 m, 3.6–8.5 m for trap at 6 m, etc. that corresponded with the understory stratum) at nine locations (site center and 5-m and 10-m in each cardinal direction) and converted the data into a proportion for predictor variables representing food (floral resources on live twigs near foliage in spring) and nesting (dead wood) sources.




2.3.3 Seasonality and edge-effects

Since the expected use of forest floral resources by bees is seasonally dependent on floral resource availability (Smith et al., 2019), yet some studies have found many bees in the forest late in the summer (e.g., Ulyshen et al., 2010; Milam et al., 2022; Cunningham-Minnick et al., 2023), we created a variable of ‘season’. Cunningham-Minnick et al. (2023) found that the bee community composition shifted among forest strata based on tree leaf phenology. Therefore, we categorized our seasons as ‘early spring’, ‘late spring’, and ‘summer’ based on the changes in canopy cover. We converted pictures taken of the forest canopy at the center of all sites in 2021 (Samsung Galaxy S10e camera at 1.0x zoom) at different times of the year into black and white contrasts using the imageJ software (Schneider et al., 2012), then graphed the proportion of pixels representing canopy cover as a function of the day of year and estimated changes in slope at May 8 and June 20 which represented the onset and completion of the forest leaf phenology and corresponded with season (Supplementary Figure A2). Finally, we accounted for potential edge effects by including distance to the nearest opening (powerline rights-of-way, road edges and managed barrens) as a covariate in all model building procedures.





2.4 Statistical analyses



2.4.1 Deriving forest strata

To determine if vertical stratification is best described in terms of absolute height above the ground or in relation to the height of the canopy (Objective 1), we built generalized linear mixed effects models. Specifically, we compared the fit of models with a single predictor of either the relative height of the trap to the mean height of the canopy (relative mean canopy height), relative height of the trap to the maximum height of the canopy (relative max canopy height), or height above the ground (absolute height) to each response (bee abundance and species richness). We employed a rangefinder to measure the canopy height at nine locations within 11.3 m of each site center, from which we extracted the mean and maximum heights (Figure 2). We allowed the model intercept to vary with year to account for interannual differences, as well as site nested within forest to account for the different forest types and effects of previous management, the repeated sampling of each site, and any imbalance in the sampling design due to lost traps due to extreme weather events and wildlife tampering; thus, our analysis differentiated between zeroes and NAs. Finally, to account for additional sampling effort in strategies with pooled strata (number of traps deployed) as well as traps that were deployed for more or less than fourteen days (e.g., we did not collect samples during storms), we included an offset of the number of days each trap was deployed (logged to be compatible with the log-link in models). We performed likelihood ratio tests of each single-predictor model against a null that only included the error terms for each response, for a total of four likelihood ratio tests and directly compared single-predictor models with AICc (Mazerolle, 2023). Since relative mean canopy height was a better predictor of bee abundance and species richness (Table 1), we binned relative mean canopy heights into three simple strata based on the growth forms of the vegetation including understory (herbaceous and shrub layer: relative height ≤ 0.167), midstory (midstory and immature trees: 0.167 < relative height < 0.640), and canopy (large mature trees: relative height ≥ 0.640) for all other analyses.




Figure 2 | Sampling design as it relates to trap height above the ground (i.e., 1, 6, 11, 16, and 21 meters) relative to canopy height. Canopy height was measured at nine locations (stars) at each 11.3-m radius site (left) with a rangefinder, including at the trap line as well as 5 m and 10 m in each cardinal direction. Trap height relative to the maximum canopy height (top-right) was then calculated as the proportion of the height of each trap relative to the tallest measurement taken (32 m in figure). Similarly, trap height relative to the mean canopy height (bottom-right) compared trap heights above the ground to the average of all nine measurements (23 m in figure).




Table 1 | Comparison of models to determine the best approach for stratum classification, including Chi-squared (χ2) statistics, associated p-values, and change (Δ) in Akaike Information Criterion corrected for small sample size (AICc) of single-predictor generalized linear mixed effects models (CVAR) compared against the null, as well as change in AICc compared to best model (italicized) for bee abundance (unshaded) and species richness (shaded) responses.






2.4.2 Comparing responses among strategies

To compare abundance and diversity among sampling strategies (Objective 2), we built generalized linear mixed effects models for each strategy. Bee abundance and species richness were response variables and represented pooled bees from each stratum included within each strategy. For instance, bee abundance for the strategy of sampling the understory and canopy was the sum of the bee abundances for those strata while species richness was the total number of species within the pooled assemblages of those strata. In all linear models, we tested the inclusion of distance to forest edge (continuous) and season (categorical based on change in canopy cover; Supplementary Tables A2, A3). Distance to forest edge rarely occurred as an interaction term with focal model covariates and will not be discussed further (Supplementary Table A2). The error structure was identical to the models comparing height variables.

Strategy models were fit with the glmmTMB function in the glmmTMB package (Mollie et al., 2017) term-by-term, including two-way interactions, with a suite of variables representing potential environmental associations of the understory with bees, including vegetation structure as well as food and nesting resource availability that were categorized as associated with mature trees (e.g., basal area of mature woody plants) or not (substrate on soil surface; vegetation cover and structure). If an additional term increased model fit >2 AICc units, then that term was added. This process was continued until all resulting models were >2 AICc units less than the simplified model, at which point the simplified model was considered the best model for that strategy and response. From each of the eight best models (two responses each for four sampling strategies), we calculated 95% CIs of the y-intercept representing the expected number of bees or bee species within each sample and determined strategies to be different if confidence intervals did not overlap.




2.4.3 Comparing bee ecology among strategies

To determine whether sampling strategy has the potential to influence inferences of forest-bee ecology (Objective 3), we considered linear and segmented (nonlinear) regression models. First, we determined the explanatory power of the environmental covariates by examining differences in coefficients of determination (R2) – a metric describing how well the model explains variation in the response data – between the marginal effects (fixed explanatory variables) of best models derived for Objective 2 with only the predictors of distance to forest edge and seasonality with the r.squaredGLMM function in the MuMIn package (Bartoń, 2023). This allowed us to calculate how much variation in the response was explained by the environmental factors within the model. We also calculated the proportion of all variation explained by each model due to captured environmental variation as the quotient of the marginal R2 of environmental predictors and the conditional R2 of the entire model. To determine if model variation explained by understory variables not associated with higher strata (non-tree) changed among strategies, we repeated the comparisons of R2 with marginal R2 calculations for models without non-tree variables.

We then determined if the relationship of each response differed per predictor among strategies by fitting single-predictor models of linear (as previously described) and nonlinear models and comparing the 95% CIs of fitted slopes. We considered predictors that were most often included in best models to linear fits. To examine potential nonlinear relationships between bee abundance and species richness to environmental factors, we employed a segmented, or broken-stick, regression model for each environmental variable examined in linear models across strategies with the segmented package (Muggeo, 2008). To ensure all strategies had the exact same breakpoints, we included all strategies within each model fit (Muggeo, 2003). We chose the number of breakpoints to use in a model through AICc comparison of models fit with one to five breakpoints. Once breakpoints were identified, we fit each strategy with a segmented regression and included an offset term for the total sampling duration of traps. We extracted the slopes from the summary output of the model (summary function) and calculated the 95% confidence interval of each slope as the slope plus or minus the square root of the sum of the variance–covariance matrix of included terms multiplied by 1.96. All plots were created with the ggplot2 package (Wickham, 2016) and all analyses were performed in R (R Core Team, 2023).




2.4.4 Bee community composition

The community composition among strata were statistically compared with PERMANOVA using the adonis function and differences among different combinations of season and stratum were determined with the pairwise.adonis function in the pairwiseAdonis package (Arbizu, 2017). Overall expected species richness of the community for each strategy was estimated with the estimateR function in the vegan package. We report 95% confidence intervals for Chao1 estimates, which calculate the number of unobserved species based on the observed number of singletons and doubletons, as well as ACE estimates, which employ a coverage-based estimator of rare (10 individuals or less) versus common (>10 individuals) species (Chao and Chiu, 2016).






3 Results

Traps sampled a total of 4,765 bees of 109 species, including 258 specimens that could not be identified to species due to body damage and unresolved taxonomy; for instance, 131 unidentified specimens were of the subgenus Lasioglossum (Dialictus), a taxonomically difficult group. The specific composition of this community and close examination of its ecological relationships is outside the scope of this study and will be published separately.

Generalized linear mixed effects models demonstrated that variation in the vertical distribution of bee abundance and species richness was better explained by the height of the trap in relation to the mean canopy height than relative height in relation to the maximum canopy height and the absolute height from the forest floor (Table 1; Figure 2). Subsequent model selection of strategies with the relative mean canopy height covariate showed that bee abundance and species richness were highest when all strata were considered followed by the strategy that included only understory and midstory strata, while abundance and species richness were lowest when only the understory was sampled (Figure 3). This pattern was also observed when comparing species richness estimates among strategies that considered sample coverage (Table 2) and collectively demonstrates that unique species occurred within each stratum.




Figure 3 | Comparing the interpretation of bee metrics with different strategies. Mean and 95% CI of fitted bee abundance (left) and species richness (right) per sample per site (two weeks of trap deployment) from generalized linear mixed effects models for each sampling strategy (Und, understory; Mid, midstory; Can, canopy; All, all strata).




Table 2 | Confidence intervals (95%) of bias-corrected species richness estimates that base the number of unobserved species on the number of singletons and doubletons (Chao1) and sampling completeness (ACE).



The predictor of herbaceous cover was included within the best model for all strategies of the abundance response, as well as strategies modeling the richness response (Table 3; Supplementary Table A2). Herbaceous cover was the only environmental predictor in best models for abundance not associated with mature trees, though coarse woody debris on the ground was included species richness models. The explanatory power of herbaceous cover for variation in bee abundance data was highest for the strategy only including understory bees (0.147) and lowest when bees in all strata were pooled (0.046), demonstrating a bee in the midstory or canopy is much less affected (< 33%) by resources offered by herbaceous plants than a typical bee found in the understory (Table 3). This pattern was also apparent when considering only variation explained by the model (understory: 53%, all strata: 23%), affirming this difference in relationships with herbaceous cover among strategies is due to biological responses of bees at different strata and not a modeling artifact (e.g., differences in covariates among models, unmeasured covariates; Table 3). The same pattern was found when considering both tree- and non-tree-associated predictors (Table 3). Modeled strategies explaining species richness also demonstrated a decrease in explanatory power of the dataset and model with the addition of bees in higher strata, meaning that variables in the model were explaining the occurrence of bees in the canopy poorer than bees in the understory. However, the strategy including all strata explained more variation in the data when all understory predictors were considered compared to the strategy of understory plus canopy. Further, sampling all strata showed that non-tree-associated factors (coarse woody debris on the ground and herbaceous plants) played a larger role in explaining the bee community than strategies including the understory and just one higher stratum (Table 3). Slopes of linear relationships between response variables and predictors did not vary among strategies with the exception that the understory and midstory sampling strategy in early spring in response to tree foliage was not significant, while the other strategies responded positively (Figures 4, 5; Supplementary Table A3).


Table 3 | Change (Δ) in coefficient of variation (R2) between all marginal effects (including distance to forest edge and season) of the best model and the marginal effects of the simplified model excluding all environmental factors measured in the understory (ΔR2Under), as well as the associated change in the proportion of the marginal variation to total variation explained in the model expressed as a percent in abundance (unshaded) and species richness (shaded) models.






Figure 4 | Comparison of slopes (with 95% CIs) of fitted single-predictor relationships (first row: foliage cover, second row: dead wood cover above the forest floor, third row: basal area of deciduous trees, fourth row: herbaceous cover) explaining bee abundance within generalized linear mixed effects (left column) and segmented regression (right column) for each strategy. Foliage cover was modeled with season interaction in linear regression. Among strategies, slopes with 95% CIs that do not overlap would be interpreted differently, as would slopes with 95% CIs that cross zero (not statistically significant) versus those that do not.






Figure 5 | Comparison of slopes (with 95% CIs) of fitted single-predictor relationships (first row: foliage cover, second row: dead wood cover above the forest floor, third row: basal area of deciduous trees, fourth row: herbaceous cover) explaining bee species richness within generalized linear mixed effects (left column) and segmented regression (right column). Among strategies, slopes with 95% CIs that do not overlap would be interpreted differently, as would slopes with 95% CIs that cross zero (not statistically significant) versus those that do not.



A segmented modeling approach revealed that relationships between bee abundance and each predictor included negative and positive slopes for most strategies, demonstrating that the relationship was not linear (Figure 4). Furthermore, there were differences in segment slopes within most strategies both in direction and magnitude (mean or confidence interval on the positive or negative side of zero, respectively). Relationships of bee species richness via segmented regression similarly showed variability in direction and magnitude of fitted slopes among strategies and covariate values (Figure 5). Notably in the understory, there was high uncertainty that the slope of all segments across some predictors (i.e., foliage cover, basal area of deciduous trees) was different from zero; meaning that bees sampled in the understory were not responding consistently negatively or positively to environmental variables of the understory (Figure 5). Among strategies and within covariate values, there were many occurrences of non-overlapping confidence intervals, indicating that interpretation of the bee–environment relationship will differ by sampling strategy. Finally, bee community composition differed among all strata by season combinations except the midstory vs canopy in the early spring and summer, as well as the understory vs canopy and midstory vs canopy in the late spring (Supplementary Table A4).




4 Discussion

Our findings highlight that study design approaches, including sampling strategies and their analysis, can change how forest-bee communities are characterized. We demonstrate that not sampling higher strata may lead to poor estimates of forest bee community metrics and potentially misrepresent forest bee habitat associations. We discuss these issues as well as how they are likely to bias our understanding of bee communities within forests and the conservation value of closed-canopy forest systems.



4.1 Ignoring vertical strata underestimates community metrics

We encountered bees in all strata, which is consistent with other studies that sampled at least three strata (e.g., Cunningham-Minnick and Crist, 2020; Ulyshen et al., 2020; Cunningham-Minnick et al., 2023) indicating that sampling more strata increased the number of individuals and species that are expected to occur within forests. Our findings confirm that sampling the understory, midstory, and canopy will lead to abundance and species richness estimates that are greater than the expected values modeled from understory sampling alone. It follows that not including higher strata within the sampling design will underestimate community metrics and consequently the pool of pollination service potential that forests provide (Blaauw and Isaacs, 2014). Considering the importance of closed-canopy forests in pollinator conservation discussions (reviewed in Ulyshen et al., 2023), our study suggests future work is needed to characterize the temporal component – particularly following leaf-out – of these communities in the understory, midstory, and canopy to provide the most accurate understanding of native bee distribution in forests.

The finding that sampling the understory, midstory, and canopy provides a different interpretation of bee community metrics than other sampling strategies is likely a direct consequence of the unique composition of bee assemblages at each strata, albeit season dependent. However, Cunningham-Minnick and Crist (2020) and Cunningham-Minnick et al. (2023) found that community composition did not differ among understory, midstory, and canopy strata, while Ulyshen et al. (2020) found that bee community composition differed between understory and canopy assemblages, which is consistent with other studies that examined two strata (i.e., Ulyshen et al., 2010; Milam et al., 2022). Since most other studies did not evaluate how species composition changed across the three strata considered in this study throughout the temperate seasons, it is difficult to discern if our approach of employing relative height with respect to the mean canopy height for binning traps within strata is responsible for the observed differences with previous studies. It also remains unclear if division of the vertical gradient into three discrete strata is the best approach to describe a community of organisms that presumably move freely in and out of strata when resource availability changes seasonally (Bertrand et al., 2019). For instance, bee composition of the understory differed from the canopy between early spring and summer, but notably the midstory composition differed from that of the understory across seasons yet was never statistically different from the canopy. This clear seasonal shift in composition among strata indicates that forest-bee communities are spatially and temporally dynamic, and highlight the possibility for seasonal-dependent stratum specialists (Dorey et al., 2024). Further investigation into the local factors responsible for the occurrence of species along the vertical gradient of resource availability within the forest will surely provide insight into how many strata need to be considered in sampling strategies, or if vertical sampling is better approached as a continuum. Nonetheless, our findings collectively highlight that sampling the understory, midstory, and canopy strata of closed-canopy forests provide a more informed understanding of the bee community than other sampling strategies when strata are based on the trap height relative to the mean height of the canopy and sampling includes the entire flight period of native bees.




4.2 Bees respond at heights relative to the canopy

To our knowledge, we present the first analysis of bee community responses to forest strata in temperate forests described in terms of relative canopy height. The fact that relative mean canopy height was a better predictor of bee abundance and species richness than height above the ground suggests future work on forest bees should consider this metric in their analyses. Note that trap height relative to the maximum canopy height performed poorly and on par with height from the forest floor in models. Considering that the bee community extends above the forest canopy (Cunningham-Minnick et al., 2023), our findings highlight the potential importance of canopy topography, or variation in height among neighboring emergent trees, in affecting the distribution of forest bees. Thus, instead of considering the mean canopy height as a physical boundary for bees, it should be recognized as an important scaling point from which to describe the vertical distribution of the forest-bee community. There are likely many questions and exceptional situations pertaining to the degree of variability in mean canopy height of different forest types and geographic locations of varied topography (Rahman et al., 2022) that need to be addressed to validate the improved fit of bee community metrics to relative mean canopy height within analyses. Nonetheless, researchers adopting this consideration of trap height relative to the mean canopy height in their design and analyses will improve our understanding of forest bee communities and help standardize sampling.




4.3 The role of vertical strata in forest bee ecology

Our study demonstrates that the interpretation of ecological relationships between forest-bee communities and local forest characteristics change with sampling higher strata. Specifically, our findings highlight how the prediction ability of local factors present only in the understory (i.e., herbaceous cover, woody debris on the ground) is limited in describing the bees in higher strata. Combined with the overall decrease in the proportion of bee data explainable by all understory variables measured, our findings suggest there are important resources for forest bees associated with mature trees and snags in the midstory and canopy across seasons. Quantifying the relationships between bee community metrics and local forest factors or the conservation implications of these findings is outside the scope of this study; however, while foundational studies have identified important roles of canopy resources for bees in early spring (Smith et al., 2019; Cunningham-Minnick and Crist, 2020; Simon et al., 2021; Urban-Mead et al., 2023), more field studies are needed to identify and investigate mechanisms responsible for bee presence in the canopy throughout the rest of the year (Dorey et al., 2024).

In addition to changes in the magnitude of ecological relationships, we also found that the slope of these relationships with local forest factors were dependent on the included strata. Importantly, this was not the case when responses were analyzed with linear regression. Our results from segmented regressions demonstrated clear differences between strategies and suggest that relationships between common bee community metrics and local factors are not linear when additional strata are considered. The changes in slope directions among segments suggest that greatest bee abundance and species richness occurs at optimal values of each covariate rather than the ‘less or more’ situation associated with linear regression, which has been demonstrated when relating landscape composition to bee community metrics (Roberts et al., 2017). Therefore, analyzing bee abundance and species richness with linear regression may provide a false understanding of how the bee community responds to resources (e.g., food and nesting) within forest habitat. This warrants further investigation into nonlinear analysis techniques to describe bee ecological relationships, as it will be important for conservation practitioners to know that too much or too little of a particular resource may foil their efforts to meet pollinator conservation objectives. We also caution that we only modeled local forest factors as measured in the understory and were only interested in the slopes of these relationships. Thus, it remains unclear if these patterns will hold when covariates that include measurements at other vertical strata are employed in analyses. Further, the covariates used in segmented models were chosen based on optimal fits in linear regression models and thus did not undergo the same model selection process which would be needed to formally demonstrate these differences. If these patterns hold in future studies, their implications on forest-bee conservation will extend towards management of forests to meet optimal local conditions for an abundant and species rich bee community.

Though the methodology employed in this study demonstrates clear patterns, forest-bee researchers should keep in mind several factors that could, simply due to a lack of testing, result in a different interpretation. For instance, our study design included many blue vane traps in close proximity that were employed continuously. In bee habitat different than closed-canopy forest, these traps have been suggested to place some populations at risk due to their high catch-rates and potential oversampling (Gibbs et al., 2017). We based our sampling effort on previous experience with these traps in forest systems (e.g., Cunningham-Minnick and Crist, 2020; Milam et al., 2022; Cunningham-Minnick et al., 2023) and our total specimen count suggests that oversampling was likely not an issue, as each of our 47 trap lines (4–6 blue vane traps each) sampled an average of roughly 100 bees throughout the experiment. Nonetheless, employment effort of other trap types used in forest systems (e.g., Ulyshen et al., 2010; Campbell et al., 2018; Urban-Mead et al., 2021) may require a different design to avoid oversampling, which if present would interfere with data interpretations during multiyear studies and be counterproductive to conservation research efforts.





5 Conclusion

The current approach to most forest-bee studies largely limits 1) sampling of the bee community and environmental factors to the understory in the spring before leaf-out and 2) analyzing relationships of bee communities with environmental covariates using linear relationships. We demonstrate that only sampling bees and resources within a single season and stratum, or even two strata, does not represent the vertical stratification and seasonal dynamism of the forest bee community. Therefore, to prevent underestimation of the abundance and richness of forest-bee communities, we recommend that future studies of native bees in forests consider the bees occurring in at least the canopy, midstory, and understory in respect to the mean canopy height throughout a greater part of the year. We further urge researchers to consider analyzing the relationships between bees and local forest conditions at these strata using non-linear methods. Doing so will allow forest scientists and land managers to better evaluate the role of forests in conserving native bee communities. Notably, the implications of these recommendations may complicate the feasibility of land managers to survey or monitor forest-bee communities at this level; however, the sampling strategy we have selected should facilitate the discovery and description of mechanisms shaping the distribution of forest bees and other pollinator taxa, and modifications will likely be needed with additional research characterizing forest-pollinator communities. Following the guidelines presented in this paper will more broadly increase our understanding of the role of closed-canopy forests across forest types in supporting native pollinators, help standardize sampling and monitoring efforts of native bee and other pollinator communities, and further contribute to a deeper understanding of the currently undescribed mechanisms explaining forest pollinator distribution and conservation needs.
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