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Decadal Patterns of Forest and Pollinator Recovery Following the Eradication of an Invasive Shrub
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Invasive non-native woody shrubs pose a major threat to forested ecosystems in many parts of the world and there is an urgent need for research on the restoration and recovery of these areas. We studied patterns of tree growth and regeneration 13 years after the experimental eradication (by chainsaw or mulching machine followed by herbicide treatments) of Ligustrum sinense Lour. (Chinese privet) from riparian forests in Georgia, United States. We also followed the recovery of bee and butterfly populations using sites with no history of privet invasion as a reference. By the end of the study, the basal area of restored plots was 24% greater, on average, than still-invaded control plots. Because tree growth rates did not differ among treatments, this increase is attributable to the 60% increase in the number of regenerating native stems (dominated by Acer negundo L.) following privet removal. The benefits of privet removal on pollinators were immediate and long-lasting with the richness and abundance of bees and butterflies being consistently higher in restored plots than in control plots. The diversity, abundance, and composition of bees in restored and reference (i.e., never invaded) plots were comparable by the end of the study. This was less true for butterflies, however, possibly due to the legacy effects of privet invasion on plant communities. Our results demonstrate the long-term benefits of removing privet on forest regeneration and pollinator communities. Indeed, without such efforts, it is probable that forest cover will gradually thin and ultimately disappear from privet-invaded areas as overstory trees die without replacement.
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INTRODUCTION

Invasive non-native species are considered one of the biggest threats to biodiversity globally and continue to alter the structure and composition of ecosystems in profound ways. While the effects of many non-native taxa are benign or even beneficial (Schlaepfer et al., 2011), others have the potential to displace entire ecosystems. Some of the most problematic species invading forested systems involve trees and shrubs that have become naturalized or invasive across their non-native range (Fagan and Peart, 2004; Hartman and McCarthy, 2007; Richardson and Rejmánek, 2011). By preventing tree regeneration, for instance, dense thickets formed by certain invasive shrubs have the potential to convert native forests into invasive shrublands (Cash et al., 2020; Lázaro-Lobo et al., 2021; Turner et al., 2022). While the loss of forest cover will be gradual, playing out over many decades as overstory trees die, the invasion of such shrubs will have more immediate effects on other species as well as the ecosystem services they provide. There is thus an urgent need for research on how to preserve forest cover in such areas while also conserving diverse assemblages of native species. This is a major and growing challenge facing land managers worldwide (Richardson and Rejmánek, 2011).

Among the most ecologically consequential invasive shrubs in North America and beyond is Ligustrum sinense Lour. (i.e., Chinese privet, hereafter “privet”) an Asian species that was intentionally introduced as an ornamental plant to countries throughout the world beginning in the mid nineteenth century (Cash et al., 2020). This semi-evergreen species is now naturalized widely where it often forms a dense midstory layer up to about 10 m in height, especially in riparian forests (Figure 1A). Although privet is already considered one of the worst invasive plants in many regions (Batianoff and Butler, 2003; Drake et al., 2003), the problem is expected to get much worse as the species continues to spread into new areas. For example, Wang et al. (2016) estimated that the total area invaded by privet in Alabama and Mississippi will increase from 1.36% to nearly one third of total forest area within the next two decades. Because the survival and growth of native tree seedlings is greatly reduced beneath privet (Greene and Blossey, 2012), and privet quickly fills in gaps created by recently fallen trees (Turner et al., 2022), there are real concerns about the future of forest cover in areas invaded by this shade-tolerant species (Cash et al., 2020).
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FIGURE 1. Control plot showing thicket of privet stems overshadowing the forest floor (A); Pair of colored pan traps for sampling pollinators in one of the control subplots (B); Regenerating saplings in a mulch plot, 2019 (C); canopy cover consisting entirely of boxelder saplings that grew after privet removal, 2019 (D).


Among the many species likely to be impacted by privet invasion are pollinating insects. Bees and other flower-visitors are critically important to the reproductive success of many plants in both natural and agricultural systems (Ollerton et al., 2011) and there is a growing appreciation for the importance of forests to these insects. In the northeastern United States, for example, about a third of all bee species are considered forest-associated (Smith et al., 2021). Forests provide a wide variety of floral resources including the flowers of both wind- and animal-pollinated trees (Splitt et al., 2021) as well as those of shrubs and herbs in the understory. Forests also provide critical nesting resources to bees and other taxa that may be rare or absent elsewhere. These include dead wood, cavities created by wood-boring beetles and patches of undisturbed soil. Pollinator populations are in decline (Goulson et al., 2015; Powney et al., 2019; Wepprich et al., 2019) in part due to invasive plants (Cunningham-Minnick and Crist, 2020; Mathiasson and Rehan, 2020) that, like privet, can exclude herbaceous plants from the forest floor (Merriam and Feil, 2003; Hanula et al., 2009; Figure 1A). The removal of such invaders is recommended for improving habitat quality for pollinators (Hanula et al., 2016; Mathiasson and Rehan, 2020) but the long-term benefits of such interventions are not well understood. There is also little known about the potential benefits of privet to pollinators, e.g., as a floral resource.

In 2005, a study aimed at investigating the ecological effects of privet eradication was initiated at four forested locations in northern Georgia, United States (Hanula et al., 2009). Although numerous benefits to insects were reported within the first 5 years after eradication (Hanula and Horn, 2011a,b; Hudson et al., 2013), particularly near the forest floor (Ulyshen et al., 2010a,2020), questions remained about whether these would continue into the future. For example, the presence of privet in the midstory prevented the regeneration of trees that would otherwise have replaced trees lost from the overstory. Once privet was removed from these forests, the canopy was much more open than what is typical for mature forests of the region (Hanula et al., 2009, MDU personal observation) and it is possible these openings alone may have been driving the increase in insect abundance following removal. Here we analyze patterns of native tree/shrub regeneration and pollinator diversity after 13 years of recovery when these stands had begun to resemble the closed-canopy forests more typical of the region. Regarding tree regeneration, we predicted that stem number, basal area and tree growth would be significantly higher in restored plots cleared of privet than in still-invaded control plots. As for pollinators, we predicted that bees and butterflies would still be significantly more abundant and species rich in restored plots than in control plots 13 years after privet removal and that these communities would be comparable to those occurring in reference stands with no history of privet invasion. To better understand the value of privet to pollinators as a floral resource, we also report the results from an effort to sample bees from privet flowers near our study areas.



MATERIALS AND METHODS


Study Areas

This study took place in the Piedmont ecoregion of northern Georgia, United States, a transitional zone between the Appalachian mountains to the north and the Coastal Plain to the south. A Chinese privet eradication study, initiated in 2005 (Hanula et al., 2009), was replicated at four locations heavily invaded by privet within the Oconee River watershed (Figure 2). These were Sandy Creek Nature Center (SC) and the Georgia State Botanical Gardens (BG), both near the city of Athens, and Scull Shoals Experimental Forest (SS) and Watson Springs Forest (WS) in nearby Oglethorpe and Greene counties, respectively. Forests were hardwood-dominated at all four locations, with common genera including Quercus, Acer, Fraxinus, Liquidambar, Populus, Platanus, etc. There was also a minor pine component at all sites, largely consisting of Pinus taeda L. All locations were situated near rivers or streams and experienced seasonal (winter or early spring) flooding.
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FIGURE 2. Map showing the locations of the privet eradication study in northern Georgia, United States.


Three ∼2 ha plots, roughly square in shape, were established at each of the riparian forest locations (Figure 2). Two plots at each location were assigned to one of two privet-eradication treatments. In the “chainsaw” treatment, hand tools were used to fell all privet stems, leaving a layer of debris ≤1 m high on the forest floor. The “mulch” treatment involved using a low-impact tracked machine to grind privet into a fine mulch (Klepac et al., 2007). These treatments were applied in October 2005 and were immediately followed by a herbicide treatment [30% triclopyr (Garlon 4) or 30% glyphosate (Foresters’)] to all remaining stumps. A follow-up foliar treatment of 2% glyphosate was conducted in December 2006 to eliminate all surviving privet sprouts. The eradication treatments had no effect on non-privet shrubs or saplings relative to the control plots (Hanula et al., 2009). No further treatments were applied until 2017 when herbicide was applied at the same rates as the initial effort to cut stumps and foliage in the chainsaw and mulch treatments. Privet was left undisturbed in the third treatment which served as the experimental “control”. Pollinator and tree data were collected (see below for details) in five subplots within each plot: one in the center and the other four situated 30–50 m away from the center, approximately half-way between the center and each plot corner. Due to the unanticipated partial clearance of privet within the control plot at BG in the fall and winter of 2018, we did not collect pollinator data from that plot in 2019. We did collect tree data from that plot, however.

To better assess the recovery of pollinator communities following the removal of privet, we also sampled in three riparian forest locations near our plots that had never been colonized by privet. These plots are refered to as the “reference” condition. Two were located along the Apalachee River and Harris Creek in Greene County and one along Falling Creek in Oglethorpe County. Although pollinator data were collected at these reference plots, we did not collect tree data at these locations.



Tree Data Collection

In 2019, more than 13 years after the study began, we measured all native trees and woody shrubs greater than 2.5 cm diameter in the 0.1 ha subplots described above (0.5 ha per plot). We measured the diameter at breast height (1.4 m) of each tree using calipers. Any tree on the edge of a plot was included only if more than half of its stem was inside the plot boundary. The same methods were used 7 years previously (2012) to record the diameters of trees >4 cm within 0.04 ha areas centered on the same sublots (Hudson et al., 2014). These trees were individually tagged, allowing us to compare tree growth between treatments over the intervening seven-year period.



Pollinator Data Collection

Pollinators were sampled repeatedly following privet eradication beginning in 2006 (the season immediately following eradication) and ending in 2019. Sampling involved using colored pan traps consisting of blue and yellow plastic bowls filled with soapy water (530 ml capacity) (Figure 1B). While pan traps are known to be more effective for some taxa than others (Cane et al., 2000), and can under-sample bees when flowers are abundant (Baum and Wallen, 2011), they represent an inexpensive and highly standardized method for sampling a wide range of flower-visiting insect taxa (Campbell and Hanula, 2007; Ulyshen et al., 2021). Although such traps have been reported to be ineffective at sampling butterflies in previous studies (Vrdoljak and Samways, 2012), large captures in this study led us to begin recording butterfly data in addition to bee data in 2007. Each bowl was suspended about 30 cm above the ground on a wire stand (Figure 1B). We placed one trap of each color at each of the five subplots within each plot for a total of ten traps per plot. The two traps in each subplot were separated by 2 m. We operated the traps for a total of seven, seven-day periods (March, April, May, June, July, August, and October) each year. All samples from each plot and sampling period were combined and stored in ethanol. The same methodology was used to sample pollinators in the reference plots beginning in 2007 although the five subplots were arranged in a linear transect at those locations with ∼30–50 m spacing. We used printed (Mitchell, 1960, 1962; Glassberg et al., 2000; Gibbs, 2011; Gibbs et al., 2013) and online (https://www.discoverlife.org) keys along with an established reference collection to identify all bees and butterflies to species.

In addition to sampling with colored bowls, we sampled directly from privet flowers to determine the value of privet to bees as a floral resource. We spent a total of 22.5 person-hours sampling from privet growing in open areas near our sampling locations as well as additional sites in Athens, Georgia in 2004, 2005, 2006, and 2020. Voucher specimens are held in the personal research collection of MDU.



Analysis

After pooling tree data across subplots, we calculated the total number of stems ≥2.5 cm per ha, the total basal area of stems ≥2.5 cm per ha, and the change in basal area of the tagged subset of trees that were measured both in 2012 and 2019. These response variables are hereafter referred to as stem number, basal area, and growth, respectively. Only stems that remained the same or increased in diameter (n = 576) from 2012 to 2019 were included in our analysis of growth. We used the mixed procedure of SAS (SAS Institute, 2013) to compare these metrics among treatments with treatment and location as fixed and random effects, respectively. No transformations were necessary to meet model assumptions. Because an initial analysis found no significant differences of least square means between the chainsaw and mulch treatments for stem number (t = 0.01, P = 0.99), basal area (t = 0.45, P = 0.67) or tree growth (t = 0.85, P = 0.43), we treated these as a single “restored” treatment in the final analysis. Because different tree genera are likely to grow at different rates, we accounted for differences in tree composition among plots in our model of tree growth. To do this, we performed non-metric multidimensional scaling (NMDS) in PC-ORD (McCune and Mefford, 2011) using a matrix consisting of all tree genera included in our tree growth measurements. We used total basal area of remeasured trees in 2012 to reflect the relative abundance of each tree genus per plot. Genera present in fewer than three plots were dropped prior to analysis. This analysis yielded a one-dimensional solution (final stress = 35.7) and the resulting coordinates were included in the model of growth as a covariate. Correlations between this axis and the various tree genera are given in Supplementary Table 1. Finally, to compare the number of stems per ha between restored and control plots, the Wilcoxon Two-Sample Test was performed for each 5-cm diameter increment separately using the npar1way procedure of SAS.

Bee and butterfly data were also pooled across subplots and sampling periods for each plot and year of sampling. Because bee identifications were made by three different people over 13 years, an effort was made to make the datasets as consistent as possible by updating the nomenclature and combining some potentially confused species into single taxa (e.g., L. hitchensi/weemsi, etc.) rather than treating them separately. Out of caution, and because data were not collected at all sites every year (e.g., BG control not sampled in 2019), we chose to analyze each year separately. We calculated the total number of individuals (abundance), species (richness) and Shannon’s diversity for each plot and year and used the mixed procedure of SAS to compare these metrics among treatments with treatment and location as fixed and random effects, respectively. As a preliminary initial analysis found the abundance, richness, and diversity of bees and butterflies to be comparable between chainsaw and mulch treatments (Supplementary Table 2 and Supplementary Figure 1), we treated these as a single “restored” treatment in the final analysis. When assumptions were violated, the npar1way procedure of SAS was used to perform the Wilcoxon Two-Sample Test. To confirm the conclusions from this analysis, we used the iNEXT package (Hsieh et al., 2016) of R to compare 2019 bee and butterfly diversity among treatments based on the rarefaction and extrapolation sampling curves of Hill numbers. Hill numbers are a mathematically unified family of diversity indices (Chao et al., 2014) where the value of q determines how much weight is given to species based on their abundance. While q = 0 (richness) gives rare and abundant species equal weight, q = 1 (Shannon’s diversity) gives more weight to abundant species and q = 2 (Simpson’s diversity) counts only the dominant species (Hsieh et al., 2016). For both bees and butterflies, we analyzed sample-based (incidence) data (because sampling effort varied among control, reference, and restored treatments) and compared diversity at the base sample size which in this case was 8, the maximum reference sample size (Chao et al., 2014). Differences are considered significant when 95% confidence intervals do not overlap at the base sample size.

To compare the composition of bee and butterfly communities among the four treatments (i.e., the chainsaw and mulch treatments were not combined for this analysis) for each year separately, we used the multi-response permutation procedure (MRPP) with pairwise comparisons in PC-ORD (McCune and Mefford, 2011). We then tested if any of the bee or butterfly species collected in 2019 were strongly associated with one or more of the four treatments using the function multipatt (multilevel pattern analysis) in the R package indicspecies (Cáceres and Legendre, 2009). Indicator values range from 0 (no association) to 1 (complete association).

Finally, to better understand the diversity of bees visiting privet flowers, we calculated the Chao1 estimator using the rareNMtests package in R (Cayuela and Gotelli, 2014) which estimates the total number of species in a community and 95% confidence intervals based on a list of species with abundance data.




RESULTS


Trees

In 2019 we measured a total of 4487 trees and woody shrubs >2.5 cm DBH (Supplementary Table 3). There were 33 genera represented in all, with five genera accounting for over 75% of the total basal area: Liquidambar (25.1%), Quercus (14.4%), Acer (13.2%), Platanus (12.8%) and Pinus (10.3%). Four genera accounted for over 75% of the number of stems: Acer (41.1%), Liquidambar (19.2), Ulmus (12.0) and Fraxinus (6.4). On average, the restored plots had nearly 60% more stems per ha than the control plots (mean ± SE = 854.5 ± 97.8 and 534.5 ± 84.5, respectively), a significant difference (Figure 3). This difference was driven primarily by trees ≤5 cm in diameter which were nearly four times more abundant in restored than control plots, a significant difference (Z = −2.13, P = 0.03) (Figure 4). In restored plots, this regenerating cohort of trees consisted largely of Acer which accounted for 80% of all stems ≤5 cm in diameter (Figures 1C,D). Acer was the most common genus among stems in this diameter class at all four locations, accounting for 45.6, 70.2, 77.3, and 90.7% of stems in the restored plots at SC, SS, WS, and BG, respectively. Three species of Acer were measured in this study but almost all of them (98%) were Acer negundo L. The other two species of Acer, A. leucoderme Small and A. rubrum L., were much less common.
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FIGURE 3. Mean ± SE number of native tree/shrub stems (≥2.5 cm diameter) per ha, basal area (m2) per ha (all stems ≥2.5 cm diameter), and tree growth in control (n = 4, black) and restored (n = 8, gray) plots. Asterisks denote significant differences.
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FIGURE 4. Mean ± SE number of stems per ha by diameter class in control (n = 4, black) and restored (n = 8, gray) plots. Asterisks denote significance based on the Wilcoxon rank-sum test.


Similar to the patterns for stem number, native basal area was nearly 24% higher, on average, in the restored plots than in the control plots (mean ± SE = 34.73 ± 0.76 and 28.05 ± 2.66, respectively), also a significant difference (Figure 3). However, based on the subset of trees measured both in 2012 and 2019, tree growth over this seven-year period did not differ between treatments (Figure 3).



Pollinators

Over the 5 years of sampling, we collected a total of 144 bee species from 14,511 individuals and 55 butterfly species from 5,027 individuals (Supplementary Table 4). Bee richness, diversity and abundance were significantly higher in the restored plots than the control plots across all years (Figure 5 and Table 1). The rarefaction and extrapolation curves of Hill numbers support these conclusions: species richness, Shannon’s diversity, and Simpson’s diversity were all significantly higher in the restored plots compared to the control plots at the end of the study (Supplementary Figure 2). Bee abundance and richness were particularly high in the restored plots the 2nd year (2007) after privet removal, even relative to the reference plots, but numbers gradually decreased thereafter until 2019 when they became comparable to the reference plots (Figure 5). Bee richness was highest in the restored and reference plots in March and then consistently lower thereafter based on 2019 data, a seasonal pattern consistent with observations in other temperate deciduous forests (Harrison et al., 2018). No such seasonality was observed in the control plots, however, where bee richness was consistently low, and lower than in the other treatments, throughout the year (Supplementary Figure 3). This difference remained significant even when data from March were excluded from the analysis (Supplementary Table 5). Butterfly richness and abundance were also significantly higher in the restored plots than the control plots in all five sample years (Figure 5 and Table 1), a pattern confirmed by rarefaction and extrapolation curves (Supplementary Figure 2). The same pattern was true for butterfly diversity in 2012 and 2019 but not in 2007 or 2011. Unlike bees, butterfly numbers were not dramatically higher than in the reference plots soon after privet removal. By contrast, butterfly richness, diversity, and abundance were comparatively higher in the reference plots and this remained true even during the last year of sampling. Unlike bees, there was no clear seasonal trend for butterfly richness based on 2019 data (Supplementary Figure 3).
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FIGURE 5. Mean ± SE species richness, abundance and diversity of bees (top) and butterflies (bottom) in control (i.e., privet-invaded, n = 3–4, black) and restored (i.e., privet eradicated, n = 8, light gray) plots as well as in reference (n = 3, dark gray) plots with no history of privet invasion. For each year, bars with different letters are significantly different. Note that the reference plots were not included in this analysis as they were not part of the blocked design.



TABLE 1. Results from mixed models (F values) or the Exact Wilcoxon Two-Sample Test (Z values) comparing bee and butterfly abundance, diversity and richness between control and restored plots for each year separately.
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The composition of bee and butterfly communities differed significantly between control plots and both privet-eradication treatments in all years (Table 2). The only difference in community composition between eradication treatments was observed for bees in 2006. There were no differences in community composition between eradication treatments and the reference plots after 2011 for bees or after 2007 for butterflies (Table 2). Three bee and two butterfly species were strongly associated with one or more of the treatments at the end of the study (2019) based on indicator species analysis. The bees Lasioglossum hitchensi/weemsi and Augochlora pura (Say) were both significantly associated with chainsaw, mulch and reference treatments (IV = 0.995, P = 0.003 and IV = 0.980, P = 0.002, respectively) and Lasioglossum imitatum (Smith) was associated with the mulch and reference treatments (IV = 1.0, P = 0.001). Among butterflies, Poanes zabulon (Boisduval and Le Conte) was associated with the chainsaw, mulch and reference treatments (IV = 0.994, P = 0.002) while Calycopis cecrops (Fabricius) was associated with the reference plots (IV = 1.0, P = 0.006). Notably, no species was significantly associated with the control treatment.


TABLE 2. Results from MRPP analysis comparing bee and butterfly composition among the four treatments.
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Our efforts to sample bees directly from privet flowers yielded 240 specimens from 28 species (Supplementary Table 6). Xylocopa virginica (Linnaeus) and Apis mellifera L. accounted for over 70% of specimens while three species of Bombus (bimaculatus Cresson, griseocollis (De Geer) and impatiens Cresson) accounted for a further 13%. The other species collected were much less common, with 16 species being singletons. Our Chao1 estimate for the total number of species visiting privet blooms was 53.49 with a 95% confidence interval of 35.11–119.38.




DISCUSSION

Our results demonstrate the long-term ecological benefits of eradicating Chinese privet from invaded forests. After 13 years, the restored plots had about 60% more stems and 24% greater basal area than the control plots. Because we observed no differences in existing growth rates among treatments, this dramatic increase in basal area can be attributed to the growth of new stems which established following the first privet eradication treatments in 2005. These results highlight the devastating effect privet invasion has on tree regeneration. Indeed, regeneration is so suppressed in privet-invaded sites that it is reasonable to expect forest cover to gradually disappear as overstory trees die without replacement.

Although woody shrubs in other systems are known to reduce overstory tree growth (Hartman and McCarthy, 2007), and this has been shown specifically for privet in past studies (Foard et al., 2016), we found no evidence for this in the current study. While it is possible that 7 years were insufficient to detect differences in growth rates between treatments, previous dendrochronological work by Hudson et al. (2014) supports the conclusion that privet does not suppress overstory tree growth in our plots. Despite contrasting results from other locations, this may not be surprising considering the seasonal flooding experienced annually at our study sites. The deposition of nutrient-rich sediments during these events may prevent competition between privet and established trees.

The benefits of privet removal on pollinators near the forest floor were immediate and long-lasting with the richness and abundance of bees and butterflies being consistently higher in restored plots than in control plots. These patterns are likely due to a combination of enhanced trap visibility and increased floral resource availability (although this was not measured in this study) in the restored plots. For bees, the most dramatic difference was observed during the second season post eradication when average abundance was 14.8 and 2.38 times higher in restored plots than in control and reference plots, respectively. Richness was similarly 4.25 and 1.24 times higher in restored plots than in the control and reference plots, respectively. Interestingly, this contrast between restored and reference sites weakened over time and disappeared by 2019, the last year of sampling. These patterns along with the compositionally similar bee communities at restored and reference sites suggest that bee communities have fully recovered within the timespan of this study. As more open forest canopies are known to favor bees and other pollinators (Hanula et al., 2016; Viljur and Teder, 2016; Roberts et al., 2017), we suspect that as the trees grew and filled in the existing canopy gaps, the canopy gradually became more closed (Figure 1D) and this likely depressed numbers of bees captured over time until they matched the reference conditions. Despite this canopy closure, bees remained significantly more species rich, diverse, and abundant in the restored plots than the control plots by the end of the study. Although 2019 bee richness in the restored and reference plots peaked in March, coinciding with the spring bloom period as in other temperate deciduous forests (Harrison et al., 2018), it remained significantly higher in restored plots than in control plots throughout the season (Supplementary Table 5 and Supplementary Figure 3).

Unlike bees, butterflies were comparatively less numerous in the restored plots than at the reference sites and this pattern was observed throughout the study. These results suggest that butterflies did not respond as strongly to the dramatic increase in canopy openness following privet removal and were still incompletely recovered in the restored plots by the end of the study. Although we are not aware of any formal comparisons of host specificity between butterflies and bees, we suspect butterflies may be more host specific than bees in our study area given that over 90% of bee species in eastern North America are polylectic (Fetridge et al., 2008). If true, butterflies may be more sensitive to the legacy effects of privet invasion on plant communities (Corbin and D’Antonio, 2012). While we did not collect data on herbaceous plants in 2019, plant communities differed considerably between restored and reference plots in 2006, 2007, and 2012 (Hanula et al., 2009; Hudson et al., 2014) and studies on other invasive shrubs suggest plant recovery may require many decades post-removal (Maclean et al., 2018). Butterfly recovery may mirror such patterns. Based on 2019 data, only one pollinator species, the butterfly Calycopis cecrops, was found to be specifically associated with reference plots compared to the other treatments. As this species feeds on rotting leaves (Brock and Kaufman, 2003), a resource likely to be found in all of the treatments, the reason for this association is not clear.

We collected a total of 28 bee species from privet flowers based on 22.5 h of sampling across 4 years. Whereas carpenter bees (Xylocopa virginica), honey bees (Apis mellifera) and bumble bees (Bombus spp.) accounted for most specimens captured, 16 species were represented by a single specimen. These results suggest that privet flowering in open areas may provide a source of nectar or pollen for some bee species during its late-spring blooming period. Because privet rarely blooms beneath the forest canopy (MDU, personal observation), however, these benefits are unlikely to be felt by bees within an invaded forest. Indeed, based on indicator species analysis of 2019 data, no species of bee or butterfly was found to be strongly associated with the control plots. By contrast, three bee species and two butterfly species were significantly associated with one or more of the other treatments.

Despite the dramatic differences in pollinator numbers reported in this study, it is important to note that sampling took place only near the forest floor. Previous studies suggest the negative influence of privet on bees and other insects may not extend into the canopy above the privet layer (Ulyshen et al., 2010a,2020). While it remains unclear why the canopies of temperate deciduous forests harbor such a diversity of bees (Urban-Mead et al., 2021), a pattern that extends even after trees have finished flowering (Ulyshen et al., 2010b), bees within the canopy appear to be unaffected by privet in the midstory (Ulyshen et al., 2020). Thus, by sampling only near the forest floor in this study, our results may exaggerate the negative influence of privet on pollinators. Regardless, it is clear from this long-term study that removing privet from invaded forests will greatly benefit both native plants and pollinators near the forest floor.



CONCLUSION

Privet removal allowed tree regeneration to recommence, helping to ensure the continuity of forest cover into the future. It also greatly increased the numbers of bees and butterflies near the forest floor, thus promoting the conservation of these essential insects. By the end of our study, bee communities, if not also butterflies, appeared to be fully recovered relative to reference sites with no history of privet invasion. The method of privet removal (i.e., chainsaw vs. mulching machine) did not matter for tree regeneration or pollinator recovery, suggesting that either method will achieve good results. Despite the success of this restoration effort, privet will eventually return to pretreatment level without further intervention (Hudson et al., 2014). The long-term recovery of areas invaded by this and similar shrubs will require a large and sustained commitment of resources (Benez-Secanho et al., 2018) over increasingly large areas (Wang et al., 2016) or the development of alternative control strategies such as biocontrol (Shaw et al., 2018).
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