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Abstract

:

Invasive shrubs in forest understories threaten biodiversity and forest regeneration in the eastern United States. Controlling these extensive monotypic shrub thickets is a protracted process that slows the restoration of degraded forest land. Invasive shrub removal can be accelerated by using forestry mulching heads, but evidence from the western United States indicates that mulching heads can promote exotic species establishment and mulch deposition can reduce native plant species abundance. We compared the effectiveness of the mulching head and the “cut-stump” method for controlling the invasive shrub Amur honeysuckle (Lonicera maackii), as well as their impacts on native plant community recovery, in mixed-hardwood forests of Indiana. After two growing seasons, mulching head treatment resulted in greater L. maackii regrowth and regeneration. The recovery of native plant abundance and diversity following shrub removal did not differ between the two methods. However, mulch deposition was associated with increased abundance of garlic mustard (Alliaria petiolata), an invasive forb. Increasing mulching head treatment depth reduced L. maackii regrowth, but additional study is needed to determine how it affects plant community responses. The mulching head is a promising technique for invasive shrub control and investigating tradeoffs between reducing landscape-scale propagule pressure and increased local establishment will further inform its utility.
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1. Introduction


Throughout the eastern United States, invasive woody shrubs are nearly ubiquitous in hardwood forest understories and pose a serious threat to successful forest management and restoration [1]. Examples of these invasive shrubs—mostly introduced in the late 18th to late 19th centuries—include numerous species of bush honeysuckle (Lonicera spp.) as well as Japanese barberry (Berberis thunbergii DC.), burning bush (Euonymus alatus [Thunb.] Siebold), and others. Proliferations of these invasive shrubs can change forest structure by forming dense monotypic thickets in the understory [2]. These thickets pose a threat to forest health by inhibiting native tree regeneration [3,4] and reducing the cover and diversity of herbaceous plants [5]. Structural change in the understory vegetation also affects wildlife, such as promoting seed predation, with implications for forest regeneration and biodiversity [6,7,8]. Controlling dense, well-established populations of invasive shrubs is both expensive and time consuming. For example, between 1994 and 2005, workers in Great Smoky Mountains National Park spent over 17,000 h controlling woody invasive plants [1]. Minimizing time and resources allocated to such efforts will depend on developing techniques to expedite the control of mature populations of invasive shrubs that have reached the saturation phase of invasion.



Controlling invasive shrubs is challenging because it not only requires the mechanical cutting of stems but also retreating the vigorous stump sprouting that occurs after cutting [9]. Clearing saws are frequently used to cut invasive shrubs due to their affordability, ease of use, and limited collateral damage. However, the follow-up treatment of resprouts with herbicides can be both time consuming and cost prohibitive [10]. Mulching treatments conducted with rotary mulching heads (i.e., forestry heads, mastication heads, or wood shredders; hereafter “mulching heads”) are an alternative method that may accelerate shrub removal in dense thickets. Mulching heads are capable of shattering root collars (MRS pers. obs.), which can reduce resprouting [11] and may in turn reduce the need for herbicide treatments. According to Ward et al. [12], mulching head treatments were slightly more effective than clearing saws with no stump treatment for controlling the thicket-forming invasive shrub Japanese barberry, though comparisons with clearing saw removal should include the widely-recommended herbicide application to cut stumps (henceforth “cut-stump” method; [1]). For controlling Chinese privet (Ligustrum sinense Lour.), an invasive evergreen shrub found primarily in riparian areas of the southeastern United States, both techniques resulted in rapid regrowth the following year [13].



In addition to effectiveness and cost-efficiency, impacts on the native understory community must be considered when evaluating removal techniques [14]. Effective restoration requires control techniques that efficiently remove shrubs without degrading native plant populations or promoting further invasive species establishment [15,16,17]. Because the effectiveness of mulching heads in reducing shrub survival depends on shattering the root collar, using this equipment may result in substantial soil disturbance and damage to the roots and rhizomes of native perennials. While Luken et al. [18] found that experimental soil disturbance within small gaps (5 m diameter) created in honeysuckle thickets did not affect understory plant communities, large-scale control efforts may increase light availability to a greater extent, compounding the effects of substrate disturbance.



Mulching head treatments also deposit a layer of woody debris on the forest floor. This mulch layer may inhibit native plant cover and diversity through physical effects on understory species [19] but may also reduce future reinvasion of invasive shrubs. Thick layers of litter have been shown to limit the establishment of Amur honeysuckle (Lonicera maackii [Rupr.] Herder (Caprifoliaceae); hereafter “honeysuckle”) as well as garlic mustard (Alliaria petiolata [M. Bieb.] Cavara & Grande), an invasive biennial forb frequently promoted by honeysuckle removal [17,20,21,22]. However, previous research has not determined whether inputs of mulch act similarly to thick litter layers in inhibiting the establishment of invasive shrubs in eastern hardwood forests.



Few studies have examined the effects of mulching head treatments on understory plant communities or compared its effects to those of cut-stump treatments, and none have distinguished the individual and interactive effects of substrate disturbance and mulch deposition from this technique on plant community recovery. Existing studies found greater non-native herbaceous cover following cut-stump removal of Japanese barberry [12] and greater re-establishment of Chinese privet after mulching head treatment [16] but otherwise similar plant community recovery between the two treatments. While these studies provide valuable information about plant community response to different treatments, additional evidence from systems with different dominant invasives, climate regimes, and native plant communities is necessary to tailor control techniques for specific restoration prescriptions.



Amur honeysuckle is a strong candidate for examining the efficacy of mulching head treatments and their effects on understory flora due to its tendency to form dense thickets [23]. This species is highly invasive in eastern hardwood forests, where it is widely dispersed by birds and deer [24,25], readily establishes along forest edges and in young stands [26], and can enter the expansion phase of population growth within 10 to 15 years [27], posing a challenge for control efforts. Honeysuckle is a strong competitor, in part due to its efficient resource use and long leaf phenology relative to native counterparts [28,29].



The primary objective of this study was to examine how understory plant communities respond to honeysuckle removal using mulching head treatments as compared to the currently recommended cut-stump method. Within this primary objective, we aimed to: (1) compare the effectiveness of the two methods at reducing honeysuckle cover and densities; (2) compare the effects of each method on native herbaceous plants, native woody seedlings, recruitment of new honeysuckle seedlings, and other exotic plant species; and (3) isolate the effects of mulch deposition from those of soil disturbance on the community structure of understory flora. We expected that both honeysuckle removal methods would increase understory diversity and cover but that herbaceous cover would be reduced by mulch deposition and that increases in herbaceous diversity would be primarily driven by exotic and ruderal species. We also expected that soil disturbance from the mulching head treatment would increase honeysuckle seedling densities and garlic mustard cover but that these effects would be mitigated by mulch deposition.




2. Methods


2.1. Study Area


Study sites were situated in mature secondary mixed-hardwood forests within the Central Till Plain region of Indiana at two locations near West Lafayette, Indiana—(1) Purdue University, Richard G. Lugar Forestry Farm (hereafter LF) and (2) Purdue University, Wildlife Area (hereafter PWA). Both locations consist of natural forest tracts intermixed with tree plantations and/or tallgrass prairie and are surrounded by an agricultural matrix. Mature L. maackii invasions formed dense thickets in the understories at all four sites. Prior to this study, none of the study sites had been treated for invasive plants. Estimated L. maackii establishment at each site was 30, 37, 33, and 25 years prior to the commencement of the study at the three sites at LF (LF1, LF2, LF3), and the site at PWA, respectively, based on annual growth rings from stem cross-sections collected at ground height from the five largest individuals at each site. Pretreatment density L. maackii stems >1.37 m tall ranged from 2104 stems ha−1 at PWA to 6729 stems ha−1 at LF2. Mean (±standard error) L. maackii cover in the 1–5 m stratum at each site ranged from 57.7% ± 6.8% at LF3 to 67.7% ± 5.3% at PWA. We selected sites that each had a component of Quercus L. spp. (oaks) and Carya Nutt. spp. (hickories) in the overstory, and each site also included Acer L. spp. (maples) and Prunus serotina Ehrh. (black cherry) in the overstory (Table 1). All sites were flat to gently sloping. Soils at LF sites are primarily Miami silt loams with some Kalamazoo and Ockley silt loams; PWA soils are Miami and Rainsville silt loams [30].




2.2. Experimental Design


Each study site contained a total of 24 vegetation monitoring plots arranged on a grid, consisting of 16 treatment plots and eight untreated reference plots. Plots were grouped into clusters of four, which would all receive the same honeysuckle removal treatment, in order to provide a buffer between different removal methods. Within groups of four plots, plot center points were placed 8 m apart. The nearest adjacent plot center points between separate four-plot groups were 11 m apart (Figure 1). Initial plot placement was randomly selected, with the constraint that the entire grid would be at least 10 m from any forest edge or previously-treated honeysuckle removal areas. Reference plots at each site were grouped together to avoid unintentional disturbance during honeysuckle removal but were randomly assigned to one side or the other of the experimental plots.



We randomly assigned one of two honeysuckle removal treatments—either “cut-stump” or “mulching head” removal—to each four-plot group such that each site had eight plots of each removal treatment. The cut-stump treatment consisted of cutting shrubs at the base with a gas-powered clearing saw and treating the resulting stumps with a volume-based herbicide mix of 15% triclopyr (Garlon 4 Ultra®; DowAgroSciences, Indianapolis, IN, USA), 3% imazypyr (Stalker®; BASF, Florham Park, NJ, USA), and 82% bark oil (Ax-It®; Townsend Corporation, Muncie, IN, USA) using a hand sprayer. We removed honeysuckle slash to avoid altering the light environment or physically obstructing browsing. Mulching head removal treatments were accomplished using a skidsteer-mounted forestry mulching head (Bull Hog®; Fecon Inc., Lebanon, OH, USA), attempting to clear honeysuckle shrubs as thoroughly as possible while avoiding incidental damage to native saplings and overstory trees. We removed any residual honeysuckle stems missed by the mulching head due to their proximity with native trees using a clearing saw but did not treat these with herbicide. Honeysuckle removal took place between 13 November and 4 December 2015.



To isolate the effects of mulch deposition from those of substrate disturbance by the mulching head, we added or removed mulch at two randomly selected plots within each four-plot treatment group. We took four measurements of mulch thickness at each mulching head treatment plot prior to mulch manipulations and attempted to replicate the highest site average depth of 2.5 cm across all mulched plots. Mulch additions were made primarily with woodchips from honeysuckle removed from cut-stump plots but included a small proportion of black cherry to imitate residual mulch from mulching head treatments.




2.3. Vegetation Sampling


We monitored understory plant communities at each plot prior to honeysuckle removal in 2015 and following removal in both 2016 and 2017 to directly estimate changes in community composition. We sampled spring perennials in late April to early May, which were defined as native perennial forbs that flower primarily from April to June [31]. We then conducted a thorough sampling of all plant taxa present from late July to early August (summer sampling). At each plot, we sampled all vegetation cover below 1 m (“herb-layer”) within four 1-m2 quadrats placed 1 m (for summer sampling) or 2 m (for spring sampling) from plot center in each cardinal direction. Within each quadrat, we estimated percent cover to the nearest integer for each plant taxon and counted woody stems by taxon, classifying the latter into two height classes: less than 0.5 m or 0.5 to 1.37 m.



We also estimated honeysuckle midstory cover (1.01 to 5 m) using cover class midpoints [32] in 4-m2 quadrats oriented randomly, but consistently between years, at each plot. Shrubs and saplings greater than 1.37 m in height and less than 10 cm diameter at breast height (DBH; 1.37 m) were counted within 40 m2 circular plots at two plots per treatment block and were classified into one of two size classes: (1) less than 5 cm DBH or (2) 5 to 9.9 cm DBH. We estimated percent canopy cover using a spherical crown densiometer (Forestry Suppliers Inc., Jackson, MS, USA), averaging four readings at each plot center point. We determined overstory composition using a variable radius plot (basal area factor 2.296 m2 ha−1) originating at the center of each block.




2.4. Soil Temperature


We collected data on soil temperature for 60 consecutive days from 12 March through 10 May 2017 by burying an iButton® data logger (Maxim Integrated, San Jose, CA, USA) approximately 1–2 cm below the surface of the mineral soil at the center of each plot. iButtons were coated in a thin layer of a spray-on rubber coating (PlastiDip®; Plasti Dip International, Blaine, MN, USA) before burying to protect against water damage and were programed to record temperature to the nearest 0.5 °C every hour. These data were summarized by calculating the mean, maximum, and minimum for each day at each plot.




2.5. Mulching Head Treatment Intensity


To determine how mulching head treatment intensity (i.e., depth) affects resprouting, we conducted an additional experiment at three other sites (two at LF and one at PWA), where eight plots were established on a grid with 8 × 8 m spacing. We determined depth of mulching head disturbance using wooden stakes pounded into the ground in 4-m intervals on a grid at each site, with the top 10 cm aboveground. While many stakes broke below ground during the treatment, a minimum of three of the nine stakes within 6 m of each plot were measurable (median 4.5) and we used these to calculate average treatment intensity at each plot.



On a single day the following spring, we counted the number of resprouting stumps in 40-m2 circular plots around the centers of the eight plots at each site and measured the height, crown size (length and width), and number of stems of each resprout. Volume of each resprout was estimated by modelling the shrub as an ellipsoid with


    v o l u m e =  4 3  π  (    l e n g t h × w i d t h × h e i g h t  2   )     



(1)




and the sum of these values was calculated to estimate total resprout volume per plot.




2.6. Data Preparation


To determine plot-level estimates of percent cover for each taxon in the herb-layer, we calculated the mean across four 1-m2 quadrats from each plot. Woody seedling counts were summed across quadrats and multiplied by 25 to provide plot-level density estimates in seedlings 100 m−2. Shrub and sapling counts within each 40-m2 plot were multiplied by 250 to provide estimates in stems ha−1. We also calculated total herbaceous cover and the total density of native seedling species at each plot.



For spring perennials, summer herbaceous plants, and woody seedlings, we calculated three measures of species diversity: taxonomic richness (S), the number of taxa present; Shannon’s Diversity Index (H′), calculated as:


   H ′  =   −   ∑   i = 1  S   p i  ln  p i     



(2)




where    p i    is the proportion of the  i th taxon in the dataset using cover for herbaceous plants and count for woody stems; and Pielou’s Evenness Index (J′), calculated as:


   J ′  =     H ′     H ′   max        



(3)







For the summer herb-layer plant community, we also calculated a floristic quality index (FQI) for each plot by assigning a coefficient of conservation (C) to each taxon according to values for Indiana [33] and then using the following equation [34]:


    FQI =  C  ave   ×  S     



(4)







This metric has been used previously to monitor the quality of understory community recovery after Lonicera morrowii removal [35]. C values for taxa identified to a pair of possible species (e.g., Viola pubescens or V. striata) were averaged but never differed by more than two points. Exotic species were automatically assigned a C value of 0. Grasses and sedges, which were only identified to family and genus, respectively, and unidentified taxa were excluded from FQI calculations.




2.7. Data Analysis


We analyzed whether changes in the response variables throughout the course of the study differed between treatments using linear mixed-effects models in the R package lme4 [36]. These models included fixed effects for “treatment”—a composite factor for removal method and mulch presence/absence—sampling year, and the interaction between sampling year and treatment. Random effects in these models included a random intercept for each site and a random year effect for each plot within a site. This longitudinal mixed-effects model for the response of garlic mustard (Alliaria petiolata) failed to converge, so garlic mustard responses were analyzed with two separate models for the changes from 2015 to 2016 and from 2015 to 2017. The linear mixed-effects model for soil temperature included a fixed effect for treatment, random day effect for each plot, and random intercepts for each site and day.



To analyze differences between treatments in honeysuckle resprouting responses, we selected the most parsimonious subset of variables from a saturated model that included treatment, the pretreatment densities of each honeysuckle size class, and the interactions between treatment and these size classes. Models from this analysis were selected using Akaike’s Information Criterion corrected for small sample sizes (AICc; [37]) in the R package MuMIn [38] and were constrained to include the fixed effect for treatment and a random intercept for each site.



We used square root or natural log transformations, when necessary, to improve normality and homogeneity of variance of residuals. If the model term of interest (treatment or sampling year × treatment interaction) was significant (α = 0.05) or approaching significance (α = 0.10), we tested planned comparisons for this term between: reference treatment and zero (i.e., did the response change in reference areas over the course of the study?); reference treatment and each operational treatment (i.e., cut-stump without mulch added—“Cut[−]”—and mulching head treatment without mulch removed—“MH[+]”); shrub removal with mulch and without; cut-stump removal and mulching head removal; and between the two operational treatments. Degrees of freedom were obtained using Satterthwaite’s approximation in R package lmerTest [39] and are presented to the nearest integer for ease of interpretation. We tested planned comparisons using R package multcomp [40], and present single-step, adjusted p-values based on the joint normal or t-distribution of the linear function. Original data and R code for all analyses and figures are available in Supplementary Materials.





3. Results


3.1. Honeysuckle Responses


Both removal methods were initially successful at removing sapling-layer honeysuckle (>1.37 m tall), but stump sprouts quickly reentered the sapling layer. Sapling-layer honeysuckle were initially reduced from 4005 ± 307 shrubs ha−1 (mean ± standard error) across all pretreatment plots in 2015 to 94 ± 45 shrubs ha−1 in cut-stump removal plots and 110 ± 51 shrubs ha−1 in mulching head treatment plots in 2016. As resprouting stumps continued to grow from 2016 to 2017, the density of sapling-layer shrubs increased to 391 ± 143 stems ha−1 in cut-stump plots and to 781 ± 196 stems ha−1 in mulching head plots, though changes throughout the study period were not statistically different for the two removal treatments (p > 0.99). Sapling-layer honeysuckle densities changed little in reference areas, from 3734 ± 457 stems ha−1 in 2015 to 4016 ± 552 stems ha−1 in 2017 (p > 0.99).



Resprouting responses differed between the treatments, and these responses were influenced by pretreatment honeysuckle density (Table 2). Planned comparisons revealed that the presence of mulch negatively affected the height of resprouts (p = 0.03) but that height did not vary between removal methods. The mulching head treatment was associated with more stems per stump than cut-stump removal (p < 0.01), but mulch itself did not affect stems per stump. Significant interactions between treatment method and pretreatment honeysuckle densities for each resprout metric indicated that the degree to which pretreatment honeysuckle densities influenced resprouting depended on the treatment method (Table 2). The effect of small (<5 cm DBH) sapling-layer honeysuckle on densities of resprouts was greater in plots treated with the mulching head than with cut-stump removal (p < 0.01) and there was a weaker effect of large (>5 cm DBH) sapling layer honeysuckle on stems per stump following mulching head removal than cut-stump removal (p < 0.01). Midstory honeysuckle cover decreased more in each operational treatment than in reference areas (both p < 0.01; Table 3), but these changes were not different between operational treatments (p > 0.99).



We tested the role of mulching head treatment depth in determining honeysuckle resprouting at a separate set of sites. Plot-averaged mulching head treatment intensity ranged from 2.2 cm above soil surface to 1.5 cm below soil surface. Higher mulching head treatment intensity showed weak but statistically significant negative associations with the density of resprouting stumps (p = 0.03, R2 = 0.069) and the size of resprouting shrubs (p = 0.04, R2 = 0.112). However, the relationship between treatment intensity (i.e., depth) and the total estimated volume of resprouting shrubs on a plot was considerably stronger (p < 0.01, R2 = 0.311; Figure 2). Total shrub volume combines both shrub size and stem density into a single value and is likely the most informative response metric for management that frequently includes foliar herbicide applications to resprouting stems.



Overall, cut-stump removal reduced herb-layer honeysuckle cover (below 1 m) more than the mulching head treatment (p < 0.01), though the comparison between the operational treatments, Cut[−] and MH[+], was less pronounced (Table 4). The cut-stump control method resulted in lower herb-layer honeysuckle cover the first summer following removal, following reductions in percent cover of 17.2 ± 3.2 and 20.3 ± 3.9 in Cut[−] and Cut[+] plots and 4.2 ± 4.3 and 10.5 ± 4.5 in MH[−] and MH[+] plots, respectively, despite being higher initially (Figure 3 and Table 3). The following year, herb-layer honeysuckle cover increased similarly in both removal treatments (Figure 3).



Honeysuckle seedlings responded strongly to shrub removal initially but declined in all treatments the following year. Seedlings of the smaller size class (<0.5 m) increased in density by 1988 ± 429 seedlings 100 m−2 in Cut[−] plots and by 5542 ± 1853 seedlings 100 m−2 in MH[+] plots, as compared to a mean increase of 1266 ± 232 seedlings 100 m−2 in reference areas (Figure 3b). Despite initial differences, densities of small seedlings were more similar between treatments the following year (Figure 3b), resulting in no overall sampling year effect between treatments (p > 0.10, Table 4). Densities of large honeysuckle seedlings (0.5–1.37 m) decreased in the first year following shrub removal and increased the next year in all shrub removal treatments (Figure 3c); there was no difference in sampling year effects for this size class (p > 0.10, Table 4).




3.2. Native Seedling Responses


Decreases in native woody seedling densities between 2015 and 2016 were lower in Cut[−] plots (−3 ± 79 seedlings 100 m−2) than in MH[+] plots (−220 ± 72 seedlings 100 m−2), although plots randomly assigned to the mulching head treatment had higher native seedling densities prior to removal, and in 2016 the densities of native seedlings were similar in Cut[−] (406 ± 70 seedlings 100 m−2) and MH[+] (416 ± 92 seedlings 100 m−2) plots (Figure 4a). Native seedling densities decreased in reference areas throughout the study but increased in all removal treatments between 2016 and 2017 (Figure 4a), and there was no difference between the two operational treatments, Cut[−] and MH[+], in sampling year effects on native seedling densities (Table 4).



The most abundant native woody seedlings prior to shrub removal were white ash (Fraxinus americana L.) and sugar maple (Acer saccharum Marshall), which accounted for 45.7% ± 3.8% and 25.4% ± 3.3% of pretreatment native seedlings, respectively. Taken together, the pretreatment percentage of these shade tolerant species did not differ between treatment assignments (p = 0.35). A longitudinal linear mixed-effects model indicated a negative sampling year effect on the percentage of these two species (p = 0.04), but this effect did not differ between treatments (p = 0.16).



Native seedling S and H′ increased similarly following both removal treatments (Figure 4b,c), and these changes were no different between removal treatments (Table 4). Native seedling J′ decreased in reference areas over the course of the study and increased following shrub removal treatments (Figure 4d). However, while there was an interaction between treatment and sampling year (p = 0.02), we were unable to detect any differences in the change in native seedling J′ between individual operational treatments and the reference (Table 4).




3.3. Herbaceous Plant Responses


Cover of spring perennials changed little over the course of the study and was generally low across treatments (Figure 5a). Slight changes in spring perennial cover were not different between treatments (Table 4). Spring perennial S and H′ increased across all treatments, including reference areas, over the course of the study, though H′ decreased slightly in both treatments with mulch in the first spring following shrub removal (Figure 5b,c). Spring perennial J′ pretreatment values varied between treatments (Table 4) but increased more following the mulching head treatment than cut-stump (Figure 5d).



Total summer cover of herbaceous plants increased following all shrub removal treatments, and cover increases continued in the second post-treatment growing season (Figure 6a). Pretreatment mean percent cover of herbaceous plants ranged from 0.5 ± 0.2 at PWA to 6.1 ± 1.6 at site LF2 (grand mean 3.9 ± 0.6). Increases in percent herbaceous cover were greater in each operational treatment than in reference sites (both p < 0.01) and were similar across removal treatments (p > 0.10, Table 4). Herbaceous percent cover increased 9.2 ± 1.2 across cut-stump and mulching head treatments over the course of the study, as compared to a 0.8 ± 0.5 decrease in reference areas (Figure 6a).



Summer herbaceous S and H′ both increased following shrub removal, but these increases were sharper initially than between the first and second post-treatment growing seasons and did not differ between operational removal treatments (both p > 0.10, Figure 6b,c). Mean herbaceous S increased by 8.1 ± 0.6 in shrub removal areas, as compared to an increase of 0.7 ± 0.4 in reference areas (Table 4). Mean herbaceous H′ increased 0.9 ± 0.2 in Cut[−] and 1.1 ± 0.2 in MH[+] plots, as compared to 0.1 ± 0.1 in reference areas (both p < 0.01, Table 4). Herbaceous J′ was highly variable and there were no differences in the change in herbaceous J′ between treatments (Figure 6d and Table 4).



Cover of native perennials increased more following MH[+] treatment than in reference areas (p = 0.03), and cover of native vines increased more in both operational treatments than in reference areas (both p = 0.01), but removal treatments did not differ in the responses of any herbaceous groups, including exotics (Table 4). Percent cover of garlic mustard responded similarly to both operational treatments in the first year, increasing from 0.1 ± 0.0 prior to removal treatments up to 1.1 ± 0.5 after Cut[−] treatment and 1.1 ± 0.4 after MH[+]. While garlic mustard cover was generally lower during the 2017 sampling period, decreasing to 0.3 ± 0.2 in Cut[−] plots and to 0.2 ± 0.1 in MH[+], two-year change in garlic mustard cover was higher following Cut[−] treatment than MH[+] treatment (p = 0.06). However, the number of fruiting garlic mustard individuals in 2017 was greater in MH[+] than Cut[−] treatment plots. Differences between operational treatments were driven by mulch (p < 0.01) rather than removal method (p = 0.26).




3.4. Floristic Quality


FQI calculated at the plot scale (4-m2) for herb-layer species changed little in treatment plots following shrub removal but responded positively the following year, whereas FQI in reference plots declined slightly (Figure 7). Overall, FQI increased 0.95 ± 0.36 per year more in Cut[−] plots and 0.77 ± 0.36 per year more in MH[+] plots compared to reference areas (p = 0.04; p = 0.14), in which FQI did not change over the course of the study (p = 0.92). Mean Cave across all plots prior to shrub removal was 2.5 ± 0.1, decreasing the following year to 1.9 ± 0.1 and 1.8 ± 0.1 in Cut[−] and MH[+] treatments, then rebounding somewhat to 2.2 ± 0.2 and 2.1 ± 0.1 in those same treatments, respectively.




3.5. Soil Temperature


Honeysuckle removal treatments elevated soil temperatures, and mulch reduced daily temperature variability within removal areas. Daily mean soil temperature at 1 cm depth was 0.56° ± 0.08° higher in removal plots without mulch than in removal areas and was 0.57° ± 0.08° higher in removal plots with mulch than in removal areas (both p < 0.01). Across both removal methods, mulch did not affect mean temperature (p > 0.99). Removal plots with mulch had higher daily minimum soil temperatures and lower daily maximum temperatures than those without mulch (min.: p < 0.01, max.: p = 0.05). This buffering effect of mulch on temperature extremes resulted in no difference in daily soil temperature ranges between mulched removal plots and untreated reference plots (p = 0.31), whereas temperatures in removal plots without mulch ranged 0.32° ± 0.07° more than in reference areas on a daily basis (p < 0.01).





4. Discussion


4.1. Treatment Effectiveness


In this comparison of two methods for invasive shrub removal, the mulching head was generally less effective than cut-stump removal at controlling invasive bush honeysuckle, as indicated by more rapid regrowth of herb-layer honeysuckle cover. This difference in honeysuckle cover was likely driven by differences in the responses of resprouting stumps we observed between removal methods. Without treating cut stumps, previous work on other invasive shrub taxa found no differences in regrowth between clearing saw and mulching head methods [12], suggesting that differences in resprouting between the two techniques may be driven by stump treatments. We saw faster regrowth of honeysuckle cover following both treatments compared to barberry responses observed by Ward et al. [12]. Conducting shrub removal in late fall, as opposed to early spring, may be responsible for more prolific resprouting, as non-structural carbohydrate stores in roots are highest in the fall just before leaf abscission [35].



Honeysuckle removal in nearby sites the following year indicated that increasing the depth of the mulching head treatment can mitigate resprouting (Figure 2), suggesting that a relatively shallow treatment depth in this study may be partially responsible for the relatively vigorous honeysuckle resprouting we observed in mulching head treatment areas. However, native plant community impacts of the mulching head along a gradient of treatment intensity have not yet been investigated, and one of the reasons for similar native community responses between control methods in this study may be that we limited soil disturbance associated with the mulching head treatment. This balance between reducing resprouting and protecting belowground plant structures requires additional study as best management practices are developed for this relatively new control technique.



Although we did not examine the phenology of treated stumps, one explanation for shorter resprouting shrubs in mulched plots is that mulch buffered soil against cold winter temperatures, and shrubs in these plots may have taken longer to meet the chilling requirement required to break endodormancy, though the chilling requirement for Amur honeysuckle is minimal [41]. Interactions between treatment method and pretreatment stem density effects on resprouting suggest that the mulching head treatment was less effective at controlling the resprouting of small sapling-layer shrubs but more effective than the cut-stump method for controlling large sapling layer shrubs, though we were unable to track individual stems due to the nature of the mulching head treatment.




4.2. Responses of Exotic Flora


Greater honeysuckle percent cover in mulching head-treated plots in 2016 compared to cut-stump plots is also attributable to the strong response of honeysuckle seedlings in the first year, which is consistent with rapid honeysuckle seedling responses in other removal experiments [17]. Canopy openness was no different between removal methods (Table 3), so the much greater density of honeysuckle seedlings following mulching head treatment is more likely the result of soil disturbance, which has been implicated in the germination of other invasive shrubs [42]. Re-establishment of Chinese privet was also higher in areas treated with a mulching head in riparian forests in Georgia, USA [16]. The mulching head likely disrupts the litter layer on the forest floor more than the cut-stump method, which can increase the germination and establishment of both honeysuckle and garlic mustard seedlings [20]. We expected that mulch would limit the density of emergent honeysuckle seedlings, but any such effect was dwarfed by the difference between removal methods (Figure 3b).



We also expected that garlic mustard, an exotic invasive herb that regularly colonizes sites after honeysuckle removal [15,17,21], would be promoted more by the mulching head treatment, but suppressed by residual mulch, and this hypothesis was partially supported. Increases in garlic mustard cover were similar between treatments, despite greater honeysuckle cover in mulching head plots. Recent work suggests that direct interactions with other components of the understory plant community may not be as strong a determinant of garlic mustard abundance as ungulate herbivory pressure [43]. Despite these similar initial increases in garlic mustard cover between treatments, there were more fruiting garlic mustard individuals in mulched plots the second year. Due to the biennial life history strategy of garlic mustard, with basal rosettes that overwinter, severe winter conditions can limit garlic mustard survival [44]. Insulated soil temperatures beneath mulch may have contributed to higher winter survival rates, resulting in more fruiting individuals the following growing season.



The senescence of a large proportion of honeysuckle seedlings after the first year post-treatment is also consistent with previous work on honeysuckle control [15]. Self-thinning of woody seedlings can be a density-dependent response to soil pathogens, even in temperate forests [45], suggesting that without the strong resprouting response observed in this study, more of these honeysuckle germinants may have persisted. While honeysuckle invasion reduces conspecific seed viability [46], honeysuckle seedlings may grow better in soils previously conditioned by invasive shrubs [47]. Moreover, invasive shrubs may be less susceptible to fungal pathogens due to enemy release [48], but some evidence suggests that Amur honeysuckle may be susceptible to a leaf blight fungus that affects native Lonicera species [15]. Testing understory responses to the mulching head in combination with strategies to further mitigate regrowth, including greater treatment intensities, treating in the spring, and applying follow-up control methods, will help to elucidate how the pulse of honeysuckle regeneration after mulching head treatments responds to lower densities of resprouting mature individuals.




4.3. Native Plant Community Recovery


Generally, native plant community recovery was similar between both treatment methods, despite greater honeysuckle regrowth following the mulching head treatment. In this region, woodlands flat enough to permit mulching head utilization have likely been subject to numerous severe disturbances during the last 200 years, including row cropping, grazing pressure, and high grading. This history of anthropogenic disturbance, coupled with approximately 30 years of honeysuckle invasion, may have had a filtering effect on the existing plant communities such that species more sensitive to substrate disturbance had been excluded long before the initiation of this study [49]. Several recovery metrics exhibited greater differences between treatments the first year after shrub removal than the trajectory over the course of the entire study would suggest. Had the study only followed shrub removal effects for one post-treatment growing season, mulching head impacts on native seedling densities, stronger responses of honeysuckle seedling densities in mulching head plots, and negative effects of mulch on spring perennial diversity would have indicated that the mulching head was less suitable for achieving restoration goals than the cut-stump method. However, the lack of these differences over a two-year study period emphasizes the necessity for multi-year monitoring of restoration objectives.



While total cover of summer herbaceous plants responded positively to all removal treatments, the cover of spring perennials did not recover during the course of this study, in contrast to other studies reporting rapid responses of spring herbs to invasive shrub removal [17,50]. However, the pretreatment cover of spring perennial herbs observed by Shields et al. [17] was far higher than in this study, and highly variable spring perennial cover between plots in this study may have been driven by the distribution of mayapple (Podophyllum peltatum L.) across study sites. Mayapple is relatively broadleaved compared to the other spring perennials in this study and accounted for 35.6% of all spring perennial cover recorded during the study but occurred at only 28 of 96 plots in 2017. Where it did occur, mayapple accounted for 54.3 ± 5.9% of spring perennial cover, indicating that this particular species may have driven the high variability in spring perennial cover and masked responses in the rest of the spring flora.



We observed a delay in the recovery of the FQI during the first year post-treatment, despite immediate increases in species richness, corresponding with concurrent declines in Cave. FQI values two years after removal in this study were slightly lower than those calculated after Lonicera morrowii removal in Pennsylvania [35], likely due to the smaller plot size used in this study (4 m2 vs. 5 m2). However, Cave values in removal areas in 2017 were lower than comparable reference sites in the Central Till Plain (e.g., mature upland forest: Cave = 3.3 [34]), indicating that initial honeysuckle removal treatments at these sites did not completely restore the quality of the understory community to that of a similar uninvaded habitat.



In addition to focusing on Amur honeysuckle, two features of this study set it apart from previous comparisons of the effectiveness of forestry mulching heads and cut-stump treatments for invasive shrub removal and impacts on understory community [12,16]. Namely, we did not apply any sort of follow-up treatment to control regrowth from stumps during the 21-month period following initial removal covered by this study and we specifically separated the effects of mulch deposition from physical effects of the two removal methods. We decided against follow-up foliar herbicide applications in order to inform how initial shrub control treatments would influence the vigor of regrowth and assess the necessity for follow-up treatments. Waiting until the second post-treatment growing season to apply follow-up treatments, typically foliar herbicide applications, is likely to require greater herbicide volumes and time investment due to an increase in the number of resprouting stumps that attain heights 0.5–1.37 m (Figure 3c) or even reach the sapling layer (>1.37 m). This increase in larger honeysuckle individuals corresponded with greater honeysuckle cover in the second year post-treatment, despite steep declines in the number of smaller honeysuckle seedlings. We observed increases in native plant cover and diversity despite invasive shrub cover rebounding quickly, which is consistent with other findings that follow-up treatments do not impact native community recovery in the short term [12].



Mulch deposition had small effects on honeysuckle resprout height and soil temperature variability. While mulch deposition had no statistically significant effects on native plant community recovery in this study, there were consistent trends of mulch having effects counter to those of the mulching head removal method in isolation, which may be responsible for the similar responses observed between operational Cut[−] and MH[+] treatments (Table 4).





5. Conclusions


This study indicates that forestry mulching heads are a promising tool for expediting the removal of heavy shrub invasions from eastern hardwood forests and thereby restoring the native forest understory community. Native plant community responses were similar between the mulching head and cut-stump treatments and increases in Amur honeysuckle seedlings following mulching head treatment were largely temporary. Although the mulching head treatment was slightly less effective than the cut-stump method at preventing honeysuckle regrowth in this study, our results indicate that greater treatment depth with the mulching head can reduce post-treatment shrub volume. Furthermore, its ability to remove mature invasive shrubs rapidly over large areas may help to reduce recolonization from adjacent seed sources when used in a management context. This potential for reduced propagule pressure at the landscape scale, and possible implications for invasion dynamics, should be the subject of future research. Floristic quality indices showed a relatively weak response to any shrub removal technique in this study, suggesting that these communities are dominated by disturbance-tolerant species that may have relatively low conservation value. Therefore, removal of invasive woody plants is only one of a suite of approaches that managers may need to employ to restore many degraded hardwood forests.
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Figure 1. Schematic of an example site layout. Circles represent plot center points, with fill colors indicating different removal methods (cut-stump or mulching head). Removal methods were randomly assigned to each four-plot grouping (e.g., black square top-left) to avoid incidental impacts of the mulching head on non-target plots. Mulch cover (presence/absence) is represented by different fill patterns and was randomly assigned to two plots within each four-plot group. Circles with solid gray fill indicate reference plots (to the right of the dashed line). Spacing between plots in the same group was 8 m and spacing between plots of different groups was 11 m. 
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Figure 2. Relationship between mulching head treatment depth and the volume of resprouting shrubs. R2 = 0.311, p < 0.01. Different symbols correspond to each site and shading indicates the 95% confidence interval. Shrub removal treatments and measurements of resprouting shrubs were conducted in winter and spring 2017, respectively, at three separate sites, near West Lafayette, IN, USA. Sites were located in the same areas (LF and PWA) but were distinct from sites used in comparing mulching head and cut-stump treatments. Negative x-axis values indicate distance above soil surface. 
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Figure 3. Honeysuckle responses to removal treatments conducted in November and December 2015, including percent cover below 1 m (a), density of honeysuckle seedlings <0.5 m tall (b), and density of honeysuckle seedlings 0.5–1.37 m tall (c). Honeysuckle removal was accomplished using cut-stump or forestry mulching head (“MH”) treatments, with mulch removed/absent or added/present. Honeysuckle were not removed in reference areas for comparison. Dashed lines indicate management techniques with mulch manipulated (added/removed) and solid lines represent operational (no mulch manipulation) management techniques. Values are means ± standard error. Data were collected from mid-July to late August at four mature secondary hardwood forest sites near West Lafayette, IN, USA. 
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Figure 4. Densities (a) and diversity indices (b–d) of native woody species prior to invasive shrub removal (2015) and following shrub removal (2016–2017) accomplished using cut-stump or forestry mulching head (“MH”) treatments, with mulch removed/absent or added/present. Invasive shrubs were not removed in reference areas for comparison. Dashed lines indicate management techniques with mulch manipulated (added/removed) and solid lines represent operational (no mulch manipulation) management techniques. Values are means ± standard error. Data were collected from mid-July to late August at four mature secondary hardwood forest sites near West Lafayette, IN, USA. 
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Figure 5. Percent cover (a) and diversity indices (b–d) of spring perennial herbaceous plants prior to invasive shrub removal (2015) and following shrub removal (2016–2017) accomplished using cut-stump or forestry mulching head (“MH”) treatments, with mulch removed/absent or added/present. Invasive shrubs were not removed in reference areas for comparison. Dashed lines indicate management techniques with mulch manipulated (added/removed) and solid lines represent operational (no mulch manipulation) management techniques. Values are means ± standard error. Data were collected from mid-July to late August at four mature secondary hardwood forest sites near West Lafayette, Indiana, USA. 
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Figure 6. Percent cover (a) and diversity indices (b–d) of understory herbaceous plant species prior to invasive shrub removal (2015) and following shrub removal (2016–2017) accomplished using cut-stump or forestry mulching head (“MH”) treatments, with mulch removed/absent or added/present. Invasive shrubs were not removed in reference areas for comparison. Dashed lines indicate management techniques with mulch manipulated (added/removed) and solid lines represent operational (no mulch manipulation) management techniques. Values are means ± standard error. Data were collected from mid-July to late August at four mature secondary hardwood forest sites near West Lafayette, IN, USA. 
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Figure 7. Floristic quality index (FQI) for understory communities, including exotic species, before (2015) and after (2016 and 2017) invasive shrub removal was accomplished using cut-stump or forestry mulching head (“MH”) treatments, with mulch removed/absent or added/present. Invasive shrubs were not removed in reference areas for comparison. Dashed lines indicate management techniques with mulch manipulated (added/removed) and solid lines represent operational (no mulch manipulation) management techniques. Values are mean FQI ± standard error. Data were collected from four mature secondary hardwood forest sites near West Lafayette, IN, from mid-July to early August each year. 
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Table 1. Mean basal area (m2 ha−1) of overstory tree species at each site. Three sites were at the Richard G. Lugar Forestry Farm (LF1–3) and a fourth was at the Purdue Wildlife Area (PWA) in West Lafayette, IN. Data were collected using a variable radius plot (basal area factor = 2.296 m2 ha−1) during summer 2016 in treatment areas and winter 2016–2017 in reference areas.
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Species

	
Common Name

	
Basal Area




	
LF1

	
LF2

	
LF3

	
PWA






	
Acer saccharinum L.

	
silver maple

	
--

	
--

	
--

	
1.53




	
Acer saccharum Marshall

	
sugar maple

	
2.30

	
1.15

	
3.83

	
--




	
Carya spp. Nutt.

	
hickory species

	
0.77

	
5.36

	
5.74

	
8.04




	
Celtis occidentalis L.

	
common hackberry

	
0.77

	
--

	
2.30

	
0.38




	
Cornus florida L.

	
flowering dogwood

	
0.38

	
--

	
--

	
--




	
Crataegus spp. L.

	
hawthorn species

	
0.38

	
0.77

	
--

	
--




	
Fraxinus americana L.

	
white ash

	
1.91

	
2.30

	
3.44

	
--




	
Juglans nigra L.

	
black walnut

	
2.30

	
3.06

	
1.53

	
--




	
Liriodendron tulipifera L.

	
tulip tree

	
0.77

	
--

	
--

	
--




	
Morus alba L.

	
white mulberry

	
--

	
--

	
--

	
0.77




	
Picea rubens Sarg.

	
red spruce

	
--

	
--

	
2.30

	
--




	
Platanus occidentalis L.

	
American sycamore

	
--

	
0.38

	
--

	
--




	
Prunus serotina Ehrh.

	
black cherry

	
3.44

	
0.77

	
1.91

	
6.12




	
Quercus alba L.

	
white oak

	
--

	
3.06

	
--

	
2.30




	
Quercus imbricaria Michx.

	
shingle oak

	
--

	
1.91

	
0.38

	
1.15




	
Quercus rubra L.

	
northern red oak

	
4.21

	
--

	
0.38

	
1.53




	
Quercus velutina Lam.

	
black oak

	
0.38

	
1.53

	
--

	
1.91




	
Robinia pseudoacacia L.

	
black locust

	
--

	
0.77

	
0.38

	
--




	
Sassafras albidum (Nutt.) Nees

	
sassafras

	
3.06

	
--

	
--

	
2.68




	
Tilia americana L.

	
American basswood

	
0.38

	
--

	
0.38

	
--




	
Ulmus americana L.

	
American elm

	
0.77

	
0.38

	
0.77

	
--




	
Ulmus rubra Muhl.

	
slippery elm

	
0.77

	
--

	
0.77

	
--




	
Total Site Basal Area

	

	
22.58

	
21.43

	
24.11

	
26.40
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Table 2. Honeysuckle resprouting responses to cut-stump and forestry mulching head removal treatments. Models were selected using Akaike’s Information Criterion corrected for small sample sizes (AICc). Resprouting data were collected in 28.27 m2 circular plots in late-April to early-May 2016 following shrub removal treatments the previous November–December at four mature secondary hardwood forest sites near West Lafayette, IN, USA.






Table 2. Honeysuckle resprouting responses to cut-stump and forestry mulching head removal treatments. Models were selected using Akaike’s Information Criterion corrected for small sample sizes (AICc). Resprouting data were collected in 28.27 m2 circular plots in late-April to early-May 2016 following shrub removal treatments the previous November–December at four mature secondary hardwood forest sites near West Lafayette, IN, USA.





	

	
Cut-Stump

	
Mulching Head

	
Model Predictors

	




	
No Mulch

	
With Mulch

	
No Mulch

	
With Mulch

	

	
Test Statistic

	
p-Value






	
Resprouting stump density 100 m−2

	
80 ± 23

	
89 ± 24

	
95 ± 24

	
95 ± 25

	
Treatment

	
F3,51 = 0.77

	
0.52




	
Shrubs(lg)

	
F1,50 = 27.54

	
<0.01




	
Shrubs(sm)

	
F1,51 = 0.60

	
0.44




	
Seedlings(sm)

	
F1,53 = 2.80

	
0.10




	
Treatment × Shrubs(sm)

	
F3,51 = 3.75

	
0.02




	
Height of resprouting stumps (cm)

	
31 ± 2

	
26 ± 3

	
25 ± 2

	
25 ± 2

	
Treatment

	
F3,56 = 2.70

	
0.054




	
Seedlings(lg)

	
F1,56 = 2.42

	
0.13




	
Treatment × Seedlings(lg)

	
F3,56 = 2.85

	
0.046




	
Stems per resprouting stump

	
11 ± 1

	
8 ± 1

	
9 ± 1

	
10 ± 1

	
Treatment

	
F3,54 = 3.85

	
0.01




	
Shrubs(lg)

	
F1,4 = 8.61

	
0.04




	
Shrubs(sm)

	
F1,53 = 4.81

	
0.03




	
Treatment × Shrubs(lg)

	
F3,54 = 3.43

	
0.02








Shrubs(lg): Pretreatment density of honeysuckle individuals >1.37 m tall and >5 cm diameter, Shrubs(sm): >1.37 m tall and <5 cm diameter, Seedlings(lg): 0.5–1.37 m tall, Seedlings(sm): <0.5 m tall.
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Table 3. Percent cover (mean ± standard error) of understory honeysuckle, midstory honeysuckle, and overall canopy in response to cut-stump and mulching head honeysuckle control. Understory, midstory, and canopy cover were estimated in four 1-m2 quadrats, one 4-m2 quadrat, or four spherical densiometer readings, respectively, at each plot. F and p-values are from linear mixed models testing whether each variable varied between treatments. Satterthwaite’s approximation for degrees of freedom was used to estimate p-values and p-values are presented to the nearest integer. Data were collected in late July to early August each year at four mature secondary hardwood forest sites near West Lafayette, IN, USA.






Table 3. Percent cover (mean ± standard error) of understory honeysuckle, midstory honeysuckle, and overall canopy in response to cut-stump and mulching head honeysuckle control. Understory, midstory, and canopy cover were estimated in four 1-m2 quadrats, one 4-m2 quadrat, or four spherical densiometer readings, respectively, at each plot. F and p-values are from linear mixed models testing whether each variable varied between treatments. Satterthwaite’s approximation for degrees of freedom was used to estimate p-values and p-values are presented to the nearest integer. Data were collected in late July to early August each year at four mature secondary hardwood forest sites near West Lafayette, IN, USA.





	

	

	
Ref.

	
Cut-Stump

	
Mulching Head

	

	




	
--

	
No Mulch

	
With Mulch

	
No Mulch

	
With Mulch

	
F Value [df]

	
p-Value






	
Canopy cover (%)

	
2015 (Pretreatment)

	
95 ± 0.3

	
94 ± 0.6

	
94 ± 0.6

	
94 ± 0.4

	
94 ± 0.4

	
1.26 [4,88]

	
0.29




	
2015–2016 Change

	
−2 ± 0.3

	
−4 ± 0.9

	
−3 ± 0.9

	
−5 ± 0.9

	
−4 ± 0.9

	
4.55 [4,88]

	
<0.01




	
2015–2017 Change

	
1 ± 0.4

	
−2 ± 0.8

	
−3 ± 0.9

	
−3 ± 0.7

	
−3 ± 0.8

	
8.13 [4,88]

	
<0.01




	
Midstory (1–5 m) L. maackii cover (%)

	
2015 (Pretreatment)

	
68 ± 4.5

	
55 ± 6.7

	
60 ± 6.6

	
76 ± 6.1

	
54 ± 8.7

	
2.01 [4,91]

	
0.10




	
2015–2016 Change

	
9 ± 2.5

	
−54 ± 6.8

	
−60 ± 6.6

	
−76 ± 6.1

	
−54 ± 8.7

	
44.12 [4,90]

	
<0.01




	
2015–2017 Change

	
4 ± 3.4

	
−52 ± 7.5

	
−59 ± 6.6

	
−75 ± 6.2

	
−52 ± 8.6

	
33.93 [4,91]

	
<0.01




	
Herb-layer (0–1 m) L. maackii cover (%)

	
2015 (Pretreatment)

	
18 ± 2.7

	
27 ± 3.7

	
29 ± 4.0

	
23 ± 3.8

	
24 ± 4.4

	
3.50 [4,88]

	
0.01




	
2015–2016 Change

	
−5 ± 1.3

	
−17 ± 3.2

	
−20 ± 3.9

	
−4 ± 4.3

	
−11 ± 4.5

	
7.86 [4,88]

	
<0.01




	
2015–2017 Change

	
−4 ± 1.7

	
−12 ± 3.1

	
−15 ± 4.2

	
0 ± 3.8

	
−7 ± 3.5

	
4.50 [4,88]

	
<0.01
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Table 4. Linear mixed effects model results for understory community response metrics to different shrub removal treatments, including richness (S), Shannon’s diversity index (H′), and Pielou’s evenness (J′) each subset of understory taxa, floristic quality index (FQI) for the entire understory community, and cover of herbaceous plant groups based on life history strategy. Treatments included cut-stump (C) or forestry mulching head (M), with mulch ([+]) or without ([−]), and an untreated reference (R). Spring perennial cover data were collected late-April to early-May and all other data were collected mid-July to early-August from 2015 to 2017 at four mature secondary hardwood forest sites near West Lafayette, IN, USA.
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Treatment

	
Treatment × Year




	
ANOVA

	
ANOVA

	
Planned Comparisons (z Values)




	
df

	
F

	
df

	
F

	
R vs. 0

	
R vs. C[−]

	
R vs. M[+]

	
C[−] vs. M[+]

	
C vs. M

	
[−] vs. [+]






	
L. maackii

	

	

	

	

	

	

	

	

	

	




	
Herb-Layer Cover (<1 m)

	
4, 81

	
2.25 ·

	
4, 91

	
3.91 **

	
−1.51

	
−2.37 ·

	
−0.23

	
1.85

	
3.46 **

	
−0.84




	
Seedlings <0.5 m

	
4, 69

	
2.40 ·

	
4, 132

	
0.63

	
--

	
--

	
--

	
--

	
--

	
--




	
Seedlings 0.5–1.37 m

	
4, 105

	
0.44

	
4, 187

	
1.30

	
--

	
--

	
--

	
--

	
--

	
--




	
Herb-Layer Native Plants ††

	

	

	

	

	

	

	

	

	

	




	
Cover

	
4, 71

	
0.31

	
4, 91

	
14.37 **

	
−1.80

	
5.84 **

	
4.91 **

	
−0.81

	
−0.10

	
−1.05




	
FQI

	
4, 89

	
0.43

	
4, 91

	
2.91 **

	
0.71

	
2.64 *

	
2.15

	
−0.43

	
−0.64

	
0.04




	
S

	
4, 98

	
1.77

	
4, 145

	
29.06 **

	
0.36

	
7.73 **

	
8.10 **

	
−2.03

	
2.48 ·

	
0.32




	
H′

	
4, 80

	
4.06

	
4, 91

	
7.36 **

	
1.70

	
3.45 **

	
4.02 **

	
0.50

	
2.26

	
−1.55




	
J′

	
4, 80

	
2.11 ·

	
4, 85

	
1.49

	
--

	
--

	
--

	
--

	
--

	
--




	
Spring Perennials

	

	

	

	

	

	

	

	

	

	




	
Cover

	
4, 87

	
2.43 ·

	
4, 91

	
1.57

	
--

	
--

	
--

	
--

	
--

	
--




	
S

	
4, 88

	
9.41

	
4, 91

	
0.39

	
--

	
--

	
--

	
--

	
--

	
--




	
H′

	
4, 88

	
0.78

	
4, 91

	
2.17 ·

	
2.71 *

	
1.25

	
1.01

	
−0.21

	
1.63

	
−1.93




	
J′

	
4, 73

	
2.67 *

	
4, 82

	
3.66 **

	
0.48

	
−0.31

	
2.50 ·

	
2.37 ·

	
3.31 **

	
0.16




	
Summer Herbs

	

	

	

	

	

	

	

	

	

	




	
Cover

	
4, 76

	
0.45

	
4, 91

	
21.52

	
−1.01

	
5.97 **

	
6.59 **

	
0.54

	
1.83

	
−1.06




	
S

	
4, 114

	
1.65

	
4, 147

	
18.69 **

	
0.88

	
6.10 **

	
6.34 **

	
0.21

	
2.13

	
−1.83




	
H′

	
4, 82

	
1.57

	
4, 91

	
9.88 **

	
0.93

	
4.22 **

	
4.98 **

	
0.66

	
2.11

	
−1.19




	
J′ ‡

	
4, 67

	
1.70

	
4, 68

	
0.73

	
--

	
--

	
--

	
--

	
--

	
--




	
Annual Natives

	
4, 127

	
0.86

	
4, 99

	
2.20 ·

	
−0.01

	
0.69

	
0.98

	
−0.33

	
−0.49

	
−0.59




	
Biennial Natives

	
4, 87

	
0.69

	
4, 91

	
2.92 *

	
0.25

	
0.64

	
0.80

	
0.38

	
−0.05

	
0.24




	
Perennial Natives

	
4, 86

	
0.20

	
4, 91

	
14.33 **

	
0.16

	
1.97

	
2.74 *

	
−1.97

	
1.62

	
−0.25




	
Native Vines

	
4, 85

	
1.43

	
4, 91

	
8.13 **

	
−2.25

	
3.10 **

	
3.14 **

	
0.27

	
0.81

	
0.77




	
Native Graminoids

	
4, 96

	
0.60

	
4, 176

	
5.87 **

	
0.25

	
0.14

	
1.73

	
−0.87

	
2.37 ·

	
1.06




	
Exotics

	
4, 172

	
15.90

	
4, 169

	
2.18 ·

	
−0.28

	
0.19

	
0.03

	
−1.10

	
−0.06

	
−0.82




	
Native Seedlings

	

	

	

	

	

	

	

	

	

	




	
Cover

	
4, 84

	
0.63

	
4, 182

	
5.03 **

	
−2.51 ·

	
3.89 **

	
2.18

	
−1.49

	
−0.56

	
−1.54




	
Density

	
4, 56

	
0.78

	
4, 91

	
2.44 ·

	
−2.17

	
2.85 *

	
1.15

	
−1.48

	
−1.93

	
−0.16




	
S

	
4, 85

	
1.55

	
4, 91

	
9.79 **

	
−1.36

	
4.48 **

	
5.04 **

	
0.49

	
0.62

	
0.07




	
H′

	
4, 87

	
1.69

	
4, 91

	
8.30 **

	
−1.27

	
4.25 **

	
4.41 **

	
0.14

	
0.69

	
−0.49




	
J′

	
4, 77

	
1.28

	
4, 75

	
3.08 *

	
−1.54

	
2.27

	
2.31 ·

	
0.01

	
1.28

	
−1.26








· p < 0.10; * p < 0.05; ** p < 0.01; †† Includes all native woody and herbaceous species from summer sampling period; does not include spring perennials; ‡ Site PWA excluded due to an excessive number of zero values prior to shrub removal.
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