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Abstract

:

Since the passage of legislation in 1977, Appalachian mineland reclamation is typically completed using non-native C3 grasses and forbs. Alternatively, reclamation with native prairie (C4) grasses and forbs offers a more ecologically friendly alternative that can contribute to native plant conservation and potentially improve soil properties more quickly than shallower rooted C3 cool-season grasses. We assessed the establishment of native prairie after reclamation, evaluating three treatments for six years after planting—traditional cool season planting, native prairie planted at light density, and native prairie planted at heavy density. All treatments reached the objectives of reclamation—percentage of ground covered by vegetation—within 2 years after planting. All treatments at all sites, except for one site by treatment combination near a forest, showed an increase in plant species richness and Shannon–Wiener diversity in the first four years of reclamation, a peak around 5 years, and subsequent decrease. Little difference in plant richness and Shannon–Wiener diversity among treatments was observed. However, the two native seed mixes quickly diverged from the traditional mix in terms of community structure and diverged further over time, with both native treatments heading towards a more desirable native prairie grassland state, while the traditional mix remained dominated by non-native cool season grasses. The native treatments also exhibited greater increase in microbial biomass and fungi:bacteria ratio over time compared to the traditional mix. Soil organic carbon increased over time regardless of seed mix treatment. Exchangeable base cations and phosphorus generally decreased over time, as expected, regardless of seed mix treatment, likely due to uptake from established plants. Native grassland species were able to establish despite inclusion of some traditional species in the native mix. Native plant establishment likely resulted in benefits including pollinator resources, bird and wildlife habitat, and increased soil health, and we recommend that native prairie mixes be used directly in reclamation moving forward, as they are able to meet reclamation goals while establishing a successful native prairie plant community.
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1. Introduction


The Appalachian Mountain region of the United States of America (USA) has been greatly impacted by surface black coal mining [1,2]—10,000 km2 have been surface mined since 1977 [3]. Surface mining involves removal of vegetation, soil, and subsoil layers, and disrupts ecosystem function at all levels. Since the passage of the Surface Mining Control and Reclamation Act of 1977, reclamation typically involves recontouring and some soil replacement, but most of the essential soil properties are lost in the process. During mining soils and fracture overburden are removed, piled, and afterwards re-applied to the surface, often purposefully compacted to prevent soil erosion [4,5]. This storage, handling, and compaction can result in high bulk density [5], loss of soil carbon [6], microbial communities [7,8], nutrients [9,10], reduced infiltration rates [11], and changes in other properties of soil necessary for healthy plant growth. Rock spoils within the soil can affect pH—some mine soils have been found with pH as low as 3.0, which typically prevents vegetation growth [5]. Soil compaction and other reclamation methods aimed at ensuring clean water and reducing erosion are required by the Surface Mining Control and Reclamation Act, but make restoring forests on reclaimed mine lands difficult [12,13,14,15]. In this situation, creating a novel ecosystem with some ecological function different from the historical state is appropriate (i.e., reclamation) [16].



Grassland reclamation is a reasonable choice for former mine lands as conversion to grassland can provide ecological and economic benefits such as quick growing ground cover, stable grassland habitat for declining species of grassland birds [17], and useful grazing or haying fields [3]. Since 1977, most reclaimed minelands in the United States have been planted as cool-season grasslands, primarily with non-native species— one survey found more than 50% of reclaimed areas occupied predominantly by exotic invasive plants, and only 2 of 25 areas to have forest-like vegetation [18]. Temporal dynamics of grassland reclamation on former minelands are not well known. Minelands are thought to remain in arrested succession for decades or more [19], but aggressive invasive shrubs such as Elaegnus umbellata may encroach and turn areas into near monoculture shrublands [20].



Temporal dynamics of prairie grassland restoration from agriculture have been described in more detail and might provide some expectation of responses of former mineland to grassland restoration. With prairie restoration, soil organic C generally increases linearly for the first several decades [21,22,23,24,25], but on longer timescales organic C approaches an equilibrium [22,26]. The fungi:bacteria ratio generally increases with restoration age, because of an increase in arbuscular mycorrhizal fungi FAME biomarkers [27,28]. Plant diversity often begins to decrease a few years after restoration due to increased dominance of the most dominant grasses [29,30,31,32,33]. The decrease in plant diversity has been attributed to soil drivers [34] including fertilization legacy [35,36] and shifts in soil structure and soil microbial communities [37]. It remains unclear if similar temporal dynamics will be observed in mineland reclamation.



Since 1977, mineland revegetation in the USA typically begins with seeding non-native cool-season grassland species. One alternative to planting cool-season grasslands on reclaimed mine land is using native warm-season prairie species, which can provide ecosystem services and contribute to native plant conservation. Prairie species have been successfully used in mine reclamation since the early 1920s in the area known as the prairie peninsula (western Iowa through Indiana). In the Appalachian region, where prairie fragments may have existed but were few and far between, prairie species were not considered for post-reclamation use until recently. One reclaimed mine site known as The Wilds planted nearly 700 acres of prairie to replace cool season grasses between 2001–2016 [8]. These prairie restorations were successful in establishing a native plant community and showed some signs of improving soil carbon and other soil properties [8]. As prairies established on agricultural lands have been shown to decrease nutrients and increase organic matter and soil microbial biomass [38,39], there is the potential for prairies on reclaimed mineland to perform similarly. However, there is still a need to better understand how successful native prairie establishment can be on reclaimed minelands.



While reclamation requirements focus on addressing acid mine drainage and establishing at least 90% ground coverage by vegetation; successful reclamation could incorporate native plant coverage; assessment of soil properties; and ecosystem services such as pollinator, grassland bird, or other wildlife habitat. For these parameters, planting with native species could drastically improve chances of success. Therefore, comparisons of planting with non-native species and a mix incorporating natives could help advance mineland reclamation. Seed mixes containing mostly native species have been shown to promote some desirable ecosystem properties (e.g., increases in native cover) in mine reclamation in eastern Ohio, USA two years after establishment [7]. Seed mix effects over time, however, have not been evaluated. To assess temporal interactions with seed mix effects, three independently reclaimed mines were evaluated for several community and ecosystem properties over six years (2015–2020). We hypothesized that (1) plant diversity metrics, arbuscular mycorrhizal fungi biomass, and fungi:bacteria ratio, as well as soil β-glucosidase enzyme activities, would be higher in native seed treatments compared to traditional seed mixes; (2) these responses would increase with time since reclamation; (3) plant communities would differ between seed treatments and years; and (4) soil organic matter would be higher and base cations would be lower after longer establishment of grasslands (six growing seasons) compared to less established (two growing seasons).




2. Methods


2.1. Site Descriptions and Study Design


Three sites were chosen (Figure 1), all of which were former mine land sites located in southern and eastern Ohio, and previously identified by Swab et al. [7]. Middleton Run is located in Jackson County. Joyce Hill is located in Tuscarawas County. Rose Valley is located in Belmont County. Location and soil texture (hydrometer method; arithmetic means per site and treatment) are described in Table 1. These sites were reclaimed by the Ohio Division of Mineral Resource Management within the Ohio Department of Natural Resources. Soils at all sites were classified as human-altered and human-transported (HAHT) soils. This soil class is proposed for the US Soil Taxonomy [40], including soils with a history of being removed before coal extraction, stored in piles during mining, and moved back after mining. The World Reference Base for Soil Resources (WRB) classifies HAHT soils as Technosols [41]. These highly disturbed soils were altered and restored during reclamation, where mixing of soil and soil compaction occurred intentionally. The soil type at Joyce Hill is a Westmoreland silt loam; its parent material is a fine-loamy residuum weathered from siltstone. The Middleton Run soil type is Bethesda channery silt loam, developed from coal extraction mine spoil derived from sandstone and shale. The soil type at Rose Valley is a Morristown channery silt loam; its parent material is coal-extraction mine spoil derived from limestone, sandstone, and shale.



Reclamation of sites and planting occurred in between December 2014 and July 2015. Each site was planted primarily with the traditional mix used for Ohio Department of Natural Resources (ODNR) reclamation, consisting of 6 non-native species (Lotus corniculatus, Lolium perenne, Dactylis glomerata, Phleum pretense, Trifolium pretense, and Lolium multiflorum) seeded at 56.04 kg ha−1. At each site, two 0.4 ha plots were planted with a native seed mix (including the first three species from the traditional mix, plus Panicum virginatum, Sorgaphstrum nutans, Chaemechrista fasciculate, Coreopsis tinctoria, Rudbeckia triloba, Helanthus maximillani, and Asclepias syriaca), one at 16.81 kg ha−1 (Native Light) and one at 33.63 kg ha−1 (Native Heavy). Seed mixes and methodologies used for mine reclamation are more fully described in Swab et al. [7]. The species composition from the first growing season at Rose Valley was excluded from analysis as it was established later in the growing season than other sites.



Placement of native seeding treatments of 0.4 ha were haphazardly assigned within each site (the rest of each site was planted with the traditional mix); site was treated as a block. A block was treated as a main effect in analyses where the response variable was sampled in three or fewer sampling years. For response variables with more than three years of sampling, sites were treated as separate experiments to focus on temporal dynamics.




2.2. Vegetation


Vegetation sampling was conducted each year in early August from 2015–2020. Three 40-m fixed transects were established within each treatment at each site, for a total of 9 transects per site. Each transect was sampled every 5 m with a 1 m2 quadrat frame (9 frames per transect, 27 frames per treatment, 81 frames per site) utilizing a modified Daubenmire method [42]. Percent cover of each species was visually estimated within each sampling frame. These data were used to calculate diversity metrics (Shannon–Wiener index and species richness). These data were also used to create multivariate ordinations of site species composition. Seed treatments (traditional seed mix at 56.04 kg/ha, native-heavy seed mix at 33.63 kg/ha, and native-light seed mix at 16.81 kg/ha) and year were evaluated for their effect on several diversity and ecosystem parameters. Each site was analyzed separately. Each quadrat was considered spatially independent.




2.3. Soil


Soil sampling (three samples per treatment; 9 samples per each site) was conducted at the center of each transect in August annually from 2016–2020. At each collection point, 10 soil cores were collected in 0–15 cm depth. After sampling, each set of cores was mixed, bagged, and stored in a cooler and transported to the laboratory. Within a week after sampling, soils were passed through a 2-mm sieve, homogenized, and kept at −20 °C until ester-linked fatty acid methyl ester (FAME) was analyzed and at 4 °C until enzyme activities were analyzed. Soil samples for soil chemistry were air-dried at room temperature for three days and subsequently stored at 4 °C. Ester-linked fatty acid methyl esters (FAME) were analyzed in 2016, 2018, and 2019, and used as microbial biomarkers and for microbial biomass estimation. Analyses of FAME biomarkers were conducted according to the methods of Schutter and Dick [43] with an internal standard to allow calculation of total FAME concentration [44]. Detection and quantification of biomarkers was performed with a Hewlett-Packard 6890 N gas chromatograph equipped with a HP Ultra 2 capillary column and a flame ionization detector. Gram positive bacteria FAME biomarkers used were a15:0, i15:0, i16:0, a17:0, and i17:0. Gram negative biomarkers used were 16:1ω7c, 18:1ω7c, 17:0cyc, and 19:0cyc [45]. Saprophytic fungi biomarkers used were 18:2ω6,9c and 18:1ω9c [46]. Arbuscular mycorrhizal fungi were indicated by the FAME biomarker 16:1ω5c [47]. Analyses of β-glucosidase (EC 3.2.1.21 β-d-glucoside glucohydrolase) activity (GLU) were performed in 2016, 2018, and 2019, as described by Eivaza and Tabatabai [48] except toluene was not used due to the short incubation time. Briefly, for each sample, two 1 g- samples were weighed each in two Erlenmeyer flasks and incubated in buffered substrate solution at 37 °C. Substrate solution was prepared using ρ-nitrophenyl-β-D-glucoside (Sigma N7006), respectively. A third assay with substrate-free buffer was incubated for each sample and served as a control. To each assay, 0.5 M CaCl2 and 0.1 M C4H11NO3 (tris(hydroxymethyl)aminomethane) pH 12 were added after incubation, suspensions were filtered, and absorbance of the ρ-nitrophenol (PNP) product was measured at 415 nm and calibrated against a PNP standard. GLU activities are expressed as μmol PNP g−1 h−1.



Several soil chemical responses were measured in the fall of 2016 and 2020. Soil organic matter was measured by loss-on-ignition (data 2016: 360 °C for 2 h, data 2020: Midwest labs: 375 °C for 2 h). Soil pH was measured using a benchtop pH meter in a 1:1 soil to deionized water suspension. Phosphorus was measured in 2016 using a Mehlich-3 extraction and quantified by inductively coupled plasma spectroscopy. Potassium, magnesium, and calcium were measured with Mehlich-3 extraction [49]. Soil samples taken in 2020 were processed by Midwest Laboratories. Phosphorus was measured in 2020 using a Bray-1 extraction and quantified by inductively coupled plasma spectroscopy. Potassium, magnesium, and calcium were measured with ammonium acetate extraction [50]. Soil phosphorus, potassium, magnesium, and calcium values from 2020 were converted to Mehlich-3 before comparison using the relationships described in Culman et al. [51]. Cation exchange capacity was also quantified.




2.4. Statistics


All statistics were performed in R [52] with α = 0.05. All sites were analyzed in separate statistical models. Plant diversity metric responses (Shannon–Wiener index and species richness) to growing season were modeled using restricted maximum likelihood generalized additive models with the mgcv package [53,54]. All plant diversity models had a growing season by seed treatment thin plate smooth, a plot random effect smooth to account for repeated measures, a transect random effect smooth to further control for spatial variation, and a growing season by transect thin plate smooth penalized on the squared first derivative to allow shape of response to growing season to vary among transects [55]. All smooths used the maximum number of basis dimensions, but k-index was still lower than 1. This suggests that there might be fine scale temporal variation that we were unable to detect. To ensure that models were not overfitted, 10-fold cross validation was performed with the gamclass package [56]. In all cases, mean squared error of data and validation data were similar (less than 0.02 difference for Shannon–Wiener index models and less than 0.7 for species richness models). To detect if species dominance is negatively associated with diversity, Pearson correlations of cover of the most dominant plant with diversity metrics using a less than 0 alternative were performed after visually confirming normality with quantile–quantile plots.



Differences in multivariate plant community composition in response to the interaction of growing season and seed treatment were tested with analysis of similarity (ANOSIM) using Bray–Curtis dissimilarities with 1000 permutations. Multivariate plant community responses were visualized using metric dimensional scaling (MDS; also known as principal coordinate analysis (PCoA)) with Bray–Curtis dissimilarities. Standard error ellipses from the weighted average MDS scores were presented. All multivariate analyses were conducted with the vegan package [57].



Soil univariate responses (PLFA biomarkers, soil chemical properties) to seed mix treatment, year, and their interaction were analyzed with the nlme package [58]. Repeated measures were accounted for by including an autoregressive order 1 autocorrelation structure in the gls function. Significance of predictor terms in univariate autoregressive models were assessed using marginal p values. Estimated marginal means (also known as least-squares means) were determined using the emmeans package [59] with degrees of freedom based on gls model error. All base cation concentration estimated marginal means and standard errors were back transformed from a natural log scale. Šidák-adjusted comparisons among estimated marginal means of site and year or seed mix treatment within a site were performed with the emmeans package.



To compare all variables, sums of percent cover were calculated for each plant species at each transect for year 2020. The 2020 vegetation data, 2020 soil chemical data, 2019 GLU data, and 2019 FAME data were combined into a single data frame. A correlogram of all variables was created. Then, a metric dimensional scaling ordination of the FAME biomarkers with environmental vectors (soil chemistry, GLU, and plant diversity metrics) was also created.





3. Results


3.1. Vegetation


The Shannon–Wiener diversity index at Joyce Hill had a unimodal curve over time with a peak around five growing seasons for both native light and native heavy seed mixes, according to generalized additive models (Figure 2). The traditional seed mix at Joyce Hill, however, displayed a bimodal pattern in diversity over time with a peak between 2 and 3 years and a larger magnitude peak at 5 years (Figure 2). The Shannon–Wiener diversity index at Middleton Run also showed a minimum value around three growing seasons and a maximum value around five growing seasons in the native heavy and native light treatments (Figure 2). However, the traditional seed mix at Middleton Run showed no change in diversity over time. All seed treatments at Rose Valley peaked around five growing seasons (Figure 2). Diversity began to decrease after five growing seasons for all treatments at Joyce Hill and the native seed treatments at the other sites. Plant species richness generally followed the same pattern as the Shannon–Wiener index with two exceptions, Joyce Hill traditional treatment and Rose Valley native light treatment (Figure 3). Rose Valley traditional Shannon–Wiener values remained largely unchanged over growing seasons, while richness increased. Rose Valley native light had Shannon–Wiener values increase over the first 5 years before decreasing, while richness remained largely unchanged over growing seasons. These differences in trends suggest that plant evenness is largely driving diversity trends at Joyce Hill in the traditional treatment and at Rose Valley in the native light treatment. All sites displayed a negative association of dominant plant cover and plant Shannon–Wiener diversity index (Joyce Hill: Dactylis glomerata, correlation = −0.14, p < 0.001 (134 total species observed); Middleton Run: Panicum virgatum, correlation = −0.16, p < 0.001 (157 total species observed); Rose Valley: Dactylis glomerata, correlation = −0.29, p < 0.001 (187 total species observed)). Similar negative associations of dominant cover and plant species richness were observed for Joyce Hill (correlation = −0.23, p < 0.001) and Rose Valley (correlation = −0.28, p < 0.001), but there was no significant richness association at Middleton Run (correlation = −0.01, p = 0.382).



At all sites, the interaction of growing season and seed treatment influenced plant species composition (Figure 4). At Joyce Hill, all seed treatments had similar composition for the first two growing seasons, then the traditional seed treatment diverged from the two native seed treatments (Figure 4A). At Middleton Run and Rose Valley, all seed treatments had similar composition in the first growing season, then the traditional seed treatment diverged from the two native seed treatments (Figure 4B,C).




3.2. Soil


Total microbial biomass at Joyce Hill responded to sampling year (F2,18 = 12.69, p < 0.001), with higher biomass in 2019 (Figure 5A, Table S1). At Middleton Run, total biomass responded to seed treatment (F2,17 = 4.47, p = 0.028), with higher biomass in the native heavy seed treatment (Figure 5B, Table S1). At Rose Valley, total biomass responded to both year (F2,18 = 5.57, p = 0.013) and seed treatments (F2,18 = 5.85, p = 0.013; Figure 5C, Table S1). Native heavy seed treatment had higher total microbial biomass than other seed treatments, and biomass was higher in 2019 than previous years.



At Joyce Hill, arbuscular mycorrhizal fungal biomass responded to an interaction of year and seed treatment (F4,18 = 9.80, p < 0.001; Figure 5D, Table S1), with biomass in the native light seed treatment increasing from 2016 to 2019, with no change in native heavy or traditional treatments. At Middleton Run, arbuscular mycorrhizal fungal biomass responded to both year (F2,17 = 6.85, p = 0.007) and seed treatment (F2,17 = 4.20, p = 0.033; Figure 5E, Table S1). Biomass increased with age in all treatments and was higher in both native seed mixes than in the traditional treatment, and biomass increased from 2016 to 2019. At Rose Valley, arbuscular mycorrhizal fungal biomass responded to an interaction of year and seed treatment (F2,18 = 3.94, p = 0.018; Figure 5F, Table S1). All seed treatments increased from 2016 to 2019, with both native seed treatments higher in arbuscular mycorrhizal fungal biomass than traditional in 2019. The fungal to bacterial (F:B) ratio responded to an interaction between year and seed treatment at Joyce Hill (F4,18 = 8.14, p < 0.001) and Rose Valley (F4,18 = 5.29, p = 0.005), where there was no change in the F:B ratio in traditional seed treatments, but both native seed treatments increased from 2016 to 2019 (Table S1). At Middleton Run, there was no effect of year or seed treatment on the F:B ratio (Table S1).



Soil organic matter responded to a site by year interaction (F2, 36 = 3.82, p = 0.031), where there were higher organic matter concentrations in 2020 than 2016 at all sites (Table 2). Soil pH responded to a site by year interaction (F2, 36 = 13.82, p < 0.001), where pH was distinct among sites and similar between years at Joyce Hill. At Middleton Run, higher pH values were measured in 2016 than 2020. At Rose Valley, pH values were higher in 2020 than 2016 (Table 3). Soil pH also responded to a site by treatment interaction (F4, 36 = 13.82, p < 0.001), where traditional and native heavy seed treatments had higher pH than native light at Joyce Hill, traditional had a higher pH than native light seed treatment with native heavy not statistically different from other treatments at Middleton Run, and similar pH values among seed treatments at Rose Valley (Table 3). Cation exchange capacity responded to a seed treatment by site interaction (F4, 36 = 3.92, p = 0.001), where CEC was similar among seed treatments at Joyce Hill and Rose Valley, but native light had the highest CEC followed by native heavy followed by traditional at Middleton Run (Table 4).



Soil β-glucosidase (GLU) activities were lowest in 2016, at the beginning of the experiment, and were highest in 2019 (last year GLU was sampled) at all three sites (A–C in Figure 6). An increase in GLU activities was seen in native prairies and in traditional cool season grasslands, with 2019 data showing 2–3.5 higher beta-glucosidase activities when compared to activities measured in 2016 (F2, 54 = 34.76, p < 0.001). Sites also differed in GLU activities (F2, 54 = 5.08, p = 0.010). Soil organic matter and GLU were not strongly correlated (Pearson correlation = 0.02; Figure 7).



Two of three base cations and phosphorus (P (F2, 36 = 3.91, p = 0.029), Mg (F2,36 = 4.66, p = 0.016), and Ca ([F2, 36 = 13.82, p < 0.001)) responded to a site by year interaction where concentrations generally decreased from growing season two (2016) to growing season six (2020), but some sites had similar values between years (Tables S2–S4). Phosphorus also varied by a site by seed treatment interaction (F4, 36 = 3.45, p = 0.017), where phosphorus concentrations were similar among treatments at Joyce Hill and Rose Valley. Phosphorus concentration was higher at Middleton Run compared to other sites, with higher concentration in the traditional treatment compared to native light, and native heavy was not statistically different from other treatments (Table S2). Potassium concentration varied only by site (F2, 36 = 13.16, p < 0.001), where Joyce Hill (2.39 ± 0.17 ppm) had lower concentrations than Middleton Run (3.53 ± 0.17 ppm) and Rose Valley (3.56 ± 0.16 ppm). Magnesium concentration was also influenced by a site by seed treatment interaction (F4,36 = 6.11, p < 0.001), where concentrations were similar among seed treatments at Joyce Hill, but varied in contrasting ways at the other sites. At Middleton Run, traditional seed treatment had a higher magnesium concentration than native light with native heavy not being statistically different than other treatments (Table S3). At Rose Valley, native light had higher magnesium concentrations than traditional treatment with native heavy not statistically different than other treatments (native light = 483 ± 34.4 ppm, native heavy = 442 ± 31.4 ppm, and traditional = 537 ± 38.2 ppm). Calcium also varied by a site by seed treatment interaction (F4, 36 = 2.84, p = 0.038), where native light had lower calcium concentrations compared to all other seed treatments at Joyce Hill, but similar concentrations were observed among treatments at Middleton Run and Rose Valley (Table S4).





4. Discussion


Overall, results show that planting native prairie species to revegetate reclaimed mineland in Appalachian Ohio can reach beyond reclamation goals. Achievements include full ground cover within 2 years after planting (minimum requirement of reclamation), and substantial native plant cover within 6 years after planting (not required in reclamation). Impacts on soil are less certain. Many soil properties improved with time since reclamation regardless of treatment. Native mixes may improve soil health more quickly than traditional mixes, but further monitoring is needed due to slower responses of soil compared to vegetation.



4.1. Vegetation Change over Time


Proportions of plant species abundance changed significantly with time. Species (Coreopsis tinctoria, Lolium multiflorum) previously reported as flourishing in the first year or two [7] have disappeared or greatly reduced in abundance from the plant communities by year 6. Non-native grasses drastically decreased in abundance in native treatments by year 4–5, with only Lotus corniculatus maintaining significant coverage, and the sum of all volunteer species reaching coverage percentages above any individual planted species—so volunteer species were a significant portion of the community by year 4–5, though which species established varied by site. Despite the individual variance, overall results indicated planting native prairie plants directly after reclamation in Appalachian Ohio was successful in establishing a permanent native plant community likely to maintain itself longer than the 6 documented years.



Vegetation diversity followed expected development at nearly all sites and treatments, increasing species richness and diversity for 3–4 years until reaching a peak around year 5, and declining afterwards. Areas planted with native mixes quickly diverged in community composition from those with traditional mixes, with traditional mixes remaining dominated by non-native cool season grasses while native treatments became dominated by native prairie species. Despite containing some of the same non-native species in the mix, the native treatments were successful in establishing a different (and more desirable for native plant conservation) prairie plant community. Decreasing plant diversity after a few seasons of restoration in grass-dominated ecosystems has been observed many times in North America [29,30,31,32,33]. This is typically due to increases in dominance of a dominant grass and has also been attributed to changes in soil structure and microbial composition [37]. Our results are consistent with these previous findings, as negative correlations of Shannon–Wiener diversity and cover of the most dominant grass were significant for all sites. Continued monitoring is required to see if this decreasing diversity trend continues. Managing the sites with disturbances such as mowing, burning [60,61,62], or grazing [63], which was not performed on these sites, may help mitigate declines in plant diversity by reducing the dominance of the prairie grasses which is typically observed with time. In the Rose Valley traditional plots only, diversity continued to increase with time, which may be due to an influx of some forest species in the later years. It is possible that this site is beginning to succeed into a forest. This possible successional trajectory would be considered a desirable outcome for many. In the native treatments, dominance of warm-season grasses may inhibit transition into forest. However, the appearance of some forest-adapted species does not ensure their long-term survival, in many reclaimed mine sites, forest species establish but never make it beyond seedling stage due to the overall poor soil conditions and grass competition—to combat this, the Forestry Reclamation Approach has been developed, which includes ground decompaction and using less competitive ground covers before tree planting on reclaimed grasslands [64].



Management of reclamations as a novel ecosystem, with a focus on ecosystem functions [65] is an option for managing former minelands which can increase ecosystem services. For instance, restoring to grasslands is an alternative to restoring to forests historically native to eastern Ohio, and might be preferred if conditions have been altered substantially and the area is not able to support reforestation. As an example of the value of these grasslands, reclaimed mineland grasslands stuck in arrested succession have been shown to be stable and important habitat for declining grassland birds [17]. Regardless of the choice to manage as a novel ecosystem or a successional forest, we recommend managing mine reclamation sites for native plant diversity where possible, as this ecosystem property is easier to monitor than many others and is often correlated with multiple ecosystem functions (i.e., multifunctionality) [66], including biomass production and nutrient utilization. However, a lack of difference in plant diversity does not mean that restorations were unsuccessful [8]. Typical grassland management techniques could improve diversity. As discussed above, burning, mowing, and grazing are common management techniques for prairies that can be performed at different frequencies depending on management goals. In addition, thinning of dominant plant species (e.g., clipping or targeted herbicide) [67] or starting with low seeding densities of dominant grasses [68] could increase plant diversity; however, these options need further study. Even with grass dominance, the use of native grassland species over traditional non-native seed mixes provides benefits to restoration, such as pollinator relations [69], bird and wildlife habitat [70], and contributions to the conservation of native species. They additionally provide increased recovery of ecosystem services such as soil health, including carbon sequestration [71] and decreased nitrous oxide emissions [72].




4.2. Soil Microbiology and Chemistry Changes over Time


Time since restoration and seed mix treatment significantly influenced microbial biomass for the majority of sites, with FAME microbial biomass increasing with time and with native seed mix treatments, particularly with the native heavy seed mix. In two out of three sites, total microbial biomass was higher in the native heavy seed treatment than native light or traditional seed mixes, but there is no consistent explanation as to why, given that, aboveground, there were not consistent differences found in vegetation between the light and heavy treatments. In Middleton Run, there is higher warm season grass dominance in the native heavy sites, but not Rose Valley, so this phenomenon is unexplained and may be more due to individual soil variance than other factors.



Total, fungal, AMF, and Gram-positive bacteria biomass, and the fungi:bacteria (F:B) ratio at most sites increased with time (Table S1). This is consistent with several restoration studies that show recovery of microbial communities with recovery of perennial plant communities [26,27,28]. There were also interactions between growing season and seed mix treatment, with F:B ratio and biomass of actinomycetes, arbuscular mycorrhizal fungi, and total bacterial biomass in native and traditional mixes increasing with time for all treatments, but increasing more in the native mixes than in the traditional mix. After five years, soil microbial biomarkers were beginning to separate by treatment (especially greater fungal abundance in native treatments), particularly at Rose Valley. However, microbial communities recover on longer time scales than aboveground communities, so composition of microbial communities between treatments may continue to diverge. Observed patterns in microbial biomass and composition (specifically increasing F:B ratio with time) indicate that traditional mixes can partially restore microbial biomass and some ecosystem services, but native seed mixes provide greater overall benefit.



Many soil properties recover on decadal time scales [26,27,28,39,73,74], so differences seen on this relatively short time scale can increase with time. As relatively short time scales (less than a decade) were monitored, soil enzyme activities were also measured. Soil enzyme activities hold potential as early and sensitive indicators of soil ecological stress or successful soil restoration [75,76,77,78]. Bandick and Dick showed soil β-glucosidase (GLU) activities as positive indicators for conservation agricultural management strategies; cover cropping and organic amendments to soils resulted in increased GLU activities. GLU, a carbon-degrading (particularly cellulose) exoenzyme, is regarded as one of the most sensitive assays for detecting cultivation intensity [79]. GLU activity is mainly affected by soil condition and not as much by seasonal effects or fluctuations of the soil microbial population, which makes it a good bio-indicator. In our study beta-glucosidase activities increased over time, probably due to increased production of GLU by microorganisms and stabilization of the enzyme in the soil matrix, as well as GLU activity being positively stimulated by an increase in soil organic carbon.



Increases in soil organic matter and CEC over time were similar to a mine reclamation chronosequence in West Virginia, USA [80]. This study found that soil organic carbon increased by 1.6X from a two-year-old site to a five-year-old site. Cation exchange capacity increased by 2.7X in these same sites [80]. Soil organic matter storage is an ecosystem function of interest in degraded ecosystems due to the potential to mitigate carbon dioxide emissions [81]. However, typical organic matter measurement techniques in mine reclamation can be misleading, as results also reflect inorganic carbon, fossilized organic carbon, and other products of coal [5]. As such, soil organic matter values should not be directly compared among sites that might have different sizes of C pools related to coal. These soil organic matter values can be compared among years and treatments within a site if coal products are homogenous. Overall, our study showed that soil OM is increasing over time in all treatments and coincides with shifts in the soil microbial community, but not GLU enzyme activities, possibly due to high C:N ratio [82]. Base cations generally decreased over time, as expected, and likely due to uptake by established plants, but did not change as dramatically as soil organic matter.





5. Conclusions


When comparing a native prairie mix with a traditional non-native cool season mix in mineland reclamation in southeast Ohio over a 6-year time period, the native mix was successful in establishing a higher cover of native plants and establishing a mostly native plant community likely to remain stable and self-sustaining. Differences in plant species composition were initially apparent between the two native treatments as compared with the traditional treatment and diverged farther with time. While the native seed mix treatment contained more native species, diversity metrics were similar among treatments. Overall percent cover of vegetation was similar between all treatments—an important metric for determining reclamation success and an indicator that the native treatments were similarly successful as the traditional treatment.



Soil properties often take longer to recover than aboveground communities, but soil chemistry improved over time, regardless of treatment. However, total microbial and arbuscular mycorrhizal fungal biomass increased more in both the light and heavy native seed mixes. Overall, the native prairie seeding directly in reclamation, though it developed a novel ecosystem in a previously forested area, was successful in establishing a native plant community, improving soil properties, and otherwise offering ecosystem services. It is our recommendation that native prairie seed mixes be used rather than non-native cool season grasses, unless cool season grasses are preferred for grazing, haying, or another use. We have developed a recommended native seed mix (Table S5), which improves upon native mix used here. This mix includes a wider variety of bloom colors, shapes, and seasonality, to better support pollinator communities and provide more plant diversity throughout the growing season.
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Figure 1. Map of site locations. 
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Figure 2. Shannon–Wiener diversity index over growing seasons for three seed mix treatments. Plot based on results from a term of a generalized additive model. Dotted lines represent two standard errors. Treatments within a single site are displayed within a single row. Adjusted R2 values for seed treatment by growing season smooths are displayed in the first panel of each row. 
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Figure 3. Species richness over growing seasons for three seed mix treatments. Plot based on results from a term of a generalized additive model. Dotted lines represent two standard errors. Treatments within a single site are displayed within a single row. Adjusted R2 values for seed treatment by growing season smooths are displayed in the first panel of each row. 
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Figure 4. Standard error ellipses from weighted average of metric dimensional scaling (MDS; also known as principal coordinates analysis [PCoA]) scores of seed treatment by growing season groups at each site, (A) Joyce Hill, (B) Middleton Run, (C) Rose Valley. Arrows represent movement in ordination space of seed treatments from growing season to growing season. 
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Figure 5. Total phospholipid fatty acid methyl-ester (FAME) content (nmol g−1; A–C) and arbuscular mycorrhizal fungi content (nmol g−1; D–F) at Joyce Hill, Middleton Run, and Rose Valley. Values are estimated marginal means with one standard error. Seed mix treatments with the same capital letter or growing seasons with the same lower-case letter are not significantly different. Arbuscular mycorrhizal fungi responded to an interaction between growing season and seed mix treatment at Joyce Hill (D) and Rose Valley (F). 
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Figure 6. Beta-Glucosidase activities at Middleton Run, Joyce Hill, and Rose Valley. 
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Figure 7. Pearson correlation matrix of plant diversity metrics (collected 2020), soil chemistry (collected 2020), beta-glucosidase enzyme activity (collected 2019), and FAME microbial biomarkers (collected 2019). Abbreviations: H = plant Shannon–Wiener diversity index, S = plant species richness, J = plant species evenness, GLU = beta-glucosidase enzyme activity, pH = 1:1 soil pH, P = soil phosphorus concentration, K = soil potassium concentration, Mg = soil magnesium concentration, Ca = soil calcium concentration, and CEC = soil cation exchange capacity. 






Figure 7. Pearson correlation matrix of plant diversity metrics (collected 2020), soil chemistry (collected 2020), beta-glucosidase enzyme activity (collected 2019), and FAME microbial biomarkers (collected 2019). Abbreviations: H = plant Shannon–Wiener diversity index, S = plant species richness, J = plant species evenness, GLU = beta-glucosidase enzyme activity, pH = 1:1 soil pH, P = soil phosphorus concentration, K = soil potassium concentration, Mg = soil magnesium concentration, Ca = soil calcium concentration, and CEC = soil cation exchange capacity.



[image: Land 10 01091 g007]







[image: Table] 





Table 1. Site location, treatments, and soil texture, 0–15 cm.






Table 1. Site location, treatments, and soil texture, 0–15 cm.





	
Site

	
Treatment

	
Sand (%)

	
Silt (%)

	
Clay (%)






	
Joyce Hill

40.442189, −81.500585

	
Heavy

	
25

	
42

	
33




	
Light

	
21

	
46

	
33




	
Traditional

	
24

	
44

	
32




	
Middleton Run

39.083297, −82.496459

	
Heavy

	
26

	
32

	
42




	
Light

	
21

	
35

	
44




	
Traditional

	
47

	
21

	
32




	
Rose Valley

40.138537, −80.860425

	
Heavy

	
25

	
26

	
49




	
Light

	
21

	
27

	
53




	
Traditional

	
21

	
26

	
53
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Table 2. Soil organic matter (OM) by site and growing season (GS). Values are estimated marginal means with one standard error in parentheses. Šidák-adjusted comparisons were made among estimated marginal means. Growing seasons followed by the same upper-case letter are not significantly different at p < 0.05. Pairs of values of the seed mix treatment within a site followed by the same lower-case letter are not significantly different at p < 0.05.
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Site/Growing season

	
OM GS2 (2016)

	
OM GS6 (2020)




	

	
(%)

	
(%)






	
Joyce Hill B

	
1.64 (0.24) b

	
3.13 (0.24) a




	
Middleton Run A

	
2.06 (0.24) b

	
5.01 (0.24) a




	
Rose Valley A

	
2.48 (0.24) b

	
4.63 (0.24) a
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Table 3. Soil pH values by site and growing season (GS) interaction and by site and seed mix treatment interaction. Values are estimated marginal means with one standard error in parentheses. Šidák-adjusted comparisons were made among estimated marginal means. Growing seasons followed by the same upper-case letter are not significantly different at p < 0.05. Pairs of values of the seed mix treatment within a site followed by the same lower-case letter are not significantly different at p < 0.05.






Table 3. Soil pH values by site and growing season (GS) interaction and by site and seed mix treatment interaction. Values are estimated marginal means with one standard error in parentheses. Šidák-adjusted comparisons were made among estimated marginal means. Growing seasons followed by the same upper-case letter are not significantly different at p < 0.05. Pairs of values of the seed mix treatment within a site followed by the same lower-case letter are not significantly different at p < 0.05.





	Site/Growing Season or Seed Mix
	GS2 (2016)
	GS 6 (2020)
	Native Light
	Native Heavy
	Traditional





	Joyce Hill B
	6.73 (0.09) A
	6.79 (0.09) A
	5.75 (0.11) b
	7.13 (0.11) a
	7.40 (0.11) a



	Middleton Run C
	5.81 (0.09) A
	4.71 (0.09) B
	4.97 (0.11) b
	5.27 (0.11) ab
	5.55 (0.11) a



	Rose Valley A
	7.49 (0.09) A
	7.91 (0.09) B
	7.73 (0.12) a
	7.68 (0.12) a
	7.68 (0.12) a
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Table 4. Cation exchange capacity (CEC; cmolc kg−1) by site and seed mix treatment. Values are estimated marginal means with one standard error in parentheses. Šidák-adjusted comparisons were made among estimated marginal means. Growing seasons followed by the same upper-case letter are not significantly different at p < 0.05. Pairs of values of the seed mix treatment within a site followed by the same lower-case letter are not significantly different at p < 0.05.






Table 4. Cation exchange capacity (CEC; cmolc kg−1) by site and seed mix treatment. Values are estimated marginal means with one standard error in parentheses. Šidák-adjusted comparisons were made among estimated marginal means. Growing seasons followed by the same upper-case letter are not significantly different at p < 0.05. Pairs of values of the seed mix treatment within a site followed by the same lower-case letter are not significantly different at p < 0.05.





	Site/Seed Mix
	Native Light
	Native Heavy
	Traditional





	Joyce Hill B
	12.37 (0.67) a
	11.98 (0.67) a
	12.28 (0.67) a



	Middleton Run B
	16.93 (0.67) a
	12.33 (0.67) b
	9.73 (0.67) c



	Rose Valley A
	19.97 (0.65) a
	20.40 (0.65) a
	20.90 (0.65) a
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