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Abstract

:

This research tested whether mycorrhizae can rejuvenate the water quality and pollinator functions of degraded riparian forested buffers (RFBs) in agricultural landscapes while facilitating indigenous Abenaki access to ancestral lands. Two plots within a degraded RFB were restored with a multi-functional plant community, one plot inoculated with commercial mycorrhizae and the other without. A control plot remained in a degraded state dominated by the invasive shrub Rhamnus cathartica. The restoration palette of 32 plants included 28 species useful to the Abenaki, representing opportunities for phosphorus removal through harvesting. Monitoring data from 2020 to 2023 indicated consistently greater plant diversity in the restored plots, with 58 newcomers appearing. Although the total phosphorus (P) decreased over time in all the treatments, the greatest decrease was in the uninoculated plot, likely due to pathogenicity from the commercial inoculant or the spatial variability of soil and light. The biomass P of five plant species differed among the species but not among the treatment plots. Nonetheless, Abenaki harvesting removed P and can be an effective form of phytoremediation, phytoextraction. However, this research revealed trade-offs between P mitigation, indigenous use, and pollinator functions of the RFB. Fostering higher biodiversity, Indigenous land access, and P mitigation are important solution-oriented aims to balance when restoring degraded RFBs.
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1. Introduction


During the United Nations Decade of Ecosystem Restoration, creative approaches to mitigate planetary crises—biodiversity, climate change and natural resource degradation—are essential to foster the sustainability of ecosystem services. The current extinction of insects and specifically pollinator species exemplifies the threat to biodiversity [1,2,3]. At the same time, water quality is threatened worldwide [4] by the diversion of water to human uses [5] and excessive phosphorus (P) loading [6,7,8]. Eutrophication by P stimulates algae growth and sometimes toxic cyanobacterial blooms [9,10,11], threatening animal and human health [12]. Ecological engineering and restoration of upland agroecosystems can help recover and upcycle P before it causes eutrophication, while strengthening food and medicine security [13]. Restoration is thus an integral element of managing agriculture more sustainably.



Efforts to improve and protect the water quality of Lake Champlain, known as Pitawbagok to the Original People, received low marks for removing P pollution with agricultural best practices [14]. This lake serves as an important water resource for neighboring jurisdictions in Vermont, New York, and Quebec. Agriculture, a pivotal part of their economy, is also the largest contributor of nonpoint source pollution (NPS) [15] and accounts for an estimated 41% of P loading for the Vermont portion of the Lake [16]. Most P enters water bodies as NPS through overland flow, stream bank erosion of legacy P [17], and to a lesser extent, through leaching from manure amendments when soils become saturated with P [18]. The inherent lag time between the implementation of P mitigation efforts and the tangible improvement of water quality makes it difficult to evaluate the effectiveness of BMPs and requires long-term monitoring [19,20,21].



Best management practices (BMPs) such as riparian forest buffers (RFBs) can reduce P loading by intercepting and retaining sediments eroded from agricultural lands. Well-managed RFBs are regarded as green infrastructure strategies and effective means of mitigating nutrients in Northeast America’s increasing stormwater runoff [22]. RFBs provide other ecosystems services such as protecting aquatic and terrestrial habitats, maintaining lakeshore and floodplain stability, preserving wetland functions [23,24,25], and providing biodiversity and pollinator habitat [26,27,28,29].



Although RFBs provide a broad suite of ecosystem services, many are degraded by the lack of regenerative design and management, which increases susceptibility to agricultural runoff and exotic plant invasions. Restoration of the multi-functional ecosystem services of degraded RFBs requires native polyculture plant palette design [30,31,32,33] and management strategies such as biomass removal via coppicing. RFB guides recommend harvest strategies to remove nutrients and prevent re-release upon senescence [34]. However, the guidelines do not consider a key set of ecological and social justice principles and opportunities. First, the well-established relationship between plant–mycorrhizae symbiosis and P uptake is not leveraged in green infrastructure and restoration work [35,36]; the same symbiosis can also improve several ecosystem services, such as nutrient retention and floral diversity [37,38,39,40]; parameters for phytoextraction, such as timing and amount of harvest, are not well defined; the knowledge of Indigenous people in tending these ecosystems is ignored and the injustice inherent in the loss of their lands during colonization is not often acknowledged or remedied. Our overarching objective was to test the utility of mycorrhizae in restoration efforts with a multi-functional plant palette. Specifically, our research aims were to investigate if restoring degraded RFBs with native polycultures and mycorrhizae would mitigate legacy P and improve pollinator habitats by promoting multi-synusial, flowering landscapes. A third aim was to apply ancestral, Indigenous knowledge of sustainable harvest and facilitate rematriation (returning land to its original stewards and inhabitants) [41,42] by strengthening partnerships between Indigenous Abenaki stakeholders and researchers.



Our restoration experiment involved comparing the effectiveness of biodiverse restoration plantings with and without mycorrhizal inoculation within a degraded RFB dominated by R. cathartica. We hypothesized that the mycorrhizally inoculated restoration plot (Table 1) would be more diverse and effective in P mitigation than the uninoculated restoration plot. We report on four years of data on soil and plant uptake of P and biodiversity from this myco-phytoremediation riparian restoration experiment. Although four years of monitoring is too short to determine the long-term success of the restoration, the experiment revealed tradeoffs among the ecological (P mitigation and biodiversity) and social objectives (rematriation via establishing indigenous harvest ways).




2. Materials and Methods


2.1. Study Site


The study site is located at Shelburne Farms (44.390708, −73.272614 to 44.389190, −73.274084) within the bioregion called N’dakinna by the Indigenous Abenaki. This includes Maine, New Hampshire, Vermont, parts of Massachusetts and southern Canada up into the Maritimes [60]. The soils at the site are poorly drained, highly erodible, but important agricultural soils (glaciolacustrine Covington silty clay loam and very-fine mixed active mesic Mollic Endoaqualfs [61,62]). This soil is in hydrologic group D [63] and an old tile drain system—whose position is not well established anymore. The site is further drained by two channels discharging into Lake Champlain called Orchard Cove (Figure 1). These soils are highly erodible yet considered farmland of state-wide importance when drained [61].



The RFB at the site is still impacted by P loading from an active 50-cubic-yard compost facility located upslope and legacy P that accumulated during more than two centuries of colonial agriculture [36]. Consequently, the soluble reactive phosphorus (SRP) entering the lake from the drainage way in the spring of 2021 exceeded Lake Champlain’s water quality standard 18-fold [64]. Before restoration in May 2020, the mean total soil phosphorus (TP) concentration was 875.87 mgP/kg and the mean pH was 5.29. The canopy at the riparian area at the site was dominated by a dense stand of Rhamnus cathartica, with native Acer spp. (maple) and Fraxinus spp. (ash) interspersed.




2.2. Restoration Design


A diverse plant community was designed to match the native vegetation, and its ecosystem functions, likely to have been in N’dakinna prior to European settlement [36]. The choice of plants was made from observations of intact riparian areas in Vermont. The final palette comprised 32 native, riparian plants. The flora included 17 herbaceous, 10 tree, and 5 shrub species (Table 1) to meet the following functional criteria: water quality function from fast growing, harvestable species with mycorrhizal mutualisms, and flower constancy for pollinator habitats (March–November). Abenaki elders (C. McGranaghan, C. Megeso, H. LaFrance) identified 88% of the plant species to have ceremonial, edible, medicinal, artisanal, or other uses. This was important because the more the Abenaki could utilize these resources, the better two purposes could be met: phytoextraction of P and ancestral land access facilitation.




2.3. Implementation of Restoration


We installed three research plots in June 2020 [36]. Each of the 6.4 m wide plots was divided by the drainage channel. To the west, there was a small 1.2 m wide area (called BW from here on) and the plot area to the east of the channel was 5.2 m wide (called BE). One plot remained unaltered, with R. cathartica as the dominant species (OIV). The other two were restored with vegetation without (RV) and with mycorrhizae (RVM). To prepare the restoration plots, R. cathartica was cut in winter 2020 at belt height (0.91 m), and all the stumps more than 1.20 m from the drainage way were removed manually. All the native vegetation on the site were left in the plots. Prior to planting, bare root trees, shrubs, and plants were potted in low, 0.16% P pasteurized compost (Vermont Compost, Montpelier, VT, USA) and left to equilibrate for 6 weeks before planting. The plants and wetland herbaceous seeds for the RVM were inoculated with a commercial mycorrhizal mix (Table 2) (Mycorrhizal Applications, MycoApply EndoEcto Mix, Grants Pass, OR, USA), whose arbuscular and ectomycorrhizal (AMF/ECM) constituents purportedly made associations with plant species in the palette (Table 1) [43,65,66,67].



The dry summer after the installation required weekly irrigation. In year 2, the plots were irrigated twice, and in year 3, no watering was required due to the ample rainfall. Hand removal of opportunist species was required annually, including cutting regrowth from R. cathartica stumps left near the drainage three times in two seasons. This efficient non-chemical method caused a 90% death rate (J. Rubin, 2 observation seasons 2022, M. Bald 2020, personal correspondence). In early spring 2, 3, and 4, scything wild grasses maximized the shrub and tree growth.




2.4. Sampling and Analysis


2.4.1. Soil, Water, and Plant Phosphorus Sampling


On each sampling date, as detailed in Table 3 for all the sampling types, soil was collected from the top 10 cm at 5 randomly selected locations in the BE section of each plot, combined in a clean bucket, mixed thoroughly, covered, and processed soon after. From each bucket, soil aliquots were taken for determining the TP, Mehlich-3-extractable P, water-extractable soluble reactive phosphorus (WEP-SRP, years 2 to 3) and mycorrhizal indicators. The first year, we used 6 lysimeters installed to a depth of 30 cm in each plot to collect soil water. However, few of the lysimeters yielded water. For this reason, we switched to a soil-based measure of SRP in which water was used as the extractant of P (water-extractable phosphorus-soluble reactive phosphorus (WEP-SRP)).



In the first year, no plant harvest occurred to allow the plantings to acclimatize with limited disturbance. In the study’s second and third years, we sampled Salix petiolaris (meadow willow) (from RVM and RV) and R. cathartica (from OIV). The plants were coppiced according to Abenaki practices, removing only 1/4 of the population. In the third year, the species harvest was expanded to include shoots of Cornus sericea (Red Osier Dogwood), Viburnum dentatum (Arrowwood), and fruit of Sambucus canadensis (Elderberry). In the fourth year, Rubus leucodermis (Black-Capped Raspberry) fruit appearing in the treatment plots was harvested for preliminary data assessment of the P uptake. While horticultural recommendations suggest late winter for coppicing, we harvested in mid-August before senescence to remove the biomass P prior to P translocation into roots. This ensured maximum P removal [36].




2.4.2. WEP-SRP Analysis


A total of 25 g of fresh soil was air dried. Then, 2 g of air-dry soil was sieved (2 mm mesh), put in a 40 mL centrifuge tube with 20 mL of distilled water, shaken at 25 rpm for one hour on a reciprocal shaker (New Brunswick Scientific, Excella E1 Platform Shaker, Edison, NJ, USA), centrifuged at 5000 rpm on a Sorvall ST 16 centrifuge (Thermo Scientific, Waltham, MA, USA) for 10 min and filtered through a 0.45 μm nylon, 33 mm syringe membrane filter (Fisher brand, Suwanee, GA, USA) into labeled centrifuge tubes. The extracted sample was submitted to UVM’s Agriculture Environment Testing Lab (AETL), where the WEP-SRP concentration was determined colorimetrically on a Lachat Quick Chem Series 2 (Hach, Loveland, CO, USA) (US EPA, 2015 [68]) at a wavelength of 880 nm.




2.4.3. Total Phosphorus (TP) Analysis


A total of 1.50 g of sieved soil was added to a labeled scintillation vial and submitted to AETL. There, it was extracted using microwave-assisted digestion utilizing nitric acid and subsequently analyzed by ICP-AES (Avio 200, Perkin-Elmer Corp., Shelton, CT, USA).




2.4.4. Mehlich-3-Extractable P Analysis


A total of 50 g of the composited soil from each plot was placed in labeled clean plastic bags and analyzed at the University of Maine’s Soil Testing lab for Mehlich-3-extractable nutrient analysis (Wolf, A., Beegle, D., 2009 [69]).




2.4.5. Plant P Analysis


Plant biomass was prepared by drying at 49 °C for 7 days. The dried samples were ground into a fine powder, which was extracted by microwave-assisted acid digestion in nitric acid [68]. The biomass P was then determined as the product of the P concentration and the dry weight of the harvest plants.




2.4.6. Plant Diversity Determination


The 2020–2023 plant richness was determined by sampling vegetation in four randomly placed transects in the larger portion (BE) of each treatment plot running parallel to the waterway. All the plant species occurring in each transect were noted and the richness of each plot was determined as the total number of species in the four transects. In 2023, to determine the plant community after four years, we surveyed the entire plots for any plants that may not have been found along the transects in the BE or omitted because they grew in BW.




2.4.7. Mycorrhizal Root Colonization Determination


To determine whether there was a difference in mycorrhizal colonization among the plots, we determined the root colonization for S. petiolaris and R. cathartica in year 3. In year 4, this was expanded to include S. canadensis roots. Root colonization was determined through a modified protocol first developed by [70]. Carefully gathered roots from each species with diameter of 0.5–1 mm were washed and placed in 10% KOH solution, autoclaved (Consolidated Stilts and Sterilizers, Boston, MA, USA), rinsed, acidified with 1% HCl and stained with Acid Fuchsin. After being destained in water, they were stored at 4° C in water for 7 days before being examined under a compound microscope (Olympus CX41, Olympus Corporation NY, New York, NY, USA). For each species and plot, the roots were mounted with Polyvinyl-Lacto-Glycerol on a labeled slide. Each slide received four root segments. Ten randomized fields within each slide were selected to examine for the presence of AMF structures (arbuscules, vesicles or spores). The percent of colonization, C%, was calculated as


  C % = F × 10  








where F is the number of fields that showed colonized roots. The mean colonization for each species in each plot was calculated as the average colonization of the three slides.





2.5. Statistical Analysis


The soil TP, Mehlich-3-extractable P, WEP-SRP, plant P uptake, and mycorrhizal colonization were analyzed via a General Linear Model (GLM) with the treatment and, in some cases, date as predictors for the P concentrations or mycorrhizal counts, respectively (Table 3). Because of the pseudo replication, p values only reflect the comparison of the plot means based on in-plot variability. If Levine test’s model assumptions were not met, the data were log transformed prior to non-parametric analysis. Summary statistics (using Graph Pad Prism 9.2.0, San Diego, CA, USA) are shown in the graphs to allow comparisons with the literature values. However, the GLM was used for inference. Where the model was statistically significant (p < 0.05) for one predictor with more than two treatments, Tukey post hoc tests were used to discern individual comparisons. The analyses were conducted via SPSS28.0.0. (IBM Corp, Armonk, NY, USA). Plant species richness was calculated through summing the total number of distinct species observed across all four transects/plots and in the BW.





3. Results


3.1. Phosphorus


The success of phosphorus mitigation can be analyzed in different ways. First, a comparison of the total soil P over time provides a measure of the net mitigation, i.e., the balance between P entering the buffer and how much P is removed by processes such as plant uptake or erosion off site. Secondly, the amount of P taken up via plants, which theoretically can be removed from the ecosystem through timely harvest.



Measures like the WEP-SRP and Mehlich-3-extractable P vary strongly during the growing season. Due to this variability, no statistically significant differences were detected in the WEP-SRP or Mehlich-3-extractable P (Figures S1 and S2).




3.2. P Mitigation Indicated through TP


The GLM indicated differences among treatments and times (p < 0.001). Post hoc Tukey analysis revealed lower TP in the fourth year than in the first year of the study (p < 0.01) (Figure 2). The mean TP concentration in the soil diminished from 876 mg/kg in 5/2020 to 724 mg/kg in 5/2023, which is a 17.5% decrease when looking at the combined means of the restored plots. There were also differences among the treatment plots. The TP concentrations followed this order: RVM < OIV < RV. This may indicate that mycorrhizae were helping to mitigate P. However, the decrease over time was not uniform across the plots. The greatest change was between May 2020 and May 2023 in RV, which decreased by 36.58%, whereas RVM and OIV only decreased by 16.70%, and 9.88%, respectively. Our hypothesis that RVM would have the largest decrease in TP was not proven true for the four years that we monitored the plots since the restoration.




3.3. Plant P Concentrations


The P concentrations varied between the plants and between the plant parts. The berries of S. Canadensis and R. leucodermis had greater P concentrations than the woody tissues of other species. The order of P concentrations from berry to woody shrubs from highest to lowest P concentration was S. canadensis > S. petiolaris > C. sericea > R. cathartica > V. dentatum.



The mean P concentrations across all the species between the treatments were 1967.41 (mg/kg) for OIV, 1813.71 (mg/kg) for RV, and 1827.14 (mg/kg) for RVM. There was no statistically significant difference in the P concentrations between the treatments (p = 0.951), but for the species, there was (p < 0.001), largely driven by the difference between berry and wood tissue. The only difference between the woody stems was for V. dentatum and S. petiolaris (p = 0.034). No other significant differences between alike plant parts were detected.




3.4. Biomass—P


There was no statistically significant difference in biomass P between the treatments (p = 0.951), but there was among the species (p < 0.001) (Table 4). Post hoc analysis revealed differences between the fruits and woody biomass, as one would expect. The woody biomass-P was lower in V. dentatum than in S. petiolaris (p = 0.034) and C. sericea (p = 0.054). The amount of P removed by elderberries (S. canadensis) was similar to the amount removed by S. petiolaris, even though the elderberries had almost double the P concentration, suggesting that fruit harvest is also an effective way to remove nutrients.




3.5. Plant Biodiversity


Plant richness (Figure 3) is a measure of how many species are in a given area. When monitored over time, it indicates the net immigration into the restored plots.



Thirty-two plant species were planted in RV (uninoculated) and RVM (inoculated) in early spring of 2020. Figure 2 highlights the increase in species from late spring 2020 to late summer 2023. A considerable number of newcomers were detected by the transect surveys even within the first year. Overall, there were 32 new species in RVM and 33 in RV after one year. After four years, 58 new species (Table S1) were found when the species counts were combined for both restored plots, a 70% increase over the restoration species planted.



Of the 32 species, only 28 could be identified after a year because 4 grass species lacked visible seeds, which is essential for the identification of grasses. This lack of grass seeds may be due to site maintenance strategies of scything grasses in early spring to ensure maximum sunlight to trees and shrubs. Of the 28 identifiable species, 22 species survived. A total of 3 of the 28 planted species (Onoclea sensibilis, Juncus effusus, Verbena hastata) did not appear in either restored plot, likely due to their hydric soil requirements and the first summer’s drought conditions. The plant communities differed between the two restored plots in terms of abundance and robustness (plant vigor). The planted species in RV were more vigorous (visually taller and denser vegetation) than in RVM.



In addition, there was a greater number of newcomers in RV than in RVM. In the first year, the numbers of plant species almost doubled in both restored plots: 31 new species appeared in RV and 30 appeared in RVM. By the fourth year, there were 58 new species in the entire plots (BE + BW) when combining the newcomer counts for RV and RVM (Figure 3). However, RV had 42 new species and RVM only 29. Out of the 58 plants that migrated, 51 are culturally relevant to the Abenaki (though interestingly, many were naturalized European species that Abenaki incorporated into their practices) and 51 host pollinators (S. Table 1).



Plant biodiversity is not the only biotic change that occurred during this restoration. The changes in above-ground biodiversity in the restored plots also included the appearance of several saprophytic fungi (Table S1): Trametes versicolor, T. pubescens, Cerrena unicolor, Daedaleopsis confragosa, Merulius tremellosus, Mycena galericulata, Cerioporus squamosus.




3.6. Mycorrhizal Colonization


Figure 4 shows the mycorrhizal colonization of the roots in three species. In all three plots, roots were colonized. From our limited exploration of the roots, S. canadensis had higher inoculation than S. petiolaris. There was more mycorrhizal colonization of S. canadensis in the RVM plot. Mycorrhizal inoculation was not different in S. petiolaris across both restoration treatments. R. cathartica roots were also colonized by mycorrhizae.





4. Discussion


4.1. Phosphorus Mitigation


After four years, we found that only one soil indicator suggested an effect on P mitigation: a reduction in the total soil P concentration was observed. The rate of reduction in the soil TP was, however, most pronounced in the RV plot, which was not treated with mycorrhizae. This is not what we had expected. Our hypothesis was that mycorrhizae helped with P mitigation. We were unable to correlate this with increased plant uptake since there was no significant difference in the harvested biomass P among the treatments (Table 4). However, we did not evaluate the biomass P for all the species in the plots. Other species, i.e., herbaceous plants, may have provided considerable temporary storage up to the date when woody vegetation was sampled in August. For example, hay harvest removes large amounts of P from agroecosystems [71] and this may also be true for herbaceous species such as Hierochloe odorata (sweetgrass), which thrive when harvested every year and are sacred to the Abenaki [72].



There may be several reasons why our experiment did not show the hypothesized effect of mycorrhizae. First, the plant community in the plot restored with mycorrhizae (RVM) showed lower plant vigor. We did not assess the plant biomass production, but the plants were, according to the visual inspection, smaller and the density of the vegetation was lower than in the uninoculated plot (RV). Less P sequestered means less P taken from the soil. The lower vigor was likely due in part to a couple of large ash trees that shaded the RVM plot in the mornings, thus limiting photosynthesis for part of the day. Secondly, the mycorrhizae that we inoculated with were commercially produced and may have hindered rather than promoted biomass production and P uptake.



The commercial mycorrhizae we used were grown in the northwestern USA, and even though they were ECM/AMF matching with ECM/AMF plants, they and their microbial symbionts were not specific to the endemic plants in Vermont. Thus, these mycorrhizae might be acting more like parasites than mutualists, according to the symbiosis continuum theory [73,74]. This theory suggests that mycorrhizae not matched well with their hosts do not exchange P for the carbon (C) resources offered up by the plant. Even if the mycorrhizae species were the same, the strains in the commercial blend may not have been effective symbionts, causing negative feedback on plant productivity [75]. The mycorrhizae mix we used included the genera Rhizopogan, Pisolithus, and Suillus, which do not directly correspond to our palette’s angiosperms or the resident microbial community, thereby likely confounding nutrient cycling and plant growth (Tom Horton 2022, personal correspondence). Additionally, plant growth can be further decreased by nitrogen (N) enrichment, which fuels accelerated fungal demand for C [76].



Another mechanism that may have disrupted a mutualistic relationship between plants and mycorrhizae is associated with the agricultural land use history of the site. Frequent P additions in past agriculture and continuous monocultures may have favored AMF populations parasitic to endemic plants [77]. This hypothesis is not far-fetched, given this site’s agricultural history, which would have seen host plants typically found in riparian forests removed, which would have deprived the endemic mycorrhizae of hosts for the production of propagules. Furthermore, the substantial P amendments likely to have occurred on this land could have created unfavorable conditions for AMF establishment [36]. Plants growing in high P soils can obtain P directly from the soil [78], bypassing the fungal symbiont. One can argue that the agricultural land use history is the same for all three plots. However, some AMFs might have survived in the degraded buffer when R. cathartica dominated the vegetation. Our vegetation surveys showed that even under the R. cathartica canopy, endemic plant hosts were present, likely accounting for the root colonization in the OIV and RV plots. Those mycorrhizae would have been endemic and likely better-matched symbionts than those used to inoculate plants in the RVM plot.




4.2. Succession, Pollinator Habitat, and Utility of the Plant Community to the Abenaki


The plant richness was greater in the restored than the control plots, as one would expect. However, far from being a monoculture of R. cathartica, OIV originally hosted 19 other species, albeit at low abundance, at the beginning of the study. Sixteen additional species appeared in the control plot (OIV) by the fourth year, maybe due to opportunities created by plot edges caused by the restoration. Of these 16 newcomers, Acer spp. and Quercus spp. could only have migrated from the restored plots. However, the other 14 species could have originated from adjacent wildlands or from the restored plots where they also occurred (Rubus spp. Viburnum opulus, Circaea canadensis, Epilobium ciliatum, Solidago spp., Arctium sp., Impatiens capensis, Viola sp., Parthenocissus quinquefolia, Oxalis stricta, Elymus virginicus, Eurybia divaricate). R. cathartica is reported to host bees and flies, although we did not observe pollinator visitation on the flowers in all four years. Even so, there are several reasons why R. cathartica should be removed: its berries are known to be a laxative for birds, it uptakes little P and it has allelopathic effect on surrounding understory plant communities [79].



The large increases in new plant species in the restored plots could potentially serve a wide range of pollinator species (Table S1). However, our four-year study is at a stage just before pollinator habitation and new plant community persistence can be meaningfully evaluated. It is not yet clearly known for how long pollinator habitats can maintain themselves in these emerging “novel ecosystems” [80], often lacking responses in bee communities for five or more years [81]. High—diversity seed mixes may result in diverse floral communities like ours, but their effect on species richness may only last three to four years [82], showing most success when located near natural reserves [83]. In our study, the restored communities appear stable, with the high survival of planted pollinator species but recruitment of additional species adding some uncertainty to the outcome of succession.




4.3. Trade-Offs to Consider in Multi-Functional RFBs


The three functions of RFBs we were interested in evaluating were P mitigation, pollinator habitat, and Indigenous utility of the plantings, with rematriation of land though Abenaki harvesting as part of the mitigation strategy. Harvesting means removal of biomass and thus nutrients.



Clearly, the increased number of pollinator plants also increased the number of species relevant to the Abenaki. Both restored plots included more culturally relevant species than the intact control. Replacing R. cathartica with plants culturally relevant to the Abenaki, which also accumulate P, would ensure continued P removal. Cyclical harvesting, prior to senescence in late summer, of berry and coppicing of woody species by the Abenaki can support the early phases of rematriation and contribute to P reductions in the landscape, offering a model to overcome inequities inherent in land ownership and facilitate community-based conservation strategies [84].



This appears like a win–win strategy. Yet, there are trade-offs to be considered. When installing a restoration planting for a single reason, e.g., pollinator habitat, one may limit the value of the ecosystem service offered by the restoration planting. When estimating the amount of P that can be removed by ways Abenaki harvest from a biodiverse pollinator habitat, P removal is low. The Abenaki only harvest 1/4 of the biomass of any species to sustain the ecosystem. Utilizing data in Table 4, we estimate that the removal rates from the RFB would be between 0.1 and 0.5 kg/ha/year for RVM and RV, respectively. That is only accounting for the vegetation for which we measured the biomass P. This compares to 5–10 kg P/ha/year when harvesting a willow plantation on a three-year cyclical harvesting schedule [81,82]. If half of the buffer was planted with willow, up to 5 P kg/ha/year could be removed [85]. Yet a willow monoculture does not foster biodiverse pollinator habitats. Similarly, an elderberry orchard removes about 3.30 kg P/ha/year when harvesting all the berries, but its pollinator benefits are limited to the short flowering period.



On an annual basis, commercial willow plantations remove of the order of ten times more P than cyclically harvesting four species from these restoration plots. Thus, biodiversity and sustainable harvesting approaches reduce the P removal potential. This is to be weighed against the benefits of cyclical and selective harvests in biodiverse systems for species persistence [86].



The estimate of 0.1–0.5 kg/ha/year for the Abenaki harvest system may underestimate the potentially harvestable biomass P. First, the woody plants were still young upon harvest. When harvesting every three years, plants can regenerate and more woody biomass (thereby P) can be removed. Second, there are other plant species in the plots that can be harvested by the Abenaki, and these will likely remove additional P.



Solutions that can balance the three competing functions could involve agroforestry and permaculture practices. For example, the underlying spatial principles of forest gardening define micro-zones [87], which impose spatial structure that could partition the RFB into areas suited to different competing functions. Some areas may be set aside for hyper-accumulating plants and others for a diverse vegetation that satisfies insect needs and Indigenous use. In zonal designs that correspond to hydrological conditions, specialist species to host pollinators and insects can be planted at higher densities [88]. Co-creating plant palettes with the Abenaki that prioritize fast-growing, P-accumulating plant species tolerant of coppicing, which are also resilient to various environmental disturbances [89], might also resolve some of the trade-offs. Ideally, improved agricultural management in the uplands would reduce P loads without having to rely on interception by and retention in RFBs.



A challenge of integrating traditional knowledge into federal or state-driven restoration programs is that policy formulation is performed mostly by scientifically trained people who are not all aware of the available, relevant traditional knowledge [89]. A shift is occurring though, as indicated by COP15 in Montreal 2022′s core session on Science and Traditional Knowledge hosted by UNESCO, which crafted a Local Communities and Indigenous Peoples Platform under the United Nations Framework Convention on Climate Change (UNFCCC) [90,91]. Further evaluations are needed to explore how Indigenous wisdom can help resolve the natural resource problems caused by agriculture.



Even though the term “restoration” is used throughout the paper [92], we understand the process to be a form of Ecological Reconciliation, which aims to restore ecological functions in bioregional contexts [93] while also attempting to reconcile settler relationships with the landscape and its Original Peoples.




4.4. Potential Solutions, Importance for Long Term Research, and Future Directions for This Study


Research capital should be spent on efficient designs that balance the three objectives. Our recommendations for future research are to avoid any negative effects that commercial mycorrhizae may have on plant growth [94,95,96,97] and to maximize the P mitigation potential through endemic mycorrhizae. These can be cultured easily [98] and applied with minimal effort.



The restored plant community can be further evaluated by observing pollinator and insect visitation. Soil microbial assays and analyses of all the essential nutrients can provide a better understanding of the restoration trajectory. DNA sequencing of mycorrhizae may help clarify the specific mycorrhizal species involved in P mitigation. In addition, the period during which the plant community is monitored should be much longer than four years as, in ecological time, this is too short to assess the trajectory of the succession.



Spatial statistical models could be used to simulate P uptake in such systems to optimize the spatial patterning of restoration plantings. Furthermore, N analysis and more randomly distributed replicates of each treatment could augment future data collection. Going forward, it would be informative to document how much P can be removed through Abenaki harvesting of useful materials for ceremony, medicine, food, and crafts.



Over time, studies like this could inform BMPs and thereby slow or even reverse the current trend of water quality and insect population degradation. Proactive maintenance and monitoring are critical to determining restoration success [99]. This involves more than physical, biochemical processes. It involves human relationships with the land and all inhabitants. Changing design, land access, and tending approaches can facilitate recovery of degraded systems once determined by historical patterns of ecological and social trauma, In this way, rematriation can be integrated into ecological restoration to facilitate socio-ecological resurgence [100].





5. Conclusions


This study demonstrates that, four years after restoration, the restoration plots have increased in biodiversity. However, the effect of mycorrhizae on the trajectories of biodiversity and P mitigation is opposite to what we expected. The use of commercial mycorrhizae, high P concentrations and shading of one restoration plot likely confounded the effect of mycorrhizae on both P mitigation and biodiversity data. Reconciling the three RFB functions that we studied (P mitigation, biodiversity and social justice) is a worthy challenge, as increased biodiversity and plant utility to the Original Peoples appear to limit P mitigation potential. Deliberate design based on the spatial variability of ecosystem functions (pollinator habitat biodiversity, Abenaki land access and P mitigation) may resolve this conflict. Over time, better RFB design and recommendations for maintenance may inform BMPs. These can include co-designing and managing RFBs together with Indigenous People, incorporating endemic mycorrhizae, and employing cyclical harvesting of biomass to slow or even reverse the current trend of water quality degradation and insect habitat decline.
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Figure 1. Study site at Shelburne Farms and Orchard Cove. Image on the right shows an overview of the surrounding area in Shelburne, VT, with the yellow circle highlighting the farm and outflow into Orchard Cove. Image on left shows a detailed image of the farm features and study site on the drainage way amidst the riparian forested buffer (Google Maps, aerial view, accessed 8 March 2024). 
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Figure 2. Total soil P concentration across the sampling dates over four years for the three treatment plots. 
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Figure 3. Plant species counts (richness) from monthly transect monitoring from 2020 to 2023 in BE and for the entire plots (BFS = BE + BW) at the end of the fourth year. 
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Figure 4. Root colonization (percent of root) for R. cathartica, S. canadensis, and S. petiolaris in the three treatment plots in 2023. 
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Table 1. Plant palette. Designed and installed for the two restored plots, indicating the number, flowering time, pollinator species hosted, type of mycorrhizal symbiont, and Abenaki use of the plants: m, medicinal; e, edible; a, artisanal; c, ceremonial; and u, utilitarian. Two species listed as flowering in February have catkin or fruits available for pollinators. All the species are native to VT, except naturalized Panicum virgatum [43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59].
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Plant Palette for Myco-Phytoremediation Ecological Restoration Research Pilot Project at Shelburne Farms




	
Flora

	
Scientiific Name

	
Common Name

	
#/Plot

	
Abenaki Uses

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sept

	
Oct

	
Nov

	
Hosts






	
Trees

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	

	
Acer rubrum

	
Red Maple

	
1

	
e,m

	

	

	

	

	

	

	

	

	

	

	
Native & honey bees, Cecropia moths, other moth larvae, birds




	

	
Acer saccharinum

	
Silver Maple

	
1

	
e,m

	

	

	

	

	

	

	

	

	

	

	
Birds, Cecropia moth




	

	
Alnus incana

	
Speckled Alder

	
10

	
m,c

	

	

	

	

	

	

	

	

	

	

	
Songbirds, waterbirds, mammals




	

	
Carya ovata

	
Shagbark Hickory

	
2

	
e,a

	

	

	

	

	

	

	

	

	

	

	
Insectivorous birds




	

	
Cornus Sericea

	
Red Osier Dogwood

	
19

	
m,a

	

	

	

	

	

	

	

	

	

	

	
Waterfowl, marsh & shore birds, butterflies, Spring Azure




	

	
Quercus bicolor

	
Swamp White Oak

	
1

	
e

	

	

	

	

	

	

	

	

	

	

	
Songbirds, ground birds, water birds, mammals




	

	
Salix nigra

	
Black Willow

	
1

	
m

	

	

	

	

	

	

	

	

	

	

	
Songbirds, water fowl, Mourning Cloak, Viceroy, Red Spotted Purple, Tiger Swallowtail




	

	
Salix petiolaris

	
Meadow Willow

	
8

	
a

	

	

	

	

	

	

	

	

	

	

	
Native bees, bumblees, honeybees, Mourning Cloak, Viceroy




	

	
Tilia americana

	
Basswood

	
1

	
e,a,u

	

	

	

	

	

	

	

	

	

	

	
Native & honey bees, birds




	

	
Ulmus americana

	
American Elm

	
10

	
a,m

	

	

	

	

	

	

	

	

	

	

	
Birds, Mourning Cloak, Columbia Silkmoth, Question Mark, Painted Lady, Comma Butterfly




	
Shrubs

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	

	
Cephalanthus occidentalis

	
Buttonbush

	
9

	
m

	

	

	

	

	

	

	

	

	

	

	
Native bumblebees, honey bees, birds, butterflies, Titan Sphinx, Hydrangea Sphinx




	

	
Ilex verticillata

	
Winterberry

	
4

	
m

	

	

	

	

	

	

	

	

	

	

	
Honey bees, birds, butterflies, Elf Larval Host




	

	
Sambucus canadensis

	
Elderberry

	
8

	
m

	

	

	

	

	

	

	

	

	

	

	
Native, bumble and honey bees, birds, butterflies, Titan Sphinx, Hydrangea Sphinx




	

	
Viburnum dentatum

	
Arrowood

	
4

	
a,u

	

	

	

	

	

	

	

	

	

	

	
Native bees, bumblebees, birds, butterflies, Spring Azure




	

	
Viburnum lentago

	
Nannyberry

	
4

	
e,c,m

	

	

	

	

	

	

	

	

	

	

	
Birds, butterflies, Spring Azure




	
Perennials

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	

	
Asarum canadense

	
Wild Ginger

	
9

	
m

	

	

	

	

	

	

	

	

	

	

	
Butterflies, Pipeline Swallowtail




	

	
Carex comosa

	
Longhair Sedge

	
18

	

	

	

	

	

	

	

	

	

	

	

	
Nesting for insects and birds




	

	
Chelone glabra

	
Turtlehead

	
20

	
m

	

	

	

	

	

	

	

	

	

	

	
Hummingbirds, butterflies, Baltimore Checkerspot




	

	
Eupatorium perfoliatum

	
Boneset

	
14

	
m

	

	

	

	

	

	

	

	

	

	

	
Native bees, birds, butterflies




	

	
Eutrochium purpureum

	
Joe Pye Weed

	
21

	
m

	

	

	

	

	

	

	

	

	

	

	
Native bees, birds, butterflies




	

	
Iris versicolor

	
Blue fllag Iris

	
18

	
m

	

	

	

	

	

	

	

	

	

	

	
Birds, hummingbirds




	

	
Symphyotrichum novae-angliae

	
NE Aster

	
9

	
m,e

	

	

	

	

	

	

	

	

	

	

	
Birds, butterflies




	
Wild Seed Mix

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	

	
Panicum virgatum

	
Switch Grass

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Birds, butterflies, Delaware & Dotted Skipper




	

	
Elymus virginicus

	
Virginia Wild Rye

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Birds, butterflies, Branded Skippers and Satyr Larval Hosts




	

	
Festuca rubra

	
Red Fescue

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Birds




	

	
Carex vulpinoidea

	
Fox Sedge

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Birds




	

	
Scirpus cyperinus

	
Wool Grass

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Birds, Dion Skipper




	

	
Scirpus atrovirens

	
Green Bullgrass

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Birds, waterfowl, songbirds, shorebirds




	

	
Bidens cernua

	
Nodding Bur-Marigold

	
seed mix

	
m

	

	

	

	

	

	

	

	

	

	

	
Birds, native bees




	

	
Eupatorium perfoliatum

	
Common Boneset

	
seed mix

	
m

	

	

	

	

	

	

	

	

	

	

	
Native bees, butterflies, moths, birds




	

	
Eupatoriadelphus maculatus

	
Joe Pye Weed

	
seed mix

	
m

	

	

	

	

	

	

	

	

	

	

	
Butterflies, Moth caterpillars, deer, rabbit




	

	
Juncus effusus

	
Soft Rush

	
seed mix

	
a

	

	

	

	

	

	

	

	

	

	

	
Birds




	

	
Onaclea sensibilis

	
Sensitive Fern

	
seed mix

	
m

	

	

	

	

	

	

	

	

	

	

	
Birds, salamanders, frogs




	

	
Verbena hastata

	
Blue Vervain

	
seed mix

	

	

	

	

	

	

	

	

	

	

	

	
Native bees




	

	
Symphyotrichum novae-angliae

	
NE Aster

	
seed mix

	
m,e

	

	

	

	

	

	

	

	

	

	

	
Native bees, bumblebees, honey bees, Pearl Crescent Larval Host











 





Table 2. List of AMF and ECM species in the Mycorrhizal Applications Mix applied to the seeds and species planted in the RVM. It was discovered after installation that some of these * do not associate with plants in the palette [36].
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	Ectomycorrhizal (ECM)
	Endomycorrhizae (AMF)





	* Rhizopogon villosulus, R. luteolus, R. amylopogon, R. fulvigleba
	Glomus intraradices, G. mosseae, G. aggregatum, G. etunicatum, G. deserticola, G. monosporum, G. clarum



	* Pisolithus tinctorius
	Paraglomus brasilianum



	* Suillus granulatus
	Gigaspora margarita



	* Laccaria bicolor, L. laccata
	



	Scleroderma cepa, S. citrinum
	










 





Table 3. Data sampling parameters, dates, and replicates * due to the limited number of vigorous plants. ** Data can be found in Figures S1 and S2.
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	Sampling Dates
	# Replicate/Treatment
	Parameters Measured





	5/21/2020
	1 composite of 5
	TP



	5/2020–9/2020
	6 storm events
	SRP (via lysimeters) **



	5/2020–10/2020 monthly
	1
	Plant richness



	7/3/2021
	3
	TP



	7/3/2021
	3
	WEP-SRP **



	7/3/2021
	3
	Mehlich-3-extractable P **



	8/10/2021
	3 of each species
	Plant P



	5/2021–10/2021 monthly
	1
	Plant richness



	5/18/22, 7/19/22, 8/10/2022
	3
	TP



	5/18/22, 7/19/22, 8/10/2022
	3
	WEP-SRP **



	5/18/22, 7/19/22, 8/10/2022
	3
	Mehlich-3-extracta