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Abstract

:

Research Highlights: In central Ontario, large quantities of non-industrial wood ash (NIWA) are generated and could be used as a forest soil amendment to counteract soil acidification and base cation depletion caused by decades of acid deposition. Background and Objectives: The properties and biogeochemical responses of NIWA have not been thoroughly explored, and field experiments must be conducted before NIWA can be regulated as a forest soil amendment in Ontario. Materials and Methods: In this study, soil chemistry and sugar maple (Acer saccharum, Marsh.) seedling growth and chemistry were measured in an acidic sugar bush over twelve months following a NIWA field experiment. Plots (2 m by 2 m) were established with sugar maple, white pine (Pinus strobus L.), and yellow birch (Betula alleghaniensis Britt.) NIWA treatments applied at rates of 6 Mg ha−1 along with untreated control plots. Results: Ash chemistry varied significantly among species and yellow birch ash generally had much higher metal concentrations compared with other species. Following ash application, significant increases in soil pH and calcium and magnesium concentrations were observed, however the level of response varied by treatment. Foliar concentrations of base cations in sugar maple seedlings significantly increased in ash treatments and there was no significant treatment effect on foliar metal concentrations or seedling growth. In roots and shoots, concentrations of several metals (manganese, aluminum, iron, boron, arsenic, cadmium, zinc, copper, lead, chromium, and nickel) increased after ash application, however response was most pronounced in yellow birch ash. Conclusions: These results suggest that application of NIWA can counteract the lasting effects of acid rain by increasing soil pH and base cation concentrations, as well as increasing sugar maple seedling foliar nutrient concentrations, but ashes from species with high metal contents may also increase metal availability to vegetation, at least in the short-term.
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1. Introduction


Acid rain has resulted in surface water acidification [1,2] and accelerated nutrient leaching from forest soils [3,4] across North America. Chemical changes in soil associated with acid deposition, particularly calcium (Ca) depletion, have been linked to declines in sugar maple (Acer saccharum, Marsh.) in Quebec [5], Ontario [6], and several regions of the eastern United States [7,8]. While some studies have suggested that signs of soil recovery from acidification are emerging [9], full chemical recovery will be slow, perhaps taking centuries because of low base cation weathering rates [10]. Increased forest harvest intensity may also slow recovery by removing additional base cations from the site and increasing soil acidity [11,12]. Chemical recovery of soils may be accelerated with additions of lime [13,14] or wood ash [15]. Increased production of wood ash from biomass combustion, as well as high costs of landfilling [16], has sparked interest in using wood ash as a forest soil amendment [17].



Wood ash is best used on acidic, nutrient-deficient forest soils, because wood ash has high alkalinity, pH values ranging from 8.9–13.5, and high concentrations of Ca, magnesium (Mg), potassium (K), and phosphorus (P) in ash [15,18]. In Scandinavia, wood ash has been used for decades to alleviate forest nutritional deficiencies and decreases in pH caused by whole tree harvesting or acid deposition [19,20,21]. In Canada, wood ash may also have potential as a commercial-scale forest soil amendment [22,23], especially in areas such as Ontario where large amounts of wood ash are generated [24,25] and where about 63% of the forest area is at risk of soil acidification [26].



A variety of factors must be recognized before using wood ash to improve soil fertility. Wood ash composition can vary considerably depending upon tree species, combustion conditions, tissue types, and climate and soil conditions [17,27,28]. For example, bark and foliage may contain five to ten times more nutrients than stemwood [29], but large variations in nutrient concentrations have been shown to occur within the same tree species on calcareous versus acidic soils [30]. Metal concentrations in ash are also variable and there is concern that wood ash application may increase the concentration of heavy metals in forest ecosystems [18]. For example, willow (Salix spp.) is known to hyperaccumulate cadmium (Cd) [31] and poplar (Populus spp.) is known to accumulate zinc (Zn) [32]. Tree species and tissues used for woody biomass combustion that are accumulators of toxic metals, with resultant increased metal levels, have the potential to translate into wood ash with higher metal concentrations.



There is growing interest in using wood ash to improve forest soil fertility, and wood ash field trials are currently being conducted in British Columbia, Saskatchewan, Manitoba, Ontario, and Quebec to examine the effects of wood ash on forest ecosystems [33]. Recent publications from research conducted at these sites have provided evidence in support of wood ash as a nutrient additive and soil pH neutralizer [34,35,36], however none have observed the impact of non-industrial wood ash (NIWA) (ash produced in wood stoves) on forest ecosystems. The amount of wood ash used for land application has increased since the mid-1990s, but a significant portion is still landfilled (from 84% in 1995 to 63% in 2013) [37], which pose waste disposal issues. In Ontario, almost 20,000 tonnes of NIWA are produced each year, 83% coming from maple (Acer spp.), birch (Betula spp.), oak (Quercus spp.), beech (Fagus spp.), ash (Fraxinus spp.), or cherry (Prunus spp.) trees [24]. Non-industrial wood ash may be useful in combating acidification and nutrient losses in central Ontario forests and lakes; however, its’ composition is relatively unknown. Non-industrial wood ash may vary in composition more so than industrial wood ash due to the greater variety of tree species and tissue types burned, and differences in combustion conditions [38]. Therefore, field studies must be conducted to assess both the benefits to soils and plants and the potential toxicity of NIWA before it can be evaluated as a commercial-scale forest soil amendment.



Soils in the Muskoka–Parry Sound area of Ontario are generally acidic, with low base saturation [39,40] and are particularly vulnerable to acid deposition [41]. Lasting effects of acid deposition have been documented in this area, including losses of Ca from the exchangeable pool [42] and declines in central Ontario lake Ca levels by almost 50% [41]. Recently, liming studies conducted regionally [43] and in other regions of North America [44,45] have shown positive ecosystem responses. Therefore, applying wood ash to central Ontario forests could counteract the effects of acidification and tree harvesting, potentially improving overall forest health [22,46], especially as wood ash contains other nutrients (Mg, K, P) that may be beneficial to forest ecosystems [17]. The objective of this study was to investigate the short-term (<one-year) response to the application of three NIWA types to an acidic forest in central Ontario. Non-industrial wood ashes from sugar maple, white pine (Pinus strobus L.), and yellow birch (Betula alleghaniensis Britt.) trees were applied to 2 m by 2 m plots at a rate of 6 Mg ha−1 (based on liming recommendations for the site) in Bracebridge, Ontario. Soil and sugar maple seedling chemical and biological properties were assessed. These species were chosen to reflect two common non-industrial hardwood ashes produced in Ontario (maple, 29% and birch, 14%) and the most common non-industrial softwood ash produced in Ontario (pine, 2%) [24].



It was hypothesized that the application of the different ash types would alter soil and sugar maple seedling chemistry, but that the response would differ among ashes. It was predicted that wood ash addition would increase soil pH and base cation concentrations. It was also predicted that there would be an increase in plant nutrients in seedling tissues and a positive effect on seedling growth. We also hypothesized that there would be an increase in metal concentrations in soil, and that sugar maple seedling metal concentrations would increase following application of all ashes.




2. Materials and Methods


2.1. Study Site


The study site was located at an acidic (approximately 4.4 pH units in the top 0–15 cm of soil) [47] sugar bush near Bracebridge, Ontario (45′08°N, 79′46°W), approximately 215 km north of Toronto. The site was level to gently sloping, with an elevation of approximately 308 m above sea level. Average precipitation in the area was 1198 mm and the average annual daily temperature was 4.8 °C, ranging from −10.7 °C in January to 18.2 °C in July [48]. The study site was in an area of granitic gneiss Precambrian Shield bedrock overlain by shallow, coarse textured sandy loam soils that belong to the great group Sombric Brunisol based on the Canadian System of Soil Classification [49]. The site was dominated by sugar maple, but also had a mix of red oak (Quercus rubra L.), eastern hemlock (Tsuga canadensis Carr.), and white birch (Betula papyrifera Marsh.). Canopy closure ranged from 70% to 97% (mean, 83%; median, 90.5%). In 2016, sugar maple leaf tissue at the site was reported to contain medium levels of K and P and deficient levels of Ca and Mg [47]. The report recommended that this sugar bush receive a 5.5 Mg ha−1 lime application.




2.2. Plot Setup and Experimental Design


In early May 2018, twenty 2 m by 2 m plots (including a 1 m buffer) were randomly established at the study site. The plots were chosen based on the following characteristics: Dominated by sugar maple seedlings, far from roads and major urban locations to eliminate any road salt effects, and relatively flat slope to avoid runoff of ash immediately after application, given there is a precipitation event. The plots were assessed for canopy closure and elevation. Sugar maple, white pine, and yellow birch ashes were applied at a rate of 6 Mg ha−1 with one control treatment (0 Mg ha−1 ash) on 28 May 2018. The sugar maple and white pine wood ash treatments were replicated five times, with the control and yellow birch ash treatment treatments replicated seven and three times, respectively. We were unable to replicate the yellow birch ash treatment five times due to an insufficient amount collected, so the final two plots were left as controls. The amount of ash needed for each plot was weighed, carried to the plot using sealed plastic bags and hand distributed as evenly as possible by hand. Non-industrial wood ash samples (sugar maple, white pine, and yellow birch) were generated over the 2017 winter heating season and obtained from three independent residents of Muskoka County. Ash samples were sealed in large, polyethylene containers and stored in a cool, dark environment prior to analysis. Before application, ash was sieved to <2 mm to remove any large debris (charcoal).



To evaluate how representative ash from these three species were relative to other species in other locations a survey was conducted to measure ash chemistry of bark and wood tissue from on (n = 16) and off (n = 11) the Canadian Shield to investigate the range in wood and bark ash chemistry. Mineral soil underneath the base of each tree was also collected. Tree and mineral soil samples were sealed in plastic bags and stored at 4 °C prior to analysis.




2.3. Field and Laboratory Sampling and Analysis


Tree samples were separated into bark and stem tissues, left to air dry for two weeks, then ashed using a muffle furnace (550 °C for 16 h). Non-industrial wood ash chemistry was measured in oven-dried ash prior to application to soils. Carbon (C), nitrogen (N), and sulfur (S) were determined using a CNS combustion analyzer (Elementar vario MACRO cube CNS) and Ca, Mg, K, sodium (Na), manganese (Mn), aluminum (Al), iron (Fe), boron (B), molybdenum (Mo), arsenic (As), Cd, Zn, copper (Cu), Pb, chromium (Cr), cobalt (Co), nickel (Ni), selenium (Se), beryllium (Be), vanadium (V), strontium (Sr), and barium (Ba) were measured using inductively coupled plasma optical emission spectrometry (ICP-OES) following nitric acid digestion (Aristar® Plus, CAS 7697-37-2). Samples for ICP-OES were weighed (~0.2 g each) and placed in a 50 mL DigiTUBEs (SCP Science, Quebec, CA, USA), where 2.5 mL of 100% (v/v) nitric acid was added. Precision of CNS analysis was confirmed using standard soil samples (EnviroMAT SS-2). Samples for ICP-OES were weighed (~0.2 g each) and placed in a 50 mL DigiTUBEs (SCP Science, Quebec, CA, USA), where 2.5 mL of 100% (v/v) nitric acid was added. Caps were loosely placed on the tubes to allow air exchange. The samples were cold digested at room temperature for 8 h, then left to digest on hot plate at 100 °C for 8 h, or until all the sample had dissolved. The samples were then rinsed with deionized water three times while being transferred to a 25 mL volumetric flask through P8 Fast Flow Filter Paper. Then, the solution was adjusted to 25 mL using deionized water. Lastly, the sample were transferred to a 50 mL Falcon tube and stored in a refrigerator until analysis. Glassware was soaked in 5% (v/v) nitric acid overnight, rinsed with deionized water, and left to air dry prior to use. Precision of analysis was confirmed using blanks and NIST-1515-SRM apple leaves every 25 samples.



Nine soil grab samples (three per horizon) were taken from each experimental plot immediately prior to application, and 3 and 12 months after ash application. Additionally, soil cores were taken from each horizon using a soil corer, mallet, and wooden block to estimate bulk density. Horizons were classified as organic (LFH), upper mineral (Ah), and lower mineral (Bm), based on the Canadian System of Soil Classification for Sombric Brunisols [49]. Soil horizon thicknesses averaged 8 cm, 15 cm, and 10+ cm and bulk densities averaged 0.38 g cm−3, 0.59 g cm−3, and 0.98 g cm−3 for LFH, Ah, and Bm horizons, respectively. Sugar maple seedlings (n = 5) were harvested from each treatment and control plot one year after wood ash additions. Soil and seedling samples were sealed in plastic bags with soil maintained around the roots for the seedlings to maximize water retention [50] and stored at 4 °C prior to analysis.



LFH and mineral soil samples were air dried for two weeks. Dried LFH soil samples were ground using a Wiley Mill and dried mineral soil samples were sieved (<2 mm). Five grams of soil was transferred to a muffle furnace at 450 °C for 16 h to determine percent organic matter using loss-on-ignition. A 1:5 soil to 0.01M CaCl2 slurry and a 1:5 soil to reverse osmosis water slurry was used to measure pH and electrical conductivity (EC), respectively, by allowing the slurries to be stirred every 2 min for 10 min and left to rest for 10 min before taking readings using an OAKTON pH 510 series multimeter (Oakton Instruments, Vernon Hills, IL, USA). The probe was calibrated every 15 samples. Harvested sugar maple seedlings were carefully rinsed with deionized water to remove soil particles from roots and then oven-dried at 60 °C for one week. The roots, stems, and foliage were separated, then weighed to the nearest 0.0001 g to calculate root:shoot (R:S) and photosynthetic:non-photosynthetic (P:nP) ratios. The roots, stems, and foliage of dried sugar maple seedlings were ground using a ball-mill, then replicates from each treatment plot were pooled for analysis. Soil and seedlings were analyzed for total element concentrations (C, N, S, Ca, Mg, K, Na, Mn, Al, Fe, B, As, Cd, Zn, Cu, Pb, Cr, and Ni) using the same methods described above.




2.4. Statistical Analysis


On and off-Shield bark and stemwood ash nutrient and metal concentrations were compared using a paired t-test. To test the null hypothesis that ash has no effect on soil or sugar maple seedling nutrient and metal concentrations, as well as soil pH, EC, and organic matter content, comparisons were made between treated and control plots. Dunnett’s post hoc test was used to compare treatment plots with control plots, and Tukey’s HSD test was used for pairwise comparisons. The post hoc tests were completed only on those variables where a significant treatment effect was determined by one-way analysis of variance (ANOVA). Effects of treatment on seedling below-ground and above-ground biomass as well as R:S and P:nP ratios were also tested by one-way ANOVA. The R:S ratio was calculated as:


R:S = root biomass/(shoot + foliage biomass),



(1)







And the P:nP ratio was calculated as:


P:nP ratio = leaf biomass/(stem + root biomass).



(2)







When assumptions of normality and homogeneity of variance (according to Levene’s Test) were not met, a Kruskal–Wallis rank sum test was used. Significance at p = 0.05 unless otherwise stated. Significance at p = 0.1 was sometimes used to decrease probability of type II error due to small sample sizes. Statistical analyses were performed with RStudio Version 1.1.383 [51].





3. Results


3.1. Wood Ash Chemistry


3.1.1. Bark and Wood Ash Chemistry from Common Ontario Tree Species


The chemical composition of ash from the three tree species used in this study is generally representative of a broad range of tree species found in eastern North America. In general, the chemistry of ash from bark was similar to ash from stemwood in both on-Shield and off-Shield trees (Table 1). Nutrient (Ca, Mg, and K) concentrations in tree tissues were similar between on- and off-Shield trees, however there were large variations in metal concentrations, both among species and between locations (Table 1). Concentrations of most metals were higher in tissues from trees growing on-Shield (mineral soil pH averaged 4.1 units) compared with trees growing off-Shield (mineral soil pH averaged 5.2 units) and these differences were species dependent (Figure S1).




3.1.2. Non-Industrial Wood Ash Chemistry; Sugar Maple, White Pine, and Yellow Birch


Sugar maple ash had a higher pH and EC than white pine and yellow birch ash (Table 2). Nutrient (base cation, C, N, and S) concentrations were generally similar among ash types and as expected mineral concentrations (Ca, Mg, and K) were much higher than concentrations of N and S in all ashes (Table 2). In contrast to nutrients, metal chemistry varied considerably among ashes and yellow birch ash generally had much higher concentrations of several metals. For example, yellow birch ash contained 12 times more Zn, 9 times more As, 6 times more Cd and Pb, and 2–3 times more Cu and Co than ash from the other two species. However, sugar maple ash had higher concentrations of Fe, Cr and V.



Sugar maple and white pine ash concentrations were well within unrestricted (CM1) and restricted (CM2) non-agricultural source material (NASM) limits for land application of wood ash [52], with the exception of Se which had mean concentrations just above the unrestricted target (Table 1). Yellow birch ash had Cu, Cd, Zn, and Se concentrations just above the unrestricted target, but all metals fell well below limits for restricted use.





3.2. Effects of Wood Ash on Soil Chemical and Physical Properties


Prior to ash application, soils were acidic, ranging from a pH of 4.2 in the LFH horizon, to 3.7 and 3.8 in the upper (Ah) and lower (Bm) mineral horizons, respectively (Tables S1–S3). Three months following ash application, there were many changes to soil physical and chemical properties in the ash treatments, with the most pronounced changes occurring in the LFH horizon (Table S4). For example, soil pH was significantly higher (0.4–0.7 pH units) in sugar maple and white pine ash treatment plots compared with control plots in the LFH horizon.



Similar changes to soil physical and chemical properties were observed twelve months following ash application (Table 3). The pH of the LFH and Ah horizons were significantly higher in all ash treatments compared with control plots. Sugar maple ash treatment plots had the largest increases in soil pH in both horizons (1.1–1.4 pH units) compared with control plots. Soil EC was higher in treatment plots compared with control plots in LFH and Bm horizons, however no significant treatment effect was found in any horizon. There was also no significant treatment effect on soil organic matter one year after ash application in any horizon.



3.2.1. Soil Base Cation Concentrations


In general, exchangeable concentrations of base cations in upper soil horizons in the ash treatments were higher than, or similar to, values measured in control plots in all three horizons after 3 months and after one year (Table S4 and Table 3). Three months after ash application exchangeable base cation concentrations (Ca, Mg, and K) in upper soil horizons increased in all treatment plots compared with the control, although a significant treatment effect was found only for Ca concentrations in white pine plots (Table S4). One year following ash application, concentrations of Ca in the LFH and Ah horizons were significantly higher (approximately twice as high) in sugar maple and white pine treatment plots compared with control plots (Table 3). Concentrations of Mg were also significantly higher in sugar maple ash plots compared with control plots, but there were no significant differences in soil K or soil Na concentrations among treatments (Table 3).




3.2.2. Soil Metal Concentrations


Concentrations of metals in soils following ash application varied among treatments, however there were few significant differences among ash treatments and generally soil metal concentrations were low. There were also some instances where the ash treated soils in some horizons had lower metal concentrations than the control (Tables S5–S7). In general, concentrations of Mn, Zn, Ba, Se, and Sr were highest in the LFH horizon and decreased with depth, concentrations of Pb and Ni were highest in the Ah horizon, and concentrations of Al and Fe were highest in the Bm horizon.



Twelve months following ash application, plots treated with yellow birch ash, which generally had the highest metal content, had the highest metal concentrations in the organic horizon, however a significant treatment effect was only found for Zn (Table 4). For example, Zn concentrations were about two times higher in yellow birch plots (122 mg kg−1) compared with other treatment (73.8 mg kg−1 in sugar maple and 62.7 mg kg−1 in white pine) and control (60.7 mg kg−1) plots in the organic horizon. In contrast, metal concentrations in Ah and Bm horizons measured after 12 months showed no consistent response to wood ash treatments with concentrations of some metals in wood ash plots being lower than those measured in control plots, most likely as a result of inherent variability in natural soil properties (Tables S8 and S9).





3.3. Effects of Ash on Sugar Maple Seedlings


3.3.1. Seedling Growth


There was no treatment effect on sugar maple growth metrics assessed in this study after one year (Table 5). There was no difference in R:S ratio (Chi square = 0.842, p = 0.84, df = 3) or P:nP ratio (Chi square = 3.646, p = 0.30, df = 3), although sugar maple seedlings treated with wood ash had a higher R:S ratio compared with seedlings from control plots. Belowground (root) and aboveground (shoot and foliage) biomass were not significantly different among treatment and control plots, and all plots, including control, allocated 70%–72% dry weight (DWT) of their total mass to aboveground tissues.




3.3.2. Seedling Nutrient Concentrations


There were large differences in sugar maple seedling foliar, stem, and root nutrient concentrations among treatments after one year of ash application (Figure 1). Foliar Ca concentrations were significantly higher than control plots in all ash treatments (F3,16 = 6.92, p = 0.003) and foliar K concentrations were significantly higher than controls in white pine and yellow birch treatments (F3,16 = 2.07, p = 0.014; Figure 1a). Foliar Ca, Mg, and K in all ash treatments including the control were also well above critical threshold values (5 g kg−1 Ca, 1.1 g kg−1 Mg, and 5.5 g kg−1 K) for healthy trees [53] (Figure 1a–c). Seedling stem and root Ca, Mg, and K concentrations were also significantly higher (p < 0.05) than controls in all treatment plots, except for root K concentrations in white pine treatment plots (Figure 1b,c).




3.3.3. Seedling Metal Concentrations


One year after ash addition, there were no significant differences in foliar metal concentrations among treatments (Table 6). In contrast, concentrations of most metals were higher in seedling stems and/or roots in the ash treatments compared with control plots. Significant treatment effects were mainly observed in sugar maple and yellow birch ash treatment plots, however significantly higher stem B and Pb concentrations and root Zn concentrations relative to controls were also observed in white pine ash treatment plots. Generally, the largest differences in stem and root metal concentrations were observed in yellow birch ash treatment plots, which was the ash with the highest metal content (Table 2). In yellow birch treated seedlings, root Mn concentrations were three times higher than control seedlings, root B, As, Cd, and Pb concentrations were two times higher than control seedlings, and root Zn concentrations were four times higher than control seedlings. In stem tissues, seedlings treated with yellow birch ash had concentrations of Al, As, B, Cd, Ni, Pb, and Zn that were two to four times higher than control seedlings (Table 6).






4. Discussion


A substantial amount of non-industrial wood ash is produced in Ontario, enough to treat approximately 4500 ha of acidified forests in Muskoka per year [24]. Currently, a non-industrial wood ash recycling program is underway in Muskoka [54] that targets sensitive areas on an ongoing basis. The recycling program hopes to expand their initiative beyond that of a local scale in areas where wood burning is common, however the properties and biogeochemical responses of non-industrial wood ash have not been thoroughly explored. Our study indicates that non-industrial wood ash application may have a positive effect on forest soil base cation status and a neutral effect on short-term (1-year) sugar maple seedling growth. However, we also found some metal enrichment in soils following ash application, especially in ashes with higher metal concentrations, as well as elevated metal concentrations in sugar maple seedling roots and stems. This research indicates that there is considerable variability in chemical properties among residential ash samples and analysis of these ashes before use as a soil amendment is recommended.



Non-industrial wood ash is burned under different conditions than industrial ash and its composition is likely much more variable than ash from industrial sources. Therefore, it is important to understand the chemical composition of NIWA before it may be used as a forest soil amendment. In a regional survey of ash generated from bark and wood tissues, we found differences in metal concentrations between common tree species found in central Ontario. Generally, on-Shield bark and stem samples had higher metal concentrations than off-Shield tree samples indicating that metal accumulation is generally higher on acidic soils, which translates into higher ash metal concentrations. A dendrochemical survey of sugar maple on 22 sites in central Ontario reported the pH of northern soils overlying the Precambrian Shield to range from 3.9–4.9 pH units, whereas off-Shield soils ranged from 5.5–7.0 pH units [55], and it is widely accepted that decreases in soil pH increases availability of many metals [18,56].



The pH and nutrient concentrations of all three NIWA types used in the field study were within the ranges reported previously for wood-fired boiler ashes [57], and industrial fly ashes [58]. However, concentrations of Ca and Mg were below non-industrial (ash from wood stoves or wood-fired pizza ovens) ranges reported by [38] who analyzed nine non-industrial ashes and found the range of Ca concentrations in ash to be 268–319 g kg−1 and Mg concentrations in ash to be 15–24 g kg−1. The ash used in this study had Ca concentrations ranging from 156–209 g kg−1 and Mg concentrations ranging from 9.6–10.1 g kg−1.



Concentrations of all metals in the three residential ashes fell below CM2 Non-Agricultural Source Material guidelines for restricted use of wood ash, however some metals (Cu, Cd, Zn, and Se) were above CM1 Non-Agricultural Source Material guidelines for unrestricted land use in yellow birch (Cu, Cd, Zn, and Se) and sugar maple (Se) ashes [52]. There are currently no guidelines in Ontario for concentrations of V, Be, and Sr, however concentrations of these elements could be regulated in certain provinces eventually and the values reported in this study may be beneficial for future wood ash producers and appliers. There is very little published data on ranges of metal concentrations for NIWA. Compared with the NIWA samples of [38], which were reported to most likely be a mixture of combusted maple, beech, oak, birch, ash, and cherry trees, two of the ashes used in this study had similar metal concentrations for As, molybdenum (Mo), Cd, Co, Ni, and Se. However, yellow birch ash used in our study had 3.5 times the upper limit for Zn concentrations (2389 mg kg−1 versus 676 mg kg−1), 2 times the upper limit for Pb concentrations (29.7 mg kg−1 versus 14.1 mg kg−1), and 1.4 times the upper limit for Cu concentrations (29.7 mg kg−1 versus 14.1 mg kg−1) reported by [38]. Sugar maple ash Cr concentrations were 6.6 times the upper limit for NIWA reported by [38]. Variations in metal concentrations among NIWA types could also be due to site specific conditions such as soil acidity.



Concentrations of all metals (except for Cr and Zn) in the NIWA used in this study were within the ranges or lower for wood-fired boiler ashes [16,28,59]. Chromium concentrations in wood-fired boiler ashes range from 9–16 mg kg−1 and Zn concentrations range from 35–1250 mg kg−1 [57]. In this study, sugar maple ash had a Cr concentration of 49 mg kg−1 and yellow birch ash had a Zn concentration of 2389 mg kg−1. Compared with industrial fly and bottom ashes, all three NIWA types had metal concentrations well within ranges, with the exception of yellow birch ash, which had Cu concentrations slightly above reported average upper ranges for fly ash, and Cd and Zn concentrations slightly above reported average upper ranges for bottom ash [58]. The on- and off-Shield tree species survey highlights yellow birch as a potential outlier, having high concentrations of Mn, Cd, and Cr compared with other tree species. Concern for ashes of tree species that are accumulators of certain metals must be addressed before their use as a forest soil amendment.



The strong neutralizing effect of wood ash is widely recognized in literature [20,21,60]. Dissolution of oxides, hydroxides, and carbonates in ash result in hydroxyl and bicarbonate ions, which neutralize protons in the soil solution and on soil exchange sites [61,62,63]. An ash-induced LFH soil horizon pH increase of 0.4–1.1 units was observed in treatment plots after one year, similar to that reported in several short-term studies that applied ash in moderate doses (5–6 Mg ha−1 wood ash) to acidic forest soils [64,65,66]. Increases in mineral soil pH after one year were proportional to the initial pH of the ash treatments and were higher than those observed in literature, which generally reported slight increases [66,67] to no change [60] in mineral soil pH up to six years following ash application. The relatively large increase in mineral soil pH could be due to the high initial pH of the residential wood ash used in this study (12.1–13.1) compared with averages reported for wood ashes from industrial sources [17,18,57]. Reference [22] found a that a higher wood ash pH generally resulted in higher organic soil horizon pH increases following an eight-week incubation experiment. The large increase in mineral soil pH could also be due distinguishing the upper mineral soil from deeper mineral layers where effects take longer to develop [68,69], and we did not observe an increase in pH in the Bm soil horizon. Although only one sugar bush is evaluated, the study site was a good representation of soils typically found in central Ontario [70] and the results are likely transferrable across large parts of the region.



Increases in soil EC following ash addition are consistent with current literature [46]. Wood ash releases large amounts of soluble salts, increasing soil EC [56]. High EC could cause excess salinity in forest soils [22], However our values were well under 400 ms m−1, which is considered detrimental to forest soils [71].



Exchangeable base cation concentrations in soil at our site were similar to values reported in nearby sugar maple tree stands [72,73]. Reference [72] found surface soil under healthy trees had 2.7 g kg−1 Ca and 1.2 g kg−1 Mg, whereas soil under unhealthy trees had 1.3 g kg−1 Ca and 0.5 g kg−1 Mg. Surface mineral soils (Ah) at our site one year after application had 1.5–3.6 g kg−1 Ca and 0.6–0.9 g kg−1 Mg, which may indicate low Mg levels in soil even after ash treatment.



In this study, the addition of sugar maple and white pine ashes generally increased Ca, Mg, and K concentrations and decreased Mn, Al, and Fe concentrations in the organic horizon three months after application. Following an ash-induced increase in soil pH, H+ ions bound to proton exchange sites are replaced by base cations [74] or strongly binding metal cations such as Cd, Cu, Pb, and Zn that are present in ash [75], which may lead to higher concentrations of base cations and some metals in soil. Initial decreases in concentrations of Al, Fe, and Mn in soil are thought to be due to an ash induced soil pH increase resulting in these elements being displaced from cation exchange sites [21,67,76]. In yellow birch plots, Al concentrations remained close to control values and were even higher in the Bm horizon during the second soil sampling period, which could be due to the high Al concentrations in the ash compared with the other treatments. Overall, with the exception of the yellow birch ash our results are similar to those reported in literature, where an increase in exchangeable Ca, Mg, and K [22,60,67] and decrease in Al, Fe, and Mn [21,66,77] have been reported in the upper 0–20 cm organic soil follow 5–6 Mg ha−1 ash addition.



The effects of wood ash on upper mineral soil layers could be seen 12 months after application. This is consistent with the results of [66] and [77] who reported moderate changes in the B horizon 12–25 months following application of 6 Mg ha−1 and 8 Mg ha−1 wood ash, respectively. In this study, increased concentrations of Ca were seen in the organic and upper mineral soil horizons after 12 months, however in the upper mineral soil only Ca and Mg were still found in higher concentrations. Potassium and Na are easily released from wood ash [78] and could have been mobilized in the soil solution by the second soil sampling period [62]. Increased concentrations of soil Ca, Mg, and K are prominent findings as they suggest wood ash addition as a strategy to return nutrients and base cations to a forest system that has lost large amounts of base cations over the past 50 years.



Concern over use of wood ash as a soil amendment is largely regulated by the presence of heavy metals and their fate following application [79,80], as the application of ashes high in metal content could result in the accumulation of toxic metals in the upper soil horizons [20]. Generally, even though metal levels in the ashes varied, especially in yellow birch, soil responses were generally low. This is likely due to natural metal pools in the soil being large relative to the amount added in the ash and the inherent variability in soil metal concentrations. For example, the maximum amount of Al added to the soil (10 g kg−1 from yellow birch ash) represented approximately 1.5% of the Al content in the Ah horizon, and the relative amount of all other metals added was less than <1% of the natural soil metal pool. It is possible that ash may alter the natural distribution of metals in soil leading to some differences among treatments. For example, Pb concentrations were higher in organic horizons with yellow birch ash applied after three months but were lower in the Ah horizon after 12 months. This pattern is similar to that reported by [77], who found an increase in Pb concentrations after one month and decreased Pb concentrations after six months in the upper 0–9 cm of soil. This is thought to be due to increased soil pH initially immobilizing the metal [22] and subsequent re-mobilization of organically bound Pb in the organic layer [77]. Overall however, there were few significant differences in metal concentrations in both mineral soil horizons and in some cases, metal concentrations were lower in ash treated plots. In yellow birch ash treated plots, concentrations of Al, Zn, Cu, and Sr significantly increased in the lower mineral soil, and in sugar maple ash treated plots, a similar pattern was observed for Cr and Sr 12 months after ash addition. These differences are generally small and most likely reflect site to site variability rather than treatment effects from ash application.



One year after ash application, there was a significant treatment effect on sugar maple seedling foliar nutrient concentrations. Previous research conducted at the study site reported sugar maple leaves to be deficient in Ca and Mg [47] and it has been suggested that tree growth responses to wood ash addition will not occur if nutrients other than Ca are also limiting [68]. In this study, control seedlings had lower foliar Ca (8.6 g kg−1) and Mg (2.8 g kg−1) concentrations compared with treatment plots, but they were still within reported typical healthy ranges for sugar maple trees of 5.0–21.9 g kg−1 Ca and 1.1–4 g kg−1 Mg reported by [53]. Foliar K in control (15.2 g kg−1) and treatment (17.2 to 23.4 g kg−1) plots were above typical ranges for healthy sugar maples (5.5–10.4 g kg−1) reported by Kolb and McCormick (1993) [53]. Relatively high concentrations of foliar Ca, Mg, and K in seedings at all plots, including the control, may explain a lack of growth response to ash additions compared with similar studies which found positive growth responses of sugar maples following Ca addition [79,80,81,82]. For example, [82] reported that foliar Ca concentrations in seedlings approximately doubled relative to controls one- and two-years following addition of 0.85 Mg ha−1 Ca (as wollastonite). In their study, seedlings in control and treatment plots appeared deficient in foliar Ca before application (5.0 g kg−1 Ca) and seedlings in this study were within healthy ranges for foliar Ca concentrations before ash addition. Similarly, improvements in basal area growth, canopy health, and foliar nutrition have been shown in sugar maple trees deficient in foliar Ca (4.0 to 5.5 g kg−1) following applications of wollastonite, calcium chloride, and dolomitic lime to base poor northern hardwood forests [81,83,84].



Nutrient deficiencies, other than base cations could also contribute to the lack of positive seedling growth responses following ash addition. Phosphorus was not analyzed in this study and P deficiency in sugar maple has been indicated regionally [43,85] and in other regions of eastern North America [86]. Furthermore, positive plant growth responses may have not been seen because of the short time between ash application and our measurements [87]. Reference [82] noted that seedling growth responses were much greater two years after the addition of wollastonite to Hubbard Brook Experimental Forest compared with one year. Furthermore, longer studies on seedling growth may be required to see any positive growth effects, as growth responses in some field studies have not observed until four [88] or six [84] years after lime application.



A potential risk of applying wood ash is the increase in heavy metals input directly from wood ash or resulting from soil exchange and mineralization processes [89]. Accumulation of metals following ash addition can inhibit plant growth [44,90], and translocation from roots to other plant components has been reported for Pb [91], Zn [92], and Cd [60]. In this study, increased concentrations of many metals were found in seedling roots following ash addition. Roots act as exchange sites similar to soil organic matter [93], and some root metal concentrations are highly correlated to the exchangeable soil fraction [89]. For example, Cr concentrations in both the root tissues of seedlings and lower mineral soil from sugar maple ash plots were 1.6 times higher compared with values of seedlings and soil in control plots. Increased root metal levels could be a direct consequence of inputs from ash. However, it has also been suggested that the mobility of non-essential plant metals such as Cd, Ni, and Pb originates from the soil and not the ash [94]. High levels of base cations in ash may stimulate desorption of non-essential plant metals already present in the soil, through cation exchange reactions mobilizing metals or through cation displacement of hydrogen (H+), ions which lowers solution pH, and increasing metal availability [94]. However, no increases in foliar metal concentrations were observed, and it is possible that the roots acted as a detox system and restricted translocation to foliage [95].



There was no change in R:S or P:nP ratios of sugar maple seedlings following ash addition, suggesting that elevated levels of metals in roots and stems of sugar maple seedlings did not have an adverse effect on sugar maple seedling growth. There was also no difference in root or shoot growth following ash application, further suggesting no signs toxicity in sugar maple seedlings. These findings suggest that in the short-term at least, the increase in metal availability that occurs following ash addition (especially in yellow birch ash that has the highest metal content) is not harmful to sugar maple seedlings, but potential impacts on other ecosystem components (e.g., other tree species, microbial, and invertebrates) or in the longer term (>1 year) require careful evaluation.




5. Conclusions


Metal concentrations in the three NIWA were lower than recommended limits for unrestricted land application in Ontario with the exception of Cu, Cd, and Zn concentrations, but these metals were under limits for restricted land use. Non-industrial wood ash increased soil pH, soil base cation concentrations, and sugar maple seedling foliar base cation concentrations. Soil metal responses were muted, and few consistent differences among treatments were found; likely reflecting the relatively low amount of metal added relative to natural metal pools and high variability. Metal concentrations were higher in root and shoot tissues, however no negative effects on seedling growth were observed and there was no treatment effect on sugar maple seedling foliar metal concentrations. These results indicate that NIWA, applied at moderate doses, could be a viable forest soil amendment in acidic soils. However, pre-leaching [96], acidifying, and/or stabilizing [60] NIWA may improve its benefits as a soil amendment. There is considerable variability in physical and chemical properties among NIWA samples and analysis of these ashes before use as a soil amendment is recommended. Future research should focus on long-term effects of NIWA on acidic forest soils; specifically, looking at metals that have accumulated in the upper mineral soil and their potential to become mobilized once the effects of ash on increased soil pH subside.
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Figure 1. Plant nutrient (Ca, Mg, and K) concentrations (±SE) in (A) foliar, (B) stem, and (C) root and tissues of sugar maple seedlings from treatment plots harvested in June 2019, one year after ash addition. Samples from the same plots were bulked prior to analysis. An asterisk (*) indicated p < 0.05 as determined by Dunnett’s post hoc test, where all treatments are compared against the control. Significant differences from pairwise comparisons (Tukey) indicated with different letters. The post hoc tests were completed only on those variables where a significant treatment effect was determined by two-way ANOVA. 
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Table 1. Average elemental concentrations of bark and stemwood ashes from common trees found off (n = 11) and on (n = 16) the Canadian Shield. Average mineral soil pH and range (in brackets) are also shown. p value significant at 0.10 as determined by paired t-test.
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	Tissue Type
	Off Shield * (pH 5.2)
	On Shield † (pH 4.1)
	p Value





	Bark
	
	
	



	Ca (g·kg−1)
	210.9 (161–250)
	216.7 (13–313)
	0.006



	Mg (g·kg−1)
	11.4 (4.1–22)
	10.2 (1.9–37)
	0.412



	K (g·kg−1)
	42.7 (4.8–142)
	25.7 (1.6–138)
	0.278



	Na (g·kg−1)
	0.9 (0.3–2.7)
	-
	-



	Mn (g·kg−1)
	0.5 (0.2–0.9)
	9.7 (0.1–17.4)
	0.002



	Al (g·kg−1)
	3.9 (0.8–8.5)
	5.8 (0.8–15)
	0.120



	Fe (g·kg−1)
	3.4 (0.8–6.2)
	3.9 (0.5–7.3)
	0.408



	B (mg·kg−1)
	284.5 (41–510)
	211.8 (56–644)
	0.593



	As (mg·kg−1)
	2.5 (1.1–5.1)
	-
	-



	Cd (mg·kg−1)
	1.5 (0.5–4.1)
	38.6 (0–66.9)
	0.033



	Zn (mg·kg−1)
	355.7 (86–774)
	1045.8 (139–2428)
	<0.001



	Cu (mg·kg−1)
	101.8 (31–224)
	122.0 (0.8–378)
	0.958



	Pb (mg·kg−1)
	11.8 (1.3–56)
	42.9 (2.6–176)
	0.115



	Cr (mg·kg−1)
	5.8 (2.2–13)
	18.0 (1.3–34.9)
	0.083



	Ni (mg·kg−1)
	29.1 (5.0–87)
	60.6 (6.0–140)
	0.078



	Se (mg·kg−1)
	1.8 (0.3–3.4)
	10.9 (0–43)
	0.017



	Sr (mg·kg−1)
	528.4 (217–983)
	77.9 (0–2594)
	0.178



	Ba (g·kg−1)
	0.4 (0.1–1.2)
	2.8 (0.3–8.7)
	<0.001



	Stemwood
	
	
	



	Ca (g·kg−1)
	211.9 (137–266)
	126.7 (19–313)
	0.191



	Mg (g·kg−1)
	11.4 (9.8–31)
	10.2 (3.6–52)
	0.790



	K (g·kg−1)
	42.7 (9.4–154)
	25.7 (7.3–174)
	0.876



	Na (g·kg−1)
	1.8 (0.5–5.4)
	-
	-



	Mn (g·kg−1)
	0.5 (0.2–1.3)
	9.7 (0.5–27)
	<0.001



	Al (g·kg−1)
	2.0 (0.5–6.5)
	3.2 (0.2–11)
	0.106



	Fe (g·kg−1)
	3.4 (0.7–7.4)
	3.9 (0.4–11)
	0.650



	B (mg·kg−1)
	401.9 (137–705)
	318.4 (47–844)
	0.287



	As (mg·kg−1)
	3.6 (1.0–15)
	-
	-



	Cd (mg·kg−1)
	1.8 (0.5–11)
	13.9 (1.0–56)
	0.017



	Zn (mg·kg−1)
	457.8 (62–1172)
	1097.1 (197–3073)
	0.024



	Cu (mg·kg−1)
	196.0 (44–554)
	174.7 (46–864)
	0.973



	Pb (mg·kg−1)
	11.4 (2.0–65)
	57.2 (3.3–239)
	0.019



	Cr (mg·kg−1)
	5.7 (2.5–17)
	28.2 (5.3–73.4)
	0.002



	Ni (mg·kg−1)
	56.5 (11–297)
	316.3 (21–729)
	0.002



	Se (mg·kg−1)
	3.3 (1.0–7.3)
	12.9 (3.1–39)
	<0.001



	Sr (mg·kg−1)
	569.0 (318–1284)
	908.1 (149–2607)
	0.053



	Ba (g·kg−1)
	0.4 (0.1–1.4)
	3.5 (0.2–11)
	<0.001







* Fagus grandifolia, Tsuga canadensis, Larix Laricina, Betula papyrifera, Populus grandidentata, Pinus resinosa, Acer saccharum, Fraxinus americana, Pinus strobus, Picea glauca, and Betula Alleghaniensis. † Off-Shield species, as well as Cornus alternifolia, Castanea dentata, Tilia americana, Carya cordiformis, and Acer pensylvanicum.
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Table 2. pH, electrical conductivity (EC), loss-on-ignition (LOI), and nutrient and metal concentrations of residential wood ash (means, ±S.E.) from Muskoka County applied to a sugar bush in Bracebridge in May 2018 (n = 5). Ontario Regulation 267/03 of the Nutrient Management Act limits for unrestricted (CM1) and restricted (CM2) use of wood ash for land application as a non-agricultural non-aqueous source material are also shown.
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Sugar Maple Ash

	
White Pine Ash

	
Yellow Birch Ash

	
Non-Agricultural Source Material † Limits




	

	

	

	

	
CM1

	
CM2






	
pH

	
13.0 (0.1)

	
12.4 (0.1)

	
12.1 (0.1)

	

	




	
EC (mS·m−1)

	
13 400 (34)

	
9 600 (22)

	
7 900 (28)

	

	




	
LOI (g·kg−1)

	
18.9 (021)

	
26.1 (1.2)

	
41.8 (11.4)

	

	




	
C (g·kg−1)

	
42.6 (0.7)

	
102 (2)

	
107 (3)

	

	




	
N (g·kg−1)

	
0.6 (0.0)

	
0.9 (0.2)

	
1.0 (0.1)

	

	




	
S (g·kg−1)

	
0.1 (0.1)

	
0.2 (0.1)

	
0.6 (0.5)

	

	




	
Ca (g·kg−1)

	
156 (39)

	
250 (2)

	
209 (5)

	

	




	
Mg (g·kg−1)

	
9.9 (1.7)

	
9.6 (0.2)

	
10.1 (0.4)

	

	




	
K (g·kg−1)

	
31.1 (7.7)

	
59.2 (1.0)

	
62.5 (1.3)

	

	




	
Na (g·kg−1)

	
2.1 (0.5)

	
0.5 (0)

	
4.6 (0.2)

	

	




	
Mn (g·kg−1)

	
7.1 (1.6)

	
1.1 (0)

	
6.9 (0.2)

	

	




	
Al (g·kg−1)

	
8.1 (1.3)

	
0.6 (0)

	
10.0 (0.3)

	

	




	
Fe (g·kg−1)

	
3.9 (0.1)

	
0.6 (0)

	
1.1 (0)

	

	




	
B (mg·kg−1)

	
128 (29)

	
216 (5)

	
324 (6)

	

	




	
Mo (mg·kg−1)

	
1.4 (0.3)

	
2.8 (0.2)

	
0.6 (0)

	
5

	
94




	
As (mg·kg−1)

	
bdl

	
1.4 (0)

	
9.5 (0.3)

	
13

	
170




	
Cd (mg·kg−1)

	
1.6 (0.4)

	
1.2 (0)

	
9.4 (0.3)

	
3

	
34




	
Zn (mg·kg−1)

	
211 (51.2)

	
183 (3)

	
2389 (88)

	
500

	
4200




	
Cu (mg·kg−1)

	
66.1 (14.6)

	
90.5 (1.6)

	
207 (4)

	
100

	
1700




	
Pb (mg·kg−1)

	
bdl

	
4.7 (0.1)

	
29.7 (1.0)

	
150

	
1100




	
Cr (mg·kg−1)

	
49.1 (11.6)

	
4.2 (0.2)

	
7.3 (0.2)

	
210

	
2800




	
Co (mg·kg−1)

	
2.6 (0.5)

	
0.8 (0.1)

	
4.9 (0.2)

	
34

	
340




	
Ni (mg·kg−1)

	
5.9 (1.1)

	
4.4 (0.2)

	
6.5 (0.3)

	
62

	
420




	
Se (mg·kg−1)

	
3.9 (0.8)

	
2.0 (0.2)

	
5.7 (0.2)

	
2

	
34




	
Be (mg·kg−1)

	
0.2 (0.1)

	
0.1 (0.1)

	
0 (0)

	

	




	
V (mg·kg−1)

	
5.7 (1.3)

	
1.1 (0.1)

	
1.5 (0)

	

	




	
Sr (mg·kg−1)

	
606 (150)

	
824 (11)

	
1009 (147)

	

	




	
Ba (mg·kg−1)

	
1197 (285)

	
880 (18)

	
2939 (63)

	

	








† [52]. bdl, below detection limit.
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Table 3. pH, EC, organic matter content (OM), and total base cation concentrations (mean ± S.E.) one year after ash application. Significant differences from pairwise comparisons (Tukey) indicated with different letters. Significant differences (*) to control were determined by Dunnett’s post hoc test. The post hoc test was completed only on those variables where a significant treatment effect (p < 0.1) was determined by one-way ANOVA. All values represent total concentrations.
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	Horizon
	Control (n = 7)
	Sugar Maple (n = 5)
	White Pine (n = 5)
	Yellow Birch (n = 3)
	p Value





	LFH
	
	
	
	
	



	pH (CaCl2)
	4.1 (0.1)
	5.2 (0.4) *
	5.1 (0.2) *
	4.5 (0.2)
	0.005



	EC (mS·m−1)
	123.7 (10.4)
	178.1 (30.4)
	149.2 (22.2)
	125.8 (15.4)
	0.179



	OM (%)
	90.2 (1.0)
	90.6 (1.5)
	90.0 (0.6)
	90.7 (1.8)
	0.965



	Ca (g·kg−1)
	8.64 (0.72) a
	13.69 (2.01) b,*
	13.50 (3.15) b,*
	10.90 (2.03) a,b
	0.049



	Mg (g·kg−1)
	0.75 (0.05) a
	1.18 (0.14) b,*
	0.85 (0.13) a
	0.68 (0.04) a
	0.048



	K (g·kg−1)
	1.08 (0.08)
	1.41 (0.16)
	1.00 (0.20)
	1.14 (0.11)
	0.354



	Na (g·kg−1)
	0.16 (0.01)
	0.21 (0.04)
	0.16 (0.02)
	0.19 (0.04)
	0.384



	Ah
	
	
	
	
	



	pH (CaCl2)
	3.5 (0.1) a
	4.8 (0.2) c,*
	4.4 (0.2) b,c,*
	4.0 (0.2) b,*
	<0.001



	EC (mS·m−1)
	95.2 (14.6)
	120.4 (24.1)
	82.6 (12.1)
	62.3 (19.3)
	0.139



	OM (%)
	22.4 (3.0)
	15.6 (1.0)
	19.2 (2.1)
	21.7 (3.2)
	0.203



	Ca (g·kg−1)
	1.39 (0.15) a
	2.94 (0.45) b,*
	3.61 (1.21) b,*
	1.52 (0.44) a
	0.077



	Mg (g·kg−1)
	0.76 (0.09)
	0.79 (0.09)
	0.95 (0.13)
	0.68 (0.13)
	0.476



	K (g·kg−1)
	0.51 (0.03)
	0.46 (0.02)
	0.45 (0.04)
	0.40 (0.04)
	0.213



	Na (g·kg−1)
	0.27 (0.01)
	0.24 (0.02)
	0.25 (0.02)
	0.27 (0.04)
	0.732



	Bm
	
	
	
	
	



	pH (CaCl2)
	3.8 (0.1)
	3.8 (0.1)
	3.9 (0.1)
	3.9 (0.1)
	0.320



	EC (mS·m−1)
	30.2 (1.6)
	35.7 (4.3)
	35.6 (1.7)
	34.0 (6.3)
	0.440



	OM (%)
	13.9 (5.2)
	10.3 (0.4)
	16.2 (3.5)
	15.9 (0.6)
	0.113



	Ca (g·kg−1)
	0.79 (0.08)
	0.96 (0.10)
	0.82 (0.07)
	1.02 (0.18)
	0.397



	Mg (g·kg−1)
	1.22 (0.19)
	0.98 (0.25)
	1.01 (0.12)
	1.15 (0.15)
	0.765



	K (g·kg−1)
	0.51 (0.12)
	0.44 (0.06)
	0.38 (0.05)
	0.34 (0.04)
	0.616



	Na (g·kg−1)
	0.28 (0.03)
	0.26 (0.01)
	0.26 (0.02)
	0.29 (0.02)
	0.772



	Ca (g·kg−1)
	0.79 (0.08)
	0.96 (0.10)
	0.82 (0.07)
	1.02 (0.18)
	0.397
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Table 4. Organic (LFH) horizon soil total elemental concentrations (means ± S.E.) 12 months after ash application. Significant differences (p < 0.1) from pairwise comparisons (Tukey) indicated with different letters. Significant differences to control (Dunnett) indicated by an asterisk (*). The post hoc tests were completed only on those variables where a significant treatment effect was determined by one-way ANOVA.
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Treatment

	
n

	
Mn

	
Al

	
Fe

	
B

	
As

	
Cd

	
Zn

	
Cu

	
Pb

	
Cr

	
Ni

	
Se

	
Sr

	
Ba




	

	

	
-------- (g·kg−1) --------

	
--------------------------------------------------------------- (mg·kg−1) ---------------------------------------------------------------






	
Control

	
7

	
1.45 (0.23)

	
0.67 (0.16)

	
1.74 (0.55)

	
12.92 (1.31)

	
1.34 (0.17)

	
0.76 (0.17)

	
59.98 a (14.81)

	
11.29 (0.57)

	
4.18 (1.14)

	
36.03 (10.31)

	
3.51 (0.35)

	
2.25 (0.17)

	
48.63 (4.03)

	
122.2 (11.87)




	
Sugar Maple

	
5

	
1.43 (0.21)

	
0.86 (0.17)

	
2.40 (1.35)

	
16.25 (1.17)

	
1.32 (0.08)

	
0.73 (0.12)

	
73.74 a,b (15.58)

	
16.23 (3.20)

	
3.30 (0.51)

	
74.64 (55.92)

	
4.42 (1.52)

	
2.30 (0.23)

	
63.85 (9.24)

	
147.8 (20.06)




	
White Pine

	
5

	
1.02 (0.18)

	
0.63 (0.21)

	
1.34 (0.25)

	
17.14 (3.98)

	
1.19 (0.17)

	
0.61 (0.14)

	
62.69 a (14.81)

	
11.60 (2.08)

	
2.81 (0.19)

	
24.25 (4.35)

	
2.87 (0.30)

	
1.88 (0.30)

	
75.30 (17.0)

	
112.8 (21.95)




	
Yellow Birch

	
3

	
1.00 (0.10)

	
0.85 (0.43)

	
1.84 (1.22)

	
17.26 (2.42)

	
1.73 (0.40)

	
0.92 (0.37)

	
122.3 b,* (46.29)

	
15.87 (3.47)

	
4.17 (1.15)

	
46.63 (36.61)

	
4.51 (1.31)

	
2.57 (0.48)

	
67.17 (20.3)

	
184.0 (53.02)




	

	

	
p value




	
Treatment

	

	
0.339

	
0.766

	
0.967

	
0.804

	
0.405

	
0.777

	
0.084

	
0.358

	
0.546

	
0.957

	
0.647

	
0.387

	
0.802

	
0.555
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Table 5. Belowground (root) biomass (g, dry weight), aboveground (shoot and foliage) biomass (g, dry weight), root:shoot biomass (R:S), and photosynthetic:non-photosynthetic (P:nP) tissue biomass ratios (means ± S.E.) of sugar maple seedlings according to different wood ash treatments. Significant differences at p = 0.05 are given as determined by Kruskal–Wallis rank sum test.
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	Treatment
	n
	Belowground Biomass (g)
	Aboveground Biomass (g)
	R:S Ratio
	P:nP Ratio





	Control
	35
	0.28 ± 0.02 g
	0.72 ± 0.04 g
	0.39 ± 0.02
	0.48 ± 0.04



	Sugar Maple
	25
	0.28 ± 0.02 g
	0.72 ± 0.04 g
	0.43 ± 0.05
	0.64 ± 0.10



	White Pine
	25
	0.30 ± 0.02 g
	0.70 ± 0.04 g
	0.45 ± 0.04
	0.48 ± 0.04



	Yellow Birch
	15
	0.29 ± 0.07 g
	0.71 ± 0.11 g
	0.44 ± 0.09
	0.42 ± 0.07



	
	
	p value
	
	
	



	Treatment
	
	0.924
	0.701
	0.839
	0.302
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Table 6. Sugar maple seedling foliar, stem and root elemental concentrations (n = 5) (mean ± S.E.) one year following ash addition. An asterisk (*) indicates significance at p < 0.1 as determined by Dunnett’s post hoc test, where all treatments are compared against the control. Significant differences from pairwise comparisons (Tukey) indicated with different letters. The p values are given by one-way ANOVA.
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Tissue Type

	
Ash Treatment

	
---- Concentration (g·kg−1) ----

	
---------------------------------Concentration (mg·kg−1) ---------------------------------




	

	

	
Na

	
Mn

	
Al

	
Fe

	
B

	
As

	
Cd

	
Zn

	
Cu

	
Pb

	
Cr

	
Ni






	
Foliage

	
Control

	
0.83 (0.16)

	
2.05 (0.43)

	
0.47 (0.08)

	
0.69 (0.12)

	
45.98 (4.85)

	
1.79 (0.21)

	
0.92 (0.14)

	
65.76 (8.12)

	
21.18 (2.30)

	
5.66 (1.00)

	
1.71 (0.21)

	
6.46 (0.72)




	
Sugar Maple

	
0.64 (0.08)

	
1.73 (0.30)

	
0.94 (0.45)

	
1.65 (0.80)

	
49.07 (7.33)

	
1.76 (0.15)

	
1.11 (0.22)

	
68.77 (7.13)

	
20.83 (1.57)

	
7.03 (1.70)

	
2.32 (0.52)

	
5.39 (0.31)




	
White Pine

	
0.53 (0.07)

	
1.73 (0.37)

	
0.42 (0.05)

	
0.73 (0.11)

	
45.36 (2.75)

	
1.72 (0.18)

	
1.12 (0.10)

	
64.15 (5.76)

	
21.19 (1.35)

	
5.08 (0.71)

	
1.49 (0.10)

	
5.90 (0.39)




	
Yellow Birch

	
1.15 (0.31)

	
2.02 (0.58)

	
0.62 (0.13)

	
0.76 (0.14)

	
59.61 (10.90)

	
1.96 (0.29)

	
1.41 (0.18)

	
88.86 (10.29)

	
24.18 (2.80)

	
6.34 (0.43)

	
1.82 (0.24)

	
6.97 (0.12)




	

	

	
p value

	

	

	

	

	

	

	

	

	

	

	




	

	

	
0.117

	
0.911

	
0.397

	
0.328

	
0.488

	
0.908

	
0.321

	
0.269

	
0.773

	
0.680

	
0.312

	
0.358




	
Stem

	
Control

	
1.52 (0.41)

	
4.32 a,b (0.66)

	
0.84 a (0.20)

	
0.93 a (0.12)

	
66.91 a (5.39)

	
6.96 a (0.66)

	
5.06 a (0.55)

	
180.21 a (19.18)

	
23.31 a (3.16)

	
11.49 a (0.54)

	
1.75 a (0.15)

	
6.50 a (0.95)




	
Sugar Maple

	
1.84 (0.44)

	
6.95 b,* (0.77)

	
1.13 a (0.28)

	
1.82 a,b (0.43)

	
139.21 b,* (21.89)

	
11.65 b,* (0.29)

	
9.20 b,* (0.19)

	
271.63 a (21.92)

	
44.38 b,* (7.74)

	
22.18 b,* (2.94)

	
4.39 c,* (0.43)

	
7.68 a,b (1.35)




	
White Pine

	
1.55 (0.14)

	
5.26 a,b (0.65)

	
1.10 a (0.24)

	
1.99 a,b (0.56)

	
119.66 b,* (10.49)

	
9.37 a,b (0.99)

	
7.66 b,* (0.64)

	
264.60 a (66.28)

	
44.58 b,* (4.50)

	
21.70 b,* (3.99)

	
2.67 a,b (0.44)

	
7.56 a,b (0.54)




	
Yellow Birch

	
1.16 (0.28)

	
6.97 b,* (1.28)

	
3.81 b,* (1.43)

	
2.21 b,* (0.78)

	
131.45 b,* (20.18)

	
11.08 b,* (1.49)

	
9.59 b,* (0.16)

	
422.14 b,* (21.85)

	
41.89 a,b (12.87)

	
38.54 c,* (15.44)

	
2.89 b,* (0.16)

	
14.82 c,* (2.65)




	

	

	
p value

	

	

	

	

	

	

	

	

	

	

	




	

	

	
0.629

	
0.022

	
0.006

	
0.097

	
0.001

	
0.001

	
<0.001

	
0.003

	
0.025

	
0.003

	
<0.001

	
<0.001




	
Root

	
Control

	
1.81 (0.21)

	
2.62 a (0.41)

	
5.48 (1.34)

	
5.96 (1.05)

	
49.81 a (6.83)

	
6.83 a (0.33)

	
5.71 a (0.29)

	
233.46 a (22.57)

	
37.18 a (4.82)

	
64.48 a (16.31)

	
5.09 (0.57)

	
19.20 (2.76)




	
Sugar Maple

	
2.24 (0.58)

	
3.89 a (0.61)

	
4.08 (0.44)

	
6.16 (1.20)

	
83.76 a,b

(24.40)

	
11.63 b,*

(2.03)

	
9.72 b,c,* (1.67)

	
381.99 a (72.50)

	
61.80 a,b (17.32)

	
98.88 a,b (17.09)

	
8.12 (1.46)

	
20.38 (5.07)




	
White Pine

	
1.75 (0.25)

	
3.88 a (0.52)

	
7.42 (1.86)

	
8.26 (0.95)

	
64.52 a,b

(18.66)

	
9.26 a,b

(1.11)

	
7.71 a,b (0.91)

	
419.61 a (122.36)

	
57.41 a,b (11.22)

	
92.77 a,b (31.52)

	
7.16 (1.03)

	
21.48 (5.43)




	
Yellow Birch

	
2.76 (0.32)

	
7.80 b,* (2.99)

	
5.17 (1.01)

	
5.29 (1.05)

	
111.40 b,* (15.32)

	
14.47 b,* (2.48)

	
12.27 c,* (2.82)

	
920.58 b,* (63.13)

	
89.84 b,* (17.82)

	
128.63 b,* (40.30)

	
7.46 (0.73)

	
34.96 (12.99)




	

	

	
p value

	

	

	

	

	

	

	

	

	

	

	




	

	

	
0.155

	
0.003

	
0.421

	
0.246

	
0.047

	
0.011

	
0.017

	
<0.001

	
0.019

	
0.093

	
0.104

	
0.325
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