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Abstract 

Inorganic and Organic Carbon Dynamics of a South-Central Ontario Forest After the Application 

of Non-Industrial Wood Ash 

Kaylen Ann Foley 

Forests play a critical role in the global carbon cycle, acting as carbon sinks that remove and 

store an estimated 0.4 to 4.1 Pg of atmospheric carbon annually. However, historical acid 

deposition and timber harvesting have disrupted nutrient cycles, leading to nutrient-deficient 

soils that hinder tree growth, particularly for sugar maple (Acer saccharum), a keystone species 

in Ontario sensitive to soil acidity and calcium (Ca) depletion. This study evaluates the effects of 

non-industrial wood ash (NIWA) applied at 0, 2, 4, 6, and 12 Mg ha-1 on soil chemistry, nutrient 

concentrations, microbial activity, CO2 fluxes, and sugar maple growth over two years. NIWA 

increased soil pH and exchangeable base cations, especially in the organic horizon, with some 

increase in forest floor metals, though foliar levels remained safe. Enzyme activity responses 

were minimal, and fine root biomass declined at higher doses. Soil CO₂ fluxes rose sharply at 12 

Mg ha⁻¹, suggesting pH-driven effects. NIWA improves soil chemistry, but long-term impacts 

remain uncertain. 

Keywords: non-industrial wood ash, metal toxicity, sugar maple, carbon flux, extracellular soil 

enzyme 
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1.0 General Introduction 

1.1 Climate change and carbon sinks 

Forests are essential to the global carbon cycle, serving as major carbon sinks by 

sequestering and storing carbon (Whitehead, 2011). Through the process of photosynthesis, 

forests sequester CO2 and convert it into biomass (Nowak & Crane, 2002) and larger trees 

contribute more to carbon storage due to their greater biomass (Brack, 2002; Cox, 2012). In 

addition to above-ground biomass, forests and their soils collectively store over 800 Pg of 

carbon, nearly matching the amount found in the atmosphere (Pan et al., 2013). Soil organic 

matter (SOM) represents a significant carbon reservoir, containing more carbon than the 

atmosphere and vegetation combined (Scharlemann et al., 2014). Forest soils hold over 40% of 

the total organic carbon in terrestrial ecosystems, with soil carbon stocks comprising about 70% 

in boreal forests, 60% in temperate forests, and 30% in tropical forests (Pan et al., 2011). 

However, forests can transition from being carbon sinks to carbon sources if deforestation or tree 

die-off rates outpace growth (Natural Resources Canada, 2024; Ravin & Raine, 2007). Thus, 

effective forest management is essential for increasing carbon storage. 

Historically, forest management has focused primarily on timber yield rather than broader 

ecological values (Cox et al., 2024). Additionally, land use changes, such as converting forests to 

agricultural land, disrupt ecosystems and can reduce soil carbon storage by 20–50% (Davidson & 

Ackerman, 1993). Factors contributing to soil carbon depletion include decreased biomass input, 

changes in soil moisture and temperature, the high decomposability of crop residues, tillage-

induced disturbances, reduced soil aggregation, and increased erosion (Lal, 2005). 

Understanding soil carbon dynamics is essential for enhancing natural carbon sinks and 
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mitigating climate change, especially considering the important role of forest soils in 

sequestering atmospheric CO2 (Davidson & Ackerman, 1993).  

While sustainably managed forests, where harvesting is balanced with regrowth, can 

continue to act as net sinks for atmospheric CO₂ (Kurz et al., 2013; Pan et al., 2011), 

deforestation and permanent land conversion result in long-term carbon losses and undermine a 

vital pathway for carbon removal (Houghton & Nassikas, 2018). Therefore, protecting and 

expanding forests emerges as one of the most effective strategies for limiting global warming to 

below 1.5–2 degrees Celsius (Griscom et al., 2017; Roe et al., 2019). 

1.2 Acidic deposition in forested ecosystems 

As international interest shifts away from using fossil fuels to aid in mitigating climate 

change, there is a growing focus on bioenergy (Popp et al., 2021). In 2019, biomass was the 

leading form of renewable energy globally, accounting for 12% of the renewable energy supply 

(WBA, 2022), and demand is projected to increase (Titus et al., 2021). This trend suggests that 

biomass will remain the most utilized renewable energy source (Popp et al., 2021). However, in 

addition to deforestation, urbanization, agriculture, and fossil fuel combustion, acidic deposition 

has significantly impacted the forest environment. This process has accelerated base cation 

leaching, resulting in nutrient-poor, acidified soils (Gauthier et al., 2015). This degradation 

hinders native plant life and biodiversity, and while reductions in sulfur dioxide (SO2) and 

nitrogen oxides (NOx) emissions have been substantial since the 1990s, the long-term effects of 

acid deposition can still be observed in soils across North America, Europe, and Asia (Feng et al, 

2020). The natural recovery of soils and surface waters is slower than anticipated, prompting the 

need for soil amendments to counteract acidification (Gauthier et al., 2015; Ott & Watmough, 

2022; Watmough et al., 2016). 
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Nutrient depletion from soil acidification and timber harvesting further exacerbates tree 

stress and susceptibility to dieback from drought, insect defoliation, and other factors (Drohan et 

al., 2002; Watmough, 2002). Research in various regions, including Ontario, Quebec, Vermont, 

and Pennsylvania, has linked increased metal (mostly aluminum (Al) and manganese (Mn)) 

concentrations and nutrient loss to crown dieback and reduced tree growth (Liu et al., 1997; 

Miller & Watmough, 2009; Moore et al., 2012). As demand for biofuels continues to rise, 

addressing these soil nutrient deficiencies through amendments is critical for forest recovery and 

long-term sustainability, ensuring that forest ecosystems remain resilient and productive 

(Hannam et al., 2017; Joseph et al., 2022). 

1.3 Evaluation of common soil amendments 

Lime, wollastonite, biochar, and wood ash are commonly used soil amendments to 

counteract soil acidification and increase soil pH. Since the 1980s, lime has been widely applied 

in Europe and North America for this purpose, with its effectiveness well-documented (Hüttl & 

Zöttl, 1993; Long et al., 1997). Lime, available as limestone (CaCO3) or dolomite 

(CaMg(CO3)2), effectively increases soil pH, boosts base cation availability, and immobilizes 

heavy metals (Kunhikrishnan et al., 2016). Long-term studies have demonstrated that lime 

maintains higher soil pH and improves calcium (Ca) and magnesium (Mg) levels several decades 

after application, as seen in the Allegheny Plateau (Long et al., 2011) and Quebec (Moore & 

Ouimet, 2021). However, lime application can lead to shallower roots, reduced mycorrhizal 

diversity, and increased nitrate leaching (Kreutzer, 1995; Huber et al., 2006). Additionally, the 

production of lime generates greenhouse gases and incurs high costs, prompting investigation 

into alternative materials (Zagvozda et al., 2022). 

Wollastonite, another Ca-rich amendment, has a slower effect on soil chemistry because 

of its low solubility but has shown benefits in increasing soil acid-neutralizing capacity (ANC) 
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and reducing aluminum (Al) concentrations (Johnson et al., 2014; Shao et al., 2016). The 

addition of wollastonite also improves foliar Ca and phosphorus (P) concentrations and supports 

mycorrhizal colonization (Green et al., 2013; Juice et al., 2006). Despite these benefits, its 

response can be moderate and slow, with significant effects taking up to 12 years (Lawrence et 

al., 2021). Wollastonite also has potential climate benefits through enhanced weathering, 

whereby calcium silicates react with atmospheric CO2 to form stable carbonates, potentially 

contributing to long-term carbon sequestration and reducing net greenhouse gas emissions 

(Beerling et al., 2018; Kantzas et al., 2022). 

Biochar is a carbon-rich material produced through the pyrolysis of organic biomass 

under low-oxygen conditions and is increasingly recognized for its potential to improve soil 

health and sequester carbon. It has been shown to raise soil pH, particularly in acidic soils, by 

neutralizing acidity and enhancing base saturation (Glaser et al., 2002; Jeffery et al., 2011). 

Biochar also improves cation exchange capacity (CEC), water retention, and microbial habitat 

structure, which can positively influence nutrient cycling and root development (Lehmann & 

Joseph, 2015). Additionally, due to its stable aromatic structure, biochar contributes to long-term 

carbon storage in soils, supporting climate change mitigation goals (Woolf et al., 2010). 

However, biochar’s properties and effects are highly variable depending on feedstock type and 

pyrolysis conditions, and in some cases, its impact on nutrient availability and plant growth may 

be limited or inconsistent (Spokas et al., 2012). 

Wood ash, a by-product of biomass combustion, contains high levels of Ca and moderate 

amounts of Mg and potassium (K), with minimal sulfur (S), nitrogen (N), and P (Cairns et al., 

2021; Hannam et al., 2019). It supports mycorrhizal relationships by limiting N and P 

availability, potentially reducing nutrient leaching and eutrophication (Schindler et al., 2008). 
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Given the growing global focus on bioenergy, and the widespread use of biomass as a renewable 

energy source, wood ash, which is produced as a by-product of biomass combustion, offers a 

sustainable option for soil amendment (Popp et al., 2021). It can help replenish soil nutrients and 

contribute to a circular economy by recycling waste from biomass production (Tan & Lamers, 

2021). 

1.4 Production and composition of wood ash 

Globally, an estimated 476 million Mg of biomass ash is produced annually (Vassilev et 

al., 2013), with landfills being the most common disposal method (Lamers et al., 2018). In 

Finland, only 18% of the wood ash produced in 2004 was used as a forest amendment, while 

Sweden recycled just 5% of its 300,000 Mg annual production (Stupak et al., 2007). Austria 

landfilled about 44% of its biomass ash with limited recycling, and the US landfilled 

approximately 90% of its wood ash (Pitman, 2006). Canada produced about 420,000 Mg of 

wood ash annually as of 2013, with 63% landfilled (Elliott & Mahmood, 2015; Elliott et al., 

2022). Although the cost of applying wood ash often exceeds landfilling in Canada (Hope et al., 

2017), some jurisdictions still promote its use in forestry through policy incentives, C offset 

opportunities, and recognition of its ecological benefits. This suggests that a small but emerging 

market for wood ash recycling exists, particularly where long-term soil health and sustainability 

are prioritized (Emilson et al., 2018; Hannam et al., 2019; Hope et al., 2017; Pugliese et al., 

2014). 

In Ontario, wood ash is classified as a non-agricultural source material (NASM), 

requiring strict regulatory approval for use as a soil amendment (Government of Ontario, 2002; 

Hannam et al., 2018). Due to the high cost and time associated with obtaining this approval, 

landfilling remains a more feasible option. Research on the chemical composition of NASM, 

including wood ash, is crucial to ensure safe metal concentrations. Guidelines for NASMs are 
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divided into categories (CM1 and CM2) based on metal content, with more restrictions as metal 

levels increase (Government of Ontario, 2002). Combining wood ash from multiple sources can 

help standardize nutrient and metal concentrations (Azan et al., 2019; Deighton & Watmough, 

2020; Syeda et al., 2024), potentially reducing landfill waste and enhancing soil quality in 

nutrient-poor or acidified areas (Augusto et al., 2008).  

 Studies have shown that using wood ash can improve environmental indicators 

compared with landfilling and even reduce greenhouse gas emissions in spruce forests 

(Gaudreault et al., 2020; Klemedtsson et al., 2010). European countries, early adopters of soil 

amendments for decreasing soil acidity, have conducted long-term trials showing various 

benefits of wood ash. For instance, Finnish studies found lasting positive effects on soil pH and 

nutrient availability (Moilanen et al., 2002; Saarsalmi et al., 2001). In Sweden, wood ash 

improved fine root growth in mineral soil horizons but had mixed results in organic horizons 

(Clemensson-Lindell & Persson, 1995; Majdi & Viebke, 2004). Similar improvements in soil 

properties have been observed in Denmark, Switzerland, Norway, Slovakia, and Germany 

(Bang-Andreasen et al., 2021; Brunner et al., 2004; Clarke et al., 2018; Gömöryová et al., 2016; 

Huber et al., 2006; Rumpf et al., 2001), with Finland recommending applications of 5.0 Mg ha-1 

every 30 years (Perkiömäki & Fritze, 2002). 

1.5 Industrial and non-industrial wood ash properties 

Wood ash is a by-product of burning woody biomass, such as woodchips, sawdust, and 

bark (Siddique, 2012). It can originate from both industrial and non-industrial sources. The 

combustion process does not completely remove the constituents of the parent material, and high 

concentrations of Ca are retained in wood ash (Khan et al., 2009). Other macronutrients (Mg, K) 

can also be found at moderate levels, along with micronutrients like manganese (Mn), Boron (B) 

and zinc (Zn) (Hannam et al., 2019; Majdi & Viebke, 2004).  
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1.5.1 Industrial wood ash 

Industrial wood ash (IWA) primarily comes from forest residues and industrial processes 

such as pulp and paper mills (Elliott et al., 2022). Within industrial settings, wood ash is 

classified into two types based on its origin within the boilers: fly ash and bottom ash. Fly ash 

consists of fine particles captured from flue gases before they are released into the atmosphere 

(Hannam et al., 2017), whereas bottom ash is the material that settles at the bottom of the boilers 

(Elliott & Mahmood, 2006). Typically, fly ash contains higher levels of dioxins and heavy 

metals compared with bottom ash (Pitman, 2006). Conversely, metals with low volatility, such as 

nickel (Ni), chromium (Cr), and vanadium (V), tend to accumulate in bottom ash, along with 

nutrients like Ca, Mg, and P (Nardoslawsky & Obernberger, 1996).  

1.5.2 Non-industrial wood ash 

In contrast, non-industrial wood ash (NIWA) is generated from wood-fired stoves, 

furnaces, and fireplaces in homes and small businesses (Azan et al., 2019). Less is known about 

NIWA because industrial processes usually involve more consistent combustion conditions and 

source materials (Pitman, 2006), making the properties of industrial wood ash (IWA) generally 

more stable and less variable compared to NIWA. Variability in nutrient and metal 

concentrations in NIWA has been shown to depend on factors such as the burning temperature 

and tree species used (Deighton & Watmough, 2020; Misra et al., 1993; Pitman, 2006). For 

example, Deighton & Watmough (2020) found that ash from yellow birch contains 12 times 

more Zn, 9 times more arsenic (As), and 6 times more cadmium (Cd) and lead (Pb) compared 

with ash from sugar maple and white pine. These differences were observed in trees collected 

from the same general region and soil type, suggesting species-specific differences in metal 

accumulation. However, nutrient concentrations were generally more similar across these three 

tree species. 
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1.6 Wood ash effects below-ground 

 

1.6.1 Wood ash effects on soil 

The ability of wood ash to counteract soil acidity, which increases with application dose, 

typically leads to decreased acidity in the organic horizon shortly after application and reduced 

mineral soil acidity over the long term (Augusto et al., 2008; Demeyer et al., 2001; Pitman, 

2006; Reid & Watmough, 2014). This increase in soil pH and base saturation in surface soil 

horizons has benefits lasting beyond the first year due to the gradual downward movement of 

base cations (Ca, Mg, K). The improvements in soil chemistry can persist for up to 30 years 

(Augusto et al., 2008; Jacobson et al., 2004; Saarsalmi et al., 2001; 2012).  Significant increases 

in exchangeable Ca and Mg concentrations, as well as improvements in cation exchange capacity 

(CEC) and base saturation (BS), have been reported, with a combined increase of 411 kg ha⁻¹ for 

Ca and 39 kg ha⁻¹ for Mg observed in organic and mineral soils nineteen months after a 4.8 Mg 

ha-1 wood ash application (Ludwig et al., 2002). Wood ash typically does not directly contribute 

to nitrogen (N) availability due to its low N content, but it may enhance the decomposition of 

recalcitrant organic matter, potentially increasing soil N availability (Mortensen et al., 2019; 

Pitman, 2006). 

Elevated levels of potentially toxic metals have been observed in other studies shortly 

after application, mainly in the upper soil horizons, and these effects usually diminish over time 

(Arvidsson et al., 2003; Ozolincius & Varnagiryte, 2005). For example, studies in Lithuania 

reported increases in chromium (Cr), copper (Cu), nickel (Ni), and Zn in the organic horizons, 

with significant downward transport observed for Zn and Ni (Ozolincius & Varnagiryte, 2005). 

Pugliese et al. (2014) found no significant changes in metal concentrations and a decrease in 

available lead (Pb), likely due to increased soil pH. Exchangeable Al concentrations also 

decreased in both humus and mineral layers after ash application (Saarsalmi et al., 2001). 
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Although elevated trace metal concentrations are reported, they are largely restricted to organic 

soil horizons due to reduced metal solubility with increased pH (Augusto et al., 2008; Bramryd 

& Fransman, 1995; Violante et al., 2010). Deighton et al. (2021) found no enhanced metal 

leaching even under simulated drought conditions, indicating that metal mobility may be limited 

despite reduced soil pH and any increase in soil metal content generally falls with the expected 

range for soils (Saarsalmi et al., 2012). 

1.6.2 Wood ash effects on fine roots 

Research indicates that wood ash application typically reduces fine root biomass 

(Helmisaari et al., 2009) and may limit fine root growth, especially when applied without N 

(Clemensson-Lindell & Persson, 1995; Persson & Ahlström, 1990). Nitrogen-free wood ash 

fertilizers have also been found to decrease fine root production and biomass in Norway spruce 

(Clemensson-Lindell & Persson, 1995; Majdi, 2005). However, responses vary: Genenger et al. 

(2003) reported increased fine root biomass within two years of applying loose wood ash in a 70-

year-old Norway spruce stand in Switzerland, while Püttsepp et al. (2006) found no change in 

fine root biomass nine years after applying granulated wood ash. Clemensson-Lindell and 

Persson (1995) noted a decrease in fine root biomass and an increase in necromass three years 

after applying granulated wood ash. The variability in responses likely reflects the pore size of 

the wood ash used and changes in soil acidity, but the observed decreases in fine root biomass 

generally do not seem to significantly impact long-term tree growth (Helmisaari et al., 2009). 

The effect of wood ash on fine root chemistry is closely related to changes in soil acidity. 

For example, higher concentrations of Ca and Mg in fine roots correspond to increased soil 

levels of these elements, while lower Mn in fine roots aligns with reduced soil Mn concentrations 

and increased soil pH (Brunner et al., 2004). Deighton and Watmough (2020) observed similar 

increases in Ca, Mg, and K in sugar maple (Acer saccharum) seedling roots following the 
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application of wood ash from sugar maple, white pine (Pinus strobus), and yellow birch (Betula 

alleghaniensis). Although Brunner et al. (2004) found no significant rise in root metal 

concentrations, suggesting that while metals may accumulate in the soil, their availability for 

plant uptake is generally constrained by the increase in soil pH. The observed increases in metal 

concentrations in sugar maple roots were primarily attributed to the higher metal content in 

yellow birch wood ash (Deighton & Watmough, 2020). 

1.6.3 Wood ash effects on microbial and enzyme activity 

 
Microbial properties are valuable indicators for assessing the impact of soil treatments on 

forest soils due to their rapid response to changes in the ecosystem (Sparling, 1997). When wood 

ash is applied, it increases soil pH, which in turn stimulates microbial activity and respiration 

rates, potentially enhancing organic matter decomposition and mineralization (Bååth and 

Arnebrant, 1994; Fritze et al., 1994; Insam et al., 2009). This heightened microbial activity can 

also result in increased net nitrification and nitrogen leaching. Microorganisms are crucial for 

nutrient cycling and organic matter decomposition (Fekete et al., 2012; Veres et al., 2015). One 

method that is more cost effective and simple is studying microorganism's enzyme activity. The 

activities of β-glucosidase (a key enzyme in carbon cycling), phosphatase (involved in 

phosphorus mineralization), and N-acetylglucosaminidase (NAGase, which contributes to 

nitrogen cycling through the breakdown of chitin) are commonly studied in forest soils due to 

their roles in nutrient dynamics and their sensitivity to changes in pH and microbial community 

structure following wood ash application (Tabatabai, 1994; Allison & Vitousek, 2005). 

Enzymatic activity can serve as an early indicator of changes in soil properties (Błońska et al., 

2017; Kotroczó et al., 2020). Soil enzymes are intimately involved in catalyzing reactions 

necessary for the stabilization of soil structure, organic matter (OM) decomposition and 
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dissolved OM production (Allison and Vitousek, 2005), mineralization, and nutrient cycling 

(Tabatabai, 1994), energy transfer and environmental quality. Research shows variability in soil 

enzymatic responses depending on the study duration. For instance, Zimmermann and Frey 

(2002) observed a weak and short-term increase in microbial enzyme activity following the 

addition of 8 Mg ha⁻¹ of wood ash over 460 days. In contrast, Błońska et al. (2023) reported a 

stronger response in soil microbial enzymatic activity with the application of 3, 4.5, and 6 Mg 

ha⁻¹ of wood ash two years after application. This variation may be attributed to long-lasting 

changes in microbial community structures (Cruz-Paredes et al., 2017). Some studies suggest 

that an enzymatic approach may be more accurate than chemical approaches in assessing 

effective soil pH, especially when soils are amended with organic materials. The rational is that 

soil enzyme assays integrate soil chemical, soil physical and soil mineralogical parameters to 

express a single response (Dick et al., 2000). 

1.6.4 Wood ash effects on soil CO2 dynamics 

Wood ash application has been shown to have variable effects on soil CO2 fluxes, 

influenced by soil type and climate. For example, 5 Mg ha-1 of granulated wood ash had no 

effect on soil CO2 fluxes after one year in boreal peatland forests (Maljanen et al., 2014). 

However, in a boreal coniferous forest with mineral soil, 3 and 8 Mg ha-1 of loose wood ash 

increased CO2 fluxes after one year (Maljanen et al., 2006). Conversely, other research has 

reported reductions in CO2 fluxes following wood ash application to drained organic soils 

(Klemedtsson et al., 2010). 

Understanding the impact of wood ash on CO2 dynamics involves distinguishing between 

soil respiration, which is the biological production of CO₂ by roots, mycorrhizal fungi, and 

microbial decomposers, and CO2 efflux, the movement of CO2 from the soil surface into the 

atmosphere.  While total CO2 efflux integrates these sources, it is influenced by both production 
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and transport processes and thus does not always align directly with measured respiration 

(Zimmermann & Frey, 2002). For example, Lecki et al. (2022) emphasize that efflux reflects a 

mixture of autotrophic (root), mycorrhizal, and heterotrophic (microbial) respiration, and that the 

relative contributions and regulatory controls can shift in response to disturbance or amendment.  

Several methods are available for measuring CO2 efflux in forest soils, each with its own 

benefits and limitations. Static and dynamic chamber systems are widely used in field studies 

due to their portability and cost-effectiveness. Static chambers are simple to deploy and useful 

for capturing short-term fluxes, though they can be prone to pressure artifacts and offer limited 

temporal resolution (Pumpanen et al., 2004). Dynamic chambers, particularly those paired with 

infrared gas analyzers (IRGAs), provide continuous and high-precision flux measurements, but 

they require more technical expertise and maintenance (Knoepp & Vose, 2002). Automated 

chamber systems offer fine-scale temporal coverage and capture diurnal and seasonal variability 

but are more expensive and logistically demanding (Pumpanen et al., 2004). As highlighted by 

Lecki et al. (2022), method choice can substantially influence interpretations of wood ash effects, 

especially when differentiating between microbial and root respiration or when aiming to detect 

short-term vs. long-term flux changes. 

Wood ash has a high pH of 9-13 and raises soil pH, which can affect carbon release and 

mineralization of organic matter. This shift in soil chemistry can enhance carbon mineralization 

and CO₂ production, particularly through increased microbial growth rates and organic matter 

decomposition (Corre et al., 2003; Persson et al., 1994; Bååth and Arnebrant, 1994; Persson et 

al., 1989; Weber et al., 1985; Zimmermann & Frey, 2002). However, soil CO₂ efflux is regulated 

by multiple factors, including soil temperature, moisture, substrate availability, pH, and plant 

root activity (Davidson & Janssens, 2006). Soil structure and gas diffusion rates also influence 
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how rapidly CO₂ moves from the soil to the atmosphere (Lecki et al., 2022), making it important 

to consider both source contributions and transport dynamics when interpreting changes in efflux 

following wood ash application. 

  Additionally, CO₂ and moisture stored in wood ash can react to form carbonates, 

bicarbonates, and hydroxides (e.g., lime, CaO; calcite, CaCO₃; portlandite, Ca(OH)₂; calcium 

silicate, Ca₂SiO₄), further raising soil pH (Demeyer et al., 2001; Etiégni & Campbell, 1991). This 

process, known as carbonation, involves the reaction of alkaline compounds in wood ash with 

atmospheric or soil CO₂, leading to the formation of stable carbonate minerals such as CaCO₃ 

Viola et al., 2024). The rate and extent of carbonation are influenced by the mineral composition 

of the wood ash, as well as soil pH, moisture, and ambient CO2 concentrations. While 

carbonation can contribute to long-term CO2 storage (Koch et al., 2021), some pre-existing 

carbonates in wood ash may react with acidic forest soils and release CO2 instead. 

However, the impact of wood ash on soil CO₂ fluxes can be complex. While carbonation 

can store CO2, the application of wood ash to soil can also stimulate microbial activity and 

enhance organic matter decomposition, leading to increased CO₂ emissions in some cases 

(Moilanen et al., 2012). Studies on forest soils have shown that wood ash can both enhance soil 

respiration and contribute to long-term carbon stabilization, with effects varying based on 

application rates and environmental conditions (Couch et al., 2020; Reed et al., 2017). While 

carbonation offers a potential pathway for carbon storage, careful management is required to 

optimize application rates and minimize potential increases in soil respiration and CO2 release 

(Neeraj, & Yadav, 2020). 
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1.7 Wood ash effects above-ground  

Wood ash application can lead to significant changes in forest ecosystems, with both 

positive and negative effects. In Finland, for instance, applying wood ash to an afforested, 

drained mire resulted in a complete substitution of ground vegetation after 50 years (Moilanen et 

al., 2002). This application has caused damage to mosses, lichens, and bryophytes (Økland et al., 

2022; Ozolinčius et al., 2007), though these species often recover quickly (Jacobson & 

Gustafsson, 2001). Deighton & Watmough (2021) and Conquer et al (2024) observed significant 

increases in Ca and Mg concentrations and changes in understory vegetation composition. The 

impact on ground vegetation varies based on factors such as soil type, baseline fertility, ash 

dosage, and study duration (Aronsson & Ekelund, 2004; Augusto et al., 2008). 

In terms of tree growth, wood ash application generally promotes increased growth, 

although results can be mixed (Moilanen et al., 2002; Reid & Watmough, 2014; Saarsalmi et al., 

2006). A meta-analysis conducted by Reid & Watmough (2014) found that while wood ash 

application can enhance base cation availability and improve soil conditions, tree growth 

responses varied depending on species, site conditions, and ash application rates. Some studies 

within the meta-analysis reported increased diameter growth in hardwoods following wood ash 

additions, whereas others found neutral or even negative effects, particularly in nutrient-poor or 

highly acidic soils. The variability in response highlights the importance of site-specific 

considerations when applying wood ash as a forest soil amendment. Research has primarily 

focused on conifers (Pitman, 2006), but hardwoods, which have a higher demand for base 

cations like Ca, Mg, and K, might benefit more from ash application (Vance, 1996). Even so, 

Monterey pine (Pinus radiata) showed increased height and diameter after applying mixed wood 

bark ash at dosages of 5 and 10 Mg ha-1 for 5 years (Solla-Gullon et al., 2008). Similarly, Scots 

pines exhibited enhanced growth in the top and middle crown with combined wood ash and 
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nitrogen applications (Ozolinčius et al., 2007). Long-term studies found substantial stem growth 

increases in Scots pine (Pinus sylvestris) with wood ash applications at rates of 8 and 16 Mg ha-1, 

with wood production being 13 to 17 times greater in ash-treated plots compared to untreated 

ones. Untreated trees suffered from foliar deficiencies in P and K, whereas trees in ash-treated 

plots at 16 Mg ha-1 showed no nutrient shortages (Moilanen et al., 2002).  

1.8 Sugar maple  

Sugar maple, a keystone species in eastern North American forests, is crucial both 

economically and culturally. It plays a significant role in Canada's economy, contributing 

through timber and maple syrup production, which represented 78% of the global maple syrup 

supply in 2022 and generated an average of $512 million annually from 2018 to 2022 (AAFC, 

2023). Despite its importance, sugar maple has faced considerable localized dieback since the 

1940s, particularly in areas with acid-sensitive soils or poor base saturation (Bal et al., 2015; 

Watmough et al., 1999; Duchesne et al., 2002; Horsley et al., 2000). This decline is closely 

linked to soil acidification and nutrient imbalances, especially Ca depletion, made worse by 

decades of acid deposition. These processes increase the mobility of toxic metals like Al while 

reducing essential base cations (Horsley et al., 2000). While sugar maple decline is not uniform 

across its range, regions with thin, base-poor soils are especially vulnerable. In these areas, wood 

ash may help restore nutrient balance. However, on soils that already have good base status, 

adding wood ash could be unnecessary and might even disrupt soil chemistry or microbial 

activity due to its high pH and nutrient content (Deighton & Watmough 2020). 

Research indicates that soil amendments can mitigate problems associated with acidic 

soils. For instance, the application of lime has been shown to reduce crown dieback and improve 

foliar nutrient concentrations (Wilmot et al., 1996; Moore & Ouimet, 2006). Wood ash, rich in 

Ca and other essential nutrients, offers a promising alternative. Studies have demonstrated that 
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wood ash can enhance soil pH and base cation levels, leading to improved tree growth and 

reduced nutrient deficiencies (Arseneau et al., 2021; Deighton & Watmough, 2020). Although 

wood ash can increase metal concentrations in the soil, these have not been shown to adversely 

affect tree growth (Deighton et al., 2021). For example, Arseneau et al. (2021) found increased 

sugar maple growth within the first year of wood ash application, while Syeda (2023) reported 

significant increases in pH and exchangeable base cations in the organic horizon but no 

significant effects on tree growth. 

 Given sugar maple's sensitivity to nutrient depletion, particularly Ca, using wood ash as a 

soil amendment could counteract the effects caused by acidic deposition in soils where base 

cations have been depleted. Since Ca plays a critical role in tree physiological processes, 

including cell wall formation, photosynthesis, and root development (Lautner & Fromm, 2010), 

restoring Ca through wood ash application may influence C dynamics. Enhanced Ca availability 

could improve tree growth and foliar productivity, leading to increased C assimilation and 

storage in biomass. Understanding these interactions is essential for evaluating the broader 

implications of wood ash application on sugar maple health, and forest C cycling. 

1.9 Objectives and Hypotheses 

This study focused on evaluating the short-term effects of non-industrial wood ash 

additions in a sugar maple-dominated stand in Muskoka, Ontario through two separate research 

chapters. The first research chapter (Chapter 2) investigates the optimal dosage of NIWA and its 

effects on sugar maple over a short-term period of 2 years. In this chapter we analyzed how the 

various doses (Control, 2 Mg ha⁻¹, 4 Mg ha⁻¹, 6 Mg ha⁻¹, and 12 Mg ha⁻¹) influenced soil 

chemistry (pH, LOI, nutrients and metal concentrations), sugar maple root density, sugar maple 

foliar nutrient and metal chemistry, and sugar maple radial stem growth. The second research 

chapter (Chapter 3) assessed and compared the short-term effects of NIWA and dolomitic lime 
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through field and column experiments using the lowest dose and highest dose (2 Mg ha⁻¹ and 12 

Mg ha⁻¹) identified in Chapter 2. This study focused on their effects on soil chemistry (pH, LOI, 

exchangeable cations), soil CO2 fluxes, and soil microbial enzyme activities. 

1.9.1 Chapter 2 hypotheses 

The objective of this research chapter was to assess how varying doses of NIWA affect 

soil chemistry under sugar maple canopies growing on acid sensitive soils, as well as sugar 

maple root density, foliar chemistry, and radial stem growth. It was hypothesized that, following 

application, soils would show a dose-dependent gradient, with higher doses resulting in 

immediate increases in pH and nutrient concentrations (Ca, K, Mg, P) in the upper organic soil 

horizons. Conversely, increases in metal concentrations (Al, B, Cd, Cu, Fe, Mn, Ni, Pb, Zn) 

would be limited due to their retention in the organic layer. It was also anticipated that nutrient 

levels in sugar maple foliage would reflect the changes observed in the soil, without a 

corresponding rise in metals. Additionally, it was predicted that both sugar maple fine root 

growth and radial stem growth would increase along the gradient of NIWA doses, with higher 

doses leading to greater growth. 

1.9.2 Chapter 3 hypotheses  

The objective of this research chapter was to assess how soil responses to NIWA and 

dolomitic lime applications differ by examining soil chemistry, CO2 fluxes, and microbial 

enzyme activity. It was hypothesized that both NIWA and dolomitic lime would cause rapid, 

short-term changes in soil microbial activity due to increased pH and nutrient availability. 

Additionally, it was anticipated that higher doses of NIWA and dolomitic lime would enhance 

atmospheric CO2 drawdown into the soils, and that the mineralogical properties of the 

amendments would significantly impact the recorded CO2 fluxes. 
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1.10 Significance of research 

The conclusions of this research will shed light on the potential for enhancing CO2 

sequestration with NIWA and improve our understanding of carbon cycling both above and 

below ground. Non-industrial wood ash could serve as a fertilizer for forest soils without 

harming the forest ecosystem. However, because NIWA contains trace metals subject to 

regulatory limits for safe application, it is essential to first investigate these aspects to ensure the 

health of forest ecosystems. Ultimately, this research will offer valuable insights for effective 

forest management and enhancement in Ontario and similar forested regions. 
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2. The Short-Term Response of Sugar Maple Following the Application of Non-Industrial 

Wood Ash. 

2.1 Abstract 

Ongoing forestry practices along with legacy effects of acidic deposition have resulted in 

nutrient deficient soil that may hinder tree growth, particularly in sugar maple (Acer saccharum 

Marsh.), a keystone species in Ontario’s hardwood forests. Wood ash, a byproduct of bioenergy 

production, offers a potential solution for restoring soil pH and replenishing key nutrients, 

including calcium (Ca), magnesium (Mg), and potassium (K). However, variability in tree 

growth responses and concerns about heavy metal accumulation have limited its use in Canada. 

This study evaluates the effects of varying wood ash dosages (0, 2, 4, 6, and 12 Mg ha⁻¹) on 

sugar maple growth, and soil, foliar and root chemistry up to 2 -years post wood ash application. 

There was a large and significant increase in soil pH and exchangeable base cations in the 

organic horizons immediately after ash application, with effects diminishing in the second year. 

Metal concentrations also increased in the forest floor, post application and by the second year 

were most enriched in the humus horizon. Foliar nutrient and metal concentrations remained 

within healthy ranges. No short-term growth response was observed in basal area increment, 

consistent with delayed effects seen in similar studies, but fine root biomass was reduced by 

wood ash application. This little or reduced growth response may be due to the delayed 

movement of growth limiting nutrients to mineral soils, pH shock, or due to nitrogen (N) being a 

limiting factor and is not present in wood ash.  
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2.2 Introduction 

The acidification of forest soils results in the increased mobilization of metals such as 

aluminum (Al) and base cation depletion from the soil exchange complex can lower calcium 

(Ca) availability to trees (Lawrence et al., 1995; Li et al., 2022).  Additionally, ongoing forest 

management practices, such as logging, have further influenced forest structure, diversity, and 

resilience, and intensified the acidification of soils (Camarero, 2017; De Schrijver et al., 2006). 

In regions where soils are dominated by silicate minerals, such as the Precambrian Shield, base 

cations are slowly replenished via weathering processes, resulting in a slow recovery of depleted 

base cations on the soil exchange complex. Base cation depletion has been associated with 

reduced growth and foliar nutrition in forested stands in Pennsylvania, Quebec, and Ontario 

(Duchesne et al., 2002; Horsley et al., 2000; Long et al., 2009; McLaughlin et al., 1987; Ouimet 

& Camire, 1995).  

Sugar maple (Acer saccharum Marsh.) trees are highly sensitive to soil acidity and low 

soil Ca content and are a dominant hardwood species that is economically important to Ontario 

(Gradowski & Thomas, 2006; Little, 1971; Minorsky, 2003). Sugar maple decline has been 

notably documented across Ontario, Quebec, and the northeastern United States (McLaughlin, 

1998). While some recovery has been noted in certain regions since that time, recent studies 

indicate that growth suppression and dieback continue to affect sugar maple populations. For 

example, Boakye et al. (2023) found that sugar maple growth in its southern range has been 

declining since the 1980s, with implications for forest structure and carbon storage. Numerous 

studies have reported decreased vigor, canopy condition, growth rates, and seedling recruitment 

in sugar maple growing on nutrient depleted soils (Driscoll et al., 2001; Duchesne et al., 2002; 

McLaughlin & Wimmer, 1999; Sullivan et al., 2013). 
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 Soil amendments including lime, wood ash, biochar, and wollastonite have reported 

beneficial effects on sugar maple (Arseneau et al., 2021; Juice et al., 2006; Moore et al., 2015; 

Moore & Ouimet, 2021; Sifton et al., 2023; Wilmot et al., 1996). Reducing forest soil acidity 

with lime amendments has been practiced in Europe and North America since the 1980s (Hüttl & 

Zöttl, 1993; Long et al., 1997). Forest liming amendments typically consist of alkaline-earth 

metals, such as Ca that reduces soil acidity and improves plant growth (Reid & Watmough, 

2014). Increases in soil pH and concentrations of essential macronutrients such as Ca, 

magnesium (Mg), potassium (K), and phosphorus (P) can persist in the soil and foliage up to 23 

years after initial liming treatment (Juice et al., 2006; Long et al., 2011; Moore et al., 2012; 

Moore & Ouimet, 2021). Soil amendments have led to increased vigor, crown health, growth 

rate, recruitment of seedlings, and wound closure on sugar maple trees (Arseneau et al., 2021; 

Deighton & Watmough, 2020; Houle et al., 2002; Huggett et al., 2007; Juice et al., 2006; Long et 

al., 2011; Moore & Ouimet, 2010; Wilmot et al., 1996). However, due to the emission of 

greenhouse gases generated by lime production and its high cost, alternative materials are 

currently being investigated (Zagvozda et al., 2022). Thus, wood ash is garnering attention in a 

renewable energy context, and recycling of the ash produced has growing potential for use as a 

nutrient input in forest systems (Pitman, 2006). 

While wood ash is commonly obtained from industrial sources such as Canadian pulp 

and paper mill boilers, which produced up to 0.75 million Mg of ash annually as of 2002 (Elliott 

& Mahmood, 2006),  non-industrial wood ash (NIWA) is a comparatively underutilized 

resource. In Ontario alone, residential homes generate approximately 18,000 Mg of wood ash 

annually (Azan, 2017). Unlike industrial wood ash, which benefits from controlled combustion 

processes and feedstock management, NIWA often originates from a diverse range of tree 
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species and components burned without consistent oversight, resulting in variable nutrient, metal 

concentrations, and pH (Azan et al., 2019; Deighton & Watmough, 2020). The effect of NIWA 

on forest soils is not solely determined by ash composition, but also by the local soil conditions 

into which it is applied (Deighton & Watmough, 2020). Soil pH, buffering capacity, organic 

matter content, and existing nutrient levels can all influence the mobility, solubility, and 

effectiveness of ash-derived elements (Demeyer et al., 2001). For instance, in acidic or base-poor 

soils, NIWA may neutralize acidity and improve nutrient availability, while in already alkaline 

or nutrient-rich soils, it could lead to nutrient imbalances or metal mobilization (Deighton & 

Watmough, 2020). As such, both the source characteristics of the ash and the chemical properties 

of the recipient soils must be considered when evaluating the suitability and potential risks of 

NIWA application. Despite the variability, the application of NIWA to forest soils has shown 

potential to boost soil pH, foliar Ca, tree growth, and overall forest productivity (Augusto et al., 

2008; Reid & Watmough, 2014). 

The expansion of forest biomass for energy in both residential heating (wood stoves and 

fireplaces) and industrial bioenergy facilities across Canada is increasing wood ash production. 

Despite its potential benefits, the widespread use of wood ash is limited by Canadian provincial 

and territorial regulations, which cite concerns about its effects on soil chemistry and forest 

nutrition, particularly the accumulation or mobilization of heavy metals. Combined with high 

costs for approval, transport, and application, landfilling remains the more economical choice 

(Hannam et al., 2018). However, research shows that wood ash can play a valuable role in forest 

management. It has been shown to replenish nutrients like P, Ca, magnesium (Mg), and 

potassium (K) removed during harvesting, mitigate soil and water acidification from atmospheric 



23 

 

deposition, and may improve tree growth (Augusto et al., 2008; Huotari et al., 2015; Reid & 

Watmough, 2014). 

Tree growth responses to wood ash application, however, are highly variable both among 

species and by study design (location and dosage) (Pitman, 2006; Reid & Watmough, 2014). 

While some studies found no significant growth response in sugar maple seedlings following 

wood ash application at a rate of 6 Mg ha⁻¹ (Deighton & Watmough, 2020), there are relatively 

few studies that have examined mature sugar maple tree growth responses to wood ash addition. 

Arseneau et al. (2021) observed significant growth responses in mature sugar maple trees one to 

three years after applying 5, 10, and 20 Mg ha⁻¹ of wood ash. Notably, this represents the first 

documented instance of a positive short-term (up to 3 years) growth response to wood ash 

application in mature sugar maple trees within an operational forest management context. While 

historically, forest decline and recovery patterns in these regions have been similar, differences 

in response may reflect variations in ash chemistry, application method (surface vs. 

incorporated), dosage, soil base status, or tree age class. Or if the localized soil conditions were 

more nutrient-depleted or responsive, allowing for a stronger benefit from ash inputs. These 

findings highlight a critical need for further research to identify the optimal wood ash dosage for 

maximizing tree growth and to develop precise and accurate methods for tracking tree growth 

over time. 

To address short-term tree growth response to wood ash, accurately and precisely 

measuring growth responses is essential. Many studies rely on diameter tapes or calipers to 

assess stem growth (Long et al., 2011). However, these tools can introduce error due to difficulty 

in consistently measuring the same point on a tree trunk across different time intervals (Cattelino 

et al., 1986). Dendrometer bands, by contrast, offer a superior alternative. Permanently attached 
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to the tree, they allow precise, repeatable measurements of diameter growth using digital 

calipers, providing a cost-effective and reliable method for long-term growth monitoring (Cheng 

et al., 2023; McMahon & Parker, 2015). Dendrometer bands have been successfully used to 

study pathogen impacts on tree growth, tropospheric ozone impacts, climate sensitivity to 

watershed acidification, and evaluate fertilizer effects on northern hardwoods (Lea et al., 1979; 

Malcomb et al., 2020; McLaughlin & Downing, 1996; Shaw & Toes, 1977). They are also 

valuable in forest inventory work when applied to permanent growth plots (Lea et al., 1979). For 

research on sugar maple growth following wood ash application, dendrometer bands offer 

significant advantages over diameter tapes, enabling more accurate assessments of growth 

responses across varying wood ash dosages. Using dendrometer bands could refine our 

understanding of the optimal wood ash application rate, supporting sustainable forestry practices 

and unlocking the full potential of this underutilized resource. 

This study aims to examine the effects of non-industrial wood ash (NIWA) application 

over a two-year period on a sugar maple dominated hardwood stand in Bracebridge, Ontario. 

Specifically, it evaluated the response of sugar maple growth (fine root biomass and 

circumference), soil chemistry, and foliar nutrient levels to varying NIWA dosages: 0 (control), 

2, 4, 6, and 12 Mg ha-1. These dosages were selected to reflect a range of realistic application 

rates based on previous field studies in Ontario and Quebec (Reid & Watmough, 2014; Arseneau 

et al., 2021), while also capturing a dose–response gradient to evaluate potential thresholds for 

ecological benefit or risk. The 2 Mg ha-1 dose was included based on estimates from Azan et al. 

(2019), who proposed that this amount may be sufficient to replenish calcium losses in Muskoka 

forests caused by decades of acid deposition. The 6 Mg ha-1 dosage aligns with common trial 

rates in northern hardwood systems, while 12 Mg ha-1 represents a higher-end scenario to test for 
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any negative effects at elevated application levels. It was hypothesized that wood ash application 

would enhance nutrient availability for sugar maple trees without causing harmful effects from 

metal toxicity. Increased nutrient availability was anticipated to promote radial tree growth. It 

was further predicted that wood ash application would significantly raise soil pH and elevate 

concentrations of key nutrients (Ca, Mg, K) and metals (Al, Fe, Zn, Mn) in the soil horizons. 

Additionally, foliar nutrient concentrations were expected to respond to these changes within one 

to two growing seasons following application. Finally, it was hypothesized that tree growth 

differences in the treated plots would become more pronounced following ash application with 

greater growth observed in ash-treated trees compared with the control. By examining these 

effects, this study seeks to contribute valuable insights into the potential of NIWA as a 

sustainable soil amendment for enhancing soil nutrients and tree vigour. 

2.3 Methods 

2.3.1 Study site 

The study location is a 97-hardwood forest in the Great Lakes-St. Lawrence ecozone east 

of the town of Bracebridge, Ontario, Canada (45°04'14.5"N, 79°09'00.7"W). The study site is 

located within a recreational camp called Camp Big Canoe, and is an undisturbed, relatively even 

aged (~50-year-old) sugar maple dominated forest and includes white ash (Fraxinus americana 

L.), American beech (Fagus grandifolia Ehrh.), and yellow birch (Betula alleghaniensis Britt.). 

The study site has shallow, coarse-textured sandy loam soils that are classified as Sombric 

Brunisols overlying granitic gneiss Precambrian Shield bedrock (Soil Classification Working 

Group, 1998). The average annual precipitation (from 1981-2010) of the region is 832 mm. The 

average daily minimum and maximum temperatures between 1981-2010 were -15.8 ℃ and -

4.8℃ respectively in January and 9.9 ℃ and 22.5 ℃ in July (Environment and Climate Change 

Canada, 2021). 
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2.3.2 Plot setup and experimental design 

Forty sugar maple trees, each measuring between 20 and 25 cm in diameter at breast 

height (DBH), were selected randomly within the study site. Each tree was designated as the 

central point of a 28 m2 circular plot, featuring a 3 m radius. These plots were established with a 

10 m buffer between them in the study forest in early July 2021. Each plot was selected based on 

the following characteristics: sugar maple trees were free of defects or decay, far from roads and 

urban locations, and plots had relatively flat slopes and be a minimum of 60 m away from any 

watercourse to minimize runoff after wood ash application. Volunteer residents from Muskoka 

contributed non-industrial wood ash, which was collected by the charitable organization Friends 

of the Muskoka Watershed (FMW, 2023). After collection, the ash from various sources 

underwent homogenization and sieving (<2 mm) to remove charcoal, nails, plastic, and other 

large debris. Following this, it was stored in large polyethylene containers in a cool, dark 

environment. Subsequently, the ash was weighed and transported in 10 kg buckets to each 

treatment plot, where it was applied by hand to ensure uniform distribution in October 2021. A 

total of 40 plots were established, with 8 replicate plots assigned to each of five treatment levels: 

0 (control), 2, 4, 6, and 12 Mg ha-1. Wood ash was applied to 32 plots, while 8 control plots 

received no ash (0 Mg ha-1). 

Sub-samples of ash were collected in November 2020 to determine the ash chemistry 

(Conquer et al., 2023). Levels of trace metals in NIWA were low compared with the unrestricted 

(CM1) and restricted (CM2) of the Nutrient Management Act (NASM) guidelines for 

unrestricted land use for non-agricultural non-aqueous source material (Table 2.1; Nutrient and 

Management Act, 2002). 
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Table 2. 1. Average pH, organic matter, nutrient, and metal concentrations of non-industrial 

wood ash (means ± SE) (Conquer et al., 2023). Ontario Regulation 267/03 of the Nutrient 

Management Act (NASM) 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. 

 

Non-Industrial Wood Ash Properties NASM limits 

    CM1 CM2 
pH 13.0 (0.04)   
OM % 3.4 (0.3)   
C (%) 8.6 (0.1)   
N (%) 0.1 (0.0)   
Ca (g kg-1) 267 (3.0)   
K (g kg-1) 94.4 (2.9)   
Mg (g kg-1) 19.4 (0.3)   
Mn (g kg-1 8.8 (0.3)   
P (g kg-1) 7.5 (0.1)   
Al (g kg-1) 3.8 (0.3)   
Fe (g kg-1) 2.2 (0.2)   
Zn (mg kg-1) 503 (18.5) 500 4200 
Cu (mg kg-1) 164 (9.4) 100 1700 
Cd (mg kg-1) 2.9 (0.2) 3 34 
As (mg kg-1) 9.9 (2.2) 13 170 
Ni (mg kg-1) 9.6 (0.6) 62 420 
Pb (mg kg-1) 48.2 (16.1) 150 1100 
B (mg kg-1) 265 (5.3)    
Government of Ontario, 2002, Conquer et al., 2023 

 

2.3.3 Dendrometer bands 

In August 2021 (prior to ash application), each central sugar maple in the study plots 

were fixed with a commercial precision dendrometer band (Series 5 Manual Band Dendrometer, 

Agricultural Electronics Corp., Tucson, AZ). The brass housing is attached to the tree with two 

stainless-steel bolts anchored 3 cm into the tree stem at breast height. This anchoring depth is 

standard in dendrometer band installations and is designed to provide stable support while 

minimizing damage to the cambial tissue. Previous studies have shown that shallow bolt 
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anchoring at this depth has minimal impact on tree growth or physiology, particularly when 

limited to small diameter bolts and used in mature trees (Lea et al., 1979; DesRochers et al., 

2003). Each dendrometer band has a 0.32-cm-wide stainless-steel strap attached to a brass 

housing consisting of a hinge, spring, and Vernier scale. The Vernier scale is fixed on the 

movable inner tube of the brass body, and the other tube was attached to the band and moves as 

the tree expands and contracts, being able to measure micrometer changes in the length of the 

band. A digital caliper (± 0.03 mm precision) was used to measure the growth (expansion or 

contraction) of the tree trunk. Monthly measurements tracked the progress of two growing 

seasons from 2022 to 2023. 

 

Figure 2. 1. Series 5 Manual Band Dendrometer attached to a sugar maple tree in one of the 

study plots (A). One of the five soil root collars installed in each sugar maple plot in May 2022 

(B). 
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2.3.4 Root ingrowth cores 

Two hundred root ingrowth cores were created by cutting 15 × 18 cm rectangles from #5 

plastic mesh canvas (Blue Ribbon Crafts – www.blueribboncrafts.com), shaping them into 5 × 5 

cm cylinders, and sealing the sides and bottom with staples. At the beginning of the first growing 

season in May 2022, five root ingrowth cores were randomly distributed into each of the 40 

circular plots. Using a trowel, a 5 cm hole was created in the upper mineral horizon beneath each 

central sugar maple in the study plots to insert the root ingrowth core, which was then filled with 

All Purpose Fine Granulated Washed Play Sand (Garden Club– www.canadiantire.ca) and 

covered with the surrounding leaf litter. At the end of the second growing season in October 

2023 each ingrowth core was retrieved by cutting the roots around the core with a knife, 

carefully uprooting it using a trowel, and then storing it in polyethylene bags refrigerated at 4°C 

until analysis. 

2.3.5 Field sampling 

Baseline soil sampling was conducted in July 2021 and after ash application in June 2022 

and 2023. Samples were collected beneath the sugar maple canopy within each plot. Grab 

samples were taken from the litter (L) and fibric-humic (FH) horizons, and an auger was used for 

the upper mineral (0 - 10 cm) soil that contained the Ah-horizon, and lower mineral (11 - 20 cm) 

soil that contained the upper B-horizon (AAFC 1998; The Canadian System of Soil 

Classification, 1998). Litter and FH samples were taken using a 10 cm ruler and a knife to form a 

set square. A soil auger was used to collect the 0-10 cm and 11-20 cm mineral horizons, and the 

L, FH, and mineral soil samples were stored in polyethylene bags and refrigerated at 4°C until 

analysis. Baseline and post application foliage samples were collected in September 2021, 2022, 

and 2023 using a 3.6 m pole pruner at the mid-crown, on the sun-facing side of the sugar maples 
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canopy, and between 5 - 10 leaves were taken from each of the forty plots and stored in paper 

bags. 

 

2.3.6 Laboratory analysis 

 

2.3.6.1 Soil  

Soil samples were oven-dried at 105 °C for 24 hours in a Grieve industrial oven. After 

drying, mineral soil was sieved to <2 mm. The L and FH layers were ground using a Wiley Mill. 

All soil layers were analyzed for pH and loss-on-ignition (LOI) and were analyzed for 

exchangeable cations (Ca, Mg, K, sodium (Na), P), and total metals (Al, arsenic (As), boron (B), 

cadmium (Cd), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn).  

Soil pH (0.01 M calcium chloride (CaCl2)) was measured following Hendershot & 

Lalande (2008) method. A 1:5 ratio was used, shaken for 1 hour, and then measured using an 

OAKTON pH 510 series multimeter (Oakton Instruments, Vernon Hills, Illinois, USA). Organic 

matter content was analyzed using the loss of ignition (LOI) method by Hopkins (2008). Each 

sample was weighed to 1 g for LFH and 5 g for mineral soil and placed in porcelain crucibles to 

dry in the oven at 105 °C for 24 hours. The weight was recorded using an analytical balance and 

weighed again after the samples were ashed in the muffle furnace at 400 °C for 10 hours. 

Metal concentrations were analyzed following acid digestion (United States 

Environmental Protection Agency Method 3050B, 1996). Briefly, 2.5 mL of nitric acid (HNO3) 

was added to 0.2 g of foliage or soil. Samples were left to sit at room temperature to cold digest 

for 8 hours, then heated on a hotplate to 100°C for 8 hours. The digested samples were filtered 

through P8 Fast Flow Filter Paper and diluted to 25 mL in volumetric flasks and transferred to 50 

mL FroggaBio conical tubes. Samples were additionally diluted to a 1:10 ratio using B-pure and 
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analyzed by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) for 

concentrations of Ni, Al, Mn, Cd, As, B, Fe, Zn, Cu, and Pb. Reference samples for QA/QC 

were digested along with samples and blanks, using 0.2 g of EnviroMAT SS-2 Soil Standard for 

soil and 0.2 g of National Institute of Standards and Technology (NIST) SRM-1515 apple leaf 

for L, and FH. 

Exchangeable cations (EC) were analyzed following the method described in Hendershot 

& Lalande (2008) by adding 25 mL of 1 M ammonium chloride (NH4Cl) to 5 g of mineral soil or 

1 g of LFH. Samples were shaken for 2 hours on a shaker table. They were then filtered through 

P8 Fast Flow Filter Paper. Samples were diluted 1:10 and acidified with 0.2 mL of trace metal 

grade HNO3, and later analyzed using ICP-OES to measure concentrations of Ca, Mg, K, and 

Na. 

 

2.3.6.2 Fine roots 

Roots were extracted from their ingrowth cores by rinsing and sieving to separate them 

from the sand, followed by oven-drying at 105 °C for 24 hours using a Grieve industrial oven. 

The total dry mass of roots in each ingrowth core was measured using an analytical balance and 

summed for each tree. Subsequently, the roots were digested to determine total elemental 

concentrations (Ca, Mg, K, P, Al, As, B, Cd, Cu, Fe, Mn, Ni, Pb, and Zn) using HNO3 digestion, 

following the same method as described earlier. 

 

2.3.6.3 Foliage 

Foliar samples were dried in a Grieve industrial oven at 105 °C for 24 hours, then ground 

using a coffee grinder. Nutrient and metal concentrations (Ca, Mg, K, P, Al, As, B, Cd, Cu, Fe, 
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Mn, Ni, Pb, and Zn) were analyzed using HNO3 acid digestion, following the method described 

earlier, and calibrated against NIST 1515-SRM apple leaf standards (SCP Science, Quebec, CA). 

 

2.3.7 Statistical Analysis 

Tree growth assessment was performed by converting ring width to basal area increment 

(BAI) to remove variation in radial growth attributable to increasing circumference. For 

comparing growth patterns, ring increments were converted to BAI (cm²) with the formula: 

BAI = 𝜋(𝑅¹ₙ −𝑅²ₙ)                                                              (1) 

To calculate BAI, the diameter of an individual tree is divided by 2 to obtain the radius in 

centimeters. The radius is multiplied by 𝜋 to equal the area of the circle. To find the increment 

growth for each month 𝑅¹ is the tree radius at the beginning of the growing season and 𝑅² is the 

basal area of the tree measured at the end of each month. To ensure comparability, the mean (± 

SE) initial tree diameter prior to BAI calculations did not significantly differ among treatment 

groups (Control: 24.3 ± 1.0 cm; 2 Mg ha⁻¹: 21.8 ± 0.9 cm; 4 Mg ha⁻¹: 24.6 ± 1.3 cm; 6 Mg ha⁻¹: 

22.2 ± 0.8 cm; 12 Mg ha⁻¹: 23.5 ± 1.3 cm; F=1.2, p=0.32).  

Sugar maple foliar DRIS indices were calculated to determine whether nutrients were 

deficient (negative) or in excess (positive). Indices were determined by first calculating foliar P, 

N, Ca, Mg, and K DRIS ratios (Casson et al., 2012), A/B ≥ a/b (Eq. 2): 

𝑓 (
𝐴

𝐵
) = (

𝐴/𝐵

𝑎/𝑏
− 1)

1,000

CV
 

       (2) 

or A/B ≤ a/b (Eq. 3): 

𝑓 (
𝐴

𝐵
) = (1 −

𝑎/𝑏

𝐴/𝐵
)

1,000

CV
 

                   (3) 

Foliar indices were then calculated (Eq. 4): 
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𝐴 index =  
[𝑓 (

𝐴
𝐵) + 𝑓 (

𝐴
𝐶) + 𝑓 (

𝐴
𝐷) + 𝑓 (

𝐴
𝐸)]

𝑧
 

       (4) 

where A is defined as the foliar element that the index is being calculated for, B, C, D, and E 

refer to the other elements being measured, and z is the number of functions used within the 

nutrient index. The sum of all nutrient indices equals zero so that indices for each element can be 

compared relative to one another. 

 

Statistical analysis was performed using R software version 4.2.2 (R Core Team, 2024). 

Soil and foliar chemistry were assessed between treatments within each year using a Wilcoxon 

rank-sum test with a Bonferroni correction to account for multiple comparisons (rstatix 

package). Fine root biomass and concentrations of nutrients and metal comparisons between 

treatments were conducted using a one-way analysis of variance (ANOVA). Differences in BAI 

over two growing seasons and among treatments were evaluated using Repeated measures 

ANOVA with treatment as a fixed effect and plot ID as a random effect. For variables showing 

significant effects, pairwise comparisons were conducted using Tukey’s HSD with a Bonferroni 

correction (multcomp package). Significance was determined at p < 0.05 unless otherwise stated. 

 

2.4 Results 

2.4.1 Soil Chemical properties 

Nonindustrial wood ash showed a strong treatment effect on soil pH that varied by dose 

and changed over time and by horizon, while reflecting a downward movement of ash over time 

(Figure 2.3). There was an immediate, large increase in pH in the L and FH horizons but by the 

second year the pH of the L horizon fell and only the highest NIWA dosage treatment remained 
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significantly higher than the control, whereas the pH of the FH layer remained elevated. For 

instance, in the L horizon, plots treated with 12 Mg ha-1 reached a pH of up to 6.5, while the pH 

in the FH horizon increased to 7.2 by year 2. In the mineral horizons, a significant increase in pH 

was only evident in the 12 Mg ha-1 treatment (Figure 2.3). Organic matter content showed a 

significant decrease in the L horizon following NIWA application and increased back to control 

levels into the second year. By year 2, the organic matter content in the FH layer in the 12 Mg 

ha-1 dose was significantly lower than the control (Figure 2.3). Organic matter content in the 0 -

10 cm mineral horizon showed a significant increase after the first year but reverted to baseline 

levels in the second year and the lower mineral layer exhibited no change in organic matter 

content.  
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Figure 2. 2 Average pH and percent organic matter (OM) in the LFH, upper and lower mineral 

horizon sampled beneath the sugar maple tree in the control and NIWA treated plots prior to 

(2021) and two growing seasons after application (2022 & 2023). The letter display indicates 

significant differences between control and treatments (p < 0.05) determined by a Tukey HSD 

test. 
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Increases in soil exchangeable cation concentrations one year after application were 

observed primarily in the L and FH horizons (Figure 2.4). Calcium and Mg concentrations were 

significantly higher in the L and FH horizons of the treatment plots one year post application, 

whereas K was only significantly higher than controls in the FH layer (Figure 2.4). However, 

base cation concentrations measured in the L horizon were not significantly different from 

controls by the second year (FH data not available). Base cation concentrations in mineral soil 

horizons also increased post application with increases most evident for K and increased with ash 

dosage (Figure 2.5). 
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Figure 2. 3. Average exchangeable cations in the LFH horizon sampled beneath the sugar maple 

trees in the control and NIWA treated plots prior to application (2021) and two growing seasons 

after application (2022 & 2023). The letter display indicates significant differences between 

control and treatments (p < 0.05) determined by a Tukey HSD test. 
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Figure 2. 4. Average exchangeable cations in the upper and lower mineral horizon sampled 

beneath the sugar maple trees in the control and NIWA treated plots prior to application (2021) 

and two growing seasons after application (2022 & 2023). The letter display indicates significant 

differences between control and treatments (p < 0.05) determined by a Tukey HSD test. 
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horizon of treated plots compared with the controls, but these elevated levels decreased by the 

second year (Figure 2.6). In the FH horizon, most (Cu, Zn, Ni, and Mn) of these metals and B 

remained elevated in both the first and second years after ash application (Figure 2.7). Metal 

concentrations in the upper and lower mineral horizons were unaffected one and two years after 

the application (Figures 2.8 & 2.9). 

 
Figure 2. 5. Average elemental metal concentrations in the litter horizon sampled beneath the 

sugar maple tree in the control and NIWA treated plots prior to (2021) and two growing seasons 

after application (2022 & 2023). The letter display indicates significant differences between 

control and treatments (p < 0.05) determined by a Tukey HSD test.  
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Figure 2. 6. Average elemental metal concentrations in the FH horizon sampled beneath the 

sugar maple tree in the control and NIWA treated plots prior to (2021) and two growing seasons 

after application (2022 & 2023). The letter display indicates significant differences between 

control and treatments (p < 0.05) determined by a Tukey HSD test. 
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Figure 2. 7. Average elemental metal concentrations in the 0-10 cm upper mineral horizon 

sampled beneath the sugar maple tree in the control and NIWA treated plots prior to (2021) and 

two growing seasons after application (2022 & 2023). The letter display indicates significant 

differences between control and treatments (p < 0.05) determined by a Tukey HSD test. 
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Figure 2. 8. Average elemental metal concentrations in the 11-20 cm lower mineral horizon 

sampled beneath the sugar maple tree in the control and NIWA treated plots prior to (2021) and 

two growing seasons after application (2022 & 2023). The letter display indicates significant 

differences between control and treatments (p < 0.05) determined by a Tukey HSD test. 

 

 

 

 
 

 



43 

 

2.4.2 Sugar maple root mass and chemical analysis 

Significant differences in root mass density were observed between the control and 

treated plots collected beneath the sugar maple trees two years after NIWA application (Figure 

2.10). Root mass density was lower in the higher ash treatments of 4, 6, and 12 Mg ha⁻¹ 

compared with the control (Figure 2.10), but only the 6 Mg ha⁻¹ treatment was significantly 

different from control plots with a decrease to 9.5 mg cm-³ compared with 21.5 mg cm-3 in the 

control.  Significant differences in root elemental concentrations of P and Cd were also observed 

in the treated plots (Table 2.2). Specifically, P concentrations increased significantly in the 4, 6, 

and 12 Mg ha⁻¹ plots, reaching up to 0.975 g kg⁻¹ compared with 0.796 g kg⁻¹ in the control. In 

contrast, Cd concentrations decreased slightly in all treated plots, falling to 0.2 mg kg⁻¹ from 0.4 

mg kg⁻¹ in the control.  

 

Table 2. 2. Average root nutrient and metal concentrations (± SE) beneath the control and 

treated sugar maple trees after two growing seasons (2022 & 2023). The letter display indicates 

significant differences between control and treatments (p < 0.05) determined by a Tukey HSD 

test. 

   Control 2 Mg ha-1  4 Mg ha-1  6 Mg ha-1  12 Mg ha-1  

g kg-1  Ca 29.5 (2.4) 35.7 (3) 31.9 (1.8) 37.4 (4.2) 36.7 (2.2) 
 Mg 6.8 (0.9) 8.6 (1) 6.3 (0.5) 8.2 (0.9) 7.4 (0.6) 
 K 2.7 (0.3) 3.1 (0.4) 3.7 (0.2) 3.3 (0.3) 3.1 (0.4) 
 P 0.79 (0.03)ab 0.77 (0.04)a 0.97 (0.04)b 0.85 (0.02)ab 0.92 (0.07)ab 
 Mn 0.99 (0.18) 0.61 (0.05) 1 (0.02) 0.69 (0.08) 0.95 (0.1) 
 Al 2.8 (0.46) 2.3 (0.27) 2.9 (0.3) 2.3 (0.3) 2.7 (0.33) 

  Fe 5.3 (0.68) 5.2 (0.57) 4.7 (0.25) 5.1 (0.47) 5.4 (0.47) 

mg kg-1  B 4 (1.2) 5 (1) 7 (0.5) 4 (0.9) 6 (1) 
 Cd 0.4 (0)b 0.3 (0.06)ab 0.2 (0.03)ab 0.2 (0.03)a 0.2 (0.02)a 
 Cu 30 (1) 32 (2) 41 (3) 32 (2) 47 (9) 

 Ni 6 (0.8) 6 (0.4) 8 (0.7) 7 (0.5) 7 (0.5) 
 Pb 14 (2) 11 (1) 12 (2) 11 (1) 14 (1) 

  Zn 109 (12) 123 (7) 121 (8) 150 (26) 128 (15) 
 



44 

 

 

 
Figure 2. 9. Average root mass density (mg/cm3) beneath the control and treated sugar maple 

trees after two growing seasons (2022 & 2023). The letter display indicates significant 

differences between control and treatments (p < 0.05) determined by a Tukey HSD test. 

 

 

2.4.3 Sugar maple radial growth 

Mean BAI of sugar maple trees increased in the two growing seasons following NIWA 

application. A significant treatment effect was observed in the 6 Mg ha-1 application resulting in 

significantly lower growth than the control and 4 Mg ha-1 treatments (Figure 2.10; Table 2.3). 

Control trees had the highest average BAI (59.6 ± 9.9 cm²/tree), while the 6 Mg ha-1 treatment 

exhibited the lowest (29.5 ± 9.5 cm²/tree). 
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Figure 2. 10. Cumulative mean basal area increment (cm2/ tree) in control and NIWA treated 

sugar maple trees during the 2022 and 2023 growing seasons.  

 

 

Table 2. 3. Cumulative average (± SE) of basal area increment (cm2/ tree) (BAI) in control and 

NIWA treated sugar maple trees during the 2022 and 2023 growing seasons. The letter display 

indicates significant differences between control and treatments (p < 0.05) determined by a 

Tukey HSD test. 

 Control 2 Mg ha-1  4 Mg ha-1  6 Mg ha-1  12 Mg ha-1  
BAI cm2/tree 59.6 (9.9)b 40 (8.8)ab 57.9 (12.1)b 29.5 (9.5)a 43.8 (8.4)ab 

 

 

2.4.4 Sugar maple foliar chemistry 

Over the three-year period (pre (2021) and post (2022 and 2023)), there were very few 

significant differences in sugar maple foliar chemistry among the treatment plots. The notable 

exception was Mn, which was significantly higher in the 4 Mg ha⁻¹ treatment, but this difference 

was evident pre-treatment. While there were few significant differences in foliar chemistry, some 

patterns were evident. Calcium, K, Al, Fe, Cu, and B tended to be higher in the ash treated plots 

after the first year, with concentrations showing a decrease back to similar concentrations to the 
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control plots in the second year. Except for B and Cu, which tended to consistently increase into 

the second year. However, these differences were small and insignificant and remained either 

within or below critical foliar concentrations reported for sugar maple trees (Burton et al., 1993; 

Kolb & McCormick, 1993). DRIS indices revealed distinct patterns in nutrient balance across 

treatments and years. All treatment trees showed consistently negative DRIS values for P across 

all years, suggesting P deficiency (Table 2.4). Nitrogen values in the treatments increased over 

time, indicating a relative N excess by 2023. In contrast, K was well balanced in the control 

treatment but became increasingly excessive in treated trees, particularly at 6 and 12 Mg ha-1, 

with DRIS values reaching +23.1 and +21.0 in 2022, and +13.0 and +15.6 in 2023, respectively.  

 

Figure 2. 11. Average foliar nutrient and metal concentrations in control and NIWA treated 

sugar maple trees prior to (2021) and two growing seasons after application (2022 & 2023). The 

letter display indicates significant differences between control and treatments (p < 0.05) 

determined by a Tukey HSD test. The published critical foliar range for healthy sugar maple 

trees is indicated by the red dashed lines (Burton et al., 1993; Kolb & McCormick, 1993). The 

primary and secondary Y-axis are separated by a solid black line. 
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Figure 2. 12. Average foliar nutrient and metal concentrations in control and NIWA treated 

sugar maple trees prior to (2021) and two growing seasons after application (2022 & 2023). The 

letter display indicates significant differences between control and treatments (p < 0.05) 

determined by a Tukey HSD test. The published critical foliar range for healthy sugar maple 

trees is indicated by the red dashed lines (Burton et al., 1993; Kolb & McCormick, 1993). The 

primary and secondary Y-axis are separated by a solid black line. 

 

Table 2. 4. Average sugar maple DRIS indices in control and NIWA treated sugar maple trees 

prior to (2021) and two growing seasons after application (2022 & 2023). 

  P N Ca K Mg 

  2021 2022 2023 2021 2022 2023 2021 2022 2023 2021 2022 2023 2021 2022 2023 

0 Mg ha-1 -28.5 -28.9 -31.7 12.1 15.1 28.6 -6.9 7.8 2.6 13.8 10.1 5.2 9.5 -4.2 -4.8 

2 Mg ha-1 -23.5 -27.4 -21.3 15.4 12.4 21.2 -0.7 -1.9 -9.2 5.1 15.5 10.7 3.6 1.3 -1.4 

4 Mg ha-1 -25.0 -25.2 -21.5 20.7 18.2 21.3 0.5 2.1 -4.1 0.8 4.3 0.4 3.0 0.6 3.8 

6 Mg ha-1 -30.4 -38.1 -28.8 13.7 26.6 22.7 7.2 4.6 -3.0 6.2 23.1 13.0 3.3 -16.1 -4.0 

12 Mg ha-1 -21.7 -27.1 -17.8 12.3 6.8 20.9 0.5 3.2 -9.7 2.5 21.0 15.6 6.4 -3.9 -9.0 

 

2.5 Discussion 

This study evaluated the short-term response of soil and foliar chemistry along with tree 

growth and fine root production over a two-year period following the addition of various dosages 

of wood ash obtained from residential homes in the Muskoka region of Ontario. After one year, 
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soil pH, exchangeable base cations (Ca, Mg), and most metals were significantly elevated in the 

upper organic soil horizons in ash treated plots compared with controls, but there were few 

differences in the mineral soil. Applications of NIWA generally had minimal impact on foliar 

elemental concentrations in relation to the published range for healthy sugar maple foliage 

(Burton et al., 1993; Kolb & McCormick, 1993), and few significant increases in metal 

concentrations in foliage and roots were observed relative to control plots. There was a 

significant effect of ash on sugar maple growth in the first two growing seasons following wood 

ash treatment and a reduction in fine root production in plots treated with the higher ash dosages. 

 

2.5.1 Soil chemical properties 

Before the application of wood ash, soils in the study area were acidic, with an average 

pH of around 4.5 in mineral soils. Following the application of NIWA, there was a large increase 

in the pH of the L and FH horizons, rising by as much as 1.0 to 2.0 pH units over the course of a 

year, while significant increases in the mineral horizons were only noted at the 12 Mg ha⁻¹ 

treatment level. The rise in pH in the organic horizons can be attributed to the acid-neutralizing 

capacity of NIWA (Augusto et al., 2008; Pitman, 2006). Increases of 0.5 to 1.5 pH units in the 

organic horizon can persist for up to 30 years post-application (Arseneau et al., 2021; Fritze et 

al., 1994; Ozolinčius et al., 2007; Saarsalmi et al., 2001, 2004; Saarsalmi et al., 2012). The slow 

vertical leaching of soluble cations, retained in the organic horizons, typically delays the 

neutralization effects from reaching deeper soil layers. Consequently, significant increases in 

mineral soil pH are rarely observed within the first three years after application (Arseneau et al., 

2021; Ozolinčius et al., 2007). Generally, researchers have found that, except for higher ash 

concentrations (greater than 6 Mg ha⁻¹), there is little to no impact on mineral horizon pH in 

short-term studies (Augusto, 2008; Jacobson et al., 2004). This increase in pH of upper organic 
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soil horizons following ash application has been documented in various studies (Conquer et al., 

2023; Deighton et al., 2020; Mandre et al., 2006; Zimmermann & Frey, 2002). For instance, 

Mandre et al. (2006) reported a rapid increase of 1 to 1.2 pH units after applying 2.5 and 5 Mg 

ha⁻¹ to a young Scots pine (Pinus sylvestris L.) forest in northern Estonia. In Muskoka, Ontario, 

Deighton et al. (2020) found pH increases of 0.4 to 1.1 units after applying 6 Mg ha⁻¹ of NIWA 

to two acidic forest sites dominated by sugar maple, eastern white pine (Pinus strobus L.), and 

yellow birch.  Similarly, Conquer et al. (2023) observed pH increases in the forest floor of up to 

2 units after applying 6 Mg ha⁻¹ to sugar maple dominated acidic forest soils in Bracebridge, 

Ontario. 

Soil organic matter content in the L and FH horizons decreased significantly as the ash 

treatment dose increased. In the second year, organic matter levels generally returned to baseline 

levels, except for the 12 Mg ha⁻¹ treatment in the FH horizon. These results are consistent with 

other studies that found a change in organic matter content in the organic horizon following 

wood ash application. (Hansen et al., 2016). The lower organic matter content is most likely 

attributable to residual ash, which was observed on plots during sampling, and or to the nutrient 

content of ash, which may have stimulated microbial activity and organic matter decomposition 

(Hansen et al., 2016; Syeda et al., 2023). Given that the organic matter content of ash is only 

3.4%, the observed decline from 90% to 75% OM suggests that ash accounted for approximately 

15% of the total sample mass in Year 2, likely causing a dilution effect in the surface soil. 

Soil exchangeable cations were significantly elevated in the L and FH horizon across all 

treatments one year after NIWA application. By the second year, concentrations in the LFH 

horizon declined, while those in the 0 – 10 cm and 11 – 20 cm mineral horizons increased, 

suggesting nutrient leaching through the soil profile. Previous studies have similarly reported 
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increased exchangeable Ca, K, and Mg in upper organic horizons following wood ash 

application. For example, Domes et al. (2018) observed elevated base cation concentrations in 

the LFH horizon with no significant effects in the mineral soil one growing season after a 5 Mg 

ha⁻¹ wood ash treatment. Jacobson et al. (2004) found a significant increase in Mg concentrations 

in the upper mineral soil horizon of 9 Mg ha⁻¹ treatment plots. Exchangeable Ca, K, and Mg 

concentrations in the mineral soil were less affected during the first year, although higher 

concentrations were observed in the highest ash treatment. When wood ash is applied to the 

surface of forest soils, dissolved base cations gradually migrate downward, often requiring 

several years to influence mineral soil pH and base cation levels (Reid & Watmough, 2014). It is 

noteworthy that K showed no significant change in the L horizon but displayed significant 

increases in the FH and mineral horizons. The low K concentrations in the litter layer are likely 

due to its high solubility and displacement from soil exchange sites by other cations, such as Ca 

and Mg (Ohno, 1992; Reid & Watmough, 2014). However, Arseneau et al. (2021) found no 

significant differences in K concentrations between control and treated plots in the forest floor or 

upper mineral soil three years after applying 20 Mg ha⁻¹ of wood ash in sugar maple stands in 

Quebec. These findings highlight the variability in wood ash effects based on dosage, soil 

properties, and site conditions. 

Metal concentrations were primarily elevated in the L and FH horizons of the treatment 

plots one year after wood ash application but decreased by the second year in the L horizon and 

remained elevated in the FH horizon while concentrations in the mineral soil remained 

unchanged, similar to other studies (Arseneau et al., 2021; Conquer et al., 2023; Deighton & 

Watmough., 2020). These initial increases in metal concentration in the upper soil layers are 

consistent with the slow weathering rate of wood ash observed in other studies and align with 
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findings from previous research (Deighton et al., 2021; Hansen et al., 2018). Metal mobility is 

likely further constrained by the reduced acidity in the upper soil horizons, as documented in 

other studies (Augusto et al., 2008; Violante et al., 2010). The metal concentrations of the NIWA 

measured in this study (As, Cd, Cu, Ni, Pb, and Zn) fell within or below the CM1 and CM2 

guidelines for restricted metal land application limits, in agreement with findings from similar 

studies (Deighton et al., 2021; Syeda, 2023). Overall, increases in metal concentrations in the L 

and FH horizons appear to correlate with ash dosage rates (Hansen et al., 2018), as certain 

metals, including Zn, Cu, Pb, Ni, and B, showed a gradient increase proportional to the 

application rate in the first year. However, these concentrations declined by the second year in 

the L horizon, reflecting both the redistribution of metals through the soil profile and their 

reduced mobility over time along with burial of fresh litter that fell in the Fall post application. 

Holmberg (2000) suggests by mixing dolomite with the ash, high concentrations of heavy metals 

are avoided, and the required Ca and Mg concentrations are achieved. This study conducted by 

Holmberg et al (2000) on the chemical composition and leaching characteristics of granules 

made from wood ash and dolomite found that this combination effectively stabilized heavy 

metals, reducing their leachability. The granules also provided a balanced supply of Ca and Mg, 

beneficial for soil amendment applications. 

2.5.2 Sugar maple root mass and chemical analysis 

Fine root growth was reduced by approximately 40 % relative to the control in plots 

receiving 4, 6 and 12 Mg ha-1 two years after NIWA applications, although the response was 

only significant in the 6 Mg ha-1 treatment. Ash application has been reported to both increase 

and decrease fine root biomass. The form of ash, time since ash application, and nutrients added 

together with ash may all contribute to the overall effect of the treatment (Helmisaari et al., 

2009). For example, Persson and Ahlström (1991) found areas in a Norway spruce stand treated 
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with wood ash and peat ash decreased root development during the first 2 years after ash 

application. In a longer-term study, Helmisaari et al., (2009) found that root mortality was 

higher, and the production of new roots were lower in plots treated with 3 Mg ha-1 wood ash 

compared with no ash added controls 9 years following application. In contrast Genenger et al. 

(2003) applied loose wood ash in a 70-year-old Norway spruce stand in Switzerland and reported 

increased fine root biomass within 2 years of treatment. Additionally, as described by Steenari 

and Lindqvist (1997), reactive oxides in ash may produce undesirable effects such as pH shock 

and burning damage to plant tissues. 

There were few changes in fine root chemistry. Large increases in Ca, Mg, K, and P 

concentrations are commonly observed in fine roots following wood ash application (Augusto et 

al., 2008). However, in this study only P significantly increased while Cd significantly 

decreased. The increase in root P concentrations is likely due to enhanced P availability from 

wood ash (Marius Tuyishime et al., 2022), while the decrease in Cd concentrations is likely due 

to pH-induced reductions in Cd bioavailability (Kindtler et al., 2019). The absence of significant 

changes in other elements suggests that their availability and uptake may not be as strongly 

influenced by wood ash treatments. However, due to wood ash significantly increasing soil pH, 

in turn affects nutrient availability. While this can enhance the uptake of certain nutrients, it may 

also cause imbalances that negatively impact root development (Joseph et al., 2022), as reflected 

in the decline in fine root biomass at higher application rates in this study. A study on Norway 

spruce in Finland found that wood ash and N fertilization altered soil acidity, causing a decrease 

in fine root biomass and altered growth dynamics (Helmisaari et al., 2009). Bang-Andreasen et al 

(2017) found observed increases in soil pH and electrical conductivity suggest that excessive 

wood ash application could potentially lead to conditions that impair soil functions and root 
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health. Elevated soil pH can alter nutrient availability, potentially leading to nutrient imbalances 

that affect plant growth. 

2.5.3 Sugar maple basal area increment 

After two years, sugar maple basal area increment (BAI) showed significant variation 

among NIWA treatments. The 6 Mg ha-1 treatment exhibited significantly lower stem growth and 

fine root density overall. . These findings contribute to the growing body of evidence that tree 

responses to wood ash application can be highly variable and site-specific, particularly in the 

short term (Mandre et al., 2006; Reid & Watmough, 2014; Saarsalmi et al., 2014; Syeda, 2023). 

For instance, Mandre et al. (2006) reported no significant changes in diameter or height growth 

of Scots pine three years after wood ash application. Similarly, Saarsalmi et al. (2014) found no 

early growth response in Scots pine in southern Finland, although they observed significant 

increases in stem volume growth during the third, fourth, and fifth years. Conversely, Brais et al. 

(2015) observed decreased black spruce growth after wood ash application in the boreal forest. 

These mixed results suggest that tree and soil responses to wood ash application do not always 

align with predictions.  

In this study site, sugar maple growth was generally lower than reported for more fertile 

forests in eastern North America. The control trees averaged ~60 cm2 of BAI per tree over two 

years, which is at the lower end of the range typically observed in southern Quebec and Vermont 

(~80–100 cm2/tree), where deeper soils and greater nutrient availability promote higher 

productivity. The shallow, acidic, and potentially nitrogen-limited soils at our central Ontario site 

may explain both the lower growth rates and the reduced efficacy of ash. In contrast, Arseneau et 

al. (2021) found positive BAI responses in sugar maple after applying 20 Mg ha-1 of ash in 

Quebec but also reported K-limited soils with high N availability, which likely contributed to 

stronger nutrient cycling. 
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Delayed growth responses may be attributed to factors such as P limitations that can 

emerge at both low and high soil pH (Pitman, 2006) or the low N content in wood ash, which 

reduces its potential to stimulate growth (Johansen et al., 2021). At low pH, P becomes 

unavailable due to fixation by iron and aluminum oxides. However, at elevated pH levels, P can 

also become less available through precipitation as calcium-phosphate compounds (e.g., 

hydroxyapatite), particularly when calcium levels rise following wood ash application (Maguire 

& Sims, 2002). Reid & Watmough (2014) also emphasized that the time elapsed since treatment 

is a key variable in detecting growth effects, and tree species respond differently to ash 

application (Emilson et al., 2019). Evidence suggests that positive growth responses to wood ash 

are most likely in N-rich sites, such as forests receiving high atmospheric N deposition or those 

established on naturally fertile peatlands or mineral soils (Jacobson et al., 2014; Huotari et al., 

2015). For example, Arseneau et al. (2021) revealed an increase in BAI of sugar maple trees 

after the application of 20 Mg ha-1. Their sites, located in southeastern Quebec, were 

characterized by K-limited but N-rich soils, where ash additions corrected cation imbalances 

without introducing N limitation. In contrast, the site in this study exhibited marginal N 

availability, as indicated by foliar N concentrations at the lower end of the sufficiency range 

(mean ~2.1% N, with ~20% of samples below 2.0%) and relatively modest DRIS N indices. 

These findings suggest that the site is not N-rich and may in fact be limited in available N. In 

these environments, wood ash can stimulate the decay of organic matter, releasing N for tree 

uptake (Augusto et al., 2008; Karltun et al., 2008; Huotari et al., 2015). Conversely, growth 

typically remains unchanged or even decreases when wood ash is applied to N-limited mineral 

soils where forest productivity is constrained by N availability (Augusto et al., 2008; Karltun et 

al., 2008; Huotari et al., 2015). This may explain why the 6 Mg ha⁻¹ treatment exhibited the 
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lowest growth, as the site conditions may have limited the availability of N, restricting the 

potential for tree growth.  

2.5.4 Sugar maple foliar chemistry 

While few significant differences were observed, certain elements, such as K, B, and Cu, 

tended to increase with dosage, reaching up to 40% higher than control plots at the highest 

treatment levels. In contrast, metals like Al, Zn, and Cd showed an initial increase at lower 

dosages but declined at higher dosages. This pattern may be attributed to the complex interaction 

between metal additions and pH changes, where shifts in soil chemistry influence metal 

solubility, mobility, and plant uptake (Pitman, 2006). There were few significant differences in 

sugar maple foliar chemistry among treatments two years after ash application, and all 

macronutrient concentrations fell within previously reported ranges for healthy sugar maple trees 

(Burton et al., 1993; Kolb & McCormick, 1993). Similar to findings from other studies 

(Deighton et al., 2021; Reid & Watmough, 2014; Conquer et al., 2023), foliar metals showed 

little to no significant changes across the wood ash dosages. For example, Deighton et al. (2021) 

found no significant increases in foliar metal concentrations four years after ash application, 

except for Fe, which remained within the range for healthy sugar maples. Except for K, Conquer 

et al. (2023) observed concentrations of Ca and several other metals (Mn, Fe, Zn, Al, Ni, and Cd) 

to be higher in ash-treated trees, but for the most part these differences were small and 

insignificant and remained either within or below healthy ranges. In contrast, Arseneau et al. 

(2021) reported significant increases in foliar Ca and Mg concentrations four years after applying 

higher doses of wood ash (20 Mg ha⁻¹) than those used in this study, suggesting that larger doses 

or longer timeframes may be needed for significant changes in foliar base cation concentrations 

(Augusto et al., 2008; Conquer et al., 2023; Reid & Watmough, 2014). These findings suggest 

that while some responses in sugar maple trees can occur within the first year following wood 
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ash application, significant changes in foliar nutrient concentrations, particularly for elements 

like Ca and Mg, may take several years to become evident, in contrast to more soluble elements 

like K, which show quicker responses. The timeline for these changes depends on factors such as 

nutrient mobility in the soil, the rate of nutrient uptake by roots, and the tree's internal nutrient 

allocation processes (Kim et al., 2022). Importantly, the absence of substantial changes in foliar 

nutrient concentrations does not necessarily indicate a lack of treatment effect, it may reflect that 

baseline nutrient levels were already sufficient and tightly regulated by the trees (Miller et al., 

2005). Once internal nutrient demands are met, further uptake may be physiologically restricted, 

particularly for base cations like Ca. As such, observable foliar changes may emerge only when 

trees are responding to true nutrient limitations or after longer periods of sustained treatment 

effects.  

Among the elements analyzed, only K and Mn exceeded healthy sugar maple ranges. 

Potassium, essential for tree health, temporarily increased above the healthy range but returned 

to “healthy” levels by the second year. Manganese concentrations were notably elevated in the 4 

Mg ha⁻¹ treatment, possibly due to site-specific differences. Fernando et al. (2016) suggested that 

sugar maples on unbuffered, acidified soils upslope may over accumulate Mn, while those on 

buffered downslope soils are less affected. This site variability could contribute to the observed 

foliar Mn response in this study. 

The lack of foliar response may in part be due to changes in mineral soil chemistry were 

very small, and this is where most of the fine roots of mature sugar maple are located at the study 

site. For example, the comparison of foliar Ca concentrations with exchangeable base cation 

levels in the upper A-horizon mineral soil of the study plots aligns with findings from the 

Ontario Forest Biomonitoring Network (OFBN) analyzed by Miller et al. (2005). Miller et al 
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(2005) identified a relationship between soil and foliar Ca, revealing a threshold beyond which 

increases in soil Ca do not translate into higher foliar Ca levels, and in some cases, foliar Ca may 

even decrease. This suggests that sugar maple trees may regulate calcium uptake once a 

sufficient threshold is reached, which could explain the limited response in foliar Ca 

concentrations observed in this study despite elevated soil Ca levels. Foliar N shows no response 

to ash and despite a long history of elevated N deposition in the region it may remain the key 

limiting nutrient for tree growth in the region (Conquer et al., 2023) 

  

  
Figure 2. 13. Sugar maple foliar and A-horizon Ca of the control and NIWA treated sugar maple 

tree plots sampled in 2023 plotted against 35 Ontario Forest Biomonitoring Network plots 

sampled in 2005 by Miller et al (2005). 
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2.6 Conclusion 

This study investigated the short-term effects of NIWA application on a sugar maple-

dominated hardwood stand in Bracebridge, Ontario, focusing on soil chemistry, tree growth, and 

foliar nutrient dynamics. The findings indicate that wood ash significantly increased soil pH, 

base cations (Ca, Mg, K), and metal concentrations, particularly in the organic horizons, while 

having minimal impact on the mineral soil. Despite these soil changes, fine root growth declined, 

aboveground tree growth declined in the 6 Mg ha-1 treatment, suggesting possible nutrients 

imbalance or stress at this dose. Changes in foliar chemistry were generally small and within 

reported healthy ranges, and no evidence of metal toxicity was observed. The limited tree 

response suggests that these sites may be N-limited, with potential P constraints due to elevated 

soil pH. These results highlight that wood ash may be a safe and beneficial soil amendment when 

applied at lower dosages (< 4 Mg ha⁻¹), as it improves nutrient availability without causing 

negative effects, but its effectiveness may be enhanced with the addition of N. Longer-term 

studies are needed to determine whether repeated applications could lead to more pronounced 

ecological benefits, particularly in nitrogen-enriched environments. 
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3. Effects of Non-Industrial Wood Ash and Dolomitic Limestone on Soil Respiration and 

Microbial Enzyme Activity 

3.1 Abstract 

Forests exhibit large controls on the global carbon cycle, serving as significant carbon sinks with 

an estimated capacity of 0.4 to 4.1 Pg C per year. However, many forests are experiencing 

nutrient cycle disruptions due to historical human activities, such as acid deposition or timber 

harvesting. Soil amendments, including dolomite and non-industrial wood ash (NIWA), can be 

used to replenish lost soil nutrients and may aid in soil carbon sequestration. This study 

investigated the effects of applying 2 and 12 Mg ha-1 of NIWA and dolomite on soil transplants 

from a sugar maple (Acer saccharum Marsh.) dominated forest in south-central Ontario, using 

both field and laboratory trials. Compared with dolomite, NIWA had a stronger effect on soil 

chemistry and CO2 fluxes from soil. Notably, the application of NIWA significantly increased 

soil pH and exchangeable base cations (calcium (Ca), magnesium (Mg), and potassium (K)) 

especially in the 12 Mg ha-1 treatment.  The application of 12 Mg ha-1 resulted in a sharp intake 

of CO2 immediately after application, but over the two-year study cumulative CO2 fluxes were 

higher compared with the other treatments. Soil enzyme activity (β-1, 4-glucosidase, 

Phosphatase, and N-acetyl- β glucosaminidase) showed only weak responses to the highest 

treatments and only in the LFH layer. Overall, NIWA significantly improved soil pH and 

increased exchangeable cations with minimal effects on soil CO2 fluxes and microbial activity. 
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3.2 Introduction 

Terrestrial ecosystems play a vital role in the global carbon (C) cycle, acting as 

significant C sinks with an estimated capacity of 0.4 to 4.1 Pg C per year (Midgley et al., 2010). 

Canadian forests, covering nearly 362 million hectares, account for about 8.5% of the world's 

forested area. These forests are essential for absorbing CO2 from the atmosphere, therefore 

helping to mitigate climate warming (Byrne et al., 2024). However, the role of forests as net 

carbon sinks is increasingly uncertain in the face of intensifying disturbances such as wildfires, 

insect outbreaks, and deforestation, which can cause forests to become temporary or long-term 

carbon sources (Kurz et al., 2008; Gauthier et al., 2015). In forests, soil contains more C than all 

terrestrial vegetation combined, with approximately 2,500 Pg C stored at a depth to one meter. 

This includes about 1,550 Pg of soil organic carbon (SOC) and 950 Pg of soil inorganic carbon 

(SIC) (Lal, 2004; Padarian et al., 2022). However, many temperate forests are experiencing 

disrupted and imbalanced nutrient cycles in its soils due to historical and ongoing human 

activities (Steffen et al., 2015). Acidic deposition is well-documented in its degradative effects 

on soil and water quality, causing harmful effects on vegetation, forests, and both aquatic and 

terrestrial wildlife (Bergström & Jansson, 2006; Driscoll et al., 2001; Pardo et al., 2011; Wright 

et al., 2018). Even with significant reductions in atmospheric emissions of sulfur dioxide (SO2) 

and nitrogen oxides (NOx), the long-term impacts of acidic deposition remain evident in soils 

across North America, Europe, and Asia (Driscoll et al., 2001; Feng et al., 2020). Over time, the 

loss of essential base cations causes increasing levels of hydrogen (H+) and aluminum (Al) in 

soil lowering its acid-neutralizing capacity (Blake et al., 1999; Duchesne & Houle, 2008; Feng et 

al., 2020; Kunhikrishnan et al., 2016; Rengel, 2015). These chemical changes can negatively 

affect tree growth (Gilliam et al., 2019) and the acidification of soil increases the solubility of 
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other metals that may also be harmful to biota (Moreno Marcos & Gallardo Lancho, 2002; 

Neina, 2019).  

Sugar maple (Acer saccharum Marsh) trees are highly sensitive to soil acidity and low 

soil calcium (Ca) content and are a dominant hardwood species that are economically important 

to Ontario (Gradowski & Thomas, 2006; Little, 1971; Minorsky, 2003). Consequently, there is 

growing interest in applying soil amendments such as wood ash, dolomite [CaMg(CO3)2], 

limestone (CaCO3), and wollastonite (CaSiO3) to mitigate effects caused by acidic deposition 

(Haque et al., 2020; Kunhikrishnan et al., 2016; Lundstroem et al., 2003; Reid & Watmough, 

2014). Additionally, these calcium-bearing minerals have the potential to serve as CO2 storage 

materials during mineralization reactions, or the potential to release it (Adamczyk et al., 2010; 

Beerling et al., 2020; Yan et al., 2023; Zimmerman & Frey., 2002). Some amendments, 

particularly silicate- or oxide-based materials like wollastonite and wood ash, may act as carbon 

sinks by reacting with CO2 through mineral carbonation. In these processes, CO2 from the 

atmosphere or soil respiration dissolves into soil water and reacts with Ca-bearing minerals to 

form bicarbonate (HCO3
-) and calcium ions (Ca2+) (Dietzen et al., 2018). Under certain soil pH 

and moisture conditions, these may then combine to form calcium carbonate (CaCO₃) (Ferdush 

& Paul, 2021). This pathway is less relevant for carbonate-based amendments like limestone and 

dolomite, which are already in carbonate form and do not significantly contribute to additional 

CO₂ uptake through weathering (Beerling et al., 2020; Yan et al., 2023). 

Applying dolomite to soils can enhance the fixation of both organic and inorganic carbon, 

serving as an effective climate change mitigation strategy (Xiao et al., 2016). However, dolomite 

is not always the best option for soil amendment due to the environmental impact of its mining 

and transport (Azan et al., 2019). This challenge also applies to wollastonite and other commonly 
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used liming agents (Government of Canada, 2022). Azan et al. (2019) suggest that wood ash 

could help address Ca decline in Ontario, given its high Ca content, essential nutrients [e.g., 

magnesium (Mg), potassium (K), phosphorus (P)], and the opportunity to recycle a locally 

generated byproduct. While some wood ash sources may still require transport, the use of non-

industrial wood ash from nearby operations or communities can significantly reduce associated 

emissions and costs, making it a more sustainable alternative. This practice not only returns 

nutrients to the soil but also helps reduce landfill waste and the environmental footprint of forest 

and biomass energy production. Studies from Finland suggest that adding wood ash to forest 

soils can also aid in climate change mitigation, as it may enhance C storage in the humus layer 

within just two to seven years (Saarsalmi & Malkonen, 2001). Unlike current energy-intensive 

and costly C-capture and storage technologies, using wood ash to decrease CO2 release may 

present a promising low-tech alternative while diverting a classified waste product from the 

landfill. Several studies have investigated CO2 fluxes from soil after the addition of wood ash, 

yielding mixed results. For example, Ernfors et al (2010) found no difference in forest floor CO2 

emissions during the 5 years following the application of wood ash. In contrast, Zimmerman & 

Frey (2002) found an increase in CO2 fluxes 62 days after an 8 Mg ha-1 wood ash application in 

an acidic Norway spruce (Picea abies) stand while Klemedtsson et al. (2010) found a decreased 

CO2 flux 2 years after wood ash additions of 3.3 and 6.6 Mg ha−1 from a spruce forest on a 

minerotrophic drained organic soil. These contrasting results highlight the complexity of factors 

influencing the effects of wood ash on CO2 release, indicating that further investigation into the 

relationship between wood ash dose and CO2 fluxes, as well as the resulting impacts on soil 

properties and ecological processes. 
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Soil amendments, both inorganic and organic, significantly influence soil pH and organic 

matter content, which in turn can affect the soil microbial community (Lima et al., 2009; Noyce 

et al., 2012; Zimmerman & Frey, 2002). Soil pH plays a critical role in shaping bacterial 

diversity and the fungi-to-bacteria ratio; fungi tend to thrive in acidic soils, while bacteria are 

more abundant at circumneutral pH (Strickland & Rousk, 2010). In addition to microbial 

composition, the activity of extracellular enzymes produced by microbes provides insight into 

nutrient availability and microbial metabolic strategies. Enzyme stoichiometry, the relative 

activity of enzymes targeting C, N, and P substrates, is increasingly used to infer microbial 

nutrient limitations and ecological responses to environmental change (Moorhead et al., 2013, 

2016; Sinsabaugh et al., 2009). This approach assumes that microbial investment in enzyme 

production reflects the elemental imbalances between microbial demand and available resources, 

following principles similar to ecological stoichiometry. However, these tools rely on key 

assumptions that should be considered carefully. For example, enzyme activity assays measure 

potential rather than actual in situ activity, and the interpretation of enzyme ratios as indicators of 

nutrient limitation can be context-dependent, influenced by substrate availability, microbial 

community structure, and soil physicochemical conditions (Mori et al., 2022). Soil amendments 

can rapidly increase components such as organic C, potentially stimulating microbial nitrogen 

mineralization to maintain a balanced C:N ratio (Ding et al., 2024). Microbial properties and 

enzyme activities are particularly useful for assessing the effects of soil treatments, especially in 

forest soils, where they respond quickly to changes in soil chemistry (Sparling, 1997). Despite 

their importance in regulating soil C stocks and interacting with soil particles, the role of 

microbial communities is often underestimated. For example, while studies on enzymatic 

responses to wood ash application show mixed results, they highlight the need for more 
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consideration of microbial activity. Błońska et al. (2023) found increased microbiological 

activity following the application of 6 Mg ha-1 of wood ash, whereas Zimmerman & Frey (2002) 

and Björk et al. (2010) observed negative or negligible effects at dosages of 8 Mg ha-1 and 2.5 – 

3.3 Mg ha-1, respectively.  

The objective of this study was to compare the short-term effects of NIWA and dolomitic 

limestone applications at a rate of 2 Mg ha-1 (low end) and 12 Mg ha−1 (high end) on soil 

chemistry, CO2 fluxes and soil extracellular enzymatic activity with a focus on β-glucosidase, 

acid phosphatase, and N-acetyl-β-D-glucosaminidase. This research included both a field trial 

and a controlled laboratory experiment using soil transplants from a sugar maple–dominated 

forest in South-central Ontario. The field trial was designed to assess soil CO2 efflux responses 

under ambient environmental conditions, while the laboratory trial aimed to control for 

temperature and moisture in order to distinguish between abiotic and biotic processes 

contributing to CO2 fluxes and soil enzyme activity.. Specifically, this study aimed to evaluate 

how NIWA application influences (1) soil exchangeable cations and pH, (2) soil CO2 efflux, and 

(3) soil microbial extracellular enzyme activities. It was predicted that the addition of NIWA 

would result in more pronounced changes in soil chemistry, higher CO2 efflux, and increased 

enzymatic activity compared with dolomitic limestone. By examining these effects, this study 

seeks to provide valuable insights into the potential of NIWA as a sustainable soil amendment 

for enhancing soil nutrients and carbon sequestration in forest ecosystems. 
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3.3 Methods 

3.3.1 Study site   

  Soil transplants were extracted from a 97-ha mixed-wood forest in the Great Lakes-St. 

Lawrence ecozone east of the town of Bracebridge, Ontario, Canada (45°04'14.5"N, 

79°09'00.7"W). The site is located within a recreational camp called Camp Big Canoe (CBC), 

and is an undisturbed, relatively even aged (~50-year-old) sugar maple dominated forest and 

includes white ash (Fraxinus americana L.), American beech (Fagus grandifolia Ehrh.), and 

yellow birch (Betula alleghaniensis Britt.). The site has shallow, coarse-textured sandy loam 

soils that are classified as Sombric Brunisols overlying granitic gneiss Precambrian Shield 

bedrock (Soil Classification Working Group, 1998). From the Bracebridge, ON weather station, 

the average annual precipitation (from 1991 - 2020) of the region is 1062.3 mm. The average 

daily minimum and maximum temperatures between 1991 - 2020 were -15.3 ℃ and -4.6 ℃ 

respectively in January and 12.8 ℃ and 25.3 ℃ in July (Environment and Climate Change 

Canada, 2024).   

3.3.2 Experimental farm  

The experimental farm is located on Trent campus lands, 3 km east of Trent University’s 

east bank campus, Peterborough, Ontario, Canada. From the Peterborough, ON weather station, 

the average daily minimum and maximum temperatures in 2023 were –7.7 ℃ and -0.2 ℃ 

respectively in January and 13.7 ℃ and 26.9 ℃ in July (Environment and Climate Change 

Canada, 2024).  

This site was selected for the field component of the study due to its proximity to the 

university, which enabled frequent and consistent measurement of soil CO2 fluxes over time. The 

logistical feasibility of this site reduced travel time and allowed for greater sampling intensity 

and temporal resolution, which would not have been possible at the original Camp Big Canoe 
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study site near Bracebridge, Ontario. While the soils were translocated from a sugar maple–

dominated stand near Bracebridge, conducting the field trial at the Trent experimental farm 

ensured more controlled and repeated access to the experimental plots, improving the reliability 

of flux measurements. Additionally, the experimental farm provided the necessary infrastructure 

and space for setting up replicated treatments in a controlled outdoor environment. 

3.3.3 Amendment acquisition and characterization 

 
Volunteer residents from Muskoka contributed non-industrial wood ash, which was 

collected by the charitable organization Friends of the Muskoka Watershed (FMW, 2023). After 

collection, the ash from various sources was homogenized and sieved (< 2 mm) to remove 

charcoal, nails, plastic, and other large debris. Following this preparation, it was stored in large 

polyethylene containers in a cool, dark environment. Six sub samples were collected randomly 

from the wood ash kept separate for analysis (n = 24) of pH, OM, nutrient, and metal 

concentrations using the acid digestion method. (Table 3.1, Conquer et al., 2023). Qualitative 

mineralogical data of the NIWA and dolomite were obtained by powder X-ray diffraction (XRD) 

data analysis using a Bruker D2 Phaser X-ray diffractometer. The NIWA was comprised of a 

major abundance of calcite (>10 wt.%; CaCO3), and minor abundances (1–10 wt.%) of 

portlandite [Ca(OH)2], lime (Ca), fairchildite [K2Ca(CO3)2], butschliite [K2Ca(CO3)2], periclase 

(MgO), and monetite [CaHPO4]. The dolomite used in this study was mainly comprised of 

dolomite [CaMg(CO3)2], calcite, and quartz (SiO2). 
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Table 3. 1. Average pH, organic matter, nutrient, and metal concentrations of non-industrial 

wood ash (means ± SE) (Conquer et al., 2023). Ontario Regulation 267/03 of the Nutrient 

Management Act (NASM) 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.  

 Non-Industrial Wood 

Ash Properties 
NASM Limits† 

 

  CM1 CM2 

pH 13.0 (0.04)  

OM (%) 3.4 (0.3)  

C (%) 8.6 (0.1)  

N (%) 0.1 (0.0)  

Ca (g kg-1) 267 (3.0)  

K (g kg-1) 94.4 (2.9)  

Mg (g kg-1) 19.4 (0.3)  

Mn (g kg-1) 8.8 (0.3)  

P (g kg-1) 7.5 (0.1)  

Al (g kg-1) 3.8 (0.3)  

Fe (g kg-1) 2.2 (0.2)  

Zn (mg kg-1) 503 (18.5) 500 4200 

Cu (mg kg-1) 164 (9.4) 100 1700 

Cd (mg kg-1) 2.9 (0.2) 3 34 

As (mg kg-1) 9.9 (2.2) 13 170 

Ni (mg kg-1) 9.6 (0.6) 62 420 

Pb (mg kg-1) 48.2 (16.1) 150 1100 

B (mg kg-1) 265 (5.3)  

Government of Ontario, 2002, Conquer et al., 2023  

 

3.3.4 Field trial: Plot setup and experimental design  

Due to the study site located 175 km away, routine monitoring at the original location 

would have been logistically challenging. Therefore, relocating soil columns to a controlled 

setting ensured consistent data collection and minimized variability. Seventeen soil columns 

were created from 20 cm diameter polyvinyl chloride (PVC) pipes, each cut to a length of 20 cm. 

In May 2022, 15 soil collars were carefully driven into the soil beneath the canopy of sugar 

maple trees at Camp Big Canoeusing rubber mallets, ensuring preservation of the litter (L), 

fibric-humic (FH), and mineral horizons. These columns were then excavated with a shovel, 
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capped with PVC disks, and transported to the experimental farm at Trent University for further 

analysis.  

 
Figure 3. 1. The insertion of the soil column transplant in the forest floor (A) and the tools used 

(B) at CBC in Bracebridge, ON. The installation of the soil columns at the Trent University 

experimental farm (C). 

 
The soil columns were inserted into a 5  5 m plot on Trent’s experimental farm into 

rows with a 30 cm gap between each. An additional two soil columns were installed, one filled 

with 3 kg of NIWA only, and the other with only 5 kg of dolomitic lime were also inserted, 
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resulting in the installation of 17 soil collars in the plot. The pure amendment plots were used to 

assess natural background weathering of NIWA and dolomite. Daily precipitation (mm) and air 

temperature (°C) data were obtained from the Trent University weather station. While we 

considered simulating forest canopy conditions (e.g., shading) to better mimic the microclimate 

of the original forest site, resource limitations prevented the installation of shading structures. 

Soil CO2 fluxes were monitored using a LI-8100 automated soil CO2 flux system with a 

survey chamber, which was positioned on the PVC columns in the field trial. The system 

measured the diffusion rate of CO2 (µmol/m2/s) over a 2 min period, incorporating a 10 s purge 

before and after each reading. The exposed sample area in each soil column was 314 cm2, and 

the chamber volume was 6283 cm3. The offset, indicating the distance between the top of the 

PVC collar and the soil surface was adjusted to 4 cm to allow adequate air mixing for 

measurements. 

Measurements were taken once per week over a two-month period prior to treatment 

initiation on July 27, 2022. Following treatment, CO2 flux measurements were conducted twice a 

week for three weeks before returning to a once-per-week schedule for an additional two months. 

This monitoring continued into the following year.  CO2 fluxes were calculated using 

SoilFluxPro 4.0.1, which are based on the change in CO2 concentration from the 120 s 

measurement, fitted to an exponential curve with the instantaneous rates extrapolated to 1 day.   

The treatment included triplicates of 2 and 12 Mg ha-1 NIWA, 2 and 12 Mg ha-1 dolomite, 

and soil controls with no amendments added. At the end of the season in October 2022 and 2023, 

soil samples including the LFH, and mineral layers were collected from each soil column. The 

LFH was cut out of the column and a metal core (6.3 cm D  12.7 cm L) was used to remove the 

mineral soil. Samples were stored in polyethylene bags and refrigerated at 4°C until analysis.  
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At the end of the 2022 growing season, all soil columns remained in place at the 

experimental farm over the winter months. No insulation or covering was added, allowing them 

to experience natural freeze–thaw and snow accumulation conditions. CO2 flux measurements 

resumed in spring 2023 using the same soil columns. 

3.3.5 Lab trial: Plot setup and experimental design    

The lab trial was conducted to complement the field experiment by isolating and 

controlling environmental variables such as temperature and moisture, which influence soil CO2 

fluxes and enzyme activity. This trial aimed to help distinguish between abiotic and biotic 

reactions to CO2 fluxes and to assess microbial responses under consistent conditions. Mirroring 

the methods from the field trial, nine soil columns were created from 20 cm diameter polyvinyl 

chloride (PVC) pipes, each cut to a length of 20 cm. In October 2023, the soil collars were 

carefully driven into the soil underneath sugar maple canopy at CBC using rubber mallets, 

ensuring preservation of the LFH and mineral horizons. These collars were then excavated with a 

shovel, capped with PVC disks, and transported to Trent University. They were then modified by 

fitting a PVC disk with holes to the bottom of the column to promote drainage and prevent 

material from being flushed after watering events. The soil columns were watered with reverse 

osmosis (RO) water once a week to maintain 60% field capacity. Soil CO2 fluxes were 

monitored using the previous method for the field trial and measured the diffusion rate of CO2 

(µmol/m²/s) over a 2 min period, incorporating a 10 s purge before and after each reading. 

Measurements were made at a frequency of three times per week over a three-week period prior 

to treatment initiation on November 20th, 2023. Subsequently, flux measurements were 

conducted twice daily for one week, followed by a return to the original three times per week 

frequency for an additional three weeks. The soil columns were treated with three replicates of 

12 Mg ha-1 dolomite, and 12 Mg ha-1 NIWA, with three no-amendment control treatments. At the 
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end of the six-week trial, soil samples including the LFH and mineral layers were collected from 

each soil column following the sampling methods from the field trial. 

 

Figure 3. 2. The removal of the soil collar transplants in the field (A) and set up in their 

incubation study in the lab for analysis (B). An in-lab soil collar reading with the LICOR (C). 
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3.3.6 Soil microbial incubation  

Separate columns were used for destructive sampling to avoid disturbing the soil 

structure and microbial communities in the larger columns used for CO2 flux measurements, and 

to allow undisturbed leaching and vertical movement of the amendments over time. Fifty-one 

soil columns were created from a 15.2 cm diameter PVC pipe cut into 20 cm lengths. Each 

column was carefully driven into the soil at the study site using rubber mallets, ensuring 

preservation of the LFH and mineral horizons. These collars were then excavated with a shovel, 

capped with PVC disks, and transported to the laboratory. Once transported to the laboratory, the 

bottoms of columns were fitted with a PVC pipe reducer coupling and Quest Gold-Grade 

Landscape Fabric cut into 18 cm circles to fit over the bottom of the PVC pipe and to prevent 

material from being flushed away after watering and to allow water to drain from the columns. 

The soil columns were watered with RO water once a week to maintain 60% field capacity. This 

experiment included triplicates of three treatments: 12 Mg ha⁻¹ dolomite, 12 Mg ha⁻¹ NIWA, and 

soil controls. These treatments were hand spread on the surface of each column, with the 

amendments applied to the respective columns and controls left untreated. Destructive sampling 

of nine columns (three treatments in triplicates) was done by removing intact columns on days 0, 

1, 3, 7, 14, and 42. At each sampling, LFH and mineral samples were collected and frozen at -20 

°C for soil enzyme assays. 

3.3.7 Laboratory analysis  

3.3.7.1 Soil  

Soil samples were oven-dried at 105 °C for 24 h in a Grieve industrial oven. After drying, 

mineral soil was sieved to < 2 mm. The LFH layers were ground using a Wiley Mill. All soil 

layers were analyzed for pH and loss-on-ignition (LOI) and were analyzed for exchangeable 

cations and metals (Ca, Mg, K, Al, Fe, Mn). 
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Soil pH (0.01 M calcium chloride (CaCl2)) was measured following Hendershot & 

Lalande (2008) method. A 1:5 ratio was used, shaken for 1 h, and then measured using an 

OAKTON pH 510 series multimeter (Oakton Instruments, Vernon Hills, Illinois, USA). Organic 

matter content was analyzed using the loss of ignition (LOI) method by Hopkins (2008). Each 

sample was weighed to 1 g for LFH and 5 g for mineral soil and placed in porcelain crucibles to 

dry in the oven at 105 °C for 24 h. The weight was recorded using an analytical balance and 

weighed again after the samples were ashed in the muffle furnace at 400 °C for 10 h.  

Exchangeable base cations (EC) were analyzed following the method described in 

Hendershot & Lalande (2008) by adding 25 mL of 1 M ammonium chloride (NH4Cl) to 5 g of 

mineral soil or 1 g of LFH. Samples were mixed for 2 h on a shaker table. They were then 

filtered through P8 Fast Flow Filter Paper. Samples were diluted 1:10 and acidified with 0.2 mL 

of trace metal grade HNO3 and later analyzed using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) to measure concentrations of Ca, Mg, K, and Na (80-100% recovery).  

Soil standards (EnviroMAT SS-1) and blanks were tested periodically to ensure accuracy, and a 

standard curve was created for each analysis with the ICP-OES with elemental standards from 

SCP Science (SCP Science, Quebec, CA). 

3.3.7.2 Soil microbial extracellular enzyme assay  

 
The three extracellular enzymes assayed in this study were β-1, 4-glucosidase (BG), 

Phosphatase (Phos), and N-acetyl- β glucosaminidase (NAG). β-1, 4-glucosidase is involved in 

C-cycling and releases glucose from polysaccharides (i.e., cellobiose) for microbial C 

acquisition. Phosphatase is involved in P cycling and acts by releasing inorganic P from 

phosphate esters. N-acetyl- β glucosaminidase is involved in C and N cycling by hydrolyzing 

bonds in uridine diphosphate N-acetylglucosamine derived from chitin found in fungal cell walls 
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(Daunoras et al., 2024). While extracellular enzyme activity may originate from both plant roots 

and microbial sources, the soil columns were incubated in a low-light, controlled environment 

without growing plants. Under these conditions, root-derived enzyme activity is expected to 

decline rapidly due to the absence of photosynthetic activity and root exudation (Zhang et al., 

2013). In contrast, microbial communities remain metabolically active and continue to produce 

extracellular enzymes in response to nutrient availability. Therefore, enzyme activity measured 

in this study is assumed to primarily reflect microbial processes. 

Soil samples were thawed and air dried at room temperature for 24 h before being passed 

through a 2 mm sieve to remove course fragments and debris. Soil enzyme assays were 

conducted following the methods of Tabatabai (1994) and Parham and Deng (2000). A 1:10 ratio 

was used due to the high organic matter of the soil, by mixing 1 g of soil with 10 ml of 50 mM 

acetate buffer (pH 5.5) followed by pipetting 150 µL of the soil slurry into 1.5 mL centrifuge 

tubes and mixing it with 150 µL of pNP-1-D-glucopyranoside, pNP-phosphate, or pNP-1-N-

acetylglucosaminide and incubated for 1 h (3 h for pNP-NAG) at 37 °C. After incubation, 100 

µL of each sample was transferred to a clear 96 well microplate and 10 µL of 1 M NaOH with 

190 µL of RO water was added to stop the reaction. Additional controls were performed by 

following the procedure described but without addition of soil to reaction mixtures. An Epoch 

Biotek microplate spectrophotometer reader at 410 nm absorbance was used to determine 

enzyme activity and the calibration was done with 4-nitrophenol. To calibrate enzyme activity 

measurements, a 4-nitrophenol (pNP) standard curve was prepared. A 1 mM 4-nitrophenol 

solution was created by dissolving 13.9 mg of 4-nitrophenol into 100 ml of 50 mM acetate 

buffer. A serial dilution was performed in 50 mM acetate buffer to achieve final concentrations 

of 0.5 mM, 0.25 mM, 0.1 mM, 0.05 mM, and 0.025 mM. Calibration was verified using a system 
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test and an absorbance plate test. The plate absorbance was recorded at 410 nm. The 

concentration of each standard was multiplied by 0.3 to calculate µmoles of pNP per 300 µl 

reaction volume. A standard curve was generated by plotting µmoles of pNP against absorbance, 

with the slope of this line serving as a conversion factor to interpret the absorbance of the 

enzyme assay according to Beer’s Law. Soil enzyme ratios C (BG), N (NAG), and P (Phos) 

acquiring enzymes were calculated to express the soil EEA stoichiometry (Sinsabaugh et al., 

2008). 

Soil enzyme C:N ratio=ln(BG)/ln(NAG)                                     (5) 

Soil enzyme C:P ratio=ln(BG)/ln(Phos)                                      (6) 

Soil enzyme N:P ratio=ln(NAG)/ln(Phos)                                    (7) 

 

3.3.8 Statistical analysis 

 
Statistical analysis was conducted using R software version 4.2.2 (R Core Team, 2024). 

Soil pH, organic matter content, and exchangeable base cations were evaluated between 

treatments and across each year by soil horizon through a two-way analysis of variance 

(ANOVA) for the field trial. Cumulative CO2 soil fluxes at the end of the study period were 

evaluated between treatments using a one-way ANOVA. For the lab trial, responses of soil pH, 

organic matter content, and exchangeable base cations to treatment were evaluated using a one-

way ANOVA, categorized and separated by soil horizon. A two-way ANOVA was used to 

evaluate soil enzyme activities between treatments and across incubation time by soil horizon. 

When significant differences were identified, a post hoc test was performed using estimated 

marginal means and pairwise comparisons (emmeans package) with a Tukey adjustment to 

assess significant differences between treatment levels for each year. The normality of the model 
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residuals was assessed with the Shapiro-Wilk normality test (rstatix package) and QQ plots 

(ggpubr package), while homogeneity of variances was evaluated using Levene’s test (car 

package). Non-parametric data were tested using the Kruskal-Wallis test using the Bonferroni 

adjustment. A significance level of p < 0.05 was used, unless otherwise noted. 

To account for missing data in cumulative CO2 flux calculations a linear interpolation 

was used to estimate Fs values between two measurement dates, t1 and t2 in Microsoft Excel. 

This approach assumes a linear trend between Fs(t1) and Fs(t2), where Fs values for intermediate 

days (t1 < t < t2) were interpolated based on the following equation: 

𝐹𝑠 (𝑡) = 𝐹𝑠(𝑡1) +
𝐹𝑠(𝑡2)−𝐹𝑠(𝑡1)

(𝑡2−𝑡1)
 × (𝑡 − 𝑡1)                             (8) 

3.4 Results 

3.4.1 Experimental farm trial: Soil chemical properties 

In both horizons, the 12 Mg ha-1 NIWA had a stronger effect on soil pH compared to 

dolomite after application, the 2 Mg ha-1 rate did not significantly alter pH relative to dolomite 

(Figure 3.5). The pH of the soil controls was 4.7 in the LFH horizon. The soil pH value increased 

by almost 3 pH units in the 12 Mg ha-1 NIWA treatment after 3 months but decreased as the 

study progressed into the second year.  In the 0 – 5 cm horizon, soil pH was elevated to 6.1 in the 

12 Mg ha-1 NIWA treatment and 4.6 in the 2 Mg ha-1 NIWA treatment, while the control had a 

pH of 4.1 after 3 months. At the end of the trial in the first year, the pH values of the pure Dol 

and NIWA soil had a high pH of 8.7 and decreased to 7.6 in the second year. No significant 

differences in organic matter content were observed between treatments. However, there was a 

general trend of decreasing organic matter in the treatment plots following application, with 

noticeable reductions observed in the second sampling year. 
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 Figure 3. 3. Average pH (left) and percentage of organic matter (OM) (right) for each treatment 

including the soil control, 12 & 2 Mg ha-1 Non-industrial wood ash (NIWA), and 2 and 12 Mg 

ha-1 dolomite (Dol)—categorized by sampling year (2022 & 2023) and depth (LFH & 0-5 cm), 

including the pure NIWA and Dol controls. The letter display indicates significant differences 

between control and treatments (p < 0.05) determined by a Tukey HSD test. 
 

Elevated levels in exchangeable soil base cation concentrations were observed following 

NIWA application that were most pronounced in the 12 Mg ha-1 treatment (Figure 3.6). Calcium 

and K concentrations in the LFH layer significantly increased in both the 2 and 12 Mg ha-1 

NIWA plots, but in the 0 – 5 cm soil a significant increase was only observed in the 12 Mg ha-1 

NIWA plots. Additionally, concentrations of Mg levels also increased significantly in the 12 Mg 

ha-1 NIWA plots in both the LFH and 0 – 5 cm soil horizon. However, these differences observed 

in soil K and Mg concentrations in the first year fell significantly by the second year, returning to 

control levels in both horizons. In contrast, Ca levels remained significantly elevated in the 12 

Mg ha-1 treatment plots in the LFH horizon. Mn, Al, and Fe showed no significant differences 

among the treatments within each soil horizon (Figure 3.6). However, Mn and Al exhibited a 

tendency to decrease in concentration over both sampling years. Specifically, Mn concentrations 

decreased in both the LFH and 0 – 5 cm horizons, while Al concentrations decreased only in the 
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0 – 5 cm horizon. In the pure amendments, Ca concentrations showed a slight decrease in the 

second year for the pure NIWA treatment but increased slightly for the pure dolomite treatment. 

Potassium concentrations experienced a minor decline for the pure NIWA treatment, while Mn 

and Al concentrations increased in the second year for the pure dolomite treatment. 

 

Figure 3. 4. Average exchangeable cations in the LFH, upper mineral horizon and pure non-

industrial wood ash (NIWA) & dolomite (Dol) sampled from each soil collar in the control, 

NIWA, and Dol treated plots two seasons after application (2022 & 2023). The letter display 

indicates significant differences between control and treatments (p < 0.05) determined by a 

Tukey HSD test. 
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3.4.2 Field trial: CO2 fluxes 

 
The application of NIWA resulted in short-term changes in CO2 fluxes, especially in the 

12 Mg ha-1 treatment, while no changes were observed in the dolomite treatments (Figure 3.7). 

Prior to the addition of NIWA and dolomite treatments, the average in situ respiration was 17 g 

CO2 m
2 day-1. Twenty-four hours after treatments were applied loosely on the soils surface, CO2 

fluxes dropped to 0.4 g CO2 m
2 day-1 in the 12 Mg ha-1 NIWA treatment plots whereas fluxes in 

the other treatments and control were relatively stable (Figure 3.7). Two days following the 

treatments, fluxes from the 12 Mg ha-1 NIWA increased to 23.6 g CO2 m
2 day-1 and remained 

consistently higher than the other treatments and control plots throughout the study period while 

fluxes from the other treatments remained similar to the control plots after application (Figure 

3.7 & 3.8). The pure NIWA control plot initially experienced a large CO2 influx at -67.5 g CO2 

m2 day-1, and fluxes approached zero after about 2 months and remained fluctuating around zero 

for the duration of the study. CO2 fluxes from the dolomite control were generally lower than 

CO2 fluxes from the different treatments and soil control.  
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Figure 3. 5. Average CO2 flux (g CO2 m
2 day-1) sampled from each treatment including the soil 

control, NIWA control, dolomite control, 2 & 12 Mg ha-1 NIWA, and 2 & 12 Mg ha-1 dolomite 

treatments during the sampling season of 2022 and 2023. With daily rainfall (mm), and air 

temperature (°C) recorded outside the plots. Positive and negative values represent effluxes and 

influxes of CO2 respectively. The dashed line represents the treatment day of NIWA and 

dolomite. 

 

Although not statistically significant (p: 0.4), the cumulative CO2 efflux was highest in 

the 12 Mg ha-1 NIWA application compared with the other treatments (Figure 3.8). Before 

applying the NIWA and dolomite treatments, the average cumulative in situ CO2 flux was 1177 g 

CO2 m
2. By the end of the second year, the cumulative CO2 efflux for the 12 Mg ha-1 NIWA 

treatment increased to 6889 g CO2 m
2, surpassing the control, which measured 5733 g CO2 m

2.  
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Figure 3. 6. Cumulative CO2 flux (g CO2 m
2) sampled from each soil collar that included 

control, NIWA, and dolomite treatments during the sampling season of 2022 and 2023. The 

dashed line represents the treatment day of NIWA and dolomite. 

 

 

3.4.3 Lab trial: Soil chemical properties 

 

The changes in soil chemistry observed in the laboratory study following the application 

of NIWA and dolomite were similar to those seen in the field study. Notably, the NIWA 

treatment resulted in a significant increase in pH, along with increased concentrations of 

exchangeable Ca in both the LFH and 0 – 5 cm soil horizons. Conversely, Al concentrations 

significantly decreased in both treatment plots (Table 3.2) 
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Table 3. 2. Average soil pH, organic matter, nutrient and metal concentrations (± SE) in the LFH 

and upper mineral horizon from each soil collar in the control, NIWA, and dolomite treated plots 

after the conclusion of the experimental farm field experiment. The letter display indicates 

significant differences between control and treatments (p < 0.05) determined by a Tukey HSD 

test. 

 LFH 0- 5 cm 

  

Control  
12 Mg ha-1 

NIWA 

12 Mg ha-1 

Dolomite 
Control  

12 Mg ha-1 

NIWA 

12 Mg ha-1 

Dolomite 

pH 4.3 (0.3)a 6.3 (0.2)b 4.6 (0.1)a 3.7 (0.1)a 5.0 (0.3)b 3.8 (0.1)a 

OM % 32.2 (3.1) 24.5 (4.5) 18.3 (4.2) 13.0 (2.0) 10.5 (2.2) 10.1 (1.3) 

 

(µg g-1) 

Ca  347 (49)a 3794 (1104)b 790 (131)a 449 (91)a 3853 (786)b 1102 (150)a 

K 12 (1.3) 2061 (998) 48 (9) 51 (12)a 1423 (302)b 73 (13)a 

Mg 31 (19)a 598 (325)b 282 (68)a 31 (4)a 313 (72)ab 509 (81)b 

Mn 38 (6) 128 (33) 100 (29) 56 (20) 309 (107) 172 (41) 

Fe 20 (4) 13 (1) 13 (2) 178 (69) 92 (48) 43 (7) 

Al 12 (16) 0 (0.0) 6 (28) 275 (44)a 104 (45)ab 34 (15)b 

 

 

3.4.4 Lab trial: CO2 fluxes 

In the laboratory study, the patterns in CO2 fluxes were like those observed under field 

conditions. Prior to the addition of NIWA and dolomite treatments, the average in situ CO2 flux 

was 7.05 g CO2 m
2 day-1 (Figure 3.9). However, the laboratory study highlighted the significant 

drop in CO2 fluxes more clearly. One hour after treatments were applied loosely on the soil 

surfaces, the CO2 fluxes significantly dropped to –26.4 g CO2 m
2 day-1 in the 12 Mg ha-1 NIWA 

treatment plots whereas fluxes in the other treatments stayed relatively similar to the control 

plots. Just three hours later, fluxes in the 12 Mg ha-1 NIWA increased to 0.7 g CO2 m
2 day-1. 

Two days following the treatments, fluxes in the 12 Mg ha-1 NIWA had increased to 10.7 g CO2 

m2 day-1 before plateauing (6.3 g CO2 m
2 day-1) to values measured in the control plots (6.6 g 

CO2 m
2 day-1) three days later.  
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Figure 3. 7. CO2 flux (CO2 m

2 day-1) sampled from each soil collar that included the control, 

NIWA, and dolomite treatments during the sampling season of 2023. Positive and negative 

values represent effluxes and influxes of CO2 respectively. The dashed line represents the 

treatment day of NIWA and dolomite. 
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phosphatase activity in the LFH layer compared with the control and dolomite treatments 

between weeks 1 and 6. There was no significant effect of treatments on β-1, 4-glucosidase 

activity in the LFH layer and there was no response of any enzyme to treatment in the upper 

mineral soil (Figure 3.10). 

 
 

Figure 3. 8. Enzyme activities in the LFH and 0 – 5 cm mineral horizon in the control, NIWA, 

and dolomite treated plots. The enzyme activities were determined immediately prior to 

application on November 21st, 2023 (0 d) and 1, 3, 7, 14, and 42 days after application (mean 

values ± SE). The letter display indicates significant differences between control and treatments 

(p < 0.05) determined by a Tukey HSD test. 
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3.4.6 Lab trial: Soil enzyme BG:NAG:PHOS ratio 

 
No consistent significant effects of treatments or sampling day on BG:NAG:PHOS ratios 

were observed (Table 3.3). The only significant response was measured in the mineral layer on 

day 1, with lower enzyme BG:NAG ratios in the NIWA and dolomite treatments compared with 

control, but this difference had disappeared by day 3. At the end of the 6-week trial, the average 

NAG:PHOS ratio in the LFH layer was higher than the BG:NAG and BG:PHOS ratio, whereas 

in the mineral layer the BG:NAG ratio was higher.   

 

Table 3. 3. Soil enzyme BG:NAG:PHOS ratios in the LFH and 0-5 cm mineral horizon in the 

control, NIWA, and dolomite treated plots. The enzyme activities were determined immediately 

prior to application on November 21st, 2023 (0 d) and (0 d) and 1, 3, 7, 14, and 42 days after 

application (mean values ± SE).  The letter display indicates significant differences between 

control and treatments (p < 0.05) determined by a Tukey HSD test. 

   LFH 0- 5 cm 

   Control 
12 Mg ha-1 

NIWA  

12 Mg ha-1 

Dolomite 
Control 

12 Mg ha-1 

NIWA  

12 Mg ha-1 

Dolomite 

C:N 

1 day 0.4 (0.1) 0.02 (0.16) 0.3 (0.01) 2.1 (1.6)b -0.11 (0.4)a 1 (0.2)ab 

3 days 0.2 (0.01) -0.3 (0.7) -0.94 (0.6) 0.8 (0.01) 0.2 (0.07) 0.49 (0.26) 

7 days -0.15 (0.4) -0.78 (0.5) -0.46 (0.6) 0.86 (0.3) 1.2 (0.3) 0.3 (0.26) 

14 days -0.35 (0.4) -0.30 (0.3) -2.3 (1.8) 0.48 (0.27) 0.7 (0.28) 0.88 (0.07) 

42 days 0.16 (0.1) 0.17 (0.34) 0.08 (0.08) 1.6 (0.7) 0.6 (0.19) 0.29 (0.1) 

C:P 

1 day 0.18 (0.05) 0.08 (0.15) 0.22 (0.002) -0.69 (0.1) -0.08 (0.5) -0.7 (4.1) 

3 days 0.13 (0.13) 0.13 (0.21) -0.2 (0.23) -1 (0.3) -0.36 (0.37) -0.35 (0.2) 

7 days -0.07 (0.3) -0.4 (0.15) -0.09 (0.19) -0.68 (0.3) -0.39 (0.06) -0.35 (0.2) 

14 days -0.24 (0.3) 0.2 (0.15) -0.29 (0.1) -0.1 (0.07) -0.6 (0.25) -0.5 (0.15) 

42 days 0.15 (0.11) -0.16 (0.3) 0.03 (0.03) -0.14 (0.2) -0.6 (0.15) -0.2 (0.07) 

N:P 

1 day 0.5 (0.09) 0.8 (0.2) 0.7 (0.02) -1.2 (0.5) -0.94 (0.47) 0.4 (4.7) 

3 days 0.6 (0.04) 0.6 (0.3) 0.4 (0.17) -1.3 (0.39) -1 (0.95) -0.7 (0.35) 

7 days 0.7 (0.05) 0.6 (0.09) 0.6 (0.2) -0.6 (0.2) -0.36 (0.09) -0.54 (0.4) 

14 days 0.7 (0.03) 0.6 (0.14) 0.4 (0.15) -0.3 (0.03) -0.9 (0.02) -0.7 (0.25) 

42 days 0.7 (0.1) 0.5 (0.2) 0.5 (0.08) -0.2 (0.15) -1.1 (0.18) -0.7 (0.11) 

 

3.5 Discussion 

 This study investigated changes in soil chemistry, CO2 fluxes and soil enzyme activities 

in a sugar maple-dominated forest floor in south-central Ontario, using field and laboratory 

methods to evaluate the short-term effects of NIWA and dolomite.  The application of NIWA, 
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particularly at the 12 Mg ha⁻¹ rate, had a much greater influence on soil chemistry and CO2 

fluxes than dolomite. While overall reductions in enzyme activities were observed in the LFH 

horizon throughout most of the study period, these changes were not statistically significant. 

However, by one week after treatment application, NAGase and acid phosphatase activity were 

significantly lower in the NIWA-treated plots than the dolomite treated plots. 

3.5.1 Field trial: Soil chemical properties 

Non-industrial wood ash had a much stronger effect on soil chemistry compared with 

dolomite, with soil pH increasing by over 2.2 units in the LFH layer post application. Wood ash 

has a strong neutralizing capacity because of its hydroxide, and carbonate, components and its 

ability to buffer protons in the soil (Demeyer et al., 2001). Such large increases in pH tend to 

occur when pre-treatment conditions are more acidic as they were here (pH < 5.0, Reid & 

Watmough, 2014) and are consistent with increases observed by the application of similar doses 

in other short-term studies (5 –  6 Mg ha-1, 1 – 5 years; Deighton & Watmough, 2020; Ozolinčius 

et al., 2007; Reid & Watmough, 2014). Similarly, Kahl et al. (1996) observed a pH increase of 

0.6 to 2.2 units after applying 6 Mg ha⁻¹ of wood ash and 1.3 to 2.3 units after applying 13 Mg 

ha⁻¹ to acidic forest soils in Maine. In contrast to the upper organic soil horizons, the pH of the 

upper mineral soil only showed a slight pH increase relative to the control in the 12 Mg ha⁻¹ 

treatment. After 4 years, Deighton et al. (2021) also reported a slight increase in mineral soil pH 

following wood ash (8 Mg ha⁻¹) application, but generally researchers have found that, except 

for high ash concentrations (~ > 6 Mg ha-1), there is little to no effect on the mineral horizon pH 

in short-term studies (Augusto, 2008; Jacobson et al., 2004). In contrast dolomite was shown to 

have a weaker response on soil chemistry than NIWA. This may be due to dolomite acting more 

slowly in neutralizing soil acidity compared to wood ash. This slower reaction rate is due to its 
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reliance on the gradual dissolution of carbonate ions (CO3
2-), which interact with hydrogen ions 

(H+) to raise soil pH (Wu et al., 2021).  

Organic matter showed no significant change after the first year across all treatments and 

the control but began to decline after the second year in both soil horizons. While decreases in 

organic matter are not consistently reported in ash application studies (Deighton & Watmough, 

2020; Fritze et al., 1994; Saarsalmi et al., 2001), the reductions observed in this study are 

primarily due to the observed loss of the LFH layer, which was exposed to wind erosion in the 

open field setting. Unlike in a forested environment, where seasonal litterfall replenishes the 

organic layer, the absence of tree inputs likely contributed to this decline. A study by Fritze et al. 

(1994) found that forest floor removal decreased microbial biomass carbon and nitrogen, likely 

due to reduced substrate availability for microbial metabolism. Similarly, Compton and Boone 

(2000) reported that the absence of the forest floor layer resulted in lower soil C and N content, 

suggesting that the loss of this layer can lead to increased mineralization of existing soil organic 

matter and can disrupt nutrient cycling. Soil exchangeable cations (Ca, K, Mg) were significantly 

higher after NIWA application and Ca remained high in the 12 Mg ha-1 after the second year of 

sampling in the LFH and 0-5 cm mineral horizon. The strong neutralizing and buffering capacity 

of ash is due to the hydroxyl ions that form because of the dissolution of hydroxides, oxides, and 

carbonates such as CaO, MgO, NaOH and CaCO3, which neutralize the protons in soil solution 

and those bound on cation exchange sites in the soil (Saarsalmi et al., 2006).  This increase in pH 

affects cation exchange capacity (CEC), as higher pH enhances the negative charge of soil 

colloids, increasing their ability to retain and exchange base cations (Komonweeraket et al., 

2015; Spurgeon et al., 2006). Although not statistically significant, exchangeable Al, Mn, and Fe 

tended to decrease as base cations increased in the NIWA-treated plots because of either cation 
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exchange reactions or a pH effect (Saarsalmi et al., 2001). This effect is commonly found in 

other studies (Augusto et al., 2008; Reid & Watmough 2014; Saarsalmi et al., 2001, 2004). Since 

pH shifts influence the relative adsorption of cations versus anions on soil exchange sites 

(Kunhikrishnan et al., 2016), the replenishment of base cations and subsequent pH rise should 

lead to decreased exchangeable concentrations of Al, Fe, Mn, and other trace metals (Gitari et 

al., 2009; Komonweeraket et al., 2015). 

Despite ash containing high concentrations of Fe, Al, and Mn the initial decreases in 

exchangeable concentrations of Al, Fe, and Mn in soil are thought to be due to ash-induced 

increases in soil pH resulting in these elements being displaced from cation exchange sites and 

reducing the solubility (Kahl et al., 1996; Saarsalmi et al.,2001; Unger and Fernandez, 1990). In 

contrast, the dolomite-treated plots showed no such differences in exchangeable metal 

concentrations. This may be because wood ash, with its smaller particle size, alters soil pH more 

rapidly compared to dolomite (Clapham et al., 1992). Wood ash is more soluble and reactive 

than ground dolomite, which can take six months to a year to fully affect soil pH (Johan et al., 

2021). As a result, the slower dissolution and reaction rate of dolomite may reduce its immediate 

impact on soil pH and its ability to displace Al, Mn, and Fe from cation exchange sites. 

Additionally, soil nutrient availability and pH together control extracellular enzyme 

activities, which are crucial for organic matter decomposition and nutrient cycling (Sinsabaugh 

et al., 2008). Changes in pH can lead to the displacement of cations such as Al3+, Fe3+, and Ca2+, 

affecting the fixation of nutrients like NH4
+ and P, thereby influencing microbial activity and 

enzyme production (Stark et al., 2014). These shifts in nutrient availability may in turn alter 

microbial functioning, such as solubilization of P sources or the mineralization of organic matter 
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containing essential nutrients like N, P, K, S, and C, which could be reflected in extracellular 

enzyme activities (Stark et al., 2014) 

3.5.2 Field trial: CO2 fluxes 

The application of NIWA resulted in short-term changes in CO2 fluxes, particularly in the 

12 Mg ha-1 treatment, resulting in a higher CO2 efflux within the second year of the trial while no 

differences relative to the controls were observed in the dolomite treatments. An estimate of the 

potential CO2 flux increase can be made by considering the total C content of NIWA. NIWA 

contains approximately 8.6% carbon, and at an application rate of 12 Mg ha-1, this equates to 

1,032 kg C ha⁻¹. If fully mineralized, this C could contribute to 379 g CO2 m
-2 over the study 

period. However, the actual CO2 release depends on factors such as the dissolution of carbonates, 

and enhanced microbial activity meaning that observed fluxes may be lower than the maximum 

estimates.  

Soil CO2 fluxes are primarily driven by microbial respiration and the decomposition of 

organic matter (Davidson and Janssens, 2006), but inorganic processes, such as mineral 

weathering and carbonation reactions, can also influence CO2 dynamics in amended soils. The 

dissolution rates of calcium-bearing minerals vary across soil amendments and play a role in 

shaping the potential for inorganic carbon sequestration (Power et al., 2013; Stubbs et al., 2020). 

These rates depend on factors such as crystal and solution chemistry, temperature, and available 

reactive surface area (Power et al., 2013), and these must be considered when interpreting soil 

CO2 fluxes. The high CaO content in wood ash rapidly hydrates upon exposure to water or 

humidity, forming Ca(OH)2 (portlandite), which subsequently reacts with atmospheric or soil 

CO2 to re-form CaCO3 (calcite), influencing both short-term CO2 fluxes and long-term carbon 

stabilization (Morales-Flórez et al., 2015; Pesce et al., 2017; Ridha et al., 2015). 

𝐶𝑎𝐶𝑂3 + ℎ𝑒𝑎𝑡(900 ∘ 𝐶) → 𝐶𝑎𝑂 + 𝐶𝑂2 (𝐵𝑢𝑟𝑛𝑖𝑛𝑔)                            (9) 
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𝐶𝑎𝑂 + 𝐻2𝑂 → 𝐶𝑎(𝑂𝐻)2 (𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛)                                   (10) 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 (𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛)                        (11) 

 

However, under acidic conditions, carbonates can also act as a source of CO2 rather than 

a sink. In this reaction, organic acids present in forest soils (e.g., from root exudates or 

decomposition) can react with carbonate minerals, releasing CO2 (Ramnarine et al., 2012): 

2𝑅– 𝐶𝑂𝑂𝐻 +  𝐶𝑎𝐶𝑂₃ →  𝐶𝑎²⁺ +  𝐶𝑂₂ +  𝐻₂𝑂 +  2𝑅– 𝐶𝑂𝑂⁻            (12) 

This is particularly relevant given that the unamended forest soils in this study were 

acidic (LFH pH ~4.7), suggesting that some portion of the CO2 efflux observed after amendment 

may be attributed to acid–carbonate reactions. After applying NIWA, CO2 fluxes initially 

decreased, likely due to the rapid reaction of oxides and hydroxides in the wood ash with water 

and CO2, which initiates the carbonation process and temporarily reduces CO2 levels. This 

reaction is accompanied by a decrease in the soil pH value as the oxides and hydroxides are 

neutralized (Ohlsson, 2000). However, the drawdown effect was short-lived. Over time, a net 

increase in CO2 fluxes is observed, which may be driven by a combination of abiotic factors, 

such as the continued dissolution of carbonates or re-release of CO2 during carbonate mineral 

precipitation, and possible respiration from the soil below the collar. As ash derived alkaline ions 

leach downward, they can alter the chemistry of deeper soil layers, enhancing microbial activity 

and increasing CO2 production (Baloch et al., 2024). Additionally, subterranean ventilation may 

allow CO2 generated in the deeper soil to move upward, contributing to the observed increase in 

fluxes (Wang et al., 2020), especially if the initial crust formed by the ash degrades over time. In 

contrast, dolomite (CaMg(CO3)2) dissolves much more slowly than calcite (CaCO3) due to its 

lower solubility and more stable crystal structure than the highly reactive components of wood 
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ash, and they react with carbonic and organic acids in soil to release calcium, magnesium, and 

bicarbonate. (Lerman & Mackenzie, 2018; Plummer and Mackenzie, 1974). While carbonate 

precipitation can theoretically remove CO2 under certain alkaline conditions, this process is 

highly unlikely in the acidic soils of this study (pH ~4.7). Instead, the dominant chemical 

pathway is the dissolution of existing carbonates by organic acids, which leads to CO2 release 

rather than storage (Berner, 1995; van Hees et al., 2002). Therefore, some of the observed CO2 

efflux following amendment may be attributed to the acid-driven breakdown of carbonate phases 

present in NIWA or dolomite.  

Studies also suggest that precipitation events reactivating microbial processes can elevate 

CO2 fluxes (Andersson et al., 2004; Castaldi et al., 2010; van Straaten et al., 2019). Thus, the 

observed increase in CO2 fluxes several days after application may reflect a complex interplay of 

abiotic and biotic processes. It is possible that the wood ash initially drew down CO2 through 

carbonation reactions, but as those reactions progressed, the acidic soil environment may have 

promoted the dissolution of unreacted carbonate minerals, leading to subsequent CO2 release. 

Given this dynamic, the wood ash likely has the potential to both store and release CO2 

abiotically, depending on local soil pH and reaction progress. Distinguishing these chemical 

effects from microbial respiration remains challenging in field settings, and the measured fluxes 

likely reflect a combination of both. . Similar research conducted by Zimmerman & Frey (2002) 

found a significant drawdown in CO2 after wood ash application followed by a significant 

increase in CO2 respiration becoming higher than the control plots 40 days later. However, 

Ernfors et al., (2010) found that during the 5 years following the application of wood ash on 

peatland soils, no differences in forest floor CO2 emissions could be detected between the 

treatments in their study despite an increase in pH. Changes in soil pH can alter microbial 
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community composition and C use efficiency, leading to increased CO2 release. Malik et al. 

(2018) found that land-use-driven pH shifts significantly impacted microbial C cycling, while 

Wang et al. (2021) reported that bacterial diversity is highest in neutral pH soils, suggesting that 

pH-induced stress affects microbial efficiency and CO2 emissions. The sudden increase in pH 

from highly alkaline amendments like wood ash may further stress microbes adapted to acidic 

conditions, lowering microbial C use efficiency and causing more C to be respired rather than 

used for growth, resulting in greater CO2 loss (Aciego Pietri & Brookes, 2008; Rousk et al., 

2010). This highlights that microbial activity might play a significant role in CO2 fluxes, noting 

that soil respiration, which is defined as the production of CO2 by microorganisms within the soil 

and can differ from CO2 efflux, which is the movement of CO2 from the soil to the atmosphere 

and is measured at the soil surface. Notably, increases in soil CO2 efflux do not always correlate 

directly with increases in soil respiration. This is because CO2 is produced throughout the soil 

profile, but not all of it reaches the atmosphere. Some CO2 may be retained in pore spaces, 

dissolved in soil water, or even reabsorbed through carbonate reactions before it diffuses to the 

surface (Maier et al., 2011; Angert et al., 2015). As a result, efflux and respiration can be 

decoupled, especially in systems with variable moisture, temperature, or carbonate content. 

Changes in soil pH induced by wood ash application further influence CO2 dynamics. 

Elevated pH can enhance microbial growth and accelerate humus layer decomposition, 

potentially increasing N mineralization and CO₂ release (Corre et al., 2003; Bååth and Arnebrant, 

1994; Persson et al., 1995; Zimmermann and Frey, 2002). Factors such as soil temperature and 

moisture also play a crucial role in regulating respiration rates (Buchmann, 2000; Raich and 

Schlesinger, 1992), adding complexity to the observed patterns.  
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In contrast, the dolomite treatments did not exhibit the same response as the NIWA 

treatments. Following application, neither the 2 and 12 Mg ha-1 dose, nor the dolomite control 

showed a significant initial drawdown in CO2 flux. This lack of an immediate reduction in CO2 

flux suggests that dolomite may not trigger the same carbonation reactions or chemical changes 

in the soil as wood ash and thus does not have as strong an effect on CO2 levels in the short term. 

The carbonation reaction is slower with dolomite, as it is more stable and less soluble than wood 

ash. It may take several months or even up to a year to noticeably alter the soil pH, leading to 

more gradual and prolonged changes in CO2 flux (Wu et al., 2021). Over time, the dolomite 

treatments emitted less CO₂ compared to the NIWA treatments. This may be due to differences 

in how the two materials interact with soil, with dolomite likely exerting a more stable and less 

reactive influence on soil pH and microbial activity, resulting in lower long-term CO₂ emissions 

(Wu et al., 2021).  

 Notably, the pure wood ash control exhibited no net change in CO2 flux when summed 

over two years. However, there was a large initial drawdown in CO2 flux, followed by low 

emissions. By the end of the second year, CO2 emissions began to rise slightly. In contrast, the 

pure dolomite control emitted less CO2 than the treatments but still exhibited higher fluxes than 

the pure wood ash control. These processes may not be easily controlled or manipulated, and the 

stability of the resulting carbonates over geological time remains a significant consideration. 

3.5.3 Lab trial: Soil properties and CO2 fluxes 

The lab trial showed similar trends in soil chemistry changes to the field trial, although 

the effects were less pronounced. Wood ash resulted in a more immediate and notable drawdown 

in CO₂ flux, which was short-lived and therefore not captured in the field trial due to less 

frequent flux measurements. Wood ash also had a stronger effect on soil pH, organic matter 

content, and exchangeable cations compared to dolomite. These changes were particularly 
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evident in the LFH and 0 – 5 cm soil horizons, with pH increases attributed to the high alkalinity 

and neutralizing capacity of the wood ash (Augusto et al., 2008; Pitman, 2006). In contrast, 

dolomite did not significantly alter pH, likely due to its slower dissolution and smaller surface 

area for reaction (Clapham et al., 1992). This slower response aligns with field findings that 

dolomite had a less immediate effect on soil chemistry. 

Both trials showed that NIWA application led to increased exchangeable cations, 

especially Ca, in the LFH and 0–5 cm horizons. However, the dolomite treatment did not exhibit 

the same increase, reinforcing its slower reaction rate (Wu et al., 2021). Despite these 

similarities, this lab trial highlighted the rapid initial effects of wood ash, while the dolomite 

treatment’s slower dissolution led to more gradual changes.  

3.5.4 Lab trial: Soil extracellular enzyme activity 

Wood ash initially caused a decrease in soil CO₂ flux due to potential carbonation 

reactions, followed by a subsequent increase in flux, which was observed within hours. This 

pattern aligns with previous studies suggesting that microbial activity and carbonation processes 

influence short-term CO₂ dynamics (Andersson et al., 2004; Castaldi et al., 2010). However, 

enzyme activity in the lab trial (Figure 2.9 & 2.11) showed a weaker response compared to CO2 

flux changes, which is not unexpected given the difference in spatial scale between soil 

extracellular enzyme activity  measurements and whole-soil CO2 fluxes. Additionally, CO2 flux 

is influenced by multiple abiotic and biotic factors beyond enzyme activity, such as carbonate 

dissolution, microbial respiration, and substrate availability (Tang et al., 2024). This aligns with 

findings by Zimmerman & Frey (2002), who also reported weak correlations between EEA and 

CO2 flux, further emphasizing that enzyme activity alone does not directly predict CO2 efflux in 

complex soil systems. In this study, enzyme activities exhibited high variability immediately 

after application, but by one-week post-treatment, activity levels appeared to stabilize, revealing 
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differences in the LFH layer. After stabilization, acid phosphatase activity significantly 

decreased between weeks 1 and 6 following NIWA application, consistent with Zimmerman & 

Frey (2002). This decline aligns with the increase in P availability from NIWA, as microbes 

typically produce acid phosphatase when soil P is limited (Bargaz et al., 2012). When an easily 

accessible P source is present, microbes may reduce enzyme production to conserve energy. 

Additionally, the P in NIWA is likely in the inorganic form of orthophosphate, which can inhibit 

phosphatase activity by binding to the enzyme and preventing it from interacting with additional 

substrates (García-Gil et al., 2000; Pang & Kolenko, 1986). After the initial week of high activity 

variability, both N-acetyl-β-glucosaminidase (NAGase) and acid phosphatase activities were 

significantly lower in NIWA-treated plots, suggesting that the shifts in enzyme activity were 

driven by increased nutrient availability.  

NAGase activity exhibited a similar pattern of response, with high variability in enzyme 

activities immediately after application but after 1-week differences between treatments were 

observed. NAGase activity significantly decreased between weeks 1 and 6 following NIWA 

application. Overall, the NIWA and dolomite treatments showed a decreasing pattern in all 

enzyme activities compared to the control. This decline may be driven by multiple factors, 

including shifts in nutrient availability due to pH changes, which can alter microbial demand for 

certain enzymes (Stark et al., 2014). For example, the decrease in N-acetyl-β-glucosaminidase 

(NAGase) activity may indicate that microbes had sufficient available nitrogen and no longer 

needed to invest energy in enzyme production. Since microbial biomass was not directly 

measured, it is also possible that changes in enzyme activity reflect shifts in overall microbial 

abundance rather than just metabolic adjustments (Daunoras et al., 2024).  Additionally, pH-

induced desorption of heavy metals from exchange sites could have influenced microbial 
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communities, as some microbes and enzymatic processes are sensitive to metal toxicity (Hu et 

al., 2021). Increases in soil pH can change enzyme conformation and adsorption to soil colloids, 

in addition to modifying the solubility of substrates (Quiquampoix, 2000; Zimmerman & Ahn, 

2010). Applying dry wood ash directly to soil often results in a sudden and significant increase in 

pH, known as a pH shock, which can negatively affect soil flora and fauna (Sarsaalmi, 2001). To 

mitigate these effects, pretreatment methods such as hardening or granulation (Åbyhammar et 

al., 1994; Eriksson, 1998; Hytönen, 1999) or wetting the ash before application (Ohlsson, 2000) 

are recommended. Wetting the ash promotes carbonation by enhancing its reaction with 

atmospheric CO₂, forming stable carbonates that lower its initial alkalinity and reduce the risk of 

abrupt pH shifts. This practice ensures a more controlled release of nutrients and minimizes 

disruptions to soil microbial communities. 

This study also revealed that enzyme NAG:PHOS ratios were higher in the LFH layer 

compared to the mineral layer, while the BG:NAG ratios were higher in the mineral layer of 

NIWA and dolomite-treated soils, relative to the control mineral layers, after application. The 

higher BG:NAG ratios in the mineral layer of amended soils compared to the controls could 

indicate that microbes had sufficient N available and reduced the need for NAG production, 

potentially conserving energy for other metabolic processes. As a result, NAG would be lower 

than BG in these ratios as microbes become more focused on C acquisition rather than N (Fujita 

et al., 2018). In contrast, the higher NAG:PHOS ratios in the LFH layer indicate a greater N 

limitation or a higher demand for N acquisition in this layer. This difference could be due to 

varying nutrient availability between the layers, possibly influenced by the pH shift and changes 

in microbial community structure after treatments (Wang et al., 2019). Additionally, Mazzora et 

al (2019) examined how pH levels affect acid phosphatase activity, indicating that higher pH 
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(above 6) can inhibit this enzyme, thereby reducing microbial access to organic P sources and in 

this study, the NIWA pH ranges rapidly increased to a pH level of 6.3. A higher abundance of P 

relative to C and N in soil suggests an increased microbial demand for N following P addition 

(Dong et al., 2019). Unlike P (7.6 g kg-1), wood ash contains very little N concentration (0.1 %), 

as most N is volatilized during combustion (Pitman, 2005). However, the introduction of base 

cations to acidic soils can stimulate microbial growth, increasing microbial N demand and 

potentially leading to temporary N -depletion in the mineral soil (Horn et al., 2021; Zhang et al., 

2019). 

3.6 Conclusion 

The application of NIWA significantly altered soil chemical properties and short-term 

CO2 fluxes in both field and lab trials. Notable increases in soil pH, especially in the LFH and 0-

5 cm horizons, indicate the strong acid-neutralizing capacity of wood ash. The rise in 

exchangeable cations, particularly Ca, K, and Mg, reflects the mineral composition of the ash. 

These changes in soil chemistry were associated with shifts in CO2 fluxes, underscoring the 

complex interplay between microbial activity and abiotic factors after ash application. Enzyme 

activity responses also varied, suggesting that while microbial activity played a role in short-term 

changes, CO2 drawdown may have been largely influenced by abiotic processes, such as pH-

induced changes and mineral dissolution. Over time, microbial adaptation and organic matter 

decomposition could restore nutrient availability, but short-term shifts in enzyme activity may 

contribute to temporary nutrient limitations, particularly for phosphorus and nitrogen. To 

minimize potential negative impacts, such as pH shock to the ecosystem, it is recommended to 

wet and expose the ash to air prior to application. Wetting the ash will almost instantly convert 

any CaO to Ca(OH)2 and exposing the ash to air to allow further conversion to CaCO3. This 

approach enhances carbonation and stabilizes pH levels, ultimately fostering improved soil 
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health and nutrient availability. Overall, these findings highlight the potential promising role of 

wood ash in sustainable soil management practices. 
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4. General Conclusions  

The primary objective of this study was to evaluate Non-Industrial Wood Ash (NIWA) as 

a forest soil amendment and its potential to counteract soil acidification and potentially enhance 

C storage in Ontario forests. This was evaluated through two main approaches: by examining the 

effects of NIWA on soil chemistry, microbial activity, and C fluxes; and by assessing its 

influence on fine root biomass, tree growth, and foliar nutrient dynamics in a sugar maple-

dominated forest. The findings indicate that NIWA effectively neutralizes soil acidity and 

replenishes essential base cations (Ca, Mg, K), but its broader ecological impacts, including its 

role in soil C cycling and potential trade-offs for tree nutrient uptake, warrant careful 

consideration.  

One of the most notable effects of NIWA application was the rapid increase in soil pH, 

particularly in the LFH and upper mineral horizons, highlighting its strong acid-neutralizing 

capacity. This shift in pH may have influenced soil microbial activity and nutrient dynamics, 

with short-term increases in CO₂ fluxes suggesting that NIWA accelerates organic matter 

mineralization through both microbial and abiotic processes. Despite concerns regarding metal 

accumulation, NIWA application at rates below 4 Mg ha-1 did not result in metal toxicity, as total 

trace element concentrations remained below Canadian Soil Quality Guidelines (CM1) limits. 

However, since bioavailability can change over time with shifts in soil pH, organic matter, or 

redox conditions, careful long-term monitoring is recommended to ensure that trace metals do 

not become mobilized or taken up by plants at toxic levels. 

In terms of forest productivity, NIWA had limited short-term effects on aboveground tree 

growth, with only minor changes in foliar nutrient concentrations. In fact, the control trees 

tended to exhibit the greatest increase in BAI. Further, the decline in fine root biomass, 

particularly in the 4 and 6 Mg ha⁻¹ treatment, suggests a potential stress response, possibly due to 
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pH shock following application. The rapid increase in soil pH may have disrupted root function, 

altered nutrient availability, or created physiological stress, leading to reduced root proliferation 

and tree growth. This indicates that while NIWA effectively improves soil chemistry, higher 

application rates may introduce trade-offs that constrain tree response, particularly in nutrient-

limited stands. These findings show the importance of considering site-specific nutrient 

dynamics and the potential need for nitrogen amendments to maximize NIWA’s benefits while 

mitigating unintended stress effects.  

To optimize the benefits of NIWA and minimize potential negative effects, this research 

suggests that pre-wetting the ash and allowing limited air exposure prior to application may be 

beneficial. This approach can mitigate pH shock by slowing the release of base cations, improve 

nutrient retention in the soil, and reduce airborne dispersion, which is a common concern with 

dry ash application. The recommendation to wet the ash is supported by observed spikes in soil 

pH following application, as well as the potential for ash dust to negatively impact both soil 

microbial communities and for handling safety.  

Overall, the results of this study suggest that NIWA is a viable soil amendment for 

restoring base cations and mitigating soil acidification in nutrient-poor forests typical of south-

central Ontario and other regions underlain by Precambrian bedrock, if application rates are 

carefully controlled. While it effectively replenishes essential nutrients, its influence on forest 

productivity appears to be more complex, with potential trade-offs between nutrient availability 

and root biomass that require further investigation. Longer-term studies are needed to determine 

whether repeated NIWA applications could enhance tree growth and soil carbon sequestration, as 

well as to assess its potential role in nitrogen-limited ecosystems. Additionally, future research 

should explore how NIWA application influences metal mobility over time, particularly in 



101 

 

relation to deeper soil horizons and groundwater quality. Further investigation is also needed to 

assess how weathered or pre-wetted NIWA interacts with the environment and whether these 

treatments could reduce pH shock, minimizing potential stress effects on fine roots and tree 

growth. By addressing these knowledge gaps, NIWA could be more effectively integrated into 

forest management strategies aimed at sustaining soil fertility and mitigating the impacts of 

historical acid deposition.  
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Buss, W., Jansson, S., Wurzer, C., & Mašek, O. (2019). Synergies between BECCS and  

biochar—Maximizing carbon sequestration potential by recycling wood ash. ACS 

Sustainable Chemistry & Engineering, 7(4), 4204–4209. 

https://doi.org/10.1021/acssuschemeng.8b05871 

Byrne, B., Liu, J., Bowman, K. W., et al. (2024). Carbon emissions from the 2023 Canadian  

wildfires. Nature, 633, 835–839. https://doi.org/10.1038/s41586-024-07878-z 

Cairns, S., Chaudhuri, S., Sigmund, G., Robertson, I., Hawkins, N., Dunlop, T., & Hofmann, T.  

(2021). Wood ash amended biochar for the removal of lead, copper, zinc, and cadmium 

from aqueous solution. Environmental Technology and Innovation, 24, 101961. 

https://doi.org/10.1016/j.eti.2021.101961 

Carlson, A. (2014). An ode to the Clean Air Act. Journal of Land Use and Environmental Law,  

30 (1)119–141. 

Castaldi, S., de Grandcourt, A., Rasile, A., Skiba, U., & Valentini, R. (2010). CO₂, CH₄, and N₂O  



106 

 

fluxes from soil of a burned grassland in Central Africa. Biogeosciences, 7(11), 3459–

3471. Katlenburg-Lindau: Copernicus GmbH. https://doi.org/10.5194/bg-7-3459-2010 

Cattelino, P. J., Becker, C. A., & Fuller, L. G. (1986). Construction and installation of  

homemade dendrometer bands. Northern Journal of Applied Forestry, 3(2), 73-75.  

https://doi.org/10.1093/njaf/3.2.73 

Clapham, W. M., & Zibilske, L. M. (1992). Wood ash as a liming amendment. Communications  

in Soil Science and Plant Analysis, 23, 1209–1227. 

https://doi.org/10.1080/00103629209368661 

Clarke, N., Økland, T., Holt Hanssen, K., Nordbakken, J. F., & Wasak, K. (2018). Short-term  

effects of hardened wood ash and nitrogen fertilisation in a Norway spruce forest on soil 

solution chemistry and humus chemistry studied with different extraction methods. 

Scandinavian Journal of Forest Research, 33(1), 32–39. 

https://doi.org/10.1080/02827581.2017.1337921 

Clarke, H., Nolan, R. H., De Dios, V. R., Bradstock, R., Griebel, A., Khanal, S., & Boer, M. M.  

(2022). Forest fire threatens global carbon sinks and population centres under rising 

atmospheric water demand. Nature Communications, 13(1), 7161. 

https://doi.org/10.1038/s41467-022-34966-3 

Clemensson-Lindell, A., & Persson, H. (1995). Fine-root vitality in a Norway spruce stand  

subjected to various nutrient supplies. Plant and Soil, 168/169, 167–172. 

Conquer, S. M., Yan, N. D., & Watmough, S. A. (2024). Sugar maple sap, soil, and foliar  

chemistry in response to non-industrial wood ash fertilizer in Muskoka, Ontario. 

Canadian Journal of Forest Research, 54(3), 315–330. https://doi.org/10.1139/cjfr-

2023-0107 

Coonan, E. C., Richardson, A. E., Kirkby, C. A., Kirkegaard, J. A., Amidy, M. R., Simpson, R.  

J., & Strong, C. L. (2019). Soil carbon sequestration to depth in response to long-term 

phosphorus fertilization of grazed pasture. Geoderma, 338, 226–235. Elsevier B.V. 

https://doi.org/10.1016/j.geoderma.2018.11.052 

Corre, M. D., Beese, F. O., & Brumme, R. (2003). Soil Nitrogen Cycle in High Nitrogen  

Deposition Forest: Changes under Nitrogen Saturation and Liming. Ecological 

Applications, 13(2), 287–298. Ecological Society of America. 

https://doi.org/10.1890/1051-0761(2003)013[0287:SNCIHN]2.0.CO;2 



107 

 

Cox, E., Beckley, T. M., & de Graaf, M. (2024). Carbon sequestration and storage implications  

of three forest management regimes in the Wabanaki-Acadian Forest: A review of the 

evidence. Canadian Journal of Fisheries and Aquatic Sciences, 32(1), 1–15. 

https://doi.org/10.1139/cjfas-2023-0001 

Cox, H. M. (2012). A sustainability initiative to quantify carbon sequestration by campus trees.  

Journal of Geography, 111, 173–183. 

Cruz-Paredes, C., Wallander, H., Kjøller, R., & Rousk, J. (2017). Using community trait- 

distributions to assign microbial responses to pH changes and Cd in forest soils treated 

with wood ash. Soil Biology & Biochemistry, 112, 153–164. 

https://doi.org/10.1016/j.soilbio.2017.05.004 

Daunoras, J., Kačergius, A., & Gudiukaitė, R. (2024). Role of Soil Microbiota Enzymes in Soil  

Health and Activity Changes Depending on Climate Change and the Type of Soil 

Ecosystem. Biology (Basel, Switzerland), 13(2), 85-. 

https://doi.org/10.3390/biology13020085 

Davidson, E. A., & Ackerman, I. L. (1993). Changes in soil carbon inventories following  

cultivation of previously untilled soils. Biogeochemistry, 20(3), 161–193. 

https://doi.org/10.1007/bf00000786 

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon decomposition  

and feedbacks to climate change. Nature, 440(7081), 165–173. 

https://doi.org/10.1038/nature04514 

Deighton, H. D., & Watmough, S. A. (2020). Effects of non-industrial wood ash (NIWA)  

applications on soil chemistry and sugar maple (Acer saccharum, Marsh.) seedling 

growth in an acidic sugar bush in central Ontario. Forests, 11(6), 693. 

https://doi.org/10.3390/f11060693 

Deighton, H. D., Watmough, S. A., Basiliko, N., Hazlett, P. W., Reid, C. R., & Gorgolewski, A.  

(2021). Trace metal biogeochemical responses following wood ash addition in a northern 

hardwood forest. Canadian Journal of Forest Research, 51(6), 817–833. 

https://doi.org/10.1139/cjfr-2020-0320 

Dick, W. A., Cheng, L., & Wang, P. (2000). Soil acid and alkaline phosphatase activity as pH 

 adjustment indicators. Soil Biology & Biochemistry, 32(13), 1915–1919.   

 https://doi.org/10.1016/S0038-0717(00)00166-8 



108 

 

Dietzen, C., Harrison, R., & Michelsen-Correa, S. (2018). Effectiveness of enhanced mineral  

weathering as a carbon sequestration tool and alternative to agricultural lime: an 

incubation experiment. International Journal of Greenhouse Gas Control, 74, 251–258. 

https://doi.org/10.1016/j.ijggc.2018.05.007 

Demeyer, A., Voundi Nkana, J. C., & Verloo, M. G. (2001). Characteristics of wood ash and  

influence on soil properties and nutrient uptake: an overview. Bioresource Technology, 

77(3), 287–295. Oxford: Elsevier Ltd. https://doi.org/10.1016/s0960-8524(00)00043-2 

Deng, L., Liu, S., Kim, D. G., Peng, C., Sweeney, S., & Shangguan, Z. (2017). Past and future  

carbon sequestration benefits of China’s grain for green program. Global Environmental 

Change, 47, 13–20. Oxford: Elsevier Ltd. 

https://doi.org/10.1016/j.gloenvcha.2017.09.006 

De Schrijver, A., Mertens, J., Geudens, G., Staelens, J., Campforts, E., Luyssaert, S., De  

Temmerman, L., et al. (2006). Acidification of forested podzols in North Belgium during 

the period 1950–2000. The Science of the Total Environment, 361(1), 189–195. 

Shannon: Elsevier B.V. https://doi.org/10.1016/j.scitotenv.2005.06.015 

Desie, E., Vancampenhout, K., Nyssen, B., van den Berg, L., Weijters, M., van Duinen, G.-J.,  

den Ouden, J., et al. (2020). Litter quality and the law of the most limiting: Opportunities 

for restoring nutrient cycles in acidified forest soils. The Science of the Total 

Environment, 699, 134383. Elsevier B.V. https://doi.org/10.1016/j.scitotenv.2019.134383 

Ding, Y., Gao, X., Shu, D., Siddique, K. H. M., Song, X., Wu, P., Li, C., et al. (2024). Enhancing  

soil health and nutrient cycling through soil amendments: Improving the synergy of 

bacteria and fungi. The Science of the Total Environment, 923, 171332. Elsevier B.V. 

https://doi.org/10.1016/j.scitotenv.2024.171332 

Domes, K.A., de Zeeuw, T., Massicotte, H.B., Elkin, C., McGill, W.B., Jull, M.J., Chisholm,  

C.E., and Rutherford, P.M. (2018). Short-term changes in spruce foliar nutrients and soil  

properties in response to wood ash application in the sub-boreal climate zone of British  

Columbia. Canadian Journal of Soil Science. 98(2): 246–263. 

https://doi.org/10.1139/CJSS-20177-  

0115. 

Dong, C., Wang, W., Liu, H., Xu, X., & Zeng, H. (2019). Temperate grassland shifted from  



109 

 

nitrogen to phosphorus limitation induced by degradation and nitrogen deposition: 

Evidence from soil extracellular enzyme stoichiometry. Ecological Indicators, 101, 453–

464. Elsevier Ltd. https://doi.org/10.1016/j.ecolind.2019.01.046 

Driscoll, C. T., Lawrence, G. B., Bulger, A. J., Butler, T. J., Cronan, C. S., Eagar, C., Lambert,  

K. F., Likens, G. E., Stoddard, J. L., & Weathers, K. C. (2001). Acidic deposition in the 

Northeastern United States: sources and inputs, ecosystem effects, and management 

strategies. BioScience, 51(3), 180–198. https://doi.org/10.1641/0006 

Drohan, P. J., Stout, S. L., & Petersen, G. W. (2002). Sugar maple (Acer saccharum Marsh.)  

decline during 1979–1989 in northern Pennsylvania. Forest Ecology and Management, 

170(1), 1–17. https://doi.org/10.1016/S0378-1127(01)00688-0 

Duchesne, L., & Houle, D. (2008). Impact of nutrient removal through harvesting on the  

sustainability of the boreal forest. Ecological Applications, 18(7), 1642–1651. 

https://doi.org/10.1890/07-1035.1 

Duchesne, L., Ouimet, R., Moore, J. D., & Paquin, R. (2005). Changes in structure and  

composition of maple–beech stands following sugar maple decline in Québec, Canada. 

Forest Ecology and Management, 208(1–3), 223–236. 

https://doi.org/10.1016/j.foreco.2004.12.003 

Duchesne, L., Ouimet, R., and Houle, D. 2002. Basal area growth of sugar maple in relation to  

acid deposition, stand health, and soil nutrients. Journal of Environmental Quality.  

31(5),1676-1683. https://doi.org/10.2134/jeq2002.1676 

Ekenler, M., & Tabatabai, M. A. (2004). Beta-glucosaminidase activity as an index of nitrogen  

mineralization in soils. Communications in Soil Science and Plant Analysis, 35(7–8), 

1081–1094. Philadelphia, PA: Taylor & Francis Group. https://doi.org/10.1081/CSS-

120030588 

Elliott, A., Mahmood, T., & Kamal, A. (2022). Boiler ash utilization in the Canadian pulp and  

paper industry. Journal of Environmental Management, 319, 115728. 

https://doi.org/10.1016/j.jenvman.2022.115728 

Elliott, A., & Mahmood, T. (2006). Beneficial uses of pulp and paper power boiler ash residues.  

Tappi, 5(10), 9–16. 

Emilson, C. E., Hannam, K. D., Aubin, I., Basiliko, N., Belanger, N., Brais, S., Diochon, A.,  



110 

 

Fleming, R., Jones, T., Kabzems, R., Laganiere, J., Markham, J., Morris, D., Rutherford, 

P. M., Van Rees, K., Venier, L., Webster, K., & Hazlett, P. W. (2018). Synthesis of 

current AshNet study designs and methods with recommendations towards a standardized 

protocol. https://cfs.nrcan.gc.ca/publications?id=39388 

Ernfors, M., Sikström, U., Nilsson, M., & Klemedtsson, L. (2010). Effects of wood ash  

fertilization on forest floor greenhouse gas emissions and tree growth in nutrient poor 

drained peatland forests. The Science of the Total Environment, 408(20), 4580–4590. 

https://doi.org/10.1016/j.scitotenv.2010.06.024 

Etiégni, L., & Campbell, A. G. (1991). Physical and chemical characteristics of wood ash.  

Bioresource Technology, 37, 173–178. https://doi.org/10.1016/0960-8524(91)90207-Z 

Fekete, I., Kotroczó, Z., Varga, C., et al. (2012). Variability of organic matter inputs affects soil  

moisture and soil biological parameters in a European detritus manipulation experiment. 

Ecosystems, 15, 792–803. https://doi.org/10.1007/s10021-012-9546-y 

Feng, J., Chan, E., & Vet, R. (2020). Air quality in the eastern United States and eastern Canada  

for 1990–2015: 25 years of change in response to emission reductions of SO₂ and NOₓ in 

the region. Atmospheric Chemistry and Physics, 20(5), 3107–3134. 

https://doi.org/10.5194/acp-20-3107-2020 

Ferdush, J., & Paul, V. (2021). A review on the possible factors influencing soil inorganic carbon  

under elevated CO₂. Catena, 204, 105434. https://doi.org/10.1016/j.catena.2021.105434 

Fernandez, I. J., Rustad, L. E., Norton, S. A., Kahl, J. S., & Cosby, B. J. (2003). Experimental  

acidification causes soil base-cation depletion at the Bear Brook Watershed in Maine. 

Soil Science Society of America Journal, 67, 1909–1919. 

https://doi.org/10.2136/sssaj2003.1909 

Formanek, & Vranova, V. (Mendelova Z. a L. U. (2003). A contribution to the effect of liming  

on forest soils: review of literature. Journal of Forest Science (Praha), 49(4), 182–190.  

https://doi.org/10.17221/4692-jfs 

Friedlingstein, P., O’Sullivan, M., Jones, M. W., Andrew, R. M., Gregor, L., Hauck, J., Le  

Quéré, C., Luijkx, I. T., Olsen, A., Peters, G. P., Peters, W., Pongratz, J., Schwingshackl, 

C., Sitch, S., Canadell, J. G., Ciais, P., Jackson, R. B., Alin, S. R., Alkama, R., … Zheng, 

B. (2022). Global carbon budget 2022. Earth System Science Data, 14(11), 4811–4900. 

https://doi.org/10.5194/essd-14-4811-2022 



111 

 

Friedlingstein, P., Jones, M., O’Sullivan, M., Andrew, R., Hauck, J., Peters, G., et al. (2019).  

Global carbon budget 2019. Earth System Science Data, 11, 1783–1838. 

Fritze, H., Smolander, A., Levula, T., Kitunen, V., & Mälkönen, E. (1994). Wood-ash  

fertilization and fire treatments in a Scots pine forest stand: Effects on the organic layer, 

microbial biomass, and microbial activity. Biology and Fertility of Soils, 17(1), 57–63. 

https://doi.org/10.1007/BF00418673 

Fujita, K., Kunito, T., Matsushita, J., Nakamura, K., Moro, H., Yoshida, S., … Nagaoka, K.  

(2018). Nitrogen supply rate regulates microbial resource allocation for synthesis of 

nitrogen-acquiring enzymes. PloS One, 13(8), e0202086–e0202086. 

https://doi.org/10.1371/journal.pone.0202086 

Gallagher, T. M., & Breecker, D. O. (2020). The obscuring effects of calcite dissolution and  

formation on quantifying soil respiration. Global Biogeochemical Cycles, 34(12), 

e2020GB006584. https://doi.org/10.1029/2020GB006584 

García-Gil, J. C., Plaza, C., Soler-Rovira, P., & Polo, A. (2000). Long-term effects of municipal  

solid waste compost application on soil enzyme activities and microbial biomass. Soil 

Biology & Biochemistry, 32(13), 1907–1913. https://doi.org/10.1016/S0038-

0717(00)00165-6 

Gaudreault, C., Lama, I., & Sain, D. (2020). Is the beneficial use of wood ash environmentally  

beneficial? A screening‐level life cycle assessment and uncertainty analysis. Journal of 

Industrial Ecology, 24(6), 1300–1309. https://doi.org/10.1111/jiec.13019 

Gauthier, S., Bernier, P., Kuuluvainen, T., Shvidenko, A. Z., & Schepaschenko, D. G. (2015).  

Boreal forest health and global change. Science, 349(6250), 819–822. 

https://doi.org/10.1126/science.aaa9092 

Genenger, M., Zimmermann, S., Frossard, E., & Brunner, I. (2003). The effects of fertiliser or  

wood ash on nitrate reductase activity in Norway spruce fine roots. Forest Ecology and 

Management, 175(1), 413–423. https://doi.org/10.1016/S0378-1127(02)00141-X 

Gilliam, F. S., Burns, D. A., Driscoll, C. T., Frey, S. D., Lovett, G. M., & Watmough, S. A.  

(2019). Decreased atmospheric nitrogen deposition in eastern North America: Predicted 

responses of forest ecosystems. Environmental Pollution, 244, 560–574. 

https://doi.org/10.1016/j.envpol.2018.09.135 

Glaser, B., Lehmann, J., & Zech, W. (2002). Ameliorating physical and chemical properties of  



112 

 

highly weathered soils in the tropics with charcoal – a review. Biology and Fertility of 

Soils, 35(4), 219–230. https://doi.org/10.1007/s00374-002-0466-4 

Gömöryová, E., Pichler, V., Tóthová, S., & Gömöry, D. (2016). Changes of chemical and  

biological properties of distinct forest floor layers after wood ash application in a Norway 

spruce stand. Forests, 7(5), 1–16. https://doi.org/10.3390/f7050108 

Government of Ontario. (2002). O. Reg. 267/03, General under Nutrient and Management Act,  

2002, S.O. 2002, c.4. Government of Ontario, Ottawa, Ontario, Canada. 

https://www.ontario.ca/laws/regulation/030267 

Gradowski, T. & Thomas, S. C. (2006). Phosphorus limitation of sugar maple growth in central  

Ontario. Forest Ecology and Management, 226(1), 104-109.  

https://doi.org/10.1016/j.foreco.2005.12.062 

Green, M. B., Bailey, A. S., Bailey, S. W., Battles, J. J., Campbell, J. L., Driscoll, C. T., Fahey,  

T. J., Lepine, L. C., Likens, G. E., Ollinger, S. V., & Schaberg, P. G. (2013). Decreased 

water flowing from a forest amended with calcium silicate. Proceedings of the National 

Academy of Sciences of the United States of America, 110(15), 5999–6003. 

https://doi.org/10.1073/pnas.1302445110 

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., et al. 

 (2017). Natural climate solutions. Proc. Natl. Acad. Sci. U.S.A. 114, 11645–11650. 

Guo, F., Wang, Y., Zhu, H., Zhang, C., Sun, H., Fang, Z., Yang, J., et al. (2023). Crop  

productivity and soil inorganic carbon change mediated by enhanced rock weathering in 

farmland: A comparative field analysis of multi-agroclimatic regions in central China. 

Agricultural Systems, 210, 103691. https://doi.org/10.1016/j.agsy.2023.103691 

Hannam, K. D., Fleming, R. L., Venier, L., & Hazlett, P. W. (2019). Can bioenergy ash  

 applications emulate the effects of wildfire on upland forest soil chemical properties? Soil 

 Science Society of America Journal, 83(S1), 201–217.        

 https://doi.org/10.2136/sssaj2018.10.0380 

Hannam, K. D., Venier, L., Allen, D., Deschamps, C., Hope, E., & Jull, M. (2018). Wood ash as  

a soil amendment in Canadian forests: What are the barriers to utilization? Canadian 

Journal of Forest Research, 48(4), 442–450. https://doi.org/10.1139/cjfr-2017-0351 



113 

 

Hannam, K. D., Venier, L., Hope, E., McKenney, D., Allen, D., & Hazlett, P. W. (2017).  

 AshNet: Facilitating the use of wood ash as a forest soil amendment in Canada. Forestry 

 Chronicle, 93(1), 17–20. https://doi.org/10.5558/tfc2017-006 

Hansen, J., Kharecha, P., Sato, M., Masson-Delmotte, V., Ackerman, F., Beerling, D. J., Hearty,  

P. J., Hoegh-Guldberg, O., Hsu, S.-L., Parmesan, C. (2013). Assessing “dangerous 

climate change”: Required reduction of carbon emissions to protect young people, future 

generations and nature. PLoS ONE, 8, e81648. 

Hansen, M., Kepfer-Rojas, S., Bjerager, P. E. R., Holm, P. E., Skov, S., &Ingerslev, M. (2018).  

Effects of ash application on nutrient and heavy metal fluxes in the soil and soil solution  

in a Norway spruce plantation in Denmark. Forest Ecology and Management, 424,  

494–504. https://doi.org/10.1016/j.foreco.2018.05.005  

Hansen, Saarsalmi, A., & Peltre, C. (2016). Changes in SOM composition and stability to  

microbial degradation over time in response to wood chip ash fertilization. Soil Biology  

& Biochemistry, 99, 179–186. https://doi.org/10.1016/j.soilbio.2016.05.012 

Hartmann, M., Frey, B., Mayer, J., Mäder, P., & Widmer, F. (2015). Distinct soil microbial  

diversity under long-term organic and conventional farming. The ISME Journal, 9(5), 

1177–1194. https://doi.org/10.1038/ismej.2014.210 

Haque, F., Santos, R. M., & Chiang, Y. W. (2020). Optimizing inorganic carbon sequestration  

and crop yield with wollastonite soil amendment in a microplot study. Frontiers in Plant 

Science, 11, 1–12. https://doi.org/10.3389/fpls.2020.01012 

Hébert, M., & Breton, B. (2009). Agricultural wood ash recycling in Québec and in  

northern climates: current situation, impacts and agri-environmental practices. In 5th  

Canadian Residuals and Biosolids Conference, Niagara Falls, Ontario. Ministère du  

Développement durable, de l’Environmennement et des Parcs Québec, Montreal, Q.C. 

Hedin, L. O., & Likens, G. E. (1996). Atmospheric dust and acid rain. Scientific American,  

275(6), 88–92. https://doi.org/10.2307/24993494 

Helmisaari, H.-S., Saarsalmi, A., & Kukkola, M. (2009). Effects of wood ash and nitrogen  

fertilization on fine root biomass and soil and foliage nutrients in a Norway spruce stand 

in Finland. Plant and Soil, 314(1–2), 121–132. https://doi.org/10.1007/s11104-008-9711-

4 

Hendershot, W.A. and Lalande, H. 2008. Soil Sampling Methods of Analysis. 2nd Edition.  



114 

 

Taylor and Francis Group. Boca Raton, Florida 

Homan, C., Beier, C., McCay, T., & Lawrence, G. (2016). Application of lime (CaCO₃) to  

promote forest recovery from severe acidification increases potential for earthworm 

invasion. Forest Ecology and Management, 368, 39–44. 

https://doi.org/10.1016/j.foreco.2016.03.002 

Holmberg, S. L., Lind, B. B., & Claesson, T. (2000). Chemical composition and leaching  

characteristics of granules made of wood ash and dolomite. Environmental Geology 

(Berlin), 40(1–2), 1–10. https://doi.org/10.1007/PL00013327 

Hope, E. S., McKenney, D. W., Allen, D. J., & Pedlar, J. H. (2017). A cost analysis of  

bioenergy-generated ash disposal options in Canada. Canadian Journal of Forest 

Research, 47(9), 1222–1231. https://doi.org/10.1139/cjfr-2016-0524 

Horsley, S. B., Long, R. P., Bailey, S. W., Hallett, R. A., & Hall, T. J. (2000). Factors associated  

with the decline disease of sugar maple on the Allegheny Plateau. Canadian Journal of 

Forest Research, 30(9), 1365–1378. https://doi.org/10.1139/x00-057 

Houghton, R. A., & Nassikas, A. A. (2018). Negative emissions from stopping deforestation and  

forest degradation, globally. Global Change Biology, 24, 350–359. 

https://doi.org/10.1111/gcb.13876 

Hu, X., Wang, J., Lv, Y., Liu, X., Zhong, J., Cui, X., … Zhu, X. (2021). Effects of Heavy  

Metals/Metalloids and Soil Properties on Microbial Communities in Farmland in the  

Vicinity of a Metals Smelter. Frontiers in Microbiology, 12, 707786–707786.  

https://doi.org/10.3389/fmicb.2021.707786 

Huang, Y., Kang, R., Mulder, J., Zhang, T., & Duan, L. (2015). Nitrogen saturation, soil  

acidification, and ecological effects in a subtropical pine forest on acid soil in southwest  

China. Biogeosciences, 120(11), 2457–2472. https://doi.org/10.1002/2015JG003048 

Huber, C., Baier, R., Göttlein, A., & Weis, W. (2006). Changes in soil, seepage water and needle  

chemistry between 1984 and 2004 after liming an N-saturated Norway spruce stand at the 

Höglwald, Germany. Forest Ecology and Management, 233(1), 11–20. 

https://doi.org/10.1016/j.foreco.2006.05.058 

Huettl, R. F., & Zoettl, H. W. (1993). Liming as a mitigation tool in Germany's declining  

forests—Reviewing results from former and recent trials. Forest Ecology and 

Management, 61(3–4), 325–338. https://doi.org/10.1016/0378-1127(93)90209-6 



115 

 

Huotari, N., Tillman-Sutela, E., Moilanen, M., & Laiho, R. (2015). Recycling of ash—for the  

good of the environment? Forest Ecology and Management, 348, 226–240. 

https://doi.org/10.1016/j.foreco.2015.03.008 

Hüttl, R. F., & Zöttl, H. W. (1993). Liming as a mitigation tool in Germany’s declining  

forests – reviewing results from former and recent trials. Forest Ecology and 

Management 61(3-4). 325-338. https://doi.org/10.1016/0378-1127(93)90209-6. 

Hytonen, J., & Hokk, H. (2020). Comparison of granulated and loose ash in fertilization of Scots  

pine on peatland. Silva Fennica, 54(2), 1–. https://doi.org/10.14214/sf.10259 

Ingerslev, M., Hansen, M., Pedersen, L. B., & Skov, S. (2014). Effects of wood chip ash  

fertilization on soil chemistry in a Norway spruce plantation on a nutrient-poor soil.  

Forest Ecology Management 332: 10-17. https://doi.org/10.1016/j.foreco.2014.08.034. 

Insam, H., Franke-Whittle, I. H., Knapp, B. A., & Plank, R. (2009). Use of wood ash and  

anaerobic sludge for grassland fertilization: Effects on plants and microbes. Die 

Bodenkultur, 60, 39–51. 

IPCC. (2013). Climate change 2013: The physical science basis. Contribution of working group  

I to the fifth assessment report of the Intergovernmental Panel on Climate Change (T. F. 

Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, et al., Eds.). 

Cambridge University Press. 

Jacobson, S., & Gustafsson, L. (2001). Effects on ground vegetation of the application of wood  

ash to a Swedish Scots pine stand. Basic and Applied Ecology, 2(3), 233–241. 

https://doi.org/10.1078/1439-1791-00050 

Jacobson, S., Högbom, L., Ring, E., & Nohrstedt, H.-O. (2004). Effects of wood ash dose and  

formulation on soil chemistry at two coniferous forest sites. Water, Air, and Soil 

Pollution, 158, 113–125. https://doi.org/10.1023/B:WATE.0000044834.18338.a0 

Jansson, J. K., & Hofmockel, K. S. (2020). Soil microbiomes and climate change. Nature  

Reviews Microbiology, 18(1), 35–46. https://doi.org/10.1038/s41579-019-0265-7 

Jeffries, D. S., Clair, T. A., Couture, S., Dillon, P. J., Dupont, J., Keller, W., McNicol,  

D. K., Turner, M. A., Vet, R., & Weeber, R. (2003). Assessing the recovery of lakes in  

southeastern Canada from the effects of acid deposition. Ambio. 32(3). 176-182. 

https://doi.org/10.1579/0044-7447(2003)032. 

Jeffery, S., Verheijen, F. G. A., van der Velde, M., & Bastos, A. C. (2011). A quantitative review  



116 

 

of the effects of biochar application to soils on crop productivity using meta-analysis. 

Agriculture, Ecosystems & Environment, 144(1), 175–187. 

https://doi.org/10.1016/j.agee.2011.08.015 

Johan, P. D., Ahmed, O. H., Omar, L., & Hasbullah, N. A. (2021). Phosphorus transformation in  

soils following co-application of charcoal and wood ash. Agronomy, 11(10), 2010. 

https://doi.org/10.3390/agronomy11102010 

Johansen, J. L., Nielsen, M. L., Vestergård, M., Mortensen, L. H., Cruz-Paredes, C., Rønn, R.,  

Kjøller, R., Hovmand, M., Christensen, S., & Ekelund, F. (2021). The complexity of 

wood ash fertilization disentangled: Effects on soil pH, nutrient status, plant growth and 

cadmium accumulation. Environmental and Experimental Botany, 185, 104424-. 

https://doi.org/10.1016/j.envexpbot.2021.104424 

Johnson, C. E., Driscoll, C. T., Blum, J. D., Fahey, T. J., & Battles, J. J. (2014). Soil chemical  

dynamics after calcium silicate addition to a northern hardwood forest. Soil Science 

Society of America Journal, 78(4), 1458–1468. https://doi.org/10.2136/sssaj2014.03.0114 

Johnson, D. W., Richter, D. D., Lovett, G. M., & Lindberg, S. E. (1985). The effects of  

atmospheric deposition on potassium, calcium, and magnesium cycling in two deciduous 

forests. Canadian Journal of Forest Research, 15, 773–782. https://doi.org/10.1139/x85-

127 

Joseph, R., Diochon, A., Morris, D., Venier, L., Emilson, C. E., Basiliko, N., … Hazlett, P.  

(2022). Limited effect of wood ash application on soil quality as indicated by a multisite 

assessment of soil organic matter attributes. Global Change Biology. Bioenergy, 14(5), 

500–521. https://doi.org/10.1111/gcbb.12928 

Juice, S. M., Fahey, T. J., Siccama, T. G., Driscoll, C. T., Denny, E. G., Eagar, C., Cleavitt, N.  

L., Minocha, R., & Richardson, A. D. (2006). Response of sugar maple to calcium 

addition to northern hardwood forest. Ecology, 87(5), 1267–1280. 

https://doi.org/10.1890/0012-9658(2006)87[1267:ROSMTC]2.0.CO;2 

Kahl, J., Fernandez, R., Rustad, L., & Peckenham, J. (1996). Threshold application rates of wood  

ash to an acidic forest soil. Journal of Environmental Quality, 25, 220–227. 

https://doi.org/10.2134/jeq1996.00472425002500020003x 

Kantzas, E. P., Lomas, M. R., & Beerling, D. J. (2022). Substantial carbon drawdown potential  



117 

 

from enhanced rock weathering in the United Kingdom. Nature Geoscience, 15, 382–

389. https://doi.org/10.1038/s41561-022-00900-4 

Keeland, & Sharitz, R. (1993). Accuracy of tree growth measurements using dendrometer  

bands. Canadian Journal of Forest Research, 23(11), 2454–2457.  

https://doi.org/10.1139/x93-304 

Khan, A. A., de Jong, W., Jansens, P. J., & Spliethoff, H. (2009). Biomass combustion in  

fluidized bed boilers: Potential problems and remedies. Fuel Processing Technology, 

90(1), 21–50. https://doi.org/10.1016/j.fuproc.2008.07.012 

Khatoon, H., Solanki, P., Narayan, M., Tewari, L., Rai, J., & Khatoon, C. H. (2017). Role of  

microbes in organic carbon decomposition and maintenance of soil ecosystem. 

International Journal of Chemical Studies, 5(6), 1648–1656. 

Kim, N., Watmough, S. A., & Yan, N. D. (2022). Wood ash amendments as a potential solution  

to widespread calcium decline in eastern Canadian forests. Environmental 

Reviews, 30(4), 485–500. https://doi.org/10.1139/er-2022-0017 

Kindtler, N. L., Ekelund, F., Rønn, R., Kjøller, R., Hovmand, M., Vestergård, M., … Johansen,  

J. L. (2019). Wood ash effects on growth and cadmium uptake in Deschampsia flexuosa 

(Wavy hair-grass). Environmental Pollution (1987), 249, 886–893. 

https://doi.org/10.1016/j.envpol.2019.03.098 

Klemedtsson, L., Ernfors, M., Björk, R. G., Weslien, P., Rütting, T., Crill, P., & Sikström, U.  

(2010). Reduction of greenhouse gas emissions by wood ash application to a Picea abies 

(L.) Karst. forest on a drained organic soil. European Journal of Soil Science, 61(5), 734–

744. https://doi.org/10.1111/j.1365-2389.2010.01279.x 

Knapp, W. J., & Tipper, E. T. (2022). The efficacy of enhancing carbonate weathering for  

carbon dioxide sequestration. Frontiers in Climate, 4. 

https://doi.org/10.3389/fclim.2022.928215 

Knoepp, J. D., & Vose, J. M. (2002). Quantitative comparison of in situ soil CO₂ flux  

measurement methods. Research Paper SRS–28. Asheville, NC: U.S. Department of 

Agriculture, Forest Service, Southern Research Station. 

https://www.srs.fs.usda.gov/pubs/rp/rp_srs028.pdf  

Koch, R., Sailer, G., Paczkowski, S., Pelz, S., Poetsch, J., & Müller, J. (2021). Lab-scale  



118 

 

carbonation of wood ash for CO₂-sequestration. Energies, 14(21), 7371. 

https://doi.org/10.3390/en14217371 

Kolb, T.E., and McCormick, L.H. 1993. Etiology of sugar maple decline in four Pennsylvania  

stands. Canadian Journal of Forest Research. 23(11), 2395-2402. 

https://doi.org/10.1139/x93-296. 

Kotroczó, Z., Veres, Z., Fekete, I., Krakomperger, Z., Tóth, J. A., Lajtha, K., & Tóthmérész, B.  

(2014). Soil enzyme activity in response to long-term organic matter manipulation. Soil 

Biology & Biochemistry, 70, 237–243. https://doi.org/10.1016/j.soilbio.2013.12.028 

Kreutzer, K. (1995). Effects of forest liming on soil processes. In Nutrient uptake and cycling in  

forest ecosystems (pp. 447–470). https://doi.org/10.1007/978-94-011-0455-5_51 

Kunhikrishnan, A., Thangarajan, R., Bolan, N. S., Xu, Y., Mandal, S., Gleeson, D. B., Seshadri,  

B., Zaman, M., Barton, L., Tang, C., Luo, J., Dalal, R., Ding, W., Kirkham, M. B., & 

Naidu, R. (2016). Functional relationships of soil acidification, liming, and greenhouse 

gas flux. Advances in Agronomy, 139, 1–71. 

https://doi.org/10.1016/bs.agron.2016.05.001 

Kurz, W.A. ; Shaw, C.H. ; Boisvenue, C. ; Stinson, G. ; Metsaranta, J. ; Leckie, D. ; Dyk, A. ;  

Smyth, C. ; Neilson, E.T. (2013). Carbon in Canada’s boreal forest — A 

synthesis. Environmental Reviews, 21(4), 260–292. https://doi.org/10.1139/er-2013-0041 

Lal, R. (2004). Soil carbon sequestration to mitigate climate change. Geoderma, 123(1), 1–22.  

https://doi.org/10.1016/j.geoderma.2004.01.032 

Lamers, F., Cremers, M., Matschegg, D., Schmidl, C., Hannam, K. D., Hazlett, P. W., Madrali, 

 S., Primdal Dam, B., Roberto, R., Mager, R., Davidsson, K., Bech, N., Feuerborn, H.-J., 

 & Saraber, A. (2018). Options for increased use of ash from biomass combustion and co-

 firing. EA Bioenergy Task 32, 1–61 

Lasota, J., Małek, S., Jasik, M., & Błońska, E. (2021). Effect of planting method on C:N:P  

stoichiometry in soils, young silver fir (Abies alba Mill.) and stone pine (Pinus cembra 

L.) in the upper mountain zone of Karpaty Mountains. Ecological Indicators, 129, 

107905. https://doi.org/10.1016/j.ecolind.2021.107905 

Lautner, S., & Fromm, J. (2010). Calcium-dependent physiological processes in trees. Plant  

Biology (Stuttgart, Germany), 12(2), 268–274. https://doi.org/10.1111/j.1438-

8677.2009.00281.x 



119 

 

Lawrence, G. B., Siemion, J., Antidormi, M., Bonville, D., & McHale, M. (2021). Have  

sustained acidic deposition decreases led to increased calcium availability in recovering        

watersheds of the adirondack region of New York, USA? Soil Systems, 5(1), 1–23. 

https://doi.org/10.3390/soilsystems5010006 

Lea, R., W. C. Tierson, & A. L. Leaf. (1979). Growth responses of Northern hardwoods to  

fertilization. Forest Science 25. 597-604. 

Lecki, N. A. (2011). Differential sources and controls of soil CO₂ efflux in a sugar maple forest  

[Master's thesis, Western University]. Western University Digitized Theses. 

Lerman, A., & Mackenzie, F. T. (2018). Carbonate minerals and the CO₂-carbonic acid system.  

In W. M. White (Ed.), Encyclopedia of geochemistry (pp. 1–5). Springer. 

https://doi.org/10.1007/978-3-319-39312-4_84 

Li, K., Lu, H., Nkoh, J. N., Hong, Z., & Xu, R. (2022). Aluminum mobilization as influenced by  

soil organic matter during soil and mineral acidification: A constant pH study. Geoderma,  

418. https://doi.org/10.1016/j.geoderma.2022.115853 

Lima, D. L. D., Santos, S. M., Scherer, H. W., Schneider, R. J., Duarte, A. C., Santos, E. B. H.,  

& Esteves, V. I. (2009). Effects of organic and inorganic amendments on soil organic 

matter properties. Geoderma, 150(1), 38–45. Amsterdam: Elsevier B.V. 

https://doi.org/10.1016/j.geoderma.2009.01.009 

Lindsey, R. (2024). Climate change: Atmospheric carbon dioxide. Climate.gov.  

https://www.climate.gov/news-features/understanding-climate/climate-change-

atmospheric-carbon-dioxide 

Liping, G., & Erda, L. (2001). Carbon sink in cropland soils and the emission of greenhouse  

gases from paddy soils: A review of work in China. Chemosphere: Global Change 

Science, 3(4), 413–418. https://doi.org/10.1016/S1465-9972(01)00019-8 

Liu, X., Ellsworth, D. S., & Tyree, M. T. (1997). Leaf nutrition and photosynthetic performance  

of sugar maple (Acer saccharum) in stands with contrasting health conditions. Tree 

Physiology, 17(3), 169-178. https://doi.org/10.1093/treephys/17.3.169 

Liu, J., Chen, J., Chen, G., Guo, J., & Li, Y. (2020). Enzyme stoichiometry indicates the  

variation of microbial nutrient requirements at different soil depths in subtropical forests. 

PloS One, 15(2), e0220599. United States: Public Library of Science. 

https://doi.org/10.1371/journal.pone.0220599 



120 

 

Liu, H., Li, D., Huang, Y., Lin, Q., Huang, L., Cheng, S., Sun, S., et al. (2023). Addition of  

bacterial consortium produced high-quality sugarcane bagasse compost as an 

environmental-friendly fertilizer: Optimizing arecanut (Areca catechu L.) production, soil 

fertility and microbial community structure. Applied Soil Ecology, 188, 104920. Elsevier 

B.V. https://doi.org/10.1016/j.apsoil.2023.104920 

Long, R. P., Horsley, S. B., & Lilja, P. R. (1997). Impact of forest liming on growth and crown  

vigor of sugar maple and associated hardwoods. Canadian Journal of Forest Research, 

27(10), 1560-1573. https://doi.org/10.1139/x97-074 

Long, R. P., Horsley, S. B., Hallett, R. A., & Bailey, S. W. (2009). Sugar maple growth in  

relation to nutrition and stress in the northeastern United States. Ecological Applications,  

19(6),1454–1466. https://doi.org/10.1890/08-1535.1 

Long, R. P., Horsley, S. B., & Hall, T. J. (2011). Long-term impact of liming on growth and  

vigor of northern hardwoods. Canadian Journal of Forest Research, 41(6), 1295–1307. 

https://doi.org/10.1139/x11-049 

Ludwig, B., Rumpf, S., Mindrup, M., Meiwes, K. J., & Khanna, P. K. (2002). Effects of lime and  

wood ash on soil-solution chemistry, soil chemistry, and nutritional status of a pine stand 

in northern Germany. Scandinavian Journal of Forest Research, 17(3), 225–237. 

https://doi.org/10.1080/028275802753742891 

Lundström, U., Bain, D., Taylor, A., & Van Hees, P. (2003). Effects of acidification and  

its mitigation with lime and wood ash on forest soil processes: a review. Water Air Soil  

Pollution 3(4): 5-28. https://doi.org/10.1023/A:1024115111377 

Majdi, H., & Andersson, P. (2005). Fine root production and turnover in a Norway spruce stand  

in northern Sweden: Effects of nitrogen and water manipulation. Ecosystems, 8(2), 191–

199. https://doi.org/10.1007/s10021-004-0246-0 

Majdi, H., & Viebke, C. G. (2004). Effects of fertilization with dolomite lime + PK or wood ash  

on root distribution and morphology in a Norway spruce stand in Southwest Sweden. 

Forest Science, 50(6), 802–809. https://doi.org/10.1093/forestscience/50.6.802 

Maljanen, M., Nykänen, H., Moilanen, M., & Martikainen, P. J. (2006). Greenhouse gas fluxes  

of coniferous forest floors as affected by wood ash addition. Forest Ecology and 

Management, 237(1), 143–149. https://doi.org/10.1016/j.foreco.2006.09.03 

Maljanen, M., Sigurdsson, B. D., Guömundsson, J., Öskarsson, H., Huttunen, J. T., &  



121 

 

Martikainen, P. J. (2010). Greenhouse gas balances of managed peatlands in the Nordic 

countries: Present knowledge and gaps. Biogeosciences, 7(9), 2711–2738. 

https://doi.org/10.5194/bg-7-2711-2010 

Maljanen, M., Liimatainen, M., Hytönen, J., & Martikainen, P. (2014). The effect of granulated  

wood-ash fertilization on soil properties and greenhouse gas (GHG) emissions in boreal 

peatland forests. Biogeosciences Discussions, 11(6), 18029–18065. 

Mandre, M., Parn, H., & Ots, K. (2006). Short-term effects of wood ash on the soil and the lignin  

concentration and growth of Pinus sylvestris. Forest Ecology and Management,  

223(1–3), 349–357. https://doi.org/10.1016/j.foreco.2005.11.017. 

Marius Tuyishime, J. R., Adediran, G. A., Olsson, B. A., Sahlén Zetterberg, T., Högbom, L.,  

Spohn, M., … Petter Gustafsson, J. (2022). Phosphorus speciation in the organic layer of 

two Swedish forest soils 13–24 years after wood ash and nitrogen application. Forest 

Ecology and Management, 521, 120432-. https://doi.org/10.1016/j.foreco.2022.120432 

McLaughlin, D. (1998). Decade of forest tree monitoring in Canada: evidence of air pollution  

effects. Environmental Reviews, 6(3-4), 151-171. https://doi.org/10.1139/a98-008 

McMahon, S & Parker, G. G. (2015). A general model of intra‐annual tree growth using  

dendrometer bands. Ecology and Evolution, 5(2), 243-254. 

https://doi.org/10.1002/ece3.1117 

Meiwes, K. J. (1995). Application of lime and wood ash to decrease acidification of forest soils.  

Water, Air, and Soil Pollution, 85, 143–152. https://doi.org/10.1007/BF00483696 

Midgley, G. F., Bond, W. J., Kapos, V., Ravilious, C., Scharlemann, J. P., & Woodward, F. I.  

(2010). Terrestrial carbon stocks and biodiversity: Key knowledge gaps and some policy 

implications. Current Opinion in Environmental Sustainability, 2(4), 264–270. Elsevier 

B.V. https://doi.org/10.1016/j.cosust.2010.06.001 

Miller, D. E., & Watmough, S. A. (2009). Soil acidification and foliar nutrient status of Ontario’s  

deciduous forest in 1986 and 2005. Environmental Pollution, 157(2), 664–672. 

https://doi.org/10.1016/j.envpol.2008.08.008 

Misra, M. K., Ragland, K. W., & Baker, A. J. (1993). Wood ash composition as a function of  

furnace temperature. Biomass and Bioenergy, 4(2), 103–116. 

Moilanen, M., Silfverberg, K., & Hokkanen, T. J. (2002). Effects of wood-ash on the tree  



122 

 

growth, vegetation, and substrate quality of a drained mire: A case study. Forest Ecology 

and Management, 171(3), 321–338. https://doi.org/10.1016/S0378-1127(01)00789-7 

Moore, J.-D., Ouimet, R., & Duchesne, L. (2012). Soil and sugar maple response 15 years after  

dolomitic lime application. Forest Ecology and Management, 281, 130–139. 

https://doi.org/10.1016/j.foreco.2012.06.026 

Moore, J. D., & Ouimet, R. (2021). Liming still positively influences sugar maple nutrition,  

vigor and growth, 20 years after a single application. Forest Ecology and Management, 

490, 119103. https://doi.org/10.1016/j.foreco.2021.119103 

Moore, J. D., & Ouimet, R. (2006). Ten-year effect of dolomitic lime on the nutrition, crown  

vigor, and growth of sugar maple. Canadian Journal of Forest Research, 36(7), 1834–

1841. https://doi.org/10.1139/x06-081 

Mortensen, L. H., Cruz-Paredes, C., Schmidt, O., Rønn, R., & Vestergård, M. (2019). Ash  

application enhances decomposition of recalcitrant organic matter. Soil Biology & 

Biochemistry, 135, 316–322. https://doi.org/10.1016/j.soilbio.2019.05.021 

Narodoslawsky, M., & Obernberger, I. (1996). From waste to raw material - The route from  

biomass to wood ash for cadmium and other heavy metals. Journal of Hazardous 

Materials, 50, 157–168. 

Natural Resources Canada. (2024). Mitigation. Retrieved from  

http://www.nrcan.gc.ca/forests/climate-change/13097 

Neeraj, & Yadav, S. (2020). Carbon storage by mineral carbonation and industrial applications  

of CO2. Materials Science for Energy Technologies, 3, 494–500. 

https://doi.org/10.1016/j.mset.2020.03.005 

Nieminen, M., Piirainen, S., & Moilanen, M. (2005). Release of mineral nutrients and heavy  

metals from wood and peat ash fertilizers: Field studies in Finnish forest soils.  

Scandinavian Journal of Forest Research, 20(2), 146–153. 

https://doi.org/10.1080/02827580510008293 

Nowak, D. J., & Crane, D. E. (2002). Carbon storage and sequestration by urban trees in the  

USA. Environmental Pollution, 116(3), 381–389. https://doi.org/10.1016/S0269-

7491(01)00214-7 

Noyce, G. L., Fulthorpe, R., Gorgolewski, A., Hazlett, P., Tran, H., & Basiliko, N. (2016). Soil  



123 

 

microbial responses to wood ash addition and forest fire in managed Ontario forests. 

Applied Soil Ecology, 107, 368–380. Elsevier B.V. 

https://doi.org/10.1016/j.apsoil.2016.07.006 

Ohlsson, K. E. A. (2000). Carbonation of wood ash recycled to a forest soil as measured by  

isotope ratio mass spectrometry. Soil Science Society of America Journal, 64, 2155–

2161. https://doi.org/10.2136/sssaj2000.6462155x 

Økland, T., Nordbakken, J.-F., Clarke, N., & Holt Hanssen, K. (2022). Short-term effects of  

hardened wood ash and nitrogen fertilisation on understory vegetation in a Norway 

spruce forest in south-east Norway. Scandinavian Journal of Forest Research, 37(5–8), 

320–329. https://doi.org/10.1080/02827581.2022.2104365 

Ott, N. F. J., & Watmough, S. A. (2022). Does forest tree species composition impact modelled  

soil recovery from acidic deposition? Canadian Journal of Forest Research, 52(3), 372–

384. https://doi.org/10.1139/cjfr-2021-0170 

Ouimet, R., & Camire, C. (1995). Foliar deficiencies of sugar maple stand associated with soil  

cation imbalances in the Quebec Appalachians.Can. J. Soil. Sci, 75(2),169–174. 

https://doi.org/10.4141/cjss95-024 
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