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Abstract 

Exotic species of earthworms are invading North American forests, where native earthworms were 

extirpated by the last glaciation. The invasion of these ecosystem engineers can alter soil organic 

matter (SOM) dynamics, carbon (C) persistence, and ecosystem functioning. While the topic has 

been widely studied in temperate forests, the understanding of the consequences of this invasion 

in boreal forests is still insufficient. I aimed to determine how invasive earthworms are affecting 

boreal forest soils, their C stocks, SOM dynamics, and associated microbial communities. To ad-

dress these objectives, I selected sites to encompass the three most common soil types across the 

Canadian boreal forest habitable by earthworms: Luvisols, Podzols, and Brunisols. Within each 

site, sampling zones were delimited to only differ by invasion status while keeping other environ-

mental and pedological factors as similar as possible. I described soil morphological features and 

estimated the C stocks for the forest floors and mineral soils of invaded and non-invaded soils. I 

then compared their bacterial and fungal communities using phospholipid fatty acid (PLFA) anal-

ysis and metabarcoding of the 16S rRNA gene and ITS2 region. Finally, I estimated the labile (i.e. 

mineralizable) C using laboratory incubations, characterized the chemical composition of SOM by 

pyrolysis-gas chromatography-mass spectrometry, and determined C distribution in different den-

sity and size fractions of the mineral soil. 

The presence of invasive geoengineering earthworms resulted in the thinning of forest floors and 

the development of novel Ahu horizons, enriched in C and clay. For the forest floors, there was a 

net loss of C stocks, although the proportion of labile C remained unchanged. While fungal com-

munities of forest floors were unaffected by earthworm invasion, their bacterial communities did 

shift, notably with increased Gram(+):Gram(-) bacteria ratios, suggesting decreased C availability. 
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In the novel Ahu horizons, the proportion of labile C was higher than in non-invaded mineral soils 

and C content was significantly higher across all < 2 mm soil fractions, with a greater proportion 

of C found in the occluded light fraction. The proportion of root-derived SOM, identified from 

suberin markers, decreased after earthworm invasion, while that of microbially degraded SOM 

increased. Increased microbial decomposition was further supported by higher C oxidation states 

observed in earthworm-invaded soils, and increased C content of the silt and clay-sized fractions, 

predominantly containing microbially degraded C. In mineral soils, earthworm invasion favoured 

fungi over bacteria, mainly by an increased relative abundance of ectomycorrhizal fungi at the 

expense of saprotrophic fungi. For bacterial communities, increased Proteobacteria:Acidobacteri-

ota and decreased Gram(+):Gram(-) bacteria ratios indicated higher nutrient availability in earth-

worm-invaded mineral soils. These findings show that earthworm invasion significantly affects C 

dynamics and microbial communities in boreal forest soils, notably through a faster degradation 

of fresh SOM. This could alter C sequestration and other ecosystem services of boreal forests in 

the long term. 
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Chapter 1 : General introduction 

The boreal forest 

Covering 1.89 billion of hectares, the boreal zone can be defined as the bioclimatic region of high 

northern latitudes principally covered by cold-tolerant tree species in the form of forests and 

wooded land, but also including water bodies and wetlands (Brandt et al., 2013; Brandt, 2009). 

28% of the global boreal zone is found in Canada and half of the country’s boreal zone (270 mil-

lions of hectares) is covered by forests, representing 21-27% of the global boreal forest area across 

the globe (Brandt et al., 2013; Brandt, 2009).  

For the circumpolar region, Brunisols (Cambisols) and Podzols are globally the major soil types 

found in upland forest (DeLuca and Boisvenue, 2012). In the upland Canadian boreal forest, in 

addition to these two soil types, Luvisols also cover an important area (Lavkulich and Arocena, 

2011). Podzols typically develop on non-calcareous, coarse-textured parent materials under wet 

climate and coniferous vegetation (Sanborn et al., 2011), while Luvisols develop in well-drained 

forest soils on calcareous parent materials such as till and lacustrine deposits (Lavkulich and 

Arocena, 2011). Brunisols are less-developed soils found on various parent materials, forming a 

continuum of development with either Luvisolic or Podzolic soils (Smith et al., 2011). 

The typical vegetation of the boreal forest varies across the boreal zone, as soil type and climatic 

conditions play a major role in vegetation development. Coniferous forests dominate the boreal 

forest in eastern Canada, including Abies, Pinus, and Picea species (Canada’s National Forest 

Inventory, 2021; Gauthier et al., 2015). Mixed-wood stands, which often include trembling aspen 

(Populus tremuloides Michx.) and white spruce (Picea glauca (Moench) Voss), are common in 

the boreal forest of western Canada. Across the Canadian boreal forest, the importance of 



2 
 

trembling aspen stands is increasing as they replace coniferous-dominated stands, a process trig-

gered by changes in the frequency and size of disturbances associated with climate change and 

forest management (Aubin et al., 2018; Schneider et al., 2009; Soja et al., 2007). Maple (Acer) 

species are also often found in eastern Canada at the southern limit of the boreal zone (Goldblum 

and Rigg, 2005). 

Recent estimations of carbon (C) storage in the boreal forest are as high as 1095 Pg C, making the 

boreal forest the largest terrestrial C reservoir (Bradshaw and Warkentin, 2015). Most of this C is 

found belowground and is distributed between the litter (24%), soil organic matter (SOM, 40%) 

and belowground biomass (5%) pools (Kurz et al., 2013). Boreal forests are characterized by a 

large slow-cycling carbon pool, whose decomposition is mainly limited by low annual mean tem-

peratures as well as the abundance of recalcitrant compounds (e.g.; tannins) in boreal vegetation 

litter (De Deyn et al. 2008).  

Soil organic matter and carbon dynamics 

Soil organic matter (SOM), predominantly made of C, mainly originates from surficial litterfall, 

decaying roots, root exudates, and dead microorganisms, hereafter referred to as microbial necro-

mass (Post and Kwon 2000). Understanding SOM dynamics is important to determine the fate of 

the major terrestrial C reservoir that is the boreal forest. Multiple approaches to partition SOM into 

meaningful and useful pools have been proposed, from the outdated chemical separation into hu-

mic and fulvic substances found to be a laboratory artifact (Piccolo, 2001) to physical fractionation 

based on size and/or density (von Lützow et al., 2007). Physical fractionation of soil yields differ-

ent aggregate sizes, typically obtained by wet or dry sieving and slacking (von Lützow et al., 2007). 

From these fractions, different pools of SOM are obtained, from the silt and clay-sized fraction (< 

53 µm) to aggregates of different sizes (53–250 µm, 250 µm–2 mm, 2–8 mm; Fig. 1-1). The SOM 
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found in microaggregates (< 250 µm) is typically considered more decomposed and older than that 

of macroaggregates (> 250 µm; von Lützow et al., 2007). Those macroaggregates can be further 

fractionated into occluded light fraction (250 µm–2 mm), occluded microaggregates (53–250 µm), 

and occluded silt and clay-sized fraction (< 53 µm). In an effort to decrease the number of fractions 

to the most relevant for SOM dynamics, a more recent approach consists of dividing SOM into the 

particulate organic matter (POM) and the mineral-associated organic matter (MAOM) fraction 

(Cotrufo et al., 2019). The classic physical fractionation and the POM-MAOM framework are both 

based on stabilization mechanisms and resulting persistence in soils (Lavallee et al., 2020). The 

POM pool contains fragmented plant residues, only partially processed, and its only protection 

mechanism is occlusion within aggregates while the MAOM pool is stabilized by mineral associ-

ations, contains smaller, more processed compounds, and has a longer mean residence time 

(Lavallee et al., 2020; von Lützow et al., 2006). While POM mainly originates from vegetation, 

MAOM largely contains microbial-derived compounds, as well as some labile fresh litter com-

pounds (Cotrufo et al., 2019).  
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Figure 1-1. Comparison between the aggregate fractionation method and the particulate organic 

matter (POM) and mineral-associated organic matter (MAOM) framework, adapted from 

Lavallee et al. (2020). 

Stabilization of SOM is also linked to its structure and composition (Kögel-Knabner, 2000). Plant 

residues are highly complex organic compounds, often divided into above (leaves and shoots) and 

belowground (roots) inputs, and represent the main contributors to SOM (Kögel-Knabner, 2002). 

Root-derived residues are typically more abundant than leaf-derived residues in the mineral soil, 

the latter supposedly degrading faster, although the mechanisms behind are still uncertain (Mueller 

et al., 2013). Some of those plant-derived residues, such as lipids, are partly preserved in soils and 

therefore represent a substantial part of SOM (Kögel-Knabner, 2000). Cutin and suberin, lipids 

found in leaves and roots respectively, have been used as biomarkers to differentiate above from 

belowground inputs to SOM (Hamer et al., 2012; Otto et al., 2005). Among many methods, ana-

lytical pyrolysis, a form of thermal degradation, gives a broad overview of SOM compounds, com-

pared to more selective chemical extractions (Derenne and Quéné, 2015). In addition to the above-

mentioned plant-derived lipids, pyrolysis, coupled with gas chromatography and mass 
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spectrometry (Py-GC-MS), also provides information on other aliphatic as well as aromatic com-

pounds (for example, Vancampenhout et al., 2009). An important part of the stable SOM pool is 

obtained from the decomposition of labile plant inputs by microorganisms (Cotrufo et al., 2013). 

However, in forested ecosystems where conditions are less favorable for microbial growth, the 

proportion of plant residues in stabilized SOM is higher than in more fertile soils (Angst et al., 

2021; B. Wang et al., 2021). Estimating the relative abundance of plant versus microbial-derived 

SOM is therefore important for understanding SOM dynamics (Angst et al., 2021).  

Regardless of chemical composition and physical distribution, the stability of soil C can also be 

estimated by incubation at high temperatures (McLauchlan and Hobbie, 2004). This empirical 

technique is based on the concept that high temperature (between 20 and 35 ºC) will maximize C 

mineralization by microorganisms (Laganière et al., 2013; Paré et al., 2006). After one year of 

incubation, the cumulative CO2 typically reaches a plateau, and the data can be fitted on an expo-

nential model to estimate the amount of C potentially mineralizable by microorganisms (Laganière 

et al., 2013; Maillard et al., 2010). This C pool is therefore considered biologically active, as it is 

potentially mineralizable by microorganisms. 

Soil microbial communities 

Soil microbial communities play a major role in litter decomposition (Prescott 2010) and nutrient 

cycling (Uroz et al., 2016). The forest microbiome typically contains archaea, bacteria, fungi, and 

protists but most of the literature focuses on bacterial and fungal communities (Uroz et al., 2016). 

Many techniques have been used for quantifying and/or characterizing soil microbial communities, 

from direct cell counting and culture to analysis of cell wall or membrane derived compounds 

(chitin, phospholipid fatty acids) and DNA-based approaches (Strickland and Rousk, 2010). The 

relative abundance of fungi compared to bacteria is dependent on environmental conditions, 
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including physical disturbances and nutrient availability (Strickland and Rousk, 2010). Notably, 

the fungi:bacteria ratio is often positively correlated with soil C:N (Waring et al., 2013).  

Fungi, typically decomposing more recalcitrant organic compounds (Treseder et al., 2016), can be 

free-living decomposers (saprotrophs) or root-associated symbionts (Lladó et al., 2017). Except 

for maple (Acer) species which form symbiosis with arbuscular mycorrhizae (AM), most boreal 

tree species are associated with ectomycorrhizal (EcM) fungi (Brundrett et al., 1990). In most 

cases, microbial necromass is predominantly derived from root-associated fungi, accounting for 

50 to 70% of the C stored in the boreal forest soils together with roots (Clemmensen et al., 2013). 

For this reason, many studies have focussed on fungal rather than bacterial communities of forest 

soils (Lladó et al., 2017). Bacteria are however involved in a wider range of biogeochemical pro-

cesses, such as N fixation (Lladó et al., 2017), of particular interest in boreal forest soils where N 

fixation is limited (DeLuca et al., 2002).  

Earthworm ecology 

Charles Darwin was the first scientist to publish a book on earthworms in 1881, named “The for-

mation of vegetable mould through the action of worms with observations on their habits”, after 

40 years of observations (Feller et al., 2003). Since then, many scientists have studied earthworm 

ecology and impacts on soil properties. Earthworms have long been defined as “ecosystem engi-

neers”, meaning that “modulate the availability of resources to other species” (Jones et al. 1994). 

Their positive impact on soil fertility has been largely recognized in agricultural systems (Lavelle 

et al., 1998; Van Groenigen et al., 2019). 

Bouché (1977) defined three ecological categories for earthworms based on their feeding behav-

iour and soil habitat: epigeic, endogeic, and anecic species. Epigeic species inhabit the forest floor 

layer and feed on litter, while endogeic species inhabit the mineral soil, which they also feed on. 
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Anecic species share traits with both epigeic and endogeic species, as they burrow deep galleries, 

feed on litter, and bring soil material to the surface. Rather than a strict classification, these three 

categories represent three poles of a triangular plot, within which all earthworm species are found 

(Capowiez et al., 2022). While some species are only associated with one category, such as the 

epigeic Dendrobaena octaedra Savigny, other species fall between two categories, such as the epi-

anecic Lumbricus rubellus Hoffmeister. Earthworms dwelling into the mineral soil - corresponding 

to endogeic and anecic species - are also referred to as geoengineering earthworms (Blume-Werry 

et al., 2020; Wackett et al., 2018). Some authors have also made the distinction between de-com-

pacting and compacting earthworms, based on their effect on soil porosity and aggregation 

(Lavelle et al., 2006). Regardless of the classification used, the way that earthworms impact soil 

physicochemical properties might vary among species (Lavelle et al. 2006). 

Through their feeding behaviour, earthworms greatly impact soil aggregation and enhance C sta-

bilization within aggregates (Bossuyt et al. 2004, 2005; Zhang et al. 2013). On the other hand, by 

mixing the forest floor into the mineral soil, they also enhance microbial decomposition by in-

creasing OM accessibility. In a review, Lubbers et al. (2013) concluded that earthworms increase 

CO2 emissions during an initial phase of one to two weeks, but the magnitude of this increase 

becomes insignificant after 200 days of incubation. There is however no consensus as to whether 

earthworms increase or decrease C storage once established for more than a few years (Angst et 

al., 2019; Lubbers et al., 2017), although they seem to increase soil greenhouse gas emissions 

(Lubbers et al., 2013). This concept is referred to as the earthworm dilemma as earthworms accel-

erate SOM decomposition, thus increasing CO2 emissions, while also increasing its stability, by 

occluding SOM within aggregates and/or chemically altering it to microbial necromass (Angst et 

al., 2019; Lubbers et al., 2013). The impacts of earthworms on C sequestration have mainly been 
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indirectly calculated, as changes in C stocks occur over the long-term, from years to decades and 

even centuries (von Lützow et al. 2006; Zhang et al. 2013; Lubbers et al. 2017). Angst et al. (2017) 

suggested that C stabilization by earthworms occurs mainly by physical protection within aggre-

gates, as no changes in SOM chemical composition were reported, even after more than two years 

of incubation. However, Vidal et al. (2019) observed a clear shift from POM to MAOM-dominated 

C pool within earthworm casts, after one year of incubation, which shows that SOM composition 

changes as casts age. Overall, these observations suggest that changes in chemical composition 

could take longer than a few years to be detectable in the bulk soil. 
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Earthworm invasion in North American forests 

The Wisconsin glaciation, which ended about 12,000 years BP, completely extirpated native earth-

worms from most of North America (Hendrix 2006). As a result, northern ecosystems, including 

their soils, vegetation, and C pools have developed in the absence of earthworms (Addison 2009). 

Since the European settlement, exotic earthworms have been introduced and are invading North 

America (Scheu and McLean 1993). Their invasion in the boreal forest is relatively recent, as 

environmental conditions are more hostile and human activities are less developed when compared 

to temperate forests. Although earthworms can withstand relatively cold temperatures (Addison, 

2009), the expected 4–5 ºC increase in the Canadian boreal zone by the end of the 21st century 

(Price et al., 2013) is likely going to facilitate their establishment in a greater part of the boreal 

forest. In addition, the rapid growth of recreational and industrial activities in the boreal further 

multiplies the opportunities for invasion (Cameron et al. 2007). Waterways and roads are thought 

to be the main vectors for earthworm dispersal at a local scale (Cameron and Bayne, 2015). In 

other parts of the boreal biome – even in Eurasia –, geoengineering European earthworms are also 

considered invasive and greatly impact soil morphological properties (Wackett et al., 2018). 

More recently, a second wave of invasion by Asian earthworm species has been reported in North 

America (Chang et al., 2021). These jumping worms represent an additional threat for northern 

temperate and boreal forests, yet the competition with other earthworm species is poorly under-

stood. To this date, Asian earthworms have only been observed in southern Canada, and have not 

reached the boreal forest yet (Reynolds, 2018). 
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Effects of invasive earthworms in forested ecosystems  

Although earthworms are generally seen as beneficial in agricultural soils, their effects on forest 

soils might be very different (Addison, 2009; Frelich et al., 2019). Studies have reported negative 

effects on soil bulk density (Frelich et al., 2006), above and belowground arthropods (Cameron et 

al., 2013; Jochum et al., 2021), and native plant communities (Dobson and Blossey, 2015; 

Eisenhauer et al., 2009; Hale et al., 2008). The invasion of the American continent by non-native 

earthworms can be seen as a large-scale experiment, where non-invaded zones act as control sites 

(Blouin et al. 2013). It therefore represents a unique – yet unfortunate – opportunity to monitor the 

changes in soil physicochemical properties associated with earthworm activity. Visible changes in 

soil morphological features have also been noticed in temperate forests of New Brunswick 

(Langmaid 1964) and Wisconsin (Nielsen and Hole 1964). Three years after earthworm invasion, 

the Ae horizon and some of the B horizon had been completely transformed into a thick dark grey 

loam mainly consisting of earthworm casts. Earthworms lead to a relocation of carbon from the 

forest floor to the upper mineral horizon, increasing its thickness and OM content, whereas the 

forest floor thickness decreases compared to earthworm-free soils (Hale et al. 2005). The total loss 

of forest floor has been observed in many cases (Bohlen et al. 2004; Wironen and Moore 2006; 

Fahey et al. 2013; Groffman et al. 2015). The consequences of these changes for SOM dynamics 

and C sequestration are, however, still uncertain (Lubbers et al., 2013). While the decrease in forest 

floor thickness and C stock is often reported, the fate of the C found in the mineral soil is still 

debated in temperate forests (Bohlen et al., 2004a; Fahey et al., 2013; Scheu and Parkinson, 1994). 

Similar studies are lacking for the boreal biome. 

Besides direct effects on C dynamics, earthworms also greatly affect the belowground diversity, 

including enchytraeid communities (Schlaghamersky et al., 2014) and microarthropods (Cameron 
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et al., 2013). Changes in soil microbial communities and their activity have also been observed in 

contrasting environments, including: a decrease in microbial respiration (Eisenhauer et al. 2007), 

an increase in the bacterial:fungal ratio (Scheu and Parkinson 1994), an increase in Gram-negative 

bacteria (Clapperton et al. 2001; Enami et al. 2001), or a reduction in total bacterial PLFAs as well 

as fungal biomarkers (Butenschoen et al. 2007). The passage of soil through earthworm gut seems 

to strongly influence microbial communities by inhibiting and activating different groups of mi-

croorganisms (Clapperton et al. 2001; Aira and Domínguez 2014). The type of organic residues 

ingested by earthworms was also found to highly affect microbial communities (Tiunov and Scheu 

2000; Egert et al. 2004). Considering the microbial-mediated SOM stabilization mechanisms, 

earthworms are likely altering the dynamics of SOM formation and accumulation by modifying 

the spatial availability of plant materials for decomposition. 

Earthworms play a key role in plant residue incorporation and degradation. They can alter the litter 

decomposition by selectively feeding on lignin-poor residues such as leaves (Filley et al., 2008), 

resulting in a POM pool enriched in lignin (Crow et al., 2009). They preferentially accumulate 

root over shoot litter, the latter decomposing at a higher rate in casts (Vidal et al., 2016). As earth-

worm casts age, mineral-associated and microbially derived OM prevails and aliphatic moieties 

become more abundant (Vidal et al., 2019). It is suggested that by decomposing plant-derived OM 

and transforming it into microbial necromass stabilized within aggregates, earthworms potentially 

increase C resilience against disturbances (Angst et al., 2019).  
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Knowledge gap for the boreal forest 

While earthworm invasion has been extensively studied in temperate forests, research efforts 

started more recently in boreal forests, which remain understudied. To support this statement, I 

made a query in the Web of Science using “earthworm”, “forest”, “soil”, “inva*”, and “temperate” 

or “boreal” and obtained only 40 results for the boreal forest, compared to 169 for the temperate 

forest (Fig. 1-2). 

 

Figure 1-2. Number of papers on earthworm invasion and boreal or temperate forest soils. Results 

of a query in Web of Science on April 3, 2022. 

While one might expect to observe similar effects of invasive earthworms on those two northern 

biomes, boreal and temperate forests also greatly differ. Boreal forests are characterized by colder 

annual mean temperatures and longer winters compared to temperate forests. The importance of 

fungal communities is greater in boreal forest soils (Chen et al., 2020), which store more than 

twice as much C per unit of area compared to temperate forests (Lal, 2005). Any change in the C 

balance has therefore greater consequences for this ecosystem, already threatened by climate 

change (Gauthier et al., 2015). Considering that earthworm invasion is ongoing and expected to 

affect at least 50% of the boreal forest (Cameron and Bayne, 2009; Saltmarsh et al., 2016), there 

is an urgent need to better understand its dynamics and implications for C storage.  
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Objectives and outline 

The main objective of this doctoral thesis is to understand the impacts of earthworm invasion on 

soils of the Canadian boreal forest, by comparing soils that have been affected by earthworms with 

soils that are not invaded. The sites were selected in the provinces of Alberta and Québec to rep-

resent the major upland soil types found across the boreal forest of Canada. 

My first research chapter (Chapter 2) gives a general overview of the soil morphological changes 

associated with earthworm invasion. I compared basic soil properties (pH, texture, TOC) between 

invaded and non-invaded soil pedons and estimated C stocks for the forest floor and surface min-

eral soil. For this chapter, the objectives were to: 

1. Describe soil morphological features in the presence and absence of invasive earthworms. 

2. Identify any significant changes in morphological features of forest floors and mineral soils 

associated with invasive earthworms. 

3. Determine if soil C stocks are affected by earthworm invasion. 

In my second research chapter (Chapter 3), I focussed on the potential changes observed in soil 

bacterial and fungal communities, using a combined approach of PLFA analysis and metabarcod-

ing of the 16S rRNA and ITS genes. I described the taxonomical shifts associated with earthworm 

invasion and linked them with potential functional changes, considering environmental conditions 

for microbial activity. The objectives of this second research chapter were to: 

1. Characterize the microbial communities of forest floors and mineral soils in the presence 

and absence of invasive earthworms. 

2. Identify microbial taxonomic groups positively and negatively affected by earthworm in-

vasion. 
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3. Link the taxonomic changes observed in fungal and bacterial communities with changes in 

soil environment conditions. 

For my final research chapter (Chapter 4), I characterized SOM using a range of analyses, includ-

ing physical aggregation, chemical composition, and biological persistence. The objectives of this 

chapter were to: 

1. Determine whether earthworm invasion affects soil C persistence. 

2. Describe changes in the physical distribution of soil C associated with earthworm invasion. 

3. Determine whether earthworm invasion affects the chemical composition of SOM, includ-

ing the relative abundance of above versus belowground plant residues and of microbial 

residues. 

In Chapter 5, I summarized the results of the three research chapters, discussed the significance of 

these findings, and proposed direction for future research. 
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Chapter 2 : Invasive earthworms affect soil morpho-

logical features and carbon stocks in boreal forests 

Abstract 

Non-native earthworms have been invading North America since European settlement. Compared 

to temperate forests, their presence in the boreal forest is much more recent and thus remains un-

derstudied, despite the potential threat they represent for soil carbon (C) stocks. Here we compared 

earthworm-invaded and earthworm-free zones in soil types representative of the boreal forest, in-

cluding Luvisols, Podzols, and Brunisols (Cambisols). We observed that the forest floor (surface 

organic layer, or LFH) decreased in thickness after invasion in most cases and developed into a 

Vermimull, with the loss of the most humified layer (humic or H horizon). Simultaneously, the 

surface mineral horizon was reworked by earthworms into a novel Ahu horizon, characterized by 

higher organic matter and enriched in earthworm casts. Forest floor C stocks decreased by 94 % 

and 59 % for Luvisols and Brunisols respectively, while those of Podzols remained apparently 

unaffected. Mineral soil C stocks in Brunisols increased after invasion, while no changes were 

observed in Luvisols and Podzols. Our results demonstrated the substantial impact that invading 

earthworms are having on soil morphological features and C stocks in boreal forests. Effects were 

similar to what has been reported for temperate forests, although the degree of impact depended 

on soil type. Although C stocks were less affected in the mineral soil compared to the forest floor, 

the development of a novel surface horizon reworked by earthworms could alter microbial dynam-

ics and impact mineral C persistence. Further research is needed to quantify long-term implications 

of earthworm presence for boreal soil C stocks. 
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Highlights 

• Earthworm impacts on morphological features varied among studied soil types. 

• Development of a carbon-rich top mineral horizon and vermimull humus forms. 

• Forest floor carbon stocks decreased for Luvisols and Brunisols. 

• Surface mineral soil carbon stocks increased for Brunisols only. 

• Minor effects on carbon stocks for Podzols. 
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Introduction 

The Wisconsin glaciation, which ended about 12,000 years BP, completely extirpated native earth-

worms from most of North America (Hendrix, 2006). As a result, northern ecosystems, including 

their soils, vegetation and carbon (C) pools, have developed in the absence of earthworms 

(Addison, 2009). Since European settlement, exotic earthworms have been introduced and have 

been invading North America (Scheu and McLean, 1993). Despite limiting factors such as long 

cold winters and acidic soil conditions, earthworms have been observed in boreal forests (Addison, 

2009), where the rapid growth of recreational and industrial activities is facilitating their invasion 

(Cameron et al., 2007). The boreal forest is the largest terrestrial C reservoir on Earth, and any 

change in its C dynamics can potentially have major implications for global C pools (Frelich et al., 

2019; Kurz et al., 2013). With an expected 4–5 ºC increase in temperature by the end of the 21st 

century (Boulanger et al., 2017), a greater part of the boreal forest will become hospitable to earth-

worms (Booysen et al., 2018). Moreover, liming has been commonly used to restore sugar maple 

forests in Eastern Canada, alleviating the acidic conditions found in those soils (Moore et al., 

2013). Earthworms have already been observed in boreal forests of Alaska (Saltmarsh et al., 2016), 

Western Canada (Cameron et al., 2007) and Eastern Canada (Moore and Reynolds, 2003). The 

concerns about this ongoing invasion are not limited to North America, as the presence of Euro-

pean geoengineering (endogeic and anecic, see below) earthworm species have been recorded in 

various parts of the Arctic biome such as Russia and Fennoscandia, where they are considered 

exotic and invasive (Blume-Werry et al., 2020; Wackett et al., 2018). 

Although mostly seen as beneficial in agricultural soils and for post-mining reclamation, earth-

worms may not be desirable in forest soils since they mainly feed on organic matter (OM) found 

in the forest floor or mineral soil (Blouin et al., 2013; Frouz et al., 2009). Some exotic earthworm 
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species can fundamentally change soil properties in a few years for temperate forests, even more 

so in soils devoid of endemic species by occupying a vacant ecological niche (Hendrix and Bohlen, 

2002; Langmaid, 1964). In temperate forests of North America, earthworms have been shown to 

substantially increase C losses from the forest floor, which even disappeared in extreme cases, 

thereby decreasing overall soil C stocks and increasing CO2 emissions, at least transitionally 

(Blouin et al., 2013; Bohlen et al., 2004a; Hale et al., 2005b). However, some of the C lost from 

the forest floor is transferred to the upper mineral horizon by bioturbation and is potentially stabi-

lized in aggregates formed by earthworms (Bossuyt et al., 2004). The loss of forest floor C follow-

ing earthworm invasion is probably also occurring in boreal forests, albeit at a slower pace, but 

there are insufficient data and understanding of net effects (Kurz et al., 2013). When compared to 

agroecosystems, earthworm effects on net CO2 emissions in natural ecosystems such as temperate 

forests are smaller because of larger C pools, as was reviewed by Lubbers et al. (2013). Boreal 

forests are characterized by lower decomposition rates and thicker forest floors compared to tem-

perate forests (DeLuca and Boisvenue, 2012). For these reasons, the conclusion of Lubbers et al. 

(2013) for temperate forests may not hold true for the boreal biome. Although a few studies showed 

that litter decomposition rate was increased in the presence of earthworms in some boreal forest 

soils (Laganiere et al., 2010), it is still unclear whether these organisms can affect the vertical 

distribution of C and the overall C balance in these soils.  

It is challenging to study long term effects of earthworms on soil properties (Clements et al., 1991).  

Under laboratory conditions, studies span from 21 days to 2.4 years (Bossuyt et al., 2005; Frouz 

et al., 2014; Hale et al., 2008). Under field conditions, studies also typically focus on quantifying 

short term effects of earthworms over a maximum of 3 years (Bohlen et al., 2004a; Fisk et al., 

2004; Groffman et al., 2004). As an alternative, simultaneously studying earthworm-invaded and 
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earthworm-free zones in otherwise similar ecosystems can be considered as a long term experi-

ment, where non-invaded zones act as control sites (Blouin et al., 2013; Lubbers et al., 2013). This 

‘space-for-time’ approach is commonly used in community ecology (Damgaard, 2019; Sax et al., 

2005; Thomaz et al., 2012) and has been applied in southern Alberta to compare soil chemistry 

and microbial activity along a transect corresponding to different invasion stages (Eisenhauer et 

al., 2007). Although for many sites it is nearly impossible to determine when the invasion started, 

historical knowledge of road construction, fishing activities, and/or agriculture should give valua-

ble hints for potential invasion vectors (Cameron et al., 2007). 

Most invasions involve multiple earthworm species, with different ecological behaviours. Bouché 

(1977) defined three categories based on their feeding behaviour and habitat: epigeic, endogeic 

and anecic earthworms. By feeding on plant litter, epigeic and anecic species accelerate litter dis-

appearance from the soil surface, the latter having the strongest effect because of higher body mass 

(Hale et al., 2005a; Huang et al., 2020). As endogeic species inhabit the mineral soil and do not 

feed on plant litter, they have little impact on the litter layer but have the strongest effect on the 

structure and aggregation of the underlying mineral horizons (Bossuyt et al., 2006; Knowles et al., 

2016). The association of at least two functional groups can yield to a greater cumulative effect on 

litter decomposition and soil organic carbon (SOC) stabilization and/or persistence (Huang et al., 

2020). In temperate forests, Hale et al. (2005a) described a succession of earthworm species along 

the leading edge of invasion, which was defined as the point where forest floor thickness had 

decreased to zero. Epigeic species were observed 20 m or more in advance of the leading edge, 

endogeic species were found right behind the leading edge, and anecic species thrived 20–30 m 

behind. This gradient found at the stand scale by Hale et al. (2005a) was also described along a 

125 km north-south transect in temperate forests of south-central Ontario by Choi et al. (2017), 
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with the most northern site being the least invaded. At a global scale, Phillips et al. (2019) showed 

that earthworm diversity increases with latitude, and is mostly correlated with climate variables. 

But in these invaded regions, the reported earthworm density is higher than for most of the globe, 

as those exotic species access a large, otherwise unused pool of resources. 

Understanding the factors and processes of soil formation is a prerequisite for the description of 

soil horizons and morphological features (Jenny, 1941). In addition, the use of a soil classification 

system – such as the Canadian System for Soil Classification in the case of the present study – is 

fundamental to organize knowledge in a defined frame, allowing for comparisons among soil types 

(Soil Classification Working Group, 1998). In temperate forests, effects of invasive earthworms 

on soil morphology have been described in Podzols (Langmaid, 1964; Nielsen and Hole, 1964) 

and Luvisols (Alban and Berry, 1994; Eisenhauer et al., 2007). In all cases, authors described 

development of an organic-rich A horizon mainly comprised of earthworm casts. In boreal forests, 

the main soil types potentially hospitable to earthworms are Podzols, Brunisols (corresponding to 

Cambisols in the World Reference Base classification by FAO (2014)), and Luvisols (DeLuca and 

Boisvenue, 2012). Podzolic and Luvisolic soils, respectively covering 14.3 and 8.8 % of Canada’s 

land area, develop on drastically different parent materials: acidic coarse-textured for the former 

and calcareous fine-textured for the latter (Lavkulich and Arocena, 2011; Maynard et al., 2014; 

Sanborn et al., 2011). As for Brunisolic soils, covering about 14 % of land surface in Canada, they 

typically co-exist with both Podzolic and Luvisolic soils but lack the same level of horizon devel-

opment (Smith et al., 2011).  

This study aimed to describe soil morphological features and estimate organic C stocks for the 

forest floor and top mineral soil in earthworm-invaded and earthworm-free zones for contrasting 

soil types and boreal ecozones present within the Canadian boreal forest: Luvisolic soils typical of 
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the Boreal Plains in Western Canada and Podzolic and Brunisolic soils found in the Boreal Shield 

of Eastern Canada. We hypothesized that effects of invasive earthworms in the boreal forest would 

be similar to those in temperate forests, with zones invaded by earthworms associated with thinner 

forest floors and cast-rich uppermost mineral soils, and that more pronounced changes would be 

evident in the presence of at least two earthworm functional groups. In terms of C stocks, we 

expected a decrease in the forest floor and an increase in the mineral soil resulting from a transfer 

of organic matter from the forest floor to the mineral soil after earthworm invasion. Furthermore, 

we expected to see a variable degree of earthworm effects related to soil type, considering the 

fundamental differences between the three studied soil types. Luvisols under trembling aspen 

(Populus tremuloides Michx.) canopy would show the largest changes after earthworm invasion, 

while acidic Podzols would be the least affected. Brunisols would be intermediate as they devel-

oped on acidic parent material but under deciduous canopy. 
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Materials and methods 

Study sites 

The study was conducted in the Boreal Plains and the Boreal Shield ecozones of Canada’s forest, 

respectively in Alberta and Québec (Table 2-1; Fig. 2-1). The different sites were selected based 

on existing research data as well as the likelihood to find both earthworm-invaded and earthworm-

free zones within the same site or in similar environmental conditions. The selected sites represent 

some of the most common scenarios in the boreal: Podzols (WRB: Podzols; USDA: Spodosols) 

under coniferous canopy, Luvisols (WRB: Luvisols; USDA: Alfisols) under aspen and Brunisols 

(WRB: Cambisols; USDA: Inceptisols) under other broadleaves (FAO, 2014; Soil Survey Staff, 

1999). In Québec, four sites were selected: Lac Piché in Montmorency Forest (referred to as Mont-

morency), Lac Laroche in Parc National des Grands Jardins (referred to as Grands Jardins), Cana-

dian Forces Base Valcartier (referred to as Valcartier), and Golf Castor (referred to as Golf). Mont-

morency and Grands Jardins have a mixed coniferous dominant canopy, respectively balsam fir 

(Abies balsamea (L.) Mill.) and black spruce (Picea mariana (Mill.) Britton, Sterns & Poggen-

burg), and Podzolic soils. Valcartier and Golf have sugar maple (Acer saccharum Marshall) as 

dominant canopy and Brunisolic soils (Table 2-1). The three Alberta sites have similar Luvisolic 

soils and trembling aspen dominated canopy: the Ecosystem Management Emulating Natural Dis-

turbance (referred to as EMEND), Wolf Lake Provincial Recreation Area (referred to as Wolf 

Lake), and the Breton plots (referred to as Breton). For five of these seven sites (EMEND, Mont-

morency, Grands Jardins, Valcartier, and Golf), we were able to define earthworm-invaded and 

earthworm-free zones within a couple hundred meters from one another, providing the opportunity 

for a site-level paired comparison between earthworm-invaded and earthworm-free soils. By 
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comparing physicochemical properties of deeper soil horizons, less likely to be affected by earth-

worms, we ensured a baseline as similar as possible for site-level comparisons (Table 2-2). 

In addition, different stages of invasion were identified in Alberta along a latitudinal gradient sim-

ilar to the one described by Choi et al. (2017): the most northern site (EMEND) was only partly 

invaded by epigeic earthworms while the most southern site (Breton) was invaded by epigeic, 

endogeic, and anecic earthworms; the intermediate site (Wolf Lake) being invaded by epigeic and 

endogeic species. By selecting three sites with similar overstory aspen vegetation and comparable 

glacial till parent material, we minimized variations in environmental soil forming factors as de-

fined by Jenny (1941) (Table 2-1). Understory vegetation was also similar for all sites, including 

mooseberry (Viburnum edule (Michx.) Raf.), Canadian bunchberry (Cornus canadensis L.) and 

prickly wild rose (Rosa acicularis Lindl.). To validate our space-for-time approach, we conducted 

preliminary analyses, which confirmed that all sites had comparable texture, although that of Wolf 

Lake was slightly coarser (Table 2-2). In addition to the site-level paired comparison mentioned 

in the previous paragraph, this experimental design was an opportunity to compare soil morpho-

logical features associated with different levels of earthworm invasion for a similar soil type (Lu-

visol) and vegetation cover (trembling aspen).  

  



24 
 

Table 2-1. Main site characteristics. Climate data were obtained from Alberta Climate Information Service (2020) for Alberta (AB) 

sites and Environment Canada (2010) for Québec (QC) sites. For understory vegetation, only the three most abundant species are 

mentioned.  

  Soil type Dominant tree canopy Understory vegetation Coordinates Mean annual tempera-
ture 
[ºC] 

Mean annual precipitation 
[mm] Latitude (N) Longitude (W) 

AB EMEND  
Luvisol Populus tremuloides Michx. 

Viburnum edule (Michx.) Raf.  
Cornus canadensis L.  
Rosa acicularis Lindl. 

56o46’ 118o22’ 1.41 413a 

 Wolf Lake 54o40’ 110o58’ 1.32 462b 

 Breton 53°05' 114°26' 3.13 552c 

QC Golf 
Brunisol Acer saccharum Marshall 

Maianthemum canadense Desf. 
Cornus canadensis L. 
Ulmus americana L. 

46°55’ 71°27’ 
1.64 1460d  Valcartier 46°55’ 71°36’ 

 
Montmorency 

Podzol 

Abies balsamea (L.) Mill. 
Sphagnum spp. 
Dryopteris spp. 
Cornus canadensis L. 

47°19’ 71°09’ 0.55 1583e 

 
Grands Jardins Picea mariana (Mill.) Brit-

ton, Sterns & Poggenburg 

Sphagnum spp. 
Oxalis spp. 
Cornus canadensis L. 

47°40’ 70°50’ 3.76 930f 

 

 

  

 
1 Obtained from Fairview station, 80 km South of the site 
2 Obtained from Sand River station, situated within the park limit 
3 Obtained on site 
4 Obtained from Riviere Verte Ouest station, 20 km North-West of the site 
5 Obtained on site 
6 Obtained from Saint-Urbain station, 26 km South of the site 
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Figure 2-1. Site location within Canada. Luvisols (EMEND, Wolf Lake, and Breton) are found in 

the Boreal Plains ecozone in Alberta. Brunisols (Golf and Valcartier) and Podzols (Montmorency 

and Grands Jardins) are situated in the Boreal Shield ecozone in Québec. 
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Table 2-2. Key soil properties. Mean values and standard errors (in parentheses) are displayed 

(n=2–6; n=1 if no standard error displayed). For the forest floor layers, different letters indicate 

significant differences among invasion stages (Luvisols) or between control and invaded soils 

(Brunisols and Podzols; p-value < 0.05). 

 Soil type Site Invasion Horizon CaCl2 pH TOC [%] Thickness  
[cm] 

Textural class % Clay 

AB Luvisol 

EMEND 

Control 

LFH 5.6 (0.3) a 48.53 (1.64) a 10.7 (0.5) a   
Ahe 5.7 1.86 (0.01) 3.5 (1.4) Loam 13 
Ae 4.7 (0.4) 1.32 (0.28) 10.3 (3.4) Loam 24 (7) 
Bt 4.5 (0.1) 1.46 (0.10) - Clay loam 40 (9) 

1st stage 

LFH 5.7 (0.1) a 37.83 (5.88) a 7.7 (0.9) ab   
Ah 5.4 (0.1) 4.83 (0.65) 4.3 (0.2) Loam 21 (1) 
Ae 5.3 (0.1) 1.46 (0.09) 4.7 (0.9) Loam 24 (4) 
Bt 5.2 (0.1) 1.51 (0.11) - Clay loam 30 (2) 

Wolf Lake 
2nd stage 

LFH 5.7 (0.2) a 29.66 (6.96) a 7.8 (1.4) ab   
Ae 4.3 (0.1) 0.47 (0.07) 9.6 (1.7) Sandy loam 11 (2) 
Bt 4.3 (0.2) 0.56 (0.12) - Sandy loam 19 (5) 

Breton 

3rd stage 

LFH 6.3 (0.2) a 27.93 (4.34) a 4.2 (1.0) b   
Ahu 5.8 (0.3) 7.87 (1.06) 8.5 (0.6) Clay loam 30 
Ae nd 1.51 (0.26) 1.8 (0.4) Nd Nd 
Bt 4.8 (0.2) 1.20 (0.11) - Clay loam 34 

QC 

Brunisol 

Golf 

Control 
LFH 3.8 (0.1) b 50.23 (1.07) a 8.5 (0.5) a   
Ae 3.2 2.52 3.0 (1.0) Nd  
Bm 4.0 (0.3) 11.19 (1.54) - Loam 15 (3) 

Invaded 
LFH 4.6 (0.2) a 34.71 (1.51) b 2.0 (0.6) b   
Ahu 4.3 (0.3) 11.82 (0.61) 11.0 (1.0) Silt loam 11 (1) 
Bm 4.4 (0.1) 9.58 (2.16) - Loam 15 (3) 

Valcartier 

Control 

LFH 3.2 (0.2) b 48.49 (2.41) a 7.8 (0.9) a   
Ah 3.1 (0.3) 8.35 (1.71) 4.7 (2.8) Loam 12 
Ae 3.1 2.66 7 Sandy loam 12 
Bm 4.0 (0.2) 7.24 (0.44) 11.3 (0.7) Loam 22 (5) 
C 4.0 5.18 - Nd  

Invaded 

LFH 4.8 (0.3) a 37.19 (3.43) b 3.1 (0.9) b   
Ahu 4.3 (0.2) 9.79 (2.36) 5 (0.8) Clay loam 25 (4) 
Bm 4.6 (0.1) 5.18 (0.64) 11.7 (1.9) Loam 26 (6) 
C 4.6 (0.2) 4.38 (1.87) - Loam 19 (6) 

Podzol 

Montmorency 

Control 

LFH 3.3 (0.6) a 51.24 (1.72) a 10.3 (0.4) a   
Ae 3.6 (0.3) 1.17 (0.08) 7.3 (0.9) Sandy loam 6 (2) 
Bhf 3.8 (0.2) 11.06 (2.43) 13.3 (3.4) Sandy loam 10 (1) 
C 4.2 5.37 - Sandy loam 8 

Invaded 

LFH 3.4 (0.2) a 43.45 (4.59) b 9.7 (0.9) a   
Ae 3.4 (0.1) 1.95 (0.11) 6.7 (1.7) Sandy loam 6 (2) 
Bhf 3.9 (0.2) 14.59 (2.75) 11.7 (1.7) Sandy loam 9 (1) 
C 4.3 3.40 - Loam 10 

Grands Jardins 

Control 

LFH 3.0 (0.5) a 54.09 (1.53) a 10.5 (0.3) a   
Ah 3.4 (0.1) 8.18 (0.92) 3.3 (0.9) Nd Nd 
Ae 3.9 (0.1) 3.30 (1.87) 6.5 (2.8) Sandy loam 14 (4) 
Bf 5.0 (0.3) 3.57 (0.84) 13.0 (1.8) Loamy sand 9 (4) 
C 5.6 (0.2) 0.89 (0.11) - Nd Nd 

Invaded 

LFH 3.7 (0.1) a 46.58 (8.03) a 5.3 (0.9) b   
Ahu 4.6 4.76 (1.65) 8.7 (1.7) Sandy clay loam 23 (3) 
Ae 5.0 (0.5) 1.09 (0.33) 6 (2.7) Loamy sand 5 (1) 
Bf 6.5 (0.8) 3.46 (1.51) 14.5 (2.8) Loamy sand 7 (2) 
C 5.8 0.67 - Sand 2 
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Field sampling 

Sampling was conducted in June-August 2018 and 2019. For each zone of similar invasion level, 

three sampling points were randomly chosen in a mid-slope position to be representative of the 

zone. For each sampling point, a pit was dug for soil description and sampling of each horizon was 

conducted to an approximate depth of 50 cm when possible (Supplementary Figure 2.B-1).  

Soil profiles were described using the Canadian System of Soil Classification (Soil Classification 

Working Group, 1998) and the forest floor (surface organic layer or LFH) using the third approx-

imation for humus classification (Klinka et al., 1997). Organic horizon nomenclature is described 

in Supplementary Table 2.A-1. Horizon boundaries were determined in the field by a visible dif-

ference in color, texture, structure, and/or root density. Each horizon, including the forest floor, 

was sampled for key soil properties. Bulk densities of the forest floor and mineral soil were deter-

mined with two replicates at each sampling location (n=6 for each homogeneous zone at each site). 

For the organic layer, a 20x20 cm2 frame was used to cut out the entire organic layer and the depth 

was calculated as the average of the four corner depths. For mineral soil, bulk density was deter-

mined using a 7.2 cm diameter metallic core to a depth of 15 cm. Samples for C stocks were stored 

at 4 ºC prior to analysis. 

Earthworm sampling and identification 

Earthworm specimens were obtained by hand-sorting of the litter and hot mustard application to 

the mineral soil surface (0.0625 m2) within two meters of the pit used for soil description 

(Lawrence and Bowers, 2002). Each mature specimen was identified to the species level according 

to Reynolds (1977) and functional groups of earthworms were determined following Bouché 

(1977). After measuring the length of every collected specimen, ash-free dry earthworm biomass 

was estimated using the allometric equations developed by Hale et al. (2004). In the absence of 
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earthworms and signs of activity such as casts and visible mixing of organic and mineral soil lay-

ers, the zones were considered non-affected by earthworms and acted as controls for result inter-

pretation, including for the site-level paired comparison. If a species was not found during the 

sampling described above but was observed in the soil pit, the biomass density was estimated based 

on the total surface covered by the pit in addition to the quadrat used for earthworm sampling 

(0.3125 m2).  

Laboratory analyses 

To estimate C stocks, organic and mineral samples were oven-dried at 105 °C for 24 hours 

(Maynard and Curran, 2008) and then weighed to determine bulk density. For mineral soils from 

Québec, bulk density was estimated according to the organic density concept developed for Bruni-

sols and Podzols found in the boreal forest in Québec (Périé and Ouimet, 2008): 

𝐵𝐷 =
𝐷𝑀𝐼𝑁 − 𝐷𝑂𝑅𝐺

(𝑆𝑂𝑀 ∗ 𝐷𝑀𝐼𝑁) + (1 − 𝑆𝑂𝑀) ∗ 𝐷𝑂𝑅𝐺
 

where DMIN and DORG, which represent the density of pure mineral and organic fractions, were 

calibrated for our dataset (Supplementary Table 2.A-2). Soil organic matter content (SOM) content 

was estimated by loss-on-ignition on sieved samples (2 and 4 mm for mineral soil and forest floor, 

respectively) by loss-on-ignition at 375 ºC for 16 hours after gradually increasing temperature to 

225 ºC for 40 minutes and 300 ºC for 15 minutes (Konen et al., 2002). SOM content was then 

converted into total organic carbon (TOC) using 0.58 as the conversion factor, also known as the 

Van Bemmelen factor, for both the forest floor and mineral soil (Kalra and Maynard, 1991). The 

C stocks were calculated based on bulk density and TOC content, after correction for coarse frag-

ments, using the following equation: 

𝑆𝑡𝑜𝑐𝑘𝐶𝑎𝑟𝑏𝑜𝑛[𝑀𝑔 𝐶. ℎ𝑎−1] = 𝑇𝑂𝐶[%] ∗ 𝐵𝐷 ∗ 𝑑𝑒𝑝𝑡ℎ[𝑐𝑚] 
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The depth corresponded to the measured depth of forest floor and to 15 cm for the mineral soil of 

Brunisols and Podzols, and 10 cm for that of Luvisols, because of sampling limitations. Total soil 

organic C stocks (SOC) were calculating by summing the forest floor and mineral soil C stocks, 

to a depth of 10 or 15 cm depending on soil type. 

Soil samples for key soil properties were air-dried and sieved (2 and 4 mm for mineral soil and 

forest floor, respectively) prior to analysis. The soil pH was measured in a 0.01 M CaCl2 solution 

on an Accumet XL200 (ThermoFisher Scientific, Waltham, MA, USA), using a soil to solution 

ratio of 1:2 for mineral soil samples and 1:4 for forest floor samples following the ISO 10390 

protocol (ISO, 2005). Total organic carbon (TOC) was estimated by loss-on-ignition as described 

above for each horizon (Konen et al., 2002). Particle size analysis was performed following the 

hydrometer method with 5 % sodium hexametaphosphate solution (Gee and Bauder, 1986). Soil 

textural class was determined using the textural triangle from the Canadian System of Soil Classi-

fication (Soil Classification Working Group, 1998). 

Statistical analyses 

Bulk density and C stock data for forest floors and mineral soils were assessed separately by anal-

ysis of covariance (ANCOVA) with earthworm biomass as a covariable. Data analysis was carried 

out for Luvisols with invasion stage as the only factor, while Podzols and Brunisols data were 

analyzed separately by two-way ANCOVAs (Invasion stage and site as factors). Each ANCOVA 

was followed by a pair-wise comparison using posthoc honestly significant different (HSD) test 

from the agricolae package (de Mendiburu, 2020). For key forest floor properties (TOC, pH and 

thickness), significant differences among invasion stages for Luvisols, or between control and in-

vaded soils for Brunisols and Podzols (p-value < 0.05) were determined by ANCOVA followed 

by pairwise comparison using posthoc HSD test from the agricolae package (de Mendiburu, 2020). 
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For all statistical analyses, data were transformed using Tukey’s ladder of powers from the rcom-

panion package when necessary to ensure normality and the Levene’s test from the rstatix package 

was performed to check homogeneity of variance (Kassambara, 2020; Mangiafico, 2021). All sta-

tistical analyses were performed on two separate datasets based on differences in sampling design 

(Alberta with Luvisols; Québec with Podzols and Brunisols) using R version 6.3.2 (R Core Team, 

2021).  

Results and discussion 

Earthworm biomass and functional groups 

The epigeic species Dendrobaena octaedra has been shown to be the most abundant and first in-

vader in North American forests (Cameron et al., 2007; Hale et al., 2005a). Our results match this 

observation as the species was found in all sites, except Grands Jardins, and was at its highest 

density at EMEND and Wolf Lake, considered to be the earlier stages of invasion (Table 2-3). 

However, the density of D. octaedra (432 ind.m-2; Supplementary Table 2.A-3) observed at 

EMEND was drastically lower than previously reported for early invasion in similar aspen stands 

of southwestern Alberta (3,000 ind.m-2; Dymond et al., 1997). On the contrary, lower densities of 

D. octaedra were previously observed at Wolf Lake by Cameron et al. (2007) and McAdams 

(2017), respectively 5 and 17 ad.m-2, compared to 68 ad.m-2 in this study. Although biomasses 

observed for Alberta sites (0.4–1.4 g.m-2) were higher than those of Québec sites (0.1–0.2 g.m-2), 

they were overall in the same range as previous observations in northern hardwood forests (Hale 

et al., 2005a; Lyttle et al., 2014) and aspen forests (Eisenhauer et al., 2007). At Grands Jardins, the 

epigeic species Dendrodrilus rubidus, also referred to as Bimastos rubidus, was observed for the 

first time (Csuzdi et al., 2017). Both species are known to survive in very acidic environments 

(Moore et al., 2009). 
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Table 2-3. Earthworm biomass density (g.m-2) of each species identified. Mean values and standard errors (in parentheses) are displayed 

(n=3–4). When specimens of a given species were observed on site but not during earthworm sampling, the standard error is absent. 

The cell is left blank when the species was not observed at the site.  

 

 AB QC 
Luvisols Brunisols Podzols 

Functional group Species  EMEND Wolf Lake Breton Golf Valcartier Montmorency Grands Jardins 

Epigeic 

Dendrobaena octaedra 
Savigny 

 1.3 (0.3) 1.4 (0.9) 0.4 (0.2) 0.1 0.2 (0.2) 0.1 (0.1) - 

Dendrodrilus rubidus  
Savigny7 

 - - - - - - 0.1 

Endogeic 

Aporrectodea spp.  - 1.4 (1.4) 8 - 0.1 0.2 (0.2) 9 0.1 (0.1) 0.1 
Lumbricus rubellus  
Hoffmeister 

 - - - - 1.8 (31.6) 0.9 (0.6) - 

Octolasion spp.  - - 21.8 
(19.7)10 - - - 0.111 

Anecic Lumbricus terrestris L.  - - - - - - 0.4 
Lumbricus sp.  - - 0.6 (0.2) 0.3 (0.3) 1.2 0.1 - 

TOTAL   1.3 (0.3) 1.4 (0.8) 7.6 (6.8) 0.3 (0.3) 0.7 (0.6) 0.4 (0.3) 0.1 
 

 
7 Now considered to be Bimastos rubidus (Csuzdi et al., 2017) 
8 Aporrectodea tuberculata Eisen 
9 Aporrectodea turgida Eisen 
10 Octolasion cyaneum Savigny 
11 Octolasion tyrtaeum Savigny 
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The endogeic Aporrectodea spp. were observed at Wolf Lake, Golf, Valcartier, and Montmorency. 

The density observed at Wolf Lake (A. tuberculata, 4 ad.m-2) was lower than the 29 ad.m-2 previ-

ously reported (McAdams, 2017). The biomass of Aporrectodea spp. ranged from 0.1 to 1.4 g.m-

2, similar to previous observations in invaded northern forests (Hale et al., 2005a). The endogeic 

Octolasion cyaneum was only observed at Breton and for the first time. The average biomass in 

this study (21.8 g.m-2; Table 2-3) is particularly high compared to values previously reported for 

Octolasion spp.: double the average biomass observed in aspen stands in southwestern Alberta 

(Eisenhauer et al., 2007) and ten times higher than the highest biomass reported by Hale et al. 

(2005a) in northern hardwood forests of Minnesota. The endogeic Lumbricus rubellus was ob-

served at Valcartier and Montmorency. Overall, endogeic earthworms were the dominant contrib-

utors to total earthworm biomass, in line with previous findings (Costello et al., 2011; Lyttle et al., 

2014). 

Anecic Lumbricus spp. were observed at Breton and all Québec sites, at a rather low biomass 

density (0.1–0.6 g.m-2; Table 2-3) compared to previous mentions in northern forests: 15.9 g.m-2 

on average in southwestern Alberta (Eisenhauer et al., 2007) and reaching 7 g.m-2 in Minnesota 

(Hale et al., 2005a). In Luvisols, the average total earthworm biomass was higher for the most 

invaded site (Breton, 7.6 g.m-2) compared to the sites invaded by epigeic and/or endogeic species 

(EMEND, 1.3 g.m-2 and Wolf Lake, 1.4 g.m-2). Wackett et al. (2018) reported density numbers in 

the same range for birch forests, although reaching a maximum biomass of approximately 16 g.m-

2.  

All identified species had been previously mentioned in the corresponding provinces of Canada 

(Addison, 2009). While their presence had previously been reported at Montmorency and Grands 

Jardins (Moore et al., 2009), Wolf Lake (Cameron et al., 2007), and Breton (Jackson et al., 2017), 
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this paper is to our knowledge the first mention of exotic European species in the literature for 

Valcartier, Golf, and EMEND. Although earthworms were never mentioned at Valcartier and Golf 

prior to this study, they were observed 6 km away, at Duchesnay station (Moore et al., 2009). A. 

tuberculata, L. rubellus, and L. terrestris are commonly used as fishing bait (Cameron et al., 2007) 

and were only found in sites with a lake in proximity (Wolf Lake, Montmorency, Grands Jardins, 

Golf, and Valcartier), suggesting that their presence was mainly linked to fishing activities. Species 

identified in this study had been mentioned and considered invasive in other boreal and arctic 

regions: all species were also found in Alaska (Booysen et al., 2018; Costello et al., 2011), and 

Lumbricus spp. and Aporrectodea spp. in Fennoscandia (Wackett et al., 2018). For the latter, D. 

octaedra was observed as well but it is not considered invasive as it was found in remote forests 

devoid of evident human-mediated sources of dispersal.  

Effects of earthworms on forest floor morphology 

In Alberta, the non-invaded forest floor (EMEND, control) classified as Resimor, was composed 

of a thin litter (L) layer, thick fermented (F) layer dominated by fungal hyphae and root residues 

(Frm/Fm) and thin recalcitrant humic (H) layer (Supplementary Tables 2.A-1 & 4). At the first 

stage of invasion (EMEND, invaded by the epigeic D. octaedra), the forest floor was thinner, 

classified as Mullmoder and dominated by faunal droppings, with a structure similar to that of 

control pits (Fig. 2-2). At the second stage of invasion (Wolf Lake, epigeic and endogeic species), 

the forest floor was also dominated by small faunal droppings and root residues, classified as Mor-

moder or Leptomoder, respectively, in the presence or absence of mycogenous material. At the 

last invasion stage (Breton, all three functional groups), the forest floor was significantly thinner 

(p-value < 0.05, Table 2-2) when compared to the EMEND control, had a simpler structure, lacking 
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an H horizon (Fig. 2-2), and was dominated by larger faunal droppings, therefore classified as 

Vermimull.  

 

Figure 2-2. Representative profiles from Luvisols (a), Brunisols (b), and Podzols (c). Colors rep-

resent Munsell soil colors determined on air-dried soils. The presence of a new Ahu horizon is 

highlighted in red. Graphic computed with the Algorithms for Quantitative Pedology (AQP) pack-

age using R (Beaudette et al., 2020). 
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For the Québec sites with Podzols under coniferous canopy (Montmorency and Grands Jardins), 

the forest floor of non-invaded zones, classified as Sphagnomor, was composed of a thin bryophyte 

layer (S), thick fermented layer consisting of disintegrated bryophyte tissues and in some cases 

mycogenous tissues (Fs/Fsm) and thin humic layer (H). In the earthworm-invaded zones, the forest 

floor structure differed in both sites (Fig. 2-2). For Montmorency, the forest floor was similar to 

that of the earthworm-free zones except for the fermented layer dominated by faunal droppings 

(Fsz), therefore classified as Sphagnomoder. For Grands Jardins, the forest floor was significantly 

thinner when compared to the control zone (p-value < 0.05, Table 2-2), with the disappearance of 

the humic layer in the earthworm-invaded zone and the fermented layer dominated with earthworm 

casts (Fsz), therefore classified as Vermimull.  

For the Québec sites with Brunisols under sugar maple canopy (Golf and Valcartier), the forest 

floor in non-invaded zones consisted of a thin litter horizon (Lv), thick root residue-rich and some-

times mycogenous fermented horizon (Fr(m)) and thin humic horizon (H), therefore classified as 

Resimor (Fig. 2-2). In the presence of earthworms, the forest floor was significantly thinner (p-

value < 0.05, Table 2-2), with a thin Lv horizon and thin to absent Frz/Fa (dominated by fungal 

material and faunal droppings), classified as Vermimull.   

The thinner forest floor observed in zones invaded by anecic earthworms was associated with 

lower TOC concentrations compared to non-invaded zones, and significantly so for Luvisols and 

Brunisols (p-value < 0.05, Table 2-2). Decreases in TOC were likely due to the incorporation of 

mineral particles into the forest floor, which we observed during morphological description for 

several of the invaded sites. Burtelow et al. (1998) also reported a 36 % decrease of OM content 

in the forest floor (O horizon). In all cases, invaded sites were systematically characterized by a 

numerically higher CaCl2 pH than control sites for the forest floor, increasing by 0.7 in Luvisols, 
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0.8 to 1.6 in Brunisols, and 0.1 to 0.7 in Podzols, although only significant for Brunisols (p-value 

< 0.05, Table 2-2). This pH increase could be partly explained by bioturbation and/or the produc-

tion of CaCO3 granules by earthworms, which has been recorded for pH as low as 5.1 (measured 

in water, roughly equal to a CaCl2 pH of 4.4; Lambkin et al., 2011).  

The decrease in forest floor thickness associated with earthworm activity has been observed in 

numerous field and laboratory studies (Bohlen et al., 2004b; Fahey et al., 2013; Groffman et al., 

2015; Hale et al., 2005b; Wironen and Moore, 2006). The disappearance of the humic horizon, 

also described by Eisenhauer et al. (2007), and the decrease in forest floor thickness suggests a 

faster incorporation of organic matter into the underlying mineral soil (Haydu-Houdeshell et al., 

2017). Reverse effects have also been observed by Beyer et al. (1991) in a European beech and 

oak forest after a decrease in earthworm density associated with decreased pH. In that case, the 

soil, originally classified as a Luvisol, showed incipient podzolization, associated with an increase 

in fulvic acid translocation, and the forest floor evolved from mull to moder. These observations 

suggest that effects could be reversible if environmental conditions become less hospitable to 

earthworms.  

Effects of earthworms on surface mineral soil morphology 

In Alberta, the mineral horizons followed the common pattern for Orthic Gray Luvisols, with thin 

to absent Ah(e) and the presence of distinct Ae and Bt horizons for all sites, even in the presence 

of earthworms (epigeic and/or endogeic species), except Breton (Fig. 2-2). For the latter, the up-

permost part of the profile was replaced by a 6–9 cm dark A horizon, named Ahu, mainly com-

posed of earthworm casts and with higher clay content relative to the other A horizons (Table 2-

2; Supplementary Table 2.A-4). This soil was therefore classified as a Dark Gray Luvisol because 

of the OM-rich A horizon, although this classification is not accounting for bioturbation. In Québec 
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sites with Podzols, the mineral horizons followed the classic pattern of Orthic Humic Podzols 

(WRB: Humic Podzol) at Montmorency (Ae, Bh, C) and Orthic Humo-ferric Podzols at Grands 

Jardins (Ah, (Ahe,) Ae, Bhf/Bf, C). For the Québec sites with Brunisols (Valcartier and Golf), the 

mineral profiles consisted of Ah, (Ae,) Bm, and C horizons in the control zone, and were therefore 

classified as Eluviated Dystric Brunisols. The main difference observed in earthworm-invaded 

zones was the development of an Ahu horizon, dominated by earthworm casts, for all sites except 

Montmorency (Fig. 2-2). This novel horizon had been described by Langmaid (1964), classified 

as Ap in New Brunswick Podzols three years after invasion, and by Nielsen and Hole (1964), 

classified as coprogenous A1 in Wisconsin Gray-Brown Podzols. Eisenhauer et al. (2007) referred 

to this newly formed horizon as Ah in an Orthic Gray Luvisol. For most of our sites, this Ahu 

horizon had higher clay content than that of underlying B and C horizons and/or corresponding 

earthworm-free A horizon (Table 2-2). Van Groenigen et al. (2019) reported from a meta-analysis 

of 405 observations that fresh earthworm casts contain more clay than bulk mineral soil. As clay 

particles are usually transferred to deeper horizons by lessivage, the clay-enriched uppermost hori-

zon found in the presence of earthworms is a clear sign of bioturbation (Phillips, 2007). Clay en-

richment in surface horizons was also observed and attributed to earthworms in a lysimeter study 

by Graham and Wood (1991). At EMEND, the Ah horizon was thicker and had a higher TOC and 

clay content in the epigeic-invaded zone compared to the control (Table 2-2). This suggests a ver-

tical transfer of OM from the forest floor, which resulted in higher mineral soil C stocks. McLean 

and Parkinson (1997) had also described the development of a thin Ah horizon in a mesocosm 

study six months after adding D. octaedra. 

The observations described above can be attributed to bioturbation, which is the main physical 

process associated with earthworm activity. By using a space-for-time approach, it is virtually 
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impossible to determine if earthworms were absent from the non-invaded zones because they had 

not reached it yet, or because the environmental conditions were unsuitable. However, as the pH 

and clay content of deeper soil horizons (B and C) were similar for our paired sites, we can confi-

dently assume that soil physicochemical properties were similar prior invasion (Table 2-2). 

Earthworm bioturbation is denoted differently depending on the soil classification system used. In 

the Canadian System for Soil Classification (CSSC), used during this study, the lowercase suffix 

u can be used to describe a mineral horizon disrupted by faunal processes and burrowing animals 

(Soil Classification Working Group, 1998). Melanic Brunisols and Gray Brown Luvisols are the 

only two great groups that take into account earthworm activity in uncultivated soils (Soil 

Classification Working Group, 1998). In the World Reference Base classification, the qualifier 

vermic is used to describe a soil with more than 50 % of the volume occupied by worm holes and 

casts in the upper 100 cm and is found in Chernozems, Kastanozems, Phaeozems, and Regosols 

(FAO, 2014). None of these soil orders correspond to our studied soils, again highlighting the 

limitations of the classification system. The American System of Soil Classification also uses the 

vermic subgroup when referring to soils with various degrees of bioturbation. When earthworm 

activity is the dominant trait, soils can be classified within the Vermudoll or Vermustoll great 

groups (Soil Survey Staff, 1999). The limited mentions of bioturbation by earthworms within the 

CSSC shows that earthworm activity has been understudied and/or has not been recognized in 

most Canadian soils, as they likely were not part of the originally surveyed soils. To illustrate this, 

the Alberta sites are all classified as Gray Luvisols because the mean annual soil temperature 

(MAST) is below 8 ºC, one of the criteria for this great group in the CSSC system. Instead, the 

Breton soils, which include the novel forest mull Ahu, would be better classified as Gray Brown 
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Luvisols, similarly to the Luvisolic soils typically found in southern Ontario (Lavkulich and 

Arocena, 2011). 

Effects of earthworms on C stocks and implications 

Forest floor C stocks were significantly affected by earthworm invasion in Luvisols and Brunisols 

but did not change in Podzols (Fig. 2-3). For Luvisols in Alberta, the forest floor C stocks were 

similar in controls and earlier stages of invasion (EMEND and Wolf Lake, ranging from 28–34 

Mg C.ha-1) whereas they were drastically lower at the latest stage of invasion (Breton), with 2 Mg 

C.ha-1 (p-value < 0.01, Table 2-4). For Brunisols, the forest floor C stocks were significantly lower 

in invaded zones (10 Mg C.ha-1, p-value < 0.01) compared to controls (24 Mg C.ha-1). Hence, our 

original hypothesis was verified for the forest floors, in that Luvisols underwent the largest de-

crease in C stocks after earthworm invasion, while it was smaller in Brunisols and not detected in 

Podzols. As mentioned above, many studies have reported a decrease of forest floor C stocks as a 

result of thinner forest floor and lower TOC content (Kurz et al., 2013). The differences observed 

between soil types might be explained by contrasting litter quality, the C:N ratio being the lowest 

for Luvisols, intermediate for Brunisols and highest for Podzols (Supplementary Table 2.A-2). 

Earthworms have been shown to prefer protein and carbohydrate-rich litters, corresponding to 

lower C:N ratio, although this may vary greatly among species (Curry and Schmidt, 2007). 
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Figure 2-3. Carbon stocks in Mg-C.ha-1 for forest floor (above 0 cm) and surface mineral soil 

(below 0 cm) are presented with a gray gradient, with darker colors corresponding to higher val-

ues. Mineral soil carbon stocks were estimated to a depth of 10 cm for Luvisols and 15 cm for 

Podzols and Brunisols. Forest floor thickness is displayed on the y-axis. The average and standard 

error (in parentheses) for carbon stocks are indicated on the corresponding bar. Significant dif-

ferences between invasion stages for each site were determined by ANCOVA for forest floor and 

mineral carbon stocks. For Luvisols, Invaded (1), (2), and (3) respectively correspond to invasion 

by epigeic (EMEND), epigeic and endogeic (Wolf Lake), and epigeic, endogeic, and anecic (Bre-

ton) earthworms. 
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Table 2-4. Analysis of covariance (ANCOVA) of C stocks for all sites with earthworm biomass as 

a covariable. Significant p-values are displayed in bold.  

 

Carbon stocks of the surface mineral soil were differently affected by earthworm invasion based 

on soil type (Table 2-4 & Fig. 2-3). For Luvisols and Podzols, the mineral C stocks were not 

significantly affected by earthworm invasion while for Brunisols they increased significantly from 

71.6 to 81.0 Mg C.ha-1. For Luvisols, the decrease in forest floor C stocks was not compensated 

 
1 Mineral C stocks were only determined to a depth of 10 cm in Alberta because of high clay content. 

 SOIL TYPES  FACTOR DF SUM SQ MEAN SQ F VALUE  P-VALUE 
QC Brunisols 

LFH 

Site 1 0.1 0.1 0.01 0.9 
 Invasion 1 90.4 90.4 15.9 < 0.01 
 Earthworm biomass 1 4.6 4.6 0.8 0.4 
 Residuals 16 90.9 5.7   
 

Mineral  
(0–15 cm) 

Site 1 3.2*1012 3.2*1012 2.0 0.2 
 Invasion 1 7.7*1012 7.7*1012 4.7 < 0.05 
 Earthworm biomass 1 4.3*1011 4.3*1011 0.3 0.6 
 Residuals 16 2.6*1013 1.6*1012   
 

Total 

Site 1 178.0 178.0 178.0 0.3 
 Invasion 1 157.3 157.3 157.3 0.3 
 Earthworm biomass 1 206.5 206.5 206.5 0.3 
 Residuals 10 1403.3 1403.3 140.3  
 Podzols 

LFH 

Site 1 3.2 3.2 0.3 0.6 
 Invasion 1 17.4 17.4 1.4 0.2 
 Earthworm biomass 1 2.5 2.5 0.2 0.7 
 Residuals 20 239.9 12.0   
 

Mineral  
(0–15 cm) 

Site 1 1.2*1013 1.2*1013 6.1 < 0.05 
 Invasion 1 6.5*1012 6.5*1012 3.2 < 0.1 
 Earthworm biomass 1 4.3*1012 4.3*1012 2.2 0.2 
 Residuals 13 2.6*1013 2.0*1012   
 

Total 

Site 1 1452.6 1452.6 3.6 < 0.1 
 Invasion 1 2.9 2.9 0.01 0.9 
 Earthworm biomass 1 172.8 172.8 0.4 0.5 
 Residuals 8 3242.5 405.3   
AB Luvisols LFH Invasion 3 9529.9 3176.6 6.6 < 0.01 
 Residuals 25 12105.9 484.2   
 Mineral  

(0–10 cm)1 
Invasion 3 0.03 0.01 17.2 < 0.001 

 Residuals 25 0.02 0.000006   
 Total Invasion 3 2223.3 741.1 4.9 < 0.05 
 Residuals 12 1819.3 151.6   
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by an increase in mineral soil C, while it was partly compensated for Brunisols. Our results suggest 

that Luvisols are the most affected soil types by this ongoing invasion, as most C stored in forest 

floors was not transferred to the mineral soils. Brunisols showed a partial compensation of forest 

floor C loss by an increase in mineral C stocks while Podzols were unaffected. Our hypothesis is 

partially confirmed, with an increase in mineral C stocks only observed for Brunisols. Although 

mineral C stocks were largely unaffected by earthworm invasion, the development of a novel Ahu 

horizon with a drastically different structure could influence C persistence. The incorporation of 

labile organic compounds from the litter into the Ahu horizon could potentially boost microbial 

activity (Li et al., 2002) as earthworms have been shown to cause a priming effect, making older 

C more available for microbial decomposition (Brown et al., 2000). Similarly, Lubbers et al. 

(2013) did not find any evidence that earthworms affected SOC stocks; yet earthworms increased 

CO2 emissions. The results of their review, however, were mainly based on laboratory incubations 

and agricultural soils (Huang et al., 2020). In contrast, Alban and Berry (1994) found an average 

decrease of 0.6 Mg.ha-1 yr-1
 for soil C stocks to a depth of 50 cm, mainly due to a decrease in forest 

floor C, in a forest of northern Minnesota over 14 years as the density of epi-endogeic earthworms 

(A. tuberculata and L. rubellus) increased. Huang et al. (2020) also reported a decrease in SOC 

stocks in the presence of at least two of the three functional groups of earthworms. These incon-

sistent results suggest that the mechanisms of C sequestration linked to earthworm activity are not 

fully understood yet and that they are greatly dependent on biotic and environmental factors 

(Frelich et al., 2019). Our study did not integrate deeper mineral layers for C stock calculations, 

which can account for up to 50 % of total soil C stocks (Rumpel and Kögel-Knabner, 2011) and 

could potentially impact the present results. As a matter of fact, Jennings and Watmough (2016) 

found significantly lower SOC stocks in the presence of all three functional groups of earthworms 
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(D. octaedra, Aporrectodea spp., and L. terrestris) in southern Ontario, only based on deeper min-

eral layers (20-30 cm depth), with no change above. 

Huang et al. (2010) developed a model to predict changes in soil C stocks after earthworm invasion 

for temperate forests. His modeling efforts showed a decrease in C stocks for the forest floor, 

similarly to what we observed in our study. In the boreal forest of Western Canada, fire is one of 

the main factors driving boreal forest dynamics (Weber and Flannigan, 1997), and will continue 

to be of major importance in future successional dynamics (de Groot et al., 2003). The forest floor 

is one of the main fuels for fire (de Groot et al., 2013). Therefore, the partial or complete removal 

of this layer by earthworms is likely to change fire dynamics as it would reduce fuel availability. 

Cameron et al. (2015) estimated a decrease of 0.1 Mg.ha-1.yr-1 for forest floor C stocks when sim-

ultaneously modelling invasion by epigeic and endogeic earthworms and wildfires for aspen-dom-

inated boreal forest in northeastern Alberta. These predictions together with results of our study 

suggest that the boreal forest soil C stocks might be in jeopardy, because of direct earthworm 

effects such as forest floor consumption, as well as indirect effects on vegetation, fire dynamics 

and microbial decomposition. 

Conclusion 

This study highlights changes occurring in boreal soils following earthworm invasion. Luvisols, 

Brunisols, and Podzols invaded by at least two functional groups of earthworms developed a sim-

ilar dark A horizon enriched in TOC and earthworm casts associated with a Vermimull. As hy-

pothesized, we observed changes linked to earthworm invasion similar to what has been observed 

in temperate forests, namely a decrease in forest floor thickness and the development of a reworked 

surface mineral horizon. Cameron et al. (2015) projected that 50–94 % of the C stocks contained 

in Alberta forest floors would be lost after 125 years with the simultaneous action of fires and 
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earthworm invasion. Our results suggest that the higher end of this estimation is more accurate as 

94 % of the forest floor C stocks in Luvisols were lost after invasion by all three functional groups 

of earthworms when compared to our control zone, without compensation by higher mineral C 

stocks. For Brunisols, forest floor C stocks decreased by 59 % on average, partially compensated 

by higher mineral C stocks, while no changes were observed for Podzols. The contrasting results 

we observed for C stocks and soil morphological features confirm the importance of including 

different soil types when studying earthworm impacts as these are dependant on environmental 

conditions such as soil pH, climate, and vegetation. Although we only found European earthworm 

species at our sites, the presence of Asian earthworm species has been documented recently in 

forests of northern US and they are likely to spread into Canadian forests as well (Moore et al., 

2018). Assuming that those newly invading earthworms could reach and survive in boreal forests, 

they have the potential to further increase the changes already observed. Further research is re-

quired to document this ongoing earthworm invasion and to understand its long-term implications 

on the overall boreal C balance. Our study provides important information regarding the amount 

of C present in invaded soils but information is still lacking regarding the persistence of this C. 

We also recommend further study of the interactive effects of earthworm invasion with other fac-

tors driving C dynamics in the boreal forest, including fire regime, vegetation changes and other 

climate change-related topics.  
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Chapter 3 : Invasive earthworms alter fungal and  

bacterial communities of Canadian boreal forest soils 

Abstract 

Earthworm invasion in North American forests has the potential to greatly impact soil microbial 

communities by altering soil physicochemical properties, including structure, pH, nutrient availa-

bility, and soil organic matter (SOM) dynamics. While most research on the topic has been carried 

out in northern temperate forests, little is known on the impact of invasive earthworms on soil 

microbial communities in the boreal forest, a region characterized by a slower decay of organic 

matter (OM). Earthworm activities can increase OM mineralization, altering nutrient cycling and 

biological activity in a biome where low carbon (C) and nitrogen (N) availability is typically lim-

iting microbial and plant growth. Here, we characterized and compared microbial communities of 

earthworm-invaded and non-invaded soils across three major soil types found in the Canadian 

boreal forest. Microbial communities of forest floors and surface mineral soils were characterized 

using phospholipid fatty acid (PLFA) analysis and metabarcoding of 16S rRNA gene and ITS2 

region of bacteria (including archaea) and fungi, respectively. Earthworm-invaded forest floors 

showed decreased ectomycorrhizal fungal richness and shifts for specific bacterial taxa, notably 

an increase in Gram(+):Gram(-) ratios. In mineral soil horizons, earthworm invasion resulted in an 

increase in fungal relative to bacterial PLFAs and a decrease in Gram(+):Gram(-) ratios. Addition-

ally, fungal communities shifted from saprotrophic to ectomycorrhizal-dominated, the Proteobac-

teria:Acidobacteriota ratio increased, and species diversity and richness increased for both fungi 

and bacteria. Changes observed in mineral soils could be linked to higher nutrient status and pH, 

as well as increased C availability in earthworm-invaded soils. Considering the important role of 
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microbes for ecosystem functioning, such earthworm-induced shifts in soil microbial community 

composition are likely to impact vegetation development and forest productivity at a large scale as 

the invasion progresses in these boreal systems. 
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Introduction 

Microorganisms play a key role in soils, regulating the decomposition of litter and soil organic 

matter (SOM) and resulting nutrient availability. By ingesting litter and mixing it with mineral 

soil, earthworms provide a better access to C sources for microbes, speeding up decomposition 

and nutrient cycling (Blouin et al., 2013; Curry and Schmidt, 2007; Edwards, 2004). In North 

American forests, where they are invasive, earthworms can therefore alter existing SOM dynamics 

and associated fungal and bacterial communities (Frelich et al., 2019). As forest floor and mineral 

soil have intrinsically different physicochemical properties and harbour distinct microbial com-

munities (Prescott and Grayston, 2013), earthworm invasion is likely differentially affecting these 

two horizons (Ferlian et al., 2018).  

Changes in microbial community composition and diversity have been linked to the presence of 

earthworms under controlled laboratory conditions (Butenschoen et al., 2007; Chang et al., 2016; 

de Menezes et al., 2018; Gómez-Brandón et al., 2010) and under field conditions (Dempsey et al., 

2013; Groffman et al., 2015; McLean et al., 2006; McLean and Parkinson, 1997; Price-Christenson 

et al., 2020), although most studies have focussed on temperate forests. Comparable studies remain 

marginal for the boreal biome despite reports of earthworm invasion occurring throughout North 

American boreal forests (Cameron et al., 2007; Moore et al., 2009).  

In an extensive survey of the Great Lakes region of the United States, invasive earthworms were 

found in more than 80 % of suitable habitats (Fisichelli et al., 2013; Frelich et al., 2019). In higher 

latitudes, 50 % of the low human-impact sites sampled in Alaska by Saltmarsh et al. (2016) were 

invaded and Cameron and Bayne (2009) estimated that 49 % of the boreal forest of north-eastern 

Alberta will be invaded by 2059. Impacts of invasive earthworms on soil morphology are similar 

in temperate and boreal forests (Bohlen et al., 2004b), and include: (1) thinning of the forest floors, 
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accompanied by decreased OC content and increased pH, and (2) development of novel Ahu sur-

face mineral horizons, characterized by higher clay content, pH, and OC content (Chapter 2, 

published as Lejoly et al., 2021; Lyttle et al., 2011). However, as N limitations for microbial ac-

tivity are greater in boreal forests (Högberg et al., 2017), the action of invasive earthworms on 

microbial communities could be much larger than in temperate forests.  

Fungi, including free-living decomposers and root-associated symbionts such as mycorrhizal fungi 

(Lladó et al., 2017), make up a large fraction of biomass in boreal forest soils (Clemmensen et al., 

2015). Fungi can be ingested by earthworms (Curry and Schmidt, 2007), but many survive gut 

transit (Tiunov and Scheu, 2000). Most boreal tree species form symbiotic associations with ecto-

mycorrhizal (EcM) fungi, with the exception of maple (Acer spp.) stands where arbuscular mycor-

rhizal (AM) fungi dominate (Brundrett et al., 1990). In those maple forests, earthworms can in-

crease AM fungi abundance (Dempsey et al., 2013; Drouin et al., 2016) but, to our knowledge, the 

response of EcM fungi to earthworm invasion has never been studied in the field (Addison, 2009; 

Cameron et al., 2012). Like plants, EcM fungal growth is limited by N (Högberg et al., 2021). 

With earthworm invasion and reported associated increases in N availability (e.g. Alban and Berry, 

1994; Blume-Werry et al., 2020; Wironen and Moore, 2006), two alternative scenarios may 

emerge: (1) an increased abundance of EcM fungi as N limitation is lessened, or (2) a decreased 

abundance as a result of decreased tree belowground C allocation to EcM fungi in accordance with 

the plant C allocation theory (Averill and Hawkes, 2016; Högberg et al., 2017; Nilsson et al., 2005; 

Yarwood et al., 2009). Saprotrophs – or free-living decomposers – play a greater role in SOM 

decomposition, and are able to decompose a wide range of organic compounds, including lignin 

and cellulose, with the help of extracellular enzymes (Lebreton et al., 2021). Unlike EcM fungi, 

their growth directly depends on C and N soil availability (Högberg et al., 2017). Crowther et al. 
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(2013) reported that increased grazing by soil fauna (isopods) reduced the importance of the dom-

inant saprotrophic cord-forming basidiomycetes but increased fungal diversity as competition with 

other saprotrophic taxa decreased. However, the impacts of earthworm invasion on soil fungal 

diversity and functions are still not well known. 

Bacteria and archaea decompose plant and soil organic macromolecules, but they are also involved 

in a wider range of ecosystem processes than fungi, including N fixation and transformations 

(Lladó et al., 2017). Compared to fungi, vegetation composition is a less important driver for bac-

terial community composition (Baldrian, 2017) while pH plays a key role (Fierer and Jackson, 

2006; Lladó et al., 2017). Earthworm gut transit alters bacterial communities both structurally and 

functionally, although a high percentage of bacteria survives (Medina-Sauza et al., 2019; Pedersen 

and Hendriksen, 1993; N. Wang et al., 2021). Because of an overall increase in nutrient availability 

following earthworm invasion, bacteria would be favoured over fungi, the latter being character-

ized by slower growth and typically decomposing more complex organic compounds (McLean et 

al., 2006; Soares and Rousk, 2019). Decreased fungi:bacteria ratios has been reported following 

earthworm invasion in temperate forests (Dempsey et al., 2011), but not systematically (Chang et 

al., 2017), and this remains to be investigated for boreal forests. 

Soil microbial communities are commonly characterized using either DNA metabarcoding or 

PLFA analysis. These techniques are considered complementary as they show different sensitivi-

ties to land use and other environmental changes (Orwin et al. 2018). Both methods have been 

successfully used to study the impacts of endemic and exotic earthworms on soil microbial com-

munities (Butenschoen et al., 2007; Chang et al., 2016; de Menezes et al., 2018; Dempsey et al., 

2013; Gómez-Brandón et al., 2010; Price-Christenson et al., 2020). Although the DNA and PLFA 

methods used in combination may provide more robustness to the analysis and conclusions of a 
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study, this approach has been rarely used in past studies assessing earthworm-induced changes on 

soil bacterial and fungal communities. 

Here, we characterized soil microbial communities of the major boreal forest types of North Amer-

ica, invaded and non-invaded by earthworms, using both metabarcoding and PLFA analysis. Our 

objective was to describe the potential shifts in forest floor and mineral soil microbial communities 

associated with earthworm invasion. We combined two molecular methods (DNA and PLFA anal-

yses) to detect potential differences in the relative abundance of both functional and taxonomical 

groups and used PLFA data for quantitative analysis. We hypothesized that earthworm invasion 

would significantly shift microbial community composition in both mineral soils and forest floors. 

Despite differences in soil type and vegetation among sites, we expected shifts to be similar in all 

sites and to be indicative of increased nutrient availability and pH, including lower fungi:bacteria 

ratios.  

Materials and methods 

Sample collection  

Sites were selected from the most common soil types and vegetation covers of the Canadian boreal 

forest, including Brunisols (Soil Classification Working Group, 1998) under sugar maple (Acer 

saccharum Marshall; one site: Valcartier), Podzols under black spruce (Picea mariana (Mill.) Brit-

ton, Sterns & Poggenburg; one site: Grands Jardins), and Luvisols under trembling aspen (Populus 

tremuloides Mich.; two sites: EMEND and Breton; Fig. 3-1 & Suppl. Table 3.A-1). The selected 

sites are a subset of the sites presented in Chapter 2 (published as Lejoly et al., 2021), where an 

extensive site description is presented, and correspond to those with lower anthropogenic impacts, 

similar level of earthworm invasion (presence of all three types of earthworms – epigeic, endogeic, 
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and anecic; except for EMEND, which is the control Luvisol site) and similar morphological 

changes (development of an Ahu horizon).  

Earthworm invasion status was determined by hand-sorting of the litter and hot mustard extraction 

from the mineral soil surface (Lawrence and Bowers, 2002). Furthermore, clear signs of earth-

worm activity such as the presence of surface casts, extensive bioturbation, or abnormally thin 

forest floor were also used to assess the presence of earthworms. For three of the four locations, it 

was possible to identify earthworm-invaded and earthworm-free patches within the same site, 

while the whole site appeared to be invaded in Breton (Suppl. Fig. 3.B-1). At each site, three to 

four samples were collected for each level of invasion (earthworm-free and earthworm-invaded 

for EMEND and Grands Jardins; earthworm-free, low-density earthworm-invaded, and high-den-

sity earthworm-invaded for Valcartier; only earthworm-invaded for Breton) over the months of 

June and July 2019. As recommended by Ferlian et al. (2018), we separately tested the impact of 

earthworm invasion on the forest floor and the bulk mineral soil (0–10 cm), and thus took separate 

samples of each. All samples were stored at -20 ºC for transportation and then at -80 ºC prior to 

freeze-drying.  
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Figure 3-1. Map of the different sites selected across the Canadian boreal forest. 

DNA extraction and sequencing 

Freeze-dried soil samples were ground on a TissueLyser II (Qiagen, Hilden, Germany). Approxi-

mately 250 mg of ground sample were used for DNA extraction using the DNeasy PowerSoil DNA 

Isolation Kit (Qiagen, Hilden, Germany). Because of its stable nature, the extracted DNA also 

includes non-viable microorganisms (Frostegård et al., 2011). For bacteria and archaea, primers 

515F-Y (5’-GTGYCAGCMGCCGCGGTAA-3’) and 926R (5’- CCGYCAATTYMTTTRAG-

TTT-3’; Parada et al., 2016; Rivers, 2016) were used for polymerase chain reaction (PCR) ampli-

fication of the V4-V5 regions of the 16S rRNA gene, while for fungi, primers ITS9F (5’-GAAC-

GCAGCRAAIIGYGA-3’) and ITS4R (5’- TCCTCCGCTTATTGATATGC-3’; Rivers, 2016; 

White et al., 1990) were used for PCR amplification of the internal transcriber spacer 2 (ITS2) 
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region (Integrated DNA Technologies, Coralville, IA, USA). Amplification was carried out fol-

lowing the Platinum SuperFi Green PCR Master Mix protocol (Invitrogen, Carlsbad, CA, USA), 

with 30 PCR cycles and an annealing temperature of 60 ºC for ITS2 and 55 ºC for 16S. PCR 

products were purified using Sera-Mag Select magnetic beads (Cytiva, Marlborough, MA. USA). 

In preparation for sequencing, a second index PCR was performed with oligonucleotides contain-

ing the Illumina specific overhang adapters. PCR products were again purified as described above. 

All purified PCR products from both amplified regions were then pooled using 3–6 µl of each 

sample to build the amplicon library. DNA concentration and average size were determined using 

the Qubit dsDNA HS assay kit on a Qubit fluorometer (Life Technologies, Carlsbad, CA, USA) 

prior to running a HS DNA BioAnalyzer (Agilent Technologies, Wilmington, DE, USA) to nor-

malize the pooled library to 4 nM before sequencing. The pooled libraries were sequenced on an 

Illumina MiSeq platform using a MiSeq Reagent v3 600 cycles Kit (Illumina Inc., San Diego, CA, 

USA) at the University of Alberta Molecular Biological Sciences Unit.  

Bioinformatic analyses 

All bioinformatic analyses were performed in ‘Quantitative insights into microbial ecology 2’ 

(QIIME2 version 2021.4 software; Bolyen et al., 2019). Raw sequence data were demultiplexed 

and quality filtered using the q2‐demux plugin followed by denoising with DADA2 (Callahan et 

al., 2016). After trimming off the first 20 bp to remove primers, sequence reads were truncated 

where the average quality score dropped below 34 (at 285 and 215 base pairs (bp) for forward and 

reverse 16S reads; at 260 and 225 bp for forward and reverse ITS reads), and dereplicated with 

paired-end setting to generate amplicon sequence variants (ASVs) tables containing read counts. 

Using ASVs over operational taxonomic units (OTUs) results in a finer resolution, to single nu-

cleotide differences between sequences (Callahan et al., 2017). However, this approach tends to 
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inflate diversity measurements, 1.3 and 2.1 times higher for fungal and bacterial richness, respec-

tively (Glassman and Martiny, 2018). Mean amplicon size was 316 ± 37 bp ranging from 240 to 

433 bp and 372 ± 2 bp ranging from 350 to 426 bp for ITS and 16S ASVs, respectively. After 

training the naïve Bayes classifiers (q2‐feature‐classifier), taxonomy was assigned to ASVs using 

classify-sklearn (Bokulich et al., 2018) with SILVA 138 SSURef NR99 full-length (99 %) and 

UNITE 8.3 (97 %) databases for 16S and ITS2, respectively (Abarenkov et al., 2010; Quast et al., 

2013). Only prokaryotic (bacterial and archaeal) or fungal ASVs were kept and the ASVs tables 

generated by the QIIME2 were imported into R (version 4.0.5; R Core Team, 2020) for further 

analysis. Based on rarefaction curves, a total of 4,437 and 2,832 sequences, for bacterial (including 

archaea) and fungal ASVs respectively, were randomly selected for analysis of alpha diversity.  

For fungal ASVs, functional guilds were determined with FUNGuild database using the FUN-

GuildR R package (Nguyen et al., 2016; http://github.com/brendanf/FUNGuildR). Taxa associated 

with a unique guild ranked probable or highly probable were selected and grouped into three cat-

egories: ectomycorrhiza, pathogens (including plant pathogens, parasites), and saprotrophs. Taxa 

associated with more than one guild were manually checked and added to the above categories, 

when suitable, after carefully reviewing the literature, as recommended by Tedersoo et al. (2022). 

As general ITS primers are not suitable for AM fungi, they were not included in functional guild 

analysis (Stockinger et al., 2010). The proportion of each fungal guild was calculated as the fre-

quency of reads assigned to a particular guild divided by the total reads counted across all three 

guilds. Sequence data were archived at National Center for Biotechnology Information Sequence 

Read Archive (BioProject PRJNA850095). 
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Phospholipid fatty acid (PLFA) analysis 

Polar lipids were extracted from freeze-dried samples (3 g of mineral soil and 0.25 to 0.5 g of 

forest floor) following a modified Bligh and Dyer extraction method (Quideau et al., 2016). Prior 

to extraction, the PC (19:0/19:0) nonadecanoate surrogate standard (Avanti® Plar Lipids Inc., Al-

abaster, AL, USA) was added to determine the final recovery. Extracted phospholipids were puri-

fied on solid-phase extraction columns (Agilent Technologies, Wilmington, DE, USA) and meth-

ylated in mild alkaline environment to obtain fatty acid methyl esters (FAMEs). FAMEs were 

analyzed on an Agilent 6890 Series capillary GC (Agilent Technologies, Wilmington, DE, USA) 

equipped with a 25 m Ultra 2 (5 %-phenyl)-methylpolysiloxane column, a flame ionization detec-

tor (HewlettPackard, Santa Clara, CA, USA), and He as the carrier gas. PLFA concentrations were 

determined against the internal standard methyl decanoate Me10:0 (Aldrich, St. Louis, MO, USA). 

Results were calculated as a concentration per gram of soil (nmol.g-1) using the surrogate standard. 

PLFA identification was performed using the Sherlock Microbial Identification System version 

4.5 software (MIDI, Inc., Newrak, NJ, USA), following standard nomenclature (Maxfield and 

Evershed, 2014). All unsaturated PLFAs were in cis configuration. Non-microbial PLFAs, with < 

14 and > 20 C chain length, were removed before statistical analysis. 

The following PLFAs were assigned to the following microbial functional groups: i14:0, i15:0, 

a15:0, i16:0, a16:0, i17:0, a17:0, i18:0, i19:0, i20:0, i15:1ω6, 10Me16:0, 10Me17:0, and 10Me18:0 

to Gram-positive(+) bacteria; 14:1ω5, 14:1ω7, 14:1ω9, 15:1ω6, 16:1ω6, 17:1ω8, 18:1ω5, 18:1ω6, 

18:1ω7, 19:1ω6, 19:1ω8, 20:1ω4, 20:1ω6, 20:1ω8, 20:1ω9, cy17:0ω7, cy19:0ω7, and cy17:0ω9 

to Gram-negative(-) bacteria; 14:0, 15:0, 16:0, 17:0, 18:0, and 20:0 to general bacteria; and 18:2ω6, 

18:3ω6, 19:3ω3, 19:3ω3, 20:2ω6, and 20:3ω6 to general fungi.  
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Microbial ratio calculations 

Caution must be used when interpretating specific PLFAs as indicators of specific microbial 

groups (Frostegård et al., 2011). For this reason, we decided to focus the use of PLFA data on 

selected ratios that correspond to changes in broad taxa: the fungi:bacteria ratio as the sum of 

fungal PLFAs divided by the sum of Gram(+), Gram(-), and general bacterial PLFAs, and the 

Gram(+):Gram(-) ratio as the sum of Gram-positive PLFAs divided by the sum of Gram-negative 

bacteria, the latter ratio being negatively correlated with carbon availability (Fanin et al., 2019). In 

addition, we examined potential changes in PLFAs that have been reported to vary in response to 

environmental stress as a change in membrane composition for microorganisms (Watzinger, 

2015). The cyclo ratio was calculated as the sum of cy19:0ω9 and cy19:0ω7 divided by 18:1ω7, 

an increase in cyclo-PLFA indicating a response to pH, osmotic, and/or thermal stresses (Guillot 

et al., 2000; Mykytczuk et al., 2010; Yang et al., 2015). The 10-methyl (10Me) ratio was obtained 

by dividing 10Me16:0 by 16:0, considering that an increase in 10-methyl branching is linked to an 

increase in membrane fluidity, which is associated with lower temperatures (Poger et al., 2014). 

For bacterial ASVs, the Proteobacteria:Acidobacteriota ratio was calculated as the ratio of the 

number of reads associated with those two phyla, higher values corresponding to higher nutrient 

status (Orwin et al., 2018). 

Statistical analyses 

All statistical analyses were performed in R version 4.0.5 (R Core Team, 2021). Threshold for 

significance was set at alpha = 0.1 to account for the higher probability of type two error associated 

with the low sample size, recognizing that regional studies such as ours necessarily have low rep-

lication. Samples (forest floor and mineral soil) were divided into two categories: invaded and 

non-invaded, corresponding to the factor “Invasion”. 



57 
 

Relative abundances of fungal and bacteria taxa at different taxonomical levels were calculated as 

the number of reads of the target category divided by the total number of reads. Two indices were 

calculated for alpha diversity based on rarefied ASV tables: species richness and effective number 

of species, corresponding to a transformed Shannon diversity index (Jost, 2006). For fungal ASVs, 

those indices were calculated for each functional guild, while for bacteria, they were based on all 

ASVs.  

To determine whether earthworm invasion affected microbial communities functionally and taxo-

nomically, two-way (factors: invasion and site) analyses of variance (ANOVAs) were performed 

separately for forest floor and mineral soil samples on fungal and bacterial taxa, diversity indices, 

and microbial – bacteria and PLFA – ratios presented in the previous section. For fungi, the ANO-

VAs were run on fungal guilds while for bacteria, the focus was on phyla, and families present in 

at least 60 % of the samples and accounting for > 0.5 % of relative abundance on average. When 

necessary, data were first transformed with Tukey’s Ladder of Powers using transformTukey from 

the rcompanion package to ensure normality of residuals (Mangiafico, 2021). Homogeneity of 

variance was checked with Bartlett test. To account for the unbalanced design for both invasion 

and site, the type II sum of squares was used for the ANOVAs using the car R package (Fox, 

2016). We ran indicator species analyses on Hellinger transformed data, for the forest floor and 

the mineral soil separately, to identify specific taxa associated with invaded or control samples 

using the multipatt function from the indicspecies R package (De Caceres and Legendre, 2009).  

To determine whether earthworm invasion altered soil microbial community composition, permu-

tational analyses of variance (PERMANOVA) were performed on all three datasets (PLFA, 16S, 

and ITS) using Bray-Curtis distance matrices. The adonis function from the vegan package was 

used on Hellinger transformed individual ASV and PLFA relative abundances, for forest floors 
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and mineral soils separately, followed by posthoc tests for pairwise comparisons (Oksanen et al., 

2019). 

Results 

Earthworm invasion effects on fungi 

A total of 3,236,759 reads was obtained for fungal ASVs, ranging from 70 to 136,741 reads with 

an average of 31,123 per sample. After quality control and trimming, we obtained a total of 

2,820,523 reads associated with 10,761 ASVs (1,867 unique ASVs). On average, 80 % of ASVs 

belonged to at least one fungal guild. The following numbers of ASVs were identified for each 

guild: Ectomycorrhizal (EcM; 208), Saprotrophic (450), Pathogenic (126). After rarefaction, eight 

out of 58 samples were dropped for diversity indices because of low read counts: three invaded 

forest floors, three invaded mineral soils and two control mineral soils. 

For fungal ASVs, both invasion and soil horizon significantly affected community structure ac-

cording to the PERMANOVA results (Table 3-1 & Suppl. Fig. 3.B-2). The posthoc pairwise test 

showed that earthworm invasion significantly altered fungal community composition in the min-

eral soil, but not in the forest floor. The relative abundance of fungal phyla, classes, orders, and 

families can be found in Suppl. Fig. 3.B-3 to 6.  
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Table 3-1. Permutational analysis of variance (PERMANOVA) performed on Hellinger-trans-

formed data for fungal and bacterial amplicon sequence variants (ASVs) and phospholipid fatty 

acids (PLFAs) using Bray-Curtis distance matrix for invaded (EW) and non-invaded (CONT) for-

est floors (LFH) and mineral soils (MIN). Df stands for degrees of freedom and Sum sq for sum of 

squares. 

  Df Sum sq F R2 p-value 
Fungi Invasion 1 0.45 1.31 0.02 0.081 
 Soil horizon 1 1.34 3.88 0.06 <0.001 
 Interaction 1 0.31 0.91 0.02 0.64 
 Residuals 54 18.66  0.90  
 Total 57 20.77  1.00  
Pairwise comparisons      

MIN-EW vs LFH-EW 1 0.91 2.61 0.06 <0.001 
MIN-EW vs LFH-CONT   1 0.82 2.43 0.08 <0.001 
MIN-EW vs MIN-CONT 1 0.45 1.37 0.05 <0.05 
LFH-EW vs LFH-CONT 1 0.32 0.87 0.03 0.63 
LFH-EW vs MIN-CONT 1 0.89 2.52 0.09 <0.001 

LFH-CONT vs MIN-CONT   1 0.74 2.22 0.14 <0.001 
Bacteria Invasion 1 0.61 1.86 0.03 0.025 
 Soil horizon 1 2.65 8.03 0.12 <0.001 
 Interaction 1 0.34 1.04 0.02 0.38 
 Residuals 54 17.84  0.83  
 Total 57 21.45  1.00  
Pairwise comparisons      

MIN-EW vs LFH-EW 1 1.80 5.36 0.12 <0.001 
MIN-EW vs LFH-CONT   1 1.30 3.91 0.13 <0.001 
MIN-EW vs MIN-CONT 1 0.60 1.85 0.06 <0.05 
LFH-EW vs LFH-CONT 1 0.35 1.03 0.04 0.37 
LFH-EW vs MIN-CONT 1 1.68 5.13 0.16 <0.001 

LFH-CONT vs MIN-CONT   1 1.19 3.82 0.21 <0.001 
PLFA Invasion 1 0.02 1.37 0.02 0.23 
 Soil horizon 1 0.37 24.92 0.31 <0.001 
 Interaction 1 0.01 0.45 0.01 0.79 
 Residuals 54 0.80  0.67  
 Total 57 1.20  1.00  
Pairwise comparisons      

MIN-EW vs LFH-EW 1 0.25 16.03 0.29 <0.001 
MIN-EW vs LFH-CONT   1 0.11 8.43 0.23 <0.001 
MIN-EW vs MIN-CONT 1 0.02 1.77 0.06 0.11 
LFH-EW vs LFH-CONT 1 0.01 0.40 0.02 0.82 
LFH-EW vs MIN-CONT 1 0.23 14.16 0.35 <0.001 

LFH-CONT vs MIN-CONT   1 0.13 9.67 0.39 <0.001 
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In the forest floor, the relative abundance of the different fungal guilds (EcM, pathogenic, and 

saprotrophic) was affected by site but not by earthworm invasion (Fig. 3-2 & Suppl. Table 3.A-2). 

However, the indicator species analysis identified several genera associated with control forest 

floors: the EcM genus Lactarius and the saprotrophic genera Umbelopsis and Syzygospora (Table 

3-2). In the forest floor, species richness was only negatively affected by earthworm invasion for 

EcM fungi (Table 3-3).  

 

 

Figure 3-2. Average relative abundances of fungal guilds (± 1SE). Different letters indicate sig-

nificant differences (p-value < 0.1) between control and invaded forest floors or mineral soils and 

were obtained with the posthoc HSD Tukey test after two-way analysis of variance (ANOVA) for 

all soil types combined (n=7–22). 
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Table 3-2. Indicator species for ectomycorrhizal and saprotrophic fungi, as well as bacteria, associated with control or invaded forest 

floors and mineral soils. Indicator species were obtained using the multipatt function in the indicspecies R package on Hellinger-

transformed data. The amplicon sequence variants (ASVs) were grouped at the finest identified taxonomic level between order and 

genus, taxa only identified to the class level were excluded. The stat value is a combination of specificity (A=1 when only found in the 

one group) and fidelity (B=1 when found in all samples of the one group). Relevant indicators were selected with B > 0.5 and relative 

abundance > 0.05 % in the taxonomical group for which they were selected as indicator. No indicator species were found for pathogenic 

fungi. 

   Invasion Taxonomical group  A B Stat  p-value 
Fungi Ectomycorrhizal Forest floor Control Lactarius 0.88 0.60 0.73 0.03 
  Mineral soil Invaded Tomentella 0.94 0.71 0.82 0.010 
    Amphinema 0.95 0.65 0.79 0.010 
 Saprotrophic Forest floor Control Syzygospora 0.67 1.00 0.82 0.013 
    Umbelopsis 0.63 1.00 0.79 0.026 
Bacteria  Forest floor Invaded Parafilimonas 1.00 0.65 0.81 0.008 
    Uncultured vadinHA49  0.89 0.65 0.76 0.038 
    Zavarzinella 0.86 0.65 0.75 0.045 
  Mineral soil Control Uncultured 1921-2 and 1921-3 0.72 1.00 0.85 0.003 
    Acidipila 0.71 0.89 0.80 0.010 
    Uncultured B12-WMSP1 0.72 0.67 0.70 0.045 
    Xanthobacteraceae 0.70 0.67 0.68 0.042 
   Invaded Haliangium 0.92 0.73 0.82 0.003 
    Pirellula 0.86 0.77 0.82 0.004 
    Fimbriiglobus 0.91 0.73 0.81 0.004 
    Uncultured OM190 0.86 0.68 0.77 0.014 
    Latescibacterota 0.89 0.55 0.67 0.030 
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In the mineral soil, the relative abundance of EcM and saprotrophic fungi was affected by both 

invasion and site, but the interaction of these two factors was not significant (Fig. 3-2 & Suppl. 

Table 3.A-2). The relative abundance of saprotrophic fungi decreased from 60 % to 34 % after 

earthworm invasion, while that of EcM fungi increased from 35 % to 64 %. As a result, the fungal 

communities shifted from saprotroph- to EcM-dominated. The indicator species analysis recog-

nized the EcM genera Amphinema and Tomentella as indicators of invasion in the mineral soil 

(Table 3-2). Fungal species richness increased after invasion for EcM (+104 %), saprotrophic (+56 

%), and pathogenic (+136 %) fungi while species diversity increased for saprotrophic (+45 %) and 

pathogenic (+136 %) fungi only (Table 3-3 & Suppl. Table 3.A-2).  

Table 3-3. Averages and standard errors (in parentheses) of fungal and bacterial species richness 

and diversity (as the effective number of species) indices (n=7–20 and 7–22, respectively). Differ-

ent letters represent significant differences between control and invaded soils (p-value < 0.1) and 

are presented separately for the forest floors and mineral soils. 

 Fungi Bacteria 
 Ectomycorrhizal Pathogenic Saprotrophic Global 
 Richness Diversity Richness Diversity Richness Diversity Richness Diversity 
Forest floor         

Control 20.7 (3.8) a 7.4 (1.3) a 9.1 (2.2) a 4.6 (1.0) a 36.9 (5.3) a 16.5 (2.9) a 480 (45) a 293 (43) a 
Invaded 16.5 (1.8) b 8.4 (1.0) a 7.1 (1.0) a 4.2 (0.6) a 33.9 (3.1) a 14.9 (2.2) a 577 (35) a 376 (27) a 

Mineral soil         
Control 8.4 (1.3) b 4.5 (0.8) a 1.4 (0.5) b 1.1 (0.1) b 17.7 (1.6) b 10.0 (1.6) b 518 (27) b 297 (24) b 
Invaded 17.1 (0.8) a 6.1 (0.6) a 3.3 (0.6) a 2.6 (0.5) a 27.6 (1.2) a 14.5 (1.2) a 573 (13) a 337 (11) a 

 

Earthworm invasion effects on bacteria and archaea 

For bacterial ASVs, a total of 4,570,297 reads was obtained with an average of 43,945 per sample, 

ranging from 28,049 to 60,698 reads. After quality control and trimming, we obtained a total of 

1,376,959 reads associated with 17,086 ASVs. While the term ‘bacterial communities’ is used 

here, the archaea were not excluded. The overall composition of bacterial communities was sig-

nificantly affected by invasion and soil horizon, as indicated by the PERMANOVA results (Table 
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3-1 & Suppl. Fig. 3.B-7). The shift following earthworm invasion was significant in the mineral 

soil (p-value < 0.05) but not in the forest floor, according to the posthoc test. The relative abun-

dance of bacterial phyla, classes, orders, and families can be found in Suppl. Fig. 3.B-8 to 11. 

In the forest floor, the relative abundance of Actinobacteriota was significantly lower in invaded 

samples (24 %) compared to the control samples (32 %; Fig. 3-3 and Suppl. Table 3.A-3). Within 

this phylum, the decrease was significant for the Micromonosporaceae and Solirubrobacteraceae 

families, while the Ilumatobacteraceae family increased. The Proteobacteria were not affected by 

earthworm invasion at the phylum level, but a significant decrease was noted for the Bei-

jerinckiaceae family, while the Reyranellaceae family increased (Fig. 3-3). Verrucomicrobiota in-

creased significantly in earthworm-invaded forest floors, reaching 3 % of relative abundance, 

mainly due to the increase in Chthoniobacteraceae family. The Chitinophagaceae family from the 

Bacteroidota phylum was positively affected by earthworm invasion, with Parafilimonas selected 

as indicator of invasion in the forest floor (Fig. 3-3 & Table 3-2).  

In the mineral soil, the relative abundance of Acidobacteriota significantly decreased from 27 % 

to 21 % following earthworm invasion, resulting in a higher Proteobacteria:Acidobacteriota ratio 

(Fig. 3-3 & Table 3-4). Within the Acidobacteriota phylum, the response to earthworm invasion 

varied among taxonomic groups, notably with an increase in the Acidobacteriales order, Acido-

bacteriaea subgroup 2, and Thermoanaerobaculaceae family but a decrease in Solibacteraceae fam-

ily (Fig. 3-3 & Suppl. Table 3.A-3). While Actinobacteriota were not affected by earthworm inva-

sion at the phylum level, the Acidothermaceae family responded negatively and the Gaiellaceae 

family, positively. As in the forest floor, Reyranellaceae and Chitinophagaceae families were pos-

itively affected by earthworm invasion in the mineral soil, the latter mirroring the significant in-

crease in Bacteroidota (Fig. 3-3). Although their relative abundance was much lower (< 10 % at 
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the phylum level), it is still worth noting that the Gemmatimonadaceae family was positively af-

fected by earthworm invasion in the mineral soil while Chloroflexi, including the candidate phy-

lum AD3, were negatively affected (Fig. 3-3). Within the Chloroflexi, the uncultured bacteria 

1921-2, 1921-3, and B12WMSP1 were indicators of non-invaded mineral soils. The Hyphomicro-

biaceae and Nitrosomonadaceae families were positively affected by earthworm invasion. Simi-

larly, the relative abundance of Pirellulaceae was significantly higher in earthworm-invaded min-

eral soils, of which Pirellula was selected as indicator together with two other Planctomycetota: 

Fimbriiglobus and the uncultured bacterium OM190 (Table 3-2). Those shifts were also associated 

with an increase in species richness and diversity in the mineral soil (Table 3-3).  

Table 3-4. Averages and standard errors (in parentheses) of selected phospholipid fatty acid 

(PLFA; n=8–22) and bacterial (n=7–22) ratios. Different letters represent significant differences 

between control and invaded soils (p-value < 0.1) and are presented separately for the forest floors 

and mineral soils. The 10Me ratio was obtained by dividing the PLFA 10Me16:0 by 16:0; the 

Cyclo ratio was calculated by dividing the sum of cy19:0ω9 and cy19:0ω7 by 18:1ω7. 

 Bacteria PLFA 
 Proteobacteria: 

Acidobacteriota 
Fungi:Bacteria Gram(+):Gram(-) 10Me ratio Cyclo ratio 

Forest floor      
Control 2.15 (0.21) a 0.27 (0.04) a 0.96 (0.08) b 0.18 (0.05) a 0.44 (0.10) a 
Invaded 2.55 (0.27) a 0.30 (0.03) a 1.14 (0.08) a 0.16 (0.04) a 0.35 (0.05) a 

Mineral soil      
Control 0.64 (0.05) b 0.07 (0.02) b 1.31 (0.03) a 0.67 (0.05) a 0.52 (0.0.7) a 
Invaded 0.97 (0.08) a 0.09 (0.02) a 1.16 (0.04) b 0.48 (0.06) b 0.41 (0.03) b 
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Figure 3-3. Heatmap of changes in relative abundance of bacterial phyla and families (or associ-

ated level). Only significant differences (p-value < 0.1), determined by two-way analyses of vari-

ance (ANOVAs) followed by posthoc HSD Tukey test, are displayed (n=7–22). Orange/red colour 

represents an increase and blue colour, a decrease. Results of the two-way ANOVAs associated 

with the significant differences can be found in Suppl. Table 3.A-3. 
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Earthworm invasion effects on microbial PLFAs 

Results of the permutational analysis of variance (PERMANOVA) showed that invasion did not 

significantly affect the overall PLFA composition (Table 3-1 & Suppl. Fig. 3.B-12). While the 

total PLFA biomass was not significantly affected by earthworm invasion, fungal PLFAs were 

significantly higher in earthworm-invaded mineral soils, with a concentration almost twice as high 

as in the control soils (Table 3-5). In the forest floor, the Gram(+):Gram(-) ratio was significantly 

higher after earthworm invasion (Table 3-4 & Suppl. Table 3.A-4). On the contrary, the same ratio 

shifted in the opposite direction in the mineral soil, with a significantly lower value after invasion. 

The fungi:bacteria ratio was slightly but significantly higher in earthworm-invaded mineral soils 

(0.09) compared to the controls (0.07). The 10Me and cyclo ratios, indicative of environmental 

stress, were both significantly lower in invaded mineral soils compared to controls but were not 

affected by earthworm invasion in the forest floor. For all ratios, the interaction between invasion 

and site was non-significant (Suppl. Table 3.A-4).  

Table 3-5. Average concentrations (nmol.g-soil-1) in total, Gram(+), Gram(-), and fungal phos-

pholipid fatty acids (PLFAs), with standard errors in parentheses (n=8–22). Different letters rep-

resent significant differences between control and invaded soils (p-value < 0.1) and are presented 

separately for the forest floors and mineral soils. 

  Total PLFA Gram(+) bacteria Gram(-) bacteria Fungi 
Forest floor Control 4909 (277) a 889 (96) a 924 (67) a 772 (91) a 
 Invaded 5680 (305) a 1029 (88) a 943 (81) a 910 (77) a 
Mineral soil Control 1317 (351) a 408 (110) a 320 (93) a 55 (16) b 
 Invaded 1684 (302) a 477 (96) a 397 (65) a 93 (22) a 
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Discussion 

Earthworm invasion and shifts in microbial community composition  

Using a combined PLFA and metabarcoding approach, our study presents the first evidence of 

microbial community composition shifts associated with earthworm invasion in boreal forest soils. 

Both fungal and bacterial communities were affected, but the observed changes greatly varied 

between forest floor and mineral soil microbial communities. This confirms the pertinence of our 

approach to run separate analyses for the forest floors and mineral soils. As one could expect, 

considering the intrinsic differences among soil types, the factor ‘site’ was, in most cases, signifi-

cant and explained most of the variability observed. The interaction term between invasion and 

site was, however, non-significant, indicating that despite potentially variable amplitudes, the ef-

fects of earthworm invasion on boreal forest microbial communities were similar across the se-

lected sites. The less pronounced changes observed in the forest floors compared to the underlying 

mineral soils might be linked to their higher microbial biomass, as estimated from total PLFA 

concentrations. Considering the persistence of DNA in soils, significant shifts would be more dif-

ficult to detect in the forest floor where high levels of relic DNA are present, compared to the 

mineral soil, which contains lower biomass (Carini et al., 2016).   

Our results corroborate previously reported changes in bacterial communities associated with 

earthworm activity. De Menezes et al. (2018) also reported an increase in Verrucomicrobiota, and 

Gong et al. (2018) an increase in Gemmatimonadota after incubation with earthworms, respec-

tively in pasture and arable soils. Chitinophagaceae, which increased after invasion in the current 

study, were also previously positively correlated with earthworm presence and are involved in the 

degradation of chitin, an important constituent of fungal cell walls (Bernard et al., 2012; de 

Menezes et al., 2018), and of other complex sugars such as cellulose and hemicelluloses 
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(Rosenberg, 2014) that could have become more available in the mineral layer of soil with earth-

worm bioturbation. 

Although it has been hypothesized that earthworm bioturbation could decrease fungal abundance 

by disrupting fungal networks (Hansson et al., 2013), we measured an increase in fungal biomass, 

estimated by PLFA analysis, following invasion in the mineral soil, where EcM fungal abundance 

also increased while that of saprotrophic fungi decreased. Positive effects of earthworms on AM 

fungi in the mineral soil have been observed by Dempsey et al. (2013) and Drouin et al. (2016) in 

temperate forests. In comparison, Cameron et al. (2012) did not find that the presence or density 

of invasive earthworms affected EcM fungal community composition or colonization of white 

spruce roots in a mesocosm experiment. However, in the study by Cameron et al. (2012), only a 

subset of EcM fungi able to withstand disturbance was likely present in the pots and the seedlings 

were grown in conditions not conducive to growth of fine roots, a required process for changes in 

EcM fungal colonization to occur. Thus, the conditions of this experiment may have underesti-

mated the effects of earthworms. In contrast, in our study, earthworm invasion negatively affected 

EcM fungal richness in the forest floor, in line with previous findings showing reduced microfun-

gal community richness and diversity after earthworm invasion of forest floors in southern Alberta 

(McLean and Parkinson, 2000). Clearly, earthworm invasion differentially affected the forest floor 

and mineral soil fungal communities, suggesting divergent direct impacts. 

Contradicting results have been documented in terms of the response of the fungi:bacteria and 

Gram(+):Gram(-) ratios to the presence of earthworms. In line with our findings, Butenschoen et 

al. (2007) found that endogeic earthworms favoured Gram(-) over Gram(+) bacteria in arable soils. 

On the other hand, Dempsey et al. (2013) saw a decrease in Gram(-) and an increase in Gram(+) 

bacteria in the surface mineral soil after earthworm invasion in a northern hardwood forest. Other 
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studies found variable responses of the relative abundance of Gram(-) and Gram(+) bacteria among 

earthworm species (Chang et al., 2016, 2017). For the fungi:bacteria ratio, Dempsey et al. (2011) 

found a decrease in a temperate hardwood forest on an area basis (m2), but not per gram of soil – 

which is how we calculated our ratio. Similarly, in an incubation with arable soil, the fungal bio-

mass decreased in the presence of earthworms (Butenschoen et al., 2007). Chang et al. (2017) 

observed an increase in fungi:bacteria only in the presence of multiple earthworm species in de-

ciduous temperate forests, consistent with our findings as most of our sites were also invaded by 

multiple earthworm species. Because increased fungi:bacteria ratio was coupled with a decrease 

in AM fungi, Chang et al. (2017) deduced that saprotrophic and EcM fungi must have increased. 

Our results partly confirm this hypothesis, as the positive impact on fungal communities appears 

to be limited to EcM fungi in boreal forests while the relative abundance of saprotrophic fungi 

decreased, likely because of a decrease in fresh OM available for decomposition (Högberg et al., 

2017). Compared to temperate forests, the fungi:bacteria ratio is typically higher in boreal forests, 

where fungal communities, especially EcM fungi, play a major role in C sequestration (Chen et 

al., 2020; Clemmensen et al., 2013; Francisco et al., 2016). The absence of consensus among stud-

ies about the impact of earthworms on the fungi:bacteria and Gram(+):Gram(-) ratios shows that 

the relationships are complex and not well understood. There is however evidence that N addition, 

pH, and C availability, among other factors, can alter the relative abundance of those large micro-

bial groups (Fanin et al., 2019; Rousk et al., 2010; Zhou et al., 2017). 

Microbial functions and environmental changes 

The current invasion of North American forests by exotic earthworms can have cascading effects 

on ecosystem functioning (Frelich et al., 2019). Given that soil microbial communities play a cen-

tral role in nutrient cycling and SOM dynamics (Simpson et al., 2007), the shifts observed in the 
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forest floor and the mineral soil are likely to have consequences for nutrient availability and eco-

system functioning.  

Only specific fungal taxa were negatively affected by earthworm invasion in the forest floor. No-

tably, the EcM fungal genus Lactarius, identified as indicator of absence of earthworms in the 

forest floor, is often classified as nitrophilic (Lilleskov et al., 2011, 2002). Rodriguez-Ramos et al. 

(2020) also found the same taxon to be negatively affected by wildfire and salvage-logging. Both 

of these disturbances, together with earthworms, alter the integrity of the forest floor. Multiple 

taxa of the phylum Actinobacteriota, which decreased after invasion, play an important role in 

lignocellulose degradation (Větrovský et al., 2014). The functional role of Verrucomicrobiota is 

still poorly understood and its abundance in soils is thought to be underestimated (Bergmann et 

al., 2011). However, Verrucomicrobiota, which increased in invaded forest floors, have been neg-

atively correlated with soil fertility in tropical environments (Navarrete et al., 2015) and are often 

considered oligotrophic (Hu et al., 2022; Orwin et al., 2018). Within the Verrucomicrobiota phy-

lum, Chthoniobacteraceae, which also responded positively to earthworm invasion, were posi-

tively correlated with more oligotrophic conditions – including decrease in labile substrates – in a 

restoration chronosequence (Sun et al., 2017). If these observations hold true in boreal forest floors 

as well, the observed increase in Verrucomicrobiota and Chthoniobacteraceae could be linked to 

lower fertility. Further, the Gram(+):Gram(-) ratio response suggests that earthworms also de-

crease C availability in the forest floor (Fanin et al., 2019). As earthworms preferentially feed on 

more palatable substrates, more recalcitrant C compounds can progressively accumulate in the 

forest floor (Curry and Schmidt, 2007). Changes in microbial-driven forest floor functions could 

therefore include lower nutrient availability, consistent with the lower TOC and TN content 
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observed in the forest floor after invasion (Suppl. Table 3.A-1; Chapter 2, published as Lejoly et 

al., 2021). 

In the mineral soil, the response of the PLFA ratios suggests that earthworm invasion affected 

environmental conditions for microbial activity. The decrease observed for the cyclo ratio (i.e. the 

sum of PLFAs cy19:0ω9 and cy19:0ω7 divided by 18:1ω7) has been previously associated with a 

decrease in environmental stress of osmotic or acidic origin (Guillot et al., 2000; Mykytczuk et al., 

2010; Yang et al., 2015). This is consistent with the higher pH found in earthworm-invaded min-

eral soils (Suppl. Table 3.A-1; Chapter 2, published as Lejoly et al., 2021), which can also explain 

their higher bacterial diversity and richness (Fierer and Jackson, 2006) and the decrease in 

Gram(+):Gram(-) ratio (Frostegård et al., 1993). While 10Me PLFAs are often associated with 

Actinobacteriota (Chowdhury and Dick, 2012; Dungait et al., 2011), the concentration of 

10Me16:0 (data not presented), used to calculated the 10Me ratio, and the relative abundance of 

Actinobacteriota, as estimated from 16S metabarcoding, were not affected by earthworm invasion. 

We can therefore confidently conclude that the lower 10Me ratio observed in invaded mineral soils 

is indicative of a decrease in membrane fluidity, linked to higher temperatures (Kieft et al., 1994; 

Poger et al., 2014; Zhang and Rock, 2008). The thinning of the forest floor layer associated with 

earthworm invasion could increase soil temperature during the growing season similarly to the 

mechanical removal of forest floor in managed forests (Tan et al., 2005). 

There are multiple indications of increased C and N availability in the mineral soil, including the 

decrease in Gram(+):Gram(-) bacteria and Acidobacteriota as well as the increase in Bacteroidota, 

respectively, all associated with increased C mineralization and labile C (Fanin et al., 2019; Fierer 

et al., 2007). Numerous studies have shown that earthworms increase C availability, through the 

incorporation of fresh litter into the soil, priming microbial communities with labile C and thus 
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enhancing the decomposition of more recalcitrant OM (Bohlen et al., 2002; De Graaff et al., 2010; 

Fontaine et al., 2004; Medina-Sauza et al., 2019). Similarly, there is indication of increased N 

availability, such as the increase in Bacteroidota after invasion, as the phylum is also positively 

correlated with high N additions in boreal forests (Högberg et al., 2014). This observation is in 

line with the numerically higher TN content in the mineral soil after invasion (Suppl. Table 3.A-

1). In low N supply soils, increased N deposition can result in increased fungal biomass and rich-

ness, in line with our findings (Moore et al., 2021). We suggest that the most likely explanation 

for the observed increase in EcM fungi relative abundance is therefore an increase in N availability 

associated with earthworm invasion (scenario 1 presented in the introduction). Earthworms have 

also been associated with both enhanced nitrification and denitrification (Burtelow et al., 1998; 

Medina-Sauza et al., 2019). Nitrosomonodaceae and some Hyphomicrobiaceae taxa, which both 

increased after invasion, are also involved in the N cycle, with respectively ammonia oxidation 

(Prosser et al., 2013) and denitrification and nitrogen fixation (Kloos et al., 1995) capacities. Chi-

tinophagaceae, which increased in the mineral soil after invasion, are favoured in high N supply 

conditions (Högberg et al., 2014). In arctic ecosystems, Blume-Werry et al. (2020) found earth-

worm casts greatly enriched in NH4
+ compared to the bulk soil and concluded that invasive earth-

worms could lift plant N limitations. All these findings from various research efforts suggest that 

invasive earthworms have the potential to accelerate N cycling in high latitudes.  

Similarly, the increase in Proteobacteria:Acidobateriota ratio mentioned above is indicative of 

higher nutrient status (Smit et al., 2001) and has been previously associated with earthworm activ-

ity in arable soils (Gong et al., 2018). Acidobacteriales and Acidobacteria subgroup 2, which have 

been suggested as bioindicators of P mining, both decreased after earthworm invasion; their abun-

dance similarly declined with higher P in temperate forests (Mason et al., 2021). The EcM fungal 
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genera Aphimena and Tomentella, indicator of earthworm invasion in the mineral soil, have been 

positively correlated with soil fertility and pH in boreal forests (Haas et al., 2018; Sterkenburg et 

al., 2015). Although the fungi:bacteria ratio should be negatively affected by an increase in pH 

(Rousk et al., 2010) and N addition (Zhou et al., 2017), we observed the opposite response. Simi-

larly, the Gram(+):Gram(-) ratio is expected to increase following N addition (Zhou et al., 2017), 

but is also negatively correlated with C availability (Fanin et al., 2019). Additionally, in the Luvi-

solic and Brunisolic sites, Lejoly et al. (2021, Chapter 2) observed a decreased bulk density in the 

mineral soil following earthworm invasion. Such changes in soil physical properties could also 

affect microbial community size and composition. These observations suggest that the mecha-

nisms by which invasive earthworms affect microbial communities are complex and that the inter-

actions of multiple factors, such as increases in pH and N availability, need to be considered. 

Soil C and N both determine microbial activity. Fungi typically have slower growth and lower 

nutrient requirements compared to bacteria, and their dominance increases with lower C:N ratios 

(Soares and Rousk, 2019). While it is commonly accepted that EcM fungal growth is limited by N 

availability (Morrison et al., 2016), it appears that C limitation might also be an important control-

ling factor when N supply is higher (Högberg et al., 2021). The hypothetical increase in C and N 

availability could therefore lift both limitations. As the ability of soils to store C is dependent on 

N availability (Cotrufo et al., 2019; Van Groenigen et al., 2017), earthworm invasion could have 

the potential to decrease soil C storage (Blume-Werry et al., 2020). However, EcM fungi can also 

slow down C cycling, increasing its storage in soils (Averill and Hawkes, 2016). Whether earth-

worm invasion will increase or decrease soil C storage is therefore a complex question to answer. 

Moreover, as boreal forests contain more than twice as much SOC as temperate forests per unit 
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area (Lal, 2005), even small changes in C storage can have important implications for climate 

change mitigation efforts. 

Our key findings are conceptualized in Fig. 3-4. While most of our observations align with previ-

ous findings for earthworm invasion in temperate forests, there are some interesting divergences 

with previous studies, including the relative overall increase in fungi compared to bacteria and the 

decrease in Gram(+):Gram(-) ratio discussed above. These results suggest that boreal forests are 

affected by invasive earthworms differently than temperate forests and confirm the importance to 

implement additional studies in the boreal biome. We acknowledge that most of our observations 

of functional and nutrient status changes are inferred from the shifts in microbial community com-

position and indirect, as our study was conducted in natural systems without controlled addi-

tion/exclusion of earthworms. We therefore cannot determine whether they constitute a direct con-

sequence of earthworm invasion. Future studies should include enzyme analyses and/or RNA tech-

niques to target active microbial communities. Our sampling design did not allow us to differenti-

ate between earthworm species or soil types, which could explain some of the variability observed. 

There is growing concern regarding the more recent invasion of Asian earthworm species in North 

America, although they have not been observed in the boreal forest yet (Chang et al., 2021). The 

findings of Chang et al. (2016) suggest that the impacts of Asian species such as Amynthas hilgen-

dorf on soil microbial communities will be greater than that of similar European species, for de-

ciduous temperate forests. Further research should include both European and Asian earthworm 

species. 
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Figure 3-4. Conceptual diagram of key findings 
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Chapter 4 : Invasive earthworms increase litter  

decomposition and soil labile carbon in boreal forests 

Abstract  

Invasive earthworms are reshaping the soils of the boreal forest, drastically decreasing the forest 

floor carbon (C) stocks and reworking surface minerals soil through bioturbation. Given that the 

boreal forest represents the largest terrestrial C reservoir, changes in its dynamics induced by earth-

worm invasion could have drastic effects on its ability to store C. Here we compared physical and 

chemical characteristics of the C found in soils invaded by earthworms with non-invaded soils to 

determine whether earthworm invasion was affecting C persistence, as well as its distribution 

among soil physical fractions and chemical composition. We selected three sites, representing 

three major soil types found in the Canadian boreal forest: Luvisol, Podzol, and Brunisol (Cambi-

sol). We estimated the amount of labile C contained in forest floors and surface mineral soils after 

a one-year laboratory incubation at high temperature (24 ºC) to maximize microbial mineraliza-

tion. Additionally, for mineral soil samples, we quantified C physical distribution using aggregate 

fractionation and C chemical composition using pyrolysis-gas chromatography-mass spectrome-

try. We found a higher proportion of labile C in earthworm invaded soils, mainly in the mineral 

soil. We also found that the increase in C content was significant for all < 2 mm fractions and that 

the proportion of C contained in the occluded light fraction (250 µm–2 mm) was higher in earth-

worm-invaded soils. Earthworm invasion affected the chemical composition of soil organic matter 

(SOM), with lower suberin content, higher relative abundance of compounds commonly associ-

ated with microbial decomposition, and higher C oxidation state. Our results constitute evidence 
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that earthworm invasion is affecting SOM dynamics in boreal forests. Although labile C increased 

in the short term, total soil C and its persistence may increase in the long term.   
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Introduction 

The introduction of exotic earthworm species following European settlement has been shown to 

negatively affect carbon (C) stocks in temperate forests, primarily by drastically decreasing forest 

floor thickness (Blouin et al., 2013; Bohlen et al., 2004a; Hale et al., 2005b). The presence of these 

invasive earthworms in boreal forests, which is the largest terrestrial C reservoir on Earth (Frelich 

et al., 2019; Kurz et al., 2013), has been documented more recently and remains understudied 

compared to temperate forests (Cameron et al., 2007; Moore and Reynolds, 2003). Decomposition 

rates are lower in boreal than in temperate forests and litter typically contains more phenol-rich 

substrates, recalcitrant to decomposition (DeLuca and Boisvenue, 2012). How these different con-

ditions may affect the response of boreal forest soils to earthworm invasion is unknown. The study 

of multiple soil types within the boreal previously showed that earthworms in most cases decrease 

forest floor thickness and C stocks, similarly to what is observed in temperate forests, and rework 

the mineral soil, creating a carbon-enriched surface horizon, although total soil C stocks may not 

change (Chapter 2, published as Lejoly et al., 2021). In mineral soil horizons, earthworms can 

affect soil organic matter (SOM) dynamics with two counteracting main mechanisms: (1) increase 

of SOM mineralization by enhancing soil microbial activity and (2) stabilization of SOM by phys-

ical protection within aggregates (casts), leading to inaccessibility for microbial decomposition 

(Lubbers et al., 2017). However, the net effect of earthworm activity on soil C balance is still 

debated (Lubbers et al., 2013).  

Plant litter, either from below (roots) or above (leaves and shoots) ground residues, is the main 

contributor to SOM (Kögel-Knabner, 2002). Cutin and suberin, biopolymers found in leaves and 

roots respectively and partly preserved in soils (Kögel-Knabner, 2000), have been used as bi-

omarkers to differentiate above from belowground inputs to SOM (Hamer et al., 2012; Otto et al., 
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2005). In the mineral soil, root-derived residues are often more abundant than leaf-derived resi-

dues, aboveground inputs typically decomposing at a faster rate (Mueller et al., 2013), supposedly 

because of their lower lignin content (Angst et al., 2016). However, since there is no evidence that 

suberin is more resistant to microbial decomposition than cutin (Angst et al., 2016), Mueller et al. 

(2013) suggested that the preferential consumption of leaf litter by soil biota could partially explain 

the greater abundance of suberin. Indeed, recent findings show that earthworms alter C dynamics 

by favouring the accumulation of root over leaf-derived SOM (Angst et al., 2020). It is believed 

that earthworms preferentially feed on leaves because of more palatable properties while acci-

dentally ingesting roots (Curry and Schmidt, 2007). Bioturbation is a limited process in North 

American forests that have developed in the absence of earthworms since the last glaciation 

(Addison, 2009; Hendrix, 2006). The introduction of invasive earthworms could therefore drasti-

cally alter the equilibrium between above and belowground inputs by increased mixing of the for-

est floor with the mineral soil (Feller et al., 2003).  

Some earthworm species preferentially feed on leaf body, leaving lignin-rich petioles and veins 

behind (Suárez et al., 2006). This emphasizes the need to consider SOM dynamics at a molecular 

level when studying the effects of earthworms (Angst et al., 2020; Vidal et al., 2019, 2016). Earth-

worms have been shown to alter the chemical composition of litter (Filley et al., 2008) and partic-

ulate organic matter (POM), the SOM pool of the mineral soil most similar to surface litter (Crow 

et al., 2009). These shifts may be reflected on bulk SOM chemistry as well (Kögel-Knabner, 2002), 

but there is limited literature on the topic.  

Soil C stocks result from the balance between OM inputs and their decomposition rate. While it 

makes sense for ecosystems that developed with earthworm activity – such as European temperate 

forests – to be at equilibrium, a shift in SOM dynamics is probably occurring in recently invaded 
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North American forests through earthworm bioturbation and casting activities (Bohlen et al., 

2004a). Earthworm invasion has been shown to affect soil microbial communities in boreal forests, 

notably resulting in a decrease in Gram(+) to Gram(-) bacteria (see Chapter 3) indicating higher C 

availability (Fanin et al., 2019). Incorporation of fresh litter from the forest floor into the mineral 

soil would explain this increase in C availability and could also increase the decomposition of 

older SOM through the so-called priming effect (Liu et al., 2017).  

Here we characterized the carbon found in earthworm-free and earthworm-invaded soils using 

three complementary approaches. First, C persistence in the forest floor and mineral soil was de-

termined by monitoring CO2 production over a one-year laboratory incubation. The fast and active 

C pools were estimated as the cumulative CO2 emitted in the first three months and over the entire 

year, respectively, according to Laganière et al. (2013). The mineral soils were further character-

ized by determining C physical distribution using aggregate fractionation and C chemical compo-

sition using pyrolysis – gas chromatography – mass spectrometry. The comparison of three major 

soil types (Luvisol, Brunisol and Podzol) found across the Canadian boreal forest revealed whether 

there was a similar shift in C persistence, which could be explained by changes in its chemical 

composition and/or its physical distribution, regardless of pedological conditions. We hypothe-

sized that forest floor C stability would increase in all soils, as a result of the preferential feeding 

of earthworms on more palatable plant residues leaving behind lignin-enriched compounds. In the 

mineral soil, we expected to find an increased proportion of C protected in aggregates and a higher 

proportion of root-derived compared to leaf-derived residues and higher labile C proportion. At 

the same time, we hypothesized that earthworms would stimulate microbial decomposition of 

SOM and the synthesis of microbial-derived products. Soil C persistence will depend on the net 

balance between SOM protection and mineralization. 
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Materials and methods 

Site selection and sampling 

The study was conducted in two different ecozones of Canada’s boreal forest: the Boreal Plains in 

Alberta and the Boreal Shield in Québec. In Alberta, a site with trembling aspen as the dominant 

canopy and Luvisolic soil was selected: the Ecosystem Management Emulating Natural Disturb-

ance (EMEND: 56o46’ N, 118o22’ W). In Québec, two sites are considered: Parc National des 

Grands Jardins (Grands Jardins: 47o40’ N, 70o50’ W) with Podzolic soils under black spruce can-

opy and Canadian Forces Base Valcartier (Valcartier: 46o55’ N, 71o36’ W) with Brunisolic soils 

under sugar maple canopy. More information on these sites can be found in Chapter 2 (published 

as Lejoly et al., 2021). They were selected to encompass the three dominant soil types of the Ca-

nadian boreal forest, while limiting direct human influence. 

The status of earthworm invasion was determined by hand-sorting of the litter and hot mustard 

application on the mineral soil surface (Lawrence and Bowers, 2002). For EMEND and Grands 

Jardins, earthworm-invaded and control (not invaded) zones were defined (2 levels: control and 

invaded), while for Valcartier, the invaded zone was further divided into two levels of invasion 

based on forest floor thickness, used as a proxy for earthworm density (3 levels: control, low, and 

high earthworm density). At EMEND, the invasion was still limited to forest floor-inhabiting 

(epigeic) earthworms, with little morphological changes (Chapter 2, published as Lejoly et al., 

2021). For each homogeneous zone of each site, three sampling points were randomly chosen for 

sampling of the forest floor and the mineral soil (0–10 cm, corresponding to the A horizon). 

Laboratory incubation 

All samples were sieved at 2 and 4 mm, for mineral soil and forest floor respectively, and homog-

enized. For each homogenous zone, samples from the three different sampling points were 
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combined by horizon to create composite samples. The moisture content corresponding to field 

capacity was determined for each composite sample beforehand using pressure plates, at a water 

tension of -10 kPa. 

For each forest floor composite sample, four replicates equivalent to 6 g of dry weight were placed 

in a PVC tube on a thin mesh allowing gas exchanges. For each mineral soil (A horizon) composite 

sample, four replicates equivalent to 40 g of dry weight were placed in small beakers. These com-

posite samples were incubated for a year in the dark at constant moisture content (-10 kPa) and 

temperature (29 ºC for the first two months, decreased to 24 ºC for the remaining time of incubation 

after a technical issue led to an increase in temperature in the incubation chamber, reaching 45 ºC, 

on day 56) in 1 L Mason jars with lids fitted with a Luer Lock valve to allow for gas sampling with 

a 20 ml syringe. After each sampling, the jars were aerated for 20 minutes, and sealed again until 

the next gas sampling. Accumulated 12CO2 (ppm) and δ13C (‰) were measured using a Picarro 

G2201-i isotopic analyzer (Picarro Inc., Sunnyvale, CA, USA) calibrated using primary standards 

with a δ13C range from -40.1 to 398 ‰, and CO2 concentrations ranging from 0.4 to 200 mmol.mol-

1 (UN1956, Airgas®, Radnor Township, PA, USA). Delta 13C is reported against the Vienna Pee 

Dee Belemnite standard (Isotopic ratio: RVPDB =0.0111802). The concentration of 13CO2 was 

calculated as: 

𝐶𝑂 
13

2[𝑝𝑝𝑚] = (
𝛿 𝐶 

13

1000
+ 1) ∗ 𝑅𝑉𝑃𝐷𝐵 ∗ 𝐶𝑂 

12
2[𝑝𝑝𝑚] 

The accumulated CO2 was transformed from ppm to mg C using the ideal gas law with pressure 

fixed at 101.3 kPa, after subtracting the baseline CO2 concentration in the room when the jars were 

sealed. Aberrant values, such as very high delta values, were removed. The headspace volume 

considered was the jar volume, from which the volume occupied by the soil and the beaker were 

subtracted. The cumulative respiration, sum of 12CO2 and 13CO2, was expressed per gram of soil. 
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The cumulative carbon emitted as CO2 over the first 100 days of incubation was considered as fast 

carbon (Laganière et al., 2013).  If the sampling was not done on day 100, the value was integrated 

over the two samplings before and after day 100.  

The pool of active carbon (Cactive) was estimated after fitting the cumulative respiration using the 

following model (Maillard et al., 2010): 

𝐶𝑂2 − 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 = 𝐶𝑎𝑐𝑡𝑖𝑣𝑒 ∗ (1 − 𝑒−𝑘∗𝐷𝑎𝑦) 

Physical fractionation 

For each homogenous zone, the air-dried and < 8 mm mineral soil samples from each sampling 

point were fractionated into large macroaggregates (2–8 mm), small macroaggregates (250 µm–2 

mm), microaggregates (53–250 µm), and silt and clay-sized fraction (< 53 µm) by wet sieving 

following Six et al. (1998). A schematic of the procedure can be found in Suppl. Fig. 4.B-1. Small 

macroaggregates were further fractionated to collect the occluded microaggregates (53–250 µm) 

and occluded light fraction (Six et al., 2000). All aggregates were considered water stable as per 

the followed procedure. Total carbon content (TOC) of each fraction was then estimated by loss-

on-ignition at 375 ºC for 16 h (Konen et al., 2002) using the Van Bemmelen factor (0.58) to convert 

from OM to OC (Kalra and Maynard, 1991). The TOC of the bulk soil was also determined fol-

lowing the same procedure. The weight-based relative proportion of total TOC found in every 

fraction was then estimated.  

Pyrolysis-gas chromatography-mass spectrometry  

After freeze-drying and pulverization, the chemical composition of pre- and post-incubation soil 

samples was analyzed by pyrolysis – gas chromatography – mass spectrometry (Py-GC-MS). After 

addition of 10 µL of 25 % tetramethylammonium hydroxide (TMAH) in methanol solution and 3 

µL (corresponding to 1.5 µg) of the internal standard C17:0 methyl heptadecanoate, 10 mg of soil 
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sample were loaded on the AS-1020E auto shot sampler connected to SS-1010E selective sampler 

(Frontier Laboratories, Koriyama, Japan) before running single shot pyrolysis at 650 ºC on an 

EGA/Py-3030D multi-shot pyrolizer unit (Frontier Laboratories, Koriyama, Japan) with the inter-

face and GC inlet at 300 ºC. The pyrolysis unit was coupled with a GC-7890B gas chromatograph 

(Agilent Technologies Inc., Santa Clara, California, USA), whose temperature was increased from 

50 ºC to 320 ºC by 3 ºC.min-1 after 10 min at 50 ºC then held for 15 min at 320 ºC, and a 5977A 

MSD mass spectrometer (Agilent Technologies Inc., Santa Clara, California, USA), running in EI 

mode at 70eV ionization energy using an Agilent HP-5MS UI (60 m, 0.25 mm, 0.25 µm, Agilent 

Technologies Inc., Santa Clara, California, USA) analytical column and He as carrier gas. Data 

were processed using the Agilent Mass Hunter Qualitative Analysis B.07.00 software, filtering 

peaks with relative area  2 % of the largest peak. In case of co-elution, only the main peak was 

used for identification. 

Specific compounds were identified as plant (cutin, suberin, cutin or suberin, and lignin) or micro-

bial markers. In the presence of TMAH, the SOM originating molecules were also derivatized 

through methylation and this method therefore cannot differentiate free hydroxyl from pre-existing 

methoxyl groups  (Derenne and Quéné, 2015). Considering that this can result in some compounds 

(tannins, demethylated compounds) wrongly associated with lignin (Derenne and Quéné, 2015), 

we chose a conservative approach in selecting lignin markers. The lignin markers included guaia-

cayl, syringyl, and p-hydroxyphenyl derived compounds, as well as p-coumaric acid and ferulic 

acid and their derivatives (Amelung et al., 2008; Buurman et al., 2007b; Chefetz et al., 2000; del 

Río et al., 2007; Grote et al., 2000; Kögel-Knabner, 2002; Quénéa et al., 2006a). 

With TMAH, the C chain of aliphatic molecules is not altered, but the carboxyl and hydroxyl 

groups are derivatized in methyl esters and ether groups (Derenne and Quéné, 2015). As a result, 
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hydroxy acids can be detected in both hydroxy and methoxy forms. The cutin markers included 

mi-chain hydroxy C14, 15, or 17 acids and C16 mono- and dihydroxy acids and diacids and suberin 

markers were ω-hydroxy acids C20-32 and α,ω-diacids C20-32 (Otto and Simpson, 2006). Mark-

ers that could not be unequivocally associated with cutin or suberin were identified as cutin or 

suberin markers: ω-hydroxy acids C16 and C18, C18 di- and trihydroxy acids, and α,ω-diacids 

C16 and C18 (Otto and Simpson, 2006). Substituted alkanoic acids, n-alkanoic acids, and n-

alkenoic acids with 14 to 18C chain length were considered as microbial markers (Barré et al., 

2018; Chefetz et al., 2000; Vidal et al., 2016). Furans can derive from the microbial degradation 

of cellulose and polysaccharides (Buurman et al., 2007a; Derenne and Quéné, 2015) but they can 

also be products of the pyrolysis of carbohydrates (Kögel-Knabner, 2002). However, as we are 

comparing soils from the same sites, we assumed that the proportion of furans originating from 

pyrolysis would not diffe between invaded and non-invaded soils, ensuring a similar baseline, and 

decided to consider furans as microbially altered compounds. Pyrroles, pyridines, and pyrrolidines 

are N-containing compounds often associated with microbial activity (Barré et al., 2018; Buurman 

et al., 2007a; Chen et al., 2018). Relative abundances of compound classes and markers wer cal-

culated as area counts of the compound class divided by total area count. Because of the low sam-

ple size, all laboratory replicates were kept for statistical analysis.  

The cutin:suberin ratio was calculated to determine the relative contribution of above and below 

ground plant residues as followed (Otto and Simpson, 2006):  

𝐶𝑢𝑡𝑖𝑛: 𝑠𝑢𝑏𝑒𝑟𝑖𝑛 =
∑ 𝑐𝑢𝑡𝑖𝑛 𝑚𝑎𝑟𝑘𝑒𝑟𝑠 + ∑ 𝑐𝑢𝑡𝑖𝑛 𝑜𝑟 𝑠𝑢𝑏𝑒𝑟𝑖𝑛 𝑚𝑎𝑟𝑘𝑒𝑟𝑠

∑ 𝑠𝑢𝑏𝑒𝑟𝑖𝑛 𝑚𝑎𝑟𝑘𝑒𝑟𝑠 + ∑ 𝑐𝑢𝑡𝑖𝑛 𝑜𝑟 𝑠𝑢𝑏𝑒𝑟𝑖𝑛 𝑚𝑎𝑟𝑘𝑒𝑟𝑠
 

The microbial:plant ratio was calculated as the sum of compounds of microbial origin (microbial 

markers, microbial N compounds, and furans) divided by the sum of the plant markers. This ratio 
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was used as an estimation of the relative abundance of microbial-degraded residues compared to 

non-degraded plant residues.  

The atomic numbers of H, C, N, and O (nx-total) were calculated as a weighted sum of the numbers 

of atoms (nx-compound) in each pyrolysis compound (pyC) using the following equation: 

𝑛𝑥−𝑡𝑜𝑡𝑎𝑙 = ∑
𝑛𝑥−𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑

𝑝𝑦𝐶𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
∗ 𝑝𝑦𝐶𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 

With x representing H, C, N, or O. These numbers were then used to obtain the H/C, O/C, and N/C 

ratios as well as the C oxidation (Cox) state as 𝐶𝑜𝑥 = 2 ∗ 𝑛𝑂 − 𝑛𝐻 (Hockaday et al., 2009; Masiello 

et al., 2008; Yan et al., 2021).  

Statistical analysis 

All statistical analyses were performed on R version 4.1.2 (R Core Team, 2021). Prior to perform-

ing analyses of variance (ANOVA), data were checked for homogeneity of variance using Bart-

lett’s test as well as normality of residuals and, when necessary, Tukey-transformed using trans-

formTukey from the rcompanion R package (Mangiafico, 2021). 

For both the forest floor and the mineral soil, significant differences in fast and active C pools (as 

concentration of mg-C.g-soil-1 and percentage) between earthworm-free and earthworm-invaded 

soils were determined with one-way ANOVAs (factor: invasion). The ANOVAs were performed 

on each site separately as preliminary analysis revealed a significant interaction between site and 

invasion.  

For physical fractionation data, two-way ANOVAs (factors: site and invasion) were performed on 

the TOC content and relative proportion of total C of each fraction to determine whether earth-

worm invasion was a significant factor. For Py-GC-MS, the selected ratios and compound classes 

were analyzed with the same two-way ANOVA models to determine whether earthworm invasion 

significantly affected SOM chemical composition. The pre- and post-incubation Py-GC-MS data 
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were combined as preliminary statistical analysis did not show any significant difference in SOM 

composition between the two. The three sites were kept together for these analyses since the inter-

action term was not significant. For Valcartier, the two levels of invasion were combined into a 

single ‘invaded’ level to facilitate the comparison with the two other sites, which only have one 

level of invasion. A permutational analysis of variance (PERMANOVA) was performed on 

Hellinger-transformed Py-GC-MS data to determine whether earthworm invasion significantly af-

fected SOM composition using the adonis function from the vegan R package (Oksanen et al., 

2019). 

For all ANOVAs, posthoc tests for pairwise comparisons were performed with HSDTukey from 

the agricolae R package (de Mendiburu, 2020). When necessary, type II sum of squares was se-

lected to account for unbalanced design.  

Results 

Laboratory incubation 

In the forest floor, the concentration of fast and active C ranged from 14 to 35 mg-C.g-soil-1 and 

from 16 to 38 mg-C.g-soil-1, respectively (Fig. 4-1). It was not significantly affected by earthworm 

invasion in the Luvisol (Suppl. Table 4.A-1 & 2). In the Brunisol, the low earthworm density forest 

floors had significantly smaller fast C concentration compared to the high earthworm density soils 

(Fig. 4-1; p-value < 0.05), but the difference became marginally significant (p-value = 0.09) for 

the active C concentration. The same observations held true for the fast and active C pools as a 

proportion of total C in the Brunisol (Fig. 4-2 & Suppl. Table 4.A-2). Although not statistically 

different according to the posthoc test, the fast and active C concentrations were higher in the high 

earthworm density forest floors compared to the controls and represented a higher proportion of 

the total C in the Brunisol (Fig. 4-1 & 4-2; Suppl. Table 4.A-1 & 2). In the Podzol, while the 
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concentration of fast and active C was not significantly affected by earthworm invasion, they rep-

resented a marginally significantly (p-value < 0.1) higher proportion of total C, increasing from 

2.9 and 3.3 % in controls to 4.0 and 5.0 % in earthworm-invaded forest floors, for fast and active 

C, respectively (Suppl. Table 4.A-2).  

 

 

Figure 4-1. Average fast and active C concentrations as mg of C per gram of soil for each site 

(Brunisol: Valcartier; Luvisol: EMEND; Podzol: Grands Jardins). The error bars represent one 

standard error (n=4–8). Different letters denote significant differences among invasion stages, for 

each site and horizon separately. 

 

In the mineral soil, the concentration of fast and active C was significantly higher in earthworm-

invaded soils for two out of three sites (Fig. 4-1). In the Brunisol, the proportion of fast and active 

C pools reached 1.5 and 2.1 mg-C.g-soil-1 in the high earthworm density samples, corresponding 

to more than twice and three times that of the control and low earthworm density samples (Suppl. 
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Table 4.A-1). This also corresponded to an increase in the proportion of fast and active C, reaching 

2.4 and 3.5 % compared to 0.9 and 1.1 % in the controls (Fig. 4-2 & Suppl. Table 4.A-2). In the 

Podzol, the proportion of fast C was 2.7 times higher while that of active C was 1.8 times higher, 

compared to the controls. Fast and active C represented 5.9 and 6.4 % of the total C in earthworm-

invaded soils, while it accounted for only 2.2 and 3.1 % in the controls. In the Luvisol, the fast and 

active C pools were not affected by earthworm invasion and ranged from 0.6 to 0.9 mg-C.g-soil-1 

and from 0.6 to 0.8 mg-C.g-soil-1.  

 

 

Figure 4-2. Average fast and active C pools as a proportion of initial organic carbon [%] for each 

site (Brunisol: Valcartier; Luvisol: EMEND; Podzol: Grands Jardins). The error bars represent 

one standard error (n=4–8). Different letters denote significant differences among invasion 

stages, for each site and horizon separately. 
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Physical fractionation 

Sample recovery after aggregate fractionation reached 95.4  1.7 %. Carbon distribution in soil 

physical fractions differed among sites (Fig. 4-3 & Suppl. Table 4.A-3). While large macroaggre-

gates contained 27–28 % of the total C in the non-invaded Luvisol and Brunisol, they contained 

less than 1 % in the Podzol. Most of the C was found in the small macroaggregate fraction for the 

Podzol and the Brunisol and in the silt and clay-sized fraction for the Luvisol. Within the small 

macroaggregates, the occluded light fraction made up 5 % of the total C in the Brunisol, 8 % in 

the Luvisol, and 21 % in the Podzol in non-invaded soils. 

The TOC content (%wt) of bulk soil was systematically higher in earthworm-invaded soils, com-

pared to their controls, although not statistically significant (Table 4-1 & Suppl. Table 4.A-3). The 

TOC content of free microaggregates and silt and clay-size fractions increased significantly in all 

earthworm-invaded soils. In the Brunisolic and Luvisolic soils, the TOC content of small 

macroaggregates was higher in earthworm-invaded soils. The fractionation of small macroaggre-

gates revealed that the increase was mainly due to an increase of TOC in the occluded light fraction 

while the increase in TOC of occluded microaggregates was not statistically significant. For the 

Podzol, no changes were observed in the small macroaggregate fraction. The percentage of total 

C found in the small macroaggregates (250 µm to 2 mm) was higher in earthworm-invaded soils 

for the Luvisol and the Podzol (p-value=0.07; Fig. 4-3 & Suppl. Table 4.A-3). It was associated 

with a significant increase in the percentage of total C found in the occluded light fraction for all 

sites, by 280 % for the Brunisol, 30 % for the Luvisol, and 60 % for the Podzol (p-value < 0.01; 

Fig. 4-3 & Suppl. Table 4.A-3). 
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Table 4-1. Average total organic carbon (TOC, %wt) contents of bulk soil and different soil fractions, with standard errors in paren-

theses (n=3). Different letters indicate significant differences between invaded and control soils within a site (Brunisol: Valcartier; 

Luvisol: EMEND; Podzol: Grands Jardins). 

Site Invasion Bulk  Large  
macroaggregates 

Free  
microaggregates 

Free silt and 
clay-sized 
fraction 

Small 
macroaggregates 

Within small macroaggregates 
Occluded  
microaggregates 

Occluded light 
fraction 

Brunisol Control 5.6 (3.2) a 5.74 (2.28) a 8.63 (2.55) b 4.82 (1.78) b 5.74 (1.66) b 8.07 (2.45) a 1.75 (0.64) b 
Invaded 8.3 (1.9) a 8.81 (1.12) a 9.08 (1.02) a 6.93 (0.86) a 7.51 (1.06) a 8.29 (0.90) a 6.56 (1.34) a 

Luvisol Control 1.3 (0.5) a 3.97 (1.99) a 1.00 (0.26) b 0.78 (0.17) b 1.63 (0.31) b 2.32 (0.37) a 1.67 (0.15) b 
Invaded 3.2 (0.6) a 3.60 (0.07) a 2.54 (0.20) a 1.52 (0.13) a 3.63 (0.37) a 4.80 (0.59) a 3.59 (0.76) a 

Podzol Control 3.7 (3.0) a 0.37 (0.13) a 0.34 (0.01) b 0.44 (0.12) b 0.47 (0.16) a 0.52 (0.41) a 0.23 (0.06) a 
Invaded 4.6 (3.0) a 0.46 (0.30) a 0.54 (0.13) a 1.19 (0.55) a 0.50 (0.16) a 0.68 (0.52) a 0.21 (0.04) a 
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Figure 4-3. Carbon distribution in different soil fractions as a percentage of total TOC [%]: in 

large macroaggregates (2–8 mm), free and occluded microaggregates (53–250 µm), occluded 

light fraction (250 µm–2 mm), and free and occluded silt and clay-sized fraction (< 53µm). Oc-

cluded light fraction, microaggregates, and silt and clay-sized fraction correspond to small 

macroaggregates (250 µm–2 mm) prior to fractionation (n=3). The percentage of total TOC found 

in the occluded silt and clay fraction was calculated by difference. 
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Chemical composition of soil organic matter 

With our custom-built library, we were able to identify 99.3  0.1 % of products obtained from the 

pyrolysis-gas chromatography-mass spectrometry spectra, corresponding to a total of 259 com-

pounds (Suppl. Table 4.A-4). The identified compounds were grouped according to their chemical 

structure and probable origin into fatty acids, plant phenolic compounds (lignin and tannin), N-

containing compounds, polysaccharides, other aliphatics, phenols, other aromatics, and polyaro-

matics (Table 4-2 and Suppl. Table 4.A-4). The overall composition of SOM differed between 

earthworm-invaded and non-invaded soils according to the two-way PERMANOVA results (Table 

4-3). This shift was also associated with changes in specific compound classes. 

 

Table 4-2. Average relative abundances (%) of the main compound classes identified from the 

pyrolysis products obtained from pyrolysis-gas chromatography-mass spectrometry, with stand-

ard errors in parentheses (n=2–8), for each site (Brunisol: Valcartier; Luvisol: EMEND; Podzol: 

Grands Jardins). 

 Brunisol Luvisol Podzol 
 Control Invaded Control Invaded Control Invaded 
Fatty acids (FA) 21.5 (1.7) 17.9 (0.8) 16.1 (5.0) 15.2 (2.7) 29.3 (3.0) 29.3 (3.6) 
Lignin markers (Lg) 3.6 (0.2) 3.4 (0.2) 3.3 (0.3) 3.3 (0.5) 6.0 (0.4) 5.5 (0.3) 
N-compounds (N) 36.3 (6.9) 33.5 (1.7) 53.9 (4.7) 53.2 (5.0) 41.3 (1.8) 35.6 (3.4) 
Other aliphatics (Al) 2.8 (0.2) 2.4 (0.2) 0.2 (0.2) 0.4 (0.2) 2.0 (0.1) 1.6 (0.1) 
Other aromatics (Ar) 9.9 (1.6) 11.2 (0.6) 5.2 (0.1) 5.6 (0.5) 5.8 (0.2) 8.2 (0.4) 
Polyaromatics (PAH) 3.2 (0.6) 3.8 (0.5) 0.9 (1.0) 0.6 (0.4) 0.6 (0.3) 1.8 (0.4) 
Phenols (Ph) 6.9 (1.7) 10.3 (0.6) 6.8 (0.2) 6.5 (0.6) 4.4 (1.0) 5.3 (0.7) 
Polysaccharides (Ps) 6.4 (0.9) 7.3 (0.2) 5.3 (0.3) 5.7 (0.4) 6.9 (0.3) 6.2 (0.3) 
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Figure 4-4. Total Ion Chromatograph (TIC) trace for soil organic matter (SOM) composition of a control and an earthworm-invaded 

soil sample from the same site (Valcartier, Québec) prior incubation. Numbers represent the number of C for aliphatic chains. 
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Figure 4-5. Averages of (a) the cutin:suberin marker ratios, the plant:microbial ratios, and the C oxidation states of SOM, (b) the 

relative abundances of N-containing microbial compounds and compounds of microbial origin, and (c) the relative abundances of 

microbial and plant (cutin, suberin, and lignin) markers identified by pyrolysis-gas chromatography-mass spectrometry, for earthworm-

invaded and control soils. The error bars represent one standard error (n=2–8). The p-value obtained from the analysis of variance is 

displayed on the graph.
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Table 4-3. Results of the permutational analysis of variance (PERMANOVA) of the pyrolysis prod-

ucts obtained from pyrolysis-gas chromatography-mass spectrometry. Df stands for degrees of 

freedom and Sum sq for sum of squares. 

 Df Sum sq F  R2 p-value 
Invasion 1 0.14 3.33 0.07 0.02 
Site 2 1.02 12.60 0.54 0.001 
Interaction 2 0.14 1.72 0.07 0.12 
Residuals 15 0.61  0.32  
Total 20 1.90  1.00  

 

Because of the presence of TMAH, all lignin-originating acids were detected as methyl esters and 

lignin monomers were derivatized into their methoxy form (Suppl. Table 4.A-4). The dominant 

lignin markers were 3-(4-methoxyphenyl)-2-propenoic acid, methyl ester (methoxylated p-couma-

ric acid), 3-(3,4-dimethoxyphenyl)-2-propenoic acid methyl ester (methoxylated ferulic acid), 3,4-

dimethoxy-benzoic acid methyl ester (methoxylated vanillic acid), and 4-methoxybenzoic acid 

methyl ester, derived from p-hydroxyphenyl type of lignin (Fig. 4-4; Amelung et al., 2008; Grote 

et al., 2000; Turcotte and Quideau, 2012). Other lignin markers were found in lower concentrations 

and only in some samples, including: 3,4-dimethoxy-benzaldehyde (methoxylated vanillin), 4-

methoxy-benzaldehyde (methoxylated p-hydroxybenzaldehyde), and 1-(3,4-dimethoxyphenyl)- 

and 1-(4-methoxyphenyl)-ethanone, both corresponding to methoxylated acetovanillone 

(Amelung et al., 2008; Buurman et al., 2007a; Chefetz et al., 2000; Turcotte and Quideau, 2012). 

Although 3,4,5-trimethoxy benzoic acid methyl ester can be a marker for lignin (Nierop, 2001), it 

was not selected as it was only found as a co-elute with an amine. The relative abundance of lignin 

markers did not differ between invaded and control soils (Fig. 4-5 & Suppl. Table 4.A-5). 

A total of 61 fatty acids were detected, including α,ω-dioic acids, α,ω-(di)hydroxy dioic acids, ω-

(tri)hydroxy acids, n-alkanoic and n-alkenoic acids (Suppl. Table 4.A-4). The main cutin markers 

identified in the Brunisol and the Podzol were: 9/10,16-dihydroxy hexadecanoic acid methyl ester, 
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9/10-monohydroxy-1,15-pentadecane dioic acid dimethyl ester, and 7/8/9/10-monohydroxy-1,16 

hexadecanedioate. Cutin or suberin markers were identified in all samples and included ω-hydroxy 

acids (also methoxy form), α,ω-diacids, and di- and trihydroxy acids with 16 and 18 C chain length. 

The suberin markers, present in all samples, were ω-hydroxy alkanoic acids (also methoxy form) 

and α,ω-alkanoic dioic acids with 20, 22, and 24 C chain length (Quénéa et al., 2006b). The ab-

sence of odd numbered α,ω-diacids in our samples confirm that these compounds originate from 

relatively fresh suberin. The relative abundance of suberin markers was lower in earthworm-in-

vaded soils (p-value=0.07), although the difference was only significant for the Podzol and the 

Brunisol (Fig. 4-5). All sites combined, suberin markers accounted for 4.6 % of all identified com-

pounds in control soils compared to 3.0 % in earthworm-invaded soils. Earthworm invasion led to 

an increase in the relative abundance of cutin markers in the Podzol, but a decrease in the Brunisol 

(Fig. 4-5). Despite the variable response of cutin markers, the cutin:suberin ratio was significantly 

higher in the earthworm-invaded Brunisolic and Podzolic soils (Fig. 4-5 & Suppl. Table 4.A-5).  

The microbial markers identified in our samples included n-alkenoic (16 and 18C) acids, 14C n-

alkanoic acid, and substituted alkanoic (15 and 17C, both anteiso and iso) acids (Barré et al., 2018; 

Chefetz et al., 2000; Vidal et al., 2016), all detected in their methyl ester form. They were not 

affected by earthworm invasion (Fig. 4-5 & Suppl. Table 4.A-5). Most n-alkanoic acids are ubiq-

uitous and were therefore not included as specific markers.  

A total of 57 N-containing compounds were detected, including amides, amines, indoles, purines, 

pyridines, pyridinones, pyrroles, pyrrolidines, and pyrrolidones (Suppl. Table 4.A-4). Microbial-

derived N containing compounds included pyrrole, 1-H-pyrroles with one to four methyl groups, 

pyridine with zero to two methyl groups, and pyrrolidine with methyl or butenyl group. Other 

microbial-derived compounds corresponded to furans, originating from the degradation of 
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polysaccharides. The other identified polysaccharides (levoglucosan, propanoic and acetic acids, 

and 2-cyclopenten-1-ones) are mainly pyrolysis products of carbohydrates, including cellulose for 

the latter (Buurman et al., 2007a; Derenne and Quéné, 2015; Page et al., 2002), and were not 

included as microbial-originating compounds. The relative abundance of microbial-derived N con-

taining compounds and of all microbial-originating compounds (sum of N-containing + furans + 

microbial markers) was significantly higher in earthworm-invaded soils (p-value of 0.02 and 0.05, 

respectively), although the difference was only apparent for the Podzol and Brunisol soils (Fig. 4-

5 & Suppl. Table 4.A-5). 

The microbial:plant ratio, calculated as the sum of microbial-originating compounds divided by 

the plant markers, was also affected by earthworm invasion, with a higher ratio in earthworm-

invaded Podzol and Brunisol (Fig. 4-5 & Suppl. Table 4.A-5). And lastly, the C oxidation state of 

bulk SOM was slightly but significantly higher in earthworm-invaded soils for all three sites, mir-

roring the decrease in the H:C atomic ratio (Fig. 4-5 & Table 4-4). 

 

Table 4-4. Average atomic ratios for the bulk soil organic matter (SOM), with standard errors in 

parentheses (n=2–8), for each site (Brunisol: Valcartier; Luvisol: EMEND; Podzol: Grands 

Jardins). Different letters indicate significant differences between earthworm-invaded and control 

soils. 

Site Invasion H:C atomic ratio O:C atomic ratio N:C atomic ratio 

Brunisol Control 1.72 (0.09) a 0.13 (0.01) a 0.15 (0.04) a 
Invaded 1.59 (0.04) b 0.13 (0.01) a 0.12 (0.01) a 

Luvisol Control 1.93 (0.01) a 0.11 (0.01) a 0.26 (0.03) a 
Invaded 1.92 (0.06) b 0.12 (0.01) a 0.26 (0.04) a 

Podzol Control 1.94 (0.02) a 0.15 (0.01) a 0.19 (0.02) a 
Invaded 1.76 (0.02) b 0.15 (0.01) a 0.15 (0.02) a 
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Discussion 

Impacts of earthworm invasion on forest floor C persistence 

Our incubation results showed that, contrary to our hypothesis, the proportion of labile (fast and 

active) C in the forest floor did not decrease in earthworm-invaded soils, but that it even slightly 

increased in the Brunisolic and Podzolic soils. In our previous study, we observed a decrease in 

the C stocks of these forest floors following earthworm invasion, resulting from a decrease in forest 

floor thickness and TOC content (Chapter 2, published as Lejoly et al., 2021). Results from the 

current study suggest that not only is an important fraction of the forest floor C lost due to earth-

worm activities, but also that the stability of the remaining C is decreased.  

In the Brunisol and Podzol, we previously observed that the structure of the forest floor changed 

following earthworm invasion, with the most humified (H) layer disappearing and the fermented 

(F) layer – typically the thickest layer of the forest floor – decreasing in thickness (Chapter 2, 

published as Lejoly et al., 2021). It is commonly assumed that earthworms feed on more palatable 

– with lower C:N ratio – plant material, leaving in the forest floor more recalcitrant, lignin-rich 

compounds (Bohlen et al., 2004a; Curry and Schmidt, 2007). However, the C:N ratio obtained by 

Lejoly et al (2021, Chapter 2) was slightly lower in earthworm-invaded forest floors (22.6 for the 

Brunisol and 34.9 for the Podzol) compared to the controls (24.2 for the Brunisol and 32.4 for the 

Podzol). This lower C:N ratio could facilitate SOM decomposition and explain the increase in 

labile C (Zhang et al., 2008).  

Forest floors also contained a substantial portion of earthworm casts (Chapter 2, published as 

Lejoly et al., 2021). As a result, numbers presented for the forest floors (labile C, as well as C:N) 

reflect the entirety of the remaining forest floor, including earthworm casts, which are hotspots of 
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microbial activity and SOM mineralization when fresh (Blume-Werry et al., 2020; Scheu, 1987), 

and can contain up to seven times as much C as the mineral soil (Bossuyt et al., 2004).  

Impacts of earthworm invasion on mineral soil C persistence. 

For three major soil types found in the Canadian boreal forest, we present evidence that invasive 

earthworms alter C dynamics in the surface mineral soils both physically and chemically. Further, 

for two of the soils (Brunisol and Podzol), we saw an increase in the labile C pool.  

Our incubation results suggest that the carbon found in the novel Ahu was more labile than in 

earthworm-free soils, where the fast and active C proportions were lower. This labile C represents 

0.6 and 2.5 Mg-C.ha-1 for the Brunisol and the Podzol respectively, calculated using the bulk den-

sity previously reported for those sites (Chapter 2, published as Lejoly et al., 2021). Additionally, 

the analysis of soil fractions revealed that TOC increased in free microaggregates (53–250 µm) 

and silt and clay-sized fractions (< 53 µm) for all sites, as well as in the small macroaggregates 

(250 µm–2 mm) and their occluded light fraction (53–250 µm) for the Brunisol and the Luvisol. 

Because the soils were sieved and homogenized prior to incubation, the coarser (> 2 mm) structure 

was lost. However, as mentioned above, the large macroaggregate (> 2 mm) fraction was not af-

fected by earthworm invasion and all significant changes occurred in smaller, unaffected soil frac-

tions.  

The increase in labile C could be partly explained by the observed increase in the proportion of C 

found in the occluded light fraction. This fraction, also referred to as coarse non-protected POM, 

is considered easily decomposable and mainly contains plant-derived compounds (Lavallee et al., 

2020; Six et al., 2002). However, there is no increase in the occluded light fraction for the Podzol, 

which suggests that (1) this fraction does not play a key role for C stability, or (2) the mechanisms 

are different in the Podzol and the Brunisol. In both the Podzol and the Brunisol, an increase in 
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TOC also occurred in the silt and clay fraction, which contains mineral-associated organic matter 

(MAOM), made up of low molecular weight compounds of microbial and plant origin, and dis-

solved organic matter (DOM), considered labile (Lavallee et al., 2020). The increase in MAOM 

aligns with the higher clay percentage recorded in the novel Ahu horizons developing in earth-

worm-invaded soils (Lavallee et al., 2020; Chapter 2, published as Lejoly et al., 2021).   

Pyrolysis in the presence of TMAH allows to differentiate above ground from belowground veg-

etation origin (Derenne and Quéné, 2015). The observed increase in cutin:suberin ratios could 

indicate: (1) an increase in aboveground (cutin) vegetation inputs, (2) a decrease in root (suberin) 

inputs, and/or (3) the preferential decomposition of suberin in earthworm-invaded soils. Without 

significant bioturbation, the forest floor contains a greater proportion of aboveground litter com-

pared to the mineral soil. In theory, earthworm bioturbation should increase the aboveground veg-

etation inputs into the mineral soil (1st scenario), as they incorporate OM from the forest floor 

(Addison, 2009). However, the relative abundance of cutin markers did not change in earthworm-

invaded soils. The suberin markers decreased by 30 % compared to non-invaded soils, which could 

indicate a decrease in root inputs (2nd scenario). Fisk et al. (2004) found that earthworm-invaded 

soils had a lower fine root biomass compared to earthworm-free soils. Crow et al. (2009) observed 

lower concentrations of both cutin and suberin with higher earthworm biomass. Earthworms have 

been shown to accelerate the decomposition of plant-derived SOM (Angst et al., 2019) and espe-

cially the more recalcitrant portion which encompasses cutin and suberin (Fox et al., 2006), notably 

through production of serine proteases with esterase activity (Nakajima et al., 2005). Angst et al. 

(2020) found that earthworms degrade more easily leaf-derived compared to root-derived macro-

molecules, with 37 % of the cutin left at the end of a 33-week incubation compared to 86 % of the 

suberin. Vidal et al. (2016) also observed a higher decomposition rate for shoot compared to root 
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litter in earthworm casts. According to these findings, we should expect a higher degradation of 

cutin compared to suberin, which goes against the 3rd scenario.  

The primary production shoot to root ratio in the mineral soil is typically lower for boreal forests 

compared to temperate forests, as aboveground litter inputs decrease with increasing latitude 

(Kögel-Knabner, 2002). As we observed an increase in the cutin:suberin ratio (comparable to the 

shoot:root ratio), we conclude that invasive earthworms shift the soil C dynamics closer to that of 

temperate forests. While it is not possible to determine with certainty which of the scenario(s) 

presented above is/are responsible for this shift, our observations suggest that a decrease in root 

inputs (2nd scenario) is most likely. Alternatively, it could also be a combined increase in cutin 

over suberin inputs coupled with increased decomposition of both. 

The absence of a significant change in microbial biomass, estimated with microbial markers, is in 

line with previous findings for the same sites using phospholipid fatty acid total concentrations 

(see Chapter 3). Our results however indicate an increase in microbial-derived compounds such as 

furans, pyrroles, pyridines, and pyrrolidines, and thus suggest an increase in microbial activity, 

further supported by the increase in labile C. Similarly, Angst et al. (2019) showed that earthworms 

increased the concentration in microbial necromass through conversion of plant-derived com-

pounds. The higher microbial:plant ratio shows that there are more microbial-derived compounds 

compared to un-degraded plant residues in the presence of earthworms, consistent with the in-

crease in MAOM (silt and clay-sized fraction). Moreover, the higher C oxidation state in earth-

worm-invaded soils indicates that SOM has already undergone a higher degree of degradation 

(Hockaday et al., 2009; Yan et al., 2021). The C oxidation state ranged from -0.07 to -0.09 in our 

soils, which is higher than the findings of Hockaday et al. (2009) for boreal forest soils (-0.4 to -

0.1), but very close to that of deciduous leaves (-0.083; Masiello et al., 2008). 
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Angst et al. (2019) suggest that by converting plant-derived SOM into microbial necromass, earth-

worms would increase C resilience, based on the findings that earthworms did not affect C miner-

alization in their incubation. However, the plant residues were uniformly mixed with the soil be-

fore starting the incubation (Angst et al., 2019), while in forests the fresh litter is physically sepa-

rated from the mineral soil. In a multiyear incubation with multiple residue surface applications – 

more similar to field conditions, Lubbers et al. (2017) reported an increase in CO2 emissions in the 

presence of earthworms. Although our incubation did not include earthworms but rather compared 

earthworm-affected and non-affected soils, we observed a significant increase in labile C for two 

of the three sites, indicating that C resilience decreased. Given that our sites had already established 

earthworm populations, the apparent increase in labile C might not be just a transient effect, alt-

hough it is virtually impossible to determine whether the SOM dynamics have reached a new 

equilibrium or if the transition is still ongoing. The slow decomposition rate characteristic of boreal 

forests could be unlocked by earthworm invasion. The OM previously accumulated in the forest 

floor because of the lack of bioturbation is now intrinsically mixed with mineral soil and its mi-

crobial communities, which could prime the decomposition of older SOM (Liu et al., 2017). This 

would explain the increase in microbial products such as furans and N compounds, and the higher 

degree of SOM oxidation. However, the increase in labile C (1–3 mg-C.g-soil-1) is one order of 

magnitude smaller than the significant increases in TOC observed in different fractions (1–5 g-

C.g-soil-1 or %wt), suggesting that the stabilization of the freshly added litter C surpasses its de-

composition. 

Considering that we observed significant changes in both the occluded light fraction (part of POM) 

and C associated the silt and clay-sized fraction (part of MAOM), we expect that fractionating C 

into the two POM and MAOM pools would also yield similar conclusions while simplifying the 



104 
 

laboratory methods. In line with previous findings, the study of SOM molecular composition 

showed that earthworms play a key role in root and leaf incorporation and decomposition (Angst 

et al., 2020; Vidal et al., 2016). To decipher the temporal dynamics of earthworm invasion, we 

recommend future studies to use labelled plant residues and characterize the SOM composition of 

different fractions instead of bulk soil. 
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Chapter 5 : General conclusions and perspectives 

Summary of findings 

The objective of this PhD thesis was to study the invasion of exotic earthworms in boreal forests 

of Canada and their impacts on soil carbon dynamics.  

In Chapter 2, I determined the status of earthworm invasion of three Luvisol sites in Alberta, two 

Brunisol sites in Québec, and two Podzol sites in Québec. I then described the morphological 

features of those soils in earthworm-invaded and earthworm-free zones and estimated the C stocks 

of the forest floors and surface mineral soils. Regardless of soil type, earthworm-invaded soils 

were associated with a decrease in forest floor thickness and C stocks. Forest floors were thinner 

in the presence of earthworms and developed into vermimull humus forms, with the most humified 

(H) layer disappearing and the fermented (F) layer characterized by the presence of faunal drop-

pings, mainly earthworm casts. In the presence of geoengineering earthworms, the surface mineral 

soil was reworked by earthworm bioturbation, incorporating OM from the forest floor, and met 

the criteria for classification as an Ahu horizon although its thickness varied across sites. The C 

stocks of the mineral soil, however, did not show obvious trends across sites. While such observa-

tions have been previously described in temperate forest soils (Alban and Berry, 1994; Bohlen et 

al., 2004a; Hale et al., 2005b; Langmaid, 1964), these results constitute the first of its kind for 

boreal forest soils. This research is based on the ‘space-for-time’ approach, assuming that these 

sites were similar before earthworm invasion (Damgaard, 2019; Sax et al., 2005; Thomaz et al., 

2012). The integration of multiple sites from the three major soil types found across the Canadian 

boreal forest makes me confident to say that these observed morphological differences are indeed 

induced by the action of invasive earthworms. 
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Based on the assessment of earthworm invasion on soil morphology from Chapter 2, and using the 

same study sites, Chapter 3 focussed on soil microbial communities, which play a key role in soil 

organic matter decomposition and carbon cycling. My results show that earthworm invasion alters 

microbial community composition and functioning without significantly affecting microbial bio-

mass. In the forest floor, invasive earthworms led to a decrease in ectomycorrhizal fungal richness 

and in the relative abundance of Actinobacteria, as well as to an increase in the Gram(+):Gram(-) 

ratio. In the reworked mineral soil, all observed changes in bacterial communities could be linked 

to changing environmental conditions, including an increase in pH and nutrient availability fa-

vouring Proteobacteria over Acidobacteriota and Gram(-) over Gram(+) bacteria. Earthworm in-

vasion also favoured ectomycorrhizal over saprotrophic fungi and led to an increase in the relative 

abundance of fungi compared to bacteria. Additionally, invaded mineral soils harboured higher 

bacterial and fungal species diversity and richness.  

With Chapter 4, I quantified the labile C found in forest floors and surface mineral soils, with an 

incubation of earthworm-invaded and earthworm-free soil samples. Geoengineering earthworms 

affected C persistence, by increasing the proportion of labile C in both the mineral soil and the 

forest floor, although the difference was only marginally significant in the latter. Further investi-

gation of the mineral soil C revealed that its chemical composition had shifted with invasive earth-

worms, towards lower suberin relative abundance. There are multiple indications of a higher de-

gree of SOM decomposition with earthworm invasion, including higher C oxidation state, higher 

relative abundance of microbially degraded compounds, and increased silt and clay-associated 

TOC. Additionally, a higher proportion of TOC was found in the occluded light fraction, which 

could be linked to the incorporation of fresh litter by earthworm bioturbation, and could have a 

priming effect on older SOM. 
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Significance of these findings 

Combining the results of these three research chapters, I conclude that invasive earthworms – es-

pecially geoengineering species – change SOM dynamics primarily by incorporation of the forest 

floor in the surface mineral soil. As a result, C stocks of the forest floor decrease, as well as C 

persistence. The combined findings of chapters 2, 3, and 4 suggest that, in the mineral soil, earth-

worm invasion resulted in: 

- greater incorporation of forest floor litter, as indicated by a decrease in forest floor thickness 

coupled with a reworked (Ahu) surface mineral horizon, as well as an increase in the proportion 

of C found in the occluded light fraction and an increase in the cutin:suberin ratio. 

- higher C availability, indicated by a greater labile C pool, a higher Gram(+):Gram(-) ratio, and 

an increase in relative abundance of Proteobacteria compared to Acidobacteriota. 

- greater SOM decomposition, indicated by a higher C oxidation state, a lower relative abun-

dance of suberin, and an increase in microbially degraded compounds. 

- greater stabilization of SOM, as indicated by an increase in C content of the silt and clay frac-

tion, corresponding to mineral-associated OM (MAOM fraction), as well as an increase in C 

associated with aggregates of different sizes, where C is physically protected from microbial 

decomposition; and lastly, an increase in the fungal:bacterial ratio.  

Invasive earthworms alter C and nutrient dynamics under field conditions, suggesting long lasting 

effects. While it is not possible at this stage to determine which shifts occurred first, there is clear 

evidence that multiple aspects of SOM dynamics are affected by earthworm invasion, including 

microbial communities and SOM composition and distribution. The shifts in microbial community 

composition are likely to affect nutrient availability for plant uptake, with consequences for vege-

tation development and ecosystem functioning (Frelich et al., 2019).  
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Direction for future research 

The findings of Chapter 3 suggest that microbial communities associated with the N cycle are 

greatly affected by earthworm invasion. However, as N was not the focus of this thesis, I was not 

able to draw definite conclusions. Since the C and N cycles are intrinsically linked, I recommend 

that future research on the topic includes measures of N availability and quantifies potential 

changes in nitrification and denitrification fluxes using molecular techniques. 

Considering the limited number of sites, it was not possible to statistically test for the impact of 

earthworm species other than the distinction between epigeic and geoengineering earthworms. 

This would require a larger scale study and could be facilitated by the use of environmental DNA 

(eDNA) methods (Jackson et al., 2017), although the current methods do not allow for identifica-

tion of earthworms to the species level. Additionally, eDNA analysis can be used on archival sam-

ples, which could give valuable insights of the temporal characteristics of earthworm invasion and 

even determine when the invasion started at a given site. 

The sampling design used for this thesis gave a valuable snapshot of SOC, its distribution and 

chemical composition, as well as associated microbial communities. However, I could not deter-

mine if the changes in plant residue abundance (suberin relative abundance and cutin:suberin ratio) 

were due to a change in their relative input and/or an increase in their degradation. For a better 

understanding of the SOM dynamic changes associated with earthworm invasion, I recommend 

future research to consider using stable isotope probing to trace the fate of aboveground versus 

belowground litter, including their incorporation in the mineral soil and their degradation. In ad-

dition, the ability to determine when the invasion started or to track it from the start would greatly 

advance our understanding of long-term implications. It would also help differentiate transient 

from permanent effects (Hale et al., 2008). 
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The ongoing earthworm invasion in Canadian boreal forests is happening in a changing environ-

ment. Ecosystem disturbances can be of natural and/or anthropogenic origin and include, among 

others, wildfire, drought, insect outbreaks, windthrow, and forest management (Maynard et al., 

2014). With global warming and anthropogenic activities, disturbance regimes are shifting from 

their natural historical trajectories, with consequences for forest successions (de Groot et al., 2003; 

Weber and Flannigan, 1997). As earthworms decrease forest floor C and affect C persistence in 

the mineral soil, the combined action of earthworm invasion and other disturbances will likely 

differ from their individual actions. For example, Cameron et al. (2015) found that the presence of 

earthworms and fire led to increased loss of forest floor C compared to either disturbance alone, 

using a 125 year long modelling. To my knowledge, this study is the only one looking at interactive 

effects of invasive earthworms with another disturbance. The effects of invasive earthworms might 

have been underestimated, as they have rarely been studied simultaneously with other major dis-

turbances (Rillig et al., 2019). I therefore recommend future research to consider the many ongoing 

changes and disturbances affecting boreal forests when studying earthworm invasion.  
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Appendices 

Chapter 2 

Appendix 2.A. Supplementary tables 

Supplementary Table 2.A-1. Description of organic horizons used in this study according to Klinka 

et al (1997). Faunal droppings do not always correspond to earthworm casts. 

Master horizon Subordinate horizon Description 
L Litter   Surface horizon consisting of relatively fresh plant residues readily iden-

tifiable as to their origin. 
  Lv Variative L horizon consisting of plant residues showing initial decay and strong 

discoloration. 
S Bryophytes   Surface horizon consisting of tissues of living bryophytes (Sphagnum 

spp.) intermixed to a minor extent with litter. 
F Fermented   Organic horizon in which partly decomposed plant residues predominate; 

the partial structures of plant residues are macroscopically discernible. 
  Fm mycogenous Plant residues are aggregates in a compact-matted, banded fabric inter-

woven by fugal hyphae with a tenacious consistence. If present, faunal 
droppings are very infrequent and localized. 

  Fs bryophytes Party disintegrated tissues from Sphagnum spp. dominate; residues are 
weakly aggregated, fungal mycelia absent or very infrequent and local-
ized. 

  Fz zoogenous Residues weakly aggregated in a loos or friable consistency as result frag-
mentation and comminution by soil faunal; faunal droppings are numer-
ous, fungal mycelia are infrequent and localized. 

  Fr root residues Fine root residues constitute nearly all fabric; fungal mycelia are infre-
quent and localized. 

  Fa amphi Characteristics of both Fm and Fz; plant residues aggregated into a weak 
to moderate, non-compact-matted fabric. 

  Fsa bryophytes + amphi Both fungal mycelia and faunal droppings, but rarely as common and fre-
quent as in Fa. 

  Fsz bryophytes + zoogenous Faunal droppings but rarely as common and frequent as in Fz. 
  Fsm bryophytes + mycogenous Fungal mycelia but rarely as common and frequent as in Fm. 
  Frm root residues + mycogenous Fine roots residues constitute nearly all fabric; fungal mycelia are com-

mon and frequently abundant. 
H Humic   Organic horizon in which well decomposed plant residues (fine sub-

stances) predominate; the original plant structures are not macroscopi-
cally discernible. 

  Hc recalcitrant Contains macroscopically recognizable plant residues (roots, bark and/or 
wood), imposing yellow, brown or particularly red colours; fine sub-
stances predominate and the material is slightly greasy but does stain fin-
gers when rubbed 

  Hf fine Very fine granular structure; very small faunal droppings predominate in 
the fabric. 

  Hg granular Fine to medium granular structure; small faunal droppings predominate 
in the fabric. 

Ahu    Mineral horizon (< 17 % of OC) enriched in organic matter and mainly 
consisting of earthworm casts, giving a crumble-like structure 
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Supplementary Table 2.A-2. Bulk densities [g.cm3] and carbon:nitrogen (C:N) ratios for forest floors and surface mineral horizons (0-

10 cm for Luvisols, 0-15 cm for Brunisols and Podzols). Mean values and standard errors (in parentheses) are displayed (n=3-6). Total 

organic carbon and nitrogen were analyzed by the dry combustion method on a ThermoScientific Flash 2000 Organic Elemental Anal-

ysis instrument (ThermoFisher Scientific, Waltham, MA, USA). 

 

 

 

 

  

 

 

 

 

 

  

 
1 C:N was not determined for Breton and Golf 
2 Bulk density of LFH was not determined for Golf 

 
Soil type Site Invasion 

  
 Bulk density C:N 
 Forest floor Mineral soil Forest floor Mineral soil 

AB LUVISOLS 
EMEND Control 0.06 (0.01) b 0.96 (0.06) b 18.8 12.4 

1st stage invasion 0.05 (0.01) b 0.97 (0.05) b 20.7 13.0 
Wolf Lake 2nd stage invasion 0.11 (0.01) a 1.23 (0.07) a 19.3 15.6 

Breton 3rd stage invasion 0.04 (0.02) b 0.51 (0.09) c nd1 nd 

QC 

BRUNISOLS 
Valcartier Control 0.06 (0.02) a 0.70 (0.09) a 22.6 16.9 

Invaded 0.06 (0.02) a 0.56 (0.03) a 24.2 14.8 

Golf Control nd2 0.53 (0.06) a nd nd Invaded 0.49 (0.02) a 

PODZOLS 
Montmorency Control 0.07 (0.01) a 0.84 (0.07) a 35.2 26.9 

Invaded 0.09 (0.01) a 0.65 (0.08) a 29.8 24.2 

Grands Jardins Control 0.07 (0.01) a 0.93 (0.04) a 34.9 27.0 
Invaded 0.08 (0.02) a 0.96 (0.02) a 32.4 22.3 
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Supplementary Table 2.A-3. Densities (individuals per m2) of earthworm species identified at each invaded site. Mean values and stand-

ard errors (in parentheses) are displayed (n=3-4). Species that were identified but for which density was not estimated are reported as 

ID. 

   Luvisols Brunisols Podzols 
Functional group Species  EMEND Wolf Lake Breton Golf Valcartier Montmorency Grands Jardins 

Epigeic 
Dendrobaena octaedra Savigny Juveniles 384 (138) 52 (33) 32 (25) ID 54 (47) 21 (15) N.O. Adults 48 (10) 68 (42) 53 (30) 8 (8) 5 (6) 
Dendrodrilus rubidus Savigny Adults N.O. N.O. N.O. N.O. N.O. N.O. ID 

Endogeic 

Aporrectodea spp. Juveniles 
N.O.1 

4 (8)2 N.O. ID 
N.O. 5 (6) 

N.O. Adults 4 (8)b 13 (14)3 N.O. 
Lumbricus rubellus Hoffmeister Juveniles N.O. N.O. N.O. N.O. 19 (13)  27 (20) N.O. 
Octolasion cyaneum Savigny Juveniles N.O. N.O. 224 (98) N.O. N.O. N.O. N.O. Adults 85 (46) 

Anecic Lumbricus terrestris L. Adults N.O. N.O. N.O. N.O. N.O. N.O. ID 
Non-identified Juveniles N.O. N.O. 27 (11) 5 (6) ID ID ID 

 
1 N.O. = not observed 
2 Aporrectodea tuberculata Eisen 
3 Aporrectodea turgida Eisen 
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Supplementary Table 2.A-4. Soil profile description for all sampled soil pits following Watson (2009). 

Site Invasion Pit Horizon Depth [cm] Color (dry) Textural class 
18 

Sand 
[%] 

Silt 
[%] 

Clay 
[%] 

Structure19 Boundaries20 Mottles21 Roots22 Coarse fragments23 

EM
EN

D
 C

on
tro

l 

1 Lv 11.5 – 11 

Resimor Nd24 NA PV, PF, FM, PC (R) NA25 
 Fm 11 – 6 
 Frm 6 – 1 
 Hf 1 – 0 AS 
 Ahe 0 – 1 nd Nd  SGR CW N.O.26 VF (R) N.O. 

 Ae 1 – 18 10YR7/2 L 34 41 25 SGR AS N.O. VF (R) 1% GS 
 Bt 18 –  10YR6/3 C 23 32 45 MGR Nd  N.O. FV, FF (R) 1% GS 
2 Lv 10 – 9  

Resimor AW NA AV, AF, FC (H) NA  Fm 9 – 7  
 Frm 7 – 2  
 Hf 2 – 0  
 Ahe 0 – 4  10YR5/2 L 45 43 13 MGR AS N.O. PF, PM (H+V) N.O. 
 Ae 4 – 12  10YR6/3 CL  35 30 35 FGR AS N.O. FV, FF (H) N.O. 
 Bt 12 –  10YR6/3 CL  22 26 52 CSBK Nd  I: FF FV, FF, FC (H) 1% GS 
3 Lv 10.5 – 10  

Resimor   
CS NA PV, PF, FM, FC 

(H) NA  F 10 – 8  
 Frm 8 – 3  
 Hf/Hc 3 – 0  
 Ahe 0 – 5.5 10YR5/3 Nd  FGR AB N.O. PV, PF (H) N.O. 
 Ae 5.5 – 11.5 10YR7/2 SiL 35 53 13 MGR CS N.O. FM (O) N.O. 
 Bt 11.5 –  10YR7/2 L 36 41 23 CSBK Nd  N.O. FV, FF, FC (H) N.O. 

Ep
ig

ei
c 

1 Lv 8 – 7.5 

Mullmoder CS NA AV, AF, PM, VC 
(H) NA 

 F 7.5 – 5.5 
 Fa 5.5 – 2  
 Hg 2 – 1  
 Hc 1 – 0  
 Ah 0 – 4  10YR 4/3 L 45 35 20 MGR CB BC: CF  N.O. 5% GS 

 
18 SL=Sandy loam; LS=Loamy sand; L=Loam; SiL=Silt loam; CL=Clay loam; C=Clay; SCL=Sandy clay loam; S=Sand 
19 SGR=single grain; MGR=medium granular; FGR= fine granular; CGR= coarse granular, CSBK= coarse sub-angular blocky.  
20 1st letter: A=Abrupt, C=Clear, G=Gradual; 2d letter: S=Smooth, W=Wavy, B=Broken 
21 I=Iron, BC=Black Carbon, G=Gley; 1st letter (abundance): F=Few (< 2 %), C=common (2–20 %); 2d letter (size): F=Fine (< 5 mm), M=Medium (5–15mm), 
C=Coarse (> 15 mm) 
22 1st letter (abundance): V=Very few (< 1/ Unit Area), F=Few (2–3),P=Plentiful (4–14 ), A=Abundant (> 14); 2d letter (size): V=Very fine (< 0.5mm), F=Fine 
(0.5–2 mm), M=Medium (2–5 mm), C=Coarse (5–10 mm); in parenthesis: H=horizontal, V=vertical, O=oblique, R=random 
23 G=gravel, C=cobbles, S= sub-rounded/sub-angular 
24 Nd= not determined 
25 NA=not applicable 
26 N.O.= not observed 
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 Ae 4 – 7  10YR 6/3 CL 37 34 29 MGR AS N.O. VV, VF, VC (H) 5% GS 
 Btj 7 – 20  10YR 6/3 CL  39 28 33 MGR GS BC: CF; I: 

FF 
VV, VF. PC (H) 5% GS, 10% CS 

 BC 20 –  Nd  Nd  MGR Nd  BC: CF; I: 
FF 

Nd  5% GS, 10% CS 

2 Lv 7 – 6.5 

Mullmoder Nd  CS NA AV, AF, PM, VC 
(R) NA 

 S 6.5 – 6  
 Fz 6 – 4  
 Fa 4 – 1   
 Frm 1 – 0.5 
 Hf 0.5 – 0  
 Ah 0 – 4.5 10YR 3/2 L 47 32 21 MGR CW BC: CF AV, AF (R) 5% GS 
 Ae 4.5 – 9.5 10YR 6/3 L 49 33 18 MGR AS BC: CF FM (R) 10% GS 
 Bt 9.5 –  10YR 6/3 SCL 47 26 27 CSBK Nd  BC: CF; I: 

CF 
VF, FF, FM, FC (R) 10% GS  

3 Lv 5.5 – 4.5 

Mullmoder Nd  

Nd 

NA AV, AF, FC (H) NA  S 4.5 – 4  AB 
 Fa/Fsa 4 – 1  Nd  
 Hf 1 – 0  AS 
 Ah 0 – 4.5 10YR 3/2 L 45 33 23 MGR AW BC: CM AV, AF, FM (R) N.O. 
 Ae 4.5 – 10.5 10YR 6/3 L  42 30 25 MGR AS N.O. FM (R) N.O. 
 Btj 10.5 –  10YR 6/3 CL 40 31 29 CSBK Nd  BC: CM FM, FC (R) 10% GCS 

W
ol

f L
ak

e 

Ep
ig

ei
c 

+ 
en

do
ge

ic
 

1 L 10 – 9  Mormoder Nd  CS NA Nd  NA     
 Fa 9 – 7  

       Fz 7 – 2  
 H 2 – 0  
 Ae1 0 – 11  10YR 7/1 SL 62 24 14 SGR CS N.O. AC (R) 1% GS 
 Ae2 5 – 20  10YR 8/1 SGR AS N.O. AC (R) 1% GS 
 Bt 20 – 40  10YR 7/2 SL 54 18 28 CGR GS N.O. AF (R) N.O. 
2 L 15 – 12  

Mormoder Nd  CS NA Nd  NA  Fa 12 – 8  
 Fz 8 – 2  
 H 2 – 0  
 Ae1 0 – 2  10YR 7/1 SL 60 32 8 SGR BS N.O. AC (R) 5% GS 
 Ae2 2 – 7  SGR GS N.O. AC (R) 5% GS 
 Bt 7 –  10YR 7/1 SL 60 25 15 CGR Nd  N.O. AF (R) N.O. 
3 L/S 5 – 4  Leptomoder Nd  Nd  NA Nd  NA  
 Fz 4 – 0  CS 
 Ae1 0 – 3   

10YR 7/1 SL 52 37 11 SGR AS N.O. AC (R) 5% GS 
 Ae2 3 – 9  SGR CS N.O. AC (R) 5% GS 
 Bt 9 –  10YR 8/1 SL 67 24 9 CGR Nd  N.O. AF (R) 1% GS 
4 L 10 – 9  

Leptomoder 
Nd  Nd  

NA Nd  NA  Fz 9 – 2  
 H 2 – 0  CS 
 Ae1 0 – 2.5 10YR 8/1 SL 64 28 8 SGR BS N.O. AC (R) 1% GS 
 Ae2 2.5 – 10.5 SGR GS N.O. AC (R) 1% GS 
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 Bt 10.5 –  10YR 8/2 SCL 56 20 24 CGR nd N.O. AF (R) 5% GS 

B
re

to
n 

Ep
ig

ei
c 

+ 
en

do
ge

ic
 +

 a
ne

ci
c 

1 Lv 6 – 5  Vermimull Nd  Nd  N.O
. Nd  NA     

 Fz 5 – 0    CW    
 Ahu 0 – 9  10YR 4/2 CL 38 30 32 SGR/MGR AS N.O. AF, AV, FM (R) N.O. 
 Bt 9 –  10YR 6/2 CL 32 34 34 CGR Nd  BC: C-F VF, VM (V/O) N.O. 
2 Lv 7 – 5  Vermimull Nd  Nd  N.O. Nd  NA  Fz 5 – 0  CS 
 Ahu 0 – 6  10YR 4/2 CL FGR AW N.O. FM, AF, AV (H) N.O. 
 Ae 6 – 8  10YR 5/2 Nd  SGR AB  N.O. VF (R) N.O. 
 Bt 8 –  10YR 6/2 CL FGR Nd BC: F  VF (R) N.O. 
3 Lv 5 – 4  Vermimull Nd  Nd  N.O. Nd  NA  Fz 4 – 0  AS 
 Ahu 0 – 8  10YR 4/2 CL FGR AW N.O. AV, AF, AM (R) N.O. 
 Ae 8 – 11  10YR 5/2 Nd  SGR AB N.O. FF, FM (R) N.O. 
 Bt 11 –  10YR 6/2 CL MGR Nd  N.O. FM (R) N.O. 

G
ol

f 

C
on

tro
l 

1 Lv 9 – 8.5 Resimor AS NA AV, AF, AM (R) NA 
Frm 8.5 – 4.5 
H 4.5 – 0 
Ae 0 – 2  10YR4/1 Nd SGR AW N.O. AV, AF, AM (O) 10% GS 
Bm1 2 – 6  10YR2/2 Nd FGR CW N.O. AV, AF, AM (H) N.O. 
Bm2 6 – 16  10YR4/4 L 49 41 10 FGR GS N.O. AV, AF, AM (O) 3% GS 

2 Lv 8 – 7  Resimor AS NA AV, AF, AM (R) NA 
Frm 7 – 4  
H 4 – 0  
Ae 0 – 4  10YR2/1 Nd SGR CW N.O. AV, AF, AM, AC 

(O) 
N.O. 

Bm 4 –  10YR3/4 SiL 32 58 10 FGR Nd N.O. AV, AF, AM, AC 
(O) 

N.O. 

In
va

de
d 

1 Lv 3 – 2  Vermimull CS NA AV, AF, AM (R) NA 
Fa 2 – 0  
Ahu 0 – 13 10YR3/3 L 41 47 12 FGR AS N.O. AV, AF, AM (O_ N.O. 
Bgj 13 – 17 10YR4/3 Nd FGR AB N.O. AV, AF, AM (O) N.O. 
Bm 17 – 34  10YR3/2 L 41 47 12 MGR AS N.O. AV, AF, AM (O) N.O. 
C 34 –  Nd Nd SGR Nd  N.O. AV, AF, AM (V) N.O. 

2 Lv 1 – 0  Vermimull AB NA AV, AF (O) NA 
Ahu 0 – 10  10YR3/1 Nd SBK AW G: CF AV, AF (O) 20% GS 
Bm 10 –  10YR3/3 L 37 49 14 FGR Nd  N.O. AV, AF (H) 20% GS 

3 Lv 2 – 1.5 Vermimull AS NA VV, AF, AM (R) NA 
Fa 1.5 – 0  
Ahu 0 – 10  10YR3/2 SiL 33 57 10 SBK CS N.O. FV, AF (O) N.O. 
Bm 10 – 22  10YR4/3 L 35 45 20 SBK CS N.O. FV, AF (V) N.O. 
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C 22 –  Nd Nd SGR Nd N.O. N.O. N.O. 

V
al

ca
rti

er
 

 

C
on

tro
l 

1 Lv 9.5 – 8.5 Resimor AS NA AF, AM (R) NA 
Frm 8.5 – 0.5 
H 0.5 – 0 
Ah 0 – 3 10YR2/1 Nd  FGR  AW N.O. AF, AM (O) N.O. 
Ae 3 – 16  10YR4/1 SL 55 33 12 FGR CW N.O. FF, FM (V) N.O. 
Bm 16 – 22  10YR2/2 SL 62 22 16 FGR CS C: CF AF (V) 20% GS 
C 22 –  10YR3/4 Nd  SBK Nd N.O. N.O. 50% GS 

2 Lv 6.5 – 5.5 Resimor CS NA AV, AF (O) NA 
Fr 5.5 – 0.5 
H 0.5 – 0  
Ah 0 – 10  10YR2/1 L 52 36 12 FGR  CS N.O. AF, AM, AC (H) 30% GCS 
Bm 10 –  10YR4/4 Nd  MGR Nd N.O. FV, FF (O) 30% GCS 

3 Lv 7.5 – 7  Resimor CS NA AF, AM, AC (O) NA 
Fr 7 – 2  
H 2 – 0  
Ah 0 – 1  2.5Y5/2 nd SBK GS N.O. FF, FM, FC (H) N.O. 
Bm 1 –  10YR4/4 CL 27 45 28 MGR Nd N.O. AF, AM, AC (O) N.O. 

In
va

de
d 

1 Lv 6 – 4  Mullmoder AB NA AF, AM (O) NA 
Frz 4 – 0  AS 
Ahu 0 – 3  10YR4/2 L 38 44 18 FGR CS N.O. AF, AM (H) N.O. 
Bm 3 – 15  10YR5/3 L 39 45 16 SBK CS N.O. FF, FM (H) 1% GS 
C 15 –  10YR4/4 L 39 45 16 Nd Nd N.O. N.O. N.O. 

2 Lv 5 – 3  Vermimull AB NA AV, AF, AM (R) NA 
Frz 3 – 0  CS 
Ahu 0 – 4  2.5Y4/4 CL 24 48 28 MGR AS N.O. FV, FF, FM (O) N.O. 
Bm 4 – 11  10YR5/3 L 28 50 22 SBK CS N.O. FV, FF, FM (H) N.O.  
C 11 –  2.5Y5/4 SiL 27 55 18 SBK Nd BC: CF N.O. 10% GS 

3 Lv 3 – 2  Vermimull AS NA AV, AF (R) NA 
F 2 – 0.5 
H 0.5 – 0  
Ahu 0 – 6  2.5Y4/4 SiL 27 47 26 SGR GS N.O. AV, AF, AM (H0 1% GS  
Bm 6 – 26  2.5Y5/3 SiL 23 51 26 SBK GS N.O. FV, FF, FM (O) 2% GS 

4 Lv 0.5 – 0  Vermimull  AB NA N.O. NA 
Ahu 0 – 5  2.5Y4/3 SiL 14 52 34 MGR GS N.O. AF, AC (H) N.O. 
Bm 5 – 16  2.5Y5/3 C 17 39 44 CGR GS I: CF; BC: 

CM 
FF, FM, FC (H) N.O. 

C 16 –  2.5Y6/3 CL 35 33 32 SBK Nd N.O. Nd  N.O. 
5 Lv 2 – 1  Vermimull AS NA N.O. NA 

Frz 1 – 0  
Ahu 0 – 4  2.5Y3/2 Nd SGR GB N.O. AV, AF, AM (O) N.O. 
Bm 4 –  10YR4/4 CL 24 46 30 SGR Nd N.O. AV, AF, AM (O) N.O. 
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6 Lv 2 – 1  Vermimull AB NA N.O. NA 
Fz 1 – 0  
Ahu1 0 – 2  Nd Nd Nd AB N.O. AV, AF, AM (H) N.O. 
Ahu2 2 – 8  2.5Y4/4 SC 52 28 20 FGR GS N.O. AV, AF, AM (O) N.O. 
Bm 8 – 18  2.5Y4/3 L 47 35 18 FGR AS N.O. AV, AF, AM (O) N.O. 
C 18 –  2.5Y4/4 SL 67 23 10 SGR Nd N.O. AV, AF, AM (O) 20% GS 

M
on

tm
or

en
cy

 

C
on

tro
l 

1 S 10 – 7 
Sphagnomor AW NA AV, AF, PM, PC 

(R) NA Fs 7 – 1 
Hc 1 – 0 
Ae 0 – 6 10YR6/1 SL 71 21 8 SGR AW N.O.  FM (O) 5% GS 
Bh 6 – 16 10YR3/4 SL 75 15 10 CSBK GW N.O. VV, VF, PM, PC 

(H) 
20% GS 

C 16 –  10YR5/4 SL  76 16 8 Nd Nd N.O. Nd 20% GS 
2 S 11 – 9 

Sphagnomor AS NA PV, PF, VM, VC 
(R) NA Fs 9 – 2 

Hc 2 – 0 
Ae 0 – 7 10YR6/2 SL 67 29 4 SGR CW N.O. N.O.  3% GS 
Bh 7 – 17 10YR3/4 SL 71 19 10 MGR AW N.O. FV, FF, AM, VC 

(H) 
2% GS 

Bhf 17 –  10YR4/6 Nd  CSBK Nd N.O. VV, FF, PM, FC 
(H) 

10% GS 

3 S 10 – 8 Sphagnomor 
 AW NA AV, AF, VM, VC 

(R) NA Fsm 8 – 1 
Hc 1 – 0 
Ae 0 – 9 10YR5/1 SL 74 20 6 SGR AW N.O. N.O. 3% GS 
Bh 9 –  10YR3/3 SL 77 11 12 CSBK Nd N.O. FV, FF, FM (R) 10% GS 

In
va

de
d 

1 S 10 - 8 
Sphagnomor AS NA PV, AF, AM, AC 

(R) NA Fsz 8 – 0.5 
Hc 0.5 – 0 
Ae 0 – 5  10YR5/1 LS 77 19 4 SGR CW N.O. AM, AC (O) N.O. 
Bh 5 –  10YR3/3 SL 67 23 10 CSBK Nd N.O. FV, FF (O) 5% GS 

2 S 11 – 10  
Sphagnomor AS NA AV, AF, AM (R) NA Fsz 10 – 2  

Hc 2 – 0  
Ae 0 – 5  10YR5/2 SL 65 29 6 SGR AS N.O. N.O. 5% GS 
Bh 5 –  10YR3/3 Nd  CSBK Nd N.O. FV, FF, FM (H) 20% GS 

3 S 8 – 6  
Sphagnomoder AS NA AV, AF, AM (R) NA Fsz 6 – 1  

Hc 1 – 0  
Ae 0 – 9.5 10YR5/1 SL 56 36 8 SGR CW N.O. N.O. 5% GS 
Bh1 9.5 – 24.5 10YR3/3 SL 67 25 8 MSBK GS N.O. FF, FM (O) 5% GS 
Bh2 10YR4/4 SL 58 32 10 CSBK GS N.O. FF, FM (O) N.O. 
C 24.5 –  10YR5/3 L 52 38 10 CSBK Nd N.O. N.O. 5% GS 

G
ra

nd
s 

Ja
rd

in
s 

C
on

tro
l 1 S 11 – 8.5 

Sphagnomor 
AW 

NA 
Nd 

NA  Fsm 8.5 – 5 AW PV, PF (O) 
 Frm 5 – 0 AI PV, FF, FM (O) 
 Ah 0 – 2.5 10YR2/1 Nd FGR AS N.O. PV, PF (O) N.O. 
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 Ae 2.5 – 6 10YR5/2 SL 82 4 14 SGR AW N.O. N.O. N.O. 
 Bf 6 – 16 10YR5/6 LS 83 13 4 MSBK AW N.O. VF, VC (O) N.O. 
 BC 16 –  10YR5/6 LS 79 17 4 CSBK Nd N.O. N.O. 50% GS 
2 S 10.5 – 8.5 

Sphagnomor 

AS 

NA 

Nd 

NA  Fsm 8.5 – 6  AS VF, PM (R) 
 Fr 6 – 1  AS VF, PM (R) 
 H 1 – 0 AW VF (R) 
 Ah 0 – 3  10YR4/2 SL 67 25 8 FGR AS N.O. PV, PF, PM (H) N.O. 
 Hb 3 – 5  10YR3/3 FGR AS N.O. VV, FF (H) N.O. 
 Ae 5 – 17  10YR5/2 SCL 73 6 21 SGR AW N.O. VV, VF (O) 50% GS 
 Bhf 17 –  10YR3/6 SL  79 5 16 MSBK Nd N.O. Nd 60% GS 
3 S 10 – 7 

Sphagnomor 

SA 

NA 

N.O. 

NA  Fs 7 – 4 SA FF (R) 
 Fr 4 – 2 CS PF, PV, PM (R) 
 H 2 – 0 SA FC (R) 
 Ah 0 – 2.5 10YR3/2 Nd FGR WC N.O. FF, FV (O) N.O. 
 Ae /burnt 2.5 – 6.5 10YR4/1 Nd SGR WA N.O. FM (H) N.O. 
 Bf 6.5 – 12.5 10YR5/3 LS 79 15 6 MSBK BA N.O. FF (O) N.O. 
 Bhf 12.5 –  10YR5/8 SL 74 18 8 MSBK GW N.O. FF  (O) N.O. 

In
va

de
d 

1 S 4.5 – 2.5 Vermimull AS NA AF, AV (O) NA  Fsz 2.5 – 0 CS 
 Ahu 0 – 12 10YR4/2 SCL 54 20 26 MGR AS N.O. PF, PV, FC (O) 10% GS 
 Ae 12 – 14 10YR5/2 (Burnt: 

10YR2/1) 
Nd SGR AB N.O. N.O. N.O. 

 Bf 14 – 28 10YR5/6 SL 61 27 12 MSBK C N.O. FC, FF (H) 20% CS 
 C 28 –  10YR6/3 S 87 11 2 SGR Nd N.O. N.O. N.O. 
2 S 4 – 2.5 Vermimull Nd NA PF, PV (H) NA  Fsz 2.5 – 0 AS 
 Ahu 0 – 7 10YR3/2 SL 76 4 20 MGR AS N.O. AF, AV, AM, AC 

(O) 
N.O. 

 Ae1 7 – 12 10YR4/2 Nd SGR AB N.O. FC, FF, FV (O) N.O. 
 Bf1 12 – 16 10YR4/3 S 89 7 4 MSBK AS N.O. N.O. N.O. 
 Ae2 16 – 21.5 10YR5/4 S 85 11 4 SGR AW N.O. FF, FV, FM (O) N.O. 
 Bf2 21.5 –  10YR5/6 LS 84 10 6 MSBK Nd N.O. N.O. 50% CS 
3 L 7 – 6 Vermimull AS NA N.O. NA  Fsz 6 – 0 CS AF, AV (R) 
 Ahu 0 – 7 10YR3/2 Nd MGR AS N.O. FV, FF, FM (H) N.O. 
 Hb 7 – 8 Burnt  Nd FGR CS N.O. N.O. N.O. 
 Ae 8 – 18 10YR6/3 SL 73 21 6 SGR CW N.O. FC (O) 50% GS 
 Bhf 18 –  10YR3/6 Nd MSBK Nd N.O. N.O. 80% CS 
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Appendix 2.B. Supplementary figures 

 

Supplementary Figure 2.B-1. Representative pedons for each site control zone, with the exception 

of Wolf Lake and Breton where only invaded soils could be found and described. 
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Chapter 3 

Appendix 3.A. Supplementary tables 

Supplementary Table 3.A-1. Main site characteristics and key soil properties. Climate data were obtained from Alberta Climate Infor-

mation Service (2020) for Alberta (AB) and from Environment Canada (2010) for Québec (QC). Total nitrogen (TN) and total organic 

carbon (TC) were analyzed by the dry combustion method on a ThermoScientific Flash 2000 Organic Elemental Analysis instrument 

(ThermoFisher Scientific, Waltham, MA, USA). 

Site Site name Parent 
material 

MAT  
[ºC] 

MAP  
[mm] 

Coordinates  Textural class Forest floor thick-
ness [cm] 

CaCl2 pH TN [%] TC [%] 

 AB      Con-
trol 

Invaded Con-
trol 

Invaded Con-
trol 

Invaded Con-
trol 

Invaded Con-
trol 

Invaded 

Luvisol EMEND Glacial 
till 

1.4 413 56º46’N  Forest floor   10.7 7.7 5.6 5.7 2.29 1.86 43.0 38.7 
     118º22’W Mineral soil Loam Loam   5.2 5.4 0.14 0.20 1.7 2.6 
 Breton Glacial 

till 
3.1 552 53º05’N  Forest floor   NA 4.2 NA 6.3 NA - NA 27.91 

     114º26’W Mineral soil NA Clay 
loam 

  NA 5.8 NA 0.212 NA 7.91 

 QC                
Brunisol Valcartier Fluvial 

deposit 
1.6 1460 46º55’N  Forest floor   7.8 3.1 3.2 4.8 1.99 1.48 45.1 35.4 

     71º36’W Mineral soil Sandy 
loam 

Clay 
loam 

  3.1 4.3 0.46 0.49 7.8 7.7 

Podzol Grands Jardins  Sandy 
glacial 
till 

3.7 930 47º40’N  Forest floor   10.5 5.3 3.0 3.7 1.40 1.31 48.9 42.3 
     70º50’W Mineral soil Sandy 

loam 
Sandy 
clay 
loam 

  3.4 4.6 0.15 0.27 4.1 6.1 

 
1 Analysis by loss on ignition  
2 Data from Li et al. (2018) 



155 
 

Supplementary Table 3.A-2. Two-way analyses of variance (factors: invasion and site) of fungal 

guild relative abundances and diversity indices, for forest floors and mineral soils separately. Df 

stands for degrees of freedom and Sum sq for sum of squares. 

 FOREST FLOOR MINERAL SOIL 
 Df Sum Sq F value p-value Df Sum Sq F value p-value 
Relative abundance         

Ectomycorrhizae         
Invasion       1 <0.01 <0.01 0.96 1 0.49 15.13 <0.001 

Site         3 1.36 13.80 <0.001 3 0.83 8.46 <0.001 
Interaction  2 0.06 0.98 0.39 2 0.02 0.33 0.72 
Residuals 20 0.66   24 0.78   

Pathogens         
Invasion       1 0.02 0.57 0.46 1 <0.01 0.18 0.68 

Site         3 0.57 5.86 <0.01 3 0.17 3.24 0.04 
Interaction  2 0.02 0.30 0.75 2 <0.01 0.02 0.98 
Residuals 20 0.65   24 0.43   

Saprotrophs         
Invasion       1 0.01 0.46 0.51 1 0.38 12.83 <0.01 

Site         3 0.48 6.23 <0.01 3 0.68 7.64 <0.001 
Interaction  2 0.05 1.06 0.37 2 0.04 0.74 0.49 
Residuals 20 0.51   24 0.71   

Species richness         
Ectomycorrhizae         

Invasion       1 105.29 3.08 <0.1 1 381.80 20.21 <0.001 
Site 3 2776.89 27.04 <0.001 3 107.39 1.90 0.16 

Interaction 2 64.91 0.95 0.41 2 53.52 1.42 0.27 
Residuals 17 581.87   20 377.76   

Pathogens         
Invasion       1 11.41 1.11 0.31 1 0.89 3.57 0.07 

Site 3 203.01 6.59 <0.01 3 1.60 2.14 0.13 
Interaction 2 78.98 3.84 0.04 2 0.48 0.97 0.40 
Residuals 17 174.63   20 4.98   

Saprotrophs         
Invasion       1 18.67 0.16 0.70 1 0.01 7.74 0.01 

Site 3 1380.28 3.88 0.03 3 0.01 3.06 0.05 
Interaction 2 229.38 0.97 0.40 2 <0.01 0.34 0.72 
Residuals 17 2018.13   20 0.01   

Species diversity         
Ectomycorrhizae         

Invasion       1 4.98 0.43 0.52 1 28.33 2.83 0.11 
Site 3 441.61 12.68 <0.001 3 38.35 1.28 0.31 

Interaction 2 11.33 0.49 0.62 2 21.30 1.06 0.36 
Residuals 17 197.34   20 200.05   

Pathogens         
Invasion       1 0.65 0.15 0.70 1 0.53 9.05 <0.01 

Site 3 43.75 3.30 0.05 3 0.28 1.58 0.23 
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Interaction 2 8.17 0.92 0.42 2 0.05 0.43 0.66 
Residuals 17 75.22   20 1.16   

Saprotrophs         
Invasion       1 2.40 0.07 0.79 1 122.51 5.69 0.03 

Site 3 990.74 9.69 <0.001 3 178.75 2.77 0.07 
Interaction 2 17.36 0.25 0.78 2 20.96 0.49 0.62 
Residuals 17 579.25   20 430.32   

 

Supplementary Table 3.A-3. Two-way analyses of variance (factors: invasion and site) of relative 

abundance of bacterial phyla and family levels, and global diversity indices, for forest floors and 

mineral soils separately. At the family-level, taxa present in >60% of the samples and representing 

>0.5% of average relative abundance were selected for ANOVA and only groups significant for 

forest floor and/or mineral soil are displayed. Missing groups for either the forest floor or the 

mineral soil correspond to those that did not meet the selection criteria. Df stands for degrees of 

freedom and Sum sq for sum of squares. 

 FOREST FLOOR MINERAL SOIL 
 Df Sum Sq F value p-value Df Sum Sq F value p-value 
Relative abundance         
Phylum level         

Actinobacteriota         
Invasion       1 0.02 3.41 0.08 1 0.00 0.00 1.00 

Site         3 0.03 2.01 0.15 3 0.06 12.43 <0.001 
Interaction  2 0.01 0.87 0.43 2 0.01 0.21 0.82 
Residuals 20 0.11   24 0.04   

Acidobacteriota         
Invasion       1 0.00 0.00 0.98 1 0.01 3.65 0.07 

Site         3 0.01 1.56 0.23 3 0.04 5.90 <0.01 
Interaction  2 0.01 1.54 0.24 2 0.01 0.39 0.68 
Residuals 20 0.03   24 0.05   

Bacteroidota         
Invasion       1 0.01 0.82 0.38 1 1.26 10.39 <0.01 

Site         3 0.05 12.11 <0.001 3 4.10 11.27 <0.001 
Interaction  2 0.01 0.06 0.95 2 0.34 1.40 0.27 
Residuals 20 0.03   24 2.91   

Chloroflexi         
Invasion       1 0.00 0.21 0.65 1 0.01 3.92 0.06 

Site         3 0.01 6.99 <0.01 3 0.03 16.17 <0.001 
Interaction  2 0.00 0.99 0.39 2 0.01 1.79 0.19 
Residuals 20 0.01   24 0.01   

Gemmatimonadota         
Invasion       1 0.00 0.05 0.83 1 0.00 3.03 0.09 

Site         3 0.00 25.60 <0.001 3 0.00 12.79 <0.001 
Interaction  2 0.00 0.06 0.95 2 0.00 0.59 0.56 
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Residuals 20 0.00   24 0.00   
Planctomycetota         

Invasion       1 0.01 0.14 0.71 1 0.01 0.30 0.59 
Site         3 0.01 0.07 0.97 3 0.03 7.24 <0.01 

Interaction  2 0.01 0.09 0.91 2 0.01 0.72 0.50 
Residuals 20 0.10   24 0.03   

Proteobacteria         
Invasion       1 0.01 0.90 0.36 1 0.01 6.90 0.01 

Site         3 0.04 3.15 0.05 3 0.01 10.05 <0.001 
Interaction  2 0.01 0.40 0.67 2 0.01 7.84 <0.01 
Residuals 20 0.08   24 0.01   

Verrucomicrobiota         
Invasion       1 0.01 5.95 0.02 1 0.01 0.79 0.38 

Site         3 0.01 24.44 <0.001 3 0.01 5.42 <0.01 
Interaction  2 0.00 0.85 0.44 2 0.01 0.15 0.86 
Residuals 20 0.01   24 0.01   

Relative abundance         
Family or associated level         

Acidobacteriae – subgroup 2         
Invasion       1 0.04 0.36 0.56 1 65.43 7.91 <0.01 

Site         3 1.09 3.21 <0.05 3 180.83 7.29 <0.01 
Interaction  2 0.37 1.64 0.22 2 34.32 2.08 0.15 
Residuals 20 2.28   24 198.45   

Acidobacteriales         
Invasion       1 0.03 0.18 0.67 1 85.35 9.21 <0.01 

Site         3 1.07 2.15 0.13 3 160.74 5.78 <0.01 
Interaction  2 0.04 0.13 0.88 2 72.08 3.89 <0.05 
Residuals 20 3.33   24 222.43   

Acidothermaceae         
Invasion       1 0.13 2.38 0.14 1 1.56 4.00 0.06 

Site         3 4.40 26.66 <0.001 3 7.71 6.61 <0.01 
Interaction  2 0.15 1.34 0.29 2 1..46 1.88 0.17 
Residuals 20 1.10   24 9.34   

AD3         
Invasion           1 8.28 9.72 <0.01 

Site             3 19.27 7.54 <0.01 
Interaction      2 10.88 6.39 <0.01 
Residuals     24 20.44   

Beijerinckiaceae         
Invasion       1 0.09 3.31 0.08 1 0.22 2.57 0.12 

Site         3 3.10 36.05 <0.001 3 1.70 6.52 <0.01 
Interaction  2 0.26 4.60 0.02 2 1.17 6.74 <0.01 
Residuals 20 0.57   24 2.09   

Chitinophagaceae         
Invasion       1 12.03 3.23 0.09 1 0.00 5.40 0.03 

Site         3 213.54 19.14 <0.001 3 0.01 11.35 <0.001 
Interaction  2 4.30 0.58 0.57 2 0.00 0.60 0.56 
Residuals 20 74.39   24 0.01   

Chthoniobacteraceae         
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Invasion       1 0.41 9.77 <0.01 1 7.92 2.52 0.13 
Site         3 4.26 33.61 <0.001 3 180.20 19.13 <0.001 

Interaction  2 0.04 0.46 0.64 2 10.46 1.67 0.21 
Residuals 20 0.84   24 7537   

Gaiellaceae         
Invasion           1 0.80 11.73 <0.01 

Site             3 2.29 11.26 <0.001 
Interaction      2 0.10 0.70 0.50 
Residuals     24 1.63   

Gaiellales         
Invasion       1 0.04 0.05 0.82 1 0.31 7.18 0.01 

Site         3 14.63 6.53 <0.01 3 3.26 25.27 <0.001 
Interaction  2 1.29 0.86 0.44 2 0.16 1.83 0.18 
Residuals 20 14.95   24 1.03   

Gemmatimonadaceae         
Invasion           1 0.09 8.57 <0.01 

Site             3 0.58 18.05 <0.001 
Interaction      2 0.07 3.36 0.05 
Residuals     24 0.26   

Holophagae Subgroup 7         
Invasion           1 0.74 3.04 0.09 

Site             3 2.69 3.68 0.03 
Interaction      2 0.21 0.43 0.65 
Residuals     24 5.83   

Hyphomicrobiaceae         
Invasion           1 0.02 9.76 <0.01 

Site             3 0.03 3.34 0.01 
Interaction      2 0.01 2.75 0.08 
Residuals     24 0.05   

Ilumatobacteraceae         
Invasion       1 0.15 8.68 <0.01     

Site         3 3.41 6.76 <0.001     
Interaction  2 0.17 4.80 0.02     
Residuals 20 0.35       

KD4-96         
Invasion           1 0.42 3.24 0.08 

Site             3 6.88 17.57 <0.001 
Interaction      2 0.64 2.44 0.11 
Residuals     24 3.13   

Micromonosporaceae         
Invasion       1 0.60 3.00 0.10     

Site         3 13.30 22.00 <0.001     
Interaction  2 0.85 2.12 0.15     
Residuals 20 4.03       

Nitrosomonadaceae         
Invasion           1 0.47 5.88 0.02 

Site             3 0.47 1.97 0.15 
Interaction      2 0.26 1.65 0.21 
Residuals     24 1.93   



159 
 

Pirellulaceae         
Invasion       1 0.00 0.00 0.96 1 17.28 11.20 <0.01 

Site         3 115.69 19.70 <0.001 3 41.74 9.01 <0.001 
Interaction  2 1.76 0.45 0.64 2 3.47 1.13 0.34 
Residuals 20 39.15   24 37.03   

Reyranellaceae         
Invasion       1 0.36 3.20 0.09 1 0.60 8.56 <0.01 

Site         3 3.34 9.78 <0.001 3 3.09 14.79 <0.001 
Interaction  2 0.02 0.11 0.90 2 0.18 1.27 0.30 
Residuals 20 2.27   24 1.67   

Solibacteraceae         
Invasion           1 0.53 3.14 0.09 

Site             3 1.28 2.61 0.08 
Interaction      2 0.27 0.79 0.46 
Residuals     24 4.08   

Solirubrobacteraceae         
Invasion       1 0.28 7.83 0.01 1 0.09 0.10 0.76 

Site         3 0.67 6.24 <0.01 3 6.26 2.30 0.10 
Interaction  2 0.07 1.00 0.38 2 6.48 3.58 0.04 
Residuals 20 0.71   24 21.74   

Thermoanaerobaculaceae         
Invasion           1 0.50 5.30 0.03 

Site             3 0.90 3.20 0.04 
Interaction      2 1.07 5.73 <0.001 
Residuals     24 2.25   

Vicinamibacterales         
Invasion       1 2.56 0.98 0.33 1 0.15 9.06 <0.01 

Site         3 90.47 11.56 <0.001 3 0.20 3.89 0.02 
Interaction  2 0.75 0.14 0.87 2 0.08 2.35 0.12 
Residuals 20 52.19   24 0.40   

Xiphinematobacteraceae         
Invasion           1 0.53 11.09 <0.01 

Site             3 1.12 7.89 <0.001 
Interaction      2 0.67 7.06 <0.01 
Residuals     24 1.14   

Species richness         
Invasion       1 39462 2.00 0.17 1 23984 5.18 0.03 

Site 4 276632 3.50 0.02 4 25386 1.37 0.27 
Interaction 2 1588 0.04 0.96 2 5137 0.55 0.58 
Residuals 22 435112   28 129653   

Species diversity         
Invasion       1 14631 1.31 0.26 1 10337 3.31 0.08 

Site 4 261426 5.86 <0.01 4 20331 1.63 0.20 
Interaction 2 3100 0.14 0.87 2 13601 2.18 0.13 
Residuals 22 245407   28 87469   
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Supplementary Table 3.A-4. Two-way analyses of variance (factors: invasion and site) of micro-

bial ratios and PLFA concentration (total, Gram(+) and Gram(-) bacteria, and fungi), for forest 

floors and mineral soils separately. The 10Me ratio was obtained by dividing the phospholipid 

fatty acid (PLFA) 10Me16:0 by 16:0 and the Cyclo ratio by dividing the sum of cy19:0ω9 and 

cy19:0ω7 divided by 18:0. The only non-PLFA ratio is the Proteobacteria:Acidobacteriota (Pro-

teo:Acido). Df stands for degrees of freedom and Sum sq for sum of squares. 

 FOREST FLOOR MINERAL SOIL 
 Df Sum Sq F value p-value Df Sum Sq F value p-value 
Proteo:Acido         
Invasion       1 0.44 0.38 0.54 1 0.27 8.74 <0.01 
Site         3 3.38 0.98 0.42 3 0.48 5.18 <0.01 
Interaction  2 2.32 1.01 0.38 2 0.03 0.47 0.63 
Residuals 20 22.93   24 0.74   
PLFA total         
Invasion       1 3999847 2.83 0.11 1 <0.01 1.83 0.19 
Site         3 2784271 0.66 0.59 3 <0.01 2.46 0.09 
Interaction  2 5020883 1.78 0.20 2 <0.01 1.13 0.34 
Residuals 20 28282594   24 <0.01   
Gram(+) bacteria         
Invasion       1 76.45 1.57 0.22 1 <0.01 0.57 0.46 
Site         3 248.11 1.70 0.20 3 <0.01 4.18 0.02 
Interaction  2 37.75 0.39 0.68 2 <0.01 1.10 0.35 
Residuals 20 973.43   24 <0.01   
Gram(-) bacteria         
Invasion       1 176110 0.35 0.56 1 <0.01 1.18 0.29 
Site         3 883530 0.58 0.63 3 0.01 2.83 0.06 
Interaction  2 569931 0.56 0.58 2 <0.01 0.90 0.42 
Residuals 20 10089530   24 0.02   
Fungi         
Invasion       1 74965 0.69 0.42 1 0.01 7.40 0.01 
Site         3 24812 0.08 0.97 3 0.02 6.70 <0.01 
Interaction  2 257837 1.18 0.33 2 <0.01 2.04 0.15 
Residuals 20 2187967   24 0.02   
Gram(+):Gram(-)         
Invasion       1 0.08 3.30 0.08 1 1.17 4.11 0.05 
Site      3 0.14 2.07 0.14 3 3.00 3.53 0.03 
Interaction 2 0.03 0.72 0.50 2 0.05 0.10 0.91 
Residuals 20 0.46   24 6.81   
Fungi:Bacteria         
Invasion       1 0.00 0.00 0.97 1 0.18 3.26 0.08 
Site      3 0.01 0.60 0.62 3 3.97 23.75 <0.001 
Interaction 2 0.01 0.21 0.82 2 0.16 1.44 0.26 
Residuals 20 0.01   24 1.34   
10Me ratio         
Invasion       1 0.00 0.09 0.76 1 0.14 9.87 <0.01 
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Site      3 0.12 2.39 <0.1 3 1.06 25.65 <0.001 
Interaction 2 0.01 0.38 0.87 2 0.02 0.56 0.58 
Residuals 20 0.32   24 0.33   
Cyclo ratio         
Invasion       1 0.21 1.05 0.31 1 <0.01 8.10 <0.01 
Site      3 12.50 20.60 <0.001 3 <0.01 9.89 <0.001 
Interaction 2 0.19 0.47 0.63 2 <0.01 0.21 0.81 
Residuals 20 3.64   24 <0.01   
 

 

 

Appendix 3.B. Supplementary figures 

 

 

Supplementary Figure 3.B-1. Schematic of the sampling design. 
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Supplementary Figure 3.B-2. Non-metric multidimensional scaling of fungal amplicon sequence 

variants (ASVs) using metaMDS function from the vegan package on Bray-Curtis distance matri-

ces after Hellinger transformation of individual ASV abundance (Anderson and Willis, 2003; Le-

gendre and Gallagher, 2001; Oksanen et al., 2019). The final stress was 0.17, non-metric fit 

R2=0.97 and linear fit R2=0.86. Numbers correspond to sites: Breton (1), EMEND (2), Grands 

Jardins (3) and Valcartier (4). 
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Supplementary Figure 3.B-3. Average relative abundances of fungal phyla representing > 1% of 

the number of reads in control and earthworm-invaded forest floors and mineral soils. 

 

Supplementary Figure 3.B-4. Average relative abundances of fungal classes representing > 1% of 

the number of reads in control and earthworm-invaded forest floors and mineral soils. 
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Supplementary Figure 3.B-5. Average relative abundances of fungal orders representing > 1% of 

the number of reads in control and earthworm-invaded forest floors and mineral soils. 

 

Supplementary Figure 3.B-6. Average relative abundances of fungal families representing > 1% 

of the number of reads in control and earthworm-invaded forest floors and mineral soils. 
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Supplementary Figure 3.B-7. Non-metric multidimensional scaling of bacterial amplicon se-

quence variants (ASVs) using metaMDS function from the vegan package on Bray-Curtis distance 

matrices after Hellinger transformation of individual ASV abundance (Anderson and Willis, 2003; 

Legendre and Gallagher, 2001; Oksanen et al., 2019). The final stress was 0.13, non-metric fit 

R2=0.98 and linear fit R2=0.92. Numbers correspond to sites: Breton (1), EMEND (2), Grands 

Jardins (3) and Valcartier (4). 
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Supplementary Figure 3.B-8. Average relative abundances of bacterial phyla representing > 1% 

of the number of reads in control and earthworm-invaded forest floors and mineral soils. 

 

Supplementary Figure 3.B-9. Average relative abundances of bacterial classes representing > 1% 

of the number of reads in control and earthworm-invaded forest floors and mineral soils. 
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Supplementary Figure 3.B-10. Average relative abundances of bacterial orders representing > 

1% of the number of reads in control and earthworm-invaded forest floors and mineral soils. 

 

Supplementary Figure 3.B-11. Average relative abundances of bacterial families representing > 

1% of the number of reads in control and earthworm-invaded forest floors and mineral soils. 
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Supplementary Figure 3.B-12. Non-metric multidimensional scaling of phospholipid fatty acids 

(PLFAs) using metaMDS function from the vegan package on Bray-Curtis distance matrices after 

Hellinger transformation of individual PLFA abundance (Anderson and Willis, 2003; Legendre 

and Gallagher, 2001; Oksanen et al., 2019). The final stress was 0.10, non-metric fit R2=0.99 and 

linear fit R2=0.96. Numbers correspond to sites: Breton (1), EMEND (2), Grands Jardins (3) and 

Valcartier (4). 

 

 



169 
 

Appendix 3.C. Supplementary data and analyses 

1. Alternate statistical analysis of DNA data 

An index of read-count proportions (referred to as “eDNA index”) was calculated for the three 

main fungal guilds and the bacterial phyla following Kelly et al. (2019): 

𝑒𝐷𝑁𝐴 𝐼𝑛𝑑𝑒𝑥𝑖𝑗 =

𝐶𝑖𝑗

∑ 𝐶𝑖
 
𝑖

𝑚𝑎𝑥𝑗(
𝐶𝑖𝑗

∑ 𝐶𝑖
 
𝑖

)

 

It corresponds to the relative abundance within a sample (
𝐶𝑖𝑗

∑ 𝐶𝑖
 
𝑖

) divided by the maximum relative 

abundance found across samples (𝑚𝑎𝑥𝑗 (
𝐶𝑖𝑗

∑ 𝐶𝑖
 
𝑖

)), resulting in a standardized index ranging from 0 

to 1. Compared to relative abundance, the eDNA index showed better correlation with actual bio-

mass changes and is therefore considered a more robust quantitative approach (Kelly et al., 2019). 

However, as preliminary analyses showed similar trends between relative abundance and eDNA 

index, I decided to keep relative abundance in Chapter 3 for better readability. In support of this 

statement, I am reporting the results of the eDNA index analyses of variance in the present appen-

dix. 

Supplementary Table 3.C-1. Average eDNA index ( 1 standard error) of the three major fungal 

guilds (ectomycorrhizal, pathogenic, and saprotrophic) identified with FUNGuild using ITS2 am-

plicon size variants. Different letters indicate significant differences between control and earth-

worm-invaded soils, for each horizon. 

 Forest floor Mineral soil 
 Control Invaded Control Invaded 
Ectomycorrhizal fungi 0.38 (0.11) a 0.43 (0.07) a 0.37 (0.08) b 0.66 (0.06) a 
Pathogenic fungi 0.27 (0.13) a 0.19 (0.06) a 0.08 (0.05) a 0.03 (0.01) a 
Saprotrophic fungi 0.49 (0.06) a 0.50 (0.06) a 0.63 (0.08) a 0.36 (0.06) b 
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Supplementary Table 3.C-2. Two-way analyses of variance using eDNA index data from the three 

major fungal guilds (ectomycorrhizal, pathogenic, and saprotrophic) identified with FUNGuild 

using ITS2 amplicon size variants. 

   Df Sum Sq F value p-value 
Forest floor Ectomycorrhizal fungi Invasion 1 <0.01 <0.01 0.99 
  Site 3 1.40 12.87 <0.001 
  Interaction 2 0.07 0.92 0.42 
  Residuals 20 0.72   
 Pathogenic fungi Invasion 1 0.03 0.57 0.46 
  Site 3 0.79 5.86 <0.01 
  Interaction 2 0.03 0.30 0.75 
  Residuals 20 0.90   
 Saprotrophic fungi Invasion 1 0.01 0.30 0.59 
  Site 3 0.45 6.10 0.01 
  Interaction 2 0.05 1.01 0.38 
  Residuals 20 0.49   
Mineral soil Ectomycorrhizal fungi Invasion 1 0.55 15.55 <0.001 
  Site 3 0.90 8.46 <0.001 
  Interaction 2 0.02 0.33 0.72 
  Residuals 24 0.85   
 Pathogenic fungi Invasion 1 <0.01 0.18 0.68 
  Site 3 0.24 3.24 0.04 
  Interaction 2 <0.01 0.02 0.98 
  Residuals 24 0.58   
 Saprotrophic fungi Invasion 1 0.42 12.83 <0.01 
  Site 3 0.76 7.64 <0.001 
  Interaction 2 0.05 0.74 0.49 
  Residuals 24 0.79   
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Supplementary Table 3.C-3. Average eDNA index ( 1 standard error) of the major bacterial phyla 

obtained from 16S amplicon size variants. Different letters indicate significant differences between 

control and earthworm-invaded soils, for each horizon. 

 Forest floor Mineral soil 
 Control Invaded Control Invaded 
Acidobacteriota 0.38 (0.06) a 0.36 (0.03) a 0.76 (0.05) a 0.59 (0.04) b 
Actinobacteriota 0.68 (0.07) a 0.52 (0.04) b 0.37 (0.05) a 0.38 (0.03) a 
Bacteroidota 0.31 (0.08) a 0.47 (0.06) a 0.04 (0.02) b 0.11 (0.03) a 
Chloroflexi 0.10 (0.03) a 0.11 (0.02) a 0.63 (0.07) a 0.51 (0.07) b 
Firmicutes 0.13 (0.09) a 0.09 (0.05) a 0.14 (0.05) a 0.09 (0.02) a 
Gemmatimonadota 0.05 (0.02) a 0.06 (0.02) a 0.24 (0.09) b 0.29 (0.06) a 
Planctomycetota 0.36 (0.07) a 0.40 (0.05) a 0.51 (0.04) a 0.60 (0.04) a 
Proteobacteria 0.57 (0.05) a 0.61 (0.04) a 0.35 (0.02) b 0.39 (0.02) a 
Verrucomicrobiota 0.18 (0.03) b 0.28 (0.03) a 0.52 (0.10) a 0.53 (0.05) a 

 

Supplementary Table 3.C-4. Two-way analyses of variance using eDNA index data from the major 

bacterial phyla obtained from 16S amplicon size variants. 

   Df Sum Sq F value p-value 
Forest floor Acidobacteriota Invasion 1 <0.01 <0.01 0.98 
  Site 3 0.06 1.56 0.23 
  Interaction 2 0.04 1.54 0.24 
  Residuals 20 0.28   
 Actinobacteriota Invasion 1 0.08 3.41 0.08 
  Site 3 0.15 2.01 0.15 
  Interaction 2 0.04 0.87 0.43 
  Residuals 20 0.50   
 Bacteroidota Invasion 1 0.02 0.82 0.38 
  Site 3 0.93 12.11 <0.001 
  Interaction 2 <0.01 0.06 0.95 
  Residuals 20 0.51   
 Chloroflexi Invasion 1 <0.01 0.21 0.65 
  Site 3 0.05 6.99 <0.01 
  Interaction 2 <0.01 0.99 0.39 
  Residuals 20 0.04   
 Firmicutes Invasion 1 <0.01 0.06 0.81 
  Site 3 0.34 4.32 0.02 
  Interaction 2 0.05 0.91 0.42 
  Residuals 20 0.52   
 Gemmatimonadota Invasion 1 <0.01 0.05 0.83 
  Site 3 0.04 25.60 <0.001 
  Interaction 2 <0.01 0.06 0.95 
  Residuals 20 0.01   
 Planctomycetota Invasion 1 0.01 0.14 0.71 
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  Site 3 0.01 0.07 0.97 
  Interaction 2 0.01 0.09 0.91 
  Residuals 20 0.84   
 Proteobacteria Invasion 1 0.02 0.90 0.36 
  Site 3 0.17 3.15 <0.05 
  Interaction 2 0.01 0.40 0.67 
  Residuals 20 0.35   
 Verrucomicrobiota Invasion 1 0.02 5.95 0.02 
  Site 3 0.28 24.44 <0.001 
  Interaction 2 0.01 0.85 0.44 
  Residuals 20 0.08   
Mineral soil Acidobacteriota Invasion 1 0.06 3.65 0.07 
  Site 3 0.28 5.90 <0.01 
  Interaction 2 0.01 0.39 0.68 
  Residuals 24 0.38   
 Actinobacteriota Invasion 1 0.00 0.00 0.99 
  Site 3 0.29 12.43 <0.001 
  Interaction 2 0.00 0.21 0.82 
  Residuals 24 0.19   
 Bacteroidota Invasion 1 0.66 10.39 <0.01 
  Site 3 2.16 11.27 <0.001 
  Interaction 2 0.18 1.40 0.27 
  Residuals 24 1.53   
 Chloroflexi Invasion 1 0.11 3.92 0.06 
  Site 3 1.30 16.17 <0.001 
  Interaction 2 0.10 1.79 0.19 
  Residuals 24 0.65   
 Firmicutes Invasion 1 0.01 0.92 0.35 
  Site 3 0.03 1.22 0.32 
  Interaction 2 0.05 3.39 0.05 
  Residuals 24 0.19   
 Gemmatimonadota Invasion 1 0.05 9.02 <0.01 
  Site 3 0.31 17.86 <0.001 
  Interaction 2 0.04 3.77 0.04 
  Residuals 24 0.14   
 Planctomycetota Invasion 1 <0.01 0.30 0.59 
  Site 3 0.27 7.24 <0.01 
  Interaction 2 0.02 0.72 0.50 
  Residuals 24 0.30   
 Proteobacteria Invasion 1 0.01 6.90 0.01 
  Site 3 0.05 10.05 <0.001 
  Interaction 2 0.03 7.84 <0.01 
  Residuals 24 0.04   
 Verrucomicrobiota Invasion 1 0.03 0.79 0.38 
  Site 3 0.65 5.42 <0.01 
  Interaction 2 0.01 0.15 0.86 
  Residuals 24 0.97   
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2. Comparing microbial communities of earthworm casts and bulk soils 

Using the same combined PLFA and DNA metabarcoding approach, the microbial community 

composition of earthworm casts was also analyzed and then compared with that of bulk earth-

worm-invaded soils (forest floor and mineral soil). 

Variables were analyzed by two-way analyses of variance (factors: sample type and site), followed 

by HSD Tukey posthoc test, or Schreirer-Ray-Hare test (factors: sample type and site) when nor-

mality assumption was violated, followed by Dunn posthoc test.  

a. Fungal ASVs 

Supplementary Table 3.C-5. Average relative abundances of fungal guilds (n=20-22) with stand-

ard errors in parentheses. Different letters denote significant differences (p-value < 0.1) among 

sample types, as determined by two-way analyses of variance (factors: sample type and site) fol-

lowed by posthoc HSD Tukey test. 

Sample type Ectomycorrhizal fungi Pathogenic fungi Saprotrophic fungi 
Earthworm casts 17.9 (4.5) c 13.4 (3.3) a 68.8 (4.9) a 
Forest floor 40.8 (6.7) b 11.7 (3.1) a 47.4 (5.0) b 
Mineral soil 63.5 (5.2) a 2.1 (0.5) b 34.4 (5.0) c 

 

Supplementary Table 3.C-6. Two-way analyses of variance (factors: sample type and site) of fun-

gal guild relative abundances. Df stands for degrees of freedom and Sum sq for sum of squares. 

  Df Sum Sq F value p-value 
Ectomycorrhizal fungi Sample type 2 2.31 44.25 <0.001 
 Site 3 2.17 27.70 <0.001 
 Interaction 6 0.30 1.93 0.09 
 Residuals 51 1.33   
Pathogenic fungi Sample type 2 0.51 11.37 <0.001 
 Site 3 0.42 6.12 <0.01 
 Interaction 6 0.21 1.54 0.18 
 Residuals 51 1.15   
Saprotrophic fungi Sample type 2 1.28 20.30 <0.001 
 Site 3 1.16 12.25 <0.001 
 Interaction 6 0.29 1.53 0.19 
 Residuals 51 1.61   
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Supplementary Table 3.C-7. Average species richness and diversity of fungal guilds (n=20-22) 

with standard errors in parentheses. Different letters denote significant differences (p-value < 0.1) 

among sample types, as determined by two-way analyses of variance (factors: sample type and 

site) followed by HSD Tukey posthoc test. 

 Ectomycorrhizal Pathogenic Saprotrophic 
 Richness Diversity Richness Diversity Richness Diversity 
Casts 8.3 (1.8) b 3.4 (0.6) c 8.3 (0.7) a 4.3 (0.5) a 27.6 (1.9) a 8.2 (1.2) b 
Forest floor 16.5 (2.8) a 8.4 (1.4) a 7.1 (1.0) a 4.2 (0.6) a 33.9 (3.1) a 14.9 (2.2) a 
Mineral soil 17.1 (1.1) a 6.1 (0.8) b 3.3 (0.6) b 2.6 (0.5) b 27.6 (2.4) a 14.5 (1.2) a 

 

Supplementary Table 3.C-8. Two-way analyses of variance (factors: sample type and site) of fun-

gal guild species richness and diversity. Df stands for degrees of freedom and Sum sq for sum of 

squares. 

   Df Sum sq F p 
Ectomycorrhizal Richness Sample type 2 793.96 15.86 <0.001 
  Site 3 1607.30 21.41 <0.001 
  Interaction 6 719.75 4.79 <0.001 
  Residuals 43 1076.13   
 Diversity Sample type 2 211.46 11.36 <0.001 
  Site 3 181.94 6.52 <0.001 
  Interaction 6 270.77 4.85 <0.001 
  Residuals 43 400.23   
Saprotrophic Richness Sample type 2 438.5 2.54 0.09 
  Site 3 360.6 1.39 0.26 
  Interaction 6 1506.9 2.91 0.02 
  Residuals 43 3714.7   
 Diversity Sample type 2 488.11 9.02 <0.001 
  Site 3 523.22 6.45 <0.01 
  Interaction 6 489.90 3.02 0.01 
  Residuals 43 1163.06   
Pathogenic Richness Sample type 2 238.84 16.09 <0.001 
  Site 3 148.14 6.65 <0.001 
  Interaction 6 31.02 0.70 0.65 
  Residuals 43 319.15   
 Diversity Sample type 2 0.47 5.29 <0.01 
  Site 3 0.48 3.54 0.02 
  Interaction 6 0.09 0.35 0.91 
  Residuals 43 1.93   
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Supplementary Figure 3.C-1. Non-metric multidimensional scaling of fungal amplicon sequence 

variants (ASVs) using metaMDS function from the vegan package on Bray-Curtis distance matri-

ces after Hellinger transformation of individual ASV abundance using earthworm casts, invaded 

forest floors and invaded mineral soils (Anderson and Willis, 2003; Legendre and Gallagher, 

2001; Oksanen et al., 2019). The final stress was 0.17, non-metric fit R2=0.97 and linear fit 

R2=0.87. The following sites were included: Breton, EMEND, Grands Jardins (GJ) and Valcartier 

(VAL). 
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Supplementary Table 3.C-9. Permutational analysis of variance (PERMANOVA) performed on 

Hellinger-transformed data for fungal amplicon sequence variants (ASVs) using Bray-Curtis dis-

tance matrix. Df stands for degrees of freedom and Sum sq for sum of squares. 

 

 

  

 

 

 

Supplementary Figure 3.C-2. Average relative abundances of fungal phyla representing > 1% of 

the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 

 

 Df Sum sq F model R2 p-value 
Sample type 2 1.76 3.31 0.08 <0.001 
Site 3 4.33 5.42 0.19 <0.001 
Interaction 6 3.14 1.96 0.14 <0.001 
Residuals 51 13.58  0.60  
Total 62 22.81  1.00  
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Supplementary Figure 3.C-3. Average relative abundances of fungal classes representing > 1% 

of the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 

 

Supplementary Figure 3.C-4. Average relative abundances of fungal orders representing > 1% of 

the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 
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Supplementary Figure 3.C-5. Average relative abundances of fungal families representing > 1% 

of the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 

b. Bacterial ASVs 

Supplementary Table 3.C-10. Average relative abundance of the bacterial phyla, with standard 

errors in parentheses (n = 20–22). Different letters denote significant differences (p-value < 0.1) 

among sample types, as determined by two-way analyses of variance (factors: sample type and 

site) followed by HSD Tukey posthoc test. Only phyla accounting for > 1 % of relative abundance 

are displayed. 

 Earthworm casts Forest floor Mineral soil 
Acidobacteriota 7.8 (0.7) c 12.9 (1.0) b 21.1 (1.2) a 
Actinobacteriota 18.4 (1.6) b 24.1 (1.8) a 17.7 (1.4) b 
Bacteroidota 17.5 (1.2) a 11.2 (1.4) b 2.7 (0.6) c 
Chloroflexi 1.6 (0.2) b 1.5 (0.2) b 7.4 (0.9) a 
Firmicutes 0.5 (0.2) b 1.6 (0.9) ab 1.6 (0.4) a 
Gemmatimonadota 0.4 (0.1) b 0.3 (0.1) c 1.7 (0.4) a 
Planctomycetota 19.3 (1.9) a 13.7 (1.5) b 20.3 (1.2) a 
Proteobacteria 27.8 (0.7) a 29.1 (1.7) a 18.9 (0.7) b 
Verrucomicrobiota 3.1 (0.3) b 3.3 (0.4) b 6.3 (0.6) a 
Species richness 596 (25) a 587 (40) a 567 (33) a 
Diversity 381 (18) a 367 (33) a 335 (13) a 
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Supplementary Table 3.C-11. Two-way analyses of variance of bacterial phylum relative abun-

dances. Df stands for degrees of freedom, Sum sq for sum of squares. 

  Df Sum Sq F value p-value 
Acidobacteriota Sample type 2 0.20 71.15 <0.001 
 Site 3 0.02 4.86 <0.01 
 Interaction 6 0.02 2.49 0.03 
 Residuals 51 0.07   
Actinobacteriota Sample type 2 0.04 6.90 <0.01 
 Site 3 0.08 8.32 <0.001 
 Interaction 6 0.06 3.20 <0.01 
 Residuals 51 0.16   
Bacteroidota Sample type 2 0.24 109.71 <0.001 
 Site 3 0.06 16.97 <0.001 
 Interaction 6 0.02 3.63 <0.01 
 Residuals 51 0.06   
Chloroflexi Sample type 2 0.34 82.12 <0.001 
 Site 3 0.05 8.19 <0.001 
 Interaction 6 0.10 7.88 <0.001 
 Residuals 51 0.10   
Firmicutes Sample type 2 0.08 5.93 <0.01 
 Site 3 0.18 9.32 <0.001 
 Interaction 6 0.12 3.16 0.01 
 Residuals 51 0.33   
Gemmatimonadota Sample type 2 0.17 48.25 <0.001 
 Site 3 0.05 10.19 <0.001 
 Interaction 6 0.07 6.21 <0.001 
 Residuals 51 0.09   
Planctomycetota Sample type 2 0.05 9.52 <0.001 
 Site 3 0.08 10.93 <0.001 
 Interaction 6 0.08 5.34 <0.001 
 Residuals 51 0.12   
Proteobacteria Sample type 2 2.39 54.28 <0.001 
 Site 3 0.34 5.14 <0.01 
 Interaction 6 0.46 3.50 <0.01 
 Residuals 51 1.12   
Verrucomicrobiota Sample type 2 <0.01 30.64 <0.001 
 Site 3 <0.01 13.05 <0.001 
 Interaction 6 <0.01 4.54 <0.001 
 Residuals 51 <0.01   
Species richness Sample type 2 <0.01 0.48 0.62 
 Site 3 <0.01 2.56 0.07 
 Interaction 6 <0.01 2.50 0.03 
 Residuals 51 <0.01   
Diversity Sample type 2 15.11 1.59 0.21 
 Site 3 63.39 4.45 <0.01 
 Interaction 6 106.74 3.75 <0.01 
 Residuals 51 242.05   
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Supplementary Figure 3.C-6. Non-metric multidimensional scaling of bacterial amplicon se-

quence variants (ASVs) using metaMDS function from the vegan package on Bray-Curtis distance 

matrices after Hellinger transformation of individual ASV abundance using earthworm casts, in-

vaded forest floors and invaded mineral soils (Anderson and Willis, 2003; Legendre and Gal-

lagher, 2001; Oksanen et al., 2019). The final stress was 0.15, non-metric fit R2=0.98 and linear 

fit R2=0.89. The following sites were included: Breton, EMEND, Grands Jardins (GJ) and Val-

cartier (VAL). 
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Supplementary Table 3.C-12. Permutational analysis of variance (PERMANOVA) performed on 

Hellinger-transformed data for bacterial amplicon sequence variants (ASVs) using Bray-Curtis 

distance matrix. Df stands for degrees of freedom and Sum sq for sum of squares. 

 Df Sum sq F model R2 p-value 
Sample type 2 3.69 9.52 0.16 <0.001 
Site 3 5.15 8.69 0.22 <0.001 
Interaction 6 4.61 3.96 0.20 <0.001 
Residuals 50 9.69  0.42  
Total 61 23.05  1.00  

 

 

Supplementary Figure 3.C-7. Average relative abundances of bacterial phyla representing > 1% 

of the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 
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Supplementary Figure 3.C-8. Average relative abundances of bacterial classes representing > 1% 

of the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 

 

Supplementary Figure 3.C-9. Average relative abundances of bacterial orders representing > 1% 

of the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 
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Supplementary Figure 3.C-10. Average relative abundances of bacterial families representing > 

1% of the number of reads in earthworm casts, invaded forest floors, and invaded mineral soils. 

c. Phospholipid fatty acids (PLFAs) 

Supplementary Table 3.C-13. Average concentrations (nmol.g-soil-1) of total, Gram(+) and (-) 

bacteria, and fungal phospholipid fatty acids (PLFAs) and PLFA ratios, with standard errors in 

parentheses (n = 17–22). Different letters denote significant differences (p-value < 0.1) among 

sample types, as determined by the Schreirer-Ray-Hare test (factors: sample type and site) fol-

lowed by Dunn posthoc test.  

  Earthworm casts Forest floor Mineral soil 
Concentration Total PLFA  5195 (494) a 5700 (305) a 1684 (302) b 
 Gram(+) bacteria 1006 (105) a 1029 (88) a 477 (96) b 
 Gram(-) bacteria 857 (91) a 943 (81) a 397 (65) b 
 Fungi 544 (71) b 910 (77) a 93 (22) c 
Ratios Gram(+):Gram(-) 1.19 (0.05) a 1.14 (0.08) a 1.16 (0.04) a 
 Fungi:Bacteria 0.18 (0.03) b 0.30 (0.03) a 0.09 (0.02) c 
 10Me ratio 0.02 (0.02) c 0.16 (0.04) b 0.48 (0.06) a 
 Cyclo ratio 0.17 (0.01) b 0.35 (0.05) a 0.41 (0.03) a 
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Supplementary Table 3.C-14. Results of the two-way analysis of variance (ANOVA, when normal-

ity of residues is obtained) or the nonparametric Scheirer–Ray–Hare Test (when data does not 

meet normality of residues criteria) for PLFA concentrations and ratios. Df stands for degrees of 

freedom and Sum sq for sum of squares. H and F values are obtained from Scheirer-Ray-Hare test 

or ANOVA, respectively. 

   Df Sum Sq H/F value p-value 
Scheirer-Ray-Hare Total PLFA Sample type 2 9785 34.31 <0.001 
  Site 3 583 2.04 0.56 
  Interaction 6 1816 6.37 0.38 
  Residuals 46 3996   
 Gram(+) bacteria Sample type 2 7539 26.44 <0.001 
  Site 3 665 2.33 0.51 
  Interaction 6 2459 8.62 0.20 
  Residuals 46 5565   
 Gram(-) bacteria Sample type 2 6866 24.08 <0.001 
  Site 3 913 3.20 0.36 
  Interaction 6 2152 7.54 0.27 
  Residuals 46 6229   
 Fungi Sample type 2 12038 42.22 <0.001 
  Site 3 915 3.21 0.36 
  Interaction 6 1191 4.18 0.65 
  Residuals 46 2349   
 Gram(+):Gram(-) Sample type 2 612 2.15 0.35 
  Site 3 2205 7.73 0.05 
  Interaction 6 3341 11.72 0.07 
  Residuals 46 10059   
 Fungi:Bacteria Sample type 2 8405 52.73 <0.001 
  Site 3 2823 10.03 0.02 
  Interaction 6 1693 4.52 0.43 
  Residuals 46 3541   
 10Me ratio Sample type 2 7834 29.30 <0.001 
  Site 3 2042 7.64 0.05 
  Interaction 6 2391 8.94 0.18 
  Residuals 46 2587   
ANOVA Cyclo ratio Sample type 2 0.60 46.78 <0.001 
  Site 3 0.28 14.89 <0.001 
  Interaction 6 0.28 7.28 <0.001 
  Residuals 44 0.28   
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Supplementary Figure 3.C-11. Non-metric multidimensional scaling of phospholipid fatty acids 

(PLFAs) using metaMDS function from the vegan package on Bray-Curtis distance matrices after 

Hellinger transformation of individual ASV abundance using earthworm casts, invaded forest 

floors and invaded mineral soils (Anderson and Willis, 2003; Legendre and Gallagher, 2001; 

Oksanen et al., 2019). The final stress was 0.11, non-metric fit R2=0.99 and linear fit R2=0.94. 

The following sites were included: Breton, EMEND, Grands Jardins (GJ) and Valcartier (VAL). 
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Supplementary Table 3.C-15. Permutational analysis of variance (PERMANOVA) performed on 

Hellinger-transformed data for phospholipid fatty acids (PLFAs) using Bray-Curtis distance ma-

trix. Df stands for degrees of freedom and Sum sq for sum of squares. 

 Df Sum sq F model R2 p-value 
Sample type 2 0.51 37.52 0.40 <0.001 
Site 3 0.24 11.81 0.19 <0.001 
Interaction 6 0.20 4.91 0.16 <0.001 
Residuals 46 0.32  0.25  
Total 57 1.27  1.00  

 

d. Results 

For most of the variables tested by two-way analysis of variance (ANOVA), the interaction be-

tween sample type and site was significant, indicating that the differences among sample types 

might vary across sites (Suppl. Table 3.C-8, 11, 14). Similarly, the permutational analysis of var-

iance (PERMANOVA) results showed that the fungal, bacterial, and PLFA community composi-

tions were significantly affected by both site and sample type, as well as their interaction (Suppl. 

Tables 3.C-9, 12, 15; Suppl. Fig. 3.C-1, 6, 11).  

The analysis of fungal communities using metabarcoding of ITS2 region revealed that earthworm 

casts had the lowest relative abundance of EcM fungi (18 %) and the highest of saprotrophic fungi 

(69 %), compared to forest floors and mineral soils (Suppl. Table 3.C-5 & 6). In earthworm casts, 

EcM fungi species richness and diversity were at least twice as low as in the forest floors and 

mineral soils (Suppl. Table 3.C-7). However, despite harbouring higher relative abundance of sap-

rotrophic fungi, their species richness was not higher in earthworm casts, compared to bulk soils, 

while their diversity was significantly lower (Suppl. Table 3.C-8). At the class, order, and family 

levels, the general pattern of fungal relative abundances was more similar between earthworm 

casts and forest floors (Suppl. Fig. 3.C-3 to 5). 
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Bacterial communities of earthworm casts were more similar to those of forest floors than those 

of mineral soils. At the phylum level, earthworm casts and forest floors were dominated by Prote-

obacteria (28–29 %), while mineral soils were dominated by Acidobacteriota (21 %). Forest floors 

and earthworm casts also had similar relative abundances of Chloroflexi, Firmicutes, and Gem-

matimonadota. However, mineral soils and earthworm casts had similar relative abundances of 

Actinobacteriota (18 %) and Planctomycetota (19 – 20 %). Compared to forest floors and mineral 

soils, the relative abundances of Acidobacteriota and Bacteroidota were respectively lower and 

higher in earthworm casts. Bacterial species richness and diversity were similar across sample 

types (Suppl. Table 3.C-10 & 11).  

The microbial biomass, calculated as the total PLFA concentration, was similar in earthworm casts 

and forest floors and significantly lower in mineral soils (Suppl. Table 3.C-13 & 14). Earthworm 

casts harboured significantly lower fungal PLFA concentration, compared to the forest floors. 

While the Gram(+):Gram(-) ratio was similar across sample types, the fungi:bacteria ratio was 

highest in forest floors, intermediate in earthworm casts, and lowest in mineral soils. The 10Me 

and cyclo ratios were significantly lower in earthworm casts. 

e. Key findings 

Microbial communities of earthworm casts appeared to be more similar to those of forest floors 

compared to mineral soils, in terms of microbial biomass, bacterial community composition, and 

fungal guild composition. As casts were primarily sampled at the soil surface (i.e. in the forest 

floor), these results are not surprising. 

Compared to bulk soils, the higher relative abundance of Bacteroidota found in earthworm casts 

could be associated with higher N supply, while lower cyclo ratios would indicate lower environ-

mental stress.  
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Chapter 4 

Appendix 4.A. Supplementary tables 

Supplementary Table 4.A-1. Results of the one-way analysis of variance (ANOVA) for fast and 

active C concentration (mg of C/g of soil). Df stands for degrees of freedom and Sum sq for sum 

of squares. 

    Fast C pool Active C pool 
  Factor Df Sum Sq F-value p-value Sum Sq F-value p-value 
Brunisol Forest floor Invasion 2 584.2 5.36 <0.05 556.6 3.13 0.09 
  Residuals 9 490.8   800.3   
 Mineral soil Invasion 2 1.77 4.09 0.05 5.1 6.18 <0.05 
  Residuals 9 1.95   3.7   
Luvisol Forest floor Invasion 1 14.1 0.23 0.65 15.3 0.17 0.69 
  Residuals 10 626.9   929.2   
 Mineral soil Invasion 1 0.3 2.03 0.19 0.2 0.23 0.64 
  Residuals 10 1.6   6.4   
Podzol Forest floor Invasion 1 19.0 1.51 0.26 51.0 2.07 0.20 
  Residuals 6 75.3   147.9   
 Mineral soil Invasion 1 14.4 50.43 <0.001 13.8 30.23 <0.01 
  Residuals 6 1.7   2.7   

 

Supplementary Table 4.A-2. Results of the one-way analysis of variance (ANOVA) for fast and 

active C pool proportions (%). Df stands for degrees of freedom and Sum sq for sum of squares. 

    Fast C pool Active C pool 
  Factor Df Sum Sq F-value p-value Sum Sq F-value p-value 
Brunisol Forest floor Invasion 2 3050.0 4.35 <0.05 2555.3 2.18 0.17 
  Residuals 9 3158.3   5283.8   
 Mineral soil Invasion 2 687.5 8.58 <0.01 1772.9 10.31 <0.01 
  Residuals 9 360.5   773.8   
Luvisol Forest floor Invasion 1 0.1 <0.01 0.99 4.8 0.01 0.93 
  Residuals 10 3304.5   5453.1   
 Mineral soil Invasion 1 1.2 0.01 0.95 41.5 0.82 0.39 
  Residuals 10 2424.1   5008.9   
Podzol Forest floor Invasion 1 277.0 4.01 0.09 585.6 4.33 0.08 
  Residuals 6 414.7   812.0   
 Mineral soil Invasion 1 2735.7 32.09 <0.01 2205.5 17.05 <0.01 
  Residuals 6 511.4   776.3   
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Supplementary Table 4.A-3. Results of the two-way analyses of variance (ANOVAs) for TOC 

[%wt] of every soil fraction and its corresponding proportion of total C. Df stands for degrees of 

freedom and Sum sq for sum of squares. 

   TOC [%wt] Proportion of total C [%] 
  Df Sum Sq F value p-value Sum Sq F value p-value 
Bulk soil Invasion 1 0.17 1.72 0.21    
 Site 2 1.82 9.06 <0.01    
 Interaction 2 0.45 2.23 0.15    
 Residuals 14 1.40      
Large macroaggregates Invasion 1 0.19 1.14 0.30 0.01 0.19 0.67 
 Site 2 9.47 28.35 <0.001 0.84 17.00 <0.001 
 Interaction 2 0.27 0.80 0.47 0.01 0.17 0.84 
 Residuals 14 2.34   0.35   
Small macroaggregates Invasion 1 0.24 5.02 <0.05 0.05 3.96 0.07 
 Site 2 5.38 56.28 <0.001 0.18 7.18 <0.01 
 Interaction 2 0.13 1.32 0.30 0.05 2.04 0.17 
 Residuals 14 0.67   0.18   
Free microaggregates Invasion 1 <0.01 7.85 <0.05 <0.01 0.07 0.80 
 Site 2 0.08 108.98 <0.001 0.02 0.88 0.44 
 Interaction 2 <0.01 2.10 0.16 0.01 0.40 0.68 
 Residuals 14 <0.01   0.15   
Free silt and clay Invasion 1 0.02 8.59 <0.05 <0.01 1.20 0.29 
 Site 2 0.15 33.74 <0.001 0.07 9.25 <0.01 
 Interaction 2 <0.01 0.38 0.69 <0.01 0.46 0.64 
 Residuals 14 0.03   0.06   
Occluded microaggregates Invasion 1 0.60 1.61 0.23 <0.01 1.67 0.22 
 Site 2 27.63 37.20 <0.001 0.01 14.14 <0.001 
 Interaction 2 0.67 0.90 0.43 <0.01 2.81 0.09 
 Residuals 14 5.20   0.01   
Occluded light fraction Invasion 1 0.62 12.57 <0.01 0.05 11.08 <0.01 
 Site 2 2.36 23.92 <0.001 0.08 8.92 <0.01 
 Interaction 2 0.33 3.31 0.07 <0.01 0.40 0.68 
 Residuals 14 0.64   0.06   
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Supplementary Table 4.A-4. List of compounds identified by pyrolysis-gas chromatography-mass 

spectrometry and their class (N: N-containing compound; Ps: polysaccharides; FA: fatty acids; 

Ph: phenols; Ar: other aromatic compounds; Al: other alipathic compounds; T: tannin markers; 

Lg: lignin markers). Average retention time (RT) is showed in minutes. 

Pyrolysis product name  RT Marker 
1-methyl-pyrrolidine N1 7.9   
2,5-dimethyl-furan Ps1 8.2  
butanoic acid, methyl ester = methyl butanoate FA1 8.7   
1-nitroso-pyrrolidine N2 9.1   
1-methyl-1h-pyrrole N3 9.6   
pyridine N4 9.8   
dimethylamino acetonitrile N5 10.0  
pyrrole N6 10.3   
acetic acid, methoxy-, methyl ester Ps2 10.6  
toluene Ar1 10.9   
propanoic acid, 2-methoxy-, methyl ester Ps3 12.2  
formamide, n,n-dimethyl- N7 12.4   
n-dimethyl-n-formylamine N8 12.6   
acetamide N9 12.7   
3-furaldehyde Ps4 13.5  
2-propanol, 1-(dimethylamino)- N10 13.8   
2-methyl-pyridine N11 13.9   
2 or 3-methyl-pyridine N12 14.1   
4-methyl-pyridine N13 14.2   
furfural Ps5 14.8  
2-cyclopenten-1-one Ps6 14.9  
1h-pyrrole, 2,5-dimethyl- N14 15.0   
2,3-dimethyl-cyclohexa-1,3-diene Al1 15.5   
acetamide, n-methyl- N15 15.5   
1h-pyrrole, 2-methyl- N16 15.5   
1h-pyrrole, 3-methyl- N17 15.9   
ethylbenzene Ar2 16.6   
benzenamine Ar3 16.8  
1,3-cyclohexadiene, 5,6-dimethyl- Al2 16.9   
m- or p-xylene (=1,3 or 4-dimethylbenzene) Ar4 17.5   
glycine, n,n-dimethyl-, methyl ester N18 17.6   
butanoic acid, 2-oxo-, methyl ester Ps7 17.7   
n,n-dimethylacetamide N19 17.8   
2-propanol, 1,3-dimethoxy- Al3 17.9   
(r)-3-hydroxybutyric acid, methyl ether, methyl ester FA2 18.2   
o -xylene (= 1,2-dimethylbenzene) Ar5 18.3   
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styrene = ethenylbenzene Ar6 18.5   
2-cyclopenten-1-one, 2-methyl- Ps8 19.6  
ethanone, 1-(2-furanyl)- Ps9 19.9  
2,3-dimethoxypropan-1-ol Al4 20.1   
anisole = methoxybenzene Ar7 20.3   
1h-pyrrole, 2-ethyl-4-methyl- N20 21.1   
pyridine, 2,4-dimethyl- N21 21.4   
pyridine, 3,5-dimethyl- N22 21.4   
2-cyclopenten-1-one, 3,4-dimethyl- Ps10 21.7  
2-furancarboxaldehyde, 5-methyl- Ps11 22.5  
benzene, propyl- Ar8 22.6   
1h-pyrrole-2-carboxaldehyde, 1-methyl- N23 22.6   
4-hydroxypiperidine N24 22.7   
2(1h)-pyridinone, 1-methyl- N25 22.8   
benzaldehyde Ar9 23.0   
benzene, 1-ethyl-3-methyl- Ar10 23.1   
benzene, 1-ethyl-4-methyl- Ar11 23.2   
1,2,4-triazine, hexahydro-3,5-dione N26 23.2   
2,4-dimethylfuran Ps12 23.5  
2-cyclopenten-1-one, 2,3-dimethyl- Ps13 23.5  
1h-pyrrole, 2,3,5-trimethyl- N27 23.6   
3,4-dimethylfuran Ps14 23.6  
2-cyclopenten-1-one, 3-methyl- Ps15 23.6  
3-furancarboxylic acid, methyl ester Ps16 24.0  
benzene, 1-ethyl-2-methyl- Ar12 24.3   
1,2,5-trimethylpyrrole N28 24.8   
1,3,5-triazine, hexahydro-1,3,5-trimethyl- N29 24.8   
phenol Ph1 25.2   
benzene, 1-ethenyl-4-methyl- Ar13 25.4   
benzene, 1-ethenyl-2-methyl- Ar14 25.5   
benzene, 2-propenyl- Ar15 25.7   
2,3,4-trimethylpyrrole N30 25.9   
benzene, 1,2,3-trimethyl- Ar16 26.3   
benzene, 1-methoxy-4-methyl- Ar17 26.7   
mesitylene = benzene, 1,3,5-trimethyl Ar18 26.9   
but-2-enedioic acid, dimethyl ester FA3 26.9   
1h-indene, 2,3-dihydro- Ar19 27.1  
phenol, 4-amino- Ph2 27.3  
butanedioic acid, dimethyl ester FA4 27.5   
benzene, 1,2,4-trimethyl- Ar20 27.8   
indene Ar21 28.2  
2-pyrrolidinone, 1-methyl- N31 28.3   
1,2-ethanediamine, n,n'-dibutyl- N32 28.9   
o-cresol = 2-methyl phenol Ph3 29.2   



192 
 

butanedioic acid, methyl-, dimethyl ester FA5 29.4   
m-cresol = 3-methyl phenol Ph4 29.5   
p-cresol = 4-methyl phenol Ph5 30.4   
2,5-pyrrolidinedione, 1-methyl N33 30.9   
benzoic acid, methyl ester Ar22 31.1   
2(1h)-pyridinone, 1,3-dimethyl- N34 31.2   
2(1h)-pyridinone, 3,6-dimethyl- N35 31.2   
benzofuran, 2-methyl- Ar23 31.5   
benzene, 1-ethenyl-3,5-dimethyl- Ar24 31.7   
benzene, 2-ethenyl-1,4-dimethyl- Ar25 31.7   
benzene, 1-ethynyl-4-methoxy- Ar26 31.7   
1h-pyrrole, 2,3,4,5-tetramethyl- N36 32.0   
phenol, 4-ethyl-2-methyl- Ph6 32.1   
phenol, 2,6-dimethyl- Ph7 32.2   
methyl 1-methylpyrrole-2-carboxylate N37 32.6   
phenol, 2,5-dimethyl- Ph8 33.2   
2-cyclopenten-1-one, 4-methoxy- Ps17 33.2  
phenol, 3-methoxy- Lg1 33.3 Lignin 
2,4-dimethylstyrene Ar27 33.5   
benzene, 1,2-dimethoxy- Ar28 33.8   
2,3-dimethylhydroquinone Ph9 33.8   
phenol, 3,5-dimethyl- Ph10 33.9   
benzofuran, 2,3-dihydro-2-methyl- Ar29 34.2   
1h-indene, 1-methyl- Ar30 34.2  
1h-indene, 3-methyl- Ar31 34.4  
naphthalene, 1,2-dihydro- PAH1 34.5   
benzene, 1,4-dimethoxy- Ar32 34.7   
phenol, 2,4-dimethyl- Ph11 35.0   
phenol, 3-methoxy-2-methyl- Ph12 35.3   
phenol, 2,3-dimethyl- Ph13 35.3   
benzeneacetic acid, methyl ester Ar33 35.5   
naphthalene PAH2 36.0   
phenol, 3,4-dimethyl- Ph14 36.0   
benzenamine, 3-ethoxy- Ar34 36.2  
phenol, 2-ethyl-4-methyl- Ph15 36.5   
phenol, 3-ethyl-5-methyl- Ph16 36.6   
phenol, 3-(dimethylamino)- Ph17 37.1  
benzofuran, 4,7-dimethyl- Ar35 37.4   
2,4(1h,3h)-pyrimidinedione, 1,3-dimethyl- N38 37.4   
2,4-imidazolidinedione, 3,5,5-trimethyl- N39 37.6   
phenol, 2,3,6-trimethyl- Ph18 37.6   
pyrrolidine, 1-(1-butenyl)- N40 37.7   
phenol, 2,3,5-trimethyl- Ph19 37.7   
4-amino-2,3-xylenol Ph20 38.2  
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benzaldehyde, 4-methoxy- Lg2 39.4 Lignin 
1h-indene, 1,3-dimethyl- Ar36 39.7  
1h-indene, 2,3-dimethyl- Ar37 39.7  
naphthalene, 1,2-dihydro-6-methyl- PAH3 39.8   
phenol, 2,4,6-trimethyl- Ph21 39.8   
naphthalene, 1,2-dihydro-3-methyl- PAH4 39.9   
phenol, 2,4,5-trimethyl- Ph22 40.0   
1h-indole, 1-methyl- N41 40.2   
1h-indole, 2-methyl- N42 40.2   
1h-indene-1,2-diol, 2,3-dihydro- Ar38 40.7  
1h-inden-1-ol, 2,3-dihydro-2-methyl- Ar39 40.9  
1h-indene, 1,1-dimethyl- Ar40 41.2  
naphthalene, 2-methyl- PAH5 41.4   
1h-inden-1-one, 2,3-dihydro-3-methyl- Ar41 41.9  
naphthalene, 1-methyl- PAH6 42.0   
1h-indole-2,3-dione, 1-methyl-, 3-hydrazone N43 42.2   
2-naphthalenol, 1,2-dihydro-, acetate PAH7 42.9   
benzoic acid, 3-methoxy-, methyl ester Lg3 43.3 Lignin 
2-pyrrolidone-5-carboxylic acid, n-methyl, methyl ester N44 43.4   
phenol, 5-methyl-2-(1-methylethyl)- Ph23 44.0   
acetophenone, 4'-methoxy- Lg4 44.3 Lignin 
1h-indole, 1,4-dimethyl- N45 44.4   
phenol, 2-methoxy-6-(1-propenyl)- Ph24 44.4   
1h-indole, 1,3-dimethyl- N46 44.6   
1,2,4-trimethoxybenzene T1 44.6 Tannin 
benzoic acid, 4-methoxy-, methyl ester Lg5 44.9 Lignin 
1,3,5-triazine-2,4,6(1h,3h,5h)-trione, 1,3,5-trimethyl- N47 45.3   
phenol, 2,3,5,6-tetramethyl- Ph25 45.4   
fructofuranose, 2,6-anhydro-1,3,4-tri-o-methyl-, omega-d- Ps18 45.4  
2,3,4-trimethyllevoglucosan Ps19 45.9  
naphthalene, 1,2-dimethyl- PAH8 46.0   
benzene, 1,3,5-trimethoxy- T2 46.3 Tannin 
naphthalene, 1,3-dimethyl- PAH9 46.5   
naphthalene, 2,7-dimethyl- PAH10 46.9   
1h-isoindole-1,3(2h)-dione, 2-methyl- N48 47.1   
1,4-benzenedicarboxylic acid, methyl ester Un1 47.3   
phenol, 2,3,4,6-tetramethyl- Ph26 47.4   
phenol, 2-methyl-5-(1-methylethyl)- Ph27 47.5   
octanedioic acid, dimethyl ester FA6 47.7   
1h-indole, 5-methoxy-2-methyl- N49 48.0   
2,4(1h,3h)-pyrimidinedione, 1,3,5-trimethyl- N50 48.3   
quinoline, 3-ethyl- N51 48.5   
naphthalene, 1,4-dimethyl- PAH11 48.5   
naphthalene, 1,2-dihydro-1,5,8-trimethyl- PAH12 48.7   
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benzaldehyde, 3,4-dimethoxy- Lg6 49.3 Lignin 
2,4,6-trimethoxytoluene T3 49.6 Tannin 
2,4,5,6,7-pentamethoxyheptanoic acid, methyl ester FA7 49.7   
1h-indole, 1,2-dimethyl- N52 49.9   
t-butylhydroquinone Ph28 50.5   
dodecanoic acid, methyl ester = methyl dodecanoate  FA8 50.9   
dibenzofuran Ar42 51.1   
1h-indole, 1,2,3-trimethyl- N53 51.6   
nonanedioic acid, dimethyl ester FA9 51.9   
ethanone, 1-(3,4-dimethoxyphenyl)- Lg7 52.7 Lignin 
benzeneacetic acid, 3,4-dimethoxy- Ar43 53.3   
benzoic acid, 3,4-dimethoxy-, methyl ester Lg8 53.8 Lignin 
1h-indole, 5,6,7-trimethyl- N54 54.5   
phenol, 3-methoxy-2,5,6-trimethyl- Ph29 54.5   
durohydroquinone Ph30 54.5   
benzeneacetic acid, 3,4-dimethoxy-, methyl ester Ar44 55.1   
3,3'-dimethylbiphenyl PAH13 55.8   
4,4'-dimethylbiphenyl PAH14 55.8   
2-propenoic acid, 3-(4-methoxyphenyl)-, methyl ester Lg9 57.0 Lignin 
9h-purin-6-amine,n,9-dimethyl- N55 57.3   
2,4,6-trimethoxybenzonitrile N56 57.9   
9h-fluorene, 9-methyl- PAH15 58.0   
tetradecanoic acid, methyl ester = methyl tetradecanoate FA10 58.5 Microbial 
benzoic acid, 3,4,5-trimethoxy-, methyl ester+ 9h-purin-6-amine, n,n,9-trimethyl-coelutes Ar45 58.6   
9h-purin-6-amine, n,n,9-trimethyl- N57 58.6   
tetradecanoic acid, 12-methyl-, methyl ester FA11 60.9 Microbial 
phenanthrene PAH16 61.1   
2-propenoic acid, 3-(3,4-dimethoxyphenyl)-, methyl ester Lg10 64.2 Lignin 
1,1'-biphenyl, 3,4-diethyl- PAH17 64.3   
3,5,3',5'-tetramethylbiphenyl PAH18 64.3   
9-hexadecenoic acid, methyl ester, (z)- FA12 64.7 Microbial 
9-hexadecenoic acid, methyl ester FA13 65.0 Microbial 
hexadecanoic acid, methyl ester = methyl hexadecanoate FA14 65.4   
methyl 14 metoxytetradecanoate FA15 66.3   
hexadecanoic acid, 15-methyl-, methyl ester FA16 66.8 Microbial 
hexadecanoic acid, 14-methyl-, methyl ester FA17 67.7 Microbial 
methyl 14-hydroxytetradecanoate FA18 68.0   
pyrene PAH19 70.3   
9-octadecenoic acid (z or e)-, methyl ester FA19 70.9 Microbial 
16-octadecenoic acid, methyl ester FA20 71.1 Microbial 
octadecanoic acid, methyl ester = methyl stearate FA21 71.6   
methyl 16-metoxy hexadecanoate FA22 72.5 Cutin or suberin 
retene PAH20 73.6   
methyl 17-metoxy heptadecanoate FA23 74.0   
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methyl 16-hydroxy-hexadecanoate FA24 74.1 Cutin or suberin 
eicosyl methyl ether = 1-methoxyeicosane Al5 74.6   
hexadecanedioic acid, dimethyl ester FA25 75.3 Cutin or suberin 
methyl 17-hydroxyheptadecanoate FA26 75.8   
1-eicosanol Al6 76.2   
pyrene, 1-methyl- PAH21 76.2   
mix of 9,16 & 10,16-dimethoxy hexadecanoic acid, methyl esters FA27 76.3 Cutin 
eicosanoic acid, methyl ester FA28 77.4   
methyl 18-hydroxyoctadec-9-enoic acid methyl ester, methyl ether FA29 77.5 Cutin or suberin 
methyl 9,10,16-trimethoxyhexadecanoate FA30 78.0   
mix of 9 &10-monohydroxy-1,15-pentadecanedioic acid, dimethyl esters FA31 78.1 Cutin 
octadecanoic acid, 18-methoxy-, methyl ester FA32 78.2 Cutin or suberin 
mix of 7 & 8 - methoxy hexadecanedioic acid-, dimethyl esters FA33 79.0 Cutin 
methyl 18-hydroxy-octadec-9-enoate should be here FA34 79.1 Cutin or suberin 
pyrene, 1,3-dimethyl- PAH22 79.1   
heneicosanoic acid, methyl ester FA35 79.3   
mix of 9,16 & 10,16-dihydroxy hexadecanoic acid-, methyl esters FA36 79.8 Cutin 
methyl octadec-9-ene-1,18 dioate FA37 80.1 Cutin or suberin 
7 or 8 or 9 or 10-monohydroxy-1,16 hexadecanedioate FA38 80.8 Cutin 
octadecanedioic acid, dimethyl ester FA39 80.8 Cutin or suberin 
1-docosanol Al7 81.7   
docosanoic acid, methyl ester FA40 82.7   
methyl 20-metoxy eicosanoate FA41 83.4 Suberin 
9,10 or 8,9-dimethoxy octadecanoic acid, methyl ester FA42 84.0 Cutin or suberin 
methyl 20-hydroxyeicosanoate FA43 85.0 Suberin 
tricosanoic acid, methyl ester FA44 85.1   
9,10,18-trihydroxy octadecanoic acid methyl ester, dimethyl ether FA45 85.6 Cutin or suberin 
eicosanebioic acid, dimethyl ester FA46 85.9 Suberin 
1-tetracosanol Al8 86.7   
9,10-dimethoxy octadecanedioic acid, dimethyl ester FA47 87.2 Cutin or suberin 
tetracosanoic acid, methyl ester FA48 87.6   
9,10-dihydroxy-1,18-octadecanedioic acid, dimethyl ester FA49 88.0 Cutin or suberin 
methyl 22-metoxy docosanoate FA50 88.3 Suberin 
methyl 22-hydroxydocosanoate FA51 89.8 Suberin 
docosanedioic acid, dimethyl ester FA52 90.6 Suberin 
hexacosanoic acid, methyl ester FA53 92.1   
methyl 24-metoxy tetracosanoate FA54 92.8 Suberin 
heptacosanoic acid, methyl ester FA55 94.3   
tetracosanedioic acid, dimethyl ester FA56 95.0 Suberin 
octacosanoic acid, methyl ester FA57 96.4   
nonacosanoic acid, methyl ester FA58 98.4   
omega-sitosterol methyl ether Un2 99.7   
triacontanoic acid, methyl ester FA59 100.4   
dotriacontanoic acid, methyl ester FA60 104.8   
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Supplementary Table 4.A-5. Results of the two-way analyses of variance (ANOVAs) for microbial 

and plant-derived compounds. Df stands for degrees of freedom and Sum sq for sum of squares. 

  Df Sum Sq F value p-value 
Cutin:suberin Invasion 1 3.68 10.49 <0.01 
 Site 2 4.75 6.77 <0.01 
 Interaction 2 0.74 1.05 0.38 
 Residuals 15 5.27   
Plant marker:microbial origin Invasion 1 0.23 3.97 0.06 
 Site 2 1.51 13.28 <0.001 
 Interaction 2 0.72 6.31 0.01 
 Residuals 15 0.85   
Microbial markers [%] Invasion 1 <0.01 0.09 0.76 
 Site 2 <0.01 0.13 0.88 
 Interaction 2 <0.01 0.84 0.45 
 Residuals 15 0.01   
Microbial N compounds [%] Invasion 1 <0.01 10.85 <0.01 
 Site 2 0.01 10.39 <0.01 
 Interaction 2 <0.01 3.80 0.05 
 Residuals 15 <0.01   
Microbial origin [%] Invasion 1 <0.01 3.91 0.07 
 Site 2 0.01 7.35 <0.01 
 Interaction 2 <0.01 4.44 0.03 
 Residuals 15 0.01   
Cutin markers [%] Invasion 1 <0.01 <0.01 0.95 
 Site 2 0.02 89.18 <0.001 
 Interaction 2 <0.01 1.98 0.17 
 Residuals 15 <0.01   
Suberin markers [%] Invasion 1 <0.01 11.99 <0.01 
 Site 2 <0.01 19.31 <0.001 
 Interaction 2 <0.01 3.16 0.07 
 Residuals 15 <0.01   
Lignin markers [%] Invasion 1 <0.01 0.10 0.76 
 Site 1 <0.01 17.07 <0.001 
 Interaction 1 <0.01 0.05 0.95 
 Residuals 17 <0.01   
C oxidation state Invasion 1 <0.01 7.45 0.02 
 Site 2 <0.01 9.12 <0.01 
 Interaction 2 <0.01 0.53 0.60 
 Residuals 15 <0.01   
H:C atomic ratio Invasion 1 0.04 6.57 0.02 
 Site 2 0.33 24.74 <0.001 
 Interaction 2 0.02 1.36 0.29 
 Residuals 15 0.10   
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Appendix 4.B. Supplementary figures 

 

Supplementary Figure 4.B-1. Schematic of the aggregate fractionation procedure. 

 

Appendix 4.C. Supplementary data and analyses 

1. Supplementary laboratory analyses 

a. Total organic carbon and nitrogen 

Total organic carbon (TOC) and nitrogen (TN) were determined on pre- and post-incubation sam-

ples (air-dried, sieved < 4 mm for LFH and < 2 mm for mineral soil, and ground) using the dry 

combustion method on a ThermoScientific Flash 2000 Organic Elemental Analysis instrument 

(ThermoFisher Scientific, Waltham, MA, USA). Additionally, the elemental analyzer was coupled 

with a Thermo Delta V Advantage Isotope Ratio Mass Spectrometer (Thermo Scientific Inc., Bre-

men, Germany) to determine the δ13C against VPDB and δ15N against air. Data can be found in 

Suppl. Table 4.C-1. 

Bulk soil 
(< 8 mm)

Large 
macroaggregates 

(2–8 mm)

Small 
macroaggregates 
(250 µm–2 mm)

Occluded light 
fraction 

(> 250 µm) 

Occluded 
microaggregates 

(53–250 µm)

Silt and clay 
(< 53 µm)

Microaggregates 
(53–250 µm)

Silt and clay 
(< 53 µm)
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b. Isotopic composition of respired CO2 

The average isotopic composition of emitted CO2 was estimated as a weighed average for each gas 

sampling interval using the δ13C value obtained from the Picarro G2201-i isotopic analyzer 

(Picarro Inc., Sunnyvale, CA, USA) as followed (Podrebarac et al., 2021): 

 𝛿13𝐶𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝐶𝑂2
= ∑ (

𝐶𝑂2−𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒𝑛−𝐶𝑂2−𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒𝑛−1

𝐶𝑂2−𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒𝑓𝑖𝑛𝑎𝑙
)𝑓𝑖𝑛𝑎𝑙

𝑛=1 ∗ 𝛿13𝐶𝑛 

Data can be found in Supp. Table 4.C-2. 

c. Light fraction 

The light fraction was extracted from bulk mineral soils prior incubation by density fractionation 

using sodium iodide (NaI, density of 1.7 g.cm-3) after mechanical shaking (Carter and Gregorich, 

2006). TOC and TN of the extracted light fraction were determined following the procedure above. 

Data can be found in Suppl. Table 4.C-3. 

2. Additional tables and figures 

The composition of soil fractions, as a weight-based percentage of bulk soil, was also obtained 

from aggregate fractionation and can be found in Suppl. Table 4.C-4. The cumulative respiration 

data can be found in Suppl. Fig. 4.C-1 to 3.  

3. Additional sites (raw data) 

In addition to the sites presented in Chapter 4, samples from other sites (Montmorency, Golf, Wolf 

Lake, and Breton) were also analyzed by aggregate fractionation (Montmorency, Golf, Wolf Lake, 

and Breton) and laboratory incubation (Montmorency and Wolf Lake). For detailed site descrip-

tion, please refer to Chapter 2. Cumulative respiration data can be found in Suppl. Fig. 4.C-4 & 5. 

Aggregate fractionation data can be found in Suppl. Tables 4.C-4 to 6. Additionally, isotopic data 

are available in Suppl. Tables 4.C-1 & 3.
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Supplementary Table 4.C-1. Average total carbon and total nitrogen of bulk soil and their isotopic composition (n=2-8), with the stand-

ard error in parentheses. 

Site Invasion Forest floor Mineral soil 
  TOC [%] δ13C [‰] TN [%] δ15N [‰] TOC [%] δ13C [‰] TN [%] δ15N [‰] 

EMEND Control 44.3 (1.4) -28.3 (0.2) 2.5 (0.3) -0.5 (0.3) 1.6 (0.2) -26.0 (0.7) 0.2 (0.1) 4.0 (0.5) 
Invaded 38.1 (3.4) -28.3 (0.2) 1.9 (0.2) 0.0 (0.4) 2.5 (0.2) -25.9 (0.3) 0.2 (0.1) 4.4 (0.2) 

Wolf Lake Invaded 38.11 (2.6) -28.7 (0.3) 2.0 (0.2) -0.4 (0.3) 0.9 (0.1) -26.3 (0.4) 0.1 (0.1) 4.5 (0.3) 

Valcartier 
Control 45.5 (0.5) -29.0 (0.2) 2.3 (0.4) -1.0 (1.1) 7.2 (0.6) -26.4 (0.2) 0.4 (0.1) 5.7 (0.7) 
Lightly invaded 34.2 (1.0) -28.4 (0.1) 1.9 (0.3) -0.4 (0.3) 8.1 (0.1) -26.4 (0.1) 0.5 (0.1) 5.4 (0.1) 
Heavily invaded 37.2 (0.5) -29.4 (0.2) 1.6 (0.3) -1.8 (0.3) 5.9 (0.2) -26.6 (0.1) 0.4 (0.1) 4.8 (0.4) 

Grands Jardins Control 49.2 (0.4) -27.7 (0.1) 1.4 (0.1) -0.3 (0.5) 4.4 (0.4) -26.3 (0.1) 0.2 (0.1) 3.6 (0.5) 
Invaded 45.6 (3.4) -28.2 (0.3) 1.2 (0.1) -0.8 (0.2) 6.7 (0.7) -26.4 (0.1) 0.3 (0.1) 2.4 (0.1) 

Montmorency Control 47.6 (0.1) -29.2 (0.1) 1.5 (0.2) -0.6 (0.1) 2.8 (0.4) -26.0 (0.1) 0.1 (0.1) 3.8 (0.5) 
Invaded 28.5 (4.4) -28.3 (0.2) 1.1 (0.3) -0.2 (0.3) 4.7 (1.1) -26.4 (0.2) 0.2 (0.1) 3.0 (0.3) 

 

Supplementary Table 4.C-2. Average isotopic composition δ13C [‰] of the emitted CO2 with the standard error in parentheses (n=4-

8). 

Site Invasion Forest floor  Mineral soil 

EMEND Control -31.6 (0.2) -29.9 (0.9) 
Invaded -31.4 (0.5) -30.1 (0.2) 

Wolf Lake Invaded -30.4 (0.9) -28.2 (0.4) 

Valcartier 
Control -30.9 (0.7) -29.1 (0.5) 
Lightly invaded -30.0 (0.3) -28.7 (0.3) 
Heavily invaded -32.3 (1.0) -29.9 (0.2) 

Grands Jardins Control -30.4 (0.5) -28.5 (0.2) 
Invaded -30.6 (0.6) -28.1 (0.7) 

Montmorency Control -30.6 (0.5) -29.2 (0.5) 
Invaded -30.0 (0.2) -29.3 (0.3) 
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Supplementary Table 4.C-3. Total nitrogen (TN) and total carbon (TC) content of the light fraction, as well as the weight-based per-

centage of bulk soil it represents. 

  TN [%] TC [%] % of bulk soil [%wt] 
Valcartier Control 1.1 24.9 0.7 
 Low density 1.0 32.1 1.3 
 High density 1.0 30.9 0.5 
EMEND Control 1.0 31.2 0.9 
 Invaded 1.0 32.1 1.6 
Grands Jardins Control 1.0 39.7 2.3 
 Invaded 1.1 32.1 6.5 

 

Supplementary Table 4.C-4. Average ( 1SE) aggregate composition as a percentage of sand-free soil. 

Site Invasion Large macroaggre-
gates 

Small macroaggre-
gates 

Microaggregates Silt and clay Protected mi-
croaggregates29 

Protected light frac-
tion30 

EMEND Control 23.9 (12.7) 12.7 (3.9) 13.9 (2.5) 28.3 (11.3) 31.5 (6.2) 34.0 (14.0) 
Invaded 17.1 (5.0) 28.5 (2.8) 14.9 (4.1) 13.4 (0.4) 40.1 (1.7) 30.3 (4.2) 

Wolf Lake Invaded 2.6 (0.9) 8.9 (1.0) 17.2 (4.7) 45.9 (5.9) 9.5 (1.9) 82.5 (2.6) 
Breton Invaded 46.1 (4.2) 18.2 (3.0) 10.7 (3.2) 8.1 (1.4) 44.4 (1.5) 24.6 (4.7) 

Golf Control 52.4 (15.6) 36.8 (13.1) 3.8 (2.0) 2.6 (0.1) 24.6 (11.4) 66.2 (12.0) 
Invaded 50.6 (4.4) 29.6 (8.7) 7.9 (1.4) 4.0 (1.2) 54.5 (6.8) 40.0 (3.0) 

Valcartier Control 45.3 (14.0) 33.4 (6.0) 7.2 (2.8) 5.5 (2.2) 46.4 (5.8) 39.2 (8.3) 
Invaded 46.3 (13.9) 36.8 (9.1) 4.9 (1.7) 5.1 (1.5) 39.1 (6.1) 49.8 (6.8) 

Grands Jardins Control 2.2 (1.0) 25.5 (7.7) 24.8 (4.2) 10.9 (3.2) 21.0 (6.2) 72.0 (8.7) 
Invaded 3.8 (1.4) 30.5 (4.1) 26.4 (3.6) 9.5 (0.9) 12.1 (4.2) 83.3 (5.0) 

Montmorency Control 34.7 (1.3) 46.3 (4.7) 3.0 (1.1) 6.7 (1.3) 18.3 (7.3) 71.6 (3.4) 
Invaded 28.4 (6.9) 40.6 (3.1) 7.6 (2.7) 6.3 (1.7) 27.6 (3.2) 67.6 (4.3) 

 
29 As a percentage of small macroaggregates 
30 As a percentage of small macroaggregates 
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Supplementary Figure 4.C-1. Cumulative respiration as mg of C per gram of soil for the Luvisol samples (EMEND). Points represent 

the average from the raw data, with error bars representing one standard error. The data was fitted to a first order kinetic exponential 

model with one compartment (Maillard et al, 2010), displayed as lines. 
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Supplementary Figure 4.C-2. Cumulative respiration as mg of C per gram of soil for the Podzol samples (Grands Jardins). Points 

represent the average from the raw data, with error bars representing one standard error. The data was fitted to a first order kinetic 

exponential model with one compartment (Maillard et al, 2010), displayed as lines. 
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Supplementary Figure 4.C-3. Cumulative respiration as mg of C per gram of soil for the Brunisol samples (Valcartier). Points represent 

the average from the raw data, with error bars representing one standard error. The data was fitted to a first order kinetic exponential 

model with one compartment (Maillard et al, 2010), displayed as lines. 
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Supplementary Table 4.C-5. Average ( 1SE) TOC contents [% wt] of each soil fraction for additional sites.  

Site Invasion Large macroaggre-
gates 

Small macroaggre-
gates 

Microaggregates Silt and clay Protected mi-
croaggregates31 

Protected light frac-
tion32 

Wolf Lake Invaded 1.4 (0.2) 0.5 (0.2) 0.3 (0.1) 0.6 (0.1) 2.0 (0.5) 0.3 (0.1) 
Breton Invaded 7.6 (1.0) 7.2 (0.4) 4.7 (0.8) 3.1 (0.5) 10.4 (0.2) 7.7 (0.5) 

Golf Control 30.5 (5.9) 27.8 (3.9) 18.9 (2.8) 14.1 (2.4) 24.0 (1.4) 28.7 (2.6) 
Invaded 12.1 (0.3) 13.2 (1.1) 8.7 (0.5) 8.3 (3.5) 12.5 (0.4) 16.1 (3.9) 

Montmorency Control 0.9 (0.1) 1.1 (0.2) 0.9 (0.1) 1.5 (0.3) 1.7 (0.4) 0.6 (0.2) 
Invaded 2.2 (0.4) 2.5 (0.5) 1.5 (0.2) 1.9 (0.4) 3.6 (0.3) 0.6 (0.1) 

 

Supplementary Table 4.C-6. Average ( 1SE) percentages of the total C found in each soil fraction for additional sites.  

Site Invasion Large macroaggre-
gates 

Small macroaggre-
gates 

Microaggregates Silt and clay Protected mi-
croaggregates33 

Protected light frac-
tion34 

Wolf Lake Invaded 3.6 (1.0)  28.7 (4.6) 21.8 (2.7) 45.9 (5.9) 1.9 (0.9) 14.4 (3.8) 
Breton Invaded 39.1 (5.3) 39.1 (1.3) 16.7 (3.7) 8.1 (1.4) 4.8 (1.2) 10.8 (3.2) 

Golf Control 19.5 (0.8) 56.6 (0.3) 21.3 (1.2) 2.6 (0.1) 8.0 (5.6) 34.9 (4.1) 
Invaded 34.8 (5.6) 38.4 (6.2) 22.9 (0.7) 4.0 (1.2) 2.3 (0.6) 17.9 (2.9) 

Montmorency Control 10.0 (2.7) 65.5 (5.1) 17.8 (1.9) 6.7 (1.3) 1.3 (0.2) 28.7 (7.9) 
Invaded 8.9 (1.3) 67.7 (6.6)  17.2 (4.3) 6.3 (1.7) 1.6 (0.3) 11.4 (2.4) 

 

 
31 As a percentage of small macroaggregates 
32 As a percentage of small macroaggregates 
33 As a percentage of small macroaggregates 
34 As a percentage of small macroaggregates 
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Supplementary Figure 4.C-4. Cumulative respiration as mg of C per gram of OC for Montmorency. Points represent the average from 

the raw data, with error bars representing one standard error. The data was fitted to a first order kinetic exponential model with one 

compartment (Maillard et al, 2010), displayed as lines. 
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Supplementary Figure 4.C-5. Cumulative respiration as mg of C per gram of OC for Wolf Lake. Points represent the average from the 

raw data, with error bars representing one standard error. The data was fitted to a first order kinetic exponential model with one 

compartment (Maillard et al, 2010), displayed as lines. 


