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(2020). Contrasting Root System Structure and Belowground Interactions between
Black Spruce (Picea mariana (Mill.) B.S.P) and Trembling Aspen (Populus
tremuloides Michx) in Boreal Mixedwoods of Eastern Canada. Forests, 11(2), 127.
doi: 10.3390/f11020127
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RESUME

Les études montrent que les coupes totales, utilisées sur plus de 85% des foréts
affectées a I’exploitation du bois au Canada, pourraient impacter négativement la
biodiversite et la productivité futures des foréts boréales du pays. L’épinette noire et le
peuplier faux-tremble sont les deux espéces les plus abondantes a haute valeur
marchande dans la forét boréale de I'est du Canada. La valeur marchande plus élevée
de I'épinette noire par rapport a celle du peuplier faux-tremble, la suppose exclusion
compétitive du tremble par I’épinette au cours de la succession forestiére, ainsi que
I’absence de consensus sur le type de relation (positive, négative ou non significative)
diversité-productivité dans le biome forestier boréal, incitent les aménagistes forestiers
a orienter les opérations sylvicoles (éclaircie commerciale et pré-commerciale) de
facon a exclure le peuplier faux-tremble des peuplements. Les relations dans les sols
entre les especes, généralement omises des études diversité-productivité en forét
boréale, semblent étre la clé pour une meilleure compréhension des interactions entre
ces deux especes.

Cette these explore les interactions dans les sols entre I’épinette noire et le peuplier
faux-tremble afin de déterminer si elles sont complémentaires vis-a-vis de I’utilisation
des nutriments du sol dans les peuplements mixtes de la forét boreale du Nord-Ouest
du Québec. Dans un premier temps (Chapitres 1l et Il1), je caractérise les stratégies
d'acquisition des ressources des deux especes le long du profil du sol. J’insiste par la
suite (Chapitre 1V) sur I’azote (N) qui représente la ressource la plus limitante a la
croissance des arbres en forét boréale. A cet effet, les attributs racinaire (biomasse,
densité de tissus et symbioses mycorrhiziennes) et foliaire (teneur en N, rapports
isotopiques du N (5'°N)) de I’épinette et du tremble ont été mesurés pour déterminer si
les deux espéces absorbe les nutriments dans des horizons de sol différents. Une
expérience in situ d’ajouts de deux formes d’isotopes stables de I’azote (ammonium et
nitrate) a également été mise en place pour déterminer si les deux espéces ont des
préférences différentes pour les deux formes minérales de I’azote.

L’analyse des attributs racinaire et foliaire a montré que I’épinette tire I’essentiel de sa
nutrition azotée dans I’horizon organique tandis que celle du peuplier provient de
I’horizon minéral. Les résultats montrent que I'épinette bénéficie d'un effet facilitateur
du tremble sur les propriétés chimiques du sol pour adopter une stratégie intensive
d'absorption des nutriments. Cette stratégie confere a I'épinette un avantage
concurrentiel sur le tremble dans la couche organique. La diversité et I'abondance plus
élevées des communauteés mycorhiziennes associées aux racines de I'épinette que celles
du peuplier faux-tremble dans I'horizon organique des peuplements mixtes démontrent
une domination compétitive des communautés associées a I’épinette sur celle du
peuplier faux-tremble; suggérant une exclusion compétitive du tremble par I’épinette
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dans I'norizon organique. Le peuplier faux-tremble maintenait la méme biomasse de
racines fines dans I'horizon organique et I'augmentait de 25% dans I'horizon minéral
des peuplements mixtes par rapport aux peuplements purs. J’ai interprété ce patron
comme un mécanisme d'évitement de la compétition, car l'augmentation de la biomasse
de racines fines dans le sol minéral n'était pas le résultat de I'effet du mélange d'espéces
sur les propriétés chimiques du sol. La diversité et I'abondance plus élevées des
communautés mycorhiziennes du tremble que celles de I'épinette dans I'horizon
mineral des peuplements mixtes suggeraient une domination compétitive du tremble
sur I'épinette dans le sol minéral des peuplements mixtes. L’expérience d’ajouts
d’isotopes a révélé une claire préférence de I’épinette pour I’ammonium et du peuplier
faux-tremble pour le nitrate dans leur peuplement pur respectif. Ces préférences étaient
inexistantes dans les peuplements mixtes ou la cinétique d’absorption ou le facteur de
fractionnement des deux formes d’isotopes de I’azote ajoutées ne différait pas entre les
deux especes.

Contrairement aux précédentes études, cette étude montre que I’épinette bénéficie de
la présence du tremble sans impacter négativement I’acquisition des ressources de ce
dernier. Les résultats suggerent une exclusion compétitive du tremble par I'épinette qui
ne se produit probablement que dans la couche organique du sol dans les peuplements
mixtes. Une séparation spatiale plus forte des racines de I'épinette et du tremble dans
les peuplements mixtes contribue a un partitionnement spatial de leur absorption de
nutriments le long du profil du sol. La biomasse de racines fines plus faible de I'épinette
dans les peuplements mixtes que purs a montre que I'épinette alloue plus de carbone
(C) a sa croissance aérienne dans les peuplements mixtes que dans les peuplements
purs ou le C est principalement alloué dans le sol pour la recherche de nutriments. Ces
résultats sont conformes a I'observation précédente selon laquelle les peuplements
mixtes d’epinettes et de trembles ont un volume plus éleve de biomasse marchande
avec un volume d'épinettes dont les tiges sont plus grosses que les peuplements purs
d’épinettes (Légare et al., 2004).

Ainsi, cette thése suggere aux aménagistes forestiers du Québec de diversifier les
pratiques sylvicoles a travers le paysage forestier selon les types de peuplements. Plus
specifiguement, je recommande de maintenir le tremble pendant I'éclaircie pré-
commerciale dans les peuplements a dominés par I'épinette. La présence de trembles
assurera une certaine stabilité aux peuplements dominés par I’épinette et réduira leur
susceptibilité aux pertes de productivité liée a la paludification des sols. Dans les
peuplements de trembles purs et mixtes, je recommande de promouvoir le mélange
d'épinettes et de trembles. L’étude suggére qu’au-dela de leur coexistence en raison du
partitionnement de leur absorption de nutriments dans les horizons de sol différents,
I'épinette et le tremble utiliseraient aussi efficacement les nutriments disponibles dans
le sol.

Mots clés: rapport isotopique &N, relation diversité-productivité, relations
souterraines des espéces, azote du sol, sylviculture



ABSTRACT

Studies show that clearcuttings, used in more than 85% of forests designated for tree
harvest in Canada could negatively impact the biodiversity and productivity of boreal
forest. Black spruce and trembling aspen are the two most abundant species with high
merchantable value in the boreal forest of eastern Canada. The higher merchantable
value of spruce compared to aspen, the hypothesized competitive exclusion of aspen
by spruce during the forest succession, as well as the lack of consensus on the type of
diversity-productivity relationship (positive, negative or insignificant) in the boreal
forest, have led forest managers to orient silvicultural practices (commercial and pre-
commercial thinning) to exclude aspen from stands. The underground relationships
between species, generally omitted from diversity-productivity studies in the boreal
forest, seem to be the key to a better understanding of the interactions between these
species in order to promote their mixture.

This thesis explores the underground interactions between spruce and aspen to
determine if they are complementary with regard to the use of soil nutrients in mixed
stands in the boreal forest of northwestern Quebec. First (Chapters Il and IlI), we
characterize the resource acquisition strategies of the two species along the soil profile.
We further (Chapter 1V) focus on nitrogen (N), the most limiting resource for tree
growth in the boreal forest. For this purpose, the root (biomass, tissue density and
mycorrhizal symbiosis) and leaf attributes (N content and N isotopic ratios (5'°N)) of
the two species were measured to determine whether the two species take up nutrients
in different soil horizons. Second, an in situ **N labelling experiment (addition of two
forms of N (ammonium and nitrate) was conducted to determine if the two species
have different preferences for the two mineral forms of nitrogen.

The analysis of root and leaf traits showed that spruce derives its N from the organic
horizon whereas aspen N derives from the mineral horizon. The results showed that
spruce benefits from the facilitative effect of aspen on the chemical properties of the
soil to adopt an intensive nutrient uptake strategy in mixed stands. This strategy
provides spruce a competitive advantage over aspen in the organic layer. The higher
diversity and abundance of root-associated mycorrhizal communities of spruce than
those of aspen roots in the organic horizon of mixed stands also suggests a competitive
dominance of communities associated with spruce over that of aspen; supporting the
hypothesized competitive exclusion in the organic horizon. Aspen maintained the same
fine root biomass in the organic horizon and increased it by 25% in the mineral horizon
of mixed stands compared to pure stands. | interpreted this pattern as competition
avoidance mechanism, since the increased fine roots biomass in the mineral soil did
not result from the species mixture effect on soil chemical properties. The higher
diversity and abundance of root-associated mycorrhizal communities than those of
spruce in the mineral horizon of mixed stands suggested a competitive dominance of
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aspen over spruce in the mineral soil. The °N labelling experiment showed a clear
preference of spruce for ammonium and trembling aspen for nitrate in their respective
pure stands. These preferences were not observed in mixed stands where the two
species took up the two added *°N forms in the same proportions.

Unlike previous studies, this study shows that spruce benefits from the presence of
aspen without negatively impacting the nutrient acquisition of the latter. The results
suggested a competitive exclusion of aspen by spruce which likely occurs only in the
organic layer of the soil in mixed stands. Stronger spatial separation of spruce and
aspen roots in mixed stands contributes to partitioning of their nutrient uptake along
the soil profile. The lower fine root biomass of spruce in mixed stands than pure showed
that spruce allocates more carbon (C) to its aboveground growth in mixed stands than
in pure stands where its C is mainly allocated in the soil for nutrients search. The results
are consistent with previous observation (Légaré et al., 2004) that mixed stands of
spruce and aspen have a higher marketable volume of spruce biomass than pure spruce
stands.

| therefore recommend that forest managers in Quebec should diversify silvicultural
practices across the forest landscape according to stand types. More specifically, |
recommend maintaining aspen within stands during pre-commercial thinning in pure
spruce stands. The presence of aspen will provide some stability to spruce-dominated
stands and reduce their susceptibility to productivity losses due to paludification of
soils. In pure and mixed aspen stands, | recommend promoting the mixture of spruce
and aspen. This study suggests that beyond their coexistence due to the partitioning of
their nutrient uptake at different soil depth, spruce and aspen also efficiently use the
available nutrients in the soil.

Keywords: isotopic ratio 8*°N, diversity-productivity relationship, species underground
interactions, soil nitrogen, silviculture



CHAPTER I

GENERAL INTRODUCTION

1.1 Background

1.1.1 The boreal forest in Canada

The boreal forest is the largest terrestrial carbon reservoirs representing 33% of the
world’s forest lands (FAO, 2010). It stretches from Greenland to Newfoundland and
across northern Canada into Alaska in North America (Bradshaw et al., 2009; Brandt
et al., 2013). The boreal forest has a subarctic climate, which is characterized by cold
and snowy winters with a short growing season (Burton ez al., 2010). Average daily
temperatures are above 10°C for 30 to 120 days of the year (Walter, 1985).
Precipitations vary greatly along longitudinal gradients; with averages ranging from
150 to 450 mm/year (Walter, 1985). According to the World Reference Base for soil
resources (WRB), boreal soils are mostly cryosols (27%), podzols (15%), cambisols
(8%) and leptosols (8%); being relatively humid and cold (Jones et al., 2010).

Wildfires are the most dominant disturbances influencing forest composition and
carbon storage in boreal forests (Bergeron et al., 2014; 1to, 2005; Sukhinin et al., 2004;
Weber et Flannigan, 1997). Their size and frequency strongly control the relative
abundance and distribution of tree species, forest composition, internal structure and
dynamics (Johnstone et Chapin, 2006). Many other natural drivers of ecosystem
dynamics such as long-term climate variability and insect outbreaks are also of
importance for the dynamics of the boreal forests. The two most disruptive defoliators
in Canadian boreal forests are the spruce budworm (Choristoneura fumiferana

Clemens, SBW), which mostly defoliates balsam fir and spruce species, and the forest



tent caterpillar (Malacosoma disstria Hubner; FTC) that attacks trembling aspen,
balsam poplar and paper birch as its main hosts (Chen et Popadiouk, 2002; Moulinier
et al., 2011). These disturbances play an important role in the recruitment of species,
biogeochemical cycling of nutrients and maintenance of forest productivity (Brandt et
al., 2013). At the landscape scale, these disturbances affect species composition,
structure and forest successional dynamics (Bergeron et Dansereau, 1993; Brassard et
Chen, 2010).

Boreal forests are generally dominated by one to two species per stand, with single-
species stands being quite common (Zasada et al., 1997). In Northeastern Canada, the
boreal forests are dominated by black spruce (Picea mariana Mill., referred hereafter
as spruce) (Brandt, 2009; Liu et Yang, 2014). There are also large areas covered by
shade-intolerant deciduous trees such as trembling aspen (Populus tremuloides Michx.,
referred hereafter as aspen), balsam poplar (Populus balsamifera L.), and paper birch
(Betula papyrifera Marshall), either in pure or mixed stands with conifers such as
eastern larch (Larix laricina (Du Roi) K. Koch), balsam fir (4bies balsamea (L.) Mill.)
and jack pine (Pinus banksiana Lamb.) (Brandt et al., 2013). According to the
vegetation zones and bioclimatic domains of Quebec in eastern Canada (Saucier et al.,
1998), these mixed stands of conifers and broadleaf tree species are located in the
southern part of the black spruce — moss and the balsam fir — white birch domains

(Figure 1.1). The latter being referred to as boreal mixedwoods.



Figure 1.1 Vegetation zones and bioclimatic domains in Quebec (Saucier et al., 1998).

The successional dynamics of the forest, from which the diversity of stand types in the
southern part of the black spruce - moss bioclimatic domain originated, also makes the
forests of this part of the boreal forest qualify as boreal mixedwoods. Boreal
mixedwoods are defined in terms of characteristic site types to provide a stable frame
of reference for a complex and dynamic forest (Chen et Popadiouk, 2002; MacDonald
et Weingartner, 1995). Essential elements defining mixedwood sites include the
abundance, diversity, and relative position of associated species at each successional
stage depending on the disturbance type and pre-disturbance stand composition (Towill
et al., 2004). Other characteristics include unrestricted drainage of soils, well-drained
fertile soils on mid-slope positions, deep soils (medium to fine textures) from glacial
lacustrine or alluvial origin (McClain, 1981; Pierpoint, 1981). These characteristics
prevail in the southern part of the black spruce-moss bioclimatic zone of Quebec
(Saucier et al., 1998).



In boreal mixedwoods, early successional stages following fire are generally dominated
by shade-intolerant broadleaf species such as aspen (Bergeron, 2000; Bergeron et
Dubuc, 1989). During subsequent years following the fire, shade-tolerant species such
as black- and white spruce seed-in gradually and dominate the understory (Galipeau et
al., 1997). Because of their differences in mode of regeneration, shade-tolerance and
growth dynamics, aspen attain optimal merchantable size before spruce and dominates
the canopy. Although the crown hierarchy of spruce and aspen benefits to spruce
(spruce prefers diffuse light for its photosynthesis while aspen in the upper strata
effectively captures direct light), it has been reported that the absence of canopy gaps
negatively impacts the growth of spruce (Smith ez al., 2016). However, the shade-
tolerant character of spruce and the progressive accumulation of its recalcitrant litter in
the forest floor contributes to acidifying and increasing the thickness of the organic
layer that slows aspen growth and inhibits its regeneration (Lafleur ez al., 2015a). Thus,
when spruce reach optimal size, aspen biomass has often decreased as a result of
mortality from senescence (Pothier et al., 2004). This phenomenon leads to spruce-
dominated stands and is commonly interpreted as the competitive exclusion of aspen
by spruce during the forest succession. These spruce-dominated stands feature low
diversity of vascular plants, animals and insects (Cavard et al., 2011a) and are more

susceptible to productivity losses (Lafleur et al., 2015b) than mixed stands.

Boreal forests provide numerous goods and services to Canadian populations. These
are classified as (1) provisioning (timber, pulp, fuelwood, food, and freshwater); (2)
regulating (climate regulation, flood regulation, disease regulation, and water
purification); (3) cultural (spiritual, educational, recreational, and aesthetics); and (4)
supporting (primary production, nutrient cycling, and soil formation) services (Hassan
et al., 2005). In particular, the boreal forest plays an important role in supporting the
regional and global forest industry and carbon sequestration (Conard et Davidenko,
1998; Kuusela, 1992). Both human activities and climate change influence these

functions (Flannigan et al., 2009; Liu et al., 2012) and it is of paramount importance



to supply forest management with a good understanding of ecological drivers of
ecosystem structure and function (e.g. biodiversity-productivity relationship, BPR).

1.1.2 Sustainable management of the boreal forest in Quebec

In Quebec, forest management has undergone significant evolution since its onset in
the second half of the 19th century (Mercier, 2017). This evolution is a product of
multiple factors, the knowledge accumulation on the functioning of the boreal
ecosystem, and the interest of the government to perpetuate the forest resource. In 2013,
the implementation of a new forest regime took place through the Sustainable Forest
Development Act (Gouvernement du Québec, 2010) that recommended ecosystem-
based forest management (EFM) as the approach to be used to establish sustainable

forest management.

The EFM is currently widely accepted as a means of conciliating industrial demands
for timber and biodiversity concerns (Davey et al., 2003; Patry et al., 2013; Raum,
2017; Steenberg et al., 2019; Vaillancourt et al., 2009). Its implementation aims to
ensure the maintenance of the biodiversity as an essential prerequisite for the world’s
population to continue to have access to the many benefits and products derived from
forests, and the viability of forest ecosystems by reducing the gaps between the
managed forest and the natural forest. It also aims to meet socio-economic needs, while
respecting the social values linked to the forest environment (Gauthier et al., 2008).
From this definition emerges three main issues (ecological, economic and social)

related to the three dimensions of sustainable management.

The success of EFM in the boreal forest relies on good knowledge of its ecological
issues (Grondin et al., 2003; Jetté et al., 2013; Saucier et al., 2010). In Quebec, the
boreal forest in the north can still be considered natural compared to the temperate
forest in the south. Knowledge of past historical variations as well as the effects of

industrialization are necessary to understand and describe the natural forest in the



southern Quebec (Grenon et al., 2010; Patry et al., 2013). By definition, a natural forest
is a forest that has evolved according to a dynamic generated by natural disturbances,
climate and physical environment in the absence of large-scale human intervention
(Brassard et Chen, 2010; Grondin et al., 2010). EFM in the boreal forest will therefore
consist of making management decisions, based on the knowledge of the ecological
mechanisms that govern the natural dynamics of boreal forest stands while meeting the

needs of the society.

The EFM recommends using different management strategies and silvicultural
practices at forest landscape and stand scales, respectively (Larouche ef al., 2013). The
application of this recommendation is, however, not mandatory. Forest managers can
adopt or rather draw inspiration from it to meet EFM’s ecological issues (Grenon et al.,
2010). Given the sites specificity (Lafleche et al., 2013) and the diversity of forest types
at the landscape scale (Saucier et al., 2010), EFM recommends that silvicultural
practices (generally grouped into two main categories, namely monosilviculture, mixed
silviculture) should be carried out at the stand scale and diversified at landscape scale
in order to address the compositional problems that can be caused by past forest harvest
(Jetté et al., 2013). Such approach should eventually help prevent or reverse the
observed trend, which is the scarcity of mixed stands and old-growth forests (Bergeron
et Harper, 2009; Jetté et al., 2013).

Broadly different habitat requirements and successional trajectories of conifers and
broadleaves and their hypothesized temporal coexistence in the stands in the absence
of fire have led forest managers to opt for clearcuts on ~85% of the total harvested area
in Canada (Statistics Canada, 2018). The higher market value of black spruce compared
to that of aspen also prompts forest managers to orient monosilvicultural practices
(commercial and pre-commercial thinning) so as to exclude trembling aspen from
stands. These approaches do not fully address the complexity of the forest landscape in

the boreal mixedwoods.



Unlike monosilviculture, mixed silvicultural practices have been reported to have less
impact on biodiversity by recreating plant and animal assemblages consistent with a
range of natural variability (Drever et al., 2006; Puettmann et al., 2015). This results
from the premise that maintaining stand structures consistent with biological legacies
after natural disturbance will serve as refugia and habitat for forest species (Attiwill,
1994; Drapeau et al., 2002, 2008; Puettmann et al., 2009). Moreover, silvicultural
practices relying on mixed stands are hypothesized to encourage the development of
old-growth structural features and the assemblages of old-growth adapted species (Jetté
et al., 2013; Kuuluvainen, 2009). Undertaking such practices, however, requires a
better knowledge of diversity-productivity relationships (DPR) and mechanisms that

shape the coexistence of species.
1.1.3 Context of diversity-productivity relationship studies in boreal forests

Natural disturbances shape the forest landscape and influence stand species diversity,
composition and structure in boreal forests (Chen et al., 2009; Chen et Popadiouk,
2002). As results, tree species in boreal forests differ strikingly in their rates of growth,
nutrient uptake strategies, transpiration, litter chemistry and flammability (Flanagan et
Van Cleve, 1983; Pastor et al., 1996; Van Cleve et al., 1991) which confer them a
higher functional diversity. All these changes occurring in different stand
developmental stages determine the productivity of stands in the boreal forest (Chapin
Il et al., 1998, 2000) but their heterogeneity across the forest landscape could make

productivity modelling more complex.

The lower species diversity and the dynamic aspect of stands in the boreal mixedwoods,
led DPR studies in boreal forests to generally focus on how changes in stand species
composition affect tree growth and stand productivity (Goulden et al., 2011; Pare et
Bergeron, 1995; Taylor et al., 2014); particularly with regard to the productivity of
commercial tree species with high merchantable value (Légaré et al., 2004; Légaré et
al., 2005a; Felipescu et Comeau 2007; Cavard et al., 2010).



The type of DPR (positive, negative or nonsignificant) in boreal forests depend on
mechanisms underlying facilitation, competition and niche partitioning; particularly
when the species involved belong to different functional groups (broadleaf versus
conifers, referred hereafter as stand compositional diversity) (e.g. Légaré et al., 2004;
Felipescu et Comeau, 2007; Cavard et al., 2010; Cavard et al., 2011a; Drobyshev et
al., 2013; Aussenac et al., 2016). On one hand, Légaré et al. (2004), Felipescu et
Comeau (2007) and Cavard et al. (2010) suggested facilitation and higher interspecific
competition to explain the variability in the influence of companion species with
respect to nutrient availability (facilitation) and utilization (competition). On the other
hand, Drobyshev et al. (2013) and Aussenac et al. (2016) suggested niche partitioning
to explain the growth variability among functional groups. These studies, however, fail
in giving more insight into mechanisms underlying DPR since they do not account for
the diversity of traits between and within species both above- and belowground. Since
these studies mostly used species aboveground traits to test these links in boreal forests,
exploring belowground interactions between species will help identify traits that can

be included in DPR models in boreal forests.
1.1.4 Belowground interactions between species

The soil represents the most complex compartment to study in forest ecosystems. It is
the place where several ecosystem processes playing an important role in the growth
of trees occur. Besides being trees’ feeding substrate, it also constitutes a living
medium for several microorganisms’ communities. These microorganisms (microbes
and fungi) play a fundamental role in the decomposition of dead organic matter and in
the biogeochemical cycle of nutrients (Hooper et al., 2000; van der Heijden et al.,
2008). Both plants and microorganisms interact in the soil. The type of interaction they
maintain, either positive (facilitation and niche partitioning) or negative (competition),
determines the structure, composition, and productivity of plant communities (Frontier
et al., 2008).



- Facilitation

Research on plant community dynamics generally aims at predicting fluctuations in the
abundance of species in their environment. These predictions are based on models
focusing on the factors behind the distribution of species, including biotic and abiotic
factors (Barry et Elith, 2006; Bertness et al., 1999; Graham et al., 2007). Regarding
belowground biological interactions, facilitation is the major mechanism causing large
fluctuations in soil chemical properties. Theoretically, the facilitation is observed when
an organism, called “facilitator” modifies the initial environmental conditions (biotic
or abiotic) of its community while making it more favorable for other organisms (Bruno
et al., 2003); either directly (by reducing thermal stress due to exposure to wind and
light or by reducing stress related to low availability of limiting nutrients) or indirectly
(by eliminating competitors or parasites) (Bertness et Callaway, 1994; Stachowicz,
2001). The facilitation therefore consists in the fact that in a given plant community,
the presence of one species positively impact the growth, the survival and the
regeneration of another species (Bertness et Callaway, 1994). This is the case between

aspen and spruce in the boreal mixedwoods.

In the boreal mixedwoods, the compositional diversity of stands changes during forest
succession and affects the environmental conditions and energy supply of soil microbes
through the functions of the roots, above- and below-ground litter production, light
interception and leaching processes in the canopies (Bauhus et al., 1998; C6té et al.,
2000; Klimek et al., 2016; Légaré et al., 2005b; Merila et al., 2002; Ohtonen et Vére,
1998; Taylor et al., 2014). Evidence of the importance of species mixture in
maintaining ecosystem functioning and the existence of potential complementary
relationships between co-occurring species reported in these studies suggest that aspen
has significant positive effects on belowground processes. Aspen and spruce generally
differ in their litter quality (C6té et al., 2000; Légaré et al., 2005b), coarse and fine

roots distribution within soil profiles (Brassard et al., 2009, 2013). These studies shown
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that the presence of aspen within stands in boreal forests positively influences soil
properties and activity of soil microorganisms which benefit spruce. Through its effect
on the composition of soil microorganisms, aspen plays a fundamental role in the
decomposition of dead organic matter and in the biogeochemical cycle of nutrients,
including carbon and nitrogen cycle (Légaré et al., 2005b). By positively modifying
environmental conditions, aspen makes additional resources (light, nutrients and water)
in mixed stands compared to pure spruce stands; which has a direct effect on spruce
recruitment, survival and growth rates (Cavard et al., 2010, 2011; Légare et al., 2004,
2005a). Analyzing the functional traits of both tree species therefore emerge as an
important way to understand how ecosystem processes playing a key role in their

growth are generated.

- Competition

Unlike aboveground competition which mainly involves a single resource (light),
belowground competition is very complex. It encompasses a wide variety of resources
including water and essential nutrients which differ in their forms (organic and mineral)
molecular size, level of oxidation and mobility in soil (Casper et Jackson, 1997).
Belowground competition also affects several physiological mechanisms (Kiaer et al.,
2013; Wilson, 1988), is asymmetric as the understory vegetation (mosses, Ericaceae

and vascular plants) can also interfere with tree nutrient uptake (Weiner et al., 1997).

Each species adopts different growth strategies to cope with belowground competition.
These strategies are morphological and physiological adjustments that plants make in
response to competition (Craine, 2005; Tilman, 1988, 2007). These growth strategies
and the rate of competition for resources differ between species and according to the
succession stage of forest stands (Bazzaz, 1979; Messier et al., 1999). Although still
poorly understood and less studied in the boreal forest, it is suggested that a good
knowledge of the differences in nutrient uptake strategies are as important in explaining
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the coexistence of species as the differences in tree aboveground growth (Bauhus et
Messier, 1999).

Competition is detected where there are interactions between several tree species. It
can cause a decrease in the growth, survival or regeneration of co-occurring tree
species. Conceptually, there is competition when the roots of species overlap in
depletion zones along the soil profile (Brisson et Reynolds, 1994; Robinson, 1996);
decreasing species-specific nutrient uptake (Casper et Jackson, 1997; Tilman, 1982). It
is therefore proposed that two species competing for the same limiting resources cannot
coexist because the most competitive species will eliminate the less competitive over
time (Craine et Dybzinski, 2013; Dybzinski et Tilman, 2007, 2009; Gause, 1934;
Tilman, 1982).

Trees take up nutrients from the soil through their root system and their association
with fungi (mycorrhizae). The root system of a tree is made up of two types of roots;
(1) coarse and (2) fine roots (Drénou, 2006; McClaugherty et al., 1982). The coarse
roots, by their annual growth (length and diameter), as well as their branching, ensure
anchoring and increase tree resistance to wind damage (Drénou, 2006; Robinson et al.,
2003). Coarse roots bear fine roots (diameter < 2 mm) whose main function is to ensure
the uptake of water and nutrients (Gilman, 1990; White et al., 2013). Fine roots are
generally mycorrhized (mycorrhizae are symbiosis between tree roots and fungi
(Brundrett, 2002, 2009; Drénou, 2006). Fine roots develop where nutrients are the most
available (Crabtree et Bernston, 1994; Forde et Lorenzo, 2001; Pacé et al., 2017).
Therefore, the root response to a depletion zone is generally used as an indicator of
competition for nutrients (Craine, 2005; Grime, 2007; Tilman, 2007).

In contact with the roots of other species, the roots of some plants release secondary
substances (exudates), which may regulate the soil microorganism communities, favor
symbiosis, change the soil chemical properties or inhibit the growth of other plant
species (Chaparro et al., 2013; Nardi et al., 2000). This mechanism is called
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interference competition. Also known as allelopathy, interference competition has
deleterious effects on plant growth or survival (Bais et al., 2004; Flores, 1999); thus,
playing an important role in the establishment and maintenance of plant communities
(Walker et al., 2003).

Physical space is also considered an important resource for the development and
growth of plants (Casper et al., 2003; McConnaughay et Bazzaz, 1991, 1992). For
plants growing in a spatially limited environment, the allocation of roots of some
species could constrain the root allocation of other species, thereby reducing their
nutrient uptake capacity. In response to competition for space, some species modify
the structure of their root system (McConnaughay et Bazzaz, 1992) to avoid
competition for space and resources (Mou et al, 1997). Competition avoidance
generally consists of architectural adjustments (local changes in topology, root length
or in the angle or number of root branching (Berntson, 1994; Brassard et al., 2009,
2013) or selective allocation of root biomass in areas where the competition rate is the
lowest (Grams et Andersen, 2007). This mechanism is common in species forming root
grafts such as trembling aspen (DesRochers et al., 2003; Grams et Andersen, 2007,
Gray, 2000), and most often results in spatial segregation between potentially
competitive species (niche partitioning).

- Niche partitioning

Niche partitioning has been a primary focus of many population and community
ecology studies, as it resolves the paradox of competitive exclusion and the fact that
many ecosystems have ecologically similar species that do not drive one another
extinct. The ecological niche is a term for the position of a species within an ecosystem
(MacArthur et Levins, 1967). It therefore describes both the range of resources and
conditions necessary for persistence of the species, and its ecological role in the
ecosystem (Hutchinson, 1959, 1961). Theoretically, if two species have the same niche,

one species will exclude the other. The term niche partitioning therefore refers to the
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process by which natural selection drives competing species into different patterns of
resource use or different niches (Chesson, 2000; Hector et Hooper, 2002; MacArthur,
1958). Species partition belowground resources in a variety of ways (spatial, temporal
or in the species’ preferences for different forms of available resources), most often

taking advantage of environmental heterogeneity (Mou et al., 1997).

Differences in the rooting depth of species may contribute to vertical partitioning of
trees’ nutrient uptake in the boreal forest. Despite the fact that tree roots are
predominantly restricted to the upper soil layers (Brassard et al., 2009), different
rooting patterns have been reported between spruce and aspen (Brassard et al., 2013);
particularly with regard to fine roots (Brassard et al., 2013; Ma et Chen, 2017; Pacé et
al., 2017). Fine roots are crucial for tree nutrient uptake (White et al., 2013) whereas
coarse roots increase tree resistance to wind damage and are most involved in water
uptake (Robinson er al., 2003). Most conifers in the boreal forest of Canada have a
shallow rooting systems (e.g. black spruce, white spruce) while hardwood tree species
have a deep rooting system (Kabzems et Louisier, 1992; Ouimet et al., 2008; Pregitzer
et al., 2002; Strong et La Roi, 1983).

The ecology of mycorrhizal fungi provides a good understanding of forest soil
functioning and tree species’ autecology with regard to their survival, nutrition, and
productivity (Kranabetter ef al., 2008). Roots associations with mycorrhizal fungi have
been shown to decrease competition and increase yield when species are mixed (Perry
et al., 1992). The fundamental aspect of mycorrhizae ecology is the relationship
between soil nitrogen (N) supply and their diversity and distribution. In the boreal
forest, ectomycorrhizal fungi can facilitate organic N availability and uptake (Chalot
et Brun, 1998; Read et al., 2004; Read et Perez-Moreno, 2003) especially in cold and
less fertile soils (Lipson et Nasholm, 2001) where the partitioning of N uptake may

favor the coexistence of species.
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Trees generally take up soil nutrients in their mineral forms (Tamm, 1991). However,
some conifer species such as black spruce in the boreal forest are able to absorb and
utilize organic nitrogen (Kielland et al., 2006, 2007). This may suggest a remarkable
partitioning nutrient uptake between boreal tree species; whether between conifers or
between conifers and hardwoods. Houle ez al. (2014) used leaf traits (nitrogen isotopic
signature and concentration) to reveal nitrogen partitioning (N uptake at different soil
depths) between jack pine and black spruce and suggested that this resource
partitioning may have implications on the productivity of boreal forests. A similar
situation may exist for aspen and spruce in mosaic of mixed stands of both species and
may be used to understand their long-term coexistence in the black spruce — moss

bioclimatic domain of Quebec.

In summary, facilitation, competition and niche partitioning are closely related and can
simultaneously occur in a given plant community. Facilitation could favor competition
(by altering the root traits of species (Callaway et al., 1991 ; Dickie et al., 2005)) which,
in turn may result in niche partitioning (Callaway, 1995 ; Gause, 1934). Although the
beneficial part of facilitation has received considerable research interest, some studies
have reported its bidirectional nature; in particular, the physiological and fitness
consequences for both beneficiaries (neighboring species) and facilitators (Schob et al.,
2012, 2014). By modifying the local environmental conditions, facilitators may create
new niche space, which favor some new species while excluding others. However, this
bidirectional nature of the facilitation is generally neglected. Most studies focus solely
on either facilitation (overlooking the positive effect of the facilitator species on
beneficiaries), competitive exclusion or niche partitioning. Addressing these three
mechanisms is therefore critical in determining whether species are complementary in

a plant community.

Two hypotheses (niche complementarity and sampling effect) have been proposed to

support positive diversity-productivity relationship (DPR) in terrestrial ecosystems
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(Huston, 1997 ; Loreau, 1998 ; Loreau et de Mazancourt, 2013 ; Tilman, 1999 ; Tilman
et al., 1997, 2006). The sampling as well as complementarity effects generally implies
that plant community productivity strongly depends on the functional traits of the
constituent species (Roscher et al., 2012). The sampling effect hypothesis proposes that
diverse communities with high productivity are those where there is a greater chance
to find more productive species with specific functional traits that allow greater
resource use, in higher proportion. The niche complementarity hypothesis proposes
that species-rich communities are able to access and utilize limiting resources
efficiently because they contain species with a diverse array of ecological attributes.
Complementarity effects occur when interspecific niche differences lead to more
efficient acquisition of limiting resources and, therefore, higher productivity. The niche
complementarity hypothesis has been suggested as the main hypothesis supporting
positive DPR in ecosystems with harsh environmental conditions such as the boreal
forest (Paquette et Messier, 2011). Good understanding of belowground interactions
between tree species is therefore critical to provide a mechanistic interpretation of DPR

to determine whether mixed silviculture could be promoted in the boreal forest.

1.2 Problem statement

This study focuses on black spruce and trembling aspen, two of the most dominant and
economically valuable species in the boreal forests of eastern Canada (Armstrong,
2014; Zhang et Pearse, 2012). Forest managers’ penchant for monosilvicultural
practices, as described in the above sections, is likely supported by studies such as
Cavard et al. (2011b) while there appear to be misunderstandings about interactions
between black spruce and trembling aspen in mixed stands of boreal forest. Recent
studies (Aussenac et al., 2016; Cavard et al., 2011b) have shown a negative effect of
species mixing on tree growth compared to tree growth in pure stands. Cavard et al.
(2011b) showed that low productivity of mixed stands of aspen and spruce resulted in
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the decline of aspen growth and slowed growth of spruce over time. These studies
suggested that the decline of aspen growth may be related to a decrease in soil fertility
due to a gradual accumulation of spruce litter which have a very low rate of
decomposition. However, early studies in the same type of stands were showing
positive effects of TA on both spruce growth (Légaré et al., 2004, 2005a) and soil
fertility (Légaré et al., 2005b). A picture emerging from this research suggests that soil
nutrition may be the key factor controlling productivity that likely interacts with

complementary of these species to climatic fluctuations (Drobyshev et al., 2013).

The 2009 report of the Sustainable forests Management Network of Canada has
indicated that forest productivity will decline in areas with precipitation deficit and
there will be short-term increases in the northern regions where black spruce is the most
dominant species (McKenney et al., 2007; Williamson et al., 2009). These previsions
also indicate that site quality may become more favorable to early succession species
(Logan et Ouranos (Consortium de recherche), 2012; Prato, 2008) such as trembling
aspen which already coexists with black spruce (hereafter spruce), forming boreal
mixedwoods. This could lead to dominance of trembling aspen (hereafter aspen) within
forest stands in these regions over time. Conversely, most widely used management
practices in the boreal mixedwoods (clear-cuts, cuts with protection of regeneration
and planting) tend to favor the development of BS-dominated stands and disfavour
mixed spruce and aspen stands; while the latter would be more productive (Légare et

al., 2004) and resilient to climate change (Drobyshev et al., 2013).

The question is whether the overlooked climate complementarity of the two studied
species is equally observable in the soil where several mechanisms (competition, niche
partitioning and facilitation (Neufeld ez al., 2014)) governing the coexistence of species
may occur? These mechanisms play an important role in the growth and dynamics of
mixed stands (Filipescu et Comeau, 2007; Man et Lieffers, 1999). Knowledge of these

mechanisms in natural forest ecosystems is still limited. In this context, it is necessary
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to improve our understanding of the factors controlling growth, resource partitioning
and the way these two species interact in mixed stands.

1.3 Objectives and hypotheses

This thesis explores the belowground interactions between black spruce and trembling
aspen to determine if they are complementary with regard to the use of soil nutrients in
mixed stands in the boreal forest of northwestern Quebec. We test the “resources
partitioning hypothesis” (Turner, 2008) which proposes that competing species are
more likely to coexist when they use resources in different ways. The main body of the
thesis is structured around three chapters grouped into two main parts. The first part
(Chapters Il and I11) explores the resource acquisition strategies of the two species

whereas chapter IV focuses on nitrogen (N) to validate the conclusions of the first part.

Chapter 11 examines the functional traits of the roots (fine roots biomass and root tissue
density) to understand how the use of soil resources help these species to persist in
mixed stands in the boreal forest. We hypothesized (1) that the two species have
different rooting depth (shallow for spruce and deep for aspen) in pure stands. Second,
based on the concept of “functional equilibrium” (lwasa et Roughgarden, 1984), we
hypothesized (2) that the fine root biomass (FRB) of spruce will decrease in mixed
stands, and that (3) the fine root biomass of aspen will increase in mixed stands. The
functional equilibrium hypothesis assumes that in ecosystems subject to nutrient stress,
plants will allocate more biomass towards the roots to enhance the uptake of resources
when nutrient availability becomes limiting, and contrarily when soil fertility increases.
Since the nutrient content increases mostly in the organic layer of mixed stands
compared to pure spruce stands (Légaré et al., 2005b), we hypothesized that (4) the
spruce would exhibit lower FRB and higher root tissue density, and that the opposite
pattern would be observed in aspen in the organic layer of mixed stands, compared to

pure spruce and pure aspen stands. We expected, therefore, an intensive nutrient uptake
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strategy for spruce and extensive strategy for aspen, which is characterized by generally
low and high carbon investments in root production, respectively (Addo-Danso et al.,
2018; Grime, 1977; Grime et al., 1986; Lohmus et al., 1989). Finally, we hypothesized
that (5) the increasing aspen FRB in mixed stands compared to pure aspen stands would
lead to a stronger spatial separation of spruce and aspen roots (shallower for spruce and
deeper for aspen), and consequently, contrasting nutrient uptake strategies in different

soil horizons.

Considering the fact that mycelial network of mycorrhizae increases the surface area
of the root, Chapter Il analyses the structure and composition of the root-associated
mycorrhizal communities of spruce and aspen to determine whether the stand
compositional tree diversity affects the ability of the two tree species to take up
nutrients by impacting individual mycorrhizal community composition of these tree
species. We first hypothesized (1) that the root-associated mycorrhizal community
structure (diversity, similarity and distribution along the soil profile) of spruce and
aspen differs between pure spruce and pure aspen stands. We further hypothesized (2)
that mixing the two species within a stand means a higher a-diversity of root-associated
mycorrhizal community and a change in mycorrhizal species composition, resulting
from changes in soil chemical properties and increased competition. Finally, we
hypothesized (3) that mixing of two species leads to a stronger spatial separation of
mycorrhizal communities along the gradient in soil depth, i.e. a shallower location of
spruce-associated communities and deeper location of aspen-associated communities,

as compared to pure stands.

The second part of the thesis has only one chapter. Chapter IV focuses on nitrogen,
which represents the most limiting resource for tree growth in the boreal forest. The
isotopic geochemistry approaches are used to determine whether the coexistence of the
two species results from the fact that they absorb nitrogen at different soil horizons or

because they have different preferences for the two mineral forms of nitrogen
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(ammonium and nitrate). First, to test for the N spatial partitioning, we compared the
15N natural abundance in the soils and in the foliage of spruce and aspen in pure and
mixed stands. We hypothesized (1) that the two species takes up the N at different soil
depth (shallower N-uptake in spruce and deeper in aspen) in both pure and mixed
stands. Second, to test for partitioning of N-inorganic forms, we performed a 30 day
in-situ °N-labeling experiment in pure and mixed stands. We hypothesized (2) that in
their respective pure stands, black spruce would prefer ammonium and aspen would
prefer nitrate. In mixed stands, we expected (3) the N-form preference of both species
to be more pronounced as the two species will seek to distance themselves to avoid
competition. Finally, since the nutrient content increases mostly in the organic layer of
mixed stands, as compared to pure spruce stands (Légaré et al., 2005), we hypothesized
(4) that spruce will benefit of a better N nutrition in mixed than in pure stands while

the net effect will be neutral for aspen.

These three chapters are followed by a general conclusion in which | summarize the
underground interactions between spruce and aspen in the boreal mixedwoods. | also
discuss the implications for the growth of spruce and aspen between pure and mixed
stands. I use this information to recommend sylvicultural practices that may help limit
competition for resources and prevent biodiversity and productivity losses in boreal
forest stands. | also discuss what these results imply for the development of future

research protocols in the context of DPR studies in boreal forests.

1.4 Study area

The study area is located in the southern part of the black spruce-feathermoss
bioclimatic domain in North-Western Quebec (49°08’N to 49°11°’N and 78°46’W to
78°53’W). The boreal mixedwood in the area is dominated by black spruce, which

grows on deep clay soils developed from proglacial deposits of Barlow and Ojibway
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lakes at the time of their maximum expansion during the Wisconsonian glaciation
(Veillette, 1994). The mean annual temperature and total annual precipitation of the
study area are 1.5°C and 675.7 mm, respectively (Environment Canada, 2016). Fires
and insect outbreaks are primary factors of natural forest dynamics in the area. Selected
stands (three sites in total) were growing on moderately dry clay dominated soil (Brais
et Camiré, 1992), and originated from the same fire that occurred in the area ca. 1916
(Légareé et al., 2005b).

The three studies sites were between 2 and 15 km away from each other. On each site
we selected one pure (monodominant) stand of trembling aspen (TA), one pure black
spruce (BS), and one mixed stand (Figure 1.2). These were 20 x 50 m? (0.1 ha)
rectangular samples plots established in each site so that each plot represents a stand
type which was uniform in terms of topography and vegetation. We defined pure stands
as those with the proportion of stems and basal area of the most abundant tree species
exceeding respectively 75 % and 60 % in the total count of individuals with diameter
at 1.3 m above 10 cm. Mixed stands were those with the number of trees of individual
species representing 30 % to 50 % of the total number of stems in the stand (MFFP,
2015).
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Figure 1.2 Location of the study sites in the spruce-moss bioclimatic domain of
Quebec.
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2.1 Résumé

Cette étude explorait les interactions souterraines entre I'épinette noire et le peuplier
faux-tremble dans les peuplements purs et mixtes pour comprendre comment
I’utilisation des ressources du sol aide ces especes a coexister dans les foréts boreales
mixtes de l'ouest du Québec. Nous avons analysé les stratégies d’acquisition de
ressource des racines fines de chaque espéce (biomasse racinaire et densité des tissus
racinaires) le long de trois couches de sol (organique, couches supérieure 0-15 cm et
inférieure 15-30 cm du sol minéral), en utilisant 180 carottes de sol. Les carottes ont
été collectées dans trois sites, contenant chacun trois parcelles de 20 x 50 m? pur
d'épinette, purs de tremble et mixte d'épinette et de tremble. L'épinette avait un
enracinement superficiel, tandis que le tremble avait un enracinement profond dans les
deux types de peuplements. Par rapport aux peuplements purs d'épinette, I'épinette
avait une biomasse de racines fines (FRB) plus faible et une densité de tissu racinaire
(RTD) plus élevée dans la couche organique des peuplements mixtes. Ces deux traits
indiquaient une stratégie d’utilisation intensive des ressources par I’épinette et son
avantage concurrentiel sur le tremble dans cette couche. La FRB de tremble dans le sol
organique ne différait pas significativement entre les peuplements purs et mixtes, mais
augmentait dans le sol minéral des peuplements mixtes. Puisque nous n‘avons pas
observé de différence significative dans la teneur en éléments nutritifs de la couche de
sol minéral entre le peuplier faux-tremble pur et les peuplements mixtes, nous avons
conclu que le peuplier faux-tremble peut subir une exclusion compétitive dans la
couche organique par I'épinette. Le peuplier faux-tremble a présenté une stratégie
extensive d'absorption des nutriments dans la couche organique des peuplements
mixtes: FRB plus élevée et RTD plus faible que I'épinette. Dans les peuplements
mixtes, les différences dans la structure d'enracinement du tremble entre les couches
organiques et minérales suggérent I'utilisation de stratégies contrastées d'absorption des
nutriments le long du profil du sol. Nous supposons qu’une séparation spatiale plus
marquée des racines de I'épinette et du tremble dans les peuplements mixtes contribue
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probablement & un partitionnement de leur absorption d'éléments nutritifs le long du
profil du sol. Ces résultats indiquent une exclusion compétitive du tremble par I'épinette
dans les sols des foréts boréales mixtes tout en suggérant que cette exclusion

compétitive ne se produit probablement que dans la couche organique du sol.

Mots-clés: relation diversité-productivité; stratégie d'absorption des nutriments;
biomasse de racines fines; densité de tissu racinaire; diversité compositionnelle du

peuplement

2.2 Abstract

This study explored the underground interactions between black spruce and trembling
aspen in pure and mixed stands to understand how their soil resource use help these
species coexist in the boreal mixedwoods of Western Quebec. We analyzed species-
specific fine root foraging strategies (root biomass and root tissue density) along three
soil layers (organic, top 0-15 cm, and bottom 15-30 cm mineral soil), using 180 soil
cores. We collected cores in three sites, each containing three 20 x 50 m? plots i.e. pure
spruce, pure aspen, and mixed spruce and aspen stands. Spruce had a shallow rooting,
whereas aspen had a deep rooting in both types of stands. Compared to pure spruce
stands, spruce had a lower fine root biomass (FRB) and a higher root tissue density
(RTD) in the organic layer of mixed stands. Both patterns were indicative of spruce’s
more intensive resource use strategy and competitive advantage over aspen in that
layer. Aspen FRB in the organic soil did not differ significantly between pure and
mixed stands, but increased in the mineral soil of mixed stands. Since we did not
observe a significant difference in the nutrient content of the mineral soil layer between
pure aspen and mixed stands, we concluded that aspen may experience competitive
exclusion in the organic layer by spruce. Aspen exhibited an extensive nutrient uptake
strategy in the organic layer of mixed stands: higher FRB and lower RTD than spruce.

In mixed stands, the differences in aspen rooting patterns between the organic and
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mineral layers suggested the use of contrasting nutrient uptake strategies along the soil
profile. We speculate that the stronger spatial separation of the roots of spruce and
aspen in mixed stands likely contribute to a higher partitioning of their nutrient uptake
along the soil profile. These results indicate the competitive exclusion of aspen by

spruce in boreal mixedwoods, which likely occurs in the soil organic layer.

Keywords: diversity-productivity relationships; nutrient uptake strategy; fine root

biomass; root tissue density; stand compositional diversity

2.3 Introduction

Understanding the relationship between diversity and productivity in forest ecosystems
is critical to quantifying ecosystem responses to past and future environmental
variability. A consistent and positive relationship between these two variables has been
demonstrated on the global scale (Liang et al., 2016; Zhang et al., 2012, 2016) in
temperate and tropical forests (Morin et al., 2011; Ratcliffe et al., 2015; Roscher et al.,
2012; Ruiz-Benito et al., 2014). Forest stands with high structural and species richness
support a greater diversity of species (understory vascular plants, birds, insects, and
mammals) and functions (Franklin et VVan Pelt, 2004; Hunter, 1999), and have greater
productivity (Légaré et al., 2005; Lei et al., 2009; Paquette et Messier, 2011; Wang et
al., 2011). More diverse stands have been shown to exhibit a higher resilience to
environmental variability (Aussenac et al., 2016; Morin et al., 2014; Yachi et Loreau,
1999). On the other hand, a few studies have highlighted an insignificant or even
negative effect of species diversity on forest productivity (Cavard et al., 2010; Chen et
al., 2003) and tree growth (Aussenac et al., 2016). Earlier studies of diversity—
productivity relationships (DPR) in boreal mixedwoods focused primarily on the
effects of variability in climate (Aussenac et al., 2016; Drobyshev et al., 2013) and
light conditions (Cavard et al., 2010). Evaluating variability in tree diameter and

volume growth, these studies indicated the potential role of competition, facilitation,
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and niche complementarity in shaping tree productivity (Cavard et al., 2011a; Filipescu
et Comeau, 2007; Paquette et Messier, 2011). Apart from theoretical interest, a
mechanistic model explaining DPR in the boreal forest could be of critical importance

in developing silvicultural practices in boreal mixedwoods.

Black spruce and trembling aspen are two of the most dominant and economically-
valuable species in the boreal forests of eastern Canada (Armstrong, 2014; Zhang et
Pearse, 2012). These species have broadly different habitat requirements and
successional trajectories and are hypothesized to temporally coexist in the stands in the
absence of fire (Bergeron er al., 2014) because of the competitive exclusion of aspen
by spruce over time. These ecological considerations, the absence of a general trend
concerning DPR (Cavard et al., 2011a; Légaré et al., 2004), and the concern of
operationalizing tree harvest in mixed stands of the two species have led forest
managers to opt for clearcutting on ~85% of the total harvested area in Canada
(Statistics Canada, 2018). The growing evidence of a positive species mixing effect on
stand productivity (Paquette et Messier, 2011) and resilience to major disturbances,
such as fire (Wirth, 2005) and insect outbreaks (Bergeron et al., 1995; Bouchard et al.,
2006), including the projected northward shift in the range of distribution of aspen with
future climate conditions (McKenney et al., 2007, 2011), calls for the consideration of

silvicultural practices focused on mixed stands.

Aspen (TA) and spruce (BS) can modify their environment through the impact of their
litter and root system on soil chemistry (Légaré et al., 2005). As compared to pure
spruce stands, mixed stands of spruce and aspen have higher soil fertility, due to
increases in soil temperature, humidity, nutrient content, and pH. In turn, this leads to
a positive relationship between aspen abundance in mixed stands and the total stand
productivity (Légaré et al., 2004), despite a negative effect of spruce on aspen growth
(Cavard et al., 2011a). The accumulation of spruce litter and reduced rates of its

decomposition in mixed stands of spruce and aspen compared to pure aspen stands
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(Légaré et al., 2005) could be among the factors behind such a negative effect on aspen
growth. The use of soil nutrients appears to be the central element in species
interactions affecting growth rates, species geographic distribution, and nutrient
cycling within forest stands. However, the contribution of underground interactions has

seldom been quantified, and their effects on productivity remain to be demonstrated.

Underground interactions between tree species occur through the effect on the
availability of resources, chemical signaling, and the secretion of allelochemical
compounds (Callaway, 2002). These can either be positive, neutral, or negative
(Kuebbing et Nufiez, 2015). Positive interactions exhibit themselves when one species
has a positive effect on other species by increasing the availability of soil nutrients
(Callaway, 1995; Callaway et al., 2002), whereas negative interactions occur through
resource depletion, allelopathy, or interference competition (de Kroon et al., 2003,
2012; Goldberg, 1990). These mechanisms can simultaneously occur in the same plant
community (Holzapfel et Mahall, 1999). Therefore, there is a need to consider resource
competition and the physiological response of plants to competition in order to better

understand the underground interactions between species in mixed forest stands.

Fine roots are of immediate importance for tree nutrient uptake (Pregitzer et al., 2002),
and their biomass, tissue density, nutrient content, and distribution along the soil profile
have been viewed as proxies for nutrient uptake strategies (Brassard et al., 2009;
Craine, 2005; Lohmus et al., 2006; Ostonen et al., 2007a; White et al., 2013). The
filling of soil volume by fine roots (hereafter referred to as fine root biomass) has been
shown to reflect nutrient availability (Ostonen er al., 2007a, 2007b), and has an impact
on tree aboveground biomass production (Brassard et al., 2013), ultimately
determining tree competitive ability for resources (Tilman, 1982, 2007). On the other
hand, the root tissue density (RTD, the amount of structural material invested by the
unit volume of roots) is related to the availability of nutrients, and reflects the response

of species to competition for resources (Grime, 1977). Root biomass and tissue density
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are, therefore, essential metrics which define species’ underground niche, in terms of

its resource use (Craine, 2005; Tilman, 2007).

We tested for differences in root foraging strategies between black spruce and
trembling aspen, by analyzing their fine root biomass and tissue density along the soil
profile in pure and mixed stands. We tested the general hypothesis that species
coexistence in ecosystems is maintained through differences in resource use (Turner,
2008). More specifically, we first hypothesized (H1) that the two species have different
rooting depth (shallow for spruce and deep for aspen) in pure stands. Second, based on
the concept of “functional equilibrium” (lwasa et Roughgarden, 1984), we
hypothesized (H2) that the fine root biomass of spruce will decrease in mixed stands,
and that (H3) the fine root biomass of aspen will increase in mixed stands. The
functional equilibrium hypothesis assumes that in ecosystems subject to nutrient stress,
plants will allocate more biomass towards the roots to enhance the uptake of resources
when nutrient availability becomes limiting, and contrarily when soil fertility increases.
Since the nutrient content increases mostly in the organic layer of mixed stands
compared to pure spruce stands (Légaré et al., 2005), we hypothesized that (H4) the
spruce would exhibit lower FRB and higher root tissue density, and that the opposite
pattern would be observed in aspen in the organic layer of mixed stands, compared to
pure spruce and pure aspen stands. We expected, therefore, an intensive nutrient uptake
strategy for spruce and extensive strategy for aspen, which are characterized by
generally low and high carbon investments in root production, respectively (Addo-
Danso et al., 2018; Grime, 1977; Grime et al., 1986; Lohmus et al., 1989). Finally, we
hypothesized that (H5) the increasing aspen FRB in mixed stands compared to pure
aspen stands would lead to a stronger spatial separation of spruce and aspen roots
(shallower for spruce and deeper for aspen), and consequently, contrasting nutrient
uptake strategies in different soil horizons. Knowledge about such a pattern will help

guide future forest management decisions in the boreal zone of Quebec.
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2.4.1 Study Area

The study area was located in the black spruce-feathermoss bioclimatic domain in
north-western Quebec (49°08’ N to 49°11’ N and 78°46’ W to 78°53’ W). The boreal
forest in the area is dominated by black spruce, which grows on deep clay soils
developed from proglacial deposits of Barlow and Ojibway lakes at the time of their
maximum expansion during the Wisconsonian glaciation (Veillette, 1994). The mean
annual temperature and total annual precipitation of the study area are 1.5 °C and 675.7
mm, respectively (Environment Canada, 2016). Fires and insect outbreaks are the
primary factors of natural forest dynamics in the area. Selected stands were growing
on moderately dry, clay-dominated soil (Brais et Camiré, 1992), and originated from
the same fire that occurred in the area in ca. 1916 (Légaré et al., 2005).

The studied sites (three in total) were between 2 and 15 km away from each other
(Figure 2.1). We established three 20 x 50 m? (0.1 ha) rectangular samples plots in each
site, whereby each represented a stand which was uniform in terms of topography and
vegetation. These comprised one pure (monodominant) stand of trembling aspen, one

pure black spruce, and one mixed stand (Figure 2.1).
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Figure 2.1 Location of the study sites in the spruce feathermoss bioclimatic domain of
Quebec.

The selection criteria for stand types were similar to those of the previous studies
investigating tree species’ mixing effects in natural forest stands, i.e., pure stands had
more than 80% of the stand basal area made up by a single species, whereas in mixed
stands, none of the species had a basal area beyond 80% of the total stand basal area
(Brassard et al., 2013; Ma et Chen, 2017). Our selection criteria also followed the
definition of pure stands in the Quebec forest resource inventory. There, a single
conifer species should contribute to more than 75% of stand basal area for the stand to
be classified as pure, while in mixed stands, 25% to 50% stand basal area should be
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composed of coniferous trees (MFFP, 2015). To validate the attribution of stand type,
we recorded diameter at breast height (DBH), i.e., at 1.3 m, for all trees above 10 cm,

and calculated the basal area (BA) and density of each species (Table 2.1).

2.4.2 Sample Collection and Preparation

Selected stands had an overstory dominated by healthy aspen or/and spruce, the same
age of the dominant canopy cohorts (100 years; (Légaré et al., 2005)), low proportions
of jack pine (Pinus banksiana Lamb.) in the canopy (<15%) and balsam fir (4bies
balsamea (L.) Mill)) in the understory (field observation), and low abundance of
Sphagna on the forest floor. These stand properties have been reported to influence the
biomass of fine roots (Ma et Chen, 2017; Pacé et al., 2017) and nutrient partitioning
(Houle et al., 2014) in boreal forests. The selected plots were at least 150 m away from
any other sampled point in a given site (Figure 2.1). We selected mixed stands within
a transition zone of two pure stands of BS and TA. The 150 m distance between the
two stands was designed to avoid border effects. To this end, we kept in mind the results
of an earlier study, where the effect of aspen on the soil’s physical and chemical
properties was reported to persist within a distance of 7 m from a trembling aspen-
dominated stand (Légaré et al., 2005).
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Table 2.1 Characteristics of sampled stands. BS, TA, and M refer to pure spruce, pure

aspen, and mixed stands, respectively.

Site 1 Site2 Site 3
BS TA M BS TA M BS TA M
Populus 60 ¥ 2 70 38 2 74 43
tremuloides
Picea 83 33 50 89 22 51 97 20 54
mariana
Abies
Species balsamea 6 3 2 6 1
proportion Pinus
(% number of  banksiana 5 ! 10 ; 5 1 ! !
stems) Betula
papyrifera 1 1
Marshall
Populus
balsamifera 2 1
L.
Density 3100 1410 1160 3000 1220 1610 2382 900 1680
(stems ha™?)
pH 38 40 49 42 50 47 36 501 44
(Tgof(ag'% 311 1942 3012 3377 3215 3212 3762 287.2 3487
Organic soil (Tgof(ag”l\; 78 105 137 1067 115 118 77 173 11
layer -
properties '(V'm'gekrgll')\' 292 317 2715 342 435 420 225 720 372
C:N ratio 399 183 218 316 266 271 488 166 317
P(mgkg) 815 362 597 695 790 615 1297 905 1612
K(mgkgl) 407 331 4447 5522 5857 480.7 460.7 5242 6357
Basal area
(BA 7 ha ) 6142 11346 61.63 66.6 916 7855 6548 78.07 74.53
Populus 332 8193 5882 550 87.05 6352 2.86 9047 68.93
tremuloides
Picea
‘ 729 1611 2683 80.00 7.50 2426 96.02 847  29.14
mariana
Basal area Abies 094 078 0.27 1.06  0.20
percentage balsamea
per species  Pinus 2378 102 1221 1450 435 1222 112 0.78
(%) banksiana
Betula 0.46 0.25
papyrifera
Populus
beamifera 0.90 0.83 0.70
Organic layer 173 62 1016 200 75 115 142 976 13

depth (cm)

C, N, P, and K in soil properties denote carbon, nitrogen, phosphorus, and potassium,

respectively.
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At each plot, 20 soil cores were extracted using a 7-cm diameter manual auger every
10 m along four 50 m long transects, spaced 4 m apart from each other. The sampling
took place between July 15 and August 20, 2016. The chosen timing broadly
corresponded to the period when fine roots are at their maximum length in this part of
the boreal forest (Brassard ez al., 2013). We collected samples from the organic horizon
(F and H layer combined) and from the top 0-15 cm (later referred to as Minl) and
bottom 15-30 cm (Min2) of the mineral soil. The samples were placed in plastic bags,
transported to the laboratory in an ice-filled cooler, and stored at a temperature of —20

°C prior to analyses.

The 180 soil cores were pooled per transect and for each soil horizon to form a set of
12 composite samples for each plot. The composite samples were allowed to thaw over
six hours and then soaked in water for at least one hour. The mixture was then stirred
carefully to separate roots from the soil particles and poured through a 750 pm mesh
round sieve. The sieve was suspended under a distilled water bath and shaken
continuously until the roots were free from any soil particle. The roots were collected
and live and dead roots were separated, based on visual appearance and a manual
extension test (Brassard et al., 2013). Live roots were light in color and resistant to
breakage, whereas dead roots were a grey to dark color and were easily fragmented.
We discarded dead roots from further analyses. Live fine roots were sorted by species,
using a combination of morphological characteristics established from prior root
reference samples collected on known younger and older trees of each studied species
in the study stands. The morphological criteria used were color, size, ramification, and
presence/absence of root hairs (Brassard et al., 2013). Aspen roots were less ramified,
with colors ranging between white and pale, whereas the roots of coniferous trees were
ramified, finer in structure, and of a color ranging between red and brown. Compared
to other coniferous trees, spruce roots were more reddish in color with a black bark.
Balsam fir (dbies balsamea (L.) Mill.) had roots with bark color ranging from

yellowish to orange, whereas jack pine had roots with a texture similar to spruce but
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with a lighter, brown bark color. The presence of root hairs was mostly used to separate
nontree roots (commonly with root hairs) from tree roots. We extracted only the roots
of spruce and aspen based on these criteria. We discarded roots larger than 2 mm in
diameter, measuring them with a caliper. The separated fine roots were gently dried
between two filter papers at room temperature to remove water, and were immediately
weighed to obtain the fine roots’ fresh mass. A representative fresh root subsample per
soil layer was subsequently taken per transect in each stand, in such a way that their
weight would be comparable among transects (Birouste et al., 2014). Following this
protocol, we took two grams of fresh live roots in the FF and in the top Min! soil
section, whereas only 0.5 g was taken in the lower Min2, where fine root weights in the
samples were the lowest. The composite samples were oven-dried at 60 °C for 48 h

and reweighed to obtain the root dry mass.
2.4.3 Chemical Analysis

An aliquot (50 g) was taken from each soil sample taken per transect and air-dried to a
constant weight for a week (Carter et Gregorich, 2008), ground, and sieved (<2 mm).
For each soil horizon layer, soils were extracted with 2M KCI (10:1 solution soil ratio,
30 min). Nitrate (NO3z) and ammonium (NH4) concentrations were measured,
respectively, by ion chromatography (Dionex2120i, Thermo Fisher Scientific Inc.,
Sunnyvale, CA, USA) and colorimetrically with a Technicon Autoanalyzer (Technicon
AA2, Seal Analytical Inc., Mequon, WI, USA). Since the observed nitrate
concentrations were close to the detection limit (limit of <1 mg kg™ for extractable
NO3), we only report NHa results. Total C and N concentrations were measured with
an elemental analyzer (Carlo Erba, Milan, Italy). The bulk soil pH in water was
analyzed following the method described by Carter and Gregorich (2008) using a
Thermo Scientific Orion 2 pH meter (Thermo Fisher Scientific, Waltham, MA, USA).
Exchangeable cations and phosphorus (P) were measured by extraction in Mehlich-3
solution (Mehlich, 1984), and were further summed to estimate the effective cation
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exchange capacity (CEC). A summary of these soil chemical properties is provided in
Appendix A Table S2.1. Chemical analyses were conducted at the laboratory of organic

and inorganic chemistry of the Ministry of Forests, Wildlife and Parks of Quebec.

2.4.4 Data Analysis

2.4.4.1 Metrics Calculation

Four metrics were used to test the hypotheses. The fine root biomass (FRB) was
calculated as the dry mass of living fine roots per volume of soil (kg-m~) in each
sample. The vertical heterogeneity index (VHI) was assessed as the standard deviation
of fine roots biomass percentages in each of the three soil horizon layers over transect.
VHI indicates how fully and evenly fine roots occupy the belowground space (Brassard
et al., 2011). The mixture effect ratio (Ro) was calculated as the ratio between the
observed biomass (Bo) to the expected biomass (B..,) of fine roots in mixtures. Bey,
was calculated by multiplying the fine root biomass of each species in pure stands by
their respective basal area proportion in mixed stands (Loreau et Hector, 2001). Finally,
the root dry matter content (RDMC) was derived as the ratio between root dry mass
and root fresh mass, in g-g*. This metric is used as a proxy of root tissue density (RTD,
(Birouste et al., 2014)), and represents the amount of structural material invested by
unit volume of roots. RDMC is an easily measurable and less susceptible to errors
metric, as compared to metrics based on image analysis (Birouste et al., 2014). A
potential increase in the volume of data for roots may advance our understanding of
underground interactions between plant species (Pierret et al., 2016; Zobel et Zobel,
2002).
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2.4.4.2 Statistical Analysis

We used several approaches to test our hypotheses. First, we used (1) a repeated
measures analysis of variance (repeated measures ANOVA) to analyze differences in
species-specific FRB, and a Kruskal-Wallis rank test to analyze differences in species-
specific RDMC. We ran layer-wise comparisons between pure and mixed stands, and
comparisons of soil layers within mixed stands. We regarded data collected on the
transects as “multiples samples” (repeated measures). The ANOVA consisted of a
mixed model with FRB as the response variable. Stand types and transects were fixed-
effect factors, and the site identity was the random factor. The normality and the
homoscedasticity assumptions were met for FRB data. In contrast, for the RDMC, we
performed the Kruskal-Wallis and Dunn tests using R package dunn.test, since the
normality and the homoscedasticity was not met, even after logl0 transformation.
Second, we assessed the spatial heterogeneity of fine root distribution by comparing
species-specific roots VHI between pure and mixed stands (H1). Lower VHI values are
indicative of a more even distribution of fine roots with soil depth (Brassard et al.,
2013). Third, we tested for the effect of species mixing on the total fine root biomass
within each soil horizon layer by comparing computed Ro values with the threshold
value 1 (H2 and H3). Values of Ro greater than one indicate a positive effect of mixture
on fine root biomass, while values below one indicate a negative effect (Loreau et
Hector, 2001). The Ro value helped, therefore, to assess the effect of mixing upon tree
rooting patterns. Fourth, to test hypotheses H4 and H5, we performed a principal
component analysis (PCA) on the species rooting attributes (FRB and RDMC) and soil
chemical properties of the three soil layers over transect to characterize species-specific
rooting strategies in pure and mixed stands (Roumet et al., 2016). The analyzed soil
chemistry included C:N ratio, pH, carbon (C), total nitrogen (Ntwt), ammonium (Nm),
phosphorus (P), potassium (K), and exchangeable cation (CEC) content. Finally, we
performed an analysis of covariance (ANCOVA) to compare the explanatory power of
each nutrient on the variation of FRB and RDMC between stand types. The ANCOVA
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assessed the effect of stand types (pure vs. mixed) on variation of species FRB and
RDMC while considering the variability of nutrient content from one stand type to
another. The analysis was performed independently for each nutrient and soil layer,
since the method considers only linear association between one response variable and
one explanatory variable (McDonald, 2014). As a regression model, the ANCOVA
compared the slopes (i.e., the mixed effect) and the intercept of the regression lines
(i.e., the effect of stand type) between pure and mixed stands. The model allowed us to
determine whether differences in species rooting between pure and mixed stands
resulted from the species mixture effect on nutrient availability. Ultimately, the
analysis allowed us to test whether the two species in mixed stands retain the same

rooting and nutrient uptake strategy as in their respective pure stands.

All statistical analyses were conducted with R, version 3.4.4 (R Core Team, 2016). The
normality and homoscedasticity assumptions were tested for all analyses, using
Shapiro-Wilk and Levene tests (R package car), respectively.

2.5 Results

2.5.1 Fine Root Biomass

Spruce and aspen FRB showed a decreasing gradient with increasing soil depth (Figure
2.2a). Spruce FRB differed significantly between the organic and the top mineral layers
in both pure spruce (F = 34.91, p <0.001) and mixed (F = 62.72, p <0.001) stands. As
for spruce, aspen FRB was significantly different among the three soil layers in pure
aspen (F =51.51, p <0.001) and mixed (¥ = 36.9, p < 0.001) stands.
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Figure 2.2 Differences in soil volume filling by fine roots of black spruce and trembling
aspen in the three sampled soil horizon layers (a,c) between pure and mixed stands,
and (b) within mixed stands. Species mixture effect on fine roots biomass of (d) black
spruce and (e) trembling aspen in different soil horizon layers. In (a—c), the box
represents 50% of the data set, distributed between the 2nd and 3rd quartiles. The
median divides the box into the interquartile range. The lower and upper whiskers
represent the minimum and maximum quartiles. For each soil layer, the number of
samples n = 12 (i.e., 3 sites x 4 transects). Null values indicate that no root biomass
was recorded in the soil layer on the transect. In (b), points represent average Ro values
(n = 3), bars the 95% confidence interval, and the red dotted line the threshold under
or over which the effect is considered as negative or positive. Statistical differences
among pairwise comparison at p = 0.05 within each soil layer are denoted by letters.
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The FRB of spruce decreased, while aspen FRB increased in mixed stands, compared
to respective pure stands (Figure 2.2). The decreased spruce FRB and increased aspen
FRB in mixed stands varied along soil profile (Figure 2.2b), and resulted from the
species mixture effect (Figure 2.2d and 2.2e). Spruce FRB in the organic layer and in
the top mineral layer was higher in pure spruce stands, and differed significantly from
that of their corresponding soil layers in mixed stands (Figure 2.2a, 2.2b and 2.2c).
Unlike spruce, aspen FRB in the organic and the bottom mineral layers did not differ

between pure aspen and mixed stands, except in the top mineral layer (Figure 2.2c).

Aspen roots were more evenly distributed along soil profile than spruce roots (Figure
2.3). Spruce root VHI did not differ significantly between pure and mixed stands (¢ =
—0.95, p > 0.05). However, the VHI values of spruce roots exhibited lower variability
in mixed than in pure stands. Like spruce, aspen root VHI did not show significant
difference between pure aspen and mixed stands (¢ = 0.17, p > 0.05). The VHI values
of aspen roots showed lower variability in pure stands, compared to mixed stands
(Figure 2.3).
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Figure 2.3 Fine roots vertical heterogeneity index describing how fully and evenly fine
roots of black spruce (BS) and trembling aspen (TA) are distributed with soil depth in
pure (P) and mixed (M) stands.

Overall, the PCA showed a shift in rooting patterns of spruce in mixed stands,
compared to pure spruce stands, whereas aspen rooting did not differ between the two

stand types (Figure 2.4).

At the species-specific level, the FRB of the two species was strongly related to the
variation in soil chemical properties (Figure 2.5, Appendix A Figure S2.1). In the
organic and top mineral layers, spruce FRB correlation with pH, total N, C:N ratio,
NH4, and P was stronger in pure than in mixed stands (Figure 2.5a). These correlations
were negative for pH, total N, NH4, K, and CEC, and positive for P. Spruce FRB in
mixed stands was mostly influenced by the nutrient content of the organic layer,
whereas in pure stands, it depended on both nutrient content of the organic and the top

mineral horizons.
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Figure 2.4 Principal component analysis of fine root biomass (FRB) and root dry matter
content (RDMC) characterizing the rooting system of black spruce and trembling aspen
in pure and mixed stands. The depth of organic horizon (FF_Height) was included in
the analysis as a supplementary variable. FF, Minl1, and Min2 refer to organic, mineral
soil at 0-15 cm, and mineral soil at 15-30 cm, respectively.

Spruce FRB showed a stronger correlation with C, P, NH4, K, and CEC in the pure
than in the mixed stand (p for the effect of stand types <0.05; Appendix A Table S2.2
and Figure 2.1). A similar pattern was observed for the effect of the depth of organic
layer on spruce FRB between the two types of stands. In contrast, the pH and C:N ratio
showed a stronger correlation with spruce FRB in mixed than in pure stands. The
observed differences were, however, not the result of species mixture effect on the
availability of those nutrients (p for the mixed effect >0.05; Appendix A Table S2.2),
except for NH4 (p for the mixed effect <0.05; Appendix A Table S2.2).
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Figure 2.5 Principal component analysis comparing rooting patterns of black spruce
(a) and trembling aspen (b) between pure and mixed stands. Variables included in the
analyses are C:N ratio, pH, total carbon (C), total nitrogen (Nt), Ammonium (Nm),
phosphorus (P), potassium (K), exchangeable cations (CEC) and depth of the organic
layer (FF height), fine root biomass (FRB), and root dry matter content (RDMC) of the
two species in respective pure and mixed stands affected by site (1-3). FF, Min1, and
Min2 refer to organic, mineral soil at 0-15 cm, and mineral soil at 15-30 cm,
respectively.
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Aspen FRB was independent of nutrient content of the organic layer in pure and mixed
stands, as suggested by PCA and ANCOVA (Figures 2.5b and Appendix A Figure
S2.1). However, aspen FRB in the top and bottom mineral layers was more strongly
correlated to total N, NHa, P, pH, K, and CEC in mixed than in pure stands (p for mixed
effect <0.05; Appendix A Table S2.3 and Figure S2.1).

2.5.2 Root Dry Matter Content

The RDMC of spruce in mixed stands was significantly higher in the organic layer than
in the top mineral (Figure 2.6a). However, in pure stands, spruce RDMC did not show
a significant difference between the organic and the top mineral layers, despite the

increasing trend with soil depth (Figure 2.6a).

Figure 2.6 Differences in the root dry matter content (RDMC) of fine roots of black
spruce and trembling aspen in the three sampled soil horizon layers (a,c) between pure
and mixed stands, and (b) within mixed stands. The box represents 50% of the data set,
distributed between the 2nd and 3rd quartiles. The median divides the box into the
interquartile range. The lower and upper whiskers represent the minimum and
maximum quartiles. Statistical differences among pairwise comparison at p = 0.05
within each soil layer are denoted by letters.
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The RDMC of spruce in the organic layer was higher, with a greater variability in
mixed than in pure stands (Figure 2.6a). In contrast, in the top mineral layer spruce
RDMC was smaller in mixed than in pure stands (Figure 2.6a). No RDMC data was
recorded for spruce roots in the 15-30 cm mineral layer of the soil, since spruce roots

were limited in the organic and top 0-15 cm mineral layers.

In aspen, the RDMC increased with increasing soil depth (Figure 2.6¢). Aspen RDMC
was smaller in the organic layer than in the top mineral and bottom mineral layers in
both pure and mixed stands (Figure 2.6¢c). There were, however, no significant
differences in soil layer-specific RDMC between pure aspen and mixed stands (Figure
2.6¢). Overall, spruce had a higher RDMC than aspen in the organic layer. By contrast,
in the top mineral layer in mixed stands, spruce RDMC was lower than aspen RDMC
(Figure 2.6b). Aspen RDMC was the highest in the bottom mineral layer (Figure 2.6b
and 2.6c¢) and did not differ between pure and mixed stands (Figure 2.6c).

Spruce RDMC was correlated with the C:N ratio, total N, NH4, K, and pH. The effects
of those nutrients on spruce RDMC varied with stand type and soil layer (Figure 2.5a;
Appendix A Table S2.2). The correlation between spruce RDMC was stronger for C,
C:N ratio, and NH4 content in the organic layer in mixed than in pure spruce stands. In
contrast, in pure stands, those nutrients were strongly correlated with spruce RDMC in
the top mineral horizon, as compared to mixed stands. Most of the nutrient
concentrations did not differ significantly between pure aspen and mixed stands, which
argued against the difference in the availability of soil nutrients as a driver of
differences in aspen RDMC between the two types of stands (Appendix A Table S2.3).

2.6 Discussion

Our results showed a shallow rooting for spruce and a deep rooting for aspen in pure
stands (Figures 2.2 and 2.3), supporting hypothesis H1, i.e., that the two species have
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a contrasted rooting depth in their respective pure stands. We found a lower spruce fine
root biomass in both the organic (23% decrease) and mineral layers (45% decrease) in
mixed stands, compared to pure stands. The result supported the hypothesis that mixing
decreases the spruce root biomass (H2). Although aspen root biomass in the organic
and the bottom mineral layers did not differ significantly between pure and mixed
stands, the 25% increase in FRB recorded in the top mineral layer of mixed stands
indicated a positive effect of mixing on aspen root biomass, supporting hypothesis H3.
For spruce, lower root biomass and higher RDMC were associated with shallower
rooting in mixed than in pure stands. We speculate that the pattern was a response of
spruce to increased nutrient availability in mixed, compared to pure, spruce stands, and
was indicative of an intensive resource acquisition strategy, with a more efficient use
of soil resources. The result, therefore, supported H4. By contrast, aspen had deeper
rooting and exhibited a contrasting nutrient uptake strategy in the organic layer in both
mixed and pure aspen stands, as compared to spruce. The similarity between the rooting
pattern (fine root biomass and RDMC) of aspen in the top mineral soil with that of
spruce in the organic layer pointed to the use of an intensive resource acquisition
strategy by aspen in the mineral layer. This observation supported the hypothesis
suggesting more contrasting rooting patterns along the soil profile with mixing of

species (H5).

We found an increase of spruce FRB in pure stands in response to lower nutrient
availability, and its decline in mixed stands as a result of increased nutrient availability
compared to pure stands (Figure 2.5a). This indicated an anisotropic response of spruce
root biomass production towards nutrient-rich patches of soil (Brassard et al., 2009).
The higher spruce FRB in the organic and top mineral horizon in pure stands, compared
to mixed stands (Figure 2.2a), suggested more stressful conditions for spruce in pure
stands (Steele ez al., 1997). This situation may result from nitrogen limitation (Tamm,
1991) and competition with mosses and ericaceous species (Pacé et al., 2017;

Zackrisson et al., 1997). Mosses and Ericaceae Were more abundant in pure spruce
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stands, while they were only found in small patches in mixed stands (field
observations). Both groups immobilize and cycle nutrients at the top of the organic
layer, making them less accessible to trees (Légaré et al., 2005; Schenk, 2006). In
mixed stands, the higher root and litter turnover (short lifespan and high decomposition
rate) of vascular plants (Pellegrini et al., 2017) and aspen (Brassard et al., 2013; Steele
et al., 1997) maintain a higher fertility within the organic layer (Cavard et al., 2011b;
Légaré et al., 2001, 2005; McClaugherty et al., 1982; Vogt et al., 1991), thereby
modulating interspecific competition among understory plants and trees. The higher
turnover of aspen roots in the organic layer results mainly from their lower RDMC,
common to deciduous species in temperate and boreal forests (McClaugherty et al.,
1982; Morrow, 1950; Paula et Pausas, 2011).

The shift in spruce rooting patterns between pure and mixed stands (Figures 2.4 and
2.5a) points to its plastic response to nutrient availability and competition
(morphological plasticity, census Bradshaw (Bradshaw, 1965)), which is indicative of
the use of both intensive and extensive nutrient uptake strategies (Grime et al., 1986).
An intensive strategy is generally associated with low C cost for root production to the
plant, and the reverse for the extensive strategy (higher C cost to the plant) (Addo-
Danso et al., 2018; Lohmus et al., 1989). The spruce intensive strategy prevails in
mixed stands, and resulted in lower FRB (Figure 2.2a) and higher RDMC (Figure 2.4)
in the organic layer of mixed stands, as compared to pure stands. This indicates a
reduced carbon allocation into root biomass (Bauhus et Messier, 1999; Eissenstat et
al., 2015). In pure stands, the extensive strategy exhibited itself through higher spruce
FRB, its strong and negative correlation with nutrient content (N, NH4, K, CEC), and
higher RDMC in both the organic and the top mineral layers (Figure 2.6) (Craine, 2005;
Tilman, 1982, 2007).

The decline in spruce root biomass in mixed stands might also indicate a higher

competitive ability of aspen in these stands, as has been suggested for mixed Norway
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spruce (Picea abies (L.) H. Karst) and beech (Fagus sylvatica L.) stands in Europe
(Schmid, 2002). The inter-site variability observed in the rooting patterns of spruce in
mixed stands (Figure 2.5a) might indicate that the interspecific competition may
increase with a higher aspen basal area. However, the limited number of sites in our
study did not allow us to test such a hypothesis. To do so, it would be necessary to
increase the sampling size to ensure adequate coverage of a range of canopy
compositions. We speculate that the negative impact of aspen on spruce nutrient uptake
would be minimal, due to the facilitative effect of aspen on soil nutrient availability
compared to multiple competitive mechanisms (intraspecific competition, interference
with Ericaceae and nutrient immobilization by moss layer) which are at play in pure
stands (Peltzer et al., 1998).

The lack of a strong correlation between aspen FRB, RDMC, and nutrients in the
organic layer in both types of stands (Figures 2.5b and Appendix A Figure S2.1)
suggested a strong selective placement of aspen roots within soil patches, pointing to
an extensive nutrient uptake strategy (Campbell er al., 1991). A similar lack of
correlations has been reported for aspen in pure aspen and mixed jack pine-aspen stands

(Brassard et al., 2013), two deep-rooted boreal species.

Aspen responded to tree species mixture by a greater allocation of roots to the mineral
horizon (Figure 2.2), apparently avoiding competition with spruce in the organic layer
(Grams et Andersen, 2007). The increasing aspen FRB and its higher RDMC in the
mineral horizon, as well as the similarity between these rooting patterns of spruce with
those of spruce as observed in the organic layer of mixed stands, pointed to an intensive
strategy in nutrient acquisition (Grime et al., 1986). Under such a strategy, roots exhibit
competition avoidance, which generally leads to the specialization of the part of the
root system free from interspecific competition in the uptake of locally abundant
resources (Hutchings et Wijesinghe, 1997; Stuefer, 1998; Stueffer ez al., 1996). Indeed,

a higher nutrient content in the mineral soil of mixed stands (Appendix A Table S2.1)
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and their correlation with aspen FRB indicated that aspen nutrient uptake mainly takes
place in the mineral horizon in mixed stands. This corroborates the significant
correlation observed between the natural isotopic abundance of N in aspen leaves and
that of the top mineral soil in mixed stands and the lack of such correlation in pure
aspen stands (see Chapter IV). However, it should be noted that, overall, compared to
total root biomass of aspen in pure stands, the increased root biomass of aspen in mixed
stands might suggest that aspen would allocate more biomass to fine roots compared
to aboveground biomass in the mixed stands. These results suggest that two species
with different types of root foraging strategies and competitive ability are more likely
to coexist in a heterogeneous environment (Hutchings et al., 2003).

Mycorrhizae also play an important role in the nutrition of trees species in boreal
forests. Spruce and aspen are known as obligate mycorrhizal species, with spruce
linking exclusively with ectomycorrhizae (Robertson ef al., 2006), and aspen with both
ecto- and arbuscular mycorrhizae (Neville ez al., 2002). They extend the uptake zone
of their host beyond their root-soil interface, and their diversity and uptake capacity
varies with stand tree species composition (Kalliokoski et al., 2010; Pierret et al.,
2016). Although they were not studied here, a good understanding of their composition
and distribution along the soil profile might be critical for an appropriate
characterization of belowground interactions between spruce and aspen in mixed

stands.

2.7 Conclusion

Overall, the results suggest that spruce and aspen accentuate their differences in rooting
depth when mixed together. The process is likely controlled by tree-soil feedbacks and
the intensity of interspecific competition, as has been suggested (Berger et al., 2004,
2009; Bhatti et al., 1998; Rosengren et al., 2006; Schmid, 2002). We provide new

insight into underground interactions between the two species in boreal mixedwoods
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in northwestern Quebec, supporting the hypothesis of a competitive exclusion of aspen
by spruce, as suggested in earlier studies (Bergeron et al., 2014), while emphasizing
that the hypothesis is valid only in the organic layer of the soil. The facilitative effect
of aspen on nutrient availability, however, might contribute to minimizing the impact
of spruce competitive pressure on aspen. Aspen respond to mixing by increasing their
root biomass in the mineral soil, and the process likely contributes to a partitioning of
the use of soil resources by both species along the soil profile. These findings,
therefore, suggest that spruce may benefit from the presence of aspen by increasing its
nutrient uptake in the organic soil layer while not limiting aspen nutrients acquisition.
We speculate, based on the concept of “functional equilibrium”, that increased spruce
nutrient uptake in mixed stands would lead to higher aboveground total stand biomass.
The observation that mixed spruce—aspen stands have a higher volume of spruce
merchantable biomass, compared to pure spruce stands (Légaré et al., 2004), is in
agreement with this hypothesis.
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3.1 Résumé

Les champignons mycorhiziens sont essentiels a la croissance et a la survie des arbres.
Cependant, les connaissances sur I'étendue de leur association avec différentes espéces
d'arbres de la forét boréale restent limitées. Nous avons examiné la distribution
verticale et la composition des communautés mycorhiziennes des racines de I'épinette
noire (Picea mariana (Mill.) BSP) et du peuplier faux-tremble (Populus tremuloides
Michx) le long de trois couches de sol (organique, couches supérieure 0-15 cm et
inférieure 15-30 cm du sol minéral) dans les peuplements purs et mixtes en utilisant
des techniques de séquencage de nouvelle génération. Les résultats ont montré que la
composition de leurs communautés mycorhiziennes de I'épinette noire et du peuplier
faux-tremble different entre leurs peuplements purs respectifs. Cette différence était
maintenue dans les peuplements mixtes malgré le changement observé dans la
composition des communautés mycorhiziennes spécifiques de chacune des deux
especes entre les peuplements purs et mixtes. Dans les peuplements mixtes,
I'abondance relative des mycorhizes spécialistes de I'épinette était plus élevée que
I'abondance relative des mycorhizes spécialistes du peuplier faux-tremble dans la
couche organique tandis que le schéma inverse était observé dans le sol minéral. Ce
résultat suggere une domination competitive des communautés mycorhiziennes de
I'épinette noire sur les communautés mycorhiziennes du peuplier faux-tremble dans le
sol organique et inversement dans le sol minéral. Nous speculons que ces différences
dans la richesse et I'abondance des communautés mycorhiziennes individuelles de
I'épinette noire et de peuplier faux-tremble le long du profil du sol pourraient contribuer
a un partitionnement de leur absorption de nutriments dans des horizons de sol

différents dans les peuplements mixtes.

Mots-clés: forét boréale, champignons mycorhiziens, diversité compositionnelle des

peuplements, compeétition, partitionnement des nutriments
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3.2 Abstract

Mycorrhizal fungi are critical for the growth and survival of trees although the
knowledge on the extent of their association with different tree species in the boreal
forest remains limited. We examined the vertical distribution and composition of the
root-associated mycorrhizal communities of black spruce (Picea mariana (Mill.) B.S.P)
and trembling aspen (Populus tremuloides Michx) along three soil layers (organic,
minerals top 0-15 cm and bottom 15-30 cm) in pure and mixed stands, using next
generation sequencing. We found that spruce and aspen differ in the composition of
their mycorrhizal communities in respective pure stands. The difference was
maintained in mixed stands despite a shift in the composition of species-specific
mycorrhizal communities between pure and mixed stands. In mixed stands, the relative
abundance of spruce-specialist mycorrhizae was higher than the relative abundance of
aspen specialists in the organic layer while the opposite pattern was observed in the
mineral soil. This result suggests a competitive dominance of spruce mycorrhizal
communities over aspen mycorrhizal communities in the organic soil and reversely in
the mineral soil. We speculate that the differences in the richness and abundance of
individual mycorrhizal communities of spruce and aspen along the soil profile could
contribute to a strong partitioning of their nutrient uptake with soil depth in mixed

stands.

Keywords: Boreal forest, mycorrhizal fungi, stand compositional diversity,

competition, nutrient partitioning
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3.3 Introduction

Boreal soils represent the world’s largest belowground carbon (C) sink (Myneni et al.,
2001), but have the potential to become a C source under projected global climate
change (Hayes er al., 2011; IPCC, 2007). These soils constitute a living medium for
diverse communities of bacteria and fungi (Torsvik et al., 1996), which in turn play a
fundamental role in biogeochemical cycles of elements, including carbon and nitrogen
cycle (Hooper et al., 2000; van der Heijden et al., 1998, 2008). Their biomass, species
composition, diversity (species richness and abundance) and activity are all influenced
by soil physicochemical properties, which highly depend on soil type, the age and the
compositional diversity of stands (Aikio et al., 2000; de Gannes et al., 2016; Merila et
al., 2002; Ohtonen et Vére, 1998). Understanding plant-soil feedback is therefore
critical for understanding the temporal and spatial patterns of forest productivity and

development of sustainable management of boreal forests.

Among microorganisms of the boreal forest ecosystems, the fungi are the principal
decomposers of organic matter, and are also engaged in several types of intimate
relationships with plants (Brundrett, 2002; Smith et Read, 2008). As heterotrophic
organisms, fungi have developed different modes of nutrition to feed on simple sugars
allowing grouping into three main functional groups: saprotrophic, mycorrhizal and
parasitic fungi. Saprotrophic fungi are primary decomposers of plant litter and are key
drivers of nutrient cycle (especially carbon and nitrogen) in boreal ecosystems (Hobbie
et Horton, 2007; Lindahl et al., 2007; Thormann, 2006). Mycorrhizal fungi rely on
symbiotic relationships with plant roots (Tedersoo et al. 2014), benefiting from carbon
(C) provided by their host plants in exchange for soil-derived nutrients, primarily -
nitrogen and phosphorous. The symbiosis has been shown to be essential for host trees
growth (Khasa et al., 2001; Smith et Read, 2008; van der Heijden et al., 2008) and

survival through reducing deleterious effects of pathogens (Borowicz, 2001), and
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increasing host resistance to abiotic stresses (Coleman-Derr et Tringe, 2014; Grover et
al., 2011).

Several guilds of mycorrhizae have been recognized, including arbuscular
mycorrhizae, ectomycorrhiza, ericoid mycorrhizae, arbutoid mycorrhizae and orchid
mycorrhizae. Arbuscular mycorrhizae and Ectomycorrhizae are the most thoroughly
studied and ecologically important guilds of mycorrhizae (Smith et Read, 2008).
Arbuscular mycorrhizae (AM) are the most common and widespread of all
mycorrhizae and are found in approximately 85%-90% of the world's plant species
across diverse plant taxa (Oehl er al., 2011 ; Schipler et al., 2001). They are obligate
mutualist symbionts occurring inside the cells of the plant root, relying entirely on
carbon supply from their host (Smith et Read, 2008). In contrast, ectomycorrhizae
(ECM) occurs on the roots of about 5% of the world's plants. ECMs have been reported
as the most abundant and widespread mycorrhizal guild in boreal forests because of
their high adaptation to harsh environmental conditions (Chalot et Brun, 1998).
Underground, the main body of mycorrhizae is made up of fine branching called
hyphae which intertwine to make up a tangled web called the mycelium. This extensive
thin mycelial network increases the surface area of the root while changing soil
chemistry by their enzymatic activity (Van der Heijden et Sanders, 2002). Despite
major advances in our understanding of the ecology of mycorrhizae (Tedersoo et al.,
2010, 2014), the extent and significance of mycorrhizal root symbiosis in boreal

ecosystems warrants further research.

The distribution patterns of mycorrhizae among host species in forest stands may have
major consequences for stand productivity, especially in the context of competitive
interactions of co-occurring tree species. Studies of ecologically and economically
important tree taxa (e.g. Betulaceae, Pinaceae and Salicaceae) have indicated a high
spatial variation in their root-associated mycorrhizal communities, with most species

showing an aggregated distribution of such communities at local (e.g. stand, canopy



55

gap and forest edges) scale (Bidartondo er al., 2000; Gardes et Bruns, 1996;
Kranabetter et al., 2008; Kranabetter et Wylie, 1998). Some tree species associate with
only ECM (e.g. black spruce (Robertson et al., 2006)) whereas others form both ECM
and AM (e.g. trembling aspen (Neville et al., 2002)).

A significant number of ECM and AM fungi were shown to be generalists, i.e.
associated with several tree species including those naturally coexisting (Kennedy et
al., 2003; Smith et al., 2009). Both mycorrhizal guilds have been reported to compete
on roots of the same host tree species (Lodge et Wentworth, 1990). This competition
results in some variability in the spatial distribution of ECM and AM communities. In
particular, ECMs exhibits a high diversity and abundance in shallower roots, while AM
does so in deep roots, indicating niche differentiation. In case of different hosts, such

pattern may lead to partitioning of resources between host trees at different soil depths.

Black spruce and trembling aspen are two of the most dominant and economically
valuable species in the boreal mixedwoods of eastern Canada (Armstrong, 2014; Zhang
et Pearse, 2012). The two species have broadly different habitat requirements and
successional trajectories and are hypothesized to temporally coexist in the stands in the
absence of fire (Bergeron et al., 2014) because of the competitive exclusion of aspen
by spruce over time. In terms of stand dynamics, early successional stages following
fire are generally dominated by shade-intolerant broadleaf species such as trembling
aspen (Bergeron, 2000; Bergeron et Dubuc, 1988). Subsequent years following the fire,
shade-tolerant species such as black spruce seed-in gradually and dominate the
understory (Galipeau et al., 1997). The shade-tolerant character of spruce and the
progressive accumulation of its recalcitrant litter in the forest floor contributes to soil
acidification and increasing the thickness of the organic layer that, in turn, slow aspen
growth and inhibit its regeneration (Lafleur ez al., 2015a). When spruce reaches optimal
size, aspen biomass has often decreased as a result of mortality from senescence
(Pothier et al., 2004). The resulting spruce-dominated stands feature low diversity of

vascular plants, animals and insects (Cavard et al., 2011b) and are more susceptible to
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productivity losses than mixed stands (Lafleur ez al., 2015b). Promoting mixed stands,
however, requires a better knowledge of mechanisms that shapes the coexistence of

species.

Studies of diversity vs. productivity relationship studies in the boreal mixedwoods
suggest that the partitioning of the use of soil nutrients by spruce and aspen is the
central element in species nutrient acquisition strategies that may allow the two species
to persist within mixed stands (Cavard et al., 2011a; Drobyshev et al., 2013; Légaré et
al., 2004, 2005a). Our recent study in the boreal mixedwoods of eastern Canada
suggested that differences in the root distribution of aspen and spruce along the soil
profile contribute to a strong partitioning of resource use at different soil depth (Ghotsa
Mekontchou et al., 2020). At the same time, the spatial pattern of root tissue density

and root biomass of both tree species indicated a strong dependence upon mycorrhizae.

The mycelial network of mycorrhizae increases the surface area of roots and promote
the transfer of nutrients between tree species (Simard et al., 1997), challenging the
interpretation of trees underground interactions based solely on their root distribution.
However, knowledge about the use mycorrhizal networks by trees remains limited
(Bruns et al., 2002; Ishida et al., 2007). Data on composition and the vertical
distribution of the mycorrhizal communities may help quantify and interpret
underground interactions between tree species. A significant step forward in our
understanding of community structure of mycorrhizal fungi would be uncovering of
different mechanisms responsible for maintaining fungal diversity across a range of
spatial scales (Dahlberg, 2001).

This study examined the spatial structure of the mycorrhizal communities of black
spruce and trembling aspen along soil profile in pure and mixed stands of boreal
mixedwoods in Northwestern Quebec. We were interested in determining whether
stand compositional tree diversity affects the ability of these species to take up nutrients

by impacting the mycorrhizal composition of fine roots. We first hypothesized (H1)
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that the root-associated mycorrhizal community structure (diversity, similarity and
distribution along the soil profile) of spruce and aspen differs between pure spruce and
pure aspen stands. We further hypothesized (H2) that mixing of two species within a
stand means a higher a-diversity of root-associated mycorrhizal community and a
change in mycorrhizal species composition, resulting from changes in soil chemical
properties and increased competition. Finally, we hypothesized (H3) that mixing of two
species leads to a stronger spatial separation of mycorrhizal communities along the
gradient in soil depth, i.e. a shallower location of spruce-associated communities and

deeper location of aspen-associated communities, as compared to pure stands.

3.4 Material and methods
3.4.1 Study area

The study area was located in the black spruce-feathermoss bioclimatic domain within
the Clay Belt of northern Quebec and Ontario, Canada (49°08’N to 49°11°’N and
78°46°W to 78°53’W). We established three sites each featuring three stand types:
black spruce dominated (BS), trembling aspen dominated (TA), and mixed black
spruce — trembling aspen (MXT) stands. These were 20 x 50 m? (0.1 ha) rectangular
plots, each of them being uniform in terms of topography and vegetation, and
representing a particular stand type. Selection criteria for each stand type and stand
characteristics including species percentage and soil chemical properties are described
in Ghotsa Mekontchou et al. (2020). The three sites were 2 to 15 km away from each
other, and originated from the same fire that occurred in the area in ca. 1916 (Légaré
et al., 2005).
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3.4.2 Sampling

At each plot, 20 soil cores were extracted using a 7 cm diameter auger at every 10 m
along four 50 m long transects, spaced 4 m apart from each other. The sampling took
place between July 15 and August 20, 2016. The chosen timing broadly corresponded
to the period when fine roots are at their maximum length in this part of the boreal
forest (Brassard et al., 2013). We collected samples from the organic horizon (F and H
layer combined) and from the top 0-15 cm (later referred to as Minl) and bottom 15-
30 cm (Min2) of the mineral soil. The samples were placed in plastic bags, transported
to the laboratory in an ice-filled cooler and stored at -20°C temperature prior to

analyses.

The 180 soil cores were pooled per transect and for each soil horizon to form a set of
12 composite samples in each plot. The composite samples were let to thaw over six
hours and then soaked in water for at least one hour. The mixture was then stirred
carefully to separate roots from the soil particles and poured through a 750 pm mesh
round sieve. The sieve was suspended under a distilled water bath and shaken
continuously until the roots were free from any soil particle. The roots were collected
and separated between live and dead roots, based on visual appearance and a manual
extension test (Brassard et al., 2013). Live fine roots were sorted by species using a
combination of morphological characteristics established from prior root reference
samples collected on younger and older trees of each studied species in the study stands
as described in Ghotsa Mekontchou et al. (2020). An aliquot was taken from each soil
sample and air-dried to constant weight for a week (Carter et Gregorich, 2008), ground
and sieved (< 2 mm) for further soil analyses. Soil chemical properties (C:N ratio, total
N, exchangeable P and K, CEC, pH and NH4") measurement methods are described in
Ghotsa Mekontchou et al. (2020).
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For each species, the roots extracted were gently washed with distilled water to remove
organic and mineral soil. They were pooled to constitute a composite root sample from
each of the three soil layers taken per transect. We selected 15-50 root tips of 2 cm long
from each composite root sample for molecular analysis, based on published reference
characteristics for macroscopic and microscopic mycorrhizal morphotypes (Ingleby et
al., 1990; Massicotte et al., 2010; Robertson et al., 2006). These characteristics
included colour, texture, lustre, dimensions, tip shape, branching pattern, and presence
of rhizomorphs (Robertson et al., 2011). The 2 cm root tip length was previously
successfully used to sample for both ECM and AM (Toju et Sato, 2018). A total of 50
root tips were collected for each sample from the organic layer. The number of root
tips ranged from 30-50 in the top 0-15 cm of mineral soil to 15-30 in the bottom 15-30
cm, reflecting low root biomass at that depth. The root tips collected were conserved
in a buffer (pH 8) to prevent DNA denaturation and stored at -20°C temperature for

further molecular analysis.

3.4.3 DNA extraction and library preparation

The genomic DNA was extracted from each sample using the QlAamp® genomic
DNA extraction kit (Qiagen, Hilden, Germany), then eluted with 40 pL of Buffer AE
and stored at -30 °C until used. DNA concentrations were assessed using fluorometric
quantitation with a Qubit dsSDNA HS Assay Kit and Qubit Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). Library preparation for Illumina sequencing was
performed according to the manufacturer’s instructions for user-defined primers
(Hlumina, 2013)!, with some modifications. All sample concentrations were
standardized to 5 ng/pL, and each sample was amplified in triplicate to ensure
reproducibility (Kennedy et al., 2014; Schmidt et al., 2013). The ITS1 region of the

1 https://support.illumina.com/content/dam/illumina-
support/documents/documentation/chemistry documentation/16s/16s-metagenomic-library-prep-
guide-15044223-b.pdf
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60

fungal ribosomal DNA was amplified using Fwd: ITS5
GGAAGTAAAAGTCGTAACAAGG (White et al., 1990) and a modified version of
Rev.:5.8S_Fungi CAAGAGATCCGTTGTTGAAAGTK, which improves taxonomic
resolution and specificity to the fungal kingdom (Epp et al., 2012). Polymerase chain
reactions (PCR) were performed by first mixing 37.5 ul of HotStarTaq Plus Master
Mix (contains 1000 units of HotStarTaq Plus DNA Polymerase, PCR Buffer with 3
mM MgCl12, and 400 uM of each dNTP), 27 ul RNase-Free Water (QIAGEN Inc.,
Germantown, MD, USA), 1.5 ul of each 10 uM primer and 7.5 uLL of gDNA at 5 ng/uL.
The final volume of 75 pL was then equally distributed in three 96-well plates placed
in distinct thermocyclers. Thermal cycling conditions were as follows: initial
denaturation at 95°C for 5 minutes; 40 cycles at 94°C for 30 s, 50°C for 30 s, 72°C for
1 minute; and a final elongation at 72°C for 10 minutes. PCRs were done on a C1000
Touch Thermal Cycler (Bio-Rad Laboratories, Hercules, Canada) and triplicate
products were pooled and visualized on GelRed-stained 1% agarose gels using the
Chemigenius Bioimaging System (Syngene, Cambridge, UK). PCR products were
purified using 81 pL of magnetic beads solution (Agencourt AMPure XP, Beckman
Coulter Life Science, Indianapolis, IN, USA) according to Illumina’s protocol
(Illumina, 2013). Unique codes were added to each sample by amplifying 5 puL of the
purified PCR product with 25 uL of KAPA HIFI HotStart Ready Mix (Kapa
Biosystems, MA, USA), 5 pL of each Nextera XT Index Primer (lllumina Inc., San
Diego, CA, USA) and 10 pL of UltraPure™ DNase/RNase-Free Distilled Water for a
total volume of 50 pL. Thermal cycling conditions were as follows: 3 minutes at 98°C,
8 cycles of 30 s at 98°C, 30 s at 55°C, 30 s at 72°C, and a final elongation step of 5
minutes at 72°C. Indexed amplicons were purified with the magnetic beads as
previously described, quantified using a Qubit dsDNA BR Assay Kit (Life
Technologies) and combined at equimolar concentration. Paired-end sequencing (2 x
250 bp) of the pools was carried out on an Illumina MiSeq at the Genomic Sequencing
and Genotyping Platform (Centre de Recherche du Centre Hospitalier de I’Université
Laval, Québec, QC, Canada).
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3.4.4 Bioinformatics and taxonomic identification

The bioinformatic analysis of raw sequencing data was performed with the OBITools
package, a set of python programs developed to simplify the manipulation of sequence
files for DNA metabarcoding (Boyer et al., 2016). The raw sequence data were first
converted into FASTQ files. A read-pairing assembly was performed, and the
subsequent read assigned to corresponding samples. A cleaning step was performed to
remove low-quality reads that could involve some biases in the data analysis. The low-
quality sequences were those shorter than the empirical sequence length distribution (<
50 bp), containing ambiguous nucleotides (other characters than A, C, G or T),
displaying low score paired-end alignments (paired-end alignment score < 50), and
singleton sequences i.e. observed once over the whole dataset. Clustering at 97%
identity (Nilsson et al., 2008) was performed with the OBITool Sumaclust using the
raw number of mismatches (deletions account as mismatches) as a measure of the

sequence dissimilarity.

The taxonomic identification was performed with BLAST (Altschul ez al., 1990)
against the Genbank (genbank.com) database. The most similar sequence was reported
for each OTU (Operational Taxonomic Unit). OTUs were assigned to taxonomic rank
using the OBITool Ecotag function, which analyzed our sequences with Genbank
sequences, formed clusters of most similar sequences, and assigned sequences to the
closest ancestor that was shared with the most similar sequences in a cluster. With the
Ecotag function based on taxonomical distant between similar sequences,
approximately 70% of OTUs were assigned to a species, genus and family, 21% to a
higher taxonomic level (order, class, kingdom and phylum), and 9% not ranked.
Taxonomic assignation allowed to attribute functional groups to OTUs using the
FUNGuild program (Nguyen et al, 2016), the mycological database of Quebec
(Mycoquebec, https://www.mycoquebec.org/bas.php?I=I) and other published data on

the ecology of fungi taxa (Bent ef al., 2011 ; Robertson et al., 2006 ; Smith et Read,


https://www.mycoquebec.org/bas.php?l=l
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2008 ; Tedersoo et al., 2010 ; Tedersoo et Smith, 2013). We used many sources of
information because the FUNGuild program often output multiple guilds for a single
OTU. Levels of classification used to infer functional guilds were species, genes,
family, and to some extent order and class (e.g. Glomeromycetes). The output guild’s
information was grouped into six categories namely arbuscular mycorrhizal (AM),
ectomyecorrhizal (ECM), ericoid mycorrhizal, saprotrophic/endophytic,
pathogen/parasite and unknown type. We grouped saprotrophic and endophytic fungi

in the same group based on recommendations of Porras-Alfaro and Bayman (2011).

3.4.5 Statistical analysis

All statistical analyses were coded within R environment (R Core Team, 2016). We
used R package vegan (Oksanen et al., 2018) for community analyses.

Prior to analyses, we removed doubletons, tripletons, quadrupletons and all OTUs with
a total frequency count < 10 reads in the dataset to reduce among-sample variance in
diversity metrics that resulted from variance in sequencing effort, i.e. variance in the
sequencing reads among samples. The threshold of 10 reads was defined following a
Procrustes correlation analysis using the protest function which tests the non-
randomness (significance) between two community configurations (Peres-Neto et al.,
2006). The resulting OTUs abundance matrix data was further standardized using a
Hellinger transformation (Borcard et al., 2011).

We first assessed the fungal OTU a-diversity by calculating the observed and expected
species richness estimates (number of OTUs, Chao and Jacknife (Chao et Chiu, 2016)),
and the Shannon-Wiener diversity index (Shannon, 1948) using the specpool and
diversity functions of R package vegan, respectively. To test the effect of stand type on
OTU o-diversity and differences among soil layers, we used a one-way analysis of
variances (ANOVA) followed by a Tukey post hoc test. The similarities in the

composition of mycorrhizal communities were quantified by a non-metric
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multidimensional scaling (NMDS) using metaMDS and s.class functions of the R
packages vegan and ade4, respectively. Four NMDS were performed, each of them
comparing (1) the individual mycorrhizal communities of spruce and aspen between
respective pure stands, (2) spruce mycorrhizal communities between pure spruce and
mixed stands, (3) aspen mycorrhizal communities between pure aspen and mixed
stands, and (4) the individual mycorrhizal communities of spruce and aspen in mixed
stands. The function envfit was further used to test the goodness of fit of environmental
variables (C:N ratio, total N, exchangeable P and K, CEC, pH, NH4" and the root
density) on each NMDS ordination of mycorrhizal community, based on 999 random
permutations. We further assessed the dissimilarities in root-associated mycorrhizal
communities of the two species (a) along the soil profile and (b) among stand types,
using the permutational analysis for the multivariate homogeneity of dispersion
(Anderson, 2006) which compare g-diversity metric (hereafter Bray-Curtis distance)
computed from OTUs abundance matrix data (Chase et al., 2011). Finally, we assessed
the preference of root-associated mycorrhizal fungi for spruce or aspen based on the
multinomial species classification method (CLAM test). The method allowed a robust
statistical classification of habitat or host specialists and generalists, without excluding
rare species a priori (Chazdon et al., 2011). A specialization threshold value of 2/3
(supermajority rule) and an a value of 0.001 was used because the Benferroni
correction in the CLAM analysis generally returns too stringent results (Chazdon et al.,
2011). Regarding ECMs and AMs preference for spruce or aspen, mycorrhizal OTUs
were classified in four categories i.e. (a) spruce specialists, (b) aspen specialists, (c)
generalists, i.e. commonly found on roots of both spruce and aspen, and (d) too rare to
be statistically classified with confidence. The same procedure was applied for
mycorrhizae’s stand type preference at host species scale. Competitive interactions
between root-associated mycorrhizal communities of the two tree species were drawn
from differences in OTUs’ richness and abundance within each soil layer (Kennedy et
al.,, 2011). The richest and most abundant communities were referred to as

competitively dominant over those with the lower richness and abundance.
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3.5 Results

3.5.1 Sequencing output

A total of 6 096,696 DNA sequences clustered into 3,219 OTUs passed the quality
control following the bioinformatic analysis of sequencing data. Of these, 34% of
OTUs (1108 OTUs) were identified as mycorrhizal guilds and 66% as
saprophytic/endophytic, parasites/pathogens, and non-fungal species. Out of this, the
mycorrhizal guild constituted approximately 82% of the total number of sequences
(5 001,836 reads) although representing a small proportion of the total number of
OTUs. After the second quality filtering step, 436 rare OTUs (< 10 reads) were
discarded. Consequently, the remaining 672 abundant OTUs (total number of
sequences of 4 975,218 reads) were used for subsequent analyses. From these, 42%,
34%, 21% and 3% were taxonomically classified down to family, genus, species and
class rank, respectively. The 3% identified at class level were members of
Glomeromycetes. Our data confirmed that spruce formed mycorrhiza exclusively with
ECMs fungi whereas aspen formed mycorrhiza with both ECM and AM fungi
(Appendix B Figure S3.1).

3.5.2 Mycorrhizal richness and diversity

The richness and diversity of mycorrhizal communities associated with tree roots in
our dataset were significantly higher in aspen than in spruce irrespectively of the stand
type (pure or mixed, Table 3.1). Mycorrhizal OTUs richness decreased with increasing
soil depth. This pattern was more pronounced in mixed and pure aspen stands than in
spruce stands. In contrast, in pure spruce stands there was no significant difference
between the observed OTUs richness between the organic and the mineral soil layers.
Conversely, the expected OTUs richness indexes (Chao and Jacknife) predicted an

increased diversity with increasing soil depth (Table 3.1) in pure spruce stands.
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The Shannon-Wiener index calculated at the stand type level showed a significantly
higher OTUs diversity on aspen roots in mixed than in pure stands, irrespectively of
soil layers considered (Table 3.1). No significant difference was detected between the
OTU diversity of communities associated with spruce roots in pure and mixed stands.
In spruce, when partitioned between soil layers, the OTU diversity was significantly
lower in mixed than in pure stands in both the organic and the mineral soil layers (Table
3.1). Similarly, aspen exhibited a higher OTUs diversity in mixed than in pure stands

in both the organic and the top mineral soil layers.

Table 3.1 Root-associated mycorrhizal community (ECM and AM combined) alpha
diversity indexes (Means and SEM) of spruce and aspen by stand type and soil layer.

Alpha diversity estimates
Richness estimators

Diversity index

Observed Expected
Stand type Soil layer Host Nber  of Chao Jacknife Shannon-Wiener
oTuU
Total stand 191 246.33 £18.6 2499 £19.75 241+04 AB
Pure Spruce  Organic Spruce 143 17214 +11.34 184.81 +13.61 2.57+0.26 abc
Mineral Spruce 142 273.75+43.6 21044 +27.78 2.21+0.46 bc
0-15cm
Total stand Spruce 225 325.26 +28.28 31094 +26.68 2.37+044 AB
Aspen 359 464.95 + 24.43 484.51 + 28.3 265+041 A
Organic Spruce 191 280.1+26.22 267.36 +29.4 2.61+0.35 ab
. Aspen 260 362.67 £ 25.7 363.58+34.16 291025 a
Mixture
Mineral Spruce 121 200.26 * 26.46 179.28 £25.01 1.99+0.24 ¢
0-15cm Aspen 225 364.06 + 36.07 326.81+33.86 2.65+0.38 ab
Mineral Spruce - - - -
15-30cm Aspen 98 138.07 + 15.89 136.33+18.12 2.17+0.35 bc
Total stand 248 404.63 £ 40.01 358.72+26.77 2.18+0.55 B
Pure Aspen Organic Aspen 193 308.01 + 33.12 276.41 +£27.5 23+056 bc
u P Mineral Aspen 144 32462 +£59.4 220.5+28.18 2.05+052 ¢
0-15cm

For the Shannon-Wiener index, statistical differences among pairwise comparison at p
= 0.05 within each soil layer among stand types are denoted by lowercase and by capital
letters for total stand diversity comparison.
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3.5.3 Mycorrhizal communities’ composition

The NMDS showed that the mycorrhizal communities in the study sites were structured
according to the chemical properties of soils, stand types, soil layers and the host tree
species identity (Figure 3.1). The root-associated mycorrhizal communities of spruce
and aspen significantly differed from each other in both pure (Figure 3.1a) and mixed
(Figure 3.1b) stands. These differences were observed in both the organic and the
mineral soil layers. However, the differences in the composition of mycorrhizal
communities between the two tree species were more pronounced in pure stands than

in mixed stands.

Regarding the differences in the community composition between pure stands of both
species, the most informative factors explaining the differences in community
composition were the soil C:N ratio, the pH, and the tree species identity (Table 3.2).
In mixed stands, the differences in root-associated mycorrhizal community
composition between the two tree species depended greatly on the host tree identity,
the soil nutrient content (NH4+, total N, K and CEC) and C:N ratio within the stands
(Table 3.2). The differences in root density, pH, C:N ratio, P, NH4*, and CEC content
between pure spruce and mixed stands were the most significant explanatory factors of
differences in the composition of mycorrhizal communities associated with spruce
roots between pure and mixed stands (Table 3.2). The pH was the only informative
factor explaining the differences in the composition of mycorrhizal communities

associated with aspen roots between pure and mixed stands (Table 3.2).

The level of similarities between mixed and pure stands of species-specific mycorrhizal
communities varied along the layers of the soil profile (Figure 3.1c and 3.1d). In the
organic soil, spruce root-associated ectomycorrhizal communities exhibited a strong

similarity between pure spruce and mixed stands (Figure 3.1c, Appendix B Table S3.2).
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Figure 3.1 Non-metric multidimensional scaling (NMDS) of a Bray-Curtis distance
matrix describing the structure of root-associated mycorrhizal communities of spruce
and aspen along the soil profile (a) between pure spruce and pure aspen stands, (b)
within mixed stands, (c) of spruce between pure spruce and mixed stands, and (d) aspen
between pure aspen and mixed stands. Each point symbolizes a single mycorrhizal
community taken per transect whereas point and ellipse colors indicate communities
affected by stand type and soil layer. Ellipses represent 95% confidence intervals
around groups’ centroids. Non-overlapping centroids are considered significantly
different at p < 0.05. The stress value given is a measure of the disagreement between
the rank order in the original data set and that in the NMDS (lower numbers indicate
better agreement).
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Table 3.2 Results of the PERMANOVA performed on the NMDS showing the
significance of different factors of mycorrhizal communities’ composition of spruce
and aspen within and between pure and mixed stands.

Aspen vs Spruce Spruce Aspen
Factor Pure stands Mixed stands Pure vs Mixed Pure vs Mixed
stands stands
R’ p-value R’ p.-value R’ p.value R’ p.value
C:N ratio 0.536 <0.001 0.51 <0.001 0.55 <0.001 0.01 0.687
NH,* 0.2 0.016 0.64 <0.001 0.32 0.002 0.34 <0.001
Ntotal 0.148 0.042 0.71 <0.001 0.35 <0.001 0.34 <0.001
K 0.06 0.313 0.67 <0.001 0.45 <0.001 0.24 0.003
P 0.141 0.041 0.45 <0.001 0.52 <0.001 0.21 0.003
pH 0.717 <0.001 0.40 <0.001 0.50 <0.001 0.55 <0.001
CEC 0.066 0.275 0.69 <0.001 0.53 <0.001 0.27 <0.001
RWD 0.06 0.30 0.26 <0.001 0.54 <0.001 0.12 0.046
Host tree 0.59 <0.001
Stand type 0.513 <0.001 0.07 0.038 0.18 <0.001
Soil layer 0.01 0.652 0.40 <0.001 0.29 <0.001 0.22 <0.001

The R? (cut-off 0.5) and the p.value of the most relevant explanatory factor for each comparison
are in bold. RWD refers to the fine root density.

The p-diversity indices of communities associated with spruce roots in the organic soil
were more variable in mixed than in pure stands (Figure 3.2a). In contrast, in the
mineral soil both communities were significantly dissimilar (Appendix B Table S3.2)
with a higher and nonsignificant intra-stand variability of the A-diversity indices

(Figure 3.2a) between the two types of stands.

Unlike spruce, the root-associated mycorrhizal communities of aspen were
significantly dissimilar between pure and mixed stands in both the organic and the
mineral soil layers (Appendix B Table S3.2). In both pure and mixed stands, the a-
diversity indices of the mycorrhizal communities of aspen were more variable than in
spruce (Figures 3.2a, 3.2b and 3.2¢). The two species had significantly dissimilar root-
associated mycorrhizal communities in their respective pure stands (Figure 3.2d,;
Appendix B Table S3.2). Despite an overlap between the mycorrhizal communities of
the two tree species in mixed stands, the distance between the two community centroids

showed two significantly dissimilar communities (Appendix B Table S3.2). This
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difference in community composition between the two tree species in mixed stands

was more pronounced in the mineral than in the organic soil layer.

Figure 3.2 Boxplots comparing the variance of Bray-Curtis distances (computed as the
distance to the centroid) within each soil layer for (a) spruce between pure and mixed
stands, (b) spruce and aspen in mixed stands, (c) aspen between pure and mixed stands,
and (d) aspen and spruce between their respective pure stands. Org, Minl and Min2
refer to the organic, the top 0-15 cm and bottom 15-30 cm mineral soil layers,
respectively. Box and whiskers plots represent the first and third quartiles (hinges), the
median (bold line), and 1.5 times the interquartile range (error bars). Outlier points are
plotted individually. Within each of four panels, groups labeled A are significantly
different from groups labeled B at p = 0.05 (Tukey’s HSD).
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3.5.4 Host preference

A total of 307 OTUs was found on aspen roots in the organic layer of both pure and
mixed stands. From these, 40% (122 OTUs) and 14% (43 OTUs) preferred aspen when
grown in mixed stands and pure stands, respectively. The remaining 46% were habitat
generalists (11%, 35 OTUs; i.e. commonly found on aspen roots in both stand types)
and rare OTUs (35%, 107 OTUs) (Figure 3.3a). A similar pattern was found within the
mineral soil with the only difference that the proportion of rare OTUs decreased by

half compared to the organic soil (Figure 3.3b).

The classification analysis revealed a high host specificity in mixed stands. In the
organic layer of mixed stands, the richness of aspen specialists was approximately 2-
fold (35%, 107 OTUs) of spruce specialists (19%, 61 OTUs) (Figure 3.3a). Only 9%
(28 OTUs) were generalists and 36% (112 OTUs) were too rare to be classified with
confidence. Despite their lower OTUs richness, spruce specialists were more abundant
than aspen specialists (50% vs. 23% of the total number of sequences in the organic

layer).

The most abundant OTUs in the organic layer belonged to families Russsulaceae (9%
aspen specialist, 16% spruce specialists and 14% generalist), Atheliaceae (0.5% aspen
specialists, 15% spruce specialists), Thelephoraceae (3% aspen specialists, 8% spruce
specialists), Cortinariaceae (2.2% aspen specialists, 2.2% spruce specialists, 2%
generalist), Sebacinaceae (5% spruce specialists <1% aspen specialist and 2.5%
generalist), Pyronemataceae (1.5% aspen specialist, 2.5% spruce specialists, <1%
generalist), Hymenogasteraceae (2% strict aspen specialist) and Hygrophoraceae (2%
aspen specialists, <1% spruce specialist) (Figure 3.4a). Generalist OTUs represented
21% of the total number of sequences in the organic layer in mixed stands. From the
20 families identified, only Gloniaceae were strict generalists. Rare OTUs represented

<1% of the total abundance of the community in each soil layer.
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Figure 3.4. Relative abundance of mycorrhizal fungal taxa associated preferentially
(specialists) and commonly found (generalists) on spruce and aspen roots in (a) the
organic and (b) the top 0-15 cm mineral soil layers of mixed stands.
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In the mineral soil layer of mixed stands, the relative abundance of aspen specialists
was higher than that of spruce (Figure 3.4b). As compared to the pattern observed in
the organic layer, the relative abundance of spruce specialist decreased by 17% while
that of aspen specialists increased by 46% and was approximately 3-fold of spruce
specialists. Members of Russulaceae constituted 50% (19% aspen specialist, 26%
generalists and 5% spruce specialists) of the total community abundance (total number
of sequences). In the mineral layer, compared to the organic layer, the Sebacinaceae
shifted from spruce specialists to aspen specialist whereas the Atheliaceae and
Inocybaceae remained spruce specialist. The abundance of aspen specialists
(Glomeraceae, Hygrophoraceae, Hymenogasteraceae and Thelephoraceae) increased
in the mineral layer compared to their abundance in the organic layer (Figure 3.4a and

3.4b). The Cortinariaceae and Pyronemataceae became generalist.

3.5.5 Stand type preference

The relative abundance of OTUs preferring spruce and aspen between the two types of
stands was higher in mixed than in pure stands of respective species. For spruce, the
OTUs commonly found in both types of stands (generalist) had the lowest richness
(Appendix B Figure S3.2). Despite their lower OTU richness, the organic layer featured
higher abundance of the habitat generalists than pure spruce stands specialists (21%)
and spruce-mixed stand specialists (35%) (Appendix B Figure S3.3). Spruce habitat
generalists mainly belonged to families Atheliaceae, Russulaceae and
Pyronemataceae. The generalists were higher in pure spruce than in mixed stands in
the organic layer with a reverse pattern observed in the mineral layer. In the mineral
layer, however, the abundances of pure spruce stand specialists (25%) and spruce-

mixed stand specialists (27%) were approximately equal.

Aspen had opposite patterns to spruce in both the organic and the mineral soil layers
between the two types of stands. In the organic layer, pure aspen stand specialists were
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more abundant than aspen-mixed stand specialists. The opposite pattern was observed
in the mineral soil. As for the generalists, their abundance was almost doubled in the

mixed than in the pure stands in both soil layers.

3.6 Discussion

Our results revealed a high mycorrhizal richness and diversity in boreal forests. Aspen
exhibited generally higher and more unevenly distributed mycorrhizal diversity than
spruce (Table 3.1, Figure 3.2). These results are consistent with previous studies
comparing the fungi diversity of hardwood and conifer tree species in boreal forests in
eastern Canada (Nagati et al., 2018; Reithmeier et Kernaghan, 2013), Alaska (Bent er
al., 2011) and Sweden (Kyaschenko et al., 2017). The ectomycorrhizal species
identified on spruce in our study were similar to those identified on spruce in the Mealy
Mountains in eastern Labrador-Canada, at 1350 km from our study site (Reithmeier et
Kernaghan, 2013).

The richness and the abundance of mycorrhizal OTUs were higher in our study than
reported elsewhere. These differences in richness and abundance might result from
differences in methodological approaches (sampling, sequencing and bioinformatics
analysis). For instance, Nagati et al. (2018) sampling the same study sites did not
include mixed stands. They refined their taxonomic identification by combining the
UNITE and GENBANK databases while we only used GENBANK. In addition, the
sampling in our study was conducted at a finer scale (root tips) while other studies used
soil samples and tended to focus on the organic layer of the soil. Considering a high
variability in the exploration types (the functional trait that connects the morphology
and differentiation of ECM hyphae to differences in nutrient acquisition strategies) of
mycorrhizal taxa (Agerer, 2001) existing sampling methods might not be able to

identify many species of mycorrhiza. Removal of roots potentially hosting mycorrhiza



75

of contact exploration type prior to DNA extractions could be an example of such a
sampling bias. The diversity of AM fungi might also have been underestimated.
Although the ECM metagenome was correctly analyzed using primers ITS1 (Gardes et
Bruns, 1993) and ITS5 (White et al., 1990) commonly used to amplify ectomycorrhizal
fungi ITS regions, these primers may not be suitable for studying AM metagenome.
Not surprisingly, only Glomus genus was identified. Therefore, there is a need to use
AM-specific primers (Senés-Guerrero et al., 2020; Suzuki et al., 2020; Xu et al., 2017)

for improved AMF detection rates.
3.6.1 Role of soil chemical properties

The richness and composition of mycorrhizal communities strongly depend on soil
chemical properties. The separation of communities on the first NMDS-axis by pH and
C:N ratio, and on the second NMDS-axis by soil nutrient content indicated that pH is
the main factor controlling the composition of mycorrhizal communities whereas the
nutrient content mainly controls the mycorrhizal richness and diversity. This pattern
has already been emphasized in previous studies (Siciliano et al., 2014; Wubet et al.,
2012). The strong similarity between the ECM communities associated with spruce
roots in the organic soil of mixed and pure spruce stands, observed in this study,
suggests that the relationship between the composition of mycorrhizal communities
and the chemical properties of the soil is host specific. Therefore, a non-significant
relationship may be observed in spruce and a significant relationship in aspen. In aspen,
the higher the fertility and the pH in pure stands compared to mixed stands, the lower
the species richness and the more different the mycorrhizal community’s composition
associated with roots is. This soil pH - mycorrhizal community’s composition
relationship observed in aspen may be common among broadleaf trees: a similar pattern

to that has been reported in European beech forests (Wubet ez al., 2012).

Competitive interactions among mycorrhizal species may add another layer of

complexity in soil effects on mycorrhizal communities. The distinct community
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composition of the pure stands of both species (this study and Nagati et al. (2018))
indicate that the soil pH - mycorrhizal richness relationship may be more pronounced
in forests composed of phylogenetically distinct tree species. This may explain why
some studies have found a relationship between pH and mycorrhizal richness (Wubet
et al., 2012) while others have not (Rousk et al., 2010). Host specificity (significant
effect of dominant tree species, sensus Nagati et al. (2018)) can therefore play an
important role in shaping variation of fungal community composition across the boreal
forest landscape. Observed differences in the composition of mycorrhizal communities
between spruce and aspen on the soils with the broadly similar pH and nutrient
concentrations (mixed stands) support this interpretation (Figure 3.1b; Appendix B
Table S3.1 and S3.2). We therefore speculate that it is host specificity effects rather
than differences in soil physicochemical properties that define differences in

mycorrhizal community composition two forest types in our study.

3.6.2 Shift in mycorrhizal communities’ composition and potential impact on host

species growth in pure and mixed stands
3.6.2.1 Black spruce

Our study revealed the typical features of stressful (limiting) versus improved (non-
limiting) growth conditions for spruce in pure spruce and mixed stands, respectively.
Although a significant proportion of spruce root-associated OTUs was common to both
types of stands, the combined abundance of spruce specialists and generalists on spruce
roots was higher in mixed than in pure spruce stands (Appendix B Figure S3.3). The
Atheliaceae and the Russulaceae were the most abundant taxa in pure spruce stands.
The better adaptation of these two families to acidic and stressful conditions makes
them the main ectomycorrhizal taxa dominating the mycorrhizal network of trees in
nutrient limited sites in the boreal forest (Hedh ez al., 2008; Kalliokoski et al., 2010;

Peter et al., 2008). Some Atheliaceae species such as Tylospora fibrillosa (abundant in
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pure spruce stands) were previously reported to represent up to 70% of the total
abundance of the mycorrhizal network of roots of Sitka spruce (Picea sitchensis
(Bong.) Carr.) growing in pure stand under anoxic soil conditions in Northern England
(Palfner et al., 2005). Palfner et al. (2005) showed that their abundance was associated
with higher fine root biomass and a high C concentration in the soil. These conditions
prevailed in pure spruce stands (Ghotsa Mekontchou et al., 2020). Under such
conditions, medium-fringe exploration type and the hydrophobic property of their
emanating hyphae favor a rapid immobilization of N in Atheliaceae mycelium,
intensifying the N-limiting conditions of the medium (N&sholm ez al., 2013). In
addition, under these conditions, ericoid mycorrhizae (associated with Ericaceae,
abundant in the understory of pure spruce stands) hamper the decomposition process
by a competitive suppression of saprotroph fungi Atheliaceae (Bending, 2003; Gadgil
et Gadgil, 1975; Lindahl et al., 2001) leading to the accumulation of organic matter in
the soil (Averill et Hawkes, 2016). These processes may negatively affect the nutrition

of spruce and, ultimately, its growth.

The increased total nitrogen and ammonium concentrations as well as the decreased
abundance of Atheliaceae generalists and the higher abundance of Atheliaceae
specialists in mixed stands might favor spruce growth and persistence in mixed
compared to pure spruce stands. The higher abundance of Cortinariaceae, Gloniaceae,
Thelephoraceae and Russulaceae in mixed stands as compared to pure spruce stands is
in line with this interpretation. These families, besides being excellent decomposers
(BOdeker et al., 2014; Kuiters, 1990; Tedersoo et Smith, 2013), also have a significant
enzymatic activity and are hydrophilic which facilitates the mobilization of nitrogen
and phosphorus from complex organic matter in the immediate vicinity of fungal
mycelium (Agerer, 2001; Kyaschenko et al., 2017; Lindahl et Tunlid, 2015). This
would allow spruce to take up a varied range of nutrients (organic and mineral forms)
from soil. The presence of Thelephoraceae exclusively on spruce roots in mixed stands

(and not in pure spruce stands, Figure 3.4b) might point to an increased nutrient demand
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of spruce as this fungus is effective in absorbing nutrients (phosphorus, nitrogen and
potassium) from the soil, the soil solution, and from the fermenting organic matter
(Bending et Read, 1997). Their medium-smooth exploration type also allows for
exploring a greater volume of soil (Agerer, 2001). The Inocybaceae, another abundant
fungal taxa in the mineral horizon of the studied mixed stands (Figure 3.4b), is known
to dominate in stressful environments (Nara, 2006; Tedersoo et al., 2006). Their high
abundance in the mineral horizon has been reported to improve the resilience of the
host tree to harsh environmental conditions such as water stress (Reverchon et al.,
2012).

3.6.2.2 Trembling aspen

The spatial (along soil profile) and the functional (within each soil layer) niche
differentiation of root-associated mycorrhizal communities may be the key driver of
differences in tree nutrition between spruce and aspen in mixed stands. The spatial
niche differentiation exhibited itself through the stronger separation of root-associated
mycorrhizal communities of spruce and aspen in mixed as compared to their respective
pure stands (Figure 3.1). This pattern is generally interpreted as the result of nutrients
mobilization by mycorrhizal fungi along the soil profile (Lindahl et al., 2007).
However, it is likely not the case in mixed stands since most of the abundant
mycorrhizae associated with spruce and aspen within the both organic and the mineral
layers were of contact and short-distance exploration types (Appendix B Table S3.3).
This observation suggests the absence of a common mycelial network along the soil
profile (Kennedy et al., 2003), supporting the idea of a spatial segregation between
mycorrhizal communities in mixed stands. The functional niche differentiation
between root-associated mycorrhizal communities exhibited itself through the
differences in the richness and abundance of spruce specialists (abundant in the organic
layer) and aspen specialists (abundant in the mineral layer) in mixed stands. In the

absence of a common myecorrhizal network, such pattern most often results in the
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competitive dominance of the most abundant community over the less abundant one
(Kennedy et al., 2011). This might be the case between the mycorrhizal communities
of spruce and aspen within each soil layer in mixed stands. The higher relative
abundance of Atheliaceae, Russulaceae, Thelephoraceae, Sebacinaceae and
Pyronemataceae that are all spruce specialists as well as the significant effect of the
interaction between host tree and nitrogen content in mixed stands support this
possibility and suggest a competitive dominance of spruce mycorrhizal communities

over that of aspen in the organic layer of mixed stands.

Aspen likely avoids the competitive pressure of spruce in the organic soil by
developing a denser mycorrhizal network made up of highly competitive mycorrhizal
species in the mineral horizon. Compared to the organic layer, the abundance of aspen
specialists increased in the mineral soil of mixed stands. Two main reasons for this
could be (1) an increased fine root biomass in the mineral layer (Ghotsa Mekontchou
et al., 2020) and (2) a competitive exclusion of aspen-associated mycorrhizae by that

of spruce in the organic layer.

A lower richness and abundance of the Glomeraceae in the organic than in the mineral
soil layer support the idea of competitive exclusion. On one hand, the increasing
richness and abundance of Glomeraceae along the profile could be the result of a
negative association between ECM and AM in the organic layer of the soil (Aguillon
et Garbaye, 1990; Lodge et Wentworth, 1990; Neville et al., 2002). In these studies,
the negative association between ECM and AM fungi was reported to be the main cause
of a decreasing ECM:AM ratio along the soil profile on aspen roots. On the other hand,
the increasing abundance of Glomeraceae with soil depth might be the result of a
reciprocal reward mechanism known to ensure fair trade in Glomus symbiosis (Kiers
et al., 2011). Unlike ECM fungi, AM fungi are obligate biotroph and depend
exclusively on host derived C to complete their life-cycle (Wright et al., 1998). Glomus
symbiosis (the only AM genus identified in this study) has been reported to be
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controlled by the nutrient demand of the host tree (Benedetto et al., 2005). Both the
host and the Glomus fungi can detect variation in the resources supplied by the
relationship, allowing them to adjust their own resource allocation accordingly, a
pattern known as reciprocal reward mechanism (Kiers et al., 2011). The increased
richness and abundance of AM fungi along the soil profile depth could therefore be
interpreted as a strategy used by aspen to maximize the nutritional benefit from the

mycorrhizal symbiosis.

Interestingly, a higher relative abundance of the Russulaceae, Thelephoraceae,
Glomeraceae, Hygrophoraceae, Sebacinaceae and Hymenogasteraceae On aspen roots
as compared to spruce roots in the mineral layer pointed to a competitive dominance
of aspen-associated mycorrhizal community over that of the spruce in this soil layer.
Members of these fungi families are known to form contact, short- or medium-smooth
exploration-type ECM that are hydrophilic and lack rhizomorphs (Agerer, 2001). Most
of them and, particularly, members of the Hygrophoraceae, are considered nitrophilic
as they respond positively to high N inputs (Lilleskov et al., 2001, 2002), and possess
therefore a competitive advantage over other mycorrhizal species in their close vicinity
(Lodge et al., 2014). The Hygrophoraceae are more adapted to calcareous ground in
the Nordic countries (Kovalenko, 1999, 2012; Tedersoo et al., 2010). As a result, they
are frequently detected as ECM specialists on the roots of deep-rooted trees such as
Pinus species in the mineral soil (Larsson et al., 2018). Thus, root-associated
mycorrhizal communities of spruce and aspen may compete along the soil profile,
resulting in a strong partitioning of the nutrient uptake of the two species at different

soil horizon in mixed stands.

It is unclear whether aspen growth is enhanced in mixed as compared to pure aspen
stands. Plants can acquire nutrients via two uptake pathways: (a) the direct pathway by
nutrient uptake from soil-root interface by root hairs and (b) the mycorrhizal pathway

involving extraradical mycelium (Smith et al. 2013).
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A possible reciprocal reward mechanism has been reported to generally result in a
higher mycorrhizal dependency of the host plant on fungi-mediated uptake of P and N.
The observation of such pattern has led many authors to suggest that a higher
dependence on the mycorrhizal pathway for nutrient uptake stimulate the C allocation
to roots than to the aboveground biomass (Jakobsen ef al., 2003; Nielsen et al., 1998;
Postma et Lynch, 2011). The higher fine root biomass of aspen in mixed stands as
compared to pure stands (Ghotsa Mekontchou et al., 2020) support this statement. In-
depth studies of the two nutrient uptake pathways and examination of nutrient content
of leaves are therefore warranted to conclude on the potential impact of the changes in

richness and abundance of root-associated mycorrhizal communities on aspen growth.

3.7 Conclusion

Differences in diversity, abundance and composition of ectomycorrhizal communities
of tree species growing in pure and mixed stands are strongly influenced by soil
chemical properties and host species identity. We found that the root-associated
mycorrhizal community of spruce differed significantly from that of aspen when both
species were in their respective pure stands, supporting Hypothesis 1. Hypothesis 2
was partially supported for spruce roots as an increased diversity and changes in the
composition of mycorrhizal communities associated with spruce was a result of
increased soil fertility in mixed stands as compared to pure spruce stands. In contrast,
for aspen it was the competitive interactions that structured the mycorrhizal community
in mixed stands as compared to pure stands. Despite a small overlap between the
communities of the two species in mixed stands, the higher relative abundance of
spruce specialists than aspen specialists suggested a competitive dominance of
communities associated with spruce over that of aspen in the organic horizon. This
pattern was reversed in the mineral horizon, supporting our Hypothesis 3. The

competitive dominance of root-associated specialist mycorrhizal communities of
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spruce and aspen in different sections of soil profile suggests a strong partitioning of
resources in different soil layers between the two species in the mixed stands. The
higher richness and abundance of mycorrhizal communities of spruce in mixed than in
pure stands may support better growth of spruce in mixed stands (Légaré et al., 2004)

as a result of increased spruce nutrient uptake.
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4.1 Résumé

Afin de quantifier les mécanismes favorisant la coexistence de I'épinette noire et du
peuplier faux-tremble dans les foréts boréales nord-américaines, nous avons exploré
leur absorption d'azote (N) dans les peuplements purs et mixtes de I'ouest du Quebec.
Nous avons d'abord analysé la teneur totale en N et I'abondance isotopique naturelle
(3*°N) des feuilles, et le 5°N des sols prélevés a différentes profondeurs du sol
(organique, couches supérieure 0-15 cm et inférieure 15-30 cm du sol minéral). Dans
un deuxieme temps, nous avons realisé une expérience in situ d’ajouts d'ammonium
(**N-NH4-NOs) et de nitrate (NHs->N-NO3) marqués dans des mini-parcelles de sol.
La teneur totale en N des feuilles du tremble était 3,5 fois plus élevée que celle des
aiguilles d'épinette dans les peuplements purs. Dans les peuplements mixtes, la teneur
totale en N des feuilles d'épinette et de tremble augmentait et diminuait respectivement
et de maniére significative comparé a leurs peuplements purs. Les résultats de
I'abondance isotopique naturelle ont révélé que le 3°N des aiguilles d'épinette était
fortement corrélé avec le 5'°N des sols organiques tandis que le 5°N des feuilles du
tremble était fortement corrélé avec le 3*°N de la couche supérieure du sol minéral dans
les peuplements purs et mixtes. L'expérience d'ajout du **N a montré une nette
préférence pour le °N-NOz" et le *°N-NH," par le tremble et I'épinette, respectivement,
dans des peuplements purs. Ces préférences n'‘ont pas été observées dans les
peuplements mixtes ol les deux espéces prélevaient les deux formes de °N ajoutées
dans des proportions similaires. Cependant, I'absorption de '*N-NOs™ du tremble
diminuait de 3 fois tandis que celle de ®N-NHs* augmentait de 2 fois dans les
peuplements mixtes par rapport aux peuplements purs. Chez I'épinette en revanche,
I'absorption de °N-NO3 était multipliée par 2 dans les peuplements mixtes par rapport
aux peuplements purs, tandis que I'absorption de °N-NH," était similaire entre les deux
types de peuplements. Nos résultats montrent que le mélange d'épinette et de tremble

profite principalement a la nutrition de I'épinette qu’a la nutrition du tremble tel que le
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suggere la teneur totale en N des feuilles. Dans les peuplements mixtes, I'épinette et le
tremble partitionnent leur absorption d'azote a différentes profondeurs du sol, tout en
ayant la méme demande pour les deux formes de N. Ces résultats sont cohérents avec
I'nypothese de complémentarité postulant que l'augmentation de la diversité
compositionnelle des peuplements augmente la productivité des peuplements grace une
compétition limitée et une utilisation plus efficace des ressources par les espéces

cooccurrentes.

Mots-clés: °N, abondance isotopique naturelle, partitionnement de l'azote, foréts
boréales, relation diversité-productivité

4.2 Abstract

To quantify the mechanism supporting coexistence of black spruce and trembling aspen
in North American boreal mixedwoods we explored their nitrogen (N) uptake in pure
and mixed stands of western Quebec. We first analyzed the total N content and the
natural isotopic abundance (8*°N) of leaves, and the §'°N of soils taken at different soil
depth (organic, top 0-15 cm and bottom 15-30 cm mineral soils). In a second step, we
did an experiment in situ by adding labelled ammonium (**N-NHs-NOs) and nitrate
(NH4-*N-NOs) on soil plots. The total N content of aspen leaves was 3.5 times higher
than spruce needles in pure stands. In mixed stands, the N total content of spruce and
aspen leaves significantly increased and decreased respectively as compared to their
pure stands. The results of natural isotopic abundance revealed that spruce needle §*°N
was strongly correlated with 31°N of the organic soils while aspen leaves *°N was more
strongly correlated with the >N of the top mineral soil in both pure and mixed stands
revealing that spruce and aspen partition their N uptake over different soil depths. The
1®N addition experiment showed a clear preference for °N-NOs and °®N-NH4* for

aspen and spruce respectively, in pure stands. These preferences were not observed in
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mixed stands where the two species took up the two added *N forms in the same
proportions. However, the >N-NOs~ uptake of aspen decreased by 3-fold while that of
N-NH4* increased by 2-fold in mixed as compared to pure stands. In spruce by
contrast, the >N-NOs~ uptake increased by 2-fold in mixed as compared to pure stands
whereas the N-NH4" uptake was similar between the two types of stands. Our results
show that mixed stand benefit mostly to spruce nutrition as suggested by the total N
content of leaves. Overall, our findings are consistent with the complementarity
hypothesis postulating that increasing stand compositional diversity increased stand
productivity through limited competition and more efficient use of resources by co-

occurring species.

Keywords: N, natural isotopic abundance, nitrogen partitioning, boreal forests,

diversity-productivity relationship

4.3 Introduction

Resource partitioning support species coexistence within ecosystems (Houle et al.,
2014; Turner, 2008) through reduced competition among species (Neufeld ez al., 2014).
This mechanism has been hypothesized to lead to a more efficient acquisition of
limiting resources and, therefore, a positive effect on productivity (Loreau et de
Mazancourt, 2013; Loreau et Hector, 2001; Tilman, 1999). Resource partitioning is
traditionally assessed through analysis of spatial distribution of fine roots (Brassard et
al., 2009; de Kroon et al., 2012), and by analysing the relationship between nutrient
content in soil and plant tissues (Craine et al., 2009), which reflects the use of soil

nutrients by a species.

Nitrogen (N) is considered the most limiting nutrient for plant growth in temperate and
boreal forests (Tamm, 1991). N dynamics has been shown to be controlled by climate

variability (McLauchlan et Craine, 2012; Ouimet et al., 2015), natural disturbances
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(Beghin et al., 2011; Choi et al., 2007), stand age and composition (Coté et al., 2000;
Portl et al., 2007), and microbial activity (Knops et al., 2002; Paul et Clark, 1996). The
presence of multiple factors controlling biological availability of N forms constrains
the generalization of N cycle (Galloway et al., 2004, 2008; Schimel et Bennett, 2004)

and challenge the understanding of N partitioning in the boreal forests.

N isotopic ratios (5'°N) of plant tissues (e.g., roots and leaves) and soil have been
proven useful to elucidate patterns of N utilization. The use of tree leaves as an index
of whole-plant 8N has revealed partitioning for soil nitrogen, mycorrhizal
dependence and utilization of depositional N (Vallano et Sparks, 2013) which are likely
to occur widely in nature (Craine et al., 2015). N partitioning generally involves (a)
variation in the uptake rate of N from different soil horizons and (b) variation in the
use of different N bio-available forms by the co-occurring species (Kronzucker et al.,
1997, 2003; Shenoy et al., 2013; Van den Driessche, 1971). Empirical and
experimental evidences of N’s spatial partitioning have been widely reported in
temperate grasslands (Weigelt et al. 2005; Kahmen et al. 2006) while evidences are
very scarce for trees growing in mature stands apart from the study of Houle et al.
(2014) in mixed black spruce — jack pine boreal forests of Quebec. Concerning
partitioning of N through tree preference for different chemical N forms, ex-situ *°N
addition experiments with seedlings have shown a high preference of conifers for
ammonium than for nitrate (Kronzucker et al., 1997; Van den Driessche, 1971). An in-
situ experiment confirmed a strong preference of white spruce seedling (Picea glauca
(Moench) Voss) for ammonium while a preference for nitrate was observed for
seedlings of aspen (Shenoy et al., 2013). Spatial and chemical partitioning of N species
may exist in mixed stands of black spruce (BS; Picea mariana [Mill.] B.S.P.) and
trembling aspen (TA; Populus tremuloides Michx.), supporting coexistence of these
species. This may be particularly the case in the spruce feathermoss domain of Eastern
Canada, where competitive exclusion of aspen by spruce has been earlier proposed as

the main successional pathway (Bergeron, 2000; Bergeron et Dubuc, 1988).
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This study aimed to determine the existence of two forms of N partitioning, spatial and
N-form related, between black spruce and trembling aspen in boreal mixedwood
stands. First, to test for the N spatial partitioning, we compared the N natural
abundance in the soils and in the foliage of spruce and aspen in pure and mixed stands.
We hypothesized (H1) that the two species takes up the N at different soil depth
(shallower N-uptake in spruce and deeper in aspen) in both pure and mixed stands.
Second, to test for partitioning of N-inorganic forms, we performed a 30 day in-situ
1°N-labeling experiment in pure and mixed stands. We hypothesized (H2) that in their
respective pure stands, black spruce would prefer ammonium and aspen would prefer
nitrate. In mixed stands, we expected (H3) the N-forms preference of both species to
be more pronounced as the two species will seek to distance themselves to avoid
competition. Finally, since the nutrient content increases mostly in the organic layer of
mixed stands, as compared to pure spruce stands (Légaré et al., 2005), we hypothesized
(H4) that spruce will benefit from a better N nutrition in mixed than in pure stands

while the net effect will be neutral for aspen.

4.4 Material and methods

4.4.1 Study area

The study sites (three in total) were located in the black spruce-feathermoss bioclimatic
domain in North-Western Quebec. The three sites were 2 to 15 km away from each
other. Site characteristics including mean annual temperature, total annual
precipitation, soil type and the age of stands are described in Ghotsa Mekontchou et al.
(2020). Each site each feature three stand types: black spruce dominated (BS),
trembling aspen dominated (TA), and mixed black spruce — trembling aspen (MXT)
stands. These stands were 20 x 50 m? (0.1 ha) rectangular plots, each of them being
uniform in terms of topography and vegetation, and representing a particular stand type.

We defined pure stands as those with the proportion of stems and basal area of the most
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abundant tree species exceeding respectively 75 % and 60 % of the total count of
individuals with a diameter at 1.3 m above 10 cm. Mixed stands were those with the
number of trees of individual species representing 30 % to 50 % of the total number of
stems in the stand (see Ghotsa Mekontchou et al., 2020).

4.4.2 Sampling

4.4.2.1 Leaves

Leaf samples were collected in triplicate from dominant healthy trees of each species,
randomly selected in each plot on the 28™ of August 2016. For spruce, the needles older
than two years were discarded from twigs before drying (Houle et al., 2014). The leaves
were air-dried for one month and ground at the Laboratory of Organic and Inorganic
Chemistry of the Ministry of Forests, Wildlife and Parks (MFFP) of Quebec.

4.4.2.2 Soil

At each plot, five soil cores were extracted at regular intervals within a distance 7 m
around each selected tree (one at the foot of the tree and the other four at 1m, 3m, 5m
and 7m) using a 7 cm diameter manual auger. The 7 m space set around the tree
represented the distance at which the effect of aspen on soil physical and chemical
properties persists (Légaré et al., 2005). We collected soil samples from the organic
horizon (F and H layer combined) and from the top (0-15 cm) and the bottom (15-30
cm) of the mineral soil. The samples (n = 135) were placed in plastic bags, transported
to the laboratory in an ice-filled cooler and stored at -20°C temperature prior to
analyses. Thawed samples were pooled per tree and soil horizon to form a set of three
composite samples corresponding to the three selected trees in each plot. An aliquot
was taken from each soil sample and air-dried to constant weight for a week (Carter et

Gregorich, 2008), ground and sieved (< 2 mm) for further analyses.
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4.4.3 N labelling experiment

4.4.3.1 Experimental design

We implemented an in situ *°N addition experiment between June 12 and July 12, 2016.
The experiment was carried out in two of the three sites selected for this study (sites 1
and 2, Figure 2.1 in Chapter I1). It consisted of an addition of two 98% °*N-enriched N
forms of ammonium nitrate i.e. °®N-NH*-NO?® and NH*-1>N-NQ?, later referred to °N-
NH4* and °N-NO?2 for ammonium and nitrate, respectively. Each N form was applied
in two 30 x 30 cm? quadrates established around three replicates of dominant healthy
trees per stand type, under the criteria of a free-standing canopy and representing the
spatial variability of the plot (Hayashi e al., 2018). 39 mg of each *N-enriched N
forms was diluted with 900 ml of deionised water and applied in each quadrate. These
estimates were computed based on the °N addition experiment described in Houle et
al. (2014).

4.4.3.2 Soil and root samples collection

One soil core was extracted in each quadrate after 30 days using a 7 cm diameter auger
and separated into three sections as described in the section above. The samples were
placed in plastic bags, transported to the laboratory in an ice-filled cooler and stored at
-20°C temperature prior to analyses. Soil samples were let to thaw over six hours and
then soaked in water for at least one hour. The mixture was then stirred carefully to
separate roots from the soil particles and poured through a 750 um mesh round sieve.
The sieve was suspended under a distilled water bath and shaken continuously until the
roots were free from any soil particle. The roots were collected and separated between
live and dead roots (Brassard et al., 2013). We discarded dead roots from further
analyses. Live fine roots were sorted by species using a combination of morphological
characteristics established from prior root reference samples collected on known

younger and older trees of each studied species in the study stands. Used morphological
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criteria were colour, size, ramifications and presence/absence of root hairs (Brassard et
al., 2013). Aspen roots were less ramified with colors ranging between white and pale,
whereas roots of coniferous trees were ramified, finer in structure, and of the color
ranging between red and brown. Compared to others coniferous trees, spruce roots were
more reddish in color with a black bark. The presence of root hairs was mostly used to
separate non-tree roots (commonly with root hairs) from tree roots. We discarded roots
larger than 2 mm in diameter using a calliper. The separated fine roots were gently
dried between two filter papers under room temperature to remove water. Roots
samples were oven-dried at 60 °C for 48 hours, ground, and sent to GEOTOP to analyze
their total 3*°N content.

4.4.4 Analytical procedure

4.4.4.1 Chemical analysis

Soil, root and foliage °N natural isotopic abundance were analyzed using an elemental
analyzer in continuous flow mode, coupled to an isotope ratio mass spectrometer (EA-
IRMS) at the Centre de recherche en géochimie et géodynamique (GEOTOP) in

Montreal. The isotope ratio was expressed using the 6 notation:
815N (%0) = (Rsample/Rstandard - 1) x 1000 (Eq 1)

where Rsample is the isotope ratio (**N/*N) of a sample, and R standard is the isotope
ratio (**N/*N) of atmospheric N2 (5°N = 0 %o) (Coplen, 2011). The 8N values
(expressed in %o vs air-N2 (0.1 %o a 1o)) were corrected with a calibration line
obtained from two reference materials (urea (8*°N = —0.1 %o) & dogfish tissue (*°N =
+14.95 %o)). Furthermore, leucine (8°N = —-0.1 %o0) was used as a third internal
reference material to verify the calibration skill. All these internal reference materials
were normalized to IAEA-N1, N-2, and N-3 scales for 5!°N.
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Foliage total N concentrations were measured with an automatic elemental analyzer in
continuous flow mode at the GEOTOP in Montreal. For soil, samples were extracted
with 2M KCI (10:1 solution soil ratio, 30 minutes). Soil total N concentration was
measured with an elemental analyzer (Carlo Erba, Milan, Italy) at the MFFP in Quebec.
Nitrate (NOz) and ammonium (NH4) concentrations were measured respectively by ion
chromatography (Dionex2120i, Thermo Fisher Scientific Inc., Sunnyvale, USA) and
colorimetrically with a Technicon Autoanalyzer (Technicon AA2, Seal Analytical Inc.,
Mequon, USA). Since observed nitrate concentrations were below or close to the

detection limit (limit of <1 mg kg for extractable NOs), we only report NH, results.

4.4.4.2 Statistical analysis

To test H1, we assessed the correlation between leaf §°N and soil 8°N using
Spearman’s rank correlation coefficient at p < 0.05.

Several approaches were used to test H2. First, we calculated the N enrichment in soil
and roots. The enrichment represented the influx of the *N-labeled isotopes in soil and

roots. It was expressed in 8*°N notation and calculated as follows:
615Nenrichment = 815Nexperiment - 615Nreference (Eq 2)

where 8 °Nexperimens IS the isotope ratio (**N/**N) of the sample at the end of the
experiment, and 8%°N,¢rence the natural isotopic abundance (**N/“N) of the sample.
Temporal changes in *°N natural isotopic abundance of roots and soil were considered
negligible during the experiment (Craine et al., 2015; Koba et al., 2003). Secondly, we
calculated the isotopic fractionation factor, so-called enrichment factor (Coplen, 2011),

expressed in € notation and calculated as follows:

ErRIS = AISlSNR/S = 815NR,em'ichment - 815NS,enrichment (ECI 3)
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where erss represented the discrimination of the added N-labeled isotope between
roots and soil (Coplen, 2011). Since several chemical and biogeochemical reactions

(e.g. assimilation, mineralization, diffusion and nitrification) generally occur

downstream of the N-uptake, the €rss, as computed in equation 3, assessed uptake of

the 1°N-labeled isotopes in relation to the retention of the 1°N-labeled in soil. er/s was

used to assess the preference of tree species for the two added *N-forms in the mineral

layer where 8°Neyerimen: Values of soil samples were closer to the natural isotopic
abundance N (Craine et al., 2015). Positive values of €rss indicated root N-uptake

above N-retention in soil, whereas negative values of €rss indicated that retention of N

in the soil dominates over its uptake by tree roots. Finally, we calculated the correction
factor k (k-factor) which represents the isotopic discrimination effect of the 1°N-labeled
sources of nitrogen between roots and soil (Coplen, 2011). This procedure was only
applied in the organic soil layer since the N-labeling was effective in both roots and
soils in that soil layer. The k-factor was calculated as the ratio of *°N-labeled influx
between root and soil. As computed, & defines the rate constant of roots’ reaction in
response to the °N-labeled addition (Kendall et Caldwell, 1998).Values of k greater
than 1 indicated that roots react more readily to N addition than soil reactions (N uptake
being above the N retention in the soil). We referred to this pattern as normal. Values
of k£ below 1 indicated a higher N retention in soil than its root uptake. We referred to
such pattern as inverse (Kendall et Caldwell, 1998).

To test hypothesis 3, we compared k-factor’s values for *°N-form preferences of each
of the two species between pure and mixed stands. We used the analysis of variance
(ANOVA) followed with the Tukey HSD post hoc tests to evaluate the significance of
differences between variables among stand types.

To test hypothesis 4, we compared the total N content and the 5'°N of the leaves of the

two species among stand types using the Kruskal-Wallis and Dunn tests of R package
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dunn.test, since the normality and the homoscedasticity was not met, even after log10

transformation.

All statistical analyses were conducted with R, version 3.4.4 (R Core Team, 2016). The
homogeneity of variances and the normality of distributions of all data sets were

checked prior to the analysis.

4.5 Results

4.5.1 Leaf total N content and 6'°N

In respective pure stands, the total N content of aspen leaves was 3.5 times higher than
that of spruce needles (Figure 4.1a). In mixed stands, the N total content of spruce
needles significantly increased as compared to pure spruce stands while the opposite
was observed for aspen in mixed and pure stands. For both species, the '°N and total
N content of leaves were positively correlated in the pure and mixed stands (Appendix
C Figure S4.1).

Overall, the foliage $*°N values of spruce were more *°N-depleted in pure than in mixed
stands while the opposite pattern was observed for aspen (Figure 4.1b). The differences
between pure and mixed stands were higher in spruce than in aspen. The lowest and
the highest foliage >N natural isotopic abundance were recorded in spruce-pure stands
and spruce-mixed stands, respectively (Figure 4.1b).

In pure stands, the average 5'°N of needles of spruce (-3.12+2.52 %o) was significantly
lower than for aspen leaves (0.31 £ 1.56 %o). Aspen had significantly higher foliage
3N values in pure than in mixed stands (Figure 4.2b). The foliage §°N of the two
species growing in close proximity in mixed stands was significantly higher in spruce
(1.25 £ 1.66 %o) than in aspen (-0.64 % 0.65 %o).
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4.5.2 Soil ©°N

The soil 3'°N increased with increasing soil depth in the three stand types (Figure 4.1c,
4.1d and 4.1¢). In pure spruce stands, the $°N values ranged from 3.14+0.58 %o to
8.5+0.6 %o in the organic and mineral soil, respectively (Figure 4.1c). The increase in
soil 8*°N with soil depth was more pronounced in pure spruce stands than in mixed
stands where the §'°N values ranged between 4.93+0.81 %o to 7.7+0.78 %o in the two
soil horizons (Figure 4.1d). The gradient observed in mixed stands was similar to that
of pure aspen stands (8*°N values ranging from 4.93+1.01 %o to 7.82+0.73 %o between
the organic and mineral soil layers, Figure 4.1e). Among all stand types and depth
combinations, pure spruce stands had the most *°N enriched part of soil profile (the top

mineral soil) and the most °N depleted parts (the organic layer).
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Figure 4.1 Variation of leaf (a) total N content and (b) §*°N, and (c,e) soil §*°N natural
isotopic abundance in pure and mixed stands of spruce and aspen. The letters indicate
significant differences at p < 0.05.

4.5.3 Relationships between soil §'°N and leaf 5°N

The relationships between soil 5©°N and foliage 51°N are shown in Figure 4.2. In spruce,
the 5'°N of needles showed a positive correlation with the §*°N of the organic soil in
both pure and mixed stands (Figure 4.2a and 4.2b). The correlation was lower in pure

spruce (Figure 4.2a) than in mixed stands (Figure 4.2b).
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Figure 4.2 Simple linear regression analysis of soil §*°N and leaf 8*°N for spruce and
aspen in pure and mixed stands. Spearman’s correlation coefficient (r;) and p values in
red indicates significant relationships.
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Figure 4.2 Continued.

In aspen, in contrast, the §*°N of foliage showed a significant positive correlation with
the 3°N of the top mineral layer in mixed stands (Figure 4.2d) whereas no significant
correlation was detected in pure aspen stands (Figure 4.2c). Although no significant
correlation was observed between leaf 51°N and the 5!°N in different soil N pools in
pure aspen stands, the correlations tended to be higher in the top and the bottom mineral

layers than in the organic layer (Figure 4.2c).
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45.4 N labelling experiment

Overall, the results of the labelling experiment (absolute 5°N values) showed a
decrease in *N-enrichment for both forms of °N-labeled with soil depth (Table 4.1).
This pattern was observed in both soil and roots. Following the **N-NH,* addition, the
roots were more ®N-enriched than soils in the three types of stands (Table 4.1). The
same pattern was observed for 1°N-NOs™ addition, except in pure spruce stands where
the average °N enrichment was significantly higher in soil than in roots following the
>N-NO;" addition.

Table 4.1. The '°N (mean and SEM) of roots and soils along the soil profile following
the addition of the two ®N-labelled forms in pure and mixed stands of spruce and
aspen.

Pure spruce Mixed (Spruce + Aspen)  Pure Aspen
S1N'NOs 8N NHs* 8N NOs 6N NHs5 8N NOs 8N NH.*
Org 163.18+66.9  100.2#27.2  70.96+20.2 61.33£31.8 48.41%30.75 125.03+54.2

Soil Minl 0.86+0.84 4.88+4.90 3.13£3.40 11.06+14.48 5.93+2.35 25.53+17.36
Min2 1.15+0.87 3.34+3.54 3.58+2.40 4.23+6.96 1.675+1.63 1.56+1.47
Org 240.5+119.1 155.2455.9 275.91+67.27 224.8+74.2

Aspen Minl 43.46+37.68 46.23+80.13 150.5+121.4 127.7+139.6

Roots Min2 41.63+67.58 17.7149.4

Org 147.46£70.7 220.3+89.9 181.6+64.2 198.4+105.7

Spruce  Minl  73.25+47.78 98.43+31.3 37.16+41.43 51.1860.23
Roots Min2

Org, Minl and Min2 refer to organic, mineral soil at 0-15 cm and mineral soil at 15-30
cm, respectively.

45.4.1 Patterns of root N enrichment in the organic soil

The values of the k-factor in both spruce and aspen revealed substantial variability
within and between pure and mixed stands (Figure 4.3a). Overall, roots of both species
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reacted more readily to *°N addition than the reactions leading to the retention of added
N in the soil medium (k> 1).

In pure aspen stands, the enrichment of aspen roots in 1°®N-NOs” was approximately 6-
fold that of ®N-NH4*. In mixed stands, aspen maintained the same enrichment level
for °N-NO3™ and °N-NH,*. However, the °N-NOs" enrichment of roots of aspen was
just one third of that in mixed stands as compared to pure stands. Instead, the *>N-NH4*

enrichment in the mixed stands was approximately 2-fold that of pure stands.

In pure spruce stands, in contrast, the enrichment of roots by *N-NHs" was
approximately 3-fold of that by ®N-NOs". In mixed stands, spruce retained the same
level of enrichment for *®*N-NH4* and ®N-NOs". While spruce retained the same level
of 1®'N-NH,* enrichment in pure and mixed stands, the °®N-NOs enrichment two times

higher in mixed than in pure stands.

4.5.4.2 Patterns of root °N enrichment in the mineral soil

The soil **N-labeled enrichment was lower in the mineral horizon than in the organic
horizon in the three types of stands. The 8!°N values recorded in mineral soil were
closer to the ®N natural isotopic abundance of soil (Figure 4.3b). In contrast, roots

were significantly more enriched than soils.

In aspen and spruce, the enrichment of roots was higher in pure than in mixed stands
for both °N-labeled forms (Figure 4.3b), with the highest values found in aspen (Table
4.1). The values of the isotopic fractionation (¢°N) were not significantly different
between the two N-labeled forms within each stand type for aspen (Figure 4.3b). In
spruce, however, while the values of the isotopic fractionation were significantly higher
for 1®N-NH4* than for ®N-NOs™ in mixed stands, that of pure stands did not show

significant differences.
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Figure 4.3 Variation of the correction factor (k) and the isotopic fractionation factor (&)
describing the preference of spruce and aspen for the two *°*N-labeled forms in (a) the
organic soil layer and (b) the mineral soil layers within and between stand types. The
letters indicate significant differences among stand types (Tukey multiple means test,
p <0.05). The x in the box represents the mean (n = 6). The median divides the box
into the interquartile range. The box represents 50% of the data set, distributed between
the 2nd and 3rd quartiles. The lower and upper whiskers represent the minimum and
maximum quartiles.



102

4.6 Discussion

4.6.1 Soil and foliage °N natural abundance

We found an increasing gradient in °N natural isotopic abundance from the organic to
the mineral soils in the three type of stands (Figure 4.1). This result is consistent with
previous studies in the boreal forest (Fujiyoshi et al., 2019; Hayashi et al., 2018; Houle
et al., 2014; Marty et al., 2011; Nadelhoffer et al., 1996). The natural variation of soil
5N reflect both soil N sources in the organic layer and fractionation of the soil N pool
during N transformation, i.e. increasing of ®N natural isotopic abundance in the
residual soil fraction due to mineralization of the organic matter. The fractionation
associated with the organic matter decomposition alter natural soil °N, resulting in a
strong enrichment of *°N in the top mineral soil or in more thoroughly decomposed soil
organic matter over time (Handley ez al., 1999; Nadelhoffer et Fry, 1988; Xu et al.,
2010). The fact that this pattern was more pronounced in pure spruce stands (especially
due to low *°N values in the organic horizon) may be attributed to the contribution of
1>N-depleted needles of spruce onto the soil surface by litter-fall and their lower organic
matter decomposition rate (Bostrom et al., 2007; Emmett et al., 1998; Nadelhoffer et
Fry, 1994).

In agreement with previous studies, foliage 5!°N values of both species were lower than
the 8*°N of bulk soil total-N (Craine et al., 2015; Fujiyoshi et al., 2019; Hayashi et al.,
2018; Houle et al., 2014) in the pure and mixed stands. The foliage 6°N is generally
®N-depleted relative to atmospheric N2 and to putative soil N source (Austin et
Vitousek, 1998; Chang et Handley, 2000; Marty et al., 2019) in wet and/or cold sites.
In pure stands, the 5'°N values of spruce needles were lower than aspen leaves. These
observations are consistent with those of previous studies in boreal forest (Choi et al.,
2005; Min et al., 1999, 2000; Siemens et al., 2011). Unexpectedly, aspen leaves had

lower §*°N values than spruce needles in mixed stands than in pure stands. These results
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may suggest changes in the N requirements of the two species between the two stand
types.

4.6.2 Correlation between leaves and soils 81°N

We found a positive correlation between the §!°N of spruce needles and 6°N of the
bulk organic soil in both pure and mixed stands supporting hypothesis 1 stating that
spruce takes up N in the shallow soil horizon of soil. Our data did not yield conclusive
result in respect to H1 for aspen: in mixed stands we observed a significant positive
correlation between the 8N of aspen leaves and the §'°N of the top mineral soil.
However, this pattern was absent in pure aspen stands. Aspen in the mixed stands takes
up its N in the top mineral soil layer, suggesting that aspen and spruce partition their N
uptake between different soil depths there. These observations corroborate with
previous finding that the shallower rooting of spruce and the deeper rooting of aspen
likely contribute to a stronger partition of their nutrient uptake in mixed stands (Ghotsa
Mekontchou et al., 2020).

The lack of significant correlation between leaf and soil 5°N in pure aspen stands may
suggest the aspen uptake of N is driven by the soil inorganic N pool. The dominant role
of inorganic N as a N source in plants appears to be associated with §*°N of the plant
being more closely correlated with the 8*°N of the inorganic N than with that of the
total N content of the medium (Cheng et al., 2010). A strong preference of aspen for
15N-NOs™ in pure stands, following the °*N addition experiment, supported this idea
(see below). Consistent with earlier studies (Kronzucker et al., 2003; Min et al., 2000;
Shenoy et al., 2013), the strong preference for NOs™ over NH4" by aspen may result
from the less acidic soils in pure aspen stands (Hawkins et Robbins, 2010). These
interpretations are also consistent with findings of previous studies, which showed very
low isotopic fractionation when NOs" is the major N source of the plant (Mariotti ez al.,
1981; Yoshida, 1988; Yoshida et al., 1989). Moreover, the thin organic layer of pure
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aspen stands may help maintain high temperature of the soil during the growing season,
which favors NO3™ uptake (Clarkson et al., 1986) in pure aspen than in mixed and pure

spruce stands.

Surprisingly, the 5!°N values of spruce needles were significantly higher in mixed than
in pure stands. The large isotopic difference recorded between the °N of spruce
needles of both pure and mixed stands result from difference in root distribution within
the organic soil horizon. Field observation revealed that spruce roots were much more
abundant in the H layer (at the limit with the mineral soil) in the organic horizon of
mixed stands while roots were mostly distributed in the F layer in pure stands. Although
we measured only the §'°N value of the bulk organic layer, other studies reported a
strong increasing 8*°N gradient from the L to the F and further down to the H layers in
boreal forests (Houle et al., 2014; Marty et al., 2011). In fact, the isotopic difference
(4%o) recorded between the 3*°N of spruce needles of pure and mixed stands is close to
the 3%o. isotopic difference recorded by Houle et al. (2014) between the F and H layers

of the organic horizon of spruce stands in Quebec.

On the other hand, we observed a higher soil N availability and a higher N foliar content
of spruce in mixed stands, and the lower isotopic difference between the 5°N of spruce
needles and the soil N source (organic layer). This pattern suggested a smaller
dependence of spruce on mycorrhizally derived N in mixed stands as compared to pure
stands (Hobbie et al., 2000, 2005). The lower 8°N values of spruce needles in pure
stands might therefore indicate a higher N input through ectomycorrhizae (ECM),
consistent with observation that the *°N fractionation is greater compared to the source
when the ECM are involved in the N uptake (Hobbie ef al., 2005, 2009). This pattern
is common to N-limiting ecosystems and has been reported to result from high
dependence of the species on ECMs for N uptake (Hobbie ez al., 1999; Hogberg, 1997).
Indeed, spruce mostly link with ECM fungi (see Chapter 111; Robertson et al., 2006).
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In aspen, the N isotopic difference of leaves between pure and mixed stands was
smaller than in spruce. Unlike spruce where the large isotopic difference suggested
both change in N cycling and the differences in the composition of ECM communities
between the two stand types, the lower 8'°N of aspen leaves in mixed than in pure
stands may result from a strong dependence of aspen upon mycorrhizae or from
preference for different N-inorganic forms. Indeed, the total N nutrient concentrations
did not differ significantly between the two stand types (Ghotsa Mekontchou et al.,
2020) and the richness and abundance of mycorrhizae species were found to be higher

on aspen roots in mixed than in pure stands (see Chapter I11).

4.6.3 N inorganic forms preference

The N labelling experiment revealed a clear preference of spruce for **N-NH4* and
aspen - for 1°N-NOjs™ in respective pure stands, supporting hypothesis 2. These results
demonstrate that the preference of black spruce for N-NH4* (Shenoy et al., 2013) and
that of trembling aspen for N-NOz™ (DesRochers et al., 2003; Shenoy et al., 2013) as
previously reported for seedling, are also observable for adult trees. The preference for
different forms of inorganic N may result from adaptations to the availability of N in
the habitat of these species (Min et al., 1999, 2000) and could be dependent on the
contrasting pH and soil temperature between the two stand types (Britto et Kronzucker,
2013). Indeed, a previous study in the studied stands had shown a higher rate of
nitrification than ammonification in pure aspen stands and the opposite pattern has been
reported in pure spruce stands (Légaré et al., 2005).

In mixed stands, both tree species had similar preference for *®N-NO3z~and **N-NH,*
that rejects hypothesis 3 stating that the inorganic N-form preferences of both species
observed in pure stands will be more pronounced in mixed stands. Spruce appears to
be more efficient in using the two inorganic N-forms in mixed than in pure stands.

Spruce preference for N-NOs~ increased by 2-fold whereas that for °N-NH4" was
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similar in mixed compared to pure stands. However, the fact that spruce and aspen
showed similar preference for both forms of inorganic N may indicate an increased
competition for the two inorganic N forms in the organic soil layer. As spruce uses an
intensive nutrient uptake strategy (Ghotsa Mekontchou et al., 2020) and has a higher
richness and abundance of mycorrhizae than aspen in organic soil layer (see Chapter
I11), spruce likely overcompetes aspen in the organic soil horizon of mixed stands. The
richest and the most abundant ECM taxa on spruce roots in the organic soil layer of
mixed stands were Cortinariaceae, Gloniaceae, Thelephoraceae and Russulaceae (See
Chapter I11). These families have a significant enzymatic activity, which facilitates the
mobilization of varied forms of nitrogen (organic and inorganic) in their immediate
vicinity (Agerer, 2001; Kyaschenko et al., 2017; Lindahl et Tunlid, 2015).

4.6.4 The impact of species mixture on N nutrition

Overall, aspen leaves had remarkably higher total N content than spruce even in mixed
stands where they grow in similar soil conditions. The higher N content of spruce
needles in mixed than in pure stands demonstrates a better N nutrition in mixed stands
supporting hypothesis 4. We speculate that the observed pattern probably reflects the
facilitative effect of aspen litter on soil N availability (Cavard et al., 2011; Légaré et
al., 2001, 2005; McClaugherty et al., 1982; Vogt et al., 1991), due to its litter high N
content and decomposition rate (Brassard et al., 2013; Steele et al., 1997). The total N
content of aspen leaves were lower in mixed stands although it remained relatively
high, suggesting a neutral or slightly negative effect of species mixture on aspen
nutrition. These results support previous findings that in the mixtures favors nutrition
of spruce more than that of aspen (Ghotsa Mekontchou ez al., 2020) and growth (Légaré
et al., 2005a, 2004).
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4.7 Conclusion

Providing accurate mechanistic interpretation of §'°N variations of natural samples
(leaves and soils) is a challenging task as these are the result of many biogeochemical
and physiological processes causing *°N-depletion or -enrichment of N pools. Aspen
and spruce are more likely to partition their N uptake among different soil horizons
rather than between forms of N within mixed stands of boreal mixedwoods.
Specifically, the strong correlation between the 3*°N values of aspen leaves and that of
the upper mineral layer in mixed stands indicated that it is the N uptake from the
mineral layer which drives the N dynamics of aspen in mixed stands. In contrast, spruce
N dynamics was driven by the N uptake from the organic soil layer. This pattern
appears to be common to mixed stands of deep- and shallow-rooted competitive species
in boreal forests (e.g., mixed jack pine and black spruce stands, Houle et al., 2014),
suggesting a harmonious coexistence between spruce and aspen because of reduced
competition for resources. The ®N-labeling experiment and the total N content of
leaves suggested an improvement in the N uptake capacity of spruce than that of aspen
in mixed stands as compared to pure stands. The results are consistent with the niche
complementarity hypothesis proposing that limited competition between species and a
more efficient use of resources diversified make communities containing species with
different functional traits more productive (Loreau et de Mazancourt, 2013; Loreau et
Hector, 2001; Tilman, 1999). These results therefore support previous findings of
Légaré et al. (2004) that mixed spruce—aspen stands have a higher volume of spruce

merchantable biomass, compared to pure spruce stands.
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CHAPTER V

GENERAL CONCLUSION

The three articles presented in this thesis examined the belowground interactions
between black spruce and trembling aspen in the boreal mixedwoods of eastern
Canada. The spatial distribution of fine roots and mycorrhizae within the soil profile as
well as the N of leaves and soils were analyzed and compared between pure and
mixed stands of the two species to understand how these species partition their use of
resources. The comparative approach was used to test whether the patterns observed in
mixed stands result from the effect of species mixing on species-specific resource use
strategy or from the fact that they maintain the same strategy as observed in their

respective pure stands.

The study results add another layer to the hypothesized competitive exclusion of aspen
by spruce with regard to competition for light in mixed stands, suggesting that aspen
could also be competitively excluded by aspen regarding soil resources usage. The
observed competitive exclusion mainly occurs in the organic horizon of mixed stands
where spruce benefits from a facilitative effect of aspen on the soil chemical properties
to adopt an intensive nutrient uptake strategy. This strategy provides spruce a
competitive advantage over aspen in the organic layer. The higher diversity and
abundance of root-associated mycorrhizal communities of spruce compared to those of
aspen in the organic horizon of mixed stands also suggested a competitive dominance
of spruce communities over that of aspen; supporting the hypothesis of competitive
exclusion in the organic horizon. The organic horizon was further proven to be the

major source of spruce nutrition as revealed by the positive correlations between the
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5N of spruce needles and the °N of the organic layer of the soil in both pure and mixed

stands.

The mixture of spruce and aspen is not as negative to aspen nutrition as suggested by
previous studies. Aspen maintained the same fine root biomass in the organic horizon
and increases it by 25% in the mineral horizon of mixed stands as compared to pure
aspen stands. We interpreted this pattern as competition avoidance mechanism since
the increased fine root biomass in the mineral soil was not correlated with the variations
and changes in the soil chemical properties within the soil profile of mixed stands and
between the two stand types, respectively. Such mechanism generally leads to the
specialization of the part of the root system free from interspecific competition in the
uptake of locally abundant resources (Hutchings et Wijesinghe, 1997; Stuefer, 1998;
Stueffer et al., 1996). The higher nutrient content of the mineral soil in mixed than in
pure aspen stands and their correlation with aspen fine root biomass indicated that
aspen nutrient uptake mainly takes place in the mineral horizon in mixed stands.
Additionally, the higher diversity and abundance of root-associated mycorrhizal
communities of aspen than that of spruce in the mineral horizon of mixed stands
suggested a competitive dominance of aspen over spruce in the mineral soil of mixed
stands. These finding corroborated the significant correlation observed between the
natural isotopic abundance of N in aspen leaves and that of the top mineral soil in mixed

stands.

This thesis shows that spruce nutrition improved in mixed stands as suggested by the
total N content of leaves than in pure spruce stands. The results also demonstrated that
spruce and aspen partition their N uptake at different soil depths in both stand types.
The N addition experiment showed a clear preference of spruce and aspen for
ammonium and nitrate, respectively. These preferences were not observed in mixed
stand were both species taken up the two forms of inorganic N in similar proportions.
Specifically, the results indicated that spruce N dynamics is driven by the N uptake

from the organic soil layer whereas aspen N dynamics is driven by uptake from the
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mineral N pool. This pattern is common to mixed stands of deep- and shallow-rooted
competitive species in boreal forests (e.g., mixed jack pine and black spruce stands,
Houle et al., 2014), suggesting a harmonious coexistence between spruce and aspen
because of reduced competition for soil resources. This could therefore justify why an
earlier study (Kemperman et Barnes, 1976) that investigated aspen root system
suggested that aspen can persist in mixed stands, refuting the hypothesized competitive

exclusion of aspen by conifers in the intermediate stages of forest succession.

Regarding the implications for tree growth, the contrasting root foraging strategies of
spruce between the two stand types suggested a better spruce growth in mixed stands
than in pure stands. The intensive nutrient uptake strategy (lower FRB and higher
RDMC) used by spruce in mixed stands are generally associated with low C cost for
root production to the plant, and the reverse for the extensive strategy (higher C cost to
the plant) (Addo-Danso et al., 2018; Lohmus et al., 1989). This indicates a reduced
carbon allocation into root biomass (Bauhus et Messier, 1999; Eissenstat et al., 2015).
In pure stands, the extensive strategy was exhibited through higher spruce FRB, its
strong and negative correlation with nutrient content (N, NHs, K, CEC), and higher
RDMC in both the organic and the top mineral layers of soil (Craine, 2005; Tilman,
1982, 2007). Spruce would therefore allocate more C to its aboveground growth in
mixed than in pure stands where the C is mostly allocated underground for nutrients
foraging. These results are consistent with the previous observation (Légaré et al.,
2004) that mixed spruce—aspen stands have a higher merchantable volume with a

similar spruce biomass whose individual stems size are larger than pure spruce stands.

Aspen, unlike spruce, may have a better growth in pure than in mixed stands, although
it has the same root foraging strategy in the two stand types. Compared to the total root
biomass of aspen in pure stands, the increased root biomass of aspen in mixed stands
suggests that aspen allocate more biomass to fine roots compared to aboveground
biomass in mixed than in pure stands. Its double symbiosis (linkage with both ECM

and AM) as well as the decrease of its ECM:AM ratio likely contribute to increasing
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the underground allocations of C in mixed than in pure stands. Unlike ECM fungi, AM
fungi are obligate biotroph and depend exclusively on host-derived C to complete their
life cycle (Wright ef al., 1998). This explains the smaller size (DBH) of aspen stems in

mixed than in pure stands.

The main limitation of this study was the limited number of sites. Indeed, the inter-site
variability observed in the rooting patterns of spruce in mixed stands suggests that the
interspecific competition may increase with a higher aspen basal area. However, the
limited number of sites in our study did not allow us to test such hypothesis. To do so,
it would be necessary to increase the sampling size to ensure adequate coverage of a
range of canopy compositions. Nevertheless, we speculate from the study results that
the negative impact of aspen on spruce nutrient uptake would be minimal, due to the
facilitative effect of aspen on soil nutrient availability compared to multiple
competitive mechanisms (intraspecific competition, interference with Ericaceae and

nutrient immobilization by moss layer) which are at play in pure spruce stands.

At a practical level, we recommend forest managers to diversify silvicultural practices

across the forest landscape according to the types of stands.

- In spruce-dominated stands, we recommend maintaining the hardwood
component during pre-commercial thinning. Spruce-dominated stands are generally
strewn with small clumps of aspen stems. The pre-commercial thinning traditionally
used in the spruce-feathermoss domain are often oriented to eliminate the hardwood
component during the intermediate stage of the forest succession in order to confirm
the main vocation of these stands i.e. the production of softwood. This practice should
be considered obsolete. Precommercial thinning should rather be redirected towards
the conifers component to reduce the competition (intraspecific, moss and ericaceous)
for resources while keeping an open canopy with low proportion of aspen. The presence
of aspen would provide some stability to spruce-dominated stands and will reduce their
susceptibility to productivity losses. The aspen kept in the stands will play the role of

shelter for regeneration and favor the decomposition process while limiting the risk of
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paludification; phenomenon which is likely to dominate in the study area if the
frequency of fires decreases with changing climatic conditions.

- Inpure aspen and mixed stands, we recommend promoting the mixing of spruce
and aspen. We found that beside their coexistence, spruce and aspen also efficiently
used the available resources. Thus, to encourage mixing, pre-commercial and
commercial thinning or regular progressive and variable retention cuts should be
prescribed in pure aspen stands. In contrast, irregular progressive cuts or selective
cuttings should be prescribed in mixed stands. The spatial stratification observed in the
root system of the two species is similar to that of the structure of their crowns. Aspen
are generally taller than spruce. Their crown hierarchy was reported to benefit spruce
which prefers diffuse light for its photosynthesis since the aspen in the upper strata
effectively capture direct light. These mixed silvicultural practices will therefore create
and maintain stands with complex and varied internal structures (Grenon et al., 2010;
Grondin et al., 2003; Patry et al., 2013). They will also allow, in mixed stands, to
maintain ecological attributes associated with older forests (Grenon et al., 2010; Jetté
et al., 2013). However, the proportion of species that should be extracted still have to

be determined.

At the theoretical level, the study results are consistent with the niche complementarity
hypothesis in the context of biodiversity-productivity relationship studies. Specifically,
the accentuation of the spatial differences in the root structure and in the distribution
of root-associated mycorrhizal community of spruce and aspen along the soil profile,
as well as the shift from the preference for one form of inorganic in pure stands to the
uptake of both N-inorganic forms in mixed stands support the premise (Loreau et de
Mazancourt, 2013; Loreau et Hector, 2001; Tilman, 1999) that diversified communities
containing species with different functional traits are the most productive because of
limited competition between species and more efficient use of resources. The variations
in root biomass observed in spruce in response to the change in soil chemical properties

and not to interspecific competition add another dimension to Philip Grime’s CSR
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theory (Grime, 1977) on the importance of competition. Indeed, Grime (1977) suggests
that in response to competition for resources, stress tolerant species like spruce will
generally exhibit slow and small amplitude change in the root:shoot ratio. However,
we recorded large amplitude of root biomass variations (23 to 45%) between mixed
and pure spruce stands. This confirms Tilman’s theory (Tilman, 1980, 1982) which,
unlike Grime, suggests that competition is always present and variations in species
attributes could simply depend on the concentration of the limiting resource in the
ecosystem. Thus, future diversity-productivity studies should combine these two
theories as suggested by Craine (2005) to investigate how interactions between species
influence the productivity of ecosystems.

The results revealed the complexity of providing accurate mechanistic interpretation of
3'°N variations of natural samples (leaves and soils) which are the result of many
biogeochemical and physiological processes causing **N-depletion or -enrichment of
N pools. We therefore suggest that, first, to use the rooting depth in DPR models to
assess the potential impact of the vertical partitioning of resources between species on
stand productivity. Second, the diversity and abundance of mycorrhizal symbiosis
should be used to deduce competitive interactions within the soil profile. Information
on mycorrhizae was found to provide results similar to those obtained by combining
the root biomass and root tissue density (nutrient uptake strategy). The quantification
of their diversity and abundance is also less susceptible to measurement bias as is the
case for the measurement for the root tissue density. Such an approach has been
successfully used by Paquette and Messier (2011), which so far represents the only
DPR study whose model used explains a greater part of productivity variation in the

boreal forest.



APPENDIX A
SUPPLEMENTARY INFORMATION CHAPTER II
Table S2.1 Summary of soil chemical properties (mean and SEM). Each stand type was

replicated three times. FF, Minl and Min2 refer to organic horizon, mineral soil at O-
15 cm and mineral soil at 15-30 cm, respectively.

Stand type
Properties Soil -
Pure spruce Mixed Pure aspen
layer
(spruce + aspen)
Total C (g kg?) FF 341.66 +£32.8% 323.83 +£23.83* 263.33 +60.76 A
Minl 23.5+8.03% 24.33+5.78 % 20.41 +5.86 B
Min2 5.58 + 02.96 % 7.16+3.12%¢ 5.91+1.66%
Total N (g kg FF 8.73 £1.68 % 12.21 +1.41°4 13.14 +£3.63 P
h Minl 1.09 + 0.55 28 1.25+0.28 % 1.20+0.38 %
Min2 0.3+0.17% 0.4+0.113¢ 0.35+0.06
C:N ratio FF 40.13 £ 8.62 % 26.91 + 4,94 PA 20.54 +5.35 A
Minl 22.65+3.18 % 19.42 + 0.43 %8 17.36 = 1.64 A
Min2 19+1.01% 17.18 £3.34 % 16.91. +£1.93%
pH (H20) FF 3.93+£0.27% 4.68 +0.23 %A 5.15+0.25 A
Minl 474+0.13% 5.02 +0.23 b8 5.43£0.51 A
Min2 5.42 £0.36 5.44 £0.3% 6.11+0.8 8
NH. (mg kg™) FF 28.66 +5.9 % 35.58 £ 7.4 PA 49.08 + 20.69 A
Minl 2.66 +0.28 %8 4+1.25"% 3.58 +1.01 8
Min2 2.08+0.14 % 2+0.75% 25+05%
Exchangeable P FF 93.58 £31.9% 94,16 +58.10 * 68.58 + 28.58 A
(mg kgt) Minl 7.33+1.75% 6.08 £1.01%® 5.66 + 0.57 %8
Min2 12.33 £ 4.88 % 9.66 + 6.13 2B 8.08+7.3%
Exchangeable K FF 473.33 £73.43% 520.41 +£101.5% 480.33 £132.93 *
(mg kgt) Minl 76.75+28.36® 118.16 + 41.64 B 144,58 + 58.13 B
Min2 99.5 +24.6 93.83+18% 121.75 + 27.94 B
CEC (meq 100g™* FF 127.95 £ 3.32 3 114.65 + 3.6 °A 107.61 + 6.86 <A
soil) Minl 28.64 £ 5.36 % 26.22 +4.9% 25.88 + 3.38
Min2 19.10 £ 2.75%¢ 195+293% 20.13+19%
Organic layer depth 10.75+2.19°2 9.13+0.99°2 6.78+2.11°

(cm)

Differences among stand types for each soil layer and differences among soil layers within each stand
type were tested using a one-way analysis of variance. Statistical differences among pairwise
comparisons at p = 0.05 are denoted by lowercase letters for significant differences among stand types,
and capital letters for significant differences among soil layers. pH, total carbon (C), total nitrogen (N),
ammonium (NH4) and C to N ratio were determined as in Carter & Gregorich (Carter et Gregorich,
2008) whereas exchangeable phosphorus (P), exchangeable potassium (K) and cation exchange capacity
(CEC) were determined by Mehlich 3 extraction technique (Mehlich, 1984).
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Figure S2.1 ANCOVA results comparing the variation in (A) fine root biomass (kg m"
%) and (B) root dry matter content (g g*) of black spruce and trembling aspen with soil
C:N ratio, total N, ammonium, exchangeable phosphorus and potassium and the sum
of exchangeable cations (CEC) concentration within the three soil horizon layers for
both species among the three types stands. Each line represent the relationship between
the two variables for each species per each stand type (Aspen-Mixed, Aspen-Pure,
Spruce-Mixed and Spruce-Pure). For each species, the lines with the same direction
indicate the same root allocation strategy between pure and mixed stands whereas lines
with opposite directions indicate different strategies. The stronger the correlation
between a given nutrient and FRB, the more competitive the species is in one type of
stand compared to the other.
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Figure S2.1 Continued.
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Figure S2.1 Continued.
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Figure S2.1 Continued.
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Figure S2.1 Continued.
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Figure S2.1 Continued.



APPENDIX B

SUPLLEMENTARY INFORMATION CHAPTER IlI

Table S2.1 Summary of soil chemical properties (mean and SEM). Each stand type was
replicated three times. FF, Minl and Min2 refer to organic horizon, mineral soil at O-
15 cm and mineral soil at 15-30 cm, respectively.

Stand type
Properties Soil Pure spruce Mixed Pure aspen
layer
(spruce + aspen)
Total C (g kg?) FF 341.66 +32.8 3 323.83+23.83*  263.33 +£60.76 A
Minl 23.5+8.03% 24.33+5.78 % 20.41 +5.86 "B
Min2 5.58 +02.96 € 7.16 £3.12% 5.91 + 1.66 %
Total N (g kg FF 8.73 £1.68 % 12.21 +1.410A 13.14 +3.63 P4
h Minl 1.09 + 0.55 28 1.25+0.28 % 1.20+0.38 %
Min2 0.3+0.17% 0.4 +0.11 3¢ 0.35+0.06 ¢
C:N ratio FF 40.13 +£8.62 % 26.91 + 4.94 bA 20.54 £ 5,35 ¢A
Minl 22.65+3.18 19.42 + 0.43 %8 17.36 £ 1.64 A
Min2 19+1.01% 17.18 +3.34 %8 16.91. £1.93%
pH (H20) FF 3.93+£0.27% 4.68 +0.23 A 5.15+0.25¢A
Minl 474+0.13% 5.02 +0.23 b8 5.43+0.51 ¢
Min2 5.42 £0.36 5.44 £0.3% 6.11+0.8 8
NHs (mg kg™l) FF 28.66 £ 5.9 35.58 + 7.4 PA 49.08 + 20.69 A
Minl 2.66 +£0.28 & 4+1.2508 3.58+1.01b8
Min2 2.08£0.14 % 2+0.75% 25+05%
Exchangeable P FF 93.58 £ 31.9 94.16 + 58.10 68.58 + 28.58 A
(mg kg?) Minl 7.33+1.75% 6.08 +1.01 %8 5.66 £ 0.57
Min2 12.33 +4.88 % 9.66 + 6.13 %8 8.08 £7.3%
Exchangeable K FF 473.33+73.43 520.41 +£101.5% 480.33 +132.93
(mg kg™ Min1 A 118.16 + 41.64 P8 A
Min2 76.75 + 28.36 %8 93.83+18% 144,58 +58.13 8
99.5 +24.6 121.75 + 27.94 9B
CEC (meq 100g*soil) FF 127.95 + 3.32 3 114.65 + 3.6 P4 107.61 + 6.86 A
Minl 28.64 £ 5.36 % 26.22+4.9% 25.88 + 3.38 %8
Min2 19.10+2.75%¢ 195+2.9:%¢ 20.13+£1.9%
Organic layer depth 10.75+2.19°2 9.13+0.992 6.78+2.11°

(cm)

Differences among stand types for each soil layer and differences among soil layers within each stand
type were tested using a one-way analysis of variance. Statistical differences among pairwise
comparisons at p = 0.05 are denoted by lowercase letters for significant differences among stand types,
and capital letters for significant differences among soil layers. pH, total carbon (C), total nitrogen (N),
ammonium (NH,4) and C to N ratio were determined as in Carter & Gregorich (Carter et Gregorich,
2008) whereas exchangeable phosphorus (P), exchangeable potassium (K) and cation exchange capacity
(CEC) were determined by Mehlich 3 extraction technique (Mehlich, 1984).
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Table S3.2 Matrix of dissimilarity (permuted p-value) of mycorrhizal communities
associated with spruce and aspen roots along the soil profile within and between pure

and mixed stands.

Species Spruce Aspen
Stand Pure stand Mixed stand Mixed stand Pure stand
e Soil Org Minl Org Minl Org Minl Min2 Org Minl
layer
Spruce Pure Org 0.14 0.002 0.11 0.23 0.58
stand - jing 015 0.68 0.44
Mixed Org 047 026 0.171 0.33
stand - jing 089 0895 0.37
Aspen  Mixed Org 0989 025 0.86 0.03
sand -y iny 017 087 001
Min2 0.19  0.005
Pure Org 0.041
stand Min1

The p.values were computed using the permutational analysis for the multivariate
homogeneity of dispersion which compare the Bray-Curtis distance from the NMDS.
Significant p.value (in bold) indicate a similarity in the composition of mycorrhizal
communities. For soil layers, the abbreviations Org, Minl and Min2 refers to the
organic, the top 0-15 cm and bottom 15-30 cm mineral layers, respectively.
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Table S3.3 Exploration types and hydrophobicity of identified mycorrhizal fungi
ranked at family and genus level. Hi and Ho refers to hydrophilic and hydrophobic,
respectively. nd stands for undetermined.

Family Genus Exploration types Hydrophobicity
Amanitaceae Amanita Medium-distance (Smooth subtype) Hi
Amphinema Medium-distance (Fringe subtype) Ho
Atheliaceae Piloderma Medium-distance (Fringe subtype)
Tylospora Medium-distance (Fringe subtype)
Clavulinaceae Clavulina Contact Hi (Nitrophobic)
Alnicola Medium-distance (Fringe subtype) Ho

Cortinariaceae

Cortinarius

Leucocortinarius

Elaphomycetaceae ~ Elaphomyces Short-distance Hi
Entolomataceae Entoloma Medium-distance (Fringe subtype) Ho
Glomeraceae Glomus nd (nitrophilic fungi) Nitrophilic
Gloniaceae Cenococcum Short-distance Hi
Helotiaceae Meliniomyces Short-distance Hi
Hydnangiaceae Laccaria Medium-distance (Fringe subtype) Ho
Hygrophoraceae Gliophorus Contact Hi
Hygrophorus
Hymenogastraceae ~ Hebeloma Short-distance Hi
Inocybaceae Inocybe Short-distance Hi
Genea Short-distance Hi
Pyronemataceae Humaria
Sphaerosporella
Tricharina
Rhizopogonaceae Rhizopogon Long distance Ho
Russulaceae Lactarius Contact Hi (Nitrophobic)
Russula Contact Hi (Nitrophobic)
Sebacinaceae Sebacina Short-distance Hi
Septobasidiaceae Auriculoscypha nd nd
Pseudotomentella  Medium-distance (Smooth subtype) Ho

Thelephoraceae

Tricholomataceae

Tomentella /
Thelephora
Fayodia

Tricholoma

Medium-distance (Fringe subtype) /
Long-distance

Ho (Nitrophilic)

Ho
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(b)

Figure S3.1 Distribution of mycorrhizal communities of (a) spruce and (b) aspen
affected by family and guild for combined data of pure and mixed stands.
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Figure S3.2 CLAM test results showing stand type preference of root-associated
mycorrhizal communities of spruce and aspen based on OTUs rank and their abundance
(number of reads) in the organic and the mineral soil layers.
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(@)

(b) (©)

Figure S4.1 Simple linear regression analysis of total N content and 5!°N of leaves of
spruce and aspen (a) within pure and mixed stands, and (b,c) for the combined data of
pure and mixed stands. r is the Pearson’s correlation coefficient and p indicates the
significance of the relationship at p = 0.05.



REFERENCES

Addo-Danso, S. D., Prescott, C. E., Adu-Bredu, S., Duah-Gyamfi, A., Moore, S., Guy,
R. D., ... Malhi, Y. (2018). Fine-root exploitation strategies differ in tropical
old growth and logged-over forests in Ghana. Biotropica, 50(4), 606-615. doi:
10.1111/btp.12556

Agerer, R. (2001). Exploration types of ectomycorrhizae. Mycorrhiza, 11(2), 107-114.
doi: 10.1007/s005720100108

Aguillon, R. L. et Garbaye, J. (1990). Some aspects of a double symbiosis with
ectomycorrhizal and VAM fungi. Agriculture, Ecosystems & Environment,
29(1-4), 263-266. doi: 10.1016/0167-8809(90)90285-L

Aikio, S., Vére, H. et Strommer, R. (2000). Soil microbial activity and biomass in the
primary succession of a dry heath forest. Soil Biology and Biochemistry,
32(8-9), 1091-1100. doi: 10.1016/S0038-0717(00)00019-5

Altschul, S. F., Gish, W., Miller, W., Myers, E. W. et Lipman, D. J. (1990). Basic local
alignment search tool. Journal of Molecular Biology, 215(3), 403-410. doi:
10.1016/S0022-2836(05)80360-2

Anderson, M. J. (2006). Distance-Based Tests for Homogeneity of Multivariate
Dispersions.  Biometrics,  62(1),  245-253. doi:  10.1111/j.1541-
0420.2005.00440.x

Armstrong, G. W. (2014). Considerations for boreal mixedwood silviculture: A view
from the dismal science. The Forestry Chronicle, 90(01), 44-49. doi:
10.5558/tfc2014-009

Attiwill, P. M. (1994). The disturbance of forest ecosystems: the ecological basis for
conservative management. Forest Ecology and Management, 63(2-3), 247-300.
doi: 10.1016/0378-1127(94)90114-7

Aussenac, R., Bergeron, Y., Ghotsa Mekontchou, C., Gravel, D., Pilch, K. et
Drobyshev, 1. (2016). Intraspecific variability in growth response to
environmental fluctuations modulates the stabilizing effect of species diversity
on forest growth. Journal of Ecology, 105(4), 1010-1020. doi: 10.1111/1365-
2745.12728

Austin, A. T. et Vitousek, P. M. (1998). Nutrient dynamics on a precipitation gradient
in Hawai’i. Oecologia, 113(4), 519-529. doi: 10.1007/s004420050405

Averill, C. et Hawkes, C. V. (2016). Ectomycorrhizal fungi slow soil carbon cycling.
Ecology Letters, 19(8), 937-947. doi: 10.1111/ele.12631



132

Bais, H. P., Park, S.-W., Weir, T. L., Callaway, R. M. et Vivanco, J. M. (2004). How
plants communicate using the underground information superhighway. Trends
in Plant Science, 9(1), 26-32. doi: 10.1016/j.tplants.2003.11.008

Barry, S. et Elith, J. (2006). Error and uncertainty in habitat models. Journal of Applied
Ecology, 43(3), 413-423. doi: 10.1111/j.1365-2664.2006.01136.x

Bauhus, J. et Messier, C. (1999). Soil exploitation strategies of fine roots in different
tree species of the southern boreal forest of eastern Canada. Canadian Journal
of Forest Research, 29(2), 260-273.

Bauhus, J., Pare, D. et Coté, L. (1998). Effects of tree species, stand age and soil type
on soil microbial biomass and its activity in a southern boreal forest. Soil
Biology  and  Biochemistry,  30(8), 1077-1089. Récupéré de
http://www.sciencedirect.com/science/article/pii/S0038071797002137

Bazzaz, F. A. (1979). The Physiological Ecology of Plant Succession. Annual Review
of Ecology and Systematics, 10(1), 351-371. doi:
10.1146/annurev.es.10.110179.002031

Beghin, R., Cherubini, P., Battipaglia, G., Siegwolf, R., Saurer, M. et Bovio, G. (2011).
Tree-ring growth and stable isotopes (**C and °N) detect effects of wildfires
on tree physiological processes in Pinus sylvestris L. Trees, 25(4), 627-636.
doi: 10.1007/s00468-011-0539-9

Bending, G. D. (2003). Litter decomposition, ectomycorrhizal roots and the « Gadgil »
effect. New  Phytologist, 158(2), 228-229. doi: 10.1046/j.1469-
8137.2003.00752.x

Bending, G. D. et Read, D. J. (1997). Lignin and soluble phenolic degradation by
ectomycorrhizal and ericoid mycorrhizal fungi. Mycological Research,
101(11), 1348-1354. doi: 10.1017/S0953756297004140

Benedetto, A., Magurno, F., Bonfante, P. et Lanfranco, L. (2005). Expression profiles
of a phosphate transporter gene (GmosPT) from the endomycorrhizal fungus
Glomus mosseae. Mycorrhiza, 15(8), 620-627. doi: 10.1007/s00572-005-0006-
9

Bent, E., Kiekel, P., Brenton, R. et Taylor, D. L. (2011). Root-Associated
Ectomycorrhizal Fungi Shared by Various Boreal Forest Seedlings Naturally
Regenerating after a Fire in Interior Alaska and Correlation of Different Fungi
with Host Growth Responses. Applied and Environmental Microbiology,
77(10), 3351-3359. doi: 10.1128/AEM.02575-10

Berger, T. W., Sun, B. et Glatzel, G. (2004). Soil seed banks of pure spruce (Picea
abies) and adjacent mixed species stands. Plant and Soil, 264(1/2), 53-67. doi:
10.1023/B:PLS0.0000047753.36424.41



133

Berger, T. W., Untersteiner, H., Toplitzer, M. et Neubauer, C. (2009). Nutrient fluxes
in pure and mixed stands of spruce (Picea abies) and beech (Fagus sylvatica).
Plant and Soil, 322(1-2), 317-342. doi: 10.1007/s11104-009-9918-z

Bergeron, Y. (2000). Species and Stand Dynamics in the Mixed Woods of Quebec’s
Southern Boreal Forest. Ecology, 81(6), 1500. doi: 10.2307/177302

Bergeron, Y., Chen, H. Y., Kenkel, N. C., Leduc, A. L. et Macdonald, S. E. (2014).
Boreal mixedwood stand dynamics: ecological processes underlying multiple
pathways. The Forestry Chronicle, 90(2), 202-213.

Bergeron, Y. et Dansereau, P.-R. (1993). Predicting the composition of Canadian
southern boreal forest in different fire cycles. Journal of Vegetation Science, 4,
827-832. doi: 10.2307/3235621

Bergeron, Y. et Dubuc, M. (1988). Succession in the southern part of the Canadian
boreal forest. Vegetatio, 79(1-2), 51-63. doi: 10.1007/BF00044848

Bergeron, Y. et Harper, K. A. (2009). Old-Growth Forests in the Canadian Boreal: the
Exception Rather than the Rule? Dans C. Wirth, G. Gleixner et M. Heimann
(dir.), Old-Growth Forests: Function, Fate and Value (p. 285-300). Berlin,
Heidelberg: Springer Berlin Heidelberg. Récupéré de
http://dx.doi.org/10.1007/978-3-540-92706-8_13

Bergeron, Y., Leduc, A., Joyal, C. et Morin, H. (1995). Balsam fir mortality following
the last spruce budworm outbreak in northwestern Quebec. Canadian Journal
of Forest Research, 25(8), 1375-1384. doi: 10.1139/x95-150

Berntson, G. M. (1994). Modelling root architecture: are there tradeoffs between
efficiency and potential of resource acquisition? New Phytologist, 127(3),
483-493. doi: 10.1111/1.1469-8137.1994.tb03966.x

Bertness, M. D. et Callaway, R. (1994). Positive interactions in communities. Trends
in Ecology & Evolution, 9(5), 191-193. doi: 10.1016/0169-5347(94)90088-4

Bertness, M. D., Leonard, G. H., Levine, J. M., Schmidt, P. R. et Ingraham, A. O.
(1999). Testing the Relative Contribution of Positive and Negative Interactions
in Rocky Intertidal Communities. Ecology, 80(8), 2711-2726. doi:
10.1890/0012-9658(1999)080[2711: TTRCOP]2.0.C0O;2

Bhatti, J. S., Foster, N. W. et Hazlett, P. W. (1998). Fine root biomass and nutrient
content in a black spruce peat soil with and without alder. Canadian journal of
soil science, 78(1), 163-169.

Bidartondo, M. I., Kretzer, A. M., Pine, E. M. et Bruns, T. D. (2000). High root
concentration and uneven ectomycorrhizal diversity near Sarcodes sanguinea
(Ericaceae): a cheater that stimulates its victims? American Journal of Botany,
87(12), 1783-1788. doi: 10.2307/2656829



134

Birouste, M., Zamora-Ledezma, E., Bossard, C., Pérez-Ramos, I. M. et Roumet, C.
(2014). Measurement of fine root tissue density: a comparison of three methods
reveals the potential of root dry matter content. Plant and Soil, 374(1-2),
299-313. doi: 10.1007/s11104-013-1874-y

Bodeker, 1. T. M., Clemmensen, K. E., de Boer, W., Martin, F., Olson, A. et Lindahl,
B. D. (2014). Ectomycorrhizal Cortinarius species participate in enzymatic
oxidation of humus in northern forest ecosystems. New Phytologist, 203(1),
245-256. doi: 10.1111/nph.12791

Borcard, D., Gillet, F. et Legendre, P. (2011). Numerical Ecology with R. New York,
NY: Springer New York. doi: 10.1007/978-1-4419-7976-6

Borowicz, V. A. (2001). Do Arbuscular Mycorrhizal Fungi Alter Plant-Pathogen
Relations? Ecology, 82(11), 3057-3068. doi: 10.2307/2679834

Bostrom, B., Comstedt, D. et Ekblad, A. (2007). Isotope fractionation and 3C
enrichment in soil profiles during the decomposition of soil organic matter.
Oecologia, 153(1), 89-98. doi: 10.1007/s00442-007-0700-8

Bouchard, M., Kneeshaw, D. et Bergeron, Y. (2006). Forest dynamics after successive
spruce budworm outbreaks in mixedwood forests. Ecology, 87(9), 2319-2329.

Boyer, F., Mercier, C., Bonin, A., Le Bras, Y., Taberlet, P. et Coissac, E. (2016).
OBITOOLS: a UNIX -inspired software package for DNA metabarcoding.
Molecular Ecology Resources, 16(1), 176-182. doi: 10.1111/1755-0998.12428

Bradshaw, A. D. (1965). Evolutionary Significance of Phenotypic Plasticity in Plants.
Dans Advances in Genetics (E.W. Caspari and J.M. Thoday, Eds.;, vol. 13, p.
115-155). New York, NY, USA: Academic Press. doi: 10.1016/S0065-
2660(08)60048-6

Bradshaw, C. J. A., Warkentin, I. G. et Sodhi, N. S. (2009). Urgent preservation of
boreal carbon stocks and biodiversity. Trends in Ecology & Evolution, 24(10),
541-548. doi: 10.1016/j.tree.2009.03.019

Brais, S. et Camiré, C. (1992). Keys for soil moisture regime evaluation for
northwestern Quebec. Canadian Journal of Forest Research, 22(5), 718-724.
doi: 10.1139/x92-096

Brandt, J. P. (2009). The extent of the North American boreal zone. Environmental
Reviews, 17(NA), 101-161. doi: 10.1139/A09-004

Brandt, J. P., Flannigan, M. D., Maynard, D. G., Thompson, I. D. et Volney, W. J. A.
(2013). An introduction to Canada’s boreal zone: ecosystem processes, health,
sustainability, and environmental issues. Environmental Reviews, 21(4),
207-226. doi: 10.1139/er-2013-0040



135

Brassard, B. W. et Chen, H. (2010). Stand structure and composition dynamics of
boreal mixedwood forest: Implications for forest management.

Brassard, B. W., Chen, H. Y. H. et Bergeron, Y. (2009). Influence of Environmental
Variability on Root Dynamics in Northern Forests. Critical Reviews in Plant
Sciences, 28(3), 179-197. doi: 10.1080/07352680902776572

Brassard, B. W., Chen, H. Y. H., Bergeron, Y. et Par¢, D. (2011). Differences in fine
root productivity between mixed- and single-species stands: Fine root
productivity in boreal forest. Functional Ecology, 25(1), 238-246. doi:
10.1111/j.1365-2435.2010.01769.x

Brassard, B. W., Chen, H. Y. H., Cavard, X., Laganiere, J., Reich, P. B., Bergeron, Y.,
... Yuan, Z. (2013). Tree species diversity increases fine root productivity
through increased soil volume filling. Journal of Ecology, 101(1), 210-219. doi:
10.1111/1365-2745.12023

Brisson, J. et Reynolds, J. F. (1994). The Effect of Neighbors on Root Distribution in
a Creosotebush (Larrea Tridentata) Population. Ecology, 75(6), 1693-1702. doi:
10.2307/1939629

Britto, D. T. et Kronzucker, H. J. (2013). Ecological significance and complexity of N-
source preference in plants. Annals of Botany, 112(6), 957-963. doi:
10.1093/aob/mct157

Brundrett, M. C. (2002). Coevolution of roots and mycorrhizas of land plants. New
Phytologist, 154(2), 275-304. doi: 10.1046/j.1469-8137.2002.00397.x

Brundrett, M. C. (2009). Mycorrhizal associations and other means of nutrition of
vascular plants: understanding the global diversity of host plants by resolving
conflicting information and developing reliable means of diagnosis. Plant and
Soil, 320(1-2), 37-77. doi: 10.1007/s11104-008-9877-9

Bruno, J. F., Stachowicz, J. J. et Bertness, M. D. (2003). Inclusion of facilitation into
ecological theory. Trends in Ecology & Evolution, 18(3), 119-125. doi:
10.1016/S0169-5347(02)00045-9

Bruns, T. D., Bidartondo, M. I. et Taylor, D. L. (2002). Host Specificity in
Ectomycorrhizal Communities: What Do the Exceptions Tell Us? Integrative
and Comparative Biology, 42(2), 352-359. doi: 10.1093/icb/42.2.352

Burton, P. J., Bergeron, Y., Bogdanski, B. E. C., Juday, G. P., Kuuluvainen, T.,
McAfee, B. J., ... Hantula, J. (2010). Sustainability of boreal forests and
forestry in a changing environment. Dans Forests and society: responding to
global drivers of change (vol. 25, p. 249-282). Vienna: International Union of
Forest Research Organizations.

Callaway, R. M. (1995). Positive interactions among plants. The Botanical Review,
61(4), 306-349. doi: 10.1007/BF02912621



136

Callaway, R. M. (2002). The detection of neighbors by plants. Trends in Ecology &
Evolution, 17(3), 104-105. doi: 10.1016/S0169-5347(01)02438-7

Callaway, R. M., Brooker, R. W., Choler, P., Kikvidze, Z., Lortie, C. J., Michalet, R.,
... Cook, B. J. (2002). Positive interactions among alpine plants increase with
stress. Nature, 417(6891), 844-848. doi: 10.1038/nature00812

Callaway, R. M., Nadkarni, N. M. et Mahall, B. E. (1991). Facilitation and Interference
of Quercus Douglasii on Understory Productivity in Central California.
Ecology, 72(4), 1484-1499. doi: 10.2307/1941122

Campbell, B. D., Grime, J. P. et Mackey, J. M. L. (1991). A trade-off between scale
and precision in resource foraging. Oecologia, 87(4), 532-538. doi:
10.1007/BF00320417

Carter, M. R. et Gregorich, E. G. (dir.). (2008). Soil sampling and methods of analysis
(2nd ed). [Pinawa, Manitoba]: Boca Raton, FL: Canadian Society of Soil
Science ; CRC Press.

Casper, B. B. et Jackson, R. B. (1997). Plant competition underground. Annual Review
of Ecology and Systematics, 28(1), 545-570. doi:
10.1146/annurev.ecolsys.28.1.545

Casper, B. B., Schenk, H. J. et Jackson, R. B. (2003). Defining a plant’s belowground
zone of influence. Ecology, 84(9), 2313-2321. doi: 10.1890/02-0287

Cavard, X., Bergeron, Y., Chen, H. Y. H. et Par¢, D. (2010). Mixed-species effect on
tree aboveground carbon pools in the east-central boreal forests. Canadian
Journal of Forest Research, 40, 37-47. doi: 10.1139/x09-171

Cavard, X., Bergeron, Y., Chen, H. Y. H., Paré, D., Laganiere, J. et Brassard, B.
(2011a). Competition and facilitation between tree species change with stand
development.  Oikos, 120(11), 1683-1695. doi: 10.1111/j.1600-
0706.2011.19294.x

Cavard, X., Macdonald, S. E., Bergeron, Y. et Chen, H. Y. H. (2011b). Importance of
mixedwoods for biodiversity conservation: Evidence for understory plants,
songbirds, soil fauna, and ectomycorrhizae in northern forests. Environmental
Reviews, 19(NA), 142-161. doi: 10.1139/a11-004

Chalot, M. et Brun, A. (1998). Physiology of organic nitrogen acquisition by
ectomycorrhizal fungi and ectomycorrhizas. FEMS Microbiology Reviews,
22(1), 21-44. doi: 10.1111/j.1574-6976.1998.tb00359.x

Chang, S. X. et Handley, L. L. (2000). Site history affects soil and plant **N natural
abundances (delta’®N) in forests of northern Vancouver Island, British
Columbia. Functional Ecology, 14(3), 273-280. doi: 10.1046/j.1365-
2435.2000.00424.x



137

Chao, A. et Chiu, C.-H. (2016). Nonparametric Estimation and Comparison of Species
Richness. Dans John Wiley & Sons Ltd (dir.), eLS (p. 1-11). Chichester, UK:
John Wiley & Sons, Ltd. doi: 10.1002/9780470015902.a0026329

Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K. et Vivanco,
J. M. (2013). Root Exudation of Phytochemicals in Arabidopsis Follows
Specific Patterns That Are Developmentally Programmed and Correlate with
Soil  Microbial  Functions. PLoS ONE, 8(2), 55731. doi:
10.1371/journal.pone.0055731

Chapin Ill, F. S., Sala, O. E., Burke, I. C., Grime, J. P., Hooper, D. U., Lauenroth, W.
K., ... Tilman, D. (1998). Ecosystem Consequences of Changing Biodiversity.
BioScience, 48(1), 45-52. doi: 10.2307/1313227

Chapin Ill, F. S., Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek, P. M,
Reynolds, H. L., ... Hobbie, S. E. (2000). Consequences of changing
biodiversity. Nature, 405(6783), 234-242.

Chase, J. M., Kraft, N. J. B., Smith, K. G., Vellend, M. et Inouye, B. D. (2011). Using
null models to disentangle variation in community dissimilarity from variation
in a-diversity. Ecosphere, 2(2), art24. doi: 10.1890/ES10-00117.1

Chazdon, R. L., Chao, A., Colwell, R. K., Lin, S.-Y., Norden, N., Letcher, S. G., ...
Arroyo, J. P. (2011). A novel statistical method for classifying habitat
generalists and specialists. Ecology, 92(6), 1332-1343. doi: 10.1890/10-1345.1

Chen, H. Y. et Popadiouk, R. V. (2002). Dynamics of North American boreal
mixedwoods. Environmental Reviews, 10(3), 137-166. doi: 10.1139/a02-007

Chen, H. Y., Klinka, K., Mathey, A.-H., Wang, X., Varga, P. et Chourmouzis, C.
(2003). Are mixed-species stands more productive than single-species stands:
an empirical test of three forest types in British Columbia and Alberta.
Canadian Journal of Forest Research, 33(7), 1227-1237. doi: 10.1139/x03-048

Chen, H. Y., Vasiliauskas, S., Kayahara, G. J. et llisson, T. (2009). Wildfire promotes
broadleaves and species mixture in boreal forest. Forest Ecology and
Management, 257(1), 343-350. doi: 10.1016/j.foreco.2008.09.022

Cheng, S.-L., Fang, H.-J., Yu, G.-R., Zhu, T.-H. et Zheng, J.-J. (2010). Foliar and soil
>N natural abundances provide field evidence on nitrogen dynamics in
temperate and boreal forest ecosystems. Plant and Soil, 337(1-2), 285-297. doi:
10.1007/s11104-010-0524-x

Chesson, P. (2000). Mechanisms of Maintenance of Species Diversity. Annual Review
of Ecology and Systematics, 31(1), 343-366. doi:
10.1146/annurev.ecolsys.31.1.343



138

Choi, W.-J., Chang, S. X. et Bhatti, J. S. (2007). Drainage affects tree growth and C
and N dynamics in a minerotrophic peatland. Ecology, 88(2), 443-453. doi:
10.1890/0012-9658(2007)88[443:DATGAC]2.0.C0O;2

Choi, W.-J., Chang, S. X. et Hao, X. (2005). Soil retention, tree uptake, and tree
resorption of *NH4NO3; and NH4®NOg3 applied to trembling and hybrid aspens
at planting. Canadian Journal of Forest Research, 35(4), 823-831. doi:
10.1139/x05-011

Clarkson, D. T., Hopper, M. J. et Jones, L. H. P. (1986). The effect of root temperature
on the uptake of nitrogen and the relative size of the root system in Lolium
perenne. 1. solutions containing both NH+4 and NO-3. Plant, Cell and
Environment, 9(7), 535-545. doi: 10.1111/1365-3040.ep11616282

Coleman-Derr, D. et Tringe, S. G. (2014). Building the crops of tomorrow: advantages
of symbiont-based approaches to improving abiotic stress tolerance. Frontiers
in Microbiology, 5. doi: 10.3389/fmicbh.2014.00283

Conard, S. G. et Davidenko, E. P. (1998). Fire in Siberian boreal forests—implications
for global climate and air quality.

Coplen, T. B. (2011). Guidelines and recommended terms for expression of stable-
isotope-ratio and gas-ratio measurement results: Guidelines and recommended
terms for expressing stable isotope results. Rapid Communications in Mass
Spectrometry, 25(17), 2538-2560. doi: 10.1002/rcm.5129

Coté, L., Brown, S., Paré, D., Fyles, J. et Bauhus, J. (2000). Dynamics of carbon and
nitrogen mineralization in relation to stand type, stand age and soil texture in
the boreal mixedwood. Soil Biology and Biochemistry, 32(8), 1079-1090.

Crabtree, R. C. et Bernston, G. M. (1994). Root architectural responses of Betula lenta
to spatially heterogeneous ammonium and nitrate. Plant and Soil, 158(1),
129-134. doi: 10.1007/BF00007925

Craine, J. M. (2005). Reconciling plant strategy theories of Grime and Tilman. Journal
of Ecology, 93(6), 1041-1052. doi: 10.1111/j.1365-2745.2005.01043.x

Craine, J. M., Brookshire, E. N. J., Cramer, M. D., Hasselquist, N. J., Koba, K., Marin-
Spiotta, E. et Wang, L. (2015). Ecological interpretations of nitrogen isotope
ratios of terrestrial plants and soils. Plant and Soil, 396(1-2), 1-26. doi:
10.1007/s11104-015-2542-1

Craine, J. M., EImore, A. J., Aidar, M. P. M., Bustamante, M., Dawson, T. E., Hobbie,
E. A, ... Wright, I. J. (2009). Global patterns of foliar nitrogen isotopes and
their relationships with climate, mycorrhizal fungi, foliar nutrient
concentrations, and nitrogen availability. New Phytologist, 183(4), 980-992.
doi: 10.1111/j.1469-8137.2009.02917.x



139

Craine, J. M. et Dybzinski, R. (2013). Mechanisms of plant competition for nutrients,
water and light. Functional Ecology, 27(4), 833-840. doi: 10.1111/1365-
2435.12081

Dahlberg, A. (2001). Community ecology of ectomycorrhizal fungi: an advancing
interdisciplinary field. New Phytologist, 150(3), 555-562. doi: 10.1046/.1469-
8137.2001.00142.x

Davey, S. M., Hoare, J. R. L. et Rumba, K. E. (2003). Sustainable forest management
and the ecosystem approach — an Australian perspective. Unasylva 214/215, 54,
3-13.

de Gannes, V., Bekele, 1., Dipchansingh, D., Wuddivira, M. N., De Cairies, S., Boman,
M. et Hickey, W. J. (2016). Microbial Community Structure and Function of
Soil Following Ecosystem Conversion from Native Forests to Teak Plantation
Forests. Frontiers in Microbiology, 7. doi: 10.3389/fmicb.2016.01976

de Kroon, H., Hendriks, M., van Ruijven, J., Ravenek, J., Padilla, F. M., Jongejans, E.,
... Mommer, L. (2012). Root responses to nutrients and soil biota: drivers of
species coexistence and ecosystem productivity: Root responses and ecosystem
productivity. Journal of Ecology, 100(1), 6-15. doi: 10.1111/5.1365-
2745.2011.01906.x

de Kroon, Hans., Mommer, L. et Nishiwaki, A. (2003). Root Competition: Towards a
Mechanistic Understanding. Dans H. de Kroon et E. J. W. Visser (dir.), Root
Ecology (vol. 168, p. 215-234). Berlin, Heidelberg: Springer Berlin Heidelberg.
doi: 10.1007/978-3-662-09784-7_9

DesRochers, A., van den Driessche, R. et Thomas, B. R. (2003). Nitrogen fertilization
of trembling aspen seedlings grown on soils of different pH. Canadian Journal
of Forest Research, 33(4), 552-560. doi: 10.1139/x02-191

Dickie, I. A., Schnitzer, S. A., Reich, P. B. et Hobbie, S. E. (2005). Spatially disjunct
effects of co-occurring competition and facilitation: Co-occurring competition
and facilitation. Ecology Letters, 8(11), 1191-1200. doi: 10.1111/j.1461-
0248.2005.00822.x

Drapeau, P., Leduc, A., Kneeshaw, D. et Gauthier, S. (2008). Parametres a considérer
pour le suivi de [I’approche écosystémique dans une perspective
d’aménagement. Aménagement écosystémique en forét boréale, 362.

Drapeau, P., Nappi, A., Giroux, J.-F., Leduc, A. et Savard, J.-P. (2002). Distribution
patterns of birds associated with snags in natural and managed eastern boreal
forests. Ecology and Management of Dead Wood in Western Forests, 193-205.

Drever, C. R., Peterson, G., Messier, C., Bergeron, Y. et Flannigan, M. (2006). Can
forest management based on natural disturbances maintain ecological



140

resilience? Canadian Journal of Forest Research, 36(9), 2285-2299. doi:
10.1139/x06-132

Drénou, C. (2006). Les Racines: face cachée des arbres. Paris: Institut pour le
Développement Forestier.

Drobyshev, 1., Gewehr, S., Berninger, F. et Bergeron, Y. (2013). Species specific
growth responses of black spruce and trembling aspen may enhance resilience
of boreal forest to climate change. Journal of Ecology, 101(1), 231-242. doi:
10.1111/1365-2745.12007

Dybzinski, R. et Tilman, D. (2007). Resource Use Patterns Predict Long-Term
Outcomes of Plant Competition for Nutrients and Light. The American
Naturalist, 170(3), 305-318. doi: 10.1086/519857

Dybzinski, R. et Tilman, D. (2009). 11.5 Competition and Coexistence in Plant
Communities. Dans S. A. Levin, S. R. Carpenter, H. C. J. Godfray, A. P. Kinzig,
M. Loreau, J. B. Losos, ... D. S. Wilcove (dir.), The Princeton Guide to
Ecology. Princeton: Princeton University Press. doi:
10.1515/9781400833023.186

Eissenstat, D. M., Kucharski, J. M., Zadworny, M., Adams, T. S. et Koide, R. T. (2015).
Linking root traits to nutrient foraging in arbuscular mycorrhizal trees in a
temperate forest. New Phytologist, 208(1), 114-124. doi: 10.1111/nph.13451

Emmett, B. A., Kjgnaas, O. J., Gundersen, P., Koopmans, C., Tietema, A. et Sleep, D.
(1998). Natural abundance of '°N in forests across a nitrogen deposition
gradient. Forest Ecology and Management, 101(1-3), 9-18. doi:
10.1016/S0378-1127(97)00121-7

Environment Canada. (2016). Canadian climate normals 1971-2000. Environment
Canada, National Meteorological Service, Downsview, ON. Récupéré de
http://climate.wetheroffice.gc.ca/climate_normals/index_e.html

Epp, L. S., Boessenkool, S., Bellemain, E. P., Haile, J., Esposito, A., Riaz, T., ...
Brochmann, C. (2012). New environmental metabarcodes for analysing soil
DNA: potential for studying past and present ecosystems. Molecular Ecology,
21(8), 1821-1833. doi: 10.1111/5.1365-294X.2012.05537.x

FAOQ. (2010). Global forest resources assessment 2010 (Main report). Rome: Food and
Agriculture Organization of the United Nations.

Filipescu, C. N. et Comeau, P. G. (2007). Competitive interactions between aspen and
white spruce vary with stand age in boreal mixedwoods. Forest Ecology and
Management, 247(1-3), 175-184. doi: 10.1016/j.foreco.2007.04.038

Flanagan, P. W. et Van Cleve, K. (1983). Nutrient cycling in relation to decomposition
and organic-matter quality in taiga ecosystems. Canadian Journal of Forest
Research, 13(5), 795-817. doi: 10.1139/x83-110



141

Flannigan, M., Stocks, B., Turetsky, M. et Wotton, M. (2009). Impacts of climate
change on fire activity and fire management in the circumboreal forest. Global
Change Biology, 15(3), 549-560. doi: 10.1111/j.1365-2486.2008.01660.x

Flores, H. (1999). « Radicle » biochemistry: the biology of root-specific metabolism.
Trends in Plant Science, 4(6), 220-226. doi: 10.1016/S1360-1385(99)01411-9

Forde, B. et Lorenzo, H. (2001). [No title found]. Plant and Soil, 232(1/2), 51-68. doi:
10.1023/A:1010329902165

Franklin, J. F. et Van Pelt, R. (2004). Spatial aspects of structural complexity in old-
growth forests. Jowrnal of Forestry, 102(3), 22-28. Récupéré de
http://www.ingentaconnect.com/content/saf/jof/2004/00000102/00000003/art
00008

Frontier, S., Pichod-Viale, D., Leprétre, A, Davoult, D. et Luczak, C. (2008).
Ecosystemes: structure, fonctionnement, évolution (4° é€d.). Paris: Dunod.

Fujiyoshi, L., Sugimoto, A., Yamashita, Y. et Li, X. (2019). Influence of soil N
availability on the difference between tree foliage and soil 6N from
comparison of Mongolia and northern Japan. Ecological Indicators, 101,
1086-1093. doi: 10.1016/j.ecolind.2018.09.055

Gadgil, R. L. et Gadgil, P. D. (1975). Suppression of litter decomposition by
mycorrhizal roots of Pinus radiata. New Zealand Journal of Forest Science, 5,
33-41.

Galipeau, C., Kneeshaw, D. D. et Bergeron, Y. (1997). White spruce and balsam fir
colonization of a site in the southeastern boreal forest as observed 68 years after
fire. Canadian Journal of Forest Research, 27(2), 139-147. doi: 10.1139/x96-
148

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W.,
Seitzinger, S. P., ... Véosmarty, C. J. (2004). Nitrogen Cycles: Past, Present,
and Future. Biogeochemistry, 70(2), 153-226. doi: 10.1007/s10533-004-0370-
0

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z., Freney, J. R.,
... Sutton, M. A. (2008). Transformation of the Nitrogen Cycle: Recent Trends,
Questions, and Potential Solutions. Science, 320(5878), 889-892. doi:
10.1126/science.1136674

Gardes, M. et Bruns, T. D. (1996). Community structure of ectomycorrhizal fungi in a
Pinus muricata forest: above- and below-ground views. Canadian Journal of
Botany, 74(10), 1572-1583. doi: 10.1139/b96-190

Gauthier, S., Vaillancourt, M.-A., Leduc, A., De Grandpré, L., Kneeshaw, D., Morin,
H., ... Bergeron, Y. (dir.). (2008). Aménagement écosystémique en forét
boréale. Québec, Québec: Presses de I’Université du Québec.



142

Ghotsa Mekontchou, C., Houle, D., Bergeron, Y. et Drobyshev, I. (2020). Contrasting
Root System Structure and Belowground Interactions between Black Spruce
(Picea mariana (Mill.) B.S.P) and Trembling Aspen (Populus tremuloides
Michx) in Boreal Mixedwoods of Eastern Canada. Forests, 11(2), 127. doi:
10.3390/f11020127

Gilman, E. F. (1990). Tree Root Growth and Development. I. Form, Spread, Depth and
Periodicity. Journal of Environmental Horticulture, 8(4), 215-220. doi:
10.24266/0738-2898-8.4.215

Goldberg, D. E. (1990). Components of resource competition in plant communities.
Perspectives on plant competition., 27-49.

Goulden, M. L., Mcmillan, A. M. S., Winston, G. C., Rocha, A. V., Manies, K. L.,
Harden, J. W. et Bond-Lamberty, B. P. (2011). Patterns of NPP, GPP,
respiration, and NEP during boreal forest succession. CARBON DYNAMICS
DURING BOREAL SUCCESSION. Global Change Biology, 17(2), 855-871.
doi: 10.1111/j.1365-2486.2010.02274.x

Gouvernement du Québec. (2010). Loi sur [’aménagement durable du territoire
forestier.

Gause, G. F. (1934). The struggle for existence, by G. F. Gause. Baltimore: The
Williams & Wilkins company. doi: 10.5962/bhl.title.4489

Graham, C. H., Elith, J., Hijmans, R. J., Guisan, A., Townsend Peterson, A., Loiselle,
B. A. et The Nceas Predicting Species Distributions Working Group. (2007).
The influence of spatial errors in species occurrence data used in distribution
models: Spatial error in occurrence data for predictive modelling. Journal of
Applied Ecology, 45(1), 239-247. doi: 10.1111/j.1365-2664.2007.01408.x

Grams, T. E. E. et Andersen, C. P. (2007). Competition for Resources in Trees:
Physiological Versus Morphological Plasticity. Dans K. Esser, U. Léttge, W.
Beyschlag et J. Murata (dir.), Progress in Botany (vol. 68, p. 356-381). Berlin,
Heidelberg: Springer Berlin Heidelberg. doi: 10.1007/978-3-540-36832-8_16

Gray, G. R. A. (2000). Root distribution of hybrid poplar in a temperate agroforestry
intercropping system (Master Thesis). Faculty of Graduate Studies, Guelph
University.

Grenon, F., Jetté, J.-P., Leblanc, M., Québec (Province) et Direction de
I’environnement et de la protection des foréts. (2010). Manuel de référence
pour ’aménagement écosystémique des foréts au Québec. Quebec: Ministere
des ressources naturelles et de la faune, Direction de I’environnement et de la
protection des foréts. Récupére de
http://collections.bang.qc.ca/ark:/52327/2429169



143

Grime, J. P. (1977). Evidence for the Existence of Three Primary Strategies in Plants
and Its Relevance to Ecological and Evolutionary Theory. The American
Naturalist, 111(982), 1169-1194. doi: 10.1086/283244

Grime, J. P. (2007). Plant strategy theories: a comment on Craine (2005). Journal of
Ecology, 95(2), 227-230. doi: 10.1111/j.1365-2745.2006.01163.x

Grime, J. P., Crick, J. et Rincon, J. (1986). The ecological significance of plasticity.
Symposia of the Society for Experimental Biology, 40, 5-29, 3544310. Récuperé
de http://europepmc.org/abstract/ MED/3544310

Grondin, P., Hotte, D., Boucher, Y., Tardif, P. et Noél, J. (dir.). (2010). Comparaison
des paysages forestiers actuels et des paysages forestiers naturels du sud de la
forét boréale du Québec a des fins daménagement écosystémique. Sainte-Foy,
Québec: Gouvernement du Québec, Ministére des Ressources naturelles,
Direction de la recherche forestiere.

Grondin, P., Saucier, J.-P., Blouin, J. et Gosselin, J. (2003). Information écologique et
planification forestiere au Québec, Canada, 11.

Grover, M., Ali, Sk. Z., Sandhya, V., Rasul, A. et Venkateswarlu, B. (2011). Role of
microorganisms in adaptation of agriculture crops to abiotic stresses. World
Journal of Microbiology and Biotechnology, 27(5), 1231-1240. doi:
10.1007/s11274-010-0572-7

Handley, L. L., Austin, A. T., Stewart, G. R., Robinson, D., Scrimgeour, C. M., Raven,
J. A., ... Schmidt, S. (1999). The ®*N natural abundance (§*°N) of ecosystem
samples reflects measures of water availability. Functional Plant Biology,
26(2), 185. doi: 10.1071/PP98146

Hassan, R. M., Scholes, R., Ash, N., Millennium Ecosystem Assessment (Program) et
Condition and Trends Working Group. (2005). Ecosystems and human well-
being: current state and trends, volume 1 : findings of the Condition and Trends
Working Group of the Millennium Ecosystem Assessment. Washington, DC:
Island Press.

Hawkins, B. J. et Robbins, S. (2010). pH affects ammonium, nitrate and proton fluxes
in the apical region of conifer and soybean roots. Physiologia Plantarum,
138(2), 238-247. doi: 10.1111/.1399-3054.2009.01317.x

Hayashi, M., Lopez Caceres, M. L., Nobori, Y., Mijidsuren, B. et Boy, J. (2018).
Nitrogen isotope pattern in Mongolian larch stands at the southern Eurasian
boreal forest boundary. Isotopes in Environmental and Health Studies, 54(6),
608-621. doi: 10.1080/10256016.2018.1509073

Hayes, D. J., McGuire, A. D., Kicklighter, D. W., Gurney, K. R., Burnside, T. J. et
Melillo, J. M. (2011). Is the northern high-latitude land-based CO> sink
weakening?: THE HIGH-LATITUDE CO: SINK. Global Biogeochemical



144

Cycles, 25(3), nfa-n/a. doi: 10.1029/2010GB003813

Hector, A. et Hooper, R. (2002). Ecology: Darwin and the First Ecological Experiment.
Science, 295(5555), 639-640. doi: 10.1126/science.1064815

Hedh, J., Wallander, H. et Erland, S. (2008). Ectomycorrhizal mycelial species
composition in apatite amended and non-amended mesh bags buried in a
phosphorus-poor spruce forest. Mycological Research, 112(6), 681-688. doi:
10.1016/j.mycres.2007.11.008

Hobbie, E. A. et Horton, T. R. (2007). Evidence that saprotrophic fungi mobilise carbon
and mycorrhizal fungi mobilise nitrogen during litter decomposition:
Commentary. New Phytologist, 173(3), 447-449. doi: 10.1111/5.1469-
8137.2007.01984.x

Hobbie, E. A., Jumpponen, A. et Trappe, J. (2005). Foliar and fungal *°N:'*N ratios
reflect development of mycorrhizae and nitrogen supply during primary
succession: testing analytical models. Oecologia, 146(2), 258-268. doi:
10.1007/s00442-005-0208-z

Hobbie, E. A., Macko, S. A. et Shugart, H. H. (1999). Insights into nitrogen and carbon
dynamics of ectomycorrhizal and saprotrophic fungi from isotopic evidence.
Oecologia, 118(3), 353. doi: 10.1007/s004420050736

Hobbie, E. A., Macko, S. A. et Williams, M. (2000). Correlations between foliar 5°N
and nitrogen concentrations may indicate plant-mycorrhizal interactions.
Oecologia, 122(2), 273-283. doi: 10.1007/PL00008856

Hobbie, J. E., Hobbie, E. A., Drossman, H., Conte, M., Weber, J. C., Shamhart, J. et
Weinrobe, M. (2009). Mycorrhizal fungi supply nitrogen to host plants in
Arctic tundra and boreal forests: °N is the key signal. Canadian Journal of
Microbiology, 55(1), 84-94. doi: 10.1139/W08-127

Hogberg, P. (1997). Tansley Review No. 95. ®N natural abundance in soil-plant
systems. New  Phytologist, 137(2), 179-203. doi: 10.1046/j.1469-
8137.1997.00808.x

Holzapfel, C. et Mahall, B. E. (1999). Bidirectional facilitation and interference
between shrubs and annuals in the Mojave desert. Ecology, 80(5), 1747-1761.
doi: 10.1890/0012-9658(1999)080[1747:BFAIBS]2.0.CO;2

Hooper, D. U., Bignell, D. E., Brown, V. K., Brussard, L., Mark Dangerfield, J., Wall,
D. H., ... Wolters, V. (2000). Interactions between Aboveground and
Belowground Biodiversity in Terrestrial Ecosystems: Patterns, Mechanisms,
and Feedbacks. BioScience, 50(12), 1049. doi: 10.1641/0006-
3568(2000)050[1049:IBAABB]2.0.CO;2



145

Houle, D., Moore, J.-D., Ouimet, R. et Marty, C. (2014). Tree species partition N
uptake by soil depth in boreal forests. Ecology, 95(5), 1127-1133. doi:
10.1890/14-0191.1

Hunter, M. L. (dir.). (1999). Maintaining biodiversity in forest ecosystems. Cambridge,
UK ; New York, NY, USA: Cambridge University Press.

Huston, M. A. (1997). Hidden treatments in ecological experiments: re-evaluating the
ecosystem function of biodiversity. Oecologia, 110(4), 449-460. doi:
10.1007/s004420050180

Hutchings, M. J., John, E. A. et Wijesinghe, D. K. (2003). Toward understanding the
consequences of soil heterogeneity for plant populations and communities.
Ecology, 84(9), 2322-2334. doi: 10.1890/02-0290

Hutchings, M. J. et Wijesinghe, D. K. (1997). Patchy habitats, division of labour and
growth dividends in clonal plants. Trends in Ecology & Evolution, 12(10),
390-394. doi: 10.1016/S0169-5347(97)87382-X

Hutchinson, G. E. (1959). Homage to Santa Rosalia or Why Are There So Many Kinds
of Animals? The American Naturalist, 93(870), 145-159. doi: 10.1086/282070

Hutchinson, G. E. (1961). The Paradox of the Plankton. The American Naturalist,
95(882), 137-145. doi: 10.1086/282171

llumina. (2013). 16S metagenomic sequencing library preparation. Récupéré de
https://support.illumina.com/content/dam/illumina-
support/documents/documentation/chemistry _documentation/16s/16s-
metagenomic-library-prep-guide-15044223-b.pdf

Ito, A. (2005). Modelling of carbon cycle and fire regime in an east Siberian larch
forest. Ecological Modelling, 187(2-3), 121-139. doi:
10.1016/j.ecolmodel.2005.01.037

Ingleby, K., Institute of Terrestrial Ecology et Natural Environment Research Council
(Great Britain) (dir.). (1990). Identification of ectomycorrhizas. London:
HMSO.

IPCC. (2007). Climate Change 2007: Synthesis report. Summary for policymakers.
Cambridge: Cambridge University Press. doi: 10.1017/CB09780511546013

Ishida, T. A., Nara, K. et Hogetsu, T. (2007). Host effects on ectomycorrhizal fungal
communities: insight from eight host species in mixed conifer?broadleaf
forests. New  Phytologist, 174(2), 430-440. doi: 10.1111/j.1469-
8137.2007.02016.x

Iwasa, Y. et Roughgarden, J. (1984). Shoot/root balance of plants: Optimal growth of
a system with many vegetative organs. Theoretical Population Biology, 25(1),
78-105. doi: 10.1016/0040-5809(84)90007-8



146

Jakobsen, 1., Smith, S. E. et Smith, F. A. (2003). Function and Diversity of Arbuscular
Mycorrhizae in Carbon and Mineral Nutrition. Dans M. G. A. van der Heijden
et I. R. Sanders (dir.), Mycorrhizal Ecology (vol. 157, p. 75-92). Berlin,
Heidelberg: Springer Berlin Heidelberg. doi: 10.1007/978-3-540-38364-2_3

Jetté, J.-P., Leblanc, M., Bouchard, M., Déry, S. et Villeneuve, N. (2013). Intégration
des enjeux écologiques dans les plans d’aménagement forestier intégré. Partie
I - Analyse des enjeux. Ministére des Ressources naturelles, Direction de
[’aménagement et de |’environnement forestiers, Québec, 163.

Johnstone, J. F. et Chapin, F. S. (2006). Fire Interval Effects on Successional Trajectory
in Boreal Forests of Northwest Canada. Ecosystems, 9(2), 268-277. doi:
10.1007/s10021-005-0061-2

Jones, A., Stolbovoy, V., Tarnocai, C., Broll, G., Spaargaren, O. et Montanarella, L.
(2010). Soil Atlas of the Northern Circumpolar Region. (Publications Office of
the European Union). Luxembourg: European Commission.

Kabzems, R. et Louisier, J. D. (1992). Regeneration, Growth and development of Picea
glauca under Populus spp. canopy in the voreal white and balck spruce zone.
Victoria, B.C: Forestry Canada, Pacific Forestry Centre.

Kalliokoski, T., Pennanen, T., Nygren, P., Sievdnen, R. et Helmisaari, H.-S. (2010).
Belowground interspecific competition in mixed boreal forests: fine root and
ectomycorrhiza characteristics along stand developmental stage and soil
fertility gradients. Plant and Soil, 330(1-2), 73-89. doi: 10.1007/s11104-009-
0177-9

Kendall, C. et Caldwell, E. A. (1998). Fundamentals of Isotope Geochemistry. Dans

Isotope Tracers in Catchment Hydrology (p. 51-86). Elsevier. doi:
10.1016/B978-0-444-81546-0.50009-4

Kennedy, K., Hall, M. W., Lynch, M. D. J., Moreno-Hagelsieb, G. et Neufeld, J. D.
(2014). Evaluating Bias of Illumina-Based Bacterial 16S rRNA Gene Profiles.
Applied and Environmental Microbiology, 80(18), 5717-5722. doi:
10.1128/AEM.01451-14

Kennedy, P. G., Higgins, L. M., Rogers, R. H. et Weber, M. G. (2011). Colonization-
Competition Tradeoffs as a Mechanism Driving Successional Dynamics in
Ectomycorrhizal Fungal Communities. PLoS ONE, 6(9), e25126. doi:
10.1371/journal.pone.0025126

Kennedy, P. G., 1zzo, A. D. et Bruns, T. D. (2003). There is high potential for the
formation of common mycorrhizal networks between understorey and canopy
trees in a mixed evergreen forest. Journal of Ecology, 91(6), 1071-1080. doi:
10.1046/j.1365-2745.2003.00829.x



147

Khasa, P. D., Sigler, L., Chakravarty, P., Dancik, B. P., Erickson, L. et Mc Curdy, D.
(2001). Effect of fertilization on growth and ectomycorrhizal development of
container-grown and bare-root nursery conifer seedlings. New Forests, 22(3),
179-197. doi: 10.1023/A:1015674921878

Kiaer, L. P., Weisbach, A. N. et Weiner, J. (2013). Root and shoot competition: a meta-
analysis. Journal of Ecology, 101(5), 1298-1312. doi: 10.1111/1365-
2745.12129

Kielland, K., McFarland, J. et Olson, K. (2006). Amino acid uptake in deciduous and
coniferous taiga ecosystems. Plant and Soil, 288(1-2), 297-307. doi:
10.1007/s11104-006-9117-0

Kielland, K., McFarland, J. W., Ruess, R. W. et Olson, K. (2007). Rapid Cycling of
Organic Nitrogen in Taiga Forest Ecosystems. Ecosystems, 10(3), 360-368. doi:
10.1007/s10021-007-9037-8

Kiers, E. T., Duhamel, M., Beesetty, Y., Mensah, J. A., Franken, O., Verbruggen, E.,

. Bucking, H. (2011). Reciprocal Rewards Stabilize Cooperation in the

Mycorrhizal Symbiosis. Science, 333(6044), 880-882. doi:
10.1126/science.1208473

Klimek, B., Chodak, M., Jazwa, M. et Niklinska, M. (2016). Functional diversity of
soil microbial communities in boreal and temperate Scots pine forests.
European Journal of Forest Research, 135(4), 731-742. doi: 10.1007/s10342-
016-0968-5

Knops, J. M. H., Bradley, K. L. et Wedin, D. A. (2002). Mechanisms of plant species
Impacts on ecosystem nitrogen cycling. Ecology Letters, 5(3), 454-466.

Koba, K., Hirobe, M., Koyama, L., Kohzu, A., Tokuchi, N., Nadelhoffer, K. J., ...
Takeda, H. (2003). Natural *>N Abundance of Plants and Soil N in a Temperate
Coniferous Forest. Ecosystems, 6(5), 457-469. doi: 10.1007/s10021-002-0132-
6

Kovalenko, A. (2012). Hygrophorus Fr. Dans Funga Nordica. Agaricoid, boletoid,
cyphelloid and gasteroid genera (Knudsen H, Vesterholt J. (Eds.), p. 282-293).
Nordsvamp, Copenhagen.

Kovalenko, A. E. (1999). The Arctic-Subarctic and Alpine-Subalpine Component in
the Hygrophoraceae of Russia. Kew Bulletin, 54(3), 695. doi: 10.2307/4110865

Kovalenko, A. E. (1999). The Arctic-Subarctic and Alpine-Subalpine Component in
the Hygrophoraceae of Russia. Kew Bulletin, 54(3), 695. doi: 10.2307/4110865

Kranabetter, J. M., Durall, D. M. et MacKenzie, W. H. (2008). Diversity and species
distribution of ectomycorrhizal fungi along productivity gradients of a southern
boreal forest. Mycorrhiza, 19(2), 99-111. doi: 10.1007/s00572-008-0208-z



148

Kranabetter, J. M. et Wylie, T. (1998). Ectomycorrhizal community structure across
forest openings on naturally regenerated western hemlock seedlings, 76, 8.

Kronzucker, H. J., Siddigi, M. Y. et Glass, A. D. M. (1997). Conifer root discrimination
against soil nitrate and the ecology of forest succession. Nature, 385(6611),
59-61. doi: 10.1038/385059a0

Kronzucker, H. J., Siddigi, M. Y., Glass, A. D. M. et Britto, D. T. (2003). Root
ammonium transport efficiency as a determinant in forest colonization patterns:
an hypothesis. Physiologia Plantarum, 117(2), 164-170. doi: 10.1034/j.1399-
3054.2003.00032.x

Kuebbing, S. E. et Nufiez, M. A. (2015). Negative, neutral, and positive interactions
among nonnative plants: patterns, processes, and management implications.
Global Change Biology, 21(2), 926-934. doi: 10.1111/gcb.12711

Kuiters, A. T. (1990). Role of phenolic substances from decomposing forest litter in
plant-soil interactions. Acta Botanica Neerlandica, 39(4), 329-348. doi:
10.1111/5.1438-8677.1990.th01412.x

Kuuluvainen, T. (2009). Forest Management and Biodiversity Conservation Based on
Natural Ecosystem Dynamics in Northern Europe: The Complexity Challenge.
AMBIO: A Journal of the Human Environment, 38(6), 309-315. doi:
10.1579/08-A-490.1

Kuusela, K. (1992). The boreal forests: An overview. Unasylva 43(170):, p. 3-13.

Kyaschenko, J., Clemmensen, K. E., Hagenbo, A., Karltun, E. et Lindahl, B. D. (2017).
Shift in fungal communities and associated enzyme activities along an age
gradient of managed Pinus sylvestris stands. The ISME Journal, 11(4), 863-874.
doi: 10.1038/ismej.2016.184

Lafleche, V., Bernier, S., Saucier, J.-P. et Gagné, C. (2013). Indices de qualité de
Station des principales essences commerciales en fonction des types
écologiques du Québec méridional. Québec: Ministére des ressources
naturelles, Direction des inventaires forestiers.

Lafleur, B., Cazal, A., Leduc, A. et Bergeron, Y. (2015a). Soil organic layer thickness
influences the establishment and growth of trembling aspen (Populus
tremuloides) in boreal forests. Forest Ecology and Management, 347,209-216.
doi: 10.1016/j.foreco.2015.03.031

Lafleur, B., Fenton, N. J. et Bergeron, Y. (2015b). Forecasting the development of
boreal paludified forests in response to climate change: a case study using
Ontario ecosite classification. Forest Ecosystems, 2(1). doi: 10.1186/s40663-
015-0027-6

Larouche, C., Guillemette, F., Raymond, P. et Saucier, J.-P. (2013). Le guide sylvicole
du Québec: les concepts et ’application de la sylviculture. Québec: Ministere



149

des ressources naturelles. Récupéré de
http://bang.pretnumerique.ca/accueil/isbn/9782551252329

Larsson, E., Kleine, J., Jacobsson, S. et Krikorev, M. (2018). Diversity within the
Hygrophorus agathosmus group (Basidiomycota, Agaricales) in Northern
Europe. Mycological Progress, 17(12), 1293-1304. doi: 10.1007/s11557-018-
1445-y

Légaré, S., Bergeron, Y., Leduc, A. et Paré, D. (2001). Comparison of the understory
vegetation in boreal forest types of southwest Quebec. Canadian Journal of
Botany, 79(9), 1019-1027. doi: 10.1139/b01-076

Légaré, S., Bergeron, Y. et Paré, D. (2005a). Effect of aspen (Populus tremuloides) as
a companion species on the growth of black spruce (Picea mariana) in the
southwestern boreal forest of Quebec. Forest Ecology and Management,
208(1-3), 211-222. doi: 10.1016/j.foreco.2004.12.004

Légaré, S., Paré, D. et Bergeron, Y. (2004). The responses of black spruce growth to
an increased proportion of aspen in mixed stands. Canadian Journal of Forest
Research, 34(2), 405-416. doi: 10.1139/x03-251

Légaré, S., Paré, D. et Bergeron, Y. (2005b). Influence of Aspen on Forest Floor
Properties in Black Spruce-dominated Stands. Plant and Soil, 275(1-2),
207-220. doi: 10.1007/s11104-005-1482-6

Lei, X., Wang, W. et Peng, C. (2009). Relationships between stand growth and
structural diversity in spruce-dominated forests in New Brunswick, Canada.
Canadian Journal of Forest Research, 39(10), 1835-1847. doi: 10.1139/X09-
089

Liang, J., Crowther, T. W., Picard, N., Wiser, S., Zhou, M., Alberti, G., ... Reich, P.
B. (2016). Positive biodiversity-productivity relationship predominant in global
forests. Science, 354(6309), aaf8957-aaf8957. doi: 10.1126/science.aaf8957

Lilleskov, E. A., Fahey, T. J., Horton, T. R. et Lovett, G. M. (2002). Belowground
Ectomycorrhizal Fungal Community Change Over a Nitrogen Deposition
Gradient in Alaska. Ecology, 83(1), 104. doi: 10.2307/2680124

Lilleskov, E. A., Fahey, T. J. et Lovett, G. M. (2001). Ectomycorrhizal fungal
aboveground community change over an atmospheric nitrogen deposition
gradient. Ecological Applications, 11(2), 397-410. doi: 10.1890/1051-
0761(2001)011[0397:EFACCQ]2.0.C0O;2

Lindahl, B. D., lhrmark, K., Boberg, J., Trumbore, S. E., Hogberg, P., Stenlid, J. et
Finlay, R. D. (2007). Spatial separation of litter decomposition and mycorrhizal
nitrogen uptake in a boreal forest. New Phytologist, 173(3), 611-620. doi:
10.1111/j.1469-8137.2006.01936.x

Lindahl, B. D. et Tunlid, A. (2015). Ectomycorrhizal fungi - potential organic matter



150

decomposers, yet not saprotrophs. New Phytologist, 205(4), 1443-1447. doi:
10.1111/nph.13201

Lindahl, B., Stenlid, J. et Finlay, R. (2001). Effects of resource availability on mycelial
interactions and 32P transfer between a saprotrophic and an ectomycorrhizal
fungus in soil microcosms. FEMS Microbiology Ecology, 38(1), 43-52. doi:
10.1111/j.1574-6941.2001.tb00880.x

Lipson, D. et Néasholm, T. (2001). The unexpected versatility of plants: organic
nitrogen use and availability in terrestrial ecosystems. Oecologia, 128(3),
305-316. doi: 10.1007/s004420100693

Liu, Z. et Yang, J. (2014). Quantifying ecological drivers of ecosystem productivity of
the early-successional boreal Larix gmelinii forest. Ecosphere, 5(7), art84. doi:
10.1890/ES13-00372.1

Liu, Z., Yang, J., Chang, Y., Weisberg, P. J. et He, H. S. (2012). Spatial patterns and
drivers of fire occurrence and its future trend under climate change in a boreal
forest of Northeast China. Global Change Biology, 18, 2041-2056. doi:
10.1111/j.1365-2486.2012.02649.x

Lodge, D. J., Padamsee, M., Matheny, P. B., Aime, M. C., Cantrell, S. A., Boertmann,
D., ... Hattori, T. (2014). Molecular phylogeny, morphology, pigment
chemistry and ecology in Hygrophoraceae (Agaricales). Fungal Diversity,
64(1), 1-99. doi: 10.1007/s13225-013-0259-0

Lodge, D. J. et Wentworth, T. R. (1990). Negative Associations among VA-
Mycorrhizal Fungi and Some Ectomycorrhizal Fungi Inhabiting the Same Root
System. Oikos, 57(3), 347. doi: 10.2307/3565964

Logan, T. et Ouranos (Consortium de recherche). (2012). Atlas de scénarios
climatiques pour la forét québécoise. Montréal, Qué.: Ouranos. Récupéré de
http://site.ebrary.com/id/10575377

Lohmus, K., Oja, T. et Lasn, R. (1989). Specific root area: A soil characteristic. Plant
and Soil, 119(2), 245-249. doi: 10.1007/BF02370415

Lohmus, K., Truu, J., Truu, M., Kaar, E., Ostonen, I., Alama, S., ... Mander, 1. (2006).
Black alder as a promising deciduous species for the reclaiming of oil shale
mining areas. Dans Brownfields III: Prevention, Assessment, Rehabilitation
and Development of Brownfield Sites (vol. 1, p. 87-97). Tallin, Estonia: WIT
Press. doi: 10.2495/BF060091

Loreau, M. (1998). Biodiversity and ecosystem functioning: A mechanistic model.
Proceedings of the National Academy of Sciences, 95(10), 5632-5636. doi:
10.1073/pnas.95.10.5632



151

Loreau, M. et de Mazancourt, C. (2013). Biodiversity and ecosystem stability: a
synthesis of underlying mechanisms. Ecology Letters, 16, 106-115. doi:
10.1111/ele.12073

Loreau, M. et Hector, A. (2001). Partitioning selection and complementarity in
biodiversity experiments. Nature, 412(6842), 72-76. doi: 10.1038/35083573

Ma, Z. et Chen, H. Y. H. (2017). Effects of species diversity on fine root productivity
increase with stand development and associated mechanisms in a boreal forest.
Journal of Ecology, 105(1), 237-245. doi: 10.1111/1365-2745.12667

MacArthur, R. H. (1958). Population Ecology of Some Warblers of Northeastern
Coniferous Forests. Ecology, 39(4), 599-619. doi: 10.2307/1931600

MacArthur, R. et Levins, R. (1967). The Limiting Similarity, Convergence, and
Divergence of Coexisting Species. The American Naturalist, 101(921),
377-385. doi: 10.1086/282505

MacDonald, G. B. et Weingartner, D.H. (1995). Definition of the boreal mixedwood
forest. Ontario Ministry of Natural Resources. Boreal Mixedwood Note, (2), 6p.

Man, R. et Lieffers, V. J. (1999). Effects of shelterwood and site preparation on
microclimate and establishment of white spruce seedlings in a boreal
mixedwood forest. The Forestry Chronicle, 75(5), 837-844. Récupéré de
http://pubs.cif-ifc.org/doi/abs/10.5558/tfc75837-5

Mariotti, A., Germon, J. C., Hubert, P., Kaiser, P., Letolle, R., Tardieux, A. et Tardieux,
P. (1981). Experimental determination of nitrogen kinetic isotope fractionation:
Some principles; illustration for the denitrification and nitrification processes.
Plant and Soil, 62(3), 413-430. doi: 10.1007/BF02374138

Marty, C., Houle, D., Courchesne, F. et Gagnon, C. (2019). Soil C:N ratio is the main
driver of soil 8*°N in cold and N-limited eastern Canadian forests. CATENA,
172,285-294. doi: 10.1016/j.catena.2018.08.029

Marty, C., Houle, D., Gagnon, C. et Duchesne, L. (2011). Isotopic compositions of S,
N and C in soils and vegetation of three forest types in Québec, Canada. Applied
Geochemistry, 26(12), 2181-2190. doi: 10.1016/j.apgeochem.2011.08.002

Massicotte, H. B., Peterson, R. L., Melville, L. H. et Tackaberry, L. E. (2010).
Hudsonia ericoides and Hudsonia tomentosa : Anatomy of mycorrhizas of two
members in the Cistaceae from Eastern Canada. Botany, 88(6), 607-616. doi:
10.1139/B10-035

McClain, K.M. 1981. Definition and distribution of the Boreal Mixedwood Forest in
Ontario. Dans R.D. Whitney and K.M. McClain (dir.), Proceedings of Boreal
Mixedwood Symposium (16-18 Sep. 1980, p. 5-9). Thunder Bay, Ontario.



152

McClaugherty, C. A., Aber, J. D. et Melillo, J. M. (1982). The Role of Fine Roots in
the Organic Matter and Nitrogen Budgets of Two Forested Ecosystems.
Ecology, 63(5), 1481-1490. doi: 10.2307/1938874

McConnaughay, K. D. M. et Bazzaz, F. A. (1991). Is Physical Space a Soil Resource?
Ecology, 72(1), 94-103. doi: 10.2307/1938905

McConnaughay, K. D. M. et Bazzaz, F. A. (1992). The Occupation and Fragmentation
of Space: Consequences of Neighbouring Roots. Functional Ecology, 6(6), 704.
doi: 10.2307/2389967

McDonald, J. H. (2014). Handbook of Biological Statistics (3rd Edition) (vol. 2014).
Sparky House Publishing, Baltimore, Maryland.

McKenney, D. W., Pedlar, J. H., Lawrence, K., Campbell, K. et Hutchinson, M. F.
(2007). Potential Impacts of Climate Change on the Distribution of North
American Trees. BioScience, 57(11), 939-948. doi: 10.1641/B571106

McKenney, D. W., Pedlar, J. H., Rood, R. B. et Price, D. (2011). Revisiting projected
shifts in the climate envelopes of North American trees using updated general
circulation models: INTERGENERATIONAL DIFFERENCES IN GCM
PROJECTIONS. Global Change Biology, 17(8), 2720-2730. doi:
10.1111/j.1365-2486.2011.02413.x

McLauchlan, K. K. et Craine, J. M. (2012). Species-specific trajectories of nitrogen
isotopes in Indiana hardwood forests, USA. Biogeosciences, 9(2), 867-874. doi:
10.5194/bg-9-867-2012

Mehlich, A. (1984). Mehlich 3 soil test extractant: A modification of Mehlich 2
extractant. Communications in Soil Science and Plant Analysis, 15(12),
1409-1416. doi: 10.1080/00103628409367568

Mercier, J.-C. (2017). L’histoire forestiere du Québec: de la confédération a nos jours
(p. 20). Communication présentée au Les Colloques du Centre de foresterie des
Laurentides, Québec: Service Canadien des foréts, Centre de foresterie des
Laurentides. Récupéré de http://partenariat.qc.ca/wp-
content/uploads/2017/10/presentation_jc_mercier_26_octobre2017.pdf

Merild, P., Strommer, R. et Fritze, H. (2002). Soil microbial activity and community
structure along a primary succession transect on the land-uplift coast in western
Finland. Soil Biology and Biochemistry, 34(11), 1647-1654. doi:
10.1016/S0038-0717(02)00148-7

Messier, C., Doucet, R., Ruel, J.-C., Claveau, Y., Kelly, C. et Lechowicz, M. J. (1999).
Functional ecology of advance regeneration in relation to light in boreal forests.
Canadian Journal of Forest Research, 29, 812-823. doi: 10.1139/x99-070

Min, X., Siddigi, M. Y., Guy, R. D., Glass, A. D. M. et Kronzucker, H. J. (2000). A
comparative kinetic analysis of nitrate and ammonium influx in two early-



153

successional tree species of temperate and boreal forest ecosystems. Plant, Cell
& Environment, 23(3), 321-328. doi: 10.1046/j.1365-3040.2000.00546.x

Min, X., Yaeesh Siddigi, M., Guy, R. D., Glass, A. D. M. et Kronzucker, H. J. (1999).
A comparative study of fluxes and compartmentation of nitrate and ammonium
in early-successional tree species. Plant, Cell and Environment, 22(7), 821-830.
doi: 10.1046/j.1365-3040.1999.00450.x

Ministere des Foréts de la Faune et des Parcs (MFFP). (2015). Norme de stratification
écoforestiere du quatrieme inventaire écoforestier du Québec méridional., 111,
Bibliotheque et archives nationales du Québec. Récupére de
http://www.mffp.gouv.qc.ca/forets/inventaire/pdf/norme-stratification.pdf

Morin, X., Fahse, L., de Mazancourt, C., Scherer-Lorenzen, M. et Bugmann, H. (2014).
Temporal stability in forest productivity increases with tree diversity due to
asynchrony in species dynamics. Ecology Letters, 17(12), 1526-1535. doi:
10.1111/ele.12357

Morin, X., Fahse, L., Scherer-Lorenzen, M. et Bugmann, H. (2011). Tree species
richness promotes productivity in temperate forests through strong
complementarity between species: Species richness promotes forest
productivity. Ecology Letters, 14(12), 1211-1219. doi: 10.1111/j.1461-
0248.2011.01691.x

Morrow, R. R. (1950). Periodicity and growth of sugar maple surface layer roots.
Journal of Forestry, p. 875-881.

Mou, P., Mitchell, R. J. et Jones, R. H. (1997). Root Distribution of Two Tree Species
Under a Heterogeneous Nutrient Environment. The Journal of Applied Ecology,
34(3), 645. doi: 10.2307/2404913

Moulinier, J., Lorenzetti, F. et Bergeron, Y. (2011). Gap dynamics in aspen stands of
the Clay Belt of northwestern Quebec following a forest tent caterpillar
outbreak. Canadian Journal of Forest Research, 41(8), 1606-1617. doi:
10.1139/x11-075

Myneni, R. B., Dong, J., Tucker, C. J., Kaufmann, R. K., Kauppi, P. E., Liski, J., ...
Hughes, M. K. (2001). A large carbon sink in the woody biomass of Northern
forests. Proceedings of the National Academy of Sciences, 98(26),
14784-14789. doi: 10.1073/pnas.261555198

Nadelhoffer, K. J. et Fry, B. (1988). Controls on Natural Nitrogen-15 and Carbon-13
Abundances in Forest Soil Organic Matter. Soil Science Society of America
Journal, 52(6), 1633-1640. doi: 10.2136/sssaj1988.03615995005200060024x

Nadelhoffer, K. J. et Fry, B. (1994). Nitrogen isotope studies in forest ecosystems.
Stable Isotopes in Ecology and Environmental Sciences, 22-44.



154

Nadelhoffer, K. J., Shaver, G., Fry, B., Giblin, A., Johnson, L. et McKane, R. (1996).
>N natural abundances and N use by tundra plants. Oecologia, 107(3),
386-394. doi: 10.1007/BF00328456

Nagati, M. (2019). Effet du couvert végétal et des microorganismes sur l’établissement
du sapin en forét boréale (Theése). Université du Québec en Abitibi-
Témiscamingue.

Nagati, M., Roy, M., Manzi, S., Richard, F., Desrochers, A., Gardes, M. et Bergeron,
Y. (2018). Impact of local forest composition on soil fungal communities in a
mixed boreal forest. Plant and Soil, 432(1-2), 345-357. doi: 10.1007/s11104-
018-3806-3

Nara, K. (2006). Ectomycorrhizal networks and seedling establishment during early
primary succession. New Phytologist, 169(1), 169-178. doi: 10.1111/j.1469-
8137.2005.01545.x

Nardi, S., Concheri, G., Pizzeghello, D., Sturaro, A., Rella, R. et Parvoli, G. (2000).
Soil organic matter mobilization by root exudates. Chemosphere, 41(5),
653-658. doi: 10.1016/S0045-6535(99)00488-9

Né&sholm, T., Hogberg, P., Franklin, O., Metcalfe, D., Keel, S. G., Campbell, C., ...
Hogberg, M. N. (2013). Are ectomycorrhizal fungi alleviating or aggravating
nitrogen limitation of tree growth in boreal forests? New Phytologist, 198(1),
214-221. doi: 10.1111/nph.12139

Neufeld, B. A., Morris, D. M., Luckai, N., Reid, D. E. B., Bell, F. W., Shahi, C., ...
Adhikary, S. (2014). The influence of competition and species mixture on
plantation-grown white spruce: Growth and foliar nutrient response after 20
years. The Forestry Chronicle, 90(01), 70-79. doi: 10.5558/tfc2014-012

Neville, J., Tessier, J. L., Morrison, I., Scarratt, J., Canning, B. et Klironomos, J. N.
(2002). Soil depth distribution of ecto- and arbuscular mycorrhizal fungi
associated with Populus tremuloides within a 3-year-old boreal forest clear-cut.
Applied Soil Ecology, 19(3), 209-216. doi: 10.1016/S0929-1393(01)00193-7

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., ... Kennedy,
P. G. (2016). FUNGuild: An open annotation tool for parsing fungal community
datasets by ecological gquild. Fungal Ecology, 20, 241-248. doi:
10.1016/j.funeco.2015.06.006

Nielsen, K. L., Bouma, T. J., Lynch, J. P. et Eissenstat, D. M. (1998). Effects of
Phosphorus Availability and Vesicular-Arbuscular Mycorrhizas on the Carbon
Budget of Common Bean (Phaseolus vulgaris). The New Phytologist, 139(4),
647-656.

Nilsson, R. H., Kristiansson, E., Ryberg, M., Hallenberg, N. et Larsson, K.-H. (2008).
Intraspecific /7S Variability in the Kingdom Fungi as Expressed in the



155

International Sequence Databases and Its Implications for Molecular Species
Identification.  Evolutionary  Bioinformatics, 4, EBO.S653. doi:
10.4137/EBO.S653

Oehl, F., Sieverding, E., Palenzuela, J., Ineichen, K. et da Silva, G. A. (2011).
Advances in Glomeromycota taxonomy and classification. IMA Fungus, 2(2),
191-199. doi: 10.5598/imafungus.2011.02.02.10

Ohtonen, R. et Vidre, H. (1998). Vegetation Composition Determines Microbial
Activities in a Boreal Forest Soil. Microbial Ecology, 36(3), 328-335. doi:
10.1007/s002489900119

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B.,
... others. (2018). Vegan: Community Ecology Package. R package Version
2.4-6. Community ecology package, version. Récupéré de https://CRAN.R-
project.org/package=vegan

Ostonen, I., Lohmus, K., Helmisaari, H.-S., Truu, J. et Meel, S. (2007a). Fine root
morphological adaptations in Scots pine, Norway spruce and silver birch along
a latitudinal gradient in boreal forests. Tree Physiology, 27(11), 1627-1634. doi:
10.1093/treephys/27.11.1627

Ostonen, I., Plttsepp, 0., Biel, C., Alberton, O., Bakker, M. R., L6hmus, K., ...
Brunner, 1. (2007b). Specific root length as an indicator of environmental
change. Plant Biosystems - An International Journal Dealing with all Aspects
of Plant Biology, 141(3), 426-442. doi: 10.1080/11263500701626069

Ouimet, R., Camire, C., Brazeau, M. et Moore, J.-D. (2008). Estimation of coarse root
biomass and nutrient content for sugar maple, jack pine, and black spruce using
stem diameter at breast height. Canadian Journal of Forest Research, 38(1),
92-100. doi: 10.1139/X07-134

Ouimet, R., Moore, J.-D. et Duchesne, L. (2015). Evolution du statut nutritif des
sapiniéres a la Forét Montmorency entre 1967 et 2011. Le Naturaliste canadien,
139(2), 35. doi: 10.7202/1030819ar

Pacé, M., Fenton, N. J., Paré, D. et Bergeron, Y. (2017). Ground-layer composition
affects tree fine root biomass and soil nutrient availability in jack pine and black
spruce forests under extreme drainage conditions. Canadian Journal of Forest
Research, 47(4), 433-444. doi: 10.1139/cjfr-2016-0352

Palfner, G., Casanova-Katny, M. A. et Read, D. J. (2005). The mycorrhizal community
in a forest chronosequence of Sitka spruce [Picea sitchensis (Bong.) Carr.] in
Northern England. Mycorrhiza, 15(8), 571-579. doi: 10.1007/s00572-005-
0364-3

Paquette, A. et Messier, C. (2011). The effect of biodiversity on tree productivity: from
temperate to boreal forests. Global Ecology and Biogeography, 20(1), 170-180.



156

Paré, D. et Bergeron, Y. (1995). Above-Ground Biomass Accumulation along a 230-
Year Chronosequence in the Southern Portion of the Canadian Boreal Forest.
The Journal of Ecology, 83(6), 1001. doi: 10.2307/2261181

Pastor, J., Mladenoff, D. J., Haila, Y., Bryant, J. et Payette, S. (1996). Biodiversity and
ecosystem processes in boreal regions. Dans Functional roles of biodiversity:
a global perspective. (Wiley Press, New York, p. 33-70). New York, USA: H.
A. Mooney, J. H. Cushman, E. Medina, O. E. Sala, and E.-D. Schulze.

Patry, C., Kneeshaw, D., Wyatt, S., Grenon, F. et Messier, C. (2013). Forest ecosystem
management in North America: From theory to practice. The Forestry
Chronicle, 89(04), 525-537. doi: 10.5558/tfc2013-093

Paul, E. A. et Clark, F. E. (dir.). (1996). Soil microbiology and biochemistry (2nd ed).
San Diego: Academic Press.

Paula, S. et Pausas, J. G. (2011). Root traits explain different foraging strategies
between resprouting life histories. Oecologia, 165(2), 321-331. doi:
10.1007/s00442-010-1806-y

Pellegrini, A. F. A., Ahlstrom, A., Hobbie, S. E., Reich, P. B., Nieradzik, L. P., Staver,
A. C,, ... Jackson, R. B. (2017). Fire frequency drives decadal changes in soil
carbon and nitrogen and ecosystem productivity. Nature, 553(7687), 194-198.
doi: 10.1038/nature24668

Peltzer, D. A., Wilson, S. D. et Gerry, A. K. (1998). Competition Intensity along a
Productivity Gradient in a Low-Diversity Grassland. The American Naturalist,
151(5), 465-476. doi: 10.1086/286133

Peres-Neto, P. R., Legendre, P., Dray, S. et Borcard, D. (2006). Variation partitioning
of species data matrices: estimation and comparison of fractions. Ecology,
87(10), 2614-2625. doi: 10.1890/0012-
9658(2006)87[2614:VPOSDM]2.0.CO;2

Perry, D. A., Bell, T. et Amaranthus, M. P. (1992). Mycorrhizal fungi in mixed-species
forests and other tales of positive feedback, redundancy and stability. Dans The
Ecology of Mixed Species Stands of Trees (Blackwell Scientific Publication, p.
151-179). Oxford: M.G.R. Cannell, D.C. Malcolm and P.A. Robertson.

Peter, M., Ayer, F., Cudlin, P. et Egli, S. (2008). Belowground ectomycorrhizal
communities in three Norway spruce stands with different degrees of decline in
the Czech Republic. Mycorrhiza, 18(3), 157-169. doi: 10.1007/s00572-008-
0166-5

Pierpoint, G. 1981. Site types in the Boreal Mixedwood Forest. Dans R.D. Whitney
and K.M. McClain (dir.), Proceedings of Boreal Mixedwood Symposium (16-
18 Sep. 1980, p. 10-16). Thunder Bay, Ontario.



157

Pierret, A., Maeght, J.-L., Clément, C., Montoroi, J.-P., Hartmann, C. et Gonkhamdee,
S. (2016). Understanding deep roots and their functions in ecosystems: an
advocacy for more unconventional research. Anmnals of Botany, 118(4),
621-635. doi: 10.1093/a0b/mcw130

Porras-Alfaro, A. et Bayman, P. (2011). Hidden Fungi, Emergent Properties:
Endophytes and Microbiomes. Annual Review of Phytopathology, 49(1),
291-315. doi: 10.1146/annurev-phyto-080508-081831

Portl, K., Zechmeister-Boltenstern, S., Wanek, W., Ambus, P. et Berger, T. W. (2007).
Natural N abundance of soil N pools and N20O reflect the nitrogen dynamics
of forest soils. Plant and Soil, 295(1-2), 79-94. doi: 10.1007/s11104-007-9264-

y

Postma, J. A. et Lynch, J. P. (2011). Root Cortical Aerenchyma Enhances the Growth
of Maize on Soils with Suboptimal Availability of Nitrogen, Phosphorus, and
Potassium. Plant Physiology, 156(3), 1190-1201. doi: 10.1104/pp.111.175489

Pothier, D., Raulier, F. et Riopel, M. (2004). Ageing and decline of trembling aspen
stands in Quebec. Canadian Journal of Forest Research, 34(6), 1251-1258. doi:
10.1139/x04-017

Prato, T. (2008). Conceptual framework for assessment and management of ecosystem
impacts of climate change. Ecological Complexity, 5(4), 329-338. doi:
10.1016/j.ecocom.2008.09.002

Pregitzer, K. S., DeForest, J. L., Burton, A. J., Allen, M. F., Ruess, R. W. et Hendrick,
R. L. (2002). Fine root architecture of nine North American trees. Ecological
Monographs, 72(2), 293-309. doi: 10.1890/0012-
9615(2002)072[0293:FRAONN]2.0.CO;2

Puettmann, K. J., Coates, K. D. et Messier, C. C. (2009). 4 critique of silviculture:
managing for complexity. Washington, DC: Island Press.

Puettmann, K. J., Wilson, S. M., Baker, S. C., Donoso, P. J., Drossler, L., Amente, G.,
... Bauhus, J. (2015). Silvicultural alternatives to conventional even-aged forest
management - what limits global adoption? Forest Ecosystems, 2(1). doi:
10.1186/s40663-015-0031-x

R Core Team. (2016). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. R Foundation for
Statistical Computing, Vienna, Austria. Récupéré de https://www.R-
project.org/

Ratcliffe, S., Holzwarth, F., Nadrowski, K., Levick, S. et Wirth, C. (2015). Tree
neighbourhood matters — Tree species composition drives diversity—
productivity patterns in a near-natural beech forest. Forest Ecology and
Management, 335, 225-234. doi: 10.1016/.foreco.2014.09.032



https://doi.org/10.1146/annurev-phyto-080508-081831

158

Raum, S. (2017). The ecosystem approach, ecosystem services and established forestry
policy approaches in the United Kingdom. Land Use Policy, 64, 282-291. doi:
10.1016/j.landusepol.2017.01.030

Read, D. J., Leake, J. R. et Perez-Moreno, J. (2004). Mycorrhizal fungi as drivers of
ecosystem processes in heathland and boreal forest biomes. Canadian Journal
of Botany, 82(8), 1243-1263. doi: 10.1139/b04-123

Read, D. J. et Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in ecosystems
- a journey towards relevance? New Phytologist, 157(3), 475-492. doi:
10.1046/].1469-8137.2003.00704.x

Reithmeier, L. et Kernaghan, G. (2013). Availability of Ectomycorrhizal Fungi to
Black Spruce above the Present Treeline in Eastern Labrador. PLoS ONE,
8(10), e77527. doi: 10.1371/journal.pone.0077527

Reverchon, F., Ortega-Larrocea, M., Bonilla-Rosso, G. et Pérez-Moreno, J. (2012).
Structure and species composition of ectomycorrhizal fungal communities
colonizing seedlings and adult trees of Pinus montezumae in Mexican
neotropical forests. FEMS Microbiology Ecology, 80(2), 479-487. doi:
10.1111/j.1574-6941.2012.01314.x

Robertson, S. J., Rutherford, P. M. et Massicotte, H. B. (2011). Plant and soil properties
determine microbial community structure of shared Pinus-Vaccinium
rhizospheres in petroleum hydrocarbon contaminated forest soils. Plant and
Soil, 346(1-2), 121-132. doi: 10.1007/s11104-011-0802-2

Robertson, S. J., Tackaberry, L. E., Egger, K. N. et Massicotte, H. B. (2006).
Ectomycorrhizal fungal communities of black spruce differ between wetland
and upland forests. Canadian Journal of Forest Research, 36(4), 972-985. doi:
10.1139/x06-001

Robinson, D. (1996). Resource Capture by Localized Root Proliferation: Why Do
Plants Bother? Annals of Botany, 77(2), 179-185.

Robinson, D., Hodge, A. et Fitter, A. (2003). Constraints on the Form and Function of
Root Systems. Dans H. de Kroon et E. J. W. Visser (dir.), Root Ecology (vol.
168, p. 1-31). Berlin, Heidelberg: Springer Berlin Heidelberg. doi:
10.1007/978-3-662-09784-7_1

Roscher, C., Schumacher, J., Gubsch, M., Lipowsky, A., Weigelt, A., Buchmann, N.,
... Schulze, E.-D. (2012). Using Plant Functional Traits to Explain Diversity—
Productivity  Relationships.  PLoS ONE, 7(5), 36760. doi:
10.1371/journal.pone.0036760

Rosengren, U., Goransson, H., Jonsson, U., Stjernquist, 1., Thelin, G. et Wallander, H.
(2006). Functional Biodiversity Aspects on the Nutrient Sustainability in



159

Forests-Importance of Root Distribution. Journal of Sustainable Forestry,
21(2-3), 77-100. doi: 10.1300/J091v21n02_06

Roumet, C., Birouste, M., Picon-Cochard, C., Ghestem, M., Osman, N., Vrignon-
Brenas, S., ... Stokes, A. (2016). Root structure-function relationships in 74
species: evidence of a root economics spectrum related to carbon economy.
New Phytologist, 210(3), 815-826. doi: 10.1111/nph.13828

Rousk, J., Baath, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., ...
Fierer, N. (2010). Soil bacterial and fungal communities across a pH gradient
in an arable soil. The ISME Journal, 4(10), 1340-1351. doi:
10.1038/ismej.2010.58

Ruiz-Benito, P., Gomez-Aparicio, L., Paquette, A., Messier, C., Kattge, J. et Zavala,
M. A. (2014). Diversity increases carbon storage and tree productivity in
Spanish forests: Diversity effects on forest carbon storage and productivity.
Global Ecology and Biogeography, 23(3), 311-322. doi: 10.1111/geb.12126

Saucier, J.-P., Bergeron, J.-F., Grondin, P. et Robitaille, A. (1998). Les régions
écologiques du Quebec méridional (3e version): un des éléments du systeme
hiérarchique de classification écologique du territoire mis au point par le
ministere des Ressources naturelles du Quebec. Supplément de I’ Aubelle, (124),
12p.

Saucier, J.-P., Gosselin, J., Morneau, C. et Grondin, P. (2010). Utilisation de la
classification de la végétation dans I’aménagement forestier au Québec. Revue
Forestiere Frangaise, (3-4). doi: 10.4267/2042/38956

Schenk, H. J. (2006). Root competition: beyond resource depletion: Root competition:
beyond resource depletion. Journal of Ecology, 94(4), 725-739. doi:
10.1111/5.1365-2745.2006.01124.x

Schimel, J. P. et Bennett, J. (2004). Nitrogen mineralization: Chanllenges of a changing
paradigm. Ecology, 85(3), 591-602. doi: 10.1890/03-8002

Schmid, 1. (2002). The influence of soil type and interspecific competition on the fine
root system of Norway spruce and European beech. Basic and Applied Ecology,
3(4), 339-346. doi: 10.1078/1439-1791-00116

Schmidt, P.-A., Béalint, M., Greshake, B., Bandow, C., Rombke, J. et Schmitt, 1. (2013).
Illumina metabarcoding of a soil fungal community. Soil Biology and
Biochemistry, 65, 128-132. doi: 10.1016/j.s0ilbio.2013.05.014

Schob, C., Butterfield, B. J. et Pugnaire, F. I. (2012). Foundation species influence
trait-based community assembly. New Phytologist, 196(3), 824-834. doi:
10.1111/j.1469-8137.2012.04306.x



160

Schadb, C., Prieto, 1., Armas, C. et Pugnaire, F. I. (2014). Consequences of facilitation:
one plant’s benefit is another plant’s cost. Functional Ecology, 28(2), 500-508.
doi: 10.1111/1365-2435.12185

Schipler, A., Schwarzott, D. et Walker, C. (2001). A new fungal phylum, the
Glomeromycota: phylogeny and evolution. Mycological Research, 105(12),
1413-1421. doi: 10.1017/S0953756201005196

Senés-Guerrero, C., Giménez, S., Pacheco, A., Gradilla-Hernandez, M. S. et SchiRler,
A. (2020). New MiSeq based strategy exposed plant-preferential arbuscular
mycorrhizal fungal communities in arid soils of Mexico. Symbiosis, 81(3),
235-246. doi: 10.1007/s13199-020-00698-5

Shannon, C. E. (1948). A Mathematical Theory of Communication. Bell System
Technical Journal, 27(3), 379-423. doi: 10.1002/j.1538-7305.1948.tb01338.x

Shenoy, A., Kielland, K. et Johnstone, J. F. (2013). Effects of fire severity on plant
nutrient uptake reinforce alternate pathways of succession in boreal forests.
Plant Ecology, 214(4), 587-596. doi: 10.1007/s11258-013-0191-0

Siciliano, S. D., Palmer, A. S., Winsley, T., Lamb, E., Bissett, A., Brown, M. V., ...
Snape, 1. (2014). Soil fertility is associated with fungal and bacterial richness,
whereas pH is associated with community composition in polar soil microbial
communities.  Soil  Biology and  Biochemistry, 78, 10-20. doi:
10.1016/j.s0ilbio.2014.07.005

Siemens, J. A., Calvo-Polanco, M. et Zwiazek, J. J. (2011). Hebeloma crustuliniforme
facilitates ammonium and nitrate assimilation in trembling aspen (Populus
tremuloides) seedlings. Tree Physiology, 31(11), 1238-1250. doi:
10.1093/treephys/tpr104

Simard, S. W., Perry, D. A., Jones, M. D., Myrold, D. D., Durall, D. M. et Molina, R.
(1997). Net transfer of carbon between ectomycorrhizal tree species in the field.
Nature, 388(6642), 579-582. doi: 10.1038/41557

Smith, J., Harvey, B. D., Koubaa, A., Brais, S. et Mazerolle, M. J. (2016). Sprucing up
the mixedwoods: growth response of white spruce (Picea glauca) to partial
cutting in the eastern Canadian boreal forest. Canadian Journal of Forest
Research, 46(10), 1205-1215. doi: 10.1139/¢jfr-2015-0489

Smith, M. E., Douhan, G. W., Fremier, A. K. et Rizzo, D. M. (2009). Are true multihost
fungi the exception or the rule? Dominant ectomycorrhizal fungi on Pinus
sabiniana differ from those on co-occurring Quercus species: Letters. New
Phytologist, 182(2),295-299. doi: 10.1111/j.1469-8137.2009.02801.x

Smith, S. E. et Read, D. J. (2008). Mycorrhizal symbiosis (3. ed., Repr). Amsterdam:
Elsevier/Acad. Press.



161

Stachowicz, J. J. (2001). Mutualism, Facilitation, and the Structure of Ecological
Communities. BioScience, 51(3), 235. doi: 10.1641/0006-
3568(2001)051[0235:MFATS0]2.0.CO;2

Statistics Canada. (2018). Human Activity and the Environment 2017. Canadian
Public Policy / Analyse de Politiques, 4(4), 587. doi: 10.2307/3549992

Steenberg, J. W. N., Duinker, P. N. et Nitoslawski, S. A. (2019). Ecosystem-based
management revisited: Updating the concepts for urban forests. Landscape and
Urban Planning, 186, 24-35. doi: 10.1016/j.landurbplan.2019.02.006

Steele, S. J., Gower, S. T., Vogel, J. G. et Norman, J. M. (1997). Root mass, net primary
production and turnover in aspen, jack pine and black spruce forests in
Saskatchewan and Manitoba, Canada. Tree physiology, 17(8-9), 577-587.

Strong, W. L. et La Roi, G. H. (1983). Rooting depths and successional development
of selected boreal forest communities. Canadian Journal of Forest Research,
13(4), 577-588. doi: 10.1139/x83-084

Stuefer, J. F. (1998). Two types of division of labour in clonal plants: benefits, costs
and constraints. Perspectives in Plant Ecology, Evolution and Systematics, 1(1),
47-60. doi: 10.1078/1433-8319-00051

Stueffer, J. F., de Kroon, H. et During, H. J. (1996). Exploitation of environmental
Hetergeneity by Spatial Division of Labor in a Clonal Plant. Functional
Ecology, 10(3), 328. doi: 10.2307/2390280

Sukhinin, A. I., French, N. H. F., Kasischke, E. S., Hewson, J. H., Soja, A. J., Csiszar,
I. A, ... Slinkina, O. A. (2004). AVHRR-based mapping of fires in Russia:
New products for fire management and carbon cycle studies. Remote Sensing
of Environment, 93, 546-564. doi: 10.1016/j.rse.2004.08.011

Suzuki, K., Takahashi, K. et Harada, N. (2020). Evaluation of primer pairs for studying
arbuscular mycorrhizal fungal community compositions using a MiSeq
platform. Biology and Fertility of Soils, 56(6), 853-858. doi: 10.1007/s00374-
020-01431-6

Tamm, C. O. (1991). Nitrogen in Terrestrial Ecosystems (vol. 81). Berlin, Heidelberg:
Springer Berlin Heidelberg. doi: 10.1007/978-3-642-75168-4

Taylor, A. R., Seedre, M., Brassard, B. W. et Chen, H. Y. (2014). Decline in net
ecosystem productivity following canopy transition to late-succession forests.
Ecosystems, 17(5), 778-791.

Tedersoo, L., Bahram, M., P6lme, S., Kdljalg, U., Yorou, N. S., Wijesundera, R., ...
Abarenkov, K. (2014). Global diversity and geography of soil fungi. Science,
346(6213), 1256688. doi: 10.1126/science.1256688

Tedersoo, L., May, T. W. et Smith, M. E. (2010). Ectomycorrhizal lifestyle in fungi:



162

global diversity, distribution, and evolution of phylogenetic lineages.
Mycorrhiza, 20(4), 217-263. doi: 10.1007/s00572-009-0274-x

Tedersoo, L. et Smith, M. E. (2013). Lineages of ectomycorrhizal fungi revisited:
Foraging strategies and novel lineages revealed by sequences from
belowground.  Fungal  Biology  Reviews, 27(3-4), 83-99. doi:
10.1016/j.fbr.2013.09.001

Tedersoo, L., Suvi, T., Larsson, E. et Kdljalg, U. (2006). Diversity and community
structure of ectomycorrhizal fungi in a wooded meadow. Mycological
Research, 110(6), 734-748. doi: 10.1016/j.mycres.2006.04.007

Thormann, M. N. (2006). The Role of Fungi in Boreal Peatlands. Dans R. K. Wieder
et D. H. Vitt (dir.), Boreal Peatland Ecosystems (vol. 188, p. 101-123). Berlin,
Heidelberg: Springer Berlin Heidelberg. doi: 10.1007/978-3-540-31913-9 6

Tilman, D. (1980). Resources: A Graphical-Mechanistic Approach to Competition and
Predation. The American Naturalist, 116(3), 362-393. doi: 10.1086/283633

Tilman, D. (1982). Resource competition and community structure. Princeton, N.J:
Princeton University Press.

Tilman, D. (1988). Plant strategies and the dynamics and structure of plant
communities. Princeton, N.J: Princeton University Press.

Tilman, D. (1999). The Ecological Consequences of Changes in Biodiversity: A Search
for General Principles. Ecology, 80(5), 1455-1474. doi: 10.1890/0012-
9658(1999)080[1455: TECOCI]2.0.CO;2

Tilman, D. (2007). Resource competition and plant traits: a response to Craine et al .
2005. Journal of Ecology, 95(2), 231-234. doi: 10.1111/;.1365-
2745.2007.01201.x

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M. et Siemann, E. (1997). The
influence of functional diversity and composition on ecosystem processes.
Science, 277(5330), 1300-1302.

Tilman, D., Reich, P. B. et Knops, J. M. H. (2006). Biodiversity and ecosystem stability
in a decade-long grassland experiment. Nature, 441(7093), 629-632. doi:
10.1038/nature04742

Toju, H. et Sato, H. (2018). Root-Associated Fungi Shared Between Arbuscular
Mycorrhizal and Ectomycorrhizal Conifers in a Temperate Forest. Frontiers in
Microbiology, 9. doi: 10.3389/fmicb.2018.00433

Torsvik, V., Sgrheim, R. et Goksgyr, J. (1996). Total bacterial diversity in soil and
sediment communities—A review. Journal of Industrial Microbiology &
Biotechnology, 17(3-4), 170-178. doi: 10.1007/BF01574690



163

Towill W. D., Wiltshire R. O., et Desharnais J. C. (2004). Distribution, Extent, and
Importance of Boreal Mixedwood Forests in Ontario. Ontario Ministry of
Natural. Boreal Mixedwood Note, (4), 14p.

Turner, B. L. (2008). Resource partitioning for soil phosphorus: a hypothesis. Journal
of Ecology, 96(4), 698-702. doi: 10.1111/j.1365-2745.2008.01384.x

Vaillancourt, M.-A., Gauthier, S., Kneeshaw, D. et Bergeron, Y. (2009).

Implementation of ecosystem management in boreal forests: examples from
eastern Canada. Edmonton, Alberta: Réseau de gestion durable des foréts.

Vallano, D. M. et Sparks, J. P. (2013). Foliar §*°N is affected by foliar nitrogen uptake,
soil nitrogen, and mycorrhizae along a nitrogen deposition gradient. Oecologia,
172(1), 47-58. doi: 10.1007/s00442-012-2489-3

Van Cleve, K., Chapin, F. S., Dyrness, C. T. et Viereck, L. A. (1991). Element Cycling
in Taiga Forests: State-Factor Control. BioScience, 41(2), 78-88. doi:
10.2307/1311560

van den Driessche, R. (1971). Response of conifer seedlings to nitrate and ammonium
sources of nitrogen. Plant and Soil, 34(2), 421-439.

van der Heijden, M. G. A., Bardgett, R. D. et van Straalen, N. M. (2008). The unseen
majority: soil microbes as drivers of plant diversity and productivity in
terrestrial ecosystems. Ecology Letters, 11(3), 296-310. doi: 10.1111/].1461-
0248.2007.01139.x

van der Heijden, M. G. A., Klironomos, J. N., Ursic, M., Moutoglis, P., Streitwolf-
Engel, R., Boller, T., ... Sanders, I. R. (1998). Mycorrhizal fungal diversity
determines plant biodiversity, ecosystem variability and productivity. Nature,
396(6706), 69-72.

van der Heijden, M. G. A. et Sanders, I. R. (2002). Mycorrhizal Ecology. Berlin,
Heidelberg: Springer Berlin Heidelberg. Récupéré de
http://public.eblib.com/choice/publicfullrecord.aspx?p=3087614

Veillette, J. J. (1994). Evolution and paleohydrology of glacial Lakes Barlow and
Ojibway. Quaternary Science Reviews, 13(9-10), 945-971. doi: 10.1016/0277-
3791(94)90010-8

Vogt, K. A, Vogt, D. J. et Bloomfield, J. (1991). Input of Organic Matter to the Soil
by Tree Roots. Dans Developments in Agricultural and Managed Forest
Ecology (vol. 24, p. 171-190). Elsevier. doi: 10.1016/B978-0-444-89104-
4.50028-1

Walter, H. (1985). Vegetation of the Earth and ecological systems of the Geo-
Biosphere. Berlin: Springer-Verlag.



164

Wang, W., Lei, X., Ma, Z., Kneeshaw, D. D. et Peng, C. (2011). Positive relationship
between aboveground carbon stocks and structural diversity in spruce-
dominated forest stands in New Brunswick, Canada. Forest Science, 57(6),
506-515.

Weber, M. G. et Flannigan, M. D. (1997). Canadian boreal forest ecosystem structure
and function in a changing climate: impact on fire regimes. Environmental
Reviews, 5(3-4), 145-166.

Weiner, J., Wright, D. B. et Castro, S. (1997). Symmetry of Below-Ground
Competition between Kochia scoparia Individuals. Oikos, 79(1), 85. doi:
10.2307/3546093

White, P. J., George, T. S., Dupuy, L. X., Karley, A. J., Valentine, T. A., Wiesel, L. et
Wishart, J. (2013). Root traits for infertile soils. Frontiers in Plant Science, 4.
doi: 10.3389/fpls.2013.00193

White, T. J., Bruns, T., Lee, S. et Taylor, J. (1990). Amplification and direct sequencing
of fungal ribosomal RNA genes for phylogenetics. Dans PCR Protocols (p.
315-322). Elsevier. doi: 10.1016/B978-0-12-372180-8.50042-1

Williamson, T. B., Sustainable Forest Management Network et Northern Forestry
Centre (Canada). (2009). Les changements climatiques et les foréts du Canada
des impacts a l’adaptation. EdOmonton, Alta.: Centre de foresterie du Nord.

Wilson, J. B. (1988). Shoot Competition and Root Competition. The Journal of Applied
Ecology, 25(1), 279. doi: 10.2307/2403626

Wirth, C. (2005). Fire Regime and Tree Diversity in Boreal Forests: Implications for
the Carbon Cycle. Dans M. Scherer-Lorenzen, C. Kdérner et E.-D. Schulze
(dir.), Forest Diversity and Function (vol. 176, p. 309-344). Berlin/Heidelberg:
Springer-Verlag. doi: 10.1007/3-540-26599-6_15

Wright, D. P., Read, D. J. et Scholes, J. D. (1998). Mycorrhizal sink strength influences
whole plant carbon balance of Trifolium repens L. Plant, Cell & Environment,
21(9), 881-891. doi: 10.1046/j.1365-3040.1998.00351.x

Waubet, T., Christ, S., Schoning, 1., Boch, S., Gawlich, M., Schnabel, B., ... Buscot, F.
(2012). Differences in Soil Fungal Communities between European Beech
(Fagus sylvatica L.) Dominated Forests Are Related to Soil and Understory
Vegetation. PLoS ONE, 7(10), e47500. doi: 10.1371/journal.pone.0047500

Xu, X., Chen, C., Zhang, Z., Sun, Z., Chen, Y., Jiang, J. et Shen, Z. (2017). The
influence of environmental factors on communities of arbuscular mycorrhizal
fungi associated with Chenopodium ambrosioides revealed by MiSeq
sequencing investigation.  Scientific  Reports, 7(1), 45134. doi:
10.1038/srep45134



165

Xu, Y., He, J., Cheng, W., Xing, X. et Li, L. (2010). Natural *N abundance in soils
and plants in relation to N cycling in a rangeland in Inner Mongolia. Journal of
Plant Ecology, 3(3), 201-207. doi: 10.1093/jpe/rtq023

Yachi, S. et Loreau, M. (1999). Biodiversity and ecosystem productivity in a
fluctuating environment: the insurance hypothesis. Proceedings of the National
Academy of  Sciences, 96(4), 1463-1468. Récupéré de
http://www.pnas.org/content/96/4/1463.short

Yoshida, N. (1988). 1°N-depleted N20 as a product of nitrification. Nature, 335(6190),
528-529. doi: 10.1038/335528a0

Yoshida, N., Morimoto, H., Hirano, M., Koike, I., Matsuo, S., Wada, E., ... Hattori, A.
(1989). Nitrification rates and *°N abundances of N20 and NO3— in the western
North Pacific. Nature, 342(6252), 895-897. doi: 10.1038/342895a0

Zackrisson, O., Nilsson, M.-C., Dahlberg, A., Jaderlund, A. et Jaderlund, A. (1997).
Interference Mechanisms in Conifer-Ericaceae-Feathermoss Communities.
Oikos, 78(2), 209. doi: 10.2307/3546287

Zasada, J. C., Gordon, A. G., Slaughter, C. W. et Duchesne, L. C. (1997, juillet).
Ecological Considerations for the Sustainable Management of the North
American Boreal Forests. International Institute for Applied Systems Analysis.
Récupéré de https://EconPapers.repec.org/RePEc:wop:iasawp:ir97024

Zhang, D. et Pearse, P. H. (2012). Forest economics. Vancouver, BC: UBC Press.

Zhang, Y., Chen, H. Y. H. et Reich, P. B. (2012). Forest productivity increases with
evenness, species richness and trait variation: a global meta-analysis: Diversity
and productivity relationships. Journal of Ecology, 100(3), 742-749. doi:
10.1111/5.1365-2745.2011.01944.x

Zhang, Y., Chen, H. Y. H. et Taylor, A. R. (2016). Positive species diversity and above-
ground biomass relationships are ubiquitous across forest strata despite
interference from overstorey trees. Functional Ecology, 31(2), 419-426. doi:
10.1111/1365-2435.12699

Zobel, M. et Zobel, K. (2002). Studying plant competition: from root biomass to
general aims: Studying plant competition. Journal of Ecology, 90(3), 578-580.
doi: 10.1046/j.1365-2745.2002.00693.x



	RÉSUMÉ
	ABSTRACT
	CHAPTER I
	GENERAL INTRODUCTION
	1.1 Background
	1.1.1 The boreal forest in Canada
	Figure 1.1 Vegetation zones and bioclimatic domains in Quebec (Saucier et al., 1998).
	1.1.2 Sustainable management of the boreal forest in Quebec
	1.1.3 Context of diversity-productivity relationship studies in boreal forests
	1.1.4 Belowground interactions between species

	1.2 Problem statement
	1.3 Objectives and hypotheses
	1.4 Study area
	Figure 1.2 Location of the study sites in the spruce-moss bioclimatic domain of Quebec.

	CHAPTER II
	CONTRASTING ROOT SYSTEM STRUCTURE AND BELOWGROUND INTERACTIONS BETWEEN BLACK SPRUCE (Picea mariana (Mill.) B.S.P) AND TREMBLING ASPEN (Populus tremuloides Michx) IN BOREAL MIXEDWOODS OF EASTERN CANADA
	2.1 Résumé
	2.2 Abstract
	2.3 Introduction
	2.4 Materials and Methods
	2.4.1 Study Area
	Figure 2.1 Location of the study sites in the spruce feathermoss bioclimatic domain of Quebec.
	2.4.2 Sample Collection and Preparation
	2.4.3 Chemical Analysis
	2.4.4 Data Analysis
	2.4.4.1 Metrics Calculation
	2.4.4.2 Statistical Analysis

	2.5 Results
	2.5.1 Fine Root Biomass
	Figure 2.2 Differences in soil volume filling by fine roots of black spruce and trembling aspen in the three sampled soil horizon layers (a,c) between pure and mixed stands, and (b) within mixed stands. Species mixture effect on fine roots biomass of ...
	Figure 2.3 Fine roots vertical heterogeneity index describing how fully and evenly fine roots of black spruce (BS) and trembling aspen (TA) are distributed with soil depth in pure (P) and mixed (M) stands.
	Figure 2.4 Principal component analysis of fine root biomass (FRB) and root dry matter content (RDMC) characterizing the rooting system of black spruce and trembling aspen in pure and mixed stands. The depth of organic horizon (FF_Height) was included...
	Figure 2.5 Principal component analysis comparing rooting patterns of black spruce (a) and trembling aspen (b) between pure and mixed stands. Variables included in the analyses are C:N ratio, pH, total carbon (C), total nitrogen (Nt), Ammonium (Nm), p...
	2.5.2 Root Dry Matter Content
	Figure 2.6 Differences in the root dry matter content (RDMC) of fine roots of black spruce and trembling aspen in the three sampled soil horizon layers (a,c) between pure and mixed stands, and (b) within mixed stands. The box represents 50% of the dat...

	2.6 Discussion
	2.7 Conclusion
	2.8 Acknowledgments
	CHAPTER III
	NUTRIENT PARTITIONING BETWEEN BLACK SPRUCE AND TREMBLING ASPEN IN THE BOREAL MIXEDWOODS OF EASTERN CANADA: CAN MYCORRHIZAL COMMUNITIES EXPLAIN IT?
	3.1 Résumé
	3.2 Abstract
	3.3 Introduction
	3.4 Material and methods
	3.4.1 Study area
	3.4.2 Sampling
	3.4.3 DNA extraction and library preparation
	3.4.4 Bioinformatics and taxonomic identification
	3.4.5 Statistical analysis

	3.5 Results
	3.5.1 Sequencing output
	3.5.2 Mycorrhizal richness and diversity
	Table 3.1 Root-associated mycorrhizal community (ECM and AM combined) alpha diversity indexes (Means and SEM) of spruce and aspen by stand type and soil layer.
	3.5.3 Mycorrhizal communities’ composition
	Figure 3.1 Non-metric multidimensional scaling (NMDS) of a Bray-Curtis distance matrix describing the structure of root-associated mycorrhizal communities of spruce and aspen along the soil profile (a) between pure spruce and pure aspen stands, (b) wi...
	Table 3.2 Results of the PERMANOVA performed on the NMDS showing the significance of different factors of mycorrhizal communities’ composition of spruce and aspen within and between pure and mixed stands.
	Figure 3.2 Boxplots comparing the variance of Bray-Curtis distances (computed as the distance to the centroid) within each soil layer for (a) spruce between pure and mixed stands, (b) spruce and aspen in mixed stands, (c) aspen between pure and mixed ...
	3.5.4 Host preference
	Figure 3.4. Relative abundance of mycorrhizal fungal taxa associated preferentially (specialists) and commonly found (generalists) on spruce and aspen roots in (a) the organic and (b) the top 0-15 cm mineral soil layers of mixed stands.
	3.5.5 Stand type preference

	Figure 3.3. CLAM test results showing mycorrhizal host preference based on OTUs rank and their abundance (number of reads) in the organic and the mineral soil layers of mixed stands.
	3.6 Discussion
	3.6.1 Role of soil chemical properties
	3.6.2 Shift in mycorrhizal communities’ composition and potential impact on host species growth in pure and mixed stands
	3.6.2.1 Black spruce
	3.6.2.2 Trembling aspen

	3.7 Conclusion
	3.8 Acknowledgements
	CHAPTER IV
	THE PARTITIONING OF NITROGEN USE OF BLACK SPRUCE AND TREMBLING ASPEN IN BOREAL MIXEDWOODS OF EASTERN CANADA SUPPORTS COMPLEMENTARITY HYPOTHESIS
	4.1 Résumé
	4.2 Abstract
	4.3 Introduction
	4.4 Material and methods
	4.4.1 Study area
	4.4.2 Sampling
	4.4.2.1 Leaves
	4.4.2.2 Soil
	4.4.3 N labelling experiment
	4.4.3.1 Experimental design
	4.4.3.2 Soil and root samples collection
	4.4.4 Analytical procedure
	4.4.4.1 Chemical analysis
	4.4.4.2 Statistical analysis

	4.5 Results
	4.5.1 Leaf total N content and δ15N
	4.5.2 Soil δ15N
	Figure 4.1 Variation of leaf (a) total N content and (b) δ15N, and (c,e) soil δ15N natural isotopic abundance in pure and mixed stands of spruce and aspen. The letters indicate significant differences at p < 0.05.
	4.5.3 Relationships between soil δ15N and leaf δ15N
	Figure 4.2 Simple linear regression analysis of soil δ15N and leaf δ15N for spruce and aspen in pure and mixed stands. Spearman’s correlation coefficient (rs) and p values in red indicates significant relationships.
	4.5.4 15N labelling experiment
	Table 4.1. The δ15N (mean and SEM) of roots and soils along the soil profile following the addition of the two 15N-labelled forms in pure and mixed stands of spruce and aspen.
	4.5.4.1  Patterns of root 15N enrichment in the organic soil
	4.5.4.2 Patterns of root 15N enrichment in the mineral soil
	Figure 4.3 Variation of the correction factor (k) and the isotopic fractionation factor (ε) describing the preference of spruce and aspen for the two 15N-labeled forms in (a) the organic soil layer and (b) the mineral soil layers within and between st...

	4.6 Discussion
	4.6.1 Soil and foliage 15N natural abundance
	4.6.2 Correlation between leaves and soils δ15N
	4.6.3 N inorganic forms preference
	4.6.4 The impact of species mixture on N nutrition

	4.7 Conclusion
	4.8 Acknowledgments
	CHAPTER V
	GENERAL CONCLUSION
	APPENDIX A
	SUPPLEMENTARY INFORMATION CHAPTER II
	APPENDIX B
	SUPLLEMENTARY INFORMATION CHAPTER III
	APPENDIX C
	SUPPLEMENTARY INFORMATION CHAPTER IV
	REFERENCES

