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SOMMAIRE 

Dans les forêts boréales d'épinettes noires du Québec, une approche écosystémique de la gestion 

forestière est mise en œuvre à l'aide de traitements sylvicoles afin de maximiser la productivité 

et d'atteindre des objectifs de peuplement précis, comme le volume de bois marchand pour une 

région forestière donnée. La gestion au niveau des peuplements est guidée par le calcul de la 

possibilité forestière, un calcul qui utilise historiquement des mesures rétrospectives pour 

prédire la croissance future de la forêt. Afin d'améliorer la précision des modèles de croissance 

des forêts et de guider la gestion des forêts dans un climat en évolution, une meilleure 

compréhension plus précise des mécanismes écologiques et leurs interactions entre les 

traitements sylvicoles et les régions écologiques sont nécessaire pour assurer une productivité 

durable de l'épinette noire pour une économie forestière florissante. Pour ce faire, ce projet de 

recherche a exploré les interactions entre les traitements sylvicoles, les dépôts de surface et le 

climat dans le contrôle de la croissance de l'épinette noire à mi-révolution au Québec. 

Dans le chapitre 2, l'objectif était de tester la disponibilité des ressources et la réponse 

physiologique de l'épinette noire au scarifiage dans deux régions climatiques du Québec. Celles-

ci ont été quantifiées en mesurant les échanges de gaz d'aiguilles et l'efficacité d'utilisation des 

éléments nutritifs dans des peuplements d'épinettes noires qui ont été traités avec du scarifiage 

18 ans passés dans deux régions climatiques contrastées. Le scarifiage a augmenté la hauteur et 

le taux de croissance relative de manière égale dans les régions à climat chaud-sec et frais-

humide. En conséquence, l’évapotranspiration plus élevée des arbres plus grands a augmenté le 

stress hydrique sur les deux types de sites. L'épinette noire a maintenu sa croissance en 

diminuant la conductance stomatique afin d'augmenter l'efficacité d'utilisation de l'eau, telle 

qu’évalué par des rapports isotopiques stables. Cela suggère que sur les sites relativement 

chauds et secs, des températures plus chaudes et une saison de croissance plus longue 

maximisent le potentiel de croissance des arbres après le traitement du scarifiage. Sur le site 

frais-humide, le scarifiage améliore la qualité de la nutrition du sol en réduisant la compétition 
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avec les arbustes d'éricacées et en favorisant une rétroaction positive des arbres plus grands ce 

qui contribue à la production d’une litière de haute qualité retourné au sol. 

Dans le chapitre 3, l'objectif était d'explorer les mécanismes par lesquels l'éclaircie 

précommerciale (ÉPC) augmente la croissance de l'épinette noire dans différents régimes de 

climat et sur différents dépôts de surface. Nous avons exploré les mécanismes écologiques qui 

pourraient être responsables d'un plus grand diamètre des tiges résiduelles après l’éclaircie. 

L’ÉPC a réduit la surface terrière du peuplement tout en augmentant le diamètre à hauteur de 

poitrine (DHP) des tiges résiduelles de manière égale sur les trois types de sites. Sur les sites 

chauds-secs, l’ÉPC a augmenté la disponibilité de l'eau du sol sur les dépôts de till mais a 

diminué la biomasse microbienne sur les dépôts d'argile. Sur les sites frais-humides, l’ÉPC a 

réduit les taux de minéralisation de l'azote du sol. L’ÉPC augmente l'ouverture du couvert par 

rapport aux peuplements non-éclaircis. Par contre dans les ÉPCs, le DHP moyenne des tiges 

résiduelles a été négativement corrélée avec l’ouverture du couvert dans chacun des trois sites. 

Il est alors probable que l’ÉPC augmente la croissance des tiges résiduelles en réduisant la 

compétition intra-spécifique. L’ÉPC devrait être évitée sur les sites excessivement humides où 

le traitement pourrait réduire la qualité du site. Au lieu de cela, il devrait être priorisé sur les 

types de sites limités en eau où il peut aider à atténuer le stress hydrique. 

Dans le chapitre 4, l'objectif était de déterminer si l’ÉPC pouvait atténuer le stress dû à la 

sécheresse des peuplements d'épinettes noires sur des sites de régime climatique et de dépôt 

géologique variables. Nous avons testé la réponse de croissance de l'épinette noire aux variations 

du bilan hydrique du site en utilisant la dendrochronologie. La variabilité interannuelle de la 

largeur des cernes d'épinette noire était corrélée à l'indice de précipitation-évapotranspiration 

normalisé historique dans trois types de sites différents du Québec. Ces relations ont été utilisées 

pour tester la réponse de croissance de l'épinette noire à la disponibilité en eau dans les trois 

types de sites différents. L'effet relatif du traitement ÉPC sur la croissance radiale de l'épinette 

noire a été testé sur tous les sites depuis le traitement et pendant des années d'anomalies 

climatiques. Une réponse de croissance positive a été corrélée à l'augmentation de la 
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disponibilité en eau du sol sur les types de sites secs, alors que la tendance inverse a été observée 

sur les types de sites humides. L’ÉPC a eu le plus gros impact positive sur la croissance radiale 

de l'épinette noire sur les sites secs, renforçant son application sur ces types en particulier plutôt 

que sur les sites humides. L’ÉPC s'est avérée tout aussi efficace pour maintenir la croissance de 

l'épinette noire dans tous les types de sites pendant les saisons de croissance anormalement 

chaudes et sèches. Nos résultats suggèrent que les peuplements d'épinettes noires sur des sites 

de faible fertilité ou dans les régions plus sud du Québec sont les plus exposés à une baisse de 

productivité due à l’augmentation des températures. En comparaison, la productivité des 

peuplements d'épinettes noires du Nord bénéficiera de températures plus chaudes à l'avenir. 

Nos résultats impliquent que le traitement sylvicole devrait être appliqué en fonction des 

caractéristiques spécifiques au site pour assurer la fertilité du site et le volume maximum de bois 

exploitable d'épinette noire. Pour cette raison, il est recommandé que le traitement de scarifiage 

soit effectué dans des climats frais et humides pour réduire la concurrence avec les arbustes 

éricacées. Cela aidera à maintenir des taux de croissance accrus ainsi qu'une meilleure fertilité 

du sol pour les futures révolutions forestières. D'autre part, le traitement ÉPC est recommandé 

pour les sites à humidité limitée, en particulier avec des sols de till à drainage rapide, grâce à 

quoi le stress hydrique peut être réduit en raison d'une densité de peuplement plus faible. Suivant 

ces recommandations, les traitements sylvicoles peuvent maximiser la croissance de l'épinette 

noire et la qualité du site tout en atténuant les effets négatifs du changement climatique. Nous 

espérons que les résultats et les recommandations de ce projet de recherche seront pris en compte 

par les planificateurs et les gestionnaires forestiers et seront incorporés dans la planification 

stratégique et les stratégies de gestion durable pour assurer la productivité de l'épinette noire. 

Mots clés: Épinette noire, éclaircie pré-commerciale, scarifiage, dépôt géologique, changement 

climatique, disponibilité en eau du sol, cycle de l'azote, chimie foliaire, indice climatique, 

dendrochronologie.
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SUMMARY 

In managed boreal black spruce forests of Québec, an ecosystem-based approach to forest 

management is carried out using silvicultural treatments that maximize productivity and achieve 

specific stand objectives, such as merchantable wood volume for a given area of forest. Stand 

level management is guided by calculations of annual allowable cut (AAC), a calculation that 

historically uses retrospective measurements to predict future forest growth. In order to improve 

the accuracy of forest growth models and guide forest management through an evolving climate, 

a better understanding of ecological mechanisms and their interactions between silvicultural 

treatment and different ecological regions is required to ensure sustainable black spruce 

productivity for a thriving forest economy. To do so, this research project explored multiple 

two-way interactions between silvicultural treatments, geological deposit and climate in 

controlling mid-rotation aged black spruce growth in Québec.  

In Chapter 2, the objective was to test the resource availability and physiological response of 

black spruce to scarification in two climatic regions of Québec. These were quantified by 

measuring needle gas exchange and nutrient use efficiency in black spruce stands that had 

undergone scarification 18 years earlier in two contrasting climate regions. Scarification 

increased tree height and relative growth rate equally across both warm-dry and cool-wet 

climate regions. As a result, greater evapotranspiration demand from taller trees increased 

moisture stress on both site types. Black spruce maintained growth by decreasing stomatal 

conductance in order to increase water use efficiency, as determined by stable isotope ratios. 

This suggests that on relatively warm-dry sites, warmer temperatures and a longer growing 

season maximize tree growth potential after scarification treatment. On the cool-wet site, 

scarification improved soil nutritional quality, perhaps by reducing competition with ericaceous 

shrubs and promoting a positive feedback loop of taller trees contributing high quality litterfall 

to the soil.  



xiv 

In Chapter 3, the objective was to explore the mechanisms by which pre-commercial thinning 

(PCT) increases black spruce growth in different climate and soil types. We explored ecological 

mechanisms that could be responsible for greater diameter of residual stems on black spruce 

PCT stands that had been treated approximately 20 years earlier. PCT reduced stand basal area 

while increasing diameter at breast height of residual stems equally across three contrasting site 

types. On warm-dry sites, PCT increased soil water availability on till deposits but decreased 

microbial biomass on clay deposits. On cool-wet sites, PCT reduced rates of soil N 

mineralization. Compared to non-thinned stands PCT increased canopy openness, which was 

negatively correlated to residual stem diameter across all site types. PCT therefore likely 

increases radial growth of residual stems by reducing intraspecific competition. PCT should be 

avoided on excessively wet sites where it could reduce soil fertility. Instead, it should be 

prioritized on water-limited sites where it may help mitigate moisture stress in response to 

climate change.  

In Chapter 4, the objective was to determine if PCT could mitigate drought-stress of black spruce 

stands on sites of varying climatic regime and geological deposit. We tested the growth response 

of black spruce to variations in site water balance using dendrochronology. Interannual 

variability of black spruce ring width was correlated to historical standardized precipitation-

evapotranspiration index across three contrasting site types. These relationships were used to 

test the relative effect of PCT treatment for black spruce radial growth across sites with varying 

water balance since time of treatment and during years of climate anomalies. On relatively dry 

sites, greater interannual variability of radial growth was positively correlated to soil water 

availability; whereas on wet sites, the opposite trend was found. These findings suggest that 

black spruce stands on low quality or low fertility sites, or in southern regions with relatively 

warmer growing seasons, are most at risk to reduced productivity due to rising temperatures. By 

comparison, northern black spruce stands likely to benefit from warmer temperatures in the 

future. In the 15 years after treatment, PCT had the greatest benefit to radial growth of black 

spruce trees on dry sites but was equally beneficial across all site types during anomalously 

warm and dry growing seasons. 
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Our findings imply that silvicultural treatment should be applied on a site-specific basis to 

ensure site quality and maximum harvestable wood volume of black spruce. For this reason, it 

is recommended that scarification treatment be performed in cool-wet climates to reduce 

competition with ericaceous shrubs. This will help to maintain increased growth rates as well as 

high quality soil nutrition for future forest rotations. On the other hand, PCT treatment is 

recommended for moisture-limited sites, particularly with fast-draining till soils, whereby 

moisture stress can be reduced as a result of lower stand density. Following such 

recommendations, silvicultural treatments can maximize black spruce growth and site quality 

while mitigating the negative effects of climate change. Results and recommendations from this 

research project will hopefully be considered by forest planners and managers and incorporated 

into future strategic planning and sustainable management strategies to ensure black spruce 

productivity. 

Keywords: Black spruce, pre-commercial thinning, scarification, geological deposit, climate 

change, soil water availability, nitrogen cycling, foliar chemistry, climate index, 

dendrochronology   
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CHAPTER 1 

INTRODUCTION 

1.1     Québec’s boreal black spruce forests 

In the province of Québec, Canada, the provincial forestry sector encompasses 250 

municipalities, provides over 60,000 jobs and contributes over $16 billion in industry value 

(Ministère des Forêts de la Faune et des Parcs, 2018; Ministère des Ressources naturelles et de 

la Faune, 2000). Québec’s forestry sector relies heavily on the boreal forest, which covers 

761,000 km2 of the province’s territory, 30% of which is set aside for forest production. Within 

the boreal forest, black spruce (Picea mariana (Mill.) B.S.P.) is the most abundant tree species, 

covering 28% of the province’s territory (Gagnon and Morin, 2001) Black spruce is most 

commonly found accompanied by white spruce (Picea glauca (Moench) Voss), balsam fir 

(Abies balsamea (L.) Mill) and jack pine (Pinus banksiana Lamb.) depending on soil types. 

Black spruce also grows in association with paper birch (Betula papyrifera Marsh.), quaking 

aspen (Populus tremuloides (Michx.)), balsam poplar (Populus balsamifera L.), northern white-

cedar (Thuja occidentalis L.), black ash (Fraxinus nigra Marsh.), American elm (Ulmus 

Americana L.) and red maple (Acer rubrum L.) (Viereck and Johnson, 1990). Understory 

competition is commonly made up of ericaceous shrubs such as Kalmia (Kalmia angustifolia 

L.), Labrador tea (Rhododendron groenlandicum Oeder), leatherleaf (Chamaedaphne 

calyculata L.), willow (Salix spp.) and blueberry (Vaccinium spp.), whose abundances are 

positively correlated with increasing humidity across the province (Thiffault et al., 2015). Black 

spruce trees are slow-growing, shade-tolerant conifers that are able to grow in a wide range of 

biotic conditions. As such, they represent more than 35% of the total merchantable wood volume 

of public forests in Québec (Ministère des Forêts de la Faune et des Parcs, 2018; Ministère des 

Ressources naturelles et de la Faune, 2000). Black spruce forests produce on average 196 m3 

ha-1 by 80 to 100 years of age with harvesting rotations between 95 and 130 years, depending 

on site quality (Viereck and Johnson, 1990). 
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1.2     The influence of heterogeneous site types on black spruce growth  

Many factors affect black spruce growth. The large land area of Québec provides a wide variety 

of climate, topography and soil types at both the local and landscape level all of which influence 

individual tree growth, stand productivity and distribution. For this reason, the Ecological Land 

Classification Hierarchy (ELCH) monitors forest stands to plan forest operations and 

management plans while ensuring sustainable development and biodiversity (Ministère des 

ressources naturelles de la faune et des parcs, 2003). The hierarchies of the ELCH are based on 

environmental variables such as climate and precipitation, as well as growth dynamics, forest 

type and site-specific stand characteristics. Climate and precipitation are the largest variables 

that begin the hierarchical division in the ELCH, separating the province first into vegetation 

zones, then further into bioclimatic zones, respectively. At the finest scale of the ELCH, the land 

district is determined by a site’s unique pattern of relief, geology and geomorphology. Such 

geological features directly correspond to soil water availability for vegetation uptake. Together, 

climate and soil moisture have been found to explain more than 40% of variability in 

determining black spruce site quality index (SQI); a measure of tree height at a certain stand age 

(Hamel et al., 2004). For this reason, climate and geological deposit were chosen as two 

important variables for this research project and were tested for interactions with black spruce 

growth.  

1.2.1    The presence of a temperature-precipitation gradient  

The first hierarchical levels of the ELCH are Québec’s three major vegetation zones, separated 

by two major latitudinal climatic divisions. This research project explored black spruce growth 

in two of these main zones. These include the northern temperate zone, dominated by hardwood 

and mixed wood stands, and the boreal zone dominated by softwood stands. Across each of 

these vegetation zones, there is a west to east gradient of increasing annual precipitation. 

Québec’s western region is predominantly characterized by a relatively warm-dry continental 

climate whereas eastern regions, influenced by the St. Lawrence River, are characterized by a 
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relatively cool-wet climate. At the furthest west and east points of the province exist two 

administrative regions of Québec that extend across this temperature-precipitation gradient 

referred to as Abitibi-Témiscamingue (hereafter referred to as Abitibi) and Côte-Nord, 

respectively (Figure 1.1). To the southwest, Abitibi has a 30-year mean temperature of 2.5˚C 

and an annual precipitation up to 900 mm (Girard-Côté et al., 2006). 

In such regions, black spruce growth can benefit from warm temperatures and a growing season 

of up to 160 days. However, when combined with limited annual precipitation, growth may be 

limited by moisture availability. Previous studies have shown a positive correlation between 

black spruce growth and current growing season precipitation (Ols et al., 2016; Wolken et al., 

2016). By comparison, the northeastern region of Côte-Nord has a 30-year mean temperature of 

-1.0˚C and total annual precipitation up to 1300 mm (Morneau and Landry, 2010). Black spruce 

stands growing in this region have adequate moisture, but growth rates are instead limited by 

lower mean annual temperatures and shorter growing seasons. Climate-growth relationships in 

this region show black spruce growth is positively correlated to growing season temperatures, 

particularly in the month of July (Nicault et al., 2015). Because of these contrasting climates, 

this research project focused on comparing black spruce stands across these regions to better 

understand site-specific ecological mechanisms that contribute to different growth rates. This 

also provides greater insight as to the implications of future environmental changes on black 

spruce stand productivity.  
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Figure 1.1 Approximate location of sampling plots for both pre-commercial thinning 

(PCT) and scarification treatments in Québec, Canada.   

1.2.2    The presence of contrasting geological deposits 

Each of Québec’s vegetation zones within the ELCH are further divided into bioclimatic 

domains. Domains are characterized by vegetation growth as influenced by soil conditions, 

drainage and exposure. Such soil conditions are heavily influenced by geological deposit, also 

referred to as parent material, and are continually undergoing dynamic geological processes 

including soil formation and weathering (Cottle, 2004). Two contrasting geological deposits 

found within Québec are undifferentiated glacial till and glaciolacustrine clay. Undifferentiated 

glacial till deposits, left behind during the deglaciation of Québec, are commonly poorly sorted 

mixtures of gravel, sand, silt and clay (Canadian Society of Soil Science, 2020) and are 

widespread throughout central and northern Québec. Till deposits give way to soils that are 
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faster draining with adequate pore space, less compacted and have moderate bulk density 

(Canadian Society of Soil Science, 2020). As a result, glacial tills are less at risk for anaerobic 

or flooded soil conditions (Viereck and Johnson, 1990), but at greater risk of moisture stress in 

the presence of greater evapotranspiration demand from warmer temperatures and nutrient loss 

due to leaching (Gu et al., 2015; Tardif and Bergeron, 1997). Because of this, black spruce 

stands on till deposits are sometimes classified as being nutrient-poor. By comparison, lacustrine 

clay deposits are found in the west of Québec. These deposits are a result of the melting 

Laurentide ice sheet during the last deglaciation which led to the development of large proglacial 

lakes, Lake Barlow and Lake Ojibway, found in the region of Abitibi (Vincent and Hardy, 

1977). Lacustrine clays are compact, fine-textured deposits and are often more nutrient-rich 

compared to till soils because of their high cation exchange capacity allowing them to hold on 

to essential nutrients. In Abitibi, clay soils have been found to have a greater concentration of 

microbial C to organic C ratios and lower microbial nitrogen (N) to total N ratios compared to 

till soils (Bauhus et al., 1998), allowing for greater nutrient availability, uptake and growth rates. 

Additionally, soils that have developed on clay deposits have a greater water holding capacity, 

which helps to reduce moisture stress during warm summer temperatures (Messaoud et al., 

2014). For example, Tardif and Bergeron (1997) found that indexed mean radial growth of white 

cedars in the Abitibi region was lower on till soils compared to clay soils and had the strongest 

negatively correlation to drought events occurring during June and July. For these regions, black 

spruce SQI is commonly positively correlated with silt and clay fractions (Lowry, 1975).  

By comparing black spruce growth across two contrasting geological deposits, we can gain 

insight as to the influence of nutrient and moisture availability of till versus clay deposits within 

a warm-dry climate regime. By identifying site-specific ecological mechanisms that attribute to 

black spruce growth on these site types, we may identify future limitations to growth that may 

occur as a result of climate change and adapt forest management plans accordingly.  
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1.3     Projections of climate change in Québec  

Currently, the Ministry of Forests, Wildlife and Parks (MFWP), along with the Consortium on 

Regional Climatology and Adaptation to Climate Change (Ouranos), aim to identify 

environmental changes in forest ecosystems over the short, medium, and long-term using 

climate modeling under various climate scenarios. Given the heterogeneous landscape of 

Québec, projections of environmental changes are varied and therefore will likely affect black 

spruce stand productivity differently depending on site location. Overall, climate projections for 

the province forecast increases in mean annual temperature, changes to annual precipitation and 

increasing frequency and severity of extreme weather events such as drought (Logan et al., 

2011). Therefore, interactions between black spruce productivity and site types that are 

projected to experience differing projections to climate change can provide important data as a 

means to predict changes to black spruce stand productivity that are likely to occur over the next 

century.  

1.3.1     Rising temperatures 

Temperature is the climatic variable most often used to describe global environmental changes. 

Across Québec, climate models project the province will see increases in summer and winter 

mean temperatures by up to 3.5 and 9 ˚C, respectively, by 2090 (Logan et al., 2011). Future 

rising seasonal temperatures will follow opposing latitudinal gradients, with warmer summer 

temperatures occurring in southern regions of Québec and warmer winter temperatures 

occurring in northern regions. Mean annual temperature has a direct influence on a number of 

biological processes including tree metabolism and growth. For example, warmer temperatures 

have positive correlations with plant cell production, radial annual growth and forest 

productivity (Gennaretti et al., 2017; Rossi et al., 2011). Temperature also impacts tree 

phenology by influencing the date of budburst and the accumulation of degree days, which have 

been found to explain 40% of variability in site quality for black spruce (Hamel et al., 2004).  

However, in warm climate regions, where growth is limited by moisture availability, rising 
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temperatures may be detrimental for black spruce growth. Atmospheric temperatures above a 

species’ threshold can disrupt photosynthesis, thereby reducing net carbon gain and limiting 

water availability to the point of disrupting hydraulic conductivity and carbohydrate 

accumulation (Balducci et al., 2013; Walker et al., 2015; Way and Sage, 2008). Some predict 

that along with limited soil water availability, inability to maintain respiration due to warming 

will be the greatest limitation to net primary productivity over the next century (Girardin et al., 

2015). Therefore, the effect of rising temperature on black spruce growth will depend on site 

location and region-specific moisture availability and its ability to offset negative effects of 

warmer temperatures on stand productivity. 

1.3.2     Increasing severity and frequency of drought events 

Few changes are projected for total annual precipitation for Québec in the upcoming century. 

The largest increase in projected precipitation levels can be expected in northern regions by an 

addition of 15% winter precipitation. By comparison, a change in -10% to 15% is projected for 

southern regions with the greatest reductions expected during summer months (Logan et al., 

2011). When combined with rising temperatures, low levels of growing season precipitation is 

likely to result in greater frequency and severity of droughts events in the future which can 

decrease stand productivity. For example, Way and Sage (2018) showed black spruce grown at 

30˚C/24˚C day/night temperatures had 19 - 35% lower net photosynthesis compared to those 

grown at 22˚C/16˚C temperature. During drought events, warmer temperatures increase vapour 

pressure deficit (VPD), thereby increasing water demand through the soil-plant-air continuum 

(Grossnickle, 2000). In response, black spruce will reduce stomatal conductance to prevent 

excessive water loss via transpiration at the leaf surface. This usually increases a tree’s water 

use efficiency (WUE) as a way to maintain growth rates during periods of water limitation 

(Flanagan and Farquhar, 2014). However, in the case of prolonged drought conditions, reduced 

stomatal conductance can limit carbohydrate production whereby in an attempt to maintain 

respiration, carbohydrate reserves are depleted (McDowell et al., 2008). As a result, there is 

greater risk of reduced productivity or even drought-induced mortality. According to Peng et al. 
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(2011), tree mortality has increased by an average of 4.7 % across Canada’s boreal forests from 

1963 to 2008, from which regional drought was the largest dominating factor across tree species 

and sizes. As suggested by climate niche projections, species are most sensitive to climate at the 

margin of their distribution (Iverson et al., 2008). Therefore, black spruce stands at greatest risk 

are likely those on warm-dry site types in southern regions, and on marginal lands such as those 

with fast-draining soils. For this reason, it has also been proposed that we may see a northern 

shift in black spruce distribution to cooler northern temperatures as a long-term adaptation to 

avoid drought stress (D’Orangeville et al., 2016).  

For this reason, forest research should aim to identify specific sites across the heterogenous 

landscape of Québec that are at greater risk of future drought events and therefore potentially 

reduced productivity. Sites of commercial value whose wood volume has significant economic 

importance may require additional attention. Commercial black spruce stands at greater risk will 

likely require additional forest management intervention to ensure black spruce productivity and 

a profitable economic sector.   

1.4      Forest management in Québec 

To effectively manage Québec’s commercial forests, including black spruce stands, the province 

implements an ecosystem-based approach to sustainable forest management as part of the 

Sustainable Forest Development Act that was adopted in 2010 (Ministère des Ressources 

naturelles et de la Faune, 2008). Since 2005, the province employs an independent Chief 

Forester whose main responsibility is to identify forestry and ecological data required for the 

calculation of the Annual Allowable Cut (AAC) (Bureau de forestier en chef, 2020).  AAC is 

the maximum volume of wood that can be harvested in a given year while maintaining total 

standing wood volume over future forest rotations (Ministère des Ressources naturelles et de la 

Faune, 2008). In calculating AAC, the Chief Forester considers not only the natural growth rate 

of forests but also the predicted impacts of various silvicultural treatments on future growth. For 

the period 2018-2023, allowable cuts are established at 34.1 million m3 of raw timber annually 
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(Bureau de forestier en chef, 2020) distributed among 59 management units located in 14 forest 

regions in Québec.   

AAC is determined by technical and scientific calculation based on current knowledge of forest 

production. It includes data from regional inventories, laws and regulations as well as economic, 

social and environmental objectives (Bureau de forestier en chef, 2020). However, the 

Government of Québec (2008) has admitted that establishing a constant wood volume to be 

harvested over time cannot always provide flexibility to address important variables such as 

climate change. For example, SQI is one of the indices considered in the calculation of the AAC. 

For a given site, SQI is calculated by the average height of dominant trees at a specific age 

(usually 50 years) for a given species. While this variable provides insight as to site-specific 

productivity, it reflects only past and not future growing conditions. By incorporating such 

variables in the calculations of future forest growth, AAC is based upon retrospective 

measurements that assume past growing conditions will be maintained over future forest 

rotations. Given the rate at which global environmental changes are occurring, it is tenuous to 

predict future AAC based on past conditions.   

To ensure the most accurate and sustainable ecosystem-based management practices, more 

information is required as to how black spruce stands and site productivity may change in an 

evolving climate to refine AAC calculations. It is the responsibility of the MFWP to establish 

scientific and technical forest management, such as data collection for ecological classification 

and ecoforest inventories, to ensure accurate forest growth models and a sustainable calculation 

of AAC (Government of Québec, 2008). This includes understanding ecological mechanisms 

responsible for black spruce productivity in different silvicultural treatments, and their 

interactions across heterogeneous site types of Québec. Currently, software such as 

Woodstock/Stanley incorporates climate-growth relationships into Horizon models to 

understand possible future forest growth scenarios that would impact AAC (Bureau de forestier 

en chef, 2012). However, these models are currently limited by overall model output (such as 

limiting data linking climate and tree mortality), data for a number of species (more data exists 
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for hardwood than softwood species), and at limited spatial distribution. Only with further 

research can forest management accurately guide sustainable silvicultural practices in a 

changing environment.  

1.5     Managing Québec’s forests through silviculture  

In order to maintain economical and sustainable volumes of black spruce calculated by the AAC, 

the province of Québec relies on silviculture to properly manage forests to achieve specific 

structural objectives. Depending on the life cycle stage and site productivity, most stands will 

encounter a competitive environment that could compromise sustainability and stand objectives. 

Long term monitoring of stand dynamics and growth rates after silvicultural treatment is 

essential to quantify stand productivity with time and potential interactions with a changing 

environment. This is particularly important during a time in which environmental change is 

occurring so quickly. This information is essential for forest managers to be able to adapt 

silviculture practices in response to climate change and to update forest growth models to ensure 

AAC calculations reflect potential changes in black spruce productivity.  

1.5.1    Scarification  

Following clearcutting, successful conifer regeneration may be interrupted by the presence of 

ericaceous shrubs. In Québec, competition between ericaceous shrubs, such as Kalmia or 

Labrador tea, and black spruce can result in the transformation of productive forest stands into 

unproductive heathlands that threaten forest productivity and biodiversity (Mallik, 1995). This 

is because ericaceous shrubs compete both directly and indirectly for soil resources. Directly, 

the ectomycorrhizal fungi of both species compete for soil N. However, Kalmia maintains a 

greater root-to-shoot biomass ratio of almost 50 times that of black spruce (Thiffault et al., 

2004), giving the belowground advantage for N acquisition to Kalmia. Indirectly, ericaceous 

shrubs modify soil conditions by dropping litter rich in allelochemicals, as tannins and 

polyphenols that can make up to 23% of Kalmia’s dry leaf litter mass (Joanisse et al., 2007). 
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Once litter begins to decompose, allelochemicals increase soil acidity, reduce microbial activity 

and inhibits further decomposition of the forest floor (Bradley et al., 1997; Zhu and Mallik, 

1994). However, unlike black spruce, Kalmia are able to acquire N directly from tannin-protein 

complexes that are formed in the soil. The result is reduced nutrient availability to black spruce, 

resulting in stunted growth known as ‘growth check’, making trees unable to grow tall enough 

to shade out the moderately shade-intolerant shrubs.  

Ericaceous shrub competition is most abundant in cool and wet environments where slow 

decomposition rates increase forest floor depth, providing an area for Kalmia’s belowground 

mycorrhizal network. In northeastern Canada, successional delay of black spruce growth due to 

Kalmia has been seen to last up to 60 years (Bloom and Mallik, 2006). To prevent such loss of 

productive forest land, mechanical site preparation such as scarification can be performed. 

Scarification is used to disrupt belowground mycorrhizal networks of ericaceous shrubs and 

facilitate planting of black spruce seedlings. Motorized disks lift surface soil organic layers to 

expose mineral soil for the planting of black spruce seedlings, while at the same time disrupting 

mycorrhizal networks of ericaceous shrubs to reduce competition and increase nutrient 

availability for seedlings (LeBel et al., 2008). This improves the likelihood of black spruce 

seedling establishment, survival and subsequent growth (Hébert et al., 2014). Early studies show 

that two years after scarification treatment, not only were competitive ericaceous shrubs reduced 

by three times compared to non-scarified plots, but distance between the black spruce seedlings 

and the nearest Kalmia stems were doubled (Thiffault et al., 2005). In the most long-term 

scarification study in Québec, Prévost and Dumais (2018) found that after 25 years, scarification 

improved not only height of originally planted seedlings but also of naturally regenerating 

seedlings and ramets (also referred to as layers), demonstrating the ability of scarification for 

long-term stand productivity.  

While the growth response of black spruce to scarification is generally positive, its effectiveness 

has been found to vary across site types, treatment intensity and depending on the variables 

being quantified. For example, Hébert et al. (2014) found that the positive effect of scarification 
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treatment on black spruce growth was greater in feather-moss stands compared to open lichen 

woodlands. Additionally, in open woodlands, disk scarification had a greater effect on seedling 

survival and growth compared to patch scarification. Given the heterogeneous site types found 

across Québec, more information is still required to better understand site-specific growth and 

response to scarification. Due to the physical nature of scarification, soil organic matter is often 

mixed with mineral soil during treatment making soil analysis such as the quantification of N 

mineralization more difficult. Therefore, to measure black spruce growth response to 

scarification, stand productivity is often measured using leaf functional traits (Hébert et al., 

2016), foliar nutrients (Tremblay et al., 2013) and foliar gas exchange (LeBel et al., 2013). Using 

such measurement techniques, scarification can be studied across various site types of Québec 

that are currently facing competition with ericaceous shrubs. Understanding the relative effect 

of treatment and how black spruce respond physiologically to scarification across different site 

types will be essential to help guide scarification practices in a changing climate.  

1.5.2    Pre-commercial thinning 

After clearcutting, when naturally regenerating young conifers are able to pass into later stages 

of succession, stands can grow extremely dense. On such high-density sites, competition for 

resources between stems inhibits both individual tree growth and stand development. Larger 

and more dominant trees have a greater competitive advantage, whereas small and more 

suppressed trees are likely to experience the greatest amounts of stress and risks of mortality. 

By lowering stand density, competition is reduced, and resource availability is increased among 

residual stems. Pre-commercial thinning (PCT) is a silvicultural treatment that was implemented 

in Québec in the 1960s, designed to reduce stand density. Since gaining popularity in the last 25 

years, PCT is now the second most common silvicultural practice in Québec and has been 

applied to 1.5 million ha of regenerating forests (Laflèche and Tremblay, 2008). Thinning is 

applied 15 - 20 years after the original clearcut, at an age when trees are tall enough to maintain 

height over understory vegetation but before the stand becomes too dense to impede future 

growth of the desired crop species (Poulin, 2013). During the thinning process, non-crop tree 
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species are removed to reduce early competition for light, water and soil nutrients among the 

remaining residual stems (Bell et al., 2008). Additionally, PCT can intentionally coordinate 

regular spacing between residual stems to achieve a predetermined stand density in order to 

optimize merchantable wood volume for a desired species. Though treatment may decrease the 

overall wood volume of a forest stand, PCT’s overall objective is to increase the average residual 

stem diameter to increase wood quality and stand value (Cameron, 2002). As a secondary benefit 

to thinning, reduced competition for soil water may allow residual stems to adapt to changing 

climatic conditions and external stressors. However, according to Poulin (2013), the long-term 

effects of PCT on forest growth remain the least understood and the least predictable of all the 

silvicultural treatments in Québec. The effectiveness of PCT on residual tree growth is 

dependent on a variety of factors, including site quality, tree species, stand age, intensity of 

original competition and of treatment. Currently, research centers around balsam fir and Jack 

pine with limited studies on black spruce growth. Some studies document a positive radial 

growth response on productive sites (Karsh et al., 1994; Newton and Weetman, 1994), whereas 

others indicate a weak or even insignificant growth responses are observed when reporting on 

changes to tree height (Mcclain et al., 1994) or total wood volume (Fleming et al., 2005) after 

thinning.  

In order to better understand PCT and its application across different site types, the ecological 

mechanisms responsible for post-thinning productivity must first be identified. Several 

hypotheses exist as to mechanisms that alter physical resources of forest stands after thinning. 

The first is that canopy gaps made by thinning increase the capture of available light by canopies 

of residual stems. Because black spruce trees are self-pruning, PCT has been found to increase 

canopy width of trees in thinned plots compared to non-thinned stands (Brissette et al., 1999). 

This can result in greater leaf area for photosynthetic capacity, and thus carbon assimilation to 

contribute towards post-thinning growth (Brockley, 2005; Ferguson et al., 2011). However, cool 

and wet climate regimes see a greater abundance of ericaceous shrubs in black spruce 

understory. For this reason, greater light availability created by PCT on these site types has been 

correlated to greater ericaceous shrub cover as well as their current year rhizome length, foliar 
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tannins and phenolic concentrations in soil organic matter compared to non-thinned stands 

(Reicis et al., 2020). The benefits of PCT have also been found to vary depending on site-

specific ground composition. In a study by Pacé et al. (2017) PCT was found to reduce site 

productivity on xeric sites with lichen cover, due to belowground negative feedbacks. In 

addition, performing PCT on sub hydric sites reduced site productivity due to the proliferation 

of Sphagnum spp. which created waterlogged, unproductive peat-like soil conditions. If PCT is 

suggested to reduce stand productivity on humid site conditions in cool-wet climates, then 

projections of increased winter precipitation could indicate worsening of site conditions where 

PCT is used in those regions. This highlights the importance of long-term monitoring of 

silvicultural treatments across different site types, as the benefits of thinning may not be equal 

across varying site types.  

The second hypothesis as to a mechanism for post-thinning productivity is through greater soil 

water availability to residual stems. This can be a result of greater throughfall through canopy 

gaps, reduced stand water use and less water lost via evapotranspiration after PCT treatment 

(Laganière et al., 2010). This is most likely the case on moisture-limited sites where higher 

density stands experience higher competition for water. Sohn et al. (2014) has shown via stable 

isotope discrimination that thinning increases stomatal conductance, indicating reduced water 

stress at lower stand density after treatment. To identify which sites would benefit from the 

potential of PCT to increase soil water availability, drought indices can be used to predict a 

site’s susceptibility to drought events by combining both climate and non-climate variables to 

evaluate mean water content of forest soils. One such index is the standardized precipitation-

evapotranspiration index (SPEI) which provides an indication of site water balance based on 

climate and site variables. SPEI is commonly used to identify differing drought types and their 

impacts on ecological systems (Vicente-Serrano et al., 2010). If PCT can increase soil water 

availability, managing stand density may also be considered as an adaptive silvicultural practice 

for managing water-stress associated with drought events. Lower stand density has been found 

to increase drought resistance and resilience (Bottero et al., 2017; D’Amato et al., 2013), 

suggesting the potential to use PCT as a way to mitigate productivity losses caused by rising 
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temperatures (Sohn et al., 2016). Dendrochronology is one way in which tree growth can be 

studied in response to historical climate variables to provide indicators of forest response to 

drought conditions.  

The last mechanism that could contribute to residual growth on thinned stands is from cuttings 

that are left on site after thinning. This fresh source of nutrient input can alter chemical and 

nutrient resources by providing an important pulse of organic material that can be decomposed 

into soil nutrients and made available for uptake by residual stems. Warmer temperatures that 

result from greater light penetration caused by canopy gaps (Gray et al., 2002; Ritter, 2005) can 

enhance nutrient cycling and microbial activity in the soil (Powers, 1990). Thibodeau et al. 

(2000) found soil temperatures of PCT stands to be up to 2˚C higher compared to non-thinned 

stands. Enhanced nutrient cycling can then promote faster rates of N mineralization to be taken 

up by residual stems. Greater concentrations of foliar N, phosphorus (P) and potassium (K) have 

been found in thinned plots of balsam fir compared to non-thinned plots (Thibodeau et al., 2000). 

This influx of soil nutrients can therefore help to accelerate the closure of canopy gaps made by 

thinning (Bradley et al., 2000), potentially accelerating a positive feedback loop of providing 

additional litterfall to improve litter quality and soil nutrition. This could be particularly 

important for boreal black spruce stands, which are often N-limited, particularly in cool and wet 

climate regimes. In order to maintain growth rates in such conditions, black spruce will often 

increase photosynthetic nitrogen use efficiency (PNUE) in an attempt to increase CO2 

assimilation per needle N content. For this reason, inputs of additional carbon and N from 

cuttings and their root systems can relieve nutrient limitation (Thibodeau et al., 2000) to reduce 

PNUE. What has yet to be determined is whether these changes to the soil nutrient pool increase 

soil fertility or simply distributed among fewer stems after thinning. Even if greater quantities 

of soil nutrients are made available in the forest floor after treatment, the amount of soil N 

availability will be determined by forest floor depth. For this reason, it is important to quantify 

nutrient availability after thinning not only in terms of grams per soil but also on a land area 

basis.  
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By identifying the ecological mechanisms responsible for radial black spruce growth after 

thinning, we can gain a better understanding of site-specific limitations and thus management 

implications to optimize black spruce stand productivity. By testing these interactions across 

various site types, forest managers could better understand on which site types PCT provides 

the greatest benefit to black spruce growth. This can help guide future regional forest 

management to prioritize sites that are currently at risk due to current climate, or likely to 

become so under future scenarios.  

1.6     Research objectives 

Of the economically important boreal tree species in Québec, black spruce is the most abundant. 

As a result, there has been extensive research into its physiology, growth and applications in 

silvicultural systems. Silvicultural systems are essential in order to maximize black spruce yield 

in order to meet harvesting quotas, as calculated by AAC. However, calculations of AAC are 

made using retrospective measurements that do not reflect future growing conditions. Part of 

this problem is that current silvicultural research only quantifies productivity based on historical 

site conditions without considering how growth will change in response to future environmental 

changes. Therefore, in order to properly inform forest managers and accurately calculate 

harvesting quotas, we must understand the ecological mechanisms responsible for post-

silvicultural treatment productivity. Using this knowledge, we can explore how interactions 

between silvicultural treatment and the heterogeneous landscape of Québec will impact black 

spruce productivity in the future. This will ultimately help predict how black spruce growth is 

likely to respond to future climate change, how this will impact stand productivity and ultimately 

inform decisions for sustainable harvesting practices.  

The overarching objective of this project was to explore the interactions between silvicultural 

treatments, geological deposit and climate in controlling boreal black spruce growth in Québec. 

This research identified scarification and pre-commercial thinning as two important silvicultural 

treatments that explore differing forms of forest management at different life cycle phases after 
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clearcut. For this research project, site types across two climate regimes (Abitibi and Côte-Nord) 

and two geological deposits (undifferentiated glacial till and lacustrine clay) within one of those 

climates were selected. This produced three site types in which to study interactions with 

silvicultural treatment and black spruce growth. Corresponding to the three chapters of this 

research project, my three main research questions were: 

1. How does scarification affect tree physiology in different climate regimes? 

2. What are the ecological mechanisms that contribute to post-thinning growth of black 

spruce trees across different site types, and do they improve site fertility? 

3. Does PCT help maintain growth during years of climate anomalies? 

To answer these questions research was conducted using tree mensuration data, gas exchange 

measurements, soil nutrient cycling and microbial activity data, foliar chemistry and 

dendrochronology.  

In Chapter 2, the objective was to compare the effects of scarification on black spruce needle 

gas exchange and resource use efficiency across different climate regions. While the positive 

growth response of black spruce to scarification is positive, its effectiveness varies across sites. 

This variation is due to the different limiting factors that are present in different climate regions. 

For example, in warm-dry climates, black spruce growth is often limited by moisture 

availability. By comparison, in cool-dry climates black spruce growth is often limited by 

temperature and N availability. Understanding how site-specific characteristics affect the 

physiology of black spruce can help to predict the relative growth response to scarification under 

future climate scenarios. For a better understanding, the following questions were asked: 

4. In which climate regime does scarification have a greater relative effect on black spruce 

growth? 
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5. Do different climate regimes cause different forms of physiological stress and are these 

stresses exacerbated or alleviated with scarification? 

6. Do black spruce trees on scarified plots optimize nutrient use efficiency to maintain 

greater growth in comparison to those in non-scarified plots? 

In Chapter 3, the objective was to provide insight as to whether PCT improves growth of residual 

stems primarily by increasing soil fertility or by lowering intraspecific competition and compare 

findings across three site types. PCT is known to increase radial growth of residual stems; 

however, which underlying mechanisms responsible for post-thinning growth of black spruce 

trees is less understood and whether or not it increases site fertility. If known, this data would 

help guide the predictability of black spruce stand productivity after PCT on various site types 

and help guide future forest management in a changing environment. These knowledge gaps led 

to the following questions: 

7. Across which site types does PCT have a greater relative effect on black spruce diameter 

growth?  

8. What ecological mechanism is most likely responsible for residual growth after 

thinning?  

9. Does PCT increase site fertility? 

In Chapter 4, the objective was to explore the potential for PCT to maintain black spruce growth 

during years of climate anomalies. In addition to increasing radial growth of residual stems, 

thinning has been proposed as a way to reduce drought-induced stress and mortality by 

increasing soil water availability. Based on findings from Chapter 3, site-specific ecological 

mechanisms were considered to retrospectively explore the relative effect of PCT across three 

site types during years of climate anomalies and answer the following questions:  
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10. Across which site types does PCT have a greater relative effect on black spruce radial 

growth since time of treatment? 

11. On which site type is there the greatest benefit of PCT for black spruce radial growth 

during anomalous dry and wet growing seasons?



 



 

CHAPTER 2 

RESOURCE AVAILABILITY AND PHYSIOLOGICAL RESPONSE OF BLACK 

SPRUCE TO SCARIFICATION IN TWO CLIMATIC REGIONS OF QUÉBEC 

(CANADA) 

2.1     Foreword 

Scarification is known to have positive growth benefits for black spruce and to reduce 

competition with ericaceous shrubs. However, the relative effect of long-term scarification on 

black spruce growth across contrasting climate regions of Québec is something that has not yet 

been quantified. Quantifying the interactions between the physiological response of black 

spruce growth to scarification treatment in one climate region may help us better understand 

and predict future forest growth patterns in another. Additionally, few studies address the 

physiological response of black spruce to scarification treatment across different climate 

regions. Therefore, the objective of this chapter was to compare black spruce needle gas 

exchange and resource use efficiency in response to scarification in two contrasting climate 

regions. We aimed to answer the following research questions: 

● In which climate regime does scarification have a greater relative effect on black spruce 

growth? 

● Do different climate regimes cause different forms of physiological stress and are these 

stresses exacerbated or alleviated with scarification? 

● How does black spruce respond to these stressors (such as through increasing water and 

nutrient use efficiencies) to maintain growth? 

To answer these questions, we first compared height and relative growth rates of black spruce 

18 years after scarification treatment. We identified limiting factors of each climate region 

through climate data, soil moisture and soil N mineralization. We combined these data with 
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rates of photosynthesis to determine water use efficiency (WUE) and photosynthethic nitrogen 

use efficiency (PNUE) and compared our findings to correlations between 𝛿 13C and 𝛿18O stable 

isotope ratios. Identifying physiological response of black spruce to scarification treatment 

increases our understanding of limiting factors controlling net productivity. Exploring growth 

response to scarification and its interaction with climate provides insight as to potential 

adaptations of black spruce to projected rising temperatures. This could allow forest managers 

to prioritize silvicultural treatments on specific site types of Québec to maximize black spruce 

productivity in a changing environment.  

For this chapter, field research was conducted on plots originally established by the Department 

of Forest Research at the Ministry of Forests, Wildlife and Parks. I conducted all field data, 

analyzed samples in the laboratory and analyzed statistical data. Dr. Nelson Thiffault and I 

reviewed preliminary data and outlined first versions of the manuscript. The manuscript was 

written by myself, with the support of Dr. Robert Bradley. All co-authors provided feedback on 

the manuscript before approving it for submission.   
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2.2     Highlights  

● Mechanical scarification of clearcut sites in two climatic regions maintained high growth 

rates of regenerating black spruce 18 years after treatment 

● In both regions, scarification reduced soil moisture and increased water use efficiency 

● In the cooler-humid region, scarification improved soil nitrogen mineralization. 

2.3     Abstract  

Scarification is a mechanical site preparation technique designed to create microsites that will 

favor the growth of planted tree seedlings after clearcutting. However, the positive growth 

response of black spruce (Picea mariana (Mill.) B.S.P.) to scarification varies across different 

sites. We hypothesized that this was due to different forms of physiological stress induced by 

different climates or by the severity of competition from ericaceous shrubs. We thus compared 

the effects of scarification on black spruce needle gas exchange and other foliar properties, as 

well as on indices of soil water and nitrogen availability, in relatively warm-dry (Abitibi) vs. 

cool-humid (Côte-Nord) climates in the province of Québec (Canada). We found a similar 

positive effect of scarification on tree height in Abitibi and Côte-Nord. Scarification reduced 
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soil moisture in both climatic regions, but increased soil N mineralization in Côte-Nord only. 

Accordingly, scarification increased the instantaneous water use efficiency in both climate 

regions, but decreased photosynthetic N use efficiency in Côte-Nord only. In both regions, we 

found a positive relationship between foliar δ18O and δ13C on scarified plots, providing further 

evidence that increased growth due to scarification depends on a decrease in stomatal 

conductance. We conclude that scarification increases total evapotranspiration of trees evenly 

across the east-to-west moisture gradient in the province of Québec, but also improves long-

term soil nutritional quality in a cooler-humid climate.  

Keywords: Picea mariana; foliar δ18O; foliar δ13C; needle gas exchange; photosynthetic 

nitrogen use efficiency; water use efficiency 

2.4     Introduction 

Scarification is a mechanical site preparation technique used by foresters after clearcutting in 

order to create microsites that will favor the growth of planted tree seedlings. Scarifiers consist 

of motorized disks with multiple blades that rip and lift surface organic layers, thus exposing 

the mineral soil along trenches in which tree seedlings are planted. Positive effects of 

scarification on tree seedling growth have been ascribed to decreased competition from 

vegetation (Hébert et al. 2014), increased soil temperature (Thiffault and Jobidon 2006; 

Sikström et al. 2020), improved light availability for seedlings (Willis et al. 2015), improved 

soil drainage (Rappe George et al. 2017) and increased soil nutrient mineralization (Johansson 

1994). In the province of Québec (Canada), scarification is commonly used to improve the 

regeneration of planted black spruce (Picea mariana (Mill.) B.S.P.) stands, the province’s most 

economically important boreal tree species. While the growth response of black spruce to 

scarification is generally positive, its effectiveness varies across sites. For example, Hébert et 

al. (2014) found that scarification had a greater positive effect on seedling growth in black 

spruce–feather moss forest sites that had been clearcut compared to patches of unmanaged open 

lichen woodland. Understanding how such site-specific characteristics affect the physiology of 
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black spruce could help us predict the relative growth response to mechanical scarification in 

different regions. 

In Québec, black spruce has a wide geographic distribution spanning several bioclimatic zones, 

resulting in different stand structures and understory plant communities (Nicault et al. 2015). 

For example, the Abitibi region located in western Québec is characterized by a relatively warm-

dry summer climate compared to the Côte-Nord region located on the northeast coast of the St-

Lawrence River. Regenerating black spruce cutovers in the Abitibi region benefit from more 

degree-days during the growing season and appear to have less competing vegetation than those 

in the Côte-Nord region. That is because the relatively cool-humid climate of the Côte-Nord 

region often results in a dense cover of ericaceous shrubs such as Kalmia angustifolia (L.) and 

Rhododendron groenlandicum ((Oeder) Kron & Judd). While these shrub species are also found 

in the Abitibi region, they are more prone to dominate on clearcuts in the Côte-Nord region 

resulting in the growth check of regenerating black spruce seedlings (Reicis et al. 2020). Thus, 

releasing black spruce seedlings from the competing vegetation through mechanical 

scarification may be more beneficial in Côte-Nord than in Abitibi. 

We posit that scarification in Abitibi and Côte-Nord exacerbates or alleviates different forms of 

physiological stress induced by climate or by competing vegetation. For example, soil water is 

a common limiting resource for many boreal tree species, including black spruce (Walker et al. 

2015). In the relatively warm-dry Abitibi region, faster growth rates on scarified plots should 

increase total evapotranspiration of the regenerating stand and increase the needle-air vapor 

pressure deficit (VPD), thereby depleting soil moisture. If an increase in water-stress occurs on 

scarified plots, then black spruce would need to reduce stomatal conductance to limit water loss 

and increase water use efficiency (WUE) in order to maintain growth rates (Flanagan and 

Farquhar 2014). We should observe, therefore, an increase in WUE following scarification in 

the Abitibi region. Such moisture deficits on scarified plots are less likely to occur in the Côte-

Nord region because of higher annual precipitation and lower potential evapotranspiration.  
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Another way by which scarification could have different effects on black spruce physiology in 

Abitibi and Côte-Nord is by having different effects on soil fertility. The dense ericaceous shrub 

cover that characterizes cool-moist climates (e.g. Côte-Nord) can result in low soil N fertility 

(Bradley et al. 1997). This is generally ascribed to the high concentrations of condensed tannins 

in ericaceous leaf litter, which prevents soil N from mineralizing (Joanisse et al. 2009). In such 

N-limited environments, black spruce seedlings need to increase their rates of photosynthesis 

per unit of foliar N (i.e. photosynthetic N use efficiency (PNUE)) in order to maintain growth 

rates. If scarification increases tree growth in the Côte-Nord region, then we expect that this will 

improve soil N fertility in two ways: (1) by reducing ericaceous tannin concentrations due to 

shading (Hofland-Zijlstra and Berendse 2009); (2) by adding proportionately more conifer 

needle litter relative to ericaceous litter to the forest floor (Joanisse et al. 2007). We should 

observe, therefore, a decrease in PNUE following scarification in the Côte-Nord region. 

We report on a study where we measured needle gas exchange and other foliar properties, as 

well as indices of soil water and N availability, in regenerating black spruce plots in the Abitibi 

and Côte-Nord regions. The plots had been clearcut and scarified approximately 18 years prior 

to our study. At four dates throughout the growing season, we calculated instantaneous water 

use efficiency (iWUE) and photosynthetic nitrogen use efficiency (PNUE) using leaf level gas 

exchange measurements. At the end of the growing season, we used leaf oxygen and carbon 

isotopic ratios to calculate seasonal water use efficiency (sWUE). Based on the rationale 

presented above, we predicted that: (1) scarification would have a relatively larger positive 

effect on black spruce growth in Côte-Nord compared to Abitibi; (2) scarification in Abitibi 

would increase moisture stress and WUE relative to non-scarified plots; (3) scarification in 

Côte-Nord would increase soil N fertility and reduce PNUE relative to non-scarified plots. 
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2.5     Methods 

2.5.1     Study sites 

The two experimental sites are located 573 km apart, at opposite limits of a west-to-east gradient 

of increasing precipitation and decreasing summer temperature in the province of Québec. The 

Abitibi site (48˚29’37”N, 76˚55’40”W, altitude of 396 m) is located in the balsam fir (Abies 

balsamea (L.) Mill.) – paper birch (Betula papyrifera Marsh.) bioclimatic domain (Saucier et 

al. 2009) and is characterized by a 30-year mean annual temperature of 2.5 ˚C and an annual 

precipitation range of 800–900 mm, 30 % falling as snow (Blouin and Berger 2002). The region 

has 1443 degree (˚C) days per year and a 30-year mean temperature of 16 ˚C during the three 

warmest months of the year (June to August). The growing season in Abitibi lasts approximately 

150–160 days (Environment Canada 2018). The Côte-Nord site (49˚47’18”N, 69˚17’12”W, 

altitude of 472 m) is located in the black spruce–feather moss bioclimatic domain and is 

characterized by a mean annual temperature of -1.0 ˚C and an annual precipitation range of 

1100–1300 mm, with 34–40 % falling as snow (Morneau and Landry 2007). The region has 

1179 degree (˚C) days per year and a 30-year mean temperature of 14.2 ˚C during the three 

warmest months of the year. The growing season in Côte-Nord lasts approximately 140 days 

(Environment Canada 2018). 

Soils on both sites are classified as haplohumod spodosols (Soil Survey Staff 2006) developed 

on well-drained glacial till, with clay contents ≤ 4 %. Mean forest floor thickness is 8 cm in 

Abitibi and 18 cm in Côte-Nord. In Abitibi, the understory shrub layer is relatively sparse and 

includes K. angustifolia and Vaccinium spp., with Cladina spp. lichen as the ground cover. In 

Côte-Nord, the understory shrub layer is relatively dense and consists mainly of K. angustifolia 

and R. groenlandicum, with feather moss (Pleurozium schreberi (Brid.) Mitt) as the ground 

cover. 
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The Abitibi and Côte-Nord sites had been clearcut harvested in 1999 and 1993 respectively. On 

each site, single-pass scarified and non-scarified treatment plots were established in 1999 using 

a TTS disk trencher (Figure S2.1). Plots in Abitibi measured 15 m × 10 m, whereas those in 

Côte-Nord measured 32 m × 6.5 m. At each site, scarified trenches (ca. 60 cm wide, 30 cm deep) 

were established lengthwise at 2 m apart, resulting in five rows per plot in Abitibi and three 

rows per plot in Côte-Nord. On each site, both treatments were replicated in five blocks within 

a 2.5 ha area in Abitibi and a 5.0 ha area in Côte-Nord. Treatment plots within each block were 

separated by a 6 m buffer strip in Abitibi and by a 2 m buffer strip in Côte-Nord. In June 2000, 

each plot in Abitibi and Côte-Nord were respectively planted with 18 and 32 two-year-old black 

spruce seedlings, grown from seed in 110 mL containers, with a 2.5 m distance between 

seedlings (ca. 1,200 and 1,500 seedlings ha-1 respectively). Seedlings planted in Abitibi were 

grown at a nursery in the town of Trécesson, whereas those planted in Côte-Nord were grown 

at a nursery in the town of Forestville (Thiffault et al. 2005, Thiffault and Jobidon 2006). 

2.5.2     Black spruce growth 

For three consecutive years (2015 to 2017), the height of black spruce trees in each plot was 

measured at the end of each growing season (mid-September) using a telescopic meter stick. 

From these values, we calculated a two-year relative growth rate for each tree as:  

RGR = (ln height2017 – ln height2015) / (time2017 – 2015).   (equation 2.1) 
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Figure S2.1. Sampling design of scarification plots in two climate regions of Québec.  

In Abitibi, five random blocks were established (a), each containing 10 x 15 m 

scarified and non-scarified sampling plots (b). In Côte-Nord, five random blocks 

were also established (c), though scarified and non-scarified sampling plots were 

6.5 x 32 m in size. Solid grey dots in (b) and (d) indicate collection of soil samples 

and forest floor depth. 

2.5.3     Forest floor sampling and analyses 

At the start of the 2017 sampling season, diagonal transects were established on each plot at 

each site. Twelve sampling points per plot were established along three transects in Abitibi and 

along four transects in Côte-Nord. On four monthly sampling dates between May and August 

2017, forest floor subsamples (ca. 0.5 l) were collected at each sampling point in each plot. 

Forest floor subsamples were bulked into three composite samples per plot, sieved through a 5 

mm metal mesh screen, placed into 3.8 l plastic bags and transported in coolers to the laboratory 

(Université de Sherbrooke). Forest floor samples were stored at 4 ˚C until analyzed. 
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Gravimetric moisture content of each forest floor sample was calculated based on the weight 

loss of subsamples after drying for one week at 60 ˚C in an air-draft oven. The subsamples were 

then ground with a ball mill and analyzed for total N by high temperature combustion and 

thermo-conductometric detection, using a Vario Macro dry combustion analyzer (Elementar 

Analysensysteme GmbH, Hanau, Germany). 

Fresh forest floor subsamples (5 g dry mass equiv.) were placed in covered jars and incubated 

for 30 days under aerobic conditions. Following the incubation, the forest floor subsamples were 

extracted in aqueous 1 N KCl and analyzed colorimetrically for NH4
+-N concentration 

(salicylate-nitroprusside-hypochlorite assay) using a continuous flow analyzer (Astoria2, 

Astoria-Pacific International, Clackamas, OR). Given that scarification results in a mixing of 

soil horizons, forest floor samples can sometimes be contaminated with small amounts of 

mineral soil, which has a higher specific density than forest floor material. For this reason, 

mineralizable N was expressed relative to total N rather than to sample dry weight (see 

Discussion). 

2.5.4     Gas exchange measurements 

At each forest floor sampling date in 2017, gas exchange measurements were performed on 1-

year-old needles from the upper-third of the canopy of two trees in each plot. Measurements 

were performed between 10:00 a.m. and 2:00 p.m. local time using a LiCor 6400XT Portable 

Photosynthesis System (LiCor Scientific, Lincoln, NE). Selected twigs were inserted into a 

conifer needle chamber with saturating light (1000 µmol photons m-2 s-1) provided by a mixed 

red/blue LED. The CO2 concentration in the chamber was maintained at 400 ppm with a flow 

rate of 150 µmol s-1
. Needles were left in the chamber for 5 min prior to measurement to allow 

gas exchange rates to equilibrate. The measured variables included net rates of CO2 assimilation 

(i.e. photosynthesis) and water vapor loss (i.e. transpiration (E)). Following each measurement, 

twigs were excised, sealed into small plastic bags, and returned on ice to the laboratory. Needles 

were scanned and their projected area was calculated using WinSEEDLE image analysis 
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software (Regent Instruments, Québec City, QC). Needles were then dried, weighed and 

analyzed for total N, as described above. From these values, we calculated net rate of 

photosynthesis per needle surface area (Pn) and per needle mass (A). Instantaneous water use 

efficiency was calculated as iWUE = Pn E-1. Photosynthetic N use efficiency was calculated as 

PNUE = A [N]-1. 

2.5.5     Needle sampling and analyses 

Unlike instantaneous leaf-level gas exchange measurements made on only a few sampling dates, 

foliar δ13C and δ18O isotope ratios reflect season-long gas exchange fluxes (Farquhar and Lloyd 

1993). An increase in δ13C reflects an increase in the 13C/12C ratio of plant biomass, which may 

occur for one of two reasons: (1) lower stomatal conductance (i.e. higher WUE) resulting in a 

decrease of intercellular CO2, allowing more of the heavier 13C-CO2 to diffuse to chloroplasts 

and be fixed into plant biomass; (2) higher net rates of photosynthesis at a given stomatal 

conductance, resulting in a faster diffusion of CO2 to chloroplasts and a decrease of intercellular 

CO2. To determine which of these two mechanisms is most prevalent, we must look at variations 

in foliar δ18O. An increase in the total evapotranspiration of a given tree will result in a 

preferential loss of the lighter 16O-H2O and an increase in the assimilation of the heavier 18O 

isotope into plant biomass. Hence, a significant positive relationship between foliar δ13C and 

δ18O isotope values indicates that variations in δ13C values are likely induced through moisture 

stress and controlled by stomatal conductance rather than by photosynthetic capacity. 

In September 2016, needle samples were collected from two trees from each plot in order to 

quantify δ13C and δ18O isotope ratios. We pooled an equal amount of ground needle material 

from both trees in each plot, and sent a 20 g subsample to the G.G. Hatch Stable Isotopes 

Laboratory at the University of Ottawa (Canada). The 20 subsamples were flash combusted at 

1450 °C (Dumas combustion) and the resulting gas products were analyzed for their δ18O and 

δ13C isotope ratios using a Delta V Advantage isotope ratio mass spectrometer (Thermo 

Scientific, Bremen, Germany). 
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At each forest floor sampling date in 2017, needles were collected from the same two black 

spruce trees in each plot, in all orientations from the top third of the canopy, using pruning 

shears. Needle samples were placed in coolers under ice packs and transported to the laboratory, 

where they were oven-dried at 60 ˚C. Dried needle samples were ground in a ball mill and 

analyzed for total N, as described above.  

2.5.6     Statistical Analyses 

The effects of scarification and sites, as well as their interactions, on the various response 

variables were tested using mixed effects models. For tree height and RGR, the identity of each 

block was used as a random variable. For soil properties, the identity of each block and the 

sampling date were used as random variables. For gas exchange and foliar measurements, the 

identity of each block, the sampling date and the identity of each tree were used as random 

variables. When significant interactions were found between scarification and site, the effects 

of scarification were tested within each site. Linear regression was used to test the relationship 

between δ18O and δ13C isotopic values. All statistical analyses were performed using the lmer 

package in R statistical software (Version 3.2.2, R Development Core Team, 2015). A 

significance level of α = 0.05 was used, unless otherwise stated. 

2.6     Results 

2.6.1     Tree height and relative growth rate 

We found a significant (P < 0.001) effect of scarification on tree height (Fig. 2.1a), with average 

tree height (n = 250) being 136 % greater on scarified than non-scarified plots across both sites. 

Likewise, from 2015 to 2017, RGR across both sites was 39 % greater (P < 0.001) in scarified 

than non-scarified plots (Fig. 2.1b).  
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2.6.2     Forest floor moisture and N mineralization 

On both sites, scarification significantly (P < 0.001) reduced forest floor gravimetric moisture 

content across sampling dates (Fig. 2.2a). We found a significant (P = 0.013) site × scarification 

interaction on forest floor N mineralization across sampling dates. More specifically, N 

mineralization (per total N) in Côte-Nord was significantly higher (P = 0.037) in scarified than 

non-scarified plots, whereas no effect was observed in Abitibi (Fig. 2.2b).  

2.3.3     Foliar measurements 

Net rate of photosynthesis per needle surface area (Pn) was higher in non-scarified than in 

scarified plots (Table 2.1), although this effect was not statistically significant (P = 0.087). Net 

rate of photosynthesis per needle mass (A) was significantly higher (P = 0.027) in Abitibi than 

in Côte-Nord. Transpiration (E) was significantly higher (P = 0.027) in non-scarified than in 

scarified plots. Scarification reduced foliar N in Abitibi and increased foliar N in Côte-Nord, 

although this interaction was not statistically significant (P = 0.087). The iWUE across both sites 

was significantly higher (P < 0.001) in scarified than in non-scarified plots (Fig. 2.3a), as well 

as in Abitibi compared to Côte-Nord (P < 0.001). Photosynthetic N use efficiency (PNUE) was 

significantly (P = 0.011) higher in Abitibi compared to Côte-Nord (Fig. 2.3b). Values of δ13C 

were greater in Côte-Nord than in Abitibi (P = 0.011). There was a significant (P = 0.012) site 

× treatment interaction on needle δ18O values (Fig. 2.4). More specifically, needle δ18O values 

were greater in Abitibi compared to Côte-Nord (P < 0.001), and significantly higher (P = 0.004) 

in scarified than non-scarified plots in the Abitibi site only. On both sites, there was a significant 

positive relationship between δ18O and δ13C on scarified plots (Abitibi: R2 = 0.51, P = 0.021; 

Côte-Nord: R2 = 0.49, P = 0.024), but not on the non-scarified plots (Fig. 2.4). 
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Figure 2.1 Tree height (a) and relative growth rate (RGR) (b) of black spruce trees on 

non-scarified and scarified plots, at two boreal sites in Québec 

 Trees were planted as containerized 2-year-old seedlings in 1999. Two-way 

mixed model ANOVA revealed a significant (P < 0.001) effect of scarification 

on tree height and RGR across both sites (N = 250 trees per treatment across 

sites). Vertical lines denote standard errors of the means (n = 90 in Abitibi; n = 

160 in Côte-Nord).  
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Figure 2.2 Forest floor gravimetric moisture content (a) and nitrogen mineralization 

rate per total N (b) in non-scarified and scarified plots at two boreal sites in 

Québec.  

Each bar represents mean values based on 3 bulk samples × 5 plots × 4 sampling 

dates (n = 60). Two-way mixed model ANOVA revealed a significant (P < 0.001) 

main effect of treatment on forest floor moisture content (Fig. 2.2a). In the case 

of N mineralization (Fig. 2.2b), a significant site × treatment interaction required 

us test the effects of scarification within each site; consequently, statistically 

different (P = 0.037) means were found in Côte-Nord (different lower-case 

letters), but not in Abitibi (ns = not significant). Vertical lines denote standard 

errors of the means.  
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2.7    Discussion 

Our data provided evidence that scarification increases black spruce height in both climatic 

regions of Québec. The fact that RGR was also higher on scarified plots suggests that 

scarification sustained favorable growth conditions, even 18 years after treatment. This implies 

a sustained release of black spruce trees from competing vegetation as well as a possible long-

term increase in site nutritional quality. Contrary to what we had predicted, the relative increase 

in black spruce height was not higher in Côte-Nord than in Abitibi. We had based our prediction 

on the hypothesis that black spruce trees in Côte-Nord are subject to greater interference from 

ericaceous shrubs and would therefore benefit the most from scarification (as discussed below). 

What our data suggest, however, is that the relative growth response of black spruce to 

scarification may not necessarily relate only to the factors limiting growth before treatment, but 

also to the potential maximum growth rate of a given site. This potential growth rate is likely to 

be higher in Abitibi than in Côte-Nord, given the higher temperature and longer growing season. 

This is supported by models developed by Hamel et al. (2004), who found that the number of 

seasonal degree-days was the best predictor of black spruce productivity. Another factor that 

may boost the potential maximum growth rate in Abitibi is the fact that planting density was 

lower than in Côte-Nord (1,200 vs. 1,500 stems ha-1), resulting in lower intra-specific 

competition. Higher seasonal degree-days and/or lower intra-specific competition would both 

allow trees in Abitibi to benefit more from the favorable growth conditions created by 

scarification.  

We initially hypothesized that faster growth rates on scarified plots would increase total stand 

evapotranspiration, and that this might lead to soil water deficits and moisture stress in the drier 

Abitibi climate, more so than in Côte-Nord. Likewise, we predicted that greater moisture stress 

on scarified plots would result in a greater increase in iWUE in Abitibi than in Côte-Nord. While 

we did observe a decrease in soil moisture and an increase of iWUE on scarified plots, the effect 

was similar on both sites. These data are consistent with the significantly lower transpiration 

rates in scarified plots on both sites (Table 2.1). Greater iWUE suggests that stomatal 
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conductance may play an important role in mitigating moisture stress on scarified plots. This is 

corroborated by the significant positive relationships between foliar δ13C and δ18O on scarified 

plots at each site, but not on the non-scarified plots (Farquhar et al. 1998, Scheidegger et al. 

2000). This implies that greater moisture stress caused by scarification at either site exceeded 

the difference in precipitation and soil water availability that occurred between the two sites.  

 
Figure 2.3 Instantaneous water use efficiency (a) and photosynthetic nitrogen use 

efficiency (b) of black spruce trees on non-scarified and scarified plots, at 

two boreal sites in Québec.  

Trees were planted as containerized 2-year-old seedlings in 1999. Each bar 

represents mean values based on 2 trees × 5 plots × 4 sampling dates (n = 40). 

Two-way mixed model ANOVA revealed significant main effects of treatments 

(P < 0.001) and sites (P < 0.001) on water use efficiency (Fig. 2.3a), and a 

significant effect of sites (P = 0.011) on photosynthetic nitrogen use efficiency 

(Fig. 2.3b). Vertical lines denote standard errors of the means.   
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Table 2.1 Mean gas exchange and foliar nitrogen measurements of one-year-old black 

spruce needles in scarified and non-scarified plots in two sites of Québec, 18 

years after treatment.  

 Abitibi Côte-Nord 

Significant findings 
 

Non-

scarified 
Scarified 

Non-

scarified 
Scarified 

Pn 9.58 (0.90) 8.92 (0.76) 9.15 (0.98) 6.75 (0.92) 

Non-scarified > 

Scarified; 

(P = 0.087) 

A 0.033 (0.003) 0.032 (0.003) 0.025 (0.002) 
0.022 

(0.002) 

Abitibi > Côte-Nord; 

(P = 0.027) 

E 4.39 (0.61) 3.00 (0.29) 4.52 (0.43) 3.84 (0.40) 

Non-scarified > 

Scarified; 

(P < 0.003) 

Foli-

ar N 
7.13 (0.23) 6.83 (0.22) 6.90 (0.21) 7.50 (0.18) 

Site x Treatment; 

(P = 0.087) 

Trees were planted as containerized 2-year old seedlings in 1999. The reported treatment 

means are based on 2 trees × 5 plots × 4 sampling dates (n = 40). The reported P values result 

from two-way mixed model analyses of variance testing the effects of treatments and sites, as 

well as their interaction. Values in parentheses denote one standard error of the mean. Pn: CO2 

exchange rate per needle area (µmol CO2 m
2 s-1), A: CO2 exchange rate per needle mass (µmol 

CO2 g
-1 s-1), E: transpiration (mmol H2O m-2 s-1), Foliar N: foliar nitrogen concentration (mg 

N g-1).  
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Figure 2.4  Results of linear regression analysis testing the relationship between δ18O 

and δ13C isotopic values of one-year-old needles in non-scarified (closed 

symbols) and scarified (open symbols) plots, at two boreal sites in Québec.  

Needles were collected from two black spruce trees per plot, in September 2016 

(n = 10). Trees were planted as containerized 2-year-old seedlings in 1999. We 

found a significant positive regression slope (solid line) on scarified plots only, 

on both the Abitibi (P = 0.021, R2 = 0.51) and the Côte-Nord (P = 0.024, R2 = 

0.49) sites.  
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As mentioned in section 2.3, we reported forest floor N mineralization rates relative to total N 

(rather than total mass), in order to avoid artefact errors resulting from the mixing of mineral 

soil and organic forest floor. The ratio of mineralizable-to-total N does not inform us on the total 

amount of N that is available to trees, but serves as an index of soil organic matter quality. Thus, 

an increase in forest floor N mineralization per total N on scarified plots in Côte-Nord implies 

that scarification in this climatic region had improved soil nutritional quality, 18 years after 

treatment. Consistent with this result, there was a 22 % decrease in PNUE on scarified plots in 

Côte-Nord, although this effect was not statistically significant (P = 0.144). Regenerating black 

spruce forests in cool-humid climates, such as Côte-Nord, are characterized by a dense 

understory of ericaceous shrubs (Reicis et al. 2020) that reputedly reduce soil N cycling. 

Ericaceous litter tannin inputs to the forest floor can reduce soil enzyme activities (Joanisse et 

al. 2007) and the mineralization of organic N (Joanisse et al. 2009). Reicis et al. (2020) reported 

that canopy gaps allow greater light penetration to the forest floor, which increases the 

ericaceous shrub cover and ericaceous litter tannin concentrations. From these previous studies, 

we infer that scarification improves site nutritional quality in Côte-Nord, by accelerating canopy 

closure thereby reducing light penetration to the forest floor and decreasing the competitive 

effects of ericaceous shrubs. 

Although our study did not focus on the main effects of climatic regions on black spruce 

physiology, we did observe higher iWUE, PNUE, net rate of photosynthesis (per needle weight) 

and foliar δ18O in Abitibi than in Côte-Nord. While some of these effects are consistent with 

expectations (e.g. higher WUE in the warmer-drier climate), others are not (e.g. lower PNUE in 

the cooler-humid climate). In fact, a simultaneous increase in WUE and PNUE due to drier 

climate is contrary to the trade-offs predicted by theory (Wright et al. 2003). We deem, however, 

that it is tenuous to infer mechanisms controlling differences in the physiological status of black 

spruce trees growing on sites located hundreds of kilometres apart, whereby the contribution of 

genetic variation may be confounded with that of phenotypic plasticity (Benomar et al. 2016). 

Furthermore, some of our measured traits, such as δ18O values, are not only influenced by total 

evapotranspiration, but also by the isotopic composition of soil water, air humidity, precipitation 
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patterns and leaf morphology (Barbour 2007). For these reasons, we believe that it is better to 

study the physiological responses of black spruce to treatments within given sites, as this is 

conducive to understanding adaptive mechanisms for future forest management across different 

regions. 

In summary, our study shows that scarification in each climatic region maintains higher relative 

growth rates of black spruce 18 years after treatment. Scarification increases the total 

transpiration from trees evenly across the east-to-west moisture gradient in the province of 

Québec, to which trees adapt by increasing WUE. In the relatively warmer-drier climate, a 

longer growing season may allow black spruce to benefit from scarification as much as in 

cooler-humid climate, where scarification is thought to alleviate competition from ericaceous 

shrubs. On the other hand, scarification appears to improve soil nutritional quality only in the 

relatively cooler-humid climate. 
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CHAPTER 3 

MECHANISMS BY WHICH PRE-COMMERCIAL THINNING INCREASES BLACK 

SPRUCE GROWTH IN DIFFERENT CLIMATE AND SOIL TYPES 

3.1     Foreword 

Pre-commercial thinning (PCT) is said to be the least understood of all silvicultural practices 

performed in Québec (Poulin, 2013). Thinning is known to increase radial growth of residual 

stems, yet the ecological mechanisms responsible for post-thinning productivity are less known. 

It is unclear whether greater residual growth at lower density after thinning is due to greater 

resource availability that increases site fertility, or simply due to reduced intraspecific 

competition for soil water and nutrients between residual stems. Therefore, for this study, we 

asked the following research questions: 

● On which site type does PCT have a greater relative effect on black spruce diameter? 

● What ecological mechanism is most likely responsible for improved growth after 

thinning? 

● Does PCT increase site fertility? 

To answer these questions, we quantified black spruce growth in terms of diameter and height. 

We compared our sampled data to stand-level growth characteristics provided by the provincial 

ecoforestry bank to compare the relative effect of PCT on radial black spruce growth across 

three different site types. Within each site type we explored ecological mechanisms that could 

contribute to post-thinning growth such as an increase in light availability, an increase in soil 

water availability, or an increase in nutrient cycling rates. In addition we quantified soil fertility 

on a per gram of soil and on a per hectare basis to determine if changes in site productivity 

occurred because of greater site fertility after PCT treatment, or simply due to reduced 

intraspecific competition. Identifying differences in site-specific ecological mechanisms across 
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contrasting site types could explain varying relative growth rates in response to PCT. This would 

help forest managers gain a better understanding as to which sites may benefit the most from 

PCT treatment in the future and under various climate projections.  

For this chapter, PCT plots were established and maintained by the Ministry of Forests, Wildlife 

and Parks. Plots were selected from the provincial ecoforestry database in collaboration with 

Stéphane Tremblay and Dr. Martin Barrette. I collected all field samples with help from Krista 

Reicis and collected all laboratory data and analyzed statistical data. I wrote the manuscript with 

and execution of this study. All co-authors revised and approved the final version of the 

manuscript.    
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3.2     Abstract 

In the province of Québec (Canada), pre-commercial thinning (PCT) is a common silvicultural 

practice applied to young black spruce (Picea mariana (Mill.) BSP) stands. PCT removes some 

of the competing vegetation and smaller black spruce stems, in order to improve growth rates 

and reduce forest rotation intervals. It is uncertain whether this positive response in black spruce 

growth is primarily due to lower competition for resources or to other mechanisms, which may 

vary according to climate or edaphic conditions. We sampled soils and black spruce needles in 

PCT-treated and non-treated control plots occurring in two climate regimes, as well as on two 

contrasting soil parent materials within one of these two climate regimes (i.e. three “site types”). 

We performed our sampling approximately 20 years after treatment. Paired treatment plots (i.e. 

PCT vs. Control) were replicated at four independent sites in each of the three site types, for a 

total of 24 plots. Over two consecutive years, we measured stand structural characteristics, 

indices of soil N fertility, soil microbial activity, indices of soil moisture availability, canopy 

openness and foliar characteristics in each plot. In each site type, PCT decreased total basal area 

but increased radial growth of individual trees. Across all plots, soil N mineralization rates 

measured in 2016 were positively related to foliar N concentrations of one-year-old needles 

collected in 2017. Annual precipitation, drainage class, potential evapotranspiration and climate 
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moisture index all indicated that plots occurring in the drier climate and on glacial till deposits 

were more prone to summer moisture deficits. Accordingly, PCT increased forest floor moisture 

only in this site type, which may benefit tree growth. In the wetter climate and on poorly drained 

soils, however, we found evidence that PCT reduces soil N fertility, presumably by increasing 

the spread of ericaceous shrubs in the understory. In the dry fertile site type, the range in canopy 

openness was substantially higher (12-37%) and correlated negatively with tree diameter, 

suggesting that greater light availability did not improve tree growth. Taken collectively, our 

data suggest that PCT increases black spruce growth across of a broad range of site conditions 

found in Québec, presumably by lowering intraspecific competition for resources. However, on 

drier sites PCT may also benefit trees by increasing soil moisture availability, whereas wetter 

climates may mitigate the beneficial effect of PCT due to a loss of soil N fertility. 

Keywords: pre-commercial thinning; black spruce; soil nitrogen; foliar properties; soil 

moisture; canopy openness 

3.3     Introduction 

In the province of Québec (Canada), managed boreal forests cover 21% of the total land mass 

and 57% of the continuous boreal forest sub-zone [1]. Within these forests, black spruce (Picea 

mariana (Mill.) BSP) is the most economically important tree species because of its high 

abundance and its structural properties that make it appropriate for both lumber and pulpwood 

[2]. To sustainably manage boreal black spruce forests, the province employs an independent 

Chief Forester whose mandate is to calculate the Annual Allowable Cut (AAC). AAC is the 

maximum volume of wood that can be harvested in a given year while maintaining total standing 

wood volume over future forest rotations. In calculating AAC, the prediction models consider 

not only the natural growth rate of forests based on previous mensuration data, but also the 

predicted impacts of various silvicultural treatments. A common silvicultural practice that is 

used to optimize merchantable wood volume is pre-commercial thinning (PCT), which was 

implemented in Québec approximately 25 years ago and has since been applied to 1,500,000 ha 



51 

of regenerating forests [3]. PCT consists of removing non-crop tree species as well as reducing 

the density of regenerating black spruce stands, approximately 15–20 years after the previous 

clearcut. This reduces competition for resources among the remaining residual stems [4]. While 

PCT might decrease the overall wood volume of a forest stand, its goal is to increase the average 

stem diameter resulting in more valuable wood, as well as to reduce the forest rotation interval 

[5,6].  

In the most recent version of the province’s forestry manual, it was concluded that the long-term 

effects of PCT on forest growth was the least understood and the least predictable silvicultural 

treatment in Québec [7]. For example, since 1995, the forest research unit of the Ministry of 

Forests, Wildlife and Parks (MFWP) has closely monitored 750 thinned forest plots [3]. Results 

have shown that the long-term growth response on some of these plots is insignificant whereas 

the yields on other plots exceed those that are predicted from forest growth curves currently 

used to calculate AAC. Various hypotheses could explain these discrepancies. For example, 

research by Brockley [8] showed that the relative growth response of lodgepole pine (Pinus 

contorta Dougl. ex Loud. var. latifolia Engelm.) to fertilization decreases with stand thinning. 

This led us to hypothesize that PCT may favor the growth response of black spruce on nutrient 

poor sites more so than on nutrient rich sites. Alternatively, Sohn et al. [9] showed that stand 

thinning could mitigate drought stress for Norway spruce (Picea abies (L.) Karst.). This led us 

to hypothesize that stand thinning might favor a growth response of black spruce in drier 

climates, by decreasing competition for soil moisture. Hence, it is important to assess possible 

PCT × site fertility and PCT × climate interactions that might control forest growth. This 

objective is consistent with recommendations from the Chief Forester, to conduct more research 

towards understanding site-specific mechanisms that account for the varying responses of black 

spruce stands to PCT [10].  

PCT might affect the long-term growth response of black spruce through several ecological 

mechanisms, which we could corroborate through indirect measurements. For example: 
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1. Cuttings left on site after thinning could potentially provide a pulse of available soil 

nutrients, especially if decomposition is stimulated by warmer soil temperature due to canopy 

gaps [11–13]. Even if such a litter nutrient pulse was transitory, there is evidence that it may 

still improve long-term site fertility. For example, Bradley et al. [14] described an improvement 

of nutritional site quality 13 years after a single application of fertilizer in regenerating conifer 

cutovers on northern Vancouver Island (Canada). They proposed that fertilizer had accelerated 

canopy closure, which in turn improved litter quality and soil nutrition. Such a mechanism can 

be verified by comparing rates of soil nutrient cycling and soil microbial activity in PCT and 

non-thinned forest plots.  

2. As previously mentioned, PCT may benefit tree growth in dry regions by reducing 

competition for soil water [15]. By alleviating soil water limitations, PCT may reduce the ratio 

of net photosynthesis to stomatal conductance, better known as the water use efficiency (WUE) 

[16–18]. This can be verified either through leaf-level gas exchange measurements, or by testing 

for a positive relationship between δ13C and δ18O of spruce needle tissues [19]. Conversely, PCT 

may be detrimental to spruce growth on poorly drained sites, if the reduction in overall 

evapotranspiration results in waterlogged soils.  

3. Finally, it is unclear if PCT may increase growth rates of black spruce by increasing the 

capture of available light. Black spruce is a self-pruning species that regularly sheds lower 

branches as light intensity decreases below the canopy. By creating canopy gaps, PCT might 

promote the retention of subcanopy branches and needles [20], which would translate into a 

higher net assimilation of carbon. On the other hand, PCT plots that retain a high level of canopy 

openness many years after treatment may be indicative of poor growth rates resulting in slow 

rates of canopy closure [21]. Both of these possibilities can be verified by comparing tree growth 

in PCT and non-thinned plots across sites with different levels of canopy openness. 

We report on a study in which we established research plots in PCT and non-thinned (control) 

black spruce forest plots, approximately 20 years after treatment. Our experimental design 
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included replicated plots in two climatic regions, as well as on two geological deposits within 

one of the climatic regions (i.e. three ‘site types’). Including these three site types in our 

experimental design allowed us to test for PCT × climate and PCT × fertility interactions. During 

the 2016 and 2017 growing seasons, we measured stand structural characteristics, indices of soil 

N fertility and soil microbial activity, indices of soil moisture availability, canopy openness and 

foliar characteristics. Our objective was to provide insights on whether PCT improves long-term 

forest growth rates primarily through lower intraspecific competition for resources, or whether 

any of the mechanisms discussed above play a role as well.  

3.4     Materials and Methods  

3.4.1     Study area and experimental design       

Sampling plots were established in two boreal forest regions of Québec with distinct climates. 

The Côte-Nord region has a 30-year mean annual temperature of -1.0 ˚C and an annual 

precipitation range of 1100–1300 mm [22]. The region has a 30-year mean temperature of 

14.2˚C during the three warmest months of the year (June to August), and the growing season 

is estimated at 140 days. The Côte-Nord study sites were all found on undifferentiated glacial 

till. The Abitibi region has a 30-year mean annual temperature of 2.5 ˚C and an annual 

precipitation range of 800–900 mm [23]. The region has a 30-year mean temperature of 16.0 ˚C 

during the months of June to August, and the growing season is estimated at 150–160 days. 

Within the Abitibi region, our study extended over two contrasting geological deposits, namely 

an undifferentiated glacial till and a lacustrine clay deposited by proglacial lakes Barlow and 

Ojibway following the Laurentide ice margin retreat [24]. Hence, our study identified and 

compared the effects of PCT on three site types, hereafter referred to as Abitibi clay (warmer 

dryer climate and higher soil fertility), Abitibi till (warmer dryer climate and lower soil fertility) 

and Côte-Nord (cooler wetter climate and lower soil fertility). Four independent sites, located 1 

to 45 km apart, were sampled within each site type. The four Abitibi clay plots were located 

approximately 125 km further west than the four Abitibi till plots. Soils at the four Abitibi clay 
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sites are classified as podzolic luvisols [25], whereas those at the four Abitibi till sites as well 

as the four Côte-Nord sites have a sandy loam texture and are classified as humo-ferric podzols 

[25]. 

The twelve sampling sites (i.e. 3 site types × 4 sampling sites) were selected in 2015 based on 

overstory species composition, age-class and site characteristics (Table 3.1), using the MFWP’s 

provincial eco-forest map. Each sampling site had originated from a clearcut approximately 40 

years prior to our study and had a minimum of 80% black spruce basal area, with the remaining 

forest canopy species consisting of white spruce (Picea glauco (Moench) Voss), jack pine 

(Pinus banksiana Lamb.) and/or balsam fir (Abies balsamea (L.) Mill). The clearcutting method 

that had been used is referred to as “careful logging”, which minimizes the area over which 

machinery is allowed to pass and protects the advance growth in the understory. Thus, the forest 

stands at each site had naturally regenerated without planting. The understory ericaceous shrub 

layer was dominated by sheep laurel (Kalmia angustifolia L.), Labrador tea (Rhododendron 

groenlandicum (Oeder) Kron & Judd) and various blueberry species (Vaccinium spp.). The 

remaining understory vegetation included speckled alder (Alnus rugosa (Du Roi) R.T. Clausen) 

and leatherleaf (Chamaedaphne calyculata (L.) Moench). The ground cover was dominated by 

red-stemmed feather moss (Pleurozium schreberi (Brid.) Mitt.), with occasional peat moss 

(Sphagnum L.) on the wettest sites and occasional reindeer lichen (Cladonia spp.) on the driest 

sites. At each of the twelve sampling sites, a portion (ca. 20 ha) of the regenerating even-aged 

forest had been treated with PCT approximately 20 years after the original clearcut, whereas the 

remaining area was not treated. In the same year the PCT treatments were applied, a 22 m 

diameter circular plot was established within both the PCT-treated and the adjacent non-treated 

area (i.e. control plot). The distance between treated and control plots on each site varied 

between 100-300 m, and each plot had a similar aspect and elevation. Thus, our sampling design 

(Figure S3.1) consisted of paired sampling plots (PCT vs. control) in each of the 12 sampling 

sites, for a total of 24 sampling plots. 
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Figure S3.1 Sampling design of each pre-commercial and non-thinned sampling plot.  

Tree images indicate approximate location of each of the five trees measured for 

diameter at breast height, height and foliar samples. Under each tree was a 

corresponding soil sampling and forest floor depth measurement. Solid grey 

circles represent location of 12 canopy photos taken along perpendicular transect 

of the 11m radius plot.  

3.4.2     Tree mensuration  

MFWP personnel collected tree mensuration data every five years after treatment. From this 

databank, we noted the stem density and total basal area (BA) of each plot 15 years after PCT 

treatment, from which we calculated the quadratic mean diameter (QMD) [26]. QMD is the 

more commonly used measure by foresters because it is a measure of central tendency and 

directly related to total basal area. In mid-July 2016, we measured the diameter at breast height 

(DBH) and the height of eight dominant black spruce trees in each sampling plot, using a 

Forestry 550 Hypsometer (Nikon Inc., Melville, NY). 

3.4.3     Canopy openness 

Canopy openness in each plot was estimated from hemispherical photos taken with a digital 

Coolpix 5000 camera equipped with a FC-E8 0.21 fisheye converter lens (Nikon Canada Inc., 
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Mississauga, Canada). Six upward-facing vertical photos were taken from 1 m above the ground 

(i.e. above the understory vegetation), at 5 m intervals along each of two perpendicular transects. 

The 12 canopy photos from each plot were then analyzed for percent canopy openness using 

Gap Light Analyser (Version 2.0) software [27]. 

3.4.4     Forest floor sampling and analyses 

In mid-July 2016 and 2017, forest floor samples were collected from the forest floor F horizon 

[25] in each plot. Given that the soil surface of mid-successional black spruce stands is typically 

littered with 10–80 Mg ha-1 of coarse woody debris [28], a systematic sampling grid was used 

in order to remove bias and achieve accurate population mean estimates of the measured 

variables. In 2016, we excavated forest floor from 12 quadrats (30×30 cm2) in each plot and 

measured the depth of the F horizon at the four corners of each quadrat. From these data, we   
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Table 3.1 Site characteristics of PCT and non-thinned black spruce stands on three site 

types (N=24). Values in parentheses denote one standard error of the mean 

(n=4). 

 Abitibi clay Abitibi till Côte-Nord 

Year of clear-cut 1974 – 1978 1979 – 1982 1974 – 1979 

Year of PCT 1995 – 1999 1996 – 1999 1997 - 1999 

Understory 

community 

Kalmia 

angustifolia, 

Rhododendron 

groenlandicum, 

Vaccinium spp., 

Sphagnum spp., 

Alnus rugosa 

Kalmia angustifolia, 

Vaccinium spp., 

Pleurozium 

schreberi, Diervilla 

lonicera 

Kalmia angustifolia, 

Rhododendron 

groenlandicum, 

Pleurozium 

schreberi, Sphagnum 

spp. 

 PCT 
Non-

thinned 
PCT 

Non-

thinned 
PCT 

Non-

thinned 

Stand density 15 y 

after treatment (stems 

ha−1) 

13,912 

(1,574) 

23,319 

(373) 

8,856 

(1,667) 

19,644 

(1,924) 

9,100 

(1,572) 

17,381 

(3,738) 

Tree height (m) 
8.1 

(0.22) 

8.3 

(0.16) 

8.9 

(0.30) 

8.9 

(0.21) 

7.8 

(0.22) 

7.7 

(0.21) 

Canopy openness (%) 
25.8 

(5.6) 

20.6 

(4.3) 

16.5 

(2.3) 

14.5 

(0.5) 

22.3 

(1.5) 

20.5 

(1.6) 

Forest floor depth 

(cm) 

8.0    

(1.2) 
7.6   (1.1) 

10.5 

(0.8) 

11.3 

(0.47) 

15.6 

(1.4) 
17.4(2.1) 
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calculated the average forest floor depth in each plot. Forest floor subsamples from the same 

plot were bulked into a single sample. In 2017, we repeated this procedure but collected three 

bulk samples per plot. In both years, forest floor samples were sieved on site through a 5 mm 

metal mesh, placed into 3.8 L plastic bags, transported under ice packs in coolers to the 

laboratory (U. Sherbrooke) and stored at 4˚C.  

A moist subsample (ca. 15 g) of forest floor material was dried at 60˚C in an air-draft laboratory 

oven and reweighed in order to calculate the gravimetric moisture content. The oven-dried 

subsamples were then ground with a ball mill and analyzed for total C and N using a Vario 

Macro CN Analyzer (Elementar GmbH, Hanau, Germany). Mineralizable N was measured as 

the concentration of NH4+-N following 30-day aerobic incubations of field-moist forest floor 

(5 g dry wt. equiv.). After incubation, NH4
+-N was extracted with 100 mL of 1 N KCl solution, 

shaken for 1 h on a flatbed shaker and filtered through Fisher P5 filter paper. Extracts were 

analyzed colorimetrically for NH4
+-N (salicylate–nitroprusside-hypochlorite assay) using an 

Astoria2 Autoanalyzer (Astoria-Pacific, Clackamas, OR). For each plot, mineralizable N was 

calculated on an oven-dry soil weight basis as well as on a land area basis, based on the measured 

forest floor depth and a bulk density value of 0.14 g cm−3 [29]  

Microbial activity in each forest floor sample was assessed by measuring basal respiration and 

microbial biomass. Basal respiration was determined by placing field moist forest floor 

subsamples (5 g dry wt equiv.) in 120 mL containers and allowing these to condition to room 

temperature for five days. Headspace within each container was then flushed with ambient air 

for 5 min. and the containers were then sealed with airtight lids equipped with rubber septa. Air 

within the headspace was sampled after 6 h with a needle and syringe, and analyzed for CO2 

concentration using a Varian 431-GC gas chromatograph (Varian Analytical Instruments, 

Walnut Creek, CA). Microbial biomass was determined by amending field moist forest floor 

subsamples (5 g dry wt equiv.) with 500 mg of a glucose-talc (3:97 ratio) mixture. These were 

transferred into 120 mL containers, left uncovered for 105 min. to reach optimum respiration 

rates, sealed for 30 min. with air-tight lids and analyzed for CO2 as previously described. 
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Glucose-induced respiration rates were then converted to microbial biomass using equations 

developed by Anderson and Domsch [30].  

3.4.5     Foliar sampling and analyses 

In the fall of both sampling years, one-year-old needle samples from eight trees in each plot 

were collected from the top third of the canopy, in all orientations around the tree, using 

telescopic pruning shears. These foliar samples were stored under ice packs, transported to the 

laboratory and oven-dried at 60˚C. Dried foliar samples were ground with a ball mill and 

analyzed for total C and N using a Vario Macro CN Analyzer (Elementar GmbH, Hanau, 

Germany). In 2016, foliar material from the eight selected trees was pooled into a single bulk 

foliar sample from each plot, and these were sent to the G.G. Hatch Stable Isotopes Laboratory 

at the University of Ottawa (Canada). These 24 subsamples were flash combusted at 1800 °C 

(Dumas combustion) and the resulting gas products were analyzed for their δ13C and δ18O 

isotope ratios using a Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific, 

Bremen, Germany). 

3.4.6     Indices of soil moisture availability 

Annual precipitation for the Abitibi and Côte-Nord regions was obtained from Environment 

Canada weather stations in the towns of Val d’Or (48° 06’ N, 77° 47’ W) and Baie Comeau (49° 

13’ N, 68° 09’ W) respectively. Potential evapotranspiration (PET) values for each site type 

were estimated using BioSIM software (version 11.4.8), based on the Thornwaite method 

[31,32]. From these values, we calculated the climate moisture index (CMI) as the difference 

between precipitation and PET. The drainage class of each plot was obtained from the MFWP 

databank. Finally, we used forest floor moisture content (see section 2.4) averaged over both 

sampling years as another index of moisture availability.   

 



60 

3.4.7     Statistical analyses 

The effects of PCT, site type and sampling year (when applicable), as well as their interactions, 

were tested using mixed effects models, with site ID and sampling date coded as random 

variables. When significant interactions were found between PCT and site type, we tested the 

effects of PCT within each individual site type. When a significant effect of sampling year was 

found, the analysis was repeated within each sampling year. Single degree of freedom 

orthogonal contrasts were used to test the effect of PCT across selected treatments. Linear 

regression analysis was used to test the relationships between soil N mineralization and foliar N 

concentration, between canopy openness and DBH, and between δ13C and δ18O values of spruce 

needles. All statistical analyses were performed using R statistical software (Version 3.2.2, R 

Development Core Team, 2015). Significance was set at α = 0.05, however we also report a few 

results approaching significance (0.05 < p < 0.10), as these may still be ecologically significant 

and important to foresters. 

3.5     Results 

3.5.1     Structural characteristics of forest stands 

PCT had a significant (p < 0.001) effect on stand density. More specifically, stand density in 

PCT plots were 41%, 54% and 35% lower than in control plots in the Abitibi clay, Abitibi till 

and Côte-Nord sites respectively (Table 3.1). Average tree height was significantly (p = 0.039) 

higher in Abitibi till (8.9 m) than in Côte-Nord (7.7 m), but not affected by PCT (Table 3.1). By 

contrast, there was no effect of site type on DBH or QMD, but average DBH and QMD across 

all site types was significantly (p < 0.001) higher in PCT than in control plots (Figure 3.1a,b). 

Total BA across site types was significantly (p < 0.001) lower in PCT than in control plots 

(Figure 3.1c).  
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Across all sites, canopy openness in PCT plots was significantly (p = 0.052) higher than in 

control plots. More specifically, average canopy openness of PCT plots in the Abitibi clay, 

Abitibi till and Côte-Nord sites were respectively 25%, 14% and 9% higher than in control plots. 

The range of canopy openness values was 2–3 times greater in the Abitibi clay (12–37%) than 

in the other two site types (data not shown). Across the Abitibi clay plots, there was a significant 

(p < 0.028) negative relationship between canopy openness and DBH (Figure 3.2). 

Forest floor depth was significantly (p = 0.011) higher in Côte-Nord than in the other two site 

types (Table 3.1). 

3.5.2     Forest floor nitrogen and microbial dynamics 

We found significant interactions between treatment, site-type and sampling year on soil N 

mineralization data. For this reason, data from each sampling year were analyzed separately. In 

2016, N mineralization rate per soil mass was significantly (p = 0.048) higher in Abitibi till than 

in Côte-Nord (Figure 3.3.a). A similar trend (p = 0.073) was found in 2016 when N 

mineralization was calculated on a land surface area basis (Figure 3.3.c). In 2017, we found a 

near significant (p = 0.088) treatment × site type interaction on N mineralization rate per soil 

mass, and a significant (p = 0.032) treatment × site type interaction on N mineralization rate per 

land surface area. On both a soil mass and land surface area basis, N mineralization rates in 

Côte-Nord were significantly (p = 0.046 and p = 0.023, respectively) lower in PCT than in 

control plots, whereas PCT had no effect on N mineralization rates in the other site types (Figure 

3.3.b,d).  
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Figure 3.1 Forest mensuration data for PCT and non-thinned plots in each of three site 

types: (a) mean diameter at breast height (DBH) of eight dominant trees 

measured in 2016, (b) quadratic mean diameter of each plot calculated at 15 

years after PCT treatment, and (c) mean total basal area calculated at 15 

years after PCT treatment.  

Vertical lines denote one standard error of the mean (n = 32 for DBH; n = 4 for 

QMD and BA). 
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Figure 3.2 Results of linear regression analysis testing the relationship between canopy 

openness and mean diameter at breast height (DBH) in Abitibi clay plots.  

Only Abitibi clay plots are shown because differences in canopy openness values 

between PCT and control plots on the other two site-types varied by less than 

2%. Solid circles and white squares represent the mean (n = 8) PCT and non-

thinned plots, respectively, on each of 8 plots (N = 64). PCT and non-thinned 

plots from the same site are linked by dashed lines. The solid line represents 

linear regression analysis of all data points. The grey shaded area represents the 

95% confidence interval of the predicted regression slope. Vertical lines 

represent the standard error of DBH within sites.  
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Across all plots, there was a significant (p = 0.001) positive relationship between forest floor N 

mineralization rate per land surface area measured in 2016, and foliar N concentration of 1 year 

old needles collected in 2017. 

In both sampling years, there were significant (p < 0.001 in 2016; p = 0.016 in 2017) PCT × site 

type interactions on microbial basal respiration (Figure 3.4.a,b). More specifically, basal 

respiration in 2016 was significantly (p = 0.002) lower in PCT than in control plots within 

Abitibi clay sites; a similar effect (p = 0.030) was found in 2017 within Côte-Nord sites. In both 

sampling years, soil microbial biomass was significantly (p = 0.011 in 2016; p = 0.003 in 2017) 

higher in Abitibi clay than in the other two site types (Figure 3.4.c,d). 

3.5.3     Foliar chemistry 

Foliar N concentration was significantly (p = 0.008) higher, and foliar C:N significantly (p = 

0.023) lower in Abitibi till than in Côte-Nord (Table 3.2). There was no effect of PCT treatment 

on foliar chemistry in any of the site types. There was no effect of site type, nor of PCT 

treatment, on foliar δ13C values. For foliar samples collected in the Côte-Nord region, there were 

minor differences in foliar δ18O values (relative standard deviation (RSD) = 1.19%), resulting 

in a flat slope when plotting δ18O against δ13C values. By contrast, the RSD of foliar δ18O values 

in Abitibi clay and Abitibi till were 3.50% and 3.61% respectively. Across Abitibi plots, we 

found a positive relationship between δ18O and δ13C values, however this relationship was not 

significant (p = 0.20). 
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Figure 3.3 Potential N mineralization rates (a,b) per gram of forest floor, and (c,d) per 

hectare.  

Significant (p < 0.05) differences between treatments (within site type) are 

denoted by lower-case letters; significant, or close to significant (0.05 < p < 0.09), 

differences between site types are denoted by underlined upper-case letters; 

significant interactions between site types and treatments are indicated in the 

upper right corner of the frame. Vertical lines denote one standard error of the 

mean (n = 4).   
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Figure 3.4 Basal respiration (a,b) and microbial biomass (c, d) in forest floors.  

Significant (p < 0.05) differences between treatments (within site type) are 

denoted by lower-case letters; significant differences between site types are 

denoted by upper-case letters; significant interactions between site types and 

treatments are indicated in the upper right corner of the frame. Vertical lines 

denote one standard error of the mean (n = 4). 
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Table 3.2 One-year-old needle properties in PCT and non-thinned stands across three site 

types.  

 Abitibi Clay Abitibi Till Côte-Nord 

Significant effects 
 PCT 

Non- 

thinned 
PCT 

Non- 

thinned 
PCT 

Non- 

thinned 

Foliar N 

(mg g−1) 

9.19 

(0.17) 

9.09 

(0.16) 

9.94      

(0.12) 

9.95 

(0.11) 

8.63      

(0.11) 

8.31 

(0.11) 

Abitibi till > Côte-

Nord (P = 0.008) 

Foliar C:N 
53.59 

(1.02) 

54.01 

(0.087) 

50.74 

(0.60) 

49.96 

(0.56) 

56.23 

(0.71) 

58.60 

(0.73) 

Côte Nord > 

Abitibi till  

(P = 0.023) 

δ13C 
-28.31 

(0.10) 

-28.55 

(0.07) 

-28.40   

(0.07) 

-28.26 

(0.10) 

-28.56      

(0.13) 

-28.23 

(0.08) 
None 

Values are means of two sampling years, except δ13C isotope ratios that are for 2016 only. 

Values in parentheses denote one standard error of the mean (n=4). 

 

3.5.4     Indices of soil moisture availability 

Total annual precipitation (Table 3.3) in the Abitibi region in both sampling years was low (i.e. 

664 and 684 mm) relative to the 30-year (1980-2010) mean for the Val d’Or weather station 

(929 mm). Conversely, total annual precipitation in the Côte-Nord region in both sampling years 

was high (i.e. 1036 and 1159 mm) relative to the 30-year (1980-2010) mean for the Baie Comeau 

weather station (1001 mm). In both sampling years, BioSim simulations revealed higher PET in 

Abitibi till, followed by Abitibi clay and Côte-Nord (Table 3.3). Conversely, CMI in both 

sampling years was highest in Côte-Nord, followed by Abitibi clay and Abitibi till. Data 

provided by the MFWP revealed that Abitibi clay sites were imperfectly drained, whereas those 

from Abitibi till and Côte-Nord were moderately to rapidly drained (Table 3.3). Average forest 

floor moisture over the two sampling years was significantly (p = 0.004) higher in Abitibi clay 
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(303%) than in Abitibi till (188%). Forest floor moisture in the Abitibi till sites was higher (i.e. 

approaching significance at p = 0.058) in PCT than in control plots (Table 3.3).  

3.6     Discussion 

Although PCT resulted in lower total basal area, our data suggest that it also resulted in bigger 

trees, as evidenced by higher QMD and DBH values on PCT plots. However, higher QMD 

values may not necessarily reflect higher growth rates on PCT plots, because QMD is a measure 

of the central tendency in the population. In other words, the removal of smaller stems due to 

PCT automatically results in a higher QMD value, even if the remaining trees remain the same 

size. For this reason, we also calculated the arithmetic mean DBH of the eight dominant trees 

on each plot, as this value is free of numerical artifact. The significantly higher DBH values of 

dominant trees on PCT plots confirmed that PCT had a positive effect on tree radial growth in 

all three site types. The fact that we did not observe PCT effects on tree height calls into question 

the use of height measurements for assessing the response of boreal trees to overstory removal. 

This topic was discussed in a review article by Ruel et al. [33], where the authors pointed out 

inconsistencies in the height response of black spruce to stand thinning. They proposed that 

advance regeneration less than 2 m tall is more likely to increase in height after stand thinning 

than taller regeneration.  
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Table 3.3 Indices of moisture availability across site types, sorted either by sampling year 

or treatment.  

 Abitibi clay Abitibi till Côte-Nord 

Total annual precipitation (mm)    

   2016 664 664 1036 

   2017 684 684 1159 

Potential evapotranspiration (mm)    

   2016 408 445 339 

   2017 404 440 395 

Climate moisture index (mm)    

   2016 256 219 637 

   2017 280 244 764 

Drainage class    

   PCT Imperfect Moderate to rapid Moderate to rapid 

   Non-thinned Imperfect Moderate to rapid Moderate to rapid 

Gravimetric moisture content (%)    

   PCT 393.7a (18.0) 247.9a (15.8) 250.1a (8.6) 

   Non-thinned 407.1a (24.9) 169.9b (11.0) 258.0a (8.8) 

Precipitation values for the Abitibi and Côte-Nord regions were obtained from Environment Canada 

weather stations in the towns of Val d’Or and Baie Comeau respectively. Potential evapotranspiration 

and climate moisture index values were estimated using BioSIM software. The drainage class of each 

plot was obtained from the MFWP databank. Significant (P < 0.05) differences in gravimetric moisture 

content between PCT and control treatments (within site types), are denoted by lower-case letters. 

Values in parentheses denote one standard error of the mean (n=4). 

  

Foliar N concentrations of one-year-old needles are generally less variable than those of current-

year needles [34], and are thus commonly used as reliable indicators of site nutritional quality 

(eg. Hebert et al. [35]). Thus, the positive significant relationship between soil N mineralization 
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rates in 2016 and one-year-old needle N concentrations in 2017 (i.e. needles formed in 2016) is 

validation that N mineralization rates during laboratory soil incubations are reliable indices of 

site N fertility. Our data thus suggest that N fertility in Abitibi till was higher than in Côte-Nord. 

It should be noted that N mineralization rates per unit mass is indicative of soil organic matter 

quality, whereas N mineralization rates per land surface area is indicative of soil N availability 

to trees. In 2017, we found a significant negative effect of PCT on both of these indices in Côte-

Nord. A similar, albeit non-significant, trend (p ≤ 0.15 based on orthogonal contrasts) was also 

found in Côte-Nord and Abitibi clay sites in 2016. The effect size in Côte-Nord was actually 

larger in 2016 than in 2017, but the non-significance of the effect in 2016 arises from the lower 

sampling intensity resulting in lower statistical power. A drop in soil N mineralization following 

PCT may arise from increased sunlight reaching the forest floor, thereby increasing the spread 

of ericaceous shrubs in the understory [36]. These shrubs, such as sheep laurel and Labrador 

tea, are known to produce litters that substantially reduce soil N mineralization [37]. There is 

evidence that the competitive ability of ericaceous shrubs increases on wetter sites [36], as in 

Côte-Nord where precipitation is high and in Abitibi clay where soil drainage is poor. Hence, 

while PCT may increase tree radial growth by decreasing intraspecific competition for 

resources, our results suggest that PCT may also reduce soil nutrient cycling on wetter sites. 

This drop in nutrient cycling due to a decrease in soil organic matter quality is further 

corroborated by lower basal respiration rates on PCT plots in Abitibi clay (2016) and Côte-Nord 

(2017). 

As we earlier hypothesized, PCT may reduce competition for soil water by reducing whole-

stand evapotranspiration. Based on values of annual precipitation, PET, CMI and drainage class, 

it is likely that Abitibi till is the site type that is most apt to experience summer soil moisture 

deficits. Therefore, we expect PCT to release trees from moisture stress in Abitibi till plots more 

so than in other site types. This is corroborated by a positive effect of PCT on soil moisture in 

Abitibi till, but not in the other two site types. While this evidence is not overwhelming, it is 

consistent with expectations. However, the positive slope between foliar δ13C and δ18O values 

on Abitibi till plots was not statistically significant, thereby preventing us from further asserting 
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that photosynthesis in this drier site type is controlled by stomatal conductance. This may be 

because our needle samples were from a single year and may not necessarily reflect the demand 

vs. supply of soil water over an entire forest rotation. We suggest that future research use a 

dendrochronological approach to correlate tree ring increments with annual summer moisture 

deficits over the lifespan of trees, to determine whether PCT improved growth in abnormally 

dry years. 

Average stand density of PCT plots across all 12 sites was 35-54% of stand density on control 

plots. It is likely therefore, that PCT substantially increased canopy openness and light 

availability in the first years following treatment. It is unclear, however, whether higher canopy 

openness plays a part in improving growth, since black spruce is a shade tolerant species whose 

light saturation point lies between 10–50% incident light [38]. This was corroborated by 

Goudiaby et al. [39] who showed that stand thinning does not increase rates of photosynthesis 

of black spruce needles. However, higher canopy openness could have increased the capture of 

available light by increasing the retention of subcanopy branches [20], in other words, by 

increasing the total needle surface area of individual trees. We have little way of verifying this, 

as our study was undertaken 20 years after treatment, when canopy gaps on most sites had time 

to close. This is especially the case in Abitibi till and Côte-Nord sites, where average canopy 

openness of PCT plots was only 1-2% higher than control plots. However, canopy openness on 

three of the four Abitibi clay sites was 5–10% higher on PCT than on control plots, and the total 

range of canopy openness values across Abitibi clay sites was 12–37%. The fact that we see a 

significant negative relationship between canopy openness and DBH across Abitibi clay sites 

(Figure 3.2), even though PCT generally increases DBH within sites, is more presumptive 

evidence that light availability does not drive productivity of black spruce on PCT plots. 

3.7     Conclusions 

In summary, our study showed a positive growth response of black spruce to PCT in three 

contrasting site types. Our results suggest that most of this growth response resulted from lower 
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competition for soil resources due to a substantial reduction in stand density. Paradoxically, we 

found evidence that PCT may actually reduce soil nutrient cycling on the wetter sites. 

Conversely, we found evidence that PCT may release trees from moisture stress on drier sites. 

We conclude that PCT achieves its stated short-term objectives in regenerating black spruce 

stands, but is best suited to drier sites. Given that climate models project increasingly drier 

conditions in Quebec’s southern boreal region [40], the use of PCT appears to be an appropriate 

management strategy in the context of climate change. 
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soil mineralizable N and foliar N, Tables S3: Results of mixed-model ANOVAs, Figure S4: 

Correlation matrix between measured variables. 
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CHAPTER 4 

EVIDENCE THAT PRE-COMMERCIAL THINNING CAN MITIGATE DROUGHT-

STRESS OF MID-ROTATION-AGED BLACK SPRUCE STANDS 

4.1     Foreword 

From Chapter 3, we learned that pre-commercial thinning (PCT) likely increases radial black 

spruce growth due to reduced intraspecific competition for resources. On drier sites, PCT 

increased soil water content, whereas on relatively wetter sites, excessively wet soils may 

mitigate the benefits of PCT by lowering soil N fertility. We decided to explore these findings 

further, this time using dendrochronology. This then led us to the follow-up questions:  

● On which site type does PCT have a greater relative effect on black spruce annual radial 

growth since time of treatment? 

● On which site type is there the greatest benefit of PCT for black spruce annual growth 

during anomalously dry and wet growing seasons? 

To answer these questions we quantified annual ring width, and interannual variability from the 

mean, of black spruce trees in PCT and non-thinned plots across the same three site types used 

in Chapter 3. In Chapter 4, we tested the relationship between interannual variability and 

Standardized Precipitation-Evapotranspiration Index (SPEI) for each of the tree site types. This 

was to determine black spruce response to changes in site water balance and whether this 

relationship changed with PCT treatment. Observing this historical relationship would allow us 

to predict growth responses of black spruce on different site types with varying water 

availability. We also tested this relationship during abnormally dry and wet growing seasons as 

determined by extreme values of SPEI. This would provide insight as to black spruce response 

during climate extremes and whether black spruce trees in PCT stands maintained greater 

growth rates during such events compared to those in non-thinned stands. From these findings 

we could better predict PCT’s ability to mitigate the negative effects of drought and maintain 
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black spruce growth during climate anomalies. Findings could help forest managers determine 

if PCT could be considered an adaptive forest management strategy in the future.   

For this chapter, PCT plots were established and maintained by the Ministry of Forests, Wildlife 

and Parks (MFWP). Plots were selected from the provincial ecoforestry database in 

collaboration with Stéphane Tremblay and Dr. Martin Barrette. I collected all tree disc samples, 

which were analyzed at the Department of Forest Research laboratory at the MFWP under the 

supervision of Dr. Martin Barrette. I performed the statistical analysis and wrote the manuscript 

with the support of Louis Duchesne in both steps. Dr. Daniel Houle was involved in all stages 

of the planning and execution of this study. All co-authors revised and approved the final version 

of the manuscript. 
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4.2     Abstract 

In the province of Québec (Canada), pre-commercial thinning (PCT) is a common silvicultural 

practice applied to black spruce (Picea mariana (Mill.) B.S.P.) stands. PCT reduces competition 

for resources with the goal of increasing radial growth of residual stems. In other parts of North 

America, thinning practices are also considered an adaptive forest management strategy to 

mitigate the negative effects of drought on growth. The use of PCT to mitigate drought stress 

for black spruce productivity in Québec has been less explored given its relatively cool and wet 

climate compared to the rest of North America. We sampled black spruce trees from PCT and 

non-thinned plots across two climate regions, as well as on contrasting soil parent materials 

within one of these two climate regions (i.e. three ‘site types’). Tree discs were collected from 

eight trees from each of the four paired treatment plots (PCT vs. non-thinned) at four 

independent sites in each of the tree site types for a total of 192 samples. Using 

dendrochronology, we quantified annual ring width index (RWI) since time of treatment 

(approximately 15 years prior) and during climate anomalies. We correlated RWI to the 

standardized precipitation-evapotranspiration index to determine interannual variability of black 

spruce growth with changing water balance across the three site types. On well-drained sites in 

a relatively warm-dry climate black spruce showed a positive response in radial growth to 
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increasing water balance but a negative response on sites that are poorly drained or in a cool-

wet climate. Accordingly, PCT provided a greater benefit to black spruce radial growth overall 

on relatively warm-dry site types compared to wet sites. The relative effect of PCT on black 

spruce growth during both drier and wetter than average growing seasons was equal across all 

site types. Our results suggest that PCT will remain an important forest management practice 

on warm-dry sites at the lower margin of distribution to maintain black spruce productivity with 

projected warming and growing season moisture deficit, whereas black spruce growth may 

benefit from warming on relatively wet sites.  

4.3     Introduction 

Across the Canadian boreal biome, mean temperatures are projected to show an increase of 4 – 

5 ̊ C in mean temperature by 2100 (Price et al., 2013). Across this biome at high latitudes, boreal 

forests are said to be the most vulnerable to climate change (Diffenbaugh and Field, 2013). Such 

changes in temperature are likely to result in changes to water and nutrient availability and 

therefore site quality, eventually affecting forest stand productivity and species distribution. 

However, uncertainty remains as to climate-growth responses of boreal forests to climate 

projections that vary across both spatial and temporal gradients. Northeastern North America, 

particularly Québec, Canada is a boreal region that has been suggested to be resistant to future 

climate projections due to its cool, wet climate and is likely to see a shift in boreal species in the 

upcoming century (D’Orangeville et al., 2016).  

Climate models for the province of Québec, Canada, project an increase in winter precipitation 

and mean annual temperature over the next century, as well as an increase in the intensity and 

frequency of climate extremes (Logan et al., 2011). Mean temperature is expected to increase 

by up to 3.5˚C and 9.0˚C during summer and winter months respectively, by 2090 (Logan et al., 

2011). Drought periods during the growing season are projected to increase across southern 

regions of the province (Houle et al., 2012; D’Orangeville et al., 2018a), including Québec’s 

managed boreal forests that cover 317,000 km2 (Ministère des Ressources Naturelles et de la 
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Faune, 2008). There are concerns that increasing drought stress may reduce primary 

productivity and negatively impact forest-based local economies. There is a need, therefore, to 

develop and certify adaptive silvicultural management systems that might mitigate the negative 

effects of future climate anomalies on black spruce growth. 

Stand density management is a silvicultural practice that alters stand density to achieve desired 

objectives. It has been found to be beneficial to reduce moisture stress as reduced uptake by 

residual stands can influence diurnal and seasonal availability of soil moisture to influence 

patterns of stomatal conductivity, rates of photosynthesis and therefore biomass production of 

remaining trees.Pre-commercial thinning (PCT) is a silvicultural treatment that alters stand 

density and is widely used in Québec on 15–20 y-old regenerating coniferous stands. The goal 

of PCT is to reduce stand density by removing smaller stems in order to increase resource 

availability to residual stems, thereby increasing diameter growth (Goudiaby et al., 2011; Bell 

et al., 2008; Thibodeau et al., 2000). This, in turn, increases wood value and reduces forest 

rotation intervals. However, the mechanisms by which PCT affects forest growth are not well 

understood (Poulin 2013) and may vary across sites (Wotherspoon et al., 2020) or at different 

thinning intensities (Soucy et al., 2012). Furthermore, some studies have shown that PCT may 

at times have no effect on tree growth (Schneider et al., 2013), whereas others have shown the 

potential for PCT to reduce stand productivity in the presence of certain groundcover vegetation 

(Pacé et al., 2017; Reicis et al., 2020). Overall, the effects of PCT on tree growth have been 

more documented in commercial thinning (CT) stands and for certain species such as balsam fir 

(Abies balsamia (L.) Mill.) than for black spruce (Picea mariana (Mill.) BSP). The latter is the 

most economically important boreal tree species in Québec, representing more than 35% of total 

merchantable wood volume of public forests (Ministère des Forêts de la Faune et des Parcs, 

2018a; Ministère des Ressources naturelles et de la Faune, 2000). Therefore there is a need to 

better understand the potential benefits or drawbacks of PCT in black spruce stands, in the 

context of climate change. 
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A greater frequency and intensity of climate extremes, such as drought, are projected for the 

province of Québec particularly in southern regions (Logan et al., 2011). In drought conditions, 

warmer temperatures limit soil water availability and reduce rates of photosynthesis. (Balducci 

et al., 2013; Walker et al., 2015; Way and Sage, 2008). Drought events can also reduce long-

term soil nutrient availability (Houle et al., 2016) and increase frequencies of forest fires and 

vulnerability to insect outbreaks (Boucher et al., 2018). Lowering stand density or basal area by 

thinning has shown to increase drought resistance and resilience (D’Amato et al., 2013; Vernon 

et al., 2018) and reduce tree mortality associated with warmer temperatures (Bradford and Bell, 

2017). If found to be the case for southern regions of Québec, PCT could aid in maintaining 

black spruce stand productivity during drought events that are more likely to occur with 

projected rising temperatures. PCT increases soil water availability by reducing canopy cover 

and thus water lost via stand evapotranspiration (Laganière et al., 2010). On warm and dry sites 

of Québec, greater soil water content was found on thinned black spruce stands compared to 

non-thinned stands (Wotherspoon et al., 2020). Greater soil water availability resulting from 

PCT would allow for more photosynthesis. Such benefits of PCT are important on fast-draining 

soil types, where high permeability to water can exacerbate moisture stress that reduces tree 

growth (Gu et al., 2015; Tardif and Bergeron, 1997). Hence, on moisture limited sites, lower 

stand density reduces water lost through the forest canopy to increase water availability to 

residual stems For this reason, it has been proposed that PCT has the additional benefit of acting 

as a long-term adaptive strategy for forest managers to maintain black spruce growth while 

offsetting carbon losses and water limitations caused by drought (Sohn et al., 2016).  

In northeastern Québec, black spruce growth on relatively wet sites is often limited by 

temperature rather than moisture. Greater soil water availability on these sites, either as a result 

of relatively high precipitation rates or from PCT, may cause waterlogged, and potentially 

anaerobic, soils. These conditions can reduce soil temperature and rates of decomposition, 

thereby limiting nutrient cycling and root growth. Wotherspoon et al. (2020) found that PCT 

reduced microbial activity on sites with moist clay soils and reduced rates of soil nitrogen 

mineralization on sites with high annual precipitation, concluding that PCT likely increases 
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radial growth of residual stems simply by reducing intraspecific competition. On such site types, 

greater evapotranspiration may be beneficial to remove excess water from saturated soils to 

promote better tree growth. This may be seen on stands of higher stem density (Wolken et al., 

2011) or in the presence of rising temperatures, whereby black spruce may benefit from future 

climate warming (D’Orangeville et al., 2016). For this reason, the benefits of PCT on black 

spruce growth are expected to be greater on warm-dry sites of Québec compared to relatively 

wet sites.  

Based on the rationale above, we hypothesize that PCT influences black spruce sensitivity to 

water availability, as defined as increases or decreases in interannual radial growth from historic 

means in response to changes in site water balance. We predict that on warm-dry sites, PCT 

increases interannual variation with increasing site water availability. Conversely, on relatively 

wet sites, we predict that PCT decreases this variation with increasing site water availability. 

Secondly, we hypothesize that PCT has a greater relative effect on warm-dry sites compared to 

relatively wet sites during climate anomalies. To test our hypotheses, we retrospectively 

explored relationships between water availability and PCT treatment controlling variation of 

annual tree growth on sites under differing climate regimes and geological deposits in Québec. 

4.4     Materials and Methods 

4.4.1     Study area and experimental design 

 Our study was conducted using plots that are part of a long-term study initiated in 1995 by 

Québec’s Ministry of Forests, Wildlife and Parks (MFWP) measuring the effects of silvicultural 

treatments. After clearcut, the MFWP established long-term monitoring sites on a portion (ca. 

20 ha) of the regenerating even-aged forest that had been treated with PCT with a small 

remaining area that was not treated (i.e. untreated control). At the time of treatment, the MFWP 

established circular PCT and non-thinned sampling plots with a radius of 11.28 m and identified 

them using GPS coordinates. PCT and non-thinned plots were separated by no more than 250 
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m. For this study, our experimental design consisted of four independent paired sampling plots 

(PCT vs non-thinned), located 1 to 45 km apart in three ecological regions of Québec, for a total 

of 12 paired sampling plots. The three regions (hereafter referred to as site types) are 

characterized by a combination of physical environments and climate regimes, as classified by 

the MFWP’s Land Hierarchical Classification System (LHCS) (Table 4.1). 

Table 4.1. Site characteristics of pre-commercial thinned (PCT) (N = 12) and non-thinned 

(N = 12) black spruce stands on three site types of Québec, Canada 

 Abitibi till Abitibi clay Côte-Nord 

Ecological region1 
Plains and slopes of 

Simard Lake 
Abitibi plains 

High hills of Lake 

Cacaoui 

Annual 

temperature (˚C) 
2.5 (0.07) 0.9 (0.07) 0.1 (0.06) 

Growing season 

temperature (˚C) 
16.6 15.3 14.2 

Total annual 

precipitation (mm) 
883 (6.09) 912 (5.53) 1004 (7.23) 

Percentage of 

precipitation falling 

as snow (%) 

25 25 – 30 40 - 45 

Growing season 

length (days) 
160 – 170 160 110 – 130 

Annual potential 

evapotranspiration 
672 (2.17) 707 (3.37) 572 (1.65) 

Annual water balance 211 (6.65) 205 (7.11) 432 (7.66) 

Water balance for 

June, July, August 
-75 (4.0) -81 (4.5) -44 (5.11) 

Altitude range (m) 280 - 310 290 – 350 330 - 466 
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Table 4.1 Continued    

Understory 

community 

Kalmia angustifolia, 

Vaccinium spp., 

Pleurozium schreberi, 

Diervilla lonicera 

Kalmia angustifolia, 

Rhododendron 

groenlandicum, 

Vaccinium spp., 

Sphagnum spp., 

Alnus rugosa 

Kalmia angustifolia, 

Rhododendron 

groenlandicum, 

Pleurozium 

schreberi, Sphagnum 

spp. 

Soil type Humo-ferric podzols Podzolic luvisols Humo-ferric podzols 

Drainage 

classification1 
Xeric to sub-mesic Sub-mesic to mesic Xeric to sub-mesic 

Year of clearcut 1979 – 1982 1974 – 1978 1974 – 1979 

Year of PCT 1996 – 1999 1995 – 1999 1997 - 1999 

 PCT 
Non-

thinned 
PCT 

Non-

thinned 
PCT 

Non-

thinned 

Mean tree  

age (years) 

32 a 

(0.25) 

27 a 

(0.66) 

31 a 

(0.23) 

32 a 

(0.25) 

37 b 

(0.65) 

55 a 

(0.82) 

Mean ring width 

length (mm) 

2.2 a 

(0.02) 

1.7 b 

(0.02) 

1.9 a 

(0.02) 

1.4 b 

(0.02) 

1.6 a 

(0.02) 

1.2 b 

(0.02) 

Mean tree diameter at 

breast height2 (cm) 

12.2 a 

(0.06) 

10.6 b 

(0.06) 

12.4 a 

(0.09) 

10.7 b 

(0.04) 

12.3 a 

(0.10) 

11.2 b 

(0.07) 

Mean tree  

height2 (m) 

9.3 a 

(0.07) 

8.8 b 

(0.05) 

8.1 b 

(0.05) 

8.3 a 

(0.04) 

8.1 a 

(0.04) 

7.7 b 

(0.05) 

Number of tree 

chronologies 
32 33 32 32 29 24 

1Supplementary information for each site’s specific ecological region can be found in guides 

developed by the Ministry of Forests, Wildlife and Parks (see text). Annual climate data are 30-

year normals for the period of 1985 – 2015 as generated by BioSIM software (Régnière, 1996). 

Growing season temperature refers to means from June, July and August. Lower case letters 
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indicate a significant difference (α = 0.05) between treatments within site types using a t-test. 

Values in parentheses denote one standard error of the mean. 

The first group of sampling plots (Abitibi till) is located in the Plains and slopes of Lac Simard 

ecological region (4a; Gosselin, 2003) in the west balsam fir-yellow birch bioclimatic 

subdomain. The region is located to the west of the province along the Ontario border and 

included in an area formerly flooded by proglacial Lake Barlow. Forests within this region are 

mainly composed of mixed stands dominated by paper birch, trembling aspen, black spruce and 

fir. Softwood forests, such as pure black spruce stands, cover a smaller portion of the region and 

are mostly found on the poorest quality sites. The average altitude is lower than surrounding 

ecological regions (278 m) with milder, flat terrain formed by hills and plains. Glaciolacustrine 

clay deposits cover the majority of the plains with the presence of some peat bogs in poorly 

drained areas, whereas hillside areas are covered by thin till deposits. The four plots that were 

sampled in this study are located in the south of the region, near Lac Simard. The sampling plots 

have a 30-year mean annual temperature of 2.5˚C and annual precipitation of 883 mm, with 

25% falling as snow (Table 4.1). The plots have a 30-year mean temperature of 16.6 °C during 

the three warmest months of the year (June to August) and the growing season is ca. 160 – 170 

days. Soils on the sampling plots are derived from undifferentiated glacial till deposits and are 

classified as humo-ferric podzols (Soil Classification Working Group, 1998) with mesic to sub-

hydric drainage. 

The second group of sampling plots (Abitibi clay) is located in the Abitibi plains ecological 

region (5a; Blouin & Berger, 2002) of the west balsam-fir white birch bioclimatic subdomain. 

Within the region, black spruce is abundant on both organic and fine-textured mineral deposits. 

On the latter, black spruce is often found growing with trembling aspen. Jack pine can also be 

found on sandy deposits, while paper birch and balsam fir coexist on slopes with medium-

textured till. The region has an average altitude of 300 m and is vastly flat. Geological deposits 

are made up of glaciolacustrine plains, clay or sand as a result of the last glaciation in Lake 

Ojibway. The four sampling plots used in this study are located in the north of the region, near 
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Lac Obalski. The sampling plots have a 30-year mean annual temperature of 0.9 ˚C and annual 

precipitation of 912 mm, 25 – 30% falling as snow. The plots’ 30-year mean temperature during 

the warmest three months of the year is 15.3 ˚C and the growing season is ca. 160 days. Soils 

on these plots are derived from a glaciolacustrine clay and classified as podzolic luvisols (Soil 

Classification Working Group, 1998) with sub-mesic to mesic drainage. The Abitibi clay plots 

are located ca. 125 km northeast of the Abitibi till plots. 

 The third group of sampling plots (Côte-Nord) is located in the Lac Cacaoui ecological region 

(6j; Morneau and Landry, 2010) in the eastern spruce-moss bioclimatic subdomain. The region 

consists of very rugged terrain formed by high hills and mountains and deep valleys with 

average altitudes ranging from 100 – 500 m in southern parts of the region to 700 m in northern 

parts. Black spruce and balsam fir forests are most characteristic of the region and predominate 

in mesic and sub-hydrous environments. The region consists mostly of undifferentiated glacial 

till, most often less than 50 cm thick. The four plots sampled in this study are located in the west 

of the region, near Lac Sainte-Anne. The sampling plots have a 30-year mean annual 

temperature of 0.1 °C and annual precipitation of 1004 mm, with 40 – 45% falling as snow. The 

sampling plots have a 30-year mean annual temperature during the warmest months of 14.2 °C 

and the growing season is ca. 110 – 130 days. Soils on these sampling plots are classified as 

humo-ferric podzols (Soil Classification Working Group, 1998) with xeric to sub-mesic 

drainage. 

4.4.2     Tree-ring width measurements 

In July 2016, up to eight dominant (diameter at breast height (DBH) > 8 cm) black spruce trees, 

separated by a minimum of 2 m, were selected along the perimeter of each circular sampling 

plot for a total of 182 trees. Trees were measured for DBH and were felled using a chainsaw. 

After felling, tree discs were cut at approximate breast height, placed into 3.8 L plastic bags and 

transported under ice packs to the Department of Forest Research laboratory at the MFWP. 
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Tree discs were dried and sanded following standard dendroecology procedures. Discs were 

measured for tree ring width to 0.01 mm using WinDendro (Regent Instruments Inc., Québec 

City) and statistically cross-dated using COFECHA (Holmes, 1983). Tree-level chronologies 

were constructed using the dplR package in R statistical software (Version 1.7-1, Bunn, 2008). 

Tree ring widths were detrended using a 15-year smoothing spline (2000 – 2015) to reduce the 

effects of stand-level (competition and disturbance) and tree-level factors (age and size) that 

contribute to long-term tree-ring width variability (Cook and Peters, 1981). A frequency 

response cut-off at 0.50 was used to remove low frequency signals and highlight interannual 

variability mainly associated with climate effects (Cook and Kairiukstis, 1990). Thus, 

standardized ring width index (RWI) provides a stationary temporal series for each sampled tree 

with a mean approximately equal to one. Because the algorithm used to standardize data 

generates RWI values that deviate slightly from one (RWI = 0.997 ± 0.135 standard deviation), 

RWI values were adjusted by adding or subtracting a constant value. 

4.4.3     Determining climate normals and anomalies 

Monthly climate data from 1985 to 2015 was generated using each sampling plot’s GPS 

coordinates with BioSIM software, a bioclimatic model that uses weather stations to generate 

site-specific climate data (Régnière, 1996). Climate data from each sampling plot was used to 

calculate 30-year climate normals for each of the three site types. BioSIM was also used to 

calculate one- and three-month values of Standardized Precipitation-Evapotranspiration Index 

(SPEI); an index commonly used when exploring low water anomalies in time (Beguería et al., 

2014). Monthly SPEI was calculated for the months of June, July and August and also for the 

three months combined to represent the growing season (hereafter referred to as SPEIgs). 

Climate anomalies occurring during the growing season for the same 30-year reference period 

were defined as SPEIgs values equal to or greater than -1 and 1; hereafter referred to as dry and 

wet growing seasons, respectively. Data points identified within dry and wet growing seasons 

were separated into data subsets and subject to a separate analysis as described below. 
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4.4.4     Statistical analysis 

All analyses were performed using linear mixed effects models with the nlme package in R 

statistical software (Version 3.1-148, (Pinheiro et al., 2020). Prior to analysis, all data were 

tested for linearity, homogeneity of variance and normal distribution using graphical 

visualisation. Standardized residuals of each model were plotted against independent variables 

to detect heterogeneity or trends in variance. No transformation of data was required to meet 

assumptions of ANOVA. Differences in tree characteristics between PCT and non-thinned 

treatments within a site were tested using a two-sided t test assuming unequal variance. 

Significance level was set at α = 0.05 for all analyses. 

The first analysis explored the effect of PCT treatment on black spruce sensitivity (in terms of 

interannual variation from mean growth) to water availability across the three site types. RWI 

was used as the dependent variable to explore growth response during the period of 2000 (one 

year after the most recent PCT treatment across all plots) and 2015 (one year prior to tree disc 

collection). RWI was tested for three-way interactions between SPEI, site type and PCT 

treatment with tree ID nested within Plot ID included as random effects. Mixed models were 

tested or both monthly SPEI for June, July and August and SPEIgs as the independent variable 

(Table 4.2). However, since SPEIgs often contain values found within monthly SPEI, the 

remaining statistical analysis used SPEIgs only. Serial correlation of SPEIgs were low (0.11), 

therefore no further statistics were used to remove the autocorrelation. 

A second analysis tested black spruce growth response on the relative effect (in terms of the 

greatest gain in radial growth) of PCT treatment on different site types. Annual ring width was 

back-constructed using radial increment relative to annual DBH. The mean difference in annual 

ring (ΔRWL) was calculated from paired PCT and non-thinned plots (N = 4 per site, each 

containing ca. 8 trees). A second mixed effects model tested ΔRWL against site type with Plot 

ID as a random effect. This analysis was repeated to test the effect of site type on the growth 

response of black spruce specifically during climate anomalies using the dry and wet growing 
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season data subsets. Because radial growth can experience lagged effects to climate anomalies 

(Huang et al., 2010), the analysis was also repeated for the year following climate anomalies 

using SPEIgs(t-1) as the independent variable. 

4.5     Results 

4.5.1     Black spruce growth sensitivity to site water availability 

Average growth indices and average SPEIgs by site type for the period of 2000 – 2015 are 

presented in Figure 4.1. For each site, there were distinct periods of above and below normal 

growth with the highest variation from the mean seen on the Côte-Nord site during 2013 and 

2015. Mixed model analysis used to explore the effect of PCT treatment on black spruce growth 

response to site water availability revealed that the relationship between RWI and SPEIgs 

differed depending on site type (P < 0.001) (Fig. 4.2). More specifically, there was a significant 

negative relationship between RWI and SPEIgs on the Abitibi clay (Fig. 4.2b; y = -0.010x, P = 

0.018) and Côte-Nord (Fig. 4.2c; y = -0.063x, P < 0.001) sites, with a steeper slope for Côte-

Nord. A significant positive relationship was seen on the Abitibi till site (Fig. 4.2a; y = 0.033x, 

P < 0.001). No effects of PCT treatment or interaction with SPEIgs were found. 

4.5.2     The relative effect of PCT on black spruce radial growth since time of treatment 

 PCT significantly increased mean tree RWL across all site types. Mean ΔRWL for 2000 – 2015 

on each site type is shown in Figure 4.3 and demonstrates the annual relative effect of PCT 

treatment. On all site types, the greatest gain in radial growth relative to DBH due to PCT 

appeared closer to the time of treatment. Maximum ΔRWL occurred in 2001 for both Abitibi 

till (0.15) and Abitibi clay (0.08) sites and in 2003 on the Côte-Nord site (0.06). Lowest ΔRWL 

occurred in 2015 on all sites (0.006 - 0.014). The mixed model analysis used to test the relative 

effect of PCT treatment on black spruce radial growth across site types revealed significant 

interactions between PCT treatment and site types (P = 0.001) (Fig. 4.3). More specifically, 
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ΔRWL was greatest on the Abitibi till site and was 54% and 61% greater than the Abitibi clay 

(P = 002) and Côte-Nord (P = 001) sites, respectively. 

Table 4.2. Results from an ANOVA analysis testing black spruce sensitivity response to 

water availability across three site types of Québec, Canada using a linear 

mixed effects model.  

 
SPEIx x Site type 

Abitibi till 

(n = 1040) 

Abitibi clay 

(n = 1024) 

Côte-Nord 

(n = 848) 

SPEIJun P < 0.001 y = 0.025x + 1 y = 0.002x + 1 y = -0.009x + 1 

SPEIJul P < 0.001 y = 0.035x + 1 y = -0.001x + 1 y = -0.056x + 1 

SPEIAug P = 0.031 y = -0.007x + 1 y = -0.012x + 1 y = -0.024 x + 1 

Ring width index (RWI) was used as the dependent variable and tested for three-way 

interactions between various values of Standardized Precipitation-Evapotranspiration Index 

(SPEI), site type and PCT treatment. One-month SPEI values are included for the months of 

June (SPEIJun), July (SPEIJul) and August (SPEIAug). Tree ID nested within plot ID were included 

as random effects. Significant slopes within each site type are indicated in bold at α = 0.05. 

 

To test the relative effect of PCT treatment during years of climate anomalies, the same model 

was repeated using the data subset of 837 RWI values that corresponded to anomalous growing 

seasons in relation to site water availability. As seen in Figure 4.1, dry growing seasons (SPEIgs 

< -1) were present in 2001, 2002, 2005, 2006, 2007, 2012 and 2014 (n = 408) and were most 

abundant on the Abitibi till site (n = 195) and least abundant on the Côte-Nord site (n = 53) 

(Table 4.3). Wet growing seasons (SPEIgs > 1) were identified in 2000, 2001, 2004, 2005, 2008 

and 2009 (n = 429) and were most abundant on the Abitibi clay site (n = 206) and least abundant 

on the Côte-Nord site (n = 96). The mixed effects model indicated that site type had no effect 

on the relative strength of PCT treatment on tree growth during, or in the year following, dry or 

wet growing seasons (P > 0.291). 
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Figure 4.1 Ring width index (RWI) chronologies (left y axis) of black spruce trees in three 

site types of Québec, Canada. Solid lines and symbols indicate chronologies 

of pre-commercial thinned (PCT) stands. Dashed lines and open symbols 

indicate chronologies of non-thinned stands. Coloured solid and dashed lines 

represent different site types. Chronologies are shown with three-month 

standardized Precipitation Evapotranspiration Index (SPEIgs) for June, July and 

August (right y axis) based on climate normal from 1985 to 2015 (horizontal line 

at y = 0). Black grey lines indicate SPEI3 values of 1 and -1, above and below 

which are considered “wet” and “dry” growing seasons, respectively. Vertical 

bars denote one standard error of the mean.  
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Figure 4.2. Relationship between black spruce ring width index (RWI) to Standardized 

Precipitation-Evapotranspiration Index for June, July and August (SPEIgs) 

between 2000 and 2015 across three site types of Québec, Canada.  

Solid and open symbols represent trees found in pre-commercial thinned and 

non-thinned stands, respectively. Solid lines indicate linear effect of water 

balance index (SPEIgs) on inter-annual growth variability (RWI) from a mixed 

model analysis that includes plot and tree number as random variables. The area 

between dashed lines represents the 95% confidence interval of the predicted 

regression slope. Significant findings were evaluated at α = 0.05. 
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Figure 4.3. Mean difference (Δ) of black spruce annual ring width length (RWL) relative 

to diameter at breast height between paired pre-commercially thinned and 

non-thinned plots on three site types (N=12) of Québec, Canada. Shaded 

area denotes one standard error of the mean.  
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Table 4.3. Number of replicates for each dataset that were used in a linear mixed effects 

model analysis to explore the effect of pre-commercial thinning (PCT) 

treatment on black spruce sensitivity to water availability since time of 

treatment and during climate anomalies across three site types of Québec, 

Canada.  

 

Abitibi till  Abitibi clay Côte-Nord 
 

Years 

inclu-

ded 

# of 

Paired

-Plots 

(N) 

# of 

tree

s (n) 

Years 

inclu-

ded 

# of 

Paired

-Plots 

(N) 

# of 

tree

s (n) 

Years 

inclu-

ded 

# of 

Paired

-Plots 

(N) 

# of 

tree

s (n) 

Dataset 

(1): 

Mean 

Water 

balance 

All 4 
104

0 
All 4 

102

4 
All 4 848 

Dataset 

(2): Dry 

growing 

seasons  

2001 

2005 

2012 

4 

4 

4 

65 

65 

65 

2002 

2005 

2006 

2007 

1 

4 

4 

1 

16 

64 

64 

16 

2013 4  53 

Dataset 

(3): Wet 

growing 

seasons 

2000 

2004 

2008 

2009 

1 

4 

2 

1 

16 

65 

32 

12 

2000 

2003 

2008 

2009 

3 

3 

4 

3 

48 

48 

64 

48 

2001 

2005 

4 

4 

53 

43 

Dataset (2) and (3) were subsets extracted from the original Dataset (1). Dry and wet growing 

seasons were determined by values of SPEI less than or greater than 1, respectively, from the 

30-year climate normal. 

 

  



98 

4.6     Discussion  

4.6.1     Black spruce response to site water availability  

On warm-dry sites, we expected to see a greater growth response with increasing water 

availability from PCT treatment compared to non-thinned stands and the opposite trend on 

relatively wetter sites. Contrary to our hypothesis, our data showed no effect of PCT treatment 

in controlling black spruce growth response to annual water balance across the three site types. 

While this was unexpected, northeastern Canada receives relatively high amount of precipitation 

compared to the rest of North America and Europe. This likely results in a smaller relative 

difference in moisture availability between PCT and non-thinned black spruce stands compared 

to other studies in relatively drier environments (Bradford and Bell, 2017; D’Amato et al., 2013; 

Vernon et al., 2018), explaining why PCT did not increase black spruce growth with increasing 

water availability compared to non-thinned stands. This suggests that region-specific climate 

has a stronger influence on black spruce growth response than PCT treatment. This is supported 

by other research in which regional climate and drought timing were found to be more important 

drivers of tree growth than intraspecific competition in temperate forests (D’Orangeville et al., 

2018b).  

On the Abitibi till site, a positive relationship between RWI and SPEIgs indicates positive growth 

response of black spruce to PCT with increasing site water availability. Lower interannual 

growth was expected during dry periods, as the site is characterized by a warm-dry climate with 

fast draining till soils (Table 4.1). Climate-growth relationships of black spruce on similar water-

limited sites have found growth to be negatively correlated with growing season temperature 

(Wilmking and Myers-Smith, 2008) and positively correlated with growing season precipitation 

(Drobyshev et al., 2013). This would explain the significant positive slope found in Figure 4.2 

and suggest black spruce growth is more sensitive to water availability on warm-dry sites in 

southern regions of Québec. In these regions black spruce already occupies more marginal sites, 

supporting climate niche projections that suggest that this species is most sensitive to climate at 
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the margin of their distribution (Iverson et al., 2008). Similar findings by Huang et al. (2010) 

showed reduced radial growth in southern regions with warmer winter and spring temperatures, 

indicating black spruce was most responsive to climatic factors along transition zones of 

Québec. Therefore, it is on warm-dry sites where we may see reduced primary productivity with 

rising temperatures which could reduce wood fibre production.   

On the relatively wetter sites of Abitibi clay and Côte-Nord, negative relationships between 

RWI and SPEIgs indicates a negative growth response of black spruce to PCT with increasing 

site water availability. Lower variation in interannual variability during wet periods are likely 

due to wet soil conditions of each site. On the Abitibi clay site, wet soils are caused by the 

greater water holding capacity of clay, whereas on the Côte-Nord wet conditions are due to 

cooler annual temperatures and higher annual precipitation. A higher proportion of precipitation 

falling as snow on Côte-Nord (Table 4.1) also lead to later snowmelt periods in the spring. This 

can result in cool, wet soils that persist later into the growing season. This can reduce 

decomposition rates of organic material and can cause the accumulation of a thick organic layer 

(Harper et al., 2003) to limit total soil nutrient availability in a given season. Additionally, thick 

organic layers can reduce site quality through changes to the ground layer composition (Pacé et 

al., 2017) and propagation of competitive ericaceous shrubs (Reicis et al., 2020), both of which 

can limit black spruce growth. However, warmer temperatures or a drier growing season may 

help to drain excessively wet soils to improve nutrient cycling and microbial activity to promote 

tree growth. This could explain higher interannual growth during lower SPEIgs, as seen in Figure 

4.2. On such site types, wet soils may help mitigate the negative effects of drought events on 

tree growth as compared to drier sites. Tardif and Bergeron (1997) found this was the case for 

radial growth of white cedar (Thuja occidentalis L.) on differing geological deposits of Québec, 

whereby fewer negative effects of drought were observed on clay compared to till sites within 

the Abitibi region. Similar studies have shown benefits of warmer temperatures and drought 

events on black spruce growth along a latitudinal gradient; indicating positive growth response 

above 47˚N (D’Orangeville et al., 2016; Huang et al., 2010), where tree growth is limited by 

temperature rather than water availability. This suggests that on wetter sites, black spruce 
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growth may benefit from warmer temperatures that are projected across Québec in the next 

century. Greater benefits are likely to be seen on the Côte-Nord site compared to the Abitibi 

clay site, as indicated by the steeper slope of interannual growth with water availability (Fig. 

4.2; -0.063 and -0.010, respectively). When taken together with data from the relatively warm-

dry site, our findings suggest the negative effects of rising temperatures over the next century 

are more likely to be felt on warm-dry sites at the margin of the species’ distribution range. On 

these sites, black spruce stands may therefore need to rely more heavily on forest management 

to optimize black spruce growth until the next stage of succession.   

Many other stand and landscape level factors influence black spruce growth response, other than 

site water availability, that have not been explored in this study. This is apparent in relatively 

low R2 values between the relationship of RWI and SPEIgs (Fig. 4.2; R2 = 0.042 - 0.100), 

suggesting interannual variations in seasonal and monthly water balance do not have major 

impacts on interannual growth variations at the studied sites. Growth variations can also be 

influenced by a number of other climatic conditions and their interaction; for example, growing 

season temperature and length, timing of snowmelt and spring onset, as well as short-term heat 

events. In addition, a spruce budworm outbreak (Choristoneura fumiferana) that began in 2006 

heavily impacts northeastern regions of Québec (Ministère des Forêts de la Faune et des Parcs, 

2018). This likely explains low interannual growth in 2015 on the Côte-Nord site (Fig. 4.1) in 

which there is likely no direct relation to SPEIgs. Nevertheless, our analyses allow us to 

document black spruce growth response to site water balance and droughts across different site 

types of Québec.  

4.6.2     Relative effect of PCT during years of climate anomalies 

To complement growth response of black spruce to site water availability, we explored the 

relative effect of PCT on radial growth across different site types since time of treatment and 

during anomalous growing seasons. We hypothesized that the greatest relative effect of PCT 

would be seen on warm-dry sites where water is most limited. This was confirmed by the 
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greatest mean difference in annual ring width relative to DBH (ΔRWL) found in Abitibi till 

compared to the other two site types since time of PCT treatment (Figure 4.3). This suggests the 

greatest benefit of PCT for black spruce radial growth is on warm-dry sites, whereas the increase 

in growth response to PCT is lower on wetter sites with relatively colder climate and on poor 

draining soils.  

These findings contradict results from a previous study by Wotherspoon et al. (2020) who, using 

the same experimental design as the present study, reported PCT increased DBH equally across 

all three sites. The discrepancy between the two studies could likely be explained by the 

difference in using annual RWL measurements and DBH measurements to test interactions 

between PCT treatment and site type. RWL measurements consider variation of annual growth 

rates before and after PCT treatment, which DBH measurements do not. Annual growth rates of 

larger trees growing in lower density stands may not change as drastically after PCT treatment 

compared to smaller trees growing in high density stands. For example, stand density on non-

thinned Côte-Nord sites is 12% and 29% lower compared to the Abitibi till and clay sites, 

respectively (Wotherspoon et al., 2020). Additionally, trees in these stands are on average 55 

years old compared to 37 years old in PCT stands on the same site type (Table 4.1). Therefore, 

non-thinned black spruce trees on the Côte-Nord site had a longer period of time to accumulate 

radial growth with less competition before PCT treatment compared to the other two site types. 

This suggests that different growth rates prior to treatment could mask interactions between 

PCT treatment and site type when considering DBH instead of annual growth. This highlights 

the importance of considering relative growth rates and not only annual growth, as was 

performed in this study.  

In addition to a greater relative effect of PCT on warm-dry sites since time of treatment, a greater 

relative effect was also expected during dry growing seasons. Warmer growing season 

temperatures have been correlated to lower black spruce growth in southern regions of Québec 

(D’Orangeville et al., 2016; Huang et al., 2010). For this reason, we expected this would be 

exacerbated on a warm-dry and fast-draining site and contribute to greater moisture stress during 
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anomalously dry growing seasons. However, contrary to our predictions, an equal effect of PCT 

treatment was found across all site types during dry growing seasons. This suggests differences 

in evapotranspiration and soil water availability as a result of PCT did not provide a greater 

benefit on one site compared to another in the 16 years following treatment. These findings are 

contradictory to other research that has found thinning increases resistance and resilience to 

drought compared to higher density stands (D’Amato et al., 2013), particularly on drier sites 

compared to wet sites (Bottero et al., 2017; Bradford and Bell, 2017). Other studies have 

identified the ability of thinned stands to offset growth losses due to severe and prolonged 

drought events (Vernon et al., 2018). However, mean growing season temperature in 

southwestern North America where these studies were conducted, are closer to double than 

those seen in northeastern North America likely resulting in greater moisture stress compared 

to sites used in this study. This may also be reflected in the use of SPEIgs equal to + 1 which 

may be too large of a scale for the relatively cool and wet climate or Northeastern Canada. Still, 

other studies in Québec have found greater water availability in thinned stands allowed Norway 

spruce trees (Picea abies (L.) Karst) to maintain greater growth during drought events over 27-

years compared to non-thinned stands; results that were sustained for three years following 

drought events (Sohn et al., 2013). Lastly, our tree ring dataset explored a relatively short period 

of time compared to other dendrochronological studies (D’Orangeville et al., 2018). Future 

studies that utilize study periods longer than 15 years, which are also more likely to include a 

greater number of extreme weather events, may reveal significant effect of site types on the 

relative effect of PCT treatment during climate anomalies. 

 The relative effect of PCT treatment was also found to be equal among site types during 

anomalously wet growing seasons. PCT performed on relatively wet sites has been previously 

found to reduce microbial activity and rates of soil N mineralization (Wotherspoon et al., 2020). 

We therefore hypothesized that if PCT creates excessively wet soil conditions, then anomalously 

wet growing seasons would exacerbate these conditions and limit black spruce growth. Our 

findings suggest that even during wetter than average growing seasons, water balance on thinned 

stands on the Abitibi clay and Côte-Nord sites does not impede black spruce radial growth. 
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Similarly to dry growing seasons, it is possible that lower values of SPEI to classify anomalies 

or with a greater number of replicates across a longer time span, effects of site type on the 

relative effect of PCT treatment may emerge. Further studies over a longer time series will help 

to confirm our findings.  

4.7     Conclusions 

Results from our study highlight the differences of black spruce sensitivity to water availability, 

as well as the relative effect of PCT during climate anomalies across differing site types found 

along a temperature-precipitation gradient in Québec, Canada. On well-drained sites in a 

relatively warm-dry climate regime, black spruce showed a positive response in radial growth 

to increasing water availability. By comparison, black spruce showed a negative growth 

response with greater water availability on sites that are poorly drained or in a relatively cool-

wet climate. These growth responses to water availability were complemented with findings of 

greater benefits of PCT for black spruce growth on warm-dry site types compared to relatively 

wet sites. For now, the relative effect of PCT on black spruce growth appears to be equal across 

site types during years of climate anomalies. However, a longer study period since time of PCT 

treatment will help confirm these results. Our results suggest that PCT will remain an important 

forest management practice on warm-dry sites in more southern regions of distribution to 

maintain black spruce productivity with rising temperatures. By comparison, on relatively wet 

sites, black spruce trees may increase radial growth in response to warming independently of 

PCT treatment. This suggests that in the near future PCT will be increasingly important in 

southern regions of black spruce distribution. However, it is important to remember that these 

results may also be transitionary and are subject to change. This may occur when the conditions 

currently observed in the southern regions migrate north at which point recommended 

treatments may change with time.  
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

5.1     Summary of main findings 

The objective of this research project was to test hypotheses relating to interactions between 

silvicultural treatment, geological deposit and climate in controlling black spruce growth. The 

original research questions were: 

1. How does scarification affect tree physiology in different climate regimes? 

2. What are the ecological mechanisms that contribute to post-thinning growth of black 

spruce trees across different site types and do they improve site fertility? 

3. Does PCT help maintain growth during years of climate anomalies?  

In Chapter 2, it was hypothesized that different forms of physiological stressors resulting from 

climate or competition would influence the positive growth response of black spruce to 

scarification. Our study showed scarification maintains greater relative growth rates of black 

spruce, 18 years after treatment, equally in both Abitibi and Côte-Nord climate regimes. Greater 

tree growth in scarified plots increased total transpiration from trees evenly across the east-to-

west moisture gradient in the province of Quebec. As indicated by stable isotope ratios, trees 

adapted to transpiration by increasing stomatal conductance and therefore WUE, suggesting that 

stomatal conductance plays an important role in mitigating moisture stress caused by 

scarification in order to maintain growth rates. In warm-dry climate regions, a longer growing 

season may allow black spruce trees to benefit from scarification as much as in cooler-humid 

climates. In relatively cool-wet climate regions, scarification alleviated competition from 

ericaceous shrubs and improved soil nutritional quality compared to non-scarified stands. This 

suggests that the relative growth response of black spruce to scarification is related not only to 
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limiting factors affecting growth prior to treatment but can also maximize growth on better site 

conditions.  

In Chapter 3, the research objectives to provide insight as to whether PCT improves long-term 

forest growth rates primarily through changes to resource availability or simply due to lower 

intraspecific competition. First it was hypothesized that on nutrient-poor sites, PCT increases 

soil N availability to increase tree growth after thinning. Secondly, we hypothesized that in dry 

climates PCT increases soil water availability to increase tree growth after thinning. Our study 

showed that PCT decreased total stand basal area but increased black spruce growth across three 

varying site types of Quebec. On sites in warm-dry climate regions and till deposits, PCT 

increased soil water content compared to non-thinned stands. On wet site types with high annual 

precipitation or poorly drained soils, PCT reduced rates of soil N mineralization and reduced 

microbial biomass compared to non-thinned stands, respectively. Additionally, greater canopy 

openness was related to lower DBH on poor quality site types. This suggests that on water-

limited sites, PCT increases radial growth of residual stems by alleviating moisture stress. 

Conversely, on sites with adequate moisture, PCT likely increases radial growth simply by 

reduced intraspecific competition. However, on these site types, thinning could potentially 

promote waterlogged soil conditions thereby reducing soil N fertility and mitigating the 

beneficial effects of PCT. This chapter concludes that PCT achieves short-term objectives of 

increasing radial growth of residual black spruce stands, though it is best suited to drier sites. 

Given that climate models project increasingly drier conditions in Quebec’s southern boreal 

forest region, the use of PCT could be a promising adaptive management strategy in the context 

of future environmental change.  

In Chapter 4, the objective was to explore black spruce growth sensitivity to variations of site 

water balance and the relative effect of PCT to maintain growth during climate anomalies across 

different site types of Québec. We hypothesized that PCT influences black spruce growth 

response to water availability differently depending on site type. Secondly, we hypothesized 

that this growth response would influence relative effect of PCT on different site types during 
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climate anomalies. Though there was no effect of PCT treatment on black spruce sensitivity 

response to water availability, a positive growth response was found with increased water 

availability on dry sites and the opposite trend on relatively wet sites. The positive response of 

black spruce to water availability on dry sites corresponded with a greater relative effect of PCT 

treatment on radial growth since time of treatment. This suggests that the greatest benefit of 

PCT to maintain black spruce growth is on sites with a relatively lower water balance. PCT was 

found to benefit black spruce growth equally across all site types during climate anomalies. This 

chapter supports findings of Chapter 3, highlighting the importance of PCT as a regional forest 

management practice particularly on warm-dry site types in southern regions of Québec on 

along species’ distribution limits. This also suggests the importance of PCT as a potential 

adaptive management strategy in such regions given projected rising temperatures in the near 

future.  

5.2     Discussion 

This research project confirms that both silvicultural treatments increase mid-rotation age black 

spruce growth. Compared to non-treated stands, scarification increased height and RGR whereas 

PCT increased DBH of black spruce trees. Due to differing limitations to growth across the three 

site types explored in this study, we expected to observe differences in the relative effect of 

silvicultural treatment across a temperature-precipitation of Québec. Instead, both scarification 

and PCT benefited black spruce growth equally across all site types since the previous clearcut. 

An exception was found in the greater relative effect of PCT on annual ring width on the Abitibi 

till site compared to Abitibi clay and Côte-Nord sites, specifically in the 15 years since PCT 

treatment. However, silvicultural treatment was found to significantly interact with variables 

other than tree growth that portray sharp contrasts between the ecology of black spruce growth 

response to silvicultural treatment in dry and wet site types. The following sections discuss the 

implications of both silvicultural treatments for regional forest management across site types 

with contrasting moisture limitations in the context of future environmental change, as well as 

the contributions of this research project.   
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5.2.1     Scarification 

Our first research objective, which was addressed in detail in Chapter 2, was to explore how 

scarification treatment would affect black spruce physiology across climate regions. Our results 

showed scarification successfully increased tree height and RGR of black spruce, 18 years after 

treatment. Greater tree growth, and thus canopy cover, increased stand evapotranspiration as a 

result. As a physiological response, black spruce trees increased WUE to maintain growth rates. 

This suggests the importance of stomatal conductance in mitigating moisture stress on scarified 

plots, as confirmed by stable isotope ratios. While WUE is a physiological adaptation for black 

spruce to maintain growth rates during periods of moisture limitation, prolonged periods of 

closed stomata can limit rates of photosynthesis and therefore reduce long-term productivity 

(Marguerit et al., 2014; Sanders et al., 2016). Our results represent only one sampling year, 

therefore further research exploring variations in annual WUE would provide insight as to the 

long term effects of greater stomatal conductance and its impact on stand productivity. Future 

studies could combine methods used in Chapter 2 and Chapter 4, using dendrochronology to 

explore annual values of 𝛿13C and 𝛿18O isotopes to reconstruct historic long term WUE trends 

as related to annual growth. Currently, equal height and RGR of black spruce trees in scarified 

stands in both climate regions suggests that growth in Côte-Nord could be sustained should 

northeastern regions experience warmer temperatures up to 9˚C in the winter and 2.5˚C by 2090 

due to climate change (Logan et al., 2011). However, it is unsure whether such growth rates can 

be maintained in warm-dry climate regions such as Abitibi which is projected to experience a 

mean change up to 5˚C in the winter and 3.5˚C in the summer (Logan et al., 2011) by 2090 or 

if additional silvicultural intervention may be required in the future.   

5.2.2     Pre-commercial thinning 

In Chapters 3 and 4, the research objectives were first to determine the ecological mechanisms 

that contribute to post-thinning radial growth of black spruce and quantify soil fertility as a result 

of PCT. The ecological mechanisms proposed to contribute to post-thinning radial growth 
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included greater light availability, soil water availability and nitrogen availability. On warm dry 

site types, greater soil water content in thinned stands compared to non-thinned stands suggested 

lower stand density reduced competition for soil water to increase growth of residual stems. 

Across all sites, greater canopy openness also likely contributed to radial growth of residual 

stems in thinned plots, as demonstrated in Figure 3.2. However, the overall negative relationship 

between canopy openness and DBH suggests that opening the canopy beyond a certain threshold 

significantly decreases the relative effect of PCT. As a result, lower incremental growth of black 

spruce stems between treated and non-treated plots could mitigate stand objectives of PCT to 

increase radial growth of residual stems. Lastly, PCT did not provide any benefit to N 

availability across any of the three site types. Previous research had suggested PCT may increase 

soil N mineralization shortly after PCT due to decomposition of cuttings left on site after 

thinning (Sterba, 1988; Thibodeau et al., 2000). For this reason, in combination with warmer 

soil temperatures from canopy gaps (Thibodeau et al., 2000) which can stimulate 

decomposition, it has been suggested that PCT may increase site fertility. This could be 

particularly true on nutrient-poor sites and was the premiss of our hypothesis. However, no 

positive effect of PCT was found on N availability. Instead PCT reduced basal respiration and 

rates of soil N mineralization on Abitibi clay and Côte-Nord sites (Figure 3.3, 3.4). Nonetheless, 

rates of soil N mineralization were significantly higher in the Abitibi region compared to the 

Côte-Nord region (Figure 3.3). However, soil N mineralization rates does not reflect total N 

availability in the soil. Knowing that forest floor depth varied between site types, we predicted 

this would impact N availability on a per ha basis. Measures of forest floor bulk density would 

have been the most accurate way to present this information in calculations with N 

mineralization rates, however the original samples taken for these measurements were lost and 

could not be analyzed. Instead, N mineralization per ha was calculated using common bulk 

density values for boreal forest floor soils found in the literature, and ultimately were not 

different than results on a per gram of soil basis. However, repeating these measurements to 

include accurate plot-specific values of bulk density would solidify these results. Improved soil 

nutrient cycling found in previous research is therefore likely the result of an assart effect, 

indicating a high input of readily available nitrogen within the first few years after treatment 
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(Kimmins, 1997) but dissipates with time and is no longer present 20 years later. We therefore 

concluded that PCT increases radial growth of residual black spruce trees primarily through 

reduced intraspecific competition for soil nutrients rather than increasing site fertility.  

Given the positive effects of PCT on black spruce radial growth of residual stems, the last 

research objective was to determine if thinning contributed to greater growth rates during 

climate anomalies compared to non-thinned stands. Contrary to our predictions, our results 

showed the benefit of PCT to black spruce growth was equal across all site types during both 

anomalously dry and wet growing seasons. Findings from Chapter 3 indicated in relative warm 

climate regimes on well-drained soils, PCT likely increases radial growth of residual stems by 

increasing soil water availability. These results were complemented by findings in Chapter 4 

which showed a positive growth response of black spruce to increasing site water balance, 

though PCT treatment did not affect this relationship. On these sites, lower interannual growth 

during periods of low water availability suggests possible declines in black spruce growth in 

projected warmer temperatures. Results by Huang et al. (2010) also showed lower black spruce 

radial growth with increasing previous and current growing season temperatures on stands 

growing along the transition zones of Québec. In Chapter 4, PCT was found to have the greatest 

benefit to radial black spruce growth on such warm-dry site compared to the other relatively wet 

sites. This implies that PCT in this region is important management practice on water-limited 

sites, particularly on marginal site types at southern limits of distribution. Black spruce stands 

in the most southern regions of the boreal vegetation zone and the furthest north of the northern 

temperate vegetation zone are likely to be most sensitive to future climate in accordance to 

climate niche projections (Iverson et al., 2008). Coincidently this is where competition with 

temperate species are found, which would likely increase competition for black spruce. Black 

spruce and the managed boreal forest in these southern regions may become vulnerable to 

reduced productivity as a result of climate change as early as 2030 (Joyce and Rehfeldt, 2017). 

Therefore, black spruce stands in these southern regions are therefore more likely to rely on 

silvicultural treatment such as PCT for black spruce selection and to reduce competition for 

water availability in order to maintain stand productivity.  
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Climate niche projections also suggest the possibility of black spruce species shifting to 

northeastern regions to avoid rising temperatures. Results from our study indicate that black 

spruce in relatively wetter regions would benefit from warmer temperatures. For example, PCT 

on relatively wet sites of Abitibi clay and Côte-Nord increases radial black spruce growth after 

thinning due to reduced intraspecific competition for soil nutrients and light availability closer 

to time of treatment. Lack of changes to soil water content between PCT and non-thinned stands 

suggest these site types are not moisture-limited, likely due to greater water holding capacity of 

clay soils on the Abitibi clay site and greater annual precipitation on the Côte-Nord site. Instead, 

additional water availability as a result of PCT likely waterlogs soil conditions, explaining lower 

microbial activity and N mineralization in PCT stands compared to non-thinned stands found in 

Chapter 3. These findings were supported in Chapter 4 which showed a negative growth 

response of black spruce growth to increasing site water balance. This implies that PCT should 

be avoided on already humid sites, where an increase in soil moisture may cause waterlogging, 

anaerobic conditions and paludification. All of these reduce soil quality limit soil nutrient 

cycling which could be detrimental to black spruce growth and overall stand productivity. 

Instead, black spruce stands on relative wet sites may benefit from higher stem density so that 

greater canopy cover can increase transpiration to reduce soil water content. This could mean 

shifting stand objectives for northern boreal spruce stands so that wet sites are not prioritized 

for wider residual stems at lower density, as is the original objective of PCT. Instead, these 

stands may be better adapted to maintain smaller stems at higher density but that can achieve 

the same, if not greater stand basal area. Additionally, by leaving these sites non-thinned, lower 

light availability prevents the establishment of ericaceous shrubs, thereby conserving a higher 

quality soil organic matter and reducing the risk of ericaceous shrub proliferation after the 

following harvest cycle, as has been suggested by Pacé et al. (2017) and Reicis et al. (2020). 

Otherwise, black spruce growth on relatively wetter sites is likely to benefit from warmer 

temperatures as a result of climate change. Warmer atmospheric temperatures would increase 

evapotranspiration demand, thereby removing excessive soil water to improve soil conditions 

and promote improved conditions for microbial activity and nutrient cycling. This is supported 

by greater black spruce growth response during periods of lower water balance on Abitibi clay 
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and Côte-Nord sites in Figure 4.2. These implications have been suggested in other research that 

recognize positive climate-growth response north of 47˚N and a refugium for black spruce 

distribution (D’Orangeville et al., 2016; Huang et al., 2010). As a result, Joyce and Rehfeldt 

(2017) suggests forest management practices may see a shift to the north by hundreds of 

kilometres by 2060. Therefore, without properly adjusting silvicultural practices to new land 

areas, the result could be the loss of commercial black spruce stands to the south without new 

management guidelines to replace them. Having uncovered the different ecological mechanisms 

responsible for post-thinning radial growth of black spruce in subsequent chapter, future 

research of PCT to maintain black spruce productivity may need to shift for climatype selection.  

5.3     Limitations to research and future work 

In Chapter 2, it is acknowledged that only one site was included within each of the two climate 

regions. However, the pre-existing block design allowed for five replications within each site, 

in which thorough randomized sampling was performed in order to capture as much unbiased 

heterogeneity as possible. Additionally, due to the limited number of original planted seedlings 

in the Abitibi site, the number of trees to be used for physiological measurements was limited 

after accounting for seedling loss over time and excluding sampling for the plot border. Future 

research would benefit from increasing the number of sites within each site type and within plot 

sampling.  

Another important factor when considering our results in Chapter 2 is only data pertaining to 

originally planted seedlings were incorporated into this sampling method and included in our 

results. This was done in order to maintain congruency between measured variables and with 

previous research conducted on the same site types (e.g. Thiffault et al., 2005; Thiffault and 

Jobidon, 2006). As such, there are still opportunities for future research on these same sampling 

sites. For example, differences in plot-level natural regeneration are likely to influence long-

term stand dynamics after scarification. For example, it is possible that new measurements of 

height and RGR from the same plots but includes trees in all forms of regeneration, there may 
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have been differences in the relative effect of scarification across climate regimes. However, 

quantification of natural regeneration, including layering, in addition to the originally planted 

seedlings is something which has yet to be quantified for these sites. Natural regeneration after 

scarification has been previously studied by Prévost and Dumais (2018) on a 25-year old 

scarification site, though not across contrasting site types or with complimenting physiological 

data. Interactions between natural regeneration abundance and climate regime could also have 

implications for resource use efficiency and intraspecific competition. Johansson et al. (2013) 

have explored the presence of natural regeneration and interactions with different woody species 

such as birch, aspen and willow, which could indicate potential shifts in competition after 

ericaceous shrubs eradication on scarified plots. This could also potentially lead in to the 

possibility of studying black spruce production after treatment from multiple silvicultural 

techniques, such as scarification followed by precommercial or commercial thinning. Though 

cost-benefit analysis would have to be considered, it could have large impacts for black spruce 

productivity and merchantable wood volume.  

In Chapter 3, it was acknowledged that the relatively small number of replicates per plot and 

site type was a main limiting factor for data related to PCT treatments. Greater replication of 

sites within each site type would have helped increase the statistical power of our data by 

reducing residual variance. However, the number of plots for this research project were limited 

not only due to remoteness and accessibility but also in accordance with our selection criteria 

for stand characteristics. Even if a greater number of plots had been more accessible, time 

constraints for travel and sampling would have limited the number of variables that could have 

been measured per plot. In attempt to counter act the limited number of replicates, each sample 

analyzed in the lab represented a composition of a large number of subsamples from the field. 

For example, within both scarification and PCT sampling plots, soil samples were often 

composed of 12 subsamples compiled into 1 – 3 bulk samples in order to capture greater 

heterogeneity of soil organic matter and increase data accuracy. Capturing heterogeneity of the 

site was also important given samples were collected on only one sampling date per year. 

Because data collected from one sampling date can be highly influenced by weather, we made 
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sure to sample all plots within the same site type within three days of each other in order to 

increase the likelihood that all plots were sampled under similar environmental conditions. 

Lastly, site-specific soil bulk density measurements would have improved the accuracy for the 

calculation of rates of soil N mineralization on a per hectare basis, rather than using values from 

the literature. Still, future research on such plots should aim to increase the number of replicates 

visited for sampling and sampling dates per season to enhance the accuracy and statistical power 

of our data. However, given the number of variables that provide complimentary data to one 

another, we believe our data portrays an accurate image of our results. 

In Chapter 4, a limitation to our dendrochronology data was the relative short time frame since 

PCT treatment. Due to the young age of the PCT plots used in our study, only tree chronologies 

of 15 years since the most common year of treatment were able to be constructed. Fifteen years 

is also a small window to observe climate anomalies and therefore limits the chance of observing 

anomalously dry and wet years in the historical climate data. Using SPEI values equal to + 1 

may also have been too large to detect variation from historical means given the cool, wet 

climate of Québec compared to the rest of North America. Perhaps with a longer time frame 

and/or a smaller range of SPEI values, a greater number of climate anomalies would have been 

identified and led to more statistically significant results. Nonetheless, this was one of the few 

studies that examined relative effect of PCT to black spruce growth across different site types 

using dendrochronology. Additional research could still be performed on samples collected for 

this research project including annual 𝛿13C isotope ratios for the comparison of physiological 

response of black spruce in PCT and non-thinned plots. Particularly on warm-dry site types, 

𝛿13C ratios would provide indications of WUE in response to changes in soil water availability 

after thinning over time. A small attempt was made to capture such indications in Chapter 3 

using 𝛿13C values from foliar samples collected in 2016. Although no significant results were 

found, more reliable and long-term data would be more effective in exploring physiological 

response. Future data collection and research should continue to explore black spruce response 

to climate trends to confirm findings and implications presented in this research project.  
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5.4     Implications for forest management 

By exploring mid-rotation-age black spruce in two silvicultural treatments across differing site 

types of Québec, we gained understanding as to mechanisms and physiological response to 

growth after treatment, as well as the relative effectiveness of silviculture under different 

environmental conditions. Additionally, we gained insight as to important changes that could 

be considered for regional forest management in order to sustain black spruce productivity in a 

changing climate. Given the results from this research project, in order to maximize black spruce 

productivity in the context of forest management, silvicultural treatments should be assigned 

based on site-specific requirements and limitations.  

Results from Chapter 2 indicate scarification treatment should be prioritized on cool-wet sites 

such as Côte-Nord given the aggressive competition from ericaceous shrubs. Should black 

spruce productivity succumb to growth check and boreal forests be lost to unproductive 

heathlands, loss of harvestable wood volume would be substantial. Herbicide use is restricted in 

Québec, therefore scarification may be the best option to reduce competition while ultimately 

investing in improved site nutritional quality for future harvest rotations. Additionally, data 

comparing the effect of scarification treatment across climate regions suggests that black spruce 

growth will not be limited by rising temperatures in these regions. Instead, warmer mean annual 

temperatures will likely benefit black spruce growth rates and increase stand productivity.  

Results from Chapter 3 and 4 indicate PCT treatment should be prioritized on warm-dry site 

types, where thinning provided the greatest benefit to black spruce radial growth. Site types that 

include marginal lands and limits of black spruce distribution are likely to be the most impacted 

by rising temperatures. According to findings in Chapter 4, further reductions in site water 

balance will likely result in reduced black spruce productivity. Therefore, silvicultural 

treatments, such as PCT, are likely to become increasingly important to ensure black spruce 

stands maintain productivity. Lastly, our data from Chapter 3 indicates the potentially 

detrimental effects of PCT on long-term site fertility under excessively wet soil conditions. 



122 

Therefore, along with recommendations from Pacé et al. (2017) and Reicis et al. (2020), it is 

suggested that in the near future PCT should be avoided on wet soil types including Abitibi clay 

and Côte-Nord till. However, these sites should continue to be monitored, as they may become 

relatively drier with projected warmer temperatures. If so, past and current forest management 

practices are likely to change with time. Of the two sites, Abitibi clay is likely to require similar 

PCT practices to Abitibi till in the near future given the climate projections for southern Québec. 

From a stand management perspective, it is recognized that it is not always possible to intervene 

to promote forest productivity due to the high cost associated with treatment and employment 

(Gauthier and Tremblay, 2018). Such investments are not always profitable if the final stand 

yield is not enough to offset management costs. Results from this research project suggest that 

by prioritizing silvicultural treatment on specific site types, forest management can make 

decisions based on where treatments will maximize black spruce stand productivity, maintain 

ecological site integrity and be the most economically profitable. It is hoped that forest planners 

and managers incorporate these findings and suggestions into sustainable management 

strategies and decisions to ensure sustainable black spruce productivity  

5.5     Conclusions 

There are still some aspects of scarification and PCT within Québec that need to be explored. 

However, this research project has contributed understanding to some of the basic ecological 

mechanisms and physiological responses that contribute to black spruce growth in response to 

scarification and PCT treatment. By exploring interactions between silvicultural treatment and 

site types across the heterogenous landscape of Québec, we have identified strengths and 

weaknesses of current silvicultural practice and how they may be impacted by climate change 

in the near future. Future research should continue to identify ways silvicultural treatment can 

help to mitigate associated risks to black spruce productivity in southern regions of Québec, but 

also how black spruce may benefit from warmer temperatures in northern regions. The next step 

will be to ensure this new information is used to educate forest planners and guide future 
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ecosystem-based forest management strategies to ensure accurate forest growth models, 

sustainable calculations of AAC and the sustainability of boreal black spruce forests.  
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