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ABSTRACT 

Drummond-Stoyles, N. 2023. Effect of tree species diversity on species growth rate in the boreal 
forest. 32 pp. 
 

Keywords: boreal forest, species diversity, diversity-productivity relationship 

 Diverse ecosystems are crucial to combating climate change. This study aims to examine 

the impacts of tree species diversity on growth rate of seven boreal tree species. Data from 

permanent sample plots located in the boreal plains ecozone of Saskatchewan will be used. 

Species in these plots include white spruce (Picea glauca), black spruce (Picea mariana), balsam 

fir (Abies balsamea), trembling aspen (Populus tremuloides), white birch (Betula papyrifera), 

balsam poplar (Populus balsamifera) and jack pine (Pinus banksiana). Jack pine was the only 

species to have growth rates respond positively to species diversity, with black spruce and 

balsam fir being negatively impacted by diversity. Trembling aspen, white birch, balsam poplar 

and white spruce showed no significant growth response to diversity. These findings highlight 

the importance of considering species specific growth responses to diversity when managing 

boreal forest stands. 
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INTRODUCTION 

Countless benefits of biodiversity have been found across many different ecosystems and 

vegetation types, including ecosystem services and decreased vulnerability to stress such as 

extreme weather and biotic disturbances (Hooper et al. 2005; Pimentel et al. 1997; Paquette and 

Messier 2011; Messier et al. 2022).  

Regardless of growing evidence that biodiversity can increase ecosystem productivity, 

monocultures are still heavily relied upon, with 45% of forests planted worldwide being 

monocultures (FAO 2020). This is in part due to economic profit or timber yield often the being 

the overarching objective when managing these forests, thus managers typically want to 

maximize growth rates and promote complementary species combinations.  Even-aged 

monocultures of commercially preferred species are often favoured due to easier and cheaper 

planting, management and harvesting (Feng et al. 2022). However, species with similar growth 

rates can be combined to create even aged, mixed stands with similar harvest patterns (Messier et 

al. 2022). Conversely, species with varying growth rates or shade tolerances can be combined to 

reduce competition, promoting complementarity and potentially growth rate too (Taylor et al. 

2020). 

Despite tree species diversity generally having a positive effect on growth, negligible and 

negative effects have also been found depending on several factors such as species involved and 

successional stage (Taylor et al. 2020; Vilà et al. 2003). The mechanisms behind this relationship 

and their importance are still not fully understood (Jesch et al. 2017; Trogisch et al. 2021; 

Brooker et al. 2008).  

https://link.springer.com/article/10.1007/s00442-003-1182-y#auth-Montserrat-Vil_
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The literature review will outline the four main interactions between neighboring trees – 

niche partitioning, dilution, biotic feedbacks and facilitation, as well as the specific interactions 

that could be at play with some of the species combinations in this dataset.  

Objectives 

The goal of this study is to examine the impact of species diversity on seven boreal tree species 

growth in Saskatchewan, while controlling for climate and site conditions. Growth data from 

permanent sample plots were used to test this.  

Hypothesis 

Growth rates of at least one species is expected to increase with species diversity. The null 

hypothesis is that there will be no significant relationship between species diversity and species 

growth rate. 

LITERATURE REVIEW 

RESOURCE PARTITIONING 

Tree species that have evolved to coexist in mixtures typically exhibit niche partitioning: they 

occupy different niches spatially and temporally to reduce competition and increase overall 

resource use (Trogisch et al. 2021).  Spatially, this can involve aboveground (mainly light) or 

belowground (nutrients and water) resources. This could apply to mixtures of aspen and white 

spruce, or jack pine and black spruce (Man and Lieffers 1999; Cowie 2009). 

In closed canopy forests, neighboring tree species often have complementary crown profiles, 

allowing them to form denser, more productive canopy (Trogisch et al. 2021; Jucker et al. 2015). 

One example of this is vertical stratification, where neighboring species have contrasting vertical 

crown profiles, maximizing use of available light and growing space (Jucker et al. 2015).  This is 
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common in stands with mixtures of shade tolerant and intolerant species, such as white spruce 

and trembling aspen, where the shade tolerant spruce have physiological adaptations that allow 

them to grow in the low light conditions under the canopy of faster growing species like aspen 

(Man and Lieffers 1999; Chen and Popadiouk 2002).  

Another explanation for mixed forests having denser canopies is the high variation in 

intraspecific crown structure, known as crown plasticity, where trees have been shown to modify 

their crown size and shape in response to differing levels of competition (Jucker et al. 2015). In 

some cases, species have been shown to increase the size of their crowns when growing in 

mixtures (Jucker et al. 2015). 

There is less agreement on if belowground niche partitioning contributes to the 

aboveground diversity-productivity relationship (Trogisch et al. 2021; Jesch et al. 2018). Some 

evidence for belowground resource partitioning has been found in boreal forests, even if it 

doesn’t always correlate to aboveground overyielding in the same stands (Brassard et al. 2013). 

For example, Brassard et al. (2011) found fine root productivity to be higher in mixtures of 

trembling aspen, spruce and balsam and fir compared to aspen monocultures. Additionally, 

coexisting boreal species often have contrasting rooting habits, for example occupying different 

soil horizons, thus spatially partitioning their uptake of belowground resources (Strong and La 

Roi 1983). Mixtures have also been shown to have increased soil volume filling through space 

and time by fine roots (Brassard et al. 2013).  

FACILITATION 

Facilitation is the process where one species can reduce stresses on neighboring trees of 

different species, for example by altering wind speed, humidity, and radiation (Trogisch et al. 

2021; Richter et al. 2022; Wright et al. 2017). Facilitation must involve an environmental factor 



14 
 

that limits one species’ growth and can be altered by another species (Trogisch et al. 2021). 

These facilitative effects are expected to be increasingly important with increasing levels of 

stress, based on the stress gradient hypothesis (He and Bertness 2014). For example, shade 

tolerant, late successional species often don’t perform well under full sun exposure, but this can 

be mitigated when they commonly grow below a canopy of early successional pioneer species 

(Man and Lieffers 1999). This canopy shelter reduces solar radiation and high temperatures 

reaching understory species such as white spruce that are often sensitive to extreme conditions 

(Man and Lieffers 1999). 

Water stresses are expected to become more important as climate change progresses 

(Allen et al. 2010).  Facilitative interactions between neighboring species in mixtures can 

mitigate the impacts of water stress (Trogisch et al. 2021). For example, hydraulic lift is a 

process where deeper rooting species are sometimes capable of redistributing soil water upwards 

to drier, shallower soil horizons, increasing water availability and growth of neighbouring 

shallow rooting species (Dawson 1993). 

 In conifer dominated stands managed mainly for timber production, a common factor 

limiting tree growth is soil nitrogen availability, with one solution being mixed stands of conifers 

and hardwoods due to hardwood foliage/litter often having a higher nitrogen concentration 

(Kelty 1992).  In the context of this study, this could apply to mixtures of jack pine and white 

birch, aspen or poplar. 

DILUTION 

Herbivory and pathogens are common natural disturbance agents in the boreal forest, playing 

important roles in the structure and dynamics of these ecosystems (Jactel et al. 2017). Species 

diversity is known to play a significant role in regulating damage from these pests, through the 
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dilution effect, where diverse stands provide less food or resources for specialized herbivores or 

species-specific pathogens (van der Putten et al. 2001; Jactel and Brockerhoff 2007; 

Castagneyrol et al. 2014).  

An example is the lodgepole pine dwarf mistletoe (Arceuthobium americanum), a native 

parasitic plant capable of causing severe swelling, deformation and brooming in various species 

of pine across western North America (Brandt et al. 1998; Callan 2001). Since jack pine is the 

only pine species found in the area surveyed, dwarf mistletoe damage would be expected to 

decrease with increasing species diversity as the relative abundance of jack pine would be lower.  

However, the strength of this dilution effect depends on the degree of specialization of the 

herbivores, with oligophagous and polyphagous herbivores being less effected by the relative 

abundance of a given host species compared to monophagous herbivores (Castagneyrol et al. 

2014).  

The degree of phylogenetic relatedness between neighboring trees is also important for 

mitigating herbivory, with more phylogenetic distance between neighbors often correlating with 

lower herbivore damage (Castagneyrol et al. 2014; Ness et al. 2011). For example, mixtures of 

conifers and hardwoods may be more important than mixtures of either conifers or hardwoods 

alone (Castagneyrol et al. 2014). Disease pressure is also influenced by how closely related 

neighboring trees are, with pathogen spillover to neighboring hosts theoretically decreasing when 

neighbors are more distantly related (Parker et al. 2015). 

BIOTIC FEEDBACKS 

Biotic feedback effects are complex interactions involving three trophic levels or food sources. 

This could involve a primary producer (tree), primary consumer (insect herbivores) and 

secondary consumers (herbivore predators) (Trogisch et al. 2021; van der Putten et al. 2001). 
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The enemies hypothesis states that species diverse forests should provide habitat to more diverse 

populations of insect herbivores, leading to increased predation and diversity of predator species 

(Muiruri et al. 2016; Moreira et al. 2015). This can be explained by mixtures having more niches 

and more diverse habitats and resources for predator species (Moreira et al. 2015). For example, 

Muiruri and coworkers (2016) studied avian predation of artificial larvae in various forest types 

and found increased predation when the artificial larvae were placed on a tree with a higher 

diversity of neighbors. Erskine (1977) found that pure jack pine stands in Saskatchewan provided 

limited habitat for birds, who can be important herbivore predators. Tree diversity has also been 

shown to increase the stability of these interactions involving multiple trophic levels (Fornoff et 

al. 2019). 

SPECIES COMBINATIONS 

One common species combination in the data set is white spruce and trembling aspen. These 

species are expected to exhibit overyielding in combination compared single species stands of 

either species for a number of reasons, mainly niche partitioning and facilitative interactions 

(Man and Lieffers 1999). Aspen and white spruce have contrasting crown profiles, physically 

separating their crowns in the canopy (Man and Lieffers 1999). Additionally, the two species 

have different phenological strategies for leaf development, allowing understory white spruce to 

extend their growing season in the spring and fall when aspen is without its leaves (Constabel 

and Lieffers 1996). aspen and white spruce mixtures can avoid competition for belowground 

resources through differences in rooting habits, although it is unclear if this correlates to 

aboveground overyielding. Strong and La Roi (1983) used destructive sampling techniques to 

show aspen fine roots reached as low as 100 cm belowground, whereas fine roots of white spruce 

were typically limited to 50 cm. An example of facilitative interactions between aspen and white 
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spruce is improved rates of litter decomposition and subsequent nutrient cycling (Man and 

Lieffers 1999). coniferous boreal forests often exhibit slow litter decomposition and nutrient 

cycling, potentially due to factors such as lower soil temperature or conifer needle litter 

inhibiting microbial decomposition (Prescott et al. 1989; Van Cleve et al. 1981). Combing a 

deciduous species such as aspen can improve growth rates due to creating nutrient rich leaf litter 

(Man and Lieffers 1999). Additionally, overstory aspen can protect the more sensitive white 

spruce from harsh environmental conditions. For example, mixed aspen and white spruce stands 

have been shown to decrease the vulnerability of white spruce to blowdown (Man and Lieffers 

1999). 

 Another common species combination in the dataset is jack pine and black spruce. These 

species could perform well together due to physical separation and morphological and 

physiological differences (Cowie 2009). Jack pine are capable of rooting in deeper soil horizons 

to avoid competition with the shallower rooting black spruce, the latter mainly being restricted to 

the organic soil layer and the upper 10 cm of the mineral layer (Cowie 2009). Physiological 

differences include black spruce being more shade tolerant, in part due to a lower photosynthetic 

capacity (Kröner 2005). This correlates with spruce being the slower growing of the two species, 

leading to a stratified canopy (Cowie 2009). Jack pine has a lower leaf area index and more open 

crown structure, allowing sufficient light levels to reach spruce growing below a pine canopy 

(Cowie 2009). 
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METHODS AND MATERIALS 

STUDY AREA 

This study used publicly available data from permanent sample plots (PSPs) located in 

Saskatchewan, Canada (from -107.19° to -104.22° N and 53.63° to 54.80°E) (Figure 1). These 

plots were established and measured by the Saskatchewan Ministry of Environment, 

Weyerhaeuser Canada and MacMillan Bloedel starting in 1949, with mature, fully stocked stands 

being subjectively targeted for plot location/establishment (Ministry of Environment 2022). Plots 

were predominantly 20 m x 30m (0.06 ha) or 20 m x 40m (0.08 ha), and on average 3 

measurements per plot were used. Measurement intervals ranged from 1 to 19 years. All trees 

with a diameter than 9.0 cm had species identity, diameter at breast height (DBH) and tree 

number recorded greater electronically in the field. Tree number was marked on each tree using 

tree marking paint to keep track of trees between measurement years. For this study, 30 plots that 

were within the boreal plains ecozone and had drainage class data were randomly selected, from 

a total of 2,048 plots in the province. 



19 
 

 

Figure 1. Map showing location of plots included in the study within Saskatchewan, Canada. 

DATA ANALYSIS 

Drainage class, stand age, mean annual temperature (MAT) and mean annual precipitation 

(MAP) were considered state factors in the model. Species diversity was calculated using 

Shannon’s diversity index (H) as follows, where p is species proportion by basal area and i is 

each species. 

𝐻 = − ∑ 𝑝𝑖 ln 𝑝𝑖

𝑖

𝑖=1

  

Shannon’s diversity index is widely used to represent species diversity. It was chosen here 

because it accounts for both richness and evenness, although it can be sensitive to sample size. 

Growth rate was expressed as mean annual increment (MAI) in square centimetres per stem, per 
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year. Climate data (MAT and MAP) was obtained using plot coordinates, for a 30-year reference 

period from 1970-2000 (Fick and Hijmans 2017). The ministry provided drainage class data for 

each plot, which was determined based on several factors, including topographic features, 

humus, mineral soil and water table depths, pore patterns and permeability (Searle and Chen 

2017). Drainage was classified as very rapid, rapid, well, moderately well, imperfect, poor, or 

very poor. All stands were assumed to originate from stand replacing wildfire, with stand age 

determined by ring count after coring the largest stem in each plot. Microsoft Excel and the 

programming language ‘R’ were used for calculations and to perform a linear regression between 

species growth rate and species diversity (R Core Team 2022). 

RESULTS 

Shannon’s index varied across all plots from 0 to 1.02, with species richness ranging from 1 to 5. 

Stand age varied from 27 to 145 years, with a mean age of 74 years. Mean annual temperature 

ranged from -1.1 to 0.5 °C. Mean annual precipitation ranged from 431 to 505 mm. The drainage 

classes encountered ranged from poor to rapid. 

 The impact of species diversity on growth rate of seven species was assessed using a 

linear mixed model. There was a statistically significant interaction between species and 

diversity (F = 6.05), indicating that the effect of diversity on growth rate varied depending on the 

species, and this interaction explained more variation in growth than any other term in the model. 

Age (F = 1.10), MAP (F = 2.59) and MAT (F = 1.19) had significant effects on growth rate. 

There was no significant effect for drainage class (Table 1). 
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Table 2. Density-corrected growth response to diversity, speices and other predictor variables, 
showing results from a Type 3 ANOVA using Satterthwaite approximation of degrees of 
freedom. 

Predictor Sum Sq Mean Sq F value 
Species 26.70 4.45 1.74 

H 3.19 3.19 1.25 
Age 2.80 2.80 1.10 
MAP 6.61 6.61 2.59 
MAT 3.30 3.03 1.19 

Drainage Class 5.15 1.28 0.50 
SPECIES:H 92.65 15.44 6.05 

 

The fixed and random effects combined accounted for 83.0% of the variation in growth 

(conditional R2), with the fixed effects (species, diversity, MAT, MAP and stand age) accounting 

for 43.6%) of the variation in growth (marginal R2, Table 2). Of the variation explained by the 

fixed effects, the interaction between species and diversity accounted for 66% of this variation 

(Table 1).  
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Figure 2. State factors compared to observed average density corrected growth rate: stand age 
(a), drainage class (b), mean annual precipitation (c), and mean annual temperature (d). Bold line 
indicates median, boxes show upper and lower 25th percentile, and whiskers show upper and 
lower 5th percentile. 

 

While controlling for climatic conditions (temperature and precipitation), stand age, and drainage 

class, the effect of species diversity on growth rate varied from negative, to neutral, to positive, 

depending on the species. There was a significant, positive relationship between diversity and 

jack pine growth (p < 0.05). Growth rates of black spruce and balsam fir showed a significant 

negative relationship with diversity (p < 0.05) (Figure 2). Growth of balsam poplar, white birch, 

white spruce, and trembling aspen were not significantly affected by diversity. Balsam fir 

responded the strongest to diversity, with its growth rate decreasing by 8.27 cm2 stem-1 year-1 for 

every unit increase in Shannon’s diversity index. Conversely, jack pine growth increased by 4.82 

cm2 stem-1 year-1 for every unit increase in Shannon’s index. 
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Figure 3. Relationship between growth rate and diversity by species., with model prediction for 

the observed range of Shannon’s diversity index by species. BF = balsam fir, BP = balsam 

poplar, BS = black spruce, JP = jack pine, TA = trembling aspen, WB = white birch, WS = white 

spruce. 
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Figure 4. Observed mean annual increment by species. Median growth rate shown by bold line, 

box showing upper and lower 25th percentile, whiskers showing upper and lower 5th percentile. 

 

DISCUSSION 

Shade intolerant species, like jack pine and trembling aspen, generally benefited from diversity 

compared to more conservative, shade tolerants, which is supported by other studies (Fichtner et 

al. 2017).  

Taylor et al. (2020) found differing resutls for balsam fir, finding a positive diversity 

effect in older stands, though at certain stand ages, only small balsam fir stems showed any 

growth response to diversity. This was potentially due to complementarity effects when paired 

with aspen or birch, such as increased understory light availability, or facilitative litter effects of 

these hardwood species (Taylor et al. 2020). In the dataset used for this study, balsam fir was 

only observed in stands with a high diversity index. 
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The negative diversity effect on fir found here could be explained by beneficial 

complementarity effects when only paired with one other species, for example birch or aspen, 

whereas the most diverse fir stands are more likely to contain functionally or phylogenetically 

similar species such as spruce. The mean stand age was 74 years, meaning the more diverse 

stands containing balsam fir might have a closed canopy of faster growing shade intolerants, that 

are potentially outcompeting the understory fir (Chen and Popadiouk 2002). Other studies have 

found fir did not benefit from diversity before the canopy transition stage, indicating that the 

negative diversity effect this study found might shift to positive as the stands age (Taylor et al. 

2020). 

Longpré et al. (1994) found also found a positive effect of diversity on jack pine growth, 

showing that jack pine diameter but not height growth increased when combined with white 

birch. They attributed this to lower levels of competition among pine stems in mixtures, though 

only with white birch as a companion species over aspen. This could be due to aspen and pine 

having similar vertical growth patterns and thus increased competition for light in in the canopy, 

whereas birch was found to grow slower vertically, indicating the possibility for vertical 

stratification and lower competition for light to explain pine overyielding in mixtures (Longpré 

et al.1994). Taylor et al. (2020) found a positive diversity effect on jack pine growth, but not for 

larger stems, potentially due to hardwood companion species such as aspen or birch facilitating 

better soil resource availability.  

 Morris et al. (2014) found similar results for black spruce, with single species plantations 

outperforming natural, mixed conifer stands, accrediting this to relatively high levels of 

competition with hardwoods, due to the natural stands reaching crown closure sooner than 

plantations. 
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The neutral diversity effect on aspen growth found in this study potentially indicates the 

proportion of aspen compared to companion species was well balanced, to avoid one species 

outcompeting another. This neutral effect on aspen is contrasted by other studies that have shown 

a negative effect of diversity on growth of aspen (Taylor et al. 2020; MacPherson et al. 2001). 

Taylor et al. (2020) attributed their negative diversity effect to increased competition for light in 

mixtures, and conifer litter impacting soil chemical properties.  

Muiruri et al. (2015) showed similar results for diversity effects on birch, finding no effect of 

tree diversity on overall birch diameter growth, though they also found that moose browsing 

intensity altered the effect of diversity on tree growth. They found the growth rate of birch in 

more species rich stands less affected by moose herbivory compared to browsed birch in 

monocultures. 

Several factors limited the comprehensiveness of this analysis, for example, the 

relationship between species diversity and growth rate might not be best represented by a linear 

model, which was used here. Another limitation was not including neighbor identity or species 

composition in the statistical analysis. Neighbor characteristics such as crown structure and 

resource acquisition strategies (shade tolerance, responses to competition) could impact growth 

rates of the focal tree (Trogisch et al. 2021). Natural stands such as the plots used here typically 

have random or clumped spatial species arrangement patterns, whereas diversity effects, 

specifically competitive reduction, rely on diversity at the neighborhood scale (MacPherson et al. 

2001). This is especially important in a management planning context, where specific knowledge 

of ideal species compositions and companion species would be required for maximizing diversity 

effects for focal/commercial species. The proportion of companion species could also be an 

important factor, for example tolerant species like spruce can get outcompeted by faster growing 



27 
 

aspen if the proportion of aspen is too high (Man and Lieffers 1999). Within the overall stand 

level results presented here, there could be variation in diversity effects at the stem level, as 

mentioned above. In this study, growth rates were calculated only using diameter growth, 

meaning vertical growth was ignored. Specifically, shade tolerant species are known to prioritize 

vertical over diameter growth depending on competition levels and resource (space and light) 

availability (Man and Lieffers 1999; Morris et al. 2014). Additionally, the absence of an effect of 

drainage class on growth indicates that more plots should have been used to provide a wider 

range of variation in drainage classes. 

CONCLUSION 

This analysis of natural stands shows boreal forest tree species exhibit varying growth responses 

to stand level species diversity, potentially due to differing competitive abilities or shade 

tolerances. Species with positive or neutral diversity effects could be planted in commercial 

plantations as mixtures to maintain or improve growth rate compared to their respective 

monoculture, while promoting resilience and shifting towards multiple-use forestry (Messier et 

al. 2022). These results suggest mixtures of jack pine with trembling aspen or white birch, or 

mixtures of white spruce and aspen should optimize beneficial diversity effects on growth. More 

research could provide a better understanding of optimal species combinations with respect to 

the changing climate, today and in the future. 
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APPENDIX 

Table 3. Linear mixed model output showing coefficients of estimation, confidence intervals and 
significant (p < 0.05) effects shown in bold. Intercept represents balsam fir, as the reference level 
for the species variable. 

 


