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ABSTRACT 

Silicates, comprised of silicon (Si) and oxygen, are ubiquitous in natural systems and are 

increasingly well known to provide structural, physiological, and protective benefits for 

agricultural crops. It was shown to be 10-20 times energetically cheaper to biosynthesize than 

lignin while having a similar structural effect on cell wall rigidity (Schoelynck et al. 2010). 

Taken up as silicic acid in plants, Si is reported to have three uptake modes (active, passive, and 

rejective) (Raven 1983; Sangster and Hodson 1986; Takahashi et al. 1990; Ma and Takahashi 

2002). Limited studies however have focused on trees in temperate forests. The objective of this 

study was to examine how foliar Si concentration varies among 17 species of hardwoods and 

conifers in relation to lignin, condensed tannins and calcium content. I hypothesized that trees 

that are high in leaf Si have lower leaf lignin and calcium (Ca), but higher condensed tannin 

concentrations. The study was conducted at the International Diversity Experiment Network with 

Trees (IDENT) plantation on the Macdonald Campus in Sainte-Anne-de-Bellevue, QC. Tree 

leaves were sampled from monoculture plots in each of the four blocks in the summer of 2014 

and 2015. Leaf Si concentration was determined through NaOH digestion and colorimetry 

analysis, and lignin by acid detergent fiber and acid detergent lignin procedures. Condensed 

tannins were extracted with 50% methanol, followed by a proanthocyanidins assay with acid 

butanol. Based on Si concentrations and Si/Ca ratios of the different species and multivariate 

discriminant analysis, I grouped hardwoods into Si accumulators (active), intermediate (passive) 

and excluders (rejective), and conifers into Si intermediates and excluders. The two very shade 

tolerant and late successional native species American beech and sugar maple were respectively 

classified as active and passive Si accumulators. As hypothesized, the active Si accumulating 

American beech had low leaf lignin and Ca concentrations and high condensed tannin 

concentrations. Although high in Si, sugar maple was high in Ca and lignin concentration and 

lower in condensed tannins suggesting a different role of Si in that species. My results also 

support a different metabolic strategy for hardwoods and conifers with Si (-0.84) being 

negatively associated with lignin (0.72) and calcium (0.77) in hardwoods and Si (0.79) being 

positively associated with condensed tannins (0.71) in conifers.  Further research is necessary to 



 

ii 
 

determine the underlying mechanisms and functions of Si and how it is intertwined with phenol 

metabolism, Ca nutrition and plant cell wall components in different tree species.  
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RÉSUMÉ 

Les silicates, composés de silicium (Si) et d’oxygène, sont omniprésents dans les systèmes 

naturels et sont de plus en plus bien connus pour fournir des avantages structurels, 

physiologiques et protecteurs pour les cultures agricoles. Il a été démontré être de 10 à 20 fois 

énergétiquement moins cher à biosynthétiser que la lignine tout en ayant un effet structural 

similaire sur la paroi cellulaire. Absorbés sous forme d’acide silicique chez les plantes, le Si est 

rapporté avoir trois modes de captation (absorption active, passive et rejective) (Raven 1983; 

Sangster & Hodson 1986; Takahashi et al. 1990; Ma &Takahashi 2002). Cependant peu d’études 

ont mis l’accent sur les arbres dans les forêts tempérées. L’objectif de cette étude était 

d’examiner comment  la concentration de Si varie chez 17 espèces de feuillus et de conifères en 

ce qui concerne la lignine, tanins condensés et teneur en calcium. J'ai émis l’hypothèse que les 

arbres qui sont riches en Si foliaire ont des concentrations en lignine et en calcium (Ca) 

inférieures, mais des concentrations plus élevées de tannins condensés. L’étude a été réalisée 

dans a plantation du réseau international sur la diversité (IDENT) sur le Campus Macdonald à 

Sainte-Anne-de-Bellevue, QC. Les feuilles des arbres ont été échantillonnées dans les parcelles 

de monoculture dans chacun des quatre blocs à l’été 2014 et 2015. La concentration en Si des 

feuilles a été déterminée par colorimétrie suite à une digestion au NaOH, tandis que la lignine a 

été mesurée selon la méthode de la lignine détergente acide. Les tannins condensés ont été 

extraits au méthanol suivi d’un dosage des proanthocyanidines au butanol acide. La 

concentration de Si et les résultats de rapport Si/Ca ainsi qu’une analyse discriminante 

multidimensionnelle a permis un regroupement des feuillus selon les trois modes d'absorption du 

Si (actif, passif et rejective). Les deux espèces tolérantes à l'ombre et de fin de succession ont été 

classées respectivement comme accumulateur actif et passif. Le hêtre avait les associations 

foliaires prédites pour une accumulation active en Si  avec de faibles concentrations de lignine et 

de Ca et des concentrations élevées en tannins. L'érable à sucre avec des concentrations élevées 

en Si avait des concentrations élevées de Ca et de lignine et des concentrations plus faibles en 

tannins condensés, indiquant une stratégie métabolique différente. Nos résultats suggèrent 

également un rôle différent pour la Si pour les feuillus et les conifères avec des relations 

négatives entre le Si (-0.84) et la lignine (0,72) et le calcium (0,77) chez les feuillus et une 
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relation positive entre le Si (0,79) et les tannins (0,71) chez les conifères.  D'autres recherches 

sont nécessaires pour déterminer les mécanismes sous-jacents et les fonctions du Si dans le 

métabolisme des phénols, la nutrition en calcium et les composantes de la paroi cellulaire chez 

les différentes espèces d'arbres.   
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Preface 

This thesis is original and is the result of independent work done by R. Jaffray in consultation 

with Dr. Benoît Côté. Some results from the 2014 sampling season (conifer samplings) were 

provided by Peter Tikasz. The thesis consists of six chapters, and is written as a traditional 

monograph. The first two chapters are a general introduction and literature review. The third 

chapter is a description of the materials and methods used in my study. In the fourth chapter, I 

report on 17 hardwood and conifer species leaf parameters (Si, lignin, condensed tannins, 

cellulose, calcium) concentrations and the associations between Si concentrations and lignin, 

condensed tannins and calcium concentrations. The final chapters consist of a general discussion, 

a conclusion/summary and recommendations for future research. All literature is cited at the end, 

following an appendix. 
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1 General Introduction 

Canada is a forest nation made up of 3.47 million km2 of forests (Statistics Canada 2018). 

Recent Intergovernmental Panel on Climate Change (IPCC 2007) publication reports that forests 

are severely stressed by disturbances such as insects, diseases, forest fires and climatic events 

including drought, wind, snow, ice and floods. In the context of ongoing climatic changes, there 

is the development of new constraints and challenges for plants, indicating that forest plant 

species could considerably benefit from the incorporation of an element with the ability to 

alleviate various stresses.  

Silicon is known as a beneficial and bioactive element for some plants because of its 

ability to act as a physical protection to abiotic and biotic stress as well being a biological 

inducer of plant innate defence responses (Currie and Perry 2007; Van Bockhaven et al. 2013; 

Meharg et al. 2015; Guerriero et al. 2016). The benefits provided by silica in plants includes 

increased photosynthetic activity, increased insect and disease resistance, reduced mineral 

toxicity, improvement of nutrient imbalance, and enhanced drought and frost tolerance (Ma 

2004; Fauteux et al. 2005; Balakhnina et al. 2013; Zhu et al. 2014). The application of silicon as 

a fertilizer (root or foliar supply) is a common supplement for agricultural crops in order to 

alleviate negative stresses and minimize losses in yield (Ma 2004). 

A cell wall bound polyphenol compound, lignin, is responsible for plant structural 

support. Silicon has the potential to offer functional plant support as a cheaper energy option 

compared to lignin (Schoelynck et al. 2010). The nature of the association between silica and the 

cell wall components such as lignin is, however, not fully understood. Herms and Mattson 

(1992) claimed that when environmental conditions are favourable, plant growth usually has 
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resource priority over specialized metabolism, such that production of specialized defense 

compounds and growth become in direct competition for carbon. Plants produce specialized 

metabolites under specific conditions or environmental stimuli (Ignea et al. 2017), though these 

are not necessarily synonymous with unfavourable conditions. Rather when carbon is no longer 

needed for primary metabolism, specialized compounds are more actively synthesized 

(Bourgaud et al. 2001).  The  growth differentiation balance (GDB) hypothesis (Herms and 

Mattson 1992) predicts that environmental factors (such as elevated carbon dioxide CO2 & 

tropospheric ozone O3 concentrations) that favour carbon fixation through photosynthesis 

exceeding the requirements for plant growth, then there will be an enhanced production of C-

based specialized compounds (King et al. 2001; Liu, King and Giardina 2005). This suggests that 

the reduced competition between plant growth and differentiation can produce a larger 

concentration and variety of specialized compounds. Plants secondary metabolism pathways 

produce carbon-based defensive compounds (e.g. polyphenols) that have a wide range of 

functions including structural support, protection against herbivory and signalling and defence 

against stresses (Herms and Mattson 1992; Bennett and Wallsgrove 1994). Plant silicon and 

phenolic studies have been foremost dedicated to agricultural systems with fewer studies 

examining forest systems.  Therefore, this gap in knowledge is where this present study fits in 

with the greater scientific literature on the role of Si in tree metabolism, defense mechanisms and 

nutrition.  

In this study, I monitored the concentration of Si, condensed tannin, lignin and calcium in 

leaves of 17 temperate forest tree species in Sainte-Anne-de-Bellevue, Quebec. Leaves were 

sampled over the growing season of 2015 (June-September) for hardwoods, and in August 2014 

for conifers.  The primary research question was whether Si-accumulating species have higher 
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concentrations of tannins and lower lignin compared to non Si-accumulating species. 

Specifically, I investigated if phenolic concentration in different tree species was a function of Si 

concentrations. Being likely Si-accumulators and common hardwoods of southern Quebec, Acer 

saccharum Marsh. (sugar maple) and Fagus grandifolia Ehrh. (American beech) were of main 

focus. I hypothesized that Si-accumulating species would have lower lignin levels as a result of 

benefiting from the potential cheaper energy requirement of Si and its capacity as a strong 

structural compound (Schoelynck et al., 2010). The substitution of lignin with silicates could 

result in a decrease in lignin concentration and enable the production of other specialized 

metabolite compounds (e.g. proanthocyanidins) that contribute beneficial properties to plants as 

defense against biotic and abiotic stresses.  
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2 Literature review  

2.1 Silicon cycle  

The Si cycle is strongly linked with the inventory of CO2 in the atmosphere due to the 

weathering of silicate rocks being a primary sink for CO2 over multimillion-year timescales 

(Royer 2014; Struyf and Conley 2012). Si plays an important role in primary productivity and 

carbon cycling in earth systems such that siliceous marine diatoms and terrestrial Si-

accumulating plants account for about half of the net primary production for marine and 

terrestrial systems, respectively (Conley and Carey 2015). Trembath-Reichert et al. (2015) 

demonstrated that the effects of plants on terrestrial silica cycling dates back to more than 400 

million years ago and suggest that in contrast to present day where modern grasses dominate 

substantially high amounts of silica uptake was carried out by the early plant lineages of 

bryophytes, lycophytes and some vascular plants. The dominance of diatoms and grasses over 

the biological cycle appeared over the past 65 million years, and consequently has played a role 

in the biological filter of silica between land and sea (Conley and Carey 2015). As a result, the 

vast majority of silica research has been focused on diatoms and graminaeous species, well 

known as species accumulating large quantities of Si (Ma and Takahashi 2002; Cornelis et al. 

2010a; Sahebi et al. 2015), while overlooking Si dynamics in forests species (Struyf and Conley 

2012; Cornelis et al. 2010b). Plants largely contribute to the terrestrial Si reservoir with annual 

soil biogenic silica (BSi, phytoliths) production by plants ranging between 60 and 200 Tmol 

year-1 (Conley 2002), which closely compete with that of diatoms in oceans (240 Tmol -year-1) 

(Treguer et al.1995).  In temperate forests, Bartoli (1983) estimated that the biological cycle of Si 

is an important factor characterizing deciduous forest ecosystems with 26 kg ha -1 yr -1 absorbed 
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through biological uptake (compared to only 8 kg ha -1 yr -1 in coniferous forest ecosystem) and 

85% of the soluble Si derived from biogenic silica (BSi, SiO2·nH2O).  

 

2.2 Silica in soils  

The primary source of soil Si is from weathered rock and usually is in the form of silicon 

dioxide and various aluminosilicates where the main Si-rich compounds are inert quartz or 

crystalline silicates (Epstein 2001; Balakhinina et al. 2013).  Silicon is commonly combined with 

other elements, usually forming oxides or silicates. As such, silicates comprised of silicon and 

oxygen are ubiquitous in the biosphere.  

Granite rock is estimated to contain 74.51% silica, SiO2, (Jenny 1980) and elemental Si 

consists about 28% of the Earth's crust mass (Singer and Munns 1999). The soil minerals 

undergo chemical and biological weathering that enable Si to become a solute in the soil solution 

(Epstein 2001).  The physically and chemically active forms of soluble silicon in the soil are 

monosilicic acids, polysilicic acids, and organosilicon compounds (Matichenkov et al. 1996; 

Balakhinina et al. 2013).  Soils in the tropics are typically silicon-deficient because of the 

increased release and leaching of silicic acid due to extreme weathering conditions such as high 

rainfall and temperatures (Van Bockhaven et al. 2013). Silicic acid is created when silicates are 

dissolved in aqueous solutions, as shown by the equation: SiO2 + 2 H2O = H4SiO4.  
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2.3 Silicon in plants 

 Silicon is absorbed by plants in the form of uncharged silicic acid, Si(OH)4, a very weak 

acid (pka   >9.5), and is transported upwards in the plant transpiration stream via the xylem 

(Kaufman et al. 1981). Once absorbed and assimilated by plant roots, the silicic acid is 

constantly polymerized (biomineralization) into insoluble silica which accumulates in the cell 

walls, intercellular spaces and epidermis tissues via distillation, as amorphous silica (SiO2–

nH2O; also referred to as ‘opal’, silica gel, or phytoliths) (Yoshida 1975; Muir et al. 2001; Ma 

2004; Piperno 2006; Ranganathan et al. 2006). Piperno (2006) defines phytoliths as the 

“silicified remains of plants arising from biological and physical processes of solid silica 

deposition in intracellular and extracellular regions in higher living plants after the absorption of 

soluble silica”. Phytoliths or 'silica bodies’ are hydrogen bonded to cellulose molecules in the 

cell wall (Epstein 2001; Piperno 2006; Trembath-Reichert et al. 2015). Phytoliths provide an 

immediate source of Si in soil solution, along with the Si derived from chemical weathering of 

silicate minerals.  

 

2.4 Si accumulation in plants 

Plant species differ greatly in their ability to absorb and accumulate silicon, ranging from 

0.1% to 10.0% Si (dry weight) in leaves (Ma and Takahashi 2002). To receive benefits from Si, 

plants are required to transport silicic acid from a soil solution to different tissues. Two types of 

Si transporters have been identified thus far, 1) influx and 2) efflux transporters (Ma and Yamaji 

2008; Ma 2010). In gramineous plants including rice, barley and maize, both influx (Lsi1, low 

silicon 1) and efflux (Lsi2, low silicon 2) transporters for silicic acid have been identified (Ma 

2010). Lsi1 and its homologs are responsible for the transport of Si from the external solution to 
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the root cells, while Lsi2 and its homologs transport Si out of the cells toward the xylem (Ma 

2010). 

Grasses may accumulate Si via mechanisms of passive uptake, and species-specific efflux 

transporters (Sangster and Hodson 1986; Ma et al. 2007). A specific transport system for the 

active uptake of silicic acid seems to exist in the roots of Si-accumulating plants (Ma 2003). In 

rice two different transport mechanisms have been identified for the uptake of Si in solution: 1) a 

low- affinity transporter (Lsi1) discovered on the lateral roots responsible for the uptake of silicic 

acid from the external solution to the root cortical cells (Ma and Yamaji 2006), and 2) a 

transporter responsible for xylem loading of Si (Mitani and Ma 2005). In contrast, the latter 

mechanism of xylem loading occurs via passive diffusion in cucumber and tomato plants (Mitani 

and Ma 2005).   

The difference in Si accumulation between species has been attributed to differences in 

the Si uptake ability of the roots (Takahashi et al. 1990; Ma and Takahashi 2002; Yang et al. 

2014). The active uptake is done via a metabolic process, the passive uptake with the flow of 

groundwater via plant transpiration, and the rejective uptake actively excludes silica from plant 

tissues (Raven 1983; Mitani and Ma 2005). The mechanisms responsible for these different 

uptake modes are not entirely understood since the cell-specificity of Si transporters seem to vary 

between species (Ma 2010).  The difference in the uptake system observed between rice, maize 

and barely is suggested to be attributed to the root structures, such that in rice roots there are two 

Casparian strips at the exodermis and endodermis in contrast to one typically present at the 

endodermis of maize and barley roots (Ma 2010). It has been suggested that low Si accumulating 

plants have either a defective or non-existent Si transporter from cortical cells into the xylem 

(Ma and Yamaji 2008). In certain species referred to as Si-excluders, a silica rejection 
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mechanism possibly exists via a barrier on the outer surface of the roots, a waxy substance that 

may serve as a protective coating and denying entry to soluble substances (Parry and Winslow 

1977; de Bakker 1999; Carey and Fulweiler 2014).  

Takahashi et al. (1990) performed an extensive survey of nearly 500 plant species grown 

on the same soil and determined that plants can be distinguished into Si-accumulating plants and 

Si-non accumulating plants based on the Si content of the top (mostly leaves) and molar silicon-

to-calcium ratio. Si-accumulating plants are discriminated from non-accumulating plants based 

on a leaf Si content higher than 1.0 % and a Si/Ca molar ratio larger than 1.0 (Takahashi and 

Miyake 1977; Raven 1983; Agarie et al. 1996). Plants with Si content lower than 0.5% and a 

Si/Ca molar ratio less than 0.5 are defined as Si-excluders (non-accumulating plants). While, 

plants with a Si content in between 0.5 – 1% and a Si/Ca molar ratio < 1 are classified as Si-

intermediate types.   

Within the Si-accumulating species, the accumulated silica can account for 5-20% of the 

shoot dry-weight (Lewin and Reimann 1969).  Plants that accumulate substantially more Si in 

their shoots are typically from the monocot families Poales, Arecales, Equisetaceae and 

Cyperaceae, while the Cucurbitales, Urticales and Commelinaceae tend to be intermediate Si 

accumulators (Ma and Takahashi 2002; Hudson et al. 2005; Currie and Perry 2007). The Poaceae 

family (grasses) are known to mobilize large amounts of Si and are said to dominate the 

terrestrial ecosystem (Trembath-Reichert et al 2015).  Overall, Si accumulation in the shoots 

varies considerably among plant species, in general ranging from 0.1 to 10% in dry weight, 

although values outside this range have been reported (Epstein 1999; Ma and Takahashi 2002). 

Ma and Yamaji (2006) suggest that most plants, particularly dicots, are unable to accumulate 

high levels of Si in their shoots. Compared to graminaceous plants especially within agricultural 
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systems, there is much less data available for the Si contents of forest plant species. Generally it 

has been found that conifers accumulate low amounts of Si in their shoots relative to hardwoods 

(Geis 1973; Bartoli and Souchier 1978; Hodson et al. 2005; Tikasz 2016). Recently, sugar maple 

was found to accumulate high leaf Si in both a monoculture and mixed plot plantation (Tikasz 

2016).  

 

2.5 Silicon as an essential element for higher plants  

Plant growth and development necessitates the involvement of many different chemical 

elements. Three criteria formulated by Arnon and Stout (1939) establish if an element is 

essential: 1) the element must be required for the completion of the life cycle of the plant, 2) it 

must not be replaceable by another element, and 3) it must be directly involved in the plant 

metabolism. Primary metabolism consists of the biological reactions essential to maintaining life 

in living organisms, for example when plants convert sunlight energy to chemical energy and 

synthesize carbohydrates that are stored and used for differentiation of plant tissues.  While 

secondary metabolism is not directly related to maintaining life, specialized metabolite 

compounds participate in the reinforcement of tissue, protection against pathogens and plant 

regulation. Calcium is an essential nutrient for plants due to its involvement in mechanisms such 

as cell wall stabilization and ion exchange properties (Demarty et al. 1984). Depletion of calcium 

has been found to contribute to physiological disruptions of fundamental aspects of tree function 

like photosynthesis and carbohydrate metabolism in red spruce and paper birch species (Halman 

et al. 2008). In contrast, silicon has not been included in the list of elements considered essential 

for plants. The dismissal of Si from consideration as an essential element, and the subsequent 
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minimal literature available on the element, has received criticism over the years (Epstein 1999; 

Ma 2004; Morikawa and Saigusa 2003; Yang et al. 2014; Sivanesan and Park 2014). The issue of 

whether the presence of silica in plants confers a benefit has been a subject of considerable 

debate (Piperno 2006). Studies have shown that silica is an indispensable element for some plant 

species, for example horsetails or scouring rushes  (Equistem), rice (Oryza  sativa) and beets 

(Beta vulgaris) (Piperno 2006; Takahashi and Miyake 1977; Ma and Yamajii 2015). Epstein 

(1999) explained that the strict definition of essentiality used by plant pathologists who were 

skeptical of the possible roles played by silica in plants was confusing the issue.  For example, it 

was stated to be difficult in laboratory studies to create and preserve an experimental growth 

solution that is truly absent of silica. Epstein and Bloom (2005) reassessed the original definition 

and proposed that an element is essential if it fulfills either one or both of two criteria, (1) the 

element is part of a molecule which is an intrinsic component of the structure or metabolism of 

the plant, and (2) the plant can be so severely deficient in the element that it exhibits 

abnormalities in growth, development, or reproduction. According to this modified definition, Si 

is considered a “quasi-essential element” for it fits essentiality for some, though not all plants 

(Epstein and Bloom 2005).  Several studies on plant growth have reported that plants deprived of 

silicon are often structurally weaker and more susceptible to abnormalities of growth, 

development and reproduction (Epstein 1999; Ma and Takahashi 2002; Currie et al. 2007).  

The uptake of silicon by plant species has been reported to alleviate abiotic and biotic 

stress (Epstein 1999; Ma and Yamaji 2006), and consequently enhance plant resistance (Ma. 

2004; Cooke and Leishman 2011; Sahebi et al. 2015). Since the 1950s, silica has been widely 

used in Japan as a form of fertilizer for rice plants (Ma 2004). Si applications resulted in a 

significant increase in production and yield of rice plants due to beneficial factors such as 
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increased canopy photosynthesis resulting from erect leaf blades (Ishizuka 1971), increased 

resistance to fungi and bacteria (Takijima et al 1949) and decreased accumulation of toxic heavy 

metals (Agarie et al. 1996). Silicon deposited in the culms, leaves and hull of rice enhance the 

strength and rigidity of cell walls and deceases transpiration from the cuticle, which strengthens 

the stem and decreases damage from electrolyte leakage (Ma and Yamaji 2006; Sahebi, et al. 

2015). Results of a study on the function of Si over controlling powdery mildew in cucumber 

displayed that Si is able to produce inactive phytoalexins that are activated by fungal infection of 

Si-treated plants and lead to cell death of fungi (Fawe et al. 1998). Several studies have 

researched and reviewed the role of Si on plant tolerance to biotic (Van Bockhaven et al. 2013; 

Sivanesan et al. 2014) and abiotic stresses (Balakhnina et al. 2013; Zhu et al. 2014) 

demonstrating that plants of different types attain a number of benefits to growth and 

reproduction that can be attributed directly to the presence of silica in either soluble or solid form 

(Epstein 1994; Piperno 2006). Sangster et al. (2001) characterized these major functions as 

structural, physiological, and protective. 

 

2.6 Si, Lignin and plant cell walls 

In the grass family, deposited Si occurs as a layer immediately beneath the cuticle layer 

with a Si – cuticle double layer being found in the leaf blades of rice (Currie and Perry 2007). 

The silicification of cells is not restricted to the leaf blades and in rice can also be found within 

the epidermis and vascular tissues of the stem, leaf sheath and hull (Prychid et al. 2004). The 

three regions of silicification most recognized are the cell wall, the cell lumen and the 

intercellular spaces in root or shoot tissues or in an extracellular layer (Sangster et al. 2001).  
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Early studies on sorghum (Sorghum bicolor) plants recognized that not only are large amounts of 

silicon absorbed, rapidly transported and deposited in leaves but also found silicon deposits to be 

associated with cellulose layers of the cell walls indicating interactions with polyphenols in 

xylem cell walls that affect lignin deposition and biosynthesis (Grib and Lanning 1970; Parry 

and Kelson 1975). Under growth conditions of varying silica treatments [0, 20, 40, 100 ppm of 

SiO2], the cell walls of the long epidermal cells in Si-treated rice leaves were found to be thicker 

than in non-treated leaves, which demonstrated the binding of polymerized silicic acids with 

cellulose forming silico-cellulose membranes (Agarie et al. 1996).  

In an attempt to assess long-term silica cycling, Trembath-Reichert et al. (2015) 

examined Si levels of early diverging land plant clades and with results from electron 

microscopy and x-ray spectroscopy showed that the most common silica-mineralized tissues 

include the vascular system, epidermal cells and stomata. With visualization tools like scanning 

electron microscopy, studies have confirmed the presence of silicified cell wall structures in 

diverse taxa, including Equisetum, Selaginella, Gnetum and Vaccinum corymbosus species 

(Trembath-Reichert et al. 2015; Morikawa and Saigusa 2003). Species that invest more in the 

deposition of amorphous Si have been shown to differ in lignin and cellulose metabolism 

compared with species that exclude Si (Schorlynck et al. 2010). This follows an earlier idea 

proposed by Raven (1983) that silica, substituting carbon for some plant functions, can be a 

compression-resistant alternative to lignin and cellulose. Guerriero et al. (2016) published a 

recent review on the interaction between Si and plant cell wall components (cellulose, 

hemicelluloses, callose, pectins, lignin, and proteins).  
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 Lignin polymers are particularly abundant in plant cells that undergo secondary cell wall 

thickening such as tracheids and vessels (Wagner et al. 2012; Harris 2006). The lignin in woody 

plants comprise up to 30% of the organic matter of trees that is responsible, along with cellulose, 

for the stiffness and rigidity of plant stems (Harborne 1988). Primary functions of lignin include 

plant cell wall reinforcement, water transport facilitation (in xylem), providing compressive 

strength to conducting tissues and acting as a mechanical barrier to pathogens (Wagner et al. 

2012; Boudet 2007).  In addition, plants exposed to abiotic and biotic stresses such as pathogen 

infection, metabolic stress, wounding and perturbations in cell wall structure can induce the 

biosynthesis of lignin thus changing lignin composition and content (Vanholme et al. 2010; 

Moura et al. 2010).  

By interacting with other molecules of the cell wall, lignin has the functional role of 

strengthening the plant cell wall and subsequently the whole structure. The structural 

accomplishment of lignin and cellulose is energetically expensive with values of 6957 kcal kg-1 

and 4000 kcal kg-1, respectively (Jung et al.1999); in contrast, silica (3.7% the cost of lignin) is 

indicated to be 10-20 times energetically cheaper while having a similar effect on the cell wall 

(Raven 1983; Schoelynck et al.2010). This is suggestive of a competitive advantage for plants 

using silica deposits for support in comparison to lignin-supported plants. Why then are silica 

deposits not found in large quantities in all species and why do plants make lignin at all? Raven 

(1983) suggests that there is a trade-off occurring between structural biomolecules within the 

plant. Because if a plant incorporates silica in leaves, then the added density of SiO2 (heavier and 

less versatile once deposited) must be adjusted to, or “paid” for by silicifying the cells of 

structures below the leaves, possibly a more expensive strategy than simply using lignin.  
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A recent study by He et al. (2013) confirmed the deposition of Si within the cell walls of 

in vitro cultured rice cells. Si improves the structural stability of cell walls during cell elongation 

and division and thereby maintained cell shape, which can be considered significant for the 

function and survival of cells (He et al. 2013). Currie and Perry (2009) demonstrated in 

Equisetum that an increase in the silicon levels in cell walls coincided with material (hydroxyl 

containing amino acids threonine and serine) of increased positive charge and hydrogen bonding 

potential. The latter process has an increased likelihood of stabilizing silicic acids by hydrogen 

bonding interactions (Currie and Perry 2009). These studies however, and few others have not 

been conclusive on the complex interactions between the components of wall phenols (e.g. 

lignin) with the components of Si-containing species, leading us to question whether silica can 

adequately substitute for lignin in the plant cell wall. This present study will help elucidate on 

whether leaf silica concentration is correlated with lignin and cellulose in temperate forest trees.  

 

2.7 Specialized metabolites 

Many specialized metabolites have been observed to protect plants against a wide variety 

of pests, pathogens and herbivores (Bennett and Wallsgrove, 1994; Wink, 1988). Specialized 

metabolites are natural substances that are characteristic of plants and appear throughout the 

plant kingdom. As of yet, these metabolites appear to lack a primary function (i.e. growth, 

photosynthesis, reproduction) for the organism that produces them. The largest distributed class 

of specialized metabolites are polyphenols with several thousand different identified compounds 

(Hassanpour et al. 2011).  Polyphenols constitute a distinctive and unique group of higher plant 

metabolites, and include two broad groups: condensed and hydrolysable tannins more 
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specifically described as the proanthocyanidins (previously referred to as leucoanthocyanins) and 

the galloyl and hexahydroxydiphenol esters, respectively (Haslam 1989). Phenols are the 

monomer units for both lignins and tannins. Apart from lignin, proanthocyanidins represent the 

most abundant class of natural phenolic compounds (Hummer and Schreier 2008). The word 

tannin has a long established and extensive usage in chemical and botanical literature, giving rise 

to a medley of descriptions. The most accepted definition is that of Bate-Smith and Swain (1962) 

adopted from the earlier ideas of White (1956) which classifies vegetable tannins as water-

soluble phenolic compounds having molecular weights between 500 and 3000 g mol-1, and with 

a capacity to precipitate alkaloids, gelatin and other proteins (Haslam 1989).  

Belonging to the broader family of polyphenolic compounds, tannins have the ability to 

bind and precipitate proteins, creating tannin-protein complexes. Typically located in the 

vacuoles of the plants, Cannas et al. (2015) suggested that tannins do not interfere with plant 

metabolism until after cell breakdown and death where they can act and have metabolic effects.  

Maksimovic et al. (2007) reported that Si nutrition modulates the metabolism and utilization of 

phenols by stimulating the formation of Si polyphenol complexes; moreover, the polymerization 

of phenols were found to induce the co-precipitation of Si and lignin in higher plants (Fang et al. 

2003). These Si-polyphenol complexes facilitate the synthesis of phenolic alcohols as precursors 

of lignin biosynthesis (Cakmak and Romheld, 1997). Plant growth typically has resource priority 

over differentiation such that production of specialized defense compounds and growth are in 

competition for carbon. The growth differentiation balance (GDB) hypothesis (Herms and 

Mattson 1992) predicts that when carbon fixation exceeds the requirements for plant growth, 

then the production of C-based specialized compounds will be enhanced (King et al. 2001; Liu, 
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King and Giardina 2005). This suggests that the reduced competition between plant growth and 

differentiation can produce a larger concentration and variety of specialized compounds. Studies 

by King et al. (2001 & 2005) focused on these predictions in terms of litter quality and 

decomposition. Cooke and Leishman (2012) tested the association between foliar silica and leaf 

physical and chemical traits on two different soil types, finding that plants with a high Si 

concentration had relatively lower concentration of total phenols and tannins, indicating a trade-

off in defence investments. In contrast, a study of 18 grass species by Massey et al. (2007) 

showed a trade-off with growth rate.  Many relevant studies articulate the need for further 

elucidation both of the role of Si in polyphenol metabolism in the plant as a whole as well as the 

associated structural changes in cell walls.  
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Objectives  

1. Classify common hardwoods and conifers of eastern Canada into three categories of Si-

accumulation: active, passive or rejective accumulation  

2. Examine the relationship between foliar Si concentration and other leaf components: 

lignin, condensed tannins, calcium and cellulose 

   

 Hypotheses  

 Sugar maple and beech will have the highest leaf Si concentration among species tested 

 The accumulation of Si in leaves of common hardwoods of eastern Canada over the 

growing season is correlated with an increase in condensed tannin concentrations 

 Si concentration in mature leaves is positively correlated with condensed tannins and 

negatively correlated with leaf lignin, cellulose and calcium concentrations 
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3 Materials and Methods 

 3.1 Site description  

My main study site was the International Diversity Experiment Network with Trees (IDENT) 

plantation located in the Morgan Arboretum of McGill University on the island of Montreal 

(latitude:  45.4247N, longitude: 73.9390W, elevation: 39 m). Established in spring 2009 on a 

previously high-input agricultural field, the IDENT plantation (~0.6 ha) has nearly 10,000 trees 

representing North American temperate forest species. The plantation is fenced to protect trees 

from herbivory. The IDENT plantation was designed to study the effect of gradients of species 

richness and functional diversity. Based on a block design with monocultures combinations of 

two-species and four-species mixtures (Tobner et al. 2013), each community block (6 x 9) was 

replicated four times for a total of 216 plots (Figure 1). Within plots, trees in mixtures were 

planted at random with restrictions (at least two of the eight neighbors had to be different 

species).  The trees were planted at 50 cm intervals in plots (5 x 5) of 64 individuals (8 x 8 rows). 

Local temperature and precipitation measurements for 2014 and 2015 are illustrated in Fig. 2.   
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BLOC A    BLOC B  

THOC     PISY   PIGL          PIGL PISY ACPL           

  BEPA PIRU     THOC BEAL      PIOM LALA           TICO   

PIAB     TICO                      QURO       

          QURU   LALA        BEAL PIAB       BEPA   

  PIOM     QURO ACPL     PIST                    

  ACSA       ACRU        ACRU PIRU PIST   ACSA   QURU THOC   

BLOC D  
 

BLOC C  

          PISY PIGL ACPL              BEAL       

  ACRU   BEPA QURU       PIAB    PIOM PIST THOC   QURO   BEPA   

PIRU         ACSA   LALA        PIAB PISY           

  QURO     BEAL   TICO                TICO       

                     ACSA ACRU             

      PIOM     PIST             LALA PIGL QURU     ACPL 

 

FIGURE 1-Experimental design for IDENT: 4 blocks, each with tree species monoculture plots denoted in 

colour 
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TABLE 1 – Species name and IDENT plot legend 

Plot code Common Name Scientific name Type 

ACPL Norway maple Acer plantanoides L. Hardwood 

ACRU red maple Acer rubrum L. Hardwood 

ACSA sugar maple Acer saccharum Marsh. Hardwood 

BEAL 
yellow birch 

Betula alleghaniensis 
Britt. 

Hardwood 

BEPA paper birch Betula papyrifera Marsh. Hardwood 

QURO English oak Quercus robur L. Hardwood 

QURU red oak Quercus rubra L. Hardwood 

TICO little-leaf linden Tilia cordata Mill. Hardwood 

LALA 
tamarack 

Larix laricina (Du Roi) K. 
Koch 

Conifer 

PIAB Norway spruce Picea abies (L.) Karst. Conifer 

PIOM Serbian spruce Picea omorika Conifer 

PIGL 
white spruce 

Picea glauca (Moench) 
Voss 

Conifer 

PIRU red spruce Picea rubens Sarg. Conifer 

PIST white pine Pinus strobus L. Conifer 

PISY Scots pine Pinus sylvestris L. Conifer 

THOC cedar Thuja occidentalis L. Conifer 
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FIGURE 2 -Precipitation and temperature for 2014-2015 growing season, Montreal Quebec              

[source: Wunderground.com] 
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3.2 Sampling  

Leaves of the hardwood trees were collected once a month from June to September 2015 

whereas the needles of conifer trees were collected in August 2014 by Peter Tikasz. The species 

sampled are shown in Table 1. All species were sampled at the IDENT plantation, with the 

exception of American beech (Fagus grandifolia Ehrh.). American beech trees were sampled in 

a natural stand less than a km away (Figure 2). This was deemed necessary due to absence of 

American beech in the IDENT plantation, one of a few species that is likely to be an active 

accumulator of Si. Trees were sampled from monoculture plots in order to remove the effect of 

interspecific competition on Si uptake. Three trees within each plot that had direct sunlight and 

were not along the outer limits of the plot were selected. To minimize contamination from dry 

deposition, trees were sampled on a day that followed a significant rain episode. One or two 

branches were cut with a 25-foot pruner and about 20-25 leaves per tree were handpicked. Only 

healthy trees with leaves free of insect damage were sampled. Leaf samples were similarly 

collected from ten American beech trees (Figure 3). The samples were stored in paper bags, air 

dried at room temperature until constant weight and then with the petioles removed, the leaves 

were mechanically ground into a fine powder using a coffee grinder. The dry samples were 

stored in plastic bottles and kept at room temperature. 
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FIGURE 3 -Location of the beech stand relative to the IDENT plantation in the Morgan Arboretum. (scale: 

1:8000) 
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3.3 Foliage analyses 

3.3.1 Silicon concentration   

3.3.1.1 Oven-induced digestion 

Si concentration was determined following an oven-induced digestion (Kraska 2009). The dry, 

ground tissue (0.1 g) was transferred into 50-mL polyethylene tubes with 5 drops of octyl-

alcohol to reduce foaming. Two ml of hydrogen peroxide (30%) were added to the tubes 

containing the above mixtures, and then placed in a convection oven at 95 oC. After 30 minutes, 

4 mL of 50% sodium hydroxide (12.5 M) was added to the solution and gently vortexed. Once 

the reaction has subsided, tubes were returned to the oven (95oC) for 4 hours. To ensure a 

complete reaction, samples were vortexed again within the first hour. After completion of the 

oven process, ammonium fluoride (1 mL of 5 mM NH4F) was added to the solution to facilitate 

the formation of monosilic acid (H4SiO4). The solution was diluted to final volume (50 mL) with 

nanopure water (Milli-Q Water, by Millipure Corp). With 106 samples collected for each month, 

there were a total of 424 samples analyzed. Each oven digestion batch of samples (sets of 24) 

was prepared with a blank, a replicated sample and a quality control (sugar maple leaf sample) 

that were within 10%. 

 

3.3.1.2 Colorimetry method 

The colorimetric method of the Inland Water Directorate (1979) was used to quantify Si in the 

digest. In a 1 L container, stock ANSA, 1-amino-2-naphtol-4-sulfonic acid, was made by mixing 

120 g of sodium bisulfate with 4.0 g anhydrous sodium sulphite and 2.0 g 1-amino-2-naphtol-4-

sulfonic acid. The solution was completed to 1 L with nanopure water. With 0.5 mL of digest, 2 
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mL of nanopure water was dispensed in 15 mL polyethylene tubes together with diluted sulfuric 

acid 0.502 M (1.0 mL), ammonium molybdate 0.03 M (1.0 mL), oxalic acid (1.25 mL), and 

ANSA working solution (2.0 mL). Working ANSA, a mixture of 50 mL stock ANSA with 250 

mL distilled water, was prepared fresh every morning. To end the reaction, 2.0 mL of nanopure 

water was added and mixed. After letting the mixture stand for 30 mins to 1 hr, this procedure 

was followed by colorimetry analysis on a LKB Biochrom 4050 Ultrospec II UV/VISIBLE 

Spectrophotometer at 660 nm to determine the concentrations of Si in the samples. Si standards 

(0.0, 2.0, 4.0, 8.0, 10.0, 20.0, 30.0, 40.0 mg/L in NaOH) were measured at the same time. Si 

concentration was determined by interpolation.  

 

3.3.2 Condensed tannin concentrations 

3.3.2.1 Extraction 

There are a variety of approaches that can be pursued for extraction of tannins. Prior to using the 

samples from this study, I investigated several assays with different extractant volume, extraction 

time, and temperature in efforts to optimize the yield of phenolics extracted from this study’s 

samples. With a survey of nine tree species to be made, Waterman and Mole (1994) suggested 

that it may not be possible to optimize for each species and that an arbitrary selection may have 

to be made. Aqueous methanol is a popular choice as solvent, while acetone-containing extracts 

are not recommended in direct proanthocyanidins assay for condensed tannins (Waterman and 

Mole 1994).  

For my study, I therefore decided to use the aqueous methanol method adopted from 

Waterman and Mole (1994). Dried and ground samples (0.1 g) from early growing season (June) 
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and late growing season (September) were extracted with 50% methanol (5 mL) in a thick walled 

glass centrifuge tube.  The tubes were placed in a water bath at 50 oC for 10 min and then 

sonicated (Cole-Palmer ultrasonic cleaner model 8845-4) for an additional 10 min. Samples were 

centrifuged (Damon IEC clinical centrifuge) for 15 min. After centrifugation, the supernatants 

were collected and another 5 mL of MeOH 50% was added to the pellet before centrifugation for 

15 min. The supernatants from both extractions were combined and stored at room temperature. 

For each 24 sample batch, one blank and three samples were replicated and values measured and 

used had to be within 10%.  

 

3.3.2.2 Analysis  

Concentrations of condensed tannins were measured by the proanthocyanidin acid-butanol assay 

of Porter et al. (1986) with improvements described by Waterman and Mole (1994) and 

Hagerman (2002).  In a glass vial, 6 mL BuOH-conc.HCL reagent (95:5, v/v) and 200 µL iron 

reagent (2% ferric ammonium sulphate in 2 N HCl) was added to a 1 mL aliquot of the sample 

supernatant prepared previously, capped loosely, vortexed and incubated in a hot water bath at 

95 oC for 60 min. Absorbance of the extracts was read with a spectrophotometer (LKB Biochrom 

4050 Ultrospec II UV/VISIBLE ) at 550 nm and compared to a standard curve prepared from 

aqueous (+) catechin hydrate (Sigma-Aldrich C1788). Because the reactivity of condensed 

tannins varies by species, concentrations expressed in this study as catechin equivalents should 

only be used as an index of relative responses and not expressions of absolute amounts. Hence, 

all A550 tannin values are reported in mg/g catechin equivalents of the original sample.  
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3.3.3 Lignin chemical analysis  

Dried leaf samples (0.5 g) from August sampling were pooled per block for each species and 

were analyzed for acid detergent fibre (ADF) and acid detergent lignin (ADL) according to the 

procedures of the Association of Official Analytical Chemists (AOAC 1990).  In the first 

extraction, the ADF procedure used an acid detergent solution in an Ankom fiber Analyzer 

(Ankom Technology, Macedon, NY). The process removed hemicellulose and the resulting ADF 

residue consisted of cellulose and ADL. In the next extraction, sulfuric acid is used to isolate the 

lignin (AOAC 1990). The sulfuric acid dissolves the ADF residues and then ADL was calculated 

from the residues remaining after the acid analysis. The ADF-lignin content was calculated by 

subtracting the mass before and after, and dividing by the initial sample weight. The method also 

allowed the determination of cellulose contents. The amount of cellulose (%) was determined by 

subtracting ADL from the ADF.   

 

3.3.4 Calcium analysis  

Ca concentration in leaves sampled in August 2014 was determined following the acid tissue 

digestion method of Allen et al. (1974). For this procedure, a 160 mg dry leaf sample was put in 

4.4 mL of a mixture of concentrated sulfuric acid and hydrogen peroxide, overnight, and then 

heated to 340 oC for two hours. Calcium was measured by flame atomic absorption 

spectrophotometry on a Varian 220 FS. Standards were done in the same matrix with the 

addition of lanthanum and caesium to reduce interference.  
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3.4 Data analysis 

Prior to all analyses, data were examined for outliers. Values greater than two-standard 

deviations from the mean (species or month) were removed as outliers from the analysis. A 

probability level of 5 % was used for all statistical analyses. Figures were created on GraphPad 

Prism 5 Software, Inc and all statistics were carried out with Statistical Analysis System (SAS 

9.4). 

 

3.4.1 Classification of species according to mode of Si uptake  

To classify species as Si-accumulators, intermediates, and excluders, one-way paired t-tests were 

carried out to determine if the average Si concentration and Si/Ca ratio of species were 

significantly different than the referenced criteria values. Similarly, Student’s t-tests were 

performed to determine if significant changes occurred in each species condensed tannin 

concentration averages for the June and September samples, and lignin and Ca from the August 

sample averages. A one-way ANOVA and Tukey's multiple comparison tests were also 

performed to determine interspecific differences in leaf Si and Si/Ca ratios.    

 

3.4.2 Relationships between leaf Si and other leaf parameters 

The relationships between leaf Si and other leaf parameters were analyzed using different 

approaches: 1) on a species basis for the months of June and September, 2) across species using 

the average of each species for the month of August, and 3) across species using a multivariate 

approach (PCA and discriminant analysis). For the first two approaches, linear regressions were 



 

29 
 

used between leaf Si concentrations and leaf tannins, lignin, calcium and cellulose concentrations 

at the end of the growing season. For the third approach designed to assess the potential of leaf 

Si to drive the concentration of lignin, tannins, cellulose and Ca in leaves across a large spectrum 

of tree species, principle component analyses (PCA) were performed on all species together as 

well as for hardwoods and conifer species separately. The normality of data was tested using the 

Shapiro-Wilk statistic. All species were normally distributed except for a few singular 

exceptions: English oak (p = 0.03) for Si, red maple (p= 0.003) and white spruce (p= 0.01) for 

lignin data, and white spruce (p=0.04) for calcium. Data for condensed tannins was normally 

distributed. The assumption of homogeneity of variance was tested using the Bayesian 

information criterion (BIC) (PROC MIXED). Multivariate analyses included a PCA (PROC 

FACTOR) with a varimax rotation and a discriminant analysis (PROC PRINQUALL). Loading 

factor values greater than ±0.5 indicated a strong significance, and only the significant factors 

were tested.  
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4 Results  

4.1 Interspecific differences in leaf chemistry 

4.1.1 Silicon  

4.1.1.1 Classifying species Si uptake modes: accumulators versus non-accumulators  

Leaf Si concentrations of hardwoods (5.2 ± 1.4 mg/g) were on average almost five times higher 

than for conifers (1.2 ± 0.38 mg/g) and the lowest Si concentration in hardwoods almost matched 

the highest Si concentration in conifers (Fig. 4a). The high Si concentration of certain species 

(Si-accumulators) impacted the hardwoods Si average. Sugar maple and American beech had 

leaf Si concentration higher than 1% (Fig. 4a). Norway maple, red maple and English oak had 

concentrations in-between 0.5 and 1% Si, while red oak, yellow birch, paper birch, little-leaf 

linden and all the conifers were lower than 0.5% Si. Amongst conifers, Norway spruce (2.6 ± 0.2 

mg/g), tamarack (2.5 mg /g ± 0.11) and white spruce (2.3 ± 0.20 mg/g) had the highest Si 

concentrations.   

The Si/Ca ratio of American beech was the highest of the 17 species studied. American 

beech and sugar maple had Si/Ca ratios above 1.0, and Norway maple and red maple with values 

of 0.64 and 0.59 had intermediate values. English oak, red oak, yellow birch, paper birch, little 

leaf linden and all of the conifers had Si/Ca ratios less than 0.5 (Fig 4b).  
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FIGURE 4 -Leaf Si concentration (a) and Si/Ca ratio (b) in August: hardwoods (2015) and conifers (2014). 

Accumulators are above 1% Si criteria (dotted line) and excluders below the 0.5% Si criteria (dotted line), 

with intermediates in-between.  (**) signify significantly different (p > 0.05) value from Si-accumulator 

criteria (> 1.0); (*) signify significantly different (p > 0.05) value from Si-excluder criteria (< 0.5). Red 

oak Si/Ca ratio result based on Ca concentration from Hallett and Hornbeck, 1997. 
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4.1.1.2 Leaf Si and condensed tannins over the growing season in hardwood trees 

The Si concentration in all species increased over the growing period from June to September 

(Fig. 5). Red oak was the only species where a minor decrease was observed from August to 

September. Pooling all species together resulted in a R2 of 0.198 and a P value of 0.0065 

indicating a significant increase in leaf Si from June to September (Figure 5).  Thus expressing 

over the growing season an increase in Si levels (Figure 5).  Linear regressions and the 

associated t-tests applied to each species Si concentration season are shown in Table 2. 

For the June sampling, leaves of sugar maple and American beech had the highest Si 

concentration, with respective Si averages of 5.8 ± 0.38 mg g-1 and 4.1 ± 0.31 mg g-1 (Fig. 5). 

Both species also had the highest monthly leaf Si concentration with respective Si averages of 

20.5 ±1.14 and 13.5mg/g ±1.0.  Norway maple and red maple had intermediate values of 10.4 ± 

0.79 mg/g and 10.6 ± 0.67 mg/g, respectively. English oak (6.0 mg/g ± 0.21), yellow birch (2.8 ± 

0.20 mg/g), little-leaf linden (2.4 ± 0.13 mg/g), paper birch (2.1 ± 0.17 mg/g), and red oak (1.7 ± 

0.20 mg/g) had low Si concentrations. 
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FIGURE 5 -Leaf Si concentrations for hardwood species over the growing season of 2015. Points 

represent averaged values of 12 trees for each month (10 trees for American beech), with error bars for 

SEM.  
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TABLE 2-Statistics for the linear regressions between leaf Si concentration over time (June to September) 

for the different species of hardwoods 

 

 R2 P value 

 

American beech 0.97 0.014 

sugar maple 0.99 0.004 

Norway maple 0.96 0.019 

red maple 0.99 0.003 

yellow birch 0.96 0.021 

paper birch 0.97 0.015 

English oak 0.94 0.029 

red oak 0.86 0.074 

little-leaf linden 0.73 0.148 
Data in bold represent significant values (p < 0.05) 
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Due to lack of sample materials, American beech was the only species analyzed for condensed 

tannins for each month of the growing season. Its leaf condensed tannins did not show a 

significant temporal trend (R2 = 0.28 and P =0.47) (Fig. 6). Averaged month concentrations of 

condensed tannins were analyzed in the other species for June and September (Fig.7). A two-

sided t-test found that both yellow birch (P= 0.002) and paper birch (P=0.01) have significant 

differences in condensed tannin averages for June versus September (p < 0.05). Yellow birch was 

the only species that observed significantly high condensed tannins in June relative to September 

(p<0.05) (Fig.7). While, paper birch had the opposite association in condensed tannin 

concentrations with the September average greater than June.  
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FIGURE 6- Leaf condensed tannins concentrations for American beech over the 2015 growing season. 

Points represent averaged values of 10 trees, with error bars for SEM. 
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FIGURE 7- Leaf condensed tannins concentrations for hardwoods in 2015 June and September months. 

Bars represent averaged values of 12 trees, with error bars for SEM. (*) signify significant difference (p > 

0.05) values.   
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4.1.2 Leaf condensed tannins 

Seven out of the thirteen Si excluder species had low condensed tannins concentrations (≤ 200 

mg/g) together with sugar maple and red maple (Fig. 8a). Yellow birch, white spruce and red 

spruce were highest in condensed tannin concentrations (≥ 400 mg/g) followed closely by 

American beech (394 mg/g).  These aforementioned three species were significantly higher than 

sugar maple (p < 0.05) whereas American beech was significantly higher than red maple, English 

oak, Norway spruce, Serbian spruce, and white pine and Scots pine (p < 0.05). Student’s t-tests 

were performed to produce these statistics.  

 

4.1.3 Leaf lignin 

Leaf lignin concentration was relatively low in Serbian spruce, American beech and all maples 

(Fig. 8b).  Species with high lignin included yellow birch, tamarack and white pine. American 

beech was found to be significantly lower than red oak, yellow birch, tamarack and white pine (p 

< 0.05), while sugar maple was only significantly lower than red oak (p < 0.05). 

 

4.1.4 Leaf cellulose  

Except for eastern white cedar and tamarack, conifers tended to have a higher leaf cellulose 

concentration than hardwoods. The conifer Scots pine had a high leaf cellulose concentration 

relative to all other species. The hardwoods American beech had a cellulose concentration high 

relative to red maple, paper birch, tamarack, scots pine and cedar (Fig. 8c). Leaf cellulose 

concentration of sugar maple was not significantly different from any hardwood species or 

tamarack.  
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4.1.5 Leaf calcium  

Leaf Ca was highest in little-leaf linden, while sugar maple leaf Ca was about average among 

hardwoods. Overall conifers had lower leaf Ca concentrations compared to hardwood species 

with the exception of cedar which was highest amongst conifers and higher than American beech 

(p < 0.05) (Fig. 8d).  
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FIGURE 8 -Leaf condensed tannins (a), lignin  (b), cellulose (c ), and calcium (d) concentrations in August 

2015 ( hardwoods) and 2014 ( conifers). Bars represent averaged values of 12 trees, with error bars for 

SEM. 
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4.2 Leaf Si vs other leaf components 

4.2.1 Within species relationships between Si and condensed tannins 

When considering the whole growing season (4 months pooled) for American beech, no 

significant relationship was detected between leaf Si concentration and condensed tannins 

concentration (R2= 0.0017 p= 0.80). When analyzed on a monthly basis, no significant 

relationships were detected for June (R2=0.31 p=0.09), July (R2 =0.07 p=0.49), August 

(R2=0.009 p=0.79) and September (R2= 0.11 p=0.38) (Fig. 9).  

For the other species for which analyses were restricted to June and September samples, 

yellow birch was the only species with a significant increase in condensed tannins concentration 

with an increase in Si concentration (Table 3). Leaf tannins concentration tended to increase with 

Si concentration in sugar maple, Norway maple and red oak in September (p < 0.1) whereas all 

other species did not show any trend on both sampling dates (Table 3 and Fig. 9).  
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TABLE 3-Statistics for the linear regressions between leaf Si concentration and condensed tannins in June 

and September 2015 for the different species of hardwoods 

 

Species June 2015 September 2015 

 R2 P value R2 P value 

American beech 0.31  0.095 0.11  0.38 

sugar maple 0.38  0.56 0.32  0.06 

Norway maple 0.00005  0.90 0.32  0.06 

red maple 0.02  0.72 0.07  0.42 

English oak 0.006  0.81 0.005  0.83 

red oak 0.21  0.14 0.29  0.07 

paper birch 0.03  0.60 0.07  0.46 

yellow birch 0.20  0.15 0.70  0.0007 

little-leaf linden 0.02  0.65 0.005  0.82 
Data in bold represents a significant value (p < 0.05) 
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FIGURE 9 -Linear relationships between leaf Si and condensed tannins concentration (mg/g) in June and 

September 2015 for hardwood species. Points represent each tree sampled, outliers removed. 
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4.2.2 Across species relationships between Si and other leaf components 

4.2.2.1 Univariate analysis 

To detect a potential association between leaf Si and the other leaf parameters (lignin, condensed 

tannins, cellulose and calcium), I performed linear regression analyses for hardwood and conifer 

species separately and then together. Conclusions to be drawn from the three sets of regression 

were not different, therefore results are reported for all species only. Of the four parameters 

tested, the linear regression for Si and lignin was the only one significant (R2= 0.29 p=0.025) 

(Fig. 10b). Large variation in all four dependant variables was generally observed for low Si 

concentrations with intermediate and Si-accumulating species sugar maple and American beech 

contributing for most of the explained variation by the models.  
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FIGURE 10 -Linear regressions between leaf Si concentrations and other leaf parameters using species 

average: lignin (a), condensed tannins (b), cellulose (c), and calcium (d). Points represent the average 

from 12 trees (10 trees for beech) sampled in the month of August. 
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4.2.2.2 Multivariate analysis  

 For both hardwoods and conifers, the first factor of the principle component analysis had 

cellulose as the primary contributor with condensed tannins for hardwoods and lignin for 

conifers being positively associated with cellulose, respectively (Table 4). Silicon was a 

significant component of the second factor for both hardwoods and conifers. It explained 33.5% 

of the common variance in hardwoods, and 24.7% in conifers. For hardwoods, Si was negatively 

related to lignin and Ca, whereas it was positively associated with condensed tannins for conifers 

(Table 4). 

 

 

 

TABLE 4-Loading matrix of factor solution after Varimax rotation for leaf parameters of hardwoods and 

conifers. Significant loading values are printed in bold. 

 

Variable Hardwoods Conifers 

 (F1) (F2) (F1) (F2) 

Si 0.08 -0.84 0.04 0.79 

Lignin 0.49 0.72 0.76 0.35 

Cellulose 0.82 0.36 0.83 -0.36 

Condensed Tannins 0.73 0.20 -0.29 0.71 

Calcium 0.03 0.77 -0.73 0.31 

Variance 0.390 0.335 0.475 0.247 
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Using the significant variables from the PCA for hardwood species in a discriminant 

analysis results in the partitioning of Si, lignin and Ca to the upper left quadrat, upper right 

quadrat and lower right quadrat, respectively. Beech and to a lesser extent sugar maple were 

found in the upper left quadrat whereas yellow birch and to a lesser extent, paper birch and red 

oak lined up in the upper right quadrat. Little leaf linden was the only species found in the lower 

right quadrat (Fig.11). Small intraspecific variation was observed for all species.  

Using a similar approach for the conifers, the discriminant analysis shows the upper and 

lower right quadrat associated with high Si and condensed tannins, respectively. Both tamarack 

and Norway spruce were found in the upper right quadrat whereas white spruce was the main 

species found in the lower right quadrat (Fig. 12). All other species were found in the left 

quadrats and therefore associated with low condensed tannins and Si. Like hardwood species, 

conifers showed tight species grouping.  Although all conifers are Si-excluders, white spruce 

(PIGL), tamarack (LALA) and Norway spruce (PIAB) tended to have higher Si than other 

conifers. The Si variable provided a clear differentiation of species into two groups relatively left 

and right of the (0, 0) mark. The second variable of condensed tannins allowed further 

differentiation with tamarack and white spruce having high leaf condensed tannins while Norway 

spruce was low.  
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FIGURE 11 -Contribution of each hardwood species to the first two principal components using Si, lignin 

and calcium concentrations as input variables. Biplot made with PRINQUAL procedure in SAS (SAS 

9.4). 
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FIGURE 12 -Contribution of each conifer species to the first two principal components using leaf 

condensed tannins and Si concentrations as input variables. Biplot made with PRINQUAL procedure in 

SAS (SAS 9.4). 
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5 Discussion  

5.1 Interspecific differences in leaf chemistry 

5.1.1 Silicon 

5.1.1.1 Classifying species Si uptake modes: accumulators versus non-accumulators  

Three possible modes of Si uptake have been discussed based on the concentrations of Si in the 

aboveground plant tissue and the Si/Ca ratio: active accumulators (> 1% Si and > 1 Si/Ca ratio), 

passive accumulators (0.5 to 1% Si, 0.5 to 1 Si/Ca ratio), and excluders (< 0.5% Si, <0.5 Si/Ca 

ratio) (Takahashi and Miyake 1977; Takahashi et al. 1990). Based on these criteria, the 

hardwood species American beech is considered an active Si-accumulator, sugar maple, Norway 

maple and red maple are passive accumulators, and the oaks, birches and little-leaf linden and all 

the conifers are excluder species (Figure 4.2).  

The amount of deposited silica in plant materials is partly determined by the 

concentration of silicic acid (H4SiO4) in the soil solution and it is important to note that the 

classification criteria of Takahashi et al. (1990) was based on the assumption that soil Si 

concentration is 10ppm and water requirement is 500 mm year-1. If the assumptions are defined 

differently, such that the soil concentration is more or less than 10ppm, then the classification 

becomes more of a tentative definition. Cooke and Leishman (2011) challenged the Si uptake 

mode grouping of Takahashi and Ma (2002) and considered it somewhat arbitrary and instead 

suggested that leaf Si concentration should be considered as a continuous spectrum. Zhu et al. 

(2014) demonstrated that both passive and active Si uptake can coexist in plants. This could be 

one possible explanation for sugar maple, for which its high Si concentration matched the active 

accumulating criteria but its high Ca concentration resulted in a relatively low Si/Ca ratio that 
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does not match the criteria for an active Si accumulator. This points to the difficulty of 

classifying species, particularly those that border criteria thresholds because the boundaries 

cannot be clearly defined. I propose that based on the requirement that an active accumulator has 

both a concentration greater than 1% Si and a Si/Ca ratio larger than 1, sugar maple is an 

intermediate (passive) species. If also considering the criteria as a spectrum then sugar maple is a 

borderline active accumulator species. 

Sugar maple, American beech, Norway maple, paper birch, yellow birch and red maple 

species in my study had slightly higher Si concentrations in comparison to a similar study done 

by Tikasz (2016). Both studies used the same IDENT plantation which provides a good basis for 

comparison. With the exception of sugar maple, the classification of species into the three Si 

uptake classes (Table 5) is the same. Other Si concentrations from the literature are also reported 

in Table 5 for comparison. The weather could explain some of the differences between the 

studies. High levels of precipitation were observed in June 2014 but low levels were observed in 

September, while the growing season of 2015 had average precipitation throughout (Fig.2). 

Additionally, the temperature was lower in September 2014 compared to 2015. High 

temperatures paired with wet conditions would enable higher transpiration rates and more Si 

accumulation, while high temperature with low precipitation would reduce transpiration.  

Past studies have proposed that the Si amounts cycled in forest ecosystems may be 

species-dependent with angiosperms enhancing the weathering to a greater degree than 

gymnosperms (Moulton et al. 2000; Johnson-Maynard et al. 2005). Bartoli and Souchier (1978) 

demonstrated that tree species can have an impact on the biological turnover of Si in temperate 

ecosystems such that Si-uptake by a deciduous beech forest ranged from 36 to 46 kg ha-1 yr-1 in 
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contrast to about 7 kg ha-1 yr-1 uptake by a pine forest. Their study however can be considered an 

extreme case since they compared a forest dominated by a Si accumulating species versus a 

forest with rejective coniferous species, thus not an adequate representation of less Si 

accumulating tree species. Across species, Clymans et al. (2016) showed that the majority (65%) 

of biogenic Si in northern hardwood forests is stored in woody biomass (wood and bark) and 

35% in foliage. Though the slow decomposition of wood resulted in only about 2% of annual 

biogenic Si dissolution coming from decayed wood, indicating leaf litter functions as the 

dominant source of Si to the forest floor. As such, the use of foliage samples in my study is a 

reasonable and effective way of measuring Si concentration present in the tree species and can 

contribute to estimations of Si returning to forest soil.  

Relative to hardwood species, conifers generally accumulate low amounts of Si in their 

shoots (Geis 1973; Bartoli and Souchier 1978; Hodson et al. 2005). My results for conifers are in 

agreement with this observation with most species having Si concentration below 0.5%, and 

being classified as Si-excluder species using both distinguishing criteria of Si concentration and 

Si/Ca ratio. Possible exceptions may include the deciduous tamarack and exotic Norway spruce 

with a Si/Ca ratio that was higher than for the other conifers and as high as for many hardwoods. 

Its Si/Ca ratio was however not significantly different than the 0.5 Si/Ca ratio threshold given the 

error associated with the threshold, thus could be considered as passive accumulators. Similarly, 

English oak with Si concentration slightly above and Si/Ca ratio below the criteria thresholds is a 

borderline rejective/passive species. Further research with a controlled environment experiment 

like hydroponics could lead to better understanding of the uptake mechanisms involved in these 

species. Indeed, in a past hydroponic study, Si absorption in Douglas fir and black pine was 
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reported via mass balance to have been driven by passive Si transport at forest soil solutions 

(0.2mM Si) and was rejective at higher Si concentrations in nutrient solution (Cornelis et al. 

2010b).  

 

 

TABLE 5-Leaf Si concentrations from this and other studies. Data are averages for each species. 

 

 Species Common name Si (mg/g)    

Fagus grandifolia American beech 9.401  7.242  6.653  

Acer saccharum Sugar maple 13.621  8.444  5.602 

Acer platanoides  Norway maple 7.001  3.454    

Acer rubrum  Red maple 6.381  5.874    

Quercus robur English oak 3.851  4.244    

Betula alleghaniensis Yellow birch 1.871  1.814  1.402  

Betula papyrifera Paper birch 1.571  1.304  1.653  
 

 

1 -This study (in bold); 2- Garvin (2006); 3- Hodson and Sangster (1999); 4- Peter Tikasz (2016) 
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5.1.1.2 Si over the growing season in hardwood trees  

The Si concentrations in all hardwoods, except red oak and little-leaf linden species, were 

observed to significantly increase over the growing period of June to September, with the biggest 

increases seen in the Si-accumulating species and the smallest in the Si-excluding species (Fig.4 

& Table 2).  Bartoli and Beaucire (1976) noted that foliar Si continuously accumulate during the 

growing season with Si concentrations in the fall being five times that of spring. In my study, the 

largest increases were observed in sugar maple which had a four times fold increase whereas 

American beech had about a three times increase by the fall sampling. 

 Although sugar maple had a higher Si concentration than American beech, it was not 

classified as an active Si accumulator because of its relatively low Si/Ca ratio. How then did 

sugar maple have a higher average Si concentration and a greater rate of accumulation than the 

classified active accumulator American beech? Sugar maple had unusually high Si 

concentrations in this study and it was significantly higher than in the nearby natural forest site, 

while American beech and yellow birch did not have significant differences (Figure 13- 

appendix). Leaf Ca in sugar maple was also high, the likely result of past liming of the plantation 

site. These two unusual elemental concentrations may have resulted in a Si/Ca ratio that is not 

representative of the natural forest where nutrients are typically more limiting. In such an 

environment, sugar maple may have been able to demonstrate an active uptake of Si like 

American beech did in the nearby forest. 

Sugar maple and American beech are both shade tolerant species that are common in 

temperate forests of Quebec. Sugar maple is considered better at exploiting gaps (Canham 1988) 

while in comparison American beech saplings have been found to have higher survival (Kobe et 
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al. 1995) and growth rate under low light conditions (Canham 1988). Shade tolerant species have 

the ability to grow successfully under the canopy without full sun and this necessitates the 

efficient use of nutrient and carbon resources. Trees with limited access to sunlight and shorter 

time frames for leaf growth may prefer utilizing leaf Si that can contribute to a more competitive 

carbon strategy. Raven (1983) calculated that 27 times less glucose was required to incorporate a 

mole of silicon into cell walls than a mole of carbon. Some studies have found evidence that 

plants with shorter leaf life spans have higher Si concentrations (Cooke and Leishman 2011), and 

higher photosynthetic capacity (Matsuki and Kioke 2006). The high Si concentrations of both 

American beech and sugar maple in my study does not support these claims for hardwoods. 

American beech is known to retain some of its leaves late in the fall whereas the timing of leaf 

senescence in sugar maple is not different than for most hardwoods. The generally lower Si 

concentrations observed in conifers compared to hardwoods in my study would however be 

consistent with the observation of Cooke and Leishman (2011). It is possible that energy saving 

associated with high Si accumulation may only be large enough to be detected when comparing  

plants with large functional differences, such as hardwood species higher in Si than conifers. 

 

5.1.2 Leaf condensed tannins 

American beech was the only species analyzed over four months. Based on the June to 

September data shown in Fig. 5, there was no temporal trend for condensed tannin 

concentrations in American beech. Since Si concentration increased steadily (Fig. 4), my 

hypothesis of increasing condensed tannins and Si concentrations in active Si uptake species 

over the growing season was rejected. A lack of association between Si and condensed tannins 
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may not be unreasonable considering that Si is accumulated mostly within the foliar epidermis 

(Piperno 2006) while condensed tannins are usually stored in cell vacuoles (Stafford 1988). As 

such, the physical distance and physiological barriers may prevent condensed tannins from 

potential interactions with Si in the structural matrix. Limited data is currently available 

concerning the effect of time over the growing season on condensed tannins for temperate forest 

trees. Early studies by Feeny and Bostock (1968) found a seasonal increase in condensed tannins 

of English oak, with appearance starting in May. This is supported by this study’s findings for 

paper birch, however it is contradicted by the lack of any difference observed in the other 

species, with the exception of yellow birch (Fig. 7). Yellow birch was found with significantly 

higher condensed tannins in June relative to September (p<0.05) (Fig.7). A study in the Swedish 

boreal forest on dwarf-shrub species determined that certain phenolic metabolites, particularly 

phytotoxic batatasin-III, reached maximum concentrations in September (Nilsson et al. 1998). 

Howard et al. (2003) concluded that variation in total phenolics, total anthocyanins and total 

flavonols of cultivar blueberries was greater among genotypes than between growing seasons, 

and suggested that certain genotypes vary in their capacity to synthesize phenolics under 

different growing conditions. The results from Howard et al. (2003) however are less pertinent in 

making comparisons to my study because mine was based on a within growing season 

experiment.  

Species that demonstrate similar Si uptake mechanisms could possibly follow common 

mechanisms for defensive phenolic compounds like condensed tannins. However, the 

distribution of tannins within leaves is considered highly species specific (Krauss et al. 2003) 

and large genetic variation in defensive strategies (e.g. phenolics) have been demonstrated even 
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within a natural population of birch (Betula pendula Roth) (Yamaji et al. 2003) indicating the 

complexity of drawing conclusions from even a single species. Baldwin et al. (1987) found in 

sugar maple and yellow birch that leaf weight was positively correlated with condensed tannins 

while negatively correlated to protein binding capacity suggesting that tannin synthesis may be 

influenced by leaf expansion and growth. A similar result was  reported  by  Zucker  (1982),  

who  showed  that  the  largest  Populus angustifolia  leaves  had  the  lowest  total  phenolic  

concentrations. Differences were acknowledged however between samples from forest trees and 

plantation grown trees. Furthermore, the leaf tannin measurements were found to vary 

substantially among individual trees potentially because elevated tannin contents in some trees 

were generated by previous damage or infection (Baldwin et al. 1987). In my study the sampling 

method specified that unhealthy leaves were not chosen in order to eliminate the effect of stress. 

To further knowledge about the regulation and structure of the phenylpropanoid pathway, 

Kosonen et al. (2015) suggested that inhibiting the expression of biosynthesis pathway precursor 

enzymes, such as anthocyanidin reductase, using the RNA interference method could be a 

valuable tool for investigating the relationship of condensed tannin accumulation with plant 

growth over time.  

 

5.2 Leaf Si vs other leaf components 

5.2.1 Within species relationships between Si and condensed tannins  

 The association between leaf Si and leaf condensed tannins was measured for all hardwood 

species in June and September, while American beech was analyzed over all four months of the 

growing season. September samples were chosen to represent maximum phenolic concentrations 
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along with maximum Si concentrations. No positive correlation was observed between 

concentrations of Si and condensed tannins in the active Si accumulating American beech. These 

results do not support my hypothesis and instead, the September results show a weakly negative 

association. Plants with high Si are debated to need less phenolic- and tannin-based defences 

because Si itself can be used as an effective herbivore defence (Cooke and Leishman 2012) 

and/or because a trade-off exists between foliar ability in production and maintenance referred to 

as the ‘cost–benefit hypothesis’ (Mooney and Gulmon 1982) that causes competition between 

plant growth and specialized metabolites (differentiation) for carbon resources (King et al. 2001). 

When carbon resources exceeds the requirements for plant growth, then the production of C-

based specialized compounds will arguably be enhanced (Herms and Mattson 1992; Liu, King 

and Giardina 2005).   

American beech, Norway maple and English oak had some observed seasonal variation 

in regressions (Fig. 9) such that the relationship early in the season was different than that of the 

relationship in September. Only American beech had results for condensed tannins and Si over 

the four sampling months. The increasing Si concentration in American beech over the growing 

season (Fig. 5) was paired with condensed tannin levels that stayed generally the same 

throughout the season (Fig. 6).  Norway maple samples show a non-significant decrease in 

condensed tannin concentrations while observing an increase in Si concentrations for the months 

of June and September (Fig. 6 & 7).  

Overall, high or low leaf condensed tannins concentrations could not be linked to any 

particular grouping of species whether it be by type of Si uptake (passive vs active) or growth 

form (conifers vs hardwoods) (Fig. 9). A weak positive association between foliar Si and 
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condensed tannins was observed in sugar maple, Norway maple and red maple but correlations 

were not significant. Yellow birch was the only species to have a significant association between 

Si and condensed tannins (p<0.05). The high condensed tannins results for yellow birch 

represents an outlier among the other Si excluder species but is consistent with my hypothesis of 

increasing condensed tannin concentration with increasing Si.  However, the fact that Si was low 

in yellow birch suggest that other interactions are likely involved. Yellow birch’s high condensed 

tannins could be representative of an interaction with a leaf component other than Si. For 

instance, manganese (Mn) is known to be in high concentrations in yellow birch. Mn is involved 

in the synthesis of phenols and lignin which can consequently impact metabolic functions 

(Graham et al. 1988). Mountain birches have been found to have increased leaf phenolics 

(+catechin and gallic acid) when in proximity to polluting sources which was proposed to be 

related to the effects of contamination on the shikimate and phenylypropanoid pathways 

(Loponen et al. 2001).  

 

5.2.2 Across species relationships between Si and other leaf parameters 

5.2.2.1 Univariate 

To further investigate the potential function of Si in tree leaves, I analyzed the relationship 

between leaf Si and lignin, condensed tannins, cellulose and calcium concentrations of all 

species. These results provide insight on leaf Si relationships with other leaf parameters at a scale 

greater than individual species. Si and condensed tannins have arguably similar defensive 

functions (Cooke and Leishman 2012) that can provide plants with advantageous options against 

abiotic and biotic stresses, while cellulose (Agarie et al. 1996), lignin (Wagner et al. 2012; 
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Boudet 2007) and calcium (Maathuis 2009) have important structural roles for cellular support 

that could overlap with Si. My results show a significant and negative relationship between Si 

and lignin but no significant relationship between Si and condensed tannins, cellulose and Ca, 

Of the four hypotheses postulated, only one passes the test.  Results show that foliar lignin is the 

only leaf constituent measured that seem to respond to increasing levels of leaf Si. This is an 

interesting result because the premise for the hypothesis for higher condensed tannins was based 

on the assumption that Si adequately serves the structural role of lignin (Schoelynck et al. 2010) 

and would therefore free phenolic precursors for defensive chemicals production. In rice crops, 

Si treated plants had been observed to decrease lignin biosynthesis precursors (phenolic ferulic 

and p-coumaric acids) (Goto et al. 2003). Similarly, the leaf tissue concentrations of coniferyl 

alcohol and coumaric and ferulic acids showed a tendency to be lower in the Si-treated cucumber 

plants (Maksimovic et al. 2007). Certain challenges had previously been identified regarding the 

Si and lignin trade-off such as the possibility that the added density of silica in leaves requires 

the plant to reinforce, and then potentially silicifying the cells of structures beneath the leaves 

(Raven 1983). It remains unknown whether this strategy would then result being as expensive as 

simply using lignin. However the results demonstrate that high levels of Si are associated with 

low lignin concentrations across species indicating the occurrence of an energy trade-off in 

temperate forest trees.  

I had hypothesized that leaf Si would be a useful resource for species, especially those 

that can accumulate high Si like American beech, due to the wide array of mechanical and 

biological benefits derived from Si. For some species however, the extra mass acquired by the 

denser Si may be a limiting factor that makes Si less of a favourable option (Piperno 2006). This 
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could be an explanation for some of the excluder species considered in this study. The high 

initial construction costs of herbivory defenses, like condensed tannins and lignin, are linked to 

long life span (Coley, Bryant & Chapin 1985; Coley 1988). Cooke and Leishman (2011) found a 

significant negative correlation between relative Si concentration and leaf longevity of 155 

species (p < 0.001), indicating that plants (leaves) with shorter life spans contain higher 

concentrations of silicon. Hence, this is in accordance with the general Si grouping between 

hardwoods and conifers such that hardwoods with deciduous leaves would have shorter leaf life 

spans than conifer pine needles. Plants with high Si would have lower condensed tannins and 

lignin due to a short life span strategy that can utilize the defenses provided by Si, making 

condensed tannins less necessary, without being undermined by the extra weight (Matsuki et al 

2006; Cooke and Leishman 2011). In contrast, long life leaf span plants would limit Si 

accumulation to prevent the extra weights, and prefer to utilize the lighter lignin and opt for 

defenses from condensed tannins. My results found eleven out of the thirteen excluder species 

had high lignin content paired with low Si as predicted, while seven excluders had low 

condensed tannin concentrations. The trade-off interaction between Si, and lignin and condensed 

tannins is in agreement with my initial hypothesis except for the fact that condensed tannins 

increases with leaf Si primarily at low leaf Si levels. .  

The findings of this study suggest that condensed tannins are not the main phenolic 

compounds associated with Si nutrition and/or that Si nutrition influences differently the 

phenolic compounds of different plant species (Ma 2004). Condensed tannins are downstream 

phenlypropanoid pathway products that I believed would illustrate a response resulting from the 

decrease competition of precursors between growth and phenolic synthesis because of Si 
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substitution of lignin. The strategic choice would have been harder to identify in hydrolysable 

tannins because the precursor gallic acid originates from the shikimate acid pathways, as well as 

the phenylpropanoid pathway.  

The lack of a relationship between Si and condensed tannins was contrary to studies on 

cucumber (Chérif et al. 1994), roses (Shetty et al. 2011) and rice (Dallagnol et al. 2011; Van 

Bockhaven et al. 2013) that reported increased defence related enzymes in response to Si. One 

possible explanation for the discrepancy is that these results are from crop plants, while forest 

trees could reasonably be influenced by Si nutrition differently and consequently the phenolic 

compounds are impacted in different ways (Ma 2004). The larger grouping of defence related 

phenolic compounds considered in that study may provide a more robust approach to detect 

significant associations, in comparison to specifically focusing on a single compound as was 

done in this study with condensed tannins.  

Using the cost-benefit hypothesis, some have hypothesized that plants could exhibit a 

trade-off between silicon- and carbon-based herbivore defenses. This would go against my 

hypothesis of increasing condensed tannins with a reduction in lignin synthesis and increased 

uptake of Si. My results do not provide support for this hypothesis either. Similar results were 

obtained by Cooke and Leishman (2012) who studied a diverse arrangement of Australian plants 

and hypothesized that plants with higher silicon concentrations would have lower phenolic 

concentrations. They found leaf Si to be weakly associated to total phenols and condensed 

tannins. Similarly, a negative correlation was found between root Si and total phenolics in 

another Australian study that looked at sugarcane and insect root herbivory by greyback cane 

beetle larvae (canegrub) (Frew et al. 2016). Experimental work that focuses extensively on the 
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study of leaf condensed tannins, lignin and Si in temperate forest trees is limited. Given the 

diversity of phenolic compounds involved in anti-herbivory functions, it is clear that more 

research will be needed to elucidate the interactions between Si and phenolics in tree leaves. 

5.2.2.2. Multivariate 

The use of the multivariate approach was meant to provide a more robust approach to explore 

and better understand the relationships between all variables measured in my study (Si, 

condensed tannins, lignin, cellulose and Ca) and to characterize the species belonging to the 

three classes of Si uptake (active, passive and rejective). The PCA provided interesting results 

with loading factors suggesting different drivers for hardwoods and conifers. Si was negatively 

correlated with lignin and Ca in hardwoods and Si was positively correlated with condensed 

tannins in conifers (Table 4). The results for hardwoods are in line with our conclusions derived 

from the univariate analysis and support the idea of a complementarity between Si, lignin and Ca 

for providing strength and support to leaf tissues as hypothesized. Species contributing to this 

effect includes American beech with its high Si but low lignin and Ca, yellow birch and red oak 

with their high lignin but low Si, and little-leaf linden with its high Ca but low lignin. Both 

univariate and multivariate analyses also suggest a lack of relationship between Si and 

condensed tannins in hardwoods. The positive relationship between Si and condensed tannins in 

conifers was not expected since none of the conifers were considered active Si accumulators. 

The significant relation can be linked to the low and high condensed tannin concentration in 

Norway and white spruce. Conifers as a group tended to be low in leaf Si and Ca, and high in 

cellulose. This puts forward a very different strategy to achieve support and defense and could be 

connected to leaf longevity as discussed before. 
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The discriminant analysis shows small intraspecific and spatial variation for both 

hardwood and coniferous species (Figure 11 and 12).  This indicates that the composition of the 

structural components (Si, lignin, cellulose and Ca) and the mixture of defensive chemicals of 

the leaf cells are very species specific. This is a good demonstration of functional diversity where 

each species can achieve the functions of strength and defense using basically the same 

metabolic building blocks available to all plants but in different proportion. For example, the Si 

excluder little-leaf linden was high in Ca but relatively low in lignin while other Si-excluding 

species such as red oak and yellow birch were high in lignin and lower in Ca. Both American 

beech and yellow birch demonstrated the predicted response linked to leaf structure to Si uptake 

with American beech being high in Si but low in lignin and Ca whereas yellow birch was low in 

Si but high in lignin and calcium concentrations. 

The primary driving factor differentiating the 17 species was Si concentration with the 

three Si uptake classes for hardwoods and the passive and rejective coniferous species lining up 

quite well with the gradient of Si. Two subgroups were identified for hardwoods by the 

multivariate analyses with Ca and lignin as drivers. Interestingly the Ca relationship had not been 

observed in the univariate analyses. For hardwoods, American beech and sugar maple were both 

high in Si but the Ca was low in American beech and high in sugar maple. I classified sugar 

maple as an intermediate accumulating and a borderline active accumulating species because of 

its relatively low Si/Ca ratio associated with its high Ca concentration. The high Ca 

concentration of sugar maple is consistent with previous findings that report sugar maple as 

relatively Ca demanding in comparison to other species (Horsley et al. 2002; Fahey et al. 2006; 

St-Clair et al. 2008). Leaf Ca together with lignin were instrumental in isolating little-leaf linden 



 

66 
 

from other excluder species such as yellow birch which was higher in lignin than little-leaf 

linden. As expected intermediate species were found primarily in the center of the figure with 

intermediate values for Si, Ca and lignin. Condensed tannins were not selected as a discriminant 

variable for hardwoods. This suggests that the underlying strategies regarding plant phenolics or 

even specialized metabolite mechanisms in hardwood are quite complex and cannot be restricted 

to a single class of phenolics such as condensed tannins. As for conifers, only condensed tannins 

contributed to further discriminate the species within the two classes of Si uptake. All species of 

conifers in the high Si group (Norway spruce, larch and white spruce) are relatively fast growers 

and more nutrient demanding species. No particular trait could be linked to the gradient of 

condensed tannins. 
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6 Conclusion and summary 

In this study, I compared foliar concentrations of Si, lignin, condensed tannins and calcium from 

17 hardwood and coniferous species grown in monoculture plots at the IDENT plantation. Leaf 

samples collected in the summers of 2014 and 2015 provided information on possible links 

between Si accumulation and other leaf components associated with plant defenses (condensed 

tannins) and structure (lignin and Ca) for hardwood and coniferous species of differing Si uptake 

mechanisms under identical soil and climate conditions. I hypothesized that active Si 

accumulating species would have high levels of condensed tannins with low levels of lignin, 

cellulose and calcium.  

Most hardwoods were found to be higher in leaf Si than conifers. Foliar Si concentrations 

increased over the growing season but the concentrations of condensed tannins did not in most 

species. American beech was the only conclusive active Si accumulating species, whereas all 

conifers were Si excluders. Most hardwoods including sugar maple were found to be passive Si 

accumulators. Although high in Si, sugar maple had low lignin concentrations but condensed 

tannins and calcium levels were not low. Its Si/Ca ratio was a major factor in distinguishing it as 

an intermediate type species. The assumption for the calculation of the reference criteria by 

Takahashi (1990) - soil concentration as more or less than 10ppm – can be challenged and leaf Si 

concentration would likely be more useful if considered as a continuous spectrum (Cooke and 

Leishman 2011). Species with Si/Ca ratio and Si concentration that borders criteria thresholds 

would otherwise have the likelihood of being improperly classified.  

The lack of relationships observed between condensed tannins and Si in hardwoods 

illustrates the challenge of identifying the specific phenolic defense compounds potentially 
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involved with or affected by the biochemical Si uptake strategies. Condensed tannins arguably 

can be said to have a negative association with Si in hardwoods, in contrast to our initial 

hypothesis, due to 1) the trade-off between plant growth and specialized metabolites, and/or 2) 

because Si and condensed tannins provide similar defense roles in plants. In contrast, the positive 

relationship observed between leaf Si and condensed tannins in conifers revealed by the PCA is 

in agreement with my hypothesis although it could be linked to needle lifespan. 

Leaf Si and lignin concentrations were found to be negatively related as hypothesized 

with American beech and Si-excluder conifers contributing most to this relationship. The 

reported negative association occurring between Si and lignin in this study indicates therefore 

that Si can be a potentially appropriate substitute for lignin in some species. Further research is 

necessary to determine the underlying mechanisms and functions of Si and how it is intertwined 

with phenol metabolism, calcium nutrition and plant cell wall components in different species. 
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7 Recommendations for Future Research 

Our knowledge of silicon functions in individual plant species is developing but is still 

insufficient to understand the complex role of Si in plant adaptation to adverse environmental 

conditions. The research conducted in this study provides a general baseline for future research 

to address the association of foliar Si with condensed tannins and lignin in trees. Overall, limited 

studies have focused on Si uptake in temperate forest trees, leaving many species with 

inconclusive Si uptake mode classification. Although American beech responded as 

hypothesized with high Si being associated with high condensed tannins and low lignin and Ca, 

sugar maple did not. This is rather intriguing as it had the highest Si concentration in our study. 

Being likely an active Si accumulator at least part time, Si has to have an important role in sugar 

maple. Conducting experiments with sugar maple grown in a Si deprived environment would 

provide us with a hint on the role of Si in that species.  

Future studies would benefit from incorporating site characteristics such as soil Si which 

was not measured in my study. Soil Si measurements would provide another dimension helpful 

in understanding the plant-soil relationships. Sampling species from more representative stands 

would also increase the significance of potential conclusions.  

Furthermore, the generally poor relationship observed in this study between condensed 

tannins and Si in leaves of hardwood and conifer trees suggests that other classes of phenolics be 

included in future studies. More research in this domain would benefit our knowledge of the 

abundance and diversity of phenol compounds occurring in plants. Yellow birch would be of 

particular interest for research on the relationship between condensed tannins and Si.. While low 
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in Si, it was highest in condensed tannins which suggests a different strategy in terms of 

production of defense chemicals. This hypothesis could be tested by providing yellow birch with 

an ample supply of Si through the roots or via direct application on the foliage. Further research 

with a controlled environment experiment like hydroponics could lead to better understanding of 

the mechanisms involved in countless hardwood and conifer species. 
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APPENDIX 
 

Comparison of American beech sample location and IDENT plantation 

Due to the IDENT plantation not having American beech species present, the samples for this 

study were collected from a neighbouring site 1km away. We acknowledged that this might 

introduce a confounding variable because of potentially different physical site characteristics. In 

an attempt to justify the associations made in this research, my American beech samples were 

compared to previous samples collected at a natural forest research site located at St. Hippolyte 

in the Lower Laurentians north of Montreal, which had species of sugar maple and yellow birch 

also present. This allowed a comparison of the species Si content at the two sites, and verified 

that there was no statistical difference between the two American beech samples (Fig 13). Sugar 

maple Si content was higher at the IDENT site compared to the St. Hippolyte site. 

 

FIGURE 13--Site comparisons for American beech, sugar maple and yellow birch foliar Si concentrations.  

(*) signify statistically different value (p < 0.05) 
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