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Abstract 

 

Red alder (Alnus rubra) is a tree species with high economic and ecological importance. 

It is subject to defoliation during unpredictable, episodic outbreaks of tent caterpillars 

(Malacosoma spp.) that result in reduced growth, decreased wood production, unsightly 

appearance and mortality in severe cases. Alder trees are weakened by severe and 

repeated tent caterpillar defoliation, and this can increase the susceptibility of the trees to 

other pests, diseases and drought. Repeated attack by tent caterpillars can cause decline in 

red alder populations, which can have potential negative impacts on the ecological and 

economic benefits of the species. Evidence from other species has shown that plants 

produce phytochemicals for defense against herbivores at a cost to growth and 

reproduction, but the relative magnitude of the cost of allocating available resources to 

defense depends on the level of the resources, and the plant genotype. The quality of a 

plant as food for herbivores is influenced by leaf physical and biochemical traits, and 

these traits change during a growing season or upon attack by herbivores. My research 

aimed to explore the defense mechanisms of red alder against western tent caterpillars 

(Malacosoma californicum) and determine the resistance variation among and within red 

alder populations, and to evaluate red alder available resource (nitrogen) allocation to 

defense and growth. Bioassay feeding trials were conducted in 2014 and 2015 with 

western tent caterpillars (WTC) (M. californicum) on twenty red alder clones from ten 

provenances. Phenology and quality of red alder leaves as food for the defoliators were 

analyzed to determine if budburst, leaf chemical content, water content or physical traits 

are major determinants of western tent caterpillars preference for red alder leaves. In 

another experiment, one-year-old seedlings from 100 half-sib red alder families were 
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treated with two levels of ammonium nitrate (NH4NO3) in two growing seasons in a 

common garden. Growth, herbivore defense-related traits and root nodulation were 

measured and ranked among the plant genotypes and between the two nitrogen (N) 

treatments. Leaves from the two N treatments and different alder families were also used 

for bioassay feeding trials with WTC larvae to determine effects of N and genotype on 

red alder herbivory resistance. In my final experiments, I harvested and analyzed leaves 

from three-year-old red alder trees from five different families on eight dates from early 

April to mid-October 2016 to quantify oregonin and total phenolics concentrations, and 

wound induction experiments were conducted to determine if the concentrations of the 

chemicals vary during a growing season and upon attack by insects.  

Alder clones and families differed in percentage leaf area eaten by caterpillars and 

in leaf defense traits. The concentrations of foliar phenolic compounds negatively 

correlated with the percentage leaf area eaten by the caterpillars, but the results suggest a 

threshold, above which the concentration of each of the chemicals appeared to reduce 

WTC feeding, individually. Particularly, foliar oregonin concentration above 20 % leaf 

dry weight consistently appeared to reduce feeding by caterpillars. N availability had 

significant effects on red alder seedling total dry biomass and leaf N concentration. There 

was a clear trade-off between red alder seedling growth, and content of the phenolic 

compounds and leaf thickness, which supports the growth-differentiation balanced 

hypothesis in relation to resource availability. The concentration of oregonin varied 

during the growing season and there were no significant responses of any of the measured 

compounds to wounding. The results suggest that red alder foliar oregonin, condensed 

tannin and total phenolics are constitutive defenses and are not wound-induced. The 
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effects of leaf total phenolic and condensed tannin concentrations on insect herbivory 

have been documented by past studies but the effects of oregonin concentration in red 

alder leaves on tent caterpillar feeding is a novel finding.  
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Chapter 1: General introduction 

 

 1.1. Mechanisms of plant defense against herbivores 

Understanding the dynamics of plant defense against herbivores is an active field of research 

with many different chemicals and mechanisms involved and many different strategies on the 

part of the plant. Plant defense may be direct or indirect with the former involving an alteration 

of the host that affects the survival and/or reproductive success of the herbivore, while the latter 

involves an attraction of natural enemies of the herbivore (Jackrel and Wootton, 2015; Mithöfer 

and Boland, 2012; War et al. 2012). Mechanisms such as texture and composition of the plant 

surface, the absence of nutrients required by the pest and the accumulation of secondary 

metabolites may influence plant defense against pathogens and herbivores (Ballhorn et al., 2017; 

Haukioja et al., 2002; Levin, 1976). Therefore, the quality of leaves as food for herbivores may 

be determined by their concentration of secondary chemicals as well as their nutrient content 

(Glynn et al., 2003; Multikainen et al. 2000).   

 

The evolution of plants is, in part, an arms race with herbivorous pests and pathogens, and 

includes the evolution of plant defense traits. Most plants produce secondary metabolites that 

function in defense (War et al. 2012), and these are commonly grouped into three classes, 

terpenoids, phenolics and nitrogen (N)-containing compounds (e.g. alkaloids) (Mithöfer and 

Boland, 2012; Freeman and Beattie, 2008). The Betulaceae, the family containing the alders, 

generally contain phenolics and terpenoids (Ballhorn et al., 2017; Jackrel et al., 2016; Haukioja, 

2005, Ossipov et al., 2001). These secondary metabolites are immensely variable in structure and 

ecological function (Lavola, 1998). The modes of action of plant defense chemicals against pests 
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include membrane destruction, inhibition of nutrient or ion transport, inhibition of metabolism 

and inhibition of signal transduction (Fürstenberg- Hägg et al., 2013; Mithöfer and Boland, 

2012).  

 

Defensive compounds of plants may be constitutive or induced in response to biotic or abiotic 

damage, and may affect the feeding, growth and survival of herbivores (Wang and Lincoln, 

2004, Constabel et al. 2000, Karban and Baldwin, 1997). Although all the major classes of plant 

secondary metabolites are believed to function in defense (War et al. 2012), the phenolic 

compounds are well studied (Haviola 2013; Peters and Constabel, 2002; Haukioja et al., 2002). 

Examples of phenolic compounds are tannins (condensed and hydrolyzable tannins), flavonoids, 

lignin and diarylheptanoids. These defensive compounds in plants can be poisonous or deterrent 

to insect herbivores. For instance, concentrations of phenolic compounds of mountain birch 

(Betula pubescens ssp. crepanovii Orlova) leaves have been found to affect the growth and 

development of autumnal moth (Epirrita autumnata (Bkh.) larvae (Lempa et al., 2004; Ossipov 

et al., 2001). Moreover, phenolic glycosides such as salicin, salicortin, populin, tremulacin and 

tremuloidin found in plants in the Salicaceae are known to significantly and negatively affect 

herbivore performance (Lindroth and St. Clair, 2013; Donaldson and Lindroth, Robison and 

Raffa, 1994). For example, Osier et al. (2000) found that gypsy moth (Lymantria dispar) leaf 

consumption and performance (developmental time, pupal weight and fecundity) were 

negatively related to phenolic glycoside concentrations in quaking aspen (Populus tremuloides) 

leaves. Likewise, willows were found to be the least preferred species for the leaf beetle, 

Agelastica alni L. because of their high foliar chlorogenic acid and salicin content when the 

palatability of five plant species was studied by Ikonen et al. (2002).  
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Diarylheptanoids such as oregonin (Ore) and alnuside, and platyphylloside, which are found in 

alder and birch, respectively, are a small group of plant phenolic compounds that are produced 

through the phenylpropanoic acid pathway. They have two aromatic rings joined by a heptane 

(seven carbons), and they are known to naturally occur in the wood, leaves, roots, flowers and 

seeds of the above mentioned plant species. These non-tannin phenolics are reported to have 

toxic, antinutritive and antimicrobial properties (Jackrel et al., 2016; Sati et al., 20; González-

Hernández et al., 2000; McArthur et al., 1993). Diarylheptanoids such as Ore have received 

much attention in biomedical research for possible treatment of cancer because of their toxicity 

to cancer and microbial cells (Sati et al., 2011). Also, Ore has been reported in past studies to 

have significant negative effects on cervid (deer and elk) feeding on red alder (González-

Hernández et al., 2000; McArthur et al., 1993). Moreover, Jackrel et al. (2016) found a negative 

effect of the chemical on microbial decomposition of red alder leaves, and suggested that the 

chemical may have an effect on insect herbivore feeding.  

 

Tannins, which are also members of the phenolic group of defense compounds, are believed to 

have a negative effect on the growth and performance of insect herbivores. They can function as 

deterrents or toxins to insect herbivores that are not adapted to them as defense mechanism of 

plants against insect defoliation (Barbehenn and Constabel, 2011; Philippe and Bohlmann, 

2007). However, there have been inconsistent findings from studies that assessed the relationship 

between foliar tannin concentration and insect herbivory (Barbehenn and Constabel, 2011), and 

the effects of tannins on insect herbivory can vary by tree species. In a study of the influence of 

white oak (Quercus alba) leaf quality on oak leaf-tying moth (Psilocorsis quercicella) larval 

performance near Missouri (USA), Lill and Marquis (2001) observed that total phenolics and 
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hydrolyzable tannin concentration in foliage negatively affected pupal mass. Moreover, the 

authors did not find any effect of leaf condensed tannin (CT) concentration on pupal mass. On 

the other hand, Osier et al. (2000) reported that gypsy moth consumption was positively related 

to foliar CT concentration of aspen. In contrast, Multikainen et al. (2000) found a negative 

correlation between the foliar concentration of CT in mountain birch and Epirrita autumnata 

growth rate and pupal mass. The concentrations of phenolic compounds in birch foliage have 

also been reported to have negative correlations with the growth of herbivores feeding on birch 

leaves (Haviola et al., 2012; Haukioja et al., 2002). 

 

Protein defense compounds such as protein inhibitors, α-amylase inhibitors and polyphenol 

oxidase are produced by plants to reduce food digestion and utilization by insect herbivores 

(Fürstenberg-Hägg et al., 2013). Proteinase inhibitors can reduce protein digestion by binding to 

digestive enzymes in insect guts. This results in the delay of the development of herbivores 

because of starvation and lack of amino acids. Shi (2007) reported a negative correlation 

between aspen trypsin inhibitors, and food consumption and performance of forest tent 

caterpillar (Malacosoma disstria Hübner) larvae. Peroxidases can cause production of potentially 

antinutritive and/or toxic semiquinone free radicals and quinone, and increase leaf toughness as 

defense mechanism of plants against insect defoliation (Barbehenn et al., 2010). The expression 

of antiherbivore plant enzymes such polyphenol oxidase (PPO) has been reported as an 

important potential defense mechanism against tent caterpillars feeding on hybrid polar, Populus 

trichocarpa x Populus deltoides (Wang and Constabel, 2004; Constabel et al., 2000). 
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Both primary nutrients and secondary plant metabolites can affect food preference and 

performance of herbivores but this varies among different plant species (Norseworthy and 

Despland, 2006). Nutritive status of a plant affects its susceptibility to pests and disease 

(Wainhouse et al., 1998). For instance, gypsy moth larvae preferred leaves of Turkey oak 

(Quercus cerris L.) to leaves from Hungarian Oak (Q. frainetto (Ten.)) and sessile oak (Q. 

petrae (Matt.)) due to the higher leaf total soluble protein and N concentrations of the Turkey 

oak (Milanović et al., 2014). Lepidopteran caterpillars are known to have sugar-sensitive 

chemoreceptors for perceiving and selecting food with higher levels of sugars, particularly 

sucrose (Despland and Noseworthy, 2006; Noseworthy and Despland, 2006; Panzuto et al., 

2001). Nutrients have a significant influence on the growth, reproduction and survival of plant 

herbivores (Haviola et al., 2012; Yang et al., 2007). High survival and fast development of 

larvae indicates high nutritional quality and low toxicity of foliage. Leaf water content has been 

shown to be one of the best indicators for predicting larval performance of most herbivores 

(Haviola et al., 2012). Hwang and Lindroth (1997) suggested that, although foliar phenolic 

glycoside concentration played a key role in determining the relative consumption rate (RCR) of 

tent caterpillar on aspen, the impact of foliar water content on RCR was much more apparent.  

 

Leaf toughness and thickness are important factors in plant defense against insects because they 

affect the palatability and digestibility of the leaf (War et al. 2012; He et al., 2011; Sharma et al., 

2009). Leaf toughness is increased by more plant lignin and cellulose accumulation in cell walls, 

which reduces herbivore feeding and decreases the leaf nutritional quality (Mithöfer and Boland, 

2012; Ossipov et al., 2001). Young leaves are generally preferred by insects because they are 

tender, thinner and have higher nutritional value compared to older leaves (Gómez et al., 2008). 
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Budbreak phenology is another plant variable that has been found to affect the availability and 

quality of leaves as food for herbivores (Sarfraz et al., 2013). Donaldson and Lindroth (2008) 

reported that aspen clones that had early or late budbreak relative to caterpillar emergence had 

less defoliation than the clones in which budbreak was synchronized with larvae emergence. 

Again, there was high consumption of Turkey oak leaves by gypsy moth larvae because the oak 

leaf phenology synchronized well with the hatching of the larvae (Milanović et al., 2014). 

Moreover, environmental stresses and mechanical damage such as wounding may reduce the 

foliage quality of a plant as food for herbivores. The theory behind this is that foliage quality 

may be reduced as a result of induction of defensive chemicals and strengthening of cell walls in 

the plant (Bruxelles and Roberts, 2001; Bradley et al., 1992).   

 

Genotypic variation of plant defense traits plays an important role in plant defenses against pests 

(Lindroth and St. Clair, 2013; Mansfield et al., 1999). The genotype of a plant can strongly affect 

the pest population growth rate. The effect of genetic differences in defense chemicals, 

anatomical defenses, nutritional characteristics and phenology among plants on herbivore 

population growth rate may be direct or indirect and may be positive or negative. Concentrations 

of leaf nitrogen, condensed tannin and phenolic glycoside were found to differ among aspen 

clones but these differences did not correlate with tent caterpillar defoliation (Donaldson and 

Lindroth, 2008). Robison and Raffa (1994) found significant differences in forest tent caterpillar 

larval preference and performance among aspen clones, and the authors reported that feeding 

preference of second instar larvae positively correlated with leaf moisture content. Genotype of 

mountain birch was found to be the most important determinant of phenolic composition and 

phenoloxidase activity, which suggests genotype of the plant influenced its defense-related 
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compounds (Haviola et al., 2012). Additionally, Osier and Lindroth (2001) reported that the 

genotype of quaking aspen was the most important factor that determined the variation in gypsy 

moth performance in their study to evaluate the effect of genotype, nutrient availability and 

defoliation on quaking aspen foliar chemistry and gypsy moth performance. These results 

suggest that herbivore preferences such as host plant selection, oviposition and feeding 

behaviour, or performance metrics such as growth rate, development and reproductive success 

are affected by plant defense traits including tissue toughness, trichomes, chemical and 

nutritional factors. The expression of these leaf herbivory-related traits are influenced by plant 

genotype, environment and developmental stage, as well as their interactions (Haviola et al, 

2012; Howe and Schaller, 2008).  

  

 1.2. Herbivory defense and resource availability 

There is much debate about how plants allocate resources between growth and defense 

(Donaldson et al., 2006; Bryant et al., 1987). Alder species (Alnus spp.) are interesting in this 

regard because these species have no N limitation on growth. Allocation of carbon (C) and N to 

growth and defense by a plant may influence the ability of the plant to resist herbivore attack 

(Lind et al., 2013; Massad et al., 2012; Hendrickson et al., 1991). Resource availability is an 

important factor in plant C allocation to defense and growth because of the link between resource 

availability and C-N balance of plants (Siemens et al., 2002; Osier and Lindroth, 2006; Bryant et 

al., 1987). It is assumed that the production of chemical defense compounds by a plant decreases 

the plant's growth rate by redirecting C (Sampedro et al., 2011). Availability of plant nutrients 

such as N and P have been documented to significantly affect production of C-based compounds 

in plants (Sampedro et al., 2011; Donaldson et al., 2006). The effects of P and N availability on 
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the production of defensive compounds, foliar metabolites and growth of plants may differ 

because they are involved in different cellular metabolic processes (Wright et al., 2010). 

Sampedro et al. (2011) observed that concentrations of leaf total phenolics and condensed tannin 

in P-deficient Pinus pinaster juveniles were 40% and 75% greater, respectively than those in 

juveniles with sufficient P. However, total height, basal stem and total biomass of the juvenile 

pines that grew under the P-limited treatments were 40%, 20% and 60% lower, respectively, than 

those that received sufficient P. In the study of Donaldson et al. (2006) on tradeoffs between 

growth and defensive chemistry in trembling aspen (Populus tremuloides), nutrient limitation 

decreased growth, leaf mass ratio, leaf N concentration, and photosynthesis, while increasing leaf 

CT concentrations. There was also variation in the trees’ response to nutrient treatments among 

the four aspen genotypes used in the study. A study by Kopper et al. (2001) revealed that 

interactive effects of elevated CO2 and O3 reduced paper birch (Betula papyrifera) leaf N 

concentration, and increased leaf starch and condensed tannin concentrations. However, the 

changes in the leaf quality did not have any significant effect on the performance of whitemarked 

tussock moth (Orgyia leucostigma) larvae and the reduction in the leaf N content might have 

been due to the increase in leaf condensed tannin (C-based compound) concentration.  

Generally, N fertilization has been observed to cause high foliar N concentration and low 

production of foliar secondary metabolites (Ayres, 1993; Coley et al. 1985). Therefore, N 

fertilization, which increases growth rate in plants may be at the expense of the plant’s defense 

against herbivores. Glynn et al. (2003) found a negative correlation between black poplar growth 

and total foliar phenolic concentration but foliar N concentration related positively to growth rate 

of the plants. In addition to soil nutrients, other environmental factors such as light intensity, soil 

water and herbivory can also affect plant defense against pests (Wang and Lincoln, 2004). In a 
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test of herbivory effects on food quality for tent caterpillar larval growth and survival, Myers 

(2000) found that pupal size of larvae reared on alder foliage from trees exposed to intense 

herbivory was smaller than for larvae reared on foliage from trees exposed to less herbivory. 

Moreover, N content of the leaves from trees exposed to intense herbivory was low, which might 

have contributed to small pupal size.    

 

 1.3. Secondary metabolites in actinorhizal plants 

Many actinorhizal plants are preferred by herbivores as food because they provide nutritious 

forage due to the abundance of N and low foliar C: N ratios in their tissues (Paschke, 1997). 

Generally, actinorhizal and other N-fixing plants respond to herbivory with rapid growth and 

they have abundant available N to invest in chemical defenses, relative to non-N-fixing plants 

(Wheeler et al., 2008; Paschke, 1997). This enables N-fixing plant to have high herbivory 

tolerance through the replacement of removed tissues by compensatory growth (Hendrickson et 

al., 1991). Although N-fixation by actinorhizal plants increases foliar N availability, which is an 

important determinant of leaf quality, the interactions between actinorhizal plants and their 

symbiont Frankia in N-fixing symbiosis may have negative effects on the foliar quality of the 

plants as food for herbivores, in some circumstances (Senthikumar et al., 2014).  

 

Nitrogen and phosphorus (P) fertilization have been found to affect the foliar chemical and 

nutritional contents of actinorhizal plants such as casuarinas and alders. Zhang et al. (2010) 

found a decrease in TP and CT production in Casuarina. equisetifolia seedlings with N 

fertilization, but the N fertilization had a minimal effect on foliar N content.  Phosphorus 

fertilization had no effect on foliar TP and CT production and there was no correlation between 
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foliar TP, CT and N (Zhang et al., 2010). Koo (1989) reported an increase in root nodulation, 

and N and P foliar concentrations, and a decrease in N-fixation and shoot growth of red alder 

seedlings with N fertilization. In contrast, P fertilization significantly increased N-fixation by the 

seedlings (Koo, 1989). Similar results were observed in Alnus tenuifolia by Ruess et al. (2013), 

who found that high P fertilization significantly increased nodule biomass and N-fixation rate, 

whereas N fertilization significantly reduced these parameters. Foliar chemistry of 

ectomycorrhizal plant species such as willow and birch has been noted to be influenced by their 

associations with ectomycorrhizal fungi (Baum et al., 2009). In a study by Baum et al. (2009), 

TP concentrations in the leaves of willow varieties after four months of inoculation with different 

fungal strains were found to vary with increased foliar N concentration. Foliar CT concentrations 

were observed to be higher in the inoculated willow plants than the non-inoculated plants while 

foliar salicylic acid concentrations were lower in the inoculated plants than the non-inoculated 

ones. Moreover, Hendrickson et al. (1991) has reported that six alder species inoculated with N2-

fixing Frankia responded differently in growth and tissue N content. Frankia inoculation 

treatment had a significant positive effect on the growth and N content of green alder (A. crispa) 

but had no effect on black (A. glutinosa) and grey (A. incana) alders. Their results also showed 

that defoliation by leaf- mining sawfly (Fenusa dohrnii) varied significantly among the species 

but defense traits that might have influenced the variation in the leaf damage were not measured 

(Hendrickson et al. 1991). Grey alder recorded little damage while black alder was attacked 

frequently with the greatest damage in plots with the best growth. Hendrickson et al.’s (1991) 

results suggest that there is variation in alder species’ response to Frankia inoculation and the 

inoculation may positively or negatively affect the plant’s resistance to herbivory. Results from 
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these studies suggest that in actinorhizal plants, foliar chemistry might be affected by Frankia 

colonization.  

 

 1.4. Red alder (Alnus rubra Bong.) 

Red alder is a member of the Betulaceae family. It is the only Alnus species that reaches 

commercial size, and the most widely distributed among the Alnus species native to the Pacific 

Northwest (Xie, 2008, Niemiec et al., 1995). Red alder ranges from coastal southeast Alaska to 

southern California with isolated populations in Idaho (Fig. 1) and the species is generally found 

within 200 km of the ocean at elevations below 200 m (Harrington, 2006; Hamman, 2001). It is 

considered a unique native tree species in British Columbia (BC) because of its ability to fix 

atmospheric nitrogen (N2) through its symbiosis with the actinomycete, Frankia (Brown, 1999; 

Niemiec et al., 1995). This enables the species to improve the soil with N- rich organic matter. 

Red alder has rapid juvenile growth and establishes rapidly in openings created by fire, logging 

and landslides. It is a preferred broadleaf species for land restoration or reclamation because of 

its ability to quickly cover disturbed land (Hamman, 2001). It is a short-lived species, matures at 

60-70 years with a maximum age of about 100 years, and it can reach 30-40 m in height and 75 

cm in diameter (Harrington, 2006). The species has high tolerance of wet soil conditions but low 

shade tolerance (Harrington, 2006). Budburst of red alder begins in early spring but the timing of 

both the budburst and leaf development is influenced by the weather and aspect (Safraz et al., 

2013). Furthermore, the chemical and nutritional contents of the leaves vary due to seasonal 

changes during their maturing stages (Safraz et al., 2013). 
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In the last few decades, there has been a large increase in the plantation area of red alder in the 

USA, specifically in Washington and Oregon (Xie, 2008), because of its significant economic 

value. In Canada, Xie (2008) has reported that over 400,000 seedlings of the species are planted 

annually in BC and the number is expected to increase to over 1,000,000 in the next few years. 

The wood of red alder can be used for the manufacture of furniture, cabinetry, veneer, plywood, 

paper products and other goods. Unlike other species, red alder has few problems with insects 

and diseases, especially when trees are young and have no injury (Harrington, 2006), but 

occasionally alder is attacked during tent caterpillar outbreaks. Successive years of defoliation by 

tent caterpillars can cause reduced growth, branch dieback, top-kill and mortality in severe cases 

(US Forest Service, 2011). Other insects that attack red alder are alder woolly sawfly 

(Eriocampa ovata), alder flea beetle (Altica ambiens) and leaf beetle (Algelestica alni).  

 

There are only a few studies on red alder defensive chemistry, which have mainly focused on the 

effects of the species’ foliar and bark chemicals on the consumption and food utilization by 

browsers (McArthur et al., 1993; Robbins et al., 1987; González-Hernández et al., 2000) or the 

effects of herbivory on foliage quality as food for insects (Myers and Williams 1984; Williams 

and Myers, 1984, Safraz et al., 2013). The evidence suggests that red alder contains foliar 

chemicals such as CT and non-tannin phenolics which significantly reduce digestibility of 

protein for deer (McArthur et al., 1993; Robbins et al., 1987). Myers and Williams (1984) found 

that three years of high tent caterpillar damage were necessary to reduce foliage quality of red 

alder as food for tent caterpillar larvae. However, only foliage from trees, which recorded almost 

a complete defoliation in the current year reduced the growth of caterpillars.  
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Red alder has been reported to contain 1.65-2.45 % and 0.13-0.17 % foliar N and P, respectively 

(Jackrel and Wootten, 2015; DeBell and Radwan, 1984). P fertilization of red alder at planting 

has a significant, positive effect on the growth and foliar concentration of P and N of fertilized 

trees (Brown et al., 2011). Jackrel and Wootten (2015) have reported that simulated herbivory in 

red alder caused a decrease in leaf N of the damaged leaves and this, in turn, resulted in an 

increased C: N ratio and less consumption by leaf roller caterpillars. However, leaf chemical 

defense traits were not measured to understand why herbivory treatment hindered the 

caterpillars’ consumption. 

 

 

 

 
 

Figure 1.1. A map showing the natural range of red alder (Alnus rubra). It ranges from coastal 

southeast Alaska to southern California with isolated populations in Idaho. Source: Natural 

Resources Canada [Online]. Available at: www.tidcf.nrcan.gc.ca. Accessed 2018 September 20.  
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1.5. Western tent caterpillar (Malacosoma californicum) 

Western tent caterpillars (WTC), Malacosoma californicum (Packard) are oligophagous, 

univoltine insects native to the Pacific Northwest (Sarfraz et al., 2013). WTC larvae hatch in 

early spring (late March and early April) at roughly the same time as the budburst of red alder. 

WTC have gregarious larvae that pass through five instar stages, mature in 6 to 8 weeks and 

pupate in June/July. After pupation, the female moths lay eggs and die 5 to 8 days afterwards. 

Each female moth can lay about 150-300 eggs in the form of an oval egg mass. Myers (2000) has 

found that the population of WTC cycles over 6 to 11 year periods in southwestern BC and 

infestation lasts two to five years. There is generally high fecundity and larval survival at the 

beginning of a population increase. WTC larvae build silken tent for shelter and molting during 

the day and feed outside of the tent in the night. Unlike WTC and eastern tent caterpillar 

(Malacosoma americanum), the larvae of their close relative, the forest tent caterpillar 

(Malacosoma disstria), make a silken mat for resting and mating (Schowalter, 2017). The larvae 

of all tent caterpillar species are gregarious and feed as a colony during the early instars but they 

disperse and feed solitarily to obtain better food resources when in late instars (Trudeau et al., 

2010; Ciesla and Ragenovich, 2008). The major suitable hosts of WTC are red alder, 

cottonwoods and aspens (Populus spp.), willow (Salix spp.), birch (Betula spp.), oaks (Quercus 

spp.) and crabapple (Malus diversifolia).  

 

Tent caterpillar species are important defoliators of hardwood trees in North America. Warm 

weather is predicted to be most favourable for their development and to result in heavy 

defoliation (Schowalter, 2017; Uelmen et al., 2016a; Ciesla and Ragenovich, 2008). Although 

single tent caterpillar outbreaks generally do not result in high levels of tree mortality, severe and 
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repeated defoliation can cause tree mortality. Severely defoliated trees are weakened and become 

more susceptible to other pests, diseases and drought (Schowalter, 2017; Man et al., 2008; Ciesla 

and Ragenovich, 2008). Schowalter (2017) has reported that severe defoliation can cause as 

much as a 70% reduction in tree basal area during the first year of attack. Also, Ciesla and 

Ragenovich (2008) reported that thousands of acres of aspen forests suffered complete 

defoliation during WTC outbreak. Trees with severe and repeated attack do not recover to a 

normal state of health and may die, causing a decline in the population of the host species such 

as red alder and aspen. The decline in the population of the hosts can result in a negative impact 

on their ecological and economic benefits. In the light of tent caterpillar’s preference for warmer 

weather and the predictions of future warming climates, measures to reduce the damage caused 

by these defoliating insects are needed.  

 

Defensive mechanisms of plants against tent caterpillar have been well studied in species such as 

Populus tremuloides and Populus trichocarpa (Donaldson and Lindroth, 2008; Major and 

Constabel, 2007; Shi, 2007; Ralph et al., 2006; Constabel et al, 2000; Lindroth and Bloomer, 

1991). For instance, trypsin inhibitors, foliar phenolics, leaf dehydration and toughness have 

been found to reduce food consumption and performance of forest tent caterpillars (Donaldson 

and Lindroth, 2008; Shi, 2007; Lindroth and Bloomer, 1991). Although a number of studies have 

examined the mechanisms of red alder defenses against WTC, none have explored the genetics, 

foliar chemistry, and nutritional and physical defenses concurrently. For instance, Myers and 

Williams (1984) suggested that a reduction in red alder foliage quality as a result of 3 years of 

high caterpillar defoliation caused a reduced growth in WTC larvae; however, the levels of 

defensive chemicals were not measured to understand the changes in the foliage that may have 
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affected the WTC growth. They suggested that low level of foliar N may have caused the 

reduced growth of the larvae. Given this knowledge gap, it is important that we develop a better 

understanding of how red alder defends itself against tent caterpillars.  

 

 1.6. Research rationale  

Red alder has received much attention in recent years because of its ecological benefits and the 

increase in its commercial uses. Most research studies and red alder improvement programs 

focus on the species’ growth potential, adaptability and wood quality (Porter et al., 2013; Xie, 

2008; Hamann, 1999), and there has been little or no attention paid to its pest resistance. Results 

on the growth and survival in two red alder provenance-progeny test trials located in the southern 

and northern coastal regions in BC indicate that there is genetic variation in growth and survival 

among and within red alder populations (Xie, 2008). Xie (2008) also reported that red alder 

provenances and families responded differently to environmental conditions. Similarly, Porter et 

al., (2013) have reported significant genetic variation in height, diameter, canopy closure, cold 

hardiness and nitrogen concentration among 59 red alder families. Red alder trees are defoliated 

whenever there is an outbreak of WTC, which leads to reduction in growth, wood production and 

can cause mortality when infestations are severe. Exploring and understanding the defense 

mechanisms of red alder against pests is important for the management of the species. If the 

species can be improved to increase its productivity in diverse climates, selection and breeding 

of families that are resistant to pests will be necessary because more damaging pests may occur 

in future as the area of red alder plantations increase (Courtin et al., 2002). The study of pest 

resistance in red alder is particularly interesting given the species’ ability to fix nitrogen. Very 



 

 

 

17 

few tree species have the capability of fixing atmospheric nitrogen, and the implications of an 

abundant supply of this nutrient for pest and pathogen defense are not well known. 

 

The purpose of this study was to explore the defense mechanisms of red alder against WTC and 

determine the resistance variation among and within red alder populations. Specifically, the 

study assessed: (a) the role of genotype, and foliar chemicals, nutrients, morphology, phenology 

and their interactions in red alder herbivory defenses, (b) red alder available resource allocation 

to defense and growth, and (c) the effects of genotype, growing season, wounding and their 

interactions on foliar defense chemicals production. The study was guided by the following 

research questions:   

 

 

 1.7. Research questions 

1. What variation exists among and within red alder populations (provenances) in plant defense 

characteristics? 

2. Does the variation observed in plant defense characteristics correlate with WTC feeding rates? 

3. Does resource availability (available N) affect plant growth, root colonization by Frankia, 

defense characteristics and caterpillar feeding? 

4. Do red alder foliar defense chemicals (oregonin and total phenolics) vary during a growing 

season and are these chemicals induced by wounding? 
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 1.8. Significance of the research  

I expect this research to improve our limited understanding of red alders' defense mechanisms 

against foliar pests. Understanding the defense mechanisms in red alder is paramount to provide 

useful information on genetics, development and environmental factors that influence the 

expression of defense in red alder against WTC. It also provides the opportunity to test the 

theories regarding C and N allocation to growth and defense in an N-fixing plant (red alder) 

relative to non N-fixing plants. Such knowledge improves our understanding of the 

consequences of essential macronutrient limitation on plant pest resistance and herbivore 

performance. Moreover, the results of this study are useful for selection and breeding of families 

of red alder that are resistant against WTC to improve the productivity and the socio-economic 

potential of the species. Finally, this work provides the opportunity to explore the defensive 

chemistry of red alder. 
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Chapter 2: Assessment of the variation among and within red alder 
(Alnus rubra Bong.) populations in defense against western tent 

caterpillar (Malacosoma californicum). 

 

Abstract 

 

Red alder (Alnus rubra) is a tree species with high economic and ecological importance. 

However, it is subject to defoliation during unpredictable, episodic outbreaks of tent caterpillars 

(Malacosoma spp.) that result in reduced growth, decreased wood production, unsightly 

appearance and mortality in severe cases. To identify A. rubra families or individuals that may 

be resistant to tent caterpillars, I evaluated the variation in tent caterpillar resistance among and 

within red alder populations and progenies, and investigated defense mechanisms of red alder 

against tent caterpillars. Bioassay feeding trials were conducted in 2014 and 2015 with western 

tent caterpillars (Malacosoma californicum) on twenty red alder clones from ten provenances. 

Phenology and quality of red alder leaves as food for the defoliators were analyzed to determine 

if budburst, leaf chemical content, water content or physical traits are major determinants of 

western tent caterpillars’ preference for red alder leaves. Alder clones differed in percentage leaf 

area eaten by caterpillars and in leaf defense traits. The concentrations of foliar phenolic 

compounds negatively correlated with the percentage leaf area eaten by the caterpillars, but the 

results suggest a threshold above which the concentration of each of the chemicals appeared to 

reduce WTC feeding. The effects of leaf total phenolic and condensed tannin concentrations on 

insect herbivory have been documented by past studies but the effects of oregonin concentration 

in red alder leaves on tent caterpillar feeding is a novel finding.  
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2.1. Introduction 

The interactions between plants and pests is an active field of research with many different 

chemicals and mechanisms involved. The variation in genetic traits between individual trees may 

cause variation in defense traits and thus differences in the response of the trees to attack by 

herbivores. Factors such genotype, developmental stage and environment, and as well as the 

interactions among these factors, determine the quality of plants as food for herbivores (Lindroth 

and St. Clair, 2013; Donaldson and Lindroth, 2008; Osier and Lindroth, 2006). For example, it 

has been found that trees that have early or late budbreak relative to herbivore emergence are 

subjected to less defoliation than the trees in which budbreak is synchronized with larval 

emergence (Donaldson and Lindroth, 2008). Leaf developmental stage may affect the quality of 

leaves as food for herbivores due to changes in leaf protein and water content, and in the 

concentration of leaf defense compounds and leaf toughness (Sarfraz et al., 2013; Riipi et al., 

2002; Ossipov et al., 2001). For instance, trypsin inhibitors, foliar phenolics, low water content 

and as well as leaf toughness have been found to reduce food consumption and performance of 

forest tent caterpillars (Donaldson and Lindroth, 2008; Shi, 2007; Lindroth and Bloomer, 1991). 

 

Physical leaf characteristics such as thickness, toughness, and trichome density have been related 

to plant defense against herbivory, i.e., leaf thickness and toughness affect the chewability, 

palatability and digestibility of leaf tissue and thus the amount eaten (War et al. 2012; Kudo, 

2003). Tender and thinner leaves with high nutritional value are generally preferred by insect 

larvae (Gómez et al., 2008). Although leaf physical resistance traits frequently correlate with 

variation in herbivore susceptibility of a plant, the relationship has been reported to be herbivore- 

and plant-dependent (Carmona et al., 2011). Moreover, leaf phenolic  compounds such as 
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condensed tannin, hydrolyzable tannin, phenolic glycosides and total phenolics  can be 

poisonous or deterrent to insect herbivores that may attack the plants (Mithöfer and Boland, 

2012; War et al. 2012). Other studies have reported that the concentrations of these defense 

compounds negatively relate to the consumption and performance (developmental time, pupal 

weight and fecundity) of insect herbivores (Lindroth and St. Clair, 2013; Haviola et al., 2012). 

For example, Kooper et al. (2002) and Haukiaja et al. (2002) reported that paper birch (Betula 

papyrifera Marshall) tannins decreased relative leaf consumption rate by white-marked tussock 

moth larvae (Orgyia leucostigma J. E. Smith) by 20% and mountain birch (Betula pubescens ssp. 

crepanovii Orlova) tannin negatively influenced autumnal moth (Epirrita autumnata Bkh.) 

larvae leaf consumption.  

 

Past studies have reported that leaf nutritive traits such as N, sugars and water content are 

important factors that influence herbivore consumption (Despland and Noseworthy, 2006; 

Haukioja, 2005; Kudo, 2003; Hwang and Lindroth, 1997). Leaf nutrients have a significant 

influence on the growth, reproduction and survival of plant herbivores (Haviola et al., 2012; 

Yang et al., 2007). High survival and fast development of larvae indicates high nutritional 

quality and low toxicity of foliage. Kudo (2003) found significant positive correlation between 

the feeding rate of lepidopteran chewing larvae and leaf N concentration of willow (Salix 

miyabeana) trees. Lepidopteran caterpillars are known to have sugar-sensitive chemoreceptors 

for perceiving and selecting food with higher levels of sugars, particularly sucrose (Despland and 

Noseworthy, 2006; Noseworthy and Despland, 2006; Panzuto et al., 2001). For example, 

Despland and Noseworthy (2006) found that forest tent caterpillars (Malacosoma disstria 

Hübner) preferred leaves with a balanced protein and sugar content. Haukioja et al., (2002) also 
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reported that leaf water content and the sugar: protein ratio of birch leaves correlated positively 

with autumnal moth larvae consumption. Leaf water content has been determined to be one of 

the best indicators for predicting larval performance of most herbivores (Haviola et al., 2012). 

Hwang and Lindroth (1997) suggested that, although foliar phenolic glycoside played a key role 

in determining the relative consumption rate (RCR) of tent caterpillar on aspen (Populus 

tremuloides), the impact of foliar water content on RCR was much more apparent. Several 

studies have reported the effects of leaf defense traits on herbivore feeding and performance but 

the results have been variable depending on the host species (Boeckler et al., 2013; Carmona et 

al., 2010; Lindroth et al., 2007; Riipi et al., 2004). More studies on woody plants’ interactions 

with herbivores have been conducted on plant species such as poplar, aspen, birch, oak and pines 

(Lindroth and St. Clair, 2013; Sarfraz et al., 2013; Major and Constabel, 2007, 2006; Lindroth, 

2006; Riipi et al., 2004, 2002; Mansfield et al., 1999) but little is known about red alder pest 

resistance, especially in relation to the effects of genotype.  

 

Red alder is considered a unique native tree species in British Columbia (BC) because of its 

ability to fix atmospheric nitrogen (N2) through its symbiosis with the actinomycete, Frankia 

(Brown, 1999; Niemiec et al., 1995). Red alder has received much attention in recent years 

because of its ecological benefits and the increase in its commercial use. Despite its benefits, the 

species is attacked and defoliated during tent caterpillar outbreaks. Successive years of 

defoliation by tent caterpillars can cause reduced growth, branch dieback, top-kill and mortality 

in severe cases (US Forest Service, 2011). Western tent caterpillars (WTC), Malacosoma 

californicum (Packard) are oligophagous, univoltine insects native to the Pacific Northwest 

(Sarfraz et al., 2013). They emerge in the early spring around the same time as the leaves of their 
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host. Defensive mechanisms of plants against tent caterpillar have been studied in species such 

as birch, aspen and poplar (Donaldson and Lindroth, 2008; Major and Constabel, 2007; Shi, 

2007; Ralph et al., 2006; Constabel et al, 2000; Lindroth and Bloomer, 1991), but far less in red 

alder.  

 

Past studies on red alder genetic variation have focused mainly on growth and yield, cold 

hardiness and ecophysiological variables (Porter et al., 2013; Xie, 2008; Xie et al., 2002; 

Hamann et al., 2000; Dang et al., 1994, Ager et al., 1993). Although a number of studies have 

examined the mechanisms of red alder defenses against WTC, no study has explored the 

genetics, foliar chemistry, nutritional and physical defenses concurrently, to my knowledge. 

There are only a few studies on red alder defensive chemistry, which mainly focused on the 

effects of the species’ foliar and bark chemicals on the consumption and food utilization by 

browsers and black slugs (Ballhorn et al., 2017; González-Hernández et al., 2000; McArthur et 

al., 1993; Robbins et al., 1987;) or the effects of herbivory on foliage quality as food to insects 

(Safraz et al., 2013; Myers and Williams 1984; Williams and Myers, 1984). The evidence 

suggests that red alder contains foliar chemicals such as CT and non-tannin phenolics which 

significantly reduce digestibility of foliar protein for deer (McArthur et al., 1993; Robbins et al., 

1987). Myers and Williams (1984) suggested that a reduction in red alder foliage quality as a 

result of three years of high caterpillar defoliation caused reduced growth in WTC larvae; 

however, the levels of defensive chemicals were not measured to understand the changes in the 

foliage that might have affected the WTC growth. These authors suggested that low levels of 

foliar N may have reduced the growth of the larvae. Jackrel and Wootten (2015) reported that red 

alder leaf consumption by leaf roller caterpillars decreased as a result of increased leaf C: N. 
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However, leaf chemical defense traits were not measured to understand why herbivory treatment 

hindered the caterpillars’ consumption. Diarylheptanoids in alder leaves, especially oregonin 

(Ore), have been reported to have antimicrobial activity but there has been no report on their 

effects on insects (Jackrel et al., 2016; Dahija et al, 2014; Saxena et al. 1995). Given this 

knowledge gap, it is important that we develop a better understanding of how red alder defends 

itself against tent caterpillars.  

 

Exploring and understanding the defense mechanisms of red alder against pests is important for 

the management of the species and to improve its productivity. The purpose of this study was to 

explore the defense mechanisms of red alder against western tent caterpillar (WTC) and 

determine the variation in resistance among and within red alder populations. To identify red 

alder families or individuals that may be resistant to tent caterpillars, bioassay feeding trials were 

conducted in 2014 and 2015 with WTC on twenty red alder clones from ten provenances. 

Phenology and quality of red alder leaves as food for the defoliators were analyzed to determine 

if budburst, leaf chemical content, or physical traits are major determinants of WTC preference 

for red alder leaves.  

 

2.2. Materials and methods 

 

2.2.1. Red alder family selection   

A preliminary assessment of genetic variation in the resistance of red alder to defoliation by 

western tent caterpillar (WTC) was conducted in a red alder provenance-progeny test site planted 

near Bowser (Vancouver Island, BC, Canada). The test site was established in the spring of 1994 
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by the BC Ministry of Forests with forty-two alder provenances and two to five open pollinated 

families per provenance to determine variation in the species’ growth, survival and adaptation 

(Xie, 2008). Seedlings produced from open-pollinated seeds that are collected from the same 

parent tree are considered a family, and families from the same geographical location (seed 

source) make up a provenance. The test site was established with one-year-old seedlings planted 

at 3 m spacing in a split plot design with main plots and subplots. Main plots contain 

provenances, and two to five open pollinated families within each provenance are the subplots 

((Porter et al., 2013; Xie, 2008). In the summer of 2013, after an outbreak of WTC during which 

the trees were attacked and defoliated, all trees were individually assessed and the damage 

caused by WTC was visually scored on a scale of 0 to 6 (0 = no damage evident, 1 = some 

damage evident, <25% of leaves affected, 2 = 25-50% of leaves affected, 3 = 50-75% of  leaves 

affected, 4 = >75% leaves affected, 5 = complete loss of leaves in sections of canopy and 

6=complete loss of canopy) using binoculars. The red alder damage scores were analysed with 

analysis of variance (ANOVA) with provenance, and family nested within provenance as sources 

of variation to determine if there were significant variations among red alder provenances and 

families in the damage caused by WTC. The analysis was done using R 3.0.3 (R Development 

Core Team, 2014). The damage scores were averaged and ranked by provenance and family.                                                                                                                         

 

In 2006, a red alder clone bank was established at the BC Ministry of Forests Cowichan Lake 

Research Station (CLRS) (Mesachie Lake, BC, Canada, 48.83o N, 124.14o W and 174 m) with 

cuttings from 100 of the high breeding value families from the Bowser provenance-progeny test 

site. Because the trees at Bowser were too tall to be used in my study, 20 clones were selected 

from the clone bank for my study, 10 clones from trees that had been highly damaged by WTC at 
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the Bowser site (2 families from each of 5 provenances) and 10 clones from trees that 

experienced low damage from WTC at the Bowser site (2 families from each of 5 different 

provenances) (Table 2.1). Three ramets per clone were sampled (60 trees in total). 

 

Table 2.1. Selected red alder clones at CLRS from trees in high and low damage families as 

assessed at Bowser in the spring/summer of 2013 after WTC attack on the trees. 10 clones from 

trees in high damage families from 5 provenances (2 clones per provenance) and 10 clones from 

trees in low damage families from 5 different provenances were selected based on the WTC 

mean damage score from the Bowser site and availability of the trees in the red alder clone bank 

at CLRS.  

 

Provenance # - 

name 

Family # Tree # Lat.  

(o N) 

Long.  

(o  W) 

Elev. 

(m) 

 Mean 

damage 

score  

Clone 

# at 

CLRS 

High Damage 

8-Nitinat Flats 

 

83 

 

083-3-3 

 

48 50 

 

124 40 

 

30 

 

3.00 

 

9 

84 084-2-3 3.00 125 

9-Cowichan MF 93 093-3-1    48 46 123 39 150 3.75 34 

95 095-3-1 3.25 18 

11-Sarita Lake 112 112-3-5    48 55 124 52 40 2.8 133 

113 113-3-1 3.75 17 

15-Cassidy 152 152-2-3    49 03 123 56 107 3.25 124 

158 158-2-4 4.00 94 

41-Quadra Is 412 412-3-2    50 17 125 22 50 2.80 7 

413 413-2-5 3.66 100 

 

Low Damage 

       

35-Culliton Cr 351 351-2-5 49 53 123 11 250 2.00 13 

352 352-2-4 2.00 79 

50-San Josef Main 502 502-3-3 50 40 128 04 20 1.25 90 

504 504-3-3 0.75 28 

51-NE 62 512 512-2-5 50 43 127 59 170 1.40 38 

514 514-2-4 1.25 12 

52-Kingcome Inlet 521 521-2-2 51 30 126 08 30 2.00 4 

523 523-3-5 2.00 42 

55-Bachelor Bay 552 552-2-2 52 22 126 55 30 1.50 162 

553 553-2-4 1.00 115 
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2.2.2. Bioassay feeding trials 

To determine if there were significant differences among the 20 clones of red alder in defoliation 

by WTC, choice and no-choice bioassay WTC larvae feeding trials with leaves from the 20 

selected trees were conducted. Overwintered WTC egg masses were collected from red alder 

trees on Quadra Island, BC (50o 11' N, 125o 15' W) in February of 2014 and transported to the 

University of Victoria where they were kept in a cold room at 4-5 oC until they were needed. 

After hatching of two batches of caterpillars on March 24 and April 11, 2014, the larvae were 

reared on red alder leaves in the greenhouse until they were in their third instar.                                                                                                            

Feeding trials began on April 15, 2014. Sixty trees from the 20 clones (3 ramets/clone) were 

sampled from the clone bank at CLRS for the feeding trials. Three branches were collected from 

a similar position (mid-canopy and south facing) on each of the selected trees (N=180). The 

collected branches were placed in water in plastic bags to keep the leaves fresh during transport. 

The branches were stored in a cold room at 4-5 oC overnight before they were used the next 

morning for the feeding experiments. The feeding trials were conducted in the Bev Glover 

Greenhouse and in a laboratory (University of Victoria, Victoria, British Columbia, Canada) 

(48.46o N, 123.31o W and 60 m).                                                                                                                                                   

In the greenhouse experiment (choice bioassay), a twig (branchlet) with three leaves of similar 

size was cut from  each of the three collected branches per tree and placed in a 500 ml vial filled 

with water. The samples were randomly arranged in nine mesh cages (approximately 1m2 x 20 

vials per cage) (Figure 2.1), ensuring that no more than two twigs from the same clone were 

placed in the same cage. Three third or second instar WTC larvae were placed on the leaves of 

each twig to feed for 48 hours. The larvae in each cage could choose to feed on different leaves 

other than the leaves on which they were initially placed. At the end of the feeding period, the 
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percentage leaf area eaten for each twig was visually scored and recorded. The experiment was 

repeated three more times on April 28, May 15 and May 28, 2014. Second instar larvae were 

used on April 28 and third instar larvae were used for the experiments on April 15, May 15 and 

May 28.                                                                                                                    

 

On the same dates, a laboratory (no-choice bioassay) feeding experiment was conducted. For 

this, four, 1.8 cm diameter leaf disks per branch were placed on wet Whatman filter paper in a 

labeled 10 cm diameter Petri dish and the Petri dishes (N=180) were randomly arranged on a 

laboratory bench, with a limitation that dishes from the same tree could not be clustered together. 

Three second or one third instar WTC larvae were placed in each dish to feed for 48 h (Figure 

2.2). The leaf disks were scanned with an Epson perfection v750 scanner (Epson Canada Ltd, 

Markham ON, Canada) after the feeding period and the percentage leaf area eaten was 

calculated, based on an area of a 2.54 cm2 disk using WinRHIZO Pro version software (Regent 

Instruments Inc., QC, Canada). This experiment was repeated on the same four dates as the 

greenhouse experiment with leaves from the same branches used for the greenhouse experiment.                                                                                                               

Variation in the percentage leaf area eaten among and between red alder provenances and clones-

within-provenance were analysed using ANOVA. Because of significant variation observed 

among and within the selected clones over the four dates, five clones (9, 12, 38, 79 and 162) with 

the highest and five clones (18, 34, 90, 124 and 133) with the lowest percentage leaf area eaten 

were selected for leaf defense traits analyses and for further bioassay feeding trials in 2015. The 

10 selected clones (5 highest and 5 lowest eaten) from the 2014 bioassay feeding trials were used 

for another choice feeding experiment in the greenhouse on May 6 and May 20, 2015 with the 

same protocol used in 2014 to test for repeatability in the ranking of clones by percentage leaf 
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area eaten. Leaves were collected from four branches per tree, thus a total of 120 samples (10 

clones x 3 ramets x 4 branches) were used for each feeding trial in 2015. Second instar and third 

instar larvae were used for the experiments on May 6 and May 20, respectively. 

 

 

 
 

Figure 2.1. Choice bioassay setup. a) Twigs (branchlets) of red alder with three leaves of similar 

size collected from 20 red alder clones and placed in a 500 ml vial filled with water for the 

greenhouse experiment (choice bioassay) in 2014 and 2015 in the Bev Glover greenhouse at the 

University of Victoria, BC. The samples were randomly arranged in nine mesh cages 

(approximately 1m2 x 20 vials per cage) ensuring that no more than two twigs from the same 

clone were in the same cage. b) Three third instar WTC larvae per twig were placed on the 

leaves to feed for 48 h. 

 

 

a b 
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Figure 2.2. No-choice bioassay setup a) Red alder leaf discs arranged in Petri dishes for no-

choice bioassay feeding experiment with 2nd or 3rd instar western tent caterpillar larvae in a 

laboratory at the University of Victoria, BC in 2014. Leaves were collected from 20 red alder 

clones from 10 different provenances. b) Three second or one third instar WTC larvae were 

placed on the leaves to feed for 48 h. 

 

2.2.3. Leaf traits and phenology measurement among red alder clones     

 

2.2.3.1. Budburst measurement  

To test if clones differed in their date of bud burst and if the ranking of clones by degree of leaf 

expansion remained the same throughout that period, leaf budburst of all the selected trees for 

the feeding trials was monitored in the early spring of 2014. Budburst was classified into five 

stages with scores ranging between zero and five (0 = bud fully closed, 1 = bud swollen, 2 = bud 

swollen and leaf tip exposed, 2.5 = bud partially opened and half of leaf exposed, 3 = bud fully 

opened and leaf fully exposed but not unfolded, 4 = leaf fully exposed and unfolded and 5 = leaf 

fully expanded). Each selected tree was assessed and visually scored, based on the average 

phenological stage of the whole tree, on March 25 and April 9, 2014 to determine if there was 

genetic variation in leaf budburst among the selected clones and to determine if phenology was 

a b 
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related to WTC preference for red alder leaves. The budburst scoring was repeated on April 2, 

2015 using the trees of the clones that were selected for the feeding experiments in 2015. 

 

2.2.3.2. Leaf thickness, toughness and trichomes measurements  

Leaf thickness of three leaves collected from the same branches used for the bioassay feeding 

trials over the four dates in 2014 was measured directly from leaf cross-sections (hand-sections) 

under a light microscope. The leaf thickness measurement was also done by embedding and 

staining leaf sections with Toluidine blue as described in Smith at al. (2006).  Because leaf 

thickness can vary at different points on a leaf, thickness was measured half-way between the 

leaf base and the tip, midway between the central vein and the leaf margin (Corlissen et al., 

2003). Three leaves on the same positions on each collected branch were measured per tree and 

average leaf thickness was calculated. The leaf thickness measurement was repeated on the two 

dates in 2015, on three leaves sampled from the same branches used for the feeding trials.                                                                                                                       

Leaf toughness was expressed by the force (g mm-2) needed to punch a hole in a leaf blade by 

using a penetrometer built in our laboratory as described by Feeny (1970). A 1.8 cm diameter 

leaf disk of each leaf that was used for thickness measurement was cut from half-way between 

the leaf base and tip, midway between the central vein and the leaf margin for the toughness 

measurement. Toughness of three leaves per tree was measured and average leaf toughness of 

each tree was calculated. The leaf disks used for toughness measurement were observed under a 

dissecting microscope to count the number of trichomes on both the adaxial and abaxial surfaces 

of the leaves. The numbers of trichomes on the collected leaves from each tree were categorized 

into few, medium and many (few = <50 per disk, medium = 50-100 per disk and many = >100 

per disk) because of the difficulties in accurately counting the trichomes on the leaves.     
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 2.2.3.3. Leaf defense chemical analyses  

Concentrations of red alder foliar condensed tannin (CT) were measured on April 29 and May 

28, 2014 at the same time as the feeding trials to determine if genetic variation exists in this 

secondary compound among and within the selected alder clones and also to determine if the 

concentration of this compound is related to WTC preference for red alder leaves. The foliar CT 

analysis was repeated on May 6 and 20, 2015 in conjunction with measurements of total phenolic 

(TP) and oregonin (Ore) concentrations, at same time as the feeding trials. Four or five leaves (3 

leaves at a node) were collected from the second and third nodes from the top of each collected 

branch. Each tree had three and four collected branches in 2014 and 2015, respectively. The 

midrib and large veins of all the leaves were excised and discarded because they are not eaten by 

WTC. The remaining tissues were pooled by branch and immediately flash-frozen in liquid 

nitrogen. Tissue samples were freeze-dried for 72 h and stored at -20oC until analysis to preserve 

the labile compounds. CT concentration of the leaves was measured using the butanol-HCl 

method (Peters and Constabel, 2002; Porter et al., 1986). TP and Ore were analysed by the Folin-

Ciocalteu method using a spectrophotometer (Peters and Constabel, 2002; Waterman and Mole, 

1994) and high-pressure liquid chromatography (HPLC), respectively, as describe below. Mean 

and standard error of leaf CT, Ore and TP of each tree was calculated (n = 3 and 4, and 60 total 

samples in 2014 and 2015, respectively).   

 

Extraction of phenolic phytochemicals  

A 20-25 mg sample of leaf tissue from each branch was steeped in 1.5 ml of 80% HPLC-grade 

methanol (MeOH) with 4 steel ball bearings (2 mm in diameter) and homogenized using a 

Precellys 24 homogenizer (Bertin Technologies, Toulouse, France) at 2 x 45 s, 5500 rpm. 
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Samples were then sonicated using a VWR model 75 T ultrasonic bath (VWR, Mississauga, ON, 

Canada) for 10 min at a frequency of 40 kHz and centrifuged at 1500 rpm for 5 min. The 

supernatant was removed and the tissue sample was re-extracted two more times in 1 ml 80% 

MeOH each time to maximize the extraction of phenolic compounds. The combined supernatant 

(3.5 ml) was stored at -20 OC to preserve chemical compounds if analysis was not done 

immediately. 

 

Total phenolic analysis and quantification 

To analyse and quantify total phenolic (TP) concentrations in leaf samples, the Folin-Ciocalteu 

assay as described in Peters and Constabel (2002) was used. Extracts of leaf samples were 

centrifuged and 20 µl of each sample was removed and placed into a microfuge tube. Then 100 

µl Folin-Ciocalteau's reagent, 500 µl of 20% sodium carbonate solution (20 g anhydrous Na2CO3 

in 100 ml ddH2O) and 380 µl ddH2O were added to each sample. After 20 min, or when 

solutions were no longer turbid, 200 µl of each sample was removed and placed into wells of a 

96 well plate. Eighty percent (80%) methanol was used as a blank and absorbance at 735 nm for 

each sample was read using a VictorTM X5 2030 multilabel reader (PerkinElmer, Waltham, 

MA, USA). Absorbance values were then compared to a standard curve made with authentic 

oregonin (Sigma, Aldrich) to estimate the TP concentration of each sample in µg mg-1 dry 

weight.  

 

Condensed tannin analysis and quantification 

An acid-butanol HCl assay as described in Peters and Constabel (2002) was used to analyse and 

measure foliar condensed tannin (CT) concentration in all collected samples. First, 400 µl of 
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extract from each leaf sample was mixed with 2 ml of 95% butanol, 5% HCl and 67 µl Fe 

reagent. Then 200 µl of each mixed sample was removed and placed into wells of a 96 well plate 

as an unheated control. The remaining mixed sample was incubated in a water bath at 95oC for 

40 min and samples were allowed to cool at room temperature for 15 min. Next, 200 µl from 

each heated sample was removed and placed into new wells of the same 96 well plate. 

Absorbance at 550 nm of each heated and unheated sample was recorded using a VictorTM X5 

2030 multilabel reader (PerkinElmer, Waltham, MA, USA). Absorbance values were then 

compared to a standard curve made with an extract from pure aspen leaves (Populus 

tremuloides) to estimate the CT concentration of each sample in µg mg-1 dry weight.  

 

Oregonin analysis and quantification 

For oregonin (Ore) analysis, 20 µl of the methanolic extracts were loaded onto a Phenomenex 

Luna C18 column (250 x 4.6 mm, particle size 5µm) and separated using a System Gold® HPLC 

equipped with a 126 solvent module, a 168 detector fitted with a deuterium UV lamp that has a 

wavelength range of 190-600 nm and a 508 auto-sampler (Beckman Coulter, Mississauga, ON, 

Canada). Eluent A and B (water and methanol) were each acidified with 4% formic acid. Elution 

was performed using a linear gradient 30% (v v-1) B in A to 50% (v v-1) B in A within 35 min 

with detection at 280 nm and a flow rate of 1 ml min -1. Ore was identified and calculated by 

retention times and UV spectra based on an authentic standard (Sigma, Aldrich). Ore 

concentration of each sample was estimated in µg mg-1 dry weight. Dr. Christin Fallenberg 

carried out this analysis. 
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2.2.3.4. Nutritional elements and water measurement 

Carbon (C), nitrogen (N), macro and micronutrient concentrations and water contents in the 

leaves of all selected trees were measured on April 29 and May 28, 2014 and on May 6 and 20, 

2015 at the same time as the feeding trials. Similar to the defense chemical analyses, 4-5 leaves 

were harvested from the collected branches of all the selected trees, bulked by branch and oven 

dried at 65 0C for 48 h. The dried leaves were ground into powder and stored at room 

temperature until processing for the nutrient analyses. For leaf N and C concentrations, 8 mg of 

leaf powder for each tree was packed into a 10 x 10 mm tin capsule (Elemental Microanalysis 

Ltd. Cambridge, UK) and N and C concentration measured using a FlashEA 1112 Series NC 

analyzer (Thermo Finnigan, San Jose, CA, USA). Leaf percent moisture content of the same 

leaves used for the nutritional analyses was measured using the difference in leaf fresh mass and 

dry mass, and divided by dry mass, i.e. (fresh mass-dry mass)/dry mass * 100. Leaf sugars were 

measured using an enzymatic assay by Campbell et al., (1999) with slight modifications as 

described below. Leaf macro- and micronutrients, except N and C, were analysed at the BC 

Ministry of Environment Analytical Laboratory in Victoria.  

 

Sample extraction for enzymatic sugar assays 

From the same leaves used for CT analysis in 2014, sugar content was analyzed. For sugar 

extraction, 10 mg of lyophilized leaf tissue was steeped in 1 ml of 80% ethanol with 4 steel ball 

bearings (2 mm in diameter) and homogenized using a Precellys 24 homogenizer (Bertin 

technologies, Toulouse, France) at 2 x 45 s, 5500 rpm. The samples were well mixed by 

vortexing twice for 5 s each time, followed by incubation in water at 75 oC for 4 h. After 

incubation, the samples were mixed and centrifuged for 2 min at 10,000 rpm. The supernatant 
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was removed and the extraction was repeated in 1 ml of 80% ethanol. First and second extracts 

were combined and speed-vacuumed to less than 20% volume to remove ethanol. Then, dH2O 

was added to bring extract volume up to 200 µl for each sample. 

 

Glucose, fructose and sucrose analysis 

These assays were carried out with the help of Dr. Lynn Yip, following the protocol of Campbell 

et al., (1999) with slight modifications. For glucose, fructose and sucrose assays, a buffer, ATP 

(adenosine triphosphate) solution and NAD (nicotinamide adenine dinucleotide) reagent mixture 

were prepared for one 96 well plate. The buffer contained 50 mM triethanolamine, 5 mM 

MgSO4, 0.02% BSA, and 0.5 mM DTT (dithiothreitol). The pH of the buffer was adjusted to 7.6 

with HCl. ATP solution was made with 300 mg ATP disodium salt and 300 mg Na2CO3 

dissolved in 6 ml of ddH2O. NAD reagent mixture was made by dissolving 15.3 mg of NAD in 7 

ml of buffer, followed by addition of 14 ml ddH2O, 700 µl of ATP solution, 33 µl (40 U) of HK 

(Hexokinase) enzymes (Sigma-H5625) and 3.5 µl (21 U) of G6PDH (Glucose-6-phospate 

dehydrogenase) enzymes (Sigma-G8404).   

For glucose analysis, 5 µl of each sample's extract was removed and placed into a well of a 96 

well plate. 200 µl NAD reagent mixture was added to each sample in each well and incubated at 

room temperature for 15 min. Absorbance of each sample was measured at 355 nm using a 

VictorTM X5 2030 multilabel reader (PerkinElmer, Waltham, MA, USA) to determine 

production of NADH (nicotinamide adenine dinucleotide hydrogen).                                                                                                                                             

After completion of the glucose assay, the fructose assay was initiated by adding 5 µl of PGluI 

(phosphoglucoisomerase) reagent mixture to each sample in the 96 well plate. The PGluI mixture 

contained 20 µl (110 U) of PGluI (Sigma-P5381) dissolved in 500 µl ddH2O. Samples were then 
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incubated at room temperature for 15 min, followed by absorbance reading at 355 nm to 

determine total NADH. Absorbance values were then compared to standard curves made with D-

glucose and D-fructose for glucose and fructose, respectively, to estimate the glucose and 

fructose concentration of each sample in mg ml-1 dry weight. The actual fructose concentration 

was calculated as the difference between glucose concentration and the estimated fructose 

concentration for each sample.   

For sucrose analysis, enough enzyme solution for one 96 well plate was prepared by dissolving 

11.3 mg of invertase (Sigma-I4504) in 1 ml of ddH2O (4000 U enzyme units ml-1), followed by 

addition of 3 ml of glucose buffer and 6 ml of dH2O (=10 ml at 400 U ml-1). Then 10 µl of each 

sample was placed into a microtitre well and 100 µl of enzyme reagent mixture was added to 

each sample and mixed. Samples were then incubated at room temperature for 15 min. After 

incubation, 100 µl of a reagent mixture containing 15.3 mg of NAD, 3.5 ml of glucose buffer, 7 

ml of dH2O, 700 µl of ATP solution, 33 µl (40 U) of HK and 3.5 µl (21 U) of G6PDH was added 

to each sample and mixed well. The samples were then incubated for 15 min at room 

temperature and absorbance at 355 nm was read using a multilabel plate reader to determine 

production of NADH. Absorbance values were compared to standard curves made with pure 

sucrose to estimate sucrose concentration of each sample in mg ml-1 dry weight. Since sucrose is 

hydrolysed to D-glucose and D-fructose with the enzyme invertase, actual sucrose concentration 

was obtained by subtracting the value of glucose concentrations from the estimated sucrose 

concentrations for each sample. 
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2.2.4. Data and statistical analysis 

Data from the 2014 and 2015 bioassay feeding trials and red alder leaf trait measurements were 

first analysed by individual sampling dates and environments, before all the data were pooled for 

further analyses for easy presentation and comprehension of the results. No data transformations 

were required, as all data met assumptions of normality and homogeneity of variance based on 

the residual plots that were used to examine analytical assumptions of the models. ANOVA was 

used to test for significant variation in all the measured variables among the red alder clones and 

provenances. Appropriate error terms were used to examine the significance of the effect of date, 

provenance, clone nested within provenance and their interactions on percentage leaf area eaten 

(Table 2.2) and the measured leaf traits (Table 2.3). Least significant difference (LSD) tests were 

performed together with the ANOVA to determine differences among the means of leaf damage 

and leaf traits for the selected red alder provenance and clones. 

Multiple regressions with linear mixed effects (LME) were used to model and examine the 

effects of genotype, leaf chemical and nutrient concentrations and leaf physical traits on the 

percentage leaf area eaten of the selected clones and provenances. Percentage leaf area eaten was 

used as a response variable while all the factors measured were treated as independent variables. 

The percentage leaf area eaten, all the factors measured, red alder clones and provenances were 

treated as fixed effects while individual trees (ramets) were treated as random effects. Since none 

of the individual leaf traits measured was strong enough to significantly influence the percentage 

leaf area eaten in 2014, classification and regression tree analysis (CART) was performed to 

determine the most important multiple leaf traits (predictors) of percentage leaf area of red alder 

eaten by WTC larvae. The tree function in R version 3.0.3 (R Development Core Team, 2014) 

was used for performing the CART analysis. 
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Regression and Pearson correlation was also performed to determine correlations among the 

individual leaf traits by using the measures for individual trees. The general linear model (PROC 

GLM), regression (PROC REG) and correlation (PROC CORR) procedures of SAS 9.3 version 

(SAS Institute Inc., Cary NC, USA) were used to perform ANOVA, regression and correlation 

analyses, respectively. Statistical significant was determined using α = 0.05. 

 

Table 2.2. Mixed model analysis of variance (ANOVA) for testing the effects of red alder clones 

nested within provenances (Prov), sampling dates, experimental environments (Envt) and their 

interactions on the percentage leaf area eaten by WTC in 2014.  DF = degrees of freedom. 

 

Variable Source (fixed effect)  DF   Random effect and Error term 

% leaf 

area eaten 

 

Prov 

Clone(Prov) 

Tree(Clone(Prov)) 

Envt 

Envt*Prov 

Envt*Clone(Prov) 

Date 

Date*Prov 

Date*Clone(Prov) 

Envt*Date 

Envt*Date*Clone(Prov) 

Date*Envt*Tree(Clone(Prov)) 

9 

10 

40 

1 

9 

10 

3 

27 

30 

3 

30 

120 

Clone(Prov) 

Tree(Clone(Prov)) 

Error 

Envt *Tree(Clone(Prov)) 

Envt*Tree(Clone(Prov)) 

Envt*Tree(Clone(Prov)) 

Date*Clone(Prov)  

Date*Clone(Prov) 

Date*Envt*Tree(Clone(Prov)) 

Date*Envt*Tree(Clone(Prov)) 

Date*Envt*Tree(Clone(Prov)) 

Error 
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Table 2.3. Mixed model analysis of variance (ANOVA) for testing the effects of red alder clones 

nested within provenances (Prov), sampling dates, and their interactions on the percentage leaf 

area eaten by WTC in 2015 and the measured leaf traits of the selected red alders in 2014 and 

2015.  DF = degrees of freedom. 

 

Variable Source (fixed effect)  DF  Random effect and 

Error term 

% leaf area 

eaten 

Leaf trait 

Prov 9 Clone(Prov) 

Clone(Prov) 10 Tree(Clone(Prov)) 

Date 1 Clone(Prov) *Date 

Date*Prov 9 Clone(Prov)*Date 

Clone(Prov)*Date 

Tree(Clone(Prov)) 

10 

20 

Error 

Error 

 

 

 

 

2.3. Results 

 

2.3.1. Leaf consumption by WTC in 2014 and 2015 

Combining leaf consumption data from all greenhouse and laboratory experiments in 2014, leaf 

area eaten by tent caterpillars varied significantly among the selected red alder provenances (Fig. 

2.3 and Table 2.4). On average, P9, P11 and P50 had significantly less damage than P8, P35, P51 

and P55 (F = 9, 1321 = 2.57, p = 0.0062) from the least significant difference (LSD) test results.  
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Figure 2.3. Mean percentage leaf area eaten of 10 red alder provenances averaged over 

greenhouse and laboratory bioassay feeding experiments with western tent caterpillars and all 

four sampling dates in 2014 at the University of Victoria, BC. N=1331. Leaves were collected 

from eight-year-old red alder trees at the Cowichan Lake Research Station (CLRS), Mesachie 

Lake, BC in April and May 2015. LSD test results of means differences in damage are shown by 

letters above each bar (p < 0.05). Error bars represent standard error (n = 130). 
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Table 2.4. Results of mixed model analysis of variance (ANOVA) for testing the effects of red alder clones nested within provenances 

(Prov), sampling dates, sampling environments (Envt) and their interactions on the percentage leaf area eaten by WTC and the 

measured leaf traits and elements of the selected red alders in 2014. Thick = thickness, Tough = toughness, CT = condensed tannin, 

BB = budburst and Water = moisture content. Bolded P - values indicate statistical significance.  

 

Source Variable 

Damage 

 

Thick Tough BB CT Water 

 

0.9276 

0.1372 

0.8796 

 

 

 

<0.001 

0.9923 

0.1480 

 

 

 

 

 

Mn 

 

0.3842 

0.0834 

0.0575 

0.0012 

0.0744 

0.1389 

Ca N C Al 

Prov 

Clone(Prov) 

Tree(Prov  Clone) 

Envt 

Prov*Envt 

Envt*Clone(Prov) 

Date 

Prov*date 

Date*Clone(Prov) 

Envt*Date 

Envt*Date*Clone(Pro) 

 

 

 

 

 

Prov 

Clone(Prov) 

Tree(Prov Clone) 

Date 

Date*Prov 

Date*clone(Prov) 

0.0363 

0.9511 

0.3325 

<0.0001 

0.2718 

0.1071 

0.0259 

0.0408 

0.1976 

<0.0001 

0.1900 

 

 

 

Cu 

 

0.1782 

0.0050 

<0.0003 

0.0095 

0.0091 

0.0051 

0.8828 

0.0001 

<0.0001 

 

 

 

0.4956 

0.2295 

0.0781 

 

 

 

 

 

Fe 

 

0.9682 

0.3925 

0.0055 

0.2454 

0.1779 

0.2750 

0.4427 

0.1024 

0.5342 

 

 

 

0.1553 

0.1773 

0.5342 

 

 

 

 

 

K 

 

0.6477 

0.7454 

0.0036 

0.0049 

0.8701 

0.0041 

0.2493 

<0.001 

<0.001 

 

 

 

0.7815 

0.1695 

0.1480 

 

 

 

 

 

S 

 

0.4651 

0.3766 

0.0044 

0.0130 

0.0448 

0.0004 

0.4427 

0.0085 

0.2508 

 

 

 

0.3119 

0.2915 

0.0241 

 

 

 

 

 

Mg 

 

0.0266 

0.8103 

0.1584 

0.4110 

0.7897 

0.0745 

0.7304 

0.0215 

0.1781 

 

 

 

0.0818 

0.0984 

0.1039 

 

 

 

 

 

Zn 

 

0.1776 

0.0726 

0.0004 

0.0001 

0.0313 

0.3353 

0.7591 

0.0192 

0.1984 

 

 

 

0.2655 

0.0587 

0.1632 

 

 

 

 

 

Fru 

 

0.7304 

0.0215 

0.1781 

0.0818 

0.0984 

0.1781 

0.0681 

0.2588 

0.0033 

 

 

 

0.0807 

0.1499 

0.2536 

 

 

 

 

 

Suc 

 

0.7223 

0.1581 

0.5182 

0.0297 

0.3095 

0.5182 

0.0401 

0.7129 

0.2111 

 

 

 

0.2765 

0.0073 

0.0196 
 

 

 

 

 

Glu 

 

0.7070 

0.0129 

0.3236 

0.0121 

0.7769 

0.4774 
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Leaf area eaten by WTC larvae differed among the selected clones (Fig. 2.4), but statistically, 

there was no significant effect of clone nested within provenance on percent leaf area eaten when 

all data was analyzed together (Table 2.3). The leaf damage on individual trees by WTC ranged 

from zero to 100 % but the mean damage (+ S.E.) among the selected clones ranged from 16.7 

(2.0) % for C133 to 29.2 (3.3) % for C38 (Fig. 2.4). 

 

The mean percentage leaf damage differed among the four dates in 2014 (April 15, April 28, 

May 15 and May 28) feeding trials and between the two feeding environments (greenhouse and 

laboratory; Table 2.3). On average, the caterpillars ate more leaf area on April 15, 26.3 (1.6) % 

when leaves were still small, than on April 28, 19.2 (0.8) %, May 15, 20.5 (0.7) % and May 28, 

23.1 (1.5) %. The damage by the caterpillars was substantially higher for leaves in the 

greenhouse than for leaf discs in the laboratory. About 6% more leaf area was eaten in the 

greenhouse (25.2 ± 0.9 %) than in the laboratory (19.2 ± 0.8 %); however, the date x 

environment interaction term was significant (Table 2.4) because the ranking of environment 

fluctuated over the sampling period. There was no significant effect of the clone x date x 

environment interaction on leaf damage (Table 2.4). Based on the 2014 results, five high-damage 

and five low-damage clones were selected for leaf trait analyses and to repeat the feeding 

experiment in 2015 (Fig. 2.4). 
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Figure 2.4. Mean percentage leaf area eaten for 20 red alder clones averaged over greenhouse     

and laboratory bioassay feeding experiments and all four sampling dates in 2014 at the 

University of Victoria, BC. N=1331. Leaves were collected from eight-year-old red alder trees at 

the Cowichan Lake Research Station (CLRS), Mesachie Lake, BC in April and May, 2014. Red 

and green bars indicate the five high- and five low-eaten clones, respectively that were selected 

for leaf defense trait analyses in 2014 and to repeat the feeding experiment in 2015. Error bars 

represent standard error (n = 66 per clone). 

 

Results of the 2015 feeding experiments in the greenhouse showed that leaf area eaten by tent 

caterpillars varied significantly among the selected red alder clones (Table 2.5). On average, 

clone C9 was significantly eaten more than the other clones (Fig. 2.5). These results were 

consistent with the results of the 2014 feeding experiment, with clones C9, C38 and C162 eaten 

more, while clones C34, C90 and C124 were eaten less (Fig. 2.5) (Figs 2.4 and 2.5). The mean 

percentage leaf damage among the clones in 2015 ranged from 20.7 (3.7) % for C90 to 47.9 (7.3) 

% for C9. Individual trees from the same clone had no significant difference in leaf damage by 

WTC. Mean leaf damage on May 20 (47.9 ± 2.3%) was, on average, higher than the damage on 

May 6 (9.4 ± 0.6%) in 2015. Moreover, there was significant effect of the clone x date 

interaction on percentage leaf area eaten (Table 2.5); because ranking of clones C38 and C90 

fluctuated between the two sampling dates.  
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Table 2.5. Results of significance tests from the mixed model analyses of variance (ANOVA) for testing the effects of red alder clones 

and trees nested within clone, sampling dates, and their interactions on the percentage leaf area eaten by western tent caterpillars 

(damage) and the measured leaf traits of the selected red alders on two dates in May, 2015. Thick = thickness, Tough = toughness, CT 

= condensed tannin, TP = total phenolic, Ore = oregonin, BB = budburst and Water = moisture content. Bolded P - values indicate 

statistical significance. 

 

Source Variable 

Damage Thick Tough CT TP Ore Water BB 

 
Clone 
Tree(Clone) 
Date 
Date *Clone 
Date*Tree(Clone) 
 
 
 
 
 
Clone 
Tree(Clone) 
Date 
Date*Clone 
Date*Tree(Clone) 

 
0.0128 
0.1581 
<0.0001 
0.0128 
0.7459 
 
 
 
N 
 
0.0052 
0.1321 
<0.001 
0.0930 
0.5000 

 
<0.0001 
0.9152 
0.0047 
0.7707 
0.5000 
 
 
 
C 
 
0.0006 
0.2217 
0.0002 
0.0356 
0.5000 

 
0.0023 
0.5831 
0.9512 
0.4040 
0.5000 
 
 
 
Ca 
 
0.0343 
0.0051 
 
 

 
<0.0001 
0.2734 
<0.0001 
0.0029 
0.5000 
 
 
 
Cu 
 
0.0048 
<0.0001 

 
0.0034 
0.5691 
<0.0001 
0.2218 
0.5000 

 
0.0004 
0.7725 
0.0379 
0.5073 
0.5000 

 
0.2151 
0.3971 
<0.001 
0.1210 
0.5000 

 
<0.0001 
<0.0001 
0.0564 
0.2934 
0.5000 
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Figure 2.5. Mean percentage leaf area eaten by western tent caterpillar larvae for ten selected red 

alder clones in a bioassay feeding experiment in a greenhouse on two dates in May 2015 at the 

University of Victoria, BC. N=240. Leaves were collected from nine-year-old red alder trees at 

the Cowichan Lake Research Station (CLRS), Mesachie Lake, BC in May 2015. Red and green 

bars represent high-eaten and low-eaten clones, respectively, in both 2014 and 2015. LSD test 

results of mean differences in damage are shown by letters above each bar (p < 0.05). Error bars 

represent standard error (n = 24). 

 

2.3.2. Leaf traits and phenology among red alder clones 

 

2.3.2.1. Physical leaf traits and budburst 

Leaf thickness and time of leaf bud burst (BB) varied significantly among the selected red alder 

clones but no measured physical trait differed among the provenances in 2014 (Table 2.4). Table 

2.6 shows the summary of the mean values (±SE) of all the measured leaf traits among the ten 

selected clones for leaf trait analyses in 2014. Mean leaf thickness among the clones ranged from 

0.13 (0.005) mm for C9 to 0.21 (0.006) mm for C125 and C162 (Fig. 2.6). On average, leaves of 

C162, C125 and C90 were thicker than C115, C133, C34, C12 and C9 (F9, 99 = 39.66, p < 

0.001). 
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Table 2.6. Summary of the means ± SE of all the measured red alder leaf traits in 2014 for each of the ten clones investigated. The 

leaves were collected from ten clones of eight-year-old red alder trees at the Cowichan Lake Research Station (CLRS), Mesachie 

Lake, BC in April and May 2014. Least significant difference (LSD) test results of mean differences in each trait among clones are 

shown by letters. CT = condensed tannin, BB = budburst, Thick = thickness, Tough = toughness, Water = moisture content, Gluc = 

glucose concentration, Fruc = fructose concentration and Suc = sucrose concentration.  

 

Mean ±SE of measured leaf trait 

 

Clone # CT (µg/mg) BB Thick (mm) Tough 

(g/mm2) 

Water (%) Gluc (mg/ml) 

 

Fruc (mg/ml) 

 

Suc (mg/ml) 

 

9 

12 

18 

34 

38 

90 

115 

125 

133 

162 

 

 

Clone # 

9 

12 

18 

34 

38 

90 

115 

125 

133 

162 

15.2±1.4b 

10.8±1.0bcd 

9.9±1.7cd 

16.8±4.2b 

7.7±0.6cd 

27.8±1.8a 

7.6±1.1d 

25.4±1.3a 

15.5±3.2b 

13.9±3.2bc 

 

 

N (%) 

2.6±0.04bcd 

2.5±0.06d 

2.7±0.10abc 

2.6±0.09bcd 

2.5±0.08cd 

2.2±0.08e 

3.0±0.10a 

2.2±0.08e 

2.1±0.12e 

2.8±0.09ab 

3.0±0.001f 

4.3±0.071a 

3.5±0.001e 

3.0±0.001f 

3.8±0.001d 

3.4±0.036e 

3.9±0.036c 

3.5±0.001e 

4.2±0.071b 

3.5±0.001e 

 

 

C (%) 

50.3±0.2ab 

49.8±0.1c 

49.7±0.2c 

49.7±0.1c 

49.8±0.1c 

49.9±0.1bc 

50.2±0.1ab 

50.6±0.1a 

49.8±0.2c 

50.0±0.2bc 

0.13±0.005f 

0.15±0.005e 

0.20±0.004bc 

0.18±0.004d 

0.20±0.006bc 

0.20±0.001ab 

0.19±0.004cd 

0.21±0.001a 

0.19±0.003cd 

0.21±0.006a 

 

 

Al (mg/kg) 

18.4±0.73cde 

19.2±1.29cd 

29.8±1.57b 

35.1±1.86a 

32.0±3.19ab 

16.0±1.18def 

12.8±0.67f 

23.3±2.75c 

20.0±2.74cd 

14.4±0.56ef 

132.1±2.5c 

111.7±2.4d 

149.2±1.2a 

144.9±1.4ab 

136.4±0.1bc 

117.6±4.6d 

118.2±3.0d 

136.6±7.3bc 

134.9±2.8c 

138.7±2.3bc 

 

 

B (mg/kg) 

3.5±0.24e 

3.9±0.20de 

12.7±0.78a 

14.2±1.10a 

9.3±1.10b 

7.1±0.47bc 

5.7±0.91cd 

7.4±1.30bc 

6.1±0.76c 

6.4±0.52c 

64.4±1.5a 

65.8±1.0a 

64.1±1.9a 

65.8±2.0a 

66.9±1.4a 

66.4±1.7a 

66.5±1.2a 

64.5±2.3a 

64.9±1.7a 

68.3±2.0a 

 

 

(Ca %) 

0.49±0.01ab 

0.54±0.01a 

0.50±0.02ab 

0.51±0.02ab 

0.39±0.03c 

0.50±0.03ab 

0.47±0.02bc 

0.48±0.03abc 

0.52±0.05ab 

0.54±0.03ab 

16.8±0.8c 

17.1±1.3c 

18.2±0.3bc 

16.0±1.0c 

27.1±3.8a 

18.1±0.6bc 

21.5±0.9b 

16.7±1.1c 

18.4±0.9bc 

19.6±1.4bc 

 

 

Cu (mg/kg) 

17.43±1.5c 

18.35±1.8c 

18.77±1.5c 

18.70±2.1c 

20.85±1.3ab 

24.88±2.1a 

23.63±2.0ab 

24.20±2.5a 

17.83±1.7c 

18.85±1.2bc 

4.9±0.7b 

5.5±0.5b 

5.4±0.2b 

5.1±0.2b 

13.3±3.6a 

5.9±0.3b 

7.3±0.3b 

5.7±0.4b 

6.3±0.4b 

6.3±0.5b 

 

 

Fe (mg/kg) 

69.7±1.4bcd 

68.7±2.3bcd 

63.4±3.1d 

64.7±5.5cd 

72.6±6.2abc 

77.8±3.9ab 

61.9±2.8d 

76.3±4.6abc 

82.0±5.1a 

64.2±1.9d 

10.6±1.6ab 

8.7±0.9abc 

18.9±0.8abc 

7.9±0.5c 

11.4±1.6a 

8.4±0.7bc 

7.5±0.5c 

7.8±0.6c 

8.9±0.5abc 

7.8±0.5c 

 

 

K (%) 

0.65±0.03bc 

0.60±0.02d 

0.78±0.03a 

0.76±0.07ab 

0.75±0.03ab 

0.59±0.02d 

0.63±0.03cd 

0.61±0.05cd 

0.64±0.04bc 

0.72±0.06ab 
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Table 2.6. Continued. 

Mean ±SE of measured leaf trait 

 

Clone # Mg (%) Mn (mg/g) Na (mg/kg) P (%) S (%) Zn (mg/kg) 

9 

12 

18 

34 

38 

90 

115 

125 

133 

162 

 

0.26±0.01ab 

0.24±0.01bc 

0.21±0.008c 

0.22±0.009c 

0.20±0.009c 

0.27±0.01ab 

0.21±0.02c 

0.24±0.013b 

0.27±0.013a 

0.22±0.003c 

 

181.5±13de 

158.3±6.5de 

146.4±11ef 

150.3±17def 

87.4±11f 

204.1±28cd 

314.7±20.2a 

248.8±42bc 

282.9±24ab 

203.38±7cd 

37.77±1.6abc 

44.05±2.6a 

36.50±3.5abc 

28.85±3.4c 

34.35±4.0abc 

34.37±3.0abc 

36.58±6.0abc 

41.40±7.3ab 

29.37±3.4c 

31.53±4.7bc 

0.20±0.01bc 

0.17±0.01cd 

0.21±0.02b 

0.22±0.02b 

0.22±0.01b 

0.15±0.01d 

0.25±0.01a 

0.17±0.01cd 

0.19±0.02bc 

0.22±0.01b 

0.15±0.006bc 

0.14±0.004cd 

0.19±0.017a 

0.18±0.009ab 

0.16±0.006bc 

0.14±0.006de 

0.18±0.006ab 

0.13±0.006e 

0.13±0.011de 

0.16±0.008bc 

37.45±1.5cd 

34.22±1.0d 

34.40±2.4d 

39.42±3.8bc 

32.90±0.6d 

35.08±1.6d 

52.32±2.6a 

36.79±1.9cd 

46.05±4.6ab 

44.25±2.9bc 
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Figure 2.6. Examples of a relatively thin leaf (A) from clone 9 and a thicker leaf (B) from clone 

162 showing among-clone variation in leaf thickness for leaves collected from eight-year-old red 

alder trees at the Cowichan Lake Research Station (CLRS), Mesachie Lake, BC in April and 

May 2014. 

 

The timing of leaf BB differed significantly among the clones (F9, 99 = 128.9, p < 0.001). Mean 

leaf BB values among the clones ranged from 3.0 (0.001) for C9 to 4.3 (0.071) for C12. 

Comparatively, clones C12, C133 and C115 had the most advanced leaf BB than the rest of the 

clones, while C9 and C34 had the least advanced BB.  

 

Overall, no significant variation existed in leaf toughness among the clones and provenances, 

although mean leaf toughness ranged from 111.7 (2.4) g mm-2 for C12 to 149.2 (1.4) g mm-2 for 

C18. However, the results of the LSD test indicated that leaves of C12, C90 and C115 were 

significantly softer than those of the other selected clones (F9, 99 = 14.97, p < 0.001). There was 

no significant effect of date or date x clone (provenance) interactions on any of the three physical 

leaf traits that were measured in 2014 (Table 2.4).  

 

Similar to the 2014 results, mean leaf thickness and BB varied significantly among the clones in 

2015 (Table 2.5). There was a substantial difference in mean leaf toughness among the clones in 

2015, in contrast to what was observed in 2014. Table 2.7 shows the summary of the mean 

   100 µm    100 µm 

A B 
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values (±SE) of all the measured leaf traits among the ten selected clones for leaf trait analyses in 

2015. In 2015, the mean leaf thickness ranged from 0.13 (0.005) mm for C9 to 0.2 (0.002) mm 

for C133, and the mean leaf toughness ranged from 84.5 (1.0) g mm-2 for C12 to 131.5 (3.2) g 

mm-2 for C38. Clones C9 and C12 were softer and thinner than other clones. Mean BB values 

ranged from 2.0 for C162 to 4.8 (0.03) for C79. Leaf BB occurred significantly earlier in C79 

and C12 than rest of the clones, and it occurred later in clones C18, C34 and C162 (F9, 203 = 

513.7, p < 0.001). Leaf thickness varied by date, with leaves getting thicker with time, but 

surprisingly there were no significant differences in mean leaf toughness or stage of BB between 

the two sampling dates. BB values negatively correlated with both leaf thickness and toughness 

(Table 2.8) indicating that leaves at a more advanced stage of bud burst were thinner and softer. 
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Table 2.7. Summary of the means ± SE of all measured red alder leaf traits in ten red alder clones in 2015. The leaves were collected 

from ten clones of nine-year-old red alder trees at the Cowichan Lake Research Station (CLRS), Mesachie Lake, BC in April and May 

2015. LSD test results of mean differences in each trait among clones are shown by letters. CT = condensed tannin, TP = total 

phenolic, Ore = oregonin, Tough = Leaf toughness, Thick = Leaf thickness, and BB = leaf budburst. TP expressed as Ore equivalent. 

 

 

 

Clone # 

9 

12 

18 

34 

38 

79 

90 

124 

133 

162 

 

 

 

Clone 

 

9 

12 

18 

34 

38 

79 

90 

124 

133 

162 

Mean ±SE of measured leaf trait 

 

CT (µg/mg) TP (µg/mg) Ore (µg/mg) Water (%) Tough (g/mm2) Thick (mm) BB 

17.99±1.8b 

12.87±1.0c 

12.62±0.8c 

5.58±0.3  d 

6.56±0.8  d 

17.73±1.3b 

24.44±1.7a 

14.08±0.4c 

13.33±0.8c 

12.57±0.7c 

 

 

 

N (%) 

 

2.4±0.04d 

2.3±0.08d 

2.6±0.05bc 

3.2±0.13a 

2.6±0.06b 

2.4±0.04cd 

2.4±0.05cd 

2.8±0.08b 

2.4±0.09cd 

3.0±0.11a 

454.9±11.1e 

514.4±8.4bc 

489.3±7.0 d 

451.7±13.5e 

501.3±11.1cd 

494.8±7.6cd 

540.2±4.2a 

529.6±5.1ab 

516.0±6.1bc 

439.9±10.6e 

 

 

 

C (%) 

 

50.1±0.11bc 

49.8±0.09de 

49.5±0.07f 

50.1±0.06cd 

50.0±0.07ef 

50.2±0.03ab 

50.3±0.05a 

50.3±0.05ab 

50.3±0.07ab 

50.4±0.08a 

134.9±13.6b 

85.25±9.5de 

123.1±7.8bc 

73.1±3.3e 

78.9±8.7de 

191.6±12.2a 

172.1±5.3a 

184.7±12.1a 

129.4±6.9b 

100.4±5.2cd 

 

 

 

(Ca %) 

 

0.50±0.02bc 

0.46±0.02cd 

0.43±0.02de 

0.39±0.01ef 

0.35±0.01f 

0.52±0.02b 

0.63±0.02b 

0.35±0.02a 

0.44±0.01f 

0.44±0.02d 

65.11±0.54a 

64.59±0.35ab 

62.93±0.55cd 

64.88±0.67ab 

64.13±1.39abc 

61.41±0.39e 

63.89±0.26abc 

63.34±0.37bcd 

62.21±0.53de 

64.93±0.45a 

 

 

 

Cu(mg/kg) 

 

11.76±0.41f 

13.32±0.32de 

12.35±0.14ef 

17.0±0.02cd 

17.82±0.01b 

15.44±0.32c 

19.0±0.24b 

22.28±1.34a 

12.5±0.09def 

13.90±0.16d 

85.9±2.3f 

84.5±1.0f 

109.1±2.3bcd 

103.9±3.2cde 

131.5±1.7a 

110.9±2.2bcd 

102.5±1.7e 

103.6±3.5de 

114.4±5.3b 

111.5±1.8bc 

 

 

 

0.13±0.005e 

0.14±0.008e 

0.19±0.001bc 

0.18±0.006d 

0.19±0.002bc 

0.19±0.002ab 

0.19±0.003bc 

0.19±0.002bc 

0.20±0.002a 

0.18±0.002cd 

3.3±0.130c 

3.5±0.005a 

2.0±0.001f 

2.0±0.001f 

3.5±0.067b 

4.8±0.005a 

2.5±0.001d 

3.5±0.001b 

2.2±0.051e 

2.0±0.001f 
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Table 2.8. Summary of the Pearson correlation analysis of the relationship between some of the 

red alder leaf traits that were measured in 2015. Only the traits with significant relationships are 

presented. CT = condensed tannin, TP = total phenolic, Ore = oregonin, Tough = toughness, BB 

= budburst and thick = thickness. 

 

Leaf Traits R - Value P -Value 

CT ~ TP 

CT ~ Ore 

CT~ N 

CT ~ C 

CT ~ Tough 

CT ~ Ca 

TP ~ Ore 

TP ~ BB 

TP ~ Ca 

TP ~ Cu 

TP ~ N 

Ore ~ BB 

Ore ~ Ca 

Ore ~ Cu 

Ore ~ N 

Ore ~ C 

BB ~ Thick 

BB ~ Tough 

BB ~ Ca 

BB ~ N 

Thick ~ Tough 

Thick ~ Ca 

Thick ~ Cu 

Thick ~ C 

Tough ~ N 

Tough ~ Ca 

Water ~ C 

Ca ~ Cu 

0.49 

0.52 

-0.33 

0.47 

0.20 

0.26 

0.50 

0.18 

0.15 

0.29 

-0.31 

0.17 

0.29 

0.21 

-0.40 

0.48 

-0.24 

-0.20 

0.22 

-0.31 

0.44 

-0.19 

0.15 

0.25 

0.15 

-0.25 

-0.30 

0.59 

< 0.0001 

< 0.0001 

0.0004 

<0.0001 

0.0042 

< 0.0001 

< 0.0001 

0.0076 

0.0338 

< 0.0001 

0.0010 

0.0136 

< 0.0001 

0.0021 

< 0.0001 

< 0.0001 

0.0003 

0.0032 

0.0013 

< 0.0001 

< 0.0001 

0.0058 

0.0344 

0.0002 

0.0287 

0.0002 

< 0.0001 

< 0.0001 

 

 

2.3.2.2. Leaf secondary chemistry 

In 2014, CT concentration varied significantly among the selected clones but it was not 

significantly different among the provenances (Table 2.4). Mean CT concentration among the 

clones ranged from 7.6 (1.1) µg mg-1 for C115 to 27.8 (1.8) µg mg-1 for C90 (Table 2.6). On 
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average, clones C90, C125 and C34 had higher leaf CT concentration than clones C12, C18, C38 

and C115 (F9, 99 = 14.04, p < 0.001). There was no significant variation in CT concentration 

between the two sampling dates (Table 2.4). 

 

Leaf CT, Ore and TP varied significantly in concentration among the selected clones in 2015 

(Table 2.5). Mean CT concentration in 2015 was similar (R = 0.77) to the concentration 

measured in 2014. On average, the CT concentration among the ten clones ranged from 5.6 (0.3) 

µg mg-1 for C34 to 24.4 (1.7) µg mg-1 for C90 (Table 2.7). C90 had a significant higher CT 

concentration than all the other clones, while clones C34 and C38 had lower CT concentrations 

(F9, 203 = 22.3, p < 0.0001).  

The mean Ore concentration in 2015 ranged from 73.1 (3.3) µg mg-1 for C34 to 191.6 (12.2) µg 

mg-1 for C79. Ore concentration was significantly higher in clones C79, C90 and C124 than all 

other clones, and lower in clones C12, C34, C38 and C162 (F9, 203 = 21.02, p < 0.0001). Ore was 

the dominant phenolic compound detected by HPLC in the red alder leaves (Fig. 2.7) and on 

average constituted about 15.7 – 38.7 % of foliar TP concentration among the clones.  
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Figure 2.7. A sample chromatogram showing the peak of red alder foliar oregonin at a retention 

time of 23 min. Leaves were sampled from nine-year-old red alder trees at the Cowichan Lake 

Research Station (CLRS), Mesachie Lake, BC in April and May 2015. 

 

The mean TP concentration in 2015 ranged from 439.9 (10.6) µg mg-1 for C162 to 540.6 (4.2) µg 

mg-1 for C90. Clones C9, C34 and C162 had lower TP concentration than all other selected 

clones, while C90 had a significant higher TP concentration than all other clones except C124 

(F9, 203 = 16.6, p < 0.0001). The concentrations of the two phenolic compounds and TP varied 

significantly between the two sampling dates (May 6 and May 20) in 2015. Mean concentrations 

on May 6 for CT (17.8±0.8 µg mg-1), Ore (143.4±6.4 µg mg-1) and TP (514±5.4 µg mg-1) were 

higher than the concentrations on May 20, which were 11 (0.4) µg mg-1, 118.7 (4.7) µg mg-1 and 

475 (3.8) µg mg-1 for CT, Ore and TP, respectively.  

Overall, concentrations of the measured leaf phenolic compounds were strongly and positively 

correlated with each other, and they were all negatively correlated with foliar N concentration. 

Unlike TP, both CT and Ore concentrations had significant positive correlations with leaf C 

concentration (Table 2.8). 

Oregonin 
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2.3.2.3. Leaf nutritional elements and water 

Leaf N, Ca and Cu concentrations varied significantly among the alder clones but there was no 

significant variation among the provenances in 2014 (Table 2.4). Cu concentration varied 

significantly between the two dates, however, there was no significant variation in either N or Ca 

concentrations between the two dates, and the date x clone (provenance) interaction had no 

significant effect on N and Ca concentrations.  

 

Mean N concentration among the clones ranged from 2.2 (0.08) % to 3.0 (0.10) %, for C90 and 

C115, respectively. On average, N concentration was significantly lower in clones C90, C125 

and C133 than the other seven clone (F9, 99 = 11.1, p < 0.001). Mean Ca concentration among the 

clones ranged from 0.39 (0.03) % for C38 to 0.54 (0.01) % for C12 and C162 (Table 2.6). C12 

had a higher mean Ca concentration than C115 and C38 (F9, 99 = 1.98, p = 0.0501). Mean Cu 

concentration among the clones ranged from 17.43 (1.46) to 24.88 (2.10) mg kg-1 for C9 and 

C90, respectively (Table 2.5). Cu foliar concentration in clones C90, C125 and C115 was higher 

than that in clones C162, C18, C34, C12, C133 and C9 (F9, 99 = 2.56, p = 0.0109).  

 

Fructose and glucose concentrations varied among the clones in 2014 but there was no 

significant provenance effect. Fructose concentration ranged from 4.9 (0.7) mg ml-1 for C9 to 

13.3 (3.6) mg ml-1 for C38, which was significantly greater than in the other nine clones (F9, 99 = 

5.4, p < 0.0001). The mean glucose concentration ranged between 16 (0.8) mg ml-1 for C9 and 27 

(3.8) mg ml-1 for clone C38. C38 and C115 had higher glucose concentration than clones C12, 

C9, C125 and C34 (F9, 99 = 5.2, p < 0.0001). Glucose concentration significantly varied between 

the two dates but there was no significant effect of the date x clone (provenance) interaction on 
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glucose. The glucose concentration on April 29 (20.92 mg ml-1) was significantly higher than in 

May 28, 2014 (16.85 mg ml-1).  

 

There was no significant effect of clone on leaf moisture content, or on the concentrations of 

sucrose, C, Al, Fe, K, S, Mg, Mn or Zn in 2014 (Table 2.4). The mean moisture content and 

concentrations of K, S, Mn and sucrose differed significantly between the sampling dates. Except 

sucrose, concentrations of these chemicals were higher on April 29 than May 28, 2014. The 

mean leaf moisture content and concentrations of K, S, Mn and sucrose on April 29 were 69.5 

(3.4) %, 0.77%, 0.16 %, 228.6 mg kg-1, and 7.1 mg ml-1, respectively, compared to 62.1 (2.3) %, 

0.56 %, 0.15%, 176.20 mg kg-1 and 10.4 mg ml-1, respectively on May 28.  

Similar to the 2014 results, the results of the 2015 leaf trait analyses showed significant variation 

in N, C, Ca and Cu concentrations among the selected ten clones but there was no significant 

difference in leaf moisture content (Table 2.5). Consistent with the 2014 results, mean N 

concentration ranged from 2.3 (0.75) % for C12 to 3.2 (0.13) % for C34 (Table 2.7). Clones C34 

and C162 had higher N concentration than other clones, while C9 and C12 had lower N 

concentration than C18, C38 and C124 (F9, 203 = 13.6, p < 0.0001) (Table 2.7).  Mean C 

concentration ranged from 49.5 (0.07) % for C18 to 50.4 (0.08) % for C162 (Table 2.7). C 

concentration in C90 and C162 was significantly higher than clones C9, C12, C34, C38 and C18, 

although the absolute difference was not great (F9, 203 = 19.4, p < 0.0001) (Table 2.7).  

The mean leaf Ca concentration in 2015 ranged from 0.35 (0.02) % for C124 to 0.63 (0.02) % for 

C90 (Table 2.6). Concentration of Ca in clones C34, C38 and C133 was lower than the other 

clones (F9, 203 = 23.5, p < 0.0001). Mean Cu concentration ranged from 11.8 (0.41) mg kg-1 for 

C9 to 22.3 (1.34) mg kg-1 for C124 (Table 2.7). Clones C124, C38 and C90 had significantly 
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higher foliar Cu concentrations than other clone (F9, 203 = 44.5, p < 0.0001). Mean leaf moisture 

content ranged from 61.41 (0.39) % to 65.11 (0.54) % for C79 and C9, respectively. Clones C9 

and C162 had higher leaf moisture content than Clones C79, C133, C18, C124 (F9, 203 = 5.25, p 

< 0.0001). 

 

There was a significant date effect on leaf moisture content, and N and C concentrations in 2015. 

Mean leaf moisture content and N concentration were higher on May 6 (65.36 ± 1.67 % and 2.8 

± 0.05 % for water and N, respectively) than May 20 (62.21 ± 1.53% and 2.4 ± 0.02 % for water 

and N, respectively). However, C concentration was higher on May 20 (50.23 ± 0.33 %) than 

May 6 (49.9 ± 0.28 %). There was a significant effect of date x clone interactions on C 

concentration but the interaction term had no significant effect on N concentration or water 

content (Table 2.5).  

 

2.3.3. Correlation between measured leaf traits, phenology and WTC feeding 

Although the percentage leaf area eaten and eight of the measured leaf traits varied significantly 

among the selected clones in 2014 (Tables 2.4 and 2.6), no individual leaf trait was significantly 

correlated with the percentage leaf area eaten by WTC. 

Results of a regression tree analysis (CART) showed leaf thickness, and leaf Ca and Mg 

concentrations as the best multi-trait predictors of the percentage leaf area eaten in 2014 (Fig. 

2.8). These traits had negative relationships with leaf area eaten. More leaves were consumed 

when leaf thickness, Ca and Mg concentrations were less than 0.15 mm, 0.36 % and 0.23 %, 

respectively. About 32% of leaf area was eaten by caterpillars when leaf thickness, and Ca and 

Mg concentrations were less than 0.15 mm, 0.36% and 0.23%, respectively. 
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Figure 2.8. A regression tree showing the multiple leaf traits of red alder that best explained 

percentage leaf area of red alder eaten by WTC larvae in the greenhouse and laboratory feeding 

experiments at the University of Victoria, BC in 2014. The tree predicted that about 32% of leaf 

area was eaten by caterpillars when leaf thickness, and Ca and Mg concentrations were less than 0.15 

mm, 0.36% and 0.23%, respectively. 

 

Most measured leaf traits in 2015 varied significantly among the selected clones (Tables 2.5 and 

2.7) but only the variation in CT, Ore and TP concentrations were significant correlated with leaf 

area eaten by WTC (Table 2.9). The concentrations of the measured foliar phenolic compounds 

(CT, Ore and TP) negatively correlated with the percentage leaf area eaten by the WTC. Leaf 

CT, TP and Ore concentrations accounted for 17, 19 and 8 % of the total variation in percentage 

leaf area eaten by WTC, respectively, in 2015. In general, high damage clones such as C38, 

C162 and C12 consistently had low concentrations of CT, Ore and TP while low damage clones 

such as C79, C90 and C124 had high concentrations of these chemicals (Fig. 2.5 and Table 2.7). 
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However, unexpectedly, C34 was consistently less eaten on all dates in both 2014 and 2015 but 

had low foliar concentrations of the three chemicals (Figs 2.4 and 2.5; Table 2.7). The results 

show a threshold above which the concentration of each of the three chemicals appeared to 

reduce WTC feeding (Figs. 2.9, 2.10 and 2.11). Leaf consumption by WTC larvae decreased 

when mean concentrations of CT, Ore and TP were above 18 (0.48), 200 (4.0) and 515 (3.5) µg 

mg-1, respectively.  

 

 

Table 2.9. Results of regression (T-value and P-value) and Pearson correlation analyses (R-

value) between measured red alder leaf traits and percentage leaf area eaten by western tent 

caterpillar larvae in greenhouse bioassay feeding experiments on two dates in May, 2015. Bolded 

P - values indicate statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Variable    T - value        R - value       P - value 

Condensed tannin -6.47 -0.41 <0.0001 
Total phenolics -7.06 -0.44 <0.0001 

Oregonin -4.17 -0.28 0.00033 
Water 0.04 0.004 0.9672 

Toughness 0.35 0.02 0.7280 
Thickness 0.92 0.06 0.3580 
Budburst 0.23 0.02 0.8168 
Nitrogen 0.65 0.06 0.5190 
Carbon 1.07 0.10 0.2883 
Calcium -1.30 -0.08 0.1964 
Copper. -1.97 -0.13 0.0501 
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Figure 2.9. Regression plot showing the relationship between red alder leaf condensed tannin 

concentration and percentage leaf area eaten by western tent caterpillars for individual red alder 

trees from ten clones on two dates in May, 2015. The dotted vertical line suggest the threshold, 

above which the concentration of condensed tannin appeared to reduce the caterpillars’ feeding. 

N =240. 

 

 

 

 

Figure 2.10. Regression plot showing the relationship between red alder leaf total phenolic 

concentration and percentage leaf area eaten by western tent caterpillars for individual red alder 

trees from ten clones on two dates in May, 2015. The dotted vertical line suggest the threshold, 

above which the total phenolics concentration appeared to reduce the caterpillars’ feeding. N 

=240. Note: Total phenolics concentration expressed as oregonin equivalent. 
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Figure 2.11. Regression plot showing the relationship between red alder leaf oregonin 

concentration and percentage leaf area eaten by western tent caterpillars for individual red alder 

trees from ten clones on two dates in May, 2015. The dotted vertical line suggests the threshold, 

above which the oregonin concentrations appeared to reduce the caterpillars’ feeding. N =240. 

 

 

2.4. Discussion 

 

2.4.1. Among-clone variation in red alder leaf consumption by WTC  

The purpose of this study was to explore the defense mechanisms of red alder against western 

tent caterpillar (WTC) and determine the variation in resistance among and within red alder 

populations. The results show that leaf area eaten by tent caterpillars significantly varied among 

the selected red alder clones and provenances. Clones C18 and C34 from provenance P9 

(Cowichan MF), C90 from P50 (San Josef Main) and C133 from P11 (Sarita Lake) were 

consistently less eaten, while C9 from P8 (Nitinat Flat), C38 from P51 (NE 65) and C162 from 

P55 (Bachelor Bay) were more damaged on all dates in both years of the bioassay feeding trials. 
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There was no significant variation in leaf area eaten among individual trees (ramets) from the 

same clones.  

 

The results indicate that genetic variation of the selected trees influenced the caterpillars' 

preference for the leaves of particular red alder clones. Differences in leaf defense chemicals, 

physical traits, nutritional content and phenology among the selected trees may have caused the 

differences observed in the percentage leaf area eaten. Factors such genotype, developmental 

stage and environment, and as well as the interactions among these factors determine the quality 

of plants as food for herbivores (Lindroth and Osier, 2013; Donaldson and Lindroth, 2008; Osier 

and Lindroth, 2006). Since environment and developmental stage can affect production of leaf 

defense chemicals and nutritional traits, and expression of anatomical defenses and phenology, a 

true genotypic variation in leaf quality can be observed when trees of the same age are growing 

in a common environment (Lindroth et al., 2007; Manfield et al., 1999; Hwang and Lindroth, 

1997, 1998; Robison and Raffa, 1994). All the clones sampled for this study were of the same 

age and planted in the same environmental conditions. Moreover, leaves of similar age were 

collected for feeding experiments on each date with the same experimental treatments. 

Therefore, the results suggest that variation in genotype contributed to the significant among-

clone variation observed in WTC feeding preference for red alder leaves in this study. The 

absence of significant within-clone variation in leaf preference by the caterpillars suggests that 

the trait(s) affecting leaf consumption were consistent across trees within clones, thus there was 

no significant individual tree effect on leaf consumption by WTC. In agreement with the current 

results, plant genotype has been reported as an important factor in plant defenses against pests in 

other studies because of the genotypic influence on defense compounds and traits (Lindroth and 
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St. Clair, 2013; Sarfraz et al., 2013; Osier and Lindroth, 2006; Mansfield et al., 1999). Red alder 

clonal variation in defense against tent caterpillars has not been reported, to my knowledge, 

however, there are similar studies published on the effect of clonal variation in foliage quality of 

aspen, poplar, birch and oak leaves on forest tent caterpillar (M. disstria) feeding, a closely 

related species (Haviola et al., 2012; Donaldson and Lindroth, 2008; Hwang and Lindroth, 1997; 

Robison and Raffa, 1994). In aspen, Robison and Raffa (1994) and Hwang and Lindroth (1997) 

found significant differences in forest tent caterpillar larval preference and performance among 

aspen clones in bioassay feeding trials. Donaldson and Lindroth (2008) reported significant 

variation in defoliation rates among 30 clones of trembling aspen in the early season during a 

major outbreak of forest tent caterpillars in the north central U.S.A in 2001. Haviola et al. (2012) 

found variation in the level of E. autumnate damage and incidence of pathogen M. botulinum 

among mountain birch families in a field study. In a laboratory study, Osier et al. (2000) also 

found variation in gypsy moth larval consumption of aspen leaves among ten aspen clones. 

Moreover, Porter et al. (2013), Xie (2008), Xie et al (2002) and Hamman et al. (2000) have 

reported significant genetic variation in physiological characteristics of alder families, including 

variation in growth, survival, cold hardiness, canopy closure and date of bud flush within and 

among 59 red alder families. In contrast, Dang et al. (1994) found no significant difference in 

any of the ecophysiological variables (photosynthesis, mesophyll conductance, and 

transportation rate and water use efficiency) that were measured in 80 red alder families from 40 

different provenances. Although the percentage leaf area eaten varied significantly among the 

four sampling dates and between the two feeding environments (greenhouse-choice and 

laboratory-no-choice) in 2014, there was no significant effect of clone within provenance x date 
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x environment interactions on leaf area eaten. Importantly, this indicates that WTCs’ preference 

for individual clones was consistent across dates and the experimental environments.  

The percentage leaf area eaten on April 6 was highest among the four feeding dates in 2014, and 

this may be explained by the tenderness and small leaf area in the early growing season for the 

choice feeding assay in the greenhouse. Another possible explanation is the decrease in leaf 

quality as a result of leaf aging (Kudo, 2003). Leaf quality is believed to decrease during the 

growing season as a result of decrease in nitrogen concentration, and increase in leaf toughness 

and defense chemicals (Kudo, 2003). In contrast, more leaves were eaten on May 28 than May 6 

in 2015, which may be attributed to the larval stage and the health of the caterpillars used on 

May 28.  Mortality of caterpillars was experienced during the feeding experiment on May 6, 

2015, which may have caused low leaf consumption.   

 

2.4.2. Leaf traits and phenology among red alder clones 

 

2.2.2.1. Physical leaf traits and budburst 

Leaf phenology and physical traits, specifically timing of leaf budburst (BB), leaf thickness and 

toughness were measured to evaluate their variation among the selected clones and determine if 

these traits are related to the clonal-variation observed in WTC feeding preference. The results 

revealed significant clonal variation in leaf thickness, toughness and BB but there was no 

significant variation in any of these traits among the red alder provenances. Leaf morphology 

and phenology of a plant are tied to the plant’s genotype, developmental stage and environment 

(Donaldson and Lindroth, 2008; Osier and Lindroth, 2006; Manfield et al., 1999). Based on the 

results, the clonal variation observed in the timing of leaf BB, leaf thickness and toughness is 
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likely due to genetic variation, since all the sampled trees were of the same age and planted in 

the same environment. Some of the clones always ranked high or low across the two years for 

leaf BB, thickness and toughness. For example, clones C9, C12 and C90 consistently ranked 

low, while C38 and C162 ranked high across years for leaf toughness. Again, clones C9, C12 

and C34 consistently ranked low across years for leaf thickness. 

The results related to variation in timing of BB are consistent with the results of Porter et al. 

(2013), whose study included the 20 families selected for this current study. Porter et al., (2013) 

reported significant among-family variation in bud burst among 59 families of red alder in their 

study to determine adaptive variation in growth, phenology, cold tolerance and nitrogen fixation 

of red alder. In agreement with the results of this study, Porter et al. (2013) found no significant 

difference in bud burst in April among red alder from different regions planted in a common 

environment. In addition, the range of mean leaf BB scores (2.0 - 4.8) among clones in March 

and April for this study was similar to the reported range (2.58 - 3.28) by Porter et al. (2013) 

using the same scale. In a similar study to assess the effect of variable phytochemistry and 

budbreak phenology on defoliation of aspen during a forest tent caterpillar (Malacosoma 

disstria) outbreak, Donaldson and Lindroth (2008) found that the timing of leaf BB among aspen 

clones growing in the same environment varied by more than three weeks, and the variation 

affected feeding rates by the caterpillars. 

 

To the best of my knowledge, there are no past documented studies on clonal variation in red 

alder leaf thickness and toughness, but variation in leaf thickness and toughness among and 

within genotypes of other deciduous plant species have been reported (Possen et al., 2014; 
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Kanaga et al., 2008). Kanaga et al. (2008) reported significant variation in leaf thickness and 

toughness within aspen populations in their study to investigate quantitative genetic variation in 

several traits among 13 aspen genotypes in a common garden experiment. The range of mean 

leaf thickness, 0.13(0.005) - 0.21(0.006) mm and toughness, 85.9(2.3) – 149.2(1.2) g mm-2 

observed among the selected red alder clones in this present study were within the documented 

range for other alder species such as black and Siberian alders (Foucreau et al. 2013; Koike et 

al., 2001), and similar to other deciduous trees such as birch, aspen and red maple (Possen et al., 

2014; Riipi et al., 2002; Ossipov et al., 2001; Goulet and Bellefleus 1986). From these past 

studies, the mean leaf thickness for alders and other deciduous trees ranged from 0.14 -0.2 mm, 

while mean leaf toughness ranged from 50 – 250 g mm-2. 

 

Generally, leaf toughness increases as the leaf matures as a result of an increase in leaf thickness 

through lignin accumulation (Ossipove et al., 2001), but surprisingly, no significant age effect on 

leaf toughness was observed in the current study. This may be attributed to the shorter time 

interval (two weeks) between the leaf sampling dates or the complexity of plant physiology. In 

contrast, Riipi et al. (2002) found an increase in leaf toughness of birch from 50 to 250 g mm-2 

from early June to mid-August, and Kudo (2003) reported increased in leaf toughness of Salix 

miyabeana from 90 g mm-2 in May to ~ 200 g mm-2 in August. As expected, red alder leaf 

thickness varied by date in 2015 and increased from 0.7 mm on May 6 to 0.9 mm on May 20.   

 

2.4.2.2. Leaf secondary chemistry 

Red alder phenolic compound (CT, Ore and TP) concentrations were measured to determine the 

variation among red alder clones and determine their relationships with WTC feeding. The 
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results show that all the foliar secondary metabolites analysed were significantly different among 

the selected clones, but within-clone variation was not significant. The observation of no 

significant within-clone variation in concentrations of the phenolic compounds suggests that 

genotype played an important role in the levels of phenolic compounds in red alder leaves. 

Synthesis and production of leaf secondary compounds are influenced by genotype, phenology 

and the environment (Donaldson and Lindroth, 2008; Osier and Lindroth, 2006; Mutikainen et 

al., 2000; Manfield et al., 1999). However, the strong variation in the concentrations of the foliar 

secondary compounds among red alder clones in this study may be explained by genotype, since 

all the selected clones were of the same age, grown in the same environment and had the same 

treatments. In agreement with our results, Jackrel et al. (2016) found significant variation in leaf 

diarylheptanoids and ellagitannins in red alder populations of 40 trees from four different sites. 

The results of this study agree with several past studies, which have reported significant genetic 

variation in concentrations of foliar phenolic compounds in other deciduous plant species 

(Haviola et al., 2012, 2006; Laitinen et al., 2012, Keinanen et al., 1999; Hwang and Lindroth, 

1997).  

 

Although a different standard was used for the calibration of TP concentration in this study, the 

observed range of mean leaf TP concentration was within the range reported in other Alnus 

species by Dahija et al. (2014), where TP concentration in leaves of A. glutinosa, A. incana and 

A. viridis was 33.8, 55.5 and 39.7 % DW, respectively. The observed mean foliar Ore 

concentration in this study was similar to the reported mean concentration (9.64 ± 1.0 % DW) in 

red alder leaves by González-Hernández et al. (2000) in Oregon, USA.  As observed in past 

studies, my results show that Ore is a dominant phenolic constituent in alder leaves (Jackrel et 
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al., 2016; Dahija et al., 2014; González-Hernández et al., 2000; Saxena et al., 1995). Although 

red alder leaves contain other chemicals such as tannin, terpenoids, flavonoid and steroids, 

diarylheptanoids such as oregonin are identified as the dominant constituents (Sati et al, 2011). 

According to our results, Ore constituted up to 39% of TP concentrations in red alder leaf DW.  

 

Consistent with the pattern of seasonal variation in red alder foliar phenolic concentration 

observed by González et al. (2000) and Radwan et al. (1978), I found that all the measured leaf 

phenolic compounds declined in concentration from early May to late May in 2015. A similar 

pattern has also been observed in other deciduous trees such as aspen and birch, and past results 

show that different defense compounds change in concentration at different times in a growing 

season (Haviola et al., 2012; Millard and Grelet, 2010; Riipi et al., 2004; Riipi et al., 2002, 

Manfield et al., 1999). The pattern observed may have been caused by factors such as dilution of 

the chemicals as the leaves expanded and matured or high carbon allocation to production of 

defense compounds early in the season to protect new leaves as is often observed in early 

succession plants that are subject to insect attacks. There is a decline in carbon allocation to 

production of most defense compounds during active differentiation and growth of plants (Riipi 

et al. 2004; Mansfield et al., 1999).     

 

2.4.2.3. Leaf nutritional elements and water 

There were significant clonal differences in six out of the seventeen primary foliar chemicals that 

were measured in both years of leaf sampling for this study. This supports past studies which 

have reported a lower magnitude of genetic variation in foliar primary chemicals compared to 

secondary chemicals (Mitchell, 2004; Haviola, 2012). Although the concentrations of six of the 
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measured foliar nutritive traits varied significantly among clones, most of the leaf nutrients and 

moisture content were not significantly different among provenances and within clones. This 

suggests strong genetic effects on the concentrations of the primary chemicals that significantly 

varied among the clones. Based on findings of past studies, foliar primary chemicals may vary 

among genotypes, within genotype, and between developmental stages and growing sites (Porter 

et al. 2013; Donaldson and Lindroth, 2008; Osier and Lindroth, 2006). However, variation in the 

concentrations of six foliar primary metabolites in this study appears to be genotype-dependent 

as environment and season were the same.   

 

The observed range of the mean concentrations of most of the measured leaf nutritive traits in 

this study were similar to the documented ranges in past studies (Jackrell et al, 2016; Jackrell 

and Wootton, 2015; Porter et al. 2015; Brown et al. 2015, Lecerf and Chauvet, 2008; Myers and 

Williams, 1987; DeBell and Radwan, 1984). For instance, the range of mean concentrations of N 

(2.1 - 3.2 %), C (49.5 – 50.4 %) and P (0.15 – 0.25 %) in red alder leaves among clones in this 

study were within the documented range of 1.67 – 3.39, 46 -49 and 0.13 -0.22 % DW, 

respectively, in red and black alder leaves. The slight differences between our findings and those 

of the previous studies in the concentrations of these elements in red alder leaves may be 

explained by the differences in genotypes, ages and growing environments of the trees used. 

These factors, together with the developmental stage of the leaves at the time of sampling, are 

known to influence the quality of leaves as food for herbivores (Haviola, 2013; Donaldson and 

Lindroth, 2008; Osier and Lindroth, 2006). The average moisture content found in this study was 

within the range (65 – 69 % DW) of red alder leaf moisture content reported by Ballhorn et al. 

(2017) and Radwan et al. (1978). We do not know of any existing information about red alder 
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leaf sugar concentration, which makes our study the first to analyze and report variation in 

glucose, sucrose and fructose concentrations among red alder clones. 

As expected, there was reduction in the concentrations of most of the leaf nutrients and moisture 

content as the leaves matured. For example, water content, N and glucose concentrations 

declined by 22.2, 15 and 17.2 %, respectively, within a month (late April to late May). However, 

C and sucrose concentrations increased with age. Our observation is consistent with the pattern 

of changes in the concentrations of leaf chemistry during leaf maturation (Salminen et al., 2004; 

Haukioja et al., 2002; Ripii et al., 2002). Physical and chemical composition of plant leaves are 

known to change during development of the plant (Philippe and Bohlman, 2007). Water content, 

amino acid levels and phenoloxidase activities mostly decrease while phenolics and individual 

sugars increase at different times during leaf maturation (Haviola et al., 2012; Haukioja, 2005). 

Young and medium-age leaves have been reported to have higher nutritional values than older 

leaves (Ballhorn et al. 2017; Haviola, 2013; DeBell and Radwan, 1994; Radwan et al., 1978). 

For example, Ballhorn et al. (2017) found a significantly higher protein concentration in young 

and medium-age red alder leaves than mature leaves. Radwan et al. (1978) observed a decrease 

in concentration of N and moisture content in red alder leaves from June to September. As other 

researchers have noted (Osier and Lindroth, 2001), I found that leaf moisture content and N 

concentration were positively correlated. Additionally, the foliar moisture content and 

concentrations of most of the measured nutritive traits were consistent within individual clones 

in both years of sampling for this study.  

 

As commonly observed, there were significant negative correlations between leaf N 

concentration and foliar concentrations of the phenolic compounds measured.  The synthesis of 
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phenylpropanoids such as CT and lignin is believed to compete with protein synthesis for a 

common precursor, phenylalanine (Ossipove et al., 2001; Ossipova et al., 2001; Haukioja et al., 

1998), and this presumably explains the observed inverse relationship between foliar N 

concentration and the concentrations of the three phenolic compounds measured. Dilution of N 

concentration in plant tissue by increased photosynthetic assimilation of C may also be a possible 

explanation for the inverse relation relationship between N and the C compounds (Haukioja et al. 

1998). As expected, the concentration of foliar C had significant positive relationships with CT 

and Ore concentrations.  

 

2.4.3. Relationship between measured leaf traits, phenology and WTC feeding 

Most measured leaf traits in red alder varied significantly among the selected clones but only the 

variation in CT, Ore and TP concentrations were significantly correlated with leaf area eaten by 

WTC. The results show a threshold above which the concentration of each of the three chemicals 

appeared to reduce WTC feeding. Again, as a result of the complex nature of plant-herbivore 

interaction, non-phenolic chemical leaf traits such as thickness, Ca and Mg may have influenced 

the WTC feeding on red alder leaves as revealed by the regression tree analysis. It is noteworthy 

that the observed relationship between red alder leaf phenolics and WTC feeding in this study 

may be specific to WTC food preference.  

 

High concentration of phenolic compounds in plants is believed to increase plant resistance to 

insect herbivores by serving as a deterrent, reducing digestibility or acting as toxins (Mithofer 

and Boland, 2012). Consistent with my results, Ballhorn et al. (2017) and Jackrel et al. (2015) 

noted that leaf roller caterpillars and black slugs consumed less of red alder leaves with high CT, 
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lignin and C: N content. Specifically, Ballhorn et al. (2017) reported that black slugs preferred 

leaves with low CT and lignin, and high crude protein content.  Several past studies have 

reported the effects of phenolic compounds on caterpillars' feeding and performance but the 

results have been variable depending on the host species (Carmona et al., 2011; Lindroth et al., 

2007; Riipi et al., 2004). For example, Kooper et al. (2002) and Haukioja et al. (2002) reported 

that birch tannins decreased relative leaf consumption rate by tussock moth larvae by 20% and 

negatively influenced autumnal larvae leaf consumption.  However, Osier et al. (2000) found 

that gypsy moth consumption was positively related to CT concentration but negatively related 

to phenolic glycosides.  

 

Unlike the effects of leaf TP and CT concentrations on insect herbivory which have been 

documented by several past studies (War et al., 2012; Barbehenn and Constabel, 2011; Lempa et 

al., 2006; Haukioja, 2005; Osier and Lindroth, 2001), the effects of foliar Ore concentration on 

insect herbivory have never been reported. Therefore, my finding on the negative relationship 

between red alder leaf oregonin and WTC feeding is an intriguing indication that foliar oregonin 

may be a defensive compound against tent caterpillars feeding on alder trees. Ore, a 

diarylheptanoid glycoside, was first detected in the bark and wood of alder by Karchesy and 

Laver (1974) and its presence in alder leaves was confirmed by González-Hernández et al. 

(2000). Ore is believed to have herbivore defense properties that reduce leaf digestibility in 

herbivores because of its structural similarity to platyphylloside (González-Hernández et al., 

2000). Although I did not test the effect of Ore on WTC food digestibility, we observed that 

foliar oregonin concentration had a significant negative impact on WTC food consumption. 
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Reduced consumption of leaves with high concentrations of CT, Ore and TP by WTC larvae is 

likely due to the deterrent characteristics or toxicity of these chemicals. 

 

Diarylheptanoids in alder leaves, especially Ore, have been reported to have antimicrobial 

activities due to their toxicity but there has been no report on their insect feeding effects (Jackrel 

et al., 2016; Dahija et al, 2014; Saxena et al. 1995). A recent study by Jackrel et al. (2016) 

reported that diarylheptanoids such as Ore in red alder leaves appeared to inhibit the 

decomposition of red alder leaves by microbes and the authors suggested that diarylheptanoids 

may play an important role in red alder defense against herbivores.  

 

In addition, the results revealed that leaf consumption by WTC larvae decreased when mean 

concentrations of CT, Ore and TP were above 1.8, 20 and 51.5 % DW, respectively. This 

suggests that plants with high level of these foliar phenolic compounds may effectively have 

reduced leaf consumption by WTC larvae. There are no documented empirical data to support 

these thresholds of leaf phenolic compounds on WTC feeding. Therefore, it will be intriguing 

and relevant to test and confirm these thresholds effects with purified red alder leaf phenolics, 

especially Ore.      

 

Leaf budburst phenology has been found to affect the availability and quality of leaves as food 

for insect herbivores (Safraz et al., 2013). It is believed that larvae which emerge some weeks 

after leaf budburst may have to struggle with poor leaf quality as a result of an increase in 

secondary metabolites and mechanical resistance, and a decrease in water and nitrogen content as 

the leaf expands and matures (Haviola, 2012; Donaldson and Lindroth, 2008). For example, 
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Auerbach and Albert (1992) found that phenology differences among quaking aspen was the 

factor that best accounted for differences in feeding by aspen blotch miner (Phyllonorycter 

salicifoliella). Donaldson and Lindroth (2008) also reported that trembling aspen clones that had 

budbreak not synchronized with forest tent caterpillars emergence had reduced rates of 

defoliation by the caterpillars. However, despite significant variation in the time of leaf BB 

among the selected red alder clones, time of leaf burst was not significantly correlated with the 

WTC larvae’s clonal preference. Both leaf thickness and toughness are believed to be important 

factors in plant defense against insects because of their effects on chewing, palatability and 

digestibility of the leaf (Haukioja et al. 2002). In a meta-analysis of plant traits that predict 

resistance to herbivores, Carmona et al. (2011) reported that, although leaf physical resistance 

traits frequently correlated with variation in herbivore susceptibility of a plant, the relationship 

was herbivore- and plant-dependent. This suggests that the effects of leaf thickness and 

toughness may be pest and host species dependent.  

 

Results of the regression and correlation analyses showed that neither the leaf water nor the 

primary metabolite content significantly affected the caterpillars' leaf preference. In addition, the 

correlation and regression analyses results showed that while leaf N concentration related 

positively to the leaf area eaten, the relationship was not significant. Past researchers have 

reported that leaf nutritive traits such as N, sugars and water are important factors that influence 

herbivore consumption (Despland and Noseworthy, 2006; Haukioja, 2005; Kudo, 2003; Hwang 

and Lindroth, 1997). Kudo (2003) found significant positive correlation between the feeding rate 

of lepidopteran chewing larvae and leaf N concentration of willow trees. Hwang and Lindroth 

(1997) also reported that the impact of foliar water content on relative consumption rate of tent 
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caterpillar on aspen was more significant than the influence of leaf phenolic glycosides. It is 

possible that in red alder, leaf characteristics or compounds other than foliar nutrients and water 

play the greatest role in determining WTC feeding.    

Lepidopteran caterpillars are known to have sugar-sensitive chemoreceptors for perceiving and 

selecting food with higher levels of sugars, particularly sucrose (Despland and Noseworthy, 

2006; Noseworthy and Despland, 2006; Panzuto et al., 2001). For example, Despland and 

Noseworthy (2006) found that forest tent caterpillars preferred leaves with a balanced protein 

and sugar content. In addition, Haukioja et al., (2002) reported that leaf water content and the 

sugar: protein ratio of mountain birch leaves correlated positively with autumnal larvae 

consumption. My results show no significant relationship between WTC feeding and any of the 

three sugars analyzed or leaf sugar: N ratio. The total concentrations of sugars in birch leaves 

were not reported in the 2002 study, but the researchers mentioned that the sugars peaked in 

matured leaves that were used for feeding older larvae in July (Haukioja et al. (2002). However, 

another study on seasonal changes in mountain birch leaf chemistry at the same study area and in 

the same year as Haukioja’s (2002) study found that total concentrations of sugars peaked in July 

at 155 mg g-1 of leaf dry mass. The total concentration of sugars in alder leaves that were 

sampled in the spring for this study was 34 mg ml-1 of leaf dry mass, on average, which was 

much lower than the sugar concentration in the birch leaves. The variations in sugars in the alder 

leaves may be too low to affect WTC feeding as opposed to the observation in the past study 

(Haukioja et al. (2002). Results of this study suggest that while leaf nutritional status may play a 

significant role in plant insect herbivores' performance such as growth, survival and reproduction 

(Haviola et al., 2012, Hemming and Lindroth, 1995), it may not be the best indicator for 

predicting leaf preference and consumption.    
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2.5. Conclusions 

The results of this study show that genetic variation exists in WTC feeding preference for red 

alder leaves and in red alder leaf defense traits. The results suggest that although there may be 

other factors involved in WTC preference for red alder leaves, genetically determined variation 

in concentrations of phenolic compounds (CT, Ore and TP) have the greatest influence on 

herbivore leaf preference. The concentrations of foliar phenolic compounds negatively correlated 

with the percentage leaf area eaten by WTC, but the results show a threshold above which the 

concentration of each of the three chemicals appeared to reduce WTC feeding. This indicates 

that sufficient levels of these secondary compounds in red alder leaves are required to affect 

WTC feeding on red alder. Moreover, in addition to the effects of CT and TP on tent caterpillar 

feeding, which have been reported in previous studies on plant species such as aspen and poplar, 

the effect of Ore concentration in red alder leaves on tent caterpillar feeding is a novel finding. 

Based on the consistent results of the significant negative relationship between red alder foliar 

phenolic concentrations and WTC leaf preference, I recommend that further studies should be 

conducted on the efficacy of specific leaf chemicals, especially Ore, in protecting red alder 

against caterpillar feeding. A future study with WTC larvae feeding on leaves with a known 

range of purified Ore will be interesting and would confirm the role of Ore in influencing red 

alder leaf quality in relation to WTC larval consumption and performance.     
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Chapter 3: Effects of nitrogen (N) supply on red alder allocation to 
growth, defense traits, root colonization by Frankia and western 

tent caterpillar feeding 

 

Abstract 

It is assumed that plants produce phytochemicals for defense against herbivores at a cost to 

growth and reproduction, but the relative magnitude of the cost of allocating available resources 

to defense depends on the level of the resources, and the plant genotype. I evaluated the effect of 

resource availability (available nitrogen) and genotype on red alder (Alnus rubra) growth, 

biomass allocation, root colonization by Frankia, defense characteristics and caterpillar feeding. 

One-year-old seedlings from 100 half-sib red alder families were treated with two levels of 

ammonium nitrate (NH4NO3) in two growing seasons in a common garden. Growth, herbivore 

defense-related traits and root nodulation were measured and ranked among the plant genotypes 

and between the two nitrogen (N) treatments. Leaves from the two N treatments and different 

alder families were also used for bioassay feeding trials with western tent caterpillar 

(Malacosoma californicum) larvae to determine effects of N and genotype on red alder herbivory 

resistance. N availability had significant effects on red alder seedling total dry biomass and leaf 

N concentration. The effect of N fertilization on foliar phenolic compounds was minimal but 

there was a clear trade-off between red alder seedling growth, and content of the phenolic 

compounds and leaf thickness, which supports the growth-differentiation balance hypothesis in 

relation to resource availability. There was genetic variation in plant growth, most of the 

measured leaf traits and caterpillar consumption. I found a significant negative correlation 

between leaf oregonin concentration and caterpillar feeding, as observed in previous studies.    
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3.1. Introduction 

There is much debate about how plants allocate resources between growth and defense. 

Generally, it is assumed that plants produce phytochemicals for defense against herbivores at a 

cost to growth and reproduction (Züst and Agrawal, 2017; Cipollini et al., 2014, Sampedro et al., 

2011; Donaldson et al., 2006; Herms and Mattson, 1992; Bryant et al., 1987). On the other hand, 

plants may respond to herbivory with compensatory growth, which may reduce the level of 

carbon (C)-based secondary compounds due to diversion of C to growth, rather than the 

production of these secondary compounds (Hendrickson et al., 1991). Plant growth, reproduction 

and defense are competing sinks for available resources (energy, nutrients and water). Therefore, 

the diversion of the available resources away from growth and other primary metabolisms 

towards defense in plants is considered an allocation/resource cost (Züst and Agrawal, 2017; 

Cipollini et al., 2014). The concept of a growth-defense trade-off in plants has been associated 

with two major resource-based hypotheses, i.e. the growth-differentiation balance (GDB) and the 

carbon-nutrient balance (CNB) hypotheses (Cipollini et al., 2014; Mutikainen et al., 2002, 2000; 

Koricheva, 2002; Koricheva et al., 1998). The GDB hypothesis predicts that fast growing plants 

will have low levels of secondary defensive compounds, while the CNB hypothesis predicts that 

plants allocate available resources to various functions based on the C:nutrient ratio in the plants 

(Züst and Agrawal; Cipollini et al., 2014, Herms and Mattson, 1992; Bryant et al., 1983). Thus, 

the hypotheses predict that low available nutrients for growth will results in excess C for 

production of C-based defensive compounds in plants. Allocation of C and N to growth versus 

defense by a plant may influence the ability of the plant to resist herbivore attack (Lind et al., 

2013; Massad et al., 2012; Hendrickson et al., 1991). It is believed that the relative magnitude of 

the cost of allocating available resources to plant defense depends on the level of the resources. 
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Comprehensive meta-analyses by Koricheva (2002a) and Koricheva et al. (1998) reported that 

the role played by available resources in the trade-off between growth and defense in plants 

varied among studies, and the relationship was more evident under high fertility than low fertility 

conditions. In the meta-analyses, responses to N availability in woody plants were consistent 

with the GDB and CNB hypotheses in studies that manipulated N and P availability with 

fertilization. Most studies reported that high N fertilization increased foliar N and free amino 

acids, and decreased foliar concentrations of C-based secondary compounds (Koricheva 2002; 

Koricheva et al. 1998).  

 

N availability has been found to play an important role in mediating the trade-off between 

growth and defense in plants (Glynn et al., 2003; Koricheva, 2002), which is likely due to its 

central role in most metabolic processes as well as in cellular structure. High N stimulates 

growth and is therefore believed to reduce excess C for allocation to C-based secondary 

compounds (Osier and Lindroth, 2006; Mutikainen et al., 2002, 2000). Increase in N availability 

for woody plants through fertilization has been found to increase growth and leaf quality of the 

plants as food for herbivores by increasing the leaf N content and reducing the level of defensive 

compounds (Glynn et al., 2003). For example, high N availability increased the growth and foliar 

N concentration of black polar (Populus nigra) and quaking aspen (Populus tremuloides), but 

decreased the total foliar phenolic concentration (Osier and Lindroth, 2006; Glynn et al., 2003). 

In addition, Mutikainen et al. (2002) found a significantly negative correlation between the 

concentration of flavonoid glycosides and height of silver birch (Betula pendula) saplings 

fertilized with NPK fertilizer. 
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Growth-defense trade-offs in actinorhizal plants such as alders may differ from non-N-fixing 

plants because of their ability to fix N from the atmosphere through symbiotic association with 

Frankia. N is generally not limiting for N-fixing plants, therefore these plants may have enough 

N for both growth and defense, when necessary. For example, Ballhorn et al. (2017) found no 

difference in red alder seedling growth between Frankia-colonized seedlings and N-treated 

seedlings. However, both Frankia-colonized and N-treated seedlings were taller than control 

seedlings. Koo et al. (1996), found no significant effect of N fertilization on height and diameter 

growth, and root dry weights of twenty-week-old red alder seedlings after ten weeks of NH4NO3 

fertilization at three different levels (no fertilization, and 5 ml of 10 or 50 mM N solution three 

times a week). Gaulke et al. (2006) also observed no significant difference in shoot biomass 

between control and N-treated red alder seedlings after two years of N fertilization with urea. 

However, both Gauke et al. (2006) and Koo et al, (1996) reported that N fertilization with urea 

and ammonium nitrate, respectively, significantly increased leaf and root N concentrations of red 

alder seedlings. 

In contrast to the hypothesis of abundant resources in N-fixing plants, root colonization by 

Frankia may increase plant susceptibility to herbivores by shifting the allocation of C from the 

production of C-based defense compounds to meet the Frankia C demand (Ballhorn et al., 2017; 

Hendrickson et al., 1991). For example, Frankia colonization caused a short term susceptibility 

of red alder (Alnus rubra) seedlings to herbivory by black slugs (Arion rufus) (Ballhorn et al., 

2017). Therefore, it may be energetically cheaper and defensively more strategic for plants to 

directly take up available mineral N in the forms of ammonia or nitrate instead of performing N2 

fixation, which is costly in terms of energy and photosynthetic carbon (Ballhorn et al. 2017; 

Glynn et al., 2003). Herbivore preference for actinorhizal plants may be high due to the high N 
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concentration in the leaves of the plants. It has been reported that many actinorhizal plants are 

preferred by herbivores as food because they provide nutritious forage due to the abundance of N 

and low C: N ratios in their tissues (Paschke, 1997). Again, it is known that actinorhizal and 

other N-fixing plants respond to herbivory with rapid growth and they have abundant available N 

to invest in chemical defenses, relative to non-N-fixing plants (Wheeler et al., 2008; Paschke, 

1997). 

 

N or P fertilization effects on red alder growth, N-fixation, foliar nutritional content and 

herbivore defense have been well studied (Ballhorn et al., 2017; Brown et al., 2011; Gaulke et 

al., 2006; Koo et al., 2006; Brown, 1999), but genetic variation in responses of growth, herbivore 

defense characteristics and root colonization by Frankia to N fertilization has not been 

addressed. The interaction between genotype and environment plays a key role in plant growth 

and leaf chemistry (Lindroth and St. Clair, 2013; Haviola et al., 2012; Donaldson and Lindroth, 

2008). Therefore, it is important to understand whether red alder genotype affects N fertilization 

responses in growth, herbivore defense and root colonization by Frankia.   

 

The objective of this study was to evaluate the effect of resource availability (available N) and 

genotype on red alder growth, biomass allocation, root colonization by Frankia, defense 

characteristics and caterpillar feeding. I also evaluated the trade-off between growth and leaf 

defense traits to determine if defense costs are evident in red alder.  
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3.2. Materials and methods 

 

3.2.1. Red alder family selection 

To test variation among red alder genotypes in N allocation to growth versus defense and to test 

the influence of foliar N concentration on WTC larval feeding, 200 one-year-old red alder 

seedlings from 100 families from 20 provenances (5 families per provenance) were selected. The 

provenances were chosen from seedlings grown for a BC Ministry of Forests, Lands and Natural 

Resource Operation and Rural Development provenance trial, and were selected to be similar in 

location to the provenances used in the feeding experiments (Chapter 2). The seedlings were 

raised for one year in 615A styroblock containers in a nursery at Cowichan Lake Research 

Station (CLRS) (48.83o N, 124.14o W, 174 m elev.), and then were transported and maintained at 

the Bev Glover Greenhouse (48.46o N, 123.30o W, 58 m elev.) at the University of Victoria in 

March, 2014.     

 

3.2.2. N treatment experiments  

Seedlings were potted in a growing mix (SS # 2) (Sun Gro Horticulture Canada Ltd, Seba Beach, 

AB, Canada) and sand (9:1) in one gallon plastic pots. Six grams (6 g) of 0-0-21-21S-10 sulphate 

of potash magnesia (Green Valley Fertilizer Ltd, Abbotsford, BC, Canada) and 2.9 g micromax 

micronutrients (Scotts-Sierra Horticultural Products Co., Marysville, OH, USA) fertilizers were 

mixed with the soil in each pot. The seedlings were assigned to two N treatments, High-N (HN) 

and Low –N (LN), with 100 ppm or 10 ppm ammonium nitrate (NH4NO3) (ACP Chemicals Inc., 

Montreal, QC, Canada) N treatment solution applied, respectively. One seedling from each 

family was assigned to each N treatment (5 seedlings/ provenance /treatment). Initial height and 
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root collar diameter (RCD) of each seedling was measured and recorded before the seedlings 

were moved to the outdoor Forest Biology plant growth facility (FBPGF) at the University of 

Victoria, BC (48.46o N, 123.31o W, 60 m elev.) on June 9, 2014. In the facility, the seedlings 

were watered by drip irrigation and fertilized with 100 ml of the respective aqueous NH4NO3 

solution twice a week for twelve weeks between June 9 and early September in 2014. Height and 

RCD of each seedling was measured and recorded at the end of the growing season.  

The fertilization treatments were repeated in 2015 with the concentration and amount of N 

fertilization for the High-N treatment increased to 250 ppm and 500 ml of NH4NO3 solution 

added to each pot twice each week from early April to mid-September. The Low-N treatment 

pots received 500 ml of 10 ppm NH4NO3 solution twice per week for the same period. To 

provide the trees with other required nutrients, each tree was top dressed with 8 g of standard 21-

7-14 + micros fertilizer (Prohort Professional Horticulture, Hopcott Road, Delta, BC - Canada) in 

June 2015. Height and RCD measurements were repeated at the end of the 2015 growing season 

to determine the second year growth of the trees.   

 

3.2.3. Bioassay feeding experiment 

To determine the effect of N treatment on red alder defenses against WTC, 50 HN and 50 LN 

trees were selected for two bioassay feeding experiments. The selected trees had similar height 

growth between the two N treatments. The experiments were conducted in the Bev Glover 

Greenhouse on May 13 and 25, 2015 using the same bioassay feeding experiment methods as 

described in Chapter 2 (Section 2.2.2). In this experiment, pairs of seedlings from each of the 50 

families (Table 3.1), one from each of the HN and LN treatments were placed in the same cage. 

Thus, in total, 20 samples were placed in each of 5 cages for WTC feeding (10 provenances x 2 
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N treatments/family) to determine provenance, family and N treatment effects on WTC 

preferences for the selected red alder leaves.  

 

Table 3.1. Provenance and family identifiers and names, and location of origin of the selected 

three-year-old red alder seedlings that were sampled for bioassay feeding trials, and tree growth 

and leaf traits measurements in 2015. 

 

Provenance ID & Name  Family ID Code #  Lat. (0 N) Long. (0 W) Elev. (m) 

101 – Rennell Sound 

 

102 – San Josef 

 

 

103 – Sayward 

101-3 

101-9 

102-2 

102-5 

102-6 

103-6 

202 

208 

211 

214 

215 

225 

53.43 

 

50.67 

 

 

53.43 

132.48 

 

128.07 

 

 

132.48 

62 

 

24.4 

 

 

62 

 103-11 230    

 

104 – West Thurlow 

103-12 

104-4 

231 

238 

 

50.4 

 

125.61 

 

59.9 

 104-7 240    

 104-11 244    

105 – Quadra Island 

 

106 – Bainbridge Lake 

105-3 

105-10 

106-5 

248 

255 

261 

50.17 

 

48.5 

125.2 

 

124.4 

44.8 

 

16.5 

 106-7 263    

 106-9 265    

 106-10 266    

107 - Nitnat Flats 107-6 272 48.5 124.4 16.5 

 

108 – Port Renfrew 

107-8 

108-2 

274 

278 

 

48.36 

 

124.14 

 

22 

 108-7 283    

 108-10 286    

 109-2 288    

 109-3 290    

110 – Shames River 110-2 298 54.42 128.9 66.5 

 110-2 298    

 110-7 303    

 110-8 304    

 110-9 305    

111 - Knight Inlet 

 

 

113 – Spring Lake 

 

114 – Pender Harbour 

 

115 – Britannia Creek 

111-6 

111-9 

111-10 

113-5 

113-7 

114-4 

114-5 

115-7 

312 

315 

316 

331 

333 

340 

341 

353 

50.7 

 

 

50 

 

49.64 

 

49.62 

126 

 

 

124.3 

 

123.96 

 

123.14 

21.1 

 

 

323 

 

138 

 

618 

 115-9 355    
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Table 3.1 Continued. 

 

Provenance ID & Name  Family ID Code #  Lat. (0 N) Long. (0 W) Elev. (m) 

116 – Mamquam River 

 

 

 

 

 

 

118 – Chekamus River 

116-4 

116-5 

116-6 

116-7 

116-8 

116-9 

116-10 

118-1 

361 

362 

363 

364 

365 

366 

367 

378 

49.69 

 

 

 

 

 

 

49.04 

123.13 

 

 

 

 

 

 

123.1 

45.7 

 

 

 

 

 

 

26.9 

 118-7 384    

 118-9 

118-10 

386 

387 

   

119 – Vedder Mountain 119-5 392 49.02 122.1 485.8 

 119-7 394    

 119-9 396    

 119-10 397    

120 – Harrison Lake 120-1 399 49.6 121.82 39.6 

 120-7 405    

 120-8 406    

 120-9 407    

121 – Thompson Creek 121-3 411 46.77 122.74 39.6 

 121-6 414    

 121-6 414    

 121-7 415    

122 - Ryderwood 122-2 421 46.4 123.05 88.1 

 

 

3.2.4. Leaf chemical, nutritional and physical traits analyses  

Leaf CT, Ore, TP, N and C concentrations and leaf water content, leaf thickness and toughness 

for each selected tree were analysed using the methods described in Chapter 2 (Section 2.3.3). 

Ten families with the highest and lowest leaf area eaten based on the bioassay feeding results 

were selected for the leaf trait analyses on the same dates as the bioassay feeding experiments in 

2015. A total of 80 samples (10 high and 10 low eaten x 2 N treatments x 2 dates) were used for 
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the analyses. The collected leaves were put in plastic bags and placed on ice to keep the leaves 

fresh and to avoid degradation of labile leaf compounds during transport and before processing. 

 

3.2.5. Tree growth, total biomass and root colonization by Frankia  

Height and RCD of each tree were measured with a long measuring pole and calipers, 

respectively at the end of the growing seasons in 2014 and 2015 to determine growth of the trees. 

A total of 80 trees from 40 families (Table 3.1) with pairs of seedlings from each N treatment 

available at the end of the growing season in 2015 were evaluated. Thirty (15 trees / N treatment) 

of the red alder trees from the N treatment experiment that were used for the bioassay feeding 

were randomly selected to measure their total biomass and root colonization by Frankia. All 

selected trees were harvested by uprooting the trees from the pots and carefully cleaning the 

roots with water. Nodules, roots, stems, branches and leaves of each harvested tree were 

separated and oven dried for 72 hours at 65 oC. The dry mass of roots, leaves, stems, branches 

and nodules of each tree was measured to determine the effect of N treatment on organ and 

nodule mass, and also to determine if a relationship existed between the root colonization by 

Frankia and the leaf chemical and nutrient concentrations. The ratio of nodules to root dry mass 

was calculated for each tree. 

 

3.2.6. Data and statistical analyses 

A nested ANOVA with mixed effects was used to test the effects of family, provenance and N 

treatments, and their interaction on red alder growth, percentage leaf area eaten, leaf traits and 

root colonization by Frankia (Tables 3.2 and 3.3). No data transformations were required, as all 
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data met assumptions of normality and homogeneity of variance based on the residual plots that 

were used to examine analytical assumptions of the models.  Averages of second year height and 

RCD of the planted trees, percentage leaf area eaten by WTC, all measured leaf traits and root 

colonization by Frankia were analyzed by family, provenance and N treatment. Multiple 

regressions with linear mixed effects (LME) were used to model and examine the effects of leaf 

chemical (CT, Ore and TP) concentrations, nutrient (C and N) concentrations, leaf physical traits 

(toughness and thickness) and leaf water content on the percentage leaf area eaten by WTC and 

tree growth. The families, provenances and N treatments were treated as fixed effects while 

individual trees and date of sampling were treated as random effects. Pearson correlation was 

performed to determine relationships between the individual measured leaf traits and WTC 

feeding. The general linear model (PROC GLM), regression (PROC REG) and correlation 

(PROC CORR) procedures of SAS 9.3 version (SAS Institute Inc., Cary NC, USA) were used to 

perform ANOVA, regression and correlation analyses, respectively. Statistical significance was 

determined using α = 0.05.                                                                                                        

 

 

Table 3.2. Mixed-effects model analysis of variance (ANOVA) for testing the effects of red alder 

families (Fam), provenances (Prov), N treatments (N trt) and their interactions on red alder 

seedlings growth after two growing seasons of N fertilization in 2015. 

 

Variable Source (fixed 

effect)  

Degrees of   

freedom 

Random effect and         

Error term 

Height and 

RCD 

Prov 19 Fam(Prov) 

Fam(Prov) 20 N trt*Fam(Prov) 

N trt 1 N trt*Fam(Prov) 

Prov*N trt 19 N trt*Fam(Prov) 

N trt*Fam(Prov) 20 Error 

 

 

 

 



 

 

104 

Table 3.3. Mixed-effects model analysis of variance (ANOVA) for testing the effects of red alder 

families (Fam), provenances (Prov), N treatments (N trt), sampling dates and their interactions 

on the percentage leaf area of red alder eaten by WTC and the measured leaf traits of the selected 

red alders in 2015. 

 

Variable Source (fixed 

effect)  

Degrees of 

freedom 

Random effect and        

Error term 

% leaf area eaten 

Leaf traits 

Prov 9 Fam(Prov) 

Fam(Prov) 35 (Prov*Fam) 

N trt 1 N trt(Prov*Fam) 

Prov*N trt 9 N trt(Prov*Fam) 

N trt*Fam(Prov) 35 N trt(Prov*Fam) 

Date 1 N trt*Date*Fam(Prov) 

Date*N trt 1 N trt*Date*Fam(Prov) 

Date*Prov 9 N trt*Date*Fam(Prov) 

Date*Fam(Prov) 35 N trt*Date*Fam(Prov) 

 

 

3.3. Results 

 

3.3.1. Nitrogen (N) fertilization effect on red alder seedling growth and root nodule 
formation      

 

N fertilization significantly affected the seedling total dry biomass (F1, 17, = 14.74, p = 0.001448) 

but had no significant effect on the seedling height or RCD (Table 3.4). Mean (± SE) total dry 

biomass (leaves + stem + branches + roots) was 218 (9.1) g for high N (HN) and 150.5 (16.5) g 

for low N (LN) treated seedlings. HN treated seedlings had substantially larger and more leaves, 

branches, roots and nodules compared to the LN treated seedlings. HN treated seedlings had 

mean dry mass of 58.2 (2.2), 100.2 (5.5), 46.1 (3.7) and 4.6 (0.95) g for leaves, shoots (branches 

+ stems), roots and nodules, respectively, while the LN treated seedlings had mean dry mass of 

42.9 (3.7), 81.76 (6.6), 34.3 (5.9) and 3.9 (2.2) g for leaves, shoots (branches + stems), roots and 

nodules, respectively.  



 

 

105 

The mean (±SE) height of the HN and LN treated seedlings was 106 (5.1) cm and 96.6 (5.1) cm, 

respectively, while the mean RCD was 15.1 (0.7) mm and 13.9 (0.6) mm for HN and LN, 

respectively. N fertilization had no significant effect on red alder root nodule formation. The 

difference in nodule: root dry mass ratio was not significantly affected by N fertilization. On 

average, the LN treated seedlings had slightly higher nodule: root dry mass ratio (0.11) than HN 

treated seedlings (0.1).  

 

Table 3.4. Results (P values) of mixed model analysis of variance (ANOVA) for testing the 

effects of red alder provenance (Prov), family (Fam) nested within provenance, nitrogen 

treatment (N Trt) and their interactions on red alder growth in 2015. 

 

Source Variable and P value 

Height RCD 

Prov 0.3672 0.8253 

Fam(Prov) 0.1836 0.5903 

N Trt 0.2075 0.3609 

Prov*N Trt 0.3814 0.6895 

N Trt*Fam(Prov) 0.5000 0.5000 

 

3.3.2. Variation in seedling growth among red alder population 

On average, the mean second year seedling heights and root collar diameters (RCDs) varied 

among the selected red alder families but the differences were not statistically significant (Figs. 

3.1 and 3.2; Table 3.4). Neither the seedling height nor RCD were significantly different among 

provenances. There was no effect of the N treatment x family(provenance) interactions on 

seedling heights or RCDs (Table 3.4). The mean (± SE) seedling height among the selected 

provenances (P) ranged from 67.7 (7.7) to 133.0 (7.2) cm for P115 and P111, respectively (Fig. 

3.1). Seedlings from P111 and P114 were significantly taller than the seedlings from P107 and 

P115. The mean height of the seedlings among the selected families (F) ranged from 58.2 (1.8) 
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to 148.6 (2.7) cm for F272 and F415, respectively. On average, families F415, F312, F208, F215, 

F340, F316 and F331 were substantially taller than families F272, F405, F363, F305 F353 and 

F333 (Fig. 3.2). Mean RCD among the provenances ranged from 12.1 (0.9) mm for P107 to 16.6 

(2.9) mm for P105. The mean RCDs of the seedlings among families ranged from 9.0 (6.0) to 

21.3 (8.1) mm for F265 and F414, respectively. F414, F248, F405, F225 and F215 had 

significantly greater RCDs than F211 and F265 (Fig. 3.2).  

 

 

Figure 3.1. Mean height of three-year-old red alder trees from forty different families and 

seventeen provenances (P) that were measured in 2015 after the second year of NH4NO3 

fertilization at the University of Victoria, BC. Error bars represent standard error (n = 2).  
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 Figure 3.2. Mean root collar diameter (RCD) of three-year-old red alder trees from forty 

different families and seventeen provenances (P) that were measured in 2015 after the second 

year of NH4NO3 fertilization at the University of Victoria, BC. Error bars represent standard 

error (n =2).  

 

3.3.3. N fertilization effects on red alder primary and secondary leaf chemicals  

N fertilization had a significant effect only on the foliar N concentration (Table 3.5). High N 

(HN) treated trees had higher mean leaf N concentration than the low N (LN) treated trees. Mean 

N concentration was 3.2 (0.08) % for the HN trees and 2.9 (0.08) % for the LN trees. Although 

the LN treated trees had higher CT, Ore and TP concentrations than the HN trees, the differences 

were not statistically significant (Table 3.5). The mean concentrations of CT, Ore and TP for the 

LN treated trees were 45.9 (1.6) µg mg-1, 196.6 (7.9) µg mg-1 and 431.2 (11.1) µg mg-1, 

respectively, while the mean concentrations of CT, Ore and TP for the HN were 41.9 (1.6) µg 

mg-1, 179.1 (8.2) µg mg-1 and 409.8 (11.9) µg mg-1, respectively. There was a significant effect 

of family x N treatment interaction on N concentration (Table 3.5). 
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Table 3.5. Results of mixed model analysis of variance (ANOVA) for testing the effects of red 

alder family (Fam), sampling dates, nitrogen treatments (N Trt) and their interactions on the 

percentage leaf area eaten by western tent caterpillars and the measured leaf traits of the selected 

red alders on two dates in May, 2015 at the University of Victoria. Thick = thickness, Tough = 

toughness, CT = condensed tannin, TP = total phenolic and Ore = oregonin. Bolded P - values 

indicate statistical significance. 

 

Source Variable 

Damage Thick Tough CT TP Ore Water  N C 
Fam 0.0298 0.0175 0.0002 0.0065 0.2773 0.0184 0.1280 0.3578 0.0482 
N Trt 0.2783 0.5098 0.9118 0.0779 0.1646 0.1560 0.0639 0.0286 0.1613 
Date 0.3727 0.5592 0.926 0.1020 0.0042 0.0051 0.9570 <0.001 0.1942 
N Trt*Date 0.9543 0.9698 0.1082 0.9228 0.1056 0.2092 0.6611 0.0083 0.0091 
Fam*Date 
Fam*N Trt 
NTrt*Date(Fam) 

0.9040 
0.3670 
0.5000 

0.3040 
<0.001 
0.5000 

0.8371 
<0.001 
0.5000 

0.9053 
0.8420 
0.5000 

0.0492 
0.4258 
0.5000 

0.8583 
0.4848 
0.500 

0.3519 
0.2455 
0.5000 

0.3646 
0.0036 
0.5000 

0.9819 
0.1647 
0.500 

 
 

3.3.4. Relationship of red alder second-year growth to measured leaf traits  

The assessment of the relationship between size and measured leaf traits of the three-year-old red 

alder trees showed that smaller trees (slower growing) had higher leaf TP, CT and Ore 

concentrations, and thicker leaves than the larger trees (faster growing). In contrast, the fast-

growing trees had higher leaf N concentration, leaf water content and tougher leaves than the 

slow-growing trees. The second-year growth parameters (height and RCD) were negatively 

related to the concentrations of the three leaf phenolic compounds and leaf thickness but 

positively related to the leaf N concentration, water content and toughness (Table 3.6). Results of 

Pearson correlation and regression analyses showed that both the tree height and RCD had 

significant negative correlations with TP concentration (Table 3.6 and Fig. 3.3). However, only 

the height growth had a significant positive correlation with leaf N concentration and a 

significant negative correlation with leaf thickness (Table 3.6 and Fig. 3.4).  
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Table 3.6. Results of regression (P- value and T-value) and Pearson correlation (R-value) 

analyses to assess the relationship between measured red alder leaf traits (condensed tannin, 

oregonin, total phenolic and nitrogen concentrations, water content, toughness and thickness), 

and second-year height and root collar diameter (RCD) of three-year-old red alder trees that were 

measured in 2015. Bolded P - values indicate statistical significance. 

 

Variable                                 Height                                                           RCD 

 

                                   T-value     R-value    P-value                 T-value        R-value     P-value 

Condensed Tannin     -2.0            -0.47        0.06159                -0.6               -0.17        0.53830 

Oregonin                     -1.2           -0.30        0.25710                -0.6              -0.18         0.53193  

Total phenolic             -2.4            -0.54       0.02970                -2.2               -0.50        0.04880 

Nitrogen                       2.3             0.56        0.03772                 1.8                0.47        0.09184   

Water                           0.9             0.23        0.39797                 1.13               0.29        0.277482  

Thickness                    -2.2           -0.51        0.04351                -0.02              -0.07       0.941482 

Toughness                    0.7            0.19        0.47815                  0.01               0.03       0.973522 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Regression plot showing the relationship between red alder foliar total phenolic 

concentration and second-year height (A) and root collar diameter (B) of three-year-old red alder 

trees that were measured in 2015. Sixteen trees from eight different families (two trees per 

family) were selected for measurement. Note: total phenolics concentration expressed as 

oregonin equivalent.  
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Figure 3.4. Regression plot showing the relationship between red alder foliar nitrogen (N) 

concentration and second-year height (A) and root collar diameter (B) of three-year-old red alder 

trees that were measured in 2015. Sixteen trees from eight different families (two trees per 

family) were selected for measurement. 

 

 

 

3.3.5. Leaf consumption by WTC of three-year-old red alder 

In general, results of the 2015 bioassay feeding experiments with leaves from three-year-old red 

alder trees and WTC larvae showed no significant variation in leaf area eaten by WTC among 

the ten alder provenances (Table 3.7 and Fig. 3.5). However, the mean leaf area eaten 

significantly varied among the 45 selected alder families (Table 3.7 and Fig. 3.6). The results 

show a significant effect of family nested within provenance on leaf damage (Table 3.7). The 

mean leaf area eaten among the provenances ranged from 19.4 (2.1) to 33.4 (5.1) %. On average, 
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P119 was eaten substantially more than P118, P115 and P103 based on the LSD test results (Fig. 

3.5). The mean leaf damage among the selected 45 families ranged from 11.0 (1.7) to 51.5 (7.4) 

% for F394 and F258, respectively (Fig. 3.6). On average, families F394, F272, F278, F396 and 

F406 were eaten substantially more than families F231, F366, F399, F378, F415, F244, F392, 

and F258 (Fig. 3.6). Ten high-eaten and ten low-eaten families (red and green bars, respectively 

on Figure 3.5) were selected for leaf trait analyses.  

 

There was a substantial difference in leaf damage between the two sampling dates (Table 3.7); 

more leaf was consumed on May 25 (29.6 ± 3.7 %) than May 13 (22.0 ± 2.5 %).  Mean 

percentage leaf area eaten varied significantly between the N treatments (Table 3.7). 

Surprisingly, leaves from the LN treated seedlings were eaten more than the HN treated 

seedlings. The mean leaf area eaten for LN and HN treated seedlings was 28.6 (3.2) % and 23.0 

(3.0) %, respectively. There was no significant effect of the family(provenance) x N treatment x 

date interactions on leaf damage (Table 3.7). 

 

Table 3.7. Results (P values) of mixed model analysis of variance (ANOVA) for testing the 

effects of red alder family nested within provenance (Fam (Prov)), sampling date, nitrogen 

treatment (N Trt) and their interactions on the percentage leaf area eaten by WTC on two dates in 

May, 2015 at the University of Victoria. Bolded P - values indicate statistical significance. 

Source P - value 

 
0.3704 
0.0441 
0.0169 
0.1924 
0.8112 
0.0004 
0.0937 
0.5796 
0.8698 

Prov 
Fam(Prov) 
N Trt 
Prov*trt 
N Trt*Fam(Prov) 
Date 
Prov *Date 
Trt*Date 
Date*Fam(Prov) 
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Figure 3.5. Mean percentage leaf area eaten of ten red alder provenances by western tent 

caterpillar larvae in greenhouse bioassay feeding experiments at the University of Victoria, BC 

on two sampling dates in May, 2015. N=188. Leaves were collected from three-year-old red 

alder trees at the University of Victoria, BC. Error bars represent standard error (n = 18-20). 

 

 

 

 

Figure 3.6. Mean percentage leaf area of 45 red alder families eaten by western tent caterpillar 

larvae in a greenhouse bioassay feeding experiments at the University of Victoria, BC on two 

sampling dates in May, 2015. N=188. Leaves were collected from three-year-old red alder trees 

at the University of Victoria, BC. Red and green bars represent the selected 10 high and 10 low 

eaten families, respectively, used for leaf trait analyses. Error bars represent standard error (n = 

4-5). 
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3.3.6. Variations in leaf traits among red alder population       

 

3.3.6.1. Physical leaf traits 

Mean leaf thickness and toughness varied significantly among the 20 red alder families selected 

for leaf trait analyses (Tables 3.5 and 3.8). Table 3.8 shows a summary of the means ± SE of all 

the measured leaf traits among the 20 red alder families in 2015. The mean leaf thickness among 

the families (F) ranged from 0.06 (0.001) mm for F415 to 0.08 (0.004) mm for F272. On 

average, leaves from families F272, F399, F278, F392, F367 and F396 were substantially thicker 

than leaves from families F394, F231, F305 and F415 (F19, 79 = 2.1, p = 0.0175). The mean leaf 

toughness ranged from 81.8 (7.6) to 114.1 (5.1) g mm-2 for F396 and F367, respectively. Leaves 

from families F396, F407, F244 and F353 were significantly tougher than leaves from families 

F366, F272, F231, F394, F286, F362, F415 and F367 (F19, 79 = 3.4, p < 0.00018). Neither date 

nor N treatment had a significant effect on leaf thickness or toughness. The results revealed no 

significant effect of family x date x N treatment interactions on leaf toughness or thickness 

(Table 3.5). 
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Table 3.8. Summary of the means ± SE of all the measured red alder leaf traits in 2015. The leaves were collected from twenty 

families (Fam) of three-year-old red alder trees at the Forest Biology plant growth facility at the University of Victoria, BC. LSD test 

results of mean differences in each trait among clones are shown by letters. CT = condensed tannin, TP = total phenolic, Ore = 

oregonin, water = moisture content, tough = toughness and thick = thickness and WW = wet weight. TP expressed as Ore equivalent. 

 

 

 

 

Fam  

 

 

231 

244 

248 

258 

272 

278 

286 

303 

353 

362 

366 

367 

378 

392 

394 

396 

399 

407 

411 

415 

 

Mean ± SE of measured leaf trait 

 

CT (µg/mg) TP (µg/mg) Ore (µg/mg) Water      

(% WW)  

Tough 

(g/mm2) 

Thick (mm) N (%) C (%) 

 

38.7±4.0def 

41.9±6.3cdef 

43.4±3.9bcde 

43.5±7.2bcde 

34.8±4.4ef 

37.4±4.1ef 

56.1±4.4a 

38.0±2.8def 

40.7±3.9cdef 

32.7±2.9f 

52.0±3.8abc 

44.9±2.7abcd 

36.5±3.0ef 

46.7±0.7abcd 

38.4±3.7def 

45.2±4.2abcd 

52.3±3.8abc 

54.8±5.4ab 

50.9±2.1abc 

49.8±6.3abcd 

 

401.2±26.4ab 

370.2±57.0b 

371.1±43.4b 

442.5±36.1ab 

428.1±16.4ab 

431.1±44.7ab 

367.6±28.2b 

416.7±51.8ab 

455.6±34.1ab 

439.8±42.8ab 

397.8±43.5ab 

405.6±19.5ab 

417.4±29.1ab 

416.1±39.1ab 

448.6±51.0ab 

387.5±26.9ab 

434.9±42.7ab 

479.3±24.2a 

419.0±23.0ab 

482.1±36.2a 

 

203.7±26.4abc 

197.8±45.8abc 

177.5±27.0bcd 

162.1±16.0cde 

127.3±11.5g 

140.6±21.9efg 

252.3±26.3a 

147.8±14.9def 

198.6±23.5abc 

173.6±10.2bcd 

252.9±13.0a 

195.9±13.4abc 

170.0±19.6bcd 

229.7±19.5ab 

130.1±8.5fg 

201.7±20.5abc 

215.1±14.9abc 

188.1±13.4bcd 

195.0±18.3abc 

209.5±29.7abc 

 

65.3±0.04bc 

63.9±1.15bc 

66.2±0.78bc 

67.2±1.11ab 

65.3±0.53bc 

63.1±0.53bc 

61.6±0.56d 

64.2±1.66bc 

64.5±0.60bc 

62.2±0.33cd 

63.1±0.68cd 

62.7±0.46cd 

65.2±0.88bc 

69.8±3.90a 

64.0±1.30bc 

63.5±3.93bc 

65.5±1.43bc 

62.3±1.85cd 

62.7±0.37cd 

66.0±0.60bc 

 

89.3±0.5fg 

109.5±0.6abc 

95.6±5.8c 

94.6±0.5def 

91.8±5.7efg 

99.2±6.3bcd 

86.1±3.1fg 

97.4±2.6bcd 

107.5±1.4abc 

86.0±6.9fg 

90.1±7.2fg 

81.8±7.6g 

106.3±9.7abc 

92.8±3.8a 

88.0±6.2fg 

114.2±5.1a 

99.8±1.6abc 

111.8±8.5ab 

94.5±0.9def 

85.5±0.01fg 

 

0.06±0.001cde 

0.07±0.001abc 

0.07±0.004abc 

0.07±0.001abc 

0.08±0.002a 

0.08±0.002ab 

0.07±0.006bcd 

0.06±0.001de 

0.07±0.001abc 

0.07±0.001abc 

0.07±0.002abc 

0.08±0.001ab 

0.07±0.001abc 

0.08±0.004ab 

0.07±0.001cde 

0.08±0.007ab 

0.08±0.006a 

0.07±0.002abc 

0.07±0.005abc 

0.06±0.004e 

 

3.3±0.3ab 

3.4±0.1ab 

3.2±0.6ab 

3.5±0.3a 

3.1±0.3ab 

3.0±0.2abc 

2.9±0.4abc 

2.9±0.3abc 

2.8±0.2abc 

3.1±0.2ab 

2.4±0.2c 

2.9±0.1abc 

3.4±0.3a 

2.9±0.2abc 

2.8±0.2abc 

3.3±0.4ab 

2.8±0.3abc 

2.7±0.2bc 

3.2±0.2ab 

3.1±0.1ab 

 

49.8±0.2e 

50.1±0.5cde 

50.3±0.2cde 

50.1±0.3cde 

50.1±0.2cde 

50.5±0.2cde 

51.4±0.3ab 

50.4±0.2cde 

50.4±0.2cde 

50.4±0.3cde 

50.6±0.2cd 

50.7±0.2bcd 

50.3±0.4cde 

50.8±0.2bc 

49.9±0.2de 

50.3±0.2cde 

50.5±0.1cde 

50.1±0.4cde 

51.8±0.5a 

50.7±0.3bc 
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3.3.6.2. Leaf secondary chemistry 

Leaf condensed tannin (CT) and oregonin (Ore) concentrations varied significantly among the 

selected alder families but there was no significant variation in total phenolic (TP) concentration 

(Table 3.5). Mean leaf CT among the families ranged from 32.7 (2.9) to 56.1 (4.4) µg mg-1 for 

F362 and F286, respectively (Table 3.8). Families F286, F407, F399 and F366 had higher mean 

CT concentration than families F231, F394, F303, F278, F272 and F362 ((F19, 79 = 2.6, p = 

0.00251). Mean leaf Ore concentration ranged from 127.3 (11.5) to 252.9 (13.0) µg mg-1 for 

F272 and F366, respectively (Table 3.8). Families F366, F286, F392, F399, F415 had 

significantly higher Ore concentration than families F303, F278, F394 and F272 (F19, 59 = 2.7, p 

= 0.00163). Mean leaf TP concentration ranged from 357.6 (28.2) µg mg-1 for F286 to 482.1 

(36.2) µg mg-1 for F415 (Table 3.8). Although, the mean TP concentration was not significantly 

different among the families, in general, families F415 and F407 had significantly higher TP 

concentration than families F248, F244 and F286. The CT and Ore concentrations had a strong 

significant positive correlation (r = 0.5 and p < 0.0001), but TP concentration had no significant 

relationship with either CT or Ore concentration. There was a significant date effect on leaf Ore 

and TP concentrations (Table 3.5). The family x date interactions had a significant effect on TP 

concentration.  

 

3.3.6.3. Leaf nutritional elements and moisture content 

Mean leaf carbon (C) concentration varied significantly among the selected families but there 

was no significant variation in leaf nitrogen (N) concentration or moisture content (Table 3.5). 

The mean C concentration among the families ranged from 49.8 (0.2) % for F411 to 51.8 (0.5) % 

for F231 (Table 3.8). Families F411, F286, F392 and F415 had higher leaf C concentration than 
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F394 and F231 (F19, 79 = 3.1, p = 0.000543). Mean N concentration and leaf moisture content 

among the alder families ranged from 2.4 (0.2) to 3.5 (0.3) % and 61.6 (0.56) to 69.8 (3.90) %, 

respectively (Table 3.8). The results showed a significant date effect on leaf N concentration. 

Mean N concentration was higher on May 13 (3.3 (0.08) %) than May 25 (2.8 (0.05) %). Leaf N 

concentration had negative correlations with the concentrations of leaf CT (r = -0.21 and p = 

0.075), Ore (r = -0.30 and p = 0.0072) and TP (r = -0.33 and p = 0.0027). Leaf N concentration 

and moisture content had significant positive correlation (r = 41 and p = 0.00020). 

 

3.3.7. Correlation between leaf traits and leaf consumption by WTC  

Most of the measured leaf traits varied substantially among the alder families (Tables 3.5 and 

3.8) but only the Ore concentration had a significant correlation with the percentage leaf area 

eaten by WTC. Ore concentration was negatively correlated with percentage leaf area eaten 

(Table 3.9). Consistent with the results of the bioassay feeding experiments with leaves from 9-

year-old red alder trees, Ore concentration of 198.5 µg mg-1was observed as a threshold above 

which WTC feeding appeared to be less than 50% (Fig. 3.7). The results of the regression show 

that about 9 % of variation in WTC preference for red alder leaf was explained by leaf Ore 

concentration. Despite the difference in mean foliar N concentration between the leaves from HN 

and LN treated trees, leaf N concentration had no significant effect on WTC feeding on red alder 

leaves (Table 3.9). 
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Table 3.9. Results of regression (P-value and T-value) and Pearson correlation (R-value) 

analyses between measured red alder leaf traits and percentage leaf area eaten by western tent 

caterpillar larvae in a greenhouse bioassay feeding experiment on two dates in May 2015. 

Bolded P-value indicates statistical significance. 

 

Variable T- value R - value P –value 

Condensed Tannin 

Oregonin 

-1.10 

-2.7 

-0.12 

-0.30 

0.2730 

0.00841 

Total phenolics 1.30 0.15 0.1978 

Toughness -0.93 -0.11 0.3567 

Thickness -0.48 -0.05 0.6314 

Water -0.97 -0.11 0.3350 

Nitrogen 

Carbon 

             -1.16 

-0.87 

            -0.13 

-0.09 

             0.2494 

  0.3852 

 

 

 

 
 

Figure 3.7. Regression plot showing the relationship between red alder foliar oregonin 

concentration and percentage leaf area eaten by western tent caterpillars on two dates in May, 

2015. Leaves were collected from three-year-old trees from twenty different families. N=80. The 

dotted vertical line shows the threshold, above which the oregonin concentration may have 

reduced the caterpillars’ feeding.  
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3.4. Discussion 

 

3.4.1. Nitrogen (N) fertilization and genotype effects on red alder seedling growth and 
root nodule formation 

 

The purpose of this study was to evaluate the effect of resource availability (available N) on red 

alder growth, root colonization by Frankia, defense characteristics and caterpillar feeding, and to 

determine if genetic variation exist in these characteristics. N fertilization had a significantly 

positive effect on growth of branches and leaves and thus total dry biomass of the trees. The HN 

treated trees on average had 31% greater dry total biomass than the LN trees. The results indicate 

that the HN trees allocated the additional N to leaf and branch production. Other studies have 

found that N fertilization induces higher photosynthetic rates and cytokinin production in woody 

plants (Cooke et al., 2005; Lawlor, 2002). N induction of cytokinin production, on the other 

hand, increases number of meristematic cells and cell growth, which causes sylleptic branch 

development (Cooke et al., 2005, Lawlor, 2002) as observed in this study. The greater dry 

biomass in the HN trees than the LN trees could also be explained by less demand for energy and 

photoassimilates by Frankia for N fixation in HN treated trees due to readily available N from 

the HN fertilization (Ballhorn et al., 2017; Gokkaya et al., 2006). Although red alder can fix 

enough N2 to meet requirements for growth and other functions through their association with 

Frankia in suitable growing conditions, it may be cheaper for the plants to directly take up 

available mineral N in the form of ammonia or nitrate instead of undertaking N2 fixation, which 

has been reported to be costly in terms of energy and photosynthetic carbon (Bullhorn et al. 

2017; Glynn et al., 2003). For instance, Gaulke et al., (2006) reported no N2 fixation in one-year-

old red alder seedlings that were fertilized with urea in contrast to control seedlings. On the other 

hand, Gaulke et al. (2006) observed no significant difference in shoot biomass between control 
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and N-treated red alder seedlings after two years of N fertilization with 46% N urea. Although 

the age of the plants and the duration of the N fertilization were similar to the present study, it 

appeared the seedlings did not respond to the urea fertilization in Gaulke et al. (2006) as opposed 

to the NH4NO3 used in this study. Koo et al. (1996) found a significant negative effect of HN 

fertilization on leaf and shoot dry weights of ten-week-old alder seedlings that were fertilized 

with 5 ml of 50 mM NH4NO3 solution three times a week for 10 weeks. The strong N 

fertilization of the smaller plants in the study by Koo et al., (1996) may explain the difference 

between their results and this study.  

N fertilization had no significant effect on height and RCD growth. This may be due to the 

restriction of root growth by pot size, which is highly correlated with above-ground growth and 

foliar chemicals (Hawkins et al., 2015, Murphy et al., 2013; Poorter et al., 2012). A meta-

analysis of the effect of pot size on plant growth and underlying variables showed that small pot 

size impedes root growth, which decreases growth of branches as plants grow older (Poorter et 

al., 2012). For instance, root restriction of black alder (Alnus glutinosa Gaertn.) seedlings for 96 

days significantly reduced root growth and shoot elongation (Tschaplinski and Blake, 1985). 

Seedlings grown in 16 ml root volume were 2.6-fold taller and had 2-fold more dry root mass 

than seedlings grown in 1.5 ml root volume (Poorter et al., 2012; Tschaplinski and Blake, 1985). 

Despite the greater above-ground dry biomass (leaves + stems + branches) observed in HN 

treated trees compared to LN treated trees, the growth of the LN treated trees was not markedly 

suppressed by the low available N. There was good growth performance of the trees in the LN 

treatment, probably due to the alder’s ability to fix enough N2 to meet requirements for growth 

and metabolism through their association with Frankia. Past researchers have also reported no 

significant effect of N fertilization on red alder seedling growth in height and diameter (Ballhorn 
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et al., 2017; Gaulke et al., 2006; Koo et al., 1996). Koo et al. (1996), found no significant effect 

of N fertilization on height and diameter growth, and root dry weights of twenty-week-old red 

alder seedlings after ten weeks of NH4NO3 fertilization at three different levels (no fertilization, 

and 5 ml of 10 or 50 mM N solution, three times a week). In a laboratory study to assess the 

effect of Frankia inoculation and N-fertilization on red alder seedling growth and susceptibility 

to herbivory, Ballhorn et al. (2017) found no difference in seedling growth between Frankia-

colonized seedlings and N-treated seedlings with 10 ml of a 2.5 mM NH4NO3 solution applied 

every 3-4 days. However, both Frankia-colonized and N-treated seedlings were taller than 

control seedlings. The results of this present study and past studies indicate that mineral N 

provided through N fertilization is not beneficial for height or diameter growth in N-fixing plants 

such as red alder, as opposed to non-N-fixers such as birch, poplar and aspen (Osier and 

Lindroth, 2006; Osier and Lindroth, 2004).  

 

Contrary to the reported negative effect of N fertilization on nodule formation (Ruess et al., 

2013; Koo et al., 1996), there was no marked difference in mean nodule dry weight between N 

treatments in this study. Ruess et al. (2013) found that HN treated thin-leaf alder trees had lower 

nodule biomass than the control trees. Koo et al. (1996) reported that the nodule dry weight of 

red alder seedlings was decreased by HN treatment. The contrasting results of the effect of N 

fertilization on nodule formation may be explained by the N fertilization rates and duration, plant 

age and other edaphic factors. Ruess et al. (2013) used a subcanopy natural stand of alder trees 

that were fertilized for about 10 years with 100 kg N.ha-1.yr-1 of HN4NO3 in their study, and this 

long-term fertilization may explain the lower dry nodule biomass under  their HN condition, 
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contrary to the results of the present study. Koo et al. (1996), on the other hand, used ten-week-

old alder seedlings compared to the 2-year-old alder trees used in this study. 

 

Unlike N fertilization effects on red alder height and diameter growth, several past studies have 

reported significant positive effects of P fertilization on alder growth, nodule formation and N-

fixation (Brown and Courtin., 2011 and 2007; Gökkaya et al., 2006, Koo et al, 1996; Hughes et 

al., 1968). These past studies have suggested that P deficiency is the most important factor that 

limits red alder growth. For example, Brown and Courtin (2011) reported that P-fertilized 3-

year-old red alder trees had greater above ground growth (height, basal diameter and stem 

volume) at three different sites on Vancouver Island compared to control trees. Gökkaya et al. 

(2006) reported significant, positive twig and foliar biomass response to P fertilization after 

second year fertilization of speckled alder (Alnus incana ssp rugosa). In Hughes et al. (1968), 

ammonium fertilization had a negative effect on red alder growth, but P fertilization increased 

tree growth by 57%. P fertilization effect on alder growth was not evaluated in the present study, 

and foliar P concentration was not analyzed. 

 

Ranking of mean height and RCD differed among the selected families and provenances, but the 

differences were not statistically significant. On average, trees from some families were as much 

as 61% taller and 58% larger in diameter than others. The observed differences in growth are 

likely due to genotypic variation among the seedlings since all the seedlings were planted in 

similar climatic and soil conditions, and their initial heights and RCDs were measured before 

planting. Generally, factors such as genotype, climate and available environmental resources are 

known to strongly influence the growth of plants (Jackrel et al., 2016; Porter et al., 2013; Osier 
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and Lindroth, 2006; Glynn et al. 2003). Past studies have found significant differences in height 

and diameter growth among red alder families and provenances (Porter et al., 2013, Xie, 2008, 

Xie et al 2002, Hamann et al. 2000, Ager et al. 1993; Lester and DeBell, 1989). However, the 

differences among provenances and families in growth were not statistically significant in this 

study, which may be due to variation in growth among the plants and/or small sample sizes.  

Lester and Debell (1989) found large differences in height and diameter growth among families 

and provenances in red alder provenance and progeny trials. They reported that growth ranking 

among provenances and families can shift over time and therefore periodic measurements for 5-

10 years are required for selecting superior families based on growth. According to Ager et al. 

(1993), height and diameter growth of two-year old red alder seedlings varied significantly 

among provenances and families. Porter et al. (2013) and Xie (2008) also reported significant 

genetic variation in height and diameter growth among red alder regions/provenances and 

families within provenance when data were analyzed by individual site for 10-year-old and 17-

year-old red alder provenance-progeny test trials at two sites. However, in agreement with the 

results of the current study, no significant variations among regions/provenances or families 

within region/provenance for height or diameter were observed when combined-site analyses 

were performed in both studies.  

 

My results support previous observations that red alder trees have rapid juvenile growth (Xie, 

2008, Ager et al. 1993; DeBell et al., 1990; Lester and DeBell, 1989). Other studies have shown 

that alder seedlings can have annual height growth of 1-3 m on a favourable site (Brown et al. 

2010; Harrington, 2006; DeBell et al., 1990; Lester and DeBell, 1989), which matches my 

results. Early selection of red alder for regeneration based on breeding values of height and stem 
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volume at age six years has been suggested for BC (Xie, 2008). It has been found that the species 

can reach sexual maturity as early as 3-4 years under natural condition (Xie, 2008), but this was 

not observed in the 3-year-old seedlings for this study. There were no significant N treatment x 

provenance or N treatment x family interaction effects on height or RCD, suggesting that 

difference in height growth rates among provenances and families were consistent across N 

treatments.    

 

3.4.2. Nitrogen (N) fertilization and genotype effects on red alder leaf traits 

Leaf thickness, toughness, moisture content, and C, N, CT, Ore and TP concentrations were 

measured to evaluate their variation among the selected red alder families and between the N 

treatments. The results show that HN availability significantly increased red alder foliar N 

concentration but had no significant effect on any other measured leaf traits. As observed in the 

present study, Gauke et al. (2006), Koo et al, (1996) and Koo (1989) reported that N fertilization 

with urea and ammonium nitrate significantly increased leaf and root N concentrations, 

respectively, of red alder seedlings. Nitrogen and phosphorus (P) fertilization have been found to 

affect the foliar chemical and nutritional concentration of actinorhizal plants such as alders and 

Casuarina (Ballhorn et al., 2017; Zhang et al., 2009; Gauke et al., 2006, Koo et al., 1996; Koo, 

1989). Generally, N fertilization has been observed to cause high foliar N concentration and low 

concentration of foliar secondary metabolites (Ayres, 1993; Coley et al. 1985).  

 

Although N-fixation rates were not measured in this study, there was no significant difference in 

root nodule formation and root: nodule dry weight ratio between the N fertilization treatments. 

This suggests that the higher foliar N concentration in HN treated seedlings was likely due to the 
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uptake of available N from N fertilization. It is believed that N fertilization negatively affects N-

fixation by hindering nitrogenase activity in N-fixing plants. For instance, Koo et al. (1996) 

reported that ammonium nitrate (HN4NO3) fertilization had a significant negative effect on 

nodule formation and nitrogenase activity in 20-week-old red alder seedlings after ten weeks of 

fertilization. Similarly, Ruess et al. (2013) found significantly lower nodule biomass and N 

fixation rates in HN treated trees compared to control trees in thin-leaf alder. The high N 

fertilization rate supplied to the smaller plants in Koo et al. (1996), and the longer duration (10 

years) of N fertilization in Ruess et al. (2013) may explain the difference between their results 

and this study. Another possible explanation is the pots restricted root growth and thus 

artificially limited nodulation and nodule sizes in this study.  

 

LN treated trees had slightly higher CT, Ore and TP concentrations than the HN trees, on 

average, but the difference was not statically significant. The results indicate that the foliar 

phenolic compounds responded negatively to the N treatment but to a small degree, only. On 

average, the responses trended in support of the Carbon-nutrient balance (CNB) hypothesis, 

which predicts high allocation to C compounds under low nutrient conditions (Bryant et al., 

1983). High concentrations of C accumulated in plant tissues can eventually be converted to C-

based compounds such as phenolics when plant growth is limited by N availability (Haukioja et 

al., 1998). The low magnitude of the responses of the alder foliar phenolic concentrations to N 

fertilization may potentially be explained by the availability of N for growth in the LN treated 

trees from N-fixation. Although the N application had significantly positive effects on the trees 

dry biomass and foliar N concentration, the growth of the trees was not dramatically suppressed 

under the LN condition. It is also possible that the HN treated trees did not achieve maximum 
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potential growth due to pot size restriction of root growth as the trees grew larger, which would 

have directly affected the above-ground growth and foliar chemical concentrations (Hawkins et 

al., 2015; Murphy et al., 2013; Poorter et al., 2012).  Few other studies (Ballhorn et al., 2017; 

Jackrel and Wootton, 2015; Koike et al., 2006; Bryant et al., 1987) have investigated the 

responses of alder foliar chemistry to N fertilization and the results have shown no or small 

responses of the concentrations of foliar C-based defense compounds to N application, as 

observed in this study. The growth and leaf defensive chemistry of non-N-fixing woody plants 

such as poplar, aspen and birch may be more sensitive to N fertilization compared to N-fixers 

such as alder (Glynn et al. 2003; Mansfield et al., 1999; Lavola and Tiitto, 1994; Bryant et al., 

1987). For example, Bryant et al. (1987) found a significant effect of N fertilization on growth, 

defensive chemistry and palatability of birch twigs but there was no significant effect on the 

growth, defensive chemistry and palatability of green alder.  Glynn et al. (2003) reported that 

HN availability increased foliar N concentration in black poplar, but they found a negative effect 

of HN availability on foliar phenolic concentrations. In addition, Lavola and Tiitto (1994) 

reported that foliar CT and flavonoid concentrations of European white birch significantly 

decreased with HN fertilization. 

 

Based on the results, there are high levels of genetic variation in most of the measured red alder 

leaf traits as observed in the 3-year-old trees used in this study and the 8-year-old trees used in 

the study in Chapter 2 (Section 2.5.2). As discussed in section 2.5.2 of Chapter 2, leaf 

morphology, moisture content, and primary and secondary compounds of a plant are influenced 

by genotype, developmental stage and the environment (Donaldson and Lindroth, 2008; Osier 

and Lindroth, 2006; Mutikainen et al., 2000; Mansfield et al., 1999). The significant variation 
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observed in most of the measured leaf traits among red alder families in this study demonstrates 

the importance of genetics in determining these traits, since all the selected families were of the 

same age, grown in the same environment and had the same treatments.  

 

3.4.3. Relationship of red alder growth to measured leaf traits 

The results show that second-year height and RCD growth were negatively related to the 

concentrations of the three leaf phenolic compounds and leaf thickness, but positively related to 

the leaf N concentration, water content and toughness. In particular, height growth had a 

significant relationship with leaf N and TP concentrations and leaf thickness, where leaf N, TP 

and thickness explained 30, 31 and 26 %, respectively, of the variation in seedling height growth. 

The relationship was similar in both HN and LN treated seedlings despite the substantial effect 

of N fertilization on foliar N concentration. Although red alder seedling height and RCD growth 

were not limited by N availability, dry total biomass differed significantly between the two N 

treatments. Larger trees (faster growing) had higher biomass and foliar N concentration but 

lower foliar C-based secondary compounds. This suggests that C allocation for production of the 

measured secondary phenolic compounds declined during active growth of the seedlings due to 

greater allocation of C to new tissues. Consistent with past studies, fast growing plants in fertile 

soils mostly have low C availability for production of C-based secondary compounds (Glynn et 

al., 2003; Riipi et al, 2002; Herms and Mattson, 1992). For example, as observed in this study, 

Glynn et al. (2003) found a negative correlation between black poplar growth and total foliar 

phenolic concentration but foliar N concentration related positively with growth rate of the 

plants. Fast growing plants export available carbohydrate to growing meristems, which leads to 

low accumulation of carbohydrate in leaves for the production of secondary compounds. The 
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results indicate a trade-off between growth and leaf defense traits, and provide support for the 

growth differentiation balance hypothesis (GDBH). GDBH predicts a negative correlation 

between growth and C-based secondary compounds when plants are growing in nutrient-rich 

soils (Glynn et al. 2003; Herms and Mattson, 1992; Koricheva, 2002). In agreement with our 

results, several past studies have reported an inverse relationship between growth and secondary 

metabolism in woody plants (Glynn et al. 2003, Hwang and Lindroth, 1997, Baldwin, 1998). 

Thus, the results support the GDBH that slower growing plants have larger investment in defense 

compounds (Züst and Agrawal; Cipollini et al., 2014; Coley et al., 1985).   

 

N is essential for plant growth for stimulating cell division, tissue elongation and photosynthesis. 

This supports the observation of positive relationship between growth and leaf N concentration 

in this study. Moreover, there was an inverse relationship between leaf thickness and seedling 

growth, which indicate that leaves of smaller trees (slower growing) were thicker than larger 

trees (faster growing). It also possible that the trees with thinner leaves grew faster because they 

invested less C per leaf, which increased photosynthates available for growth as opposed to the 

slower growing trees with thicker leaves (Smith et al., 1997). This was consistent with the 

observation made by past researchers that plants with lower growth tend to have smaller and 

thicker leaves compared to plants with higher growth rates (Züst and Agrawal, 2017).  

 

3.4.4. Nitrogen (N) fertilization and genotype effects on leaf consumption by WTC 

Bioassay feeding experiments with leaves from three-year-old red alder trees and WTC larvae 

were conducted to infer the effects of  N supply on N and C allocation to defense among red 

alder populations. The results indicate that genotype of the selected trees influenced the 
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caterpillars’ preference for the leaves of particular red alder families as observed in the feeding 

trials with leaves from 9-year-old red alder clones in Chapter 2. As discussed in section 2.4.1 of 

Chapter 2, the leaf quality was likely influenced by genotypic variation among the alder families 

since all the trees were of the same age and planted in a common environment.  

Most of the measured leaf traits varied significantly among the selected alder families in the N 

experiments but only the variation in Ore concentration was significantly and negatively 

correlated with leaf area eaten by WTC. There was no significant effect of N fertilization or N 

fertilization x family interaction on leaf Ore concentration, which suggests that the significant 

negative relationship between leaf Ore concentration and WTC is likely due to a genetic effect 

on leaf Ore concentration. Again, the results show a threshold above which the concentration of 

leaf Ore appeared to reduce WTC feeding, which was consistent with the observation in the 

bioassay feeding trials in Chapter 2 (Section 2.4.3). Similar to the findings in Chapter 2, leaf 

consumption by WTC larvae decreased when mean concentration of Ore was above 19.5 % leaf 

DW. This suggests that if Ore in red alder leaves is a defense compound, it has a dose-dependent 

effect on WTC feeding. The consistent significant negative correlation between WTC feeding 

and leaf Ore concentration in all the bioassay feeding experiments is an intriguing indication that 

foliar oregonin may be a defensive compound against tent caterpillars feeding on alder trees. The 

reduced consumption of leaves with high concentrations of Ore by WTC larvae may be due to 

the deterrent characteristics or toxicity of the chemical. The chemical is believed to have 

herbivore defense properties that reduce leaf digestibility, as well as antimicrobial properties due 

to its toxicity (Jackrel et al., 2016; Dahija et al, 2014; González-Hernández et al., 2000, 2000; 

Saxena et al. 1995), but there have been no reports on the insect feeding effects of Ore until my 

study. It is noteworthy that the observed relationship between Ore and WTC feeding in this study 
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may be specific to WTC food preference. Tent caterpillar species (Malacosoma spp.) response to 

food quality is different from other tree-caterpillars; due to the differences in leaf phenolic 

detoxication and food conversion efficiency in the midguts of the caterpillars (Barbehenn and 

Constabel, 2011; Barbehenn et al., 2005; Hemming and Lindroth, 2000).  

 

Although, N fertilization significantly increased leaf N concentration, there was no significant 

relationship between leaf N concentration and leaf consumption by the caterpillars. Based on the 

results, the influence of leaf Ore concentration on WTC feeding, which was determined by 

genetics, is more important than N fertilization. In contrast to the findings in Chapter 2 (Section 

2.3.3), the results show that leaf area eaten correlated with leaf CT and TP concentrations but the 

relationship was not significant. Also, the absence of significant correlation between leaf TP 

concentration and leaf consumption by the larvae may be explained by the absence of significant 

variation in TP concentration among the selected alder families. However, there was a strong 

variation in CT concentration among the alder families and it was surprising that CT variation 

had no significant influence on the caterpillars’ feeding. Factors such genotype, developmental 

stage and environment, and as well as the interactions among these factors determine the quality 

of plants as food for herbivores (Lindroth and St. Clair, 2013; Donaldson and Lindroth, 2008; 

Lindroth et al., 2007; Osier and Lindroth, 2006; Riipi et al., 2004). Although the percentage leaf 

area eaten varied significantly between the two sampling dates and between the two N 

treatments, there was no significant effect of family within provenance x date interaction on leaf 

area eaten. Again, this indicates that WTCs’ relative preference for individual families was 

consistent across experiment dates. 
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Unexpectedly, leaves from the LN treated seedlings were eaten more than the HN treated 

seedlings, on average. This was surprising because there was not a significant correlation 

between foliar N concentration and leaf area eaten by the caterpillars, overall. The observation 

may be WTC-specific food preference or it may be explained by compensatory feeding on leaves 

from the LN treated seedlings by the caterpillars. Leaf tissue from a LN treated tree with low N 

and high phenolic concentrations is considered to be of low quality, and therefore the caterpillars 

may have consumed more of the leaves to compensate for the low quality. Past studies have 

observed similar compensatory herbivore feeding on plant leaves (Mansfield et al. 1999; Osier 

and Lindroth (2001).  Mansfield et al. (1999) reported that HN supply increased N concentration 

in aspen leaves and leaf miner larvae consumed more tissue from LN treated trees compared to 

HN treated trees. In their study, they observed that the larvae consumed 69 % more tissue from 

LN treated trees that had higher defense compounds and lower N than tissue from HN treated 

trees. Similarly, Osier and Lindroth (2001) observed that gypsy moth larvae fed more on poorer 

quality foliage (low N and high CT) of quaking aspen that were grown in low-nutrient soil. As 

observed in past studies (Osier and Lindroth, 2001, Mansfied et al. 1999), although there were 

no significant differences in leaf phenolic compound concentrations between the N treatments, 

dilution of low leaf N concentration with high foliar phenolic concentrations may have caused 

compensatory feeding on leaves from LN treated trees.  

 

3.5 Conclusions 

In summary, N availability had significant effects on red alder seedling total dry biomass and 

leaf N concentration but had no significant effect on height and RCD growth, root inoculation by 

Frankia and the expression of leaf C-based compounds. The results show that N fertilization of 
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N fixing plants such as red alder may not be beneficial when the plants are growing in an 

environment with adequate levels of other required nutrients and in association with Frankia. 

There was a clear trade-off between red alder seedling growth, and foliar concentration of the 

phenolic compounds and leaf thickness, which supports the growth-differentiation balanced 

(GDB) hypothesis in relation to resource availability.  

 

Family variation in leaf Ore concentration appeared to be more important in explaining the 

variation observed in WTC leaf consumption than N fertilization. The significant negative 

correlation between leaf Ore concentration and WTC feeding in this study supports previous 

findings in Chapter 2 (Section 2.3.3) that high foliar Ore concentrations above 20 % leaf DW 

may serve as a defense against WTC feeding on red alder leaves. As previously recommended in 

Chapter 2, a future study with WTC larvae feeding on leaves with a known range of purified Ore 

will be interesting and useful to confirm the role of Ore in influencing red alder leaf quality in 

relation to WTC larval consumption and performance. The results of this study will be relevant 

in fertilization and selection of suitable red alder families for breeding programs and 

regeneration in relation to the species growth and defense against tent caterpillar feeding.     

Based on my results, a single measurement of height and diameter growth of three-year-old red 

alder trees may be too early and inadequate to evaluate genetic variation among genotypes 

growing in a common environment. Therefore, periodic or annual measurements of height and 

diameter growth for at least five years is recommended to determine clear and true variation in 

growth among genotypes as noted by past researchers. It is also recommended that trees should 

not be grown in pots with restricted root growth.
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Chapter 4. Seasonal variation and wounding response in oregonin 
and total phenolics in red alder (Alnus rubra) leaves 

 

Abstract 

Oregonin is a diarylheptanoid xyloside that occurs naturally in the bark, wood and leaves of 

Alnus species. It has been shown to be a significant deterrent to cervid feeding on red alder 

because of its antinutritive properties. The effects of oregonin on insect feeding were unknown 

until my recent study on red alder defense mechanisms (Chapter 2). My work showed a 

significant negative correlation between foliar oregonin concentration and tent caterpillar 

feeding, and particularly, a threshold of 20 % of leaf dry weight above which there was little 

feeding by caterpillars. If oregonin is a defensive compound against insects in red alder, its foliar 

concentration might be expected to vary during the growing season or upon attack by insects. My 

objective was to measure the seasonal variation and wounding response of oregonin and total 

phenolics in red alder leaves. To assess the seasonal variation of foliar oregonin and total 

phenolics, leaves from three-year-old red alder trees from five different families were harvested 

and analyzed on eight dates from early April to mid-October, 2016 to quantify oregonin and total 

phenolics concentrations. Wound induction experiments were conducted outdoors in 2016 and in 

a greenhouse in 2017, using four-year-old trees. Foliar oregonin, condensed tannin and total 

phenolics concentrations were measured. Results showed that concentration of oregonin varied 

during the growing season and there were no significant responses of any of the measured 

compounds to wounding. The results suggest that red alder foliar oregonin, condensed tannin and 

total phenolics are constitutive defenses and are not wound-induced.     
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4.1. Introduction 

The quality of a plant as food for herbivores is influenced by leaf physical and biochemical traits, 

and these traits change during a growing season. Foliar compounds differ in concentration over 

the growing season (Lindroth, 2007, Salminen et al., 2004; Riipi et al., 2004; 2002, González-

Hernández et al., 2000). Thus, different defense compounds may play more or less important 

roles in a growing season (Osier et al., 2000; Lindroth, 2007). Younger leaves are considered a 

richer food source than mature leaves because younger leaves are tender with higher protein and 

water contents than mature leaves. Mature leaves, on the other hand, are considered to have 

higher concentrations of sugars and phenolic compounds, but are tougher than younger leaves 

(Salminen et al., 2004; Haukioja et al., 2002). The results of several studies have shown that 

most foliar phenolic concentrations, nutrients and enzyme activities in deciduous plants decline 

during a growing season, contrary to the assumption that mature leaves have higher 

concentrations of phenolic compounds (Haviola, 2013, Lindroth, 2007, Salminen et al., 2004; 

Riipi et al., 2004; 2002, González-Hernández et al., 2000).  For example, Riipi et al. (2002) 

observed higher protein amino acids, flavonoid glycosides, gallotannins and total phenolic (TP) 

concentrations, and leaf water content in young leaves of mountain birch (Betula pubescens ssp. 

Czrepanovii Orlova) in early June, but soluble proanthocyanidins (condensed tannin) and cell 

wall proanthocyanidin concentrations were higher in mature leaves from July to September. In 

the same study, total sugar concentration peaked in mature leaves in July, and then declined to 

minimum at the end of September in senescing leaves. Similarly, Salminen et al., (2004) found a 

decline in foliar concentrations of N, hydrolyzable tannins, flavonoid glycosides, quercetin 

glycosides and TP in English oak trees (Quarcus robur) from May 29 (expanding leaves) to 

September 26 (senescing leaves) in Finland. However, total proanthocyanidin and total carbon 
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concentrations in the oak leaves increased during the growing season in the 2004 study. Again, 

Haviola (2013) found a decline in peroxidases, and acid and alkaline polyphenoloxidase 

activities with mountain birch leaf maturation from mid-June to early July. The past studies 

reported rapid (within two - three weeks) changes in the concentrations of the measured primary 

and secondary foliar chemicals, and enzyme activities in the early growing season (Haviola, 

2013; Salminen et al. (2004) and Rapii et al. (2002).  

 

A past study on seasonal variation in red alder leaf chemistry reported that the measured foliar 

phenolic compounds, condensed tannin (CT), oregonin (Ore) and total phenolics (TP), declined 

from spring through fall (González-Hernández et al., 2000 ). However, the specific dates of leaf 

collection during the growing season in that study were not reported. The change in the 

concentrations of leaf phytochemicals can be rapid, within two weeks, especially in the early 

growing season (Chapter 2; Salminen et al., 2004). Therefore, it is important to sample leaves 

many times throughout a growing season to observe true seasonal patterns when evaluating 

seasonal variation in leaf chemistry. It is also important to sample leaves from trees of different 

genotypes when monitoring changes in leaf defense traits, because the synthesis and production 

of leaf secondary compounds are influenced by genotype, phenology and the environment 

(Chapters 2 and 3, Donaldson and Lindroth, 2008; Osier and Lindroth, 2006; Mutikainen et al., 

2000; Mansfield et al., 1999). 

 

Plants respond to herbivory and wounding through the accumulation of phenolic compounds and 

the response may be rapid (same growing season) or delayed (the following growing season). 

Wounding can be used to simulate herbivory to investigate the defensive biochemical signals 
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induced in an attacked plant (Bruxelles and Roberts, 2001). Plant response to herbivory may 

differ from response to artificial mechanical wounding, however, (Roitto et al., 2008) past 

studies have reported that herbivory and mechanical wounding are both effective in stimulating a 

defense response in plants (Major and Constabel, 2007, Tscharntke et al., 2001, Constabel et al., 

2000). For example, Tscharntke et al., (2001) found that manual defoliation and alder beetle 

(Agelastica alni) larvae herbivory effectively increased leaf phenolic concentration and activity 

of oxidative enzymes as a defense response of black alder. Major and Constabel (2007) also 

reported that wounding and regurgitant from forest tent caterpillars (FTC) caused similar 

responses in the expression of anti-herbivore proteins in hybrid poplar leaves.  

 

The cost involved in plant defense against pests may trigger differential allocation of resources 

between growth, development, reproduction and defense. Allocation of a plant's resources 

towards growth and reproduction may be detrimental to its defense against pests (Philippe and 

Bohlman, 2007). In a simulated herbivory experiment using mechanical wounding and 

application of methyl jasmonate solutions to red alder leaves, Jackrel and Wootton (2015) 

reported a decline in leaf N and elevated leaf C: N content in response to wounding. They also 

observed a lower preference for herbivory-treated leaves than untreated control leaves by leaf-

roller caterpillars (Epinotia albangulana), and untreated leaves decomposed faster than the 

treated leaves. A decrease in leaf N and increase in C:N content suggests that there was an 

increase in concentrations of leaf C defense compounds by wounding which may negatively 

affected the quality of the leaves for the caterpillar feeding, but leaf defense chemicals were not 

analysed. In contrast, another study which measured herbivory in grey alder (Alnus incana) and 

black alder (Alnus glutinosa) by alder beetle (A. alni) observed no change in leaf N in response 



 

 

 

142 

to herbivory (Oleksyn et al., 1998). Leaf perforation by alder beetle did significantly increase TP 

concentration in the leaves. On the other hand, the authors found no change in N, and a decline 

in TP concentration in birch (Betula pedula) (Oleksyn et al., 1998). In another study, manual 

defoliation of black alders was reported to negatively affect the feeding of alder leaf beetle on 

alder trees in Germany (Tscharntke et al., 2001). Interplant resistance transfer in the alder trees 

was observed based on the avoidance of leaves from the undamaged neighbours of the damaged 

trees for both feeding and oviposition. Defoliation caused an increase in phenolic contents of the 

leaves, ethylene emission and release of a blend of volatiles with mono-sesqui and homoterpenes 

in the 2001 study.  

 

Oregonin (Ore) is a diarylheptanoid xyloside that occurs naturally in the bark, wood and leaves 

of alders. It is believed to have a significant effect on cervid feeding on red alder because of its 

antinutritive properties (González-Hernández et al., 2000). Diarylheptanoids such as Ore have 

received much attention in biomedical literature for possible treatment of cancer because of their 

toxicity to cancer and microbial cells (Sati et al., 2011). A recent study by Jackrel et al. (2016) 

showed that diarylheptanoids in red alder leaves have a significant negative effect on the rate of 

decomposition of red alder leaves. However, the effect of Ore on insect feeding was unknown 

until my study (Chapter 2) on red alder defense mechanisms against western tent caterpillars 

(WTC). The results of that study and a follow-up study in Chapter 3 showed a negative 

correlation between Ore concentration in red alder leaves and WTC feeding, and particularly, a 

threshold of 20% of leaf dry weight above which there was little feeding by caterpillars. This 

suggests that the level of Ore in leaves may negatively affect WTC feeding. The concentration of 

Ore in red alder leaves may vary over the growing season, which could affect the quality of the 
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leaves as food for WTC (Safraz et al., 2013). If Ore is required for defense by red alder against 

insects, its foliar concentration might be expected to vary during the growing season in relation 

to the life cycles of herbivorous insects, or foliar Ore concentration may increase upon attack by 

insects (Bruxelles and Robert, 2001).  

 

Based on the intriguing, consistent negative correlation between foliar Ore concentration and 

WTC feeding on red alder (Chapters 2 and 3), and the lack of information on the effect of Ore on 

insect feeding, I assessed the response of Ore to wounding and the variation in Ore concentration 

during a growing season in red alder. The purpose of this study was to examine the seasonal 

variation in concentration of Ore and TP in red alder leaves and determine if CT, Ore and TP are 

wound-induced or constitutive for defense. The results of the study will enable us to understand 

the responses of foliar CT, Ore and TP concentrations to wounding in red alder and to predict 

leaf developmental stages when Ore might be more effective against WTC feeding. I 

hypothesized that the foliar phenolic concentrations, particularly Ore, would be higher in the 

early growing season in red alder and the concentrations would increase in response to wounding 

when the chemicals are required for defense against WTC feeding on red alder. 

 

4.2. Materials and methods 

4.2.1. Seasonal variation in leaf oregonin and total phenolic concentrations                                                                                                        

To examine the seasonal variation in foliar oregonin (Ore) and total phenolic (TP) concentrations 

in red alder, leaves of five, 3-year-old red alder trees from five different families (1 tree/ family) 

were collected and analysed on eight dates from the early spring (April 7) through to mid fall 

(October 15) in 2016. Trees were selected based on the results of the 2015 bioassay feeding in 
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the N treatment experiment described in Chapter 3. Three trees were selected from low eaten 

families (Family 244, 378 and 415) and two trees from high eaten families (Family 394 and 411). 

The sampling period was chosen to include the start of the western tent caterpillar (WTC) larval 

life cycle, through to the time that red alder leaves began senescing at the study area. Five leaves 

from each selected tree were collected from different branches on each sampling date at a 

minimum of 3-week intervals (April 7, April 28, May 20, June 10, June 30, July 22, August 18 

and October 15). The leaves were collected from similar positions on the branches (3rd -7th 

positioned leaves to cover all stages of leaf development). Twenty five leaves (5 leaves x 5 trees) 

in total were collected on each date and the collected leaves were put in plastic bags and placed 

on ice to keep the leaves fresh and to avoid degradation of labile leaf compounds during 

transport and before processing. The leaves were processed as described in Chapter 2 within two 

hours of collection. Tissue samples were freeze-dried for 72 h and stored at -20oC until analysis 

to preserve the labile compounds. The samples were analysed to measure foliar Ore and TP 

concentrations on each sampling date as described in Chapter 2. A total of 200 leaves (5 leaves x 

5 trees x 8 dates) were collected and analysed during the entire sampling period.  

 

4.2.2. Foliar oregonin and total phenolics response to wounding                                                                             

Four, 3-year-old trees (2 each from high and low eaten families) with similar heights and 

diameters were selected in the field (FBPGF) in July, 2016, based on the results of the 2015 

bioassay feeding experiments as described in Chapter 3. Four branches at similar locations in the 

mid-crown of each tree and three leaves per branch (6th, 7th and 8th leaves counting from the 

branch tip) were selected for sampling and analysis. One-third of the 7th leaf on each selected 

branch was manually wounded by crushing the leaf with pliers along the edges, ensuring that the 
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midribs and large veins were not damaged (Major and Constabel, 2007, 2006; Wang and 

Constabel, 2004, Constabel et al. 2000). Wounding was repeated after 24 hours to simulate 

repeated herbivore attack. The 6th leaf was harvested few minutes before the wounding (Control 

at day zero), processed and freeze-dried for analysis. The remaining two leaves (wounded and 

unwounded - Control at day ten) were harvested 10 days after wounding, processed, freeze dried 

and analysed for oregonin and total phenolics concentration. A total of 48 samples (4 trees x 4 

branches x 3 treatment leaves) were collected and analysed. A 20-25 mg section of leaf tissue for 

each sample was used for foliar oregonin and total phenolics extraction and analyses as described 

in Chapter 2.                                                                                                                                       

 

A second wounding experiment was repeated in 2017 with larger trees in a greenhouse at the 

Western Forest Products Forestry Centre, Saanichton, BC (48.60o N, 123.42o W) with 10 trees 

from different families. Six trees from low eaten families (Family 244, 265, 286, 361, 378 and 

415) and four from high eaten families (Family 272, 316, 394 and 411) were selected based on 

the 2015 bioassay feeding experiments as described in Chapter 3, and moved to the greenhouse 

in early April before the leaves expanded. The trees were watered as necessary and fertilized 

with 1g L-1 of 20-20-20 NPK all-purpose fertilizer solution (Plant Products Co. Ltd, Brampton, 

ON, Canada) twice a week while in the greenhouse, up until the time of wounding on May 23, 

2017. Four branches on each tree were selected for leaf sampling. The branches selected for 

sampling were of similar length and located at a similar mid-crown position on each tree to 

ensure uniformity.   
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Three nodes from the 4 to 8th nodes counting from the tip of each selected branch were 

randomly selected for the wounding treatments. Two or three leaves (a whorl of leaves) at one 

selected node were collected on the day of wounding for processing as control at time zero (C0). 

Another set of leaves at a second randomly selected node on the same branch were wounded as 

described above and harvested (Fig. 4.1) as the wounded sample after six days (W6). Leaves at a 

third randomly selected node were left as unwounded samples (Fig. 4.1) as a control at day six 

(C6). The wounded and unwounded (W6 and C6) leaves were collected for processing six days 

after wounding (Fig. 4.1). A total of 120 samples (10 trees x 4 branches x 3 treatments) were 

collected, processed and analysed for Ore, condensed tannin (CT) and TP concentrations as 

described in Chapter 2. 

 

  

 

Figure 4.1. Wounded and unwounded red alder leaves for condensed tannin, oregonin and total 

phenolic concentration analyses in a greenhouse at the Western Forest Products Forestry Centre, 

Saanichton, BC in May 2017.  
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4.2.3. Data and statistical analyses 

Analyses of variance (ANOVA) were performed to determine if the levels of condensed tannin, 

oregonin and total phenolics in the leaves varied among the sampling dates, the selected alder 

genotypes and between wounded and unwounded leaves (Tables 4.1 and 4.2). A linear mixed-

effects model (lmer) function in the linear mixed effect package (lme4) of R version 3.4.1 (R 

Development Core Team, 2017) was used to perform the analysis. Statistical significance was 

determined using α = 0.05. Least significant difference (LSD) t-test in the agricolae package in R 

was performed to compare the differences in means of the concentrations of the measured foliar 

chemicals among the selected alder genotypes and the wounding treatments.                                                                                                                         

Table 4.1. Mixed-effects model analysis of variance (ANOVA) for testing the effects of red alder 

trees selected from different families, sampling dates and their interactions on TP and oregonin 

concentrations in leaves of the selected red alders for the TP and oregonin seasonal variation 

experiment in 2016. 

 

Dependent 

variable 

Source (fixed 

effect)  

Degrees of       

freedom 

Random effect and      

Error term 

TP and Ore Tree 4 Date*Tree) 

Date 7 Date*Tree 

Date*Tree 

Error 

28 

160 

Date*Tree 

 

 

Table 4.2. Mixed-effects model analysis of variance (ANOVA) for testing the effects of red alder 

trees selected from different families, wounding treatments and their interactions on condensed 

tannin, oregonin and total phenolic concentrations in leaves of the selected red alders in 2016 and 

2017. Trt = wounding treatment. Note: CT was measured only in 2017. 

 

Dependent 

variable 

Source (fixed 

effect)  

Df (2016) Df (2017) Random effect and          

Error term 

CT, Ore and TP Tree 3 9 Branch(Tree) 

Trt 2 2 Trt(Tree*Branch) 

Tree*Trt 

Branch(Tree) 

Trt(Tree*Branch) 

6 

12 

24 

18 

30 

60 

Trt(Tree*Branch) 

Trt(Tree*Branch) 

Error 
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4.3. Results 

4.3.1. Seasonal variation in leaf oregonin and total phenolic concentrations 

There was significant variation in leaf Ore concentration over the growing season among the five 

red alder trees (T) from different families that were sampled from early April to mid-October in 

2016 (Table 4.3 and Fig. 4.2). Trees T394 and T411 from high-eaten families in the 2015 

bioassay feeding experiments had significant lower-mean Ore concentration than trees T244, 

T378 and T415, which were from low-eaten families (Fig. 3.5 in Chapter 3 and Fig. 4.2). Mean 

Ore concentration ranged from 263.7 (9.7) µg mg-1 for T411 to 362.4 (14.6) µg mg-1 for T415.  

 

Table 4.3. Results of ANOVA of the effects of tree, date and their interaction on seasonal 

variation in foliar oregonin and total phenolic concentrations of four-year-old red alder trees   

grown outdoors at the University of Victoria in from April 7 to October 15, 2016.  

 

Leaf trait Variable       Df F - Value     P - value 

 

Oregonin 

 

Tree  

Date 

Tree x Date 

 

4 

7 

28 

 

4.62 

2.52 

5.67 

 

<0.0054 

0.0386 

<0.0001 

 

Total phenolics 

 

Tree 

Date 

Tree x Date 

 

4 

7 

28 

 

17.99 

0.64 

2.51 

 

<0.0001 

0.7171 

0.0002 
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Figure 4.2. Mean leaf oregonin concentration in leaves from five red alder trees selected from 

different families and sampled between April and October in 2016 to measure seasonal effect on 

red alder foliar oregonin concentration. Leaves were sampled from four-year-old red alder trees 

grown outdoors at the University of Victoria on eight dates from April 7 to October 15, 2016. 

N=200. LSD t-test results of means differences in leaf oregonin concentration are shown by 

letters above each bar (p < 0.05). Error bars represent standard error (n = 20).  

 

The Ore concentration varied among the eight sampling dates but it was significantly higher in 

April 7 and October 15 leaf samples than the other six dates (Table 4.3 and Fig. 4.3). The highest 

mean Ore concentration (388.0 ± 15.3 µg mg-1) was recorded on April 7 and the lowest (276.3 ± 

10.6 µg mg-1) was recorded on June 10. Ore concentration remained low in most of the growing 

season (May to August). There was a significant effect of the tree x date interaction on Ore 

concentration (Table 4.3). Although most of the trees had consistent ranking for leaf Ore 

concentrations on most of the sampling dates, the ranking of tree T378 fluctuated over the 

growing season. Although the tree ranking changed over the growing season, T411 had 

consistently low Ore concentrations while T415 had consistently high concentrations (Fig. 4.3). 
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Figure 4.3. Mean leaf oregonin concentration in leaves from five red alder trees selected from 

different families and sampled on eight dates from April 7 to October 15 in 2016 to measure 

seasonal variation in oregonin concentration. Leaves were sampled from four-year-old red alder 

trees grown outdoors at the University of Victoria. N=200. LSD t-test results of means 

differences in leaf Ore concentration for each sampling date are shown by letters above each bar 

(p < 0.05). Error bars represent standard error (n = 5). 

 

TP concentration differed among the five alder trees but there was no significant variation among 

the sampling dates (Table 4.3 and Fig. 4.4). Mean TP concentration among the alder trees ranged 

from 577.3 (11.1) to 737.3 (9.9) µg mg -1 for T394 and T411, respectively. Consistent with the 

results of the 2015 leaf trait analyses, the mean TP concentrations of T394 and T415 were 

significantly higher than T244 and T411 on average. The highest mean TP concentration (712.0 

± 21.0 µg mg-1) was recorded on October 15 while the lowest (657.9 ± 12.3 µg mg-1) was 

recorded on June 10. There was a significant effect of the tree x date interaction on TP 

concentration (Table 4.3). Leaf TP concentration of most trees fluctuated among dates during the 

leaf sampling; however TP concentration was consistently low in tree T411 and generally high in 

tree T394. TP concentration of most trees had similar patterns as Ore over the growing season, 

and the two were strongly and positively correlated (R=0.55, p = <0.001) as observed for the 

clones in the bioassay feeding experiments in Chapter 2 (Section 2.3.2). 
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Figure 4.4. Mean total phenolic concentrations in leaves from five red alder trees sampled on 

eight dates from April 7 to October 15 in 2016 to measure seasonal variation in total phenolic 

concentration. Leaves were sampled from four-year-old red alder trees grown outdoors at the 

University of Victoria. N=200. Error bars represent standard error (n = 5). Note: total phenolics 

concentration expressed as oregonin equivalent. 

 

4.3.2. CT, Ore and TP concentration response to wounding in the field and greenhouse 

4.3.2.1. Outdoor wounding experiment in 2016 

The concentrations of Ore and TP varied significantly among the alder trees selected from 

different families that were sampled for the outdoor wounding experiment in 2016 (Table 4.4). 

There were no significant wounding or tree x wounding interaction effects on Ore or TP 

concentrations (Table 4.4). On average, T378 and T303 had substantially higher Ore 

concentration than T258 and F394 (F3, 47 = 11.8, p < 0.0001). Mean Ore concentration for T378, 

T303, T258 and T394 was 218.3 (10.1), 206.0 (11.4), 166.3 (5.6) and 154.6 (7.5) µg mg-1, 

respectively. Except T303, mean Ore concentration of the other three trees was similar to the 

observation in the bioassay feeding experiments in Chapter 3 (Section 3.3.6.1). 
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Table 4.4. Results of ANOVA of the effect of tree, wounding treatment and their interaction on 

variation in foliar oregonin and total phenolic concentrations of four-year-old red alder trees 

grown outdoors at the University of Victoria in July 2016.  

 

 

 

The wounding treatments, control at day zero (C0), control at day ten (C10) and wounded at day 

ten (W10) had mean Ore concentration of 168.8 (7.6), 190.4 (10.2) and 200.2 (10.9) µg mg-1, 

respectively. Generally, the wounded leaves appeared to have higher Ore concentration than the 

unwounded leaves but the difference was not statistically significant. There was no significant 

difference in Ore concentration between the C0 and C10. 

The mean leaf TP concentration for trees T258, T303, T378 and T394 was 530.2 (17.0), 716.8 

(23.3), 700.3 (13) and 675.7 (17.4) µg mg-1, respectively. Tree T258 had a significantly lower 

mean TP concentration than the other three trees ((F3, 47 = 22.4, p < 0.0001). The mean leaf TP 

concentrations for the C0, C10 and W10 leaves were 629.7 (19.9), 702 (25.1) and 635.2 (23.8) 

µg mg-1, respectively. Mean TP concentration of C10 was significantly higher than C0 but not 

significantly different from W10.    

 

4.3.2.2. Greenhouse wounding experiment in 2017 

The results of the 2017 greenhouse wounding treatment experiment were similar to those in the 

outdoor experiment in 2016. The concentrations of CT, Ore and TP varied significantly among 

Leaf trait Variable     P - value 

Oregonin Tree  

Treatment  

Tree x Treatment 

Branch(Tree) 

<0.0001 

0.0674 

0.10370 

0.86004 

 

Total phenolics 

 

Tree 

Treatment 

Tree x Treatment 

Branch(Tree) 

 

<0.0001 

0.0555 

0.7880 

0.97786 
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the ten trees selected from different families that were sampled but were not significantly 

affected by the wounding treatment (Table 4.5). Mean leaf CT concentration among the trees 

ranged from 32.6 (1.2) µg mg-1 for T394 to 55.3 (1.1) µg mg-1 for T286 (Fig. 4.5). The mean CT 

concentrations for the control treatment at day zero (C0), control at day six (C6) and wounded at 

day six (W6) were 41.5 (1.4), 41.9 (1.0) and 43.5 (1.5) µg mg-1, respectively. There was no 

significant wounding x tree interaction on CT concentration (Table 4.5). 

 

Table 4.5. Results of ANOVA of the effect of tree, wounding treatment and their interaction on 

variation in foliar oregonin, condensed tannin and total phenolic concentrations of four-year- old 

red alder wounded in a greenhouse at the Western Forest Products nursery in Saanichton, B.C. in 

May 2017.  

 

Leaf trait Variable     P - value 

Oregonin Tree 

Treatment  

Tree x Treatment  

<0.0001 

0.1242 

0.1332 

 

Condensed tannin 

 

Tree 

Treatment 

Tree x Treatment 

 

<0.0001 

0.999 

0.5818 

 

Total phenolics 

 

Tree 

Treatment 

Tree x Treatment 

 

<0.0001 

0.0680 

0.2948 
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Figure 4.5. Mean leaf condensed tannin concentration among ten red alder trees selected from 

different families for the wounding experiment in a greenhouse at the Western Forest Products 

Forestry Centre, Saanichton, B.C. in May 2017. N = 120. LSD test results of means differences 

in CT concentration are shown by letters above each bar (p < 0.05). Error bars represent standard 

error (n = 12).  

 

 

Mean Ore concentration in the trees selected from different red alder families ranged from 105.9 

(5.7) µg mg-1 for T394 to 389.1 (10.6) µg mg-1 for T286 (Fig. 4.6). Trees T286, T244 and T361 

from low-eaten families in the 2015 bioassay feeding experiments had significantly higher-mean 

Ore concentration than T272 and T394, which are from high-eaten families (Figs. 3.4 and 4.5; 

F9, 110 = 62.3, p < 0.0001). Mean Ore concentration for the three wounding treatments was not 

significantly different and was 198.3 (14.6) µg mg-1 for C0, 210 (14.1) µg mg-1 for C6 and 207.8 

(13.3) µg mg-1 for W6. The lack of change in oregonin concentrations in response to wounding 

under field and greenhouse conditions was consistent. There was no significant effect of the 

wounding x tree interaction on Ore concentration (Table 4.5). 
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Figure 4.6. Mean leaf oregonin concentration among ten red alder trees selected from different 

families for the wounding experiment in a greenhouse at the Western Forest Products Forestry 

Centre, Saanichton, B.C. in May 2017. N = 120. LSD t test results of means differences in 

oregonin concentration are shown by letters above each bar (p < 0.05). Error bars represent 

standard error (n = 12). 

 

Mean TP concentration among the ten alder trees selected from different families ranged from 

426.6 (6.3) µg mg-1 for T415 to 544.0 (12.7) µg mg-1 for T244 (Fig. 4.7). Trees T394, T411 and 

T415 had significantly lower mean TP concentration than the other seven trees (Fig 4.7; F9, 110 = 

11.6, p < 0.0001). Mean TP concentrations for the three wounding treatments were 492.2 (9.1) µg 

mg-1 for C0, 513.0 (8.5) µg mg-1 for C6 and 494 (6.8) µg mg-1 for W6. There was no significant 

effect of wounding, or the tree x wounding interaction on TP concentration (Table 4.5).  
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Figure 4.7. Mean leaf total phenolics concentration among ten red alder trees selected from 

different families for the wounding experiment and grown in a greenhouse at the Western Forest 

Products Forestry Centre, Saanichton, BC in May 2017. N = 120. LSD test results of means 

differences in TP are shown by letters above each bar (p < 0.05). Error bars represent standard 

error (n = 12). Note: total phenolics concentration expressed as oregonin equivalent. 

 

 

4.4. Discussion  

4.4.1. Seasonal variation in leaf oregonin and total phenolic concentrations 

This study sought to determine if foliar Ore concentrations in red alder vary during the growing 

season or upon attack by insects. The investigation was motivated by a novel finding of 

consistent significant negative correlations between foliar Ore concentration and tent caterpillar 

feeding in my previous work. There are many examples of seasonal variation and wound-

induction of defense compounds, and therefore I tested if CT, Ore and TP concentrations in red 

alder leaves vary over a growing season and if they are wound-induced or constitutive for 

defense. The results show that foliar Ore and TP concentrations varied significantly among the 

selected red alder trees, but only the Ore concentration varied substantially among the eight 

sampling dates. There was a significantly lower foliar Ore concentration from May to August 
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when the trees were actively growing, compared to the early growing season (April) and in the 

senescing leaves (mid-October). In addition, there was a significant tree x date interaction in the 

analyses of variance for both Ore and TP concentrations.   

The variation in foliar Ore and TP concentrations among the selected trees from different 

families were consistent with my previous results in Chapter 3 (Section 3.4.3). The tree ranking 

by the foliar concentrations of the measured chemicals changed over the growing season and 

thus significant tree x date interactive effects existed in the analyses of Ore and TP 

concentrations. However, Ore concentration in T411 (from high eaten family) was consistently 

low and T415 (from low eaten family) was consistently high, despite the fluctuations in Ore 

concentration over the growing season. 

 

The high level of Ore in alder leaves in April may be explained by high carbon allocation to the 

production of defense compounds early in the season to protect new leaves, as is often observed 

in early successional plants such as trembling aspen, quaking aspen and paper birch that are 

subject to insect attacks (Lindroth, 2001; Erwin et al., 2000). Ore concentration declined in May, 

and remained low through to August when the trees were actively growing. This observed 

pattern may have been caused by factors such as dilution of the chemicals as the leaves expanded 

and matured combined with a decline in carbon allocation to production of defense compounds 

during active differentiation and growth of the plants (Riipi et al. 2004 and Mansfield et al., 

1999). There may be high photosynthetic activity during the active growing period of plants, and 

the C that is fixed is most likely allocated to growth and metabolism instead of production of 

phenolic compounds (Osier et al, 2000; Hwang and Lindroth, 1998). The leaves had matured and 

reached final size in May, which may explain the lack of significant change in Ore concentration 



 

 

 

158 

between May and August (Salminen et al., 2004; Riipi et al., 2002). The increase in Ore and TP 

concentrations in mid-October, on average, among the trees could be due to accumulation of the 

chemicals in senescing leaves after recycling of other foliar chemicals such as N and sugars by 

the trees. Hardwood or deciduous plants such as red alder, aspen and birch export N and 

carbohydrates to their trunk and roots at the end of the growing season and remobilize them in 

the following spring for new growth (Millard and Grelet, 2010). For example, Riipi et al. (2002) 

reported that although protein and amino acids concentrations were highest in young leaves in 

early June, and total sugar concentration peaked in mature leaves in July, these chemicals 

declined to a minimum at the end of September in senescing leaves of mountain birch (Betula 

pubescens ssp. Czrepanovii Orlova). Similarly, Salminen et al. (2004) found a 50 % decrease in 

foliar N concentration in English oak trees (Quarcus robur) from May 29 (expanding leaves) to 

September 26 (senescing leaves) in Finland. High molecular weight compounds such as 

phenolics are immobile and cannot be recycled (Mattila et al., 2018). Thus, foliar phenolic 

compounds such as flavonols and tannins have a low turnover rate and are held in the leaf until 

the leaf falls (Mattila et al., 2018; Millard and Grelet, 2010). This would result in a relative 

increase in the concentration of phenolics as mobile N- and C-containing compounds are 

exported from leaves in the autumn. Once the leaves senesce and fall, the phenolic compounds 

become part of soil organic matter, thus, the C used for phenolic production is lost to the plant 

(Millard and Grelet, 2010; Martens, 2000).  

 

Several previous studies have reported changes in plant quality as food for herbivores during the 

growing season and the findings show that some secondary metabolites change in concentration 

at different times in a growing season (Lindroth, 2007, Salminen et al., 2004; Riipi et al., 2004; 
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2002, González al., 2000). The observed pattern of seasonal variation in Ore concentration in red 

alder leaves in the spring and summer in this study was similar to observations of González al. 

(2000) where CT, Ore and TP concentrations in red alder leaves declined from spring through 

summer in the central Coast Range of Oregon, USA. González al. (2000) found the lowest foliar 

Ore and TP concentrations in the fall, contrary to the high concentrations observed in my study 

in the fall (mid-October). The difference in the dates of leaf collection in the fall season for this 

study and the study of González et al. (2000) may explain the observed variations in Ore and TP. 

The specific date of leaf collection in the fall season for the 2000 study is unknown and it was 

not mentioned whether the collected leaves were senescing. Consistent with my results, Riipi et 

al. (2002) observed a rapid decrease in the concentrations of foliar phenolic compounds such as 

CT and flavonoid glycosides, and TP in mountain birch in the early spring, little change in the 

middle of the season and then a sharp increase in concentration when leaves were senescing. 

Particularly, leaf flavonoid glycoside, TP and CT concentration increased by 50, 20 and 14%, 

respectively, from early to late September when the birch leaves were senescing in the 2002 

study (Riipi et al., 2002). A similar pattern was observed in oak leaves in Finland, where the 

concentrations of most measured foliar phenolic compounds were high in the early growing 

season (leaves expanding) and significantly declined at the end of the growing season (Salminen 

et al., 2004). As observed in this current study, there was extended period of relatively stable 

concentrations of most measured chemicals in the oak leaves after leaf expansion (Salminen et 

al., 2004).     

There was no significant seasonal variation in foliar TP concentration, contrary to the pattern 

observed in Ore concentration. The differing seasonal pattern in Ore and TP concentrations in 

red alder leaves may be explained by the differences in the seasonal changes of the individual 



 

 

 

160 

phenolic compounds that make up the TP. This suggests that a method for quantifying TP may 

not be effective for determining seasonal patterns of phenolic compounds. Again, the Folin- 

Ciocalteu assay used for quantifying TP concentration in this study has limitations of producing 

inaccurate estimate of TP to due interference from other compounds that can react with the 

Folin-Ciocalteu reagent and precipitation of methanol extracts, despite the wide use of the 

method for TP determination (Cisco and Lattanzio, 2011, Salminen et al., 2004). In agreement 

with the current results, Salminen et al. (2004) reported that seasonal variation of TP 

concentration in oak leaves was not consistent with the variation of the measured individual leaf 

compounds. Similar to my study, TP concentration was determined by the Folin-Ciocalteu assay 

in the 2004 study (Salminen et al. (2004). Various defense compounds may play different roles 

and change at different times in a growing season (Osier et al, 2000; Lindroth, 2007). As 

observed in my study, Riipi et al. (2004; 2002) reported that the concentration of TP in birch 

leaves was stable throughout the growing season. Although there was no significant seasonal 

variation in TP concentration in the current study, the senescing leaves, on average, had the 

highest concentration.  

  

4.4.2. Foliar CT, Ore and TP concentration response to wounding 

The wounding study showed that although the concentrations of CT, Ore and TP significantly 

varied among the selected alder trees, they were not significantly affected by wounding 

treatment. This was observed in both the outdoor and greenhouse wounding experiments. There 

was no significant tree x wounding interaction effect on the concentration of any of the measured 

compounds, which indicates that the selected alder genotypes had a similar lack of response to 

wounding treatment under both outdoor and greenhouse conditions. 
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The absence of significant damage-induced changes in the concentrations of the measured foliar 

defense compounds in different red alder genotypes suggests that this species employs 

constitutive defense against its herbivores rather than induced defense, if the measured 

compounds act as defense chemicals against insects. It is important to note that the wounding 

method used in this study has been found to be effective in triggering a wounding response in 

similar species such as hybrid poplar (Major and Constabel, 2007, 2006; Constabel et al. 2000).  

 

Other possible explanations for the lack of a significant wounding effect on the measured leaf 

chemicals could be the generally low impact of the damage to the leaves on the trees’ general 

performance or survival, or the ability of red alder (a fast-growing species) to replace the lost 

leaf tissue. The magnitude and the frequency of wounding treatment may not have exerted a 

sufficient impact on the trees to trigger induction of defense compounds. Although the wounding 

was repeated to mimic repeated herbivory, one-third of the leaf tissue of each wound-treated leaf 

was damaged and the loss may not have been enough to threaten the survival of the larger trees, 

compare with small seedlings. For instance, Myers and Williams (1987) and William and Myers 

(1984)  found no significant short term effect of mechanical damage or caterpillar feeding on red 

alder leaf quality, but a prolonged and heavy tent caterpillar attack negatively affected leaf 

quality through a reduction in foliar N concentration. Their results suggest that prolonged and 

heavy defoliation is required to change the foliage quality of red alder as food for herbivores 

(Myers and Williams, 1987; Williams and Myers, 1984), although foliar phenolic compounds 

were not measured.  
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Plants may employ constitutive or induced defenses depending on the rate and risk/magnitude of 

the attack (Bruxelles and Robert, 2001; Coley et al., 1985). This suggests that a plant may 

employ induced defenses only when its survival is challenged, because the induction requires a 

diversion of resources from growth, development and reproduction (Züst and Agrawal, 2017; 

Philippe and Bohlman, 2007). It may be more energy and resource efficient for plants to replace 

lost tissue than to induce defenses. Furthermore, it has been observed that young and fast 

growing plant species such as red alder, aspen and poplar may not be affected by a small loss of 

leaf tissue since replacement of the resource lost to wounding/herbivory may not be costly to the 

plant depending on the plant’s size compared to the demands of induced defenses (Tscharntke at 

al., 2001; Dolch and Tscharntke, 2000, Coley et al., 1985). For instance, Tscharntke et al., 

(2001) found that manual defoliation and A. alni herbivory effectively increased leaf phenolic 

concentration and activity of oxidative enzymes as defense responses of black alder against 

herbivory by A. alni when 20 % of the trees’ leaves were stripped. The researchers observed both 

short term (7 days post-damage) and long term (81 days post-damage) induced responses. Plants’ 

induced-response to herbivory or wounding may be rapid (same growing season) or delayed (the 

following growing season) (Roitto et al., 2009; Karban and Baldwin, 1997), but a delayed or 

long term induced-defense strategy was not investigated in this study.  

 

There have been varied results for the response of foliar phenolics to wounding in past studies 

depending on the host species, type of leaf compound measured and factors such as the method, 

rate and magnitude of wounding or herbivore attack (Jackrel and Wootton, 2015; Boeckler et al., 

2013; Oleksyn et al., 1998, Coley et al., 1985). For example, Boeckler et al., (2013) found an 

increase in foliar CT concentration in response to wounding in black poplar (Poplus nigra) but 
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there was no increase in salicinoid. On the other hand, Rubert-Nason et al., (2015) found an 

increase in salicinoid concentration in response to wounding in trembling aspen. Rubert-Nason et 

al., (2015) observed a 22% increase in foliar salicinoid concentration and a 31% increase in 

tannin concentration among trembling aspen genotypes in response to gypsy moth damage.  

 

As observed in this current study, Oleksyn et al., (1998) similarly found no change in TP or N 

concentration in the leaves of black alder (A. glutinosa) in response to perforation by a leaf 

beetle, A. alni. In the same study, artificial perforation did not have any effect on TP 

concentration in the leaves of 4-year-old birch trees. Additionally, Osier and Lindroth (2001) 

found no significant damage-induced changes in aspen leaf quality.  

 

Jackrel and Wotton (2015) reported that the simulation of herbivory by a combination of 

mechanical wounding and methyl jasmonate application had a negative effect on leaf-rolling 

caterpillar feeding and aquatic decomposition of red alder leaves. Although the concentrations of 

foliar phenolic compounds were not measured in their study, there was a reduction in red alder 

leaf quality that was caused by a decrease in foliar N and an increase in C: N ratio. The 

combined-effect of wounding and methyl jasmonate may have caused the wounding response in 

that study, which is a more severe treatment than the wounding carried out in the current study. 

Wang and Lincoln (2004) also observed significantly higher foliar monoterpene concentration in 

Myrica cerifera L. plants two weeks after artificial wounding, but there was no difference in the 

monoterpene concentration between the wounded and non-wounded plants at four weeks after 

wounding. Their results indicate that monoterpene induction by the plants was stabilized by four 

weeks after wounding, which suggest that wounding induction of foliar chemicals may be time-
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dependent. The wounded leaves for the current study were collected 10-days and 5-days after 

wounding in 2016 and 2017, respectively, and therefore a time effect on the chemicals’ induction 

was not examined. 

 

4.5. Conclusion 

 

The results of this study support the observations in my previous studies (Chapters 2 and 3) that 

there is genetic variation in the relative concentrations of all the measured phenolic compounds 

in red alder leaves, but significant seasonal variation exists in foliar Ore concentration in all the 

selected genotypes. As hypothesized, the concentration of foliar Ore in red alder declined from 

April to August, but it did not respond to wounding as expected. Overall, the concentration of 

Ore in red alder leaves was observed to be lowest during the active growing period of the trees 

(May to August) and highest in April and in October, after the end of the growing season. The 

results suggest that red alder foliar Ore is not wound-induced, at least within the short term (5 

days) and therefore may function as a constitutive defense compound against insects feeding on 

red alder leaves. This study investigated only the rapid or short term induced response of red 

alder foliar phenolic compounds to wounding treatment, and therefore it is recommended that 

delayed-induction of the chemicals, especially Ore, should be tested to determine if slower or 

long-term induction exists in red alder. Also, it will be interesting to further investigate the 

induction of red alder defense genes or enzymes such as proteinase inhibitors in response to 

wounding or herbivory, in order to determine whether there are other induced defense strategies 

that are employed by red alder.  
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Chapter 5. General conclusions and future directions 

 

The major aim of this research work was to explore the defense mechanisms of red alder 

against western tent caterpillar (WTC) and determine the variation in resistance among 

and within red alder populations. Specifically, I assessed: (a) the role of genotype, and 

foliar chemicals, nutrients, morphology, phenology and their interactions in red alder 

herbivory defenses, (b) red alder available N allocation to defense and growth, and (c) the 

effects of genotype, growing season, wounding and their interactions on foliar oregonin 

production. In this work, I conducted bioassay feeding trials with WTC on different red 

alder genotypes from different provenances. Phenology and quality of red alder leaves as 

food for the defoliators were analyzed to determine if budburst, leaf chemical content, 

water content or physical traits are major determinants of western tent caterpillars’ 

preference for red alder leaves. Additionally, a N fertilization experiment was conducted 

to determine the effects of N and genotype on red alder growth and herbivory defense. 

Finally, I conducted seasonal variation and wound induction experiments to determine if 

foliar Ore and TP concentrations in alder vary during a growing season or upon attack by 

insects. I will summarize the major findings of these studies and recommend possible 

future research in this Chapter.    

 

 

5.1. Genetic variation in red alder herbivory resistance and foliar traits 

 

My studies have established that genetic variation exists in WTC feeding preference for 

red alder leaves and in red alder leaf defense traits among and within red alder 

populations (Chapters 2 and 3). This thesis provides evidence that the overall approach of 
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screening diverse plant genotypes for putative resistance mechanisms is valid. On 

average, high damage clones such as C38, C162 and C12 consistently had low 

concentrations of CT, Ore and TP while low damage clones such as C79, C90 and C124 

had high concentrations of these chemicals across different dates (Chapter 2). It is 

noteworthy that the complexity of working with live caterpillars made this study a 

challenge. However, the consistent results of leaf damage ranking of some specific clones 

for multiple experiments in 2014 and 2015 validates the feeding bioassay results. My 

studies have shown that although there may be a number of factors involved in WTC 

preference for red alder leaves, genetic variation in concentrations of individual phenolic 

compounds (CT and Ore) and total phenolics (TP) have the greatest influence on the 

herbivore leaf preference. The concentrations of foliar phenolic compounds negatively 

correlated with the percentage leaf area eaten by WTC, but the results show a threshold 

above which the concentration of each of the chemicals appeared to reduce WTC feeding. 

This indicates that there is a minimum level for each of these secondary compounds in 

red alder leaves that is required to affect WTC feeding on red alder. The significant 

negative correlation between leaf Ore concentration and WTC feeding in Chapter 3 

supports earlier findings in Chapter 2 that high foliar Ore concentrations above 20 % leaf 

DW may serve as a defense against WTC feeding on red alder leaves, which suggests that 

if Ore in red alder leaves is a defense compound, it has a dose-dependent effect on WTC 

feeding. This finding was consistent in 9-year-old and 3-year-old red alder trees that were 

used for bioassay feeding experiments on four different dates in 2015, which is an 

intriguing indication that foliar Ore may be a defensive compound against tent caterpillar 

feeding on alder trees. The negative effects of leaf CT and TP concentrations on insect 
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herbivory have been documented in past studies but the effects of Ore concentration in 

red alder leaves on tent caterpillar feeding is a novel finding. This is fascinating because a 

specific compound is generally considered a better predictor of foliage quality for 

herbivores, as compared to generalized classes of chemicals like total phenolics and 

tannins.  

 

5.2. N and genotype effects on red alder growth, foliar defense traits and 
root nodulation 

 

Chapter 3 of my study focused on the effect of resource availability (available nitrogen) 

and genotype on red alder growth, biomass allocation, root colonization by Frankia, 

defense characteristics and caterpillar feeding. The findings of my research have shown 

that N availability has significant effects on red alder seedling total dry biomass and leaf 

N concentration but there was no significant effect on height and RCD growth, root 

inoculation by Frankia and the expression of leaf C-based compounds. The results 

indicate that the High-N (HN) trees allocated the additional N to leaf and branch 

production as observed in woody plants in other studies. There was a significant negative 

correlation between red alder seedling growth, and content of the phenolic compounds 

and leaf thickness, which suggests a trade-off between growth and the defense-related 

traits. The results provide support for the growth-differentiation balance (GDB) 

hypothesis in relation to resource availability. Fast-growing plants had low levels of 

foliar secondary defensive compounds as predicted by the GDB hypothesis. The lack of a 

significant effect of N fertilization on height and RCD growth may be due to the 

restriction of root growth by pot size. Moreover, despite the greater above-ground dry 
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biomass (leaves + stems + branches) observed in HN treated trees compared to Low-N 

(LN) treated trees, the growth of the LN treated trees was not markedly suppressed by the 

low available N. There was good growth performance of the trees in the LN treatment, 

probably due to the alder’s ability to fix enough N2 to meet requirements for growth and 

metabolism, through their association with Frankia. Therefore, N fertilization of N fixing 

plants such as red alder may not be beneficial when the plants are growing in an 

environment with adequate levels of other required nutrients and in association with 

Frankia. Similar to my earlier findings in Chapter 2, WTC leaf preference and most of 

the measured leaf traits varied significantly among the selected alder families in the N 

experiments but only the variation in Ore concentration was significantly and negatively 

correlated with leaf area eaten by WTC among the alder selected families. High damage 

families such as F394, F272, F278 and F303 consistently had low concentration of Ore, 

while the low-damage families F366, F378, F415 and F399 had high concentration of the 

chemical in leaves of 3-year-old trees across different dates (Chapter 3 and 4). Genotype- 

determined variation in leaf Ore concentration appeared to be more important in 

explaining the variation observed in WTC leaf consumption than N fertilization, which 

supports my findings in Chapter 2.  

 

5.3. Seasonal variation and wounding response in Ore and TP 
concentrations in red alder leaf 

 

The study in Chapter 4 sought to determine if foliar Ore concentrations in red alder vary 

during the growing season or upon attack by insects. The investigation was motivated by 

a novel finding of consistent significant negative correlations between foliar Ore 

concentration and tent caterpillar feeding in my earlier work (Chapters 2 and 3). There 
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are many examples of seasonal variation and wound-induction of defense compounds, 

and therefore I tested if CT, Ore and TP concentrations in red alder leaves vary over a 

growing season and if they are wound-induced or constitutive for defense. I hypothesized 

that the foliar phenolic concentrations, particularly Ore, would be higher in the early 

growing season in red alder and the concentrations would increase in response to 

wounding when the chemicals are required for defense against WTC feeding on red alder. 

The findings of this study support the observations in my previous studies (Chapters 2 

and 3) that the relative concentrations of the measured phenolic compounds in red alder 

leaves are genotype dependent, but significant seasonal variation existed in foliar Ore 

concentration in all the selected genotypes. As hypothesized, the concentration of foliar 

Ore in red alder declined from April to August, but it did not respond to wounding as 

expected. Overall, the concentration of Ore in red alder leaves was observed to be lowest 

during the active growing period of the trees (May to August) and highest in April and in 

October, after the end of the growing season. I observed a similar pattern of decline in 

Ore concentration in leaves from 9-year-old trees from early to late May in 2015 (Chapter 

2). The results suggest that red alder foliar Ore is not wound-induced, at least within the 

short term (5 days) and therefore may function as a constitutive defense compound 

against insects feeding on red alder leaves. 

 

 

5.4. Management implications, future research and recommendations 

Many factors play important roles in plant and pest interactions, and it is difficult to 

determine which specific factors are more important on the part of both the hosts and the 

pests. Thus, other factors may also have contributed to the findings of my study on red 
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alder defenses against WTC feeding. However, my results suggest that genetic variation 

in foliar phenolic compounds, particularly Ore, has an effect on WTC feeding. Also, N 

availability may have an effect on red alder fitness due to its positive influence on the 

growth of the plant. 

 

Tent caterpillar species are important defoliators of hardwood trees in North America, 

and it is has been reported that warm weather favours their development and results in 

heavy defoliation. With warming climates, past studies predict an increase in tent 

caterpillar occurrence and rates of defoliation of suitable hardwood hosts (Schowalter, 

2017; Uelmen et al., 2016a; Ciesla and Ragenovich, 2008). Although single tent 

caterpillar outbreaks are believed not to cause significant tree mortality, severe and 

repeated defoliation can cause tree mortality on a large scale. Trees with severe and 

repeated attack do not recover to a normal state of health and are more susceptible to 

other pests, diseases and drought (Schowalter, 2017). High mortality of hardwood trees 

such as red alder will, in turn, negatively affect the ecological and socio-economic 

benefits of the trees. Therefore, integrated pest management approaches are needed to 

manage and protect the host species against the defoliators. Based on my results, red 

alder families or individual trees with fast growth, high concentration of foliar Ore and 

thus potential resistance against WTC feeding can be selected and bred for regeneration. 

This will be necessary if there is high heritability for the synthesis of the chemical and if 

further studies confirm the efficacy of the chemical against insect feeding. Xie (2008) has 

reported moderately high heritability for growth in individuals, families and within-

families of red alder, some of which were used for this study. The heritability for Ore 
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levels in alder tissues is unknown. If further studies confirm high heritability for Ore 

synthesis and its effect on insect feeding, Ore levels could be used as a selection criterion 

in red alder breeding programs, and the chemical could even be purified and produced as 

pesticide for the control of tent caterpillars. The efficacy of Ore as protection against 

other pests of red alder should also be tested. 

 

Based on the consistent findings of the significant negative relationship between red alder 

foliar Ore concentration and WTC leaf preference (Chapters 2 and 3), I recommend that 

further studies should be conducted on the efficacy of the chemical, in protecting red 

alder against caterpillar feeding. A future study with WTC larvae feeding on leaves with 

a known range of purified Ore will be interesting and would confirm the role of Ore in 

influencing red alder leaf quality in relation to WTC larval consumption and 

performance. In addition, there are no documented empirical data to support the observed 

thresholds of leaf phenolic compounds on WTC feeding found in my study. Therefore, it 

will be intriguing and relevant to test and confirm these threshold effects with purified 

red alder leaf phenolics, especially Ore. In addition, the bioassay feeding trials should be 

repeated with other herbivore insects that feed on alder. This will be relevant to 

determine whether the observed relationship between Ore and WTC feeding in this study 

is specific to WTC food preference or if a similar relationship exists in alder interaction 

with other insect herbivores.  

 

My study investigated only the rapid or short term induced response of red alder foliar 

phenolic compounds to a wounding treatment, therefore it is recommended that delayed-
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induction of the chemicals, especially Ore, should be tested to determine if slower or 

long-term induction exists in red alder. Also, it will be interesting to further investigate 

the induction of red alder defense genes or enzymes such as proteinase inhibitors in 

response to wounding or herbivory, in order to determine whether there are other induced 

defense strategies that are employed by red alder. With the fast growth of red alder and 

its ability to replace lost leaves, a higher percentage of leaves could be stripped in future 

studies to determine the plant response to wounding, and thus response to severe 

herbivore attack. 

 

Based on my findings, a single measurement of height and diameter growth of three-year-

old red alder trees may be too early and inadequate to evaluate genetic variation among 

genotypes growing in a common environment. Therefore, periodic or annual 

measurements of height and diameter growth for at least five years is recommended to 

determine clear and true variation in growth among genotypes as noted by past 

researchers. It is also recommended that trees should not be grown in pots with restricted 

root growth if maximum potential growth of the trees is desired. Finally, a future study 

on allocation of available P and N to growth and defense in red alder versus poplar from 

the same region is recommended to examine how growth-defense trade-offs in alders 

differ from non-N-fixing plants.   
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