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 Nitrogen fertilization has the potential to significantly affect yield, nutrient concentration 

and removal and overall stand longevity of C4 grasses grown for bioenergy production. While 

most studies report that these grasses need little to no fertilizer inputs to maximize yield, no 

specific recommendations have been given for fertilizer requirements across a wide range of C4 

perennial grass species, cultivars, harvest timings and N application rates.  Two field trials were 

established in the summer of 2008 in Ridgetown and Elora, Ontario to compare 4 Miscanthus 

(M. sinensis and M. sacchariflorus crosses; Nagara-116 and Amuri-114, and Miscanthus x 

giganteus; M1 Select and Polish), 2 switchgrass (Panicum virgatum L.; Cave-in-rock and 

Shelter) and 2 big bluestem varieties (Andropogon gerardii Vitman; Prairie view and Southlow), 

4 nitrogen fertilization rates (0, 40, 80, and 160 kg N ha
-1

) and 2 harvest timings (fall vs. spring 

harvest).   Plots were harvested in the fall of 2009 and spring and fall of 2010.  Yield response to 

N fertilization varied by location, species and year.  In general, increasing N fertilization rates 

generated an increased yield response in all tested species.  Different rates of N fertilization 

resulted in variable responses to N, P and K tissue concentrations and removal in switchgrass and 

Miscanthus.  Tissue N concentrations and removal both increased with added N fertilization at 

both locations.  In most cases N removal was the highest at the highest N application rate.  

Nitrogen concentrations were highest in the leaves and seed heads across species, N rates and 

locations.  P and K concentrations and removal with increasing N fertilization in the whole plant 

and in individual plant parts did not follow clear trends in either Miscanthus or switchgrass in 

both locations. Delaying harvest to spring reduced yield at both locations by 35-42% and 62-

65% for Miscanthus and switchgrass, respectively. Yield losses by delaying harvesting to the 

spring were increased with higher rates of N fertilization.  Delaying harvesting decreased N, P 

and K concentration and removal in most grasses and locations.   
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1. Introduction 

 The most immediate source of material, for the developing bioenergy sector in Ontario, is 

biomass from crop residues such as corn (Zea mays L.) stover, corn cobs, straw and soybean 

(Glycine max L. Merr) stover (Kludze et al., 2010).  Research conducted on the availability and 

sustainability of residue removal in Ontario has shown that this is only an option in certain 

counties and under specific removal scenarios.  The ability to sustainably supply biomass from 

crop residues would require a change in current agricultural production systems, specifically in 

crop rotations, tillage practices and utilization of cover crops.  For these reasons, biomass may be 

supplied more sustainably from dedicated bioenergy crops without significant effects on the 

current production and supply systems of existing annual field crops (Kludze et al., 2010).   

 Dedicated bioenergy crops, or dedicated lignocellulosic crops are field crops grown for 

energy purposes, not food production, and can be divided into two groups (Rowe et al., 2009).  

The first is existing annual field crops, such as cereal crops, sugar beets, canola and corn, grown 

for new different end uses.  The second group consists of both woody and herbaceous species.  

Examples of woody species include willow (Salix spp.) and poplar (Poplus spp.), while examples 

of herbaceous species include Miscanthus (Miscanthus spp.), switchgrass (Panicum virgatum L.) 

and numerous other tall grass prairie grasses, both native and non-native to Ontario.  

 While significant research has been conducted on agronomy basics of the existing field 

crops, there is little known about these perennial biomass species.  Research pertaining to these 

crops commenced approximately four decades ago in Europe and approximately a decade ago in 

the United States.  There has been some Canadian research prior to this study, albeit these 

investigations were in the early stages of agronomic research in our local climates.  The focus of 
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this research was to evaluate three perennial C4 warm season grasses in Southern Ontario, in an 

attempt to answer questions about nutrient partitioning and the effects that harvest time, nitrogen 

(N) fertilization rate and species had on biomass yield and nitrogen (N), phosphorus (P) and 

potassium  (K) concentration and removal. 

 Bio-energy currently plays a very small role in meeting Canada’s total energy demand. 

Renewable energy, of which bioenergy is a part, constituted only 5% of Canada’s primary 

energy breakdown in 2004.  Primary energy demand following 2004 was predicted to increase 

by 1% annually.  This indicates that there is potential for bioenergy to assist in meeting 

increasing energy demands and in switching current usage to more renewable energy sources 

(Anon. 2007).  Additionally, it was widely believed (in a review of 17 papers) that the biggest 

volumes of biomass for alternative energy generation will come from dedicated bioenergy crops 

(Berndes et al., 2003).  While the latter review mainly considered woody biomass, potential 

biomass sources could also include high yielding herbaceous species (Berndes et al., 2003). 

 Dedicated bioenergy crops have two main end use strands (McKendry, 2002b). The more 

complicated of the two involves chemical conversion of biomass to a form of liquid fuel for 

transportation or used as a chemical feedstock (McKendry, 2002b).  The simpler end use strand 

is to burn the loose or densified plant material.  Combustion of biomass can be used in small 

scale applications such as individual home or farm heat.  It can also be used on a larger scale, in 

a power plant in one of two ways: it can be combusted with a lower conversion efficiency 

ranging from 20% to 40% in smaller power plants (higher efficiencies can be reached with 

power plants over 100 MWe) or co-combusted in coal-fired power plants with minimal 

modification and high conversion efficiencies (Cook and Beyea, 2000; McKendry, 2002b).  
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Managers of agricultural operations, specifically greenhouses, are interested in producing their 

own energy to eliminate their dependence on fluctuating fossil-fuel energy supply and prices. 

There is also interest in co-firing coal and biomass since complete generation of heat and 

electricity from coal burning is being phased out in the province.      

 

2.1.  C4  Perennial Warm Season Grasses 

 Biomass grasses are of particular interest because of their highly efficient photosynthetic 

pathway (C4) and high yield potential.  C4 grasses have a photosynthetic pathway and 

metabolism that enables rapid growth and utilization of solar radiation more efficiently than C3 

plants (Heaton et al., 2004).  The C4 photosynthetic pathway differs from the C3 pathway in 

several aspects.  Firstly, C4 plants have reduced photorespiration and the enzyme responsible for 

carbon dioxide fixation in the mesophyll cells is Phosphenolpyruvate (PEP) carboxylase, instead 

of ribulose 1,5-bisphospate (RuBP) carboxylase (Jones, 1985).  During the second phase of 

photosynthesis when carbohydrates are formed (known as the Calvin-Benson cycle) C3 plants 

fix carbon dioxide (CO2) by the protein RuBP creating two 3-carbon sugars (3-phosphoglycerate, 

3PG).  The 3PG is reduced to a carbohydrate, gylceraldehyde-3-phosphate (G3P) and 

subsequently, regeneration of the original RuBP receptor.  Overall, three CO2 molecules are 

fixed into sugars; however, some O2 can also be taken up by the receptor, producing glycolate.  

Glycolate can be released back as CO2 eventually but net carbon fixation is reduced by about 

25% (Jones, 1985).  In contrast, C4 plants have one extra step at the start of the cycle that fixes 

the CO2 into a 4-carbon sugar, using a different receptor molecule by way of the enzyme PEP 

carboxylase.  PEP carboxylase makes photorespiration more efficient by eliminating problems 

2. Literature Review 
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with O2 taken up by the receptor and finding and fixing CO2 at much lower levels.  Additionally, 

the product of the PEP carboxylase, oxaloacetate, partially degrades to re-form CO2 in the 

mesophyll so that in hot, dry conditions, C4 plants can close their stomata to retain moisture 

while still continuing photosynthesis (Jones, 1985).   

 Perennial C4 warm season grasses have high nutrient use efficiencies due to 

photosynthetic mechanisms and perennial characteristics.  The high photosynthetic N use 

efficiency (PNUE) in perennial grasses can be greater than corn, another C4 plant.  Dohleman 

and Long (2009) demonstrated that on a per leaf basis, PNUE is significantly lower in 

Miscanthus than in corn.  However, on a canopy level basis Miscanthus has a higher PNUE.  

Unlike corn, Miscanthus cycles nutrients to rhizomes during the winter and is able to reuse 

nutrients annually (Heaton et al., 2009).    

2.2.  Ideal Physical and Chemical Properties of Feedstock’s 

 While yield is an important factor in choosing an appropriate bioenergy crop, physical 

properties of the crop are also important.  Whether the crop needs to be densified or can be used 

as loose material, the moisture content of the crop and the ability to bale/harvest the crop using 

existing farm equipment are all important factors when choosing a suitable crop.  A crop that is 

able to survive and withstand the cold winters and snow in Ontario without winterkill or lodging 

is also an important consideration for perennial crops.  While these factors will not be 

investigated further in this experiment, they were taken into consideration when choosing which 

crops to examine in this project.   
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 The burning of biomass requires good combustion qualities, with minimal moisture, ash, 

N, K as well as chloride, sulphur and silicates (Lewandowski et al., 2003a).  Levels for these 

nutrients have so far been unregulated and only recommended that they be kept to a minimum 

(Lewandowski et al., 2003a).  The silica concentration of the plants as well as any silica in the 

soil attached to the plants is detrimental to efficient combustion.  Silica can react with other 

alkali metals (such as Na, K, Mg, P and Ca) present in the plant tissue and produce a sticky, 

mobile liquid phase which can block the airways of furnaces (McKendry, 2002b).   While 

numerous other elements play a role in determining biomass suitability for combustion, these 

alkali elements and silica pose the greatest concerns to the environment and to safe combustion 

of grasses.  Keeping deposit formation and ash content to a minimum is important to prevent the 

formation of slag, a liquid phase formed during combustion at high temperatures that can reduce 

plant throughput and greatly increase operating costs (McKendry, 2002b).   

2.3. Candidate Species for Ontario 

The following are perennial warm season (C4) bioenergy grass species chosen for 

examination of nutrient concentration, removal rates and biomass production under Ontario 

conditions: 

2.3.1. Miscanthus 

 The genus Miscanthus comprises a group of more than ten grass species, most of which 

are native to eastern Asia where they were cultivated as an ornamental plant (Brown, 1979).  

Two species and one interspecific hybrid have been of particular interest for bioenergy 

production, M. sinensis (n=19, 2x=38), M. sacchariflorus (n=19, 2x=38, 4x=76) and, M. x 
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giganteus.   The most researched in North America to date is M. x giganteus, which is an 

interspecific hybrid of M. sinensis (a diploid species) and M. sacchariflorus (tetraploid species). 

The resulting hybrid is a sterile triploid and must be vegetatively propagated.  Vegetative 

propagules include rhizomes with several terminal buds directly planted into the field, stem 

cuttings directly planted, or transplant plugs generated from rhizomes, micropropagation 

techniques or stem/rhizome propagules (Atkinson, 2009).     

 There is genotypic variation in Miscanthus for adaptation.  For example, with respect to 

cold tolerance, Miscanthus grows naturally in the subtropics to subarctic (Numata, 1974).  

Several research studies in Europe have demonstrated that Miscanthus genotypes differ in 

overwintering capacities with M. sinensis cultivars having the greatest winter hardiness (Clifton-

Brown and Lewandowski, 2000).   

 Genotypic variation exists within Miscanthus for the traits such as yield and properties 

associated with combustion.  In southern Germany, fifteen different Miscanthus genotypes were 

examined including M. x giganteus, M. sacchariflorus, wild M. sinensis and bred M. sinensis.  

Researchers found that while some varieties had a higher biomass yields, others were better 

suited for biomass combustion purposes.  Specifically, M. x giganteus and some newly bred M. 

sinensis yielded the highest, but select pure M. sinensis genotypes possessed the lowest nutrient 

concentrations and were best suited as a combustion biomass source (Clifton-Brown and 

Lewandowski, 2002).   

 M. giganteus (Miscanthus x giganteus) has been studied and grown in Europe where it is 

considered to be the energy crop with the greatest potential to produce biomass (Beale and Long, 

1997).  It is only relatively recently that evaluations have been initiated in North America.  Field 
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trial evaluations located in Illinois by Heaton et al. (2004) represent the first reported field 

studies of M. x giganteus in North America.  To date there is limited Canadian research on 

Miscanthus.  Preliminary results from Ontario trials by Pyramid Farms Ltd. (Leamington, ON) 

revealed that varieties of M. x giganteus can successfully overwinter and potentially produce 

twice the yields of switchgrass (Samson, 2007; Anon, 2009)    Additional cultivars will also be  

adapted to Ontario growing conditions, based on the similar climate with other locations where it 

has been established.  In North America there are successful plantings of Miscanthus in Ohio, 

Michigan, Indiana, Illinois and Quebec (Kludze, 2010). 

 Yield potential of Miscanthus is high for several reasons.  The species has an extended 

growing season compared to traditional high yielding row crops, such as corn (Dohleman and 

Long, 2009).  Due to it perennial nature it is able to begin growth early in the season and 

emergence can occur several weeks ahead of other annual row crops.  Miscanthus is faster to 

reach canopy closure, has a larger leaf area, leaf duration and more radiation is intercepted 

during the growing season.  It can also continue to photosynthesize until the first killing frost 

when it begins to senesce (Dohleman and Long, 2009; Farage et al., 2006; Wang et al., 2008). 

The photosynthetic mechanism of Miscanthus is more cold tolerant than corn and it can keep 

photosynthesizing late into the fall (Dohleman and Long, 2009). 

 Miscanthus appears to have better frost tolerance than corn, thereby further enabling 

longer leaf area duration.  Senescence of late-flowering Miscanthus genotypes is often initiated 

by frost.  During senescence a slow yellowing of the tissues occurs followed by the eventual 

dropping of the leaf material and seed heads, leaving the stems standing.  The ability of the plant 

to undergo a slow senescence may be associated with improved plant stand survival (Heaton et 
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al, 2009).  In the initial year of planting proper senescence may not occur; only a sudden 

browning and dying of the leaves may occur (Clifton-Brown and Lewandowski, 2000).  If this 

sudden browning and death of tissue occurs repeatedly after the planting year, there is concern 

that the translocation of nutrients to the below ground structures may be reduced (Clifton-Brown 

and Lewandowski, 2000).   

 Timing of Miscanthus flowering varies.  Not all varieties of Miscanthus will flower in 

Ontario conditions.  Occurrence of flowering is determined by variety specific response to year 

and location specific environment signals.  If plants reach maturity and flower very early in the 

season, they may not produce maximum biomass.  On the other hand, if certain varieties do not 

reach the flowering stage there may be negative implications.  Various field trials have shown 

negative impacts on yield and plant stand survival when Miscanthus cultivars do not translocate 

nutrients to below-ground structures before a killing frost, if they do not reach flowering (Beale 

and Long, 1997; Clifton-Brown and Lewandowski, 2000; Heaton et al., 2009).   

 The cropping period of a Miscanthus stand may exceed twenty years (McKendry, 2002a).  

A Miscanthus stand has two distinct phases, the establishment phase and the main use phase 

(Kahle et al., 2001).  The establishment phase typically occurs between planting and the third 

and fourth growing season, although some studies have shown it to be longer (Kahle et al., 

2001).  During the establishment phase, average annual dry matter production increases (Gibson 

and Barnhart, 2007; Heaton et al., 2004). Yields of Miscanthus are often only reported from 

stands that are three or more years of age.  At this age stand productivity plateaus and main use 

phase is reached.  Yields in the first year of the establishment phase can be expected to be ~30% 

of that of a fully established stand, ~70% in the second year and close to 100% by the third year, 
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and sometimes not reaching full yield potential until the fourth growing season (Clifton-Brown 

and Lewandowski, 2002; Heaton et al., 2008).  Following seven research trials in Illinois, it was 

reported that the establishment phase was longest at the two least fertile sites and that maximum 

yields associated with the main use phase could be obtained on fertile soils within three years, 

but on poor soils it may require four to five years (Pyter et al., 2007).    

  Heaton et al. (2004) summarized Miscanthus yields for locations with similar 

temperature, nitrogen and precipitation ranges to those found in Illinois.  In this summary M. 

giganteus had an average yield of 22 t ha
-1

 (97 observations).  It has been suggested that M. 

giganteus yields under optimal conditions may be as high as 40 t ha
-1 

(Fike et al., 2006a; Heaton 

et al., 2004).  Yield values for southern Ontario might parallel those reported in studies in Illinois 

due to similar climates and growing conditions. 

 In replicated studies at three Illinois sites, the end-of-season biomass yields of 

unfertilized M. giganteus planted in 2002 (averaged over the 2004, 2005, and 2006 growing 

seasons) were 22.0 T DM ha
-1

 in Northern Illinois, 34.7 T DM ha
-1

 in Central Illinois, and 35.4 T 

DM ha
-1

 in Southern Illinois (Heaton et al., 2008). These results show relatively high site specific 

variability in yields, indicating that the local micro climate and soil physical properties may play 

a significant role in yield potential (Fike et al., 2006a; Heaton et al., 2008; Heaton et al., 2004).  

Over these three sites, yield response in M. giganteus has been found to be most responsive to 

water and nitrogen supply, with little response to temperature changes or growing degree days 

(GDD).  M. giganteus specifically had the greatest yield variation in conditions with limiting 

water supply (Heaton et al., 2004).   
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 Rates of optimal nitrogen supply vary between studies and there is no clear consensus on 

the yield response of Miscanthus to fertilizer N (Smeets et al., 2009; Lewandowski et al., 2000).  

Numerous studies on Miscanthus have determined that N fertilization had no effect on biomass 

yield (Christian et al., 2008; Clifton-Brown et al., 2007; Himken et al., 1997).  Other studies 

however indicate that N fertilization is needed to maximize biomass production (Cosentino et al., 

2007; Ercoli et al., 1999).  A comprehensive study was conducted in France on N accumulation 

and remobilization in Miscanthus under two harvest timings and two fertilization rates (Strullu et 

al., 2011).  The latter study indicated that harvest timing and fertilizer N response of established 

Miscanthus stands were negatively correlated.  Nitrogen fertilization (at 120 kg N ha
-1

compared 

to a 0 kg N ha
-1

 control) was only beneficial in an early harvest situation when the crop being 

removed has high N concentrations.  Fertilization was not beneficial under a post-growing 

season harvest (middle of winter, early spring) because the N has been remobilized into the 

belowground material.  Any fertilizer N applied after the spring was luxury uptake as no increase 

in aboveground biomass was observed.  Nitrogen use efficiency in Miscanthus appears to be 

dependent on prevailing environmental conditions and on harvest timing of the crop.   

 The influence that N application rate has on the uptake and removal of P and K in 

Miscanthus has not been thoroughly researched.  A study by Himken et al. (1997) in Germany is 

one of the few field trials that have compared N fertilization and macronutrient concentration in 

the above and belowground parts of established Miscanthus stands.  In these trials, multiple N 

fertilization rates were compared; the researchers found no significant correlation between N 

fertilization and dry matter production and nutrient concentration in the plant shoots and 

rhizomes.    In the non-fertilized control they found that K concentrations were markedly higher 
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than P and Mg in the shoots but not as pronounced in the rhizomes.    Himken et al (1997) also 

compared the effect of N fertilization on biomass nutrient content.   Nutrient content was defined 

as the product of dry matter and nutrient concentrations (Himken et al., 1997)  Nutrient content 

of macronutrients and Mg was not significantly different with N fertilization.  They also 

compared, net nutrient uptake, which was the difference between the nutrient content of the 

shoot and rhizome and the nutrient content of the rhizome at the beginning of the study.  

Maximum nutrient content in the plant was achieved in September; this was also when shoot dry 

weight was also at a maximum.  No significant effect of N fertilization on net uptake of the 

macronutrients and Mg was found (Himken et al., 1997).   

 With the exception of trials by Himken et al. (1997), few studies have quantified the 

impact N fertilization has on P and K uptake in different varieties at different harvest times and 

the rate at which this can be maximized.   In Central Europe, trials were conducted by Kahle et 

al. (2001) on several M. giganteus varieties with variable rates of N; results of those trials 

indicated that the nutrient with the highest concentration in all plant parts, based on g kg
-1

 of dry 

matter basis was K.  Kahle et al. (2001) also observed higher concentrations of plant available K 

in the surrounding soil, providing evidence of the ability of the Miscanthus plant-soil ecosystem 

to recycle nutrients.  The greatest concentrations of all three macronutrients were in the pre-

harvest losses (the sum of senescent leaves and shoot tips), and the lowest concentrations were in 

the harvested biomass (Kahle et al., 2001).  The decrease in nutrient concentration of 

aboveground biomass between the fall and a spring harvest of Miscanthus in that study were as 

high as 61% for N, 64% for P and 55% for K. The findings by Khale et al. (2001) are consistent 

with other trials in the United States and Europe (Samson et al., 2005).   
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 The study by Khale et al. 2001 has been supplemented by that of Heaton et al. (2009) 

who studied a single Miscanthus variety in Illinois.  Heaton et al. (2009) demonstrated the 

tradeoffs between delaying harvest between decreasing yields and the benefits of a decrease in N 

concentration in the harvested material.  They concluded that harvesting in the late fall can 

provide the same beneficial N cycling without risking yield losses.  They also noted that the 

benefits of the N cycling occurred mostly in the early fall and that for the sake of N balances, it 

was not worth the decrease in yield that occurred under a spring harvest management.  Heaton et 

al. (2009) concluded that with the seasonal differences in the amount of standing N and the time 

at which the plants translocate the nutrients that harvest timing recommendations are site specific 

for the management of N. 

 Harvest timing is another important aspect of Miscanthus research.  Research has focused 

on comparing a one-cut system to a two-cut system.  In a two cut system, Miscanthus is 

harvested in mid-summer and again in late fall.  The benefit of a two cut system is less lodging, 

potentially greater total biomass, and a more continuous supply of biomass to the conversion 

facilities.  The disadvantages are that the biomass has higher ash and nitrogen content; depressed 

vigour quantified by decreased plant height or tiller number, and possible drying costs of the 

summer harvest (Fike et al., 2006b; Monti et al., 2008).    

 In a one-cut system, nutrients are believed to be translocated down to the roots in the late 

fall, lowering the mineral nutrient content in the grass being removed, thus increasing NUE and 

combustion properties (Beale and Long, 1997). However, peak harvestable biomass usually 

occurs in late summer or early fall and as harvest is delayed, lodging and the loss of leaves 

increases the loss of biomass (Lewandowski et al., 2003a).  This loss of biomass can be 
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attributed to senescent leaves and shoot-tips falling to the ground over the winter (Kahle et al., 

2001). While this contributes to a loss in harvestable biomass weight, (with estimates ranging 

from 12 to 51%) this also lowers the N content of the harvested biomass as senescent leaves and 

shoot tips have higher N content than the stems (Clifton-Brown and Lewandowski, 2002; Kahle 

et al., 2001; Samson et al., 2005). 

2.3.2. Switchgrass  

 Switchgrass is a perennial grass native to North America.  There are two distinct types of 

switchgrass; upland cultivars and lowland cultivars (Brown, 1979; McLaughlin and Kszos, 

2005).  Lowland cultivars have the greatest yield potential, but they are susceptible to cold injury 

and not suited for cultivation in Ontario (Gibson and Barnhart, 2007).  Examples of lowland 

cultivars include Kanlow and Alamo.  Upland cultivars are better adapted to cool climates, such 

as experienced in Ontario (Samson, 2007).  Examples of upland cultivars include; Shelter, Cave-

in-Rock, Blackwell, Pathfinder, Sunburst, Trailblazer and Caddo.   

 Due to switchgrass’ potential for high nutrient use efficiency and yields, it has been 

extensively researched in the United States under The Department of Energy’s Bioenergy 

Feedstock Development Program (Lewandowski et al., 2003b).  In Canada, switchgrass has been 

studied for its bioenergy potential in Ontario since 1991 by Resource Efficient Agricultural 

Production (Ste-Anne-de-Bellevue, QC).  Switchgrass cytotypes have been extensively evaluated 

and selected since the 1980’s to have a high resistance to pests and diseases, water stress 

conditions and marginal soils, allowing it to be used as a low management crop (McLaughlin and 

Kszos, 2005; Monti et al., 2008; Parrish and Fike, 2005; Samson, 2007; Vogel and Pedersen, 

1993). 
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 In Ontario, active growth of the species occurs during the warm months from June to 

August by which time plants can be up to 2.1 m tall.  Switchgrass can be relatively slow to 

establish, with seemingly poor stands during the seeding year (Gibson and Barnhart, 2007).  In 

Ontario trials, Samson (2007) observed that switchgrass establishment is more consistent and 

rapid on well-drained loam and sandy soils than clay soils. 

 Samson (2007) recommended that suitable varieties for Ontario be chosen from those that 

are grown in the Eastern United States.  Varieties adapted to the Eastern United States are 

believed to have greater disease resistance under Ontario conditions than those from the Western 

United States.  By 2007, varieties originating from the West had exhibited sensitivity to some 

leaf diseases, endemic to Ontario. 

Switchgrass is best grown as a one-cut per year crop (Samson, 2007).  Fall or spring 

harvesting is optimal for achieving low-nutrient content.  Summer harvested biomass will 

contain much higher N concentrations than the late-fall harvested biomass due to the latter’s 

recycling of N to belowground material during senescence and the dilution of N concentration 

(Reynolds et al., 2000).  The theory that late fall or spring biomass recycles N, can be explained 

by the observations that total dry matter yield per hectare were comparable between the one and 

two cut systems but the total N content (kg N ha
-1

) of the removed biomass was less than half the 

total in the one-cut for all six varieties studied (Reynolds et al., 2000).   

 Switchgrass yield potential is generally assessed when the stand is in its second or third 

year and at maximum yield (Gibson and Barnhart, 2007; Samson, 2007).  In a review conducted 

by Heaton et al, (2004), established switchgrass had an average yield of 10 T DM ha
-1 

(over 77 

observations).  In side-by-side studies at three Illinois locations, upland switchgrass yields were 
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50% less than for Miscanthus giganteus (Heaton et al., 2004).  In Illinois, yields for the 

unfertilized upland switchgrass variety ‘Cave in Rock’ seeded in 2002,  averaged over the 2004 

through 2006 growing seasons were, 4.9 T DM ha
-1

 in Northern Illinois, 11.6 T DM ha
-1

 in 

Central Illinois, and 6.1 T DM ha
-1

 in Southern Illinois (Heaton et al., 2008). Similar to the 

results with Miscanthus, switchgrass yield was significantly influenced by location (Fike et al., 

2006a).   In Ontario, established stands can produce 8 to12 T DM ha
-1

 under a fall harvest 

management (Samson, 2007).   

 For switchgrass trials conducted at three sites in Illinois, yield of switchgrass, was most 

responsive to water and N supply, with little response to the temperature and GDD of the 

specific location.  In particular, switchgrass yields were responsive with higher availability of N 

(Heaton et al., 2004).  Research by Stout et al. (1988) on field trials in Pennsylvania revealed 

that, when precipitation was evenly distributed throughout the field season, N levels account for 

80% of the variation in yield and water use efficiency.  When precipitation was unevenly 

distributed, soil water holding capacity was the most important factor that influenced yield, and 

water use efficiency accounted for 40% of yield variation (Stout et al., 1988).   

 An Ontario research report indicated that application of 50-60 kg N ha
-1 

is sufficient for 

sustaining production of switchgrass (Samson, 2007).  This study was conducted by a research 

group specifically focused in Eastern Ontario, but in their report did not indicate locations, 

variety, number of years, and did not provide any test results to validate this recommendation.  

Samson (2007) reported that applying excess N can result in crop lodging, potentially causing 

reductions in yield and difficulties with harvesting.  Other field research by Madakadze et al. 

(1999) have shown that in field trials in Quebec on three switchgrass cultivars (Cave-in-Rock, 
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Pathfinder, and Sunburst) yields increased linearly with increased N fertilization.  Increasing 

application from 75 to 150 kg N ha
-1

, did not increase tissue N concentration in a biomass 

production system when yield was  harvested only once in comparison to a forage production 

system of cutting every 2-6 weeks (Madakadze et al., 1999). 

 N application can also influence P and K uptake and their concentrations in switchgrass.  

Thomason et al. (2004) compared the effects that varying application rates of N following 

harvest in the spring and mid-summer in a multiple cut system; they measured yield and the 

uptake of N, P, K, Ca, S and Mg in two field sites in Oklahoma (Chickasha and Perkins over 4 

and 3 years respectively).  Harvest frequency, N rate and a split application of N did not have a 

consistent effect either location for any of the nutrient uptakes.  Some general observations can 

be made in regards to N, P and K uptake by comparing the analysis of variance tables for each of 

the seven station years.  Harvest frequency had the greatest influence on N uptake, for six of the 

seven station years.  The N rate was the second most influential factor on N uptake with positive 

correlations in three of the seven.   Potassium uptake response to harvest frequency was 

significant in all test years.  However, the second most influential management practice was 

shared by N application timing splits, N rate and harvest frequency by N rate, in three of the 

seven station years.    Harvest frequency had the greatest influence on P uptake followed by N 

rate, with correlations in five and two of the seven tests, respectively.  It is worth noting that 

average P levels were one tenth that of N and K levels (Thomason et al., 2004).  

 Plant tissue concentrations were combined for all years and locations and correlation 

analyses conducted on dry matter yield.  Yields all increased linearly with higher P, K, Mg and S 

tissue concentrations.  N and Ca concentrations had weaker responses, but still also observed 
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increased yield with higher nutrient concentrations.  The number of harvests was the most 

important factor for influencing yields, more important than either N rate or N timing.  The 

greater the number of cuts the higher the yield but correspondingly the greater the concentrations 

of P, K, Mg and S removed (Thomason et al., 2004). 

 Proper harvest timing is a critical factor for managing nutrient uptake, yield and 

determining switchgrass’ suitability as a biomass crop.   Like Miscanthus, a one cut at the end of 

season (February after the first killing frost in Italy) harvest system is associated with lower 

nutrient removal than a multi-cut system for switchgrass (Monti et al., 2008).  This harvest 

system allows for leaching of nutrients through the soil, translocation of nutrients to the rhizomes 

and improves combustion properties; however biomass yields are reduced compared to a multi-

cut system (Monti et al., 2008).     

 While total biomass may be higher in a two-cut system there are several disadvantages to 

this practice. The amount of N removed in a two cut system can be greater than the amount of N 

applied, suggesting a net loss of soil N, in contrast to a one cut system where the opposite is true 

(Reynolds et al., 2000). Another disadvantage of a two cut system is that it reduces plant vigour 

and re-growth biomass yield, by reducing tillering in both upland and lowland cytotypes of 

switchgrass (Anderson et al., 1989; Reynolds et al., 2000). By allowing the plants to go into fall 

dormancy, a one cut system ensures that both nutrients and carbohydrates are translocated to 

roots and below-ground perenniating structures thereby increasing their hardiness over winter 

(Samson, 2007).   

 A single harvest system can have different advantages and disadvantages based on 

whether the harvest is taken in the fall, before snowfall (in Ontario between October and 
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November), or in the spring after snow thaw (in Ontario between April and May).  By delaying 

harvest to April, yield was reduced by almost 40%, averaged over 5 varieties in established 

switchgrass field trials in Pennsylvania (Adler et al., 2006).  Greater residue was left on the field 

when harvest was delayed from the fall to spring.  Harvesting in the fall resulted in 21% of the 

total potential biomass being left as residue while the residue left on the ground increased to 45% 

in a spring harvest (Adler et al., 2006).  However, by delaying harvest to the spring, the biomass 

was harvested at 7.2 % moisture content compared to 35.2% moisture content in the fall.  Adler 

et al.’s results were consistent with a report from Samson (2007), which, based on unpublished 

field experience in Ontario, reported that delaying harvest until the spring reduced switchgrass 

moisture to circa 12-14%.  At this moisture level the need for further drying prior to storage is 

eliminated (Samson, 2007).  Another advantage with spring harvesting is the decrease in 

macronutrient and other mineral element concentrations.  The decrease in nutrient removal was 

the greatest for Cl, Mg, P and K (48-82%) while Ca, S and N also decreased (10-23%) (Adler et 

al., 2006). 

2.3.3. Big bluestem 

 Big bluestem (Andropogon gerardii L.) is a dominant native species of the tall grass 

prairie in mid- and eastern Canada found in dry open places, along roadsides, on shores, in fields 

and in prairies (Brown, 1979).  It is abundant on moist, well-drained, fertile loams, where it can 

develop extensive belowground biomass as deep as 3 m.  Big bluestem can grow to 2.6 m with 

solid and pithy stems and a characteristic “turkey foot” seed head.  Big bluestem is reported to 

have problems with establishment, is slow to grow but is robust once established (Samson et al., 

2005). Little research has been conducted on the potential of big bluestem as a bioenergy crop 
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and no research has been conducted examining nutrient requirements, N effects on yield, P or K, 

or the effects of harvest timing. 

2.4. Nutrient Use Efficiency of C4 grasses 

 Nutrient use efficiency (NUE) is a measure of the ability of a plant to acquire and utilize 

nutrients.  NUE of a plant can be based on several different types of efficiencies.  Two types are 

of particular importance for the applied agronomy of growing bioenergy crops: 1) Utilization 

efficiency, which is based on the remobilization within the whole plant, based on both root and 

shoot parameters (Baligar et al., 2001); and 2) Incorporation efficiency, which is the 

translocation or partitioning of the nutrients between the different plant parts based on shoot 

parameters (Baligar et al., 2001).    Different calculations of NUE are explained in detail by 

Baligar et al. (2001) and Snyder and Bruulsema (2007).  NUE calculations vary depending on 

whether one is comparing production efficiencies (dealing with the quantity of harvested 

product) or comparing recovery efficiencies (the nutrients recovered by the crop), the availability 

of plots with no nutrient inputs, and if economics is included in the comparison (Snyder and 

Bruulsema, 2007 and Baligar et al., 2001).   

Nutrient use efficiency is known to be greater in C4 than C3 plants due to their more 

efficient and lower N requiring photosynthetic pathway (Sage and Pearcy, 1987). C4 grass 

bioenergy systems are more productive with minimal amounts of N due to differences in the C4 

photosynthetic pathway (Beale and Long, 1997; Fike et al., 2006a).  Compared to C3 plants, C4 

plants require less rubisco (the enzyme that catalyzes the RuBP receptor) and less N invested in 

that rubisco to achieve high rates of photosynthesis (Sage et al., 1987).   



  

20 

 

2.4.1. Utilization Efficiency 

 High nutrient utilization efficiency, specifically the yield efficiency of added N fertilizer 

(Nitrogen Fertilizer Use Efficiency, NFUE), is required in biomass production systems for 

several reasons.   First, application of synthetic fertilizer represents an economic cost to farmers.  

Second, synthetic fertilizer production and application requires significant energy input.  High 

NFUE would improve the energy efficiency of the biomass production system and the cost 

effectiveness of the system.   

 Studies of response to N fertilizer for perennial C4 grasses have been limited to research 

on switchgrass and few studies on Miscanthus or big bluestem.  Two research trials are 

highlighted, one by Fike et al. (2006b) that tested the importance of applied N with different 

management practices and the other by Thomason et al. (2004) with a broad range of applied N 

treatments.  Fike at al. (2006b) compared the yield responses of two different broadcast NH4NO3 

application rates (a one-cut system with 50 kg N ha
-1

 or a two cut system with 100 kg N ha
-1

, 

applied in 2 applications) to four switchgrass cultivars (two upland and two lowland) in five 

states over three years.  They concluded that switchgrass-based bioenergy systems could be 

productive with minimal amount of N applied for the upland cultivars but not for the lowland 

cultivars due to their disproportional increase in yield per applied N fertilizer. Another field 

study in Oklahoma which compared five different N rates on the Kanlow variety of switchgrass 

by Thomason et al. (2004) indicated that maximal yields and N, P, K and S uptakes coincided at 

448 kg N ha
-1 

harvested in three times throughout the season.  This study also identified that 0 N 

treatments yielded 1.1 Mg ha
-1

 less biomass.  The results by both Fike et al. (2006b) and 
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Thomason et al. (2004) indicate that NFUE in switchgrass may vary among cultivars, and that N 

rates that maximize yield may not be the most cost efficient use of fertilizer. 

 Lewandowski and Schmidt (2006) have also recorded a high NFUE (calculated as a 

partial productivity factor, PFP) in Miscanthus compared to other C3 forage grasses.  The PFP of 

Miscanthus at 100 kg N ha
-1 

yr
-1

 was 0.35 t DM per kg N, much higher than those for reed canary 

grass (Phalaris arundinacea L.) or triticale (Triticosecale Wittmack) which were 0.14 and 0.11 t 

DM per kg N respectively, grown under the same conditions. For Miscanthus, the NFUE was 

maximized with levels of N between 0-50 kg N ha
-1

 yr
-1

.  At N fertilization levels beyond 114 kg 

N ha
-1

 yr
-1 

Miscanthus reached an inversion point where efficiency declined with further addition 

of N (Lewandowski and Schmidt, 2006).   

 Recommendations for N fertilizer applications in C4 perennial grass production systems 

are variable and differ across species, cultivars, climate and harvest frequency (Monti et al., 

2008; Thomason et al., 2004).  No studies to date have compared field trials of species, cultivars 

and harvest frequency together on biomass crops of interest in North America.   

2.4.2. Nutrient Incorporation Efficiency 

 Nutrient incorporation efficiency (NIE) is related to the translocation and partitioning of 

all nutrient concentrations within the plant.  C4 perennial grasses have been shown to have the 

ability to remobilize nutrients throughout the year between belowground rhizomes and 

aboveground biomass to conserve nutrient requirements, as previously described in the sections 

on Miscanthus and switchgrass.  As a result, C4 perennial grasses are assumed to have high 

NIE’s of most nutrients depending on management practices such as harvest timing and 

frequency.   
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 The benefits of a high NIE are that there is less need to monitor and supplement both 

macronutrients and micronutrients than annual row crops, and that biomass can be removed 

without harming the health of the stand.  In addition, at higher NIE allows for harvesting in times 

when there are low nutrient concentrations in biomass.  Lower nutrient concentrations translate 

into better combustion properties and reduced dry matter loss during storage (Lewandowski and 

Kicherer, 1997).  Plant material with a low N concentration could be stored for longer and would 

be more resistant to degradation (Heaton et al., 2009). The effects of P and K concentrations on 

combustion have been discussed previously in this review but the influence they have on storage 

properties is unknown.    

 By allowing aboveground plant organs to senesce and allowing cellular constituents to be 

broken down and transported out of senescing organs, over 50% of the leaf N has the potential to 

be resorbed by the plant in the belowground tissues (Heaton et al., 2009; Suzuki and Stuefer, 

1999).  In addition, standing biomass concentrations at the end of the vegetative period were 

higher than biomass harvested later in the spring. The process of translocation of nutrients is a 

significant source of recycling within the plant, but it is not the only process.  In addition to 

translocation, fallen leaf and shoot tip biomass can replace soil nutrients by leaching after rainfall 

and thawing snow in the winter (Heaton et al., 2009; Kahle et al., 2001).   The NIE of biomass 

crops has yet to be compared across species and it is unknown if one C4 perennial biomass crop 

is able to conserve macronutrients better than others.  With the exception of the study by Heaton 

et al. (2009) no studies have documented where in the plant nutrient concentrations and uptake 

are the highest or the movement of P and K within the plant. 
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2.5. Research Required 

 Nitrogen management in C4 perennial grass biomass systems is of importance because it 

affects yield, biomass properties, energy efficiency of the production and the overall biomass 

conversion system.  Nitrogen effects are typically influenced by soil type and climate specific, so 

an understanding of N management under Ontario or similar conditions is necessary.  Aspects of 

N management have been reported in the literature, though a combined analysis of several 

factors still requires further study.  Furthermore, much of this research on N effect in those 

studies may not be relevant to Ontario due to significant climate differences.   The following are 

key areas of N research that require further study:  

 A comparison of N response across C4 perennial grass species within a given 

location 

  Comparisons of response to N fertilization rates across genotypes of the different 

bioenergy grasses  

  N fertilization rate effects on P and K uptake and concentration in the different 

bioenergy grasses.   

 Nitrogen partitioning into the different plant parts between harvesting material in 

the fall vs. the spring   

3. Objectives and Hypotheses 

Considering the research required, the specific objectives of this study are: 

Objective 1: To investigate the feasibility (i.e. winter survival) of producing various C4 

perennial grass species under Ontario conditions. 
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Hypothesis 1: Within the species of Miscanthus, switchgrass and big bluestem, varieties 

exist that are adapted to cold temperatures experienced under Ontario conditions. 

Objective 2: To investigate the effect of N fertilization on yield across several C4 perennial 

grass species and cultivars during the first three years of establishment.   

Hypothesis 2:  N fertilization has no effect on yield of C4 perennial grass crops managed 

under a one cut system in Ontario. 

Objective 3: To determine macronutrient concentration in the different plant components of C4 

perennial grasses and cultivars being grown at two Ontario locations.  Determine the effect that 

N fertilization level has on concentration and removal of the macronutrients, N, P and K.   

Hypothesis 3:  N fertilization has no effect on N, P and K concentrations or removal 

rates in the whole plant and different plant components. 

Objective 4: To determine the effect that harvest time has on yield, macronutrient concentration 

and removal rates across C4 perennial grasses and cultivars at two Ontario locations.  

Hypothesis 4:  Harvesting in the spring instead of the fall reduces yield, N, P and K 

concentrations and removal rates.   

 

 

4.1. Site Description 

 Field trials were established at two locations.  The field plots are at the University of 

Guelph Research Station in Elora, ON (43°38'46.73" N and 80°24'6.66" W) and in Morpeth, ON 

4.       Methods 
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(42°23'7.85" N and 81°51'18.21" W) near the University of Guelph Ridgetown Research Station. 

At Elora, the previous crop was barley (Hordeum vulgare L.).  The Ridgetown site is located on 

a rented land where the previous crop was corn in a conventional tillage corn-soybean-wheat 

under seeded to red clover (Trifolium pratense) rotation.  In Elora, the Crop Heat Units for corn 

production in Ontario range from 2700-2750 while in Ridgetown they range between 3400-3450 

(OMAFRA, 2009).  In Elora the soil is a London silt loam soil (grey brown luvisol) in the 

hydrological group B (Canada Dept of Agriculture, 1963).  In Ridgetown the soil is a Brookston 

clay loam soil (orthic humic gleysol) in the hydrological group D (Canada Dept of Agriculture, 

1949). Pre-plant soil tests were conducted at both locations and the results summarized in Table 

4.1.  Five core samples (0-15 cm) were taken, pooled and subsampled, at both the left and right 

side of each replication in the test.   

Table 4.1- Preplant soil properties in Elora and Ridgetown, ON in 2008 

Location Replication pH Phosphorus (P-ppm)
(1)

 Potassium (K-ppm)
(2)

 Texture 

Elora 

1- Left 7.5 30 99 Silt loam 

1-Right 7.6 29 111 Silt loam 

2-Left 7.6 21 91 Silt loam 

2-Right 7.7 30 102 Silt loam 

3- Left 7.7 32 107 Silt loam 

3- Right 7.6 23 93 Silt loam 

Ridgetown 

1 6.5 16 210 Clay loam 

2 6.8 24 206 Clay loam 

3 6.8 20 202 Clay loam 
(1) Olsen soil extraction procedure (Carter and Gregorich, 2008) 
(2) Ammonium acetate method, (Klute and Page, 2002) 

 

4.2. Experimental Design 

 The experiment is a split-split-strip plot design with three replicates.  Species is the main 

plot factor with varieties/harvest timings sub-plot treatments randomized within the main plots 
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and fertilizer randomly applied in strips across a replication.   The addition of the different 

harvest timings within the sub-plot treatments was only for two selected Miscanthus and two 

switchgrass varieties.  At Elora, each sub plot grass treatment was 3.1 m x 26.0 m.  At 

Ridgetown, all sub plots measured 3.1 m x 24.4 m. Fertilizer treatments were in strips, with 

resulting plots 3.1 m x 6.5 m and 3.1 m x 6.1 m wide at Elora and Ridgetown, respectively. 

4.3. Treatments  

  The main plot factor was three different perennial grass species: Miscanthus (M. sinensis 

M. sacchariflorus crosses), switchgrass (Panicum virgatum L) and big bluestem (Andropogon 

gerardii Vitman).  There were four varieties of Miscanthus (Nagara-116, Amuri-114, Polish and 

M1 Select), and two varieties of each switchgrass (Shelter and Cave-in-Rock) and big bluestem 

(Prairie View and Southlow).  Nagara-116, M1 Select and Polish were sterile triploids.  Amuri-

114 was a non-sterile diploid.  The switchgrass varieties were upland eastern varieties thought to 

be adapted to Southern Ontario based on their extensive cultivation in the Northern United States 

(Fike et al., 2006b). 

The strip factor of N fertilizer rate consisted of four N fertilizer rates; 0, 40, 80 and 160 

kg N ha
-1

.  Ammonium nitrate (AN 34-0-0) was hand broadcast to each plant species treatment 

and adjacent border plots. Fertilizer rates were chosen to provide a control, low rate, medium rate 

and a rate that was expected to maximize plant yield.  Fertilizer was weighed in bags based on 

the treatment per sub-plot and hand broadcast making a minimum of 3 passes of the sub-plot area 

in differing directions.   
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 In addition there was a second split sub-subplot factor for four subplots for comparison of 

harvest timing. Biomass yield was harvested either in the fall or spring for two Miscanthus 

(Nagara-116 and Amuri-114) and two switchgrass varieties (Cave-in-Rock and Shelter).  For the 

spring harvest, Miscanthus was left standing over winter to allow for greater leaf drop.  In the 

case of switchgrass, it was mowed and windrowed to allow for better drying and to keep the 

harvestable biomass as clean as possible, as would be done in a commercial switchgrass system. 

At Elora, in the fall of 2009, some plots had a limited amount of material, that I was concerned 

about the loss of the plant material for nutrient testing.  Therefore, after mowing the herbage, 

chicken fencing material was placed on top of the biomass to limit wind losses.  While this 

would not occur in any commercial scale planting, it was done to ensure that there would be 

some weathered material available for plant part nutrient concentration measurements. This was 

repeated again in the fall of 2010 in Elora for consistency.  

4.4. Treatment Establishment 

 At both locations the sites were prepared in the spring of 2008.  The Elora field was 

cultivated (with a C-tine cultivator) twice on 16 May 2008 and then again on 6 June 2008 

followed by cultipacking that same day across the reps to make a firm seed bed for planting the 

switchgrass.  The plots were cultipacked once more on 7 June 2008 prior to hand broadcasting of 

the big bluestem.  On 12 June 2008 the Miscanthus plots were cultivated again with cultivator, 

crowfoot packer, cultivator, and then packer again.  In Ridgetown the field was cultivated and 

the seeded grasses were broadcast and packed on 17 June 2008.  The Miscanthus plots were 

cultivated just prior to planting on 23 June 2008. 
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 The Miscanthus was planted as plugs generated from rhizome sections.   Switchgrass and 

big bluestem were established from seed.  Switchgrass variety Shelter was obtained from Ernst 

Conservation Seeds Inc. (Meadville, PA) and Cave-in-Rock from Nott Farms (Clinton, ON).  

Switchgrass varieties were planted with a 1.5 m Brillion forage seeder with the settings wide 

open to allow for the desired planting density.    Both big bluestem varieties Prairie View and 

Southlow, were obtained from Ernst Conservation Seeds Inc. (Meadville, PA).  The big bluestem 

was hand broadcast and then mechanically packed because the seed was not debearded and 

would not flow through a forage seeder.   

 At Elora, all switchgrass and big bluestem was planted at 50.4 kg ha
-1 

PLS (pure live 

seed) and the Miscanthus plugs were planted at a density of 2 plants m
-2 

(0.75 m
2
 spacing).  In 

Ridgetown, the Miscanthus was planted at the same density but the seeded grasses were planted 

at a much higher rate due to a communication error, as shown in Table 4.2. 

Table 4.2- 2008 Grass Seed Planting Rates in Ridgetown (kg ha
-1

 PLS) 

Grass Planting Rate (kg ha
-1

 PLS) 

Switchgrass- Cave-in-Rock 122.4 

Switchgrass- Shelter 112.5 

Big Bluestem-Prairie View 187.4 

Big Bluestem- Southlow 93.7 

 

 At Elora switchgrass was planted on 6 June, the big bluestem on 7 June and the 

Miscanthus 12 June 2008.  In Ridgetown switchgrass and big bluestem were planted on 19 June 

while Miscanthus was planted on the 24 and 25 June 2008.  
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  The N strips were first applied on 21 May 2009 in Elora and 12 and 13 May 2009 in 

Ridgetown to all grasses and borders.  Dates of N fertilizer applications for 2009 and 2010 are 

given in Tables 4.7 and 4.8.  The fertilizer was applied as a strip across the whole replication to 

minimize border effects and make it more efficient for re-application.  

4.5. Trial Maintenance 

 Insufficient biomass was produced in the establishment year to justify harvesting. In the 

spring of 2009 all standing plant material from 2008 was mowed down using a disc-bine to 15-

20 cm and the residue left on the plots.    

 Establishment success of Miscanthus was determined by recording whether plants were 

alive or dead in the fall of 2008.  Counts were taken from each plant of all Miscanthus plots 

(Table 4.3).   Establishment success of switchgrass and big bluestem varieties was recorded 

using an average plant counts in a 1 m
2
 quadrant, one quadrant per plot (Table 4.4).  The above 

measurements were repeated in the spring of 2009 to determine overwintering survival.   

Table 4.3- Proportion of planted Miscanthus plugs which remained viable in Fall 2008, 

Ridgetown and Elora   

 Establishment (%) 

Variety Elora Ridgetown 

Nagara- 116  99 84 

Amuri- 114 95 72 

Polish 93 94 

M1 Select 85 83 
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Table 4.4- Seeded grass population (individual plants, not counting tillers) ± standard error per 

quadrant fall 2008, Ridgetown and Elora 

 Average plant population (#/m
2 

± se) 

Variety Elora Ridgetown 

Cave-in-Rock 34 ± 4.3 103 ± 25.7 

Shelter 24 ± 5.8 196 ± 54.4 

Prairie View 50 ± 9.1 105 ± 14.1 

Southlow 36 ± 5.7 210 ± 25.5 

 

 At the Elora location, missing Miscanthus plants, either due to poor establishment the 

previous year or winterkill, were replaced on 5 June 2009.  Pieces of rhizome from three year old 

Miscanthus plants obtained from Pyramid Farms Inc. in 2009 were cut up and each piece had at 

least one terminal bud.  Plant establishment from these rhizomes was less than 15%.  As a result, 

on 16 July 2009 transplant plugs generated from rhizomes were planted where there was no 

visible regrowth from the rhizome planted the previous month.   The Polish variety was not 

infilled with additional plants since no plugs were available.  

 A similar procedure to replace missing Miscanthus plants was completed at the 

Ridgetown location.  Rhizome pieces from three year old Miscanthus plants were planted on 4 

and 5 June 2009.  Nagara-116 was planted on 4 June and Amuri-114, M1 Select and Polish 

varieties were planted on 5 June.   Again, due to the poor re-growth of the rhizomes, on 11 June 

2009 plugs were used to replace any Miscanthus plants still missing.   

 In 2010, at the Elora location, there were still gaps remaining in the Miscanthus stand.  

To fill in theses gaps, transplant plugs were planted on 11 June 2010.  These were only required 
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for the Polish and M1 Select varieties, there were no missing plants in the Nagara-116 or Amuri-

114 plots.  

 Broadleaf weeds in the Miscanthus, switchgrass and big bluestem plots were controlled 

with PAR III and 2,4-D Amine (Table 4.5).  Broadleaf weeds and grasses not controlled by these 

herbicides had to be removed by hand hoeing in Miscanthus plots.  This was done over a period 

of a week and a half in early July 2008 and 2009 in Elora.  In Ridgetown the weed pressure was 

less and only required periodic removal of any broadleaf weeds not controlled by PAR III and no 

hand hoeing (Table 4.6).  

Table 4.5- Herbicide application at the Elora site, 2008-2010 

Date Product Active Ingredient(s) Rate (L ha
-1

) Comments 

06/27/08 PAR III 2,4-D, Mecoprop, Dicamba 5  

06/06/09 PAR III 2,4-D, Mecoprop, Dicamba 5  

05/18/10 Primextra II Magnum S-Metolachlor, Atrazine 3.5 *Miscanthus 

only  

05/21/10 
PAR III 2,4-D, Mecoprop, Dicamba 4.8 

*Miscanthus 

only 

 

 

Table 4.6- Herbicide application at the Ridgetown site, 2008-2010 

Date Product Active Ingredient(s) 
Rate (L 

ha
-1

) 

Comments 

07/15/08 2,4 D Amine 600 2,4-D 1  

08/13/08 2,4 D Amine 600 2,4-D 1  

05/12/09 2,4 D Amine 600 2,4-D 2  

05/30/09 2,4 D Amine 600 2,4-D 2  

05/03/10 2,4 D Amine 600 2,4-D 1 
*Miscanthus 

only 

05/30/10 2,4 D Amine 600 2,4-D 1 
*Seeded 

grasses only 
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 In Ridgetown in addition to the N, all of the plots received additional P and K.  An 

application of 75 kg/ha K2O was applied as muriate of potash (0-0-60), and 75 kg/ha P2O5 as 

monoammonium phosphate (11-52-0) was applied in the spring of each year on the same dates 

as the N application.  This was a technical error since, based on the soil test results (Table 4.1), 

no P or K fertilization was required.   

4.6. Measurements  

Dates of all stand measurements taken are shown in Table 4.7 for Elora and Table 4.8 for 

Ridgetown. 

Table 4.7- Dates of field operations and data measurements in Elora from 2008-2010 

  2008 2009 2010 

Miscanthus spring emergence   

11 May, 22 May, 25 

May, 29 May, 5 Jun 

13 Apr, 27 

Apr, 21 May, 6 

June  

N fertilizer applied   22 May 4-5 May 

Seeded grass plant density count 23 Oct 

11 May, 19 May, 21 

May, 25 May, 29 

May, 5 June, 21 

July, 19 Aug, 2 Nov 

21 May,  

11 Nov  

Seeded grass hand harvest 23 Oct 2 Nov 

5 Apr ,  

11 Nov 

Miscanthus hand harvest 12 Nov 24 Nov 

12 Apr,  

10 Nov  

Harvest with harvester   24 Nov 

13 Apr,  

11 Nov 
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Table 4.8- Dates of field operations and data measurements in Ridgetown from 2008-2010 

  2008 2009 2010 

Miscanthus spring emergence   

27 May, 8 Jul,  

16 Jul, 22 Jul  27 Apr 

N, P and K fertilizer applied   12 May, 13 May  

 17 May,  

21 May 

Seeded grass plant density count 

31 Oct, 

4 Nov 4 Dec  10 Dec 

Seeded grass hand harvest 

31 Oct, 

4 Nov  4 Dec 

 19 Apr, 10 

Dec 

Miscanthus hand harvest 18 Nov 17 Dec 

 19-20 Apr, 10 

Dec 

Harvest with harvester   17 Dec 

 20 Apr, 11 

Dec 

 

Environmental data: Weather information including temperature and precipitation was obtained 

from Environment Canada weather records for both Elora (Elora RCS station, <1 km from the 

trial site) and Ridgetown (Ridgetown RCS station, 10 km from the trial site) for 2008 to 2010.  

Plant stand:  Plant density counts of seeded grasses were measured in the spring and fall prior to 

harvesting.  The number of plants in one 0.5 m
2
 quadrant per plot and N rate strip were counted.   

The quadrant was randomly selected at each sampling time. Miscanthus spring emergence date 

was measured by recording plant by plant date of first visible growth.  Recording started in early 

spring and continued bi-weekly until no change was observed.  

Nutrient Partitioning- Tissue N, P, K:  To determine nutrient partitioning in the seeded grass 

plots, one randomly chosen area of 0.5 m
2
 was sampled leaving 15-20 cm of stubble (Beale and 

Long, 1997).  For Miscanthus, one randomly selected plant was harvested again leaving 15-20 
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cm of stubble.  Samples were weighed to determine wet weights and then dried at 80 ºC for 48h 

and re-weighed to determine dry biomass.  

 Plant samples were separated into leaf blades, stem and sheath, seed head and weed 

biomass.  For the fall 2009 samples, the entire sample was partitioned, weighed and then a sub-

sample taken for nutrient analysis.  For spring 2010, the plant samples were sub-sampled then 

separated (~60 g/ quadrant sample) and partitioned samples submitted for analysis.  The sub-

sampled material was ground (to pass through a 1 mm sieve) and analyzed for N, P and K 

concentration.  The total plant N was analysed by combustion (with a LECO combustion 

analyser) and P and K determined following ashing by digestion in nitric acid using inductively 

coupled plasma emissions spectrometry (ICPES) (Christian et al., 2008; Kalra, 1998). 

 Nutrient partitioning was not performed for all grass cultivars at every sampling time or 

for the double density Miscanthus plots.  In 2008, only the two Miscanthus (Nagara- 116 and 

Amuri- 114) and two switchgrass (Shelter and Cave-in-Rock) varieties with the harvest splits 

and one big bluestem variety (Prairie View) were sampled. In the 2009 (fall only) and 2010, the 

N rate split was included in the sampling.   

Biomass yield: Refer to harvest dates in Table 4.7 for Elora and Table 4.8 for Ridgetown.  In 

Elora, a self propelled forage harvester and a high-dump wagon equipped with a weigh scale was 

used to harvest the grasses except for spring windrowed switchgrass which was manually 

collected and weighed.  In Ridgetown grasses were cut with a discbine and then harvested with a 

pull-type forage harvester except for spring windrowed switchgrass which was manually 

collected and weighed.  Material was blown into the same high dump wagon as in Elora.  In the 
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spring in Ridgetown the Miscanthus plants were manually cut at the same cutting height as the 

forage harvester and manually weighed in bins.     

Biomass moisture: Samples harvested for nutrient partitioning were also used for moisture 

content determination.  An additional sample was collected from every plot to increase accuracy 

of moisture determination.  Immediately following harvest, samples were weighed, put in a dryer 

at 80°C for a 48 hours.  After 48 hours the samples were weighed, left to dry for an additional 24 

hours and weighed again.  If the samples weights did not differ from the 48 hour weight 

measurement they were considered 100% dry.  The moisture content was calculated as a 

percentage moisture and averaged across the two samples.  The average percent moisture was 

used to correct the harvested yields to kg DM ha
-1

. 

4.7. Statistical Analysis  

 All data was analysed using an analysis of variance in SAS 9.1 (SAS Institute, Cary, 

NC).   Statistical analyses were conducted on winterkill data using Proc Mixed in SAS.  Variance 

analysis was conducted on a randomized complete block design where random effects were 

block and block x entry and fixed effects are entry. 

 Statistical analyses were conducted on both the yield and nutrient data using Proc Mixed 

in SAS for split-split-strip plot design combined over sites.  The analysis has been partitioned 

into different sources which included site, block nested within site, species, varieties, varieties 

nested within species, N applied, harvest timing, plant part and interactions as well as sub 

partitions of the linear and quadratic regression responses involving the different factors of the 

experiment.  Any partitions of block (block(site)), block(site)*var(species) and nit*block(site)) 

were considered random effects while all of the other effects are fixed effects (refer to Appendix 
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Table 8.7) (Bowley, 2008). The Studentized test for residuals was used to confirm the absence of 

outliers and the residuals tested to confirm the assumptions of the variance analysis.  The 

assumptions were that the treatment and model effects were additive and that the experimental 

errors are homogeneous, random and about a zero mean (Bowley, 2008).  Yield, nutrient 

concentration and nutrient removal data was all normally distributed and did not require any 

transformations to meet the assumptions of the analysis of variance. In initial analyses in 2009, 

location by treatment interactions were found to be significant (P value=<0.0001 and 0.0022) 

and was justification for the separate analysis and presentations of the Elora and Ridgetown 

results in 2009 and 2010.  In addition, variety within species effects were observed (P 

value=<0.0001) in the Elora and Ridgetown results in 2009, providing justification for 

presenting all subsequent data as a combination of variety for each species (refer to Appendix 

Table 8.8).    

Appropriate linear and/or quadratic based models were used to fit response to N fertilizer 

rate using the Nonlinear procedure of SAS ver. 9.2 (SAS Institute Inc., Cary, NC).  The NLIN 

procedure was used to fit the appropriate regression response to N fertilizer.  The NLIN 

procedure was also used to calculate the standard errors of predicted values for each of the four 

N rates individually for each harvest time and/or species and/or variety.  These standard errors 

were then scaled, or adjusted, relative to the appropriate pooled standard error obtained from the 

Mixed procedure of SAS where all random and fixed effects, including N rate, were entered into 

the model as class variables (Janovicek, 2011).  Scaling, or adjustment, of standard errors also 

removed variability associated with lack of fit and blocking.  The pooled standard error was 

calculated from the standard error of the difference between two means which was appropriate 

for the comparisons of interest using the pdiff option of the Mixed procedure (Janovicek, 2011).  
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The standard errors for predicted values of nonlinear regression were adjusted using the Proc 

Mixed and Proc Nlin error means (Janovicek, 2011) as follows:                                           

seAdjusted = seNonlinear x  √ MSEMixed/MSENonlinear  

 

Where; 

seAdjusted is the scaled or adjusted standard error for a predicted value for a given N rate 

associated with a fitted response 

seNonlinear is the standard error of predicted values derived from the NLIN procedure analysis 

MSEMixed is the error mean sum of squares appropriate for the desired comparison derived from 

the Mixed procedure 

MSENonlinear is the mean error sum of squares derived from fitting the appropriate regression 

using the NLIN procedure 

 Significance of within N rate differences between two predicted values was determined 

using a protected T-test where the standard error was the pooled standard errors of the two actual 

values that were compared.  Four restrictions were put on the model.  The first was that response 

(yield, concentration or removal) was not predicted beyond the highest N level, as we do not 

know what will occur beyond the range tested. While second, the quadratic coefficient was fitted 

to be less than or equal to zero.  If the model was run without constraints and the quadratic 

coefficient was ≤ 0, the coefficient was set to 0.   Third, linear coefficients were greater than or 

equal to 0 because overall reduction of response was not expected over the range of N rates 

evaluated.  If the model was run without constraints and the linear coefficient was ≥ 0, the 

coefficient was set to 0.  A test for curvature was performed to determine if slightly positive 

linear coefficients or slightly negative quadratics differed significantly from 0, if they did not 

they were removed from the model and the response recalculated.  Fourth, if the model predicted 
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a maximum yield before the first N fertilization level of 40 kg N ha
-1 

the slope of that curve was 

adjusted so that the response maximized at that N rate.  This was done since we cannot be sure 

by how much the response maximizes by 40 kg N ha
-1

 so the response was set to maximize no 

earlier than 40 kg N ha
-1

.   For all analyses a confidence level of a P value of 0.05 was used. 

 

5. Results and Discussion 

 The 2008-2010 growing season conditions varied by location.  While temperature 

patterns at both locations were similar, precipitation patterns were not. Elora had consistent 

average precipitation across months in 2008 and 2009, but not in 2010 (Table 5.1).   Between 

2008 and 2010, the precipitation fluctuations from month to month were higher at Ridgetown 

than in Elora (Table 5.2). 

The average temperature at the Elora site in 2008 was 11.7°C and the accumulated 

precipitation was 775 mm between the months of April and November.  In 2009 the average 

temperature was 11.7°C and the accumulated precipitation was 609 mm between the months of 

April and November.  The following year was warmer; in 2010 the average temperature was 

13.0°C and the accumulated precipitation was 654 mm between the months of April and 

November.  While, the temperatures from 2008 and 2009 in Elora were lower, they were 

consistent with the 30 year average (12.2°C) for the same months (Table 5.1).  Accumulated 

precipitations from all three years of the study were close to the 30 year norm from April to 

November of 666 mm.    Both the temperature and amount of precipitation received in the 

establishment year are believed to be favourable conditions for the establishment of perennial 

grasses as they were almost double the precipitation values observed across Europe for the 
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successful establishment of several Miscanthus genotypes.  At the Elora location, precipitation 

was favourable for establishment and water stress was minimal (Table 5.1).  

Table 5.1- Comparison of temperature averages and precipitation accumulation from Elora, 

Ont. for 2008, 2009, 2010 and the 30 year average 

 
Temperature (°C) Precipitation (mm) 

2008 2009 2010 30-yr Average* 2008 2009 2010 30-yr Average* 

January -4.72 -11.66 -7.22 -7.6 98.5 66.1 27.2 56.4 

February -8.6 -6.13 -5.79 -6.9 57.4 82 24.4 50.8 

March -5.17 -0.67 2.19 -1.3 85.5 72.7 41.3 72.1 

April 7.49 6.07 8.73 5.9 64.6 106.2 47.5 78.3 

May 9.84 11.38 13.8 12.3 86.1 79.3 99.9 79.9 

June 17.56 15.78 16.8 16.9 81.6 69.2 184.1 76 

July 19.06 16.53 20.17 19.7 131.3 79.5 89.4 88.5 

August 17.22 17.84 19.37 18.6 120.7 92.1 12.1 95.9 

September 14.83 14.54 14.03 14.1 119.3 53.7 117.8 92.1 

October 7.16 6.79 8.34 7.9 68.4 91.5 52.6 69.2 

November 0.73 4.56 2.95 2.4 103.1 37.3 50.8 86.3 

December -5.54 -4.49 -6.06 -4 100.4 65.8 21.1 77.7 

*Source: Environment Canada, 2011 

 

Table 5.2- Comparison of temperature averages and precipitation accumulation from 

Ridgetown, Ont. for 2008, 2009, 2010 and the 30 year average 

 
Temperature (°C) Precipitation (mm) 

2008 2009 2010 30-yr Average* 2008 2009 2010 30-yr Average* 

January -2.54 -10.1 -5.42 -6 153.1 147.1 227.3 54.2 

February -5.07 -3.79 -4.72 -4.6 142.9 105.5 97.8 61.4 

March -1.57 1.06 3.36 0.7 147.3 106.4 67 81.9 

April 8.69 7.79 9.77 7.1 50.1 152 63.3 77.5 

May 11.27 12.96 14.57 13.6 93.8 48.5 114.4 76.9 

June 19.67 17.26 19.31 18.8 113.4 65.4 97.3 82.1 

July 20.82 18.46 22.6 21.5 108.1 30.5 120.8 92.8 

August 18.82 19.54 21.2 20.6 73 92.4 19 104.9 

September 16.68 16.05 16.21 16.8 131.7 36 79.5 92.9 

October 8.58 8.58 10.76 10.6 52 70.2 77.8 55.4 

November 2.92 6.2 4.18 4.5 138.4 30.3 91.8 93.3 

December -3.18 -2.45 -4.81 -1.9 182.8 137.5 45 95.6 

  *Source: Environment Canada, 2011 
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 The average temperature in Ridgetown in 2008 was 13.4°C, and the accumulated 

precipitation was 760 mm between the months of April and November (Table 5.2).  In 2009 the 

average temperature was 13.3°C and the accumulated precipitation was 525 mm between the 

months of April and November.  In 2010 the average temperature was 14.8°C and the 

accumulated precipitation was 664 mm between the months of April and November.  The 

average temperatures in all years were similar to the 30 year average of 14.2°C for the same 

months.  The accumulated precipitations from 2008-2010 range from much higher, much lower 

and close, respectively, with the 30 year average total accumulation from April to November of 

675.8 mm (Table 5.2).    This site in 2008 had much more precipitation than in Elora.  The above 

average precipitation in combination with heavy soils caused mild flooding or and standing 

water in certain places on the field which could have effected plant establishment.     There is 

also the possibility that because there was so much water available to the plants during the 

growing season that they did not develop the ideal deep rooting structures associated with better 

winter hardiness. 

 During the first fall after planting at the Ridgetown location, first frost occurred on 4 

October 2008 (-0.5°C) and then again on 18 October 2008 (-1.3°C).  After 18 October there were 

several nights when the minimum temperature was below 0°C, these dates were; October 19 (-

1.3°C), 21 (-2.5°C) and 22 (-3.7°C), 2008.  The daily low temperature fluctuated between 

positive and negative throughout November and December.  After that, there were several 

periods when the minimum air temperature was greater than 0°C; 10-12 February (0.7°C, 5.9°C 

and 0.7°C), 6 March (0.6°C), 8 March (2.4°C), 1-3 April (3.1°C, 4.2°C and 2.9°C) and 14 April 
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(2.8°C).  After 18 April the minimum temperatures were consistently above freezing, with the 

exception of 18 May where the minimum temperature had dropped back down to -1.9°C.   

 In Elora, during the first fall after planting, frost occurred on 7 October 2008 (-0.7°C) and 

then again on 18 October 2008 (-1.8°C).  After the 18
th

 there were several nights when the 

minimum temperature was below 0°C, these dates were; October 19 (-2.9°C), 21 (-0.2°C), 22 (-

3.7°C), 28 (-0.9°C), 29 (-3.9°C) and 30 (-4.6°C), 2008.  The daily low temperature fluctuated 

between positive and negative for the start of November.  After that, there were several periods 

when the minimum air temperature was greater than 0°C; 27 December (1.1°C), 11 February 

(3.2°C), 26 February (0.5°C ), 3 April (0.6°C ).   After 14 April the minimum temperatures were 

above freezing with the exceptions of 17 April (-1.8°C), 2 May (-0.2°C), 11 May (-1.7°C), 12 

May (-1.4°C) and 18 May (-2.1°C).    Fluctuating winter temperatures, along with multiple 

freeze-thaw cycles in the spring made the Elora location a good environment for testing winter 

survival of a warm season species.  

5.1. Winter Survival of Miscanthus, Switchgrass and Big bluestem 

Survival of the three grasses during the initial winter in Elora is shown in Figure 5.1.  The 

Miscanthus varieties, Polish and M1 Select had the lowest survival rates at 12% and 29%, 

respectively.  The big bluestem variety Prairie View also had poor survival, with a 57% decrease 

in plant stand count, compared to Southlow, with a 36% decrease in plant stand count.  The 

Nagara-116 and Amuri-114 Miscanthus varieties, both switchgrass varieties and the Southlow 

big bluestem had survival rates greater than 50%.   



  

42 

 

 

Figure 5.1- Percent winter survival of Miscanthus, Switchgrass and Big Bluestem at Elora 

between Fall 2008 to Spring 2009 (SE Mean= 11.29) 

 

The desired stand density for Miscanthus was two plants per square meter.  Based on this 

desired stand density, the percentage of Miscanthus plants with visible growth compared to the 

number expected per plot in the spring of 2009 was: Nagara-116- 96%, Amuri-114-92%,   

Polish- 12% and M1 Select- 22%.  In Elora, both varieties Nagara-116 and Amuri-114 had 

excellent winter survival while the Polish and M1 Select varieties had high levels of winterkill.   

Switchgrass and big bluestem survival rates were monitored by a count per area in the 

fall of 2008 and spring 2009.  Counts for the fall of 2008 in Elora are presented in Table 4.4.  

Switchgrass survival was 62% for Cave-in-Rock and 73% for Shelter.  Big bluestem survival 

was 43% for Prairie View and 64% for Southlow.  

At the Ridgetown location there was no loss of Miscanthus plants over the winter for any 

of the varieties.  Surprisingly, there was an increase in percent survival from the fall to the 
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spring; the stand counts for all Miscanthus varieties were higher in the spring of 2009 than the 

fall of 2008.  The four Miscanthus varieties stand count increases were; Nagara-116- 569%, 

Amuri-114- 300%, Polish- 674% and M1 Select- 337%.  On a desired stand density basis, the 

percent of Miscanthus plants with visible growth (any aboveground new tillers) compared to the 

number expected per plot in the spring of 2009 was; Nagara-116- 79%, Amuri-114-66%, Polish- 

37% and M1 Select- 31%.  While there was an increase in plant stand counts over the course of 

the first winter for all varieties, plant numbers increased closest to the desired plant density for 

the Amuri-114 and Nagara-116 varieties.   Stand establishment was believed to be poor in 

Ridgetown due to the high amount of precipitation and later planting dates.  The increase in 

stand count in the spring following planting may be the result of stress causing the plugs to enter 

a state of dormancy after planting and breaking that dormancy the following spring.  

 Stand counts for switchgrass and big bluestem at the Ridgetown location were not 

collected in the spring of 2009 hence survival measurements could not be calculated.  Survival of 

the plants at both locations after spring 2008 is shown in Appendix Tables 8.1 to 8.4.  Tables 

shown in the Appendix provide evidence that despite the high seeding rates in Ridgetown by the 

second and third year of establishment there was self thinning of the stand.  Plant counts of the 

seeded grasses were similar to Elora after the fall of 2009.   

 The additional K fertilizer applied may have increased winter survival and early growth 

of all grasses evaluated. The impact of adding K fertilizer to soils with an already high 

concentration of K is unclear.    K fertilization in alfalfa has demonstrated that with increased K 

fertility there is increased stand persistence, overwintering capability as well as faster new shoot 

initiation (Berg et al., 2005).  The high soil fertility along with added K fertilizer may have 
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resulted in better winter survival as well as greater growth earlier in the spring allowing the 

grasses to outcompete weeds. 

5.2. Nitrogen Fertilizer Effect on C4 Perennial Grass Yields 

Location by species interactions were found (P=<0.0001), providing justification for the 

separation of analyses for Elora and Ridgetown yields.  Location effects resulted from variations 

in stand establishment and winterkill, as well as environmental effects as described in the 

previous section.  While location effects were not compared statistically, general trends observed 

at each location are discussed.  Year effects were also separated. Year effects were caused by 

differences in absolute yield levels resulting from the progression of stand development and are 

not directly comparable.  For example in an established stand of Miscanthus, the literature 

indicates that about 70% of the full yield potential of Miscanthus can be achieved in the second 

year and close to 100% by the third year and thus yield responses in those developing years 

cannot be compared (Clifton-Brown and Lewandowski, 2002; Heaton et al., 2008).    
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 Due to the poor establishment and winterkill of the M1 Select and Polish varieties, only 

the Amuri-114 and Nagara-116 varieties of Miscanthus were analysed.  These varieties were also 

eliminated because of the few number of plants harvested from the plots.  For example, at the 80 

kg N ha
-1 

rate, the mean yields were; 12.9, 10.2, 1.8, and 0.08 T DM ha
-1 

for the Nagara-116, 

Amuri-114, Polish and M1 Select Miscanthus varieties, respectively in Elora.  In Ridgetown by 

comparison, the corresponding mean yields were 6.3, 5.4, 0.9 and 1.3 T DM ha
-1 

for Nagara-116, 

Amuri-114, Polish and M1 Select, respectively.  Considering the poor yield performance of 

Polish and M1 Select at both locations, they were dropped from the analysis; only Nagara-116 

and Amuri-114 were used for further analysis.  

Initial analyses of Elora and Ridgetown 2009 yield data indicated that species had an 

effect on yield (P=<0.0001 and 0.0022).  In addition, the N rate by species within variety effect 

(P=<0.0015-0.0043) was observed.  For this reason, the data is presented at the species level as 

the mean of the varieties within species. P-values for the partitioning of fixed and random effects 

of the model are shown in Appendix Table 8.8. 

5.2.1. Nitrogen Effect on 2009 Yield – Fall Harvested 

 In Elora, at all four N rates, Miscanthus yields were higher than the yields of both 

switchgrass and big bluestem (Figure 5.2).  Miscanthus yield increased linearly with increasing 

N rate.   Yield was maximal at the highest N application rate of 160 kg N ha
-1

.  At the 160 kg N 

ha
-1

 Miscanthus yield, averaged across the two varieties, was approximately 13.8 T DM ha
-1 

(Figure 5.2).   Switchgrass yield response to N fertilization followed a curvilinear relationship.  

For switchgrass, there was evidence of a yield plateau between 80 and 160 kg N ha
-1

.  Based on 

the fitted line, the yield plateau occurred at  126 kg N ha
-1

.  Big bluestem yield increased linearly 
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with increasing N fertilization and a yield plateau was not observed with the range of N rates 

used.   Yield of big bluestem was highest at the 160 kg N ha
-1

 fertilization level.  

 

Figure 5.2- Elora fall harvested 2009 yield (kg DM ha
-1

) compared across N rates for the Amuri-

114 and Nagara-116 varieties of Miscanthus (y= 9463.1 + 27.3x), Cave-in-Rock and 

Shelter varieties of switchgrass (y= 4531.5 + 85.5x - 0.34x
2
) and Prairie View and 

Southlow varieties of big bluestem (y= 4610.6 + 40.6x).  The letters indicate that the 

treatments are significantly different within an N rate at a level of P ≤0.05 using a 

protected t-test.  The mean of the standard errors for all data points from the predicted 

response curve model has been shown (SE Mean= 1165.7).  

 

 In Ridgetown,  Miscanthus yield was not affected by N rate (Figure 5.3).   Miscanthus 

yield averaged across N rates was 5.1 T DM ha
-1

, compared to 6.0 T DM ha
-1

 for  the control 

treatment.  In contrast to Elora, Miscanthus was much lower yielding than switchgrass (Figure 

5.2).  At N application rate of 0 kg N ha
-1

, switchgrass had an average yield of of 9.5 T DM ha
-1

, 
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almost double that of Miscanthus (Figure 5.3).  Switchgrass yield response to applied N followed 

a quadratic relationship.   As was observed in Elora, there was evidence of plateauing before the 

highest N application rate. Based on the fitted quadratic response, the plateau yield occurred near 

88 kg N ha
-1

.  Big bluestem yield was also affected by N rate and the yield response to increasing 

N fertilization followed a linear relationship.  Yield was maximized for big bluestem at 160 kg N 

ha
-1

, the highest application of fertilizer used.  The high seeding rates used in Ridgetown did not 

affect the yield response in Ridgetown.  By fall 2009 and by subsequent harvest dates,  seeding 

rate no longer differed between Elora and Ridgetown (Appendix Tables 8.1 to 8.4).   
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Figure 5.3- Ridgetown fall harvested 2009 yield (kg DM ha
-1

) compared across N rates for the 

Amuri-114 and Nagara-116 varieties of Miscanthus (y= 5362.8), Cave-in-Rock and 

Shelter varieties of switchgrass (y= 4441.6 + 127.4x - 0.72x
2
) and Prairie View and 

Southlow varieties of big bluestem (y= 3548.0 + 15.6x).  The letters indicate that the 

treatments are significantly different from each other at that N rate at a level of P ≤0.05 

using a protected t-test.  The mean of the standard errors for all data points from the 

predicted response curve model has been shown (SE Mean= 665.6). 

 

 Average harvest moisture levels are presented in Appendix Tables 8.9 and 8.10.  In 2009, 

moisture content was not determined for the seeded grasses in Elora, due to a technical error.  In 

Elora, moisture level of fall-harvested Miscanthus was not affected by variety or N rate; the 

average percent moisture of both Miscanthus varieties at all N rates was 45.2%.   

Similar to Elora, Ridgetown fall harvested moisture content was not affected by variety 

and N rate for any species.  Average moisture content of Miscanthus was lower at the Ridgetown 
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location compared to the Elora location, presumably either due to the longer growing season or 

more favourable conditions at harvest.  At the Ridgetown location, there were moisture 

differences when this was compared across species.  The seeded grasses tended to have lower 

moisture content: 31% for Miscanthus, 21% for switchgrass and 20% for the big bluestem.  This 

may be due to the smaller diameter stems and fine leaf material of the switchgrass and big 

bluestem, or possibly, the earlier flowering time of the switchgrass and big bluestem that allowed 

for earlier senescence and a longer drying time. 

 The results from 2009 represent the second season of growth.   Commonly, second year 

stands achieve approximately 70% of the maximum stand yield over the life of the stand 

(Clifton-Brown and Lewandowski, 2002; Heaton et al., 2008).   Typically, switchgrass yield 

comparisons are from fully established (i.e. plateau yields reported) and unfertilized stands.  

Heaton et al. (2004),  in a review of 77 observations in Illinois and surrounding states, reported 

average yields between 5.0-12.0 T DM ha
-1

 with 10.0 T DM ha
-1

 on average.  Assuming the 

same growth potential in Elora and Ridgetown despite different climates and varieties, yields in 

the second year stand would be approximately 7 T DM ha
-1

.  In Elora the 0 kg N ha
-1

 switchgrass 

plots resulted in a mean yield of 4.9 T DM ha
-1

 and in Ridgetown 4.4 T DM ha
-1

.  Yields in both 

Elora and Ridgetown were much lower than the predicted from yields in Illinois. 

 Heaton et al. (2004) summarized 97 observations of Miscanthus yields reported from 

studies in Europe and North America.  In this review, Miscanthus average yield was 22.0 T DM 

ha
-1

.  Based on an assumption of 70% of maximum yield potential in the second year and similar 

yield potential under Ontario conditions, a second year yield of approximately 15.4 T DM ha
-1 
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was expected.  In Elora the 0 N control plot yielded 9.5 T DM ha
-1

 and in Ridgetown the control 

plot yielded 6.0 T DM ha
-1

. 

 There are several possible reasons for why Miscanthus yields were higher in Elora than in 

Ridgetown. First, stand establishment was very different at the two locations.  In Elora 

establishment was 95-99% for the two Miscanthus varieties while in Ridgetown establishment 

was 72-84%.  Second, the Ridgetown location received much less precipitation than Elora in 

2009.  In 2009 in Ridgetown the accumulated precipitation was 525 mm between the months of 

April and November while in Elora the accumulated precipitation was 609 mm over that same 

period.  In Ridgetown precipitation was the lowest in May and July (48.5 and 30.5 mm, 

respectively), months where plant growth rates were high and lack of available water may have 

limited growth.  Precipitation was around double that in Elora for May and July.  Other reasons 

for the lower yields in Ridgetown include; the delay of 1-2 weeks between planting or the 

heavier clay soil, with water and nutrients more tightly bound to the soil colloids and less plant 

available (Brady and Weil, 2008).  The delay in planting not only meant that the plugs got in the 

ground later but they were kept in storage longer which may have encouraged a greater 

percentage of plants to enter a state of dormancy, specifically if the rhizomes were less than 25 g 

(Mielenz, 2009; Pyter et al., 2009).  

 In addition to lower yields, Miscanthus yield in Ridgetown (Figure 5.3) was not affected 

by N fertilization rate, while in Elora Miscanthus yield was affected (Figure 5.2).   Yield 

response in Elora was steeply linear (Figure 5.2).  Total harvestable dry matter for Miscanthus 

increased by over 4.0 T DM ha
-1

 between the control and 160 kg N ha
-1

.  In Ridgetown yields 

with increasing N fertilization demonstrated a flat line response (Figure 5.3).   The apparent lack 
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of Miscanthus yield response to N application at the Ridgetown location may be due to 

differences in stand survival.  Poor winter survival going into the 2009 growing season (Nagara-

116- 79%, Amuri-114-66%) and variability in the number of harvestable plants varied within the 

replications and where the different N splits were randomized in the trial, negatively influenced 

the total yield for each N rate.  The yields were variable between replication and variety and that 

yield variation within N rates was much higher in Ridgetown than in Elora.  In Ridgetown the 

average yield across both Miscanthus varieties and 3 replications was 6.0 ± 2.71 T DM ha
-1

 for 

the control and 4.5 ± 1.81 T DM ha
-1

 for the 40 kg N ha
-1 

plot (Figure 5.3).  In Elora the average 

yield across both Miscanthus varieties and 3 replications was 9.5 ± 2.70 T DM ha
-1

 for the 

control and 10.5 ± 3.67 T DM ha
-1

 for the 40 kg N ha
-1 

plot (Figure 5.2).  The percent deviation 

is higher in the Ridgetown trial than in Elora and that deviation is 5% different between the 0 and 

40 kg N ha
-1

 treatments in Ridgetown. 

 Another potential explanation for the stronger N response of the Miscanthus in Elora is 

related to the potential for N fixation in Miscanthus’ rhizosphere.  Field trials and model 

simulations of N cycling within the Midwestern U.S. on Miscanthus have shown that N fixation 

is an important component in the N budget (Davis et al., 2010).   Without the addition of an N 

fixation component the N budget more fertilizer N may be required to achieve maximum yields.  

Davis et al. (2010) conducted acetylene reduction experiments and were able to confirm 

nitrogenase activity in the rhizomes and bacteria isolated from the Miscanthus giganteus.  Prior 

to this study, Kirchhof et al. (1997) studied the occurrence of N fixing bacteria in Miscanthus 

sinensis and Miscanthus sacchariflorus.  Kirchhof et al. (1997) reported that the dominant N-

fixation process of Miscanthus is associative N-fixation and that it has a weaker genetic diversity 
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under certain soil conditions, for example, in colder soils or anywhere outside the bacteria’s 

normal range.   A weaker genetic diversity of N fixing bacteria would then reduce the potential 

for N fixation (Kirchhof et al., 1997).    Colder soils or lack of the bacteria associated with the 

Elora site could have limited the contribution of N by fixations, thereby increasing the response 

to N fertilizer. 

 In addition to colder soils, the difference between N response in Elora and Ridgetown 

may be attributed to the soil type at each site.  The soil in Elora is a silt-loam while the 

Ridgetown site is a clay-loam.  Nitrogen in clay soils is more easily lost or made unavailable to 

plants than in silt-loam soils.  Nitrogen can be more easily lost due to volatilization and lack of 

absorption as well as ammonium ions are easily attached to clay surfaces, making N less plant 

available (Brady and Weil, 2008).  Volatilization and denitrification is also increased at the 

higher temperatures and higher precipitation experienced in Ridgetown than Elora (Brady and 

Weil, 2008).   

 The lack of Miscanthus response to N fertilization in Ridgetown compared to Elora may 

also be related back to the visual response observed at both locations   Height and circumference 

data on Miscanthus was collected, however it is not presented in this thesis. However, overall 

there was a visual response to N fertilization observed in Elora where there were taller plants 

with a greater number of tillers and a darker green colouring with higher N fertility.  This 

response was not as distinguishable in Ridgetown where there was not a clear visual difference 

in plant size and colour.  This height, and change in leaf to stem ratio observed in Elora, in 

response to N fertilization is also observed in Costal Bermudagrass (Cynodon dactylon, (L) 

Pers.) (Prine and Burton, 1956).  Prine and Burton (1956) also found that by increasing N 
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fertilization leaf length, internode length and internode number also increased, this may have 

also occurred in Elora and further explain the higher yields observed in Elora than Ridgetown. 

 For the 2009 fall harvested yield, the switchgrass had a quadratic response to applied N at 

both locations (Figures 5.2 and 5.3).  The N fertilization rates chosen allowed for a clear 

discernment of a plateau of the switchgrass, where 80-130 kg N ha
-1

 appeared to optimize yields 

at both locations.  While yield of big bluestem followed a linear response at both locations, 

where yield may be further increased with N rates beyond 160 kg N ha
-1

.    

5.2.2. Nitrogen Effect on 2009 Yield – Spring Harvested   

 The differences in harvested yields in the fall of 2009 versus the spring of 2010 for 

Miscanthus and switchgrass in Elora and Ridgetown are shown in Figures 5.4 and 5.5.  As with 

the fall data in the previous section yields are presented for each species.  Big bluestem was not 

harvested in the spring and is not included in this section.  Across all N rates, there was a 40% 

reduction in the biomass yield of Miscanthus at Elora when the plants were harvested in the 

spring compared to harvesting the previous fall.  Although the yields were lower at Ridgetown, a 

similar level of reduction was also found. 
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Figure 5.4- Elora fall 2009  and spring 2010 harvested yield (kg DM ha
-1

) compared across N 

rates for the Amuri-114 and Nagara-116 varieties of  Miscanthus (fall y= 9463.1 + 27.3x, 

spring y= 7104.7) and  Cave-in-Rock and Shelter varieties of switchgrass (fall y= 4531.5 

+ 85.5x – 0.34x
2
, spring y= 2922.7).  The Miscanthus and switchgrass varieties were each 

averaged across 2 cultivars.  NS indicates that the fall and spring treatments were not 

significantly different from each other within an N rate at a level of P≤0.05 using a 

protected t-test.  The mean of the standard errors for all data points from the predicted 

response curve model has been shown (SE Mean= 1138.3). 
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Figure 5.5- Ridgetown fall 2009  and spring 2010 harvested yield (kg DM ha
-1

) compared across 

N rates for the Amuri-114 and Nagara-116 varieties of  Miscanthus   (fall y= 5362.8, 

spring y= 4484.3 + 10.2x) and  Cave-in-Rock and Shelter varieties of switchgrass (fall y= 

4441.6 + 127.4x – 0.73x
2
, spring y= 3140.8).  The Miscanthus and switchgrass varieties 

were each averaged across 2 cultivars.  NS indicates that the fall and spring treatments 

were not significantly different from each other within an N rate at a level of P≤0.05 

using a protected t-test.  The mean of the standard errors for all data points from the 

predicted response curve model has been shown (SE Mean= 674.8). 

 

 In Elora, the fall and spring had very different response curves.  Regardless of species 

harvesting the biomass in the spring demonstrated no yield response to N fertilization (Figure 

5.4).  The fall responses to N fertilization, however, were quite different.  In Elora in the fall, 

Miscanthus followed a linear response while the switchgrass followed a quadratic response with 

a yield plateau at 125 kg N ha 
-1

.  In Elora, the difference between the fall and spring harvest 
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yields was observed at most N rates, with the exception of the 0 kg N ha
-1

 switchgrass 

comparison.   

 The increased yield of switchgrass and miscanthus with N fertilization in Elora was more 

pronounced in the fall than in the spring (Figure 5.4).  For example, when switchgrass was 

harvested in the spring, the 160 kg N ha
-1

 application rate compared to the control, increased dry 

matter yield by approximately 1.0 T DM ha
-1

.  When harvested in the fall the increase in dry 

matter yield was greater than 5.0 T DM ha
-1

.    

 At Ridgetown, the Miscanthus yield was not significantly different between harvest times 

at any N rate (Figure 5.5).   The switchgrass in Ridgetown had differing N responses between the 

fall and spring.  In the fall the switchgrass yield response was a quadratic relationship where the 

N rate for maximum yield was near 88 kg N ha
-1

 while in the spring there was no yield response 

increased N fertilization.   

Yield losses between fall and spring harvesting have been reported in current literature 

for both Miscanthus and switchgrass.  Yield losses reported for Miscanthus range between 12-

24% in a study of 15 genotypes in Southern Germany over 3 years, 28-30% in a study of 

Miscanthus x giganteus in Northern France over 2 years, and 35-40% in a study of 15 genotypes 

in Denmark over 2 years (Brown, 1999; Jørgensen et al., 2003; Strullu et al., 2011).  These 

Miscanthus yield losses are consistent with those observed in Elora between the fall of 2009 and 

spring 2010 of between 35-42%, especially the results from Denmark by Jørgensen et al (2003).   

 Yield loss values of 45-50% observed for the 0 kg N ha
-1

 fertilization rate in Elora and 

Ridgetown switchgrass were higher than those reported in the literature.  Switchgrass harvest 
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timing losses were documented by Jannasch et al. (2001) in Quebec.   The five year average for 

three cultivars grown at two locations in Quebec was between 32-42% (Jannasch et al., 2001).  

In addition, the harvest losses of three cultivars in Pennsylvania over three years of established 

stand growth depending on field size, at the plot-scale losses ranged between 20-24% and ranged 

between 32-43% at the field-scale (Adler et al., 2006).  This can possibly be attributed to the 

mowing of the biomass in the fall in Elora and Ridgetown.  In the studies by Jannasch et al. 

(2001) and Adler et al. (2006) the switchgrass was not mowed in the fall.  By cutting the material 

in Elora and Ridgetown there was an increased probability of lighter materials such as leaves and 

seed heads to be lost to the wind.    

 Although spring harvested yields tend to be lower, the advantage to harvesting in the 

spring instead of the fall is the decrease in percent moisture of the harvestable material.  The 

average moisture levels are presented in Appendix Tables 8.9 and 8.10.   Moisture content of 

spring harvested Miscanthus was not affected by variety or N rate, similar to the observation 

made of fall harvested Miscanthus.  At the Elora location, the average percent moisture content 

in both Miscanthus varieties at all N rates was 45.2% in the fall while in the spring it was 4.8%.   

The same drop in Miscanthus percent moisture was observed in Ridgetown, from 31.1% 

moisture in the fall of 2009 to 8.4% in the spring of 2010.   In Ridgetown, there was also no 

effect of varieties and N rates.  The seeded grasses also decreased in moisture from the spring to 

the fall.  The average percent moisture of both switchgrass varieties at all N rates in the fall was 

30.1% and dropped to 4.9% in the spring.   

 Overwintering of the crop allows for a decrease in moisture of the harvested material to 

improve storability.  The average moisture of the fall harvested biomass of 45% in Elora and 
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31% in Ridgetown were much higher than the 23% considered suitable for good storability of the 

biomass (Lewandowski and Kicherer, 1997).  As a result, any fall harvested biomass in Ontario 

would require drying that would increase production costs. 

 In addition to moisture reduction benefit as a result of delayed harvest, it has frequently 

been reported that biomass quality improves through the reduction in ash and other mineral 

nutrient contents (Adler et al., 2006; Clifton-Brown and Lewandowski, 2002; Jannasch et al., 

2001; Jørgensen et al., 2003).  Clifton-Brown and Lewandowski (2002) reported a significant 

decrease of both ash and Cl by delaying harvest time in 15 Miscanthus varieties.  Similar 

observations were reported for switchgrass trials.  Adler et al. (2006) observed the greatest 

decrease in Cl, Mg, P and K concentrations (48-82%) by overwintering switchgrass but also 

observed concentration decreases ranging from 10-23% in Ca, S and N.  By overwintering the 

switchgrass at multiple locations, over several years and three cultivars, the decrease in these 

elements accounted for the 30% reduction in ash concentration observed. 

 When comparing the magnitude of the spring and fall yield responses it was observed 

that yield responded to N application more and with a steeper slope in the fall than in the spring.  

This may be attributed to changes in plant morphology, increased leaves and decreased stem 

material, associated with N rate and plant N uptake.  This morphological change has observed 

with other native perennial grasses (Agropyron repens, Poa pratensis and Schizachyrium 

scoparium) in the Midwest of the United States, where Knops and Reinhart (2000) found that 

Agropyron repens had an increase in specific leaf area with increasing N fertilization levels 

(from 0 kg N ha
-1 

to 267 kg N ha
-1

).   Specific leaf area increased by as much as 82% with 

increasing N fertilization, suggesting a highly plastic relationship between N fertilization and 



  

59 

 

specific leaf area (Knops and Reinhart, 2000).   Other studies have also demonstrated that N can 

influence plant partitioning (Hirose, 1987; Marschner et al., 1996; Van Arendonk et al., 1997; 

van der Werf et al., 1993).  These effects on morphology may influence overwintering losses, by 

altering the plant morphology to have higher leaf content (Jung and Kocher, 1973). 

5.2.3. Nitrogen Effect on 2010 Yield – Fall Harvested 

 In 2010 response to increasing N fertilization varied by species and location.  In Elora the 

Miscanthus and big bluestem had linear responses while the switchgrass had a quadratic 

response to applied fertilizer N (Figure 5.6).  In Ridgetown,  Miscanthus and big bluestem had 

no response to N fertilization while the switchgrass had a quadratic response to applied fertilizer 

N (Figure 5.7).  A difference in yield between species with N fertilization in Elora was found 

between Miscanthus and the seeded grasses for most N  rates, with the exception of 80 kg ha
-1

 N 

where all three species were different. In Ridgetown, at 40 and 80 kg N ha
-1 

all three species 

were different.  At  0 kg N ha
-1 

and 160 kg N ha
-1 

the Miscanthus and seeded grasses were 

different. While the responses to applied N on switchgrass were similar at the two locations, the 

magnitude of the response to N differed.  The switchgrass yield response followed a similar 

relationship as in 2009, showing evidence of plateauing before maximum N application but the 

rate at which this occured differed.  In Elora yield was maximized at 109 kg N ha
-1

 and in 

Ridgetown at 40 kg N ha
-1

.   
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Figure 5.6- Elora fall harvested 2010 yield (kg DM ha
-1

) compared across N rates for 2 averaged 

Miscanthus (y= 17057.7 + 16.0x), switchgrass (y= 3453.1 + 65.9x - 0.30x
2
) and big 

bluestem (y= 3143.1 + 11.5x) varieties.  The letters indicate that the treatments are 

significantly different within an N rate at a level of P ≤0.05 using a protected t-test.  The 

mean of the standard errors for all data points from the predicted response curve model 

has been shown (SE Mean= 734.5).  
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Figure 5.7- Ridgetown fall harvested 2010 yield (kg DM ha
-1

) compared across N rates for 2 

averaged Miscanthus (y= 13371.19), switchgrass (y= 5601.2 + 215.7x – 2.7x
2
) and big 

bluestem (y= 3885.1) varieties.  Species were significantly different within an N rate at a 

level of P ≤0.05 using a protected t-test. The mean of the standard errors for all data 

points from the predicted response curve model has been shown (SE Mean= 1100.3).  

 

 Average moisture levels are presented in Appendix Tables 8.9 and 8.10.  Similar to the 

observation in 2009, the moisture level of fall-harvested Miscanthus was not affected by variety 

or N rate in 2010.  In Elora the average harvested moisture content of each species was: 

Miscanthus- 38.7%, switchgrass- 28.7% and big bluestem- 21.9%.  In Ridgetown the average 

harvested moisture content of each species were; 36.1%, 28.8% and 29.3% for Miscanthus, 

switchgrass and big bluestem, respectively.  The seeded grasses had lower moisture contents 

than those observed in Miscanthus.  Reasons for this difference given for the 2009 results include 
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smaller diameter stems and fine leaf material and the earlier flowering time that allowed for 

earlier senescence and a lengthened drying time. 

The reduction in yield between the second and third year switchgrass in Elora may be due 

to lodging.  Lodging was observed in most plots as early as one month before harvesting, 

particularly in the higher N rate treatments. The reason for the lower Miscanthus yields in 

Ridgetown compared to those in Elora is still unclear as there were no management differences 

between the two locations in 2010.  With the exception of stand establishment, plausible reasons 

for this observation could be the high variability between replications as well as the higher 

potential for associative N-fixation in Ridgetown.  

 The results presented for 2010 represent the third year of growth.   By the third year of 

growth stands can reach maximum yield potential (Clifton-Brown and Lewandowski, 2002; 

Heaton et al., 2008).   As mentioned earlier, most of the published literature was on unfertilized 

stands when comparing switchgrass yields.  In a review of 77 observations in Illinois and 

surrounding states, Heaton et al. (2004) reported yields between 5.0 to 12.0 T DM ha
-1

 with an 

average of 10.0 T DM ha
-1

.  In Elora the 0 kg N ha
-1

 switchgrass plots resulted in a mean yield of 

3.9 T DM ha
-1

 and 5.6 T DM ha
-1 

in Ridgetown.  Yields in both Elora and Ridgetown were much 

lower than the predicted established plot yields in Illinois. 

 Heaton et al. (2004) summarized 97 observations of Miscanthus yields reported from 

research plots in Europe and North America.  In this review, Miscanthus average yield was 22.0 

kg DM ha
-1

.  In Elora the 0 N control plot yielded 17.0 T DM ha
-1

 and in Ridgetown the control 

plot yielded 12.8 T DM ha
-1.  
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Two studies from Oklahoma, one by Kering et al. (2011) and the other by Guretzky et al. 

(2011), were the first to provide yield data from the second and third year of an established stand 

at different N fertilization rates.  Guertzky et al (2011) published results of switchgrass grown at 

six different N fertilization rates averaged over the second and third year of the study.  Yields of 

switchgrass increased with increasing fertilization.  Yields were 10.8, 11.7, 13.3, 14.4, 13.7 and 

14.6 T DM ha
-1 

at 0, 45, 90, 135, 180 and 225 kg N ha
-1

, respectively, indicating no plateau in 

yield.  Kering et al. (2011) also published results on an established stand combining yields for 

the second and third year of growth.  Their field study also compared different N fertilization 

rates, but also compared 6 different grasses all harvested in the fall, including Miscanthus and 

switchgrass.  Yields were 14.7, 17.2, 19.7 and 19.5 for switchgrass and 4.2, 4.8, 4.7 and 5.2 for 

Miscanthus at 0, 56, 112 and 168 kg N ha
-1

, respectively.  When yields for both years were 

averaged in Ridgetown and Elora, switchgrass yields in Elora were 4.4, 5.3, 9.3 and 8.0 T DM 

ha
-1 

and in Ridgetown were 5.0, 9.5, 9.6 and 10.0 T DM ha
-1 

at 0, 40, 80 and 160 kg N ha
-1

, 

respectively.  Miscanthus yields in Elora were 13.3, 13.9, 15.3 and 16.6 T DM ha
-1 

and in 

Ridgetown were 9.4, 9.5, 9.5 and 9.0 T DM ha
-1 

at 0, 40, 80 and 160 kg N ha
-1

 respectively. 

There was a similar trend at similar N fertilization rates of switchgrass in both studies but yields 

in Ridgetown and Elora were lower.  Miscanthus yields were much higher in Ridgetown and 

Elora compared to the results reported by Kering et al. (2011) in their Oklahoma study; the 

disparity could be attributed to poor establishment in Oklahoma.  However, both grasses and all 

locations had a similar trend of increasing yields with increased N fertilization.  

Yields of both switchgrass and Miscanthus observed at Ridgetown and Elora were much 

lower than those reported in the U.S. Midwest literature review and switchgrass in the Oklahoma 
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studies. There are several possible reasons for this observation.  First, it is possible that the 

Miscanthus stands at Elora and Ridgetown have not yet attained full yield potential.  It has been 

suggested that maximum yield may not always be attained by the third year and may in fact not 

be reached until the fourth or fifth year of growth (Heaton et al., 2008).  Secondly, Miscanthus 

varieties being grown in the U.S. Midwest, typically referred to as the ‘Illinois’ clone is a M. x 

giganteus.  While the ‘Illinois’ clone is thought to be genetically similar to the Nagara and 

Amuri crosses, there are likely to be variety differences.  Thirdly the growing climate, while 

similar, does vary and several factors may reduce yields.  Possible climactic factors include; a 

shorter growing season, higher precipitation, differences in overwintering abilities of different 

varieties and the possibility of reduced N fixation as a result of a less diverse soil microbial 

population and colder soils, in both Ontario locations compared to the US Midwest. 

Trials in southern Germany by Clifton-Brown and Lewandowski (2002) examined 15 

genotypes of Miscanthus fertilized at 60 kg N ha
-1

.  Second year yields of the different genotypes 

were significantly different between the hybrid genotypes and the M. sinensis genotypes.  Hybrid 

genotypes, composed mainly of M. x giganteus, ranged between 8.0 and 9.7 T DM ha
-1

 while the 

M. sinensis genotype yields were between 2.5 and 5.0 T DM ha
-1

.  These yields are lower than 

those in either Elora or Ridgetown at 80 kg N ha
-1 

(19.1 T DM ha
-1

 and 13.2 T DM ha
-1

, 

respectively).  Yields recorded by Clifton-Brown and Lewandowski (2002) are closer to yields 

observed in Elora and Ridgetown than those reported by Heaton et al. (2004).  This can likely be 

attributed to a similar climate with a similar growing period to Ontario in Germany. 
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5.3. Nutrient Concentration and Removal 

Since location by treatment interactions were found (P=<0.0001) and yields were 

analysed and presented separately, nutrient concentration and removal results for Elora and 

Ridgetown were also analysed and presented separately for consistency.  As with yield, location 

effects on nutrient concentration and removal resulted from variations across species in stand 

establishment, winterkill and environmental effects.  Location effects were separated and not 

compared statistically; however, general trends observed at each location are discussed.  Year 

effects were also separated for the analysis and presentations of the Elora and Ridgetown data by 

year.  Since year effects were influenced by the progression of stand development and not 

considered to be directly comparable in the first 3 years of establishment, nutrient removal 

analyses were separated by year.   

5.3.1. Nitrogen Concentration 

 Nitrogen concentration responses in Elora all followed linear relationships, with the 

significance between fall and spring harvesting varying between N rates (Figure 5.8).  

Miscanthus N concentrations were lower than switchgrass N concentrations at both harvest 

times.  With both Miscanthus and switchgrass, spring harvesting reduced N concentration in the 

harvested material.  For example, at 80 kg N ha
-1

 the switchgrass N concentration was reduced 

from 0.49% in the fall to 0.36% in the spring while the Miscanthus N concentration in the fall 

was 0.80% and was reduced to 0.70% in the spring (Figure 5.8).   
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Figure 5.8- Elora fall 2009 and spring 2010 harvested total plant N concentration (%)  across N 

rates for Miscanthus (fall y= 0.42 + 0.0013x, spring y= 0.24 + 0.0019x) and  switchgrass 

(fall y= 0.77 + 0.0013x, spring y= 0.61 + 0.0013x).  The Miscanthus and switchgrass 

varieties were each averaged across 2 cultivars.  NS indicates that the fall and spring 

treatments were not significantly different from each other within an N rate at a level of 

P≤0.05 using a protected t-test.  The mean of the standard errors for all data points from 

the predicted response curve model has been shown (SE Mean= 0.05). 
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  In Ridgetown, Miscanthus and switchgrass N concentration response to N fertilizer rate 

also followed linear responses (Figure 5.9).  Compared to Elora, N concentration response to N 

fertilizer application rate was not as obvious in Ridgetown, as the difference for the fall and 

spring treatments was not different in most cases.   

 

Figure 5.9- Ridgetown fall 2009 and spring 2010 total plant N concentration (%) compared 

across N rates for Miscanthus   (fall y= 0.44 + 0.00058x, spring y= 0.34 + 0.00084x) and  

switchgrass (fall y= 0.40 + 0.0014x, spring y= 0.36 + 0.0010x).  The Miscanthus and 

switchgrass varieties were each averaged across 2 cultivars.  NS indicates that the fall and 

spring treatments were not significantly different from each other within an N rate at a 

level of P≤0.05 using a protected t-test.   The mean of the standard errors for all data 

points from the predicted response curve model has been shown (SE Mean= 0.04). 
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 Nitrogen concentration with increasing N fertilization for the fall 2010 in Ridgetown and 

Elora are presented (Figures 5.10 and 5.11); data for the spring was not collected in time to be 

included in this thesis.  In Elora, no change in N concentration was observed with increasing N 

fertilization in either species.  Miscanthus and switchgrass N concentrations were not different at 

any N rate evaluated (Figure 5.10).  In Ridgetown, no change in N concentration was observed in 

switchgrass while Miscanthus N concentrations increased linearly with increasing N fertility.  

Also in Ridgetown, switchgrass and Miscanthus N concentrations were not different at all N 

rates except at 40 kg N ha
-1

 (Figure 5.11).  The responses shown in Ridgetown in 2010 were 

similar to those observed in Elora in 2009 where the N concentration in the switchgrass was 

higher than that observed in the Miscanthus, in particular at 40 kg N ha
-1

.  The Miscanthus N 

concentration at 40 kg N ha
-1

 was 0.19% while the switchgrass N concentration at the same N 

rate was 0.51% (Figure 5.11). 
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Figure 5.10- Elora fall harvested 2010 total plant N concentration (%) compared across N rates 

for 2 averaged Miscanthus (y=0.40) and switchgrass (y=0.44) varieties.  Species were not 

significantly different within an N rate at a level of P ≤0.05 using a protected t-test.   The 

mean of the standard errors for all data points from the predicted response curve model 

has been shown (SE Mean= 0.045). 
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Figure 5.11- Ridgetown fall harvested 2010 total plant N concentration (%) compared across N 

rates for 2 averaged Miscanthus (y=0.20 + 0.00094x) and switchgrass (y=0.38) varieties.  

NS indicates that the treatments were not significantly different from each other within an 

N rate at a level of P≤0.05 using a protected t-test.    The mean of the standard errors for 

all data points from the predicted response curve model has been shown (SE Mean= 

0.038). 

 

 Elora site results from fall 2009 and spring 2010 had a clear differentiation between 

species (Figures 5.8 and 5.10).  By comparison, N concentration was unaffected by N fertilizer 

rate, species or harvest time in Ridgetown for the same time period (Figures 5.9 and 5.11).  The 

reason for this lack of N concentration response in Ridgetown is not clear.     Ridgetown site N 

concentrations in the fall of 2009 and spring of 2010 showed no clear trends across varieties or N 

rate (Figure 5.9).   
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 Field studies performed by Lewandowski and Kicherer (1997) on Miscanthus in three 

locations in southern Germany reported N concentrations.  With the exception of Elora in the fall 

2009 and spring 2010, concentrations reported were lower than those observed in Elora or 

Ridgetown.  In that study, four N fertilization rates were applied and total plant N concentrations 

of February harvested biomass were 0.20, 0.27, 0.12 and 0.26 % 
at
 0, 50, 100 and 150 kg N ha

-1
 

fertilization rates, respectively (Lewandowski and Kicherer, 1997).  However, these were the 

results of only one Miscanthus variety for one year of data of a fourth year stand and the 100 and 

150 kg N ha
-1

 rates were split applied at the time of shoot tip emergence and the second at the 

end of May.  Lewandowski and Kicherer (1997) also compared harvest in late fall (December) 

and winter (February).  By delaying harvest at the 50 kg N ha
-1 

rate, N concentration declined 

from 0.27 %
 
to 0.24 %.  This 11% decline is much lower than the 27% decline in N 

concentration observed in Elora at the 80 kg N ha
-1

. 

 Switchgrass N concentrations in Elora and Ridgetown can be compared to field trials 

with a lowland-type of switchgrass in Oklahoma (Guretzky et al., 2011).  Nitrogen 

concentrations averaged across the second and third year of trial growth at two locations in 

Oklahoma were reported. The trials in Oklahoma were similar to Ontario in management 

practices including time of N rate application, N application after the first year of establishment 

and harvest timing.  Nitrogen concentration with increasing N fertilizer rate was 0.43, 0.61, 0.62, 

0.69, 0.82 and 0.74 % at 0, 45, 90, 135, 180 and 220 kg N ha
-1

 application rates, respectively.  

The response reported by Guretzky et al (2011) in Oklahoma switchgrass are much higher than 

the values observed under Ontario conditions, almost more than double. Differences may be 

attributed to the different growing conditions and climates.   
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5.3.2. Nitrogen Removal  

 

 In Elora, N removal with increasing N fertilization was linear for both harvest times in 

Miscanthus and fall harvested switchgrass (Figure 5.12).  Spring harvested switchgrass did not 

respond to increasing N fertility. Regardless of species, N fertilization resulted in a difference in 

N removal with delayed harvesting, with the exception of the 0 kg N ha
-1

 Miscanthus.  

 

Figure 5.12- Elora fall 2009 and spring 2010 harvested N removal (kg ha
-1

) across N rates for 

Miscanthus   (fall y= 37.0 + 0.30x, spring y= 13.0 + 0.19x) and switchgrass (fall y= 40.6 

+ 0.37x, spring y= 20.0).  The Miscanthus and switchgrass varieties were each averaged 

across 2 cultivars.  NS indicates that the fall and spring treatments were not significantly 

different from each other within an N rate at a level of P≤0.05 using a protected t-test. 

The mean of the standard errors for all data points from the predicted response curve 

model has been shown (SE Mean= 8.3).  
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 In Ridgetown, N removal in Miscanthus did not change between fall and spring at any N 

application rates (Figure 5.13).  The spring harvested Miscanthus followed a linear increase in N 

removal with increasing N fertilization, while the fall harvested Miscanthus had no response to 

applied N.  Switchgrass responded with a linear increase in both the spring and the fall; a 

difference between harvest timings was observed at all N fertilization rates.   Nitrogen removal 

in switchgrass was reduced by harvesting in the spring and was more pronounced at higher N 

rates.   For example, the fall switchgrass at 160 kg N ha
-1

 of applied N removed 66.7 kg ha
-1

 of N 

while the spring harvested material removed 18.3 kg N ha
-1

, a reduction of over 72% (Figure 

5.13).  This reduction in N removal in harvested switchgrass was less at the lower rates of 

applied N; for example, at 0 kg N ha
-1

 application, there was a 55% reduction between the fall 

and spring (Figure 5.13).  The differences in removal rates at the different harvest times can be 

attributed to both a reduction in biomass yield during the spring harvest and field leaching of N 

concentrations (Heaton et al., 2009).    
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Figure 5.13- Ridgetown fall 2009 and spring 2010 N removal (kg ha
-1

) compared across N rates 

for Miscanthus   (fall y= 24.7, spring y= 14.1 + 0.09x) and switchgrass (fall y= 22.1 + 

0.29x, spring y= 9.6 + 0.06x).  The Miscanthus and switchgrass varieties were each 

averaged across 2 cultivars.  NS indicates that the fall and spring treatments were not 

significantly different from each other within an N rate at a level of P≤0.05 using a 

protected t-test.  The mean of the standard errors for all data points from the predicted 

response curve model has been shown (SE Mean= 3.7). 

 

Nitrogen removal with increasing N fertilization for the fall 2010 in Ridgetown and Elora 

are presented (Figures 5.14 and 5.15); data for the spring were not collected.  N removal with 

increasing N application follows a linear relationship for both Miscanthus and switchgrass in 

Elora (Figure 5.14).  As was shown for the 2009 fall harvested data, N removal was highest at 

the 160 kg N ha
-1 

and the removal from the Miscanthus was much higher than the removal from 

the switchgrass, especially as N rate increased.   In Ridgetown, the response of the Miscanthus 
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was linear and switchgrass had no response to increasing N fertilization (Figure 5.15).    Species 

were not different from each other at all N rates, with the exception of 40 kg N ha
-1

.    

 

Figure 5.14- Elora fall harvested 2010 N removal (kg ha
-1

) compared across N rates for 2 

averaged Miscanthus (y=35.7 + 0.56x) and switchgrass (y=12.8 +0.045x) varieties.  

Species were not significantly different within an N rate at a level of P ≤0.05 using a 

protected t-test.   The mean of the standard errors for all data points from the predicted 

response curve model has been shown (SE Mean= 6.9). 
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Figure 5.15- Ridgetown fall harvested 2010 N removal (kg ha
-1

) compared across N rates for 2 

averaged Miscanthus (y=27.3 + 0.13x) and switchgrass (y=34.6) varieties. NS indicates 

that the fall and spring treatments were not significantly different from each other within 

an N rate at a level of P≤0.05 using a protected t-test.  The mean of the standard errors for 

all data points from the predicted response curve model has been shown (SE Mean= 5.7). 

 

 The effects of applied N on N removal in both years in Elora and Ridgetown can be 

related to yield and N concentration.  In Elora there were clear trends in removal with species 

and harvest timing in both years (Figures 5.12 and 5.14).  In Ridgetown there was very little 

yield or N concentration response differentiation between species or harvest timings in the fall of 

2009 and spring 2010, and some species differences in the fall of 2010 (Figures 5.13 and 5.15).  

For example, the difference between the switchgrass and Miscanthus responses in Ridgetown in 

the fall of 2010 can in part be explained by the lack of different N concentrations between 

species at 160 kg N ha
-1

 (Figure 5.11) and the much higher yields of switchgrass compared to 
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Miscanthus yields (Figure 5.7). In Elora in the fall of 2010 there was a much higher N removal 

of Miscanthus compared to switchgrass, especially at the higher N rates because of the higher 

yields and N concentrations. 

 Fall 2010 results of N removal can only be compared to a few studies on macronutrient 

removal in Miscanthus and switchgrass (Guretzky et al., 2011; Kering et al., 2011; Propheter and 

Staggenborg, 2010).   Propheter and Staggenborg (2010) established two field trials in Kansas to 

compare a lowland switchgrass variety and Miscanthus giganteus.  Propheter and Staggenborg 

(2010) presented removal rates of biomass harvested in the first and second year of growth 

where fertilization occurred in the second year with 45 kg N ha
-1

.  Nitrogen removals in two field 

sites in Kansas are comparable to the 40 kg N ha
-1

 treatment in Ridgetown and Elora.  In Kansas, 

N removal by Miscanthus was 48-60 kg N ha
-1

 and 36-47 kg N ha
-1

 by switchgrass.  Nitrogen 

removal in Elora and Ridgetown can also be compared to N removal reported by Kering et al. 

(2011) in Oklahoma where N removal in switchgrass was 75 kg N ha
-1

 in the second year of 

growth and 40 kg N ha
-1

 in the third year.  N removal by Miscanthus at the same site was 20 kg 

N ha
-1

 in the second year and 31 kg N ha
-1

 in the third.  Removal was reported by Kering et al 

(2011) across 4 N fertilization rates (average N rate of 84 kg N ha
-1

) and is comparable to the 80 

kg N ha
-1

 treatment in Ridgetown and Elora.  Guretzky et al (2011) also presented N removal 

results from switchgrass grown at different rates of N fertilization.  Nitrogen removal increased 

with increasing N fertilization where N removal was 50, 71, 85, 88, 113 and 108 kg N ha
-1

 at 0, 

45, 90, 135, 180 and 225 kg N ha
-1

, respectively.  Current literature confirms the observations 

from Elora and Ridgetown that N removal in Miscanthus is greater than in switchgrass, with the 

exception of the fall 2009. 
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5.3.3. Phosphorus Concentration 

 

 Total plant P concentration at Elora did not respond to increasing N rate in either species 

(Figure 5.16).  A difference between the fall and spring occurred for all N rates for the 

switchgrass, but not for Miscanthus.   

 

Figure 5.16- Elora fall 2009 and spring 2010 harvested total plant P concentration (%)  across N 

rates for Miscanthus   (fall y= 0.061, spring y= 0.045) and  switchgrass (fall y= 0.12, 

spring y= 0.076).  The Miscanthus and switchgrass varieties were each averaged across 2 

cultivars.  NS indicates that the fall and spring treatments were not significantly different 

from each other within an N rate at a level of P≤0.05 using a protected t-test.  The mean 

of the standard errors for all data points from the predicted response curve model has 

been shown (SE Mean= 0.008). 
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 Phosphorus concentration in Miscanthus and switchgrass in response to N application at 

the Ridgetown site followed no response, with the exception of the switchgrass fall harvested 

material which followed a linear response (Figure 5.17).  The switchgrass and Miscanthus 

responses were not clearly different and the responses between fall and spring harvests were only 

significant for the Miscanthus at 40 kg N ha
-1 

(Figure 5.17). 

 

Figure 5.17- Ridgetown fall 2009 and spring 2010 total plant P concentration (%) compared 

across N rates for Miscanthus   (fall y= 0.070, spring y= 0.050) and  switchgrass (fall y= 

0.039 + 0.00019x, spring y= 0.045).  The Miscanthus and switchgrass varieties were each 

averaged across 2 cultivars.  NS indicates that the fall and spring treatments were not 

significantly different from each other within an N rate at a level of P≤0.05 using a 

protected t-test.  The mean of the standard errors for all data points from the predicted 

response curve model has been shown (SE Mean= 0.011). 
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Phosphorus concentration with increasing N fertilization for the fall of 2010 in 

Ridgetown and Elora are presented (Figures 5.18 and 5.19); data for the spring were not 

collected.  In both locations switchgrass and Miscanthus P concentration followed no response to 

N application, however species were different from each other at all N application rates (Figures 

5.18 and 5.19).   

 

Figure 5.18- Elora fall harvested 2010 total plant P concentration (%) compared across N rates 

for 2 averaged Miscanthus (y=0.055) and switchgrass (y=0.092) varieties.  Species were 

significantly different within an N rate at a level of P ≤0.05 using a protected t-test.   The 

mean of the standard errors for all data points from the predicted response curve model 

has been shown (SE Mean= 0.0005). 
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Figure 5.19- Ridgetown fall harvested 2010 total plant P concentration (%) compared across N 

rates for 2 averaged Miscanthus (y=0.044) and switchgrass (y=0.074) varieties.  Species 

were significantly different within an N rate at a level of P ≤0.05 using a protected t-test.  

The mean of the standard errors for all data points from the predicted response curve 

model has been shown (SE Mean= 0.004). 

 

 In the fall of 2009 and spring of 2010, switchgrass P concentrations were different from 

each other with harvest timing, and Miscanthus concentrations were much lower than those of 

switchgrass regardless of harvest timing at the Elora site (Figure 5.16).  In Elora no species or 

harvest timing responded to N fertilization.  In the fall of 2009 and spring of 2010 in Ridgetown, 

P concentrations were not different from each other with harvest timing for either species (Figure 

5.17).  As with Elora, there was no response to added N fertilization, with the exception of 

switchgrass harvested in the fall which followed a linear response.  The lack of change in P 

concentration with added N fertilization continued at both locations in the fall of 2010, however 
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at all N fertilization rates the difference between species was significant (Figures 5.18 and 5.19).  

There was a clear difference between species over locations and years, with switchgrass typically 

having higher P concentrations than in Miscanthus.   

 Phosphorus concentrations in Elora and Ridgetown can be compared to P concentrations 

reported by Kering et al. (2011) in Oklahoma.  Kering et al. (2011) presented results of P 

concentrations in field trials grown at two locations in Oklahoma and harvested in December.  

Phosphorus concentration was 0.092 % switchgrass and 0.072 % in Miscanthus biomass.  In the 

study by Kering et al. (2011), concentrations were averaged over 4 N fertilization rates (average 

N rate of 84 kg N ha
-1

) and averaged over the second and third year of biomass growth.  In Elora, 

P concentrations averaged over the second and third year of establishment and at 80 kg N ha
-1

, 

were 0.095 % in switchgrass and 0.051 % in Miscanthus.  In Ridgetown, P concentrations 

averaged over the second and third year of establishment and at 80 kg N ha
-1

, were 0.060 % in 

switchgrass and 0.035 % in Miscanthus.  Switchgrass P concentrations were similar in 

magnitude in Ridgetown, Elora and Oklahoma but Miscanthus P concentrations were variable 

for all 3 locations.  P concentration variation between Ontario and Oklahoma may be attributed 

to the Miscanthus varieties being compared.  Kering et al. (2011) only indicated that a giant 

Miscanthus was used and there was poor winter survival, possibly indicating that the variety is 

closer genetically to the M1 Select or Polish varieties not analysed.   
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5.3.4. Phosphorus Removal 

 Phosphorus removal only demonstrated a response to applied N in the fall harvested 

switchgrass in Elora (Figure 5.20).  P removal by switchgrass in the fall followed a linear 

increase to applied N, where 160 kg N ha
-1

 removed the greatest amount of P.  Phosphorus 

removal in the spring and fall harvested Miscanthus demonstrated no response to N fertilization. 

Regardless of N fertilization rate, spring harvesting reduced P removal in both grasses.  

Switchgrass P removal at 160 kg N ha
-1

 decreased from 11.2 kg P ha
-1

 in the fall to 2.6 kg P ha
-1 

in the spring (Figure 5.20).  The Miscanthus at the same N rate, P removal was reduced from 8.3 

kg P ha
-1 

in the fall to 3.1 kg P ha
-1 

in the spring (Figure 5.20).   
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Figure 5.20- Elora fall 2009 and spring 2010 P removal (kg ha
-1

) compared across N rates for 

Miscanthus   (fall y= 6.7, spring y= 2.9) and switchgrass (fall y= 6.3 +0.035x, spring y= 

2.1).  The Miscanthus and switchgrass varieties were each averaged across 2 cultivars.  

Fall and spring treatments were significantly different within an N rate at a level of P 

≤0.05 using a protected t-test.  The mean of the standard errors for all data points from 

the predicted response curve model has been shown (SE Mean= 0.8). 

 

 Phosphorus removal in response to harvest time followed a similar pattern in both 

Ridgetown and Elora.  Only P removal by switchgrass followed a linear increase with N 

application (Figure 5.21).  Fall harvested switchgrass at 160 kg N ha
-1

 removed the greatest 

amount of P.  Phosphorus removal in the spring and fall harvested Miscanthus did not change 

with N application.  Switchgrass P removal at 160 kg N ha
-1

 decreased from 7.1 kg P ha
-1

 in the 

fall to 1.6 kg P ha
-1 

in the spring (Figure 5.21).  Phosphorus removal by Miscanthus at the same 

N rate was increased from 3.1 kg P ha
-1 

in the fall to 3.6 kg P ha
-1 

in the spring (Figure 5.21). 
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Figure 5.21- Ridgetown fall 2009 and spring 2010 P removal (kg ha
-1

) compared across N rates 

for Miscanthus   (fall y= 3.7, spring y= 2.7) and switchgrass (fall y= 2.2 + 0.032x, spring 

y= 1.4).  NS indicates that the fall and spring treatments were not significantly different 

from each other within an N rate at a level of P≤0.05 using a protected t-test.  The mean 

of the standard errors for all data points from the predicted response curve model has 

been shown (SE Mean= 3.7). 

 

 Phosphorus removal with increasing N fertilization for the fall 2010 in Ridgetown and 

Elora are presented (Figures 5.22 and 5.23); data for the spring were not collected.  Phosphorus 

removal by switchgrass in Elora responded linearly to increasing N fertilization while the 

Miscanthus at both locations and switchgrass in Ridgetown did not respond to N application.  

Phosphorus removal, like N removal, was decreased during spring harvest.   
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Figure 5.22- Elora fall harvested 2010 P removal (kg ha
-1

) compared across N rates for 2 

averaged Miscanthus (y=10.0) and switchgrass (y=3.6 +0.022x) varieties.  NS indicates 

that the treatments were not significantly different from each other within an N rate at a 

level of P≤0.05 using a protected t-test.  The mean of the standard errors for all data 

points from the predicted response curve model has been shown (SE Mean= 1.3).  
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Figure 5.23- Ridgetown fall harvested 2010 P removal (kg ha
-1

) compared across N rates for 2 

averaged Miscanthus (y=5.9) and switchgrass (y=6.5) varieties.  NS indicates that the 

treatments were not significantly different from each other within an N rate at a level of 

P≤0.05 using a protected t-test.  The mean of the standard errors for all data points from 

the predicted response curve model has been shown (SE Mean= 0.93). 

 

  As with N removal, fall results of P removal can only be compared to a few studies on 

macronutrient removal in Miscanthus and switchgrass (Guretzky et al., 2011; Kering et al., 2011; 

Propheter and Staggenborg, 2010).   The results of the P removal of the grasses in two Kansas 

locations in by Propheter and Staggenborg (2010), is comparable to the 40 kg N ha
-1

 treatment in 

Ridgetown and Elora.  In Kansas, when trials were fertilized with 45 kg N ha
-1

, P removal by 

Miscanthus was 4-5 kg DM ha
-1

 and by switchgrass was 6-9 kg DM ha
-1

.  Phosphorus removal in 

Elora and Ridgetown can also be compared to P removal reported by Kering et al. (2011) in 

Oklahoma where P removal in switchgrass was 16 kg P ha
-1

 in the second year of growth and 11 
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kg P ha
-1

 in the third year and Miscanthus was 3 kg P ha
-1

 in the second year and 4 kg P ha
-1

 in 

the third.  P removal was across 4 N fertilization rates (average N rate of 84 kg N ha
-1

) and is 

comparable to the 80 kg N ha
-1

 treatment in Ridgetown and Elora.  Guretzky et al (2011) also 

presented P removal results from switchgrass grown at different rates of N fertilization.  

Phosphorus removal increased with increasing N fertilization where P removal was 8, 9, 11, 13, 

12 and 13 kg P ha
-1

 at 0, 45, 90, 135, 180 and 225 kg N ha
-1

, respectively.  Current literature 

from Kansas and Oklahoma are consistent with trends in P removal from the two sites in 

Ontario.  At the Ontario sites, switchgrass removed more P than Miscanthus above 40 kg N ha 
-1

 

in 2009 and at all N rates in Ridgetown in 2010.    In accordance with the literature, P removal in 

Ontario switchgrass increased with increasing fertilization levels at both locations in 2009 and 

Elora in 2010.  However there was one inconsistency between the literature and this study.  In 

Ridgetown and Elora the removal of P by both grass species increased from the second to the 

third year, which was only observed by Kering et al (2011) in Miscanthus.   

5.3.5. Potassium Concentration 

 Potassium concentrations in Elora in the fall of 2009 and spring of 2010 did not respond 

to N fertilization.  However, P concentrations at the Elora site were different between the fall and 

spring harvests for both grasses at all 4 N rates (Figure 5.24).  Potassium concentrations in 

switchgrass biomass declined more than Miscanthus between the spring and fall.  At 0 kg N ha
-1

 

concentrations declined from 0.42% in the fall to 0.15% in the spring.  While, Miscanthus K 

concentrations declined from 0.36% in the fall to 0.18% in the spring at the same N rate.   
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Figure 5.24- Elora fall 2009 and spring 2010 harvested total plant K concentration (%)  across N 

rates for Miscanthus   (fall y=0.36, spring y= 0.21) and  switchgrass (fall y= 0.40, spring 

y= 0.17).  The Miscanthus and switchgrass varieties were each averaged across 2 

cultivars.  Fall and spring treatments were significantly different within an N rate at a 

level of P ≤0.05 using a protected t-test. The mean of the standard errors for all data 

points from the predicted response curve model has been shown (SE Mean= 0.03).   

 

 Potassium concentration in Ridgetown did not change with increasing N fertilization.  

However, unlike in Elora, P concentrations at the Ridgetown site were not significantly different 

between the fall and spring harvests for both grasses at all 4 N rates, except Miscanthus at 40 kg 

N ha
-1

 (Figure 5.25).  
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Figure 5.25-  Ridgetown fall 2009 and spring 2010 total plant K concentration (%) compared 

across N rates for Miscanthus  (fall y= 0.24, spring y= 0.12) and  switchgrass (fall y= 

0.21, spring y= 0.13).  The Miscanthus and switchgrass varieties were each averaged 

across 2 cultivars.  NS indicates that the treatments were not significantly different from 

each other within an N rate at a level of P≤0.05 using a protected t-test.  The mean of the 

standard errors for all data points from the predicted response curve model has been 

shown (SE Mean= 0.071). 

 

Potassium concentration with increasing N fertilization for the fall 2010 in Ridgetown 

and Elora is presented in Figures 5.26 and 5.27; data for the spring were not collected.  In Elora, 

K concentration did not change with increasing N fertility in either species, while in Ridgetown 

it increased linearly for both species.   
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Figure 5.26- Elora fall harvested 2010 total plant K concentration (%) compared across N rates 

for 2 averaged Miscanthus (y=0.37) and switchgrass (y=0.43) varieties.  NS indicates that 

the treatments were not significantly different from each other within an N rate at a level 

of P≤0.05 using a protected t-test.  The mean of the standard errors for all data points 

from the predicted response curve model has been shown (SE Mean= 0.034). 
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Figure 5.27- Ridgetown fall harvested 2010 total plant K concentration (%) compared across N 

rates for 2 averaged Miscanthus (y= 0.26 + 0.0012x) and switchgrass (y=0.21 + 

0.00047x) varieties.  NS indicates that the treatments were not significantly different 

from each other within an N rate at a level of P≤0.05 using a protected t-test.  The mean 

of the standard errors for all data points from the predicted response curve model has 

been shown (SE Mean= 0.023). 

 

 Harvest timing effects on K concentration were very different with location.  Changing 

harvest timing did not cause a decrease in K concentration at most N rates in Ridgetown.  While 

a decrease in K concentration with delayed harvesting was observed in Elora.  Declines in K 

concentration in Miscanthus with delayed harvest were observed by Lewandowski and Kicherer 

(1997).  Lewandowski and Kicherer presented one comparison between harvesting in the late fall 

(December) and winter (February).  By delaying harvest at the 50 kg N ha
-1 

rate, K concentration 

declined from 1.9%
 
to 1.5 %.  This decline is even greater than that observed at either location at 
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any N rate.  The decrease observed in Elora and by Lewandowski and Kicherer (1997) in 

Germany can be mostly attributed to the high mobility of the potassium ion in the cell solution of 

the plant tissue and not being incorporated into the cellular structure of the tissue (Brady and 

Weil, 2008).  This allows for the in situ leaching of K from the tissue and translocation from the 

shoot to belowground structures resulting in a reduction in the amount of K removed in spring 

harvested biomass.  

Across species, locations and years, the change in plant tissue total K concentration in 

response to N fertilization rate was not responsive, except for Ridgetown in 2010. This is 

inconsistent with a study that investigated the response of added N fertilizer and poultry manure 

by Evers (2002) on N, P and K mean annual uptake of harvested annual ryegrass (Lolium 

multiflorum L.) and bermuda grass (Cynodon dactylon (L.) Pers.) over 2 years.  Evers (2002) 

noted that there were different responses of K uptake across years, species, timing of N 

application and frequency.   Year effects were only significant with bermuda grass while N 

treatment (the combined frequency and timing of N application) was significant for both grasses 

and years (Evers, 2002).  Lewandowski and Kicherer (1997) also recorded variable results with 

the response of K concentration to added N fertilizers; they suggested that these variable 

responses may be a result of variable temperatures and precipitation from year to year and plant 

age.   

 Lewandowski and Kicherer (1997) presented results of  K concentrations in Miscanthus 

for a trial in southern Germany in which, four different N fertilization levels were applied; the 

corresponding levels of total K concentrations measured were 1.2, 1.5, 0.8 and 1.1% for 0, 50, 

100 and 150 kg N fertilization ha
-1

, respectively.  These levels are as much as five times greater 
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than concentrations observed in Ontario.  However, these are the results of only one Miscanthus 

variety for one year of results of a fourth year stand, while the results from the Ridgetown and 

Elora trials are of second and third year stands.  In addition, the 100 and 150 kg N ha
-1

 rates used 

by Lewandowski and Kicherer (1997) were split applied in the spring at the time of new shoot 

emergence and the end of May, compared to the one-time application adopted in May in 

Ridgetown and Elora in this study.    

 A similar study on switchgrass K concentrations is reported by Guretzky et al. (2011).  In 

that field study in Oklahoma, K concentrations slightly increased with increasing N fertilization; 

K concentrations were 0.34, 0.43, 0.43, 0.46, 0.39 and 0.45 % at 0, 45, 90, 135, 180 and 225 kg 

N ha
-1

 application rates, respectively.  This slight increase over N rates and a possible peak in K 

concentrations below the highest N rates is not consistent with results from Elora in 2009 and 

2010 and Ridgetown in 2009.   

5.3.6. Potassium Removal 

 

 Potassium removal rate in Elora increased with increasing N rate for fall harvested 

treatments of both species (Figure 5.28).   Potassium removal by Miscanthus followed a linear 

curve with applied N in the fall; with greater N response in the fall harvest timing than in the 

spring at all N rates (Figure 5.28).  The difference in the amount of K removed between the fall 

and spring harvests was greater at the higher N rates; however, the percent decrease in K 

removal was greater at the lower N rate.  For example, at 0 kg N ha
-1

, K removal in the fall was 

33.7 kg K ha
-1

 while in the spring it was 10.3 kg K ha
-1 

(Figure 5.28).  In comparison, at the 160 

kg N ha
-1

 rate, K removal in the fall was 55.8 kg K ha
-1

 and 22.4 kg K ha
-1 

in the spring. These 
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numbers represent a 69.4% decrease at 0 kg N ha
-1

 and 60% decrease at 160 kg N ha
-1 

(Figure 

5.28).  The response curves of K removal with added N application were similar between 

switchgrass and Miscanthus, with switchgrass having a lower K removal at each harvest time
 

(Figure 5.28).   

 

Figure 5.28- Elora fall 2009 and spring 2010 harvested K removal (kg ha
-1

) across N rates for 

Miscanthus   (fall y= 31.2 + 0.15x, spring y= 15.8) and switchgrass (fall y= 22.2 + 0.13x, 

spring y= 5.5).  The Miscanthus and switchgrass varieties were each averaged across 2 

cultivars.  Fall and spring treatments were significantly different within an N rate at a 

level of P ≤0.05 using a protected t-test.  The mean of the standard errors for all data 

points from the predicted response curve model has been shown (SE Mean= 5.6). 

 

 In Ridgetown, K removal was not influenced by N application, except for fall harvested 

switchgrass (Figure 5.29).  Fall harvested switchgrass followed a linear response of K removal 
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with increasing N fertilization.   Spring harvesting decreased K removal in switchgrass above 0 

kg N ha
-1

, but not in Miscanthus at any N rate. 

 

Figure 5.29- Ridgetown fall 2009 and spring 2010 K removal (kg ha
-1

) compared across N rates 

for Miscanthus   (fall y= 13.1, spring y= 6.2) and  switchgrass (fall y= 11.5 + 0.079x, 

spring y= 3.7).  The Miscanthus and switchgrass varieties were each averaged across 2 

cultivars.  NS indicates that the treatments were not significantly different from each 

other within an N rate at a level of P≤0.05 using a protected t-test.  The mean of the 

standard errors for all data points from the predicted response curve model has been 

shown (SE Mean= 4.0). 

 

 Potassium removal with increasing N fertilization for the fall 2010 in Ridgetown and 

Elora is presented (Figures 5.30 and 5.31); data for the spring were not collected.  In both Elora 

and Ridgetown, the switchgrass did not respond to N fertilization.  The Miscanthus also did not 
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respond in to N fertilization in Elora but increased linearly in Ridgetown. Species were different 

from each other at all N rates except 40 kg N ha
-1

 in Ridgetown.    

 

Figure 5.30- Elora fall harvested 2010 K removal (kg ha
-1

) compared across N rates for 2 

averaged Miscanthus (y=68.1) and switchgrass (y=25.6) varieties.  Species were 

significantly different within an N rate at a level of P ≤0.05 using a protected t-test.  The 

mean of the standard errors for all data points from the predicted response curve model 

has been shown (SE Mean= 7.3). 
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Figure 5.31- Ridgetown fall harvested 2010 K removal (kg ha
-1

) compared across N rates for 2 

averaged Miscanthus (y=34.1 + 0.16x) and switchgrass (y= 21.7) varieties.  NS indicates 

that the treatments were not significantly different from each other within an N rate at a 

level of P≤0.05 using a protected t-test.    The mean of the standard errors for all data 

points from the predicted response curve model has been shown (SE Mean= 4.6). 

 

 As with N and P removal, fall results of K removal can only be compared to a few studies 

on macronutrient removal in Miscanthus and switchgrass (Guretzky et al., 2011; Kering et al., 

2011; Propheter and Staggenborg, 2010).  The results of the K removal of switchgrass and 

Miscanthus in two Kansas locations in by Propheter and Staggenborg (2010), is comparable to K 

removal in the 40 kg N ha
-1

 treatment in Ridgetown and Elora.  In Kansas, when trials were 

fertilized with 45 kg N ha
-1

, K removal by Miscanthus was 43-83 kg DM ha
-1

 and by switchgrass 

was 32-67 kg DM ha
-1

.  Potassium removal in Elora and Ridgetown can also be compared to K 

removal reported by Kering et al. (2011) in Oklahoma where K removal in switchgrass was 136 
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kg K ha
-1

 in the second year of growth and 141 kg K ha
-1

 in the third year and Miscanthus was 

24 kg K ha
-1

 in the second year and 43 kg K ha
-1

 in the third.  K removal was across 4 N 

fertilization rates (average N rate of 84 kg N ha
-1

) and was comparable to the 80 kg N ha
-1

 

treatment in Ridgetown and Elora.  Guretzky et al (2011) also presented K removal results from 

switchgrass grown at different rates of N fertilization.  Potassium removal increased with 

increasing N fertilization where K removal was 39, 51, 57, 66, 52 and 66 kg K ha
-1

 at 0, 45, 90, 

135, 180 and 225 kg N ha
-1

 respectively.  Results from these studies are consistent with findings 

in both Elora and Ridgetown; they confirm that Miscanthus removes more K than switchgrass 

when harvested in the fall and that removal increases from the second to third year of harvesting.  

The literature also confirms that K removal in fall harvested switchgrass increases with increased 

N fertilization, as observed in Elora and Ridgetown in 2009 but not in 2010 (Guretzky et al., 

2011). 

5.4. Partitioning of Nutrients in Plant Parts 

 Partitioning of nutrients were analysed separately on the basis of location and year effects 

to be consistent with yield and nutrient concentration and removal analyses.  The percent 

allocation of each plant part to the total plant weight is shown in Appendix Tables 8.11 and 8.12.   

  At both locations and all N rates overwintering Miscanthus reduced the percent of leaf 

biomass (10-25%) and increased the percent of stem biomass (11-25%) in the overall 

composition.  Changes in plant part partitioning in switchgrass were different at each location.   

In Elora, as with Miscanthus, overwintering of switchgrass reduced the percent of leaves (6-

16%) and increased the percent of stems (2-11%).  In Ridgetown the percent stems decreased (1-

9%) while the leaf biomass remained close to the fall percent or increased (0-2%).  There were 
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no consistent trends with increasing fertilization or delayed harvesting in plant part weight 

partitioning of overall biomass weight. 

5.4.1. Nitrogen 

 Nitrogen concentration was highest in the leaves and seed heads at both locations and at 

all N fertilization levels regardless of harvest time (Figure 5.32).  Leaf and seed head plant parts 

also had the most variable N concentrations with increasing fertilizer N application rate of the 

different plant parts.   As fertilizer application rate was increased, leaf N concentration also 

increased, with the exception of the switchgrass in Ridgetown in 2010, where N concentration 

was the highest at the 40 kg N ha
-1

 application rate in both the leaves and seed heads (Figure 

5.32).   
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Figure 5.32- Nitrogen concentration (%) by the stems, leaves, seed heads and weeds at each N 

fertilization level of two varieties of Miscanthus and 2 varieties of switchgrass for fall 

2009 and spring 2010 in Elora (A- SE Mean= 0.086) and Ridgetown (B- SE 

Mean=0.097) and fall 2010 in Elora (C- SE Mean=0.092) and Ridgetown (D- SE 

Mean=0.076) 

 

 The results of N concentration in this study are comparable to those of the trials 

conducted in Arkansas by Burner et al. (2009).  In the Arkansas trials, Miscanthus, switchgrass 

and sugarcane plots were fertilized with 90 kg ha
-1

 each of N, P and K, and results indicated that 

plant tissue concentrations of N at fall harvest did not differ between species for both the stems 

and leaves.  Leaf N concentration for all three species ranged between 1.1 and 1.5 %
 
and the 
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stem concentration for all three species ranged between 0.4 and 0.7 %.  A study in Germany on 

one variety of Miscanthus reported that at a similar fertilization level (100 kg N ha
-1

), stem N 

was 0.09 % and leaf N was 0.3 % (Lewandowski and Kicherer, 1997).  In addition, there was 

only a slight decrease in leaf N concentration (from 0.8 % to 0.50 %) and no change in stem N 

concentration when harvesting was delayed to February (from December). 

 Nitrogen concentrations in switchgrass leaves and stems were reported by Kering et al 

(2011).  N concentration in fall harvested stems was 0.14 % and that of the leaves was 0.76 %, 

both averaged over the second and third year of growth and 4 N rates (average N rate of 84 kg N 

ha
-1

).  By comparison, mean N concentrations at 80 kg N ha
-1

 over both 2009 and 2010 in Elora 

were 0.30 % in the stems and 0.86 % in the leaves.  In Ridgetown at the same N rate, the stem N 

concentration in switchgrass was 0.34 %
 
and leaf N concentration was 0.59 %.  Nitrogen 

concentrations in the Elora switchgrass were higher than those reported in an Oklahoma study 

(Kering et al., 2011).  

 Stem and leaf concentrations of N in Miscanthus tissues in the fall of 2009 in Elora and 

Ridgetown were much lower than those reported by Burner et al. (2009) and Lewandowski and 

Kicherer (1997).  For example, at 80 kg N ha
-1

, the leaf N concentration of switchgrass was 1.1 

%
 
and that of Miscanthus was 1.1 % at Elora in the fall of 2009.  At the same N fertilization rate, 

stem N concentration was 0.4 %
 
for switchgrass and 0.2 %

 
for Miscanthus at the Elora site in the 

fall of 2009.  Similarly, at 80 kg N ha
-1

, leaf N concentration of switchgrass was 0.7 %
 
and 0.6 %

 

in Miscanthus in Ridgetown in the fall of 2009.  In Ridgetown, the corresponding stem values for 

switchgrass and Miscanthus were 0.3 %
 
and 0.2 %, respectively.  The decrease in leaf N with 

delaying harvest from the fall to the winter (February, since there was no snow to further delay 
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harvesting) reported by Lewandowski and Kicherer (1997) was also observed in Ridgetown and 

Elora. 

 Nitrogen removal in the leaves of both species was reduced by delaying harvest from the 

fall to the spring (Figures 5.33 and 5.34).    Nitrogen removal by the leaves was almost double 

that of the stems in all of the fall harvested plots while removal by the stems made up the 

majority of the N removal in the spring harvest.  The decrease in N removal in the leaves can be 

explained by the change in percent of leaves in the total biomass.  In the Miscanthus at both 

locations and switchgrass in Elora there was an increase in the percent of stems and decrease in 

the percent of leaves in the total biomass.  Weeds and seed heads (with the exception of the fall 

harvested switchgrass in Elora in both years) were not a significant source of N removal as the 

inflorescence was not a large part of the overall sample weight (0-9%) and weeds did not make 

up any percent of the overall biomass (Figure 5.34).    In Figures 5.32 to 5.34, in Elora in the fall 

of 2010 Miscanthus at 160 kg N ha
-1

, leaf and stem N removal values were not presented.  This 

was a technical error as not enough sample material was submitted for N concentration analyses.  
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Figure 5.33- Nitrogen removal (kg N ha
-1

) by the stems, leaves, seed heads and weeds in stacked 

bars at each N fertilization level of two varieties of Miscanthus and 2 varieties of 

switchgrass for fall 2009 and spring 2010 in Elora (A- SE Mean= 1.510) and Ridgetown 

(B- SE Mean=1.303) and fall 2010 in Elora (C- SE Mean=1.312) and Ridgetown (D- SE 

Mean=1.291)   
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Figure 5.34- Nitrogen removal (%) by the stems, leaves, seed heads and weeds as a percent of 

total N removed at each N fertilization level of two varieties of Miscanthus and 2 

varieties of switchgrass for fall 2009 and spring 2010 in Elora (A) and Ridgetown (B) 

and fall 2010 in Elora (C) and Ridgetown (D) 

 

5.4.2. Phosphorus 

 

 The plant part with the highest P concentration varied with location, harvest timing and N 

fertilization rate.  Phosphorus concentrations were highest in the leaves in fall 2009 and spring 

2010, while in the fall of 2010 they were consistently the highest in the seed heads (Figure 5.35).  

In Ridgetown in the fall of 2009 and spring 2010, P concentration was the highest in the stem of 



  

106 

 

both grass species, while in the fall of 2010 the stem concentrations were highest in only the 

switchgrass and in the seed head for Miscanthus (Figure 5.35).  There were no constant trends in 

P concentrations with increasing N fertilization across locations and years.  Spring harvesting 

consistently decreased P concentrations in samples from Elora but not in Ridgetown for all plant 

fractions combined (Figure 5.35).  Overall, total P concentration in all the combined plant 

fractions combined increased over time.   

 

Figure 5.35- Phosphorus concentration (%) by the stems, leaves, seed heads and weeds at each 

N fertilization level of two varieties of Miscanthus and 2 varieties of switchgrass for fall 

2009 and spring 2010 in Elora (A- SE Mean= 0.009) and Ridgetown (B- SE 

Mean=0.020) and fall 2010 in Elora (C- SE Mean=0.022) and Ridgetown (D- SE 

Mean=0.009) 
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 Phosphorus concentrations in switchgrass leaves and stems were reported in a study by 

Kering et al (2011).  Fall harvested stem P concentration was 0.11 % and leaf concentration was 

0.111 %, both averaged over the second and third year of growth and 4 N rates (average N rate 

of 84 kg N ha
-1

).  By comparison, P concentrations in  the stems and leaves over both years in 

Elora at 80 kg N ha
-1

 averaged 0.082 %
1
 and 0.13 % in the stems and leaves, respectively.  The 

corresponding P concentration values in the stems and leaves in Ridgetown were 0.061 %
 
and 

0.063 %, respectively.  Phosphorus concentrations in the Elora switchgrass were closely similar 

to those reported in the Oklahoma study by Kering et al., (2011); the values in Ridgetown were 

however lower. 

 Phosphorus removal was highest in the stems of both the Miscanthus and switchgrass, as 

stems were consistently the largest portion of the whole plant (Figures 5.36 and 5.37).  

Phosphorus removal in stems increased linearly with increasing N application in switchgrass.  In 

Miscanthus, P removal with increasing N application decreased at 40 kg N ha
-1

 and then 

increased at 80 and 160 kg N ha
-1

 compared to 0 kg N ha
-1 

(Figure 5.36). The decrease in P 

removal at 40 kg N ha
-1

 is likely a result of decreased stem P concentrations at that fertilization 

rate (Figure 5.36).  As with N, the decrease in P removal between the fall 2009 and spring 2010 

harvests was the greatest in the leaves (Figure 5.37).  The decrease in percent leaf P 

concentration (averaged across all N rates) in switchgrass was reduced by 73% and in 

Miscanthus by 80% in Elora; in Ridgetown, the reduction was 64% for switchgrass and 57% for 

Miscanthus (Figure 5.37). The decrease in P removal in the leaves can partially be explained by 

the change in percent of leaves in the total biomass by delayed harvesting.  In the Miscanthus at 
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both locations and switchgrass in Elora there was an increase in the percent of stems and 

decrease in the percent of leaves in the total biomass.  However, the change in leaf percentage of 

both grasses at both locations of whole biomass was in the range of a slight increase of 2% to a 

decrease of as much as 25% and likely cannot be attributed to the 57-80% concentration 

decrease.  As a result some of the change in P removal with delayed harvesting may be attributed 

to leaching of nutrients from the material or redistribution to the roots. 

 

Figure 5.36- Phosphorus removal (kg P ha
-1

) by the stems, leaves, seed heads and weeds in 

stacked bars at each N fertilization level of two varieties of Miscanthus and 2 varieties of 

switchgrass for fall 2009 and spring 2010 in Elora (A- SE Mean= 0.335) and Ridgetown 

(B- SE Mean=0.366) and fall 2010 in Elora (C- SE Mean=0.404) and Ridgetown (D- SE 

Mean=0.384) 
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Figure 5.37- Phosphorus removal (%) by the stems, leaves, seed heads and weeds as a percent of 

total P removed at each N fertilization level of two varieties of Miscanthus and 2 varieties 

of switchgrass for fall 2009 and spring 2010 in Elora (A) and Ridgetown (B) and fall 

2010 in Elora (C) and Ridgetown (D) 

 

5.4.3. Potassium 

 

 Potassium concentration was the highest in the stems at both locations, in the fall 2009 

and spring 2010 harvest timings at most N fertilization levels (Figure 5.38).  In the fall of 2010 

switchgrass consistently had the highest concentration in the stems at both locations while in 

Miscanthus the highest concentration was in the leaves and seed heads (Figure 5.38).  Leaf and 
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seed head plant parts also had the most variable K concentration with increasing fertilizer N 

application rate of the different plant parts.   As fertilizer application rate was increased, leaf K 

concentration also increased in both plant species, with the exception of the switchgrass in 

Ridgetown in 2010, where K concentration was the highest at 40 kg N ha
-1 

in both the leaves and 

seed heads (Figure 5.38).   There were also no consistent trends of increasing or decreasing K 

concentration with increasing N fertilization.  Delaying harvesting to the spring consistently 

decreased K concentrations in all plant fractions in both Ridgetown and Elora and at all N 

application rates (Figure 5.38).  Overall, total K concentration in all the combined plant fractions 

decreased over time.   



  

111 

 

 

Figure 5.38- Potassium concentration (%) by the stems, leaves, seed heads and weeds at each N 

fertilization level of two varieties of Miscanthus and 2 varieties of switchgrass for fall 

2009 and spring 2010 in Elora (A- SE Mean= 0.028) and Ridgetown (B- SE 

Mean=0.086) and fall 2010 in Elora (C- SE Mean=0.097) and Ridgetown (D- SE 

Mean=0.050) 

 

 Potassium concentration in switchgrass leaves and stems were reported in a study by 

Kering et al (2011).  Fall harvested stem K concentration was 0.45 % and leaf concentration was 

0.23 %, both averaged over the second and third year of growth and 4 N rates (average N rate of 

84 kg N ha
-1

).  By comparison, K concentrations at 80 kg N ha
-1

 over both years in Elora were 

0.52 % in the stems and 0.20 % in the leaves.  In Ridgetown at the same N rate, stem K 
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concentration was 0.29 %
 
and leaf concentration was 0.14 %.  Potassium concentrations in the 

Elora switchgrass samples were similar to those reported by Kering et al. (2011) in Oklahoma, 

while K concentrations in stems and leaves originating from Ridgetown were lower. 

 The only known study of K concentration in Miscanthus with variable N rates is by 

Lewandowski and Kicherer (1997).  Lewandowski and Kicherer reported that by delaying 

harvest from December to February in Germany on plots fertilized with 50 kg N ha
-1

, K content 

in the stems was reduced by almost half while in the leaves the loss was negligible 

(Lewandowski and Kicherer, 1997).  This is similar to what was observed in Elora and 

Ridgetown where the stem K concentration decreased, although in our trials the leaf 

concentration also decreased.  Lewandowski and Kicherer (1997) presented fourth year fall 

harvested Miscanthus concentrations of K in the leaves and stems at four different N rates (0, 50, 

100 and 150 kg N ha
-1

).  In the study by Lewandowski and Kicherer (1997), leaf K 

concentrations did not follow any response to N fertilization application rate, while stem K 

concentration actually was shown to decline at increasing N application rates.  This is contrary to 

what was observed in this study in both Ridgetown and Elora in both 2009 and 2010 fall 

harvests.  The differences between observations from Germany and Ontario may be further 

explained by Lewandowski and Kicherer (1997), who noted that there were differences in K 

concentration with increasing N fertilization in the establishment years of Miscanthus (second 

and third years of growth).  While the results were not published, there was a K concentration 

increase with increasing N fertilization in the establishment years.  Differences in K 

concentration between establishing and full grown Miscanthus stands may be attributed to 

environmental influences, especially precipitation, or the developmental stage of the Miscanthus.   
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 Regardless of N rate or harvest time the majority of K removal in 2009 was observed in 

the plant stems in both switchgrass and Miscanthus, despite to the stems making up a smaller 

portion of the overall plant material than the leaves (Figures 5.39 and 5.40).  Although the 

majority K removal for most N rates was observed in the plant stems, the trend in 2010 was not 

as evident as in 2009.  Potassium removal in the fall of 2009 was much greater than in the fall of 

2010 at both Elora and Ridgetown (Figure 5.39).  This is consistent with reports from Propheter 

and Staggenborg (2010) that K removal in perennial grasses is most affected by plant available K 

in soil, soil temperature and soil moisture. Precipitation in the fall months (September, October, 

and November) at both locations was increased in 2010 compared to 2009, increasing soil 

moisture and reducing K removal.    

 



  

114 

 

 

Figure 5.39- Potassium removal (kg K ha
-1

) by the stems, leaves, seed heads and weeds in 

stacked bars at each N fertilization level of two varieties of Miscanthus and 2 varieties of 

switchgrass for fall 2009 and spring 2010 in Elora (A- SE Mean= 1.410) and Ridgetown 

(B- SE Mean=0.758) and fall 2010 in Elora (C- SE Mean=0.945) and Ridgetown (D- SE 

Mean=0.529) 
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Figure 5.40- Potassium removal (%) by the stems, leaves, seed heads and weeds as a percent of 

total K removed at each N fertilization level of two varieties of Miscanthus and 2 

varieties of switchgrass for fall 2009 and spring 2010 in Elora (A) and Ridgetown (B) 

and fall 2010 in Elora (C) and Ridgetown (D) 
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6. Summary and Conclusions 
 

 This study, conducted at two Ontario locations. aimed at meeting the following four 

objectives: to test the feasibility of growing C4 perennial grasses in Ontario, to investigate the 

effects that different rates of N fertilization had on yield, to investigate the effects that different 

rates of N fertilization had on N, P and K concentrations and removal at the whole plant and 

plant part scale, and to elucidate the effect that harvest timing could have on biomass yield, and 

on N, P and K concentrations and removal. To meet these objectives two field trials were 

established in the summer of 2008 in Ridgetown and Elora, Ontario.  The trials compared 4 

varieties of Miscanthus and 2 varieties of each switchgrass and big bluestem under four nitrogen 

fertilization rates and two harvest timings.   Plots were harvested in the fall of 2009 and spring of 

2010.   

 Grass establishment varied by location.  Miscanthus establishment in the fall of 2008 was 

best in Elora while the switchgrass and big bluestem had better initial establishment in 

Ridgetown.  This may be attributed to better planting conditions for Miscanthus in Elora and a 

higher seeding rate in Ridgetown for switchgrass and big bluestem. Yield response to N 

fertilization varied by location, species and year.  In most cases the response to added N fertilizer 

was a positive linear or quadratic response.  Miscanthus yields in Elora in 2009, increased  

linearly with increasing N rate while they did not follow any response pattern in Ridgetown.  In 

2010, Miscanthus and big bluestem yield response to added N fertilization  in Elora and 

Ridgetown were both positive linear responses.  In general, switchgrass yield responses to N 

demonstrated a quadratic relationship at both locations in 2009 and 2010.  Increasing N 

fertilization rates generated an increased yield response in all tested species.   
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 Different rates of N fertilization resulted in variable responses to N, P and K tissue 

concentrations and removal at the whole plant level in switchgrass and Miscanthus.  Tissue N 

concentrations followed increasing linear relationships with added N fertilization at both 

locations in the fall of 2009 and spring 2010.  Indicating that at higher N fertilization levels N 

concentration in the harvested material may be greatly increased.  However, this was not 

observed in the fall of 2010 where no N concentration response to N fertilization was observed.  

This increase in N concentration with increasing N fertilization in the first year of the study was 

further supported when comparing N removal responses.  With added N fertilization, N removal 

in both species followed a linear response curve where N removal was the highest at the highest 

N application rate.   

 Phosphorus concentrations and removal with increasing N fertilization did not follow the 

clear trends observed in N concentration and removal.  Total plant P concentration with 

increasing N fertilization had no response to N fertilization, in most cases.  Phosphorus 

concentrations in Miscanthus were lower than in switchgrass and the grasses were different from 

each other at all N application rates in Elora in both years and Ridgetown in the fall of 2010.   

 Potassium concentrations did not show any change with increasing N fertilization across 

locations, species or years.  Only in Ridgetown in the fall of 2010 did the K concentrations of 

both grasses respond linearly with increased N fertility.    Potassium removal also did not have 

any clear pattern with increasing N fertilization with species and location. Potassium removal 

response to N fertility was linear in most cases in the fall but demonstrated no response in the 

spring.  Potassium removal was decreased with delayed harvest timing in both locations.    
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 When plants were fractionated, N, P and K concentration and removal changes within the 

plant were observed.  Nitrogen concentrations were highest in the leaves and seed heads across 

species, N rates and locations.  As fertilizer application rate was increased, leaf N concentration 

and removal increased the most relative to other plant parts.  Phosphorus concentration between 

plant parts varied with grass species, location, harvest timing and N fertilization rate while P 

removal was consistently highest in the stems of both grasses.  Potassium concentrations were 

the highest in the stems and seed heads and potassium removal was the highest in the stems of 

both grasses regardless of other treatments.  

 Delaying harvest to spring reduced yield at both locations.  Yield losses in Miscanthus 

between 35-42% are consistent with losses reported in the literature.  However switchgrass yield 

losses at both locations between 62-65% were much higher than those reported in the literature.  

This can possibly be attributed to the mowing of the biomass in the fall in Elora and Ridgetown.  

By cutting the material in the fall lighter materials such as leaves and seed heads were blown 

away.  Yield losses by delaying harvesting to the spring were increased with higher rates of N 

fertilization. 

 Delaying harvesting decreased N, P and K concentrations and removal in most grass and 

location combinations.  Delaying harvesting decreased N concentration and removal in both 

switchgrass and Miscanthus at both locations.  Spring harvest decreased P concentration in both 

species in Elora but not in Ridgetown.  While P removal was reduced in both grasses at most N 

rates in both locations.  Like P concentrations, K concentrations and removal were decreased by 

spring harvesting in both species in Elora but not in Ridgetown.  The lack of decrease in P and K 

concentrations in Ridgetown may be correlated with lower fall nutrient concentrations, as a result 
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of drier growing conditions, in Ridgetown than in Elora.  These dry conditions may have resulted 

in some nutrient loss or translocation prior to harvesting in the fall, indicating less of an 

advantage of spring harvesting in dry years or climates.  Changes in N, P and K concentrations 

and removal in the separated plant parts with delaying harvest timing were observed.  Nitrogen 

concentration was reduced with harvest timing and the changes were the greatest in the leaves 

and stems.  Phosphorus concentrations in all plant parts decreased with delayed harvesting.  

Potassium removal was greatly reduced in both the stems and leaves by delayed harvesting.   

 In general, this study provides evidence of the ability to establish biomass grasses in 

Ontario.  In addition, this study is the first of its kind to research N requirements, influences of N 

fertilization on P and K uptake and macronutrient partitioning in establishing biomass crops 

grown side-by-side.  This thesis is the first to test the influence that N fertilization has on 

biomass yield, nutrient concentration and removal of several species and genotypes of biomass 

crops.   

 This study has three major limitations: the inability to confirm if the grasses have reached 

maximum growth potential by the 3
rd

 year of growth, field plot sizes only large enough to test 

four N fertilization levels and choice of species varieties.  Screening trials to test several varieties 

of Miscanthus and their ability to overwinter in Ontario conditions should have been conducted.  

The M1 Select and Polish varieties were recommended by the supplier but further initial testing 

of those as well as the Nagara-116 and Amuri-114, may have revealed other higher yielding or 

more cold tolerant varieties.   

 More data from Ridgetown and Elora are needed in the future to further confirm the 

hypothesis that bioenergy grasses can be grown in these locations and that they can produce 
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yields comparable to similar climates.  In addition, including more field locations within Ontario 

with different soil types and larger plots will be beneficial in expanding our understanding of the 

effects biomass crop potential in cold climates, on varying soil types and yield potential on a 

field scale.  Future work is also needed with N fertilization levels between 80 and 160 kg N ha
-1 

and above 160 kg N ha
-1

 to further test if the grasses are reaching a maximum yield plateau.   

 Once N fertilization responses are determined and market prices for selling the biomass 

are established, the most economic rate of applied N (MERN) can be calculated.  By determining 

MERN, recommendations can be further developed to allow growers in Ontario to maximize 

yields while maintaining economic efficiency.  The hypothesis that maximum yield and MERN 

fertilization levels are not the same will require further studies.  

 In addition to any future nutrient research requirements, there are numerous other 

agronomic questions still to be answered about bioenergy crops in Ontario. For example, more 

research is needed to determine which varieties are more cold tolerant, especially in Miscanthus 

where cost of establishment can be high and labour intensive.  Research is also needed to 

elucidate appropriate agronomic practices that may be used to minimize winterkill during that 

challenging first year of establishment.   Planting date studies and the susceptibility of these 

grasses to late spring or early fall frosts, common in Ontario would also be beneficial for our 

understanding of biomass grass establishment. 
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8. Appendix 

Table 8.1- Elora Switchgrass Survival after initial winter (as a plant count in a 0.5m
2
 quadrant) 

Nitrogen 

Rate (kg ha
-

1
) 

Switchgrass 

Cave-in-Rock Shelter 

Fall 09 Spring 10 Fall 10 Fall 09 Spring 10 Fall 10 

  FH* SH** FH*   FH* SH** FH* 

0 6.00 18.67 17.67 5.16 10.67 18.00 17.67 4.53 

40 10.33 17.67 14.00 5.00 9.33 20.33 14.00 5.32 

80 13.67 16.33 15.00 3.75 14.00 18.00 19.00 4.22 

160 9.67 15.00 16.67 3.44 13.33 17.67 17.67 3.60 

*FH= Fall harvested plots 

**SH= Spring harvested plots 

 

Table 8.2- Ridgetown Switchgrass Survival after initial winter (as a plant count in a 0.5m
2
 

quadrant) 

Nitrogen 

Rate (kg 

ha
-1

) 

Switchgrass 

Cave-in-Rock Shelter 

Fall 09 Fall 10 Fall 09 Fall 10 

0 21.00 13.67 19.67 14.00 

40 24.00 11.67 23.67 12.33 

80 20.33 11.67 24.00 13.00 

160 17.00 7.67 21.33 11.00 

 

 

Table 8.3- Elora Big Bluestem Survival after initial winter (as a plant count in a 0.5m
2
 quadrant) 

Nitrogen 

Rate (kg ha
-

1
) 

Big Bluestem 

Prairie View Southlow 

Fall 

09 Spring 10 

Fall 

10 

Fall 

09 Spring 10 

Fall 

10 

0 8.33 24.33 2.66 5.67 22.00 2.50 

40 11.00 28.00 3.13 5.33 17.00 2.50 

80 13.67 21.67 2.03 11.00 24.33 1.09 

160 13.00 22.33 1.88 8.33 16.00 2.03 
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Table 8.4- Ridgetown Big Bluestem Survival after initial winter (as a plant count in a 0.5m
2
 

quadrant) 

Nitrogen 

Rate (kg 

ha
-1

) 

Big Bluestem 

Prairie view Southlow 

Fall 09 Fall 10 Fall 09 Fall 10 

0 4.33 2.67 6.67 1.67 

40 14.67 4.67 12.33 3.33 

80 8.00 1.67 13.00 6.00 

160 10.33 2.00 20.33 5.67 
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Table 8.5- Elora Miscanthus Percent Survival after initial winter 

Nitrogen 

Rate (kg 

ha
-1

) 

Miscanthus 

116 114 Polish M1 

Fall 

09 Spring 10 Fall 10 

Fall 

09 Spring 10 Fall 10 

Fall 

09 

Spring 

10 

Fall 

10 

Fall 

09 

Spring 

10 

Fall 

10 

  FH* SH** FH* SH**   FH* SH** FH* SH**             

0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 82.8 18.8 99.0 90.9 40.6 100.0 

40 100.0 100.0 100.0 100.0 100.0 98.9 90.6 96.9 99.0 100.0 81.4 17.7 93.8 89.5 31.3 99.0 

80 99.8 100.0 100.0 100.0 99.0 99.9 100.0 100.0 100.0 99.0 84.3 28.1 93.8 90.4 42.7 99.0 

160 99.9 100.0 99.0 100.0 99.0 99.0 99.0 95.8 97.9 99.0 84.8 32.3 88.5 95.8 75.0 96.9 

 

*FH= Fall harvested plots 

**SH= Spring harvested plots 

 

Table 8.6- Ridgetown Miscanthus Percent Survival after initial winter 

Nitrogen 

Rate (kg 

ha
-1

) 

Miscanthus 

116 114 Polish M1 

Fall 09 Spring 10 Fall 10 Fall 09 Spring 10 Fall 10 Fall 09 Spring 10 Fall 10 Fall 09 Spring 10 Fall 10 

  FH* SH** FH*   FH* SH** FH*             

0 97.0 71.2 2.9 90.4 94.6 85.6 56.7 88.5 93.1 2.9 70.2 90.0 18.3 65.4 

40 96.0 75.0 13.5 92.3 92.0 73.1 58.7 80.8 94.0 17.3 76.9 83.1 15.4 31.7 

80 96.7 82.7 23.1 87.5 95.6 90.4 64.4 91.3 93.1 15.4 76.0 84.5 16.3 40.4 

160 96.1 81.5 29.6 84.6 89.9 73.1 59.3 74.0 93.1 16.7 74.0 94.8 24.1 62.5 

 

*FH= Fall harvested plots 

**SH= Spring harvested plots 
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Table 8.7- Mixed model variance analysis and treatment partitions of fall harvested yield (kg ha
-

1
) from 3 perennial grass species with two varieties conducted over 2 years combined for Elora 

and Ridgetown, On., planted as a strip-split plot design with three replicates 

 

 2009 2010 

Source  Pr>Z 

Random Effects 

Block (site) 0.3032 0.3097 

Block(site) x var(species) 0.0807 0.529 

Nitrogen x Block (site) 0.0027 0.3341 

Residual <0.0001 <0.0001 

Source NUM DF DEN DF P>F 

Fixed Effects 

Species 2 23 0.0211 <0.0001 

Variety(Species) 3 23 0.1578 0.0007 

Nitrogen 3 15 <0.0001 0.0041 

Nitrogen x Species 6 74 0.0006 0.1569 

Nitrogen x 

Variety(Species) 

9 74 0.4549 0.6896 

Site 1 2 0.0903 0.4591 

Site x species 2 23 0.0022 <0.0001 

 

Table 8.8- Mixed model variance analysis and treatment partitions of fall harvested yield (kg ha
-

1
) from 3 perennial grass species with two varieties conducted over 2 years (each year analysed 

separately) in Elora and Ridgetown, On., planted as a strip-split plot design with three replicates 

 Elora Ridgetown 

2009 2010 2009 2010 

Source Pr>Z 

Random Effects 

Block x Variety(Species) 0.0299 0.0477 0.0345 0.2435 

Block x Nitrogen 0.3182 0.3480 0.3291 . 

Residual <0.0001 <0.0001 <0.0001 <0.0001 

Source NUM DF DEN DF P>F 

Fixed Effects  

Species 2 10 0.0292 <0.0001 0.0019 <0.0001 

Variety(Species) 3 10 0.4009 0.1223 0.1154 0.0105 

Nitrogen 3 6 0.0015 0.005 0.0043 0.1164 

Nitrogen x Species 6 30 0.2371 0.1204 <0.0001 0.2425 

Nitrogen x 

Variety(Species) 

9 30 0.9967 0.2901 0.3501 0.9205 

 



  

134 

 

Table 8.9- Percent Moisture (% w/w) of Fall 2009 and Spring 2010 harvested samples in 

Ridgetown and Elora, On. 

Species Variety 

Harvest 

Timing N Rate 

Elora Ridgetown 

% Moisture 

Miscanthus 

Nagara (116) 

Fall 

0 48.20 31.81 

40 47.50 32.00 

80 35.73 33.24 

160 48.03 37.40 

Spring 

0 5.37 6.92 

40 5.38 10.02 

80 5.31 8.22 

160 5.42 7.42 

Amuri (114) 

Fall 

0 45.30 30.31 

40 46.43 26.39 

80 47.05 29.47 

160 43.37 28.29 

Spring 

0 4.22 8.31 

40 3.71 9.66 

80 4.00 8.86 

160 4.67 7.95 

Switchgrass 

Cave-in-

Rock 

Fall 

0 * 24.35 

40 * 35.53 

80 * 35.19 

160 * 34.33 

Spring 

0 2.86 4.33 

40 2.74 4.60 

80 2.89 4.90 

160 2.72 4.38 

Shelter 

Fall 

0 * 26.72 

40 * 26.95 

80 * 25.45 

160 * 32.32 

Spring 

0 3.27 4.54 

40 3.23 7.07 

80 3.11 4.68 

160 2.90 4.80 

Big Bluestem 

Prairie View Fall 

0 * 25.88 

40 * 23.37 

80 * 23.14 

160 * 25.70 
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Southlow Fall 

0 * 22.75 

40 * 27.44 

80 * 19.96 

160 * 28.43 

*-the value was not measured 

 

Table 8.10- Percent Moisture (% w/w) of Fall 2010 harvested samples in Ridgetown and Elora, 

On. 

Species Variety 

Harvest 

Timing N Rate 

Elora Ridgetown 

% Moisture 

Miscanthus 

Nagara (116) Fall 

0 36.64 35.59 

40 38.50 38.21 

80 41.10 39.88 

160 39.47 42.18 

Amuri (114) Fall 

0 33.33 32.12 

40 38.73 33.42 

80 39.48 32.54 

160 42.47 34.89 

Switchgrass 

Cave-in-Rock Fall 

0 31.19 29.15 

40 27.52 26.20 

80 26.45 22.08 

160 27.00 28.39 

Shelter Fall 

0 28.74 29.29 

40 26.78 31.82 

80 38.08 30.04 

160 23.95 33.71 

Big Bluestem 

Prairie View Fall 

0 19.75 29.05 

40 22.34 30.64 

80 22.84 21.04 

160 27.90 10.67 

Southlow Fall 

0 16.69 43.98 

40 21.52 36.46 

80 20.65 35.71 

160 23.38 26.65 
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Table 8.11- Plant part percent (%) of total sample weight in 2009 and 2010 harvested samples in 

Elora, On. Changes between fall and spring harvesting are illustrated, red values indicate a loss 

in percent of total sample and green a gain in percent of total sample. 

 % of Total Sample 

Species 

Nitrogen 

Rate (kg 

ha
-1

) Year 

Harvest 

Timing Stem Leaves Inflorescence Weeds 

Miscanthus 

0 

2009 
Fall 68.96 29.88 1.16 0.00 

Spring 85.78 13.61 0.61 0.00 

% Change +16.82 -16.27 -0.55 0.00 

2010 Fall 76.07 22.73 1.20 0.00 

40 

2009 
Fall 70.61 28.26 1.13 0.00 

Spring 84.51 15.11 0.38 0.00 

% Change +13.90 -13.15 -0.75 0.00 

2010 Fall 77.39 21.29 1.32 0.00 

80 

2009 
Fall 64.34 34.88 0.78 0.00 

Spring 87.43 12.18 0.38 0.00 

% Change +23.10 -22.70 -0.40 0.00 

2010 Fall 75.43 23.42 1.15 0.00 

160 

2009 
Fall 64.28 34.77 0.95 0.00 

Spring 83.38 15.92 0.70 0.00 

% Change +19.10 -18.85 -0.25 0.00 

2010 Fall 74.91 24.15 0.94 0.00 

Switchgrass 

0 

2009 
Fall 51.78 46.77 1.45 0.00 

Spring 59.59 37.59 2.82 0.00 

% Change +7.82 -9.19 +1.37 0.00 

2010 Fall 57.29 34.57 8.08 0.00 

40 

2009 
Fall 52.69 39.95 7.36 0.00 

Spring 59.34 37.19 3.48 0.00 

% Change +6.65 -2.77 -3.88 0.00 

2010 Fall 59.22 30.63 10.12 0.00 

80 

2009 
Fall 54.24 39.90 5.85 0.00 

Spring 61.87 34.41 3.72 0.00 

% Change +7.63 -5.49 -2.14 0.00 

2010 Fall 57.69 31.92 9.32 0.00 

160 

2009 
Fall 48.05 44.14 7.81 0.00 

Spring 63.87 33.42 2.71 0.00 

% Change +15.82 -10.73 -5.09 0.00 

2010 Fall 57.30 30.99 11.62 0.00 
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Table 8.12- Plant part percent (%) of total sample weight in 2009 and 2010 harvested samples in 

Ridgetown, On. Changes between fall and spring harvesting are illustrated, red values indicate a 

loss in percent of total sample and green a gain in percent of total sample. 

 % of Total Sample 

Species 

Nitrogen 

Rate (kg 

ha
-1

) Year 

Harvest 

Timing Stem Leaves Inflorescence Weeds 

Miscanthus 

0 

2009 
Fall 70.32 28.62 1.07 0.00 

Spring 88.32 10.99 0.69 0.00 

% Change +18.00 -17.63 -0.38 0.00 

2010 Fall 75.65 22.57 1.77 0.00 

40 

2009 
Fall 44.93 52.94 2.13 0.00 

Spring 70.10 27.76 2.14 0.00 

% Change +25.17 -25.18 +0.01 0.00 

2010 Fall 91.54 8.00 0.46 0.00 

80 

2009 
Fall 64.55 33.76 1.69 0.00 

Spring 75.84 23.02 1.14 0.00 

% Change +11.29 -10.74 -0.55 0.00 

2010 Fall 74.76 24.11 1.13 0.00 

160 

2009 
Fall 66.62 31.43 1.96 0.00 

Spring 80.96 18.40 0.65 0.00 

% Change +14.34 -13.03 -1.31 0.00 

2010 Fall 72.80 25.30 1.90 0.00 

Switchgrass 

0 

2009 
Fall 47.49 49.38 3.13 0.00 

Spring 38.67 49.48 1.14 0.00 

% Change 8.82 +0.10 -1.99 0.00 

2010 Fall 48.27 48.89 2.70 0.00 

40 

2009 
Fall 50.73 45.87 3.40 0.00 

Spring 48.98 45.64 2.78 0.00 

% Change -1.75 -0.23 -0.61 0.00 

2010 Fall 53.64 43.20 3.07 0.00 

80 

2009 
Fall 48.37 48.14 3.49 0.00 

Spring 45.98 49.55 3.39 0.00 

% Change -2.39 +1.40 -0.10 0.00 

2010 Fall 51.65 43.94 4.40 0.00 

160 

2009 
Fall 49.58 46.77 3.65 0.00 

Spring 48.51 48.85 2.33 0.00 

% Change -1.07 +2.09 -1.33 0.00 

2010 Fall 54.00 38.69 6.89 0.00 

 


