
ABSTRACT 

HEIDERMAN, RYAN ROBERT.  Managing a Loblolly Pine Stand with Miscanthus × 

giganteus Intercropping: Exploring Shade Tolerance, Productivity and Sustainability. (Under 

the direction of Jose L. Stape.) 

 

There is growing interest in utilizing dedicated biomass crops as feedstock for 

bioenergy production.  Giant miscanthus (Miscanthus × giganteus), a perennial, warm season 

grass is one potential high yielding bioenergy crop.  European experience with miscanthus 

has shown yields of 22 Mg ha
-1 

and also has shown the potential of miscanthus to sequester 

carbon below ground.  In the Southeastern United States, forest-based biomass may be able 

to provide raw materials to help build a biomass-based energy industry.  Loblolly pine (Pinus 

taeda) planted on wide row spacing (approximately 6m) allows for the planting of dedicated 

energy crops between tree rows.  Intercropping for bioenergy feedstock production may 

maximize biomass output from the land early in the forest rotation, while still maintaining 

long-term production of traditional forest products.  To evaluate the productivity of giant 

miscanthus (hereafter referred to as ‘miscanthus’) in an intercropping system, miscanthus 

plugs were planted in between rows of a one-year-old loblolly pine stand May 2010.  Three 

treatments were examined: (P) pine only – standard pine plantation management, (PM) 

intercropped miscanthus with pine, and (M) miscanthus only plots – no pine trees. The study 

captured two growing seasons of the miscanthus development.  Soil samples were collected 

prior to study installation and again during the second growing season.  This study evaluated 

effects of managing miscanthus as a biofuels feedstock for biofuels on crop tree growth and 

soil sustainability attributes in a loblolly pine plantation.   Miscanthus biomass yields 

increased 8 fold from year one to year two in both PM and M treatments and the higher  total 



biomass yield  in M treatment relatively to the PM was just due to the difference in the 

surface area used . 

The growing conditions in the inter-row area between trees can be favorable for grass 

growth early in the rotation, prior to canopy closure. However, as the stand ages, the trees 

will grow taller and tree leaf area increases.  To address that, the objective of this study was 

to understand how varying degrees of shading affects miscanthus biomass yield and light use 

efficiency.  A greenhouse study was conducted for 186 days (March-September, 2011) to 

examine how varying degrees of shading affects miscanthus biomass yield and light use 

efficiency.  Light levels inside the greenhouse were varied with shade cloth, allowing 

transmission of varying amounts of photosynthetically active radiation.  Five treatments were 

evaluated, four light levels inside the greenhouse and a full sun outdoor treatment.  During 

the growing season, daily photosynthetically active radiation (PAR) was measured with 

hourly averages collected by a data logger.  Leaf level characteristics of specific leaf area and 

biomass partitioning were determined at harvest, and used in calculating leaf area, leaf area 

development and absorbed PAR (APAR).  Above and below-ground biomass was harvested 

to determine biomass yield and light use efficiency (LUE).  It was found that miscanthus has 

relatively high LUE at all shading levels and biomass yield was maintained until shading 

declined incident PAR by greater than 60%. 
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CHAPTER 1 

Effect of light environment on productivity and light use efficiency of Miscanthus × 

giganteus 

 

Introduction 

The consumption of fossil fuels such as coal, natural gas, and oil, which require  millions of 

years to form, is predicted to increase by 49% by the year 2035 (EIA, 2010).  In 2008, 81% 

of the world’s energy consumption was supplied by fossil fuels (Key World Energy 

Statistics, 2010).  The ever increasing demand of precious energy resources is driving 

economic, social and environmental concerns. 

 

The consumption of fossil fuels is depleting a limited resource, while also increasing the 

concentration of carbon dioxide in the atmosphere.  According to the National Oceanic and 

Atmospheric Association (NOAA), as of 2006, the concentration of atmospheric carbon 

dioxide has increased by 36% since the pre-industrial age (Forster et. al, 2007).  The 

Environmental Protection Agency reported that in 2009 79% of man-made carbon emissions 

in the United States came from the combustion of fossil fuels (EPA, 2011).  These 

anthropogenic changes are thought to be affecting the earth in ways such as climate change 

and ocean acidification (Houghton, 2001). 

 

The United States imports large amounts of petroleum.  According to the U.S. EIA about half 

of the petroleum used in the U.S. is imported.  In 2008, the United States only produced 10% 

of the worlds petroleum supply, but consumed 28% of it (EIA, 2010).  The ever-increasing 

demand for energy and the inevitable decreasing supply of fossil fuels has generated interest 

in alternative sources of energy.  By utilizing alternative, locally-sourced energy, the United 

States could decelerate the environmental impact and reduce our dependence on foreign oil.  

Renewable energy can be provided by biomass, wind, solar radiation, geothermal, nuclear 

and hydroelectricity, among other sources. 
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One promising path to alternative energy production is in the use of lignocellulosic based 

biomass from grasses, woody plants and other forest and agriculture residues, and converting 

this biomass to cellulosic ethanol (Cheng, 2010).  This renewable energy pathway is often 

referred to as biomass energy.  The Southeastern U.S. is particularly well suited for 

developing a local energy market based around its abundant forests and other natural 

resources ( Burke et al. 2007).   

 

Annually, North Carolina uses almost 5.6 billion gallons of petroleum based liquid fuel 

(Burke et al., 2007).  According to the U.S. Department of Energy, North Carolina imports 

all petroleum-based fuels from other states and overseas (EIA, 2012).  North Carolina has a 

renewable energy mandate to produce 10% of its liquid fuels and diesel needs and 7% of its 

power needs from bio-based fuels by 2017 (Burke et al., 2007).  According to the North 

Carolina Biomass Roadmap, the state currently produces 4% of its energy from biomass, 

with an estimated potential to produce another 10% from existing biomass resources.  Most 

of this additional biomass production potential would come from the enormous amount of 

forest resources within the state (Rich, 2007). These goals could be achieved by existing 

biomass resources, as well as producing and growing new energy crops for fuel feedstock 

(Heaton, 2008). 

 

The Biofuels Center of North Carolina suggests that forests show a great potential in helping 

to develop the biofuels industry (Biofuelscenter.org).  While traditional forest products of 

saw timber and pulp will continue to be a mainstay in the economy, forest residues and 

dedicated energy crops grown on forestland may possibly provide an additional source of 

income for forest product companies, as well as federal, state and private forestland owners.  

Current research is investigating new management strategies for dedicated bioenergy 

feedstock crops on forest and timberland.  High yielding perennial grass species such as 

Giant miscanthus (Miscanthus × giganteus) are of particular interest as dedicated energy 

crops (Lewandowski et. al., 2000; Clifton-Brown et. al, 2004; Heaton, 2008; Heaton, 2010). 
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Perennial grasses have become strong biofuel candidates because of their ability to produce 

large biomass yields with relatively few inputs compared with annual crops such as corn and 

soybeans.  Perennials require fewer energy inputs than annuals, which may require annual 

tillage and planting.  Perennials store nutrients in the roots over the winter season and recycle 

them for the next growing season (Lewandowski et. al, 2003).  The root systems of perennial 

crops continue to grow each year, aiding in reduction of water runoff and sediment loss, 

increasing the organic content of the soil, improving soil structure, and improving water and 

nutrient holding capacity (Kort, 1998). 

 

There are many characteristics that should be found in an ideal bioenergy crop utilized for 

feedstock.  McLaughlin (1998) describes three important considerations. First, the effects on 

soil and water quality;  second, the effect of any differences in wildlife habitat with the 

bioenergy cropping system and the system it replaces;  and third, the quality and quantity of 

energy that is produced from the feedstock per unit of energy expended and per unit of 

environmental cost of the fossil energy it replaces.  Following these guidelines, a few 

herbaceous crop of interest, including giant miscanthus, have been identified as high quality 

energy crops. 

 

While there are many positives, there are still negatives associated with the use of biomass 

for energy.  The issue at the forefront of much public debate is land use and the ‘food versus 

fuel’ debate.  According to Dale et al (2010) a well-designed approach for land use would 

consider the potential of the land for all human needs (food, feed, fiber, fuel, wood, and 

human occupation) as well as for biodiversity protection in an optimal zoning location.  A 

biomass based energy economy may also put pressure on soil resources such as nutrients and 

organic matter.  With annual removal of biomass, nutrients will be removed from the site.  

Minimizing nutrient removal can be achieved by the already common practice of harvesting 

in the winter season, after senescence. 
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Giant Miscanthus 

The Miscanthus genus is a monocotyledon plant of the Poaceae family and contains about 15 

species.  Miscanthus is a C4 (exhibits the Hatch-Slack carbon fixation pathway) grass of the 

Andropogoneae tribe (Hartley, 1958), which contains other grasses such as sorghum, 

broomsedge, bluestem, sugarcane and maize.  C4 plants are highly light dependent and 

require more light depedent than C3 plants to drive photosynthesis.  Giant miscanthus 

(Miscanthus ×giganteus) is a sterile hybrid cross of M. sinensis and M. sacchariflourus and is 

officially described by Hodkinson (2001) in accordance with the International Code of 

Botanical Nomenclature.  It has been shown the Miscanthus sp. is able to hybridize with 

sugarcane and current research is underway developing and testing the so called Miscanes 

(Park et al., 2011).  

 

The perennial nature of giant miscanthus allows nutrients to be seasonally cycled between 

above- and below-ground portions of the plant, thus reducing the need for fertilizer input if 

above-ground biomass is harvested post-senescence.  Cultivation of giant miscanthus 

requires relatively low investment of energy.  Giant miscanthus has also been shown to have 

high water, nutrient and light use efficiencies when compared with other crops (Heaton, 

2004, Anderson et. al, 2011). 

 

Although published literature regarding miscanthus research in the Southeastern United 

States is limited, giant miscanthus has been a central focus of energy crop testing in Europe 

for over 50 years.  Tests were set up in the late 1960’s in Denmark looking at the pulp and 

energy potential of miscanthus, with the first experimental field trial established across the 

continent in the late 1980s (Lewandowski et al., 2003).  Lewandowski (2003) reported 

average annual yields from Europe of 10 to 25 Mg ha
-1

 and up to 30 Mg ha
-1

 under irrigation.  

Early results from field trials in the Midwestern United States have shown average autumn 

(post-senescence) dry yields of 22.4 Mg ha
-1

, over double that of switchgrass (Panicum 

virgatum L.), which yielded 10.4 Mg ha
-1

 when grown at the same sites as the miscanthus 
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trials (Heaton et al. 2004).   All yields reported are mean harvestable dry matter after 

complete plant senescence. 

 

The perennial nature of miscanthus is made possible by underground, overwintering 

structures known as rhizomes.  These structures are the growing points for roots and shoots 

from nodes on the underground rhizome.  Rhizome biomass can account for up to half of the 

total plant biomass.  This below-ground pool of carbon has many implications for the carbon 

sequestration potential of miscanthus as a dedicated energy crop.  Hansen et al (2004) 

showed that below-ground rhizome dry matter averaged between 10.9 and 12.6 Mg ha
-1

 from 

a 9 and 16 year old stand of miscanthus in Denmark.  This same study also showed the nearly 

all rhizome material was found in the upper 20 cm of the soil.   

 

Rhizomes are also the principal means of propagation.  Giant miscanthus is vegetatively 

propagated because it is sterile and plants are produced via tissue culture or stem cuttings.  

One method for giant miscanthus cultivation is by planting rhizomes from which the 

harvestable above-ground shoots and below-ground roots will grow.  A publication by the 

University of Illinois suggests planting rhizomes or plugs 10 cm deep at about 1 m spacing.  

Weed control is necessary to produce a high yielding and spatially homogeneous crop.  

Herbicide treatments are suggested to control weedy competition in the establishment year 

and as needed in the subsequent early years of production (Pyter et al, 2007). 

 

Yields seen during the first and second growing season are typically much lower than what 

will be realized after the third.  Clifton-Brown et al. (2001) reviewed the performance of 15 

Miscanthus genotypes and found maximum yields in warm climates after two growing 

seasons and in cooler climates after the third growing season.  They further reported annual 

giant miscanthus dry matter yields of 18.7 to 29.1 Mg ha
-1

 for unirrigated fields in England 

and Germany, and in Portugal, irrigated crops reached maximum dry matter yields between 

35 and 40 Mg ha
-1

 at the end of the third growing season. 
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Agrosystem for Biomass Production: Intercropping 

Land use change has been a major opposition to using dedicated biomass crops for energy 

production.  Many point to a possible negative impact on human food production if large 

portions of agricultural land, historically used to produce food for human consumption or 

feed for animals, are converted to grow energy crops.  This is the ‘food versus fuel’ debate.  

Further research, careful planning and innovative land management strategies are needed to 

allow the sustainable cultivation, harvest, transport and energy production from biomass 

resources without compromising current societal needs that are dependent on land use. 

 

One innovative management strategy being explored is an agroforestry system by which 

dedicated energy crops, such as giant miscanthus, are planted in-between tree rows of forest 

plantations through a practice known as intercropping.  Management of pine plantations in 

the Southeastern U.S. has intensified to increase the land value through maximizing 

availability and access to site resources (Allen et al. 2005).  Currently, the uncultivated land 

between pine trees is either going unmanaged, or if managed, is being treated to control 

competing vegetation with chemical herbicides or mechanical mowing treatments.  

Intercropping may be a feasible agrosystem to increase production and value of the land 

through intensified management, mainly in systems where the interow spacing is large 

enough to push canopy closure further out into the rotation. 

 

Due to relatively long rotation lengths of tree plantations compared with conventional 

agricultural row crops, there are periods of time where large areas of a plantation landscape 

are being managed only to control for unwanted weedy crops, or are not being actively 

managed at all.  Intercropping takes advantage of the periods of time in between thinning 

and harvests by planting a desired crop in the uncultivated areas between trees.  Employing 

these types of systems may provide large volumes of biomass and extra income for forest 

landowners while avoiding the ‘food versus fuel’ debate that has affected other bioenergy 

ventures such a corn ethanol (Dale et al., 2010; Buford and Neary, 2010).  However, as the 
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trees grow, the light environment adequate to grow crops is affected and intercropping may 

not be a management option carried through the whole rotation. 

 

The effect of shading in agroforestry systems is an often studied issue.  Li (2008) found that 

in central China the wheat yields were 51% lower when intercropped with the deciduous tree 

Paulownia, which grows 10-15 m tall, than when grown in an open field.  Burner and Brauer 

(2003) showed that productivity of tall fescue, a C3 grass,  grown between trees rows of a 

loblolly pine stand in Arkansas was greatly reduced by the fifth to sixth growing season (4.9 

m spacing), attributing the reduction to radiation intercepted by the tree canopy.  Cruz (1997) 

demonstrated that Dichanthium aristatum, a C4 grass species of the bluestem genus, produces 

significantly more biomass and a higher leaf area in open grown stands than shaded below a 

canopy of Gliricidia,  a multipurpose legume tree which can grow 10-12 m tall, on 2 m 

spacing. 

 

Horton et al. (2010) examined the shading effect on growth of a miscanthus species in the 

forest understory at the Biltmore Estate in Asheville, NC and found that even though 

reproductive output was reduced, the grass species was able to maintain high rates of 

photosynthesis and positive carbon gain up to a 95% reduction in light levels.  This study 

was investigating the potential of M. sinensis as a possible invasive, however no studies were 

found in the literature examining the effects of shade on the sterile hybrid species - giant 

miscanthus. 

 

High yielding perennial grass species, such as giant miscanthus, can be harvested annually to 

supply biomass conversion facilities.  In North Carolina, pine plantations which are planted 

on wide row spacing (i.e. for solid wood products) can allow for intercropping.  Although 

giant miscanthus has been shown to be an ideal energy crop because of the high biomass 

yields, it is not understood how competition from pine trees in an intercropping system will 
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affect miscanthus growth.  In particular as the stand ages and pine leaf area index increases 

(Vose and Allen, 1988), the ability of the miscanthus to capture light will be hindered. 

 

Photosynthetically Active Radiation and Light Use Efficiency 

Photosynthesis allows plants to convert light energy into biomass.  Light energy or 

photosynthetically active radiation (PAR) is the spectral range of the electromagnetic 

spectrum (roughly 50% of the total global radiation) which plants use to drive 

photosynthesis.  The efficiency with which a plant is able to utilize PAR toward building 

biomass varies greatly with species and environment (Vargas, 2002).  Plants capture light 

through their leaves and leaf area index (LAI) is the way to measure the amount of surface 

area of photosynthetic surfaces (i.e. green leaves) per ground surface.  Light use efficiency 

(LUE) is the ratio of biomass produced, often as above-ground net primary productivity, to 

absorbed photosynthetically active radiation (APAR). 

 

Vargas (2002) points out the variation in biomass productivity may be attributed to the 

difference in absorbed radiation and to differences in the efficiency that the plant uses energy 

to build biomass.  The amount of incident radiation that is absorbed is a factor of the leaf 

surface area development, LAI and persistence as well as canopy structure and leaf 

orientation (Cannel, 1989).  The LUE is dependent on the plant genotype and environmental 

conditions.  Specifically, LUE is expressed as the chemical energy accumulated in the 

harvested biomass per unit of intercepted PAR (g MJ
-1

).  Monteith (1977) first reported 

efficiency values of typical crops in Britain including barley, potatoes, sugar beets and apples 

to be around 1.4 g MJ
-1

.  Beale (1995) reported LUE values for Miscanthus ×giganteus 

between 2.8 and 3.3 g MJ
-1

. 

 

Considering North Carolina’s energy needs and the desire to manage forest lands for 

additional biomass for energy use, the objectives of our study were to determine the effects 

of different light environments on: (1) the above-ground biomass production of M. giganteus 
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and its components; (2) the below-ground production of rhizomes; and (3) the LUE of above-

ground production and the LUE of total production including rhizomes (LUEt). 

 

To complete these objectives a controlled greenhouse environment was required to grow M. 

giganteus.  Due to the nature of controlling the light environment, a greenhouse was the best 

method to ensure light was the only variable being manipulated and maintained at the desired 

levels.  Greenhouse studies have been used many times over when attempting to control for 

light environment.  Hoax et al. (2009) successfully utilized a greenhouse to study the effect 

of shading on growth and nodulation of three ticktrefoil species, important legumes native to 

the Midwestern U.S and produced results which can be applied to answer ecological 

questions outside of a greenhouse environment. 

 

 

Materials and Methods 

Study Design and Site Description 

The affect of light environment on growth of giant miscanthus was investigated by imposing 

different shading levels in a greenhouse.  The study was a complete randomized complete 

block design with five treatments and three replicates; four treatments inside the greenhouse 

and one grown in an area outside of the greenhouse.  Treatments inside the greenhouse 

included heavy, medium, and low shading and one treatment with no shading.  The outdoor 

treatments had no shade structures and other than daily monitoring and hand watering when 

necessary, plants were subjected to the natural weather conditions.  We used this additional 

treatment as a check to determine possible lighting effects of the greenhouse roof. 

 

The greenhouse site was in Raleigh, North Carolina (35° 47’ 13” N, 78° 41’ 42” W) on the 

campus of North Carolina State University.  The growing and measurement periods were 

from March to September, 2011.  The greenhouse had a glass panel roof with 5 benches 

measuring 1.5 m wide X 6.2 m long with the bench top approximately 1 meter off the 
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ground.  The roof was sprayed with foam for insulation prior to the warm temperatures of the 

summer months. Greenhouse temperatures were maintained between 15 °C and 42 °C from 

March to September.   

 

Light levels were varied using shade cloth constructed of high density polypropylene, which 

allowed the transmittance of varying amounts of photosynthetically active radiation.  Shade 

structures measuring 1.07 m (length) x 1.22 m (width) x 3.05 m (height) were constructed 

with 1.3 cm diameter PVC pipe and covered with shade cloth.  Three different levels of cloth 

pattern were utilized. Shade cloth of 30%, 50% and 70% density were used to create low, 

medium and heavily shaded environments respectively.  The no-shade treatment did not have 

any cloth over the potted miscanthus plants and allowed full light penetrating the greenhouse 

roof to reach the plant canopy. The middle three benches in the greenhouse were treated as 

three blocks, each consisting of the 4 indoor treatments.  Within each shade cloth chamber, 

Photosynthetic Light Smart Sensors connected to Micro Station data loggers (HOBO, Onset 

Computer Corporation, Pocasset, MA, USA) collected data every minute and reported PAR 

measurements as average PAR (umol photons m
-2

  s
-1

) every hour.  Outdoor plots received no 

artificial shading.  This resulted in a total of five treatments, herein referred as GNo, GLo, 

GMd, GHv and ONo (Table 1.1). 

 

Establishment and Management 

Giant miscanthus plugs (Illinois variety) about 15 cm  in height were planted in October 

2010 into12 liter pots (1plug/pot) filled with a potting mix composed of Canadian Sphagnum 

Peat Moss (50%), processed pine bark, perlite, vermiculite, starter nutrients, wetting agent 

and Dolomitic limestone (Fafard 3B, Conrad Fafard Inc., Agawam, MA).  Individual pots 

were treated with a surface application of 65 grams of a balanced 15-9-12 (N P2O5 K2O) 

Osmocote Plus fertilizer twice over the growing period - once at study initiation and again 

after three months, before the start of the second rotation.  This was considered a medium 

rate according to the fertilizer label and amounted to rates of 325 kg N ha
-1

, 86 kg P2O5 ha
-1
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and 216 kg K2O ha
-1 

for each fertilizer treatment.  The intent of fertilizing was to factor out 

any nutrient inadequacies and allowed light environment to be the only or main limiting 

factor.   

 

The miscanthus plants had been growing without shading since October 2010 inside the 

greenhouse.  In February 2011, the miscanthus transplants had begun to put out green leaves.  

Prior to initiation of study treatments in early March 2011, the plants were cut to a height of 

10 cm and harvested biomass was dried and weighed for each individual pot.  This initial 

measurement of biomass was used for local control when grouping pots into plots to ensure 

homogeneity of experimental units at study commencement.  Each treatment had an equal 

initial mean biomass of 2.33 g pot
-1

 (±0.01).  Potted miscanthus was first subjected to shade 

in March, 2011.  Plants were monitored daily and hand watered to approximate field 

capacity.  Greenhouse plants received the standard pesticide applications given to all 

greenhouses at the facility to rid the plants of aphids and other insect pests.  

 

Above-ground Biomass Sampling 

Because of the fast growth and tall structure of giant miscanthus, two rotations were 

necessary during the 6 month period from March 2011 to September 2011.  The first harvest 

occurred in June and the next in September.  All plant material above 10 cm was clipped 

from each individual pot and bagged.  During the second harvest, above-ground material was 

separated into leaf and shoots/tiller material to determine above-ground allocation patterns.  

Biomass from each harvest was oven-dried at 65 °C to a constant weight (48-72 hours).  The 

biomass was scaled up by area expansion and was reported on an area basis by utilizing the 

dimensions of the planting containers in each treatment plot.  Greenhouse plots contained six 

potted plants placed side by side resulting in plot area of 0.65 m
2
.  For the outdoor treatment, 

there were three potted plants per plot resulting in a plot area of 0.325 m
2
. 
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Specific Leaf Area, Leaf Area Index and Biomass Allocation 

During the second and final harvest, above-ground material was separated between leaves 

and shoots.  One fully expanded leaf was randomly collected per plot.  Specific leaf area 

(SLA) and leaf to total above ground biomass ratio (leaf: total biomass) were used to 

determine the total leaf area at harvest. The surface area of the miscanthus leaf blades was 

directly measured to determine the maximum leaf area.  The surface area of one side was 

calculated by carefully tracing the leaf onto graphing paper with 5 mm
2
 accuracy.  Then each 

leaf was dried at 65 °C until constant mass and weight was recorded.  Specific leaf area was 

reported as square meter of leaf surface area per kilogram of dry leaf biomass (m
2
 kg

-1
).  The 

ratio leaf: total biomass was used to determine how much of the total above-ground biomass 

was made up of leaf material.  Determination of LAI and PAR requires only the 

measurement of photosynthetic surfaces (i.e. green leaf surfaces). 

 

For each pot, LAI (m
2
 m

-2
) was calculated by multiplying the total leaf biomass per unit area 

(kg m
-2

) by the SLA (m
2
 kg

-1
).  For the purposes of this study, maximum leaf area was 

considered the leaf area after each rotation because no senescence was ever observed .  

Maximum leaf area (LAIm) was determined for each treatment plot at the end of the first 

rotation and again at the end of the second rotation.  Leaf area was assumed to start at zero on 

day one and leaf area at harvest was the calculated LAIm, with a leaf area development 

similar to a related miscanthus species modeled by Vargas (2002). 

 

LAI development was determined based on published models from Vargas (2002) showing 

the leaf area development of M. sinensis. We assumed that giant miscanthus leaf area 

development would behave similarly, ranging from zero to LAIm.  LAI development was 

modeled in daily time steps from day 1 to 93 (first rotation) and then from day 93 to 186 

(second rotation).  Utilizing the beginning and end leaf area, each daily time step of leaf area 

development of each plant was modeled utilizing a second order polynomial equation (Eq. 1) 

that was fit to the Vargas data. 
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Equation 1.1: 

                           
             

           
 

Where: d        is day of experiment after day 0 of each rotation 

LAId    is leaf area index on day d 

LAIm   is the calculated maximum leaf area index of each plot 

LAIp    is the calculated leaf area in the Vargas model 

 

Rhizome Biomass Sampling 

After above-ground material was harvested and removed from each pot, rhizomes were 

manually separated from the potting mix. The potting mix was then passed through a 5 mm 

sieve to separate any remaining rhizomes.  Rhizomes were bagged and oven-dried at 65 
o
C to 

a constant dry mass.   Biomass of fine roots was not determined for all pots in this 

experiment due to time and labor constraints.  However, based on the few pots that were 

explored for fine roots (one from each treatment) - the biomass of fine roots would be no 

more than 40% of total below-ground biomass, with rhizomes making up the other 60%.  

Fine roots were not factored into any calculations in this study. 

 

Absorbed Photosynthetically Active Radiation and Light Use Eefficiency 

Absorbed incident PAR (APAR) was calculated in daily time steps based on total daily 

incident PAR values and LAI of the particular day.  Daily APAR values were then summed 

to give total absorbed PAR over the two rotations for each treatment.  APAR was calculated 

by Beer-Lambert law (Eq. 2) as a function of incident PAR, leaf area development and an 

extinction coefficient (k).   
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Equation 1.2: 

                       

Where:   d            is day of experiment after day 0 of each rotation 

APARd    is APAR on day d 

PARd       is PAR on day d 

LAId        is leaf area index on day d 

k              is an extinction coefficient  

 

PAR sensors within each shade chamber collected hourly averages of incident radiation 

reaching the top of the grass canopy.  PAR data was summed (MJ m
-2

 day
-1

) for daily time 

steps.  Leaf area development was determined as described above.  Plants with more upright 

leaf angles have lower k values due to upright angle of the leaves allowing greater 

penetration of light into the canopies (Kiniry et al., 2011).  Published k values for giant 

miscanthus were not found in published literature, however a range of k values for similar 

grass species ranged from 0.33 for switchgrass to1.0 for coastal bermudagrass (Cynodon 

dactylon)  (Kiniry et al., 2007).  Thus, the extinction coefficient was assumed as 0.5 for the 

giant miscanthus in this experiment.  Daily APAR values were then summed giving total 

absorbed photosynthetically active radiation over each rotation.  Light use efficiency was 

then determined by the ratio of above-ground biomass to the summed APAR values.  Light 

use efficiecny with the addition of below-ground rhizome biomass was also determined by 

the ratio of above plus rhizome biomass to the summed APAR values (LUEt). 

 

Statistical Analysis 

Statistical analyses of PAR, biomass and LUE were performed using mean values per block 

utilizing SAS PROC GLM (SAS Institute Inc., 2012).  Fixed effects were considered 

significant at the P<0.05 level.  The outdoor treatment (ONo) was excluded from any 

statistical analysis and was only used as a check for the effects of the greenhouse roof. 
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Results  

We were successful in creating four distinctly different light environments utilizing shade 

cloth.  The outdoor treatment was successful as a check for the greenhouse roof.  Although 

the outdoor treatment (ONo) received approximately 52% more PAR than the indoor, not 

shaded treatment (GNo), the harvestable biomass between the treatments was approximately 

equal.  This study was able to make a strong comparison of the effects of light environment 

on miscanthus productivity without varying temperature (i.e. each treatment was exposed to 

same temperatures but different light levels). All plants received irrigation and nutrition 

throughout the entire study and represent typical growth seen with sufficient resource 

availability. 

 

Growing Conditions: Temperature and Light Environment 

Average monthly maximum temperature inside the greenhouse ranged from 29 °C in March 

to 42 °C in July.  Outdoor temperatures were slightly less with average monthly maximum 

temperatures ranging from 16 °C in March to 34 °C in July (Figure 1.1).  During the months 

of July and August the temperature inside the greenhouse regularly reached over 40 °C.  

Miscanthus is know n to to be adapted to these warmer temperatures.   

 

The greenhouse roof caused reduced incident PAR by approximately 52% and the difference 

between ONo and GNo (Figure 1.2).  Shaded treatments inside the greenhouse received 61%, 

47% and 21% of GNo PAR for GLo, GMd and GHv respectively (Figure 1.3). Daily incident 

PAR values, as captured by PAR sensors above the plant canopy, are summarized in Table 

1.2.  The first and second rotation received similar amounts of PAR for each treatment over 

each time period.  Average daily incident PAR for each rotation shown in Figure 1.4. 

 

Harvestable Above-ground and Rhizome Biomass 

The outdoor and indoor-not shaded treatments accumulated the most harvestable biomass of 

all treatments over both rotations.  The outdoor and indoor, not shaded treatments had similar 
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harvestable above-ground biomass with 17.1 Mg ha
-1 

(±1.8) and 15.0 Mg ha
-1 

(±0.04) for the 

first rotation and 16.8 Mg ha
-1 

(±0.5) and 13.4 Mg ha
-1 

(±1.5) for second rotation, 

respectively.  Harvestable above-ground biomass from the shaded treatments were all less 

than GNo with first rotation harvests of 7.0 Mg ha
-1 

(±1.5), 4.0 Mg ha
-1 

(±0.9) and 1.5 Mg ha
-

1 
(±0.3) and for the second rotation harvest, 4.7 Mg ha

-1 
(±1.1), 2.5 Mg ha

-1 
(±0.9) and 0.2 Mg 

ha
-1  

(±1.0) for the GLo, GMd and GHv treatments respectively (Figure 1.7). 

 

Below-ground rhizome biomass of the four greenhouse treatments was 7.8 Mg ha
-1

 (±0.5), 

3.4 Mg ha
-1

 (±1.1), 2.6 Mg ha
-1

 (±0.4) and 1.5 Mg ha
-1

 (±0.2) for GNo, GLo, GMd and GHv 

respectively.  Rhizome biomass for the outdoor treatment averaged 10.9 Mg ha
-1

 (±0.5) 

(Figure 1.8 and Table 1.5).  The ratio of above-ground to rhizome biomass averaged 3.1, 3.6, 

3.4, 2.5 and 1.2 for ONo, GNo, GLo, GMd and GHv respectively (Figure 1.9).  There exists 

an exponential relationship between above-ground and rhizome biomass (Figure 1.10). 

 

Specific Leaf Area 

Specific leaf area increased as shading increased.  There was a large difference of almost 10 

m
2
 kg

-1
 between the outdoor and the heaviest shaded treatment inside the greenhouse.  

Specific leaf area for the outdoor treatment was 15.1 m
2
 leaf area kg

-1
 leaf biomass and 25.3 

m
2
 leaf area kg

-1
 leaf biomass for the heaviest shaded treatment inside the greenhouse (Table 

1.3). 

 

Maximum Leaf Area Index 

Leaf area index was assumed 0 at day one of the experiment and the day after harvest.  The 

LAI at harvest was assumed to be the peak levels of development.  Maximum leaf area index 

(LAIm) for June harvest was 15.55, 14.17, 7.18, 4.26 and 2.69 and for September harvest was 

15.28, 12.98, 4.96, 2.81 and 0.42 for ONo, GNo, GLo, GMd and GHv respectively (Table 

1.3).  Leaf area development was graphed using equations developed for M. sinensis by 

Vargas (2002) (Figure 1.5). 
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Light Capture 

Daily and total light captured by the photosynthetic leaf surfaces or absorbed 

photosynthetically active radiation (APAR) (Table 1.4).  The indoor shaded treatments of 

GLo, GMd and GHv captured approximately 50%, 30% and 8% of total APAR of the indoor 

non-shaded treatment (GNo) over both rotations.  Total APAR, as calculated from Lambert-

Beer law, for each rotation shown in Figure 1.6. 

 

Light Use Efficiency 

Light use efficiency for above-ground biomass was 2.8 (±0.2) g MJ
-1

 for the outdoor 

treatment and was the least of all treatments.  The greatest LUE for both rotations occured in 

the indoor, full sun treatment.  A slight decline in LUE occurred for the indoor treatments as 

shading increased.  The LUE declined for all treatments from the first to the second rotation 

(Figure 1.11). Light use efficiency increased for all treatments when rhizome biomass was 

factored in (LUEt) and averaged 3.7 (±0.1) g biomass MJ
-1

 for the outdoor treatment and 6.1 

(±0.2), 5.0 (±0.7), 5.4 (±0.7) and 6.8 (±0.4) g MJ
-1

 for GNo, GLo, GMd and GHv treatments, 

respectively, over both rotations.  Light use efficiency data summarized in Table 1.6 and 

Figures 1.11 and 1.12. 

 

Discussion 

The daily range of temperatures was greater inside the greenhouse during the warmer months 

of March through October and the daily range was greater outdoors during the winter months 

of November, December, January and February.  Temperatures inside the greenhouse 

exceeded temperatures outside the greenhouse for everyday over both rotations.  The light 

environment was significantly different between all five treatments (p<0.001).  The outdoor 

treatment had the greatest amount of incident PAR.  The ‘% GNo’ column in Table 1.2 

shows the percent incident PAR received for all treatments relative to the indoor, not shaded 

treatment.  The indoor, not shaded treatment received approximately half the incident PAR as 

the outdoor treatment, with even further reductions with the shaded treatments. 
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The outdoor and indoor, not shaded accumulated the most biomass, over both rotations.  The 

shaded treatments inside the greenhouse had significant reductions in biomass production.  

With temperature, irrigation and nutrition all constant, the reduction in PAR via shading 

caused the reduction in biomass.  While the outdoor treatment received double the amount of 

PAR as the indoor, not shaded treatment, these treatments produced similar amounts of 

biomass.  This has important implications relative to management of an intercropping 

system.  Our results may suggest that M. giganteus can still be highly productive even when 

up to half the amount of incident PAR is intercepted by an overstory tree canopy.  Rhizome 

biomass exhibited a similar pattern to the above-ground biomass. An exponential relationship 

existed between the above-ground and rhizome biomass (r
2
 = 0.8631).  This relationship is 

important when attempting to predict below-ground carbon storage.  A goal of most biomass 

operations is to grow the most biomass possible in a sustainable manner.  This study shows 

that high productivity of harvestable biomass means high productivity below-ground.  So as 

the harvestable biomass yield increases there will be an exponential increase in the below-

ground rhizome biomass, and thus potentially large increases in below-ground carbon 

storage. 

 

Specific leaf area is an important leaf characteristic in determining leaf area index.  We found 

SLA ranging from 15.5 m
2
 kg

-1 
(±1.6) for GNo to 25.3 m

2
 kg

-1 
(±2.6) for GHv, which is 

consistent with results of  Dohleman et al. (2009) who reported average SLA of 15.3 m
2
 kg

-1 

for giant miscanthus grown on a prairie soil in central Illinois, similar to the results found in 

this shading study.  As expected, a pattern of increased SLA with increased shading was 

observed.  The SLA of miscanthus increases slightly with increased shading and then a very 

large increase in SLA was observed in the heaviest shaded treatment.  Although shade grown 

leaves have more surface area per unit biomass, the leaves were thin and droopy compared to 

the more rigid sun grown grass blades.   
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The average ratio of above to rhizome biomass for all treatments was 3.3 (±0.3) and did not 

vary significantly between treatments except for the heaviest shaded treatment (p=0.0362).  

As shading increased this ratio went from 4.3 for GNo to 2.8 for GHv.  Givnish (1988) 

reported that whole-plant, fractional allocation of biomass to leaves is much greater in shaded 

leaves relative to leaves with full sun.  In our study, shading caused the miscanthus to 

allocate less production to the root system.   

 

The LAI values were much greater for the outdoor and greenhouse, not shaded treatments.  

The LAI values for the low, medium and heavy shaded treatments in the greenhouse are 

within range of published results for other miscanthus species (Beale, 1995).  Vargas (2002) 

found peak LAI values of giant miscanthus between 3.5 and 5.5. 

 

Our reported LUE values are slightly higher than the 2.76-3.29 g MJ
-1

 reported by Beale 

(1995)
 
but are reasonable considering the productivity of giant miscanthus and the optimal 

environmental conditions maintained in the greenhouse.   Jorgenson et al. (2002) reported 

average LUE values of 1.86 g MJ
-1

(±0.85) for 15 miscanthus genotypes grown in Denmark.  

Kiniry et al. (2012) found an average LUE of 3.71 g MJ
-1

 for giant miscanthus grown in 

Elsberry, Missouri, USA and 2.24 g MJ
-1

for irrigated giant miscanthus in Gustine, Texas, 

USA.  In our study the outdoor LUE was much less than the grasses grown inside the 

greenhouse.  This is not unexpected, given the constant optimal growing conditions in the 

greenhouse compared with the exposure to the natural weather conditions and other 

environmental factors associated with growing outside of a controlled environment. 

 

When the below-ground rhizome biomass was added light use efficiency (LUEt) increased 

for all treatments.  Treatments inside the greenhouse had greater LUEt than the outdoor 

treatments.  The same pattern of higher light use efficiency in greenhouse treatments versus 

outdoor treatments was observed in both LUE and LUEt. The greatest increase from LUE to 

LUEt was found in the most shaded treatment.  This is because of the ratio of above-ground 
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to rhizome biomass for the heaviest shaded treatment was 1.2, meaning almost double the 

amount of biomass was added to the LUE equation, thus driving the value up even greater.  

 

Conclusion 

Giant miscanthus is extremely sensitive to light environment once light levels are reduced to 

below approximately 650 umol m
-2

 s
-1

, regardless of temperature.  The harvestable above-

ground biomass was reduced with increased shading.  However, the plants grown in this 

study were tolerant with up to 50% reduction (from full sun at our study site) in incident 

PAR.  The light environment also affected below-ground rhizome biomass production.  

Rhizome growth had an exponential relationship to above-ground production.   

 

Regardless of shading, giant miscanthus has high light use efficiency.  Giant miscanthus can 

capture large amounts of carbon per land area in both above and below ground biomass.  An 

adequate light environment is required for giant miscanthus to produce high yielding 

harvestable biomass and sequester large amounts of carbon in below-ground rhizomes.  An 

understanding of the light requirement of giant miscanthus will guide intercropping 

management strategies for high biomass production and carbon storage. 
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Chapter 1 Figures 

 

 

Table 1.1 Description of five treatments with labels.  Shade treatments were created utilizing 

shade cloth of different weave patterns creating low, medium and heavy shading.  Treatments 

with “No” shade, were not covered with any cloth. 

 

Location Shade Label Reps 

Outdoor No ONo 3 

Greenhouse No GNo 3 

Greenhouse Low GLo 3 

Greenhouse Medium GMd 3 

Greenhouse Heavy GHv 3 

 

 

 

 

 

 

 

 
Figure 1.1 Maximum and minimum monthly temperatures over the measurement period from 

March to September 2011. 
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Figure 1.2 Daily incident PAR (MJ m
-2

 day
-1

) of outdoor (ONo) and greenhouse no shade 

(GNo) treatments over the growing period March 2011 to September 2011. Ratio shows the 

indoor, not-shaded treatment relative to outdoor. 

 

 

 

 
Figure 1.3 Daily incident PAR (MJ m

-2
 day

-1
) of the four treatments inside the greenhouse 

over the growing period March 2011 to September 2011.  Ratios show the indoor, shaded 

treatments relative to the indoor, not shaded. 
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Table 1.2 Mean daily and total incident PAR during the first and second 93 day rotations 

from March to September 2011.  Standard error of the mean shown in parenthesis. 

 

Treatment 

First Rotation Second Rotation 

PAR Daily PAR Total 
% GNo 

PAR Daily PAR Total 
% GNo 

MJ m
-2

 day
-1

 MJ m
-2

 MJ m
-2

 day
-1

 MJ m
-2

 

ONo 7.20 (0.27) 669.60 201% 8.01 (0.21) 744.5 220% 

GNo 3.59 (0.14) 333.57 100% 3.64 (0.10) 338.5 100% 

GLo 2.11 (0.10) 196.50 59% 2.33 (0.07) 216.3 64% 

GMd 1.60 (0.07) 149.03 45% 1.77 (0.05) 164.2 49% 

GHv 0.73 (0.03)  67.87 20% 0.79 (0.02) 73.9 22% 

 

 

 

 

 
Figure 1.4 Average daily incident PAR (MJ m

-2
 day

-1
) over the measurement period for the 

two rotations and the treatments ONo (outside no shade), GNo (greenhouse no shade), GLo 

(greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse heavy shade). 

Error bars represent the standard error of the mean. 
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Table 1.3 Specific leaf area, leaf:total biomass ratio, and LAIm for the first and second 

rotations in the five treatments. Standard errors of the mean are shown in parentheses.   

 

 

 

 

 

 

 

 
Figure 1.5 Leaf area index development for the first and second rotations from March to 

September 2011 for the five treatments: ONo (outside no shade), GNo (greenhouse no 

shade), GLo (greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse 

heavy shade).  Equations based on Vargas (2002). 
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m

2
 kg

-1
 ratio 

First 

Rotation 

Second 

Rotation 

ONo 15.1 (0.2) 0.60 (0.00) 15.6 (1.5) 15.3 (0.1) 

GNo 15.5 (1.1) 0.61 (0.02) 14.2 (1.4) 13.0 (2.7) 

GLo 16.5 (2.0) 0.62 (0.03) 7.2 (1.6) 5.0 (1.3) 

GMd 17.2 (2.2) 0.63 (0.03) 4.3 (1.0) 2.8 (1.2) 

GHv 25.3 (2.6) 0.69 (0.01) 2.7 (0.7) 0.4 (0.2) 
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Table 1.4 Mean daily and total APAR during the first and second rotations for the treatments 

ONo (outside no shade), GNo (greenhouse no shade), GLo (greenhouse low shade), GMd 

(greenhouse medium shade), GHv (greenhouse heavy shade).  Standard error of the mean is 

shown in parentheses. 

 

Treatment 

First Rotation Second Rotation 

APAR Daily APAR Total % 

ONo 

APAR Daily APAR Total % 

ONo MJ m
-2 

day
-1

 MJ m
-2

 MJ m
-2

 day
-1

 MJ m
-2

 

ONo 6.44 (0.16) 599.30 196% 6.66 (0.22) 620.0 217% 

GNo 3.28 (0.06) 305.70 100% 3.07 (0.21) 285.3 100% 

GLo 1.71 (0.17) 159.70 52% 1.45 (0.24) 135.0 47% 

GMd 1.07 (0.12) 100.00 33% 0.79 (0.23) 73.30 26% 

GHv 0.39 (0.08) 36.70 12% 0.08 (0.04) 10.50 4% 

 

 

 

 

 

 

 
Figure 1.6 Total APAR as calculated from Lambert-Beer law for each rotation and the 

treatments ONo (outside no shade), GNo (greenhouse no shade), GLo (greenhouse low 

shade), GMd (greenhouse medium shade), GHv (greenhouse heavy shade).  Error bars 

represent the standard error of the mean. 
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Figure 1.7 Average above ground biomass harvested for each treatment over the two growing 

periods for the treatments ONo (outside no shade), GNo (greenhouse no shade), GLo 

(greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse heavy shade). 

Error bars represent standard error of the mean. 

 

 
 

Figure 1.8 Average rhizome biomass on an area basis for the treatments ONo (outside no 

shade), GNo (greenhouse no shade), GLo (greenhouse low shade), GMd (greenhouse 

medium shade), GHv (greenhouse heavy shade).  Error bars represent the standard error of 

the mean.
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Table 1.5 Mean above-ground, rhizome and total biomass for the treatments ONo (outside no shade), GNo (greenhouse no shade), 

GLo (greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse heavy shade). Standard error of the mean is 

shown in parentheses. 

 

Treatment 

Above-ground Biomass Total Above  Rhizome Above:Rhizome Total Biomass 

First Rotation Second Rotation 
    

Mg ha
-1

 ratio Mg ha
-1

 

ONo 17.1 (1.8) 16.8 (0.5) 33.9 (2.0) 10.9 (0.5) 3.1 44.8 

GNo 15.0 (0.04) 13.4 (1.5) 28.4 (1.6) 7.8 (0.5) 3.6 36.2 

GLo 7.0 (1.5) 4.7 (1.1) 11.7 (2.5) 3.4 (1.1) 3.4 15.1 

GMd 4.0 (0.09) 2.5 (0.9) 6.5 (1.7) 2.6 (0.4) 2.5 9.1 

GHv 1.5 (0.03) 0.2 (1.0) 1.8 (0.3) 1.5 (0.2) 1.2 3.2 
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Figure 1.9 Total biomass partitioned between above-ground and rhizome biomass for the 

treatments ONo (outside no shade), GNo (greenhouse no shade), GLo (greenhouse low 

shade), GMd (greenhouse medium shade), GHv (greenhouse heavy shade).  Numbers above 

bars represent ratio of above-ground: rhizome biomass. 
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Figure 1.10 Relationship of harvested above to below-ground rhizome biomass on a per pot 

basis using all data for the five treatments: ONo (outside no shade), GNo (greenhouse no 

shade), GLo (greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse 

heavy shade). 

 

 

 

Table 1.6 Summary of light use efficiency calculated over the first and second rotations for 

above-ground biomass.  Average light use efficiency for above-ground biomass over both 

rotations (LUE) and light use efficiency with rhizome biomass (LUEt).  Standard error of the 

mean is shown in parentheses. 

 

Treatment 

Light Use Efficiency 

First Rotation Second Rotation LUE LUEt 

g MJ
-1

 

ONo 2.8 (0.2) 2.7 (0.1) 2.8 (0.1) 3.7 (0.1) 

GNo 4.9 (0.1) 4.7 (0.5) 4.8 (0.3) 6.1 (0.2) 

GLo 4.3 (0.5) 3.5 (0.3) 3.9 (0.4) 5.0 (0.7) 

GMd 3.9 (0.6) 3.3 (0.5) 3.6 (0.6) 5.4 (0.7) 

GHv 4.1 (0.4) 2.1 (0.9) 3.1 (0.5) 6.8 (0.4) 
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Figure 1.11 Light use efficiency as calculated from above-ground biomass (g MJ
-1

) for the 

first and second rotations for the treatments ONo (outside no shade), GNo (greenhouse no 

shade), GLo (greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse 

heavy shade).  Error bars represent standard error of the mean. 

 

 
Figure 1.12 Average light use efficiency calculated from harvested above-ground biomass 

(LUE) and harvested above-ground biomass with the addition of below-ground rhizome 

biomass (LUEt) for the treatments ONo (outside no shade), GNo (greenhouse no shade), GLo 

(greenhouse low shade), GMd (greenhouse medium shade), GHv (greenhouse heavy shade) 

Error bars represent standard error of the mean. 
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CHAPTER 2 

Early rotation biomass yield of intercropped Miscanthus ×giganteus with loblolly pine and 

the potential effects on soil carbon dynamics 

 

Introduction 

Current fossil fuel energy use and limitations have lead to a desire for alternative energy 

sources.  The United States currently imports approximately half of the petroleum it uses 

(EIA, 2010).  In 2011, North Carolina used over 4 billion gallons of liquid motor gasoline 

alone (EIA, 2012).  All of the petroleum fuels used in North Carolina are produced outside of 

the state, verifying our dependence upon energy produced elsewhere and not contributing to 

the agricultural, forestry or production economy of the state (Burke et al, 2007).  The 

Biofuels Center of North Carolina wishes to develop a large scale biofuels industry sector to 

reduce the state’s dependence on imported petroleum.  Burke et al. (2007) of the Biofuels 

Center of North Carolina call for a methodical and strategic development of new fuel 

feedstocks and set a goal of replacing 10 percent of imported petroleum with locally grown 

and produced biofuels by the year 2017.  Replacing the large volume of imported fuel will 

require millions of tons of biomass from cellulosic sources such as energy grasses and wood 

(Biofuelscenter.org). 

 

The use of biomass from dedicated energy crops as a renewable energy source may be one 

promising path to domestic energy production and to reaching the 10% goal (Cheng, 2010). 

Giant miscanthus is a perennial, C4 grass species which has been gaining attention as a 

possible dedicated bioenergy crop (Lewandowski et. al., 2000; Clifton-Brown et. al, 2004; 

Heaton, 2008; Heaton, 2010).  The Miscanthus genus is a monocotyledon plant of the 

Poaceae family and contains about 15 species.  A native grass of Eastern Asia, Giant 

miscanthus (Miscanthus x giganteus) is a sterile hybrid of Miscanthus  sinensis and 

Miscanthus  sacchariflorus. 
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Giant miscanthus as a feedstock 

Giant miscanthus has many favorable characteristics that should be found in an ideal biomass 

crop including the ability to recycle nutrients annually, high water, nutrient and light use 

efficiencies, and perhaps most importantly is the ability to produce a high yielding, uniform 

crop (Heaton, 2004; Anderson et. al., 2011).   With high nutrient use efficiency and 

translocation of assimilates during senescence, fertilization regimes are much less than 

typical row crops.  In fact, giant miscanthus has been shown to have little to no response to N 

fertilization (Miguez et al., 2008). 

 

Yield trials across Europe report annual dry biomass yields of 10 to 25 Mg ha
-1

 and trials in 

the U.S., although currently limited to the Midwest, report average yields of 22 Mg ha
-1

 

(Heaton et al., 2004).  Angelini et al. (2009) showed average yields of 28.7 Mg ha
-1

 from 2 to 

12 years of growth in Central Italy and demonstrated the favorable energy balance of giant 

miscanthus cultivation.  Beale and Long (1995) demonstrated the high light interception and 

conversion efficiencies of giant miscanthus grown under optimal conditions.  Their study 

also showed that the C4 grass can still maintain superior light conversion efficiencies under 

cool temperate conditions. 

 

Since the hybrid giant miscanthus species suggested for biomass production is sterile and 

thus produces no viable seed, giant miscanthus is propagated through planting rhizomes or by 

producing plants through tissue culture or stem cuttings.  Pyter et al. (2007) suggest planting 

rhizomes or plugs about 10 cm deep at 91 cm spacing. Weed control is necessary to produce 

a high yielding and spatially homogeneous crop.  Herbicide treatments are suggested to 

control weedy competition in the establishment year and as needed in the subsequent early 

years of production. 

 

Yields seen in years one and two (establishment period) are typically much less than what 

will be realized after the third growing season.  Published data from Clifton-Brown et al. 
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(2001) reviewed the performance of 15 miscanthus genotypes and found maximum yields in 

warm climates after two growing seasons and in cool seasons after the third growing season.  

In fact, many models of potential dry biomass yield of giant miscanthus commonly ignore 

the establishment phase (especially year 1), as annual biomass production continues to 

increase during the first 2 years and peaks around year 3 (Clifton-Brown et al., 2004; Price et 

al., 2004; Miguez et al., 2008). 

 

Harvesting of giant miscanthus can be similar to that of traditional hay crops.  The grass is 

cut and raked, then can be baled into either round or rectangular bales.  Transportation from 

the field to the conversion facility is provided by a truck and trailer.  Giant miscanthus 

establishment is considered to be rather expensive compared with other dedicated energy 

crops, so high yields are important to offset the costs of establishment.  Establishment costs 

are high because of the vegetative material that must be used rather than seed.  The 

establishment cost is offset somewhat because of the low demand of inputs such as fertilizer. 

 

Intercropping 

A common argument against the use of dedicated biofuel crops is that land currently 

producing food crops may get displaced (Heaton, 2008).  The development of new 

agrosystems to grow biomass sustainably while not affecting the human food supply will 

help build up the bioenergy market as a viable energy strategy.  Particularly, forest managers 

are interested in cultivating dedicated biomass crops in between tree rows of some forest 

plantations through an agroforestry system known as intercropping.  Intercropping on forest 

and timberlands minimizes the ‘food versus fuel’ argument and may increase overall 

production of the land. 

 

Successful applications of agroforestry systems have been employed all around the world and 

in the U.S.  In the Midwestern U.S., much focus is on intercropping black walnut timber and 

nut production , while in the Southeastern U.S. the major focus of agroforestry systems is on 
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forage, forestry and livestock production (Bandolin and Fisher, 1991).    In the Southeastern 

U.S. forage grasses have been successfully grown between rows of trees in a loblolly pine 

plantation (Clason, 1999).  However, there has been minimal research of intercropping in a 

pine plantation for biomass removals of dedicated energy crops. 

 

Carbon Isotope Discrimination 

Stable carbon isotopes can be utilized to understand soil carbon dynamics following a land-

use change (Cook, 2012).  There are two natural, stable isotopes of carbon, 
12

C and 
13

C, of 

which 
12

C is much more abundant with 98.9% of carbon in this form (Farquhar et al., 1989).  

Plants with different photosynthetic pathways (i.e. C3 vs. C4) show characteristically different 

discriminations against 
13

C during photosynthesis (O’Leary, 1981).  This discrimination can 

be measured by mass spectroscopy, with an output expressed as δ
13

C, or the isotopic 

signature.  This signature is a measure of the ratio of 
13

C:
12

C, and reported in parts per 

thousand (‰).  Smith and Epstein (1971) first reported 
13

C:
12

C for higher plants and found 

the signatures fall into two categories; low δ
13

C of -24 to -34 ‰ (C3 plants) and high δ
13

C of -

6 to -19 ‰ (C4 plants).  This difference in isotopic composition has now become a standard 

method to distinguish between C3 and C4 plants.  In practice, when a change in landuse/land 

cover occurs, such as growing a C4 plant on soils with former C3 vegetation, the amount of 

C4 plant-derived carbon can be estimated based on the changing of δ
13

C values of the soil 

carbon (Schneckenberger and Kuzyakov, 2007). 

 

O’Leary (1981) reports mean δ
13

C values for C4 (Hatch and Slack pathway) plants of -13.5 

‰ and for C3 (Hatch and Slack pathway) plants of -28.1 ‰.  Due to the distinct difference in 

isotopic signature between the C3 loblolly pine and C4 Giant miscanthus, we can directly 

measure the δ
13

C of the soil at baseline and into the future to partition any changes of soil C 

into gains or losses of pine or miscanthus derived carbon.  Binkley et al. (2004) successfully 

utilized this technique to show changes in soil carbon when a Eucalyptus (C3) plantation was 

established on a site with a prior land use of sugarcane (C4) agriculture.  Cook (2012) also 



 

 
 40 

utilized the difference in isotopic signature of C3 and C4 plants to quantify soil carbon 

turnover following reforestation of a C4 pasture with C3 Eucalyptus forest.  Cook’s study 

showed pasture carbon turned over and at the same rate (0.21 Mg C ha
-1

 yr
-1

) that forest 

carbon accumulated in the upper 15 cm of the soil profile.   

 

Hansen et al. (2004) reported a change in the δ
13

C signature of baseline values from -27.6 ‰  

to -25.6‰ and -22.8‰ after 9 and 16 year landcover change to miscanthus from a 

historically C3 dominated landscape.  Schneckenberger and Kuzyakov (2007) utilized δ
13

C 

values and found yearly incorporation of miscanthus-derived carbon in the upper 30 cm 

between 0.43 and 0.90 Mg C ha
-1

 yr
-1

 after 9 years of cultivation in a sandy and loamy soil 

respectively. 

 

An investigation into and intercrop management system is necessary to understand potential 

biomass yields and the affect of intercropping on both biomass and pine tree productivity.  

Intercropping may be a feasible strategy for growing dedicated biomass crops; however, 

there has been little research into intercropping within an intensively managed pine 

plantation.  The objectives of our study were to: (1) determine the feasibility and 

requirements of a successful giant miscanthus-loblolly pine intercropping system; (2) 

evaluate the effect of giant miscanthus on pine development; and (3) evaluate a long term 

scenario of future biomass yields based on giant miscanthus shade tolerance results reported 

in Chapter 1 and typical loblolly pine LAI development. 

 

Materials and Methods 

Study Design 

We established an intercropping field trial to determine the potential productivity of giant 

miscanthus planted in-between widely spaced rows of loblolly pine (6 meters).  The study is 

a randomized complete block design with three treatments each replicated twice in two 
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blocks (n=4) on approximately 0.2 ha plots.  The three treatments were replicated 4 times and 

include pine only (P), miscanthus only (M) and intercropped (PM) (Table 2.1). 

 

Site Description, Establishment and Management 

The study site is located in the Coastal Plain of North Carolina near the town of Kinston (35º 

16’ N, 77º 28’ W). The site was previously a 1976 loblolly pine plantation.  The soils at this 

site are Rains and Pantego series: Fine-loamy, siliceous, semiactive, thermic Typic 

Paleaquults and fine loamy, siliceous, semiactive, thermic Umbric Paleaquults, respectively.  

Soil is very deep and poorly drained but ditching has improved soil drainage.  Thirty year 

(1971-2000) mean annual temperature is 17.3 ºC with mean monthly temperatures ranging 

from 7 ºC in January to 27.2 ºC in July.  Mean annual precipitation is 1,257 mm with an even 

distribution throughout the year, with November being the driest month with 74 mm, and 

January the wettest month with 143 mm (CRONOS, 2011). 

 

Site preparation varied by treatment.  In December 2008, treatments with pine (P and PM) 

were V-sheared and bedded using a bulldozer.  Containerized loblolly pine seedlings were 

planted on beds at 1,100 trees ha
-1

 at 6.1 meter row spacing.  A liquid suspension based 

fertilizer with 3% nitrogen (N), 6.2% phosphorus (P), 2.5% potassium (K), 4.5% magnesium 

(Mg) and 2% calcium (Ca) was incorporated into beds to promote pine seedling root 

development and establishment.  

 

In May 2010, prior to planting of the inter-row area (PM), the slash and other debris in 

between tree rows was pushed off of the area by a V-shear plow attached to the frontend of a 

bulldozer.  Three rows of 5 cm containerized miscanthus (Illinois clone) plugs grown from 

tissue culture in a Florida greenhouse were planted in-between tree rows less than 72 hours 

after transport (Figure 2.1).  Miscanthus plugs were hand planted May 27, 2010 in rows at 

91cm x 91 cm spacing.  Miscanthus plugs were also planted at the same spacing in plots that 

had been completely V-sheared and root raked and contained no trees, bedding and minimal 
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slash left on site (M).  Miscanthus transplants were fertilized within a month of planting at a 

rate of 65 kg ha
-1

 N, 6.6 kg ha
-1 

P and 0.24 kg ha
-1

 B.  All plots where miscanthus was 

planted were treated with a pre-emergent and broad leaf herbicide within two months after 

planting.  The herbicide application caused a slight visible toxicity in some of the young pine 

trees.  Intended annual management of miscanthus will include mowing, raking and baling 

using standard agriculture equipment. 

 

Biomass Sampling 

To determine potential biomass yield, miscanthus biomass was harvested post-senescence 

(plants no longer green) from a rectangular shaped (2 m x 0.5 m) clip plot arranged 

perpendicular to tree rows.  All miscanthus above-ground biomass was cut at 10 cm from the 

soil surface.  In the M treatments, three clip plot locations per treatment plot were chosen 

randomly to ensure complete sampling coverage and no bias.  In the PM treatments, clip plot 

locations were chosen randomly, however biomass samples were collected on a transect 

between tree rows to capture plots from the full area between tree rows.  The clip plots in PM 

treatments were collected three times side-by-side at each of three locations per treatment 

plot, capturing a transect of 6 meters between tree rows.  The clip plots collected resulted in 

12 m
2
 of biomass harvested per M treatment and 36 m

2
 per PM treatment.  Biomass samples 

were then oven dried at 65°C to a constant weight.  To date, miscanthus biomass has been 

assessed twice, the first in December 2010 (seven months after planting) and again 

November 2011, hereafter referred to as the first and second season harvests respectively.  

Biomass yields were scaled up by area expansion.  However, in PM plots miscanthus plugs 

were only planted in areas between trees, or approximately 50% of the land area.  In practice, 

a one hectare field of PM only yields 0.5 hectares of Miscanthus biomass. 

 

Competing Vegetation 

Biomass of weedy vegetation was assessed using clip plots to determine the level of 

competition.  During the first biomass harvest, threem, 1 m
2
 clip plots from each treatment 



 

 
 43 

plot were used to collect all non-miscanthus vegetation.  Weedy vegetation was clipped at 10 

cm and bagged on site.  Material was dried at 65°C to a constant weight and total dry mass 

per plot determined.  Competing vegetation biomass was scaled up on 100% area expansion.  

This material was only collected during the first growing season. 

 

Pine Tree Production Measurements 

Contained within each 0.2 hectare treatment plot was a 0.05 ha measurement plot containing 

approximately 80 trees (4 rows of 20 trees) used for collection of tree growth measurements.  

Measurement plot boundary trees were flagged.  Pine tree height was collected with a tree 

height pole and ground line diameter determined using digital calipers.  Tree height has been 

collected three times (May 2010, January 2011 and January 2012), and ground line diameter 

collected during the two most recent measurements (January 2011 and 2012). 

 

Future Miscanthus Biomass Yield Prediction 

The results of giant miscanthus shade tolerance presented in Chapter 1 were used to predict 

future giant miscanthus dry biomass yields in these systems.  Based on LAI development 

data from a widely space loblolly pine stand (Flores et al., 2006), we hypothesize for how 

long into the rotation viable yields of miscanthus may still be expected before tree shading 

causes severe declines in harvestable biomass yield. 

 

A sigmoidal, non-linear regression was fit to the % reduction in PAR and biomass data from 

the results of Chapter 1 resulting in the following equation (r
2
=0.9998). 
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Equation 2.1 

        
      

         
            

       
 

Where:  Growth   is % of ‘max potential biomass’ 

 Light      is % of ‘full-sun’ PAR 

 

Next, data from a loblolly pine plantation in the Sandhills of Scotland County, North 

Carolina was fit to the Flores et al. (2006) LAI development model to determine average LAI 

from April to November for the first 10 years of stand development.  It is necessary to point 

out the Flores et al. utilized data from various tree spacing, while our study was at 6.1 m.  

Then utilizing the Beer-Lambert equation (explanation in Chapter 1) we calculated % 

reduction in ‘full-sun’ PAR based on LAI.  Finally, the % reduction in miscanthus biomass 

was predicted based on the average LAI and % reduction in PAR for each of the first 10 

years.  Two scenarios were examined; and optimal, with max biomass yield of 33 Mg ha
-1

, 

and a realistic, with max biomass yield of 22 Mg ha
-1

.  Establishment biomass yields based 

on collected clip plots for first two growing seasons and max biomass yield predicted for 

year 3 and beyond. 

 

Soil sampling 

Soil samples were collected at planting time (May 2010) at three depths (0 – 15 cm, 15 – 30 

cm and 30 – 45 cm) and again June 2011 for only the 0 – 15 cm depth using a push tube from 

ten random  locations in each plot, five in the inter-row space and five from the bed, and 

composited.  Samples were transported back to Jordan Hall in Raleigh, NC on ice and kept in 

refrigeration until analysis.  Bulk density samples were collected used bulk density hammer 

at two locations for each plot, one in the inter-row space and on from the bed.   
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Carbon isotope sample preparation and analysis 

Five different materials were prepared for carbon isotope analysis; soil from the interbed 

region of PM treatments from each of three 15 cm depth increments down to 45 cm, giant 

miscanthus leaves and roots, and loblolly pine needles and roots.  Air-dry soil was passed 

through a 2 mm sieve, then ground with mortar and pestle to pass through a 60 mesh sieve.  

Plant material was washed to remove any soil particles or other impurities and material was 

then air dried in paper bags.  Plant material was ground using a Cyclotec 1093 sample mill 

(FOSS, Denmark).  The ground, homogenous materials (soil and plant tissue) were weighed 

in tin capsules and sent to the UC Davis Stable Isotope Facility for carbon 13 (
13

C) analysis.  

Carbon isotope analysis was determined using a PDZ Europa ANCA-GSL elemental 

analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 

Cheshire, UK). 

 

Statistical Analysis 

Statistical analyses of biomass yield, tree height and ground line diameter were performed 

using mean values per treatment plot utilizing SAS PROC GLM (SAS Institute Inc., 2012).  

Fixed effects were considered significant at the P<0.05 level. 

 

Results 

Miscanthus Biomass 

The first season harvest of giant miscanthus that occurred was in early December, 2010 

(seven months after planting) resulted in whole site (50% area for PM) productivity of 0.48 

(±0.11) Mg ha
-1

 for PM and 0.94 (±0.20) Mg ha
-1

 for M.  Second season biomass harvest was 

performed late November, 2011 and resulted in whole site productivity of  4.21 (±0.67) Mg 

ha
-1

 for PM and 8.59 (±1.40) Mg ha
-1

 for M. (Figure 2.2) 
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Competing Vegetation 

Weedy competition was assessed during the first harvest in all treatments.  Pine treatments 

had the greatest biomass of non-woody vegetation with 3.5 (±0.4) Mg ha
-1

.  Intercropped and 

miscanthus treatments had similar competing vegetation biomass with 1.1(±0.3) and 1.4 

(±0.3) Mg ha
-1

 respectively (Figure 2.3). 

 

Pine Tree Growth and Survival 

Table 2.2 summarizes tree measurements and treatment averages for each plot.  Pine tree 

height at age 2 was statistically the same in P plots (1.75 m ±0.03) and in intercropped (PM) 

plots (1.71 cm ±0.02).  Tree heights the following year, at age 3 were also statistically the 

same and averaged 3.06 m (±0.04) in P plots and 3.08 cm (±0.03) in PM plots (Figure 2.4).  

Ground line diameter of P and PM plots averaged 5.20cm (±0.10) and 5.08 cm (±0.09) at age 

2, and 8.13 cm (±0.12) and 7.69 cm (±0.11) at age 3, respectively (Figure 2.5).  Average per 

tree above-ground volume averaged 4.77 (±0.19) and 5.24 (±0.39) dm
3
 tree

-1
 for P and PM 

treatments, respectively.  Average survival at the end of the third growing season was equal 

for both P and PM treatments.  Of the original planted trees 89% remained alive and in good 

condition across all treatments at age 3. 

 

Future Miscanthus Biomass Yield Prediction 

Leaf area index development and its effect on below-canopy PAR were successfully 

modeled.  Peak summer LAI was averaged for the giant miscanthus growing period from 

April to November.  There was a strong sigmoidal relationahip (r
2
 = 0.9998 between light 

environment and miscanthus biomass yield, based on the relationship of % reduction in ‘full-

sun’ PAR for each year and subsequent % reduction in predicted biomass yield (Figure 2.6).  

The model predicts future yields based on optimal and realistic biomass yields of 33 Mg ha
-1

 

and 22 Mg  ha
-1

 respectively. Table 2.3 shows the expected yields through the first 10 years 

based on LAI development, light reduction, optimal and realistic expected biomass yields. 
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Carbon Isotopic Signature 

Carbon isotope analysis of soil revealed δ
13

C signatures of -27.93‰, -27.56‰ and -27.07‰ 

for 0-15, 15-30 and 30-45 cm depths.  Carbon  isotope analysis of plant tissues revealed δ
13

C 

signatures of -12.68‰ and -12.12‰ for miscanthus leaves and roots and -29.66‰ and -

23.31‰ for pine needles and roots respectively  (Figures 2.7, 2.8 and 2.9). 

 

Discussion 

The full establishment of a miscanthus stand takes 3 to 5 years (Clifton-Brown et al., 2001; 

Heaton, 2004; Heaton, 2008; Anderson et al., 2011); therefore biomass may not have reached 

peak yields for this study.  However, after two growing seasons the giant miscanthus in our 

plots had successfully established a dense stand across all treatments.  Measurements 

collected on competing vegetation showed no difference between miscanthus only and 

intercropped treatments, suggesting weed pressure was equal for miscanthus during the 

establishment years.  Although, weedy competition was similar between treatments, there 

was still pressure and may have affected establishment to some extent.  First season harvest 

from this study resulted is less than 1 Mg ha
-1

 for all treatments.  Second season yields 

increased dramatically to more than 8 Mg ha
-1

 for both P and PM (100% area expansion).  

Clifton-Brown et al (2001) found first year giant miscanthus yields of 0.3 to 1.9 Mg ha
-1

 

across four sites in Europe, with second season yields increasing to 3.9 to 6.2 Mg ha
-1

.   

 

There was no significant difference in pine tree height or diameter through the first two 

growing seasons for the intercropped plots compared with the pine only stand, suggesting 

that site preparation and intercropping installation did not affect early tree growth.  This is a 

positive finding for intercropping management in that the intensive installation has not 

negatively affected early growth of the pine trees.  However, additional data collection over 

multiple years is necessary to produce conclusions regarding long term productivity.  Results 

from pine productivity trials across the Southeastern U.S. have shown that any divergence in 
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productivity among silivicultural treatments istypically not seen until later years in the 

rotation (Albaugh et al, 2004). 

 

Based on the calculated reduction in ‘full-sun’ PAR by the pine canopy we are able to predict 

approximately how much reduction in peak miscanthus biomass might be expected with each 

year of the rotation.  Results described in Chapter 1 suggest that giant miscanthus biomass 

will be significantly reduced with greater than 60% reduction in ‘full-sun’ PAR.  Modeled 

results for the first 10 years of the rotation suggest that by year six a 67% reduction in PAR 

can be expected.  The LAI peaked around age 8 (Flores et al., 2006) and resulted in a 

reduction of 71% in biomass (Table 2.3).  Based on optimal and realistic biomass yields of 

33 Mg ha
-1

 and 2 Mg ha
-1

 respectively, harvestable yields will fall below our minimum of 10 

Mg ha
-1

 at age 8 for optimal and age 6 for realistic. 

 

Carbon isotope analysis of plant material showed a distinct difference between the C4 

miscanthus and C3 pine.  C4 plants have a slightly higher amount of 
13

C incorporated into 

their biomass giving a greater δ
13

C value.  The δ
13

C signatures we measured in soil were 

consistent with the δ
13

C signatures from C3 plants, supporting that the historic land use has 

been dominated by C3 plants.  This is expected given that these lands have been planted in 

pine since at least 1976.   

 

The isotope analysis technique we used will allow us to compare the baseline soil values to 

future analysis and any change in carbon signature can be partitioned into C3 and C4 derived 

carbon.  Cook (2012) reported the δ
13

C signature in the upper 15 cm of soil once dominated 

by C4 pasture became predominantly C3after 9.7 years beyond reforestation of Eucalyptus.  

Additionally, Cook (2012) reported that it took 8 years for the C to turnover in the 15-30 cm 

layer, although the 30-45 cm layer remained dominated by C3 carbon.  For the intercropping 

system we investigated, the contrasting δ
13

C signature of miscanthus compared with the 

signatures of soil and pine should cause a shift in the isotopic soil C signatures as carbon 
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input from the C4 miscanthus begins to dominate.  This change will be most (if not 

completely) prominent in the upper 20 cm of soil, where the majority of the miscanthus roots 

are located.  Schneckenberger and Kuzyakov (2007) showed that between 76 and 85% of 

miscanthus derived carbon was concentrated in the upper 30 cm of soil. 

 

Conclusion 

Research on production of perennial grasses as dedicated biomass crops, particularly giant 

miscanthus, indicates that potential productivity is usually not realized until the third growing 

season.  In the first two years of establishment when intercropped in a pine plantation, giant 

miscanthus biomass yields are not indicative of full yield potential.  However the substantial 

increase in biomass yield (over 8 fold) from the first to the second harvest in our study 

suggests successful establishment.  Thus far, no treatment response has been seen in tree 

height or diameter. 

 

Based on modeled interactions of PAR, pine canopy and giant miscanthus grown below the 

canopy, we can predict that yields will be reduced by more than half by year 6.  Given the 

scenarios of optimal and realistic biomass yields, an intercropped management scenario with 

no tree thinning will allow for 4 to 5 years of miscanthus biomass harvests before yields are 

reduced to where intercropping is likely to be no longer economicallyfeasible.  This model 

does not consider any future tree thinnings or other silviculture treatments.  Thinning of tree 

stand density or increased tree row spacing (above current, standard practice) may allow peak 

giant miscanthus biomass yields to persist further into the rotation.  The development of an 

intercropping management plan must consider the light environment created in the inter-row 

space between pine rows where giant miscanthus is grown. 

 

Multiple studies have determined that giant miscanthus is a beneficial crop for soil carbon 

sequestration (Foereid et al. 2004; Hansen et al., 2004; Schneckenberger and Kuzyakov, 

2007).  Carbon isotope analysis for partitioning the source of soil carbon will be a useful 
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technique in continued evaluations of this intercropping system.  Soil sampling at increasing 

depaths will allow for imporved understanding of the soil C turnover and any 

additions/losses of soil C in the future.  
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Chapter 2 Figures 

Table 2.1 Three treatments explored with description of installation and establishment. 

Treatment Label Reps Site Prep and Establishment Planting Rate 

Intercropped PM 4 Containerized loblolly pine planted 

on beds and fertilized Dec 2008; 

Interrow area v-shear, miscanthus 

plugs planted and fertilized May 

2010; Herbicide treatment July 2010, 

April 2011 

1100 trees ha
-1

  

& 6000 plants 

ha
-1

 

Pine only P 4 Containerized loblolly pine planted 

on beds and fertilized Dec 2008 

1100 trees ha
-1

 

Miscanthus only M 4 Complete plot area v-shear May 

2010 (no beds, no trees); Giant 

miscanthus plugs planted and 

fertilized May 2010; Herbicide 

treatment July 2010, April 2011 

12000 plants ha
-1

 

 

 

Figure 2.1 Intercropped treatment (PM) with bedded loblolly pine planted on 6.1 m spacing 

(appox. 1,100 trees ha
-1

).  Three rows of giant miscanthus planted in in the interow area 

between trees at 91 cm spacing.  For miscanthus only treatment (M), giant miscanthus 

planted on 100% of the land area (91 cm spacing).  For pine only (P), standard management 

procedures for widely spaced loblolly pine plantation. 
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Figure 2.2 First and second season biomass yields for giant miscanthus harvested from M 

and PM treatments.  Biomass expressed as whole site productivity (PM biomass on 50% land 

area).  Error bars represent standard error of the mean. 

 

 

Figure 2.3 Biomass of competing vegetation and miscanthus collected during the first 

harvest.  Error bars represent standard error of the mean. 
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Table 2.2 Summary of tree height (Ht), diameter (D), survival and volume.  Standard error of 

the mean is shown in parentheses. 

 

    Jan, 2011   Jan, 2012     Volume 

Treatment Rep Ht, m D, cm Ht, m D, cm Survival dm
3
 tree

-1
 

P 1 1.75 5.04 3.06 7.51 90% 4.51 

2 1.82 5.40 3.14 8.06 85% 5.33 

3 1.73 4.84 3.06 7.63 93% 4.66 

4 1.69 5.02 3.06 7.53 89% 4.54 

PM 1 1.82 5.35 3.18 8.62 94% 6.18 

2 1.52 4.41 2.87 7.57 94% 4.30 

3 1.73 5.57 3.08 8.20 94% 5.42 

4 1.76 5.41 3.09 8.11 74% 5.32 

P mean 1.75 (0.03) 5.20 (0.10) 3.06 (0.04) 8.13 (0.12) 89% 4.77 (0.19) 

PM mean 1.71 (0.02) 5.08 (0.09) 3.08 (0.03) 7.69 (0.11) 89% 5.24 (0.39) 
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Figure 2.4 First and second season tree heights. Error bars represent standard error of the 

mean. 

 

 

Figure 2.5 First and second season baseline diameters of loblolly pine trees. Error bars 

represent the standard error of the mean. 
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Figure 2.6 Based on light requirement results found in Chapter 1 greenhouse study, LAI 

development based on Flores et al. (2006) and reduction in PAR found by Beer-Lambert 

equation.  The non-linear, sigmoid regress fit to the data had an r2=0.9998.  
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Table 2.3 Scenario of predicted giant miscanthus biomass reduction through an intercropped 

pine rotation as a function of decreasing incident PAR below the canopy due to pine LAI 

development.  Predicted yield scenarios of optimal and realistic start at year 3.  Feasibility of 

the length of rotation based on a desired yield of at least 10 Mg ha
-1

. 

 

Age LAIpeak PAR 

Miscanthus 

Biomass 

Yield 

 

Optimal 

 

Realistic 

years m
2
 m

-2
 % full sun 

% potential 

production 
33 Mg ha

-1
 22 Mg ha

-1
 

1 0.05 98.1% 99.7% 0.48 0.48 

2 0.1 96.3% 99.7% 4.21 4.21 

3 0.8 74.1% 98.6% 32.54 21.69 

4 1.5 57.0% 92.1% 30.41 20.27 

5 2.5 39.2% 61.9% 20.44 13.63 

6 3 32.5% 43.5% 14.36 9.57 

7 3.2 30.1% 37.2% 12.27 8.18 

8 3.5 26.9% 29.3% 9.66 6.44 

9 3.5 26.9% 29.3% 9.66 6.44 

10 3.5 26.9% 29.3% 9.66 6.44 
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Figure 2.7 Carbon-13 isotope signature of soil collected from the interbed of PM treatments.  

Error bars represent standard error of the mean. 
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Figure 2.8 Carbon-13 isotope signature of above-ground plant tissue, Giant miscanthus 

leaves and loblolly pine needles. Error bars represent standard error of the mean. 

 

 

Figure 2.9 Carbon-13 isotope signature of roots of Giant miscanthus and loblolly pine. Error 

bars represent standard error of the mean. 
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