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CHAPTER 1

1.1INTRODUCTION

Increase in carbon dioxide (GQand greenhouse gas concentrations along with energy
security emphasize the need for alternate transportatios fleeh bioenergy feedstocks
(Mc. Laughlin et al., 2002). However, using crop residues for thenet production is
raising concerns as it results in competition for land (BlamcbLal, 2007). Switchgrass
(Panicum viragtum L.) is considered an important herbaceous bioenergy feedstock
because of its high biomass yield potential, ability to grow orgimair land with poor

soil quality (Wright and Turhollow, 2010). Furthermore, it can pronswi¢ quality by
enhancing soil organic carbon (SOC) (Frank et al., 2004; Liebig, 2(4l5). Increased
SOC helps to mitigate the emissions of anthropogenig (C&, 1997). Along with deep
fibrous root system which extends to 3.3 m below soil surface (Val.ge2000),
switchgrass also helps to improve soil and water quality bgrifilj pollutants like
leached nutrients (N, P). Moreover, switchgrass has higher wateniamnden use
efficiencies and derives some additional N supply through fixaRanrich et al., 2005).
The deep and extensive roots of switchgrass can transfer lrganto soil, which
improves soil quality. The SOC content up to the depth of 30 cm wasrhimder
switchgrass than under cultivated crops (Liebig et al., 2005). Even thbagmdjor

source of soil C input is root biomass, the mechanisms underlyinchémges of SOC



and the availability of N are difficult to predict. Morphological graeters of individual
root and the entire root system are influenced by genetic vawyahild environmental
conditions, the parameters are potential indicators of the mineral nutrieke lygtalants
on different soils. Parameters such as root length, average eiamgit weight, and
surface area were used to determine quantity and functionahlsizg with predicting
responses to the environmental changes. Root length density (RhDXxrt® soil)
(Majdi, 2000), Root weight density (RWD) (mg ¢h{Leuschner et al., 2004) (Wood et
al., 2000), average diameter (mm), specific root length (SRL){gM (Ostonen et al.,
2007) are important parameters in evaluating root water and nuip&aite along with

environmental changes.

Among crop management practices, row spacing and cultivarisaleceé the most basic
criteria for optimizing biomass production. However, the effects re$idue,
environmental conditions, N fertilization, row spacing and cultivaiedihices on root
biology are not fully understood. Since root biomass in bioenergy creps&or source
of soil C input, it is important to understand how management practioddy different
root parameters. Therefore, different root characteristics diclayvass need to be
evaluated for sustainable production of bioenergy feedstock. The ogesdllof this
study is to evaluate different root characteristics and tHestribution and their

relationship to above ground biomass production.
Specific objectives of this research are:

(1) To evaluate switchgrass root characteristics as influenced by roimgpac



(2) To identify differences for root characteristics among switchgnalisars.
(3) To determine the relationship between switchgrass above ground bianthss

belowground root biomass.

1.2 Literature Review
1.2.1. Soil organic carbon (SOC)

The concentration of atmospheric carbon dioxide G@s increased from 280 ppm in
1850 to a current 392 ppm (NOAA/ ESRL, 2012). The changes in concentétibe
greenhouse gases (GHGSs) including,@®the atmosphere impact the energy balance
and directly lead to climate change (IPCC, 2007). Mainly, ©usd to be stored in five
major areas like oceans (38400 Pg), geologic sites (4,130 Pg), pedstegi(2,500 Pg),
atmosphere (760 Pg) and biota (560 Pg) (Lal 2008). Soil (pedology) sonkibbth
organic and inorganic C pools with each comprising of 1550 and 950 Pg, nesiyecti
(Batjes, 1996). The knowledge of C dynamic in soil is importai¢gsen emission of
GHGs since terrestrial ecosystem is the largest of tpedls. Through photosynthesis
process plants assimilate 120 Pg wf atmospheric C, of which half is returned to the
atmosphere by plant respiration and other the remainder is retimedgh soil
respiration. Among the contributors for increase in atmospherig €@@centrations,
fossils fuels are consider as major contributor at the rate dP@.C y*. In addition,
deforestation and erosion results in the C emission at thefrat® and 1.2 respectively

(Lal, 2008).



The SOC is an alternative form for soil organic matter ($3@Mich is an important
determinant of soil quality. SOM is widely recognized for its role ohtsological factor
(provision of substrate and nutrients for microbes), chemical (bodfemd pH changes)
and physical (stabilization of soil structure) properties. Theequestration process is a
bioprocess that can offset anthropogenic,Gfnissions with numerous ecosystem
positive aspects like supplying nutrients, buffering and soil pH, mat/ement and
various soil processes (Lal, 1997; Nissen and Wander, 2004). Generally, SOC
sequestration depends on inherent and dynamic soil properties. Inbreneerties such

as texture and depth and dynamic properties such as structnesalogy, tillage, and
residue removal determine the process of SOC sequestratipd4R@). However, the C

in the system is mainly dependent on inputs like biomass-C and otluentral factor

like climate, partitioning among components and net production (Wood, 2000). The
inherent and dynamic properties of soil determine the attainabkdsleof SOC

sequestration between potential and actual level (Field et al., 2008).

1.2.2. Root derived C on SOC sequestration

Photosynthetically fixed C is generally found to be transfieteesoils as plant litter,
exudates from roots and in non- agricultural ecosystems the majority of C icleuivisd
from roots (Gregory, 2006). The root:shoot ratio is very importal8Q& pool due to
higher contribution of roots to SOC cycle. Johnson et al., (2007) shivaedkdove and
below ground plant tissues helps in residue decomposition due to diffenertesnical

composition. The SOC was found to be 1.5 times greater when demreddots than



from shoots due to the presence of complex C compounds in roots (Balasdent
Balabane, 1996). The aliphatic compounds mainly resulting from roots@eeresistant
to degradation than those of shoots (Crow et al., 2009). Similarlye Rasa., (2005)
found that mean residence time of C from roots to be 2.4 tineesegrthan that derived
from shoot. It was also showed that stability may be due to thenmesof other
mechanism like root distribution with depth, lower surface areadgradiation reaction
(aggregation) , chemical reactions with different metallic imhsch helps to increase
derived C and their protective measure. Similarly, root exudaieofleposition) is
another source of C resulting from root (Johnson et al., 2006). Rhizodeposits
consumed by microorganism that are finally converted into re@aititorms of C since
it contains more decomposable compounds with short residing time (Ti4986b;
Kuzyakov, 2002; Gregory, 2006). Microbial process and rhizodeposits helps in
aggregation in protecting SOC against decomposition. These indloateeed for
additional research to understand the roles of various root chatcsenhich influence

the nutrient translocation from root to shoot and root to soil.
1.2.3. N- mobilization

Nitrogen is the most limiting element in plant growth and developni@ruber and
Galloway, 2008). Both Nii and NQ are the forms of N available to plants through
mineralization process of SOM from microbes, N source oflization or deposition
(US DOE, 2008). Thus, application of N to the plant will enhance G@tion through

the photosynthetic mechanism. N-alteration during SOM mineralizatiod C-



transformations is similar because of the elemental asswriafi C:N compounds
produced by plants and microbes (McGill and Cole, 1981). Thus, C and Nbsedyc
associated from photosynthesis to decomposition. High rate of atmashheéeiposition
and CQ emission is major a concern (Reay et al., 2008; Heimann and R&ictZ008;
Vitousek et al, 1997). Response of SOC with elevated &@ N and their interactions
with other elements is yet to be known which ultimately makdgficult to predict the

impacts of plant productivity and SOC pools (Van Groenigen et al., 2006).

With the application of N- fertilizer, SOC concentration was fowodbe elevated
(Johnson and Curtis, 2001; Christopher and Lal, 2007). Application of apprajosss
of N ultimately helps to increase SOC and soil N with inconpamaof plant residue
(Gregorich et al., 1996). Similarly, positive response to SOCfewasd with increase in

plant residue followed with appropriate supply of N (Alvareze and Lavado, 1998).

In contrast to the linear relationship of SOC and N fertilizatihan et al., (2007)
reported that with the application of inorganic N fertilizer, GG@oncentrations
decreased. The concentration of SOC decreased most prominemilgtsnreceiving
heavy doses of fertilizer even though there is higher residue wiflutcourse of time.
Khan et al., (2007) also concluded that heterotrophic decomposition@fa@g with
the N addition results in declining SOC concentrations. Similadylinear response was
observed in SOC and N application rates (Bradford et al., (200&)inifferent rates
of N- application that range from 0-100 kg N'ha™, the root derived sequestered C was

found higher at 30 kg N Hayr®. Bradford et al., (2008) concluded that application of



higher N rates (100 kg N Hayr™) will lower the mineral associated C and increase

organic matter associated fraction.

In the photosynthesis mechanism, the enzyme used for C- fixationsd@udid other
enzymes, account for more than 50% of total leaf N (Chapin, &042). When N limits
plant production, N application increases leaf N concentration leattingpigher
photosynthetic rates resulting in higher yield (Hyvonen et al., 200itis @ddition of N
in grassland enhances higher productivity and C input in soil (8aerBlair, 2008).
However, the response of belowground root biomass to the applicationi®fniit
apparent as found in above ground biomass. With the application of N, biomass
partitioning can be altered in plants (Thornley, 1972). The partitichiegry states that
plants distribute the fixed element to those organs which enhdreceptike of limiting
elements. Thus, alleviation of nutrient deficiency through externplti like N
fertilization can encourage plant to provide large portion of C to abowedrparts in
comparison to belowground root biomass. Altered biomass allocation wioparty due
to N- fertilization enhances biomass production along with coarse(*@dbmm) but
results in lower fine root production (Oren et al., 2001; livonen e2@D6; Nilsson and
Wiklund, 1995). Application of N fertilizer results in decrease off ig@ipiration which is
attributed to reduced fine roots production (MacGill et al., 2004; Olssah, 2005). On
the other hand higher N application results in faster turnover tham jmeduction of

fine roots (Raich and Nadelhoffer, 1989).



1.2.4. Switchgrass as Bioener gy feedstock

Biomass has been more recently considered as a renewable soergg in both
developed and developing countries (Sagar and Kartha, 2007). The use ofbtenewa
biofuels is mandated to increase from 18 billion liters to 136ohilliters by the US’s
Energy Independence and Security Act of 2007 (Energy Independen&eeunity Act,
2007). As ethanol production from corn ethanol is reaching its hignavall,
lignocellulosic ethanol production technology is being made moreiesif. Increased
proportion of CQ, a greenhouse gas in the atmosphere can be reduced by enhancing the
use of potential biofuels instead of fossil fuels and also be a souimeome for farmers
(Lemus and Lal, 2005; Liu et al., 2010). According to Scharlemann ancricar
(2008), non-food plants (switchgrass, trees, algae) can benefit envirooongpered to
ethanol produced from food sources (corn, sugarcane). Switchgrassheseleeted as
potential bioenergy feedstock for its high biomass production andeffestive growth
characteristics because of its low input high diversity (LIKNAgLauglin, 1992; Bransby

et al., 1998). Switchgrass has higher potential for C sequestfedibnatmosphere as

well as improves soil quality via its root system (Wood etl#196). The C@emission

from the use of switchgrass as an energy crop is 1.9 kg'Gvile from fossils fuels is

13.8, 22.3, and 24.6 for natural gas, petroleum and coal, respectively (Turhollow and
Perlack, 1991). Switchgrass with its deep fibrous root sys&audden et al., 1991) has
major proportions of fine roots, main pathways of nutrients, have lax#act with
volume of soil per unit root volume (McCully, 1999). Any increase iseGuestration by

switchgrass will be due to increased root biomass rather theeaged C concentration



(Ma et al., 2000). Deep root system of switchgrass enhancesapoliiitering and

increase SOC (Sartori et al., 2006; Tolbert et al., 2002).
1.2.5. Characteristics of switchgrass

U.S. Department of Energy (DOE) selected switchgrass psomising herbaceous
energy crop by evaluating 34 different species (McLaughlin aal$iy1998; Bransby et
al., 1998). Being perennial and native in its habitat, it is distthbinn a wide range of
environments and can be grown with minimal management on malgnaalvith poor
growth conditions (Sanderson et al., 2006). Moreover, switchgrass, pg®tosynthetic
mechanism that entitles higher N and water use efficiencysamtimes results in N-

fixation with bacteria.

There are two ecotypes of switchgrass, lowland and upland. Lowlzotgpes produce
more biomass, are taller and with thicker stems than upland csl{iRrarrish and Fike,
2005). Upland cultivars are more drought tolerant than lowland cultivEng. average
production of switchgrass above ground biomass ranged from 12-21 Machess 13

states in US (McLaughlin, 2005).

The deep and fibrous root system of switchgrass benefits in tnamgfe which

improves soil quality (Ma et al., 2000 a). SOC distribution is founbettiigh over the
entire soil profile under switchgrass plots than under cultivatedslgLiebig et al.,
2005). Ma et al., (2000 b) reported that switchgrass root extetaltbp depth of 3.3 m

below soil surface with 65-80% of roots found mainly in the top 0.&5maddition, the



establishment of switchgrass benefits in C mineralization, omi@r biomass C, C

turnover and other several soil properties (Wood et al., 2000).

Biofuels are not the final option for solving the problems like enerprcgdy, C
sequestration, but the sustainable production of biofuel could be an intatenaglion to
enhance renewable fuel sources. Therefore, basic necesaityustainable method of
cultivation for all the changes associated with soil quality andehigimoduction of

bioenergy crops.
1.2.6. Root Characteristics

Root system is known to have a high degree of plasticity in resporgiferent soll
condition. Root architecture is a fundamental characteristicaot production especially
in an environment with limited availability of water and nuttiéLynch, 1995). Higher
root biomass and higher root to shoot ratio may be advantageous to plathis i
acquisition of nutrients and water in any environment (Rogers dt984). On the level
of the individual root and the entire root system, various morphologicamesers,
which are influenced by genetic variability and environmental ¢iomgdi, have been used
as potential indicators of the mineral nutrients of plant on eiffersoils. These
parameters include root length, average diameter, root weighsuafate area that are
used to determine quantity and functional size along with predictisgonses to the
environmental changes. Root length density (RLD) (crit swil) (Majdi, 2000), root
weight density (RWD) (Mg ci (Leuschner et al., 2004) (Ma et al., 2000 b), average

diameter (mm), specific root length (SRL) (cm MgOstonen et al., 2007) are important

10



parameters in evaluating root pattern on crop water and nutrient upl@hkg with
environmental changes. The RLD is often used to characterizreahgystem (Beshart et
al., 2009) and is an important parameter in crop growth simulationnaadaluating
consequences of root pattern on crop water and nutrient uptake (Zhahn@@d1l). It is
mainly influenced by crop genotype, growth phase, soil depth and amatkenutrient
availability (Robinson, 1994; Sattelmacher et al., 1993), elementatityoXike with
aluminum and manganese (Williams et al., 1984) and soil propdikie structure,
strength, bulk density and texture (Jones, 1983). Furthermore, RLD i$ieddoly the

crop response to environmental factors.

Similarly, RWD is an important parameter to observe the acctionuland translocation
of nutrients (Ma et al.,, 2000). RWD is mainly influenced by nutreardilability, soll
types and different cultivation practices (Ma et al., 2000 b). Yans in root biomass
production in different soil type will be an important indicator foe sielection and for C
sequestration by switchgrass (Ma et al., 2000 b). SRL is thé frezpiently used
parameter to measure fine roots since it characterizesctivmic aspects of root
systems and is an indicative of environmental changes. Fitter (Li8ed)length/ mass
ratio as an index of root benefit to root cost where benefit is propattio the resource
acquisition and cost as construction and maintenance (Eissenstat, 19873Ri (long
and thin root) is equivalent to thin leaves, are less expensive to pr@diihington et
al., 2006). Fine root (<0.5mm-2mm) distribution is mainly responsible to for nutrient and
water uptake while coarse root (>2mm) is responsible for thadpmed stability of fine

roots and for nutrient transport (Ostonen et al., 2007).

11



1.2.7. Root M easurement

Analysis of root parameters is always time consuming and oftarcurate due its fine
distribution (Van Tienderen, 1990). There are various methods to detenoot
parameters. Line intersect method was first introduced by New(h966) and later it
was modified by Marsh (1971) and Tennant (1975) in which roots are randomly
dispersed over gridded surface, in which gridline intersectionousited and later
converted into manual calculation. It has higher error probability simtm®esn’t account
for overlapping and with same assumption of random distribution of rodér,La
electronic methods were used for the image acquisition of ro@nsyite video camera
(Ottman and Timm, 1984), Optical sensor (Arsenault et al., 1995). Miatrbn
observations is a non-destructive method but has disadvantage since itinge
consuming process of translating qualitative to quantitative dasa(sendrick and
Pregitzer, 1996). The image analysis system RHIZO is berigfaise since it identifies
area of root overlap and make corrections. It also provides figur@obflength on the
basis of diameter and provides different types of image likgsgade, skeleton type and

other digital image with different resolution (Arsenault et al., 1995).

12
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CHAPTER 2

Evaluation of Switchgrass Root Characteristics as I nfluenced by Different Row

Spacing

Abstract

Biofuels that replace fossil fuels have the potential to redoeenpouse gases in the
atmosphere. Switchgras®ahicum virgatum), a dedicated energy crop, has higher
potential for carbon sequestration as well as improves soil quaditits root system.
Switchgrass cultivation practices like row spacing may diffebiomass production and
sustainability due to differences in root distribution and biomass. Waweformation
on switchgrass root growth and its distribution is extremelytdichi The objective of this
study was to analyze switchgrass root characteristicshanddistribution over the entire
soil profile (0-1.1 m). Measurement of root parameters wasedaout with an image
analysis system (winRHIZO) with grey level image type wlifl® dpi resolution. Root
length (RL) was found to be higher at narrow spacing (19.0509n24.86% at August,
while it was in wider spacing (76.2 cm) at December by 26Upper depth(0-0.1 m).
However, root length density (RLD) was observed to be 42% highewatr Idepths
ranging from 0.2-1.1 m, under narrow spacing (19.05 cm), at the end ohgreaason.
Root weight density (RWD) was significantly higher in Decenti@wrest than in August

harvest over entire soil profile at higher spacing by 28.4%. &imdsults were also
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observed for average diameter. Greater increase in averagetelisoy 29%, 41% and
12.5% at upper depth in 19.05 cm, 38.1 cm and 76.2 cm row spacing, respeaiagly,
recorded by the end of growing season. However, specific roohl€88L) was higher
by 42% with 19.05 cm spacing than 76.2 cm spacing and highly correldtedverage
diameter (B=0.96). More than 75% of total root was of fine roots (0-2 mm diadnete
and were more in lower spacing during growing season while highe@dar spacing at
end of season. No any significant relation was observed in root bicmhatifferent
spacing practices but above ground biomass was significantly Hit@®0 kg ha) in
76.2 cm spacing than with narrow spacing (11000 Kb.Rdariation in switchgrass root
characteristics owing to different cultivation practices wdlan important determinant in

C sequestration as well as in soil quality improvement.
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2.1. I ntroduction:

Increased concentration of @QOa potent greenhouse gas, in the atmosphere can be
reduced by replacing biofuels with fossil fuels. Switchgriaas high potential for C
sequestration from atmosphere as well as improves soil qualiitg vizot system (Ma et
al., 1996 a). C@emissions from the use of switchgrass as an energy cropkg C.9J

! while from fossils fuels it is 13.8, 22.3, and 24.6 kg C' @l natural gas, petroleum
and coal respectively, (Turhollow and Perlack, 1991). SwitchgRessocum virgatum
L.) with its deep fibrous root system (Sladden et al., 1991) has pr@portions of fine
roots, the main pathways of nutrients which have larger contéttvaiume of soil per
unit root volume (McCully, 1999). Any increase in C sequestration litgtsgvass is due
to increased root biomass rather than increased C concentratioat (M., 2000). Root
systems are associated with high scale of agility in tlewrelopment in response to
heterogeneity of the soil. Plant root system is very crdoialabove ground biomass,
fluxes of energy, nutrients cycling, anchoring the plant in soidi to absorb water and
nutrients. On the level of the individual root and the entire root systamous
morphological parameters, which are influenced by genetic vidtyadnd environmental
conditions, have been used as potential indicators of the minerantsitof plant on
different soils. These parameters include root length, averageetdig root weight,
surface area, used to determine quantity and functional sizg adh predicting
responses to the environmental changes. However, measuring ghlathisetres are
tedious and time consuming. Root length density (RLD) (cii soil) (Majdi, 2000),

Root weight density (RWD) (Mg ci) (Leuschner et al., 2004) (Wood et al., 2000),
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average diameter (mm), specific root length (SRL) (cn)nf@stonen et al., 2007) are
important parameters in evaluating root pattern on crop water andmutptake along
with environmental changes. Variations in growth and N demand manflbeniced by
plant competition for the nutrients and physiological basics andoibtesystem size.
Sanderson and Reed (2000) reported that plant increased in dry weighphahterow
spacing is increased and also they found that plants with full ystnss grown together
or at close distance may remove more N. However, switshgomt distribution pattern
in different row spacing and different soil layers is yet unknowre ®bjective of my
study was to evaluate different root characteristics withr testribution pattern in
different row spacing and how their distribution pattern influenbesabove ground

biomass.
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2.2. Materialsand Methods;
221, Fied Setup:

This experiment was conducted at an experimental field ik&tdr (Agronomy Farm),
Payne County, Oklahoma. According to the Field and Research Semnicé-BSU) of
Oklahoma Agriculture Experiment Station the soil type is Easpam (Fine-loamy,
mixed, superactive, thermic Fluventic Haplustoll) with 0 to 1 percope and
occasional flooding. Climatic variations from hot summer to cootlvgzaand occasional
drops due to cold surges, relatively uniform precipitation (peak ingpaind infrequent

snowfall are major characteristics of Payne County (Henley et al.,.1987)

Alamo, a cultivar of switchgrass was used in the study. The giants were established
from seed in April 2009 with three different row spacing of 19.05, 38d 76.2 cm
where these row spacings were regarded as different treatinehtand 3, respectively.
The experimental design was randomized complete block design vagtiGtions, each
replication being a large plot of 10 m wide x 15 m long with 20leyslin between two
replications. No fertilizer was applied. The plots were maetawith no application of
irrigation, herbicides and other minimum management practices hBoevialuation of
root morphological characteristics, the root biomass was hativasteeak growth and
after senescence, i.e. in the month of Augu¥thdrvest) and December'{harvest) of

2010. Harvest implies the root sampling period.
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The root biomass samples were taken from in-between row and oomtifeom east to
west of each plot. The GPS coordinates and the layout of the fiefdgoeoshown in the

Table 1.1.
2.2.2. Sample collection:

A tractor mounted hydraulically powered soil core sampler wad teseollect the root
samples from the depth up to 0.1m. The core sampler with a diam&®noh was used

to collect the root samples. After collecting cores, the sesnwkre separated according

to the soil depth layer that ranges from 0-1.1m. From each fieeesections were
separated into 0-0.1 m, 0.1-0.2 m, 0.2-0.4 m, 0.4-0.8 m, and 0.8-1.1 m. Each depth
sample was placed in a plastic bag with required label. détesamples were carried to

cold storage (&) so that the root samples in the bags remained fresh until washed.

The samples were carried out from the cold storage to thevkere samples were
washed to get clean root samples. The soil attached to theinoples were washed with
cold tap water. The sieve with small pore size (< 1 mm)usasd to wash the samples so
that fine roots can be collected without any loss. The washed rogilesa were
transferred to clean plastic bags with required label andglacthe refrigerator until

measurement. No separation was made between live and dead roots.
2.2.3 Measurement and analysis:

The root measurements were carried out to determine the modifiechorphology due

to row-spacing treatments. The image analysis system, WinRbirewase (ver.5.0.
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Reagent Instruments, Quebec, Canada), which has the capabilitylyfiramamages
acquired from a flatbed scanner (LA 2400, Epson) was used to measureothe
parameters. The root parameters measured include root lengtthga diameter, surface
area, root volume and distribution of root length according to thaimeter. Before
measuring the samples, the system was calibrated with the resolution of {DOtdper
inch) in grey level image and roots were measured with ahee gesolution. The root
length of the samples at each depth were collected in orderetonite the root length
density (RLD) (cm crif).The RLD was calculated as root length divided by soil volume

of specific depth.

RLD= RL/Vol. where, RL= Total Root length of specific depth and \folTotal soll

volume of specific depth

Similarly, specific root length (SRL) (cm rifgwas calculated as total root length divided
by root weight for each depth. After measurement of root santpkeg were oven dried
for 24 hours at AT. Then, dry weight was taken in order to calculate root weighttgens

(RWD) (mg cm®). The RWD was calculated as
RWD= RDW/ t * CR? * CL)
Where, RDW= Root dry weight, CR= Core radius, CL= Core length.
Similarly, Root mass (RM) in kg Havas calculated as follows:
RM=RWD * CL *100

Where, 100 is used as a conversion factor of area and mass.
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Distribution of root length according to their diameter was esq@@ in percentage. The
roots were classified on the basis of diameter classesaasecroots (> 2mm diameter)

and fine root (<2 mm diameter).

The GLM procedure using the SAS package release 9.2 (SAS Institute, 2002) was used t
estimate for all the main and interaction effects on RL, RRD/D, average diameter,

SRL and RM. The data were analyzed with two way ANOVA modetvaluate the
treatment effect (row spacing) and harvesting time effecteach depth. Treatment
differences were compared with LSD at probabilify) (value at 0.05 level of

significance.
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2.3.Result and Discussion

2.3.1. Root Length:

Roots of switchgrass were found to extend up to 1.1 m below surfaoeldRgth (RL)
was found to be higher in the surface layer i.e. 0-0.1 m but conseqdeatbased with
depth up to 1.1 m below surface in all row spacing (19.05, 38.1 and 76.2 cm).pda im
of row spacing on RL is shown in Table 1.2, the interaction of rowirspavas not
significant P=0.05) with harvesting period, but was significaR=0.05) with soil depth.

At peak growth stage (Augustiharvest) RL was higher in narrow spacing (19.05 cm)
by 24.86% than wider spacing (76.2 cm) as shown in Figure 1.anlbe attributed to
higher competition for nutrients that produces more fine roots in ttfacsutayers.
Switchgrass with its fibrous root system has major proportiorfsiefroots, the main
pathways of nutrients, and therefore has larger contact with voltisw@l ger unit root
volume (McCully, 1999). Similar relationship was found at the end of gigpweason
(December-? harvest), decreasing with depth. The RL increased by 26% vidtér w
spacing at % harvest when compared té' harvest. In contrast, 24.7% decrease in RL
was recorded at the depth of 0-0.1 m in narrow spacing (Figure hiln Barrow
spacing roots continue to elongate deeper as fine roots at surfaeeledegyider row
spacing has enough exploration volume so it explores the surfgees leather than
deeper layers. At lower depth (0.8-1.1 m) RL increased by 50%iowapacing but at

higher spacing (76.2 cm) no change was recorded.
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2.3.2. Root Length Density:

The distribution of roots in soil is necessary to ascertain #figict on water and nutrient
uptake by plants which could be achieved by the analysis of rodhldegsity (RLD).
Root length per unit soil volume i.e. RLD was found to be highdreatipper soil depth
in all spacings and was significa(®=0.05) with soil depth. However, no significant
interaction was observed with harvest frequency and row spadmgarSobservations
were made by De Silva (1998). RLD was higher by 24% in narroairgpé19.05 cm) at
upper depth (0-0.1 m) compared to wider spacing RLD. About 83% ofRafalwas
found to be concentrated in the top 0.2 m depth (Figure 1.2). Duringdwengrseason
nutrient and water absorption is mainly carried out from the ceittayers. However, at
2" harvest RLD was higher by 24.7% in wider row spacing at uppeh.daptiower
depths, (0.2-1.1 m) lower spacing resulted in a higher RLD of 42% codnwérewider
row spacing. It may be due to the fact that RLD is mainigcééd by root exploration
space, as less space creates more competition for uptake oftsuanel water so that
fine roots are more at upper depth. Increase in RLD resultshmiigient uptake due to
increased exploration of soil by the roots (Barber and Silberbush,. Ba843t the end of
the growing season roots use available resources for elongatioyotsf rather than
accumulation of nutrients. At soil depth of 0.8 to 1.1 m RLD was highet986 in 2°
harvest than*Lharvest at lower spacing but was equal at higher spacing ahdrvtsts.
In general, RLD was found to be higher during the growing seafiuer than at the end
of the season due to the flushes of new roots occur in spring wh&ilar to the

observations of Atkinson (1980).
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2.3.3. Root Dry Weight:

Impact by different row spacing on root dry weightshown in Table 1.4. Higher row
spacing has higher root weight at the upper surface i.e.0-0.2 mthuheneasing depth
lower spacing had higher root weight. Root weight is signifigacbrrelated with
harvest frequency and soil depth (Table 1.4) but no such relationshipbsved with
row spacing P=0.05). As expected, root weight declined with soil depth as observed by
Mengel (1974). Root weight was found to be higher in row spacing 76® @8.4%
than 19.05 cm spacing at upper depth. From the depth of 0.1-0.2 m the rgbt wei
decreased sharply and continued to decrease with depth. While conslienegting
frequency, root weight was found to be higher with wider row spagibgth harvests at
surface. Root weight was significantly higher il{ Barvest than inSLharvest in all soil
profiles (Figure 1.3). It implies that higher root exploration voluniéresult in higher
root weight density which is related to nutrient and water akiearply root. But here,
with decrease of root length density iff Barvest at narrow spacing it resulted in the
increasing root weight at the same depth. It implies that legth exploration volume, it
will degrade fine roots which are mainly used for nutrient absworpt the form of
carbohydrate or protein at the end of growing season and it ma@sbjts in the
accumulation of nutrients in the upper depths while an elongation of natbex than
accumulation is found in lower profile. This finding is similarthe result of Ma et al.,
(2000 b), which showed wider spacing has higher RWD in which they assum
exploration volume is directly related with RWD and presencanef foots (<2.0mm

diameter) is inversely related with RWD (Atkinson 1998).
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2.3.4. Average Diameter:

The evaluation of average diameter at different row spaa@nghown on Table 1.5.
Average diameter was significant with harvest frequency andiepih but did not differ
significantly (P=0.05) between different row spacing. Though we observed RLD was
higher in narrow spacing but the average diameter was higherder wpacing by
28.57% at upper depth. Higher average diameter was observed in widgpaowg in
the entire soil profile. By the end of growing season (Decentberg is more increase in
average diameter by 29%, 41% and 12.5% at the surface in 19.05 cm, 3&d ¢t
cm row spacing, respectively (Figure 1.4) comparedtbakvest i.e. in August harvest.
At the end of growing season, RLD decreased at narrow spabie implies that loss
of fine roots and decrease in accumulation and storage of nutbentsvith high
exploration volume it can produce more roots which results in more &id less

increase in average diameter.

2.3.5. Specific Root Length

Specific root length at different row spacing over the entirepsofile is shown in Table
1.6. Higher root length and lower root weight will results in highleL and vice versa.
Narrow spacing has higher SRL at upper depth by as much as 41%redmpavider
spacing. It may be due to the presence of higher fine root (<Q.5mantion, which
increases RLD but lowers RWD. Ifi%harvest SRL was found to be reduced over entire
soil profile compared with 1 harvest. This is due to increased root weight and
simultaneous decrease in root length. As we found that RLD washi§i®ér at lower

depth i.e.0.8-1.1 m in"2harvest which implies that there is simultaneous increase in root
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length and root weight so there is 29% decrease of SRL comparéthanest and
greatly correlated with average diametef5®96) (Figure 1.6). Similar results were
evident in other studies (Bartsch, 1987; Leuschner et al., 2004; Ostbaén 2007)

which showed that average diameter and root distribution are highly caireitteSRL.

2.3.6. Root distribution accordingto the diameter:

Root distribution (%) according to the diameter over the soil pratfileifferent row
spacing and harvesting frequency is shown in Figure 1.6.% Imfvest (peak growth,
August) fine roots (0-0.5 mm) were highly distributed in the upperhdeptnarrow
spacing but low in wider spacing i.e. <50% which implies that high€& in 19.05 cm
and 38.1 cm row spacing than 76.2 cm. Il Rarvest narrow spacing resulted in
decreased RLD which is a result of decrease in fine rootsatcaunted for less than
40%, similar result was found with row spacing of 38.1 cm. But rowisga’/6.2 cm
showed higher proportions of fine roots, which resulted in higher RLD &vbD.RMore
than 75% of total root is comprised of fine roots (0-2 mm diametedgrger presence of
fine roots results in higher SRL. Since SRL is strongly deperatettie fine root classes

(Ostonen, 1998).

2.3.7. Aboveground biomassvs. below ground biomass:

The effect of row spacing on biomass yield of above ground and bekivoven Figure
1.7. Higher yield was recorded with in wider row spacing whichsignificantly

(P=0.05) higher than narrow spacing but no significgf®=0.05) difference was
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observed from row spacing 38.1 cm with other spacing. Around 15000 kgotha
aboveground biomass was recorded from the 76.2 cm spacing compar86adkd ha
in the 19.05 cm spacing (Figure 1.8). However, no significant differene®t biomass
among different row spacing similar to the findings of Mal.et(2000 a) was recorded in
the current study. The root biomass ranged from 6000 Kgtds®8000 kg hd from

narrow to wider spacing.
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24. Conclusion:

In conclusion, wider row spacing allowed for greater root biomagsadove ground
biomass. In addition, roots in wider row spacing, compared to narrowngpaci
demonstrated higher RLD, RWD and average diameter after seicesd he Study also
concluded that switchgrass has greater fine root fractions dacinge growing season
and in narrow row spacing higher in narrow spacing which isigaesponsible for

effective nutrient and water uptake.
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APPENDIX 1

Overall Row spacing (chapter 2) Figures and Tables in Appendix 1
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Appendix: 1

Table. 1.1: Plot plan for the Row Spacing Trial

Plot Size Harvested 10 ft. Wide X 30 ft. Long

3 15" 30" 7.5"

2 30" 7.5" 15"

1 7.5" 15" 30"
plot 1 plot 2 plot 3

Planting Date: 5/15/2009

Variety: Alamo

Fertilized: 75 Ibs./A using 46-0-0 6/3/2009
Treatments: 7.5",15", 30" Row Spacing
Treatment 1 = 7.5"

Treatment 2 = 15"

Treatment 3 = 30"

Plot Size: 20ft wide X 30ft long

Alley's: 20 ft

Design: RCB with 3 treatments and 3 reps

For the 7.5” rows we harvested 20 rows in the 12ft cut
For the 15” rows we harvested 10 rows in the 12ft cut
For the 30” rows we harvested 5 rows in the 12ft cut
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Table 1.2: Root Length (RL) asinfluenced by row spacing

Soil Depth Row Spacing(cm)
19.05 381 76.2 Mean
001m 2385.48 2027.34 1792.36 2068.39
01-02m 1062.84 976.32 1107.72 1048.96
First 0.2-04m 634.57* 610.22 532.59 592.46
04-08m 712.87* 586.22 622.7% 640.62
08-11m 338.04 447.06 333.26 372.79
Mean 1026.76 929.43 877.74
0-01m 1794.68 1681.94a 2403.71 1960.17%
01-02m 792.67 713.50° 866.15° 790.7%°
Second 02-04m 824.99 896.84 432.79 718.26°
04-08m 1072.34 959.72 700.90° 910.99
0811m 683.65° 583.25 367.91° 544.93
Mean 1033.66 967.05 954.%9

M eans having different bold superscript lettersin the same row are significantly different at P=0.05
for either row spacing or soil depth.
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Table 1.3: Root length density (RLD) asinfluenced by row spacing

Soil Depth Row Spacing(cm)
75" 15" 30" M ean
0-0.1m 3.93 3.34 2.98 3.4¢
Firg 0.1-02m 1.79° 167 1.82 179
0.2-04m 0.52 0.50¢ 0.44 0.49
0.4-0.8m 0.29 0.24 0.26 0.26
0.811m 0.19 0.25 0.18 0.2¢
Mean 1.34 1.19 1.13
0-01m 2.95" 2,77 3.96' 323
01-02m 1.30° 1.17 1.43 1.3
Second 0.2-04m 0.68"° 0.74" 0.36 0.59
04-08m 0.44" 0.39" 0.2 037
0811m 0.37 0.32 0.20 0.30
Mean 1.15 1.08 1.25

M eans having different bold superscript lettersin the same row are significantly different at P=0.05
for either row spacing or soil depth.
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Table 1.4: Root dry weight (RDW) asinfluenced by row spacing

Soil Depth Root Dry Weight (mg)

19.05 38.1 76.2 M ean
0-0.1m 1.77% 1.67 2.79 2.06'
0.1-0.2m 0.69° 0.62 1.04 0.78
FIrs 92.04m 0.35° 0.42° 0.27 0.35
0.4-0.8m 0.31° 0.27° 0.25 0.28°
0.8-1.1m 0.15° 0.16° 0.12 0.14°

M ean 0.66 0.61 0.90
0-0.1m 2.72 3.54° 4.20 3.49
0.1-0.2m 1.27° 0.75° 0.54° 0.83
second 0-2-0.4m 0.75* 0.54° 0.55° 0.62*
0.4-0.8m 0.87* 0.50° 0.51° 0.63"
0.8-1.1m 0.37 0.34° 0.23° 0.3T

M ean 1.18 1.14 1.20

M eans having different bold superscript lettersin the same row are significantly different at P=0.05
for either row spacing or soil depth.
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Table 1.5: Average Diameter asinfluenced by row spacing

Soil Depth Aver age Diameter (mm)

19.05 38.1 76.2 M ean
0-0.1m 0.65 0.72° 0.9F 0.76
0.1-0.2m 0.72¢ 0.75° 0.85° 0.77°
First 0.2-0.4m 0.75* 0.75° 0.76° 0.76°
0.4-0.8m 0.79 0.75° 0.77° 0.77°
0.8-1.1m 0.73* 0.77° 0.75° 0.75°

Mean 0.73 0.75 0.81
0-0.1m 0.97 1.27 1.04% 1.05
0.1-0.2m 0.93° 0.88 1.10 0.97¢
Second 0.2-0.4m 1.02° 0.74° 0.99* 0.92%
0.4-0.8m 0.84° 0.70° 0.76 0.76
0.8-1.1m 0.77° 0.81° 0.82* 0.80*

Mean 0.89° 0.87 0.94

M eans having different bold superscript lettersin the same row are significantly different at P=0.05
for either row spacing or soil depth.
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Table 1.6: Specificroot length (SRL) asinfluenced by row spacing

Harvest Soil Depth Specific Root Length (Cm Mg?)

19.05 381 76.2 Mean
0-01m 1.172 0.94 0.48 0.8¢
0.1-02m 117 1.18° 0.79° 1.04¢
First 02-04m 1.48° 1.082 1.462 145"
0.4-0.8m 1.63? 1.647 1.88 1.74
0.8-1.1m 2.2P 2.04 2.0% 234

Mean 1.52 1.38 1.32
0-01m 0.49 0.39 0.43 0.4%F
0.1-02m 0.4¢ 0.712 1.2¢ 0.8¢
Second 0.2-04m 0.84 1.23 0.5 0.9%
0.4-0.8m 0.9% 1.43 1.0% 1,242
0.8-1.1m 1.6 1.26' 1.2F 1.46

M ean 0.87 1.00 0.89

M eans having different bold superscript lettersin the same row are significantly different at P=0.05

for either row spacing or soil depth.
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Figure 1.1: Mean root length density (RLD) at different row spacing of (Top) First root harvest

(August) (Bottom) Second root harvest (December)
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Figure 1.2: Mean root length density (RLD) at different row spacing of (top) First

harvest(August) (bottom) Second root harvest (December)
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CHAPTER 3

EVALUATION OF SWITCHGRASSROOT CHARACTERISTICSAS

INFLUENCED BY CULTIVAR DIFFERENCES

Abstract

SwitchgrassFanicum virgatumL.) has been selected as a potential bioenergy feed stocks
for its high biomass production and cost effective management. Thedunali root and
the entire root system, various morphological parameters, whichntiwenced by
genetic variability and environmental conditions, have been used as gloteditators

of plant performance on different soils. The objective of the sttty evaluate different
root characteristics and their distribution pattern as inflwkrme cultivar difference
(lowland and upland cultivars) at peak growth and after senescRoot length density
(RLD) at the surface (0-0.1m) was 87% at peak growth compgar@®% RLD after
senescence. Lowland cultivars were lower in RLD and root weighsity (RWD) in
comparison to upland cultivars by 39%. Lowland cultivars had higheagealiameter
than upland cultivars over entire soil depth from 0 to 1.1 m. The avalagyeground
biomass and below ground root biomass of lowland and upland cultivard 5@9@ and
4000 kg h#, and 8 and 7 kg Hh respectively. Fine root (0-2.0 mm diameter) proportion

was found to be high among upland cultivars by more than 150 cm conpdoadand
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cultivars while 15% coarse root (2.0->4.5 mm diameter) distabutvas found among

lowland cultivars in compared with upland cultivars.
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3.1.Introduction:

Biomass has been considered as an important and more recensligleted as a
renewable energy source in both developed and developing countriesdBadsartha,
2007).The use of renewable biofuels increases from 18 billion dit2B® billon liter by
the US’s Energy Independence and Security Act of 2007(Energy Independad
Security Act, 2007).Thus, lignocellulosic ethanol production technology amg beade
more efficient. Increased proportion of €@ greenhouse gas in the atmosphere can be
reduced by enhancing the use of potential biofuels instead of fosksiland also be a
source of income for farmers (Lemus and Lal, 2005; Liu et al., 20A@ording to
Scharlemann and Laurance (2008), non-food plants (switchgrass, tgaes,cn benefit
environment than ethanol produce from food sources (corn, sugarcane). Saggchgr
(Panicum virgatum) has been selected as potential bioenergy feedstocks fbigits
biomass production and cost effective growth characteristics Bechlsw input high
diversity (LIHD) (McLauglin, 1992; Bransby et al., 1998). Two ecotypkswitchgrass
are found i.e. lowland and upland. Lowland cultivars are taller, hack #tems and
produce high aboveground biomass than upland cultivars while upland cultean®@
drought tolerant (Wullschleger et al., 2010). Along with its deep fémat system
which can extended up to 3.3 m below soil surface (Ma et al., 2@89, switchgrass
helps to improve soil and water quality by enhancing soil organiconéSOC) and
filtering pollutants like leached nutrients (N, P). Moreover, dwgtass has higher water
use efficiency and capture additional N through fixation (Partist.,e2005). The deep

and extensive roots of switchgrass can transfer C into soil, wdaohenhance soil
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quality. Under switchgrass the SOC distribution in a soil prevées found higher than
cultivated crops up to the depth of 30cm (Liebig et al., 2005). The megisanis
underlying in the changes of SOC and the availability of Nddfieult to predict overall
effect. Since major source of soil C input is root biomass ohkiggy crops. On the level
of the individual root and the entire root system, various morphologicamesers,
which are influenced by genetic variability and environmental ¢iomdi, have been used
as potential indicators of the mineral nutrition of plant on differsoils. These
parameters include root length, average diameter, root weighiceuarea, used to
determine quantity and functional size along with predictingpaieses to the
environmental changes. Root length density (RLD) (crit swil) (Majdi, 2000), Root
weight density (RWD) (Mg ci (Leuschner et al., 2004) (Ma et al., 2000 b), average
diameter (mm), specific root length (SRL) (cm g Ostonen et al., 2007) are important
parameters in evaluating root pattern on crop water and nutrient upl@hkg with
environmental changes. However, study on different root chasicerand their
distribution pattern are very limited. The objective of this stwilly be to 1) evaluate
different root characteristics and their distribution pattern infted by switchgrass
cultivars (lowland and upland cultivars) at peak growth and afterssenee, and 2)

determine the relationship between aboveground biomass and belowground biomass.
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3.2. Materials and methods
3.2.1Field Set up

This experiment was conducted on an experimental field at Selivat Agronomy
Farm, Payne County, Oklahoma. According to the Field and ReseargiceSEnit
(FRSU) of Oklahoma Ag Experiment Station the soil type is edsamn (Fine-loamy,
mixed, superactive, thermic Fluventic Haplustoll) with 0 to 1 perctope with
occasional flooding. Climatic variations from hot summer to cool thezaand
occasional drops due to cold surges, relatively uniform precipitati@k {pespring) and
infrequent snowfall are major characteristics of Payne County (Hehkdy, 1987).

Ten 10 cultivar of switchgrass (3 lowland and 7 upland cultivaesg used in the study.
The plant stands were established in 2009 with row spacing of 15 inch. The
experimental design was randomized complete block design with i8atepis, each
replication being a large plot of 20 ft. wide x 30 ft. long with 20 ft. alleys in betivee
replications. For the evaluation of root morphological characters and distnipaitern,
the samples were taken from different 10 cultivars at peaktlyrand after senescence
at the month of August and December respectively. No ferttiasrbeen applied to this
plot. The plot management included no application of irrigation, herbiciches
pesticides. The root biomass samples were taken from the midtie roiw from east to
west of each plot. The GPS coordinates and the layout of the fexkel sthown in the

Table2.1
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3.2.2. Sample collection:

The root samples were collected in August and December, 2010, &cwbiock. The
tractor mounted hydraulically powered soil core sampler was tasegroot the root
samples from the depth up to 1.1 m. The core sampler, diametemuh#tas used to
uproot the root samples. After uprooting the entire core was sepaFate depths 0-0.1
m, 0.1-0.2 m, 0.2-0.4 m, 0.4 -0.8 m, 0.8-1.1 m. Each depth sample was placed in
separate plastic bag with required label. The root samplescakeeted from each plot
from on the row and in-between the row in separate plastic Wwilgdabel was then
carried to cold storage so that root samples in the a bag remains asarwessda until
washed. The samples were carried out from the cold storape talt where samples
were washed to get clean root samples. The soil attached todhsamples were
washed with tap cold water. The sieve of small pore sidenwn) was used to wash the
sample so that fine roots can be collected without any loss, The washed root
samples were collected in clean plastic bags with requabdl and placed in the

refrigerator until measurement. Both live and dead roots were used.

3.2.3. Measurement and analysis:

The roots measurement was carried out to determine the root morphsladfgcted by
switchgrass cultivars. The image analysis system, WinRbiitavare (ver. 5.0. Reagent
instruments, Quebec, Canada) which has the capability of analymames$ acquired

from a flatbed scanner (LA 2400, Epson) was used to measure the namoepas. The
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root parameters include root length, average diameter, surfageraot volume and
distribution of root length according to their diameter. Befor@asuang the samples,
the system was calibrated with the resolution of 100 dpi (dots pey imaqrey level
image and was measured with the same resolution. The rodt e samples were
collected in order to determine the root length density (Rldb) cni®).The RLD was
calculated as root length divided by soil volume of specific depth.

RLD= RL/Vol

Where, RL= Total Root length of specific depth and Vol = Tatd\@lume of specific
depth

Similarly, specific root length (SRL) (cm nip was calculated as total root length
divided by root weight for each depth. After measurement of rooplsanthe root
samples were oven dried for 24 hours &C7Mry weight was taken in order to get root
weight density (RWD) (mg cf¥). The RWD was calculated as

RWD= RDW/ t * CR** CL)

Where, RDW= Root dry weight, CR= Core radius, CL= Core length.

Similarly, Root mass (RM) in kg Hawas calculated as follows:

RM=RWD * CL *100

Where, 100 is used as a conversion factor of area and mass.

Distributions of root length according to their diameter were esg@d in percentage.
The roots were classified on the basis of diameter classesasse roots (> 2mm

diameter) and fine root (<2mm diameter).
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The GLM procedures using the SAS package release 9.2 (SAStns2002) was used
to estimate for all the main and interaction effects on RLYDRAverage diameter, and
root biomass. The data were analyzed with two ways ANOVA mimdelvaluate the
effect of cultivars and harvesting frequency for each depth.sigreficant differences

were observed at significance levelRsf0.05 in the ANOVA.
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3.3.  Result and Discussion:
3.3.1. Root Length Density:

Root length density (RLD) distributions are shown in Table 2.2 and Table 2.3 for lowland
and upland cultivars. Upland cultivars (Blackwell, Southlow and Cave-kj-rbave
higher RLD at surface i.e. 0-0.1m in both harvest (August anérbleer) than low land
cultivars (Alamo, Kanlow and Carthage) as shown in Figure 2.1. HowAleano has
higher RLD in 2% harvest than in®Lharvest as shown in Figure 2.1. There is no gain of
RLD in other cultivars in the harvest i.e. at the end of growing season. There is no
significant differenceF=0.05) among the harvest of RLD at the depth of 0-0.1 m (Figure
2.2). While at lower depth i.e. 0.1-0.2 m RLD was significantly highdr* harvest than

2" harvest among upland cultivars but was highef"fharvest among lowland cultivars
(Figure 2.2). At soil depth 0.2-0.4 m, there was no any significaf@reiifice P=0.05)
between cultivars, but higher RLD for lowland cultivars Alamo d&wmhlow was
recorded at the end of growing season. The upland cultivar Cagekirirad lower RLD

in lower depth at the end of growing season than at peak growehZTharvest RLD
was significantly higher at the depth of 40-110cm among cultiveaa ' harvest.
Lowland cultivars had lower RLD in comparison to upland cultivar8® over entire

soil depth but has increased RLD in lower depth, also higher RLDobserved in %
harvest of lowland cultivars. About 87% of RLD was found in upper depf0.& m
while 83% of RLD was recorded durinQtharvest at the same depth. Similarly, several

studies found bulk of RLD in the upper layers (Tufekcioglu et al., 18@%t al., 2010;
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Ma et al., 2000; Monti et al., 2009). There was 31% increase iniRidBeper depth i.e.
0.8-1.1 m at the end of growing season (Figure 2.1). Similarly, au,g2010) reported
continuous root growth throughout the season. Higher RLD was observedwah gr
stage, it may be due to the increase of fine roots. Frank €t394) reported that during
peak growth stage soil respiration increases and simultanenasdgsed respiration will

increase fine roots and soil organic carbon (Tufekcioglu et al., 1999).

3.3. 2. Root Weight Density (RWD):

Root weight density influenced by different lowland and upland custiedrdifferent
harvest over entire soil profile is shown in Table 2.4 and 2.5, regplgctRWD was
found to be decreased with subsequent depth (Mengel et al., 1974). Uplandscultiva
(Southlow, Cave-in-rock and Blackwell) have higher RWD in surfaee0-0.1 m than
lowland cultivars (Alamo, Kanlow and Carthage) (Ma et al., 2000 b)hé\same depth,
all cultivars had higher, by more than 50% RWD ffi l2arvest (Figure 2.3). It may be
due to the translocation of nutrients from canopy to the crown/robé and of growing
season. Several authors indicated that at the end of growing dbaserwill be the
translocation of nutrients and non-structural carbohydrates frowpgao root systems
(Tufekcioglu et al., 1999). Similarly, during growing season about 5tf%the
carbohydrate will be lost through the soil respiration (Frank .et1894) since soil
respiration increases during growing season. In all soil depth &dni m RWD is
significantly higher in 2 harvest than in %1 harvest (Figure 2.4). RWD of lowland

cultivars increases by 52% while that of upland cultivars iseaip to 40 % in"2
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harvest over the entire soil profile but lowland cultivars hal@ver RWD than upland
cultivars (Table 2.4 and 2.5). Lowland cultivars did not produce more root $soima
the surface which accounts for high percent of the root mass, evaghthaher root
biomass is found in deeper depth (Ma et al., 2000 a). With subsequent aatid|
cultivars increases RWD while upland cultivar Cave-in-rockhatdepth of 0.2-0.4 m

was found lower in® harvest, it may be due to lower RLD.

3.3. 3. Average Diameter:

The average diameter of different switchgrass cultivars at ditfeéaavest from the depth
of 0-1.1 m is shown in Table 2.6 and 2.7, respectively. Average diamagefound
significantly higher in 2 harvest than®Lharvest in all soil profile ranges from 0-110cm
(Figure 2.6). Lowland cultivars had higher average diameter thanduplativars in all
soil depth from 0 to 1.1 m (Figure 2.5). Average diameter of lowtatiiyars was 0.8-
1.2 mm while it was 0.8-1.0 mm for upland cultivars (Table 2.6 and 2.7)a8imin 2
harvest i.e. at the end of growing season, lowland cultivars had ribtkigher average
diameter than upland cultivars. It may be due to the translocationstieent from
canopy to the roots which leads to the accumulation and increasenieteliaAbout 50%
of nitrogen fixed will be translocated to the root from the aboweergt biomass during
senescence (Garten et al., 2010). Lowland cultivar produces hlgherground biomass
with more tiller number than upland cultivars. More number of rhizosmésund on the

lowland cultivar which produces less fine roots and more coarse roots (M&2608l).,

64



3.3. 4. Above ground biomass Vs. Below ground biomass:

The aboveground biomass and below ground root biomass of lowland and upland
cultivars are shown in Table 2.8 and 2.9, respectively. Lowland cdltvave higher
above ground biomass than upland cultivars. The lowland cultivar Alamo produced
around 15000 kg Rawhereas upland cultivar Southlow, Cave-in-rock, Blackwell about
8000 kg h#& (Figure 2.7). Similarly, in comparison with belowground root biomass
upland cultivar Blackwell and Cave-in-rock has higher root biomassabout 7000 kg

ha' while lowland cultivars results about 4 kg hé&Figure 2.7). A significant higher
correlation found between aboveground biomass and root biomass among upland
cultivars (R=0.75) while no such relations was found among lowland cultivars (Figure
2.7). Bransby et al., (1998) and Ma et al., (2000 b) found the siredalts in which high

yielding aboveground biomass of lowland cultivars did not correlate with root biomass.

3.3. 5. Root distribution according to the diameter:

Root distribution according to the diameter is shown in Figure 2.8.ddtebution of
root length (cm) is measured according to the root diameterrémages from O -
>4.5mm.The fine root ranges from 0-2 mm diameter while coarseangés from 2.0 -
>4.5 mm diameter. In®1harvest, the distribution of very fine root (0-0.5mm) is found
higher in upland cultivar which is near to 800 cm of total lengtiuie 2.8). Higher

proportions of fine roots contribute to increase RLD, as we have fdwatdupland
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cultivars have higher RLD than low land cultivars. In tHé Barvest the fine root
proportions was found to be increased by more than 150 cm of total mgth Emong

low land cultivars while upland cultivars had decreased fine pomdortions but as a
whole upland cultivars had higher fine root proportions than lowland adti@amilarly,

in the coarse root distribution lowland cultivars had higher diamitan upland
cultivars. Around 15% increase of coarse root diameter (2.0-2.5mmjowad among
lowland cultivars in # harvest while more than 25% increase in coarse roots of diamete
2.5-3.0mm was found in upland cultivars (Figure 2.8). The higher fine roots during
growing season might be due to the translocation of nutrients frote to canopy,
which expenses more energy in soil respiration and produces moredisevhile at the
end of growing season, the process will be the other way aroundk¢iaghk et al.,
1999). Also, Hartnett (1989) reported that switchgrass maintained rlszom

interconnections among stems for long time so that it can produce finer root biomass.
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3.4. Conclusion:

Cultivar differences were evident for root parameters evaluatéde study. Lowland
cultivars had significantly lower value for all the root paeters compared to upland
cultivars. The root biomass of lowland cultivars was only 57% of the bioohass of
upland cultivars. In contrast, the aboveground biomass of lowland cultixess80%
higher than upland cultivars. Hence, differences in lowland and uplandacsilfor root

traits can be exploited for breeding varieties with enhanced C sequestration.
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APPENDIX 2:

Overall Varietal trial (chapter 2) Figures and Tables in Appendix 2
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Table 2.1: Plot plan of cultivar trial.

SWITCHGRASS VARIETY TRI

AL

T AR AR O R AR e n AT D L
A
: 3 3 9 7 5 : 8 12 13 10 2
! 12 8 6 4 13 11 2 5 9 3 1
3 1 2 3 4 5 6 7 8 10 14 12
7
:'-:I.I'
P N [ : T 1:
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Table 2.2. Mean RLD of lowland cultivars at different harvestféreint soil depth’ ¢ Means
with same bold letter are not significantly differenPat0.05.

Harvest Soil Depth Lowland cultivar
Carthage Alamo Kanlow

Root Length Density (cm cm™)

0-0.1m 3.06' 2.04' 257

0.1-0.2 m 0.63 0.46° 0.62

First 0.2-0.4m 0.26® 0.24 0.4
0.4-0.8 m 0.31°® 0.2 0.28

0.8-1.1m 0.1° 0.18 0.08

0-0.1m 251 2.94 1.77

0.1-0.2 m 1.03 0.63 0.57

Second 0.2-0.4m 0.64° 0.67 0.2¢"
0.4-0.8 m 0.57 0.4 0.46°

0.8-1.1m 0.3 0.36° 0.3
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Table 2.3. Mean RLD of upland cultivars at different harvest atrdiitesoil depth’*®©® Means
with same bold letter are not significantly differenPat0.05.

Harvest goe;lath Upland cultivar

Shelter  Southlow  Sunbrust Cave-in-Rock  Forestburg  Blackwell — Nebraska28
Root Length Density (cm cm™)

ooim 3.98 459 4.08 4.09' 3.1 561 3.89"
0102m 1.068 2.08 0.99 1.2¢8 0.99 1.17 1.43
Firs  02-04m 0.4 0.76°% 0.56 0.89* 048  0.54° 0.54
0408m 0.3F 0.26%® 0.24 0.4¢ 0.14 029  0.24°
081im 0.08 0.18 0.04 0.2% 0.04 0.19 0.09
0o0im 358 478 2971 3.71 292 4171 3.26'
0102m 1.0F 159 067 0.94 0.8 1.0P 0.8
Second 02:04m 057 0.92% 0.35 0.44" 0.51°® 0.6 0.6
04-08m 0.39¢ 04F 033 0.36° 0.4% 0.44 0.4
os-11m 0.3¢ 039 0.34 0.44" 0.3% 0.5 0.3%
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Table 2.4. Mean RWD of lowland cultivars at different harvest at difitesoil depth’*® ¢ Means
with same bold letter are not significantly differenPa.05.

Harvest Soil Depth Lowland cultivar

Carthage Alamo Kanlow

Root Weight Density (mg cm™)

0-0.1m 2.79 2.62 2.07

0.1-0.2 m 0.62 0.48 0.94'

First 0.2-0.4m 0.13 0.14 0.36'
0.4-0.8 m 0.0¢° 0.08 0.12

0.8-1.1m 0.02 0.07 0.08!

0-0.1m 3.38 493 3.48'

0.1-0.2 m 0.558° 0.88 5.38"

Second 0.2-0.4m 0.2¢° 0.8¢ 0.3¢
0.4-0.8 m 0.25° 0.56° 0.2F

0.8-1.1m 0.0 0.38 0.18
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Table 2.5. Mean RWD of upland cultivars at different harvest at difffesadl dept
Means with same bold letter are not significantly differem=22.05.

hABCD

Harvest Soil Depth Upland Cultivar
Shelter  Southlow  Sunbrust  Cave-in-Rock  Forestburg  Blackwell Nebraska28
Root Weight Density (mg cm™)

0-01m 361 372 337 4.258' 312 4.96' 2.88
01-02m 0.56 0.88 0.44 0.72 0.56 0.9 0.6%
Firs  02:04m 018 028 017 0.36" 0.2 0.27 0.2%
04-08m 0.07 0.08 0.07 0.14%® 0.05 0.06 0.05°
0811m 0.0 0.1° 0.0 0.06° 0.0 0.06 0.1
0-01m 7.97 10.08 3.93 7.56' 3.56' 7.12 3.9
01-02m 0.68 182 0.54 1.18 0.54 1.04 0.52
Second 02-04m 042 1.14® 0.2 0.2¢8 0.23 0.52 0.14
04-08m 024 0.4° 0.14 0.16 0.13 0.24 0.12
0811m 028 029 018 0.14 0.12 0.3 0.09
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Table 2.6. Mean average diameter of lowland cultivars at differen¢$taat different soil depth.
ABC Means with same bold letter are not significantly differeif=0.05.

Harvest Soil Depth Lowland cultivar

Carthage Alamo Kanlow

Average Diameter(mm)

0-0.1 m 0.72} 0.85" 0.73"

0.1-0.2m 0.76" 0.85" 1.02*

First 0.2-0.4m 0.63" 0.76" 0.8%
0.4-0.8 m 0.58" 0.69" 0.767®

0.8-1.1m 0.55% 0.76" 0.6%

0-0.1m 0.84% 1.01* 0.87"

0.1-0.2m 0.81* 0.84* 1.16"

Second 0.2-0.4m 0.73" 0.89" 1.13°
0.4-0.8 m 0.7% 0.96" 0.68

0.8-1.1m 0.64" 0.81* 0.6
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Table 2.7. Mean average diameter of upland cultivars at differergsiadifferent soil depth.
B Means with same bold letter are not significantly differef=e0.05.

Harvest Soil Depth Upland cultivar
Shelter Southlow  Sunbrust Cave-in-Rock  Forestburg  Blackwell Nebraska28
Aver age Diameter (mm)

0c01m 068 07 0.68' 0.74 0.77 0.72 0.64

0102m 0.64* o058 063" 0.59 0.7 0.68" 0.62

First  02.04m 0.68* 057 0.6 0.6° 0.68" 0.64 0.64
0408m 053 059 0.66 0.59 0.61 0.58 0.68'

0811m 059 056 048 0.59 057 054 0.6"

001m 1.02 098  0.84 0.96' 0.76' 0.94' 0.87
0o102m 0.8 058 064 0.7 0.63* 079 0.754

Second  g2.04m 0.7 0.66° 0.68 0.62 0.66% 0.7F 0.67
0408m 0.8 078 o067 0.6F 0.64* 0.69 0.63

0811m 069 061° 068 0.6 059  0.69 0.59°
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Table 2.8. Mean root biomass of lowland cultivars at different harvestexedt soil depth”®©
Means with same bold letter are not significantly differemt=2.05.

Harvest Soil Depth Lowland cultivar

Carthage Alamo Kanlow

Root biomass (kg ha™)

0-0.1 m 2792.14" 2621.21% 2073.15"

0.1-0.2 m 616.43° 451.02° 938.43"

First 0.2-0.4m 250.32° 271.27° 725.60"
0.4-0.8 m 346.26° 316.49° 467.56"

0.8-1.1m 59.55° 219.45° 135.64%

0-0.1 m 3376.59" 4929.25% 3452.68"

0.1-0.2 m 550.27° 851.32° 5380.27"

Second 0.2-0.4m 575.63" 1784.23% 776.33°
0.4-0.8 m 1000.19% 2220.92% 854.62°

0.8-1.1m 284.51° 915.27° 336.34°

79



Table 2.9. Mean root biomass of upland cultivars at different harveiteaent soil depth®©
Means with same bold letter are not significantly differef=22.05.

Harvest Soil depth Upland cultivar

Southlow Cave-in-rock  Forestburg Blackwell Nebraska 28 Shelter Sunbrust

Root biomass (kg ha'l)

OOIM 371917 425070 2926.67 4963.07 284580 3605.96 3373.28

01-02m  g799¢ 71978 55652 903.5F 686.64 562.40 44226

Fird: 0204m 50558  765.36 421.28 53226 466.88 35948 33858

0408m 32008 57788 186.00 233.08 21326 266.88 262.48
0811m 30142 19114 3014 19188 31688 3970  16.54
0-0Im  10051.84 7556.7f 3561.88 7116.3% 3910.32 7972.8% 3927.96
0.1-0.2m

1823.26 1099.86 539.6Ff 1038.08 518.2¢ 682.66 539.24

Second  02:04m 5585 6%  561.68 455.06 1049.8F 288.18 833.67 40256

0408M 161588° 62268 50358 941.784 49035 957.18 578.9%

0811m 68228 42497 366.8%4 90425 269.86 834.7F 438.8%
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P=0.05at different soil depth.
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Figure.2.4. Mean root weight density (RWD) at different harvest amoregditf cultivars at
P=0.05at different soil depth.
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Figure.2.6. Mean average diameter at different harvest amongediffaultivars aP=0.05 at
different soil depth
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Switchgrass, a model herbaceous energy crop has high potential for C
sequestration from atmosphere and also improves soil qualitysvadedp fibrous root
system. The individual root and the entire root system, various morphological fasme
which are influenced by genetic variability and environmental ¢iomdi, have been used
as potential indicators of water and nutrient uptake. Studies on sksshgoot
characteristics and their distribution pattern are very lonitRoot samples were taken
with hydraulic powered core and measurement of root parametezscargied out with
an image analysis system (winRHIZO ver. 5.0). The objectiveébeotudy were to 1)
evaluate switchgrass root characteristics as influencedvbgpacing at peak growth and
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switchgrass cultivars at peak growth and after senescence amtt&@mine the
correlation between switchgrass above and below ground root biomass.

Findings and Conclusions:

Wider row spacing (76.2 cm) had higher root length density (Ritd)root
weight density (RWD) by the end of the growing season (Decenvi@i® narrow
spacing (19.05 and 38.1 cm) had increased RWD though lower in RLD. RWD and
average diameter were found higher due to the decrease in fingoroptstions by the
end of the growing season. Higher RLD was observed in upland csiltivan in low
land cultivars. Similarly, RWD and average diameter irsgdain all layers of soil
profile by the end of growing seasofbove ground biomass of upland cultivars was
positively correlated with below ground root biomass but no such relationshsp
observed among lowland cultivars.

In conclusion, switchgrass demonstrated plasticity of root hgrimwt
response to row spacing. Lowland cultivars have higher above ground bianidess
upland cultivars have higher root biomass. Root biomass is highly noéideby the
distribution of fine roots.
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