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ABSTRACT

The effects of harvest regime, irrigation, andrsgtion stem lignocellulosic

concentrations in alfalfaedicago sativa L.)

Adam H. Warnke (2013), Department of Biologicalédwe, Minnesota State University,

Mankato, MN

Rapid consumption of crude oil reserves has madeciéssary to find methods of
processing a renewable and sustainable feedstockmversion into ethanol.
Lignocellulosic feedstocks are promising becausg tre typically environmentally
friendly and can meet the high-yield potential reseey for ethanol production. Alfalfa
(Medicago sativa L.) has promise as a feedstock for ethanol preoiudtecause of its
high biomass yields, perennial-habit, relationshkiti nitrogen-fixing bacteria, and other
co-products. This study focused on the effectsanfest regime, irrigation, and salinity
on stem lignocellulosic concentrations in alfalda €thanol production during the 2010
and 2011 growing seasons in southern Minnesotam 8ellulose, hemicellulose, lignin
(lignocellulosic) concentrations, and theoretidhla@ol yields were examined in eight
alfalfa varieties with full bud and 50% flower hast regimes, irrigation, and salinity as
applied treatments. Plants received weekly apphioatof (1) 1.27 cm of well water (0.75

dS mih), (2) 1.27 cm of saline (NaCl) water (5.0 dS)ror (3) ambient precipitation.

Holocellulose concentrations were greatest dutegftll bud (2010) and 50%
flower (2011) harvest regimes with concentrationsraging 45.50 and 45.23%,

respectively. Holocellulose to lignin ratios inased from 2010 to 2011 and averaged



2.3 to 3.1. Theoretical ethanol yields were gemgtagher for the 50% flower harvest
regime, suggesting the longer growth period inadd®locellulose concentrations while
not being hindered by the increased lignin typiwih increased growth periods of

alfalfa.

Alfalfa plants that received saline treatmentsGA@had 3.2 and 3.5% more
holocellulose than plants that were irrigated aereed ambient precipitation (control),
respectively. Holocellulose concentrations betwiencontrol and irrigated treatments
were not different in 2010, which was a wet yeat mrigation added no supplementary
benefit. However, in 2011 plants growing in salireatments had 1.3 and 6.1% more
holocellulose than irrigated and control treatmergspectively. Lignin concentrations
across all treatments were almost 23% lower duhegsecond year of growth.
Interestingly, plants growing under saline treattadrad higher holocellulose to lignin
ratios (and higher theoretical ethanol yields) nigitboth field seasons suggesting that

moderate levels of salt may stimulate holocellulosecentrations.
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INTRODUCTION

World crude oil reserves are predicted to be deglen approximately 40 years at
the current rate of consumption, and it has becessential to find methods of
processing renewable and sustainable raw matéoiat®nversion into fuel
(Maheshwari, 2008). Increasing global populatias further amplified this necessity.
Shifting society’s reliance away from petroleunréoewable biomass resources is
viewed as an important contributor to the developinoé a sustainable industrial society
and for effective management of greenhouse gassemss(Rugauska et al., 2006).
Biofuels have been heralded as a renewable, cfesttiek alternative to petroleum-based
liquid fuels. The starch-based ethanol industety grown very rapidly in the United
States, however, most experts see the need faetr@opment of a lignocellulosic-based
biofuels industry to meet the current Federal etfunandate for displacing 30% of

petroleum consumption by 2030 (McCaslin and MilRGH07).

A major source for biofuel comes from polysacctiesi created by the
photosynthetic process. These polysaccharidebealivided into two major groups:
starch, a storage polymer, consisting of glucoseaneers witho (1—4) anda (1—6)
glycosidic linkages, and cellulose, a structurdymer, consisting of glucose monomers
with B (1—4) glycosidic linkages. In addition to cellulopgéant secondary cell walls
also contain lignin. Lignin is a complex phengimlymer that is closely linked to
polysaccharides in the cell wall and hinders thgrai@ation of these polysaccharides to
simple sugars, which is required for fermentatmethanol (Chapple et al., 2007). The

most common measures of fiber content in plantwalls are the neutral detergent fiber
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(NDF) and the acid detergent fiber (ADF) methodar{\Goest et al., 1991). The NDF
method provides a close estimate of the total fdosstituents of feedstocks because it
measures cellulose, hemicellulose, and lignin. AD& method measures the fraction of
un-digestible plant material in forage, usuallyiuelse fibers coated with lignin. These
methods were created for useful measures of feglddigestibility and energy values but

can also be used for determination of fiber vafoesignocellulosic ethanol production.

Ethanol production from plant-produced polysacides has been
commercialized using starch from corn grains. 3tiaech in corn kernels is much easier
to break down than cellulose and hemicellulosele@ively holocellulose) in the cell
wall of biomass material. Corn starch is convettedlucose and fermented to produce
ethanol. However, there are several economic preblassociated with the production
of ethanol from corn grain. The increased demanadrn is depleting the world’s food
stock and driving up the prices of corn-based pectgluln addition, the large amounts of
fossil fuels used to process starch-based ethaa@xgensive and release greenhouse
gases. The vision of a future bio-based industtiudes the simultaneous production of
biofuels, bioelectricity, and bioproducts using paty corn grain and soybean oil, but
also a host of renewable lignocellulosic feedstqiialsh et al., 2007). Lignocellulosic
ethanol is particularly promising because it cd®tadvantage of biotechnology to
dramatically reduce costs, is derived from low-asd abundant feedstocks, can achieve
high yields, and is typically environmentally freig (Wyman, 2007). However, there

are problems with commercializing lignocellulostba@nol due to the high initial capital



cost. Separating cellulose from lignin during @e&ing is costly and produces

potentially harmful by-products.

Corn stover, corn cobs and wheat straw are obvaansial crop residue
feedstocks for lignocellulosic ethanol productidwitchgrassFanicum virgatum), a
native C4 perennial forage grass, is often menti@sea leading perennial energy crop
candidate. Drought tolerance, low fertility regunrents, and the ability to grow on
marginal soils will likely make switchgrass an innfamt component in a biofuel cropping
system in some regions (McCaslin and Miller, 2007\Itimately, identifying plants that
have high holocellulose to lignin ratio is an essgistep when determining what species
are best suited for ethanol production. This stwidlyfocus on the use of alfalfa

(Medicago sativa) as a potential crop in a biofuels production eyst

Alfalfa has promise as a feedstock for productibathanol and other industrial
materials because of its high biomass yields, peatihabit, relationship with nitrogen-
fixing bacteria and other valuable co-products ¢Jand Engels, 2002). Alfalfa is a
widely-grown traditional crop that fits well intotgpical crop rotation. Itis grown on a
variety of soil types with well-drained soils iddal maximum productivity. Soils with a
pH level of 6.5-7.0 and adequate levels of phospim(60-100 kg h and potassium
(180-250 kg hd) are optimal for subsequent years of productionKkhzie, 2005).
Selection of alfalfa varieties is typically basqgbua the winter survival index (WSI), fall
dormancy (FD), and disease and pest resistance.(M&hter survival index is the
ability to withstand severe winters. Alfalfa withwer WSI ratings will have the ability

to survive potentially harsh winters. Fall dormamcthe measure of how tall a alfalfa
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plant grows after the last cutting and before ga@lognant for the season. Alfalfa with a
lower number goes dormant earlier in the fall. TH®I is based upon selecting varieties
with superior disease resistance to ensure a loyduptive stand. The WSI rating is
very important in Minnesota due to potentially lavgnters. A variety that can

withstand severe low temperatures is crucial wietecting alfalfa.

Alfalfa can be harvested for biomass in the ydanlanting and provides nitrogen
to the soil for use by subsequent cereal cropstation (Sheaffer et at., 2000). The
growth stages of alfalfa are well-known and hargesiedules for leaf protein are
determined upon them for ruminant livestock fe&gpical harvest schedules produce
three to four cutting per growing season. An adlwvge of using alfalfa for
lignocellulosic biofuel production, compared to @tlerops, is the ability to easily
separate leaves and stems to produce co-prodwatsatSet al., 2006). Alfalfa leaves
typically have two to three times the crude prot#ithe stems while stems typically
have two to three times the crude fiber of the ésafShinners et al., 2007). The high
protein leaf portion could be utilized as an anifead, while the high lignocellulosic

stem portion could be used as a biofuel feedstbldCaslin and Miller, 2007).

Using alfalfa for a biofuels system would requiesearch to determine the
optimal holocellulose to lignin ratio for ethanagbguction. Recommended harvest
schedules for modern alfalfa cultivars in a ligradesic biofuel system are unknown
because the comparative value of leaf and stem aoemts is likely to vary with energy
consumption and livestock feed prices (Sheaffat.eR000). Based on previous

research (Lamb et al., 2007), mature alfalfa steatshigher concentrations of
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lignocellulosic material on a seasonal yield adjddtasis under the biomass management
system than the hay system. Typically as alfajiesathe stems become more lignified
and have lower cellulose concentrations (Sandeasdn/Nedin, 1988). Previous
research has focused on plant density along withekaintervals. We strictly focused
on harvest intervals across the same plant denBiggermining the optimal harvest
schedule for protein and lignocellulosic conceindrag will be a vital step for the future
of alfalfa as a biofuel feedstock. However, toiagh maximum biomass yields of

alfalfa, irrigation may be needed in some portiohthe country.

Crop yield depends on the amount of irrigationeraind its distribution
(Montazar and Sadeghi, 2008). Alfalfa has a higlewrequirement compared to other
commonly grown crops because it has a long gros@agon, a deep root system, and
high biomass yields. (Krogman and Hobbs, 1965; Baetlal., 1992). Drought stress on
alfalfa can inhibit cell elongation, reduce photuibesis, interfere with nutrient uptake,
and alter plant hormone levels (Saeed and EI-N&87). Saeed and EI-Nadi (1997)
have shown that alfalfa stem density, stem heigtitleaf size decreased when soil water

deficits developed.

A typical problem of irrigated agricultural lanslthe gradual buildup of salts in
the root zone (Vaughan et al., 2002) and salisity major factor limiting plant growth
and productivity (Allakhverdiev et al., 2000). Axding to Munns et al. (2006), plant
growth response to salinity involves two phasesthe first phase, the presence of salt in
the soil solution decreases the ability of the ptartake up water, which results in slower

growth. Growth rate is presumably regulated byrtmral signals released by roots in



response to the osmotic or water-deficit effecalinity (Emam et al., 2009; Munns,
2002). The toxic effects of salt inside the plaratke up the second phase. This is due to
salts accumulating in transpiring leaves to exeesgvels beyond the ability of the cells
to compartmentalize salts in the vacuole (Munn9220 In some cases, these phases
may occur sequentially (Munns et al., 2006). Tihiéitg of plants to tolerate salt is
determined by multiple biochemical pathways thatlitate retention and/or acquisition
of water, protect chloroplast functions, and mamtan homeostasis (Parida and Das,
2005). There are two main types of mechanismsdtirtolerance in plants. There are
plants that are able to minimize the entry of sali the plant and those minimizing the
concentration of salt in the cytoplasm (Munns, 200Root and shoot growth in alfalfa is
restricted significantly by increased salinity (Elsie et al., 2002). For long-term
productivity, perennial crops such as alfalfa maesaible to adapt to increasing
heterogeneous root zone salinity (Vaughan et @022 The relationship between alfalfa
growth and water utilization under an irrigatedteys is very important in determining

the effects of salinity on stem lignocellulosic centrations.

The purpose of this study was to examine the effetharvest regime, irrigation,
and salinity on stem lignocellulosic concentrationalfalfa. Irrigation and salinity are
both factors that affect plant growth and thergtie data on how they affect stem
lignocellulosic concentrations. In combinationtwat harvest schedule these two factors

provided valuable information for alfalfa’s poteaitas a biofuel feedstock.



MATERIALSAND METHODS
PLOT ESTABLISHMENT AND VARIETY SELECTION

The field experiment was conducted over three grgweasons (2009 - 2011) on
an agricultural field located 2.5 miles west of @ea, Minnesota (43°81’'N x 93°32'W).
The soil at this location is a Webster Clay Loan3-{Carlson et al., 1980) and has a pH
of 6.5. Phosphorous and potassium concentraticeraged> 65 and> 190 kg h,
respectively (data not shown). Precipitation a@itected by a rain gauge at the field

site and is presented in Table 1.

We chose eight varieties of alfalfa based upomtiméer survival index (WSI),
fall dormancy (FD), and disease and pest resistéddRe). The eight varieties used in
this study included: 1-WL 363HQVaterman-Loomis Seed Company (WSI-1.6 and FD-
4.8), 2-Viking 357Viking Seeds (WSI-2.5 and FD-3.4), 3-L447HDWolf River Valley
Seeds (WSI-2.0 and FD-3.7), 4-Enforcehllied Seed (WSI-2.2 and FD-3.5), 5-Viking
3100:Viking Seeds (WSI-2.6 and FD-3.0), 6-Fontanelle Hybrid — Ovatiirontanelle
Hybrids (WSI-2.3 and FD-3.4), 7-Gold Country 24Gold Country Seed (WSI-2.5 and
FD-3.8), and 8-lroquoidroquois Seed (WSI and FD-unknown). All varieties had
sufficient disease and pest resistance ratingsieNes 1-5 were obtained from Albert
Lea Seed in Albert Lea, Minnesota. Varieties 6e8ewobtained from a local dairy
farmer. These varieties are all well establisimellinnesota and are suitable for this

research.

We used a complete block in a split-plot arrangeinéti two or three harvest

regimes as whole plots and eight alfalfa cultivargyation, and salinity treatments as
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subplots. There were two replicates at the expartai location (Figure 1). Plots were
3.66 by 5.49 m (cultivar) and subplots were 1.83I66 m (treatment). A seeding rate
of 14.6 kg hd resulted in stand densities for all pletd50 plants/n’. Weeds were
controlled by using a post-emergence applicatio®9@ ml h& of ammonium salt of
imazethapyr (Pursuit) {(£)-2-[4,5-dihydro-4-methgd{1-methylethyl)-5-oxo-H-
imidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid}Plots were sprayed as needed with S-
Cyano (Mustang Max) [(3-phenoxyphenyl) methyl (#g/ttans 3-(2,2-dichloroethenyl)-
2,2 dimethylcyclopropane carboxylate] for potatafit@pper Empoasca fabae (Harris)]

control.
IRRIGATION AND SALINE APPLICATIONS

The irrigation applications were made using a U92ater tank located in the
back of a pickup truck. The applications were ggaplith an 18.9 L per minute pump
attached by rubber hoses to a hand held sprinElach subplot had 5 rain gauges (one in
each corner and one in the center of the plothsue accurate treatment applications.
Each irrigation subplot received a 1.27 cm (83.2&jplication of well water
(0.75 dS rit) every 7 to 10 days, depending on local weathtepes. Salinity
applications were performed in a similar fashiortloaysame day with each saline subplot

receiving a 1.27-cm (83.28 L) application of sal{haCl) water (5.0 dS 1.
FORAGE SAMPLING AND SAMPLE PREPARATION

Forage was harvested in the establishment ye@®ior to treatment

application. Subplots were harvested in the seemthird years of production (2010
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and 2011) when alfalfa reached full-bud (>50% efrs¢ having one or more buds) and
50%-flower (66-100% of stems having one or morevéi. The full-bud regime was
harvested three times per season and the 50%-flegene was harvested twice per

season. Each subplot had ten samples colleceasthtgrowth stage.

Herbage yields were determined by harvesting aBy33.66 m strip of forage to
a 5-cm height from the center of each plot witreacoperated sickle bar mower. At
harvest, ten random subsamples were collectechfdysis. Samples were placed in
labeled paper bags and oven dried at 60°C. Thainémg non-sampled plants were cut
at 5-cm above ground level with a hay-bine thetedaand removed from the plots.
Each subsample was manually separated into leadtendfractions. The remaining
portions of the stems were ground with a Wiley ritough a 1-mm screen in

preparation for constituent analysis (see below).

CONSTITUENT ANALYS S

A fiber analyzer (model A200; ANKOM Technology, bdon NY, USA) was
used to estimate concentrations of cellulose, heliniose and lignin in dried samples.
Dried samples (0.5 g) were placed into pre-weidiia bags and analyzed with Acid
Detergent Fiber (ADF) solution (20 g cetyl trimefdaymonium bromide to 1 L 1.00N
H,SOy) at 100°C for 60 min. Samples were rinsed withdtd,O and acetone, dried, and
placed in a drying oven (102°C) overnight. Samplese then cooled, weighed and

%ADF (cellulose + lignin) was calculated.
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The second sub-sample for each treatment wasugeshto estimate Neutral
Detergent Fiber (NDF). Dried samples (0.5 g) weeaeed into pre-weighed filter bags
and analyzed with NDF solution (sodium lauryl stdfeethylendiamine-tetraacetic
disodium salt dihydrate, sodium tetraborate decedtggdsodium phosphate dibasic,
anhydrous and triethylene glycol). Heat-stabledyéal alpha amylase and sodium
sulfite was added to the analyzer and samples weubated at 100°C for 75 min.
Samples were then rinsed twice with alpha amylakédisn, then once in acetone and
dried overnight (102°C). Samples were then cookleighed and %NDF (cellulose,

hemicellulose + lignin) was calculated.

Acid Detergent Lignin (ADL) was estimated on saesplised for ADF analysis.
Samples were immersed in 72%3®@, for 3 h and agitated every 30 min. Samples were
then rinsed in dkED and acetone, dried overnight (102°C) and weigt&ainples were
then ashed in a muffle furnace (525°C) for 3 h led@nd weighed. Cellulose
concentrations were calculated as %ADF - %ADL, hedhicellulose concentration were

calculated as %NDF - %ADF.

Theoretical ethanol yields were determined usirsgiieeed cellulose and
hemicellulose conversion and fermentation efficieadollowing Badger (2002).
Fermentation assumptions were based on 1000 kgeaf diomass. Ethanol yields from
glucose were calculated for alfalfa stems usingatlerage cellulose concentrations and
ethanol yields from xylose were calculated for ldfatems using the average

hemicellulose concentrations.
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STATISTICAL ANALYSS

The general linear model procedure was used wattheaway analysis of
variance (ANOVA; SigmaPIlot, 2008) to examine diffieces in cellulose, hemicellulose,
lignin, and theoretical ethanol yields between katvegimes and treatments (control,
saline, and irrigated) during the 2010 and 201ivgrg seasons. The least significant
difference (LSD) post-hoc test was then used topaomindividual means. A two-way
ANOVA was used to analyze differences in celluldsamicellulose, lignin, and
theoretical ethanol yields between the harvestmegt treatment (control, saline, and
irrigated) and the variety differences during t@4@ and 2011 growing seasons,
followed by post-hoc LSD test (SigmaPlot, 2008)ffddences were considered

significant at thd® < 0.05 level unless otherwise noted.

RESULTS
PRECIPITATION PATTERNS

During the 2010 growing season the field site iresmk2.5 cm more precipitation
than the historical average from 2001-2009 (TapleThe months of June and
September received 60.0 and 57.3% more precipit#tian the historical averages for
those months, respectively (Figure 2). During2B&él growing season the field site
received 3.6 cm less precipitation than the histbraverage from 2001-2009 (Table 1).
Precipitation during the months of August, Septeméed October was 84.0, 88.4, and
87.9% less precipitation than the historical avesaigom 2001-2009 for those months,

respectively (Figure 2).
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CELLULOSE CONCENTRATIONS

Cellulose concentrations averaged 36.9 and 36@#ss all treatments in 2010
for plants sampled at the full-bud and 50%-flowardest regimes, respectively (Table
2). There was no significant difference betweenvést regimes for the 2010 growing
season. In 2011, cellulose concentrations averagedand 37.2% across all treatments
for plants sampled at the full-bud and 50%-flowantest regimes, respectively (Table
2). Plants sampled at the 50%-flower harvest rediad 5.4% more cellulose than plants
sampled at the full-bud harvest regime in 20R%(0.01; Figure 3A). Cellulose
concentrations for plants sampled at the full-bad/bst regime decreased 4.6% from
2010 to 2011R < 0.01; Figure 3A). However, cellulose concenrag for plants
sampled at the 50%-flower harvest regime incredsé from 2010 to 2011P(< 0.05;

Figure 3A).

Cellulose concentrations averaged 36.6, 37.43&ntY in 2010 for plants
growing under the control, saline, and irrigatezhtments in 2010, respectively (Table
3). Plants growing under saline treatments haddl3.5% increased cellulose
concentrations over the plants growing in the adrand irrigated treatments in 2010,
respectively P < 0.05; Figure 4A). Plants growing in the contab irrigated treatments
were not significantly different during the 201®ging season. In 2011, cellulose
concentrations averaged 35.5, 37.0, and 36.1%d@otgpgrowing under the control,
saline, and irrigated treatments, respectively [@8). Following a similar trend to
2010, plants growing in the saline treatments hadAd 2.4% increased cellulose

concentrations over plants in the control and atiegl treatments in 2011, respectivéty (
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< 0.01; Figure 4A). Plants growing under the salnd irrigated treatments both had
significantly greater cellulose concentrations tp&mts in the control in 201P (< 0.01,
Figure 4A). Cellulose concentrations decreasedBd1.1% for plants growing under
the control and saline treatments from the 20110&d2011 growing season, while plants
in the irrigated treatment had the same celluleseentration for both growing seasons

(Figure 4A).

Cellulose concentrations averaged 37.0, 37.33&r@P6 for plants growing under
the full-bud control, saline, and irrigated treahtsein 2010, respectively (Table 4).
Plants in the full-bud irrigated treatments hadéowellulose concentrations than plants
in the full-bud saline treatmer® & 0.05; Figure 5A). Plants in the full-bud cortro
treatment were not significantly different than tiants in the full-bud saline or irrigated
treatments. Plants growing in the 50%-flower hatvegime in 2010 had average
cellulose concentrations of 36.2, 37.6, and 35.8f4He control, saline, and irrigated
treatments, respectively (Table 4). Plants in5#-flower saline treatment had
significantly higher cellulose concentrations (arfl 3.8%, respectively) than plants in
the control and irrigated treatmenBs< 0.01; Figure 5A). In 2011, plants in the fulleb
harvest regime had average cellulose concentrabibd4.3, 36.4, and 35.0% for the
control, saline, and irrigated treatments, respebti(Table 5). Plants growing in the
full-bud saline treatment had significantly higleetlulose concentrations (5.8 and 3.8%,
respectively) than plants in the control and inegbtreatments < 0.01; Figure 5A).
Plants growing in the 50%-flower harvest regim@@11 had average cellulose

concentrations of 36.7, 37.7, and 37.2% for tharodrsaline, and irrigated treatments,
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respectively (Table 5). In both growing seas@® 0 and 2011) and harvest regimes
(full-bud and 50%-flower) plants growing under sadine treatments generally had the
highest cellulose concentrations. Plants in thebfud control, full-bud saline, full-bud
irrigated, and 50%-flower irrigated treatments wa&gnificantly different from the 2010

to the 2011 growing season € 0.05; Figure 5A).

The average cellulose concentrations of the eigheties during the 2010
growing season were as follows: Fontanelle, 36.8#d Country, 38.0%; Iroquois,
37.3%; Viking 3100, 37.7%; Viking 357, 36.6%; L44DH35.9%; WL363HQ, 35.1%;
and Enforcer, 35.2% (Table 6). Gold Country, Ireiguand Viking 3100 had the highest
cellulose concentrations during the 2010 growiregea with averages of 38.0, 37.3, and
37.7%, respectivelyRA < 0.05; Figure 6A). There was a 7.6% increasesllulose
concentration between the lowest variety (WL363tdQJ the highest variety (Gold
Country) in 2010. In 2011, the average cellulasgcentrations of the eight varieties
were as follows: Fontanelle, 37.1%; Gold Counti#.2%0; Iroquois, 35.5%; Viking 3100,
36.4%; Viking 357, 37.0%; L447HD, 36.5%; WL363H.8%; and Enforcer, 35.6%
(Table 7). Fontanelle, Gold Country, L447HD, and3&3HQ had the highest cellulose
concentrations during the 2011 growing season awdrages of 37.1, 37.2, 37.0, 36.5,
and 36.8%, respectivel?(< 0.05; Figure 6A). There was a 4.6% increaseellulose
concentration between the lowest variety (Iroquarg] the highest variety (Gold
Country) in 2011. Gold Country, Iroquois, Viking@®, and WL363HQ had

significantly different cellulose concentrationdween the 2010 and 2011 growing
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seasonsK < 0.05; Figure 6A). However, the Gold Countryiggyr had the highest

cellulose concentrations in both years.

HEMICELLULOSE CONCENTRATIONS

Hemicellulose concentrations averaged 8.6 and &d¥ss all treatments during
the 2010 growing seasons for plants sampled duthlbud and 50%-flower harvest
regimes, respectively (Table 2). Plants sampladeatull-bud harvest regime had 5.8%
more hemicelluloses than plants sampled at the #i@%er harvest regime in 2010
0.05; Figure 3B). In 2011, hemicellulose conceitres averaged 8.4 and 8.0% across all
treatments for plants sampled at the full-bud a®fbBlower harvest regimes,
respectively (Table 2). Following the same treadhe 2010 growing season, plants
sampled at the full-bud harvest regime had 4.8%erhemicelluloses than plants
sampled at the 50%-flower harvest regirRe<(0.05; Figure 3B). Hemicellulose
concentrations were slightly decreased from théd20the 2011 growing season, but the

results were not significanP(< 0.15; Figure 3B).

Hemicellulose concentrations averaged 7.9, 8.d ,8a6% in 2010 for plants
growing under the control, saline, and irrigateghtments, respectively (Table 3). Plants
growing under the saline and irrigated treatmentsihcreased hemicellulose
concentrations of 9.2 and 8.1%, respectively, @lants in the control treatment in 2010,
(P < 0.05; Figure 4B). Plants in the saline and atagl treatments were not significantly
different during the 2010 growing season. In 20%micellulose concentrations

averaged 7.3, 8.5, and 8.9% for plants growing utiteecontrol, saline, and irrigated
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treatments, respectively (Table 3). As in the 2@dfwing season, plants growing in the
saline and irrigated treatments had increased ledimli@se concentrations of 14.1 and

18.0% in 2011, respectivel? < 0.01; Figure 4B).

Hemicellulose concentrations averaged 7.3, 9.4 ,9P% for plants growing
under the full-bud control, saline, and irrigategbatments in 2010, respectively (Table 4).
Plants in the full-bud saline and irrigated treatisehad significantly higher
hemicellulose concentrations than plants in thdérobireatment® < 0.01; Figure 5B).
Plants in the full-bud saline and irrigated treatisavere not significantly different.
Plants growing under the 50%-flower harvest regim2010 had average hemicellulose
concentrations of 8.6, 8.0, and 7.9% for the consaine, and irrigated treatments,
respectively (Table 4). Plants growing in the 5f8%er control treatment had 7.0 and
8.1% more hemicelluloses than plants growing insddene and irrigated treatments in
2010. In 2011, plants growing under the full-biaest regime had hemicellulose
concentrations of 7.2, 8.6, and 9.3% for the consaine, and irrigated treatments,
respectively (Table 5). Similar to the 2010 grogvgeason, plants in the saline and
irrigated treatments had significantly more hemidekes than plants in the control
treatment in the full-bud harvest regime in 20RXk(0.01; Figure 5B). Plants growing
under the 50%-flower harvest regime in 2011 hadagehemicellulose concentrations
of 7.3, 8.4, and 8.4% for the control, saline, arigated treatments, respectively (Table
5). Plants in the saline and irrigated treatméntshe 50%-flower harvest regime in
2011 had significantly higher hemicellulose concatiins (13.1%) than plants in the

control treatmentK < 0.01; Figure 5B). Plants growing in the full-bsaline, 50%-
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flower control, and 50%-flower irrigated treatmewntsre significantly different from the

2010 to the 2011 growing seaséh< 0.05; Figure 5B).

The average hemicellulose concentrations of thlet @iarieties during the 2010
growing season were as follows: Fontanelle, 7.8#d&ountry, 8.1%; Iroquois, 9.1%;
Viking 3100, 8.1%; Viking 357, 8.1%; L447HD, 8.4%/L363HQ, 9.2%; and Enforcer,
8.5% (Table 6). Iroquois and WL363HQ had the hggtiremicellulose concentrations
during the 2010 growing season with averages 0&Adl9.2%, respectively?(< 0.05;
Figure 6B). There was a 15.2% increase in heniloslés between the lowest variety
(Fontanelle) and the highest variety (WL363HQ) @1@. In 2011, the average
hemicellulose concentrations of the eight varietvese as follows: Fontanelle, 7.8%;
Gold Country, 7.9%; Iroquois, 8.3%; Viking 31001%,; Viking 357, 8.6%; L447HD,
8.4%; WL363HQ, 8.5%; and Enforcer, 8.1% (Table IFpquois, Viking 357, L447HD,
and WL363HQ had the highest hemicellulose concBabtsduring the 2011 growing
season with averages of 8.3, 8.6, 8.4, and 8.58pentively P < 0.05; Figure 6B).

There was a 9.3% increase in hemicelluloses betteelowest variety (Fontanelle) and
the highest variety (Viking 357) in 2011. Iroquoisking 357, and WL363HQ had
significantly different hemicellulose concentratopetween the 2010 and 2011 growing

seasonsK < 0.05; Figure 6B).

LIGNIN CONCENTRATIONS

Lignin concentrations averaged 20.2 and 17.4%sacat) treatments in 2010 for

plants sampled at the full-bud and 50%-flower hsrvegimes, respectively (Table 2).
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Plants sampled at the full-bud harvest regime t&#8% more lignin than plants sampled
at the 50%-flower harvest regime during the 20d@gng seasonR < 0.01; Figure 3C).
In 2011, lignin concentrations averaged 14.4 an@d%4across all treatments for plants
sampled at the full-bud and the 50%-flower harvegimes, respectively (Table 2).
There was no significant difference for plants skdetween harvest regimes during
the 2011 growing season. Lignin concentrationsedesed 28.7 and 15.5% for plants
sampled at the full-bud and 50%-flower harvestmess, respectively, from 2010 to the

2011 growing season (Figure 3C).

Lignin concentrations averaged 19.0, 18.8, an@%8n 2010 for plants growing
under the control, saline, and irrigated treatmewetspectively (Table 3). There were no
significant differences between treatments durireg2010 growing season. In 2011,
lignin concentrations averaged 14.8, 14.1, and%4@ plants growing under the
control, saline, and irrigated treatments, respebti(Table 3). Plants in the saline
treatment had 2.3% less lignin than plants in tr@rol and irrigated treatments in 2011
(P < 0.05; Figure 4C). Lignin concentrations in ptagtowing under all treatments
(control, saline, and irrigated) significantly deased from the 2010 to the 2011 growing

seasonk < 0.01; Figure 4C).

Lignin concentrations averaged 21.4, 18.3, and%dor plants growing in the
full-bud control, saline, and irrigated treatmemt2010, respectively (Table 4). Plants in
the full-bud saline treatment had 14.5 and 9.0%e#es®ed lignin concentrations from
plants in the control and irrigated treatmentspeesively P < 0.01; Figure 5C). Plants

in the 50%-flower harvest regime in 2010 had avetamin concentrations of 16.7,
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19.2, and 16.4% for the control, saline, and itegareatments, respectively (Table 4).
Contrary to the full-bud harvest regime, plantgha 50%-flower saline treatment had
increased lignin concentrations of 13.0 and 14.6% plants the control and irrigated
treatments, respectiveli? € 0.01; Figure 5C). In 2011, plants in the fulldbduarvest
regime had lignin concentrations of 14.6, 14.0, &% for the control, saline, and
irrigated treatments, respectively (Table 5). &mtio the trend in 2010, plants growing
in the full-bud saline treatment had significardcreased lignin concentrations (4.1 and
5.4%, respectively) from plants in the control amdjated treatmentd(< 0.05; Figure
5C). Plants in the 50%-flower harvest regime id26ad average lignin concentrations
of 15.0, 14.2, and 14.8% for the control, salime] arigated treatments, respectively
(Table 5). Plants in the 50%-flower harvest regim2011 followed the same tendency
as the 2010 and 2011 full-bud harvest regimes wihersaline treatment decreased
lignin concentrations, 5.3 and 4.1%, respectiviebym the control and irrigated
treatmentsk < 0.05; Figure 5C). With the exception of plamtshe 50%-flower harvest
regime in 2010, the saline treatments decreasathl@pncentrations for both growing
seasons and harvest regimes. Lignin concentratvens significantly greater for both
harvest regimes (full-bud and 50%-flower) and rdatments (control, saline, irrigated)

in 2010 compared to 201P € 0.05; Figure 5C).

The average lignin concentrations of the eigtnteties during the 2010 growing
season were as follows: Fontanelle, 17.6%; Goldn@gul7.9%; Iroquois, 18.4%;
Viking 3100, 16.7%; Viking 357, 18.0%; L447HD, 1%6WL363HQ, 17.4%; and

Enforcer, 17.2% (Table 6). Viking 3100, WL363HQ@gdaEnforcer had the lowest lignin
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concentrations during the 2010 growing season awdrages of 16.7, 17.4, and 17.2%,
respectively P < 0.05; Figure 6C). There was a 9.2% decreasgnimlconcentration
between the highest variety (Iroquois) and the kiwariety (Viking 3100) in 2010. In
2011, the average lignin concentrations of thetergheties were as follows: Fontanelle,
14.6%; Gold Country, 14.6%; Iroquois, 14.4%; Viki8§00, 14.4%; Viking 357, 14.4%;
L447HD, 14.4%; WL363HQ, 14.7%; and Enforcer, 14.0Rble 7). Enforcer had the
lowest lignin concentration with an average of %¥4.@ < 0.05; Figure 6C). There was a
4.8% decrease in lignin concentration between ifjieest variety (WL363HQ) and the
lowest variety (Enforcer) in 2011. All eight vares had significantly decreased lignin

concentrations from the 2010 to the 2011 growiragee P < 0.01; Figure 6C).

HOLOCELLULOSE CONCENTRATIONS

Holocellulose concentrations averaged 45.5 ané44cross all treatments in
2010 for plants sampled in the full-bud and 50%v#o harvest regimes, respectively
(Figure 7B). Plants sampled at the full-bud hatrvegime had 1.8% more holocellulose
than plants sampled at the 50%-flower harvest redonthe 2010 growing seasdd <
0.05; Figure 7B). In 2011, holocellulose concetitres averaged 43.6 and 45.2% across
all treatments for plants sampled at the full-bnd &0%-flower harvest regimes,
respectively (Figure 7B). Plants sampled at tH&-®@wer harvest regime had 3.5%
more holocellulose than the full-bud harvest regim2011 P < 0.01; Figure 7B).
Holocellulose concentrations for plants sampletthatfull-bud harvest regime
significantly decreased by 4.7% from the 2010 ®20811 growing seasoR € 0.01,

Figure 7B). Although not a significant differen¢mlocellulose concentrations increased
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for plants sampled at the 50%-flower harvest regnoen the 2010 to the 2011 growing

seasonl = 0.10; Figure 7B).

Holocellulose concentrations averaged 44.5, 46d,44.7% in 2010 for plants
growing under the control, saline, and irrigatexhtments, respectively (Figure 8B).
Plants growing in the saline treatments had ine@&®locellulose concentrations of 3.5
and 3.0% over plants in the control and irrigatedtiments in 2010, respectiveR €
0.01; Figure 8B). Plants in the control and irteghtreatments were not significantly
different during the 2010 growing season. In 201dlocellulose concentrations
averaged 42.7, 45.5, and 44.9% for plants growimdguthe control, saline, and irrigated
treatments, respectively (Figure 8B). Similartte 2010 growing season, plants growing
in the saline treatments had increased holoceButosicentrations of 6.2 and 1.3% over
plants in the control and irrigated treatments0a P, respectivelyR < 0.05; Figure 8B).
Plants in the saline and irrigated treatments Wweth significantly greater than plants in

the control in 2011K < 0.05; Figure 8B).

Holocellulose concentrations averaged 44.2, 461d,45.6% for plants in the
full-bud control, saline, and irrigated treatment2010, respectively (Figure 9B). Plants
in the full-bud saline treatment significantly hadreased holocellulose concentrations
of 5.4 and 2.4% over plants in the control andyated treatments in 2010, respectively
(P < 0.05; Figure 9B). Plants in the irrigated treatrinhad 3.1% more holocellulose than
plants in the control treatment in 20B0< 0.05; Figure 9B). Plants in the 50%-flower
harvest regime in 2010 had average holocellulosearttrations of 44.8, 45.6, and

43.8% for the control, saline, and irrigated treaxis, respectively (Figure 9B). Plants in
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the saline and control treatments were not siganifily different for the 50%-flower
harvest regime in 2010. Plants in the salineitneat had 3.9% more holocellulose than
plants in the irrigated treatment in 2080 0.01; Figure 9B). In 2011, plants in the full-
bud harvest regime had holocellulose concentranbdd.5, 45.0, and 44.2% for the
control, saline, and irrigated treatments, respebti(Figure 9B). As in 2010, plants in
the full-bud saline treatment had significant irases of holocellulose, 7.8 and 1.8%,
respectively, over plants in the control and irgghtreatments in 201P & 0.05; Figure
9B). Plants in the 50%-flower harvest regime id2bad average holocellulose
concentrations of 44.0, 46.1, and 45.6% for tharogrsaline and irrigated treatments,
respectively (Figure 9B). Plants in the saline mndated treatments had 4.6 and 3.5%,
respectively, more holocellulose than plants indbetrol treatment for the 50%-flower
harvest regime in 201P( 0.05; Figure 9B). In both growing seasons (2840 2011)
and harvest regimes (full-bud and 50%-flower) @agrowing under the saline
treatments generally had the highest percentageslofellulose concentrations. .
Plants in the full-bud control, full-bud saline]lfbud irrigated, and 50%-flower irrigated
treatments were significantly different from thelRGo the 2011 growing seasdn<

0.05; Figure 9B).

The average holocellulose concentrations of thbteiarieties during the 2010
growing season were as follows: Fontanelle, 44.6%d Country, 46.0%; Iroquois,
46.4%; Viking 3100, 45.8%; Viking 357, 44.7%; L44DHA4.3%; WL363HQ, 44.3%;
and Enforcer, 43.6% (Figure 10B). Gold Countrgglois, and Viking 3100 had the

highest holocellulose concentrations during the®2kbwing season with averages of
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46.0, 46.4, and 45.8%, respectiva®y<( 0.05; Figure 10B). There was a 6.0% increase in
holocellulose concentration between the lowestetaEnforcer) and the highest variety
(Iroquois) during the 2010 growing season. In 2Qhé& average holocellulose
concentrations of the eight varieties were as ¥adloFontanelle, 44.9%; Gold Country,
45.1%; lroquois, 43.4%; Viking 3100, 44.5%; VikiB§7, 45.6%; L447HD, 44.9%;
WL363HQ, 45.3%; and Enforcer, 43.6% (Figure 10BY.iking 357, WL363HQ, and
Gold Country had the highest holocellulose conegiains during the 2011 growing
season with averages of 45.6, 45.3, and 45.1%ec#asply P < 0.05; Figure 10B).
There was a 4.8% increase in holocellulose conatoitr between the lowest variety
(Iroquois) and the highest variety (Viking 357) ithgrthe 2011 growing season. Gold
Country, Iroquois, Viking 3100, and Viking 357 hsignificantly different holocellulose

concentrations between the 2010 and 2011 growiagpseP < 0.05; Figure 10B).

HOLOCELLULOSE TO LIGNIN RATIOS

The holocellulose to lignin ratio (holocellulosgyrin) averaged 2.31 and 2.65
across all treatments in 2010 for plants samplédeatull-bud and 50%-flower harvest
regimes, respectively (Figure 7A). Plants sampletthe 50%-flower harvest regime had
a 12.8% increase of the holocellulose: lignin gvants sampled the full-bud harvest
regime in 2010F < 0.01; Figure 7A). In 2011, the holocellulosgnin averaged 3.07
and 3.10 across all treatments for plants sampldtedull-bud and 50%-flower harvest
regimes, respectively (Figure 7A). There was goificant difference for the
holocellulose: lignin between plants sampled afftilebud and 50%-flower harvest

regimes in 2011. There was a 24.8 and 14.5% iserfa plants sampled at the full-bud
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and 50%-flower harvest regimes, respectively, ftbe2010 to the 2011 growing season

(P < 0.01; Figure 7A).

The holocellulose: lignin averaged 2.44, 2.55, 2/ in 2010 for plants growing
under the control, saline, and irrigated treatmemtspectively (Figure 8A). Plants in the
saline treatment had an increased the holocelluliggen by 4.3 and 3.1% over plants in
the control and irrigated treatments in 2010, respely (P < 0.05; Figure 8A). Plants in
the saline treatment had a significantly greatéod®lulose: lignin than the control in
2010 P < 0.05). Although not significanP(= 0.09), plants in the saline treatment had
an increased holocellulose: lignin over plantsiaitrigated treatment in 2010. In 2011,
the holocellulose: lignin averaged 2.92, 3.27, &Y for plants growing under the
control, saline, and irrigated treatments, respebti(Figure 8A). Plants in the saline
treatment had an increased holocellulose: lignid®y and 6.1% over plants in the
control and irrigated treatments in 2011, respetyi < 0.01; Figure 8A). In both
growing seasons (2010 and 2011) plants in theesti@gatments had an increased

holocellulose: lignin over plants in the controbarrigated treatments.

The holocellulose: lignin averaged 2.11, 2.61, 2r&? for plants in the full-bud
control, saline, and irrigated treatments in 20&8pectively (Figure 9A). Plants in the
full-bud saline treatment had a significantly gezdtolocellulose: lignin (19.2 and
14.9%, respectively) over plants in the control andated treatments in 2016 € 0.01;
Figure 9A). Plants in the full-bud irrigated acwhtrol treatments were not significantly
different. Plants in the 50%-flower harvest regim@010 had average holocellulose:

lignin of 2.77, 2.50, and 2.73 for the control,isa) and irrigated treatments, respectively
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(Figure 9A). Contrasting to the plants samplethatfull-bud harvest regime in 2010,
plants in the 50%-flower saline treatment had aigant decreased holocellulose:
lignin of 9.7 and 8.4% from plants in the controtarrigated treatments in 2010,
respectively P < 0.01; Figure 9A). Plants in the 50%-flower cohaind irrigated
treatments were not significantly different in 2016 2011, the holocellulose: lignin
averaged 2.89, 3.29, and 3.03 for plants in thHebfudl control, saline, and irrigated
treatments, respectively (Figure 9A). Similariie 2010 growing season, plants in the
full-bud saline treatment had a significantly iresed holocellulose: lignin of 12.2 and
7.9% over plants in the control and irrigated tnextts in 2011, respectivell € 0.01;
Figure 9A). Plants in the full-bud irrigated treent also had a significantly greater
holocellulose: lignin over plants in the contra@dtment in 2011R < 0.05; Figure 9A).
Plants in the 50%-flower had average holocellultigain of 2.94, 3.26, and 3.10 for the
control, saline, and irrigated treatments in 20&%pectively (Figure 9A). Following the
same pattern as the 2010 and 2011 full-bud haregsnes, plants in the 50%-flower
saline treatment had significant increases of 8Bd849% over plants in the control and
irrigated treatments in 2011, respectived?y<(0.01; Figure 9A). The holocellulose:
lignin was significantly greater for both harvestjiimes (full-bud and 50%-flower) and
all treatments (control, saline, irrigated) formtk&in 2011 compared to 201P € 0.05;

Figure 9A).

The average holocellulose: lignin of the eightigties during the 2010 growing
season were as follows: Fontanelle, 2.64; Gold @guB.78; Iroquois, 2.66; Viking

3100, 2.85; Viking 357, 2.60; L447HD, 2.62; WL363HR70; and Enforcer, 2.65
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(Figure 10A). Gold Country, Viking 3100 and WL363Hhad the highest holocellulose:
lignin during the 2010 growing seasons with avesagfe2.78, 2.85, and 2.70,
respectively P < 0.05; Figure 10A). There was an 8.8% increasé® holocellulose:
lignin between the lowest variety (Viking 357) ahé highest variety (Viking 3100) in
2010. In 2011 the average holocellulose: lignithef eight varieties were as follows:
Fontanelle, 3.14; Gold Country, 3.14; Iroquois,.Xiking 3100, 3.13; Viking 357,
3.24; L447HD, 3.19; WL363HQ, 3.13; and EnforceR®.(Figure 10A). Viking 357
had the highest holocellulose: lignin with an ageraf 3.24 P < 0.05; Figure 10A).
There was a 4.3% increase for the holocellulogeidi between the lowest variety
(Iroquois) and the highest variety (Viking 357)2811. The holocellulose: lignin
increased for all eight varieties from the 201@ht® 2011 growing seasoR € 0.01;

Figure 10A).

THEORETICAL ETHANOL YIELDS

Theoretical ethanol yields averaged 146.3 and 14418 per 1000 kilograms of
dry weight (L / 1000kg DW) across all treatment2@10 for plants sampled at the full-
bud and 50%-flower harvest regimes, respectivelyuie 11). The cellulosic ethanol
yield comprised 84.4 and 85.0% of the total ethgredd for plants sampled the full-bud
and 50%-flower harvest regimes in 2010, respedti(édta not shown). In 2011,
theoretical ethanol yields averaged 140.0 and 145%.0000kg DW across all treatments
for plants sampled the full-bud and 50%-flower lestwegimes, respectively (Figure 11).
The cellulosic ethanol yield comprised 84.2 an®8oof the total ethanol yield for

plants sampled at the full-bud and 50%-flower hatrvegimes in 2011, respectively
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(data not shown). Total theoretical ethanol yieldsreased 4.3% for plants sampled at
the full-bud harvest regime from the 2010 to th&2@rowing seasorP(< 0.01; Figure
11). However, total theoretical ethanol yieldsr@ased 1.2% for plants sampled the

50%-flower harvest regime from 2010 to 20P1<0.05; Figure 11).

Theoretical ethanol yields averaged 149.0, 154cd41219.5 L / 1000kg DW for
plants growing under the control, saline, and arggl treatments in 2010, respectively
(Figure 12). The cellulosic ethanol yield compdi€2.3, 81.2, and 80.1% of the total
ethanol yield for plants growing under the contsalline, and irrigated treatments in
2010, respectively (data not shown). Plants grgwirthe saline treatments had
increased theoretical ethanol yields of 3.5 an@3o®er plants in the control and
irrigated treatments in 2010, respectiveby<(0.01; Figure 12). In 2011, theoretical
ethanol yields averaged 143.1, 152.5, and 150.2000kg DW for plants growing under
the control, saline, and irrigated treatments, @espely (Figure 12). The cellulosic
ethanol yield comprised 83.0, 81.3, and 80.4% eftthal ethanol yield for plants in the
control, saline, and irrigated treatments in 20&%pectively (data not shown).
Following a similar trend to the 2010 growing seggaants in the saline treatments in
2011 had increased theoretical ethanol yields2t6d 1.8% over plants in the control

and irrigated treatments, respectivay<(0.05; Figure 12).

Theoretical ethanol yields averaged 143.0,8,4%¢hd 146.0 L / 1000kg DW for
plants in the full-bud control, saline, and irrigattreatments in 2010, respectively (Table
8). Plants in the 50%-flower harvest regime in@@4d average theoretical ethanol

yields of 143.9, 147.0, and 140.9 L / 1000kg DWtfa control, saline, and irrigated
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treatments, respectively (Table 8). Plants inftiieoud saline treatment had the highest
theoretical ethanol yield in 2010, averaging 149/8.000kg DW, with the cellulosic
ethanol yield comprising 83.4% of the total ethayield (P < 0.05; Table 8). In 2011,
plants in the full-bud harvest regime had averhgertetical ethanol yields of 133.8,
144.5, and 141.6 L / 1000kg DW for the controljremland irrigated treatments,
respectively (Table 9). Plants in the 50%-flowardest regime in 2011 had average
theoretical ethanol yields of 142.2, 148.4, and.946/ 1000kg DW for the control,
saline, and irrigated treatments, respectively [@&. Plants in the 50%-flower saline
treatment had the highest theoretical yield in 2@l/&raging 148.4 L / 1000kg DW, with
the cellulosic ethanol yield comprising 85.0% df thtal ethanol yieldR < 0.05; Table

9).

During the 2010 growing season the Iroquois vaiietd the highest theoretical
ethanol yield with an average of 149.1 L / 1000RY [P < 0.05; Table 10). Gold
country was not significantly different with an asge of 148.5 L / 1000kg DW in 2010.
Interestingly, the Gold Country variety had thehagt cellulosic ethanol yield in 2010
with an average of 127.2 L / 1000kg DW € 0.05; Table 10). In 2011, the Viking 357
variety had the highest theoretical ethanol yielth\an average of 146.7 L / 1000kg DW
(P <0.05; Table 11). Although not a significant diénce, the Viking 357 variety also
had the highest hemicellulosic ethanol yield in R@ith an average of 22.8 L / 1000kg

DW (P < 0.13; Table 11).
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DISCUSSION

Growing season, harvest regime, irrigation, anthgglall affected stem
lignocellulosic concentrations in alfalfa. Harvesgime affected stem lignocellulosic
concentrations but results varied significantlywesn growing seasons. Precipitation
patterns had a major influence on the effectsrafation and salinity on stem
lignocellulosic concentrations. Plants under sepntal irrigation had higher
lignocellulosic concentrations and this effect wasre pronounced during the dry period
(August-October) in the 2011 growing season (TapleHowever, over the duration of

this study there were never any signs or symptdmdsonght stress.

Harvest regime did not significantly affect cetlsé concentrations during the
2010 growing season (Figure 3A). However, durlmg2011 growing there was a 5.4%
increase in cellulose concentration between thetplsampled at full-bud and 50%-
flower harvest regimed?(< 0.01; Figure 3A). Plants harvested during th&®2énd 2011
growing seasons followed similar trends for hentidese concentrations. Hemicellulose
concentrations of the plants sampled at the 50%dtdarvest regime in both growing
seasons decreased by 5.8 and 4.8%, respectivaty tfre full-harvest regimd>(< 0.05;
Figure 3B). Plants harvested at the full-bud hstrvegime had significantly higher
lignin concentrations than those harvested at @9¢-8ower harvest regime in 201B (
<0.01; Figure 3C). However, there were no sigaifitcdifferences in lignin
concentrations in plants sampled during the 20b%vig season (Figure 3C). While
maturity is the single most important factor impagtstem lignocellulosic concentrations

in alfalfa, growth environment causes some addiishifts in stem lignocellulosic
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allocation concentrations. Unfortunately theseremmental impacts are complex and
their effects are difficult to predict (Samac et aD06). Sanderson and Wedin (1988)
found substantially higher lignocellulosic concatitbns in alfalfa stems during one year,
however, the same plots harvested at the same lysiage the following year showed a
small difference in lignocellulosic concentrationa.this study temperature and moisture
were not independently evaluated. Studies thdtiated temperature and moisture
separately found moisture stress alone affectedrtmunt of cell wall accumulated by
alfalfa plants but did not change cell wall compiosi (Samac et al., 2006). We found
similar results in the holocellulose to lignin ctibetween harvest regimes and growing
seasons. During the 2010 growing season, therawas8% increase in the
holocellulose to lignin ratio between the full-btadthe 50%-flower harvest regimd2 <€
0.01; Figure 7A). However, in 2011, there was ignificant difference between harvest
regimes, but the holocellulose: lignin ratio in@ed 24.8 and 14.5% for plants sampled
at the full-bud and 50%-flower harvest regimespeesively, from the 2010 to the 2011
growing season (Figure 7A). Total theoretichbeil yields also varied by harvest
regime and growing season. Lamb et al. (2007)ddbat alfalfa grown under a
biomass-type management system (50%-flower harggsne) increased lignocellulosic
concentrations by 4% and could increase theoregitanol yields by 6.5%. During the
2011 growing season the plants sampled at the ¥0&eif harvest regime had a 3.2%
increased lignocellulosic concentrations over thielfud harvest regime which increased
theoretical ethanol yields by 4.08 € 0.01; Figure 11). However, during the 2010

growing season there was a decrease in theoretlzahol yield from the plants sampled
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at the full-bud to the 50%-flower harvest regirRe<(0.05; Figure 11). Rock et al.
(2009) observed similar patterns where stem lighadosic concentrations in alfalfa
exhibited year by harvest interactions with no cleattern and concluded that industries
that wish to utilize alfalfa for lignocellulosicletnol production must be prepared to deal

with significant feedstock quality variation duent@cro-environment fluctuations.

This study was conducted in a natural field sgttinth the control plots receiving
ambient amounts of precipitation. During the 2@it@wing season the field site received
an average 2.5 cm more precipitation per month tharistorical average (Table 1).
The irrigated and saline treatments received aitiaddl 5.0 cm of well water per
harvest regime depending on local precipitationgpas. Irrigation did not seem to have
a significant effect on stem lignocellulosic contcations during the 2010 growing
season although the hemicellulose concentratiomwesth a significant increase compared
to the control P < 0.05; Figure 4B). However, plants irrigated wstit had significantly
higher holocellulose concentrations (cellulose aanhicellulose), holocellulose to lignin
ratios, and the theoretical ethanol yielBs<(0.05; Figures 4A, 4B, 4C, 8A and 12). In
2011, which was a drier year (3.6 cm less predipiigper month than the historical
monthly average), irrigation and salinity appeah&ve contributed to plants with higher
holocellulose concentrations (cellulose and herhitde) over the control treatmei €
0.05; Figures 4A, 4B, 4C, 8A and 12). Deetz e{£094) found that alfalfa plants that
grew under water-deficit conditions had reducedhdignocellulosic concentrations.

The reduction in stem lignocellulosic concentrasioras most likely the result of delayed

maturity and decreased cell wall accumulation (Deetl., 1994). Interestingly, alfalfa
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growing under saline treatments had higher holatade to lignin ratios (and higher
theoretical yields) during both growing season &stjgg that moderate levels of salt
may stimulate holocellulose concentrations. AHajfowing under saline treatments had
higher holocellulose concentrations but lower llgooncentrations during the 2011
growing seasorA(< 0.05; Figure 4C). These findings could be sigaiit because
selecting species with high holocellulose to ligratios will be an important

characteristic when selecting feedstocks for ethpromluction.

The alfalfa variety Gold Country had the highesstcent cellulose concentrations
with averages of 38.0 and 37.2% during the 20102&id. growing season, respectively
(Table 6 and 7). Gold Country was high yieldinghaVSI and FD rankings of 2.5 and
3.8, respectively. Although having the highestcpat cellulose concentrations during
both growing seasons, Gold Country also had sontleedighest lignin concentrations.
This resulted in lower holocellulose to lignin ceticompared to other varietidd< 0.05;
Figure 10A). Iroquois had the highest total th&éoat ethanol yield during the 2010
growing season (Table 10). Iroquois was obtaineohfa local farmer and the WSI and
FD rankings were unknown. Typically, Iroquois ian@-genetically modified variety
with average yields (Manske and Goetz, 1982). myutihe 2011 growing season
Iroquois had the lowest total theoretical ethaneldy(Table 11). Gold Country also had
very high total theoretical ethanol yields durirglbgrowing seasons (Table 10 and 11).
Variety selection did not seem to have a pronouredkstt on stem lignocellulosic
concentrations in alfalfa. High yielding varietigold Country) did not have a

significantly greater holocellulose to lignin rato total theoretical ethanol yields
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compared to typical non-genetically modified aldaffroquois). Research on biomass
yields and forage nutrition quality could prove bBaial for variety selection in the

future if alfalfa is used as a feedstock for ligalhdosic ethanol production.

In conclusion, alfalfa shows great potential dsomass feedstock for
lignocellulosic ethanol production. Benefits sasha reduced requirement for nitrogen
fertilizer, increased environmental protection andell-known cropping system give it
an advantage over other comparable feedstocksnafry scenarios alfalfa leaves and
stems would be separated for lignocellulosic ethpramuction. Generally, management
systems have emphasized harvesting alfalfa foragenaature growth stages to
maximize the leaf component and crude protein cainggons; although a biomass
production system would make the stem componewalasible as the leaf yield (Lamb et
al., 2003). Separating the leaves from the stentise field would create a much more
viable system than separation facilities that Hae®en proposed by other researchers
(Arinze et al., 2003; Downing et al., 2005). Anatimprovement on the alfalfa cropping
system would be to seed the alfalfa in the faktratihe current crop has been harvested.
This has the potential to greatly increase the yesr alfalfa yields. Genetic
improvements could also increase alfalfa’s valubiamass feedstock. Genetically
decreasing the concentration of lignin in alfaki@nss would decrease fermentation costs

and in turn increase ethanol yields.

Crops such aBliscanthus spp., Populus spp., and switchgrasdPanicum
virgatum) could be used as a feedstock for lignocellulesii@nol production. Unlike

alfalfa, many of the proposed crops do not havé-esthblished cropping systems and
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farmers may be reluctant to invest in these systdiriggnocellulosic ethanol production
reaches the scale of corn grain ethanol produthiere may be government incentives
and subsidies for farmers to grow specific croBsoduction of any system will be highly
dependent on a variety of factors, including thiéitgland need to produce a given
volume of ethanol, protection of environmental gyand natural resources, the
promotion of rural economic growth and stabilitpdacurrent and future farm production

strategies and goals (Vadas et al., 2008).
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FIGURE LEGENDS

Figure 1. Experimental design displaying the nurete/arieties, plot dimensions, and
the corresponding treatments and harvest regihé¥1 363HQ, 2-Viking 357, 3-
L447HD, 4-Enforcer, 5-Viking 3100, 6-Fontanelle Higlb— Ovation 2, 7-Gold Country
24/7, 8-lroquois

Figure 2. The average monthly precipitation for20&0 and 2011 growing seasons and
the historical monthly average precipitation (2@DD9) at the research site, 2.5 miles
west of Geneva, Minnesota.

Figure 3. The percent cellulose (A), hemicellul@g and lignin (C) concentrations for
plants sampled at the full-bud and 50%-flower harvegimes during the 2010 and 2011
growing seasons. Values are means of harvest esgiloring each growing season
(n=240, 2010 and n=480, 2011). Vertical error bapesent + 1SE. Letters (a-c)
denote significant difference between harvest regif < 0.05).

Figure 4. The percent cellulose (A), hemicellul@g and lignin (C) concentrations for
plants growing under the control, saline, and atégl treatments during the 2010 and
2011 growing seasons. Values are means of thieneeés during each growing season
(n=160, 2010 and n=320, 2011). Vertical error bapsesent = 1SE. Letters (a-e)
denote significant differences among treatmeats (.05).

Figure 5. The percent cellulose (A), hemicellul@Bg and lignin (C) concentrations for
plants sampled at the full-bud and 50%-flower reggrnwith the corresponding treatment
(control, saline, or irrigated) during the 2010 &@d1 growing seasons. Values are
means of the harvest regime and the correspondiagnent during the 2010 (n=80,
white bars) and 2011 (n=160, grey bars) growingses Vertical error bars represent +
1SE. Letters (a+b, 2010) and (r-u, 2011) denaeifitant differences among treatments
and a * signifies differences between ye&s (0.05).

Figure 6. The percent cellulose (A), hemicellul@g and lignin (C) concentrations for
each variety during the 2010 and 2011 growing seas®alues are means of each
variety during the 2010 (n=90, white bars) and 2014140, grey bars) growing seasons.
Vertical error bars represent £ 1SE. Letters (264,0) and (r-t, 2011) denote significant
differences among varieties and a * signifies ddfees between yea® € 0.05).
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Figure 7. The holocellulose to lignin ratio (A)datihe percent holocellulose
concentration (B) for plants sampled at the fultHaind 50%-flower harvest regimes
during the 2010 and 2011 growing seasons. Valieemaans of harvest regimes during
each growing season (n=240, 2010 and n=480, 2044di}ical error bars represent £
1SE. Letters (a-c) denote significant differeneen@en harvest regimeB € 0.05).

Figure 8. The holocellulose to lignin ratio (A)dathe percent holocellulose
concentration (B) for plants growing under the colptsaline, and irrigated treatments
during the 2010 and 2011 growing seasons. Valiemaans of the treatments during
each growing season (n=160, 2010 and n=320, 2044i}ical error bars represent £
1SE. Letters (a-e) denote significant differenme®ng treatment$(< 0.05).

Figure 9. The holocellulose to lignin ratio (A)dathe percent holocellulose
concentration (B) for plants sampled at the fultHaund 50%-flower regimes with the
corresponding treatment (control, saline, or itiégl during the 2010 and 2011 growing
seasons. Values are means of the harvest regidnth@corresponding treatment during
the 2010 (n=80, white bars) and 2011 (n=160, geeg)ogrowing seasons. Vertical error
bars represent £ 1SE. Letters (a-d, 2010) and2@41) denote significant differences
among treatments and a * signifies differences betwyearsK < 0.05).

Figure 10. The holocellulose to lignin ratio (Ajcathe percent holocellulose
concentration (B) for each variety during the 2@h@d 2011 growing seasons. Values are
means of each variety during the 2010 (n=90, whatis) and 2011 (n=140, grey bars)
growing seasons. Vertical error bars represer8E. 1Letters (a-d, 2010) and (r+s, 2011)
denote significant differences among varieties afigignifies differences between years
(P<0.05).

Figure 11. The theoretical ethanol yield (L/100@Xg) for the full-bud and 50%-flower
harvest regimes during the 2010 and 2011 growiag®es. Values are means of harvest
regimes during each growing season (n=240, 201MhaA80, 2011). Vertical error bars
represent £ 1SE. Letters (a-c) denote significifference between harvest regimes<(
0.05).

Figure 12. The theoretical ethanol yield (L/100@X) for the control, saline, and
irrigated treatments during the 2010 and 2011 gngweasons. Values are means of the
treatments during each growing season (n=160, a06dih=320, 2011). Vertical error
bars represent £ 1SE. Letters (a-d) denote sggmfidifferences among treatmeries<(
0.05).
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TABLE CAPTIONS

Table 1. The average monthly precipitation for26&0 and 2011 growing seasons and
the historical monthly average precipitation (2@DD9) at the research site, 2.5 miles
west of Geneva, Minnesota.

Table 2. The percent cellulose, hemicellulose,laymin concentrations for plants
sampled at the full-bud and 50%-flower harvestmegg during the 2010 and 2011
growing seasons. Values are means of harvest esgiloring each growing season
(n=240, 2010 and n=480, 2011).

Table 3. . The percent cellulose, hemicellulogé, lagnin concentrations for plants
growing under the control, saline, and irrigatezhtments during the 2010 and 2011
growing seasons. Values are means of the treasrmdenihg each growing season
(n=160, 2010 and n=320, 2011).

Table 4. The percent cellulose, hemicellulose,lamin concentrations for plants
sampled at the full-bud and 50%-flower regimes i corresponding treatment
(control, saline, or irrigated) during the 2010wiog season. Values are means of the
harvest regime and the corresponding treatmentOn=8

Table 5. The percent cellulose, hemicellulose,lamin concentrations for plants
sampled at the full-bud and 50%-flower regimes i corresponding treatment
(control, saline, or irrigated) during the 2011wnog season. Values are means of the
harvest regime and the corresponding treatmentg@i=1

Table 6. The percent cellulose, hemicellulose,lamin concentrations for each variety
during the 2010 growing season. Values are measoh variety (n=90).

Table 7. The percent cellulose, hemicellulose,lamin concentrations for each variety
during the 2011 growing season. Values are me@soh variety (n=180).

Table 8. Cellulosic, hemicellulosic, and total tretecal ethanol yields following Boyer
(2002) for the full-bud control, saline, and irrigd treatments and the 50%-flower
control, saline, and irrigated treatments for tBé@growing season. Values represent
treatment means (n=80) and * indicates a signifid#ference P < 0.05).
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Table 9. Cellulosic, hemicellulosic, and total tretecal ethanol yields following Boyer
(2002) for the full-bud control, saline, and irrigd treatments and the 50%-flower
control, saline, and irrigated treatments for tBé 2growing season. Values represent
treatment means (n=160) and * indicates a sigmfidéference P < 0.05).

Table 10. Cellulosic, hemicellulosic, and totadhetical ethanol yields following Boyer
(2002) for the Fontanelle, Gold Country, Iroqudigking 3100, Viking 357, L447HD,
WL36HQ, and Enforcer varieties during the 2010 grmaseason. Values represent
treatment means (n=90) and * indicates a signifid#ference P < 0.05).

Table 11. Cellulosic, hemicellulosic, and totadhetical ethanol yields following Boyer
(2002) for the Fontanelle, Gold Country, Iroqudigking 3100, Viking 357, L447HD,
WL363HQ, and Enforcer varieties during the 201Iwgng season. Values represent
treatment means (n=140) and * indicates a sigmfidéference P < 0.05).
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Table 1
Month 2010 Season — 2011 Season —  Historical average
Precipitation (cm)  Precipitation (cm)  (2001-2009) (cm)
April 4.6 6.6 9.4
May 5.6 11.9 11.7
June 31.8 13.7 12.7
July 14.5 12.7 12.2
August 6.4 1.8 11.2
September 26.2 1.3 11.2
October 2.8 0.8 6.1
Average 13.1 7.0 10.6
Table 2
Growing Season oy 1066 9%6)  Hemicellulose (%) Lignin (%)
and Growth Stage
2010 Full-Bud 36.9 8.6 20.2
2010 50%-Flower 36.5 8.1 17.4
2011 Full-Bud 35.2 8.4 14.4
2011 50%-Flower 37.2 8.0 14.7
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Table 3
Growing Season and Cellulose (%) Hemicellulose (%) Lignin (%)
Treatments
2010 Control 36.6 7.9 19.0
2010 Saline 37.4 8.7 18.8
2010 Irrigated 36.1 8.6 18.7
2011 Control 35.5 7.3 14.8
2011 Saline 37.0 8.5 14.1

2011 Irrigated 36.1 8.9 14.8
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Growth Stage and

Treatment Cellulose (%) Hemicellulose (%) Lignin (%)
Full-bud Control 37.0 7.3 21.4
Full-bud Saline 37.3 9.4 18.3

Full-bud Irrigated 36.3 9.2 20.1
50%-flower Control 36.2 8.6 16.7
50%-flower Saline 37.6 8.0 19.2
50%-flower Irrigated 35.9 7.9 16.4
Table 5

Gro¥vr'i1at8r:]aegn§[ and Cellulose (%) Hemicellulose (%) Lignin (%)

Full-bud Control 34.3 7.2 14.6

Full-bud Saline 36.4 8.6 14.0

Full-bud Irrigated 35.0 9.3 14.8
50%-flower Control 36.7 7.3 15.0
50%-flower Saline 37.7 8.4 14.2
50%-flower Irrigated 37.2 8.4 14.8
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Table 6
Variety Cellulose (%) Hemicellulose (%) Lignin (%)
Fontanelle 36.8 7.8 17.6
Gold Country 38.0 8.1 17.9
Iroquois 37.3 9.1 18.4
Viking 3100 37.7 8.1 16.7
Viking 357 36.6 8.1 18.0
L447HD 35.9 8.4 17.6
WL363HQ 35.1 9.2 17.4
Enforcer 35.2 8.5 17.2
Table 7
Variety Cellulose (%) Hemicellulose (%) Lignin (%)
Fontanelle 37.1 7.8 14.6
Gold Country 37.2 7.9 14.6
Iroquois 35.5 8.3 14.4
Viking 3100 36.4 8.1 14.4
Viking 357 37.0 8.6 14.4
L447HD 36.5 8.4 14.4
WL363HQ 36.8 8.5 14.7
Enforcer 35.6 8.1 14.0
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Table 8
Growth Stage and  Cellulosic EtOH Hemicellulosic Total Theoretical
Treatment Yield" EtOH Yield' EtOH Yield'
Full-bud Control 123.8 19.2 143.0
Full-bud Saline 125.0 24.8* 149.8*
Full-bud Irrigated 121.6 24.4 146.0
50%-flower Control 121.3 22.6 143.9
50%-flower Saline 125.8* 21.2 147.0
50%-flower Irrigated 120.1 20.8 140.9

'Ethanol yields-are expressed in liters of ethaeoll®00 kg of dried biomass.

Table 9
Growth Stage and  Cellulosic EtOH Hemicellulosic Total Theoretical
Treatment Yield® EtOH Yield' EtOH Yield'
Full-bud Control 114.8 19.0 133.8
Full-bud Saline 121.7 22.8 144.5
Full-bud Irrigated 117.1 24.5* 141.6
50%-flower Control 122.9 19.3 142.2
50%-flower Saline 126.2* 22.2 148.4*
50%-flower Irrigated 124.7 22.2 146.9

Ethanol yields are expressed in liters of ethaeol®00 kg of dried biomass.
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Table 10
Variety CeIIuI(_)siclEtOH Hemicell_ulosic Total Thepretical
Yield EtOH Yield" EtOH Yield"
Fontanelle 123.2 20.6 143.8
Gold Country 127.2* 21.3 148.5
Iroquois 124.9 24.2 149.1*
Viking 3100 126.1 21.3 147.4
Viking 357 122.4 214 143.8
L447HD 120.3 22.2 142.5
WL363HQ 117.7 24.3* 142.0
Enforcer 117.8 22.4 140.2

Ethanol yields are expressed in liters of ethaeol®00 kg of dried biomass.

Table 11
Variety CellulqsiclEtOH Hemicellglosic Total Thepretical
Yield EtOH Yield' EtOH Yield'
Fontanelle 124.2 20.6 144.8
Gold Country 124.5* 20.8 145.3
Iroquois 118.9 21.9 140.8
Viking 3100 121.9 21.3 143.2
Viking 357 123.9 22.8 146.7*
L447HD 122.3 22.2 144.5
WL363HQ 123.2 22.5 145.7
Enforcer 119.1 21.4 140.5

Ethanol yields are expressed in liters of ethaeol®00 kg of dried biomass.
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