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latter half of the 20 century, has been implicated as a major factor contributing to nitrate
loading of the Mississippi River, and the seasonal formation of a large hypmddrzthe
Gulf of Mexico (Burkart and James, 1999; Rabalais et al., 2001). High levels ¢ nitra
leaching from agricultural systems in the Midwestern U.S. have bdexdlio the use of
nitrogen fertilizers, mineralization of soil organic nitrogen in excéssop uptake, and the
presence of subsurface field drainage networks throughout the region (Japhe2@d1;
Dinnes et al., 2002). In turn, all of these factors are either associated arthtbe outcome
of intensification of annual row crop production (Keeney and DelLuca, 1993; Schitithg
Libra, 2000).

Inherent in the U.S. national strategy for large-scale biofuel productiomamdate for
further intensification of agricultural production. Given the historicatr@hship between
agricultural intensification and carbon and nitrogen cycling, it couldyelasiargued that
while biofuels and cellulosic ethanol more specifically, offer the potdiotianvironmental
gains in agriculture, the balance of the pressure exerted on agriculture bysbiofiuéely
be negative. Certainly, evidence indicates that this has been the casmsoden ethanol
(Donner and Kucharik, 2008), and may very well be the case for cellulosic etlegiveld
from crop residues (Mann et al., 2002; Lal, 2005; Wilhelm et al., 2008). Therefore, my
doctoral research began from the metahypothesis that while biofuels derived from
agricultural biomass could offer opportunities for improving both the productive andmutri
cycling functions of agroecosystems, achieving these outcomes in tandem veselalt @n
enormous challenge, even utilizing cropping systems designed expresslg farrfiose. In
order to evaluate the feasibility of achieving productivity and nutrientr@ygains in

biomass production, and to assess potential tradeoffs between these functions,tédonduc
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field experiments investigating annual and perennial biomass croppiegsyttat were
designed specifically to produce cellulosic biomass for conversion to bidfabtsse to

focus my analysis of nutrient cycling in these cropping systems primarittimgen

because of the limitations it imposes on biomass production (Smil, 2001) and als® leécaus
growing concerns regarding the negative impacts of errant agriculttrcgen on human

health and on non-agricultural ecosystems (Jenkinson, 2001; Rabalais et al., 200yGallow
et al., 2003). My investigations also placed emphasis on carbon assimilation anel dt@rag

to the intimate connection between carbon and nitrogen in biological systemsr(&terne
Elser, 2002) and because of the central role of carbon in matters of energy, enviy@amahe
agriculture (Socolow, 1999). An outline of my dissertation, including a brief descripti

the experiments | conducted is presented below.

Dissertation Organization

My investigation of productivity and nutrient cycling in bioenergy cropping system
presented in three chapters. Chapters two and three attend to experiments involving annua
cropping systems for biomass feedstock production, while the fourth chapter focuses on
perennial biomass crops. Specifically, chapter two details the resultwofyeear field study
designed to compare biomass production, plant and soil nitrogen dynamics, and nutrient
removal in a sole-crop corn cropping system relative to several biomass dmbk/stems,
all of which included triticale (Xriticosecale Wittmack) as a winter biomass and cover crop.
Chapter three expands on the results presented in the second chapter through avguantitati
analysis of crop growth and biomass yield determinants in sole-crop corn and dopble-c

triticale-corn cropping systems. Chapter four in turn describes anmegneithat was
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conducted to assess the effects of nitrogen fertilization on biomass and marigioning
and soil organic carbon storage by four perennial, warm season grasses. In iteapte
results from the three experiments are summarized and directions forageaech are
identified. A synopsis of each of the three studies comprising the remaindesestation is

provided below.

Productivity and Nutrient Dynamicsin Bioener gy Double-cropping Systems.

The objective of the first study was to evaluate dry matter production, pbtentia
ethanol yields, and crop and soil nitrogen dynamcs for three prototypical bipeioeitge-
crop systems, and for a conventionally managed sole-crop corn system. Droppieg
systems evaluated in the study included fall-seeded forage triticateexied by one of three
summer-adapted crops: corn, sorghum-sudanggasghum bicolor (L.) Moench], or sunn
hemp Crotalaria juncea L.). Experiments were conducted at lowa State University’s Bruner
Farm during 2005-2006, and 2006-2007 to address three primary hypothesis regarding
biomass production in sole-crop and double-crop systems: 1) extended durations of crop
growth in double-cropping systems will lead to both increased dry matter poogupgeater
potential ethanol yield, and reduced opportunities fog-NQeaching compared to sole-crop
corn, 2) double crop systems will generate high moisture, nutrient-rich biomlasise to
sole-crop corn, and 3) due to greater biomass yield and higher nutrient cdrae)tra
nutrient removal with feedstock harvest will be elevated in double-crop systenger&b

sole-crop corn.
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Growth Analysis of Biomass Production in Sole-crop and Double-crop Corn Systems.

In a second study, functional growth analysis techniques were applied tcodatadr
double-crop field experiment to assess the relative importance of leaf yitb&ige duration
and efficiency in determining biomass productivity of sole-cropped corn and doaple-cr
triticale-corn. Mathematical response functions were fit to weekly imeamnts of
aboveground crop dry matter and leaf area index to describe changes in prowndhy gr
analysis parameters throughout the 2006 and 2007 growing seasons and to estimate
instantaneous and seasonal rates of crop growth efficiency and asgncdgiacity.
Analysis of covariance techniques were applied to assess the relationsl@prbetop
growth parameters and biomass yield for both cropping systems. Overal, ltywothesized
that photosynthetic duration would be more important than photosynthetic efficiency in
determining biomass yield and that greater yield in the double-crop corn sg&émerto
the sole crop corn system was primarily the outcome of photosynthesis occurrag ove

extended interval.

Nitrogen Influences Productivity, Resour ce Partitioning and Soil Carbon Storage by
Perennial, War m-season Grasses Managed as Bioener gy Feedstocks.

The third study was designed to assess the effects of nitrogen feotilipatbiomass
and nutrient partitioning between aboveground and belowground crop components, and on
carbon storage by four perennial, warm season grasses. During 2006-2007, estaahdsed s
of big bluestemAndropogon geradii Vitman), switchgrass, indiangrassfghastrum nutans
(L.) Nash], and eastern gamagrabsgsacum dactyloides L.) were treated with 0, 65, 140,

or 220 kg N h# in the spring and harvested following frost in the fall. Shoot and root
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biomass and nutrient content, as well as root and soil carbon were measured &t tfie tim
crop harvest in 2005-2007. It was hypothesized that biomass yields would resporelgositi
to nitrogen fertilization, but that optimal input levels by the second studywedd be

lower than those reported in forage-based studies, as a result of low nitnogealreith

only a single, late-season biomass harvest. Additionally, it was hypothésaeitrogen
fertilization would alter biomass and nutrient partitioning between shoots and mddta\ze
guantifiable impacts on soil carbon storage. As a result of impacts on carbon atatage
nutrient partitioning, overall it was hypothesized that nitrogen input intensityovinawie
implications for the management of perennial grasses as biofuel feedstmridirexbeyond

impacts on yield alone.
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CHAPTER 2. PRODUCTIVITY AND NUTRIENT DYNAMICSIN BIOENERGY
DOUBLE-CROPPING SYSTEMS
A paper published iAgronomy Journal
Andrew H. Heggenstalléf, Robert P. Anek Matt Liebmafi, David N. Sundbergand
Lance R. Gibsch
ABSTRACT
Double-crop systems have the potential to generate additional feedstocks forgyioene

and livestock utilization, and also to reduceNOleaching relative to sole-crop systems.
Field studies were conducted near Ames, IA, during 2005-2007 to evaluate productivity and
crop and soil nutrient dynamics in three prototypical bioenergy double-crop systehnsaa
conventionally managed sole-crop corn system. Double-cropping systems elaiuhte
study included fall-seeded forage triticaleTpxticosecale Wittmack), succeeded by one of
three summer-adapted crops: cafea(mays L.), sorghum-sudangrasSofghum bicolor (L.)
Moench], or sunn hemifotalaria juncea L.). Total dry matter production by triticale/corn
and triticale/sorghum-sudangrass was 25% greater than sole-crop caimjntiarn
produced 21% more dry matter than triticale/sunn hemp. Potential ethanol yiejdeatest
for triticale/corn, which was estimated to have the capacity to produce 1@brhore
ethanol than sole-crop corn. Crop N uptake was greater in double-crop systems duking Ap

June, greater in the sole-crop corn system during July-August, and qugsitein double-
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crop systems during September-October. Relative to sole-crop corn, potdedictiable

soil N was reduced in double-crop systems by 34%, and 25%, respectively, in the sjting (m
April) and fall (late October). High nutrient density of biomass coupled with hig

productivity for triticale/corn and triticale/sorghum systems alsoltexsin the removal of

83%, 41%, and 177% more N, P, and K, respectively, compared with sole-crop corn.
Sustained removal of large quantities of nutrient-dense biomass from double-groppin
systems would necessitate increased fertilization or integration wiiemtugcycling

mechanisms.

INTRODUCTION

Agriculturally-derived biomass is a potentially abundant feedstock capablevidipg
a renewable supply of energy, fuels, and commodity chemicals with redwessthguse gas
emissions relative to petrochemical alternatives (Brown, 2003; Perlack20Gb; Farrell et
al., 2006). The challenge, however, of producing the enormous quantities of biomass
required to support a bio-based economy, while maintaining adequate levels of food
production, and also conserving natural resources and preserving environmental quality,
should not be understated (Cassman and Liska, 2007). Therefore, one of the greatest
obstacles confronting biomass production for industrial utilization is the development
cropping systems that balance the need for increased productive capacity with the
maintenance of other critical ecosystem functions (Fales et al., 200@dimgchutrient
cycling and retention (Matson et al., 1997).

The need for improved agricultural nutrient cycling has become particalgpiarent in

the North Central US, where NI losses from intensively managed grain production
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systems have been implicated as major factors contributing to N loading\istissippi
River, and subsequently to the seasonal formation of a large hypoxic zone in the Gulf of
Mexico (Burkart and James, 1999; Rabalais et al., 2001). High levels of N leacimmg fr
agricultural systems in the North Central US have been linked to N &tz

mineralization of soil organic N, and the presence of subsurface field geaieivorks
throughout the region (Jaynes et. al., 2001; Dinnes et al., 2002). Much of the problem,
however, is ultimately associated with the expansion of annual row crop agrito#tbhas
occurred during recent decades (Keeney and DelLuca, 1993; Schilling and Libra, 2000).
High NOs-N losses from annual crop systems results from a lack of synchronibatiseen
soil inorganic N supply and crop N uptake, with high potential for leaching in the spdng a
fall, when excess inorganic N is present in soil, but crop growth and N uptake are noinimal
absent (Dinnes et al., 2002).

One potential option for simultaneously addressing the need for both increased
productivity and reduced NEN leaching from agricultural lands is through the introduction
of biomass, or “bioenergy” double-cropping systems (Karpenstein-Machan, 2001). In such a
system, two crops are harvested in a single year. Production of two crops is fessablkee
a cool-season biomass crop is harvested in late spring, prior to full maturity, and-a war
season crop is seeded directly afterward. If the cool-season crop is setgefall it can
also serve as a winter cover crop, with the potential to sequester soildthiératise would
be subject to leaching (Snapp et al., 2005). Although no studies have specifieabedsd
dynamics in double-cropping systems, a more general body of evidence inthiaagwing

N sequestration by winter cover crops can mitigatg-N@osses from annual cropping
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systems (Staver and Brinsfield, 1998; Strock et al., 2004; Kladivko et al., 2004; Kaabar et
2007).

Previous studies conducted in the North Central US indicated that double-cropping can
provide productivity advantages relative to sole-cropping, although these advamntages
obtained consistently. In Minnesota, Crookston et al. (1978) compared dry matter production
by sole-crop corn and corn double-cropped with winter $geale cerealeL.), and
concluded that yields for the two systems were not significantly differeanwonsidered
across environments and years. In contrast, in lowa, Helsel and Wedin (1981 eeMainat
warm-season crops either grown as sole-crops or double-cropped followingryende
spring oat Avena sativa L.), and demonstrated generally higher yields for rye-based double-
cropping systems. Given the relative dearth of comparative studies usiegt genetic
materials, it is difficult at present to gauge whether or not double-cropygstenss have the
capacity to offer consistent productivity advantages over sole-cropping.

Extended intervals of crop growth and increased nutrient uptake in double-cropping
systems will likely also influence feedstock quality. Because doubjesystems are
characterized by harvest of physiologically immature crop matgtieg can be expected to
generate feedstocks that have both higher moisture and nutrient content teladstocks
produced in a sole-crop system, where a portion of the growing season is dedicated to crop
senescence and field drying. High moisture biomass would need to be ensiled or ddhydrat
for storage and preservation (Collins and Owens, 2003). Additionally, high nutrient content
would dictate increased fertilization requirements for the maintenancé fefrsbty and

sustained biomass production (Murdock and Wells, 1978).



25

To address questions of productivity and nutrient dynamics in bioenergy feedstock
cropping systems, we conducted field experiments in 2005-2007 to evaluate dry matter
production, potential ethanol yields, and nutrient capture and export for three prototypica
bioenergy double-crop systems, and for a conventionally managed sole-crop cam syst
We hypothesized that extended durations of crop growth in double-cropping systems would
lead to both increased dry matter production and reduced potential e M@ching
relative to the sole-crop corn system (Fig. 1). Additionally, because dooblsystems are
likely to generate high moisture, nutrient-rich biomass, we also sought to @megture
and nutrient contents for feedstocks produced in double-crop and sole-crop systems, and to

guantify nutrient removal with feedstock harvest.

MATERIALSAND METHODS
Experimental Design and Cropping Systems

Double-cropping systems evaluated in our study included fall-seeded formgéetrit
(planted after soybean), succeeded by one of three primary crops: corn, sorghuignessga
or sunn hemp. Triticale was selected as a winter cover crop due to its highsyoahdhs
potential in lowa (Schwarte et al., 2005) and its ability to sequester sagmifjaantities of
soil inorganic N in the spring (Nance et al., 2007). Primary crops wereeskleted on
adaptation to lowa’s summer growing conditions and specific traits having particul
relevance to a bioenergy double-cropping production context. Sorghum-sudangrass was
included in the study on the basis of rapid summer growth (Beuerlein et al., 1968), and
because of generally superior performance in previous double-cropping skielsed and

Wedin, 1981, Buxton et al., 1999). The subtropical legume sunn hemp was included in
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double-cropping systems on the merits of nitrogen-self sufficiency, uprighthgrand
reportedly high dry matter yield potential in temperate environments (Mitd9él4;
Bhardwaj et al., 2005). Finally, a corn hybrid with 90% recommended relativeityat
(RM) for the growing region was selected in order to evaluate the potemtgrbin and
biomass production under double-cropping conditions. Because we sought to manage for
total dry matter production rather than grain yield alone in the double-crop systebhe-
crop corn was planted in narrower rows and at elevated densities relative-toogotorn,
which was managed according to standard recommendations for grain productioa in low
(Farnham, 2001). Previous studies have reported increased dry matter yieturs folanted
in narrow rows (Cox and Cherney, 2001; 2002), and at higher densities (Cox and Cherney,
2001; Shapiro and Wortmann, 2006). Although we recognize that management differences
between sole-crop and double-crop corn affect direct comparisons between thepsyo cr
our objective was ultimately to make comparisons at the system level ohathrep corn
representing the most common system currently used for biomass production imidwa, a
the double-crops representing a suite of possible alternative systems for idnpiaovwass
production.

Field experiments were conducted during 2005-2007 at the lowa State University
Agronomy and Agricultural Engineering Research Farm, located in BooneyCtawé,
USA (420'N; 936'W). Predominate soil types at the site were Nicollet loam (fineyjpam
mixed, superactive, mesic, Aquic Hapludolls), and Canisteo silty clay loael@@amy,
mixed, superactive, calcareous, mesic, Typic Endoaqudhlg)experiment, conducted
twice, was arranged as a randomized complete block design with threeti@ioa 2005-

2006, and four replications in 2006-2007. Plot size was 6 m x 40 m. The experiment was
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established following soybean in both 2005-2006 and 2006-2007. In 2005-2006, the
experiment was conducted in a field that had been managed in a corn-soybean hotation.
2006-2007 the experiment was conducted in a nearby field that had been managed in an oat-
soybean rotation. Mean monthly air temperature and precipitation totals in Boolmva

were compiled from the lowa Environmental Mesonet (Table 1). Specific dateop
management and field sampling activities are presented in Table 2.

Sole-crop corn plots were fertilized with 112 kg N'i{as urea) followed by field
cultivation each spring. Following fertilization and tillage, corn (‘D30c18’, 110-day RM)
was planted at 79,000 seeds fra76 cm rows. Based on the results of soil tests, plots
received 33 kg P Has triple super phosphate) at planting in 2006, and no P fertilization in
2007. Soil N status in sole-crop corn plots was evaluated each year in June usprinigte s
NOs-N tests (Blackmer et al. 1997). In both 2006 and 2007, it was determined that soil N
supply capacity was adequate to achieve corn yield potential. Therefore, thanadidi
fertilizer N was applied in either year. Sole-crop corn plots receivedjke ginst emergence
application of glyphosate (1.4 kg a.i. hHaach year in June, and were harvested at
physiological maturity, in early October.

In double-cropping systems, a winter variety of forage triticale (‘Pwas planted each
fall directly following soybean harvest in early October. Triticabs\seeded at 150 kg seed
ha' in 20 cm rows using a no-till grain drill (Tye model 2007, AGCO Co., Lockney, TX).
Triticale plots received disk tillage prior to planting. The following Agoiots were
fertilized with 34 kg h& N (as urea) using a 1.5 m wide drop spreader (Gandy model 6500,
Gandy Co., Owatonna MN). Triticale was harvested and removed from plots attladsis

(Zadoks et al., 1974, growth stage 65-69) in early June, using a self-propelled forage
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harvester (John Deere model 5480, John Deere Co., Moline, IL). Primary crops wleck see
into triticale stubble within several days of harvest using a no-till corn pl@ltten Deere
model 7000 Max Emerge, John Deere Co., Moline, IL). Corn (‘DKC51-39’, 101-day RM)
was planted at 118,000 seed& ra38 cm rows, whil&orghum-sudangrass (‘Special

effort’) and sunn hemp (‘IAC-KR-1" in 2006, ‘Tropical Sunn’ in 2007) were both planted at
740,000 seeds Han 38 cm rows. Prior to planting, sunn hemp seed was treated with cowpea
[Vigna unguiculata (L.) Walp] Bradyrhizobium spp. inoculant. Subsequent to crop
emergence, corn and sorghum-sudangrass plots were fertilized with 157 Rg&$ ha
ammonium nitrate) based on the results of late spring saiNNt@sts (Blackmer et al.,

1997). Sunn hemp plots received no N fertilization. In 2006, due to generally lowdévels
available P in the upper 30 cm of soil, 33 kg P (s triple super phosphate) was applied to
all double-crop plots at the time of primary crop planting. No P fertilizer wasedgpl plots

in 2007. Double-crop corn plots received a single post emergence application of giyphosa
(1.4 kg a.i. ha) each year. Sorghum-sudangrass and sunn hemp were not treated with
herbicides, although these plots were manually weeded as necessary. Aligpéots
maintained in essentially weed-free conditions throughout the course of themexpearsing
herbicides and periodic hand weeding. All primary crops in double-crop systems wer

harvested in late October, following a killing frost.

Crop and Soil M easurements
Crop biomass samples were collected monthly during April-October fssassat of
crop N content (Table 2). For each sampling date, two randomly selected 50 tengtvs

were harvested from each plot. Replicate subsamples from each plot wereemhroben
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dried at 60°C for 4 days and weighed to determine dry matter. Dried samplegouere to
2 mm using a Thomas-Wiley mill (Model 4, Thomas Scientific, Swedesboro, NJ), ground a
second time to 0.5 mm using an Udy Cyclone mill (Udy Co., Ft. Collins, Co), and the N
concentration of plant material was determined by combustion of a 150 g sa®pde@in
a LECO analyzer (Model CHN-2000, LECO Co., St. Joseph, MI).

Final dry matter yield was assessed for all crops at the time of h&foestiticale, a 3.7
m wide x 35 m long strip was harvested from the center of each plot usingpeopelied
forage harvester equipped with onboard scales. For all other crops, yield wasraztdy
manual harvest of an area of 23imthe center of plots. For sorghum-sudangrass and sunn
hemp, all plants in the harvest area were cut just above ground level, removed from plots,
and weighed in large plastic containers with a platform scale. For coearslin the harvest
area were manually collected and weighed. Six randomly selected plaatsew®ved from
each plot prior to ear harvest and separated into grain, stover, and cob fractionseadiach f
was then weighed in the field. Dry matter yields for all crops were eddclibased on the
field weight of the harvest area (and harvest fraction in the case of cortijeamwisture
content of samples collected at harvest. Samples for moisture contentiniztiernwere
oven dried at 60°C for 4 days, ground following the same protocol described previously, and
then sent to Harris Laboratories (Lincoln, NE) for elemental (N, P, KysisaFor elemental
analysis, 250 mg of plant material was treated with 5 ml nitric acid at 90°C fom3¢hem
treated with 3 ml of 30% #D, and digested for another 90 min at 120°C. Following
digestion, the solution was diluted to 35 ml with 20% HCI, mixed, filtered and subjected t

inductively coupled plasma atomic emission spectrometry (ICP-AES)sialy
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Soil samples were collected each year in early spring at the initiatcmvef crop
growth, and again in the fall following primary crop harvest (Table 2). On each sgmpli
date, six 1.9 cm diameter soil cores were collected to a depth of 90 cm in each plot. Cores
were divided into 0-30, 30-60, and 60-90 cm depth increments and composited by plot.
Samples were mixed, oven dried at 105°C for 4 days, weighed, and ground. Bulk density
was calculated for each depth increment as soil dry weight per unit of voluiee .sDil
samples were ground following the same protocol described previously, and cdammentra
of NOs-N, and NH-N were determined colorimetrically using flow-injection analysis
(Latchat Instruments, Milwaukee, WI.), following extraction of a 20 g sample M0 ml of
2M KCL (Keeney and Nelson, 1982). Soil inorganic N content was reported on a mass basis

as the summed concentrations of NXQ and NH-N, multiplied by soil bulk density.

Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using the GLM aX&M|
procedures of SAS (SAS Institute, 2003). Homoscedacticity of data within and bewegsn y
was evaluated using the Hartley (1950) F-max test. Statistical modkided cropping
system as a fixed effect; random effects included year, block nested yetr, and their
interactions with cropping system. Following preliminary analysis, data sombined
across years due to insignificant cropping system by year interaatioalé Variables. Crop
yield data were presented in terms of biomass and grain components, where bioladss i
all non-grain, lignocellulosic dry matter. Seasonal crop N uptake data weeetsdljo
repeated measures analysis of variance using a linear mixed model withliz Toe

covariance matrix (Littell et al. 2002). Soil inorganic N data were andlgze split-plot
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(Littell et al. 2002) with cropping system as the main plot effect, and sampliegedgt
spring and fall) as the split-plot effect. Crop moisture data, expressambasemtration,
were arcsine transformed prior to analysis in order to achieve homoscégactici

(Schabenberger and Pierce, 2002). All mean separations were performeduksng T

Kramer protected multiple comparison testB &t0.05.

RESULTSAND DISCUSSION
Dry Matter Production and Potential Ethanol Yield

Across cropping systems, dry matter yields were greater in 2007 thanR28@J007),
but no year by cropping system interaction was detected. Therefore, melarayeel
presented for both study years, with statistical comparisons provided forcHye&vmeans
(Table 3). Greater crop productivity in 2007 was likely associated with a comobiaht
higher levels of solil fertility (data not shown) and greater precipitatiabl€T1) in 2007
relative to 2006. Averaged across years, total dry matter production byetftiica (22.7
Mg ha') and triticale/sorghum-sudangrass (23.0 Mg)haas 25% greater than sole-crop
corn (18.2 Mg hd), which in turn produced 21% more dry matter than triticale/sunn hemp
(15.1 Mg h&). Similarly, in Kentucky, Murdock and Wells (1978) reported a 26% dry
matter yield advantage for a barléyofdeum vulgare L.)/corn biomass double-crop system
compared with sole-crop corn. However, combined yields for triticale/corn and
triticale/sorghum-sudangrass in the current study were no greater tnageayeelds of 22.4
Mg DM ha* for rye/corn (Crookston et al., 1978), and 23.1 Mg DM fua rye/sorghum-
sudangrass (Helsel and Wedin, 1981) reported nearly 30 years ago. In comparison of our

results with those presented by Crookston et al. (1978), it should be noted that the earlier
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double-crop study included a corn hybrid with 114% recommended RM for central
Minnesota (120 days); a hybrid which would continue to accumulate dry matter longer than
one adapted for grain production. In contrast, the current study included a cochvinyffori

90% recommended RM (101 days) for central lowa. Therefore, it seems likely that
differences in hybrid selection - specifically, our decision to evaludtaible-crop system
capable of producing biomass and grain - at least partially explaifarsyralds for two

studies utilizing presumably disparate genetic materials.

Cover crop biomass made a significant contribution toward total production in double-
cropping systems. For triticale/corn and triticale/sorghum, cover crop som@presented
34% of total dry matter production; in the case of the less-productive tritioahet'®mp
system, cover crop biomass represented 53% of total production. The average#ield of
Mg DM ha* for early-June harvested triticale in the current study was in agreevitient
other reports of dry matter accumulation by winter triticale in lowa@cte et al., 2005;
Gibson et al., 2007), and compares favorably with an average yield of 6.4 Mg bdrha
rye harvested at similarly premature growth stages in other biomass doaiyiag studies
(Crookston et al., 1978; Helsel and Wedin, 1981; Buxton et al., 1999).

Dry matter production by corn in the double-crop system was reduced by 20%ertdati
sole-crop corn. Interestingly, greater overall production by sole-anopweas attributed
entirely to greater grain yield. Corn biomass (stover) yields in therwpping systems were
not significantly different, as a result of a lower harvest inékex (.001) for double-crop
corn (HI = 0.52) compared with sole-crop corn (HI = 0.56). Given widely varying
management inputs between cropping systems, it is difficult to judge whiyyes@n

harvest index was lower in the double-crop system. In addition to later planting andhighe
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fertilization, double-crop corn was also planted at a higher density, and in aarows than
sole-crop corn. Other studies investigating planting density and spatiagj@ment effects
on corn have reported reductions in harvest index under high density and narrow row
management (Hashemi et al.; 2005; Shapiro and Wortmann, 2006). Similar to corn, dry
matter production by double-crop sunn hemp was reduced by approximately 2% tela
expected yield under full-season, sole-crop production conditions, as reported by a
geographically proximate study (Mitchell, 1964). In contrast, yield of decrole sorghum-
sudangrass in the present study was comparable to sole-crop sorghum-sudaeidsass y
reported by Helsel and Wedin (1982), who also demonstrated similar yields forgolend
double-crop sorghum-sudangrass. Adaptation of sorghum-sudangrass hybrids for multi-
harvest forage systems (Edwards et al., 1971) may partially explalargiialds under sole-
crop and double-crop management, with a single harvest only in both systems.
Potential ethanol yields were estimated for all cropping sys@sssming that all
aboveground biomass and grain in each system were harvested and converted to ethanol (Fig
2). On a dry matter basis, ethanol conversion efficiencies for biomassaamavgre
assumed to be 330 L Mgand 501 L Mg, respectively, according to Wallace et al. (2005).
Potential ethanol yield was greatest for triticale/corn (89487), liatermediate for
triticale/sorghum-sudangrass (7659 [*hand sole-crop corn (7869 L Haand least for
triticale/sunn hemp (5100 L Ha For triticale/corn, biomass and grain contributed roughly
equally (55/45) to ethanol production. In contrast, the triticale/sorghum-sudaragra
triticale/sunnhemp cropping systems derived all ethanol from biomass, ancefercol
corn, ethanol from biomass represented just 34% of total output. Lower conversiemeffic

for biomass compared to grain resulted in equal potential ethanol yield estiiorasole-
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crop corn and triticale/sorghum-sudangrass, despite the fact thaetherdgaping system,

yielding biomass exclusively, was more productive on a dry matter basis.

Crop and Soil Nitrogen Dynamics
Spring N capture was greater in double-crop systems compared with sole-erop cor

(Fig. 3.). In mid-April, triticale had assimilated 15 kg N*H@wo-year mean of all double-
crop systems), whereas sole-crop corn had yet to be planted. By the time afropver
harvest in early-June, triticale had sequestered 86 kgnlome N than sole-crop corn.
Following triticale harvest, N assimilation by sole-crop corn excedaddf primary crops
in the double-crop systems (Fig 3.). In July, crop N was 74 Rgyreater in sole-crop corn
compared with double-crop corn and double crop sorghum-sudangrass, and 84jkepher
compared with double-crop sunn hemp. Similarly, in August, N content of sole-crop corn
exceeded double-crop corn, doubl- crop sorghum-sudangrass, and double-crop sunn hemp by
34 kg ha, 48 kg hd, and 114 kg ha respectively. Differences among systems in crop N
content were less pronounced in the fall, as N assimilation by sole-crop sl@neatidally
and then ceased (Fig 3.). In September, N content did not differ between sateror(jb6
kg ha') and double crop corn (152 kg Habut was slightly greater for these crops compared
with double-crop sorghum-sudangrass (140 k§ hand substantially greater than double-
crop sunn hemp (85 kg tia By the time of harvest in October, the N content of sole-crop
corn (152 kg hd) was slightly less than that of double-crop corn (165 kb,hend greater
only compared to double-crop sunn hemp (99 k3 .ha

Increased spring and fall N assimilation by double-cropping systemassasiated with

reductions in potentially leachable soil inorganic N at these times (FiQo#)pared with
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sole-crop corn, residual soil inorganic N was reduced in double-croppimgnsyby an
average of 17 kg Heor 34%in mid-April, and 25 kg ha or 25% in late-October. In all
cropping systems, the relative contributions ofsMNDand NH-N to soil inorganic N varied
by sampling date (data not shown). In April, soil inorganic N consisted yanf&lH,-N,
while in October, N@N and NH-N contributed roughly equally to soil inorganic N.

Although our results provide no direct evidence thagNGQeaching would necessarily
have been reduced in double-cropping systems in the spring and fall, consideration of our
results within the context of other studies suggests that increased raims Nfuptake and
reduced soil inorganic N are typically accompanied by reductionss#NN€aching. Strock
et al. (2004) reported a 13% reduction inNOin drainage discharge when corn was
followed by a rye cover crop that assimilated 20 kg Nihahoots and reduced residual soil
NOs-N by 29% relative to controls. Similarly, Kasper et al. (2007) reported a édd6tion
in NOs-N discharge from tile drains when corn and soybean were followed by avge c
crop that contained an average of 48 kg N imashoot biomass at the time of chemical
desiccation.

While the potential for N@N leaching was reduced in double cropping systems relative
to sole-crop corn during the spring and fall, it appears that opportunities foNNi3s
during the early summer moths (e.g. June-July) would actually have beem gréage
triticale/corn and triticale/sorghum-sudangrass systems as a reslfitofely high fertilizer
inputs, coupled with very low rates of N assimilation that occurred in thesgrsyduring
this period (Table 2, Fig. 3.). Further investigation is required to determine émé &xt
which reductions in N@N leaching potential in the spring and fall in double-cropping

systems are offset by increased N®leaching potential during the early summer.
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Feedstock Quality and Nutrient Removal with Harvest

As anticipated, feedstocks produced in double-crop systems were charddigrize
higher moisture concentrations at harvest compared with feedstocks produceddig-the
crop corn system (Table 4). At harvest, whole-crop moisture concentrations were 736, 666,
470, and 375 g kY respectively for triticale, sorghum-sudangrass, sunn hemp, and double-
crop corn. In contrast, whole-crop harvest moisture concentration was just 274ay kg
sole-crop corn. For corn in the double-crop system, the moisture concentration of both
biomass (465 g kY and grain (285 g kb was elevated compared with sole-crop corn
biomass (336 g kB and grain (212 g kY. Of the feedstocks produced in double-cropping
systems, only corn grain and stover had low enough harvest moisture to relglisticait
dry storage following additional field curing or forced air drying. Givenhigé moisture
content £500 g kg') of triticale, sorghum-sudangrass, and sunn hemp biomass, these
feedstocks would need to be ensiled for preservation if not utilized immedi@atiyns and
Owens, 2003). While utilization of ensiled biomass as a high quality livestock faedeis
established practice (Moser, 1980), less is known regarding utilization of high mpistur
partially fermented biomass as a feedstock for the production of fuels angl GRieftard et
al., 2002). Heinz et al. (2001) employed life cycle analysis to compare silage-tnad air-
dry biomass supply systems for heat and power generation, and concluded that costs for
energy production were significantly greater for ensiled biomass, bubthdiustion of
mechanically dehydrated silage also resulted in considerable redunt®@sand NQ
emissions relative to combustion of air-dry biomass. The high-moisture contasiletie

biomass would represent less of a limitation for the production of liquid fuels through
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fermentation, though increased transportation costs would likely still presecaraonac
limitation (McKendry, 2002).

Feedstock nutrient concentrations were also increased for double-crop syséwes re
to sole-crop corn (Table 5). Averaged across feedstocks in double-crop systems,
concentrations of N and K in harvested material were 42%, and 71% greaterjvelpect
relative to sole-crop corn. System average concentrations of P were 26&6 tpe
triticale/corn and triticale/sunn hemp compared with triticale/sorghurargmess and sole-
crop corn. Higher nutrient density and greater total dry matter production bitittade/corn
and triticale/sorghum cropping systems resulted in significantbtgréarvest removal of N,
P, and K for these systems compared with sole-crop corn (Table 5). On averags,diarve
all biomass and grain from the sole-crop corn system resulted in the removal of N3%&k
1 32 kg P h3, and 91 kg K h& In contrast, averaged across the two most productive
double-cropping systems, harvest of all crop material resulted in the removal of R&2akg
1 46 kg P hd, and 252 kg K hid Murdock and Wells (1978) reported very similar nutrient
removal rates of 241 kg N fia54 kg P hdand 260 kg K hafor a barley/corn biomass
cropping system, and concluded that in the absence of increased fertilizatiamioe ma
application, continuous double-cropping would lead to the mining of soil nutrients over time.

In the present study, harvest of all crop material produced in the tritical@icd
triticale/sorghum-sudangrass systems corresponded to 148% of fertilizputNa those
systems. For the sole-crop corn system, N removal with grain and stovet hejpvesented
137% of fertilizer N input. For the least productive system, triticale/sunn hengmoi/al
with biomass harvest was equivalent to 450% of fertilizer input; however, an undetermine

but presumably significant quantity of sunn hemp N was drawn from atmospheric N via
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biological fixation rather than from soil N (Balkcom and Reeves, 2005). Therefibnethe
possible exception of triticale/sunn hemp, all cropping systems evaluated itudyisvould
mandate substantial increases in rates of N fertilization relativetent corn grain
production systems in order to maintain soil N supply capacity. In the case ofgolsem,
harvest of stover in addition to grain resulted in a 40% increase in N removal. Inrsampa
for triticale/corn, harvest of cover crop biomass as well as corn grainauedt sesulted in a
143% increase in N removal relative to sole-crop corn with grain harvest only.

As little or no P and K fertilizers were required to optimize crop yields on gimyhi
fertile soils underlying experimental plots employed in this study, it possible to frame P
and K removal in terms of applied fertilizer inputs. Nevertheless, considaamnglative P
and K content of harvested crop materials (Table 5), it would appear that isdareRsand
K fertilization approximately proportional to those required for N would be nacegs
maintain soil fertility with complete biomass harvest from double-crogsysas well as
from the sole-crop corn system. For example, harvest of crop residues in addifiamt
from the sole-crop corn system would increase removal of P and K by 18%, and 153%,
respectively, and harvest of all biomass and grain produced in the triticale/stamm svould
increase P and K removal by 67%, and 567% relative to a sole-crop corn production system
with grain harvest only.

While nutrient removal with biomass harvest could be offset with increasd d¢idn,
the need to maintain soil organic C will likely place absolute limits on biomassatfnom
annual cropping systems (Wilhelm et al., 2007). In a review of previous studieatea
residue retention requirements for soil C maintenance, Johnson et al. (2007) repbfted tha

corn production systems under varying levels of tillage in the North Centrariis/erage
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of 2.7 Mg h& residue-derived C, or about 6.75 Mg'trasidue DM (assuming 0.4 kg C kg
DM™) needed to be retained in crop fields in order to sustain extant levels of soil organic C
In the context of the current study this would equate to retention of approximately 9086 of
stover produced in the sole-crop and double-crop corn systems. Phrased somewhat
differently, if crop residues in the sole-crop and double-crop corn systeraset&ned in
the field to maintain soil organic C, then approximately 2240t dfastover-derived ethanol
would effectively become inaccessible. It is unclear whether estimabésnodss retention
requirements for soil C maintenance under sole-cropping apply to the double-cropping
systems evaluated in our study. Traditional cover cropping systemsirfgagiention of
above ground crop production, have been reported to contribute positively to soil organic C
(Kuo et al., 1997). Further research is required to quantify the effect of lemhésinass
cover crops on soil C dynamics.

Several options exist for maintaining soil macronutrient supply capacity aeld b
soil organic C in double-cropping systems. Integration of crop and livestock production, long
recognized as an effective means of sustaining soil fertility in hglalgluctive agricultural
regions (Grigg, 1974; Rotz et al., 2005), represents one possible strategy fongecycl
nutrients and C contained within biomass. Another possible approach for improving nutrient
cycling in bioenergy cropping systems would be through direct recovery of nutrients
contained in biomass during thermochemical conversion to fuels and energy. Bmeral
published sources indicate that biochar, and gaseous emissions produced during
thermochemical processing of biomass contain significant quantities of plaehtsuémd
organic C (Anex et al., 2007; Lehmann, 2007; Laird, 2008). Whether in the form of manure,

biochar, or other materials, recycling byproducts produced during biomasatiatilizvould
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offer a means to partially ameliorate increased fertilization repemés as well as the
potential for soil degradation associated with increased biomass harvest incioppadg

systems.

CONCLUSIONS

The results of this study demonstrate that triticale/corn and triscatgium-sudangrass
biomass double-cropping systems have the capacity to produce combineattéryymelds
exceeding total dry matter production by conventionally managed, sole-crop casrthn N
Central lowa, and that the combined biomass and grain output of a triticale/corn double-
cropping system could be used to generate greater quantities of ethanol pedusmésa
than the biomass and grain output of a sole-crop corn system. Beyond confirming the
possibility for productivity gains through the use of well-adapted double-cropptensy,
the results of this study also suggest that these systems can reddiiddd©hing in the
spring and fall relative to extant annual cropping systems. At the same tinmeydnpw
increased extraction of N and other nutrients by double-cropping systems, couplaadtvi
rates of productivity, present a significant challenge for the mainteréisod fertility,
mandating higher rates of fertilization, and potentially leading to reductions organic C
if crop residues are not retained in fields.

Whether or not double-cropping represents a viable approach to biomass production for
industrial utilization will likely depend on how exactly biomass is utilized ahdtwf any
linkages are created between biomass production and conversion. In a tracieoaabs
where high-moisture biomass is ensiled and fed to ruminant livestock, double-cropping

provides several advantages, including improved productivity, higher feed quatitthea
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concomitant efficiency gains associated with continuous cycling of nigtettveen
livestock and land. Realizing these same benefits for a bioenergy productiansesuld
require a means of exploiting the higher nutritive value of biomass produced in double-
cropping systems, either by incorporation of a livestock feeding component irgoeity
provisioning system, or by directly capturing the nutrients contained inas®auring

thermochemical conversion to fuels and energy, and recycling to crop production fields
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Figure Captions

Figure 1. Hypothesized representation of the seasonal dynamics of dry matter
production and NO3-N leaching in an annual grain cropping system (A), and in a
bioenergy double- cropping system (B).

Figure 2. Potential ethanol yield for sole-crop corn and three-double cropping
systems. Conversion of biomass and grain to ethanol assumed to be 330 L Mg™,
and 501 L Mg™, respectively (Wallace et al. 2005). The standard error of mean total
ethanol yield is indicated by the length of the horizontal line in the upper right. Bars
followed by the same letter are not significantly different.

Figure 3. Aboveground crop nitrogen content throughout the growing season for
sole-crop corn and three double cropping systems. The dashed vertical line
indicates the transition between triticale and primary crops in double-crop systems.
For each date, the standard error of crop N content is indicated by the height of the
vertical line above. Mean separations at the top of the figure correspond to treatment
symbols indicated within the panel. Within sample periods, means followed by the
same letter are not significantly different.

Figure 4 . Residual soil inorganic nitrogen (NH4+NO3) to a depth of 90cm for sole-
crop corn and three double-cropping systems in the spring (mid April) and fall (late
October). The standard error of mean soil inorganic N is indicated by the height of
the vertical line in the upper right. Within sample periods, bars followed by the same
letter are not significantly different.



Table 1. Monthly mean air temperature and precipita
in 2006 and 2007, and 55-year means from 1952-2007.

tion totals in Boone Co., |A,

Mean air temperature (C)

Mean precipitation (mm)

Month 2006 2007 55-yr mean 2006 2007 55-yr mean
January -0.6 -6.7 -7.7 11 36 26
February -4.4 -10.0 -4.4 9 55 29
March 3.3 6.1 2.2 74 81 52
April 13.3 8.9 10.0 109 153 89
May 16.7 18.9 16.1 55 169 114
June 22.2 22.2 21.1 21 52 123
July 24.4 23.3 23.3 141 75 102
August 22.2 24.4 22.2 156 200 108
September 16.1 20.0 17.8 191 48 82
October 10.0 13.9 11.7 63 137 60
November 3.9 2.2 2.7 35 5 47
December -1.1 -5.5 -3.9 57 52 32
Season average 10.5 9.8 12.3

Season total 923 1063 865

48



Table 2.Timeline of activities associated with crop managem ent (A) and field sampling
(B)for sole-crop corn and three double cropping sys tems in Boone co., IA during 2005-
2006,and 2006-2007.

2005-20067 2006-2007%

A) Crop management
Sole-crop corn Double-crops§  Sole-crop corn Double-cro ps§

Planting 26 Apr. 10 Oct./ 6 Jun. 17 May 3 Oct./ 13 Jun.

Nitrogen fertilization 24. Apr. 14 Apr./ 13 Jul. 14 May 24 Apr./ 18 Jun.

Harvest 2 Oct. 5 Jun./ 20 Oct. 10 Oct. 8 Jun./ 22 Oct.

B) Field sampling 2006 2007

Crop nitroaen 19 Apr., 10 May, 5 Jun., 5 Jul., 16 Apr., 8 May, 8 Jun., 10 Jul.,
P 9 9 Aug., 6 Sep., 2 Oct. 7 Aug., 4 Sep., 1 Oct.

Soil inorganic nitrogen 12 Apr., 24 Oct. 19 Apr., 31 Oct.

T Triticale planted in fall 2005, all other dates are 2006.
T Triticale planted in fall 2006, all other dates are 2007.
8 For double crops, management dates are presented as triticale/ primary crops.

6V



Table 3. Cover crop biomass, primary crop biomass and grain, and total dry matter production for sole

three double-cropping systems in 2006 and 2007, and statistical analysis of two-year means.

-crop corn and

Primary crop

Cover crop biomass Primary crop grain

System total

Cropping system biomass (biomass+grain)

2006 2007 Mean 2006 2007 Mean 2006 2007 Mean 2006 2007 Mean
Mg DM ha™*

Corn - - - 6.9 88 79b 9.0 115 103a 159 204 182b

Triticale/corn 7.0 8.1 7.6at 7.6 69 7.2b 6.5 93 80b 212 242 227a

Triticale/sorghum-sudangrass 7.4 83 79a 13.2 16.8 15.0a - - - 20.7 25.1 230a

Triticale/sunn hemp 7.8 81 80a 4.5 98 7.2b - - - 123 17.8 15.1¢c

SE 11 0.7 0.9 1.0 0.8 0.9 0.4 0.3 0.4 1.8 1.3 15

T Means within a column followed by the same letter are not significantly different at P < 0.05.

0S
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Table 4. Moisture concentrations for biomass and grain harve sted from sole -
crop corn and three double cropping systems (A). St atistical tests
conducted on arcsine-transformed data (B).

Cover Primary Primary

A) System
Cropping system _crop _crop crop average
biomass biomass grain
g H,0 kg™
Corn - 336 212 274
Triticale/corn 736 465 285 512
Triticale/sorghum-sudangrass 737 666 - 701
Triticale/sunn hemp 740 470 - 605
B) Cover Primary Primary System
Cropping system _crop _crop crop average
biomass biomass grain
sin™(H,0/1000)™?
Corn - 0.62c 0.48 b 0.55d
Triticale/corn 1.03 at 0.75b 0.56 a 0.80c
Triticale/sorghum-sudangrass 1.03 a 0.96 a - 0.99 a
Triticale/sunn hemp 1.03 a 0.76 b - 0.89b
SE 0.01 0.04 0.03 0.04

Tt Means within a column followed by the same letter are not significantly different
at P <0.05.



Table 5. Concentrations of primary crop nutrients
with biomass and grain harvest (B) for sole-crop co

(N, P, K) in harvested biomass and grain (A), and
rn and three double-cropping systems.

nutrient export

A) Cover crop biomass Primary crop biomass Primary crop grain System average
Cropping System N P K N P K N P K N P K
g kg™
Corn - - - 56¢C 0.7c 6.8¢c 104b 25a 34a 8.0c 16b 5.1d
Triticale/corn 11.2at 19a 173a 79bc 09c 64c 13.7a 29a 38a 111ab 19a 8.8¢c
Triticale/sorghum-sudangrass 115a 18a 17.2a 9.3b 1.3b 109a - - - 10.3b 15b 14.0a
Triticale/sunn hemp 116a 18a 168a 134a 22a 82b - - - 125a 20a 125b
SE 15 0.2 11 17 0.2 0.8 1.3 0.3 0.4 1.2 0.2 0.7
B) Cover crop biomass Primary crop biomass Primary crop grain System Total
Cropping System N P K N P K N P K N P K
kg ha*
Corn - - - 44 c 6b 55¢ 109a 27a 36a 153 b 32b 91c
Triticale/corn 89a 11a 130a 68 b 9b 78D 110a 24a 31b 266 a 45 a 240 a
Triticale/sorghum-sudangrass 92 a 12a 136a 206 a 35a 128a - - - 298 a 47 a 264 a
Triticale/sunn hemp 92a 12a 136a 58 bc 7b 41 c - - - 150 b 18 ¢ 176 b
SE 10 1 16 14 3 13 6 2 2 37 4 24

T Means within a column followed by the same letter are not significantly different at P < 0.05.

(A
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CHAPTER 3. GROWTH ANALYSISOF BIOMASS PRODUCTION IN SOLE-CROP
AND DOUBLE-CROP CORN SYSTEMS

A paper to be submitted terop Science

Andrew H. Heggenstalléf, Matt Liebmani, and Robert P. Anéx

ABSTRACT

Functional growth analysis techniques were applied to data from a fieldragpétbd assess
the relative importance of leaf duration and efficiency in determining biopmadsictivity of
sole-cropped corrZéa mays L.; SC) and double-cropped triticale Triticosecale
Wittmack)-corn (DT-DC). Over a two-year study period, average hawesy matter
(HDM) was 25% greater for DT-DC (22.7 Mg Hahan for SC (18.2 Mg hY, despite
greater maximum leaf area index (LAI) and greater maximum croptigmate (CGR) for
SC (max LAI: 6.2; max CGR: 42 g'fd™) relative to DT-DC (max LAI: 5.1; max CGR: 36
g m?d*). The interval over which leaf photosynthesis occurred (LAD: leaf area duration)
was increased by 23% for DT-DC compared to SC, while the maximum rate of leaf
photosynthesis (NAR: net assimilation rate), and the mean seasonal rafe of lea
photosynthesis (SNAR: seasonal net assimilation rate) did not differ betvop@mgr
systems. Across systems, variation in HDM was positively related tomaaxCGR,
maximum LAI, and LAD, but not associated with maximum NAR or SNAR. Therefore,
photosynthetic duration was more important than photosynthetic efficiency in ohetgrm

HDM for both cropping systems, and greater HDM for DT-DC was the outcome of

! Graduate student, Department of Agronomy, lowaeStiiversity.

2 Primary researcher and author.

% Professor, Department of Agronomy, lowa State ©rsiity.

* Associate professor, Department of Agricultural &iosystems Engineering, lowa State University.
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photosynthesis occurring over an extended duration. These results suggest ficargigni
potential exists to increase the biomass productivity of agricultural laedganding the
seasonal interval of photosynthesis, and that in the case of double-cropping,systems
expansion of photosynthetic duration is not necessarily associated with reductions i

photosynthetic efficiency.

Abbreviations. CGR, crop growth rate; DC, double-crop corn; DM, dry matter; DOY, day
of year; DT, double-crop triticale; HDM, harvested dry matter; |SWal State University;
LAD, leaf area duration; LAI, leaf area index; NAR, net assimilatios; rRM, relative

maturity; SC, sole-crop corn; SNAR, seasonal net assimilation rate.

INTRODUCTION

Recent years have witnessed an unprecedented surge in global demanduiburadr
products. Rapid rates of population growth, increasing caloric intake and animal protei
consumption in emerging economies, and the expansion of biofuel production have all
contributed to demand escalation and are expected to continue to do so over the coming
decades (Trostle, 2008; Abbot et al., 2008). Furthermore, in the near futureitiated
that new demand will emerge for lignocellulosic biomass, as a fekdstabhie manufacture
of ethanol and other advanced biofuels and bioproducts (Brown, 2003; Greene et al., 2004;
Perlack et al., 2005). Therefore, meeting society’s future food, fuel and ahatguirements
will require productivity gains not only for cereal-based cropping systems|so for crops
and cropping systems designated for the production of cellulosic biomass (SIM2@d6;

Cassman and Liska, 2007; Fales et al., 2007).
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One potential strategy for increasing the biomass productivity of agnalland is
through the use of double-cropping systems (Lewis and Phillips, 1976) that include biomass
cover crops (Karpenstein-Machan, 2001). In such a system, two crops are bdroestine
same field during the same growing season. Typically, a fall estabksiodseason crop is
harvested at an immature stage in late-spring, and followed directiyarfteby a second,
warm-season crop. In regions of the eastern and central US where summarrenaoigt
growing season length are sufficient to permit the production of two crops, ssueliak
have demonstrated yield advantages for double-crop systems relative ®dia the
primary (warm-season) crop in the system, managed as a sole-crop (Murdocklland We
1978; Helsel and Wedin, 1981). However, other studies in the same region have reported
little or no yield advantage for biomass double-crop systems compared to pswtexgrops
(Crookston et al 1978; Buxton et al. 1999). Consequently, in the absence of comparative
studies using contemporary genetic materials, it is difficult at presgautge whether or not
double-cropping has the potential to offer productivity advantages over sole-cropping.

Functional growth analysis (Hunt 1982) provides a useful framework with which to
assess productivity in double-cropping systems. From a functional growthisinalys
perspective crop dry matter is the product of coupled morphological and physiologidal
components, which represent, respectively, the capacity of a crop to acquire grotivty |
resources, and the efficiency with which those resources are utilized to proglncatigr
(Evans 1972). In many instances, crop growth analysis proceeds using leaftheca as
morphological yield component, and leaf photosynthetic efficiency as the pgisadlyield
component (Hunt 1982). When considered in growth analysis terms, past yield improvements

in many crops can be seen to have arisen from breeding and agronomic advanitesstthat a
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the development of leaf area so as to extend the duration of photosynthetic activity
(Wellbank et al., 1966; Evans et al., 1984; Boerma and Ashley 1988; Duvick and Cassman,
1999). Conversely, while physiological processes controlling assimildtequang and
developmental chronology have been greatly modified in many crops, therdeasd lim
evidence that the inherent efficiency of major metabolic or assimilptooesses has thus

far been improved for crops grown under optimal field conditions (Evans and Fischer 1999;
Long et al. 2006). Nevertheless, there is ample indication that differencesasypitbéetic
efficiency exist between crops, and that the upper bounds of efficiencyif@racgop are
ultimately determined by environmental factors (Evans, 1993). Moreover, it islt¢a
tradeoffs between assimilative duration and efficiency can occur,deneed by negative
relationships between leaf area and photosynthetic efficiency (Bhags@&@itamd, 1986),

and leaf area duration and maximum photosynthetic efficiency (Evans and DudSodie
Gordon et al., 1982), reported across a range of crops. It seems likely that thalgotent
similar tradeoffs exists for double-crop systems that are predicatept@rmanic

manipulation of photosynthetic duration.

The implicit assumption underlying the practice of double-cropping is thenaesd
photosynthetic duration via the production of two crops will result in increased der matt
production relative to either crop in sole-culture. The fact, however, that pretuclisss
within similar geographic regions do not universally report such a yield adeasiiggests
that environmental and management factors have the potential to induce a trentesshb
assimilative duration and efficiency in double-crop systems. Therefore, #aiobjof the
current study was to compare biomass productivity between sole-crop corrriindle-t

corn double-crop system, and to apply functional growth analysis techniques (Huntol982)
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assess the relative importance of assimilative duration and efficielegarmining dry

matter productivity in the two systems. We hypothesized that photosynthetiodwvauld

be extended in the double-crop system compared to sole-crop corn. However, because
double-crop growth is centered on the early-spring (double-crop triticaleat@sbimmer
(double-crop corn), rather than late-spring and early-summer (sole-crgpwben optimal
conditions for crop growth typically prevail in the north central US, we alpothgsized

that maximum crop growth rates and rates of photosynthetic efficiency wouldumedefor
triticale-corn relative to sole-crop corn. On balance, it was anticipastdhcreased
photosynthetic duration in the double-crop system would surmount potential reductions in
crop growth rate and photosynthetic efficiency, therefore leading to gdegtmatter

production in the double-crop system.

MATERIALSAND METHODS
Field Experiment and Crop Management

Field experiments were conducted during 2005-2007 at the lowa State Uni{i&iSity
Agronomy and Agricultural Engineering Research Farm, located in BooneyCtawé,
USA (420'N; 936'W). Predominant soil types at the site were Nicollet loam (fine-loamy,
mixed, superactive, mesic, Aquic Hapludolls), and Canisteo silty clay |oagaldamy,
mixed, superactive, calcareous, mesic, Typic Endoaqudhlig)experiment was arranged as
a randomized complete block design with three replications in 2005-2006, and four
replications in 2006-2007. Plot size was 6 m x 40 m. The experiment was established
following soybean in both 2005-2006 and 2006-2007. Daily air temperatures and

precipitation totals at the experimental site during the months of Mardb&avere
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compiled from the lowa Environmental Mesonet (2008) for 2006, 2007, and for the period
1952-2007.

Sole-crop corn plots were fertilized with 112 kg N'ias urea) and then tilled with a
field cultivator each spring. Following fertilization and tillage, cornK@60-18’, 110-day
RM) was planted at 79,000 seeds 76 cm rows. Based on the results of soil tests, plots
received 33 kg P Has triple super phosphate) at planting in 2006, and no P fertilization in
2007. Soil N status in sole-crop corn plots was evaluated each year in June usprinigte s
NOs-N tests (Blackmer et al. 1997). In both 2006 and 2007, it was determined that soil N
supply capacity was adequate to achieve corn yield potential. Therefore, thanadidi
fertilizer N was applied in either year. Sole-crop corn plots receivedjk ginst emergence
application of glyphosate (1.4 kg a.i. haach year in June, and were harvested at
physiological maturity, in early October.

In the double-crop system, a winter variety of forage triticale (‘Pika3y mlanted each
fall in early October, directly following soybean harvest and disk tillagécdle was seeded
at 150 kg seed Han 20 cm rows using a no-till grain drill (Tye model 2007, AGCO Co.,
Lockney, TX). The following year in early April, double-crop plots were fegd with 34
kg ha' N (as urea) using a 1.5 m wide drop spreader (Gandy model 6500, Gandy Co.,
Owatonna MN). Triticale was harvested and removed from plots at late anbaedoks et
al., 1974; growth stage 65-69) in early June, using a self-propelled forage hgdaster
Deere model 5480, John Deere Co., Moline, IL). A corn hybrid with 90% recommended
relative maturity (RM) for the growing region (‘DKC51-39’, 101-day RM) wasded into
triticale stubble within several days of harvest using a no-till corn pl@iaan Deere model

7000 Max Emerge, John Deere Co., Moline, IL). Double-crop corn was planted at 118,000
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seeds Hain 38 cm rows. At the time of corn emergence, plots were fertilized with 157 kg N
ha' (as ammonium nitrate) based on the results of late spring sgiNNEsts (Blackmer et
al., 1997) that were taken just prior to corn planting.

In both sole-crop and double-crop systems, corn hybrids were selected on thedbasis t
their RM rating would permit grain production within the time available for crop/thh and
development. Therefore, while both sole-crop and double-crop corn yielded grain, &mé curr
study focuses solely on total dry matter production. Results regarding corryigies for
the two cropping systems are reported in Heggenstaller et piegs). Nevertheless, it
should be noted here that because we sought to manage for total dry matter prodbetion ra
than grain yield alone in the double-crop system, double-crop corn was planted in narrowe
rows (Cox and Cherney, 2001; 2002) and at elevated densities (Cox and Cherney, 2001,
Shapiro and Wortmann, 2006) relative to sole-crop corn, which was managed according to
standard recommendations for grain production in lowa (Farnham, 2001). Although
management differences between sole-crop and double crop corn affectainparisons
between the two crops, our objective was ultimately to make comparisons adtére kyvel,
with sole-crop corn representing the most common system currently used fasbiom
production in lowa, and double-crop corn a possible system for improved biomass

production.

Crop Sampling Procedures
Two primary crop growth parameters, aboveground crop dry matter (DNf),gamd
leaf area index (LAI; mleaf area i land area) were assessed within the northern half of

each plot on a weekly basis during April-October, for a total of 25 sample dates in 2006, and
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26 sample dates in 2007. The first sample was collected each season at theriticedeof t
green-up, and the last sample at the conclusion of double-crop corn dry matter accamulat
On each sample date, two randomly selected 50 cm row lengths were harvestie from
central four rows from within the northern half of each plot. Randomization schemes
developed at the outset of the growing season insured that all sample locations were
harvested only once and that all locations were separated by at least 50 cm. Mesin har
replicate samples were combined and immediately returned to the lab \wemdepf area
was determined using a bench-top leaf area meter (LI-3100 Area Met@QRJ-nc.,

Lincoln, NE.). Sample LAl was calculated as green leaf area dividedipliag area (e.g.

50 cm x row width). Following determination of LAI, samples were oven dried at 60°C for 4
days and weighed to determine DM. Crop dry matter at harvest (HDM; Mouaes

measured in the center of the southern half of plots. For triticale, a 3.7 m wide 08§ m |
strip was harvested using a self-propelled forage harvester equippezhivitard scales. For
corn crops, HDM was determined by manual harvest of an area of Zonall crops, HDM
was calculated based on the field weight of the harvest area and the moistemé aont
samples collected at harvest. Samples for moisture determination werdrmdeat 60°C for

4 days prior to being weighed. All results are reported as dry matter @iodSture.

Functional Growth Analysis

The functional approach to growth analysis (Hunt, 1982) was used to examine temporal
patterns in crop growth in sole-crop corn (SC) and double-crop triticale-corD (@)
cropping systems, following a methodology similar to that described by Hunt (1990), and

Yusuf et al. (1999). Generally, the analysis presented here involved using repeated
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observations to fit plot-specific functions describing changes in primapygrowth

parameters with respect to time. Fitted functions were then used to genedateegdrvalues,
which were subjected to statistical analysis. Additionally, fitted fonstwere used to

estimate instantaneous and seasonal rates of crop growth efficiency amthtgsicapacity.
The primary advantage of functional growth analysis is that it uses edpaatervations in
conjunction with empirical models to reduce variation in plant growth dynamics (Hunt
1979), thus allowing for detailed and precise comparisons among crops and management
scenarios.

Specific procedures for our analysis are as follows. Primary crop degdivee
transformed to natural logarithms to stabilize variance (Schabenbergeresoel 2002).
Following transformation, data were subjected to an iterative processveffitting to select
the best functional description of relationships between primary measures af iime
days). After examination of several possible functions for goodness of fit, pagsiamd
systematic biases (Hunt 1982), DM data were fit with a Gompertz functiore(Taldnd
LAI data were fit with a quadratic function (Table 2). Primary data Weusing the NLIN
(Gompertz function) and REG procedures (quadratic function) of SAS (SAS lmsiQit3).

The relationship between timg é&nd the transformed primary crop variables, dry matter
[In(DM)], and leaf area index [In(LAI)] can be expressed as presented in2§. [1

In (DM) = fom(t) [1]

In (LAI) = fai() [2]
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Crop growth rate (CGR; g DM filand area d), the rate of increase in crop dry matter per
unit time, was calculated as the first derivative of Eq [1]:

CGR =f ‘bm(t) + exp fom(t)] [3]
Net assimilation rate (NAR; g DM fileaf area d), the rate of increase in crop dry matter
per unit leaf area per unit time (i.e. net leaf photosynthesis), was calcintateEgs. [3] and
[2]:

NAR = f bu(t) » exp fom(t) - fLai ()] [4]
Note that units for CGR and NAR revert to an arithmetic scale followingeiffetion of
natural log transformed primary data (Hunt 1982). The function describing LAl ] wa
integrated with respect toover the observed interval of crop growth (dcbyenerate a

seasonal estimate of leaf area duration (LAD; da¥keaf area rif land area):
LAD = [ exp [fua(®)] dt [5]

Finally, according to the methodology described by Evans (1972), a season agtragte
of net assimilation rate (SNAR; g DM fieaf area @) was calculated as the quotient of
HDM and LAD:

SNAR = HDM / LAD [6]

Statistical Analysis

Analysis of variance (ANOVA) was conducted using the GLM procedu8A& (SAS
Institute, 2003) to test for the main and interactive effects of cropping syataanyears on
predicted parameter values at each sampling date, and on maximum predictexdgrara

values occurring at different sampling dates. For dates at which a crqpesast in one
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system, but not in the other, statistical tests were made to determiteei$ &ere different
than zero for the system in which a crop was present. Due to significant cropperg gys
year interactions on multiple sampling dates, DM, CGR, LAI, and NAR dataamalgzed
separately by year. However, because cropping system x yeartiotesacere not detected
for maximum predicted values, LAD, SNAR, or harvest yields (HDM), theseners
were analyzed across years. Finally, in order to assess relationshipsrbetop growth
analysis parameters and biomass yield in sole-crop and double-crop sydbdvhe/ad
subjected to analysis of covariance (ANCOVA) using maximum CGR, maximum LAl
maximum NAR, LAD, and SNAR as quantitative factors, and cropping systerrc(eper
double crop) as a qualitative factor. Unless indicated otherwise, altisttigsts were

evaluated at thB% probability level @ =0.05).

RESULTSAND DISCUSSION
Climate

Climatic conditions during the 2006 and 2007 growing seasons deviated from long-term
(55-yr) trends (Fig.1). In 2006, the month of June (DOY 152-181) was markedly warmer and
drier than normal, whereas abnormally cool, wet conditions prevailed during the period of
August-October 2006 (DOY 215-300). In contrast, the entire 2007 growing season was
generally characterized by higher temperatures and greatquifatan than normally

observed.
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Dry Matter Accumulation and Harvested Dry M atter.

Although patterns in DM accumulation varied between years as well as cnops, it
generally true that the duration of DM accumulation was extended in DT-DC cexirtpa
SC (Fig. 2). In total, DM accumulation by DT-DC occurred over a period of 22 weeks in
2006 (DT: 8 weeks; DC: 14 weeks) and over a period of 24 weeks in 2007 (DT: 8 weeks;
DC: 16 weeks). In contrast, the period of DM accumulation by SC spanned just 17 weeks in
both study years. Maximum DM was lower for all crops in 2006 than 2007, but no crop x
year interaction was detected. Lower crop yields in 2006 are believed to hatedréem a
combination of below-optimum soil P at the beginning of the growing season (data not
shown) and abnormally hot, dry conditions during the early summer period (DOY 150-180
beginning with DC planting and extending through the initiation of reproductive growth by
SC (Fig. 1). Across years, the maximum DM achieved by SC (185¢f) gvas greater than
that achieved by either DT (790 g3ror DC (1475 g m); however, combined maximum
DM for the DT-DC cropping system (2265 girconsistently exceeded that of SC.
Harvested dry matter (HDM) yields were in close agreement with thermaaxDM
predicted from functional growth analysis (Table 3), and two-year avetatefor the DT-
DC system (22.7 Mg i surpassed that of SC (18.2 Mg'hdy 25%. Extended duration of
dry matter accumulation and greater total dry matter production observed for DT-DC
compared to SC are in agreement with the hypothesis that increased intecvajs grbwth

in the double-crop system contributed to increased biomass yield.
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Crop Growth Rate

Crop growth rate dynamics were generally similar between yea&d and DC, though
the absolute magnitude of CGR was greater for both crops in 2007 compared to 2006 (Fig.
3). In both years, CGR for SC and DC increased to a maximum value roughly six to eight
weeks following the initiation of growth, and subsequently declined throughout the
remainder of the growing season. For DT, seasonal CGR dynamics varieghg®ars. In
2006, CGR for DT began moderately high, peaked approximately five weeks after the
initiation of crop growth, and then declined steadily until the time of harvestininast, in
2007, CGR for DT began quite low, but continued to increase throughout the entire period of
crop growth. With the exception of DT in 2006, maximum CGR for all crops (Table 3)
occurred within one week of the onset of reproductive growth (Fig. 1, Fig. 3). The maximum
CGR achieved by SC (42 gd™) was consistently greater than that achieved by DT (27 g
m?2d™) and DC (36 g Md™). In comparison of seasonal dynamics among crops, CGR was
found to be greatest for DT between mid-April and early-June (DOY 110-160)gjrémt
SC between mid-June and late-July (DOY 165-205), and greatest for DC betaken
August and late-September (DOY 210-270). Overall, CGR was greater foxdhan SC
during 17 weeks in 2006 and 18 weeks in 2007. Conversely, CGR for SC was greater than
DT-DC during only seven weeks in 2006 and six weeks in 2007. Therefore, while maximum
CGR was lower for DT and DC relative to SC, the DT-DC cropping systembiasoa

maintain a higher CGR than SC for nearly 70% of the growing season.
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Leaf Arealndex and Net Assimilation Rate

Leaf area and leaf photosynthetic efficiency represent two fundamactiald driving
crop growth (Hunt, 1982). That is, CGR can be expressed instantaneously as the product of
leaf area index (LAI) and net assimilation rate (NAR). Following frbi® telationship,
differences in CGR between SC and DT-DC cropping systems can be explaiemmalsi of
the development of LAI (Fig. 4) and seasonal dynamics in NAR (Fig. 5). For all tlps,
generally increased to a maximum point (Table 3) and then declined until h&oreSC
and DC, maximum LAI was consistently achieved two weeks following maxi@GiR
(Fig. 3). However, in both years, maximum LAI for SC (6.2) was greater than tb& of
(5.1), and occurred 3-6 weeks earlier. In the case of DT, maximum LAI (3.5) ateuitihé
one week of maximum CGR and was significantly lower compared to SC. In 2006,
maximum LAI for DT was achieved earlier and its subsequent decline morelrapitht
2007, indicating that reduced CGR for DT in 2006 resulted at least partially fraffidiest
LAl in the final weeks of growth prior to harvest. Overall, greater LAl masntained for a
longer duration in DT-DC (15 weeks), despite the fact that SC maintainedrdraater
longer (9 weeks) than either DT (8 weeks) or DC (7 weeks), individually.

Seasonal patterns in NAR were similar for SC and DC, but differed considérably
these crops relative to DT (Fig. 5). In both years, NAR for SC and DC began at adgw le
increased to a maximum point relatively early in growth, and then declined tp lawer
level by the end of the growing season. Maximum NAR (Table 3) was comparaBIé for
(16 g m*d*) and DC (17 g M d™), and for both crops consistently occurred 2-3 weeks
before maximum CGR (Fig. 3), and 4-5 weeks before maximum LAI (Fig. 4)bNotahile

the realization of maximum NAR was delayed for DC relative to SC, the opettdrn and
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magnitude of photosynthetic efficiency for the two crops were remarkabikaisuwinen
considered during their respective growth periods. This result deviates sanfrenwhaur
hypothesis that growth efficiency would be reduced for DC compared to SC. AitbdLlig
was characterized by a relatively lower CGR than SC (Fig. 3), it apidrthis was the
outcome of reduced LAl rather than reduced NAR.

Unlike SC and DC, NAR for DT remained relatively stable until the point of maximum
LAl and then increased until harvest, as LAl declined (Fig. 4, Fig. 5). Conggquehile
maximum NAR for DT (10 g A d*?) did not reach levels observed for SC and DC (Table 3),
neither did NAR for this crop decline to low levels after attaining a maximalue.
Although NAR dynamics for DT were seemingly divergent from SC and DC, it stands
reason that they were ultimately the outcome of similar underlying envirdahiactors.
Rapid increases in NAR occurred in the late-spring for DT, and just followinggensz for
SC and DC, suggesting that for all crops, increases in NAR were initiatbd mctdence of
optimal temperatures for their respective crop growth processe(\W1866; Evans and
Bush, 1985). In contrast, decreases in NAR observed later in the growing seasomfor S
DC likely resulted from the onset of light limitation, as increases in lefbhd an optimum
level began to shade lower leaves in the canopy, reducing overall photosyriticetitoy
(Watson, 1958; Harper, 1963). In effect then, the failure of DT to exhibit an optimum LAI
response, in conjunction with harvest prior to physiological maturity, preventedeteitli

photosynthetic efficiency for this crop similar to those observed for SC and DC.
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Seasonal Photosynthetic Duration and Efficiency

Just as CGR can be patrtitioned into instantaneous components of LAl and NAR, total
crop productivity (i.e. HDM) can be divided into parallel, integrated components @frksaf
duration (LAD), and seasonal net assimilation rate (SNAR), describingctieghg the
interval and mean production efficiency of leaf area, across the growisgns@able 3;
Watson, 1947; Evans, 1972). Following from seasonal patterns in LAI, LAD was dogater
SC (303 days) compared to DC (268 days), while the combined LAD for the DT-DC
cropping system (372 days) exceeded that of SC by 23%. In disparity with our initial
hypothesis, SNAR did not differ between cropping systems (SC: 6:0d'nDT-DC: 6.1 g
m? d%). Interestingly though, SNAR was notably higher for DT (7.3) than SC (5.6).
Although this result would not be expected on the basis of lower maximum CGR, and NAR
for DT compared to SC, it is again worth noting that DT was harvested at taganitf
reproductive growth and therefore, in contrast to SC and DC, never experienced $oo¥ rate
CGR or NAR associated with above optimal LAl and senescence during lates pifias

growth and development.

Relationship between Harvested Dry Matter and Growth Analysis Parameters

Functional relationships between harvested dry matter (HDM) and growtsianal
parameters relating to crop growth rate (maximum CGR), leaf photosigreffeciency
(maximum NAR, SNAR) and leaf assimilative capacity (Maximum LAAD) were
evaluated for SC and DT-DC cropping systems using ANCOVA techniques. For both
cropping systems, HDM was found to be positively related to maximum CGR and unaxim

LAI, but was not related to maximum NAR (Fig. 6). The strength of the sakdtip between
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HDM and maximum CGR and between HDM and maximum LAI was similar for SC and
DT-DC as indicated by the absence of interactions between these variablespgnbc
system and the resulting common regression slopes. In contrast, the interopphent of

the CGR and LAl responses did differ between systems as a result of maxiinesfoa
these parameters being associated with corn in both cropping systems, buh Hi2M i
double-crop system being the sum of corn and triticale biomass yields. A commoimslope
the presence of separate intercepts indicates that the additive effectioium CGR and
maximum LAI was the same for both cropping systems, despite the fact thatyatatter
yield for DT-DC exceeded that of SC at any given value of maximum CGR axidhom

LAIL Functional relationships between HDM and the seasonal measures of phHwtisynt
efficiency (SNAR) and assimilative capacity (LAD) were in confiy with relationships
observed between HDM and maximum values of instantaneous growth analysist@aame
For both cropping systems, HDM was positively related to LAD but was not assbwaigh
SNAR (Fig. 7). The strength of the relationship between LAD and HDM wakasim
between cropping systems (i.e. common slopes), but intercepts differed feasbas
described above. Taken together, these results, which are in agreemengwitthspr
assessments of yield determinates in various sole-crop systems (He&itegod/, 1938;
Watson, 1947; Evans, 1993) clearly indicate that crop growth and dry matter productivity in
both cropping systems were driven by assimilative capacity and durationthethdyy

photosynthetic efficiency.
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CONCLUSIONS

During the two-year period over which this experiment was conducted, average
harvested dry matter yields were 25% greater for triticale{@21Y Mg h&) compared to
sole-crop corn (18.2 Mg Hj Based on the results of functional growth analysis it was
apparent that crop growth and productivity in both cropping systems was more dependent on
the development and maintenance of leaf area than on high rates of photosynthietnegffi
Additionally, there was no evidence that maximum or seasonal rates of photssyntere
compromised in triticale-corn relative to sole-crop corn. Therefore, geigtenatter yield
for the double-crop system was principally the result of photosynthesis occurringnover
extended duration. In concurrence with Heaton et al.’s (2004) listing of desitedvbecter
traits for biomass crops, our results suggest more generally that sighgmtential exists to
increase the biomass productivity of agricultural land by expanding the seadenalliof

photosynthetic activity.
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Figure Captions

Figure 1. Deviation from the 55-yr average in daily mean temperature (vertical bars)
and accumulated precipitation (continuous line) during the 2006 and 2007 growing
seasons in Boone Co., IA. Symbols at the bottom of each panel correspond to dates
for sole-crop corn seeding (e), double-crop triticale 50% anthesis (o) double-crop
corn seeding (o), sole-crop corn 50% silk emergence (A), and double-crop corn
50% silk emergence (A).

Figure 2. Mean predicted aboveground dry matter (DM) as a function of day of year
(DOY) for sole-crop corn (SC) and double-crop triticale-corn (DT-DC) in 2006 and
2007 in Boone Co., IA. 1, ¥, and 8 indicate greater DM for SC, greater DM for DC-
DT, and no difference between systems, respectively (a = 0.05).

Figure 3. Mean predicted crop growth rate (CGR) as a function of day of year (DOY)
for sole-crop corn (SC) and double-crop triticale-corn (DT-DC) in 2006 and 2007 in
Boone Co., IA. 1, ¥, and 8 indicate greater CGR for SC, greater CGR for DC-DT,
and no difference between systems, respectively (a = 0.05).

Figure 4. Mean predicted leaf area index (LAI) as a function of day of year (DOY) for
sole-crop corn (SC) and double-crop triticale-corn (DT-DC) in 2006 and 2007 in
Boone Co., IA. T, }, and § indicate greater LAI for SC, greater LAl for DC-DT, and
no difference between systems, respectively (a = 0.05).

Figure 5. Mean predicted net assimilation rate (NAR) as a function of day of year
(DOY) for sole-crop corn (SC) and double-crop triticale-corn (DT-DC) in 2006 and
2007 in Boone Co., IA. T, f, and § indicate greater NAR for SC, greater NAR for DC-
DT, and no difference between systems, respectively (a = 0.05).

Figure 6. Harvested dry matter as a function of maximum crop growth rate (CGR),
maximum leaf area index (LAI), and maximum net assimilation rate (NAR) for sole-
crop corn (SC) and double-crop triticale corn (DT-DC) in 2006 and 2007 in Boone
Co,, IA.

Figure 7. Harvested dry matter as a function of leaf area duration (LAD) and
seasonal net assimilation rate (SNAR) for sole-crop corn (SC) and double-crop
triticale corn (DT-DC) in 2006 and 2007 in Boone Co., IA.



Table 1. Estimated parameter coeffi cients and standard errors (SE)

matter (DM) response to day of year (DOY) fitted wi
corn (SC) and double-crop triticale-corn (DT-DC) in

for aboveground dry

th a Gompertz functiont for sole-crop
2006 and 2007 in Boone Co., IA.

SC DT DC
Dry matter (DM)
a b c a b c a b c
Parameter est. (2006) 7.43 9.74 0.062 7.01 473 0.048 7.22 14.88 0.076
SE 0.06 0.43 0.002 0.43 1.49 0.014 0.84 1.07 0.005
Parameter est. (2007) 752 11.75 0.071 8.08 3.53 0.034 7.43 1253 0.068
SE 0.05 0.43 0.003 0.45 0.46 0.005 0.03 0.36 0.002
t Gompertz function expressed as In(DM) = ae ° [b-e(bOv)]
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Table 2. Estimated parameter coefficients and stand  ard errors (SE) for leaf area index (LAI)
response to day of year (DOY) fitted with a quadrat ic functiont for sole-crop corn (SC) and

double-crop triticale-corn (DT-DC) in 2006 and 2007  in Boone Co., IA.

_ SC DT DC
Leaf area index (LAI)
a b c a b c a b c
Parameter est. (2006) -51.44 0.514 -0.0012 -26.93 0.410 -0.0015 -60.14 0.499 -0.0010
SE 2.60 0.026 0.0001 8.96 0.125 0.0004 5.07 0.043 0.0001
Parameter est. (2007) -59.02 0.570 -0.0013 -32.99 0.468 -0.0016 -56.38 0.491 -0.0010
SE 2.33 0.022 0.0001 2.54 0.039 0.0001 3.42 0.030 0.0001

T Quadratic function expressed as In(LAI) = a + b(DOY) + c(DOY)2

18



Table 3. Harvested dry m atter (HDM), maximum crop growth rate (CGR), maximum leaf area
index (LAI), maximum net assimilation rate (NAR), |  eaf area duration (LAD), and seasonal net

assimilation rate (SNAR), for sole-crop corn (SC) a
Boone Co., IA. Results are 2006 and 2007 averages.

nd double-crop triticale-corn (DT-DC) in

Cropping system HDM Max CGR Max LAl Max NAR LAD SNAR
(Crop) Mg ha’ gm?d*  m*m? gm?d?! daysm®m? gm?d?’
SC 18.2 bt 418 a 6.19 a 16.2 a 303 b 6.00 a
DT-DC 22.7 a 356D 5.10b 174 a 372 a 6.12 a
(DT) (7.6) (27.0) (3.50) (10.1) (104) (7.31)
(DC) (15.1) (35.6) (5.10) (17.4) (268) (5.63)
SE 1.1 1.3 0.22 1.1 7 0.10

t System means followed by the same letter are not significantly different (a = 0.05).
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CHAPTER 4. NITROGEN INFLUENCES PRODUCTIVTY, RESOURCE
PARTITIONING, AND CARBON STORAGE BY PERENNIAL, WARM-SEASON
GRASSES MANAGED ASBIOENERGY FEEDSTOCKS.

A paper to be submitted #ggronomy Journal

Andrew H. Heggenstall&f, Kenneth J. Moore Matt Liebman, and Robert P. Anéx

ABSTRACT

Experiments were conducted in central lowa to assess the effectsrafidafeon on
biomass and nutrient (N, P, K) partitioning between aboveground and belowground crop
components, and on carbon storage by four perennial, warm-season grasses. During 2006-
2007, established stands of big bluest&md({opogon geradii Vitman), switchgrass
(Panicumvirgatum L.), indiangrass$orghastrum nutans (L.) Nash], and eastern gamagrass
(Tripsacum dactyloides L.) were treated with 0, 65, 140, or 220 kg N'frathe spring and
harvested following frost in the fall. Shoot and root biomass and nutrient content, and root
and soil carbon content were measured at the time of crop harvest during 2005-2007.
Dependent upon grass and year, biomass yield response to N was linear or quaitiatic. W
the exception of eastern gamagrass, which demonstrated a consistenéfipease to N,
the optimum rate of fertilization for biomass yield was approximately 140 lkg'N
Nitrogen inputs had pronounced but grass-specific effects on biomass and nutrient
partitioning, and on carbon storage. For big bluestem and switchgrass, 140 g N ha

maximized root biomass, favored allocation of nutrients to roots over shoots, and led to net

! Graduate student, Department of Agronomy, loweStiversity.

2 primary researcher and author.

® Professor, Department of Agronomy, lowa State Ersity.

* Associate professor, Department of Agricultural &osystems Engineering, lowa State University.
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increases in carbon storage over the study duration. In contrast, for indiamgrassirn
gamagrass, root biomass and root nutrient allocation were generally aglaéiesstbd by N
fertilization and carbon storage increased only with O or 65 kgINFar all grasses, 220 kg
N ha’tended to shift allocation of nutrients to shoots over roots and resulted in no net
increase in carbon storag®ptimal nitrogen management strategies for perennial, warm-
season grass energy crops should take into consideration the effects of N @3 lyieidaas
well as factors such as nutrient and carbon balance that will also impact ecéeasibility

and environmental sustainability.

INTRODUCTION

Recently, a great deal of attention has focused on the use of perenniakeasion-
grasses as dedicated energy crops, largely on the basis that thesepssesstwo key
attributes making them particularly well-suited for the production of biomasnégy
applications: C4 photosynthesis and perennial growth (Heaton et al., 2004). Grasses that
employ the C4 photosynthetic pathway typically use water, nitrogen, and soddioradi
more efficiently than plants having the C3 pathway (Brown, 1999), and therefore are
generally more productive per unit land area and resource input relative to oémiapot
energy crops (Black, 1971; Lewandowski and Schmidt, 2006). Perenniality also confers
several important advantages to an energy crop. Two especially signifivgantages of
perennial energy crops include (1) their ability to cycle nutrients salhgbetween shoots
and roots (Clark, 1977; Heckathorn and Delucia, 1996) - thus improving feedstock quality
and minimizing fertilizer requirements for sustained biomass production (Waii; 001;

McLaughlin and Kszos, 2005); and (2) their capacity to sequester potentiad\glaagtities
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of carbon in roots and soil over time (Lemus and Lal, 2005) - thereby improving the overall
carbon balance of the bioenergy system (McLaughlin et al. 2002; Farrel2608).

Despite the relatively high degree of N-use efficiency exhibited ®sgsgpossessing
both C4 photosynthesis and a perennial lifecycle, numerous studies have demonstrated that
significant fertilizer N inputs can be required to optimize biomass yidltheese species, at
least when managed as forage crops (Brejda, 2000). Although relatively feesstade
assessed the effect of N fertilization on biomass yield of perennial, veasos grasses
managed specifically as bioenergy feedstocks (Ma et al. 2001; Muir et al. 2001asdroet
al. 2004; Lemus et aln pressa), there is emerging consensus that N fertilization
requirements should be reduced for single-harvest feedstock managemens sgktgve to
multi-harvest forage systems (Parrish and Fike, 2005; McLaughlin and Kszos, 2G88), as
latter are characterized by greater N removal as a result of thetafriemature biomass
having higher N concentration (Reynolds et al., 2000). Nonetheless, informationmgdérdi
requirements for achieving optimal biomass yields for perennial, warrorsgeassses
managed as energy crops is limited in the central US, particularly foesmeher than
switchgrass. Additionally, very little is known regarding the effects of Ntspn other
important attributes of perennial, warm-season grasses, including partitiotrmgnaiss and
nutrients to crowns and roots for remobilization in subsequent growing seasons, and below-
ground carbon storage.

Previous research focusing on switchgrass and eastern gamagrasssitioitdte
fertilization can result in increased shoot N concentrations and thereforasiedid removal
with biomass harvest (Brjeda et al., 1996; Vogel et al., 2002). However, the effect of N

fertilization on concentrations of other plant macronutrients in shoots and on the pagitioni
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of biomass and nutrients between shoots and roots is not well established. Available
information suggests that N fertilization is likely to have minimal impact$hoats
concentrations of plant macronutrients other than N (Lemus et@ikssa), and have little
effect on root biomass, but potentially alter patterns of nutrient allocatioredéetshoots and
roots (Ma et al. 2000, Lemus et alpiressb). Allocation of plant nutrients to roots prior to
crop harvest represents a desirable trait for perennial energy cropeeea gonstituents
are anti-quality factors for biomass conversion, particularly for thernmaichéprocesses
(McKendry, 2002), and because nutrients retained in roots can be recycled toptfor c
future growth, thus potentially reducing long-term fertilization recueets. For these
reasons it is important to understand what if any effect N fertilization ha®orass and
nutrient allocation.

Nitrogen inputs will likely also affect carbon storage by perennial, waeason
grasses. In annual grain cropping systems, soil organic carbon (SO@hbkeally been
found to show no or a slightly positive response to N fertilization at low to moderate input
rates, but a negative response at high to excessive input rates (Khan et al., 2007). The
negative effect of N on SOC at higher rates of input is believed to result fromudestiry
effect of N on SOC mineralization (Green et al., 1995; Conde et al. 2005) exceeding the
stimulatory effect of N on SOC inputs in the form of roots, root exudates, and aboveground
residues (Studdert and Echevar2000). While several studies have reported increased SOC
for unfertilized switchgrass relative to annual cropland (Liebig et al., 2005n@emand Jon
Vyn, 2006), the relationship between N fertilization and SOC storage by pererariak, w
season grasses remains unclear. For switchgrass, one recent stadgtoeed a positive

effect of N fertilization on SOC at input rates of 112 and 224 kg N(bee et al., 2007),
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while another, earlier study reported no effect whatsoever of N fatidizon SOC (Ma et
al., 2001).

Though unevenly characterized, the effects of N fertilization on biomass amhhutr
partitioning and on carbon storage in roots and soil will be particularly important in
perennial, warm-season grasses utilized as energy crops, as feeds$tbakd/iguality, as
well as long-term fertilization requirements, and carbon balance wilha# direct impacts
on the economic feasibility and environmental benefits of these systemdoréeitee
objective of this study was to evaluate the effects of N fertilization on ¢fdss yield, (2)
biomass and nutrient partitioning between aboveground and belowground crop components,
and (3) root and soil carbon storage by four perennial warm-season grassesvoveear t
period in central lowa. Grasses evaluated in the study included one locgiigchdaltivar
or population each of big bluestem, switchgrass, indiangrass and eastern ganizaged
on previous studies, it was hypothesized that biomass yields would respond padsitiNely
but that optimal N input levels by the second study year would be lower than thosedeport
in forage-based studies, as a result of lower N removal with biomass harvesborrdigit
we anticipated that N fertilization would alter biomass and nutrient paitity between

shoots and roots and have detectable impacts on the carbon content of roots and soil.

MATERIALSAND METHODS
Experimental Design and Establishment

Field experiments assessing perennial, warm-season grass responsesd¢o N
conducted during 2006-2007 at the lowa State University (ISU) Agronomy and Agpatult

Engineering Research Farm in Boone County, lowa, US20(4D"N; 9844'46"W). Soils at
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the experimental site were classified as Canisteo silty clay loaeil@amy, mixed,
superactive, calcareous, mesic, Typic Endoaquolls), Webster silty clayfioadoamy,
mixed, superactive, mesic, Typic Endoaquolls), and Clarion silty clay loamdaney,
mixed, superactive, mesic, Typic HapludolBe experiment was arranged as a randomized
complete block, split-plot design with four replications. Grass was the maingatonent
(Plot size: 3.0 m x 42.8 m), and N rate was the subplot treatment (plot size: 3.0 m x.10.7 m)
Mean monthly air temperature and precipitation totals in Boone Co., lowa, during 2006-2007
were compiled from the lowa Environmental Mesonet (Table 1).

Grass main plots were established during the late-summer and autumn of 2003, in a
fallow field that had been managed in a catea(mays L.) - soybean@lycine max L.)
rotation. The entire experimental area was disked twice during summer 2Q@ptess
weed growth and then field cultivated once just prior to grass seeding. Bitebiues
(‘Roundtree’), switchgrass (‘Cave-In-Rock’), and indiangrass (‘Runmseste seeded in late
August 2003 in 20-cm rows using a 10-row small grain drill (Tye model 2007, AGCO Co.,
Lockney, TX). Switchgrass was seeded at 2.3 kg pure live seed (plsytite big bluestem
and indiangrass were both seeded at 3.6 kg pisHastern gamagrass (‘Pete’) was seeded in
early November 2003, in 76-cm rows at 4.5 kg pI$ iising a 2-row corn planter (John
Deere model 71 Flexi Planter, John Deere Co., Moline, IL). The following April,
switchgrass, big bluestem, and indiangrass plots were overseeded follonwsagdne
procedures and at the same seeding rates used the previous fall. In early May ati2004 a
2005, all plots were fertilized with 85 kg'h&l as ammonium nitrate, and treated with
herbicides. Big bluestem, switchgrass and eastern gamagrass ptseated with atrazine

6-chloro-N-ethyl-N-(1-methylethyl)-1,3,5,-triazine-2,4-diamine] at 0.45 kg a.i* bad
{ y ylethy g
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indiangrass plots were treated with imazapi€){2-[4,5-dihydro-4-methyl-4-(1-
methylethyl)-5-oxo-1H-imidazol-2-yl]-5-methyl-3-pyridinedarxylic acid} at 0.30 kg a.i.

ha'. Additionally, in June 2004 and 2005, eastern gamagrass plots received a single inter-
row cultivation. All grass plots were burned in April 2006, thus removing the vast majorit

of accumulated aboveground biomass. Subsequently, in early May of 2006 and 2007 grasses
were fertilized with ammonium nitrate at 0, 65, 140, or 220 kg Nasaa split plot-

treatment, using a 1.5 m wide drop spreader (Gandy model 6500, Gandy Co., Owatonna
MN). In October of 2006-2007, all aboveground biomass above a 5 cm height (or above
crown height in the case of eastern gamagrass) was removed from plots fokohvigg

frost, using a self-propelled forage harvester (John Deere model 5480, John Deere Co.,

Moline, IL).

Crop and Soil Measurements

Shoot and root dry matter and root and soil C content were evaluated in all grass main
plots following killing frost in October 2005. Similarly, shoot and root dry matter,emitri
(N, P, K) content, and root and soil C content were assessed in N subplots followmag killi
frost in October 2006 and 2007. Biomass samples were collected at harvest beigiit fr
plots to determine shoot dry matter. For big bluestem, switchgrass, and indiartgrass, s
biomass was clipped to a 5-cm height within four 0.25joadrats placed randomly in the
plot interior, allowing a minimum distance of 1.0 m between samples and plot Edges.
eastern gamagrass, which was in distinct rows, similar 0’2&mple areas were obtained

by clipping to crown height four 33-cm row lengths from within the plot interior. Stirgot
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matter was determined after drying biomass samples in a forced amtd3@C for four
days.

Root and soil samples were obtained following harvest each year by exfiégtmm
diameter soil cores, which were inserted into the ground to a depth of 1.0 m using a truck-
mounted hydraulic soil probe (Giddings Machine CO., Ft. Collins, CO). In 2005, four
randomly positioned soil cores were extracted from each grass main plot. Im20B@0&,
two cores were extracted from each N subplot, with one core positioned on a planaiedown
the other positioned on bare soil between plant crowns. At the time of core extraction in
2007, the relative proportion of each subplot occupied by plant crowns and bare soil was
estimated based on crown and soil intersection with points demarcated on three 1.8 m
transects placed randomly within each subplot (45 points per plot). Following iextradit
cores were divided into four depth increments (0-20, 20-40, 40-70, and 70-100 cm) in the
field, placed in plastic bags, transported to the laboratory, and stordd an&l processing
could be initiated. Intact crown biomass occurring at or above soil level was helittien
the 0-20 cm depth strata, while surface residues including leaf litter, asgtsomass
belonging to weedy plants were removed from core samples prior to weighingoféere
“root” samples also included plant crowns, and effectively representedaail crop
material retained in the field each autumn following harvest.

Upon removal from cold storage, core samples were oven-dried ‘@ 1@48 h and
weighed. Following drying, a 20-g sample of root-free soil was collecbved éach depth
increment, combined across similar depth increments from subsamples withjaptbkeld
for laboratory analysis. Roots were separated from the remaining bulk seddbyng in an

elutriator (Wiles et al., 1996), followed by density separation in an air columnlosaiiioh
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in 2.2 molar NaCl solution. After separation, roots were rinsed with distilégdrpoven-

dried at 105 °C for 24 h and weighed. Soil bulk density was calculated for each depth
increment as total sample weight minus root weight per unit of sample volumesAkna

for soil, dried roots were combined across similar depth increments withirafikrts
weighing, and stored for laboratory analysis. In 2005, root dry matter f&s8 grain plots

was calculated as the average of four cores, each summed over all depthntsren2906
and 2007, root dry matter for N subplots was calculated as a weighted average oftthe pla
crown and bare soil cores, each summed across depth increments. In the &tteeighsed
averages were based on the relative proportion of plant crown and bare soil argadneas
plots at the time of sample collection in October 2007.

In preparation for laboratory analyses, dried plant and soil samples were gr@unmut
using a Thomas-Wiley mill (Model 4, Thomas Scientific, Swedesboro, NJ), and therdgr
a second time to 0.5 mm using an Udy Cyclone mill (Udy Co., Ft. Collins, Co). The C and N
concentrations of shoots, roots and soil were determined for each depth increment by
combustion of a 250 mg sample at 950°C in a LECO analyzer (Model CHN-2000, LECO
Co., St. Joseph, MI). Soil inorganic C concentration was determined by a modifedrpre
calcimeter method (Sherrod et al. 2002), and soil organic C concentration wadedlasla
the difference between total and inorganic C concentrations. For each depth mgcreate
carbon content (RC) was calculated as the product of root DM and root C concentration,
while soil organic C content (SOC) was calculated as the product of soil bulkydersgioil
organic C concentration. Total retained organic C content (ROC) was taedctdaeach plot

as root and soil organic C content summed across depth increments.
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Finally, shoot and root samples were sent to Harris Laboratories (hji¢B) for
determination of P and K concentrations. For P and K analysis a 350-mg sample of plant
material was treated with 5 ml nitric acid at 90°C for 30 min, then treated witlof33@%

H,0O, and digested for another 90 min at 120°C. Following digestion, the solution was diluted
to 35 ml with 20% HCI, mixed, filtered and subjected to inductively coupled plasmacatomi
emission spectrometry (ICP-AES) analysis. Shoot and root P and K content'{kgasa
calculated as the product of dry matter and the respective elemental catmenin the case

of roots, P and K content were determined following the same protocol used to catmtlate r

C content.

Statistical Analysis

Statistical analyses were conducted using SAS software (SASites#003), and all
data were subjected of analysis of variance (ANOVA) using the SAS Gabtégure. Prior
to analysis, homoscedacticity of data was confirmed through inspection of residua
distributions (Schabenberger and Pierce, 2002). Data collected in 2005, describing crop and
soil status prior to the initiation of N treatments, were analyzed as amastbcomplete
block (RCB), one-way ANOVA, with grass as a fixed effect and blocks asdamaeffect.
Data collected in 2006 and 2007 were analyzed as an RCB split-split-plot ANGWA, w
grass as the main plot, N rates as the subplot, and years as a repeated stili=sabgpl
species, N rates and years were all considered to be fixed effectsblwbie were
considered random. Appropridfketests followed from Steel et al. (1996).

The linear and quadratic components of N rate treatments were evaluated using

orthogonal polynomial contrasts, with coefficients for unequally spaced N rateseubt
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from the ORPOL function of the SAS IML procedure (Littell et al., 2002). Thenpotyal
response of dependent variables to N rates was subsequently fit to mean vaguseus

REG procedure of SAS, with the best polynomial response selected on the bagstof F-t
significance and adjusted Ralues (Sit and Poulin-Costello, 1994). Finally, data describing
the change in SOC between 2005 and 2007 were analyzed as an RCB split-plot ANOVA,
with grass as the main plot and N rates as the subplot, wWAS€i€ over the experimental
period was evaluated using t-tests comparing observed changes agrainsor all

variables, mean separations for main and interactive effects were edalsatg an LSDR

=0.05) when the appropriaketest was significant.

RESULTSAND DISCUSSION
Crop and Soil Status Following Grass Establishment

Initial assessments in autumn 2005 revealed differences among grasses in shumit and r
biomass, but no differences in ROC, which averaged 224 Magérass grasses (Table 2).
Shoot DM (e.g. biomass yield) was similar among big bluestem, switchgndss, a
indiangrass, and greater for these three grasses relative to gastaigrass. In contrast, root
DM was similar for switchgrass and eastern gamagrass and gogatezde two grasses
compared to indiangrass. Big bluestem root DM was intermediate, and didfeotrdih
either switchgrass or indiangrass, but was less than that of easternaganBgfferences in
shoot and root DM were reflected in root-shoot ratio (RSR), which was greatesterre
gamagrass compared to all other grasses, and greater for switclognpssex to
indiangrass. For all grasses, RSR in autumn 2005 was notably greater than tio¢ @&de

reported by Frank et al. (2004) for two-year old switchgrass stands in North Daksta. Thi
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discrepancy likely resulted at least partially from the fact thatuhent study included
crown biomass within the root fraction, whereas Frank et al. (2004) included crown $iomas
within the shoot fraction.
Dry Matter Yield

Dry matter yield (e.g. shoot DM) was influenced by grass, N rateeand gnd there
were significant grass x N rate and grass x year interactions (Takler&equently, the
effect of N rate on DM yield was evaluated separately by grass andRrg. 1). In 2006,
DM vyields did not differ among big bluestem, switchgrass, and eastern gasagnd all
three grasses responded linearly to increasing N fertilization. Inastntrdiangrass yield in
2006 demonstrated a quadratic response to N rate, with yields exceeding thiereéher
grasses at fertilization rates of 65 kg N'twa greater. In 2007, big bluestem, switchgrass,
and indiangrass all responded quadratically to N rate, and yields were smulag ¢he
three grasses up to 140 kg N*hBeyond 140 kg N hj big bluestem demonstrated a
negative yield response to N, wheras switchgrass and indiangrass did not. gasigyrass
again displayed a linear response to N in 2007; however, in contrast to 2006, gamagrass
yields in the second study year were significantly lower than all othesegras all N
fertilization rates.

Maximum observed DM yields generally occurred at the highest ratdestilzation
(220 kg N h&). However, the incremental DM return on increasing N beyond 140 kg'N ha
was negligible for indiangrass in both study years (10 kg DMKy hegligible for
switchgrass in 2007 (9 kg DM kgl and markedly negative for big bluestem in 2007 (-21
kg DM kg N%). Therefore, with the exception of eastern gamagrass, for which yield showed

a consistent linear response to N, our results indicate that the yield optineush Ixat
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fertilization for perennial warm-season grasses managed as biofustiofees in central lowa
would likely be near to or slightly greater than 140 kg N, lvéith precise recommendations
to be determined on the basis of fertilizer N and biomass costs. Working in lowa and
Nebraska, Vogel et al. (2002) reported a comparable optimum fertilizat®ofr120 kg N
ha for switchgrass harvested twice each year as forage. Simitadystudy in Missouri,
Brejda et al. (1996) reported optimal N fertilization rates in the rangB®®200 kg N ha

for eastern gamagrass harvested multiple times each year for. fOratfee basis of a
thorough review of switchgrass N fertility studies, Parrish and Fike (20Q8gd that N
requirements should be reduced for single-cut feedstock management syktivastoe
multi-cut forage systems, which are characterized by greateandlved as a result of harvest
of N-rich immature biomass (Reynolds et al., 2000). Therefore, it is somewhasisigy tinat
N requirements for optimal yields in the current study fell well within #mge reported by
two geographically proximate forage studies (Vogel et al., 2002; Brejda et al., 1996)
Nevertheless, the shift from a linear to quadratic N response for big blumsteswitchgrass
between the first and second study year suggests that long-term optimidiZdtien
requirements for these two grasses may be less than the rate we obsengethduhird and
fourth years following establishment; a phenomenon reported in at least one other

switchgrass N fertility study (Muir et al., 2000).

Root Dry Matter and Root-Shoot Ratio
Root DM was influenced by grass and N rate and there were significasixgkasate
and N rate x year interactions; for root-shoot ratio (RSR), all fixed sféaxt their

interactions were significant (Table 3). Accordingly, the effect ofd on root DM (Fig. 2)
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and RSR (Fig. 3) was evaluated separately by grass andBjgatuestem and switchgrass
root DM demonstrated a quadratic response to N rate in both study years, and ingliangras
root DM demonstrated a quadratic response to N rate in 2006, with maximum root DM
occurring at 140 kg N Hafor all three grasses. In contrast, eastern gamagrass root DM was
characterized by a negative linear response to N in both years and indiavagass
characterized by a negative linear response to N rate in 2007. In the absencsilidéy fe
inputs, root DM was consistently greater for eastern gamagrass compdtadherapecies.
Conversely, switchgrass root DM was generally most responsive to N,aancbwsistently
greater than that of eastern gamagrass at 140 kg Nahd consistently greater than
indiangrass with input of 65 kg N har more. All grasses experienced a reduction in root
DM relative to their respective maximum at 220 kg N,teuggesting that root growth by
perennial, warm-season grasses may generally be reduced at hegif Mi@put. Notably,

the maximum root DM observed each year was recorded for switchgrass t@nd eas
gammgrass (2006: 27 Mg hia2007: 29 Mg ha), when these grasses received 140 and 0 kg
N ha?, respectively.

While N had significant effects on root DM for all grasses, it had littieooeffect on the
RSR of big bluestem and switchgrass, indicating that these grasseslgengerienced
changes in root DM proportional to changes in shoot DM in response to N inputs (Fig. 3).
Switchgrass RSR did, however, demonstrate a quadratic response to N in the selyond st
year, with a significant decline in RSR at the highest rate of N fatidiz. In contrast, the
RSR of indiangrass and eastern gamagrass consistently demonstrated/a resgainse to
N fertilization, indicating that for these species, any level of N input ezsuitallocation of

proportionally less biomass to roots in favor of allocation to shoots. Specificallyngndss
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experienced a linear decline in RSR in response to N in 2006 and a quadratic decline in RSR
in 2007, wheras eastern gamagrass experienced a quadratic decline in RBpBnser¢o N
in both years. Although it is not clear from these results why root developménmirby
functionally similar grasses would respond differentially to N fertilorg it is clear that the
absolute investment in root biomass, while stimulated by low to intermediate Natgsit r
for some grasses, was reduced from maximum levels by high N input rategfasa#s.
Moreover, for those species that did demonstrate a positive root DM response wiah low t
intermediate rates of N fertilization, RSR generally remained staitss N input rates. In
contrast, for those grasses for which root DM responded negatively to N feotiljZaSR
also declined with increasing N input.

Differences in the RSR response to N among PWSGs can perhaps best beadtarpret
the context of optimal partitioning theory (OPT), which posits that plants albt@anasso
the organ that acquires the most limiting resource (Bloom et al., 1985; Hilbert, f903)
assumed that growth was most limited by N for all grasses, then RSR wouldllgdmer
expected to decline in response to N fertilization - a response regufatyec across crop,
weed, and non-agricultural plant species (Reynolds and D’Antonio, 1996; Bonifas et al.,
2005). Therefore, on the basis of OPT, and in consensus with the assumption that N was the
most limiting growth resource, reductions in RSR observed for indiangrass and easte
gamagrass with increasing N inputs, likely resulted from the alleviatibhliofitation on
plant growth. Conversely, the lack of RSR response to N for big bluestem and minimal RSR
response to N for switchgrass, suggests that growth by these grasse<leaHidimited
by N (Fig. 1) - may have also been limited by another soil resource, whiahreaintained

investment in roots despite increasing N supply. Generally, studies investigatammnial,
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warm- season grass yialdsponse to plant macronutrients other than N, report little or no
yield benefit associated with fertilization (Brejada, 2000), though sesteidies have
documented P limitation of biomass yield in switchgrass (Parrish and Fike, 2005)
Nutrient Concentrations and Partitioning

Shoot and root nutrient concentrations varied by grass and year, and in some cases were
affected by N fertilization (Table 4). However, irrespective of grassit®ar year, N
concentrations were greater for roots than for shoots, wheras K concentrarergreater
for shoots than for roots. In comparison of shoot nutrient concentrations among species, the
general trend was for higher concentrations of N, P and K for eastern gasmamgmgmared to
switchgrass and higher concentrations of N and K for eastern gamagrags telbig
bluestem. In contrast, for roots, concentrations of N, P, and K were higher fdrgpass
compared to both indiangrass and eastern gamagrass, and in the case of K, higher for
switchgrass relative to big bluestem. Therefore, on the basis of rgldtweshoot nutrient
concentrations and relatively high root nutrient concentrations, switchgoatd appear to
represent the most ideal biomass crop of the four grasses we evaluatest, fabihe the
perspectives of feedstock quality for bioenergy production and root nutrient stayzagsty.

Nitrogen fertilization and years also had impacts on shoot and root nutrient
concentrations. Shoot concentrations of all nutrients were higher in 2006 compared to 2007,
while root concentrations of all nutrients were higher in 2007 compared to 2006, suggesting
that root nutrient storage capacity was increasing over time. OveraltfiNation had
significant effects on shoot N concentration as well as root concentrationdfiN As
expected, and in agreement with previous studies (Brjeda et al., 1996; Vogel et al., 2002), N

fertilization resulted in increased shoot N concentration. Root concentrationsnof R also



106

increased in response to N inputs. However, while shoot N concentration increasgdh&cros
entire range of N fertilization rates, root N and P concentrations increaseapaiol 140 kg
N ha?, indicating that higher rates of N fertilization are likely to lead to irsmeéad removal
with biomass harvest, but not increased capacity for nutrient storage in roots

Differences in biomass production, allocation, and nutrient concentration amosegsgras
N rates, and years led to effects of these factors on the nutrient content cfrehombt
biomass, and on the RSR of nutrient content (Table 5). Following from the generallyeposit
effects of N on shoot biomass (Fig. 1) and shoot N concentration (Table 4), N inputs also had
a positive effect on shoot N content (Table 6), and with the exception of big bluestem - f
which shoot N ceased to increase beyond 140 kg Nivecreased N fertilization generally
led to increased shoot N content. Notably, at fertilization rates of 65 kg Nrigaeater,
shoot N content of Indaingrass and eastern gamagrass exceeded that of @miandst
switchgrass. While root N content and the RSR of N content were also affected by N
fertilization, species effects were mixed. For big bluestem and swatshigoot N increased
with fertilization up to 140 kg N hj but stabilized or decreased with fertilization of 220 kg
N ha'. In contrast, for indiangrass and eastern gamagrass N fertilizettheaeffect on root
N up to 140 Kg N hd, but a pronounced negative effect at 220 kg N W& an outcome of
shoot and root N responses to fertilization, the RSR of N was stable across N swpftdrrat
big bluestem and switchgrass up to 140 kg N, bait declined at 220 kg N Hiz2Conversely,
for indiangrass and eastern gamagrass N fertilization was geneghyively associated
with the RSR of N.

Across grasses, N rates, and years, fertilizer N inputs consistecglgd=d N removal

in harvested biomass. Expressed as a percentage of fertilizer input, N reneregled 48%
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across years, grasses, and N rates, but ranged from as low as 24% for beghbiids220

kg N ha' in 2007, to as high as 77% for indiangrass and eastern gamagrass with 65%g N ha
in 2006. Despite this variation, it is clear that a significant amount of the &riNiapplied

each year was not recovered in harvested biomass. The relatively largaegpuahhit

present in root biomass each autumn suggest that some proportion of fertilizetidveaay
been held in roots at the end of growing season. However, while the root N content of big
bluestem and switchgrass increased with fertilizer input up to 140 kg NHeze was little
evidence of significant gains in the root N content of indiangrass and eastermagssg

any level of N fertilization. Moreover, although root N concentrations iseccaomewhat

for all grasses between 2006 and 2007 (Table 4), there was no indication that the absolute
guantity of N present in roots increased between the first and second study yesy f

species at any N rate (Table 6). If a significant amount of fertiNzeot accounted for in
harvested biomass was present in roots, then root N content should have increased betwee
2006 and 2007, following a second round of fertilizer input. Therefore, while some amount
of applied N not removed with harvested biomass may have been stored in roots, ggrticula
during the first year of N fertilizer treatments, it would also apgesra significant quantity

of applied N was not retained in the plant system. In all likelihood, unaccounted ifaeiert

N was either held in inorganic or organic forms in soil or lost from the systegetier,

through some combination of volatilization, denitrification, and leaching (RisseParton,
1982). Given that rates of N loss through volatilization and dentrification are tgnera
reported as a small proportion of plant and fertilizer N, respectively (Brarf893;

McSwiney and Robertson, 2005), it is probable that the majority of missingziartliwas

either held in the soil or lost to leaching. Rates of nitrogen leaching havedpeeted to be
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minimal in unfertilized mixed-species perennial systems (Randall, £997), but to the best
of our knowledge no information exists regarding the potential for N leachiegtilized
perennial warm-season grasses monocultures.

The P and K content of shoots and roots and the RSR of P and K also responded
strongly to N fertilization, but specific responses were dependent upon grassagnahd
the interaction between these factors (Table 5). Despite interacticesedfegrass and year,
it was generally the case that shoot content of P and K increased as a fddeltitzation
(Table 7, Table 8). Notably, while shoot P content increased across the engrefrang
fertilizer N rates, K content stabilized at 140 kg N'Haurthermore, in the case of big
bluestem, shoot P and K content were completely unaffected by N inputs. The efect of
fertilization on root P and K content and the RSR of P and K was very similar to disaffe
root N and the RSR of N, and followed one of two basic patterns, depending upon the grass
in question. Specifically, for big bluestem and switchgrass, N fertilizati®® of 140 kg N
ha' increased root P and K content and the RSR of P, while fertilization of 220 k{ Iiicha
to declines in both. Conversely, in the case of indiangrass and eastern gamagjr&sand
K content tended to be similar with 0 or 65 kg N*hiaut declined beyond 65 kg N ha
Additionally, just as was the case for the RSR of N, the RSR of P and K for thegemgtses
steadily decreased with increasing N input.

At the time of crop harvest all grasses tended to have allocated margirefydes
substantially less K to roots, relative to the amount of N allocated to rootsssngdbat
active shoot-root translocation was less efficient for P and K than for N,tarathslocation
of these nutrients to roots did not occur at all. Active translocation of N to roots from

senescent shoots has been documented in several prairie grasses (Clarkedi@atipkh
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and Delucia, 1996), but similar internal recycling mechanisms have not, to the best of
knowledge, been identified for other plant nutrients, including either P or K. On the cpntrary
deposition and subsequent decomposition and mineralization of plant litter and animal
manures has been reported to represent the primary means for recycling i @nddsland
ecosystems (Rotz et al. 2007, Dubeux et al. 2007). Both of these nutrient retention
mechanisms are likely to be diminished in perennial biomass production sysiius tel
grazed grassland ecosystems. Therefore, given that the P and K content ¢édhaivesass
was significantly elevated from non-fertilized conditions for most gsaasgield-optimal

rates of N fertilization, long-term yield-based management of perewaain-season grasses
as biomass feedstocks is likely to require fertilizer inputs of nutrients thido@iN. In

particular, it is difficult to envision that the biomass yield and associatedhval levels
observed under yield optimal N inputs in the current study could be maintained indefinitel

on the basis of mineralized soil K alone, in the absence of external K inputs.

Carbon Storage
Carbon storage did not differ among grasses at the initiation of the studiolve©c
2005 (Table 2). However, over the period of October 2005-2007, grass-specific changes in C
storage were detected in response to N rate (Table 9). For big bluestem angrasstc
there was a net increase in ROC over the two-year study period atdtatilizates of 65 and
140 kg N h& (Fig. 4). In contrast, over that same period, significant increases in ROC for
indiangrass and eastern gamagarass occurred only with no N fertilization oNé%akg
Declines in ROC were not detected for any of the grasses at any Mafertifization,

though ROC remained unchanged for all grasses with fertilization of 220 kg.Nhhen
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investigation of the effects of N fertilization on SOC storage by switdsgdominated
Conservation Reserve Program land in South Dakota, Lee et al. (2007) reportecasignifi
gains in SOC over a three-year period with fertilization of 112 or 224 kg'*Nol& no net
change in SOC in the absence of N fertilization. In agreement with ladée(2007) our
results indicate that N fertilization can be used as a managementystoaggdpance carbon
sequestration by perennial warm-season grasses, and further point out that the spten
of N fertilization for C storage at a given location is likely to vary agiomctionally similar
grasses. Perhaps more importantly, our results also indicate that the opaitewhN
fertilization for C storage for perennial, warm-season grasses is notardgedbe same as
the biomass yield optimum rate of N fertilization. For example, while 140 kg'N ha
optimized biomass yield and ROC for big bluestem and switchgrass, ROC fogiradisin
and eastern gammagrass was greatest with N fertilization leveds the yield optimum rate
of N fertilization.

Notably,ASOC made a much greater contributiodROC than didARC (Fig. 4). This
result suggests that rhizodeposition played a large role in the observed changes ThiROC
finding is consistent with other evidence implicating rhizodeposition as a majer dfiC
accumulation in agricultural soils (Bottner et al., 1999; Molina et al., 2001; &¥i#k,
2004), and reveals that total root production by the grasses in our study wascahtaosty
greater than indicated by the point measurements made each year in the(aatienroth,
2000). AlthouglASOC was generally greater in magnitude thR€, the effect that N had
on ASOC andARC was similar. Those grasses that experienced greatest RC with no or low N
inputs (e.g. indiangrass and eastern gamagrass) also demonstrated $@@sainthese

input levels, while those grasses that experienced greatest root DM withediate rates of
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N input (e.g. big bluestem and switchgrass) demonstrated gains in SOC wittentitge
levels of N input. This relationship suggests that the effect of N feridlizan ROC was
related to the effect of N on root C inputs as much, or more so than to the effect of N on
mineralization or organic carbon. In agreement with this hypothesis, Kuchtatck2001)
reported that for perennial grass-dominated ecosystems in Wisconsin, rootigitycauad C
input was a more important determinant of C accumulation than C losses adssitlateot

respiration and SOC mineralization.

CONCLUSIONS

The results of this study indicate that N fertilization can affect plalagronomic
performance criteria of perennial, warm-season grasses. Nitfeddization had generally
positive effects on biomass yield within the range of input rates evaluatadeldugains
beyond 140 kg N hawere minimal for most grasses, particularly in the second study year.
Although eastern gamagrass yield increased linearly with N fattdiz rate in both years,
biomass production by this grass was generally lower than the other tlygestang that
eastern gamagrass may not be particularly well suited as a biomassdieedsp. While N
fertilization effects on biomass yield were positive in most all insgrnhé was not the case
for root biomass production, biomass and nutrient partitioning to roots, or ROC. In the case
of big bluestem and switchgrass, fertilizer inputs up to 140 kg ™Nritaeased root biomass
commensurate with shoot biomass, maintained a high level of nutrient allocation to roots
and led to greater ROC compared to unfertilized conditions. However, for indiangrass and
eastern gamagrass root biomass was generally adversely affedNddrtilization, as was

the relative allocation of nutrients to roots. Additionally, indiangrass andeasteagrass
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experienced significant gains in ROC over the study duration only in the absencéizdrfe
inputs or with 65 kg N ha All grasses we evaluated tended to experience diminished root
biomass and reduced partitioning of nutrients to roots with fertilizer inputs higthest
input rate, 220 kg N Ra

Taken together, the significance of these findings is that N managemenghiper
warm-season grasses for biomass feedstock production will likely neetbtmaéor the
multiple, potentially conflicting effects that N can have on relevant pediocecriteria. For
example, while biomass yield, partitioning of resources to roots, and SOC storage we
optimized at 140 kg N Rafor big bluestem and switchgrass, yield optimal rates of N input
were in excess of rates required to optimize allocation of resources toambtSOC storage
for both Indaingrass and eastern gamagrass. Identification of crops argemanéa
practices that optimize biomass yield, root resource partitioning, and S@Gesairow to
intermediate rates of N input will promote the development of sustainable bipeystgms

by furnishing large quantities of low cost feedstocks with a minimal carbon ifttotpr
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Figure Captions

Figure 1. Harvested dry matter yield response to N fertilization rate for big bluestem
(ANDGE), switchgrass (PANVI), indiangrass (SORNU), and eastern gamagrass
(TRIDA) in October 2006 and 2007 in Boone Co., IA, USA.

Figure 2. Root dry matter response to N fertilization rate for big bluestem (ANDGE),
switchgrass (PANVI), indiangrass (SORNU), and eastern gamagrass (TRIDA) in
October 2006 and 2007 in Boone Co., IA, USA. Roots were measured to a depth of
1.0 m and also include crown biomass.

Figure 3. Root-shoot ratio response to N fertilization rate for big bluestem (ANDGE),
switchgrass (PANVI), indiangrass (SORNU), and eastern gamagrass (TRIDA) in
October 2006 and 2007 in Boone Co., IA, USA. Roots were measured to a depth of
1.0 m and also include crown biomass.

Figure 4 . Net change in root carbon (ARC), soil organic carbon (ASOC), and
retained organic carbon (AROC= ARC+ASOC) content in response to N fertilization
rate for big bluestem (ANDGE), switchgrass (PANVI), indiangrass (SORNU), and
eastern gamagrass (TRIDA) between 2005 and 2007 in Boone Co., IA, USA.
Asterisks indicate a significant change in RC, SOC, and ROC (A # 0) at P < 0.05.
Roots were measured to a depth of 1.0 m and also include crown biomass. Retained
organic C is the sum of root C and soil C measured to a depth of 1.0 m.



Table 1. Mean monthly air temperature and precipi

tation at

experimental site in Boone Co., IA, in 2006 and 200 7, and the

55-yr mean from 1952-2007.

Air temperature (C)

Precipitation (mm)

Month 2006 2007 V" 2006 2007 W
mean mean
January -06 -6.7 -7.7 11 36 26
February -4.4 -100 -44 9 55 29
March 3.3 6.1 2.2 74 81 52
April 13.3 8.9 10.0 109 153 89
May 16.7 189 16.1 55 169 114
June 222 222 211 21 51 123
July 244 23.3 233 141 75 102
August 222 244 222 156 200 108
September 16.1 20.0 17.8 191 48 82
October 100 139 117 63 137 60
November 3.9 2.2 2.7 35 5 47
December -1.1 -55 -39 57 52 32
Season average 10.5 9.8 123
Season total 923 1063 865
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Table 2. Retained organic carbon (ROC), shoot and root dry
matter (DM) and the root-shoot ratio (RSR) of DM fo  r two-year old
stands of four warm-season perennial grasses in Oct  ober 2005,
in Boone Co. IA, USA. Roots were measured to a dept h of 1.0 m
and also include crown biomass. Retained organic ca rbon is the
sum of root C and soil C measured to a depth of 1.0 m.

Grass ROC Shoot DM Root DM RSR
Mg ha™

Big bluestem 217 154 7.5 0.48

Switchgrass 222 14.5 9.5 0.65

Indiangrass 242 17.1 6.4 0.37

Eastern gamagrass 215 10.5 11.0 1.05

LSD 58 3.1 2.3 0.16
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Table 3. Analysis of variance and mean squares for shoot and

root dry matter (DM) and the root-shoot ratio (RSR) of DM for
four warm-season, perennial grasses in response to N
fertilization rate in October 2006 and 2007 in Boone Co., IA, USA.

Source df Shoot DM Root DM RSR
Block 3 5.8 147.0 2.3
Grass 3 146.3** 658.2** 20.0**
Error A 9 11.9 26.0 0.5
N rate 3 223.8%* 269.1** 16.6**
Grass x N rate 9 18.3* 172.7* 16.0**
Error B 36 5.8 16.7 0.9
Year 1 67.5%* 11.6 46.0**
Grass x Year 3 10.4** 30.6 20.6**
N rate x Year 3 0.5 96.9** 12.7%*
Grass x N rate x Year 9 1.0 29.4 2.5%
Residual Error 48 2.3 16.8 0.3

*Significant at P < 0.05
** Significant at P < 0.01



Table 4. Effects of grass, N fertilization

concentrations of N, P, and K in October 2006 and 2

Species abbreviations are big bluestem (ANDGE), swi
(SORNU), and eastern gamagrass (TRIDA).
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rate, and year on shoot and root
007 in Boone Co., IA, USA.
tchgrass (PANVI), indiangrass

Shoots Roots
Factor Level n
N P K N P K
g kg’
Grass ANDGE 32 3.4 0.56 4.6 9.1 0.65 2.1
PANVI 32 4.2 0.84 5.3 9.7 0.74 3.1
SORNU 32 4.4 0.76 7.2 8.1 0.51 1.3
TRIDA 32 6.7 0.94 6.7 8.4 0.58 1.7
LSD 1.0 0.28 0.8 1.1 0.11 0.3
N rate 0 32 3.3 0.77 5.8 6.4 0.55 2.1
1 65 32 4.1 0.78 5.9 7.8 0.60 2.1
kgha) 149 32 4.9 0.81 6.3 94 067 2.0
220 32 6.4 0.75 5.7 9.6 0.66 2.0
LSD 0.3 0.10 0.8 0.7 0.06 0.2
Year 2006 64 4.3 0.74 5.5 8.9 0.64 2.4
2007 64 5.1 0.81 6.3 7.7 0.59 1.7
LSD 0.3 0.03 0.4 0.5 0.04 0.2
ANOVA df Mean square
Block 3 2.4 0.53 15.2 23.2 0.30 0.8
Grass 3 66.4** 0.84* 46.5** 12.5* 0.28**  20.2**
Error A 9 3.0 0.22 2.2 3.5 0.04 0.2
N rate 3 56.6** 0.02 2.2 76.6** 0.09* 0.1
Grass x N rate 9 1.3 0.05 1.9 2.1 0.03 0.3
Error B 36 0.9 0.04 2.4 1.8 0.02 0.1
Year 1 21.5%* 0.19** 20.8** 46.0** 0.09* 12.6**
Grass x Year 3 0.8 0.01 0.2 1.0 0.01 0.2
N rate X Year 3 0.2 0.01 0.1 0.6 0.01 0.1
Grass x N rate x Year 9 0.3 0.01 0.1 0.3 0.01 0.2
Residual Error 48 0.7 0.01 0.1 2.2 0.02 0.2

*Significant at P < 0.05

** Significant at P < 0.01



Table 5. Analysis of variance and mean squares for N, P and K content (kg ha ™) of shoots and roots, and the root -
shoot ratio (RSR) of N,P, and K content for four wa  rm-season, perennial grasses in response to nitroge n fertilization
rate during the 2006 and 2007 growing seasons in Bo  one Co., IA, USA.

Source df Shoots Roots RSR
N P K N P K N P K

Block 3 730 75 2344 4859 88 1335 14.6 3.2 0.5
Grass 3 3533* 115 15110** 58988** 860** 16020** 41.6** 13.9** 7.4%*
Error A 9 614 37 1207 5891 36 228 3.9 1.9 0.3
N rate 3 21162** 138**  8903* 38568** 152**  2325** 75.4%* 8.4** 3.6**
Grass x N rate 9 479*%* 14 684 19635** 195**  1412** 6.6* 6.2** 1.3**
Error B 36 130 7 651 2416 19 234 2.3 14 0.2
Year 1 281 28** 795 23235** 50 3739** 1.8 0.8 2.6**
Grass x Year 3 351 22%*  1128** 3856 78 817 7.6 4 4** 1.4**
N rate x Year 3 80 1 53 4050 69 853 4.0 3.2%* 0.5**
Grass x N rate X Year 9 96 1 56 3929 45 319 2.6 0.5 0.1
Residual Error 48 182 2 100 1986 25 323 3.2 0.5 0.1

*Significant at P < 0.05
** Significant at P < 0.01
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Table 6. Effect of N fertilization rate on N content of shoot
root-shoot ratio (RSR) of N (C) for big bluestem (A

indiangrass (SORNU), and eastern gamagrass (TRIDA)

s (A), roots (B) and the
NDGE), switchgrass (PANVI),
in October 2006 and 2007 in
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Boone Co., IA, USA. Roots were measured to a depth of 1.0 m and also in  clude
crown biomass.
2006 2007
Grass N rate (kg ha ™) N rate (kg ha ™)
0 65 140 220 0 65 140 220
A) Shoots kg N ha™
ANDGE 21 31 45 57 18 32 59 52
PANVI 22 34 47 83 24 44 56 84
SORNU 31 50 76 115 24 47 70 93
TRIDA 34 50 73 95 26 40 61 93
LSD 14 12
B) Roots kg N ha™
ANDGE 90 159 259 190 91 167 272 123
PANVI 135 215 287 315 87 190 270 170
SORNU 88 130 146 107 131 108 99 46
TRIDA 215 203 172 123 203 166 185 130
LSD 54 53
C) RSR root N shoot N
ANDGE 4.6 5.4 5.8 3.3 6.8 5.8 4.9 2.4
PANVI 6.5 6.6 6.1 3.8 4.4 4.5 4.9 2.3
SORNU 3.1 2.6 2.1 1.0 5.4 25 1.6 0.5
TRIDA 6.7 5.2 2.4 1.4 7.9 4.2 3.1 1.6
LSD 1.3 2.1




Table 7. Effect of N fertilization rate on P
root-shoot ratio (RSR) of P (C) for big bluestem (A

content of shoots (A), roots (B) and
NDGE), switchgrass (PANVI),
in October 2006 and 2007 in

indiangrass (SORNU), and eastern gamagrass (TRIDA)
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the

Boone Co., IA, USA. Roots were measured to a depth of 1.0 m and also in  clude
crown biomass.
2006 2007
Grass N rate (kg ha ™) N rate (kg ha ™)
0 65 140 220 0 65 140 220
A) Shoots kg P ha™
ANDGE 5.1 5.9 7.9 6.5 4.3 5.6 8.7 5.6
PANVI 7.1 8.5 10.0 12.1 7.9 9.3 11.7 10.6
SORNU 6.1 11.1 13.0 14.5 5.1 9.4 11.8 13.2
TRIDA 7.5 8.7 10.7 11.8 4,5 5.6 8.0 9.1
LSD 25 2.5
B) Roots kg P ha™
ANDGE 6.7 12.7 16.5 11.7 8.3 16.1 19.3 8.7
PANVI 14.4 21.8 26.8 28.8 12.2 22.4 25.2 14.8
SORNU 6.9 8.5 11.6 7.0 13.0 8.3 6.7 35
TRIDA 19.8 18.5 12.1 7.6 19.8 16.9 11.2 8.6
LSD 5.7 5.0
C) RSR root P shoot P
ANDGE 1.4 2.8 2.2 1.8 2.3 3.7 2.3 1.5
PANVI 2.2 2.7 2.8 2.3 1.3 2.5 2.3 1.5
SORNU 1.2 0.8 0.9 0.5 2.8 0.8 0.6 0.2
TRIDA 3.3 2.4 1.3 0.7 5.2 3.3 1.5 1.0
LSD 1.1 1.2




Table 8. Effect of N fertilization rate on K
root-shoot ratio (RSR) of K (C) for big bluestem (A

content of shoots (A), roots (B) and
NDGE), switchgrass (PANVI),
in October 2006 and 2007 in

indiangrass (SORNU), and eastern gamagrass (TRIDA)

126

the

Boone Co., IA, USA. Roots were measured to a depth of 1.0 m and also in  clude
crown biomass.
2006 2007
Grass N rate (kg ha ™) N rate (kg ha ™)
0 65 140 220 0 65 140 220
A) Shoots kg K ha™
ANDGE 46 49 57 49 39 46 69 46
PANVI 40 53 67 67 44 60 83 75
SORNU 67 99 128 124 56 90 116 111
TRIDA 45 59 84 86 28 39 63 64
LSD 23 22
B) Roots kg K ha™
ANDGE 16 20 34 19 40 57 61 29
PANVI 45 76 78 85 50 87 91 58
SORNU 18 17 17 12 42 27 19 10
TRIDA 71 59 34 18 75 68 43 24
LSD 15 19
C) RSR root K shoot K™
ANDGE 0.3 0.4 0.6 0.4 11 1.2 1.1 0.7
PANVI 1.1 15 1.2 1.1 1.2 15 1.1 0.7
SORNU 0.3 0.2 0.2 0.1 0.7 0.3 0.2 0.1
TRIDA 1.8 1.1 0.5 0.2 2.9 2.1 0.8 0.5
LSD 0.3 0.5
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Table 9. Analysis of variance and mean squares for change
in root carbon ( ARC), soil organic carbon (SOC), and
retained organic carbon ( AROC = ARC+ASOC) between
2005-2007 for four warm-season perennial grasses in

response to nitrogen application rate in Boone Co., IA, USA.
Source df ARC ASOC AROC
Block 3 34.3 1853 1504
Grass 3 33.3* 60 93
Error A 9 5.7 398 441
N rate 3 58.6**  1440**  2077**
Grass x N rate 9 19.4* 286 403*

Residual Error 36 3.7 145 159

*Significant at P < 0.05
** Significant at P < 0.01
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CHAPTER 5. SUMMARY AND CONCLUSIONS

My dissertation research focused on the examination of and relationship between
productivity and nutrient cycling in cropping systems organized specificafiyoduce
biomass for biofuel and bioenergy applications. | conducted field experimentsgatiag a
number of annual and perennial biomass crops and cropping systems, and ultimately sought
to evaluate the feasibility of achieving gains in both productivity and nutrienbgyolthese
systems. | desired also to identify potential tradeoffs between prodyeind nutrient
cycling in biomass production systems.

Chapter 2 reported the results of a two-year field study designed to evaluate
productivity and crop and soil nutrient dynamics in three prototypical bioenergy daaple-c
systems, and in a conventionally managed, sole-crop corn system. This stuhgtlatad
that double-cropping offers the potential for increased biomass and biofuel outputs and
reduced nitrogen leaching relative to sole-cropping, but also that biomass Farvest
double-cropping systems leads to the removal of greater quantities of plagtsutri
compared to sole-cropping, due both to greater productivity and to generaly higrient
concentrations of harvested biomass. Therefore, drawing on the results of this cindoe
concluded that double-cropping offers both opportunities and challenges with regard to
productivity and nutrient cycling in bioenergy production. Ironically, while intethgive
managed double-cropping systems appear to have the capacity to both increase biomas
yields and reduce nitrogen losses relative to sole-crop systems, they vgouldcalire

greater fertilizer inputs of nitrogen and other nutrients.



133

Chapter 3 expanded on the results presented in the second chapter through the
application of functional growth analysis techniques to assess the refapiogance of
photosynthetic duration and efficiency in determining biomass productivity otsmpeed
corn and double-cropped triticale-corn. The results of growth analysis cledidgted that
for both cropping systems, the duration of photosynthesis was more important than the peak
or seasonal average rate of photosynthetic efficiency. Thereforeerdraanass yield by the
double-crop system can be understood as the outcome of photosynthesis occurring over an
extended duration. Growth analysis results further suggest that significantiplagxists to
increase the biomass productivity of agricultural land by expanding the seadenadliof
photosynthesis, and that in the case of double-cropping systems, expansion of photosynthetic
duration is not necessarily associated with reductions in photosynthetiereffi. Based on
soil nitrogen dynamics in sole-crop and double-crop systems, it is hypothesized tha
achieving gains in biomass yield through extended crop growth duration, whetheneit
crop or two would generally be associated with reduced potential for nitrogendoss
leaching.

Chapter 4 presented the results of a three-year experiment that was abtmlaskess
the effects of nitrogen fertilization on biomass and nutrient partitioning batwe
aboveground and belowground crop components, and on carbon storage by four perennial,
warm-season grasses. The primary objective of this study was to detedmeitiner nitrogen
fertilization levels associated with optimum biomass yield would lead taymsit negative
outcomes with regards to other important aspects of biomass production in perennial
systems, specifically belowground nutrient and carbon storage. Results of thevstad

mixed. For two of the grasses evaluated, switchgrass and big bluestem, yirlgihopt



134

nitrogen input rates also maximized root biomass, favored allocation of nutoentsts

over shoots, and led to net increases in carbon storage over the study duration. In fmntrast
the two other grasses studied, indiangrass and eastern gamagrass, root bioroass and r
nutrient allocation were generally adversely affected by nitrégitization, and carbon
storage increased only at input rates below the yield-optimum level. Fedrtlad grasses,
nitrogen inputs above the yield-optimal letexided to shift allocation of nutrients to shoots
over roots and resulted in no net increase in carbon storage. Taken together, thensignifica
of these findings is that nitrogen management of perennial, warm-seassagfor biomass
feedstock production will likely need to account for the multiple, potentially ctinflic

effects that nitrogen can have on relevant performance criteria.

Directionsfor Future Research

Based on the results of the three studies presented in this dissertsiggest the
following areas for future research with regards to productivity and nutgeimg in

bioenergy cropping systems.

1) Yield stability and economic analyses of biomass double-cropping systems

The results presented in Chapters 2 and 3 demonstrated that biomass and potential
ethanol yields of a triticale/corn double-cropping system significantgeded those of a
sole-crop corn system. Combined with evidence supporting the hypothesis that nitrogen
losses were also reduced in the triticale/corn system, it seems tdadordraw the tentative

conclusion that double-cropping systems could play an important role in helping to meet
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productivity and environmental requirements for a sustainable, largeksofalels industry.
Nevertheless, the utility of double-cropping for provisioning biofuel feedstogksres

further scrutiny before this management system could realisticatigrmdered for
implementation. Two areas which seem particularly important for futuwesstigation are

yield stability and economic analyses. While the results of the studgnpeelsin Chapter 2
indicated that a triticale/corn system was able to produce, on average, 25% nrogedtdry

than sole-crop corn, it should be underscored that this result was the outcome of only two
site-years of data. Moreover, it also bears consideration that not all prbiooesss double-
cropping studies have reported yield advantages relative to sole-croppindnéster @vo).
Ideally, future investigations of biomass production in double-cropping systemsachillie

a greater number of environments and therefore more fully assess the rgieds of

outcomes possible from these systems. Future studies should also include compdhsons w
traditional, sole-crop systems in order to assess the relative risk asdoaidt biomass
production via double-cropping. For example, it seems reasonable to hypothesizertblat the
associated with double-cropping would be greater than that of sole-cropping under moisture
limiting conditions. Finally, it is also desirable at this point to make a thoraxagyioenic
assessment of double-cropping. Greater input costs associated with biomassqoraducti
double-cropping systems could result in lower net income compared to a solestesp, sy
despite greater output. Obviously, the outcome of such economic comparisons will depend in
part on the value of biomass for use in biofuel and bioenergy applications. While it is
difficult at present to predict what biomass will be worth, it can be assumetkstihaluie will

be significantly less than that of grain.
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2) Nitrogen cycling in perennial biomass cropping systems

One of the more surprising results presented in Chapter 3 was that onlyca fohchie
nitrogen fertilizer applied to the four perennial grasses was recoaetied end of each
season in the shoots and roots of the crops themselves. Assuming that theughasses
nitrogen supplied by fertilizers as well as extant soil nitrogen, then it beuhypothesized
that the amount of nitrogen present in the crop at the end of the growing season should be at
least equal to the amount of nitrogen applied as fertilizer. Of course, nitrogemidgrare
much more complicated than assumed by such a simplistic hypothesis. Varisudlfate
than crop assimilation could have and likely did befall the nitrogen fertiha¢mtas applied
to the perennial grasses, including losses from the soil associated withdeach
dentrification, and volatilization. Additionally, fertilizer nitrogen may haeen immobilized
by soil microorganisms and ultimately even transferred back to the soil poaherfal
nitrogen. Finally, it is also quite feasible that a significant proportion ofizertnitrogen
was in fact assimilated by the crop over the course of the growing seasabdrdiently
lost either through volatilization from aboveground organs, or exudation from roots.
Unfortunately, the measurements | collected do not provide adequate infortoateeal
the fate of the nitrogen fertilizer not recovered by crops, let alone un&raiea portion of
the complex nitrogen cycle occurring in my research plots. Considering numerousgians
calling for the use of warm-season, perennial grasses as energy croies, thtat are able to
elucidate the nitrogen cycle in these cropping systems are acutelyantpairthis juncture.
While information is available regarding nitrogen cycling in non-managed aedsaxtly
managed perennial grassland ecosystems, and in intensively managed annuatdmdomi

systems, understanding of nitrogen cycling in intensively managed, perenreatsyst
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designed to produce non-nutritive biomass is limited to say the least. Improved
understanding of how nitrogen cycles within and is lost from these systems gan Heide
management decisions that will ultimately affect biomass productiicreaty and quality,

as well as the environmental impacts associated with biomass production.

3) Integration of biomass production and utilization

One of the commonalties between the annual cropping systems discussed in @hapters
and 3, and the perennial systems discussed in Chapter 4, was that removal of albabdveg
biomass led generally to the removal of large quantities of plant nutrient® k&imbval of
nitrogen and phosphorus in harvested biomass was substantially lower for peyassas
compared to the double-cropping systems, and to sole-crop corn, levels of potassiurh remova
were quite high for all systems as an outcome of high concentrations in tiseasigheaves
of all crops evaluated. Therefore, while perennial crops that seasonalystoents in their
roots clearly offer advantages over annual crops for efficient production of nainautr
biomass, maintenance of soil fertility in any cropping system featuregetmoval of all or
the majority of aboveground production has the potential to require rather high levels of
fertilization over the long-term. Due to the energy requirements assdavith the
manufacture of most fertilizers, high levels of fertilization are counteratito achieving a
strongly positive net energy balance from biofuels derived from agricuttioraass.
Following from the negative relationship between fertilization and energypdal and
considering that plant nutrients in biomass are not themselves an end component &f biofuel
one possible strategy for increasing biofuel production efficiency would lzgtore the

nutrients contained in biomass during conversion to biofuels and recycling thesetsiutrie
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back to production fields. In many ways, such a strategy would likely opsrateanalog to
traditional agricultural systems featuring the integration of crops anddokedn the case of
an integrated biofuels system, biorefineries would serve a similar rolesbdck in
traditional farming systems, which add value to crops, while retaining ampaiticrop
nutrients within the system for future use in biomass production. Integration ofnctop a
livestock production has long been recognized as a strategy for increaxingtjzm
efficiency and improving nutrient cycling in traditional agricultural systeand in theory a
similar dynamic could be established for biofuels. Research in this ar@scenh at present
and further advances are required both with respect to the engineering reqtsréan
nutrient capture in biorefineries, and also with respect to the agronomic and enwitainme

implications associated with the utilization of captured nutrients for crop producti

4) Biomass production on marginal and fragile croplands

High energy costs and growing concerns over climate change will bothdigielo
place increasing pressure on agriculture as a source of feedstocks for thagraduct
biofuels and bioenergy. Coupled with growth in commodity grain markets, this dyhasic
the potential to result in large-scale expansion of row crop agriculture imgpnalaand
fragile croplands, with a high likelihood of significant negative environmeotaeguences.
In contrast, appropriately managed perennial cropping systems could be used produce
biomass feedstocks on marginal croplands with minimal negative environmepgatsmin
agreement with this argument, the underlying assumption of energy crop prodsiction i
increasingly that this activity will occur primarily on lands thatw@amsuited or undesirable

for the production of food crops. While it is quite reasonable to hypothesize thgy ermps
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could be produced on marginal lands in such a way as to incur minimal environmental
penalty, or even to realize environmental gains over existing manageneat, present
almost wholly unsubstantiated that high or even moderately high biomass yields could be
achieved from such a land base. Although all of the studies comprising myatiseert
research took place on highly fertile soils in one of the most productive agricudigihs

in the world, it is my expectation that once published the yield levels | observdxst wil
applied by one or more future commentators to make the case that similar levels of
productivity could be obtained on the forty or so million acres of underutilized marginal
cropland in the U.S. The fact that such optimistic appraisals of biomass resdticoensy
are the rule rather than the exception among those assessing thatieakibarge-scale
cellulosic biofuels industry is troubling to the objective observer. Therefar@,lt argue
that the single most pressing research need with respect to the expansion d@iedricul
biomass production for use in biofuels and bioenergy applications is increasedtidarm
regarding the agronomic and environmental outcomes and feasibility of Isipnoaiiction

on marginal and fragile croplands.
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