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ABSTRACT
CARBON AND NITROGEN CYCLING IN INTENSIVE PRODUCTION SYEEMS:
TRADE-OFFS BETWEEN PRODUCTIVITY AND SUSTAINABILITY

By

PaligwendéNikiéma

A solid understanding of the impacts of agricultural managemeatdtipes on soil
biology, nitrogen and carbon dynamics and net greenhouse gas (GHGpesmissssential to
evaluating agro-ecosystem sustainability. | established a stiiéxperiments at the Michigan
State University’s (MSU) Tree Research Center (TRC)ast Eansing and at two different sites
in Northern Michigan to address the following three hypotheses. Hypothesis 1:iMpReaser-
fir plantations with cover crops in a low-input system will inseaoil organic carbon, total soil
nitrogen, microbial biomass and functional diversity as well e performance compared to a
high-input conventional system. Hypothesis 2: Conversion of grasslamdrterstation woody

crop (SRWC) bioenergy systems will increase nitrate legclosses and soil emissions of

nitrous oxide (NO), carbon dioxide (C& and methane (C4), undermining the environmental

benefits of substituting biomass energy for fossil fuels. Hypath&sAdding N fertilizer to a

switchgrass bioenergy system will improve the net GHG balbecause enhanced g@xation

will exceed direct and indirect emissions of GHGs associated withziertuise. To test the
first hypothesis, a tree-cover crop intercropping trial involvirgsEr fir, two leguminous (Dutch
white clover and alfalfa) and a non-leguminous (perennial ryegrass) crops was conducted

at the TRC. For each cover crop, two competition-management practices/aleisteas.



The approach used to test the second hypothesis was to set-timeRrtad plots cleared
of existing grassland vegetation, then cultivated and planted wittereiwillow (Salix
dasyclado} or poplar Populus nigra. | measured soil greenhouse gas (GHG) fluxes and N
leaching losses from these plots and compared these againgtnedis reference grassland

plots. | also established a switchgrass fertilization tiwatest the third hypothesis. Nitrogen

fertilization treatments included 0, 56 and 112 kg leapplied as urea, once early in the

growing season. Direct and indirect GHG fluxes were perfdrraed biomass yield of
switchgrass was evaluated at the end of the growing seassaltRRindicate that cover crop
treatments increased soil microbial N and available N by 3808 and 1.5- and 2.2-fold,
respectively, relative to the conventional treatment. Tree sgesllirvival and growth in cover
crop treatments with strips and in the CONV plots were similaese results demonstrate the

potential for cover crops to quickly increase plantation soil nitragetility and tree growth

response. Converting grassland to SRWC resulted in 13.3 - 17.2-fold isciafadbO, an
additional loss of 3.3 - 9.0 Mg CZCha'l of CO, emissions and an extra N leaching loss of 36 -
51 kg N hél, relative to the reference pasture control plots. Grassland cmmwvéosSRWC

systems incurred GHG debts of 9.4 and 14.2 Mgze@phél for poplar and willow plots,

respectively. Overall, N fertilizer application to a switcdgp contributed little to direct GHG

emissions from soil but substantially increased aboveground biomass tmodwhich

sequestered an additional 2.6 - 9.4 M{;lhui atmospheric C@relative to an unfertilized field.

N fertilization of switchgrass in this region could reduce #ed|base needed for bioenergy

production and reduce pressure on land required for food and forage crop production.
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CHAPTER 1

GENERAL INTRODUCTION



1.1. INTRODUCTION

Achieving greater agricultural productivity without degrading dlamesources,
environmental quality and ecosystem services has been a maj@angkafor the scientific
community because of the interconnection and potential tradeoffedr@tproductivity and
resource conservation. Agricultural systems are essentiathogecal systems which are
profoundly modified and managed by mankind (e.g. cultivation, fert#jzand herbicides) to
produce food and fiber, generally with the aim of increasing thedyativity. Whereas
agricultural intensification has the potential to achieve maximwop productivity, impacts of
agricultural management can alter ecosystem processes and servisapba sustainability.

Important areas of resource degradation arising from intensive praraginclude: soil
carbon (C) loss through accelerated soil organic matter (SObYng®sition, groundwater
contamination and surface water eutrophication through nitrate tggahd runoff, biodiversity
decline, and enhanced greenhouse gas (GHG) emissions. Because thdidegrbdame of
these environmental resources and processes may not be revei@epardize functioning of
the whole system, finding agricultural management options (e.g. lows)npith the potential of
keeping these trade-offs within reasonable limits appearssagedo this end, studies on the
impacts of agricultural management practices on ecosystecegses and services could be an
important step towards finding strategies for sustainable landdeee, | focused my
investigations on the response of soil microbial community metabopiswis and fluxes of
carbon and nitrogen, and GHG emissions to agricultural managementgeacich as tillage, N
fertilization and cover cropping. | addressed the issues sdpairatthree different intensive
production systems: Christmas tree farming, short-rotation woodmass plantations and

perennial switchgrass bioenergy production systems.



Whereas use of anthropogenic inputs of reactive N and intensagetitian potentially
increase crop production, their inefficient use can lead to a nuohloblems. For instance,
these agricultural management practices sometimes leaddier@ated soil erosion and depletion
of soil organic matter, pollution as a result of runoff, lowercefhcy of nutrient use and lower
profitability. On the other hand, management practices such as camming reduce soil
erosion, add organic matter to the soil, conserve soil humus, improverstiba and structure,
and improve soil nutrient status (Broughton 1977). Organic matter iratisras substrate for a
variety of soil organisms that immobilize excess nutrients)yemalize them and make them
available to plants as they are needed.

While the potential benefits of incorporating cover crops into croppystems has been
widely demonstrated for many agronomic, vegetable and orchaps,cto my knowledge,
studies have not yet been conducted to evaluate the potential lz¢refidribution of cover
crops to Christmas tree production, which cover approximately 150,000 dwadahl production
in the United States (Vilsack and Clark 2009) and represent oneesegf the forestry sector
that uses substantial fertilizer inputs comparable to agronorstersy (Rothstein, 2005). In
chapter 2Soil microbial biomass and community catabolic diversity as affected by intercropping
cover crops with Fraser fir Abies fraseri[Pursh] Poir) — in Christmas tree plantation in
Michigan, U.S.Al investigated the effects of cover crops on soil microbial ptiggen a Fraser
fir production system in Michigan. The three cover crops useldisnstudy were two legumes
(alfalfa [Medicago sativh and Dutch white cloverTrifolium pratens® and a non-legume
(perennial ryegrasd.plium perennp. | expected that incorporating cover crops into a Christmas
tree plantation would increase the amount of organic matter rettoribd soil, which is a key

driver of microbiological processes. Because legumes have thty abilfix atmospheric N,



through symbiotic association with N-fixing bacteria, | also ptedithat the leguminous cover
crops would have more labile biomass residues and be more efiiiciergroving soil microbial

biomass and activity. | used the chloroform fumigation-extracti@hod to determine soil
microbial biomass C and N and the effectiveness of each coveracmyphance soil microbial

biomass and quotients, and thus soil fertility (Anderson and Domsch, 1986h sought to

. . . I : . . TIM
measure the functional diversity of the soil microbial commumsing the Biolog = Eco Plate

system, which is based on the metabolic capabilities of badigiiag growth in the wells of the

Biolog-”vI micro-plates. Finally, | hypothesized that Managing Frasepldntations with cover

crops in a low-input system would increase soil organic carbon, dotlahitrogen, microbial
biomass and microbial diversity compared to a high-input conventional system.

Whereas anthropogenic inputs of reactive N inputs are widely knowrave a great
potential for maximizing growth and producing more marketablestin a shorter period of time
in Christmas tree plantations, recent N studies have raised osrad®ut N leaching losses from
excessive and exclusive use of inorganic fertilizers in theseras (Rothstein 2005; Pedersen et
al. 2006). This shows the need to seek alternative N managemeitgsradgth the potential to
improve sustainability and enhance profitability for this systeracaBse of their several
benefits, cover crops have been introduced successfully in many esctalegetable crop
production systems to address similar issues. However, to my kn@yktddies have not been
yet conducted to evaluate the potential beneficial contribution adramops to Christmas tree
production.

In Chapter 3,effects of groundcover management on soil properties, tree physiology,
foliar chemistry and growth in a newly established Fraser Abiés fraseri[Pursh] Poir)

plantation, in Michigan, U.S.Al assess whether soil fertility, Fraser fir survival and ghow
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could be improved by incorporating leguminous and non-leguminous cover cropshat
production system. Because nitrogen input from the cover cropnsysis from an organic
source which would have to gradually be decomposed through microbiasgeedsefore it can
be made available to the trees, | expected that the releptanbfvailable nitrogen would be in
synchrony with the rate of tree uptake, leading to an improvear falilevel and growth of the
trees in the cover crop systems relative to their counterpatte iconventional system. On the
other hand, | predicted that the cover crop would strongly competeheittietes for water and
plant essential nutrients other than N that could lead to reducedhgp@sformance unless
proper competition-management practices are introduced. To tesprédiction, | used two
competition-management practices; no strips (NS) by growiny eaver crop throughout the
entire plot and strips (S) by creating a 0.61 m-wide bare zonerednbn the tree rows. A
conventionally-managed system was used as a control. Finally, Ihegmeed that plots with
strips would result in overall better tree foliar nutrition, evaise efficiency and growth relative
to the no-strip treatments. | also anticipated that treeowerccrop plots with strips would
perform as well as or even better than their counterparts in the conventsteah.sy

The second production system of interest in these investigatiobh®esergy crop
production. Environmental impacts associated with the use of fossd, foembined with
increasing concerns about rising fossil fuel prices, depletidheofvorld fossil fuel supply and
the need to enhance regional and national energy security have tihmradkiarge-scale
development and use of bioenergy and bio-based products a top priorigwide. The
potential for biofuel production and use to meet this growing renevaat#rgy targets has been
emphasized by the Intergovernmental Panel on Climate Change (IPCC 3883 d-generation

cellulosic feedstocks such as perennial grasses (e.g. switchgnalssjood crops (e.g., poplar



and willow) have been suggested as a more sustainable atertatn first generation stand-
based (e.g. Maize) feedstocks. However, the use of energybionass does not necessarily
mean that their production is sustainable. For instance, thertllsdka@vledge gaps, especially
in terms of immediate direct impacts of agricultural managensuch as land clearing and
cultivating as well as N fertilization for bioenergy crop produtton the system net greenhouse
gas (GHG) balance.

In Chapter 4greenhouse gas emissions and N leaching associated with conversion of
grassland to short-rotation woody biomass crops in northern MichighB8.A | tested the

assumption that conversion of grassland land to short-rotation woody typesystems would

increase nitrate leaching to ground water and soil emissions otisitbxide (MO), carbon

dioxide (CQ) and methane (Ck) due to increased SOM mineralization. | therefore expected

that this land-use change would incur some levels of GHG “débat’ would undermine the
potential environmental benefits of substituting biomass energy wisil ffuels and require
years for the bioenergy system to payback this carbon debt. Isttioig, | sought to answer
these two fundamental questions: (i) what is the magnitude of @&MSsions and “debt”
associated with grassland conversion to SRWC systems? andhdii)is the “payback period,”
the time required for the SRWC systems to overcome this @étfs and begin providing net

GHG benefits? Based on a set of assumptions regarding the cootribitioot respiration to
total CO efflux and the yield potential of these bioenergy crops, | naada&tempt to estimated
different levels of GHG debt and the corresponding payback times.

In addition to tillage, the impacts of N fertilizer application biomass yield and the

magnitude of GHG released from agricultural soils have been ubjecs of a number of



investigations in recent years. However, most of these studieddwused on agronomic crops
such as corn, wheat and potatoes which are not only managed diffdrentilso may have
different N requirements than bioenergy crops (Grant et al. 2006; Zebalttl2@08). In Chapter

5, Nitrogen fertilization of switchgrass in northern Michigan, U.S.A increasawmass yield and
improves net greenhouse gas balgriattempted to determine aboveground biomass production
and GHG emission responses to inorganic N fertilizer appicdtir switchgrass. | hypothesized
that added fertilizer input would increase switchgrass productiochwiwould in turn allow
offsetting any GHG emissions associated with switchgrass produdhe overall goal of this
study was to determine the correlation between N addition, and r@tl@Hefits in a perennial

switchgrass system.
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CHAPTER 2

SOIL MICROBIAL BIOMASS AND COMMUNITY CATABOLIC
DIVERSITY AS AFFECTED BY INTERCROPPING COVER CROPS
WITH FRASER FIR (ABIES FRASERI [PURSH] POIR) — IN A

CHRISTMAS TREE PLANTATION IN MICHIGAN, U.S.A.

10



2.1. ABSTRACT

Intercropping cover crops with tree crops may have importantteféecsoil productive
capacity through their influence on soil organic matter and biologyestigated soil microbial
biomass carbon (SMB-C) and nitrogen (SMB-N) as well as midroteenmunity-level
physiological profiling (CLPP) in an intercropping system involvirgser fir, two leguminous
(Dutch white clover and alfalfa) and a non-leguminous (perenypeégrass) cover crops. For
each cover crop, two competition-management practices wenga&al no strips (cover crop
grown in continuous patch) and with strips (maintenance of bare gratpsl cgntered on the
tree rows). A conventionally-managed plot was used as a contrd-GMsSMB-N and soill
organic carbon (SOC) and total nitrogen (TKN) levels were asdegsthe 0-15, 15-30 and 30-
35 cm soil depths and CLPP at the 0-15 cm soil depth. At the 0-15crh, deper crop
treatments increased SMB-C by 20-50% relative to the conventotal whereas changes in
SMB-N ranged between 35 to 80% higher in the cover crop trearien the CONV plots.
Values for both SMB-C and SMB-N data followed this order: Leguwoeer crops > non-
legume cover crop > conventional. Groundcover treatments significenttleased both soil
SMB-C: SOC ratio (P<0.001) and SMB-N: TKN ratio (P<0.01) at tindase soil layer (0-15
cm), whereas no significant differences were recorded amoagmiats at the deeper soll
layers. The legumes also increased microbial catabolic dive@mpared to the conventional
treatment. Cover crop treatment with strips had little edfemt soil microbial biomass and
diversity relative to the no strip treatments. These resuligest that cover cropping with proper
management can provide a larger, more active, and more metapadlic@ise soil microbial

community and be an alternative approach to sustainable tree production.
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2.2. INTRODUCTION

In recent years, there has been increasing interest ustghef management practices that
maintain soil productivity and environmental quality while improving faprofitability
(Baumann et al. 2001). Intercropping legume and/or non-legume coverisragzactice that
has been widely investigated and promoted as a practical veahigeve sustainable production
(Walsh etal. 1996). Cover crops reduce soil erosion, add organic matter toilfheoaserve soil
humus, improve soil aeration and structure, and improve soil nutrient @atugyhton 1977).
Because of these benefits, cover cropping is increasingly bece@ngogmon practice in cereal
and vegetable crop production systems. However, to my knowledge,sshadie not yet been
conducted to evaluate the potential beneficial contribution of cover t¢oo@hristmas tree
production, which cover approximately 150,000 ha of land in production in the LBtit¢es
(Vilsack and Clark 2009) and represent one segment of the fosestior that uses substantial
fertilizer inputs comparable to agronomic systems (Rothstein 2005).

Soil management in cover cropping systems generally involvassthef mowed, tilled
or killed cover crops, to increase soil organic matter levels &madibyy release available
nutrients to the crop plants as the organic matter breaks down €3aetlkal 2007). In this
process, the action of soil organisms is a major determinant émtutycling rates and plant
growth. Planting either grass or legume cover crops in thespatees of plantations increases
plant residue inputs to soils (Dinesh et al. 2004) and therefore timaylage soil microbial
activity and increase mineralizable C and N (Mendes. €i9819). Moreover, many studies have
reported plant-induced quantitative and qualitative variations in nitragd carbon flow to the
soil as different plant species may maintain a differentabiat biomass and activity (Drury et

al. 1991; Haynes and Francis 1993; Groffmamletl996; Chantigny eal. 1997; Angers and
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Caron 1998; Mullen et al. 1998). It is also well documented that farrsysgems and
management practices greatly influence microbial populationscivdias in soil (Bossio et al.
1998; Mendes et al., 1999).

Soil microbial biomass and activity respond rapidly to changegronamic practices
and other disturbances (Kennedy and Papendick 1995; Cong2€06l. Powlson et all987;
Lundquist et al 1999), and have been used to ascertain early changes in sty féue to
different soil management practices (Doran and Zeiss 2000; Wangvand 2008). In fact,
changes in microbial activity and in the ratio of soil microlb@mmass to soil organic matter
(soil microbial biomass quotient) are often used as rapid indicatactkanges in soil organic
matter content and soil fertility (Ocio et d1991). To date, many studies have focused on the
effects of cover crops on soil properties and plant productivity inrgleagronomic crop
production systems, including vegetable, cereal crops and orchardsu(8athjSingh 1997;
Macdonald et al. 2005; Lehmann et al. 2000; Hanninen 2002; Sanche2@®#4l. However,
very little information is available concerning the effectscolver crops and management
practices on soil microbial biomass and activity in Christmas tree ptamgati

This study was part of a research project designed to investlgatenpact of cover
crops on nutrient cycling, soil and water quality and Frase(Almes fraseri[Pursh] Poir)
performance. The objective of the present study was to exathaeeffects of various
groundcover management practices on soil microbial propertieBriasar fir production system
in Michigan. Incorporating cover crops into the plantation is exget increase the amount of
organic matter returned and diversity of metabolic substrates teoththat are key drivers of
microbiological processes. Consequently, | hypothesized that the losiealchemical and

biological conditions, particularly soil organic carbon and total nitraagewell as soil microbial
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biomass and catabolic diversity would be increased in cover croprRmastercropping plots
relative to a conventional production system. Additionally, | anticpdbat, because plant
residues from leguminous cover crops are more labile (having Mgbentent and smaller C:N
ratios) than those of non-leguminous cover crops, plots with N-fixingrcorops would yield
significantly higher soil microbial biomass and catabolic diversity than thiieea non-N-fixing

cover crop.
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2.3. MATERIALS AND METHODS

2.3.1. Site description

A field experiment was established in the spring of 2007 at tke Research Center

(TRC) (42.6PN, 84.48W) on the campus of Michigan State University (MSU) in East ibans

Michigan. The local climate is characterized by mean tertyreraf 15.5°C and -6.6’C during

summer and winter periods, respectively. Annual mean precipitati8B3smm with rainfall
distributed fairly evenly throughout the year. Soil at this site is fledsis a fine-loamy, mixed,

active, mesic Aquic Glossudalf (USDA/NRCS-MAES, 1992). The gensodl chemical

characteristics of the site are: 35% silt + clay, pH 5.6 andi8 kg'l CEC (Rothstein 2005).

Soil total C and N, inorganic N and Mehlich Ill extractable natse(P, K, Ca and Mg),

measured at the initiation of the plantation establishment are pdowvideable 2.1. The site had
been used for crop cultivation, primarily maize with occasionatimits of wheat and soybeans,
for at least the past 30-40 years. The experiment was docate fenced area to prevent the

impact of deer browsing.
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Table 2.1 Physical and chemical characteristics of the topsoil (0-)1&f ¢the study site

Soil Characteristics Values
Sand (%) 65

Silt + Clay (% 35

pH (soil/water ratio of 1:13 7.24

Soil organic C concentration (5}0) 1.96 +0.84
Soil total N concentration(f%) 0.16 +0.08
Mehlich-3 (mg kg)" 35.46+4.38
Exch. K (mg kg)° 403.91+31.64

% Values are obtained from a previous study (Rothstein 2005)
Samples were taken in May 2007, at tree planting and values are means (xse; n = 21)
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2.3.2. Plant materials, experimental design and management

Fraser fir transplants (plug + 2) were obtained from a lo@aimercial nursery (Peterson's
Riverview Nursery), and machine-planted (Whitfield planter) gppacing of 1.8 x 1.8 m. Fraser
fir seedlings were planted into a chisel-plowed and draggeddoglan 8 May 2007. Seeds of
common Dutch white clover, alfalfa (SS 100 brand) and perennial sedhNS) were

purchased from Michigan State Seeds (Grand Ledge, Michigan, .Y&hé hand-seeded on 22

May 2007. The seeding rates used were 28 Eé Far clover and alfalfa, and 16 kg_hlafor

perennial ryegrass.

The experiment was established in a randomized complete blockn degly three
replications in a field measuring 32.4 m x 50.4 m. Blocks and expeaf@ats were 10.8 m x
50.4 m and 7.2 m x 10.8 m, respectively. Each rectangular plot contaiokd af 35 trees (5 x
7 trees). Trees in border rows were used as buffers and not inatuaegsurements, therefore
restricting data collection to the remaining 15 interior ti@esach plot. Each block had two
plots per cover crop, managed either with no strips (NS) or wighs §S). The NS treatments
consisted of growing each cover crop continuously over the entirelplobntrast, in the S
treatments, the assigned cover crop was intercropped betweeaghews while maintaining,
through glyphosate application, a clear strip of 0.61 m wide, centerdtedree row. Control

plots were managed conventionally (CONV); they contained no coegr amd weeds were
completely controlled with glyphosate (active ingredient conceortra=1.1kg héj). Thus, the
treatments were as follows: conventional system (CONV), Dwutbhie clover with strips
(DWCS), Dutch white clover with no strips (DWCNS), alfalfatwstrips (ALFS), alfalfa with

no strips (ALFNS), perennial ryegrass with strips (PRGS)pandnnial ryegrass with no strips

(PRGNS).
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No N fertilizer was applied to any plots in 2007 as it may injust-year seedling roots

(Koelling, 2002). However, during the second growing season, 16 g txeee(50 kg N h_éL) as

ammonium sulfate [(Nh)2SOy] was applied one time on 13 May 2008 to the control plots but

not to the cover crop plots. The cover crop plots were not fertil2ade the cover crops were
fully established, mechanical mowing was performed at 3 cm ahbevground every three to
four weeks in 2007 (2 July, 26 July, 21 August and 18 September) and 2008 (27 Mapg24
17 July, 14 August, and 11 September) to control cover crop growth, minineizzompetition

with the trees, and add green manure to the soil surface. Glyphasatprayed twice during
each growing season (2007 and 2008) to control weeds in the CONV plotsthindtive tree

rows in the S plots. The whole field was protected with antrelefence to prevent deer
browsing. A description of treatments and management pracppdiedain 2007 and 2008 can

be found in Appendix —Table A.1.

2.3.3. Soil sampling and analysis

Fifteen randomly-selected soil sub-samples per plot wereotetl with a 2.5 cm diameter
corer and composited into one sample per plot. Soil samples weretemlie mid-October of
2007 and 2008, corresponding to the end of the first and second growing sessoedively.
Of the 15 soil cores collected per plot, in the cover crop plotsstris, nine were taken within
the cover crop zone and 6 within the bare ground zone, proportional to the area ohstripail
was collected from 0-15, 15-30, and 30-45 cm depths. Samples were placed in doublgiplasti
lock bags, securely tied, and kept on ice in a cooler before traingpibem to the laboratory at

Michigan State University for analysis. Soil moisture conteas determined gravimetrically on

oven-dried samples (186 for 48hrs). Soil pH (soil:water ratio of 1:1) values were suezd
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from the air-dried soil (passed through a 2 mm sieve) with a BARH/COND meter (model
D-54; Spectrum Technologies, Inc. Japan). Soil organic C (SOC) andNtafaN) of soill
samples were determined by combustion with an elemental anafitodel ECS 4010,

COSTECH Analytical, Valencia, CA).

2.3.4. Microbial biomass analysis

Soil samples collected in 2007 were used for microbial biomassnde&tion. Soil
microbial biomass C (SMB-C) and N (SMB-N) were assesseth fthese samples by the
chloroform fumigation-extraction method described by Brookes etl@B5) and Beck et al.
(1997). Soil solutions obtained from the fumigated and non-fumigated sampte analyzed

for total dissolved C and N by oxidative combustion-infrared arsafrsil oxidative combustion-

chemiluminescence, respectively (Shimadzu models T@Exvanalyzer and TNM-1 unit,

Kyoto, Japan). Microbial biomass C and N were calculated adifteeence between C and N in
the fumigated and non-fumigated samples using 0.45 as a corraationfor SMB-C and 0.54
as a correction factor for SMB-N (Brookes et al. 1985; Beckl.ei397). Soil microbial

guotients, the ratios of soil microbial biomass to soil organic I8, avere calculated as SMB-C.:

SOC and SMB-N: TN.

2.3.5. Microbial community-level physiological profile analysis

The functional diversity of the soil microbial community was mezswn soil samples (0-

15 cm) collected in 2007, using the BioTc%Ij Eco Plate system (Biolog Inc., Hayward, CA,

USA). The Biolog approach is based on relative changes in carbon sdilizegion. The Biolog
micro-plates were chosen as they contain 31 of the most usdoincaources for community

analysis of mixed cultures. Substrate-utilization patterns ofdilemicrobial population were
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determined by a procedure adapted from Garland and Mills (1991yrders of field-moist soil

were shaken with 90 ml of a sterilized saline solution (0.85% Na&@), for 60 min and then

brought to 18 final dilutions. A 150 pL aliquot was inoculated into each microepla¢ll. The

plates were kept at a constant temperature (Q5n the dark. The absorbance of the content of

each well at 595 nm was measured at 0, 24, 96, 120, 168, and 240 h using an autateated pl
reader (Dynatech, MR-7000, Dynatech Laboratories - U.S.A.). Readirthe plates at day 0
and readings generated from the control wells were subtraaied Subsequent readings to
eliminate background color generated by the substrates and the bacteriasisunspe

Microbial activity in each micro-plate, expressed as averagk evlor development
(AWCD), was calculated for each sample at each time pyimtividing the sum of the optical
density data by 31 (number of substrates). | used an optical density (OD) of h@%hasghold
for a positive response (Garland 1997) to calculate richness (R total number of oxidized
C substrates, a Shannon-Weaver ind¢) 6f metabolic diversity and evenness of response (E).

The Shannon-Weaver index was calculated as follows:
e  H =-YpiIn(p) Eq.(2.1)
wherep; is the ratio of the activity on each substrate {QDthe sum of activities on all

substrates XOD;). Its value usually ranges from 0.4 to 4 and expresses a rgreatabolic

diversity when it is close to 4 and a lower metabolic diverstgmwclose to 0.4 (Frontier and
Pichod-Viale, 1988). Substrate evenness (E), which is a measure wiifiienity of activities
across all substrates, was calculated as follows:

. E = H/log(R) Eq.(2.2)
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where H' is the Shannon Weaver diversity index and R is the number ofeditfe
substrates used by the community (counting all positive Odirrgs). E values range between 0
and 1 with lower uniformity of activity when the values are €los 0 and a greater uniformity
when the values get close to 1. Micro-plate readings measuée®4, 96, 120, 168, and 240 h
of incubation were used to calculate AWCD. However, plate readihd20 h were used to
calculate RH’ and E since it was the shortest incubation time that alloweletsteresolution

among treatments.

2.3.6. Data analysis

Data were analyzed as a randomized complete block design usmyIRed in Statistical
Software Package SAS version 9.1 (SAS, 2002-2003). For soil pH, totalaCNto€:N ratio,
SMB-C and SMB-N data were analyzed taking into account the Sasgling depths. The
statistical model thus included one random factor (block) and twix€2) factors: groundcover
treatments and depths, with the latter variable considered pgaated measurements. The
potential effect of depth on all parameters in the various groower creatments was initially
assessed using an analysis of variance/ covariance (ANCOdArture. Because the
interactions between groundcover treatments and depths on some ofatnetpes (e.g. total N
in soil, SMB-C and SMB-N) were statistically significaat) evaluation of treatment effects was
performed using a simple one-way analysis of variance (ANQAdMy for the 0-15 cm depth. |
used Fisher's Least Significant Difference (LSD) testntake pair-wise comparisons of
individual treatment means. Significance for the overall treatnedfeécts and pair-wise
comparisons was acceptechat0.05.

Microbial community level-physiological profiling data were Bmad using the soil

samples collected from 0-15 cm depth. The AWCDHRand E data were subjected to a one-
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way ANOVA in SAS. The standardized OD values obtained from ehthe 31 substrates for
each treatment were further analyzed using multivariate wwebsi (principal component
analysis in Minitab 15.1.1.0) to differentiate among microbial commasmbased on substrate
utilization profiles (Garland and Mills 1991; Winding 1994; Zak et 1894; Grayston and

Campbell 1996).
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2.4. RESULTS AND DISCUSSION

2.4.1. Soil properties

There were no measurable effect of treatments on the silGaind N concentrations as
well as soil pH (all P>0.05), and therefore, data were not pesddiere. The lack of treatment
differences in the present study is a common finding in most-s&#ran C change studies. Small
gradual changes in SOM are generally difficult to detect becalub@ggh background carbon

level and natural variability of soils (Mendes et al. 1999; Brye et al. 2002).

2.4.2. Soil microbial biomass and quotients

Relative to the CONV treatment, all cover crop treatmengmifsiantly (P<0.001)
enhanced soil microbial biomass (SMB-C and SMB-N) at the 0-15 @th ¢Eigs. 2.1-a and
2.1-b). However, no statistical difference was observed among groundeeatenents for both
SMB-C and SMB-N at the deeper solil layers (15-30 and 30-45 cntiheA2-15cm depth, cover
crop treatments increased SMB-C by 20-50% relative to the CQINtg; whereas changes in
SMB-N ranged between 35 to 80% higher in the cover crop trearient the CONV plots.
Alfalfa and clover were more effective in improving SMB-C anMlBESN than perennial
ryegrass. Increased organic C input from cover crop biomass is prdahabtiominant factor
explaining the greater amount of SMB-C and SMB-N in all covep @lots at the soil surface
layer (0-15 cm) than CONYV plots. Franzluebbers et al. (1999) shdwaeds the total organic C
pool expands or contracts due to changes in C inputs to soil, thabralgoool also expands or
contracts. A continuous uniform supply of C from crop residues sesvas anergy source for
microorganisms (Govaerts et al. 2007; Campbell et al. 1997). By movower crops and
leaving residues on the soil, organic carbon accumulates in the t@gbiinicrobial substrates

of different quality and quantity are made available (Govaerts et al. 2007).
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Figure 2.1
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Leaving cover crops residues on the soil surface as green méswircaeases microbial
abundance, because of improved conditions for growth and reproduction in theilttgyer
(Govaerts et al. 2007). The fact that the residue is not incorpordtedeeper soil layers most
likely explains the similarity in SMB-C and SMB-N among treious treatments at 15-30 cm
and 30-45 cm layers.

Whereas | expected greater cover crop residue inputs fromwatbtao strips compared to
plots with strips, creating strips did not significantly atfMB-C or SMB-N in the cover crop

treatments (Fig. 2.2-c). SMB-C and SMB-N in plots managed wipssaveraged 558.8 mg C

kg_1 dry soil and 83.2 mg N R%]dry soil while plots with no strips averaged 535.8 mg C} kg
dry soil and 79.3 mg N IZ%; dry solil, respectively. Legume cover crop treatments showed
significantly (P<0.001) higher SMB-C (average of 587.7 mg é)kl@an the grass cover crop
(466.6 mg C k{:]l) and CONV treatments (399.0 mg C_jk)g Similarly, SMB-N was
significantly (P<0.001) higher in legume cover crops treatments (83.8l rhg_l) than in the

non-legume cover crop (69.2 mg N'11<)gand the CONV (50.7 mg N RJ@ treatments.

Soil microbial biomass C: N ratio did not differ among groundcovetrirents at any of
the three soil depths. However, Soil microbial biomass C: N ragoifisantly (P<0.05)
increased with soil depth (Fig. 2.1-c), ranging from 6.5-7.1, 7.1-8.8, andL3T.1at the 0-15,
15-30 and 30-45 cm soil depths, respectively. This trend is the oppodie observed for soil
total C: N and could indicate a shift in community composition, perhagms & bacterial-
dominated community on the top soil layer to a fungal-dominated cormtymuandeeper soil

layers. In fact, previous research have reported that a higmsgoibial biomass C: N ratio
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generally indicates higher fungal versus bacterial populations in @enkinson 1976; Moore et

al. 2000).

Groundcover treatments significantly increased both soil SMB-GC §&x0.001) and
SMB-N: TKN (P<0.01) at the surface soil layer (0-15 cm), wagneo significant differences
were recorded among treatments at the deeper soil |ayange (2.2). At the surface soil layer
where differences among treatments occurred, soil microbialegt®tvere significantly higher
from soil collected under legume cover crop plots than the non-legower crop and the
CONV treatments. The contrasting effect observed between &gacthnon-legume cover crops
on soil microbial quotients might be due to differences in the amaouhtgaality of organic
matter produced by these two categories of cover crops. Tdievegt lower quotients in the
CONV and perennial ryegrass plots may suggest lower avéyatfilorganic substrates in these
environments, whereas a great supply of more labile organic selbstagt explain the relatively

higher microbial quotients in the leguminous cover crop plots.
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Table 2.2 Microbial Biomass quotients (SMB-C:Corg and SMB-N:Norgasured at 0-15,

15-30 and 30-45 cm soil depth for each groundcover management treatme
Treatments are: Conventionally managed (CONV), Dutch white clater
strips (DWCS), Dutch white clover with no strips (DWCNS), |&favith strips

(ALFS), alfalfa with no strips (ALFNS), perennial ryegrasshvstrips (PRGS),
and perennial ryegrass with no strips (PRGNS); ( n=3).

Groundcover SMB-C :Corg

SMB-N :Norg
treatments 0-15cm 15-30cm  30-45cm  0-15cm 15-30cm  30-45cm
CONV' 0.020 a 0.018 a 0.033 a 0.032 a 0.027 a 0.028 a
ALFS 0.029 c 0.022 a 0.049 a 0.051c 0.031 a 0.039 a
ALFNS 0.025b 0.019a 0.024 a 0.049 bc 0.031a 0.026 a
DWCS 0.031c 0.026 a 0.042 a 0.049 bc 0.032 a 0.032 a
DWCNS 0.025 b 0.020 a 0.028 a 0.046 bc 0.027 a 0.028 a
PRGS 0.022 a 0.020 a 0.033 a 0.037 ab 0.027 a 0.028 a
PRGNS 0.021 a 0.021 a 0.045 a 0.039abc 0.037a 0.032 a
P-value P<0.001 P>0.05 P>0.05 P=0.05 P>0.05 P>0.05
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2.4.3. Community-level physiological profile of soil microbial communities

The color response in a given well is related to the number obongainisms (functional
diversity) which are able to use the substrate within the agel sole carbon source, and is
therefore used to assess microbial community structure in a gogsystem (Garland and Mills,
1991). Average well color development (AWCD) recorded as opticalitgdef@®D) and the
number of well responses expressed as the catabolic diveosityalt treatments followed the
same pattern (sigmoidal curve) throughout the incubation period (Figs. 2.2-a dndatReugh
the rate of increase varied with different treatments. Hewdoth the AWCD and the catabolic
diversity of communities from CONV plots were lower than theec crop managed plots. The
high AWCD values recorded from soil collected under the cover ceapntents relative to the
CONV plots may suggest that cover crop treatments enhanced thsitdivar microbial
communities, resulting in a higher substrate utilization rate.

The number of well responses (catabolic richness) followed the gatteen as AWCD
throughout the incubation (Fig. 2.2-b). For all treatments, only avwells showed no color
response after 96 h of incubation. Significant differences amongeets (P<0.01) were found
in catabolic richness, Shannon diversity and evenness (Figs. 2.3-aa@d3zb3-c). All cover
crop treatments, both with S and NS, had significantly higher (P<O®@Xbbial catabolic
richness than the conventional treatments (Fig. 2.3-a). Similpldys managed with both
legume cover crops, had significantly high#rvalues than CONV plots. These results are in
agreement with results of studies conducted elsewhere which found digyamicg systems to
significantly enhance soil microbial indexes compared with convemtsyséems (Mader et al.

2002; Wu et al., 2008; Drinkwater et.d995; Saison et al., 2006).
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(a) Average well color development (AWCD) and Yleyage catabolic diversity

obtained from Biolog EcoPIa‘EIéM incubation of different groundcover treatments
in a Fraser fir plantation. Treatments are: Conventionally man§go©NV),
Dutch white clover with strips (DWCS), Dutch white clover with siips
(DWCNS), alfalfa with strips (ALFS), alfalfa with no strig8LFNS), perennial
ryegrass with strips (PRGS), and perennial ryegrass with no strips (PRGNS).
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In order to determine the extent of differentiation between the otional and the cover
crop treatments with regard to carbon source utilization, the OB wate subjected to
multivariate analyses (principal component [PC] analysis). fidmel$ observed on soil microbial
biomass and diversity indexes were supported by results from thevanate analysis.
Contrasting patterns were apparent between the cover crop treaindnthe CONV treatment
(Fig. 2.4).

The results showed that PC1 had a high coordinate value (Eigen valiae0Od) and
explained 56% of the total variance in the data; while the secondpal component had a
variance of 4.90 and accounted for 16% of the data variability. While iP@ie axis that
differentiates the striped legumes from the other treatme@2, differentiates the control plots
from all of the cover crop treatments. In PC1 space, soils fhentwo leguminous cover crop
plots, managed with strips, had distinct catabolic responses fronothiee treatments (i.e.
CONV, PRGS, PRGNS, ALFNS and DWCNS). Carbohydrates and cdibacids were the
potential carbon sources used by microorganisms in the leguminousccopelots with strips,
while all phosphorylated chemicals and amino acids were the most utilizeshsurces in soil
collected from the CONV plots and to some extent the non-legumouwegs crop plots (Table
2.3). The combination of the “strip effect” and the availability afhhiabile C substrates from
the leguminous cover crops might have provided an ideal condition isothesurface for

specific groups of microbial populations with affinity to utilize these satestr
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Figure 2.4 Principal component analysis (PCA) performed on BIOTL'\é)Eco Plates from

data microbial community substrate utilization patterns of sxiitaets from
different groundcover management at 120 h incubation peflodatments are:
Conventionally managed (CONV), Dutch white clover with strips (DWCS)
Dutch white clover with no strips (DWCNS), alfalfa with stri@s_FS), alfalfa
with no strips (ALFNS), perennial ryegrass with strips (PRG8Y perennial
ryegrass with no strips (PRGNS).
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| observed higher rates of utilization of N-acetyl-D-glucosanmnsoils collected from
the leguminous cover crops, as compared to the control and the non-legumeropvplots
(Table 2.3). This could be an indication that the soil microbial decomposanunity in these
soils is dominated by fungal mycelia as this particular satesis an important component of
fungal tissues (Mader et al. 2002). Fungal biomass generally cosigmfcant amounts of
chitin, which releases N-acetyl-D-glucosamine when enzymigtidabraded. Suitable enzymes
for degrading the chitin include chitinases @#aN-acetyl-glucosaminidases, which are generally
secreted from eukaryotic or prokaryotic microorganisms (Bohlmann et al.. 20@4presence of
ample amount of fungal biomass might have stimulated high numberscadfonganisms that

possess these particular enzymes involved in chitin decomposition.
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Table 2.3

List of all 31 C-substrates in Biolog EcoFTlglt,ecIassified by category of carbon and their relative subasitgitzation

in each groundcover management treatmdmeatments are: Conventionally managed (CONV), Dutch white clover
with strips (DWCS), Dutch white clover with no strips (DWCNSjaléa with strips (ALFS), alfalfa with no strips
(ALFNS), perennial ryegrass with strips (PRGS), and perennial ryegitisso strips (PRGNS). ( n=3)

Groundcover management treatments

C-Categories C-Substrates CONV' ALFS ALg N DVSVC DWSCN PRGS PRSGN P-
value
_____________________________________ O/ -

amines Phenyle_thyl-amine 4.3 1.6 5.4 2.1 6.0 5.0 4.2 0.01
Putrescine 2.5 2.2 2.7 2.1 2.2 2.2 2.5 ns
Glycyl-L-glutamic-acid 1.1 1.4 2.3 1.2 0.8 1.8 2.7 ns
L-arginine 7.0 3.5 6.5 4.1 6.0 6.1 6.2 0.001

Amino acids L-asparagine B1 7.9 4.9 6.8 5.0 6.6 6.6 7.5 0.001
L-phenylalanine 5.8 2.9 3.8 1.4 5.0 5.0 4.6 <0.001
L-serine 1.0 3.6 1.2 3.5 14 1.3 1.7 <0.001
L-threonine 1.0 0.6 1.2 0.5 1.7 1.1 1.5 0.001
D-cellobiose 3.8 6.8 2.7 6.7 2.6 3.0 2.7 <0.001
D-mannitol 5.0 6.1 3.4 5.5 4.0 3.6 4.4 0.001
D-xylose 2.8 6.0 3.9 6.1 4.2 3.3 4.0 <0.001

Carbohydrates i-erythritol 1.3 2.2 3.1 1.6 2.9 3.2 28 0.01
N-acetyl-D-glucosamine 0.4 6.9 7.4 7.4 55 4.3 5.3 <0.001
a-D-lactose 2.4 2.5 3.2 2.8 2.6 3.5 3.1 ns
[-methyl-D-glucoside 0.6 4.5 3.3 4.9 4.5 4.0 5.8 0.002
D-galactonic acidy-
actone v 23 49 41 47 31 34 35 0001
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Table 2.3 (Cont'd)

Groundcover management treatments

C-Categories C-Substrates CONV' ALFS ALFNS DVSVC DWCNS PRGS PRGNSV;'ue
_____________________________________ O/ e -

4-hydroxy benzoic acid 1.1 2.9 0.8 2.7 1.0 1.1 0.9 <0.001
2-hydroxy benzoic acid 0.6 0.6 1.0 0.1 1.1 0.8 0.4 ns
D-galacturonic-acid 0.5 5.5 2.1 5.4 1.3 1.9 15 <0.001

Carboxylic acids D-glucosaminic-acid 0.1 2.5 1.2 2.0 0.6 0.2 0.3 <0.001
D-Malic acid 2.2 2.3 2.9 3.6 2.7 2.7 2.3 0.041
iltaconic acid 2.8 1.7 2.7 2.5 2.1 3.4 2.2 0.006
o-Ketobutyric acid 1.0 0.5 15 0.5 15 1.7 1.8 <0.001
y-Hydroxybutyric acid 0.1 0.2 0.4 0.3 0.8 0.4 0.4 ns

Esters Pyruvic acid-methyl ester 5.3 3.1 3.2 2.8 3.1 3.6 4.1 0.027
D,L-a-glycerol phosphate 4.0 3.8 0.9 3.7 1.1 3.8 1.9 <0.001

Phosphorylated /- 6’1 phosphate 93 71 32 73 38 71 27 <0001

chemicals

Polymers Glycogen 8.3 24 5.3 2.4 5.2 4.5 5.0 <0.001
Tween 40 6.4 2.6 5.6 3.4 7.0 4.6 6.2 <0.001
Tween 80 6.3 3.5 3.7 3.3 4.6 4.2 4.9 0.021
a-Cyclodextrin 2.8 0.7 4.5 0.4 5.0 2.6 2.9 <0.001
Total 100 100 100 100 100 100 100

35



Also, Table 2.3 indicates that the rates of utilization of the t#ophosphorylated
substrates were the highest in soil from the control and the cowpr ptots with strips.
Glyphosate (N-phosphonomethyl glycine), a non-selective herbicide wmedohtrol of
unwanted vegetation in these targeted areas is reported in pretudies 20 be rapidly and
completely degradable by specific soil micro-organisms (JacdbX8b; Krzysko-Lupicka and
Sudol 2008; Kremer and Means 2009). The glyphosate applications magdiested specific
microorganisms, most likely fungal species, capable of metatplghophorylated chemicals.
For instance, in a recent culture-based study, different stthanfungal species-(isariumspp.)
isolated from soil were able to successfully metabolized glyph@sal used it as a phosphorus
source (Castro et al. 2007). In this experiment, although the glyphveaateot intentionally soil
applied, a significant concentration of material might have reathedsoil surface during
broadcast; thus making it available to soil micro-organisms withathkty to utilize it as

phosphorus source.
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2.5. CONCLUSIONS

This study indicates that the leguminous cover crop systems téee ineincreasing soil
microbial biomass and catabolic diversity than the non-leguminous coygrand the CONV
systems, probably due to the quantity and quality of the green marmueinto the system.
These preliminary results indicate that inclusion of leguminousonrleguminous cover crops
into Fraser fir production systems can lead to healthier sdicauld be an alternative to the use
of inorganic N fertilizers in Fraser fir Christmas trearghtions. Nitrogen mineralization,
nutrient fluxes and N losses through leaching and their eféectsee nutrition and growth are
being investigated to confirm these trends and determine the dugpatit of these management

practices on Fraser fir production.
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CHAPTER 3

EFFECTS OF GROUNDCOVER MANAGEMENT ON SOIL
PROPERTIES, TREE PHYSIOLOGY, FOLIAR CHEMISTRY AND
GROWTH IN A NEWLY ESTABLISHED FRASER FIR ( ABIES FRASERI
[PURSH] POIR) PLANTATION IN MICHIGAN, U.S.A
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3.1. ABSTRACT

Incorporating cover crops into Fraser fikbes frasen Christmas tree plantations may improve
soil fertility and tree performance. Dutch white cloverifolium pratensg alfalfa (Medicago
sativg and perennial ryegraskdlium perenngwere grown in a newly established Fraser fir
plantation using two competition-management practices; no stripk lfil growing each cover
crop throughout the entire plot and strips (S) by creating a 61lidmbare zone centered on the

tree rows. A conventionally-managed system (CONV) was ased control. The cover crop
aboveground biomass and N content were assessed. Soil availables N\(ls@d Nl—b,+-N) and
N mineralization were measured at 0-15, 15-30 and 30-45 cm soil d&ptlessurvival, height,

diameter, chlorophyll fluorescence\(F), stem water potentialf,) and foliar nutrients were

also evaluated. Biomass production was as high as 13.9, 10.2 and 5.9 Mg_JDM_Jhéor

clover, alfalfa and ryegrass, respectively. Cover cropping inaesskavailable N by 1.5- and
2.2-fold relative to the CONV treatment in the top soil layer in 280d 2008. Tree seedling

survival and growth in the S and CONV systems were similar. hirast, NS treatments

resulted in poor seedling survival and growth relative to the S and Q@MNY. Plant stend,,

decreased significantly for seedlings on the NS treatmeiatisveeto their counterparts on the S

and CONV plots. Conversely, cover cropping had marginal effects @m faltrients and .

Cover cropping with strips can be an efficient strategy fantaiming productivity in Fraser fir

Christmas plantations.
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3.2. INTRODUCTION

In the past two to three decades, increasing crop productivity andndags¢he
environment have been major challenges facing the agriculturdbeesdry sectors. Whereas N
fertilization can maximize Christmas tree growth and produce marketable trees in a shorter
period of time, excessive use of anthropogenic inputs of reactiogentr(N) and subsequent N
losses through runoff and leaching, pose potential pollution risks tp etasystems (Rothstein
2005). The issue is generally not important in forestry productionnsgstehich receive far less
fertilizer inputs than agronomic and horticultural production systddnsaiid Cameron 2002;
Rothstein 2005). It is, however, well documented that Christmaptogiction represents one
segment of the forestry sector that uses substantial Zertilnputs comparable to agronomic
systems, and these inputs can contribute to N pollution (Rothstein 2@@5s&e et al. 2006).
Given the large scope of the production of this specialty crop andtgat@l environmental
risks, alternative management systems need to be sought.

In North America, approximately 33 to 36 million Christmas trees @oduced each
year. By comparison, the estimated total annual production fromt@bhsdree farms in Europe
ranges between 50 and 60 million trees (Frampton and McKinley 198&)rding to the United
States 2007 census of agriculture, there were an estimated 17,38im@sriree farms in the
U.S.A. and Michigan ranks third among all Christmas tree produtitgssand harvested about
1.6 million trees annually (Vilsack and Clark 2009).

A number of species are grown as Christmas trees in Miclgagah as Scotch pine
(Pinus sylvestris Fraser fir Abies fraseri[Pursh] Poir), Douglas-firHseudotsuga menziesii
Colorado blue spruceP{cea pungensand Balsam fir Abies balsameéa However, demand for

Fraser fir has increased, primarily due to its overall appea; needle length, crown
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architecture and fragrance. In general, Firs have gainedcetsrlare in the last 10-15 yrs, and
Fraser fir is the most popular Eastern/mid-western fir28§0, Fraser fir alone occupied about
one fifth of the total Christmas tree acreage in Michigan amstilisexpanding (Chastagner and
Benson 2000). On the other hand, Fraser fir is known to be more demaritimgspect to soil
fertility, and performs poorly when grown on marginal land thauisable for other conifers
such as spruces and pines (Leuty 2005). While weed control aloneengaypugh to adequately
release enough nutrients for other conifer species, Fraseqtiires close attention to nitrogen
availability (Koelling et al. 1998). Because of continued increaséise cost of fertilizers and
the declining price of trees due to a nationwide oversupply (Sidebd009), conventional
fertilization in Fraser fir plantations may not be cost-éffecand may reduce overall farm
profitability.

Because of these economic and environmental considerations, it astantpto seek
alternative cropping systems for Fraser fir production that iogrove sustainability and
enhance profitability. One potentially useful strategy is tlw@rporation of cover crops (Ruffo
and Bollero 2003). Cover crops offer a valuable source of nitroggrecially if they are
nitrogen fixers such as Dutch white clovdirifolium repen} and alfalfa Medicago sativa
(Smith et al. 1996). Such cover crops are regularly planted t@wamoil fertility, increase crop
nitrogen economy and obtain better growth in cereal, vegetable, anhgrivduction systems
(Hanninen et al. 1999; Sanchez et al. 2007). However, very little publisfiermation is
available concerning the use and potential benefits of cover crdpisristmas tree production
systems.

To fill this gap, this research was established in the spri@@7 to assess whether soill

fertility, Fraser fir survival and growth could be improved byomporating leguminous and non-
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leguminous cover crops into the production system. This paper pressuits on the effects of
Dutch white clover, alfalfa and perennial ryegrass on soil itgrtitree physiology, foliar
chemistry, survival and growth for the first two growing seadohliewing establishment of a

Fraser fir Christmas tree plantation.
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3.3. MATERIALS AND METHODS

3.3.1. Location

The study was conducted from May 2007 to October 2008 in a newly sktbkraser
fir plantation located at the Tree Research Center (TRZBT°N, 84.46°W) on the campus of
Michigan State University (MSU) in East Lansing, Michigan, U.SSAil at this site is classified

as a fine-loamy, mixed, active, mesic Aquic Glossudalf (USDRZS-MAES 1992). The

general soil chemical characteristics of the site 3586 silt + clay, pH 5.6 and 13 cmol_&g

CEC (Rothstein 2005). Soil total C and N, inorganic N and Mehlicexiilactable nutrients (P,
K, Ca and Mg), measured at the initiation of the plantation edtafist are provided in Table
3.1. The site had been used for crop cultivation, primarily corn with ioo@srotations of
wheat and soybeans, for at least the past 30-40 years. Meahlynemperature and total
monthly rainfall from May to September of 2007, 2008 and the past 12-yagev€r996-2008)

are presented in Figure 3.1.
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Table 3.1 Initial soil chemical (mg Eé)characteristics (means * se; n=3) at three soil
depths (cm) of the experimental site, Michigan State University TreeadReh
Center, East Lansing, Michigan, US.A.

Soil NO3 Mehlich Il extractable nutrients

depth Total C Total N +NH4+ p K Ca Mg

0-15 21.4(0.8) 1.8(0.1) 8.86(0.56) 49.1(4.8) 201(13) 1260 (53) 183 (7)

15-30 16.0(0.7) 1.4(0.1) 4.44(0.13) 31.7(4.2) 111(9) 1186 (43) 155 (6)
30-45 06.5(0.8) 0.6(0.1) 2.73(0.15) 14.1(3.1) 78(4) 1226 (59) 175 (10)
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3.3.2. Experimental design and plot layout

The experiment was established in a randomized complete bloogndegh three
replicates in a field measuring 32.4 m x 50.4 m. Blocks and expetamplots were 10.8 m x
50.4 m and 7.2 m x 10.8 m, respectively. Each rectangular plot contaiokd af 35 trees (5 x
7 trees). Trees in border rows were used as buffers and not inaluaegsurements, therefore
restricting data collection to the remaining 15 interior ti@esach plot. Each block had two
plots per cover crop, managed either with no strips (NS) or wiips (6). The NS treatment
consisted of growing each cover crop continuously over the entirelplobntrast, in the S
treatment, the assigned cover crop was intercropped betweemrehews while maintaining,
through glyphosate application, a clear strip of 0.61 m wide, centerdtedree row. Control

plots were managed conventionally (CONV); they contained no cower amd weeds were

completely controlled with glyphosate (active ingredient concentratioh kg héj). Thus, the

treatments were as follows: conventional system (CONV), Duthbhe clover with strips
(DWCS), Dutch white clover with no strips (DWCNS), alfalfatwstrips (ALFS), alfalfa with
no strips (ALFNS), perennial ryegrass with strips (PRGS)pandnnial ryegrass with no strips

(PRGNS). No N fertilizer was applied to any plot in 2007 asal injure first-year seedling

roots (Koelling 2002). However, during the second growing season, 16 gthe@#50 kg N ha

1) as ammonium sulfate [(NHhbSOy] was applied one time on 13 May, 2008 to the control

plots. A description of treatments and management practicee@appl2007 and 2008 can be

found in Appendix —TableA.1.
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3.3.3. Plant materials and management

Fraser fir transplants (plug + 2) were obtained from a local noenzial nursery
(Peterson's Riverview Nursery), and machine-planted (Whitfieldtgt) at a spacing of 1.8 m x
1.8 m. Fraser fir seedlings were planted into a chisel-plowed @uydett field soil on 8 May
2007. Seeds of common Dutch white clover, alfalfa (SS 100 brand) and pémen(VNS)

were purchased from Michigan State Seeds (Grand Ledge, Michigan, }JJaBdAhand-seeded

on 22 May, 2007. The seeding rates used were 28_klgfh|aclover and alfalfa, and 16 kg_hla

for ryegrass. Once the cover crops were fully established, meahanowing was performed at
3 cm above the ground every three to four weeks in 2007 (2 July, 26 JulgRst and 18
September) and 2008 (27 May, 24 June, 17 July, 14 August, and 11 Septemberptccoat
crop growth, minimize the competition with the trees, and add gregnre to the surface soil.
Glyphosate was sprayed twice during each growing season (2007 and@®0608y ol weeds in
the CONV plots and within the tree rows in the S plots. The whelie Was protected with an

electric fence to prevent deer browsing.

3.3.4. Seedling growth and physiology

Seedling initial height and collar diameter, recorded at 1 @m fthe ground, were
measured two weeks after planting. In addition, in mid-October of 2002G0®] | measured
tree survival as well as each seedling’s height and collared&. Relative growth rate (RGR)

was calculated from total height and collar diameter data using the foosntdant (1982):

RGR = (InW-InW5)/(t1-t2) (eq.3.1)

where W and W, are tree sizes (height or diameter) measured at tinaewstp.
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The maximum quantum yield of photo-system IlI, also referred stoctdorophyill

fluorescence ({#Fn), of current year needles was measured using a Handy PEAofytr

Fluorometer (Hansatech Instruments, England). The stem water pb{#qf) of new branches

obtained from the upper third of the crown was also measured witesaupe Bomb (PMS

Instruments Company, Oregon, USA). BotfiFn, and¥,, were measured three times a year in
2007 (29 May, 18 July and 27 September) and 2008 (14 May, July 17 and 23 September).

3.3.5. Soil and plant sampling and nutrient analysis

In mid-October of 2007 and 2008, 15 randomly selected soil sampleglqtewere
collected with 5.2-cm diameter PVC tubes and composited into omgesaln the striped cover
crop plots, nine cores of soil were collected within the cover crop aoteix cores within the
strips (bare ground zones), proportional to the area of the stripedoser crop zones. Soill
samples were collected from 0-15, 15-30, and 30-45 cm depths.

From each field-moist soil sample, about 10 g of soil was usedéei@rmination of
gravimetric moisture content by weighing the soil before arat aften drying at 105°C for 24
h. A second subsample was used for inorganic N determination while a third subsas\pked

for potential N mineralization determination after 4 weeks of ingoibat 25C and maintaining

the samples at 50% of field capacity by periodically addintjldi water. Nitrate (N@ -N) and

ammonium (NH,+-N) concentrations of the non-incubated and incubated soil samples were

extracted with 2 M KCL (5:1 extractant to soil ratio) and rasis were analyzed

spectrophotometrically (Spectrophotometric plate reader, Model EbX & Instruments, Inc.

Winooski, Vermont, U.S.A.) for N§-N and Nl—h+-N following the procedures described by
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Doane and Horwath (2003) and Sinsabaugh et al. (2000), respectivkinaSmnutrients (e.g.
P, K, Ca and Mg) were extracted with Mehlich Il extraci@hehlich 1984) and analyzed using
an inductively coupled plasma atomic emission spectrometry (IC®-A&€rkinElmer, Model
Optima 2100DV, Shelton, CT, U.S.A.).

Before each mowing, the aboveground biomass of the cover crops wasredeay
using four quadrats of 0.3 m x 0.3 m, randomly placed between the treenr@ash plot.
Vegetation was cut at 3 cm above the ground to mimic a mechamiweihg. Then, clippings
were taken to the laboratory where cover crop fresh mateasiseparated from weeds. Needle
samples were also taken at the end of the growing season, Datader of 2007 and 2008 for
determination of nutrient (e.g. N, P) concentrations. During this, tiows are dormant, trees
have produced most of their annual woody growth, and nutrient levels tnedgare stable
(Hart et al. 2004). Samples were collected by pinching fivedgbt @ieedles of new or current
season growth from different locations on the upper one third of theroe®. This procedure
was repeated for three to six trees within each plot. Alitglasue samples were gently washed
with a non-ionic detergent and rinsed five times in distillecewbefore they were oven-dried at
65°C for 48 hours. Dried weight of cover crop clippings was used fodébermination of
herbage yield at each mowing event. Then, each plant tissue saagplground in a ball-mill
and a sub-sample of 500 mg was acid-digested (4.5 mL of coneeni#@%o nitric acid) for
elemental analysis (ICP-AES). Additional subsamples of about 2 \werggused for total C and
N determination by combustion using an elemental analyzer (Mod8l #10, COSTECH

Analytical, Valencia, California, U.S.A.).
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3.3.6. Statistical analysis

All variables were analyzed with the statistical packiyatab 15 (Minitab Inc. 2006)
using a randomized complete block design with three replicationgh&m®oil data, treatment
effects on measured variables were analyzed taking into actmutiiree sampling depths. The
statistical model thus included one random factor (block) and twd fixetors: groundcover

treatments and depths, with the later variable considered asecpe@asurements. Both cover

crop and tree measurement data were subjected to a one wayAAN@Yer LS gsrange test

was used to separate treatment means found to be significdfehemti in the ANOVA (Little

and Hill 1978).
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3.4. RESULTS

3.4.1. Cover crop establishment, biomass yield and foliar nutrient concentran

Overall, all three cover crops germinated and grew well duedquate rainfall during
the first two months following seeding. As shown in Figure 3.1, pratigit in May and June of
2007 approximated the 12-year average for the corresponding months wdricbtgnt good
establishment of the cover crop stands. Although July and Septefri#@37 were drier than the
12-year average, this drought had little effect on the successhlbblishment of cover crop
stands. The three cover crops differed significantly (P=0.013)eim annual aboveground dry

matter production as well as biomass N content (P=0.034) and Nssolecentration (P=0.021)

(Table 3.2). Dutch white clover was the most productive (13.9 Mg Di\}l yrél), whereas

perennial ryegrass had the lowest dry matter yield (5.9 Mg D_I%I )hél). Biomass N content

followed the same trend as aboveground biomass yield.
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Table 3.2 Cumulative cover crop biomass obtained after five mowingseardtbiomass
N, P, K, Ca and Mg concentration during the 2008 growing season wigheahiff
cover crops for a Fraser fir Christmas tree plantation in Mgahi U.S.A. BY=
cover crop biomass dry matter yield, BN= cover crop biomass ditgmnmairogen

yield
cover  BY BN N CN P K Ca Mg
crop (thal) (kghal) (%) rato (%) (%) (%) (%)
Alfalfa 1027 494® 41 109% 036° 322° 1.19° 031°

Clover  139° 563° 40° 113° 030% 332° 1.15° 0.36°

Ryegrass 5.9° 210° 34% 134° 030° 278% 030° 0.23°

P.value 0.013 0.034 0.021 0.040 0.021 0.044 <0.001 <0.001
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The two leguminous cover crops accumulated the highest biomass INthé/ixception
of P, foliar nutrient concentrations were significantly (P<0.05 fand K; P<0.001 for Ca and
Mg) higher for the two legumes than the non-legume cover ctop distribution of the 2008

biomass yield among mowing events varied in magnitude and rank fthrré@ecover crops. In

general, biomass yields per mowing event ranged from 0.3-3.8, 1.4-4.2 @@ 01§ DM hél

for alfalfa, Dutch white clover and perennial ryegrass, respegtifgy. 3.2-a).There was a
general trend toward a decrease of biomass yield for eachative mowing event. Likewise,
biomass N content followed almost the same pattern as biom&s$swikh a general trend of
decline with each subsequent mowing event. Tissue N concentratiomoywarg event were in
the range of 3.2-4.8, 3.1-4.5, and 2.7-3.8%, whereas biomass N content ranged b@th&&n
53-187, and 10-80 kg N for alfalfa, Dutch white clover and perennial ryggmespectively (Fig.
3.2-a and 3.2-b). C: N ratios ranged from 8.9-13.6, 9.7-14.8 and 11.6-16.7 for &f#lifh,
white clover and perennial ryegrass, respectively (Fig. 3.2-budidsconcentration also tended

to decline with each subsequent mowing event, resulting in an increase of theiGsN rat

3.4.2. Soil extractable nutrients

Across all three soil depths and groundcover treatments, P waslgesanificantly
lower in NS than the other treatments (Table 3.3). However,ctathle P concentration did not
differ between CONV and S treatments at any of the threelaks. Soil extractable K
concentration decreased significantly (P<0.001) with increasingdepth whereas treatment
effect was not significant. Treatment and sampling depth had no significaris effeextractable

Ca concentration (Table 3.3).
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Table 3.3

Average concentration of Mehlich Ill extractable PC&,and Mg (mg/k_g:]L) measured in 2008 at three soil depths
(cm) with different cover crops in a Fraser fir Christnrae tplantation in Michigan, U.S.A. Values are means (tse;
n=3,). Treatments are: Conventionally managed (CONV), Dutch whiterchotle strips (DWCS), Dutch white clover

with no strips (DWCNS), alfalfa with strips (ALFS), alfaleith no strips (ALFNS), perennial ryegrass with strips
(PRGS), and perennial ryegrass with no strips (PRGNS).

Soil Management Mehlich 11l
depth P K C Mg
CONV 43.4 (2.4) b 196 (61) 1480 (266) 207 (35)
ALFS 40.2 (0.6) b 217 (8) 1079 (169) 161 (29)
ALFNS 274  (3.6)a 144  (51) 1231 (242) 173 (29)
0-15 DWCS 38.3 (3.0)b 204 (13) 1224 (160) 169 (29)
DWCNS 29.7 (2.4) a 249 (34) 1380 (215) 191 (31)
PRGS 41.3 (2.0) b 228 (24) 1160 (142) 174 27)
PRGNS 28.0 (3.6) a 165 (54) 1207 (178) 180 (22)
Pvalue 0.002 ns ns ns
CONV 14.4 (2.2) b 81 (36) 973 (234) 131 (50)
ALFS 17.9 (2.6) b 139 (21) 1061 (165) 140 (9)
ALFNS 8.0 (0.7) a 105 (20) 1232 (223) 153 (22)
15-30 DWCS 16.5 (0.8) b 100 (3) 1352 (79) 168 (20)
DWCNS 9.8 (0.2) a 122 (29) 1169 (112) 145 (11)
PRGS 16.0 (1.6) b 127 3) 1048 (a74) 135 (21)
PRGNS 7.3 (0.5) a 73 (22) 1128 (311) 156 (29)
Pvalue <0.001 ns ns ns
CONV 4.9 (0.7) c 80 (12) 1481 (395) 191 (49)
ALFS 3.1 (0.4) ab 77 (5) 1079 (148) 148 (6)
ALFNS 2.2 (0.6) ab 68 (8) 1459 (168) 212 (4)
30-45 DWCS 2.2 (0.4) ab 67 (2) 1204 (168) 190 (31)
DWCNS 1.1 (0.4) a 70 (20) 921 (219) 130 (36)
PRGS 3.3 (0.2) b 68 (16) 1025 (119) 113 (11)
PRGNS 2.0 (0.1) ab 98 (43) 1251 (160) 207 (12)
Pvalue 0.001 ns ns ns
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Table 3.4

Average soil available nitrate, available N, nitricceind net N mineralizatiofkg he{l)at three depths, from samples
collected at the end of the growing season of 2007 and 2008 with diféenegt crops in a Fraser fir Christmas tree
plantation in Michigan, U.S.A. Treatments are: Conventional (CONV);IDwhite clover with strips (DWCS), Dutch
white clover with no strips (DWCNS), alfalfa with strips (ARF; alfalfa with no strips (ALFNS), perennial ryegrass
with strips (PRGS), and perennial ryegrass with no strips (PRGNS).

Depth Management N03--N (N03-+NH4+)-N Nitrification Net N-mineralization

(cm) practice 2007 2008 2007 2008 2007 2008 2007 2008
CONV 8.3a 79a 124 a 13.6 a 25.8a 28.4 a 229a 20.0a
ALFS 13.0b 245¢c 17.8 bc 355¢ 44.3 c 98.1d 409 c 87.4 de
ALFNS 13.1b 21.6 bc 22.1c 32.3 bc 37.8 bc 98.1d 30.6 ab 88.5 de

0-15 DWCS 11.0b 240c 169b 32.0 bc 41.0 bc 101.4d 36.5 bc 94.1e
DWCNS 11.3 b 20.5 bc 17.3 b 26.1b 32.7 ab 77.3¢C 27.9 ab 70.2 cd
PRGS 11.1b 16.4Db 16.3 ab 26.2 b 31.9ab 575b 28.6 ab 4950Db
PRGNS 11.8b 165Db 15.6 ab 24.8Db 33.3ab 67.3 bc 31.4 ab 61.4 bc
Pvalue 0.050 0.004 0.010 0.001 0.029 <0.001 0.021 <0.001
CONV 3.7a 53a 10.6 8.1la 114 a 14.7 a 57a 12.3 a
ALFS 7.8b 18.5 bc 11.6 249 c 25.0c 395hb 22.1 bc 336Db
ALFNS 6.5b 205¢c 10.4 27.3c¢C 25.8¢c 46.0b 22.8¢c 3990b

15-30 DWCS 5.7 ab 19.4 bc 9.0 27.5c 24.4 bc 68.3 cd 22.2cC 60.6 cd
DWCNS 80Db 15.1 bc 10.4 24.5 bc 254 c 55.6 bc 24.1c 46.7 bc
PRGS 6.0 ab 12.9 abc 10.1 20.2 bc 17.8 abc 57.2 bc 14.7 abc 51.0 bc
PRGNS 6.0 ab 10.2 ab 10.1 15.3 ab 15.2 ab 79.6d 12.1 ab 75.2d
P.value 0.021 0.038 ns 0.005 0.027 <0.001 0.010 <0.001
CONV 54 4.9 ab 6.6 70a 5.0 16.9a 4.4 89a
ALFS 2.9 7.9 cd 6.5 156 ¢ 8.6 41.1 bc 5.6 325¢c
ALFNS 4.9 8.5d 6.4 12.7 bc 7.1 24.3 ab 6.2 17.4 ab

30-45 DWCS 4.9 7.2 abcd 6.6 13.6 bc 10.0 435 ¢ 9.2 27.8 bc
DWCNS 3.0 7.7 bed 4.8 10.1 ab 13.0 34.7 abc 11.5 3l4c
PRGS 6.5 45 a 7.9 10.9 abc 9.5 38.1 bc 8.5 335¢
PRGNS 4.6 5.1 abc 6.2 11.5 abc 10.5 29.6 abc 9.5 23.3 bc
P.value ns 0.032 ns 0.022 ns 0.021 ns 0.012
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By the end of the first growing season (2007), cover crop treatnsggmgicantly

increased soil N@-N concentration relative to CONV in the top two soil layersQ(B5 and

0.021, respectively). There was more than 2% increase in sal-Ni@vels at both 0-15 and

15-30 cm soil depths (Table 3.4). Similarly nitrification rate and\henineralization increased

substantially in all cover crop treatments relative to CONYhattwo top soil depths. In 2008,

however, treatment differences were apparent at all thrdedspiths for soil N@-N,

nitrification rate and net N mineralization. In 2007, cover croppisg algnificantly (P=0.01)
increased soil available N levels relative to the CONVttneat at the top soil layer, whereas
treatments differences were not significant at the two desgpktayers. In 2008, cover crop

treatments significantly enhanced soil available N by more than 2%thtee soil layers.

3.4.3. Seedling survival
By the end of 2008 growing season, tree survival ranged from 13 to(Big263.3).

PRGNS and DWCNS had the lowest tree survival of all groundcozaintents (13 and 20%,
respectively). In both 2007 and 2008, no significant differences waralfbetween the CONV
and the S plots. After two growing seasons, survival rates witieirS plots decreased in the
following order: alfalfa > perennial ryegrass > Dutch white alove general, most seedling
mortality occurred during the first growing season. It is wotéhy that on average, 91% of the
seedlings that survived the first year also survived the secondiryethe CONV and S
treatments. In the NS plots, however, second-year survival rate7@%s with the lowest
survival (47%) recorded in Dutch white clover plots. In 2007, some dedtngsewere sent for
analysis at MSU’s Center for Integrated Plant Systems and the liedidegted that the mortality

was not related to any disease problems.
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Figure 3.3 Tree survival in 2007 and 2008 with different cover crops Hkraser fir

Christmas tree plantation in Michigan, U.S.A. Treatments are: @tioveally
managed (CONV), Dutch white clover with strips (DWCS), Dutchtevklover
with no strips (DWCNS), alfalfa with strips (ALFS), alfalf@ith no strips
(ALFNS), perennial ryegrass with strips (PRGS), and perenyegrass with no

strips (PRGNS). Values are treatment means (+ se; n = 3).
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3.4.4. Relative diameter and height growth of seedlings

Relative diameter growth for the first growing season (F&) mot significantly affected
by groundcover treatments. However, relative diameter growth éos¢bhond growing season
(SS) and the combined two growing seasons (TS) differed significét0.003 and 0.009,
respectively) among groundcover treatments. With the exception BN&Lseedlings grown in
NS treatments had lower relative diameter growth than their eqants in the CONV and S
treatments (Table 3.5). In contrast, FS-, SS- and TS-relativatiggigwth did not significantly
differ among groundcover treatments. By the end of the second grsemgpn, relative
diameter growth of seedlings in the ALFNS, DWCNS and PRGE&rtrents was reduced by

30, 52 and 70%, respectively, relative to their counterparts in the CONV plots.
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Table 3.5 Relative growth of collar diameter and height of Frfasseedlings for the first growing season (FS), second ggwin
season (SS) and the two growing seasons (TS) in a low inpmaadgement with different cover crops for Fraser fir
Christmas tree plantation in Michigan, U.S.A. Values are meass;(tt =3). Treatments are: Conventionally managed
(CONV), Dutch white clover with strips (DWCS), Dutch white clowgth no strips (DWCNS), alfalfa with strips
(ALFS), alfalfa with no strips (ALFNS), perennial ryegrasshwstrips (PRGS), and perennial ryegrass with no strips
(PRGNS).

Treatment Relative diameter growth Relative height growth

FS SS TS FS SS TS
CONV 0.07 (0.04) 0.38 (0.03) b 0.23 (0.02) c 0.15 (0.03) 0.06 (0.03) 0.09 (0.02)
ALFS 0.10 (0.03) 0.34 (0.02) b 0.22 (0.02) c 0.09 (0.03) 0.01 (0.02) 0.08 (0.02)
ALFNS 0.10 (0.04) 0.20 (0.02) a 0.16 (0.02) bc 0.08 (0.03) 0.01 (0.02) 0.05 (0.02)
DWCS 0.07 (0.04) 0.38 (0.02) b 0.22 (0.02) c 0.12 (0.04) 0.00 (0.02) 0.07 (0.02)
DWCNS -0.03 (0.04) 0.19 (0.02) a 0.11 (0.02) ab 0.06 (0.04) 0.00 (0.03) 0.02 (0.02)
PRGS 0.09 (0.03) 0.33 (0.02) b 0.21 (0.02)c 0.19 (0.03) -0.02 (0.02) 0.08 (0.02)
PRGNS -0.10 (0.03) 0.22 (0.01) a 0.07 (0.02) a 0.07 (0.04) -0.05 (0.02) 0.01 (0.02)
P.value ns 0.003 0.009 ns ns ns
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3.4.5. Seedling chlorophyll fluorescence and stem water potential

Cover crop treatments had marginally significant effects edls® F,/Fy, during the

course of the experiment. In 200%,/M,, differed significantly (P=0.048) among groundcover

treatments, with the NS treatments generally having lowgF,f values than the other

treatments (Fig. 3.4). However, in 2008/M, did not differ among groundcover treatments.

Similar to seedling survival andf, in both 2007 and 2008, plant stdfy, were significantly

lower for seedlings on the NS treatments relative to tleeinterparts in the S and CONV plots

(Fig.3.5). However, mea,, of seedlings in the S plots did not differ from that of their

counterparts on the CONV plots. Averaljg ranged from -2.6 to -1.8 MPa in 2007 and -1.6 to -

1.1 MPa in 2008. Meal,, values ranged from -2.1 to -1.7 MPa in all S and CONV plots and

from -2.4 to -2.9 MPa for seedlings in all NS treatments in 2007 0Adth lower meant,,

values were recorded in 2008 than in 2007, similar patterns were obserorg ieatments in

both years.
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Figure 3.4 Average maximum quantum vyield,/fr,) measured in 2007 and 2008 with
different cover crops in a Fraser fir Christmas tree plamtati Michigan, U.S.A.
Mean values within each year and the same cover crop speciesgeiiith the
same letters are not statistically different. The long eiddine represents the
threshold of E/Fp, for healthy foliage. S, NS and CONV are strips, no stnijbs a
conventional treatments, respectively; ns = not significant.
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Figure 3.5

Average stem water potenti#l,§ measured in 2007 and 2008 with different
cover crops in a Fraser fir Christmas tree plantation in MichighS.A. Mean
values within each year and the same cover crop specie, followedheisame
letters are not statistically different. The dashed lineessprts the threshold of

Y\ at which stomatal opening and photosynthesis in young conifershéoeéed.
S, ST and CONV are strips, no strips and conventional treatments, respectively
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3.4.6. Seedling foliar chemistry

Needle N concentration ranged from 1.60 to 2.07% and 1.12 to 1.50% in 2007 and 2008,
respectively (Fig 3.6-a). In both years, PRGNS treatments hagrdla¢est adverse effects on
needle N concentration, although treatment differences were noficsigt during the first
growing season. In 2007, needle N concentration averaged 1.74 % for seadlthgsNS
treatments, whereas a mean value of 2.00 % was recorded fongeddlithe S and CONV
plots. In 2008, N concentrations averaged 1.30, 1.44 and 1.50 % for seedlingdl®#) heand
CONV plots, respectively. In general, Needle P concentrationdend#gecrease for seedlings in
the PRGS and PRGNS plots relative to all other treatments fieriedices were not significant

(Fig 3.6-b).
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Figure 3.6 Needles (a) nitrogen, and (b) phosphorus concentratiorssef kr seedling in
2007 plack barg and 2008White bar$ with different cover crops for a Fraser fir
Christmas tree plantation in Michigan, U.S.A. Treatments are: @toveally
managed (CONV), Dutch white clover with strips (DWCS), Dutchtevklover
with no strips (DWCNS), alfalfa with strips (ALFS), alfalf@ith no strips
(ALFNS), perennial ryegrass with strips (PRGS), and perenyegrass with no
strips (PRGNS).Values are means (xse; n=3).
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3.5. DISCUSSION

In this study, | compared the effects of different cover crops empetition-
management on soil chemical properties, tree physiology, fdimmistry, survival and growth
in a newly established Fraser fir plantation. Over the fwst growing seasons, | found that
despite differences in external N fertilizer inputs and comeetitontrol, Fraser fir seedling
survival and growth in the S and CONV plots tended to be similacofirast, however,
allowing the cover crops to grow continuously over the entire plotdgmbor performance of
seedlings. This suggests that incorporating cover crops into Fira€éristmas tree production
with partial competition control could be an alternative to the convehtsystem. On the other
hand, cover cropping with no competition control should not be recommended fer firas
production system, especially at the early stage of the plantation swtadutit.

The primary benefits of cover crops include their ability to adghnic matter to soil and
provide better recycling of plant nutrients. After five consecuth@ving events in 2008, the
two leguminous cover crops outproduced the non-legume cover crop probably Hetiduset
fertilize the plots, which is in agreement with findings of otbeidies (Newman et al. 2007;
Torbert et al. 1996). Aboveground biomass yield of alfalfa in this ssidpmparable to that
obtained by Rock et al. (2009) in Minnesota, U.S. In contrast, biomelsts yor white clover
and perennial ryegrass, however, were higher than those reportelgdsgma and Schlepers
(1997) probably due to differences in management, climatic, or edaphditions as these
factors highly influence cover crop herbage yield (Odhiambo and B&aRé; Cherr et al.
2006).

Tissue N concentration of all three cover crops decreased adgthseibsequent mowing

event, whereas the C: N ratio increased. These results agrienhwith the results of studies
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conducted elsewhere (Odhiambo and Bomke 2001; Dahlin et al 2005). It is gergresly that
cover crop amendments with C: N ratios lower than 25:1 lead to Kapitheralization (Ranells
and Wagger 1996). The C: N ratios for all three cover crops v this critical value,
suggesting that biomass N would be quickly decomposed and releabedweteks for plant
(trees and cover crops) uptake. The high tissue N concentration ai@l ldwatios obtained in
this study could be attributed to the short mowing frequency tlmavead for the re-growth of
fresh, immature plant material throughout the growing season.

These measurements of soil mineral N and N mineralization in 2@D2@08 provided
an indication of the fate of N from the cover crop green manureBoddh more extensive
research would be needed to follow the dynamic of the cover coopabs N in the plantation
soil, a single sampling of soil during a growing season may geoan indication of treatment
differences. Although high available N and N mineralizatidesravere generally obtained in
the S and NS plots, these did not necessarily lead to enhameefbltar N nutrition in these
plots relative to the control. On the other hand, | did observe masgiieals of treatments on
soil available nutrients (except for N and P) and seedling faligntion (except for N). The
reason for the lack of response of seedling foliar chemistryaiondcover treatments could be
that water stress might have reduced the ability of tles ti@ effectively absorb plant available
nutrients from the soil solution.

As indicated by the weather data, July and September of 2007 waréhdn the 12-year
average. Similarly, May and August of 2008 received 70 and 75%, respectissliailgall than
the 12-yr average. The expected low soil moisture contents dtivesg periods may have
reduced the effective diffusion of elements in the soil solutiondthtian, plant water stress

may in turn, have reduced the mass flow and plant uptake of eler&amitar to moisture
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availability, root volume and nutrient uptake and utilization are tnkerior to planting,
seedlings were root pruned to 20 cm following standard planting ggactihis resulted in
substantial root loss, especially the absorbing roots, and n@iimisseedling nutrient uptake.
As reported by Knapp and Smith (1982), root penetration to greater depihgmportant factor
determining the survival of conifer seedlings. Although | did not inyatt seedling root
development in this study, it is also likely that the root systexs still shallow during the first
year of the plantation establishment. The newly transplanted sgediight have suffered from
a combination of high temperature, drought, root damage and shallongrtdwdi contributed to
poor nutrition and high mortality of seedlings (Dalton and Messina 189p¢cially in the NS
plots. However, most of the seedlings that survived during the fostiigg season also survived
during the second year. Second year seedlings likely had ampléotirastore their root system
to the pre-transplant size, making them less susceptible to environmensasstres

The presumed reduction of belowground competition between Fraseediings and

cover crops by creating strips was expected to influence #tgm The strip treatment

substantially raised the me#f), of Fraser fir seedlings relative to the NS treatmeniggasting

that seedlings in S plots had less water stress than theiregoams$ in the NS plots. Despite

differences in the degree of competition control, seedlings i6 thlets displayed simila?,y, to

that of their counterparts on the CONV systems. This may bialpadue to likelihood that root

systems in the S plots have not grown much beyond the strip clearethpéting vegetation. It
is noteworthy that seedlings in NS plots had tNgjr consistently below the threshold of -2.0
MPa, which is considered severe water stress and critical stomatal opening and

photosynthesis in seedlings and saplings of a variety of conifeeng et al. 1988). In 2008,
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mean¥,, was -1.1 MPa for seedlings in S and CONV treatments and -P& fdr their

counterparts in the NS plots. This suggests that seedlings in dSpftared more severe water

stress than their counterparts in the S and CONV plots. The foean¥,, values of seedlings

recorded during the first growing season versus the second gre@asgn is in agreement with

Muyi and Smith (1991) who also reported increasiygvalue with increasing age in subalpine

fir (A. lasiocarpa seedlings.

The capacity to perform photosynthesis, given appropriate environmentali@usdis
reflected by measurements of the maximum quantum vyield of phtaosyH (K/Fp).

Environmental conditions such as extreme temperature, drought or ndefentncy can cause

photo-oxidation or photo-inhibition, changing the efficiency of non-photochémigenching

and decreasing /Ay, (Westin etal. 1995; Maxwell and Johnson 2000). Similar to seedling

survival and?,, | observed a significant response @ff, to groundcover treatment in 2007.

Seedlings from NS treatments had their needl@syfbelow the 0.8 threshold considered

characteristic of healthy foliage (Lambers et al. 1998) wheress F/F, values for seedlings
in the S and CONV treatments were greater or equal tohileishold. Competition management
through creating strips, however, led to enhanggByflevel comparable to the CONV plots. |

found a positive relationship betwe#fy, and K/Fy, in both 2007 and 2008, suggesting that

water stress was responsible for the decline in seed|ifig,Fon the NS plots. Water stress, in

turn, can reduce the ability of tree foliage to produce enemypdgbydrates), diminish growth,

and leave the tree susceptible to many other environmentalestrdsgyether, these problems,
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might have contributed to transplant stress that led to reduced seedling survivalvethdrgthe
NS plots.

Continued root and shoot growth during the establishment period depends on a number of
factors such as the availability of nutrients and moisture,lbes&blished root system taking-
up water and nutrients as well as healthy leaves producing dugls lof carbohydrates during
the growing season (Lambers et al. 1998). Relative diametereagitt jrowth were not affected
by groundcover treatment during the first growing season proba&luke root systems were
still in the recovery phase, during which more carbohydratealieated for root growth than
shoot growth. During the second growing season, however, unlike heightyeredgameter
growth of seedlings in all NS treatments was significargjuced relative to their counterparts
in the S and CONV plots. As reported in previous studies, height isadjgriess sensitive than
diameter, and height growth differences may not become evidentth@atisecond or third

growing season (Dunlap and Helms 1983; Dalton and Messina 1994).
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3.6. CONCLUSIONS

Results of this study not only underline the major role of cover angpipi improving
soil N fertility level but also underscore the overriding impareanf competition management

to ensuring survival and improving early growth of newly planteasé&ir fir Christmas trees.

Cover crop treatments increased soildN® levels by 1.5- and 2.2-fold relative to CONV in the

top soil layer in 2007 and 2008, respectively. Nitrification rate ials@ased substantially in all
cover crop treatments relative to the CONV treatment at all three sdilsd&gtedlings in the NS
treatment performed poorly compared to their counterparts i #red CONV plots, and water
stress appeared to be the key factor on the poor performaneasnge However, seedlings on
the S treatments performed as well as those on the conventistamsysuggesting that
incorporation of cover crops into Christmas tree plantation withgbaveed competition control
could be a viable alternative to the conventional system.

Although incorporating cover crops into Christmas tree plantatiopsaapd to be a
promising approach, an economic evaluation of the costs and behefilsl ¥e conducted to
determine its profitability before recommending such a prat¢ticgrowers. The study should
focus on determining the costs and efforts required to purchassoanthe cover crop seed,
periodically mow the cover crop, and maintain the strips. Thests should be compared to the
costs and labor involved in the conventional system such as complete weed control andtinorga
N fertilization. The potential contribution of the cover crops to samibon sequestration over the
entire plantation rotation period should also be investigated, so thaergraviho adopt this
approach could be adequately rewarded for the carbon sequestration seryipes\ide.

Another possible option would be to simply create strips and allow\legatation to fill
in between the rows and serve as a “wild cover crop.” This wonldve the cost of purchasing
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and establishing a cover crop. While it may not provide as mudugeitras a leguminous cover
crop, it should approximate the advantages of perennial ryegrassioAdltijt a lysimeter study

of nitrate leaching should be conducted to determine whether the coyesystem reduces

NO3 -N leaching below the tree rooting zone relative to the conventional system.
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CHAPTER 4

GREENHOUSE GAS EMISSIONS AND N LEACHING ASSOCIATED
WITH CONVERSION OF GRASSLAND TO SHORT-ROTATION WOODY
BIOMASS CROPS IN NORTHERN MICHIGAN, U.S.A.
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41 ABSTRACT

Pastures or grasslands are widely believed to be suitable stmosy for growing
bioenergy feedstocks as this may avoid conflict with food crop productimnparcts to existing
forests. However, there are still considerable knowledge gapdieg the impacts of
converting such lands into short-rotation woody crop (SRWC) bioenergy piaducin the
present study, | measured the short-term effects of convertitigrglasd to poplarRopulug
and willow SaliX) bioenergy plantations on soil greenhouse gas (GHG) fluxes dadcNing
losses, on a moderately well-drained fine sandy loam soil, imerartMichigan, U.S.A. The
study site had been cleared of forest ca. 100 y ago, and transitaguhstureland in 2005. In
spring of 2009, experimental plots were cleared of existing pastureland vegetatioatez] and
planted with either willow or poplar. Soil GHG fluxes and N leaghbsses from these plots

were compared against undisturbed, reference pasture plots. Basedebrof assumptions

regarding the contribution of root respiration to totaloGiflux, | estimated that the cultivated
poplar and cultivated willow plots lost an extra 3.3 and 9.0 Mg E&Jl respectively, compared
to the reference pastureland during their establishment yearsignsisof MO also increased
markedly following cultivation with rates as high as 250 ngOMN cm_2 hr_l. Consequently,

cumulative direct NO emissions were 17.2- fold and 13.3-fold higher in the poplar and willow

plots, respectively relative to the undisturbed pasture referebtee Similarly, grassland

conversion resulted in 20.3-fold and 14.6-fold increases in cumulativedndilp® emissions

(from NO3 -N leaching loads) in poplar and willow plots, respectively as cosdpwith the

reference plots. Although fluxes of methane were a small componém olet GHG balance,
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data suggest that the undisturbed plots were a sink fgrv@tdreas the cultivated plots were a

source for CH. Moreover, land conversion resulted in marked increases i -NO

concentrations of soil leachate which were negligible under theot®®.1 ppm), but regularly
exceeded 5 ppm in the plantations. Dissolved organic nitrogen (P€pisented an important

portion (69%) of N leaching losses of both bioenergy plantations. Stiowulat nitrification

following cultivation appeared to be the driving factor behind increas@ldxdd NG -N fluxes.

Overall, pastureland conversion incurred GHG debts of 9.4 and 14.2 M@q@él for poplar

and willow plots, respectively during the establishment yeanealof the SRWC bioenergy
program. These figures do not include any GHG debts associatetbsstl fuel inputs for land

preparation. Often neglected in most LCA studies, these GHG deiigares with estimated

11.3 Mg CQeq hél of NoO released from N fertilizer application and leaf litterataposition

over an entire live cycle of 23 years of SRWC bioenergy systBefere embarking in a large
scale deployment of SRWC plantations on similar pasturelaretnative cropping practices
such as no-tillage, minimum tillage or high density tree pigntinat have potential to minimize
GHG emissions and nutrients losses should be implemented for msisenable feedstock

production.
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4.2. INTRODUCTION

There is an increasing interest worldwide in displacing fds&ls with alternative

renewable energies as the latter can potentially contributgltace atmospheric G@missions

while enhancing national energy security (Cook and Beyea 2000; Ravitidedrzd. 2008). The
potential for biofuel production and use to meet growing renewaldeggnargets has been
emphasized by the Intergovernmental Panel on Climate Change @8@A} methodology and
supported by several life cycle assessment (LCA) studieh&Br et al. 1992; Heller et al. 2003;
Heller et al. 2004; Volk et al. 2004; Keoleian and Volk 2005; Cherubini @089; Goglioa et
al. 2009). To meet the world bioenergy needs, the promotion of large-calivation of
bioenergy crops on a wide range of grassland ecosystemglingl permanent pastures,
“marginal or degraded land”, “set-aside or reserved agricultamdl’, “idle or abandoned land”,
has been suggested as a sustainable strategy for biomass fe@dstaek Torre Ugarte et al.
2003; Perlack et al. 2005). However, there are still knowledge gapsiadspen terms of
immediate direct impacts of clearing and cultivating suchstaad ecosystems for bioenergy
crop production on the net greenhouse gas (GHG) balance. The shodireteffects of land
use conversion, often neglected by many LCA studies, could resighificeant GHG emissions
and, thus, substantially reduce the climate benefits of bioenergy production.

Some researchers have argued that land-use conversion from nativéeetesydiofuel
crop production could result in significant GHG emissions and a negadns®n balance, or

carbon-debt, for many years (Cowie 2006; Pineiro et al 2009). Hbedrees focused primarily

on the issue of C&release from ecosystem biomass and soils, but relatividydttention has

been given to the GHG emissions associated with disruptions to the nitrogen g\Nass@tiated

85



with land conversion. Based on the conceptual model of molecular soidniys, Grandy and
Neff (2008) ecosystem disturbances (e.g. N fertilization dlagie¢l) which enhances soil organic

matter (SOM) decomposition rates may have a series ettdand indirect effects on C

stabilization in soil, leading to the release of large amoun@®0» and nitrous oxide (pD), a

greenhouse gas 298 times more powerful tham. Grthermore, nitrate (N$N) produced

following cultivation can be lost through leaching which will have iogilons for the quality of
drinking water and surface water eutrophication.

In the United States, permanent grasslands and pastures refu@3Séint of the total

(2,174 million hél) agricultural land (Lubowsky et al. 2005). To meet the rangeméwable

energy targets (7-20% over various time periods) announced by the diffexteistof the U.S.A.,
the expansion of bioenergy crops is likely to come from thesdabiaipermanent grasslands
(Ravindranath et al. 2008). In the state of Michigan alone, itima&ed that at least 3 million
hectares of idle agricultural and pasture lands are suitabigdating perennial bioenergy crops
(Kelly 2002). Pastures and hayfields that represent a signifmamibn of the landscape of
northern Michigan are particularly targeted for bioenergy plantatsuth as short-rotation
woody crops (SRWC) of willow and poplar. However, grassland soilgemerally believed to
have large stores of SOM that may become susceptibility tdesats®l mineralization and
nitrification/ denitrification once they are disturbed (Six et H)98; Soussana et al. 2004)
through conversion to SRWC production, which involves the use of conventiomalltagal
methods, such as soil plowing, disking and herbicide application (Tubby and Armstrong 2002).

Cultivation has widely been recognized to create a soil environtnanincreases SOM

availability, stimulates aerobic microbial activity, and ac@ts organic C oxidation to GO
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(Blanco-Canqui and Lal 2007; Yadav and Malanson 2007). In addition, mingcalipd SOM

enhance soil N turnover which favors® production and emissions in soils directly as a

consequence of both nitrification and denitrification (Smith et al. 2008)dy and Robertson

2006). Indirect emission of XD can also occur when N is lost from soil in forms other thg® N
(e.g. NQ, NH3, NO3-N) and later converted to 40 (Wrage et al 2005). The third most

important GHG associated with land conversion is methane)(G3ils can be an important

sink or source for methane. Under normal conditions, native grasslanggparted to be a small

sink for CHy whereas cultivation of such sites tends to inhibit the activit€ldf oxidizing
bacteria and reduce natural rates ofzCHnsumption (Hutsch 2001; Robertson and Grace 2004).

Finally, independent of GHG accounting, BION leaching is important from a water-quality

perspective because it contributes to aquatic eutrophication and can pose askdaltiumans.

This study was initiated to investigate the potential edfexttgrassland conversion to

SRWC plantation on the net emissions of three primary GHGsiatsbavith agriculture (CQ

N-O, and CH) at a site in the central Upper Peninsula (UP) of Michigawak hypothesized

that the initial conversion from a grassland to a SRWC systeatdwncur some level of GHG

“debt” due to increased SOM mineralization, resulting in directiatidect (through N leaching

and subsequent conversion teQy emissions of GHG. In this study, | posed two fundamental

questions: (i) what is the magnitude of GHG emissions and “desticaated with grassland
conversion to SRWC systems? and (ii) what is the “payback petlosltime required for the

SRWC systems to overcome this GHG debt and begin providing net GHG benefits?
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4.3. MATERIALS AND METHODS

4.3.1. Study site characteristics

This experiment was conducted in a former grassland located inetitealcUpper
Peninsula of Michigan, U.S.A. (latitude ®® N, longitude -8R27 E, elevation 290 m above sea

level) (Fig 4.1). It is noteworthy that this is the site of tint commercial SWRC plantation in
Michigan’s Upper Peninsula. In the spring of 2009 all but 2.6 ha of the entire fielbmasied
from grassland to a willow plantation designed to provide feed$tock new wood-fired power
plant in the nearby city of Marquette, MI. At the same tintdoaal-yield trial was established
in a 2.6 ha portion of the field by the Michigan Agricultural ExpemmStation in order to
evaluate the performance of 11 clones of hybrid poplar and 20 clonedia# ior use in
bioenergy production. | used this clonal yield trial to measuteE4G fluxes and N leaching
associated with converting grassland to either hybrid poplar or willow.

The site was cleared of the original hardwood forest approximna@$l years ago and
was used for a variety of purposes including potatoes, small ghags and pasturing cattle.
When the farm was transitioned into intensive grazing in 2005 itsgaded with birdsfoot
trefoil (Lotus corniculatusglong with a small amount of timothiljleum alpinum The current
landowner has owned the site for the past 25 years during wimehthe land was used

primarily for hay alternating with small grain production and intengrazing. During that time

period, the site regularly received cow manure applications of &3600 L hél annually.

Prior to establishing the willow and poplar yield trials in spfic009, the site had not been
tilled since the spring of 2005. The most abundant plant species igrdksland prior to
conversion to willow and poplar yield trials were birdsfoot trefoénary reed gras®lalaris

arundinacea and quack grasg&lytrigia repens).
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Research site

Figure 4.1 Experimental site location in Michigan, U.S.A. “For interpoetatf the
references to color in this and all other figures, the reader is referred to the
electronic version of this dissertation.”
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The area has lake-enhanced normal seasonal precipitation of 7Ghchdgily minimum winter
temperatures fall to —18°C or lower an average of 26 timessiaaon. The growing season
averages 91 frost free days and means annual maximum and mitemperatures are 11 and -
3°C. The soil type is a moderately well-drained Munising fine wdoam (Eichenlaub et al.

1990).

4.3.2. Experimental set-up

The clonal yield trial was established in the spring of 2009 im@oraized block design
with 5 replicate, 64-tree plots of poplar (19 x 22 m) and 4 replicate, 78-tree platkoof (8 x 8
m). It was not feasible to investigated differences amonglaltlones so | selected a priori,
promising clones of willow Salix dasycladosSV1]) and of poplar Ropulus nigra x P.
maximowiczifNM6]). The poplar plots were planted at a spacing of 2.4 m betvosesiand 2.1
m between trees within rows, while the willow plots were plamedbuble spacing with 0.8 m
between narrow rows, 1.5 m between wide rows and 0.6 m between itteagaws (Bergkvist
and Ledin 1998). Additionally, four plots situated adjacently (at leastnléway from the
cultivated and plantation zones) to the poplar and willow trials, inutigisturbed pastureland
were used as controls.

Field management practices for converting the grassland toCSBMfted with weed

control on 23 May 2009 which consisted of applyghgphosatg2.11L active ingredient ﬁ%) to

all poplar and willow plots. Next, plots were plowed and disked on 312089 to about 20-25
cm depth, followed by a second cultivation with a tiller on 12 June 20@9-20 cm depth. On

17 and 18 June, 2009, all willow and poplar plots were again sprayed withethieides

simazine (1.13 kg active ingredient hla and oxyflurofen (1.13 L active ingredient ﬁ%).
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Herbicide application rates were determined from local eepeei at MSU’s Forest Biomass
Innovation Center (FBIC). Descriptions of cultural managementipescapplied to poplar and
willow yield trials are provided in Appendix —Tables A.-2 &-3. Natifezers were applied
during this first year of plantation establishment. Planting dbwiand poplar cuttings (about
0.6 to 1.3 cm in diameter and 25 cm in length) occurred on 16 and 18 June 2068&jvely
and cuttings were obtained from Hramor Nursery, Michigan. The whagberiexent was
protected with an electric fence on 13 July 2009 to prevent theciropaeer browsing. On 2
September 2009, the poplar plantation soil was again shallow-cultibatecgken tree rows.
Willow shoots were coppiced on 20 October 2009 using a Troy-bilt dicklenower powered
by a walk-behind system. The stems after cutting were tpi@5 to 5.0 cm in height

depending on the micro-relief of the area.

4.3.3. Measurement of GHG fluxes

Emissions of C@, NoO and CH were measured 11 times in 2009 (May —November)

and two times in spring of 2010 using one (26.2 cm — diameter and 26&8)catatic chamber

(high-density polyethylene plastic) per plot. Chambers consistedsas driven 10 cm into the
soil and gas tight lids fitted with rubber septa to sample theogppately 10 L of headspace
volume. Chambers were left uncovered except during the periods wheargpkes were being

collected. Aboveground vegetation in each chamber was clipped imniegiate to sampling

in order to avoid respiratory fluxes of G&om aboveground plant parts. Removing plants from

the chamber was performed to solve the problems associated withctingtthe fraction of the

COy, release originating from the aboveground vegetation which is nogtako account when

calculating global warming potential. Gas samples wereatetlefrom the headspace between
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10.00 and 15.00 h to minimize changes of soil GHG fluxes associated withaldcycles.
Headspace gas samples (10 mL) were drawn using a 10 mLeswtifiy 20, 40 and 60 minutes
following chamber closure, and then immediately over-pressurizecetiughed 5.9 mL flat-

bottom exetainer vials (Labco, Unlimited, Buckinghamshire,U.K.).

The concentration of C£ No>O and CH in the headspace gas samples were determined

using a Gas Chromatograph (GC-2014, Shimadzu Corporation) equipped witbretapture
and flame-ionization detectors. Gas flux measurements weratediton 22 May 2009 before
field management and planting took place and continued until 4 May 20d€pteduring the
winter period when the ground was continually covered with snow. A total of 13 samplirtg eve
were captured over the course of this one year investigation, of which 11 weretednd®009

(22 May, 5 and 25 June, 7 and 28 July, 11 and 24 August, 14 September, 6 and 17dndtober

12 November ) and two in 2010 (30 March and 4 May).

4.3.4. Measurements of Nitrogen leaching potential

Two pairs of tension lysimeters (Soil Moisture Equipment, SantbaBa, CA) were
installed within each plot in the poplar and willow plantations, aisthgle lysimeter in each
undisturbed grassland control plot. Lysimeter cups were installégD atm below the soill
surface; one within a tree row and the second between two conseouts/ef trees. A tension
of -50 kPa was applied to each lysimeter two to three weekstpreampling. Water samples
were taken height times the day of gas sampling, starting IrorAugust 2009 throughout 4

May 2010 (except during the winter period when the soil was penntiy covered with snow).

Solution samples were analyzed for NEN and ammonium (Nh-l+—N) spectrophotometrically

(Spectrophotometric plate reader, Model ELx Bio Tek Instruments, Winooski, Vermont,
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U.S.A.) following the procedures described by Doane and Horwath (2003imsebaugh et al.

(2000), respectively. Total dissolved N was determined by oxidative buston-

chemiluminescence (Shimadzu model TOgEpy analyzer and, Kyoto, Japan). Dissolved
organic nitrogen (DON) was calculated as the difference bettoé@nN and mineral N (N

+
+NHz —N).

4.3.5. Nitrification Potential

Soil nitrification potentials were assayed according to the K&haslurry method”

developed by Hart et al. (1994) in order to evaluate the activitWe)le—th-N oxidizer

community in soil as affected by grassland conversion to SRWC pgiadu&Soil samples
collected one week prior (22 May 2009) and eight weeks after (22008) land conversion,

were use to measure nitrification potential. Thel0-cm deep sod cotected during GHG flux
measurements were kept in plastic zip bags and stored in a aobidge (5C) and transported

to the Forest Biogeochemistry laboratory at MSU. Field-nsmds were sieved (<2mm) after

removing all vegetation and coarse root parts, before placing splesaai 10 g of soil into an
acid-washed Erlenmeyer flasks with 100 mL of buffer solution (0.384 ppbdM KHoP Oy,
0.614 ppm of IMKHP(Oy and 15 ppm of (Ng)>SO4 solutions) with the pH adjusted to 7.2.

Then aliquots of 1 mL were taken from the shaken slurry incubatioshai-h, 20-h and 24-h

period, and 0.1mL of flocculant solution added to it. Samples were adalgz NG; -N using

the microplate assay as described in the previous section efiteifuging at 3000 rpm for 10

min.
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4.3.6. Ancillary data

Climatic data (precipitation and air temperature) were oldafreen the weather station
at MSU'’s Agricultural Experimental Station at Chatham (EnWeather) located 27 km east of
the field site. Soil temperature measurements were takeonatsdil depth during each sampling
event in close proximity (about 10 cm) to each of the chambers, aisergperature probe (HI-
145, Hanna Instruments) | used 3.8-cm diameter PVC soil corerket@ th0-cm deep soil core

in close proximity to the gas flux chamber at each sampling pe&i@limetric water content

was determined for each chamber per sampling date, and then ndilpliee bulk density (B
in Mg m'3) to determine soil volumetric water. Total porosity was detezthas (1- B X PD'l)

. , . . . =3 . : .
while R is solil particle density assumed to be 2.65 Mg.nThe ratio of volumetric soil water

to total porosity was used to calculate soil water-filled pore space (WFPS

Soil samples collected at each gas sampling point were asbfois determination of

NH4+-N and NG -N concentrations after extracting the sieved soil (<2mm) &iM KCL (5:1

extractant to soil ratio) and analyzing extracts spectrophotimalbt. All soils were processed
within 24 h after collection and stored in a fridge (5 d&fp)l pH was measured (in a mixture of
soil and 0.01 M CaG) from air-dried soil with a Corning pH Meter 430 (Corning Incorpexntat
Science Products Division, New York, 14831). Total C and N contents determined on the
same soil samples by dry combustion with an elemental anglMostel ECS 4010, Costech

Analytical, Valencia, CA).

4.3.7. Nitrogen leaching and GHG flux calculations
To estimate nitrogen leaching, | used a modified bucket modee(FR€188) to estimate
water yield at 50-cm depth from potential evapotranspiration (mddiflenman—Monteith
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method), rainfall, and soil water holding capacity. On days witietawater yield, | estimated

leaching losses as the product of water yield (E)rand soil solution leﬂ+-N, NOs3 -N and

DON concentrations (mg'b. Based on the Inter-governmental Panel on Climate Change (IPCC

1997) methodology, | assumed that 2.5% of the N leached would eventualbnitefied to

N2O in water ways.

GHG fluxes were estimated from the concentration change in #wabgr headspace
over the 60 min sampling period. Chamber methods for measurireggseascfluxes are widely
reported to alter the diffusivity of trace gases at thessofiace following chamber deployment,
leading to an underestimation of actual gas fluxes (Livingstah 2006; Rochette and Bertrand
2007). To account for this bias due to the chamber deployment, | usednibidiesl linear
method for quantifying theoretical underestimation of chamber-basefluig@s developed by

Venterea et al. (2009) to calculate the GHG emission rates mymexperimental plots.

Estimation of cumulative C& N>O and CH emissions during the study period was done by

successive linear interpolation between adjacent sampling dstesiag that emission followed
a linear trend during the periods when no sample was taken.
To compare the net effect of land use conversion from long-terrsigndsto SRWC

systems on the atmospheric GHG budget, | used global warmingigbtaators of 25 and 298

based on a 100-year horizon for £BEnd NO, respectively, to convert the soil emissions of

these two GHGs to Cf&q (IPCC 2007). The global warming potential (GWP), a measure of

how much a given mass of GHG is estimated to contribute to ghadrahing, of the different

land use types was calculated using the following equation (Watson et al. 1996).
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Net GHGjux = CQp+ 25*(CHyflux) + 298*(N2Ofiux) Eq. (4.1)

Soil CO, flux in grasslands is composed of root respiration (or the réspiraf
underground portion of green plants) and respiration due to microbial dectorpa$iSOM

(refers to as heterotrophic respiration). With regard to the-@®en greenhouse effect,

however, only SOM decomposition contributes to changes in atmosphegic@@entration
(Wang and Fang 2009). Hanson et al. (2000) reviewed published artictestaontribution
(RC) to soil respiration and found that grassland RC to total saile@fdxes ranged between 10

and 90% with an average near 50%. Therefore, | used three scdpargadculating the net

GWP of the bioenergy systems: the first scenario (best aasejned grassland root contribution

(RC) total soil CQ efflux to be 10%; a second scenario (worst case) assumegrdisatand RC
is 90% of the total soil C&efflux and the third scenario used an average value of 50% fto RC

total soil CQ efflux. Because trees in the plantations were still young \eedds were

aggressively controlled during the study period, root respiratiasm(fpoplar and willow
seedlings and from weeds) was assumed to be negligible in loethebgy systems. | evaluate
the validity of these assumptions and scenarios in the Discussittonskelow. To calculate

cultivation induced GHG debt and the payback time, | also made theptssn that yields as

harvestable wood biomass in the region would be in the range of 5-2_‘61\4\/}95{1 yr'l with a

current average of 11 Mg DM _hlayr_1 based on results of previous studies (Kelly 2002, Ronald

et al. 2009). Based on Gasol et al. (2009) poplar biomass is 50.3% carthorassumed the

same C content in the biomass of willow.
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4.3.8. Data analysis

| tested for the effect of treatment and sampling date on fluxes af@@, N>O and the
net GHG flux from soil. | used a mixed model, repeated measnadgsas of variance (Little et
al. 1996) in SAS (SAS Institute, Cary, NC), unequal variance ntodekt for the effect of land

use type, sampling date and the interaction between land use typanaplthg date for each

GHG, soil temperature and WFPS. Mean values of flux rates feadhing and for each trace

gas and net GHG flux as G€q were calculated for each sampling date. Each GHG flex rat

was also converted in terms of @€ using the GWP coefficients referenced above. Soil

inorganic N concentration and N species concentrations in leaghtde were also analyzed for
differences among treatments with a mixed model, repeatedumesaanalyses of variance,
which included the random effects of treatment. Differenceg @&ecepted as significant at the

0.05 level.

97



4.4. RESULTS

4.4.1. Soil chemical properties

Before tillage on 22 May of 2009, soil total C concentrationdhentop 10 cm of soill
were 3.3%, 3.7% and 3.1% in the undisturbed pasture, poplar and willow @pestreely, and
did not differ between treatments (Table 4.1). Soil total N avdr@dg%, 0.27% and 0.22% in
the undisturbed pasture, poplar and willow plots, respectively, with gmofisant difference
between treatments. Similarly, there were no significant éifiees in soil C: N ratio and pH
before tillage. There were no detectable changes in totaCsaild N levels a year following
land cultivation (data not shown here). Soil bulk density, measured on GfR099 after initial

tillage, was significantly lower in the poplar plantation than in the willow andeahtirassland.

4.4.2. Environmental variables

The annual (from May of 2009 to April of 2010) rainfall was 575 mm winels much
less than the long-term average of 762 mm. Of the amount of ragdalved during the study
period, it was estimated that 225 mm (39%) percolated below the raatireg(50 cm). During
the first growing season, the driest period was from 30 Augu20 tSeptember of 2009 when

there was no rainfall (Fig 4.2-a).
WFPS showed highly significant §F17.622.0, P<0.001) main effects of treatment and
was highest in the undisturbed grassland, intermediate in the wélodvjowest in the poplar

plots. Before cultivation on 31 May 2009, WFPS was indistinguishablegiFl.7, P=0.189)

among treatments. WFPS also varied temporaly (9 57.5, P<0.001), the temporal patterns

being influenced by rainfall variability (Figs 4.2-a, and 4.2Mpst notable was the drop in

WFPS coincident with the dry period in early September, 2009.
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Table 4.1 Selected soil characteristics measured from 0-10 cm of sailidegbng-term grassland as well as in poplar and
willow biomass bioenergy plantations in the central Upper Peninsula of Michigan, U.S.A.

Total ¢ TotalN*  C:N* NH N2 NOs-N®  Bulk Density  Porosity

Treatment 1 1 1 1 pH
(mgkg™) (mgkg") (Ratio) (mgkd)  (mgkg) (@m) (%)
Grassland 32.8 (3.5)a 2.4(0.4a 13.9(0.2)a 2.9(25a 53(0.9a 1.13(0.05b 57(3)a* 5.24(0.17)a

Poplar ~ 37.2 (3.00a 2.7(0.3)a 14.2(0.1)a 3.0(3.7)a 96.1(13.7)b 0.89 (0.06)a 66(2)a  5.33 (0.04)a
willow  31.0 (54)a 2.2(0.3)a 13.8(0.1)a 2.6(3.2)a 67.0(14.7)b 1.10(0.04b 59 (1)a  5.29(0.12)a

1

1 2 . . L
Pre-cultivation; “Post-cultivation andfone year average*Means in columns followed by the same letter are not significantly
different at the 5% level using the means separation test

99



w
o

) = Precipitation (@) |
40 - ! L e Average air temperature

T
N
o

30 A

20 A

Rainfall (mm)
o

10 ~

= B
o o
Temperature CC)

N
o

O .

80 ~

60 -

40 -

WFPS (%)

—e— Grassland
=<0—- Poplar
—w—\Nillow

20 ~

0

o5 - (c)

A

\
|

20 A
15 +
10 ~

5 .

Soil temperature 9C)

0 T T T T T T
May 09  Jul09 Sep09 Nov09 Jarl0 Marl0 Mayl0
Sampling date

Figure 4.2 (a) Precipitation and average air temperatursp{byvater filled pore space and
(c) soil temperature measured from a poplar and willow biomasndrigy
plantations and adjacent grassland during the first year afigaterm grassland
conversion to bioenergy systems at Skandia in the Upper Peninsulalo§an,
USA. Black solid, dashed dot-dotted and long dashed arrows indidai® fda
field application of herbicide, plowing and planting respectively
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However, there was no significantoi- 97.60.9, P=0.655) treatment*date interaction

effect for WFPS. Soil temperatures were significantly (3 £67.5, P<0.001) cooler in the

undisturbed grassland compared to the tilled poplar and willow plamtsgils. However, soil
temperature was statistically indistinguishable (P=0.112) lestwree poplar and willow biomass
plantations at any time during the study period. Soil temperatsioevaried across all sampling
dates; being the greatest in the summer, then decreased ovdroimautumn to winter (Fig

4.2-c).

4.4.3. Soll nitrogen availability

Soil extractable Nk -N concentration did not differ significantly {F37 51.9, P=0.170)
between the undisturbed grassland and the tilled SRWC plantatidnwas unaffected ¢
96=1.4, P=0.133) by the interactions between treatment and samplinglrdatentrast, soil

NH4™-N levels varied significantly @ ¢#11.7, P<0.001) across the sampling dates, being

greatest early on in the experiment (June-September) (Fig 4.3-a).
Initial nitrification potentials, measured one week prior to thesgjand conversion (22

May, 2009), were statistically indistinguishable between hiheet sites (Fig 4.3-b). On average,
nitrification rates were 0.1, 0.3 and 0.5 mg N]kgpll day™ in the willow, grassland and poplar

plots, respectively prior to conversion. However, eight weeks afiivation, nitrification
potential was significantly enhanced and was seven-fold highd&otin SRWC plantations

compared to the control grassland (Fig 4.3.-b).
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Figure 4.3 (a) Soil ammonium concentration, (b) nitrificationsra@ied (c) nitrate concentration
(KCL extraction) measured from 0-10 cm soil depth in the undisturtzessignd
and in the poplar and willow biomass plantations prior and after dubtivat
Skandia in the Upper Peninsula of Michigan, USA. Black solid, dashed detddott
and long dashed arrows indicate dates for field application of hexbigiowing
and planting respectively
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The marked increase in nitrification potential following cultivatiwas reflected in

substantial increases in soil extractable 3N® pools. Soil N@Q-N was significantly (B,
43.735.4, P<0.001) greater in both SRWC plantations relative to the adgresstand control.
Soil nitrate also varied significantly {b 99 9.9, P<0.001) across sampling dates. For instance,
nitrate levels, measured on 22 May 2009 and on 5 June 200, were consistently low (<ktymg N

1) in all plots, with no significant differences among the threesgP=0.963 and 0.116). Nitrate
levels remained unchanged (P=0.520) in the undisturbed grassland throughrsiutiyhperiod

(Fig 4.3-b). In contrast, soil NEN levels steadily increased after 5 July 2009 through mid-

September 2009 with peaks as high as 21 and 30 f%g)kgoil in the tilled poplar and willow

plantations, respectively, then declined rapidly through the autumn andrtteg, and became

indistinguishable to the grassland controls by spring 2010.

4.4.4. Nitrogen leaching

With the exception of the poplar plots at the first sampling dale August 2009),

concentrations of Nh-I+-N in leachate were consistently low (<0.1 mg/L) at all samgpdiates,

regardless of treatments (Fig 4.4-a). In contrast, nitrateeotration in soil leachate was

significantly (P<0.001) higher from both cultivated SRWC plantatidvan tthe undisturbed

grassland control at all sampling dates (Fig 4.4-b). In the grassING -N levels were
consistently negligible, ranging from 0.1 to 0.9 mg/L throughout theygtedod. There were
marked increases of NON concentration in soil leachate from the poplar and willow

plantations due to cultivation, with values as high as 35 and 39 mg/L, respectivehy4{Bigy
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Figure 4.4 Concentrations of (a) I),lJIr-lN, (b) NO3 -N and (c) dissolved organic N in leachate
water collected at 50 cm below the soil surface measured inrtsturbed
grassland and in the poplar and willow biomass plantations aftévatidh at
Skandia in the Upper Peninsula of Michigan, USA. Black solid, dashed deddott
and long dashed arrows indicate dates for field application of hexbigiowing
and planting respectively.
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Similar to nitrate, DON levels were low in the undisturbed gjeasl throughout the
sampling period (Fig 4.4-c). In both cultivated willow and poplar planat however, DON
levels increased 14.1- and 19.6- fold, respectively relative to tlaeead)grassland controls

following soil cultivation. It is noteworthy that, later in the se@, DON increased more

markedly than nitrate. The marked increase ingN® and DON concentrations following

cultivation was reflected in substantial leaching loads of theseN pools. Annual nitrate
leaching losses were 16 -and 22 -fold higher in the tilled willovd poplar plantations,
respectively, relative to the adjacent undisturbed grassland e(T&B). Similarly, annual

leaching loads of DON were 14 —and 20 —fold greater in the tillédwvand poplar plantations,

respectively, relative to the grassland controls. Annual Ieachihkj;-lqﬁ-N was negligible from

both disturbed and undisturbed plots. For all nitrogen species, leaclseg fosm the cultivated

poplar and willow plots amounted to 39 and 54 kg I'\},hahereas N loss from the undisturbed

grassland was less than 3 kg I\]]h‘ar the study period.
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Table 4.2 Hydrologic fluxes of N species at50 cm soil depth iong-term grassland as

well as in poplar and willow biomass bioenergy plantations in theatdopper
Peninsula of Michigan, U.S.A., from August 2009 to May 2010.

System NO3 -N NH4 -N Dissolved N Total N

----------------------------------- (LR e T ———

Grassland 0.8 (0.2) 0.02 (0.000 1.8 (0.4) 2.6 (0.5)

Poplar 17.8 (3.0) 0.01 (0.01) 36.0 (5.2 53.9 (6.0)

Willow 12.8 (2.5) 0.03 (0.01) 259 (4.4 38.8 (5.2
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4.45. Carbon dioxide fluxes

Soil CO, fluxes were significantly (4 2g=5.0, P<0.014) affected by land conversion;
soils from both tilled willow and poplar plantations emitted 29 and 42% CQ relative to the
adjacent undisturbed grassland controls. Soilp Gfffluxes also varied significantly {b
101=28.2, P<0.001) across sampling dates, with rates being higher sartiraer and lower in
autumn and winter (Fig 4.5-a). Examining the temporal pattern€@j fluxes, before

cultivation on May 22, 2009, Clux rates were low with no significant (P=0.645) differences
between treatments. Then flux rates increased and stayed higt the growing season (June-
September 2009) in both uncultivated and cultivated plots with peaks as high as 480_%@_ Cm
! in the uncultivated grassland plots (14 August 2009). Flux rates dedrslaarply in autumn

and remained low the following spring. In early spring of 2010, fates started rising again

with more pronounced increases in the undisturbed grassland. Thetinteedtects between

treatment and sampling date were also significap (1 54.5, P<0.001) for C®effluxes.
Overall, annual cumulative C@missions from soil were 41.9 and 24.3 and 30.0 Mg h‘&)l
yr_l from the undisturbed grassland, the tilled poplar and tilled willowtatens, respectively

(Table 4.3).

4.4.6. Nitrous oxide fluxes

Flux rates of MO were significantly (5 39.615.9, P<0.001) higher in the disturbed soil

(poplar and willow plantation) than in the undisturbed grassland control pikevise, flux
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rates in the disturbed plots were significantly affected bypdiag date (2, 99.66.8, P<0.001).

For instance, in both cultivated SRWC plantations, there was aal pufise of MO flux rates a

week following the cultivation event which increased until 11 August 2@0i®wed by a sharp
decrease in mid-September of 2009. Thereafter, a second pulseedceutvoth poplar and

willow plantations through October 2009.
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Similarly, the interaction effects between the two facf{tmesatment and sampling date)

were significant (B4, 98 #2.3, P=0.002). Annual cumulative;@ emissions for the undisturbed
grassland and the tilled poplar and willow plantations were 0.3, 5.8 aiMigd®eq ha' yr'l,

respectively (Table 4.3).

4.4.7. Methane fluxes

The undisturbed grassland was a small sink fog GtHnual average consumption rate of
-5.00 ug C rh2 h_l) whereas soil disturbance resulted inf&rhissions of about 10.8 and 9.8 ug
C m'2 h'1 from the poplar and willow plots, respectively; however, these diifars, were not
statistically significant (§ 26.52.9, P=0.071) (Fig 4.5-c and Table 4.3). In contrast tg &x@
N2O fluxes, methane flux rates did not differ significantly {Fog ¢1.29, P<0.238) over the

experimental period, nor was there a significani(lg7.50.0.96, P=0.525) interaction between

treatment and sampling date. Over the entire experimental period,tuibeds grassland

cumulatively consumed as much as 10.6 kgzﬁphél yr'l, whereas the tilled poplar and

willow plots emitted 21.1 and 18.3 kg G€ ha" yr_l (Table 4.3).

4.4.8. Global warming potential and payback period
In general, the poplar treatment resulted in a lower cultivation induced GWRater payback

period relative to willow. The best case scenario, based orssimenation that the contribution

of roots to soil CQ effluxes in the grassland plots is 10% results in the refergrassland soill

producing 19 and 7% greater g@ux than the poplar and willow bioenergy systems,
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respectively, for this initial phase of plantation establishmeablél'4.4). Under this scenario,

initial cultivation would have resulted in a net soil C sequestratiahGoénd 2.8 Mg Cé&eq hél

in the poplar and willow bioenergy plantation.
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Table 4.3 Direct and indirect GHG emissions and total global warming potsttraated for a long-term grassland as well as in
poplar and willow biomass bioenergy plantations in the central Upper Peninsulahoga, U.S.A. Data were
collected during one year period following land conversion

System Direct emissi_cin Indirect emis_slion Cumulative GHG
(COzeq kg ha) (COgeq kg ha) emission .
COy N2O CH, NO3 -N +DON (COzeq kg ha)

Grassland 42185 (175) 342  (16) -11 (7 31 (2) 42547

Poplar 24391 (117) 5886 (236) 21 (14) 629 (22) 30927

Willow 30105 (135) 4558 (163) 18 (13) 453  (18) 35134
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Table 4.4 Cultivation induced-cumulative greenhouse gas flux, -globahimg potential and payback time for willow and
poplar plantation establishment. Values are estimated based atatawf direct GHG fluxes, indirect emissions of
N-O calculated from N leaching data and assumptions of grasslandomabution to soil CQ fluxes (see text for
full description). Payback periods are calculated based on scep&momimum, average and maximum yields for
SRWC in the region

Cultivation induced GWP Payback time (year)
Scenarios (Kg COpeq ha' yr) Poplar Willow

Poplar Willow Min.  Avg. Max. Min. Avg. Max.
Scenariol (RC=10%) -7040 -2833 -0.8 -0.3 -0.2 -0.3 -0.1 -0.1
Scenario2 (RC=50%) 9835 14042 1.1 0.5 0.3 15 0.7 0.4
Scenario3 (RC=90%) 26709 30916 2.9 1.3 0.7 3.4 1.5 0.8

Min = expected minimum yield (5 Mg DM hlayr_l), Avg. = average yield (11 Mg DM ﬁlayr_l), and Max= maximum yield (20 Mg
-1 -1
DM ha™ yr 7).
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When RC to soil C@efflux in the grassland plots is assumed to be 50%, cultivation
induced GWP as Cf2q is in the magnitude of 9.8 and 14.0 Mg £ hél for poplar and

willow bioenergy systems, respectively. A willow plantation wytblds ranging from 5 to 20

Mg DM ha'lyr'1 would require 0.5 — 1.5 years to payback this GHG debt. Finally, thst ease

scenario, using a RC of 90% for grassland plots results in a GbiGasldnigh as 26.7 and 30.9

Mg COxeq hél with payback times ranging from 0.7 to 2.9 years and 0.8 to 3.4 yegyedlar

and willow bioenergy plantations, respectively.
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4.5. DISCUSSION

In the present study, | documented substantial emissions pBGONO as well as soil
and soil leachate N§N following conversion of grassland to poplar and willow bioenergy
plantations. Based on the most likely scenarios for root contribtdisnil CO flux, | estimate
that the newly-established poplar and willow plantations lost an addit8.3 and 9.0 Mg C©

ha'l, respectively, during the establishment year. Emissionsy0f &lso drastically increased
following the grassland clearing and cultivation for the SRWa@ntaltion establishment.
Cumulative direct NO emissions measured in the cultivated poplar and willow plantatiere w
17.2- fold and 13.3-fold, respectively higher relative to the undisturbedigna site. Similarly,
land-use conversion resulted in 20.3-fold and 14.6-fold increases of cweutatirect NO

emissions (from N leaching losses) in poplar and willow plots, ctispdy, relative to the

grassland site. Although fluxes of methane were a small compohehe GWP of the both

bioenergy plantations, data suggest that the undisturbed grasslandgiwiagan CH; while the

cultivated poplar and cultivated willow plantations were sourcesnfethane. Overall, this

estimate of cumulative emissions of all three GHGs sugdestgtassland conversion resulted

in a GHG debt of 9.4 and 14.2 Mg @& hél for poplar and willow plots, respectively in the

establishment year alone. This GHG debt reflects solely thetefof plantation establishment,

which are typically neglected in most LCA studies. In compariEeo)eian and Volk (2005)

estimated that pD released from N fertilizer application and leaf littecalmposition over an

entire rotation cycle of 23 years of willow biomass production diéatal 11.3 Mg CGeq hél.
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Moreover, nitrogen leaching increased markedly following grasslandecsion, resulting in

additional losses of 51 and 36 kg N_]hin the poplar and willow plots, respectively. These N

leaching loads can potentially contribute to eutrophication of surrourgpmgnd and surface
waters.

Physical disturbance of soil through clearing and cultivation alvenatcosystems is
widely recognized to result in the loss of soil organic C (Lall.€1998; Reicosky 2003). Tillage

increases top soil aeration, mixes plant residues with theirsoibases substrate availability to
microbial decomposition, thus releasing £@to the atmosphere (Reicosky et al 1999; Lal
2004). Therefore, | was expecting that cultivation of the grasstanestablishing poplar and

willow bioenergy plantations would result in larger £€missions in the disturbed plots relative

to the undisturbed plots. Instead, based on raw fil@ data, | found lower C®efflux in the

poplar and willow treatments relative to the undisturbed grassland, snggést cultivation of
the grassland for establishing bioenergy crops resulted in ankedfsC. This result is consistent

with two other studies (Linn and Doran 1984; Yamulki and Jarvis 2002) swfalind greater

COy, production from non-tillage grassland soil than from cultivated plots.

However, based on the characteristics of this system, it skigily implausible that
grassland clearing and cultivation would lead to C sequestratioer thian net release from the
soil. An alternative explanation is that greater autotrophic @smir in the reference plots
masked the mineralization of SOC following clearing and cultivatioboth poplar and willow

plots, low occupancy by crop plants, coupled with aggressive weed controkstidhat

heterotrophic rather than autotrophic respiration accounted for viralally the CQ emissions
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in these sites. In contrast, the high £énissions measured in the undisturbed grassland could
be an indication that root respiration, from the dense and activelyirgy grasses and forbs,
might have contributed to a substantial share o {@ased from the control plots.

To address this issue, | used existing data from the literdldmeson et al. 2000

summary of previous studies) to evaluate the potential influenceobtontribution to total soil

COy efflux, as direct measurements are exceptionally diffigliltham and Yeomans 2001).In

the best case (scenario 1) using the minimum RC of 10% fronanige provided by Hanson et

al. (2000), I estimated that cultivating the grassland for poplamdiav bioenergy plantation
establishment resulted in a net C sequestration in the soil of @l$ut13.6 Mg CQ hél.
Assuming that RC is 50% (scenario 2), or near the worldwide avévaggassland based on

Hanson et al. (2000), land conversion would release as much as 3.3 and S{]&M@lm the

poplar and willow plots, respectively. In the worst case (scenarigsB)g the upper end value of

RC (90%) suggests that grassland conversion would lead to nsie@misf 20.2 and 25.9 Mg

CO ha'1 from poplar and willow plots, respectively.

Based on the range of possible yields of the bioenergy cropaatsst from scenarios 2
and 3 suggest the payback time could range from one to three feaet C sink arising from

grassland cultivation as suggested by scenario 1 (RC is 188épis implausible considering
that tillage has extensively been cited to accelerate SQuhteosition and release G@ the

atmosphere (Lal et al. 1998; Lal 2004; Reicosky et al. 1999; Reic238§). Furthermore,
Hanson et al. (2000) found that RC values close to the lower end oribe occurred in

grassland ecosystems in which root density was generally Igwold. fields and crop studies),
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whereas high values (at least 50%) were generally recdied untilled or permanent
grasslands.

In order to get a better approximation of the RC value of theslgras of the present
study site, | compared the root biomass of the studied grassteasijre from the top 10 cm in
mid-summer) to data by Jackson et al. (1996) who conducted an exteengie® f the

literature on root distribution and biomass and found that temperassland root biomass

averaged 600 g r% in the top 10 cm of the soil. This value is quite similar to root b&srof

undisturbed grassland plots in this study, which averaged to 50('12 .gThe fact that root

biomass in the control plots approximated that of average values mpuetate grassland

suggests that scenario 2 (RC = 50%) is the more plausibléifosite. Another assumption

imbedded in my approach is that RC to soil Célflux in the poplar and willow plots is

negligible. In a more recent study on similar soils in thengFhave found that root biomass at

the end of the first growing season averages O.4_zgf0m poplar and 1.3 g r% for willow

(Rothstein unpublished data — nearly two orders of magnitude lower than that of our
undisturbed grassland plots. Very low root biomass by SWRC cropespeoupled with
aggressive weed control in conventional production practices, suggests tlassomption of

negligible root respiration in willow and poplar plots is reasonable.

The higher CQ flux from willow compared to poplar plots (scenario 2 and 3) could

possibly be due to differences in site preparation, tree plagdéingity and growth habit. Unlike
willow plots, poplar plots were shallow-cultivated in early Septembditionally, the higher

planting density of willow relative to poplar might have resulted deaser root development,

thus leading to larger RC to soil G@ux from the young willow trees. This may in part explain
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the lower NO flux and NG -N leaching loss found in the willow plots relative to the poplar
treatments, as demand for NON may be greater in willow than in poplar plots.

In contrast to C@ flux, conversion of grassland to willow and poplar plantings resulted
in clear and dramatic increases ipONflux. On average, PO emissions was 2.6 HpQ-N m_2
h'1 in the reference control plots, while in the poplar and willowspllotx rates averaged 238.3
and 174.3 pug bO-N mehY, respectively. Emission rates op® measured from the reference
grassland control plots in this study are comparable to those fousrdga of 2.9 pg PO-N m
2 h_l) in grassland ecosystem at MSU’s Kellogg Biological Stat{kBS) (Grandy and

Robertson 2006). HoweverpN flux rates in the cultivated plots in the present study &ek#-

fold higher than results obtained by Grandy and Robertson (2006) follawifrad cultivation of

grassland at KBS. It is noteworthy that the tow grassland sit68&and Skandia) have similar

total soil C and N and differences inp® flux cannot be explained by SOM content of the sites.

The grassland and cultivated plots in present study, howevemaated in lowland area and
there is the likelihood that higher moisture condition of the sgerésulted in this elevated,®
flux. Based on this field measurement data, land use conversion hasgoreduestimated GHG
debt as NO of 4.6 and 6.1 Mg Cé2q hél for willow and poplar treatments, respectively. Of
this, approximately 90% was attributed to direeONemission from soil whereas the remaining
10% was attributed to indirect emissions through N leaching loagseds its subsequent

denitrification. The potential for significant GHG emissions duedtablishment of SRWC is
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typically ignored in LCA studies; however,o& emissions documented in this study over a

single year exceeds the estimate of 4 Mgzélphél of NoO released from N fertilizer

application over an entire rotation cycle of 23 years of willow biggnproduction (Heller et al.

2003; Koeleian and Volk 2005).

Elevated NO emissions in the poplar and willow plots relative to that of thestumtied
grassland appeared to be driven primarily by the high avaijalnf soil N. Soil NG;-N
concentrations averaged 9.6 and 6.7 mbl kg soil in poplar and willow plots, respectively,
whereas in the undisturbed reference control plots; MOevel averaged 0.5 mg klgof soil.
Seasonal MO emission rates and NON concentrations followed a similar pattern (Figs 4.3-c

and 4.5-b) with the exception of the lowo@® fluxes for sampling dates that occurred in

September 2009. These findings are consistent with results from sitidies which also

observed that as soil NON concentration increases following perennial grassland cutiivati

N-O flux also increases; with the initial increase gengfallowing a short lag period (Pinto et

al. 2004; Grandy and Robertson 2006). The low flux rates recorded infbept@009 were

most likely due to low moisture availability at that particutaonth, demonstrating that elevated

soil NOz -N levels are necessary, but not sufficient for stimulatin@® Emissions.

Elevated N@ -N levels in willow and poplar plots likely resulted from a comborabf

accelerated mineralization of N from SOM and grass residuwesled with low vegetation

occupancy of the sites during the planting year. These conditiong sikgplied large quantities
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of available NH+ in soil, which, in turn, resulted in dramatic increase in the @izactivity of

the nitrifying bacteria community. Nitrifier response to glasd disturbance is clearly
demonstrated in Figure 4.3-b, where soil nitrification potential sore&l one week before
cultivation was low across the sites, but eight weeks followurgvation increased 7-fold in
both cultivated sites relative to the uncultivated grassland treatments.

| have found that land-use conversion also resulted in large ledtinieg of N, as both

NO3 -N and DON. | estimate that during this one year of poplar andwvidistablishment phase,

total N leaching losses from land-use conversion were 36 kg'JNahd 51 kg N ha willow and

poplar plantations, respectively. These N leaching loads have tkatipbtto contribute to

eutrophication of river systems or negatively impact on the guaflitvater of the lakes in the
study area. Impacts of N leaching associated with widesgreadland conversion for biofuels
production is of particular concern for this region where nitrateraalation in the Great Lakes

is of pressing concern (Finlay et al. 2007). Moreover, using the IEZ0Q7) approach, |

estimated that indirect XD emissions associated with N leaching from willow and poplar plots

contributed to 0.4 and 0.6 Mg Ge€y hél, respectively to the overall GHG dehtlitrate
leaching loads following land-use conversion, measured in this stitelwithin the range of 11
to 24 kg N hél reported by Eriksen at al. (2008). Interestingly, DON domintdeaching in

both undisturbed and disturbed plots (69.2% and 66.8% of total N leaching asirDON
uncultivated and cultivated plots, respectively), although absoluteslasghe uncultivated soil
were much lower. The magnitude of DON leaching loads in the cdtwvaoplar and willow

plots is in agreement with results from Bhogal et al. (2000), who esthdlaat significant DON
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leaching may occur after grassland cultivation and can mmrassignificant pathway of N loss
in these ecosystems once they are disturbed (Van KesseP@08). The late season DON spike
in the cultivated plots was most likely due to a combination of factach as colder soll,
slowing of SOM mineralization and nitrification and high soil moisture at thaplgagrperiod.

Fluxes of methane were a small component of the GWP afisingSRWC plantation

establishment. The undisturbed grassland was a small sink fpmGite the cultivated poplar

and willow plantations were sources for gHhowever, treatment differences were not

statistically significant. The low P-value for this stat&t comparison (P = 0.071), combined
with the fact that similar results have been reported in othdies (Van den Pol-Van Dasselaar

et al 1999; Regina et al. 2010; Steudler et al 1989, Moiser et al X8@bsts that the transition

from CHy-sink to CHy-source was biologically significant.

The ANOVA performed on total soil C and N data, collected atap®+10 cm soil layer
over the sampling period, did not detect any C and N changely (tiue to spatial heterogeneity

in soil), which is a common finding of short-term soil C studies(Radella and Elliott 1994,
Grandy and Robertson 2006). However, the increase in nitrifier populaerasd NQ@ -N

concentration in soil following cultivation, are evidence of acceddr&OM mineralization in
the cultivated plots, which most likely resulted in a net loss o€ S© these plots. The
decomposition rate of the labile pools of SOM, mainly composed of maitues in different
stages of decomposition, is reported to increase by 50 — 100% imehetbdbwing tillage (Six

et al 1998; Lupwayi et al. 2004) and the preferential decompositionegatetion of these soil C

pools represent a major portion of C loss in cultivated soils (Cambardella anti12194).
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Given that fast shoot growth (Cambardella and Elliott 1994), rapid afaweint of dense
root structures, and high nutrient and water uptake (Rytter and ¢#ah996) are some of the
growth traits of willow and hybrid poplar clones, | expect thateav equilibrium between
nutrient release (through SOM mineralization) and plant demalhdbevreached rapidly as the
trees grow and occupy the plots. The sizeable decrease of Cfangto almost the levels of
the undisturbed grassland controls by the end of this study, sudgesissses will continue to
decrease gradually and perhaps become negligible during the neygdesvof the tree rotation
cycles until a new disturbance event occurs. Results of otlagetifitudies also found that SOM
mineralization and subsequent C and N losses following grasslangsetosdisturbance is a
two-stage process with rapid decomposition over the first few mdollbsved by a second
phase of low decomposition with rates several times lower thdme ifirst phase (Aronsson and
Bergstrom 2001; Vertes et al. 2007).

It is widely recognized that accurate estimation of cunudaGHG flux remains a
difficult task as flux rates may be highly variable, both temppitd spatially (Parkin 2008).
The low frequency of measurement points taking in time may patemtially induced biases in
our estimation of cumulative GHG flux for this system. Firstshgnpling GHG flux every two
to three week time period, we may have not captured all episodidse(e.g. rainfalls,
temperature, etc) which could have considerably contributed to iecrtbas annual GHG

emissions. For instance, Parkin and Kaspar (2006) who measuredfl®GH® a corn field

observed that almost 50% of the annuaDNlux was due to two episodic pulses that occurred

during the year. Another temporal uncertainty could come from theda€HG samplings
during the winter period (December 2009 to February 2010) when the grourzbmiamsially

covered with snow and GHG flux assumed to be negligible. FurtheyrrabrGHG sampling
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were performed between 10.00 and 15.00 h when flux rates are suppos@desent the
average daily fluxes. However, this midday time frame is gdigehe time period when air and
soil temperature as well as biological activity are at theaks, leading to higher GHG flux rates
than diurnal flux rates which our approach did not capture.

Removing the aboveground parts of the vegetation prior to sampling is rafaatioe that
may have affected our estimation of cumulative GHG flux astaiaing plants in the chamber
could have allowed the inclusion of the effects of growing plants o® @Rissions or uptake
(Mosier et al 2006) in our measurements. However, because our chamdecould not
accommodate the rapid shoot growth of switchgrass throughout the ngroseason,

aboveground vegetation had to be removed to facilitate chamber installation daduré.c
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4.6. CONCLUSION

The present study has shown that clearing and cultivation of gnddsir a bioenergy plantation
led to significant GHG fluxes and nitrogen leaching losses in rmorfidechigan. The projected
widespread conversion of idle agricultural lands to SRWC systarthe region, coupled with
the magnitude of cultivation-induced GHG emissions emphasizes thetmemnsider these
impacts explicitty when calculating life-cycle GHG balasicdor bioenergy systems.
Opportunities clearly exist to mitigate the GHG and eutropleicaimpacts associated with
SWRC establishment. In particular, | suggest that alternatiopping practices such as no-
tillage, minimum tillage, cover cropping or high-density treenfptey may have the potential to

minimize GHG emissions and nutrients losses associated with SWRC astainlis
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CHAPTER 5

NITROGEN FERTILIZATION OF SWITCHGRASS IN NORTHERN
MICHIGAN, U.S.A INCREASES BIOMASS YIELD AND IMPROVE S NET
GREENHOUSE GAS BALANCE.
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5.1. ABSTRACT

Nitrogen (N) management can affect agro-ecosystem sabthiy through impacts on
biomass production and soil greenhouse gas (GHG) fluxes. In the psasint! investigated
the effects of N fertilization on GHG emissions and biomass production ehgnass grown for

bioenergy production, in the central Upper Peninsula of Michigan, UNBthagen fertilization

treatments included 0, 56 and 112 kg Nlrmpplied as urea, once early in the growing season.

Field-based measurements of direct GHG fluxesQ®O and CH) were performed every

two to three weeks using static chambers. Indirect GHG Emssassociated with machinery

operations in field activities, manufacturing of fertilizer and pesticahestransport of chemicals

to the farm were derived from the literature. Biomassdyodl switchgrass was evaluated at the
end of the growing season. Overall, N fertilizer application doumted little to direct GHG

emissions from soil. Relative to the unfertilized plots, thereevaer additional 0.74 and 1.5 Mg

COseq ha® yr'1 of net GHG emissions from soil in the 56 and 112 kg N taatments,

respectively. On the other hand, N fertilization greatly stataad CQ uptake by the switchgrass

bioenergy crop, resulting in 1.5- and 2.5-fold increases in aboveground bionidss %é and

112 kg N hél treatments, respectively. Biomass N contents were 26.6, 49.9 and 893% fay

the 0, 56 and 112 kg N 'hlatreatments, respectively, with a relative recovery of appled
ranging from 43 - 56% in the fertilized plots. Nitrogen amendmangsoved the net GHG
benefits by 2.6 and 9.4 Mg Géq hél relative to an unfertilized field. These results suggest that

N fertilization of switchgrass in this region could reduce-%080) the land base needed for
bioenergy production and decrease pressure on land needed for food and forage cropmroducti
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5.2. INTRODUCTION

Of the many perennial grass species and fast-growing tlhaefhave been intensively
investigated for use as bioenergy crops, switchgrBasi¢um virgatumL.), a warm-season
perennial grass native to North America, is believed to be onéeoimibst promising and
valuable crop for a wide range of sites in the U.S.A. (Aldet.e2007; Froese et al. 2010; Wang
et al. 2010). Relative to other bioenergy crops, desirable ¢bastics of switchgrass include its
low establishment costs, high yielding potential, suitability forgimal lands, low nutrient and
water requirements and positive environmental benefits (Sandersordard@B08; McLaughlin
et al. 2005; Wang 2010). However, nitrogen (N) availability has beparted as the most
frequently limiting factor for growth of native grasses sugggshat N fertilization can be an
important management practice for switchgrass biomass produatidnfegdstock quality
(Sanderson and Alder 2008; Wang et al. 2010). At the same time, productionsa of
exogenous N fertilizers in agricultural systems can contrilditectly and indirectly to
greenhouse gas (GHG) emissions, potentially reducing the net GHEitbeof bioenergy
production (Hill et al. 2006; Lewandowski and Schmidt 2006). Yet, thetdlia sritical lack of
information regarding biomass yield and net GHG benefit of addifeytNizer for switchgrass

bioenergy crop production, especially in northern Michigan’s conditions.

The use of renewable energy from biomass has the potentiatigate atmospheric GO

increase but achieving this potential will necessitate the develapoh high yielding feedstock
production systems (McLaughlin et al. 1999). While a number of opti@enkeang investigated
to achieve bioenergy crop yield potential (e.g. genetic improvemeigiation, soil fertility

management), it is most likely that N fertilization will pla central role in contributing to
achieving high biomass production. This is because harvesting swdsHgomass is likely to

137



remove high levels of N and adequate N inputs may be needed to replace the lostH¥ oitn t
To date, N fertilization requirements for switchgrass are still not wedbéshed. While recent N
fertilization studies suggest that growing switchgrass forasséeedstock without N fertilizer
would be impracticable (Vogel et al. 2002; Sanderson and Alder 2008; Wah@61i.0), some
other studies have found no yield response to added N suggesting thaizdtfert may not be

require for this bioenergy crop (Christian et al. 2002). Mulkey.e2806), who conducted a

study on N fertilization for a switchgrass bioenergy crop outs Dakota, recommended

applying no more than 112 kg N_%a{)nce annually to optimize biomass production.

Nitrogen fertilizer use in agricultural settings is gehligraited as one of the largest

potential sources of GHG emissions, especially if excessivéNdewvels stimulate BO fluxes

(Bouwman 1996; Bouwman et al. 2002; IPCC 2007; Robertson and Vitousek 2009). Althoug
there is a large body of work that has investigated soil GH{Ssen response to N fertilizer
addition, most of these studies have focused on agronomic crops suohnasviteat and
potatoes which are not only differently managed but also may haveediffd requirement than

switchgrass (Grant et al. 2006; Zebarth et al. 2008). To accouNt fientilizer input effects on

GHG fluxes from soil, the IPCC (1996) methodology provides-® Mmission factor as a

percentage (1.325%) of the amount of N fertilizer applied that reas dodensively used in most

life cycle assessment (LCA) studies. This emission factggests that there is a linear
relationship between N input ando® release (Bouwman 1996). Because perennial grasses
generally have extensive root systems making them moreeaffiat taking up large amounts of
soil inorganic N, NO fluxes may respond to N addition differently in perennial grassland

ecosystems than in agronomic systems where this emission &g derived. For instance, in a
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nitrogen management for switchgrass biomass production study, &togiel(2002) reported no

change in soil N level when the N fertilizer rate was lgsan 120 kg N H%\, suggesting that

below this threshold pO flux is unlikely to be persistent as the crop is taking upfathe N
added to the soil.

In the present study, | investigated switchgrass yield andstd (CO,, N2O, and CH)
flux responses to different rates of N fertilizer application, at arsitee central Upper Peninsula
of Michigan. | hypothesized that increases of JdQation into switchgrass biomass resulting

from N additions would be more than compensate the direct and in@HG emissions
associated with fertilizer production, transport and application. Aebethderstanding of
aboveground biomass production and GHG emission responses to N additidredpaiithprove

further LCA studies for this bioenergy crop.
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5.3. MATERIALS AND METHODS

5.3.1. Site description and experimental set-up

This experiment was conducted at Michigan State Universityiati@m Experiment
Station located in central Upper Peninsula of Michigan, USA (4684386°53 W), on a sandy
loam, mixed, frigid Alfic Haplorthod soil. The study area has lekkanced precipitation with
average annual precipitation of 880 mm (last 10 years). The tdoféhe study period (15 May
2009 to 14 May 2010) was 575 mm. Daily minimum winter temperaturesagigriall down to
—-18°C or lower and there is a mean of 91 d frost free and averagel amaxianum and
minimum temperatures of 11 and -3°C, respectively (Eichenlaub et al 1990)

The plant material that | used in the present study was gésh variety “Cave In
Rock”; selected because of its ability to grow on marginal lamds, yield potential ease of
processing after harvest (Varvel et al. 2008), high quality okfsefbr heating or electricity
generation and good conversion efficiency (McLaughlin et al. 199@&red¥er, because
switchgrass is a perennial crop, it does not require annual seeding tllage (Sampson et al.
2000).

The experimental field measured approximately 1.5 ha (200 m loB@/inlirection and
150 m wide in NS direction). Prior to beginning of the experimentfigiheé had been used for

silage corn production for the past 30-40 years. Preparatiewitthgrass establishment began

on 10 June 2008 when the area was sprayed with 2.Bllohglyphosate and 2.5 L of 2-D ester

herbicides. The field was no-till planted on 23 June 2008, and the planting was perifoBe3

cm row spacing 1.3 cm deep, at a seeding rate of 22.41‘(@4@% of pure live seeds). The area

was sprayed again on 27 June 2008 with 2.5 E b& Atrazine 4L (pre-emerge herbicide).
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Biomass was not harvested in 2008. On 1 June 2009, the field was sprayed with a combination of

dicamba and atrazine at a rate of 2.5 [1Har each herbicide. The switchgrass fertilization

treatment was started in the spring of 2009. The experimerd veaslomized block design with

treatments consisting of 3 levels of N fertilizer as ureaO4); replicated six times. The N
. - -1 -1
fertilizer treatments used were NO = 0 kg NlhaISO =56 kg N haand N100 =112 kg N ha

Treatment plots were fertilized on 4 June 2009. Biomass wasriegshanically harvested and

baled on 11 November 2009.

5.3.2. Field measurements of direct GHG emissions

Field data collection started on 5 June 2009, a day following fertiipplication and

continued until 4 May 2010. To measure emissions of, 330 and CH, | used one static non-

vented bucket chamber (N°2 high-density polyethylene plasticical.ét.S. Plastic Corp.) per
plot. The buckets used to design the chamber measured 26.2 cm in diametechambers
consisted of bases driven 10 cm into the soil and gas tight bield fiith rubber septa to sample
the approximately 10 L of headspace volume. To keep the chambehéating up during the
sampling period and altering GHG fluxes, foil covered bubble wrape(wWetater blanket) was

glued to the outside of the chamber. Aboveground vegetation in each chaadhelipped

immediately prior to sampling in order to avoid respiratory danof CGQ from aboveground

plant parts. Removing plants from the chamber was performed totkelygoblems associated

with subtracting the fraction of the GQelease originating from the aboveground vegetation

which is not taking into account when calculating global warmingnpiele Gas samples were

collected from the headspace between 10.00 and 15.00 h to minimize charspis GHG
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fluxes associated with diurnal cycles. Headspace gas samplesl() were drawn using a 10
mL syringe at 0, 20, 40 and 60 minutes following chamber closure, amdntheediately over-
pressurized to pre-flushed 5.9 mL flat-bottom exetainer vialsbgha Unlimited,
Buckinghamshire,U.K.). After each sampling event, chambers mered to a new location,
about 5 m away from the previous location, and left uncovered until thedperhen gas
samples were being collected on the next sampling date.

The concentration of C£ No>O and CH in the headspace gas samples were determined
using a Gas Chromatograph (GC-2014, Shimadzu Corporation) equipped witbretapture
and flame-ionization detectors. Gas flux measurements wererpedavery 2-3 weeks, except
during the winter period when the ground was continually covered with.shawatal of 12
sampling events were captured over the course of this one yeangatiest of which 10
samplings were made in 2009 (5 and 25 June, 9 and 29 July, 10 and 25 Auguptetth&e 5

and 27 October and 13 November ) and two samplings in 2010 (3 March and 5 May).

5.3.3. Soil sampling and analyses
| used 3.8-cm diameter PVC soil corers to take a 10-cm deegoseiin close proximity

to the gas flux chamber at each sampling period. Gravinmatisture content was determined

from field-moist soil after oven drying at 105 for 48 hrs. Soil volume was calculated based on
the core size. Soil bulk density fBn mg m_3) was determined by dividing the oven-dried
weight by soil volume after correcting the volume and weighgfavel contents in the sample.
Total porosity was determined as (1p B PD'l) where B is soil particle density assumed to be
2.65 mg rﬁ?’. The ratio of volumetric soil water to total porosity was usedalculate soil

water-filled pore space (WFPS).
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Soil samples collected at each gas sampling point were asbfois determination of

NH4+-N and NG -N concentrations after extracting the soil with 2 M KCL (Bxtractant to

soil ratio) and analyzing extracts spectrophotometrically. [@dilvas measured (in a mixture of

soil and 0.01 M Ca@) from air-dried soil with a Corning pH Meter 430 (Corning Incorpexstat

Science Products Division, New York, 14831). Total C and N contentsdeéeemined on the
same soil samples by dry combustion with an elemental andlyioetel ECS 4010, Costech

Analytical, Valencia, CA).

5.3.4. Plant sampling and analyses
Switchgrass aboveground biomass was sampled on 27 October 2009. Standing

aboveground biomass was sampled by randomly placing two 50x50 cm quadgathiplot.
Aboveground biomass samples were manually cut to a stubble height @ini2wd all leaves
and stems produced were collected, and a subsample was taken dlosaegle for moisture
content determination after oven-drying at €5 for 48 hrs and weighing. All yields are
expressed on a dry weight basis. The aboveground subsamples wemrdcHiophy ground with
a mini-ball mill for C and N analysis. From the ground sampiéser sub-samples of 500 mg
were acid-digested (4.5 mL of concentrated 70% nitric acidgtemental (P, K, Mg and Mn)
analysis (ICP-AES). Additional subsamples of about 2.5 mg werd imetotal C and N
determination by combustion using an elemental analyzer (Mod&8 ETL0, COSTECH

Analytical, Valencia, California, U.S.A.).

5.3.5. Indirect GHG emissions and C sequestration
In this study, an attempt has been made to estimate indir¢Gt €nission associated

with switchgrass bioenergy production. By indirect GHG emissionstel to non-soil related
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GHG release prior to, and during farming processes, includmeggg use during farming,
biomass harvesting and transportation, as well as fertilizepesittide manufacturing and use.
Greenhouse gas emissions during feedstock transformation and poweatigenare not
considered here. Farming energy and chemical use for growibhchgrass was based on the
Greenhouse gases, Regulated Emissions, and Energy use in Traiosp@REET) default
values (Wang 1999; Wu et al. 2006). The energy and emissions valueiertibzer
manufacturing and transportation used in this study were obtainedWiamg et al. (2003) and

Wells (2001). Carbon dioxide emissions associated with urea, herbizidaree production are

3.0, 0.4 and 16.2 kg Cper element or active ingredient. | assumed that about the aawunt

of CO, will be release during distribution/ transportation of these chésnioathe farm. Fuel

consumption data for farm activities were derived from Boneletl999 (e.g. fertilizer

spreading, herbicide application and liming = 3 [1heli1arvesting =6L HZ:BL.) and the IPCC

(1996) carbon emission factor of 74.07 Mg of 13 for the CQ emissions associated with

farm activities. Because nutrient run-off or leaching data fswitchgrass bioenergy crops are
unavailable, I did not include such data in this assessment. Moahjzrgrasses have a strong
ability to scavenge for soil available N and | expected NMHhea losses to be negligible in the
system. Cultivation of switchgrass on crop land leads to a signifsnil C sequestration (Liebig

et al. 2008). To account for the improvement in soil C content, | usetkthalt value (48.5 kg

COy, per Mg of switchgrass aboveground biomass) provided by Wu et al. (2006).
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5.3.6. Greenhouse gas flux calculations

Fluxes of GHGs were estimated from the concentration change ahdngber headspace
over the 60 min sampling period. | used the simplified lineahatkefor quantifying theoretical
underestimation of chamber-based gas fluxes developed by Venteled2€09). The method
takes into account the effects of chamber geometry and deployimentthe flux-calculation,
and properties of the soil and the gas under consideration. | usedititegpolation between

adjacent sampling dates (assuming that emission followed a reed during the periods when

no sample was taken) to calculate cumulative, 0O and CH fluxes during the study period.

To compare the net effect of N fertilization on GHG gas bigdf@m the different

treatments, | used global warming potential factors of 25 and 288Ilmn 100-y time horizons

for CHg and NO, respectively, to convert the soil fluxes of these two GHGsQge@ (IPCC

2007).

5.3.7. Data analysis

Chamber-based data were analyzed using “general linear mepbsted measures of

ANOVA (Minitab 15, Minitab, U.S.A.) to assess the significance toé impacts of N

fertilization, sampling date, and their interactions on the flux&3@®f N>O, andCHygy, as well as

soil available N (N@ and Nl—h+), temperature and WFPS in which sampling date was treated as

a within-subject variable and N fertilizer rate was tresdeda between-subject variable. For
measurement of biomass yield and biomass nutrient concentrationgtifecant difference
between the different N fertilization treatment was asskess/ one-way ANOVA and least

significance difference (LSD). All significances mentioned in tké dee at the 0.05 level.
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5.4. RESULTS

5.4.1. Soil C, N, pH, WFPS and temperature
Soil C content did not change with nitrogen application (P=0.417), wheodas levels

increased significantly (P=0.033) in both N50 and N100 treatments cammpahethe NO plots
(Table 5.1). Soil porosity, bulk density and pH were not affected artNiZation regimes. The
total annual (from May of 2009 to April of 2010) rainfall was 575 mmwaad much less than
the long-term average of 880 mm. There was very little raimfalune 2009. Also, the first three
weeks of September 2009 were dry (no rainfall) while the laskwé September and the entire
month of October 2009 regularly received rainstorms (Fig 5.1-@).t&mperature and soil
WFPS were unaffected by the N-fertilizer treatments.(bi@-b & 5.1-c). However, both soll
temperature and soil water content (expressed as WFPS) vamficantly (both P<0.001)
across sampling dates. Soil WFPS levels responded to rainfidinsabver the study period.
Soil WFPS measured at the depth of 0-10 cm varied between 16 to ilbh%heviowest values

recorded during the sampling dates that occurred on 25 June and 15 September of 2009.
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Figure 5.1 Precipitation and average air temperature (a), atel flled pore space (b) and
soil temperature (c) measured from switchgrass bioenerdg piots, grown
under three different N fertilization regimes, at Chatham, Ugarinsula in
Michigan, U.S.A. Black solid indicates the date for field applocatof N-
fertilizer. The black, long dashed arrow indicates date ofrilizer application
and the solid arrow indicates date of biomass harvest.
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5.4.2. Solil nitrogen availability

Soll NH4+-N did not differ between fertilized and unfertilized plots at sampling date.

In contrast, N fertilizer application caused a sharp increaseiifNOz -N levels following N
fertilization (Fig 5.2-a). For instance, during the sampling daat occurred on 25 June 2009,

NO3 -N levels were 2.3- and 2.7-fold higher (P<0.001) in plots fertilizeti 66 and 112 kg N

ha™, respectively, relative to the unfertilized plots. Similarly, onJ@ly 2009, NQ-N

concentrations were 1.6- and 2.0-fold higher (P=0.01) in plots fedilth 56 and 112 kg N
hafl. The spike of N@-N following after fertilization application was followed bysteady
decrease to the unfertilized soil level by 29 July 2009 (55 dalgsviog plots fertilization) (Fig
5.2-b).

Finally, on 5 December 2009, a 1.8-fold increase was noted in boilizddrtplots

relative to the unfertilized control. With the exception of these abuemtioned dates, NON
concentration did not differ between fertilized and unfertilized potany sampling dates. On
the other hand, nitrate level did not change and remained rélasteady in the control. N

mineralization and nitrification, measured twice (5 June 2009 and 282008) during the

growing season were not significant between treatments and data areonetrépre.
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Figure 5.2 Soil ammonium (@), nitrate (b) and total mineral)Nqencentrations measured
from 0-10 cm soil depth in switchgrass bioenergy yield plots, gnavder three
different N fertilization regimes, at Chatham, Upper PeninsalaMichigan,
U.S.A. Black solid indicates date for field application of N-feagit. Black, long
dashed arrows indicate date of N fertilizer application and thel sofow
indicates date of biomass harvest.
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5.4.3. Biomass yield and nutrient concentrations

Switchgrass aboveground biomass yield increased significanty@@s) with increased
level of N fertilizer (Table 5.2). Average biomass production emed by 1.5- and 2.5-fold in
the N50 and N100 treatments, respectively. The N concentration of learvbgimass
significantly (P=0.05) increased with increasing N ferttima (Table 5.2). Consequently,
biomass C:N ratio also significantly decreased with incngaigrtilization level. Plant tissue P,
Ca and Mg were unaffected by N addition. However, plants grown is glat received the
highest N fertilization level had significantly (P<0.01) greakerconcentration than their

counterparts in the NO and N50 treatments.

5.4.4. Greenhouse gas flux and global warming potential

Nitrogen fertilization did not significantly (P=0.519) affect|sGiO- flux as flux rates

were indistinguishable between fertilized and unfertilized treatsa However, C&® flux

significantly (P<0.001) varied with sampling date, with flux sabeing high in the summer and

lower in autumn and winter. The seasonal pattern op @ixes was similar to that of soll

temperature (Figs 5.1-c and 5.3-a). Soil Cilluxes rapidly increased in both fertilized and

unfertilized plots as soil temperature increased, peaked duringdhth of August, and then

gradually decreased to almost zero by autumn 2009 throughout spring 2010.
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Table 5.1 Selected soil characteristics measured beneatihgwaigs grown under three different N fertilization regimethén

central Upper Peninsula, Michigan, U.S.A. Data were collected on29ul2009. Treatments are: NO= 0 kg I\ilha

N50 =56 kg N ha and N100 = 112 kg N fia

Total C Total N _ : Bulk density  porosity
Treatment (%) (%) C:N ratio (g cm (%) pH
NO 1.68 (0.03) 0.136 (0.002) 12.37 (0.01) 1.17 (0.01) 56 (0) 6.49 (0.06)
N50 1.71 (0.03) 0.141(0.002) 12.10 (0.05) 1.16 (0.05) 56 (2) 6.59 (0.02)
N100 1.72 (0.02) 0.142(0.002) 12.14 (0.02) 1.16 (0.02) 56 (1) 6.60 (0.10)
P-Value 0.417 0.033 0.939 0.939 0.939 0.540
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Table 5.2 Yield and nutrient concentrations of aboveground biomass of switchgrassigoder three N fertilization regimes in
the central Upper Peninsula, Michigan, U.S.A. Treatments are: NO=0 k'(j[;I\NIS@ =56 kg N h'a1 and N100 =112

kg N ha'
Biomass
: C N C:N P K Ca Mg
Treatment Yi€ld-DM
(Mg ha') - | — (Ratio) e S ——
NO 4.83 (0.21) 46.80 (0.06) 0.55(0.03) 86 (4) 0.08 (0.01) 0.25(0.02) 0.29(0.01) 0.13(0.01)
N50 7.13 (0.42) 46.57 (0.10) 0.70(0.09) 69 (8) 0.08 (0.00) 0.25(0.01) 0.28(0.01) 0.13(0.00)
N100 11.93(0.53) 46.98 (0.11) 0.75(0.03) 63 (2) 0.08 (0.01) 0.35(0.02) 0.27(0.01) 0.14(0.01)
P-Value 0.005 0.057 0.055 0.026 0.757 0.009 0.740 0.720
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Carbon dioxide fluxes were statistically indistinguishable (a2b0.B5) between fertilized

and unfertilized plots at all sampling dates. The annual cumulsdiveCO, flux for NO, N50

and N100 treatments were 24.6, 25.3 and 26.0 Mg ﬁx} respectively. Nitrous oxide flux

rates were not significantly affected by N-fertilizationowever, the main effect of sampling

date was significant (P=0.04) whereas the interaction betwestmaet and sampling date had

no significant effect (P=0.850) onoM flux. Overall, average O fluxes from all three
treatments were very low. The highest flux rate, which oedum one of the 112 kg N hla

treatments was 15 pgoN-N m 2hr (Fig 5.3-b). There was a trend of decreasingsCH

consumption with increasing N addition; however, this was not statligtisignificant

(P=0.093). Cumulative O fluxes were in the range of 0.2 -0.3 Mg 42Q hél in the fertilized

and unfertilized plots, but overall there was no significant differeamong treatments.

Although CH; consumption tended to decrease with increasing N fertilizatidiereliices were

not statistically significant between treatments. Howeverg fkkes were significantly affected
by sampling date and the interaction between treatment amgisgrdate (P<0.001 and 0.004,
respectively) (Fig 5.3-c). The seasonal flux of {fellowed almost the same pattern as WFPS,
decreasing with decreasing soil WFPS and increasing witheasiery WFPS. Overall,

cumulative CH fluxes ranged from -0.06 to -0.07 Mg %9 hél in the following order O kg N
ha >56 kg N ha>112 kg N ha.

Overall, indirect GHG emissions associated with agricultunglut production and

transport and field preparation coupled with direct GHG emisgions soil totaled 1.0, 2.4 and
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4.1 Mg COeq hél for plots that received 0, 56, 112 kg N_]harespectively (Table 5.4).
Conversely, based on my calculation, £@xed in switchgrass biomass (above and

belowground) and in soil totaled 8.5, 12.5 and 21.1 Mggeﬁ(hél for 0, 56, 112 kg N ha,

respectively.
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Table 5.3 Total annual CON2O and CH fluxes, cumulative GHG emissions and GWP all expressed in I@@ﬁﬁl (Total +

se) from switchgrass bioenergy plots grown with three rdiffelevels of N fertilizer in the central Upper Peninsula,
Michigan, U.S.ATreatments are: NO= 0 kg N RaN50 =56 kg N ha and N100 = 112 kg N Fia

Fertilization level CO, N-O CHy g:ﬂ{gwat've GWP

NO 24427 (4019) 191 (100) -68.3 (18.5) 24550 (4137)

N50 25182 (5564) 167 (125) -62.9 (29.7) 25287 (5709) 737
N100 25801 (4724) 302 (252) -56.8 (18.2) 26047 (4995) 1497
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Table 5.4 Greenhouse gas (GHG) flows per hectare of switchrassergy field in
Northern Michigan, U.S.A. Positive figures represenb@@issions and negative
numbers are C&sequestration. Treatments are: NO= 0 kg ﬁ;H&SO =56 kg N
ha™ and N100 = 112 kg N Fa

Source/ factor NO N50 N100

Indirect emissions
Agricultural input production
- Herbicide manufacture/ transport ~ +0.320 +0.320 +0.320

- N manufacture/ transport +0.000 +0.300 +0.600
Diesel fuel for preparation of switchgrass

- Field management +0.023 +0.034 +0.057

- Harvest +0.121 +0.178 +0.238

- transport +0.580 +0.852 +1.432

Direct emissions from soil
GHG emission from soil (measured)

- CO +0.755 +1.374

- N2O -0.024 +0.111

- CHy +0.005 +0.012
C sequestration

- Aboveground biomass -8.300 -12.200 -20.500

- Saoll -0.234 -0.346 -0.579
Net GHG balance -7.490 -10.126 -16.935
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5.5. DISCUSSION

In this study, | used actual field measurements to determinet ditdG emissions, GWP and
biomass yield associated with N fertilization for a switelsgr bioenergy crop in northern
Michigan. Indirect GHG emissions due to production, transportation, use feftilizer and

machinery were derived from the literature. Overall, N fedtion had minimal impact on soil

GHG emissions. Raw data obtained from field measurements indicatéhe N50 and N100

treatments had GWP of 0.74 and 1.5 Mgﬁ@hél yr_l, relative to the unfertilized baseline.

On the other hand, N fertilization greatly stimulated)@Ssimilation into aboveground biomass

of the switchgrass crop, resulting in 1.5- and 2.5-fold increasgeloh in the N50 and N100
treatments, respectively. Taking into account the total mixct¥ites required for growing

switchgrass and transporting biomass to a processing plantesigsates indicate that growing

switchgrass on an unfertilized pastureland results in a net @gestration of 7.5 Mg Gfeq
ha™. However, fertilizing switchgrass with 56 kg Nhand 116 kg N ha increased net GHG

sequestration to 10.1 and 16.9 Mg 4£Q hél, respectively. These results suggest that

application of N fertilizer to switchgrass bioenergy plaggircan notably increase feedstock
production and GHG sequestration. This, in turn, would reduce the lancequér@d for a given
level of feedstock production, thus reducing potential conflicts witd tequired for food and

crop production, as well as avoiding additional GHG emission from land conversion.

Nitrous oxide emissions were not distinguishable between fediland unfertilized
plots, suggesting that added N was either quickly taken up byctivela growing switchgrass
plants or the site conditions did not favosONproduction or the combination of both. Although
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soil mineral N, especially N§-N, spiked in the spring immediately after N fertilization, this
increase was not accompanied by an enhancgd &mission in the fertilized plots. A day

following N fertilization, both NI{-N and NQ-N levels in the fertilized plots were
indistinguishable from the unfertilized plots. The flush of soilsN®was followed by a sharp
decrease of soil available NGN to the unfertilized plot level by 29 July 2009, demonstrating

the ability of switchgrass to scavenge available soil N (Eikal. 2006; McLaughlin and Kszos

2005). The elevated soil NON which lasted about two months following N addition in the

fertilized treatments implies that applied N must have aexb¢he ability of the plant to take it

up, at least, during that period of time, which may increase skefiincreased pO emissions.
Snyder et al. (2007) reported thagtiemissions usually occur when available soil N, especially
NO3 -N, exceeds crop demand. In the present study, however, the elevajetl Klowing N
addition was not accompanied by an increase 40 Mmissions, suggesting that soil Ha
level is not the single factor require to stimulate sepiONlux. Soil WFPS at the site was below

30% at this period and might explain why N®ux did not increase as NON increased.
Results from Schmidt et al. (2000) study on the relationship betvaglemasiables (including
WFPS) and MO flux, suggests that minimum WFPS values at which se Mux start to
increase is near 30% with highest fluxes occurring around 70% of WFPS.

In the present study, direct measurementss8 Mux suggest that the N fertilizer rate of

56 kg hél did not result in any noticeableo® flux from soil, supporting that there is no linear
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relationship between N fertilizer addition andflux for this particular system, and that there
will be a critical minimum amount of N rates above whicpONflux occurs. The highest N

fertilizer rate (112 kg h'%l) resulted in an additional 0.1Mg Géx hél as NO, corresponding to

an emission factor of 0.24% of the amount of applied N, a value 56 tower than the IPCC

emission factor.

Although the cumulative C®flux tended to increase with increasing added N, this

increase was not statistically significant. This resultassistent with Lee et al. (2007) who

studied N fertilization and harvest frequency effects op @@es in an established switchgrass

biomass crop field and found no effects of N fertilizer on soib @®ission rates. Previous N

fertilization studies have found that added N increased aboveground bigieldssut did not

affect switchgrass root biomass (Ma et al. 2000; Jung 2010), and khef lsignificant effect of

N fertilization on soil CQ flux may suggest that there was no significant increase in root

biomass due to adding N fertilizer.

Because perennial grass ecosystems are generally reporteel & small sink for

atmospheric ChH (Schmer et a2006), | expected CHflux to make little contribution to net
GHG emissions from switchgrass. CumulativeQreasured in the present study indicate that

as N fertilizer amount increases, gldonsumption decreases; however, overall fluxes were
negligible. Methane oxidation decreasing with added N is in agnmeewith Moiser et al (1991)
who reported an inhibition of CfHoxidization with agricultural management practices such as

fertilizer application and tillage. The addition of N to perenniairg@ grassland ecosystems has
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been shown to increase above-ground biomass production (Collins et al. th88pre
suggesting that perennial biomass energy crops including svagshgnay have a similar
response. In this study, increasing nitrogen fertilization lineanlgreased switchgrass

aboveground biomass yield. In fact, results of previous N fertilizatiodies for switchgrass
suggested that the highest N fertilization rate (112 kg I{D hed in the present study is within
the linear response range for this crop. For instance, using aimokstr amount of N fertilizer
(126 kg hél) Bransby et al (1998) obtained 10.4 nglhwhich is comparable to the biomass
yield achieved with the highest N fertilizer rate in thegent study. Muir et al. (2001) and
Mooney et al. (2009) also found switchgrass yields to increaseljingato 150-168 kg N H%L

Above this threshold, switchgrass yield responses to increasiediliter level start to saturate

(Muir et al. 2001; Lemus et al 2008).
In this study, application of 112 kg N _I'11aincreased tissue K concentration by 40%

relative to the unfertilized crops, suggesting that this level afltNtion must have promoted the

uptake of K by the plant (Table 5.3). Guretzky et al. (2010) also ezpogsue K increase of a

similar magnitude with comparable amount (134 kg l_\il)haf N fertilization, thus suggesting

that N fertilization of switchgrass crops may require moradglition to sustain productivity.
Tissue N concentrations of switchgrass increased in responsereéasing N addition thus

agreeing with results obtained by Elbersen et al (2001). Swatsbigrccumulated about 26.6 kg

N heil in the aboveground biomass when grown with no exogenous N added toldhe fie

Nitrogen content, however, increased to as much as 49.9 and 89% kdhba 56 and 112 kg of

N fertilizer were applied to the plots. This suggests aivelaecovery of applied N of 43% and
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56% in plots that received 56 and 112 kg Nldaring the year of application. Although, | did

not find any specific information on N recovery of switchgrassrsogy crop in the literature,
available data for common agronomic crops (e.g. Maize and wieditate that under
conventional production practices, recovery of applied N is often noegrdan 50-60%

(Bransby et al. 1998). In the unfertilized plots, assuming that beyiakl remains constant,

harvesting the biomass for energy production will remove about 26.6 Hnlerom the soill

annually which, over multiple harvest cycles, could deplete spibds if this N removal is not
replaced by application of exogenous N. Therefore, producing swashdor bioenergy in the

same field and without N fertilization may lead to yield decline over y@&&ug et al. 2001).
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5.6. CONCLUSIONS

The results of this study underscore the potential of switchgwassquester significant

amounts of C and contribute to reducing atmospherig l€@ls. Results from this study clearly

support my original hypothesis that increasedy@&ation into switchgrass biomass resulting

from N fertilizer greatly exceeds the direct and indi@EIG emissions associated with fertilizer

production, transport and application. Thus N fertilization of switdgy(of at least 112 kg N
hdl), increases net GHG sequestration and reduces the land basd teeedeet feedstock

production targets.
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This study assessed the impacts of agricultural managementg@sastich as cover cropping,

nitrogen fertilizer inputs and cultivation on soil biology, nitrogen andbararflows and soil

greenhouse gas emissions. In particular, the study first edstwes possibility of incorporating

cover crops into Fraser fir Christmas tree plantations agemmaive to the conventional use of

N fertilizer to improve and maintain soil fertility and sustdree growth. The study also

evaluated the impacts of converting pastureland to short-rotation wpogar and willow)

bioenergy systems on greenhouse gas emission from soil and nigagbhimg losses during the

establishment year. Finally, this study evaluated the efigfctd fertilization to switchgrass

bioenergy crop on yield and net greenhouse gas benefits. The reshksstiidy are useful in

designing effective strategies and policies to enhance manag@méhese production systems

of interest. My specific conclusions and recommendations are as follows:

1.

Inclusion of leguminous or non-leguminous cover crops into Fraser dduption
systems improved soil microbial properties and soil health, and camsdm: as an
alternative to inorganic N fertilizers in Fraser fir Chmss tree plantations. However, |
recommend that an economic evaluation of the costs and benefits shoolidbeted to
determine its profitability before suggesting this pradticgrowers. | also propose that a
study addressing the potential contribution of the cover crops toabibn sequestration
over the entire plantation rotation period be conducted.

The results also indicate that pasture land-use conversion taCSRd&nergy systems
contributes to a significant part of the GHG budget of thesermgstThis implies that
GHG emissions during the establishment year of any SRWC b@gesgstems should in
further be included in any LCA studies for a complete estirohteet GHG budget of

these bioenergy systems. It is also advisable that altenatdpping practices such as
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no-tillage, minimum tillage or high density tree planting thatehpotential to minimize
GHG emissions and nutrients losses should be implemented for rmst@nable
feedstock production.

. Nitrogen fertilizer addition up to the levels used in this stuadgrkedly increased

switchgrass yield with little effects on GHG emission, whatlowed offsetting greater

atmospheric C@ from fossil fuels. Nitrogen fertilization of switchgrassthis region

could reduce the land base needed for bioenergy production and recsstegmn land

required for food and forage crop production.
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APPENDICES

Table A. 1 Description of groundcover management, competition managementtaral swanagement practices at the cover
crop-Fraser fir intercropping system at the MSU'’s Tree ReseartierCe

Groundcover  Competition- Treatments Management practice
Management Year 2007 Year 2008
Cover crop seeded on 22 May 2007 at a I’atQ\pfinput from the cover crop

28 kg ha’ N input from the cover cropmowed every three to four wks;

. Strips (S) DWCS : .
Dutch White mowed every three to four wks; glyphosaf@yphosate applied twice along
Clover applied twice along the tree rows (strips)  the tree rows to maintain strips
(DWC) Cover crop seeded on 22 May 2007 at a rate of
N input from the cover crop

No strips (NS) DWCNS 28 kg hzil; N input from the cover Cropmo
mowed every three to four wks
Cover crop seeded on 22 May 2007 at a I’atQ\pfinputS from the cover crop
: 28 kg ha’ N input from the cover cropmowed every three to four wks;
Strips (S) ALFS : .
mowed every three to four wks; glyphosafyphosate applied twice along
Alfalfa (ALF) applied twice along the tree rows (strips)  the tree rows to maintain strips
Cover crop seeded on 22 May 2007 at a rate of

. - : input from the cover cro
No strips (NS) ALFNS 28 kg hal; no N input; Cover crop mowe owgd every three to fourwksp
every three to four wks
Cover crop seeded on 22 May 2007 at a rateN§ N input; Cover crop mowed

16 kg hzil; no N input; Cover crop mowecevery three to four wks;

Strips (S) PRGS - Qlvoh lied twi I
Perennial Rye every three to four wks; glyphosate appli€dlyphosate applied twice along
twice along the tree rows (strips) the tree rows to maintain strips

Grass (PRG) Cover crop seeded on 22 May 2007 at a rate og N inbut: Cover cron mowed
No strips (NS) PRGNS 16 kg hzil; no N input; Cover crop mowe very thrr)ee’ to four wksp
every three to four wks

wed every three to four wks

Nitrogen fertilizer applied once
Conventional Bare ground CONV No nitrogen fertilization at a rate of 50 kg N ﬁ%ﬁs
ammonium sulfate
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Table A. 2 Description of cultural management practices applied at Skaitidia yield trial
during the first year of the plantation establishment at Skandia, in Upper
Peninsula of Michigan, USA

Date Management Pesticide
5/23/2009 Weed Control glyphosate
5/31/2009 Weed Control

6/12/2009 Weed Control

6/18/2009 Weed Control Simazine
6/18/2009 Planting

6/18/2009 Weed Control Goal
7/13/2009 Fencing

10/20/2009 Coppice Cutting
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Table A. 3 Description of cultural management practices applied at Skahdid poplar
yield trial during the first year of the plantation establishment at Skaimdi
Upper Peninsula of Michigan, USA

Date Management Pesticide

5/23/2009 Weed Control glyphosate
5/31/2009 Weed Control

6/12/2009 Weed Control

6/16/2009 Planting

6/17/2009 Weed Control Pendulum Aqua Cap
6/17/2009 Weed Control Scepter

7/13/2009 Fencing

9/2/2009 Weed control
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