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ABSTRACT

ORGANIC NITROGEN FERTILIZERS INFLUENCE NUTRITIONAL VALUE, WTER USE
EFFICIENCY, AND NITROGEN DYNAMICS OF DRIP-IRRIGATED LETTUCEND SWEET

CORN

Farmers usually rely on off-farm sources (fish emulsionh&gatneal, blood meal) for the
additional N needed during the growing season, and they aiggwidl pay the extra shipping cost.
However, there is another fertilizer option being developedcthald allow farmers to produce N on-
farm, which is cyanobacteria, formerly knowns as the bluengaleme. The general objectives of this
study were to assess effects of organic N fertilizer agjgitand N rates on nutritional value, water use
efficiency, N dynamics of sweet corn and lettuce. A fwar field study was conducted in the summers
of 2013 and 2014 at the Colorado State University HorticuResearch Center, Fort Collins, CO. The
fertilizers used in this study were blood meal, feather misleimulsion, and cyano-fertilizer. Both fish
emulsion and cyano-fertilizer were supplied in four split apfiims over the growing season through
drip irrigation, while the blood meal and feather meal veefesurface banded prior to planting. Lettuce
and sweet corn were used as an indicator to evaluatetf organic nitrogen (N) fertilizers on
nutritional value, water use efficiency, and N dynamiEke aims of this study were to evaluate the
effect of different types of organic N fertilizer on nutritional value; B-carotene, iron (Fe), zinc (Zn),
marketable yield, water use efficiency (WUE), residual s@§MNN, N content, and N use efficiency
(NUE) of horticultural crops, particularly lettuce and stvaan.

All fertilizer treatments in 2013 increased B-carotene concentration in leaf tissue compared to
control, while only fish emulsion had a higtfiecarotene concentration compared to other treatments in
2014. The high indole-3-aceticid (IAA) applied in the fish emulsion treatment could have increased f3-
carotene concentration in lettuce in both years. Amoutfisfapplied in the fish emulsion treatment was
positively correlated with 3-carotene concentration in both years. A significant negarrelation was



found between marketable yield and f-carotene concentration in leaf tissue in 2014. High saliegid
(SA) applied in the cyano-fertilizer treatment hadghhbr total leaf area compared to other fertilizers in
both years.

In lettuce, the blood meal treatment had a lower leadittl Zn concentrations than other fertilizer
treatments at 112 kg N haThe cyano-fertilizer treatment hadigher leaf Fe concentration at 56 kg N
ha. Leaf N concentration was positively correlated with Lieafand Zn concentrations. Amount of NO
-N applied in organic N fertilizers was negatively catetl with leaf Fe concentration. The cyano-
fertilizer, fish emulsion, and blood meal treatments imseel Fe concentration in sweet corn compared to
feather meal. Amount of NON, Fe, and Zn applied in organic N fertilizers were posly correlated
with kernel Fe concentration, while amount of J4Ml applied was negatively correlated with kernel Fe
concentration. There was no N rate or treatment aeffeé@af and kernel N concentrations in sweet corn.

The amount of phytohormone, Ca, and Fe applied in orgaféctiNzers may have affected field
water use efficiency (fWUE)nstantaneous water use efficiency (iIWUE), kernel number|esi gas
exchange components of sweet corn. Cyano-fertilizer appabemtha higher WUE, likely due to the
high amount of SA applied. A positive relationship was obsepetaeen the amount of SA applied with
IWUE and fWUE.The amount of Fe applied in organic N fertilizers hgmbsitive correlation with leaf
VPD and transpiration rate. The amount of Ca applieddrfeather meal treatment may have contributed
to increasing leaf temperature and decreasing net photesigntate. The amount of NHN and Ca
applied in the feather meal treatments were negativetglated with both iWUE and fWUE.

N rate effect was only observed in lettuce marketable giettNUE in both years. Blood meal
and feather meal fertilizers with higher percentage aphlied as N@-N compared to other fertilizer
treatments had higher residual soil N&N concentration in 2013. Greater residual soilN®Owas
observed in the 0-30 cm depth compared to the 30-60 cm depth inQ@ahic growers could achieve
higher marketable yield and NUE when applying fertilizers asraetween 28 kg N Haand 56 kg N ha
compared with 112 kg N Haln sweet corn, the feather meal and fish emulsion tesasrhada higher
residual soil N@-N compared with other treatments. The fish emulsion, cyamibzier, and blood meal



had a higher leaf and kernel N contents and NUE comparbdasither meal at 56 kg N fiaThe cyano-
fertilizer treatment had higher marketable ear yield and NUE compared with othatnents at 112 kg
N ha'in 2014.

The amount of C inputs and crop species may have adfecti permanganate oxidizable carbon
(POXC) concentration in a single season study. Soil POXCeotration was higher in the cyano-
fertilizer treatment compared to the control treatnresiveet corn, while the opposite trend was found in
lettuce. Depth effect was observed in soil POXC concortrat 0-30 cm compared to 30-60 cm in
lettuce. Soil POXC concentration was higher at 112 kg Ncempared to 56 kg N Han sweet corn, but
there was no N rate effect in lettuce. Greater soil POX@entration and marketable ear yield of sweet
corn were observed in the cyano-fertilizer treatmentpzoed to others at 112 kg NhaDverall, our
results indicate that organic N fertilizer, particulanaoo-fertilizer influenced soil POXC concentration

over a short-term growing season of horticultural crops.
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OVERVIEW

Nitrogen (N) is one of the most limiting nutrients in agriatdi systems, especially in certified
organic vegetable crop production. There are two main clagdésertilizers, which are solid and liquid;
solid fertilizers are often incorporated into the seildye planting, while liquid fertilizers are generally
applied season-long through irrigation. Organic agriculturesrbeavily on fertilizers from off-farm
sources such as fish emulsion, blood meal, feather meal, apdstoim meet crop N demand (Gaskell et
al., 2006).

Blood meal is a byproduct of slaughterhouse waste and processddéat powdered forms.
Blood meal contains high available forms of N® (Rosen and Allan, 2007). Organic zucchini, leeks,
and turnips treated with blood meal have shown increases ithgaow yield (Termine et al., 1987,
Mousa, 2004).

Feather meal has been used as a N fertilizer in sweetlcawson et al., 2012) and field corn
(Monem et al., 2014). Feather meal is a byproduct of the panttagtry and consists of 90% keratin,
which is an insoluble protein (Gessesse et al., 2003). Kasatésistant to rapid degradation by soil
microorganisms due to its structural rigidity (Mazottolget2011), which classify feather meal as a slow
release N fertilizer.

Fish emulsion is derived from processed fish waste and is ushillyed long distances in a
concentrated liquid form. Emino (1981) found that fish eroulsieated tomato and pepper plants were
larger due to the complex composition of amino acids and haeids of fish emulsion. Decomposition
of organic N in fish emulsion also releases humicsathidt lead to the production of auxin substances
(Trevisan et al., 2010). In a study conducted by Balraj €2@14), xylem vessels of fish emulsion treated
eggplants had a wider and more circular structure dtleetpresence of auxin, particularly indole-3-
acetic acid (IAA). Auxin in the form of IAA has also eassociated with increased growth and yield in
grapes and wheat (Wang and Li., 2007; Agami and Mohamed, 2013).
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These organic fertilizers are produced off-farm anccanemercially available throughout the
United States. Farmers usually rely on off-farm sourceth®oadditional N needed during the growing
season, and they are willing to pay the extra shipping costewthere is another fertilizer option
being developed that could allow farmers to produce N an;fay growing cyanobacteria, previously
known as blue-green algae, for application through fertigation.

Cyanobacteria have great potential as a N fertilizertduteeir ability to fix N from the
atmosphere using the nitrogenase enzyme and to fu€i@g vegetative cells (Wolk, 1996).
Cyanobacteria (cyano-fertilizer) can be produced in g@thg@onds on-farm, thus reducing the costs and
risks associated with relying on off-farm sources. By producyago-fertilizer on-farm, organic growers
could have better control of fertilizer application timmgtheir crops.

Different organic N fertilizers possess different bioclwainproperties. Organic N fertilizers
contain phytohormones such as IAA and salicylic acid (SA). Phytaodroes, particularly IAA and SA
play a significant role in stimulating plant growth and depient (Rodgers et al., 1979), enhancing
carotenoid biosynthesis, and increasing B-carotene concentration in wheat, mung bean seedlings
(Moharekar et al., 2003), and tomato (Srivastava and Ha08®), regulating plant-water relations
(Kang et al., 2012; Gururani et al., 2015), increasing wegerefficiency (WUE) in rice, mustard, and
corn (Yusuf et al., 2008; Nazar et al., 2015), and influencengrfel Zn uptake in plants (Rubio et al.,
2009).

Most studies on N fertilization have focused on agronomic crops asimgentional fertilizers and only
few studies have been conducted on organic horticultural droghss dissertation, horticultural crops
such as lettucd_actuca sativa) and sweet corrZga mays) were chosen to reflect responses towards
organic N fertilizer application over the growing seasons of 26ii32a14.

Nutritional Value

Lettuce is rich in micronutrients, including Fe and Zn (Pilaigd Jonnalagadda, 2007; Itanna,
2002). Lettuce has a shallow rooting zone (Knight et al., 2013 @ategorized as a ‘Strategy I’ crop
that releases organic acids from its roots to accelerateatisocation of solubilized Fe to shoots in
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response to Fe deficiency in calcareous soil (Zocchi et al., 2@Weget corn is one of the most
consumed vegetables for its nutritive value, including Fe an®[@nts in the family Graminaceae, such
as sweet corn, use strategy Il to increase soil Fe aviildhjl secreting siderophores in response to Fe
deficiency in calcareous soil (Romheld, 1987)

Calcareous soils contain free calcium carbonate and alkalihevels 7, which reduce inorganic
forms of Fe and Zn for plant uptake. Fe and Zn deficiengiptaint tissues are important micronutrient
disorders in calcareous soils (Shenker and Chen, 2005). Micronmaémitrition is very common
among women and preschool children caused mainly by low dietakginf micronutrients, especially
Fe and Zn (Bouis, 2003). Synergistic relationships have beervelddsetween N fertilizer application
and micronutrients in plant tissue. N fertilizer playsraportant role in root uptake, shoot transport, and
translocation of Fe and Zn in wheat (Cakmak et al., 2Rifnan et al., 2010). N has been reported to
increase Fe and Zn contents in sweet corn (Oktem et al., 20d@heat (Cakmak et al., 2010; Aciksoz
et al., 2011; Barunawati et al., 2013).

An estimated two billion people suffer from Vitamin A, B&d Zn deficiencies in the world,
causing a loss of 63 million lives annually (Humphrey etl®92; Tulchinsky, 2010). The primary
source of B-carotene comes from agricultural products. Leafy green vegstplaly an important role in
the human diet, particularly, to meet the dietary requémg of vitamin A. Green leafy vegetables, such as
lettuce, are one of the most important vegetable types codsamew form for its nutritive value,
including B-carotene (Khoo et al., 2011). One of the main methods shown to increase 3-carotene
concentration in plant tissue is by adding fertilizers. N fertilizers have shown positive impacts on [3-
carotene in leafy vegetables (Mozafar, 1993; Demmig-Adarak, €t996). Inorganic N forms of N
fertilizer influence B-carotene concentration in leaf tissue. Virginia (2001) regdrtat low NH"-N:
NO;-N ratio decreases f-carotene concentration in leaf tissue.

Water Use Efficiency

Different sources of N can influence WUE. WUE can be medsumerarious scales from the

leaf to the field (Sinclair and Ludlow, 1984). Field water effieiency (f'WUE) is defined as the yield

3



produced per unit of water used, and instantaneous wateffioeney (WUE) is defined as net
photosynthetic rate per unit of water loss, which can besored using a leaf gas exchange approach
(Bunce, 2010). Colorado receives less than 50 cm of pre@piia¢r year, and drip irrigation is one of
the practices that reduce water use and increase efficdémater use (Doerge et al., 1989). Adoption of
drip irrigation systems has reduced water consumption in ttbatial crop production. Drip irrigation
coupled with fertigation provides controlled application of wat®l fertilizer by supplying water and
nutrients near the crop roots.

Nitrogen Dynamics

Choosing forms, rates, and methods of organic N fentitzensure efficient use of N and
optimize marketable yield and N use efficiency (NUE), whilaimizing potential N loss to groundwater
is critically important. Post-harvest residual soil \\Dis affected by N rate, timing of application, and
precipitation. Improper management of N fertilizers cartamoimate groundwater with NON (Aneja et
al., 2003). Optimizing NUE is important to reduce N® losses to groundwater and to supply an
adequate amount of plant-available N needed for crops (pHtristensen, 2001).

Labile carbon (C) is often correlated with the amourglaft-available N in the soil (Ford and
Greenland, 1968). Total soil C and N, soil OM, and soil org@ramalyses are generally not sensitive to
N management practices. Permanganate oxidizable carbon (HOX@)ethod that can quantify
biologically labile C and is sensitive to N fertilizer mgaeent using potassium permanganate (KWnO
which is an oxidizing agent, which has been found to neglctthe labile C pool (Blair et al., 1995).

Many studies have been conducted on N response of crops to dagtliers, but none of them
have compared cyano-fertilizer with commonly used off-farganic N fertilizers (blood meal, feather
meal, and fish emulsion). In this study, commonly used orgaiféctiNzers in Colorado were evaluated
for their impact in lettuce and sweet corn. There istamakure dealing specifically with the relationship
between how inorganic N forms and phytohormone concentratioesgtilizérs affect nutritional
properties, marketable yield, WUE, leaf gas exchange componesitkjal soil inorganic N, soil POXC,

and NUE of horticultural crops.



This dissertation consists of a two-year field study at th#i¢ddture Farm Research Center,
Colorado State University. Four sections were covered reggtiae influence of organic N fertilizers on
B-carotene, Fe, and Zn nutrition; WUE; residual soil inorganiesd soil POXC of lettuce and sweet
corn. In section I, the objective was to evaluate f-carotene content in lettuce under field conditions
(Chapter 1). In section Il, the objective was to investigifeets of organic N fertilizer sources and rates
on accumulation of Fe and Zn in lettuce (Chapter 2) andtswee (Chapter 3) under field conditions.
The objective of section Il was to assess whether inordgdficms in organic N fertilizer on WUE and
leaf gas exchange components of drip irrigated sweet corn figldetonditions (Chapter 4). The
objective of section IV was to determine any relationships aragganic N fertilizers and N application
rates on residual soil inorganic N and NUE of lettuce (Chd&jtand sweet corn (Chapter 6), and soll

POXC concentration of lettuce and sweet corn (Chapter 7 fistteconditions.
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CHAPTER 1. PHYTOHORMONESIN ORGANIC NITROGEN FERTILIZERSINFLUENCED
B-CAROTENE CONCENTRATION AND MARKETABLE YIELD COMPONENTS OF

LETTUCE

1.1 Introduction

Most carotenoids are present in the chlorophyll-protein complegse main functions are light
harvesting and photoprotection (Tobin and Silverthorne, 188&rotene is one of the important plant-
derived carotenoids, which is a precursor to vitamin A (Raamal Rodriguez-Amaya, 1987). An
estimated two billion people suffer from Vitamin A defiagrglobally (Tulchinsky, 2010). Vitamin A
deficiency can result in blindness and premature death (Mayne, 1996).

The primary source of B-carotene comes from agricultural products. Leafy green alelgstplay
an important role in meeting the vitamin A requiremarthe human diet. Green leafy vegetables, such as
lettuce, are one of the most widely consumed vegetables iforawKhoo et al., 2011). Itis well
known that fertilizers can improve the nutritional quality ofetables (Somers and Beeson, 1948;
Maynard, 1956; Eppendorfer, 1978; Poulsen et al., 1995). Maximizgagiornitrogen (N) fertilizer use
for horticultural produce, could be achieved by selectingrgN fertilizer source to meet crop yield
and nutritional requirements.

N is one of the most limiting nutrients in agricultural systeaspecially in certified organic
vegetable crop production. Organic agriculture relies heanifertilizers and soil amendments from
off-farm sources such as fish emulsion, blood meal, feathetr omeapost, and animal manures to meet
crop N demand (Gaskell et al., 2006). There are two mpéastgf N fertilizers, solid and liquid. In
organic agriculture, solid fertilizers are often incogied into the soil before planting, while liquid
fertilizers are generally applied season-long through ifagat

Most organic N fertilizers are rich in slow-releasing oigah In a study conducted by Hartz and
Johnstone (2006), blood meal and feather meal were found to havevethdf organic N. While these

11



organic fertilizers are commercially available, manyh&im are produced off-farm and distributed widely
throughout the United States. Fish emulsions are usually shippgdiistances in a concentrated liquid
form. Farmers usually rely on off-farm sources for the additibhneeded during the growing season and
they are willing to pay the extra cost of shipping heavy ligardgsind the United States due to the
relatively fast-acting effect of fish emulsion. Howeverréhie another fertilizer option being developed
that allows farmers to produce N on-farm, which is cyanoliacigreviously known as blue-green algae.

Cyanobacteria have been documented as a source of Néeiitilirice paddies as early as the
1970s (Roger and Kulasooriya, 1980). Cyanobacteria have the abfiityN, from the atmosphere using
the nitrogenase enzyme (Wolk, 1996), and they have great pbastil fertilizer due to their
phototrophic ability to fix CQusing vegetative cells. Cyanobacteria also contain f-carotene pigments on
their membranes (Stransky and Hager, 1970; Hertzberg et al., 1&8&ichi and Mochimaru, 2007).

It was reported that cyanobacteria secretes a natunaldioauxin, indole-3-acetic acid (IAA)
(Prasanna et al., 2012). Srivastava and Handa (2005) regwatddA regulates carotenoid biosynthesis
and increased B-carotene concentration in tomato. To date, no literatnreyanobacteria excretion of
salicylic acid (SA) or the importance of SA in orgafatilizers exists. Most studies conducted on SA
applied to plants evaluated foliar application of SA. Garoid concentration in leaf tissues increased
with an increased amount of SA applied to wheat or nugag seedlings (Moharekar et al., 2003) and
Arabidopsis (Rao et al., 1997) due to SA induces carotenoid biesym (Moharekar et al., 2003). SA
can enhance plant resistance to environmental stress, suchiag linda et al., 1999).

Fortification of horticultural produce, leafy vegetablepanticular, using fertilizer could be one
of the options for improving the nutritional value of humagtsl{Neeser et al., 2007) and nutritional
value of the produce itself (Stefanelli et al., 2010). Nliizets have been shown to increase the
concentrations of B-carotene in potato and tomato (Mozafar, 1993; Demmig-Adzrak, 1996).

Inorganic forms of N, such as nitrate-N (N®) applied in the fertilizers have a significant role in
influencing B-carotene concentration in plant tissue. Virginia (2001) teddhat lettuce accumulates
high NG;-N in leaf tissues. N fertilizer applied in forms of BIX resulting in decreased B-carotene
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concentration in leafy vegetables, which was due to the toxprocess during NON assimilation in
leaf tissue (Booth et al., 1992).

Other macronutriest in fertilizer, such as thamount of calcium (Ca) applied affect B-carotene
concentration in leaf tissue because Ca is the main wangtin carotenoid biosynthesis (Goodwin,
1980 Mou, 2009; Kopsell et al., 2013). In general, high Ca: Mg ratio in the fertilizer increased -carotene
concentration in leafy vegetables and was a reliable indioatwop response to nutritional quality
(Jarvan and Poldma, 2004). Umeno et al. (2005) found thatIGaricéd carotenoid cleavage enzymes
in carotenoid biosynthesis of lettuce. However, it is unknownveneirganic N fertilizer source with
different Ca: Mg ratio could influence B-carotene concentration in lettuce because p-carotene
concentratiogs of lettuce vary across species and genotypes (Mou, 2005).

Therefore, this study was conducted to compare the effectferedt types of organic N
fertilizer on B-carotene concentration and lettuce marketable yield commofreatketable yield and total
leaf area). In this two-year field study, organic N fiztrs in northern Colorado were compared with
cyanofertilizer to evaluate the B-carotene concentration and marketable yield componentduafdeWe
hypothesized that (i) either high IAA or SA applied in tilizers wouldincrease B-carotene
concentration and influence marketable yield component$jdh) amount of Ca applied in organic N
fertilizers wouldincrease B-carotene concentration, and (i) high N@I concentration in the fertilizer

would decrease p-carotene concentration.

1.2 Materials and Methods
1.2.1 Experimental site

Field experiments were carried out on organically-cedifand at the Colorado State University
Horticulture Research Center (CSU HRC), Fort Coll@®. Previously, the field area was planted with
winter cover crops of ryeSgcale cereal) and turnipsBrassica rapa). The experimental sitie in a semi-
arid zone with clay loam soils. The soil at the researehngt classified as a fine, smectitic, mesic Aridic
Argiustoll of the Nunn series (NRCS, 1980).
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1.2.2 Sail analysis

Soil samples were collected to a depth of 30 cm from ageptative area of the field (15 m x 30
m) and analyzed by the Soil, Water, and Plant Testing Luadvgrat Colorado State University. Particle
size distribution was determined using the hydrometer method based on Stoke’s law (Gee and Bauder,
1979). Chemical analyses included soil pH and electrical ctiniiu¢EC) measured in the supernatant
suspension of 1:1 soil to water using a Mettler Toledo pH/EC rfighermo Fischer Scientific,
Waltham, MA). Cation exchange capacity (CEC) was deternbgeimmation of the exchangeable
bases (C&4, K*, Mg*, Na") plus hydrogen (B using ammonium acetate (1N MEH50,, pH 7.0) as
described by Hajek et al. (1972). Organic matter (OM)ardntvas determined by loss on ignition (Blume
et al., 1990). Soil inorganic N (NAN and NQ-N) was extracted using 2M KCI, and the filtered extract
was analyzed using an Alpkem Flow Solution IV Auto AnalygdrAnalytical, College Station, TX).
Phosphorus (P) was extracted with 0.5M sodium bicarbonate (Ngt$Gl0tion, which was developed
by Olsen et al. (1954). Major cations (K, Ca, and Mg) andanigrients (Fe and Zn) were extracted with
ammonium bicarbonataliethylenetriaminepentaacetic acid (AB-DTPA) (Jones, 2001) aaigzed
using a Perkin Elmer Inductively Coupled Plasma/Optical EnmnisSpectrometer (ICP-OES) (Perkin
Elmer, Waltham, MA) (Table Al).
1.2.3 Experimental design and plot layout

Treatments consisted of four different types of N fertilinetuding control (no fertilizer)
arranged in a Randomized Complete Block design with fqlicegions. The plot size for each treatment
was 76 cm x 457 cm. The whole experimental plot area wasx130ym.
1.2.4 Planting materials

The certified organic seeds of ‘Concept’ lettuce (Johnny’s Selected Seeds, Waterville, ME) were
planted in 72-cell trays containing a well-mixed Sunshioneganic potting soil mix (SunGro
Horticulture, Agawam, MA) in the first week of May 2013 d@hd first week of May 2014. All seeds
were started at the Plant Environmental Research Center’s (PERC) greenhouse facility on the Colorado
State University (CSU) campus. After four weeks, seedlings tansplanted to the field.
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1.2.51rrigation

Two lines of John Deere® drip tape (Deere & Co., Moline, Ilthwiflow rate of 125 L hotir
100 m' were stretched across each bed spaced 30 cm apart wiible teader in each plot. Water was
applied daily at 08:00 to 08:30 using an automated drip irrigagistem. The drip system used for this
study comprised of laterals (15 mm diameter) with a spaifiB§ cm between inline emitters. Irrigation
was applied at 08:00 for 15 min dagt the initial stage and was changed to 30 mift @y later stage.
Irrigation was applied twice per day in 2013, once perinl@@14. The amounts of precipitation and
irrigation water applied over the growing seasons are presieniedble A2. Weather data was obtained
from a nearby CoAgMet weather station (http://www.coagroketstate.edu/).
1.2.6 Fertilizer treatments

The fertilizers compared in this study were liquid ferétis [Alask& fish emulsion (Planet
Natural, Bozeman, MO) and cyano-fertilizer grown on-sited solid fertilizers [blood meal and feather
meal (Down To Earth Inc., Eugene, OR)]. The N-fixing cyantdyé (Anabaena sp) were cultured from
local soils and inoculated into nutrient- supplemented raceaegording to the method of Barminski
(2014).
1.2.7 Methods of fertilizer application

Fertilizers were applied at 56 kg N*hm 2013 and 2014. Both the fish emulsion and cyano-
fertilizer were in liquid form and were supplied in faplit applications via fertigation over the growing
season. The irrigation was cut off the night before anygfitn treatments. Cyano-fertilizer was
pumped directly from production raceways into the drip iridgasystem using a Flotec® sump pump
(Flotec Water, Delavan, WI). Fish emulsion fertilixesis mixed into watering troughs and applied
directly into the drip irrigation using the same pump aftendpflushed with water. The analysis of water
used for irrigation and fertigation is presented in T&bl€he blood meal and feather meal were in dry
powdered form and incorporated into the soil prior to plantiBpod meal and feather meal were applied

6 cm from the rooting zone in a band 6 cm deep using a hoe. Thatsnod water applied via fertigation
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in the fish emulsion and cyano-fertilizer treatments vedse applied in the blood meal and feather meal
plots, so that all plots received equal amounts of water.
1.2.8 Fertilizer analysis

All fertilizer samples were sent to the Soil, Waterd &tant Testing Laboratory at CSU and
analyzed for N, P, K, Ca, Mg, Fe, and Zn (Table 3alilzer samples were digested with nitric acid
(HNOs) and hydrogen peroxide £8,) Major cations (K, Ca, and Mg) and micronutrients (Fe and Zn)
were analyzed in the digests using a Perkin Elmer Inductivapled Plasma/Optical Emission
Spectrometer (ICP-OES) (Perkin Elmer, Waltham, MA). InoigdN concentrations and nutrient ratio in
organic N fertilizers (Table A3b) and amount of Ca, Mg, &d Zn applied inorganic N fertilizers was
calculated (Table A3c).
1.2.9 Phytohor mone analysis

Phytohormone analyses were conducted at the Proteomics artwbMetizs Facility, CSU. IAA
and SA were found to be quantified without interfereficable 4). Fertilizer samples were adjusted to
pH 7.0 with 1 N NaOH and extracted three times with wasturated n-butanol followed by vacuum
drying (Pan et al., 2010). The extracts obtained were filttredigh membrane filters (pore size 0.45
um). Supernatants were harvested by centrifugation at 5,20®6 minutes at . Supernatants were
homogenized in liquid nitrogen using a cold mortar and pestiCafl4e resulting supeRnatant was
extracted using 80% methanol containing 10 mdltylated hydroxytoluene af@. Samples were
methylated with diazomethane and dissolved in heptane. Gasatbgraphy-mass spectrometry (GC-
MS) analyses were performed according to Edlund et al (19@3)unt of phytohormone applied over
the growing season was calculated from the concentration (Adb)e
1.2.10 M easur ements
1.2.10.1 Marketableyield and total leaf area

Harvesting was done 39 days after transplanting. Brown leavestiharvested lettuce heads
were stripped and removed to obtain a marketable yield aigth@ct The total leaf area per lettuce head
was measured using a LICOR-3100 leaf area meter (LI-COR, Lind&nafter the harvesting process.
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1.2.10.2 p-car otene extr action

Marketable lettuce samples (oldest most expanded leaves) wereiggpbiing VirTis Genesis
25LL freeze dryer (Biopharma Process Systems, Winchestgratconstant temperature of “@0
Then, 100 mg of freeze-dried tissue samples were weighed®hmL glass vials. 800 pL Millipore
water (EMD Millipore, Billerica, MA) was added to each saen Vials were placed in a 2D water bath
for 20 minutes. 2.5 mL of HPLC-grade tetrahydrofuran (THRJr¢®i-Aldrich Corporation, St. Louis,
MO) were added to the samples. The sample mixtures were vibriske a vortex mixture (Genie-2
Scientific Calibration, Apex, NC) and centrifuged ®ominutes at 500 g. The supernatant was collected
with a Pasteur pipet, placed into a 50 mL conical tube, cagpetglaced on ice. The sediment was re-
suspended in 2.0 mL THF and homogenized. During homogenation, the siemersed in ice to
dissipate heat. The samples were centrifuged again fer thireites at 500 rpm. The supernatants then
were concentrated to 2 mL by evaporating the samples undeamgif nitrogen gas (UK Flowtechnik
Ltd., Nottingham, UK). The sample was diluted in 100 pL THF worex mixer (Genie-2 Scientific
Calibration, Apex, NC). A 2 mL aliquot was filtered thgh a 0.21 um polytetrafluoroethylene (PTFE)
filter (Agilent Technologies, Wilmington, DE) and transferted® mL amber vials (Agilent
Technologies, Wilmington, DE) prior to Ultra Performance LigGhromatography (UPLC) analysis.
1.2.10.3 p-carotene deter mination

B-carotene determination was conducted using a modified meth®dhsrle et al. (20047
Waters Acquity™ Ultra Performance Liquid Chromatography (UPLC) systerat@i$ Corporation,
Milford, MA) was used for pigment separation. Chromatograpefarations were achieved usingsa C
reverse-phase column (Waters Corporation, Milford, MA) sAparations were achieved using a binary
mobile phase of 11% methyl tert-butanol (MTBE), 89% MeOH, and 0@ig¥aylamine (TEA). The
flow rate was 1.0 mL mify with a run time of 23 min, followed by 5 min equilibratiorior to the next
injection. Eluted compounds from a 10 pL injection loop were tedext 450 nm. All analyses were
performed in triplicate. The carotenoid standards wbtaiwed from Sigma-Aldrich (Sigma-Aldrich
Corporation, St. Louis, MO). The B-carotene concentration was calculated using the followinguiarm
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[-carotene (Hg-@ = Acit X Cstandard(MQ ml—-l) X'V (mL)

stéhdard X Wsampie (9)

where, Ay = Carotenoid peak areagéhia— Standard area;{mdarq= Standard concentration; V = Total
extract volume; Wimpe= Sample weight
1.2.11 Statistical analysis

The experimental units were arranged in a Randomized Coniietke Design (RCBD). Data
were analyzed using SAS version 9.3 (SAS Institute Inc., GHZY, Univariate and Boxplot procedures
were used to evaluate the normality of data distributioralysis of variance (ANOVA) was performed
on the data with the MIXED procedure (P < 0.1). Fertilizeatment was categorized as a fixed effect,
and replication was categorized as a random effében treatment or interaction effects were
significant, means were separated by Tukey’s Studentized Range (HSD) test of mean separation. PROC
REG with the stepwise selection method was used to seldmtsheombination of independent variables
(amount of Ca, Mg, Fe, ZiNH4"-N, NO;-N, IAA, and SA applied in the fertilizers) to predict the
dependent variables (B-carotene concentration, marketable yield, and totakles). The relationships
between variables were assessed by linear correlation usiG@ORB procedure.
1.3. Results and Discussion
1.3.1 Amount of I ndole-3-acetic acid (IAA) application on f-carotene concentration

All fertilizer treatments in 2013 increased p-carotene concentration in leaf tissue compared to the
control (P < 0.001; Figure Ala). The blood meal treatmentHaderp-carotene concentration
compared to cyano-fertilizer, fish emulsion, and feathesiinreatments possibly due to high ;N®&
concentration in the blood meal fertilizer compared to otfieable A3b). Booth et al. (1992) found that
high NO;-N concentration in the fertilizer (0.1% of N applied as;N{Q) decreased p-carotene
concentration in leafy vegetables, due to oxidation prah@ssg NO;-N assimilation in leaf tissue
(Booth et al., 1992).

In 2014, only fish emulsion had greater f-carotene concentration compared with other
treatments including control (P = 0.003; Figurébf The B-carotene concentration in leaf tissues of
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lettuce waswithin range of the data collected by Cruz et al. (2012). The B-carotene concentration in the
fish emulsion treatment in 2014 and all treatments in 2013 exwaptol was adequate to meet the
recommended daily allowance of between 800 to 1000 pg of vitamin A (Musa and Ogbadoyi, 2012; FAO
and WHO, 2000), which is assuming consumption of 340 g of lettaite (USDA, 2013). Enhancing the
B-carotene concentration of lettuce would improve the nutrigake without requiring an increase in
daily dietary intake (Mou, 2005).

The greater IAA concentration (Table Ada) and IAA app(idble A4b) in the fish emulsion
treatment could be related to the increased B-carotene concentration in plant tissue in that treatmen
(Figure A1). Among independent variables (amount of Ca, MgZR,NH,"-N, NO;-N, IAA, and SA
applied in the fertilizers) analyzed, our results showedgtegtter IAA application (IAAapp) was
positively correlated with 3-carotene concentration in 2013 (r = 0.49; P = 0.0083) and 2614.%3, P =
0.0029). A stepwise selection model showed that IAAapp could beapeedictp-carotene
concentration in both years (Table A5). Karatas et al. (2@L0)d that IAA can regulate the synthesis of
antioxidant enzymes and influence carotenoid concentriatian herbaceous flowering plant,
Tropaeolum. However, the full mechanism of how IAA regulates carotesgithesis in lettuce is still
unknown.

1.3.2 B-carotene concentr ation and mar ketable yield

Significant differences were observed in the marketabld vielettuce in 2014 (P < 0.001), but
no treatment effect was observed in 2013 (Figure A2a). Theffigilsion treatment had lower
marketable yield than the other treatments in 2014 (Figure AB)greater marketable yield observed in
2014 compared to 2013 was possibly due to higher precipitation in 2014 @2bISome of the lettuce
plants were damaged in a hailstorm in 2014.

In 2014, p-carotene concentration decreased by 180 ugith a marketable yield increase of 30
g per plant compared to 2013 in the fish emulsion treatrAesignificant negative correlation (r = -
0.7565, P = 0.0044) was found between B-carotene concentration and marketable yield of lettuce in 2014,
but not in 2013. The -carotene concentration in lettuce decreased with incigeasarketable yield,
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similar to what was previously reported by Oyama et al. (1999) and Mou (2005). In 2014, the -carotene
concentration in leaf tissue was greater in the fish gontreatment, apparently due to its higher
concentration in smaller plants (Figures Alb and A2b).
1.3.3 Amount of salicylic acid applied affected leaf surface area

Leaf area is an important marketable yield componenttoicke produce. Environmental stress
such as the hailstorm on June 22, 2014 can impose an effeaf gnoeth and influence post-harvest
quality of lettuce produce. Kang et al. (2007) reported tAagrhanced the chilling tolerance of banana
seedlings. SA increased leaf cell wall structure and indhiggdexpression of selected genes during
chilling conditions (Kang et al., 2003). Among independent vasga@mount of Ca, Mg, Fe, Z2NH,'-
N, NOs;-N, IAA, and SA applied in the fertilizers) analyzedstapwise selection model showed that SA
application (SAapp) influenced the total leaf area of letindoth years (Table A6). A consistent trend
in the total leaf area under the cyano-fertilizer tresitnin both years (Figure A3) could be due to the
higher amount of SA applied in the cyano-fertilizer tresitrcompared to other fertilizers (Table A4b).

SA affects leaf area, thus more light can be captureddrger leaf surface area when plants are
treated with SA (Young, 1991). In our study, lettuce tibatith cyano-fertilizer, which had the highest
amount of SA applied (Table A4b) and higher total leaf aogapared to other treatments in both years
(Figure A3). The total leaf area plays a significang r@é the main source of light absorption for plant
growth and development. In general, there was a positiveoredatp between leaf area and biomass
accumulation, which often determines yield. However, deperairgnvironmental factors, higher leaf
area does not necessarily result in higher biomass due tdopargtat several levels, such as new leaf
formation, root mass, and respiration (Weraduwage e2@l5; Zhang et al., 2015).
1.4 Conclusion

In conclusion, all fertilizer treatments in 2013 increased -carotene concentration in leaf tissue
compared to control, while only fish emulsion had a higlhesrotene concentration compared to other
treatments in 2014. The high indole-3-acetic acid (IAA) agphethe fish emulsion treatment could have
increased -carotene concentration in lettuce in both years. Amoui#tAd applied in the fish emulsion
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treatmen{IAAapp) was positively correlated with p-carotene concentration in both years. A significant
negative correlation was found between marketable yield and -carotene concentration in leaf tissue in
2014. High amount of salicylic acid (SA) applied in the cytertlizer treatment may have contributed
to a higher total leaf area compared to other fertilizetsoth years. This study contributes to the
fundamental knowledgef p-carotene concentration response to N fertilizer appiicati lettuce. The
relationships between phytohormones present in organic N fertilizers and -carotene concentration in

lettuce should be explored in future research.
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TABLES

Table Al. Initial soil properties of the 0-30 cm soil deptthef experimental site in lettuce.

Soil properties 2013 2014
pH 7.3 7.5
Electrical conductivity(dS m") 0.5 0.6
Cation exchange capacitgmeq 100 @) 30 29
Organic mattef(%) 2.9 2.7
NH;-N" (ppm) 1.9 2.4
NOs-N' (ppm) 5.2 4.0
PI (ppm) 26 31
K! (ppm) 432 473
cd (ppm) 4411 4513
Mg' (ppm) 622 634
Fé (ppm) 6.5 6.3
zn' (ppm) 15 1.6

'pH and electrical conductivity were determined in watet)(1:

SCEC was determined using NEH:0, extraction.

"OM was determined by the loss on ignition method.

'Samples were extracted using 2M KClI

ISamples were extracted using 0.5M NaHCO

ISamples were extracted using ammonium bicarbonate diethyleniagipentaacetate (AB-DTPA).
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Table A2. Average monthly precipitation and the amount of vagiplied during growing season in 2013
and 2014 in lettuce.

2013 2014
Planting July 1 June 9
Harvest August 9 August 4
Precipitation (mm)
June -- 34
July 39 69
August 9 0.3
Water applied (mm)
Irrigation 210 221
Fertigation 230 230
Total (mm) 488 554

"Total amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as
that used to fertigate the liquid fertilizer treatments.

Table A3a. Nutrient analysis of fertilizer samples.

N’ P K* Fe cd Mg* zn’

I —— LT S ——
Cyano-fertilizer 0.2 6 0.1 6 10 18 0.1
Fish emulsion 5 1600 20510 131 725 921 18
Feather meal 13 640 1776 62 1466 575 18
Blood meal 13 32 366 118 904 283 14

‘Samples were analyzed using CN analyzer.
*Samples were digested with HiN@&nd HO, and analyzed using ICP-OES.
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Table A3b. Inorganic N concentration, inorganic-N ratio, agrtgntage of N applied as inorganic-N of
fertilizers.

NH; -NT NO;-NT NH,-N: NOs-N N as NH'-N N as NQ-N
------------- mg kg*------------- %
Cyano-fertilizer 4.7 0.01 470 0.24 0.0005
Fish emulsion 23.7 0.12 198 0.05 0.0002
Feather meal 1232 2.30 536 0.95 0.002
Blood meall 27.7 8.40 3.3 0.02 0.006

'Samples were extracted using 2M KCI and were analyzed usiranaiyoer.

Table A3c. Amount o€a, Mg, Fe, and Zn applied in the fertilizers over the coofrgeowing season.

Ca Mg Fe Zn
-------------------------------------- kg ha'
Cyano-fertilizer 1.1x 10° 2.0 x 10° 6.7 x 10° 1.1 x 10
Fish emulsion 8.1 x 107 1.0 x 10" 1.5 x 107 2.0x10
Feather meal 1.6 x 10" 6.4 x 107 6.9 x 10° 2.0x 10°
Blood meal 1.0 x 10' 3.2x 107 1.3x 10 1.6 x 10°

Table Ad. Phytohormone concentrations in the fertilizers.

Indole-3-acetic acid (IAA)  Salicylic acid (SA)

——————————————————————— ng g
Cyano-fertilizer 0.06 6
Fish emulsion 1436 77
Feather meal 241 240
Blood meal 58 50

"Samples were extracted in 80% methanol containing 10 hizutylated hydroxytoluene af@.

24



Table A4b. Amount of phytohormones applied in the fertilizer ¢hvergrowing season.

Indole-3-acetic acid (IAA) Salicylic acid (SA)
T — kg ha'------------
Cyano-fertilizer 4.4x10 4.8 x 10°
Fish emulsion 2.4x10 1.2 x 10*
Feather meal 1.5x 10 1.5 x 10*
Blood meal 3.9x10 3.4x10°

‘Amount of phytohormone applied was calculated as the massdilifde applied at 56 kg N haover the
growing season multiplied by the phytohomone concentration analyzediiizers. Fertilizer samples
were extracted in 80% methanol containing 10 mdutylated hydroxytoluene af@.
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Table A5.A stepwise regression model predicting B-carotene concentration in lettuce in 2013 and 2014.
Variables analyzed were amount of Ca, Mg,,NN, NOs-N, IAA, and SA applied in the fertilizers (N =
16). All variables left in the model are significant at the 1@vel.

Estimate P-value Model

B-car otene concentr ation (2013)

r*=0.77 B-carotene concentratign; = 920 +
Intercept 920 <.0001 490IAAapp
Indole-3-acetic acid application, 490 0.0079

B-car otene concentr ation (2014)

r’=0.62 B-carotene concentratigf,= 915 +
Intercept 915 <.0001
Indole-3-acetic acid application, 1315 0.0093

Table A6. A stepwise regression model predicting lettucealess in 2013 and 2014. Variables analyzed
were amount of Ca, Mg, NN, NO;-N, IAA, and SA applied in the fertilizers (N = 16). Alsables
left in the model are significant at the 0.1 level.

Estimate P-value Model

Total leaf area (2013)

r’=0.84 Total leaf areg;3= 1590 + 4674SAapp
Intercept 1590 <.0001

Salicylic application, SAapp 4674 0.0410

Total leaf area (2014)

r?=0.75 Total leaf are@;,= 1320 + 3680SAapp
Intercept 1320 <.0001

Salicylic acid application, SAapp 3680 0.0035
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FIGURES

(a) 2013
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Figure Al. Effects of differenirganic N fertilizers on f-carotene concentration of drip irrigated lettuce.
Fertilizers were applied at 56 kg N‘havleans with the same letter are not significantly diffest P <
0.1using Tukey’s Studentized Range (HSD) test of mean separation. Bars represent standard errors of
mean. Blood = Blood meal; Feather = Feather meal; Fish =eRisitsion; Cyano = Cyano-fertilizer.
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Figure A2. Effects of different organic N fertilizers ashf yield of drip irrigated lettuce. Fertilizers were
applied at 56 kg N ha Means with the same letter are not significantly diffeeg® < 0.Iusing Tukey’s
Studentized Range (HSD) test of mean separation. Baesegpirstandard errors of mean. Blood = Blood
meal; Feather = Feather meal; Fish = Fish emulsion; Cyan@anrofertilizer.
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Figure A3. Effects of different organic N fertilizers thre total leaf area of drip irrigated lettuce.
Fertilizers were applied at 56 kg N‘havleans with the same letter are not significantly diffest P <
0.1 using Tukels Studentized Range (HSD) test of mean separation. Bars represent standard errors of
mean. Blood = Blood meal; Feather = Feather meal; Fish =eRisitsion; Cyano = Cyano-fertilizer.
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CHAPTER 2. ORGANIC NITROGEN FERTILIZERSINFLUENCE IRON AND ZINC

CONCENTRATIONSIN LETTUCE

2.1 Introduction

Micronutrient malnutrition among women and preschool children is daua@ly by low dietary
intake of micronutrients, especially Fe and Zn (Bouis, 2088)ogen (N) fertilizers have shown positive
impacts on a plant’s ability to accumulate Fe and Zn, and increased N rates can increase Fe and Zn
concentrations in leaf tissues (Aciksoz et al., 2011). Sortteeahain factors affecting Fe and Zn
accumulation in edible plant tissue are the availabilitna€ronutrient such as N and the type of N
fertilizer applied to crops (Cakmak, 2008).

There are two main classes of N fertilizers, solid &d. In organic agriculture, solid
fertilizers are often incorporated into the soil befplanting, while liquid fertilizers are generally applied
season-long through irrigation. Organic agriculture relieviheon fertilizers and soil amendments from
off-farm sources such as fish emulsion, blood meal, feathet omeapost, and animal manures to meet
crop N demand (Gaskell et al., 2006).

While all of the aforementioned organic N fertilizers esexmercially available, many of them
are produced off-farm and distributed widely throughout thikedrStates. Farmers usually rely on off-
farm sources such as fish emulsion, feather meal, and bloddamt##e additional N needed during the
growing season, and they are willing to pay the extra cadtipping fertilizers around the United States.
However, one of the new fertilizer options being developed tlat armers to produce N on-farm,
which is cyanobacteria, which was previously known as blue-gigaa.a

CyanobacteriaAnabaena sp.) have great potential as N fertilizer derived frorarsehergy due
to their phototrophic ability to fix C@and the ability to fix Nfrom the atmosphere (Wolk, 1996).

Cyanobacteria can also be produced in managed ponds on-fecimasuld reduce the costs and risks
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associated with relying on off-farm sources. By using a bicdédgrocess outside of the soail, the farmer
may have improved control of application timing and N ratesrops.

Lettuce (actuca sativa) is the most commonly consumed salad vegetable in Coloradmifigu
et al., 2010) and is rich in micronutrients, including Fe Zn (Pillay and Jonnalagadda, 2007; Itanna et
al., 2002. Lettuce is categorized as a ‘Strategy I’ crop in response to Fe deficiency. ‘Strategy I’ crops rely
on ferric-chelate reductase activity, proton excretion,ratehse of organic acids from roots to accelerate
the translocation of solubilized Fe to shoots (Zocchi et al., 2007).

In this study, commonly-used organic fertilizers were compfaretteir impact on marketable
yield, leaf Fe, and Zn concentrations in lettuce. Whileetla@e many studies focusing on micronutrient
composition of cereal grains (Cakmak, 2008; Cakmak etCdlQ;Xutman et al., 2010, Aciksoz et al.,
2011), there is a growing interest in leafy vegetables as astibktietary source of Fe and Zn
(Broadley et al., 2010). We hypothesized that the amdunomanic-N (NH'-N and NQ-N), Fe, and
Zn applied in organic N fertilizers may increase leabR@ Zn concentrations in lettuce.

2.2 Materials and Methods
2.2.1 Experimental site

Field experiments were carried out at the Colorado Shaiteersity (CSU) Horticulture Research
Center, Fort Collins, CO. The field area was plantéd winter cover crops of ryesécale cereal) and
turnips Brassica rapa). The experimental site is in a semi-arid zone with tdayn soils. The soil at the
research area was classified as a fine, smectiticcrieisiic Argiustoll (NRCS, 1980).

2.2.2 Soil analysis

Soil samples were collected to a depth @@@om the field area (15 m x 30 m) and analyzed
by the Soil, Water, and Plant Testing Laboratory at Cdm&tate University (CSU). Chemical analyses
included soil pH and electrical conductivity (EC) measuneslipernatant suspension of 1:1 soil to water
using a Mettler Toledo pH/EC meter (Thermo Fischer ScienW¥altham, MA). Cation exchange
capacity (CEC) was determined by summation of the exchamgeabés (C3, K*, Mg®, Na") plus
hydrogen (H) using ammonium acetate (1N ME3H:0,, pH 7.0) as described by Hajek et al. (1972).
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Organic matter (OM) content was determined by the losgrotidn method (Blume et al., 1990). Soil
inorganic-N (NH'-N and NQ-N) was extracted using 2M KCI, and the filtered extract avasyzed
using an Alpkem Flow Solution IV Auto Analyzer (Ol Analwli¢cCollege Station, TX). Phosphorus (P)
was extracted with 0.5M sodium bicarbonate (NaH0lution (Olsen et al., 1954) and analyzed using a
Perkin Elmer Inductively Coupled Plasma/Optical Emission $pedter (ICP-OES) (Perkin Elmer,
Waltham, MA). Major cations (K, Ca, and Mg) and microrarits (Fe and Zn) were extracted with
ammonium bicarbonatéiethylene triaminepentaacetic acid (AB-DTPA) (Jones, 2004 paralyzed
using a Perkin Elmer Inductively Coupled Plasma/Optical EmmisSpectrometer (ICP®ES) (Perkin
Elmer, Waltham, MA) (Table B1).
2.2.3 Experimental design and plot layout

Treatments consisted of four different types of organic tlifgr at two N rates and a control.
Thirty-six experimental plots were arranged in a Randomtasdplete Block design with four
replications. The plot size was 76 cm x 457 cm, and the wholeimgueal area was 15 m x 30 m.
2.2.4 Planting materials

Lactuca sativa var. ‘Concept’ seeds (Johnny’s Selected Seeds, Waterville, ME) were planted in
72-cell trays containing a well-mixed Sunshine® organic pogaibmix (SunGro Horticulture,
Agawam, MA) in the first week of June 2013 and the first wedWaf 2014. All seeds were started at
the Plant Environmental Research Center’s (PERC) greenhouse facility on the CSU campus. After four
weeks, seedlings were transplanted to the field on July 1, 201Riaadb, 2014.
2.25Irrigation

Drip irrigation tape (John Deere®, Deere & Co., Moline, Iliffwa flow rate of 125 L hour 100
m* was stretched across each plot spaced 30 cm apart with a Heat in each plot. The drip system
used for this study comprised of laterals (15 mm diameté¢h)avspacing of 30 cm between inline
emitters. Water was applied daily from 8:00 to 8:30 a.m3@omin day at the initial stage and was

changed to 30 minutes dagt 4" leaf stage using an automated drip irrigation system. Toerainof
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precipitation and amount of irrigation water applied ovemgttosving season is presented in Table B2.
Weather data was obtained from a nearby CoAgMet weathiemsghattp://www.coagmet.colostate.edu/).
2.2.6 Fertilizer treatments

The fertilizers compared in this study were liquid feréfis [Alask fish emulsion (Planet
Natural, Bozeman, MO) and cyano-fertilizer], and solidilfeers [blood meal and feather meal (Down
To Earth Inc., Eugene, OR)]. The N-fixing cyanobactefizabaena sp) was cultured from local soils
and grown in nutrient-supplemented raceways according to¢tiod by Barminski (2014).
2.2.7 Methods of fertilizer application

Fertilizers were applied at 56 and 112 kg Nt 2013, while rates of 28 and 56 kg N'haere
applied in 2014. Both the fish emulsion and cyano-fertilizerenn liquid form and were supplied in four
split applications via fertigation over the growing season. Fhyation was cut off the night before any
fertigation treatments. Cyano-fertilizer was pumpedatlydrom production raceways into the drip
irrigation system using a Flotec® sump pump (Flotec WateryvBr|aNI). Fish emulsion fertilizer was
mixed in watering troughs and applied directly intodhip irrigation using the same pump after being
flushed with city water. The blood meal and feather mesé in dry powdered form and were
incorporated into the soil prior to planting. Blood mead feather meal were applied 6 cm from the
plants and 6 cm deep through sub-surface band application using a hoe
2.2.8 Fertilizer analysis

Fertilizer samples were sent to the Soil, Water, anat Hlesting Laboratory at CSU and
analyzed for N, P, K, Ca, Mg, Fe, and Zn (Table B3)tiler samples were digested with nitric acid
(HNOs) and hydrogen peroxide £8,) Major cations (K, Ca, and Mg) and micronutrients (Fe and Zn)
were analyzed using a Perkin Elmer Inductively Coupled Pl&3miaal Emission Spectrometer (ICP-
OES) (Perkin Elmer, Waltham, MA). Solid fertilizers wepdracted using 2M KCI, and the filtered
extracts were analyzed fdiH,"-N and NQ-N. The filtered extracts of solid fertilizers and titefed

liquid fertilizers were analyzed using an Alpkem Floalusion IV Auto Analyzer (Ol Analytical,
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College Station, TX). Inorganic-N concentration antbréfable B4a) and amount of Fe and Zn applied
is shown in Table B4b.
2.2.9 Measurements
2.2.9.1 Marketableyield and leaf dry weight

Lettuce was harvested 39 days in 2013 and 57 days in 2ed#afsplanting. The lettuce crops
were damaged by a hailstorm on June 22, 2014 resulting in a satithskbsequent longer growing
period. Once harvested, brown leaves were stripped and renwoobkthin a fresh green marketable yield
and the marketable lettuce heads were weighed. All harvesteoles were washed with deionized water
before oven-drying for elemental analysis. The harvesteglsariiom each subplot were oven-dried at
the CSU’s Agriculture Research Development & Education Center (ARDEC) at 72°C for 72 hours. The
dried samples were weighed and then ground to pass a 1.0rgen §20 mesh) using a plant tissue
grinder (Thomas Wiley®, Swedesboro, NJ). Sub-samples wereakem from each sample for further
analysis.
2.2.9.2 Leaf N, Fe, and Zn deter mination

Total N of plant tissues was measured using a LECO CN andlygaw Corp., St. Joseph, MI).
Then, 0.5 g subsamples of ground tissue were combined with 10 mbit@@acid (HNQ) and sealed
in a closed vessel digestion system for three hours. Digestemesdiuted with 2% HNGO0.5%
hydrochloric acid (HCI) (v/v). Fe and Zn measurements wexde using a Perkin-Elmer Inductively
Coupled Plasma/Optical Emission Spectrometer (ICP-OESBifPEImer, Waltham, MA).
2.2.10 Statistical analysis

Data were analyzed using SAS version 9.3 (SAS Institute@agy, NC). Univariate and
Boxplot procedures were used to evaluate the normality afdistribution. Analysis of variance
(ANOVA) was performed on the data with the MIXED procedie<(0.1). Fertilizer treatment and N
rate were categorized as fixed effects, and replicatescategorized as a random effect. When treatment

or interaction effects were significant, means were separated by Tukey’s Studentized Range (HSD) test.

39



The relationships between parameters were assessed by limekatiom using the CORR procedure. The
relationships between parameters were assessed by linedatoon using the CORR procedure.
2.3 Results
2.3.1 Marketableyield

Nitrogen application rate affected marketable yield in lyetdrs, while an interaction effect
between N rate and treatment on marketable yield was bagrneed in 2014 (Table Bylarketable
yield was 8.4% greater at 112 kg N'teompared to 56 kg N Haand control (0 kg N h§ in 2013 (Table
B6). In 2014, marketable yield was greater at 28 kg Ndwenpared to 56 kg N Haand control (0 kg N
ha'). The cyano-fertilizer treatment hadjreater marketable yield compared with other treatmemnts a
control at 28 kg N Hain 2014 (Figure B1). The fish emulsion treatment had thesbwarketable yield
at 56 kg N ha.
2.3.2 Leaf Feand Zn concentrations

An interaction between N rate and treatment was obdémeaf Fe (P < 0.05) and Zn (P < 0.10)
concentrations in 2013. Blood meal and cyano-fertilizerrreats had a higher leaf Fe concentration at
56 kg N ha than 112 kg N ha, while feather meal and fish emulsion had a higher leabReentration
at 112 kg N ha (Figure B2). The cyano-fertilizer treatment lagreater leaf Fe concentration compared
to other treatments and control at 56 kg N.HEhe lowest leaf Fe concentrations were observed in the
blood meal treatment at 112 kg N'tend the feather meal treatment at 56 kg Nl ha

In 2013, the feather meal, fish emulsion, and cyandifentitreatments had a greater leaf Zn
concentration than the blood meal treatment at 112 kg'NFigure B3). Leaf Zn concentration (r = -
0.64; P = 0.02) was negatively correlated with the amounhafpplied in organic N fertilizers at 112 kg
N ha'. The blood meal treatment hadiigher amount of Zn applied compared to other fertilizer
treatments (Table 5b).

A positive relationship was observed between Fe and Zn doatiens in leaf tissues (r=0.52;
P=0.0466). Fe and Zn concentrations in leaf tissues werevetsitorrelated with leaf N concentration
(r=0.86; P=0.0003) and (r=0.69; P=0.0041), respectively (Table B7). keaid-Zn concentrations were

40



not affected by fertilizer treatments in 2014, and noitneat effect was observed in leaf N concentration
in either year.
2.4 Discussion
2.4.1 Amount of NO3™-N applied correlated negatively with leaf Fe concentration in lettuce

Among variables including amount of NON, NH,*-N (Table B4a), Fe, and Zn applied (Table
B4b) in organic N fertilizers, leaf Fe concentration wagatively correlated with NON application in
organic N fertilizers (Table B7). The blood meal treatnshiaiwed a greater percentage of N applied as
NO;z-N compared to other fertilizer treatments (Table B4d)tans may have resulted in the lowest leaf
Fe and Zn concentrations at 112 kg N (@igures B2 and B3). Safaa and El-Fattah (2007) reporad th
Fe and Zn concentrations in lettuce were affected byridd in the fertilizer. In our study, feather meal
had a greater percentage of N applied ag"N\Hcompared to other fertilizers (Table B4a), which may
explain greater Fe and Zn concentrations at 112 kg'iNHigh NH,*-N concentration in fertilizer has
been shown to increase Fe and Zn concentrations in wheatlas compared to wheat treated withb NO
-N (Gashaw and Mugwira, 198TyH,"-N fertilizer was more effective than NeN fertilizer in
stimulating the acquisition of Fe in winter wheat (Bamat et al., 2013)NH,"-N fertilizer treatment
has been shown to increase Fe and Zn concentrations compar@g-td fdrtilizer treatment in lettuce
and wheat grown in calcareous soils (Safaa and EI-F218f7, Robin et al., 2008; Elgharably et al.,
2010; Masarirambi et al., 2010). However, ] application in the feather meal treatment did not show
a significant positive correlation with leaf Fe concemratwhich may be due to slow release properties
of feather meal (Hadas and Kautsky, 1994).
2.4.2 Leaf Zn concentration

In our study, there was no significant fertilizer effdaserved in Zn concentration of lettuce at 56
kg N ha', which may be due to a lack of lettuce response to saibBoentrations. Leaf Zn concentration
of more than 50 mg kyjis considered high for lettuce (Maynard and Hochmuth, 1998uristudy, all
treatments had leaf Zn concentration above 50 rilgdxgept in the blood meal treatment at the high
application rate and control (Figure B3). The blood meélifer hada greater percentage of N applied
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as NQ'-N compared to other fertilizers (Table B4a). NN uptake by crops releases hydroxide and
bicarbonate ions (Bienfait, 1989), which induced alkalinizatittine rhizosphere, and thus decreases the
amount of plant-available Fe and Zn.

In our study, however, there was no treatment effect on bulkldadit harvest. The doi
acidification effect fronlNH,"-N fertilizer application was not observed in our study asth@s no
treatment effect in bulk soil pH post-harvest (data not shdwmglcareous soils, calcium carbonate
buffers soil solution pH (Lindsay and Schwab, 1982). Reduction ipBo$ normally impaired by the
buffering capacity of calcareous soil with high bicarbonatea@rcentration. Bicarbonate ion can
neutralize the effect of the released protons (Schenker amg 20@5).

2.4.3 N increased leaf Fe concentration

Hanafy Ahmed et al. (2000) reported that Fe and Zn contiemigsancreased with ammonium
sulfate application on lettuce. In our study, leaf Fe (r = (86;0.0003) and Zn (r = 0.69; P = 0.0041)
concentrations were correlated with leaf N concentrdfi@ble B7). In a study by Kutman et al. (2010),
N application increased leaf Fe concentrations in winter wiheaur study, greater leaf Fe concentration
in the feather meal treatment at 112 kg N bampared to 56 kg N Hanay be due to an increase in Fe
chelator, a phytosiderophore that could increase Fe coatientin plant tissues (Mori and Nishizawa,
1987; Aciksoz et al., 2011). However, most studies were condont€daminaceae, but none of these
reports were found in lettuce.

Generally, leaf Fe concentration in lettuce ranges fromo 500 mg kg dry weight (Chen and
Barak, 1982). In our study, the leaf Fe concentration rangevitlaia that range. Mature lettuce leaves
grown on organic soils ranged from 50 to 150 mg &gd 25 to 50 mg kbof Fe and Zn, respectively
(Hochmuth et al., 2003). In our study, Fe and Zn concentratfdaguce treated with fish emulsion and
cyano-fertilizer exceeded the range reported by Hochmuath @003) and Pillay and Jonnalagadda
(2007). Exceeding the range is not a major problem since then® aletrimental effects to human

(Hochmuth et al., 2003).
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The greater marketable yield observed in 2014 than in 2013 wlaahly due to higher
precipitation in 2014 (Table B2). Some of the lettuce crops waregded in a hailstorm, and
environmental stress such as the hailstorm on June 22, 2014 can affgodbéeth and influence post-
harvest quality of lettuce produce.

2.5 Conclusion

At 112 kg N hd, the blood meal treatment had lower leaf Fe and Zn condensahan other
fertilizer treatments, and was similar to control. Thano-fertilizer treatment had higher leaf Fe
concentration at 56 kg N HaLeaf N concentration was positively correlated with Llsatind &
concentrations. Amount of NGN applied in organic N fertilizers was negatively cotretawith leaf Fe
concentration. In addition to fish emulsion and feather neeganic growers can consider using cyano-
fertilizer as a source of organic N fertilizer to ntain an adequate Fe concentration in lettuce grown in

calcareous soils.
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TABLES

Table B1. Initial soil properties of the 0-30 cm soil depth of theexgental site in lettuce.

Soil properties 2013 2014
pH 7.3 7.5
Electrical conductivity(dS m") 0.5 0.6
Cation exchange capacitgmeq 100 @) 30 29
Organic mattef(%) 2.9 2.7
NH;-N" (ppm) 1.9 2.4
NOs-N' (ppm) 5.2 4.0
PI (ppm) 26 31
K! (ppm) 432 473
cd (ppm) 4411 4513
Mg' (ppm) 622 634
Fé (ppm) 6.5 6.3
zr! (ppm) 15 1.6

'pH and electrical conductivity were determined in watet)(1:

SCEC was determined using NEH0, extraction.

"OM was determined by the loss on ignition method.

'Samples were extracted using 2M KClI

ISamples were extracted using 0.5M NaHCO

ISamples were extracted using ammonium bicarbonate diethylenieipentaacetate (AB-DTPA).
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Table B2. Average monthly precipitation and the amount ofrvegaglied during growing season in 2013
and 2014 in lettuce.

2013 2014
Planting July 1 June 9
Harvest August 9 August 4
Precipitation (mm)
June -- 34
July 39 69
August 9 0.3
Water applied (mm)
Irrigation 210 221
Fertigation 230 230
Total (mm) 488 554

"Total amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as

that used to fertigate the liquid fertilizer treatments.

Table B3. Nutrient analysis of fertilizer samples.

N’ P K* Fe cd Mg* zn’

I —— LT e ——
Cyano-fertilizer 0.2 6 0.1 6 10 18 0.1
Fish emulsion 5 1600 20510 131 725 921 18
Feather meal 13 640 1776 62 1466 575 18
Blood meal 13 32 366 118 904 283 14

‘Samples were analyzed using CN analyzer.
*Samples were digested with HiN@&nd HO, and analyzed using ICP-OES.
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Table B4a. Inorganic N concentration, inorganic-N ratio, @erdentage of N applied as inorganic-N of
fertilizers.

NH,-N" NO;-N' NasNH-N  NasNQ-N

------------- mg kg* SUURRUN 7 RUR—
Cyano-fertilizer 4.7 0.01 0.24 0.0005
Fish emulsion 23.7 0.12 0.05 0.0002
Feather meal 1232 2.30 0.95 0.002
Blood meal 27.7 8.40 0.02 0.006

'Samples were extracted using 2M KCI and were analyzed usirapaiyoer.

Table B4b Amount of Fe and Zn applied at 28, 56 and 112 khdwer the course of growing season.

Iron (Fe) zinc (Zn)
28 56 112 28 56 112
-------------------- kg ha' e (s | |1 W
Cyano- 1.7x10* 3.4x10° 6.8x10 28x10° 56x10° 1.1x10°
Fish emulsion 3.7x10° 7.3x10° 15x10 1.6x10° 3.2x10° 6.4x10
Feather meal 1.8x10° 3.5x10° 7.0x10° 1.6x10° 3.2x10° 6.4x10
Blood meall 33x10° 6.6x10° 1.3x10° 39x10° 7.8x10" 1.6x10°

Table B5.Analysis of variance (ANOVA) of marketable yield, Ida¢ and Zn concentrations in 2013 and
2014.

2013 2014
Yield Leaf Fe Leaf Zn Yield Leaf Fe Leaf Zn
--------------------- IS = S P U ———
N rate 0.0373* 0.7279 0.5538 0.0337* 0.8515 0.6181
Treatment 0.1555 0.3335 0.4373 0.0657* 0.1216 0.1480
Nrate*Treatment 0.5995 0.0370* 0.0894* 0.0186* 0.3561 0.3080

*P-values are significantly different at P < 0.1.
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Table B6. Marketable yield of lettuce in 2013 and 2014. Means witbetime letter are not significantly
different at P <0.1 using Tukey’s Studentized Range (HSD) test of mean Separation.

2013 2014
Nrate (kghd) ~ —eememmme )
0 958 b 779 ¢
28 - 1483 a
56 939 b 1269 b
112 1018 a -

‘Fertilizers were applied at 56 and 112 kg N m2013.
" Fertilizers were applied at 28 and 56 kg N im2014.
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Table B7.Pearson correlation coefficients of leaf Fe and Zn cdrations with NO3app, NH4app,
Feapp, and Znapp in 2013. NO3app =3;N® application, Feapp = Iron (Fe) application, and Znapp =
Zinc (Zn) application. Leaf Zn = Leaf Zn concentration, LeafReaf Fe concentration.

NO3app NH4app Feapp Znapp Leaf Zn Leaf Fe
Leaf N r=012 r=-0.12 r=0.14 r=0.25 r=0.69 r=0.86

conc. P=086 P=0.70 P=0.65 P=0.43 P=0.0041* P =0.0003*

Leaf Fe r=-058 r=044 r=-041 r=0.02 r=0.52 r=1.00

conc. P = P=0.27 P=0.19 P=0.94 P=0.05*
Leaf Zn r=015 r=0.15 r=-0.1 r=0.18 r=1.00 r=0.52
conc. P=064 P=065 P=0.87 P=0.59 P =0.05*

*P-values are significantly different at P < 0.1.
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FIGURES
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Figure B1. The marketable yield at harvest. Fertilizers wppdied at 28 and 56 kg N hi 2014. Bars
represent standard deviation of mean. Means with the stt@edre not significantly different at P < 0.1
using Tukey’s Studentized Range (HSD) test of mean separation. Means withat#giters represent the
means within 28 kg N fa while means with small letters represent the mearsnb6 kg N h&. The
dashed line represents control. All treatments were not isignily different from control except for the
cyano-fertilizer at 28 kg N Raand the fish emulsion treatment at 56 kg N.hBlood = Blood meal;
Feather = Feather meal; Fish = Fish emulsion; Cyano ad=fextilizer.
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Figure B2. Leaf Fe concentration at harvest. Fertilizere wpplied at 56 and 112 kg N'Ha 2013. Bars
represent standard deviation of mean. Means with the sdit@edre not significantly different at P < 0.1
using Tukey’s Studentized Range (HSD) test of mean separation. Means with capital letters represent the
means within 56 kg N Ha while means with small letters represent the mearsnaitL2 kg N ha. The
dashed line represents control. All treatments were signifjcdifferent from control except the blood
meal treatment at 112 kg N heblood meal and fish emulsion treatments at 56 kg Natd@® < 0.1

Blood = Blood meal; Feather = Feather meal; Fish = Fish emufSi@no = Cyano-fertilizer.
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Figure B3. Leaf Zn concentration at harvest. Fertilizereweplied at 56 and 112 kg N'tia 2013.

Bars represent standard deviation of mean. Means with e lster are not significantly different at P
< 0.1 using Tukey’s Studentized Range (HSD) test of mean separation. Means with capital letters
represent the means within 56 kg N'havhile means with small letters represent the meargnaitl 2

kg N ha'. The dashed line represents control. All treatments wereisatiy different from control
except for the blood meal treatment at 112 kg NatP < 0.1. Blood = Blood meal; Feather = Feather
meal; Fish = Fish emulsion; Cyano = Cyano-fertilizer.
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CHAPTER 3. ORGANIC NITROGEN FERTILIZERSINFLUENCE IRON CONCENTRATION

IN SWEET CORN

3.1 Introduction

An estimated two billion people suffer from micronutrierglnutrition globally, causing a loss of
63 million lives annually (Tulchinsky, 2010). Micronutrient mahitidn, also called hidden hunger, is
very common among women and preschool children mainly deevtdietary intake of micronutrients,
especially Fe and Zn (Bouis, 2003).

Calcareous soils contain free calcium carbonate and havmelghl, which reduce plant
availability of Fe and Zn. The pH of plant sap can inseda a level that causes Fe and Zn to precipitate
due to hydroxide ions in the root, thus reducing Fe andafsiwcation in plant edible portion
(Malakouti, 2008). Fe deficiency is more common in calcareols dué to Fe precipitation as insoluble
Fe* oxides. Under Fe deficient conditions, plants in the familyn@raceae; including sweet corfieh
mays) use Strategy |l to increase soil Fe availability by segyesiderophores to chelate Fe for Fe
acquisition (Romheld, 1987)

Some of the factors affecting Fe and Zn concentration®opsdare the presence of siderophores
as Fe chelating agents, fertilizer types, inorganic-N fonugjent ratios, phytohormone concentrations,
and macronutrient levels. Nitrogen (N) plays an importdetiroroot uptake, shoot transport, and
translocation of Fe and Zn in wheat (Cakmak et al., 20d@yomotes accumulation of Fe and Zn in
grains by activating transporter proteins involved in root wp#aid root-shoot translocation of Fe and
Zn, thus exerting positive effects on concentration of Fe arid &mter wheat (Cakmak et al., 2010;
Kutman et al., 2010).

Fertilization is an alternative solution that could proadailable Fe and Zn to be taken up by
plants. In field studies in the US Corn Belt, Derby ef2005) and Mulvaney et al. (2006) reported that
sources of N fertilizer affect Fe and Zn concenrationsth®iinformation provided focused on synthetic
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fertilizer. The information on organic N fertilizerfating Fe and Zn concentrations is inadequate for
horticultural crops. Organic agriculture relies heavily atilizers and soil amendments from off-farm
sources such as fish emulsion, blood meal, feather meal, compostnimal manures to meet crop N
demand (Gaskell et al., 2006). These fertilizers vary irienittcomposition, forms of available N (NH

N and NQ™-N), and have high transportation costs.

There are two main classes of N fertilizers, solid &ndd. In organic agriculture, solid
fertilizers are often incorporated into the soil befplanting, while liquid fertilizers are generally applied
season-long through irrigation. Blood meal is considered a<h ggiéase organic N fertilizer (Hartz and
Johnstone, 2006). In a study conducted by, feather meal was fobadet®4-99% N in organic forms,
and is usually considered as slow release organic N ferfjlizatas and Kautsky, 1994). While these
organic fertilizers are commercially available, manyhaim are produced off-farm and distributed widely
throughout the US. Although farmers often use local manureeguthey usually rely on off-farm
sources for additional N needed during the growing season. Howlesfer js another fertilizer option
being developed that allows farmers to produce N on-farmjwlses cyanobacteria, previously known
as blue-green algae.

Cyanobacteria has unigue dual properties because it cafiditfrom the atmosphere and
photosynthesize to produce N fertilizer without fossil fuelgr@bacteria secretes Fe-chelating
compounds, which enable them to solubilize soil Fe for suksegyptake by plant roots (Lopez-Millan
et al., 2000). Cyanobacteria, suchAaabaena sp., have been shown to produce phytohormones that
stimulate plant growth and development (Rodgers et al., 1973pHeingnones are not only required for
plant growth and development, but they also play a significémin@egulating Fe and Zn concentrations
in plants (Rubio et al., 2009).

Oktem et al. (2010) reported positive effects of N fegtian on Fe and Zn concentrations in
sweet corn. However, a number of other researchers havetfwatrid fertilization had no effect on grain
Fe and Zn concentrations in corn (Feil et al., 2005; Lesalk, 2011; Yu et al., 2011). Therefore, we
would like to investigate whether different sources of orgairfiertilizer affect Fe and Zn concentrations
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in sweet corn under field conditions. We hypothesized thatanwd NH,-N applied in the organic N
fertilizers would increase Fe and Zn concentrations in tseaga.

In this study, commonly used organic fertilizers were evaluatestms of sweet corn ear yield
and N, Fe, and Zn concentrations and contents. Numeroussshagie shown that Fe and Zn fertilizer
increases Fe and Zn availability in soil, but most of the &idiccrops were agronomic crops, and very
few studies have been conducted in horticultural crops. While e many studies focusing on
micronutrient composition in cereal grains, there is a gr@wnterest in horticultural crops that can
provide a substantial dietary source of Fe and Zn. We hypottebaieamount of inorganic-N (NJHN
and NQ-N), Fe and Zn applied in organic N fertilizers may @age leaf Fe and Zn concentrations in
sweet corn.

3.2 Materialsand Methods
3.2.1 Experimental site

Field experiments were carried out at the Colorado Shaiteersity (CSU) Horticulture Research
Center, Fort Collins, CO. Previously, the field area wikanted with buckwheat followed by winter cover
crops, rye $ecale cereal) and turnipsBrassica rapa). The experimental sitie in a semi-arid zone with
clay loam soils. The soil was classified as a fine, snigatiesic Aridic Argiustoll of the Nunn series
(NRCS, 1980).

3.2.2 Soil analysis

Prior to each field season, soil samples were collectadigpth of 30 cm from the field (15 m x
30 m) and analyzed by the Soil, Water, and Plant Testihgrhtory at Colorado State University.
Chemical analyses included soil pH and electrical condbc(i&iC) measured in supernatant suspension
of 1:1 soil to water using a Mettler Toledo pH/EC meter (TleRischer Scientific, Waltham, MA).
Cation exchange capacity (CEC) was determined by summatthe ekchangeable bases {C&",

Mg**, Na") plus hydrogen (B using ammonium acetate (1N ME4HO,, pH 7.0) as described by Hajek
et al. (1972). Organic matter (OM) content was determingtidojoss on ignition method (Blume et al.,
1990). Soil inorganic N (NiH-N and NQ-N) was extracted using 2M KCI, and the filtered extrac wa
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analyzed using an Alpkem Flow Solution IV Auto Analyzer (ObMical, College Station, TX).
Phosphorus (P) was extracted with 0.5M sodium bicarbonate (Ngt$Gl0tion (Olsen et al., 1954) and
analyzed using a Perkin Elmer Inductively Coupled Plasma@imission Spectrometer (ICP-OES)
(Perkin Elmer, Waltham, MA). Major cations (K, Ca, and Mggl anicronutrients (Fe and Zn) were
extracted with ammonium bicarbonadiethylene triaminepentaacetic acid (AB-DTPA) (Jones, 2001)
and analyzed using a Perkin EImer Inductively Coupled Pl&yptiaal Emission Spectrometer (ICP-
OES) (Perkin Elmer, Waltham, MA). The results of soil physidaémical, and nutrient analyses are
presented in Table C1.
3.2.3 Experimental design and plot layout

Treatments consisting of four different types of N femtitiand control were arranged in a
Randomized Complete Block Design with four replicatioriee Plot size was 76 cm x 457 cm.
3.2.4 Planting materials

Luscious sésweet corn seeds were purchased from Johnny’s Seeds (Johnny’s Selected Seed,
Waterville, ME). Seeds were planted at a depth of apprdgiyna.5 cm. Sweet corn seeded mays var.
Luscious F1 se+) were hand planted on July 1, 2013 and July 2, 2014\vithaav spacing of 12 cm in
rows spaced 75 cm apatrt.
3.25Irrigation

Two lines of John Deere® drip tape (Deere & Co., Moline, Ilthwiflow rate of 125 L hotlr
100 ni* were stretched across each row spaced 30 cm apart witibke deader in each plot. Water was
applied daily from 08:00 to 08:30 using an automated drip irrigatistem. The drip system used for this
study comprised of laterals (15 mm diameter) with emi@6rem apart. Irrigation was applied at 08:00
for 15 min day at the initial stage and was changed to 30 mifi édier plants reached the V6-stage.
The amount of precipitation and irrigation over the grovd@egson is presented in Table C2. The amount
of precipitation was obtained from a nearby CoAgMet weatlagiost

(http://www.coagmet.colostate.eflu/
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3.2.6 Fertilizer treatments

The fertilizers compared in this study were liquid feréis [Alask& fish emulsion (Planet
Natural, Bozeman, MO) and cyano-fertilizer], and solidilfeers [blood meal and feather meal (Down
To Earth Inc., Eugene, OR)]. For this study the N-fixing chaicteria Anabaena sp.) was cultured from
local soils and inoculated into nutrient-supplemented racevezmgsding to the method by Barminski
(2014).
3.2.7 Fertilizer application method

Both the fish emulsion and cyano-fertilizer were imitjform and were supplied in four split
applications over the growing season, while the blood meal atiebfeneal were in dry powdered form
and sub-surface banded prior to planting. Blood meal and featis# were applied 6 cm from the plants
by 6 cm deep through band application using a hoe. All ferslizere applied at 56 and 112 kg N'ha
3.2.8 Fertilizer analysis

Fertilizer samples were sent to the Soil, Water, anat Hlesting Laboratory at CSU and
analyzed for N, P, K, Fe, Ca, Mg, and Zn (Table C3}tilzer samples were digested with nitric acid
(HNOs) and hydrogen peroxide £B8,) (Jones, 2001Major cations (K, Ca, and Mg) and micronutrients
(Fe and Zn) were analyzed using a Perkin EImer Inductivelppléd Plasma/Optical Emission
Spectrometer (ICP-OES) (Perkin Elmer, Waltham, MA). Salitlizers were extracted using 2M KCI,
and the filtered extracts were analyzed for,NN and NQ-N. The filtered extracts of solid and the
filtered liquid fertilizers were analyzed using an Alpk&low Solution IV Auto Analyzer (Ol Analytical,
College Station, TX). The nutrient ratio, amount of georicN (Table C4) and Fe and Zn applied (Table
5) were calculated based on nutrient analysis.
3.2.9 Measurements
3.2.9.1 Ear yield and kernél dry weight

Harvesting was done 79 days after planting in both years. $ameears with marketable
quality (kernel filled to the tip) were harvested from eplch and weighed. Husks were removed from
the marketable ear and samples from each subplot were thedroacem CSU’s Agriculture Research
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Development & Education Center (ARDEC) af@Zor 72 hours. The dried kernel samples removed
from each ear were then weighed for dry matter andgr@md to pass a 1.0-mm screen (20 mesh) using
a plant tissue grinder (Thomas Wiley®, Swedesboro, NJ). Sub-samete then taken from each sample
for further analysis.
3.2.9.2 Leaf and kernel N, Fe, and Zn deter mination

All harvested leaf samples were washed with deionized Wwatere oendrying and grinding
for elemental analysis, as described above. Total N o&afgdikernel tissues were measured using a
LECO CN analyzer (Leco Corp., St. Joseph, MI). Fe andadoentrations were determined by a Perkin-
Elmer Inductively Coupled Plasma/Optical Emission Spectronfi€@&-OES) (Perkin-Elmer, Waltham,
MA) after wet digestion of plant sample powder with HN@ones, 2001). Leaf and kernel N, Fe, and Zn
concentrations were multiplied by leaf and kernel dry wsigtespectively, to determirtiee total N, Fe,
and Zn contents.
3.2.10 Statistical analysis

Data were analyzed using SAS version 9.3 (SAS Institute@agy, NC). Univariate and
Boxplot procedures were used to evaluate the normality afdistribution. Analysis of variance
(ANOVA) was performed on the data with the MIXED procedie<(0.1). Fertilizer treatment and N
rate were categorized as fixed effects, and replicatamaategorized as a random effect. Means were
separated by Tukey’s Studentized Range (HSD) test for mean separation. Mean separation testing on
interaction effects was simplified within N rate using théCE option. The relationships between
parameters were assessed by linear correlation using the G@BR&RIure.
3.3 Results

N rate, treatment, and the interaction between dlaatl treatment had significant effects on
marketable ear yield in both years (Table C6). Treatméitefwere observed in leaf and kernel dry
weights, kernel Fe concentration, leaf and kernel Fe acwhiénts, and kernel Zn content in 2013. No

significant effect was observed in leaf N, Fe, or Zn comaganhs in either year (Table L6
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3.3.1 Marketable ear yield

There was a significant interaction between N rate eadrhent in 2013 (P = 0.0209) and 2014
(P =0.0025) in ear yield (Table C6). The fish emulsion@acho-fertilizer treatments had a higher
marketable ear yield in 2013 compared with other treatmetite &igh N rate. The fish emulsion
treatment had a higher ear yield compared to othentezds including control at the low N rate in 2013
(Figure C1). The marketable ear yield in the cyano-iegtiltreatment was higher at the high N rate
compared with the low N rate in both years. The marketablgield was higher in the cyano-fertilizer
treatment compared with other treatments at the highd\wdile no fertilizer treatment effect was
observed at the low N rate in 2014 (Figure C1).

3.3.2 Dry weights and Fe and N contents

The blood meal, fish emulsion, and cyano-fertilizer trestis had a higher leaf and kernel dry
weights compared to feather meal and control (Table C7). In R&f3\ and Fe contents were
influenced by leaf dry weights, as there was no signifieffatt observed in leaf N (Table C8) and Fe
(Table C9) concentrations.

Leaf N and Fe contents had a significant treatmenttdffe#013 due to the treatment effect in
leaf dry weight (P = 0.0056). The fish emulsion, cyamntilieer, and blood meal treatments had higher
leaf N and leaf Fe contents compared to feather mead@nicbl (Tables C8 and ¢.9

Kernel N, Fe, and Zn contents were affected by fertiliatment in 2013 (P = 0.0185) due to
the treatment effect on kernel dry weight (P = 0.0243; T@ble The feather meal treatment had the
lowest kernel N (Table C10), Fe (Table C11), and Zn (Table C12¢mtsntompared to other fertilizer
treatments in 2013.
3.3.3Kernel Fe concentration

Treatment and N rate effects were observed in kernebieeatration in 2013. Higher kernel Fe
concentration was observed at 112 kg N bampared to 56 kg N HgP = 0.0821; Table C6). The blood

meal treatment had a higher kernel Fe concentration comwéredther treatments in 2013 (Table C11).

61



Kernel Fe concentration treated with cyano-fertilizeiswon par with fish emulsion and higher than
feather meaard control
3.3.4 Relationships among fertilizer treatmentswith N, Fe, and Zn concentrations

Leaf N concentration was positively correlated with afconcentration in 2013. Kernel N and
Zn concentrations were positively correlated in both yéeable C13). Kernel Fe concentration was
positively correlated with marketable ear yigdanounts of NQ-N, Fe, and Zn applied in organic N
fertilizers were positively correlated with kernel Fe aamtcation, while amount of Nf+N applied was
negatively correlated with kernel Fe concentration. Ant®ohinorganic-N (NH'-N and NQ-N) and
micronutrients (Fe and Zn) applied in organic N fertiizeere negatively correlated with ear yield
(Table C13.

3.4 Discussion
3.4.1 Effect of N on Fe concentration in sweet corn

Timsina (2013) reported that N fertilizer influences Re@ Zn concentration in wheat grain.
Sweet corn treated with N fertilizer showed an incréagernel Fe content due to N retranslocation from
leaves to kernel (Shi et al., 2012). Positive correlatioreadriel Zn concentrations with N fertilizer
applied were possibly due to increased uptake from s@itoeased translocation of Fe and Zn from
vegetative parts to the grain (Cakmak et al., 2010). Kuthah (2010) and Barunawati et al. (2013)
found that N affects transporter proteins in the transtmcaf Fe from leaves to wheat grain.

Under N fertilizer treatment, Fe concentration in keroels be facilitated by Fe-chelating
compounds called siderophores in Strategy Il plants (Romhdliarschner, 1986; Cakmak et al.,
2010). Sweet corn relies on enhanced release of sideropRorebéld, 1987; Briat et al., 2007).
However, siderophores were not measured in our study. To ourddgmylthere has been no literature
found either on N rate or N source influencing siderophasdyation.

No treatment effect was observed on kernel Fe concentratki14 compared to 2013, which
may be due to the dilution effect of increased marketgbld in 2014 compared to 2013, similar to
results reported by Liu et al. (2006), Sperotto et al. (2018)Gammez-Becerra et al. (2010). A two-fold
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increase in marketable ear yield in 2014 compared to 2013 na@yelde rainfall distribution (Table C2).
Feand Zn deficiency symptoms were only observeti@V6-stage in all treatments in both years, but
recovered as the plants grew over the growing season

Ahmad et al. (2009) showed that N fertilizer had a signifipasitive correlation with Zn
concentration in sweet corn kernedhich may indicate that N fertilizer response indirectly@ased Zn
concentrationsin our study, a similar positive relationship was found between kisraad Zn
concentrations in both years (Table C13), although treatefiguts on leaf kernel N and Zn
concentrations were not significant.
3.4.2 Feather meal decreased ker nel Fe concentration and dry weight

The feather meal treatment hatigher percentage of N applied as fJ4Ml (Table C4), which
may have decreased kernel Fe concentration. Decreasedhdelaérnel dry weights in the feather meal
treatment may have been due to the slow-release pespand low rate of N mineralization of feather
meal (Hadas and Kautsky, 1994). The kernel Fe concentratibe blood meal treatment was greater
than that of feather meal (T&L11). It may be possible that methionine in the blood megifer
(Akhter et al., 2008) induced greater Fe kernel concentriattiblood meal compared to other fertilizers
(Table 11). Aciksoz et al. (2011) reported that methionine wastsd in the leaves and may be possibly
transported into roots to accumulate Fe concentratiarhaat grain.
3.5 Conclusion

Cyano-fertilizer, fish emulsion, and blood meal increaseddreentration in sweet corn
compared to feather meal. The amountsl©g-N, Fe, and Zn applied in organic N fertilizers were
positively correlated with kernel Fe concentration, whike amount of Nif-N applied was negatively
correlated with kernel Fe concentration. There was naté&lar treatment effect on leaf kernelN
concentrations in sweet corn. Local organic growers coulsideneither blood meal, fish emulsion, or
cyano-fertilizer as one of the organic N fertilizeusmes to maintain an adequate level of Fe

concentration in sweet corn grown in calcareous soils.
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TABLES

Table Cl.nitial soil properties of the 0-30 cm soil depth of the sweet egperimental site.

Soil properties 2013 2014
pH' 7.5 7.7
Electrical conductivity(dS m?) 0.6 0.6
Cation exchange capacity, CE@eq 100 g) 29 30
Organic matter, ONM(%) 2.5 2.6
NH,"-N¥ (ppm) 2.5 2.7
NOs-N* (ppm) 1.9 2.1
P® (ppm) 30 32
K* (ppm) 463 456
Cd (ppm) 4560 4650
Mg* (ppm) 616 622
Fe (ppm) 6 7
Zn' (ppm) 1.4 1.6

"pH and electrical conductivity were determined in watet)(

'‘CEC was determined using ammonium acetate (1NOHO,, pH 7.0) extraction.

"OM was determined by the loss on ignition method.

“Samples were extracted using 2M KCI.

§Sample was extracted with 0.5M NaHEO

*Samples were extracted using ammonium bicarbonate diethjéeniee pentaacetate (AB-DTPA).
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Table C2. Average monthly precipitation and the amount ofrveguiglied during growing season in 2013
and 2014 in sweet corn.

2013 2014
Planting July 2 July 1
Harvest September September 19
Precipitation (mm)
July 39 69
August 13 26
September 119 9
Amount of water applied (mm)
Irrigation 729 737
Fertigation 414 414
Total (mm) 1314 1257

"Total amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as
that used to fertigate the liquid fertilizer treatments.

Table C3. Nutrient analysis of fertilizer samples.

N’ P K* Fe cd Mg? '

L —— L L —
Cyano-fertilizer 0.2 6 0.1 6 10 18 0.1
Fish emulsion 5 1600 20510 131 725 921 18
Feather meal 13 640 1776 62 1466 575 18
Blood meal 13 32 366 118 904 283 14

‘Samples were analyzed using CN analyzer.
*Samples were digested with HN@&nd HO, and analyzed using ICP-OES.
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Table C4. Inorganic N concentration and percentage of Neapgd inorganic-N of fertilizers.

NH,"-NT NO;-N" N as NH™-N N as NQ-N
------------- mg kg* T —————
Cyano-fertilizer 4.7 0.01 0.24 0.0005
Fish emulsion 23.7 0.12 0.05 0.0002
Feather meal 1232 2.30 0.95 0.002
Blood meal 27.7 8.40 0.02 0.006

'Samples were extracted using 2M KCI and were analyzed usirenaiyoer.

Table C5. Amount of iron (Fe) and zinc (Zn) applied at &P kg ha over the course of growing
season.

Fe Zn
56 112 56 112
---------------- (0] 1 pA———— SURURRRR '} T L H———
Cyano-fertilizer 3.4x10° 6.8 x 10° 5.6 x 10° 1.1x 10
Fish emulsion 7.3x10° 1.5 x 107 3.2x 10 6.4 x 10’
Feather meal 3.5x 10° 7.0 x 10° 3.2x 10 6.4 x 10’
Blood meall 6.6 x 10° 1.3x 10 7.8 x 10* 1.6 x 10°
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Table C6.Analysis of variance (ANOVA) of sweet corn ear yidtdrnel, and leaf dry weight, nutrient concentrations anteobim 2013 and

2014.
Mar ketable ear yield Kernel dry weight L eaf dry weight
2013 2014 2013 2014 2013 2014
P>F P>F P>F P>F P>F P>F
N rate 0.0333* <.0001* 0.1151 0.3269 0.2220 0.2321
Treatment <.0001* 0.0008* 0.0243~ 0.1658 0.0056* 0.3652
N rate* Treatment  0.0209* 0.0025* 0.3616 0.3620 0.8179 0.3589
L eaf N concentration L eaf Fe concentration Leaf Zn concentration
N rate 0.2916 0.5341 0.5415 0.4176 0.1801 0.6935
Treatment 0.2105 0.9119 0.4499 0.8736 0.1281 0.4492
N rate* Treatment 0.2633 0.1448 0.6330 0.1587 0.1820 0.1412
Kernel N concentration Kernel Fe concentration Kernel Zn concentration
N rate 0.6234 0.8434 0.0821* 0.4880 0.8719 0.3271
Treatment 0.2341 0.1258 0.0037* 0.6427 0.5790 0.3113
N rate* Treatment 0.2712 0.6480 0.5348 0.6122 0.6143 0.8680
Leaf N content L eaf Fe content L eaf Zn content
N rate 0.2044 0.3412 0.2130 0.6443 0.2213 0.4404
Treatment 0.0063* 0.9352 0.0351* 0.9105 0.1459 0.5146
N rate* Treatment 0.5080 0.3967 0.2466 0.2569 0.1788 0.4105
Kernel N content Kernel Fe content Kernel Zn content
N rate 0.2140 0.2828 0.9456 0.3066 0.2272 0.1437
Treatment 0.0578* 0.1880 0.0144* 0.4030 0.0185* 0.1998
N rate*Treatment 0.3840 0.3196 0.4844 0.4580 0.2326 0.2037

*P-values are significantly different at P < 0.1.
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Table C7. Leaf and kernel dry weights in 2013. Means with the kditeeare not significantly different
at P <0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Treatment Leaf dry weight Kernel dry weight
---g plant’--- ---g plant’---

Cyano-fertilizer 96 a 77 a

Feather meal 72 b 47 b

Fish emulsion 114 a 74 a

Blood meal 92 a 73 a

Control 47 c 25¢

Table C8. Leaf N concentration and content in 20A&ans with the same letter are not significantly
different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Treatment Leaf N concentration Leaf N content
----- %----- ------g N plant* ------

Cyano-fertilizer 26a 25a

Feather meal 28a 20b

Fish emulsion 26a 29a

Blood meal 28a 26a

Control 2.7a 12c

Table C9. Leaf Fe concentration and content in 2013. Meansheitame letter are not significantly
different at P < 0.1 using Kkudy’s Studentized Range (HSD) test of mean separation.

Treatment Leaf Fe concentration Leaf Fe content
————— mg Fe kg'----- ------mg Fe plant ------

Cyano-fertilizer 475.2 a 43.7 a

Feather meal 436.5 a 314b

Fish emulsion 404.3 a 45.1a

Blood meal 4952 a 45.6 a

Control 488.3a 229c
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Table C10. Kernel N concentration and content in 2013. Meansheittame letter are not significantly
different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Treatment Kernel N concentration Kernel N content
------------- S -------g N plant* --------

Cyano-fertilizer 2.7a 21a

Feather meal 26a 12b

Fish emulsion 28a 21a

Blood meal 2.7a 19a

Control 26a 0.7c

Table C11Kernel Fe concentration and content in 2013. Means with the Isttereare not significantly
different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Treatment Kernel Fe concentratior Kernel Fe content
----- mg Fe kg'----- ------mg Fe plant ------

Cyano-fertilizer 61lb 4.8 a

Feather meal 52 c 25¢c

Fish emulsion 68 b 51la

Blood meal 86 a 6.3a

Control 42 c l1lc

Table C12Kernel Zn concentration and content in 2013.

Treatment Kernel Zn concentration Kernel Zn content
————— mg Zn kg'----- ------mg Zn plant ---

Cyano-fertilizer 34.7 a 2.7a

Feather meal 36.1a 1.7b

Fish emulsion 33.7a 25a

Blood meal 385a 2.8a

Control 353a 09c
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Table C13Pearson correlation coefficients of N, Zn, and Fe leafkendel concentrations and yield in
sweet corn in 2013 and 2014.

2013 2014
r P-value r P-value
Ear yield & Kernel Fe conc. 0.52 0.0446~ 0.29 0.2054
Kernel N conc. & Kernel Zn conc. 0.64 0.0100* 0.62 0.0034*
Leaf N conc. & Leaf Fe conc. 0.53 0.0433* 0.13 0.5819
Leaf Zn conc. & Leaf Fe conc. 0.39 0.3214 0.63 0.0169*

*P-values are significantly different at P < 0.1.

Table C14. Pearson correlation coefficients of Fe kernel ctratiem and ear yield with inorganid-
(NH4"-N and NQ'-N) and micronutrients (Fe and Zn) applied in organic Nlifegts in 2013.

Kernel Fe concentratior Ear yield

r P-value r P-value
NOs-N app 0.68 0.0060*  -0.58 0.0186*
NH,"-N app -0.49 0.0416*  -0.69  0.0026*
Fe app 0.59 0.0413*  -0.54 0.0298*
Zn app 0.79 0.0024*  -0.22 0.4140

P-values are significantly different at P < 0.1.
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FIGURES

(a) 2013
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Figure C1 Effects of different organic fertilizers on sweet corarketable ear yield in (a) 2013 and (b)
2014. Fertilizers were applied at 56 kg N'ifaow N) and 112 kg N Ha(High N). Bars represent
standard deviation of mean. Means with the same letteroaggnificantly different at P < 0.1 using
Tukey’s Studentized Range (HSD) test of mean separation. Upper case letters indicate significant
differences within mean at the high N rate, while lowesedatters indicate significant differences within
mean at the low N rate. The dashed line represents cdnt&f)13, all treatments were significantly
different from control at P < 0.1. In 2014, the cyano-fedilireatment was significantly different from
control at the high N rate at P < 0.1. Blood = Blood meajltes = Feather meal; Fish = Fish emulsion;
Cyano = Cyano-fertilizer.
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CHAPTER 4. ORGANIC NITROGEN FERTILIZERSINFLUENCED WATER USE

EFFICIENCY IN DRIP IRRIGATED SWEET CORN

4.1 Introduction

Most of Colorado receives less than 50 cm of precipitatioggser, and drip irrigation is a
practice that reduces water use and increases water iggneff. Drip irrigation interests vegetable
growers because of potential improvements in irrigation effayi€Doerge et al., 1989).

Water use efficiency (WUE) can be measured on various soaeshe leaf to the field (Sinclair and
Ludlow, 1984). WUE is a measure of C assimilated per unit ofrwatespired by the plant (Stanhill,
1986). It can be measured either using a leaf gas exchange (B0hOkor field-scale approach (Taylor
et al., 1983).

Field water use efficiency (fWUE) is defined as the yielndpced per unit of water used.
Methods of measuring instantaneous WUE (iWUE) using the leaf gasnggechpproach are derived
from direct measurements of photosynthesis and transpiration aasiqtants have similar leaf to
atmosphere water vapor concentration gradients under field iomsdiEhleringer et al., 1986).

Fertilizer type has potential to influence WUE. Nitroghiy plays a crucial role in crop growth
and yield development of sweet coded mays), and its application affects WUE. Organic growers often
use commercial organic animal-based fertilizers whick iranutrient composition, forms of available N
(NH4"-N and NQ'-N), and have high transportation costs to meet the N deafamdps. Organic
agiculture often relies on fertilizers and soil amendments foffafarm sources to meet crop N demand
(Gaskell et al., 2006). There are two main classes of argdafertilizers, which are solid (compost,
animal manure, blood meal, and feather meal) and lidisid emulsion). In organic agriculture, solid
fertilizers are often incorporated into the soil befplanting, while liquid fertilizers are generally applied

season-long through irrigation.
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All of these organic materials are rich in slow-releasirganic N. While these organic fertilizers
are commercially available, many of them are producethoffrand distributed widely throughout the
United States. Farmers usually rely on off-farm sourceadditional N needed during the growing
season. However, there are other opportunities for fertgons being developed that allow farmers to
produce N on-farm, such as cultivation of cyanobacterigasoefertilizer. Cyanobacteria have unique
dual properties because they can both fix N from the atmasjaiherphotosynthesize to produce N
fertilizer without fossil fuels.

Different organic N fertilizers have different chemipaoperties that influence plant growth and
development and plant-water realtions. Macronutrients; dnegucalcium (Ca) and magnesium (Mg) and
micronutrients; including iron (Fe) and zinc (Zn) in origaM fertilizers influenced stomatal regulation,
photosynthesis, and osmoregulation in plants (Welch and Shuman, 1995; O’Carrigan et al., 2014).
Phytohormones in organic N fertilizers can also influenaatgrowth and development. Phytohormones
play a significant role in regulating plant-water relat (Kang et al., 2012; Gururani et al., 2015). Auxin
in the form of Indole-3-acetic acid (IAA) was associatgith the increased growth and development of
photosynthetic pigments in corn and wheat (Wang and Li, 2007; Agadriohamed, 2013). In a study
conducted by Balraj et al. (2014), IAA caused a wider andleirstructure of eggplants xylem vessels
which subsequently increased water transport.

A phenolic compound phytohormone, salicylic acid (SA) increas®d \ rice, mustard, and
corn (Moussa and Khodary, 2004; Yusuf et al., 2008; Li et al., 20@8r et al., 2015). The effect of
exogenous application of salicylic acid (SA) on growth, photdsgais, stomatal regulation, and plant
water relations have been discussed mostly in corn and seyfBsmkosky and Einhelling, 1993; Khan
et al., 2003; Hayat et al., 2010). However, most of the exogepglisadion of SA to plants was in the
form of foliar application. SA may be related to the inchrcbf antioxidant response and protective role
of membranes that increase the tolerance of plant in teguisater use (Yildrim et al., 2008). WUE of
broccoli plants increased with SA application by enhancifigingsion in broccoli (Mirdad, 2014).
Overall, effects of SA in plants depend on its concentratiwhplant species (Salehi et al., 2011).
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Different N forms in fertilizer can induce various etfeon plant growth and physiology.
Inorganic N forms in fertilizer have been shown to afiétJE of French bean (Guo et al., 2002) and N
assimilation in wheat (Duan et al., 2003). Inorganic N rparticularly NH*-N, decreased WUE and
net photosynthetic rate of tea plants (Du et al., 2015), \uigle NG;-N concentration in fertilizers
decreased leaf transpiration rate in corn (Wilkinson. e2@07). NQ-N contributes changes to stomatal
aperture, increased dry matter accumulation and WUE inteocompared tdNH,™-N being used as
fertilizer source (Claussen, 2002). When high concentratiesi-N used as the source of fertilizer, leaf
area, fresh weight, and WUE of artichoke was lower compard®t-N (Elia et al., 1996) because of
interferences with photosynthetic production of ATP, mefatyobf carbohydrates, and amino acid
synthesis (Haynes and Goh, 1978).

Many WUE studies have been conducted on N fertilizer efBaisrge et al., 1989; Du et al.,
2015; Guo et al., 2002; Wilkinson et al., 2007), but none of themdwmpared cyano-fertilizer with
other organic fertilizers on sweet corn. There is alslite@ture describing how inorganic N forms and
phytohormone concentrations in fertilizers affect WUE of swest. We hypothesized that (i)
phytohormones in organic fertilizers (IAA and SA) will inase WUE and ear yield, (ii) a high
percentage of N applied as WHN will reduce WUE (fWUE and iWUE) and ear yield ofest corn, (iii)
a high percentage N applied as NN will increase transpiration rate and reduce WUE (fWU# a
IWUE), and (iv) macronutrients (Ca and Mg) and micronutsi€éfe and Zn) in organic N fertilizers may
influence gas exchange components in sweet corn. The ovaralf #iis study is to assess whether
phytohormones and forms of inorganic N in organic fertilizeiscafVUE (fWUE and iWUE) and leaf
gas exchange components of drip irrigated sweet corn undecdiadiitions.

4.2 Materialsand Methods
4.2.1 Experimental site

Field experiments were carried out at the Colorado Shaiteersity Horticulture Research Center
(CSU HRC), Fort Collins, CO. Previously, the field avess planted with buckwheat followed by winter
cover crops, ryeSecale cereal) and turnips Brassica rapa) . The experimental site is in a semi-arid zone
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with clay loam soils. The soil was classified as a finesatitic, mesic Aridic Argiustoll of the Nunn
series (NRCS, 1980).
4.2.2 Soil analysis

Soil samples were collected to a depth of 30 cm from ageptative area of the field area (15 m
x 30 m) and analyzed by the Soil, Water, and Plant Tektibgratory at Colorado State University.
Particle size distribution was determined using the hydrometer method based on Stoke’s law (Gee and
Bauder, 1979). Chemical analyses included soil pH and eleatanductivity (EC) measured in
supernatant suspension of 1:1 soil to water using a Mettledd@ pld/EC meter (Thermo Fischer
Scientific, Waltham, MA). Cation exchange capacity (C@} determined by summation of the
exchangeable bases (Ga&K*, Mg?*, N&") plus hydrogen (B using ammonium acetate (1N ME3HO,,
pH 7.0) as described by Hajek et al. (1972). Organic m@ifd) content was determined by the loss on
ignition method (Blume et al., 1990). Soil inorganic N "N and NQ'-N) was extracted using 2M
KCI, and the filtered extract was analyzed using an Alpkiaw Solution IV Auto Analyzer (Ol
Analytical, College Station, TX). Phosphorus (P) was extchwith 0.5M sodium bicarbonate (NaHgO
solution, which was developed by Olsen et al. (1954) and athlyging a Perkin Elmer Inductively
Coupled Plasma/Optical Emission Spectrometer (ICP-OESBifAeimer, Waltham, MA). Major cations
(K, Ca, and Mg) and micronutrients (Fe and Zn) were exdagith ammonium bicarbonatdiethylene
triaminepentaacetic acid (AB-DTPA) (Jones, 2001) and aedlysing a Perkin Elmer Inductively
Coupled Plasma/Optical Emission Spectrometer (ICP-OESifAeimer, Waltham, MA). The results of
soil physical, chemical, and nutrient analyses are predgémtTable D1.
4.2.3 Experimental design and plot layout

Treatments consisting of four different types of N feréitiand control (no fertilizer) were
arranged in a Randomized Complete Block Design with feplications. The plot size was 76 cm x 457

cm.
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4.2.4 Planting materials

Luscious sésweet corn s&ls were purchased from Johnny’s Seeds (Johnny’s Selected Seed,
Waterville, ME). Seeds were planted at a depth of appraglyna.5 cm. Sweet corn seeded mays var.
Luscious F1 se+) were hand planted on July 1, 2013 and July 2, 2014withoav spacing of 12 cm in
rows spaced 75 cm apart.
4.2.5Irrigation

The amount of precipitation was obtained from a nearby CoAgMather station

(http://www.coagmet.colostate.edu/). Water was applied daihg an automated drip irrigation system.

Two lines of John Deere® drip tape (Deere & Co., Moline, Ilthwi flow rate of 125 L hotfr100 m*
were stretched across each row spaced 30 cm apart withle teaber in each plot. The drip system
used for this study comprised of laterals (15 mm diameterganitters were 30 cm apatrt. Irrigation was
applied for 15 min dayat the initial stage and was changed to 30 min‘ @dier plants reached the V6-
stage (Table D2).
4.2.6 Fertilizer treatments

The fertilizers compared in this study were liquid feréits [Alask& fish emulsion (Planet
Natural, Bozeman, MO) and cyano-fertilizer], and solidilfeers [blood meal and feather meal (Down
To Earth Inc., Eugene, OR)]. For this study, N-fixing cyantdrie (Anabaena sp) was cultured from
local soils and inoculated into nutrient-supplemented racevezysding to the method by Barminski
(2014).
4.2.7 Methods of fertilizer application

Both the fish emulsion and cyano-fertilizer were inilibform and were supplied in four split
applications over the growing season, while the blood meal atietfeneal were in dry powdered form
and incorporated into the soail prior to planting. Bloodihand feather meal were applied 6 cm from the

plants and 6 cm deep through band application using a hoerthitées were applied at 112 kg N Ha
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4.2 8 Fertilizer analysis

Fertilizer samples were sent to the Soil, Water, anat Hlesting Laboratory at CSU and
analyzed for N, P, K, Ca, Mg, Fe, and Zn (Table D3)tilizar samples were digested with nitric acid
(HNOs) and hydrogen peroxide £8,) Major cations (K, Ca, and Mg) and micronutrients (Fe and Zn)
were analyzed using a Perkin Elmer Inductively Coupled Pl3ptiaal Emission Spectrometer (ICP-
OES) (Perkin Elmer, Waltham, MA). Solid fertilizers wepdracted using 2M KCI, and the filtered
extracts were analyzed for NHN and NQ™-N. The filtered extracts of solid and liquid fertdiz were
analyzed using an Alpkem Flow Solution IV Auto Analyzer (ObMical, College Station, TX) (Table
D4).
4.2.9 Phytohor mone analysis

Phytohormone analyses were conducted at the Proteomics armbMetis Facility, CSU.
Fertilizer samples were adjusted to pH 7.0 with 1N NaGdHextracted three times with water-saturated
n-butanol followed by vacuum drying (Pan et al., 2010). The @stbtained were filtered through
membrane filters (pore size 0.45 um). Supernatants were tehigstentrifugation at 5,000 g for 20
minutes at AC. Supernatants were homogenized in liquid nitrogen using a aotdmand pestle. The
resulting powder was extracted using 80% methanol containing 10*tbgtilated hydroxytoluene at
4°C. Samples were methylated with diazomethane and dissolheptiane. Gas chromatography-mass
spectrometry (GC-MS) analyses were performed accordiggdltmd et al (1995). The amount of
phytohormones applied over the growing season for each fertilgggmtent is presented in Table D5.
4.2.10 M easur ements
4.2.10.1 L eaf gas exchange measur ements

Leaf gas exchange measurements of the uppermost, fully expandiedrietiree plants in each
plot were carried out during tasseling using a portable opengmbesis system, LI- 6400XT (LI-COR
Inc., Lincoln, NE). The leaf gas exchange components, suchfdsalespiration rate, leaf vapor pressure
deficit (VPD), net photosynthetic rate, and leaf tempeeaivere only measured in 2014. Measurements
were taken between 10:00 and 15:00 at ambient(G&D I L'l), leaf temperature inside the cuvette was
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set to 268C, and photon flux density was 2000 pmdf g1. Relative humidity was monitored and ranged
between 50 and 60% during the day. Each leaf was alloweddb aesteady state of GOptake in the
LI-6400XT leaf chamber before measurements were taken.
4.2.10.2 Ear yield, ear dry weight, and kernel number

All above-ground plant parts from each treatment were hancested and separated into leaves,
stems, and ears at 79 days after planting. The separatega@tes were dried at 70 for 72 hours and
weighed to determine the total above-ground biomass. One daggienent of a high degree of kernel
filling was selected for kernel number measurement. Keuraber per ear was determined manually by
counting the number of kernels per ear. Kernel number wgsonnted in 2014.
4.2.10.3 Water use efficiency

Field water use efficiency (fWUE) was calculated using edd yivided by amount of water
applied over the growing season (precipitation + irrigatiorstalmaneous water use efficiency (IWUE)
was only measured in 2014 and calculated as the ratio phatsynthetic rate to transpiration rate and
expressed in pumol G@onmol* H,0.
4.2.11 Statistical analysis

Data were analyzed using SAS version 9.3 (SAS Institute@acy, NC). The Univariate and
Boxplot procedures were used to evaluate the normalitytafdistribution. Analysis of variance
(ANOVA) was performed on the data by using the GLM procedure. The Tukey’s Studentized Range
(HSD) test of mean separation value was calculated fnerolitained mean square errors to determine
whether main effects or interactions were significant (P13. The relationships between parameters
were assessed by linear correlation using the CORR proc&RBEC REG with the stepwise selection
method was used to select the best combination of independiafies (gas exchange components,
IAA, SA, NH;"-N, NOs-N, Ca, Mg, Fe, and Zn applied in organic N fertilizecsptedict the dependent

variables (\WUE and iWUE).
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4.3 Results
4.3.1 Ear yield, dry weight components, and ker nel number

Fish emulsion and cyano-fertilizer treatments had a higbgh yield compared to other
treatments and control in 2013 (P = 0.0032; Figure D1a). Onlyydreo-fertilizer treatment had a higher
yield compared with other treatments and control in 2014qB0&; Figure D1b). No fertilizer effect was
observed in the dry weight of leaves or stems (data not shéveignificant fertilizer effect was
observed in number of kernels per ear. The feather neaditent had a lower kernel number compared
with other treatments including control in 2014 (Table D6).
4.3.2 fWUE, iWUE, and leaf gas exchange components

The fish emulsion and cyano-fertilizer treatments hajaer fWUE compared with control in
2013 (P = 0.0002; Figure D2a). The cyano-fertilizer treatmeat & higher fWUE compared with blood
meal and feather meal in 2013 (Figure D2a) and higher thtrefeaeal and fish emulsion treatments in
2014 (P <.0001; Figure D2b). The cyano-fertilizer treatmenihaigher iWUE compared with other
treatments including control in 2014 (P <.0001; Figure D3).

The blood meal and control treatments had a higher leafiration rate (P <.0001; Figure D4)
and leaf VPD (P <.0001; Figure D5) compared with otherrtreats. The feather meal treatment had a
lower net photosynthetic rate (P <.0001; Figure D6) and highetdegiferature compared with other
treatments including control (P = 0.003; Figure D7). Negatdreelation was found between amount of
IAA applied in organic N fertilizers and leaf VPD (-6.49; P = 0.0163; Table D7), which may explain
the lowest leaf temperature observed in the fish emulstatnient (Figure D7). Leaf VPD (r = 0.54; P =
0.0071) and transpiration rate (r =0.53; P = 0.0057) were positivelglated with amount of Fe applied
in organic N fertilizers and negative correlated with W{Rble D7). SA applied in organic N fertilizers
was negatively correlated with stomatal conductance ¢ 29: P = 0.0059). Amount of Ca applied in
organic N fertilizers was positively correlated with leahperature (r = 0.53; P =0.0082) but negatively

correlated with net photosynthetic rate (r = -0.74; P = 0.0056).
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The amounts of SA, Nf+N, Ca, and Fe applied in organic N fertilizers wereaated with
both IWUE and fWUE in 2014 (Table D7). IWUE was positively corezlatith yield (r = 0.61; P =
0.0153) Among other independent variables, including IAA, SA,,NN, NO;-N, Ca, Mg, and Fe
applied in organic N fertilizers, only SA can be used @t both \WUE and iWUE (Table D8).

4.4 Discussion
4.4.1 Amount of salicylic acid applied influenced fWUE and iWUE

Greater amounts of SA applied in the cyano-fertilizeatiment compared to other treatments
(Table D5) influenced fWUE and iWUE (Tables D7 and D8). SA poés the distribution of
photoassimilates and has been shown to increase iIWUE in(vamg and Li, 2007). SA induced
stomatal closure, improved membrane integrity, regulated piater use and increased iIWUE in barley
(EI-Tayeb, 2005), corn (Rao et al., 2012; Saruhan et al., 20i®@)leat (Kang et al., 2012). Sharafizad
et al. (2012) found that SA increased wheat yield due tmthef SA in enhancing cell division and ion
transport (Harper and Balke, 1981; Argueso et al., 2012).i8drig the cyano-fertilizer treatment was
positively correlated with SA applied in organic N ilierers (r = 0.73; P = 0.0067), thus influencing
fWUE.

Among variables analyzed (amount of IAA, SA, RN, NO;-N, Ca, Mg, Fe, Zn applied in the
fertilizers), SA application and stomatal conductance weréwo independent variables influencing
IWUE, and only SA application in organic N fertilizerslirdnced fWUE of sweet corn (Table D8).
Although SA has been found to induce stomatal closure in regulating\wéter use (Larque-Saavedra
1978; Larque-Saavedra 1979; Nazar et al., 2015; Sharafiahd 2012; Yusuf et al., 2008), there was no
treatment effect on stomatal conductance (data not shailtimugh the correlation between SA
application and stomatal conductance (r = -0.71; P=0.0059) waficsigh Most studies conducted on
SA applied to plants evaluated foliar applications. In tuays the cyano-fertilizer was applied directly to
the soil through fertigation. Due to different methodseofilizer application, the mechanism of stomatal

closure from SA application may not necessarily be the samd, mag vary across species.

84



4.4.2 Amount of Ca applied in organic N fertilizers correlated with leaf temper ature and net
photosynthetic rate

Higher Ca application in the feather meal treatment comparether fertilizer treatments (Table
D4b) may have contributed to the low net photosynthetic ratar@iQ6) and lower kernel number per
ear (Table D6) because kernel formation is dependent on leavessasitbe of carbohydrates, thus
affecting C assimilation, yield and fWUE.

The feather meal treatment had the lowest net photosynthtti¢Figure D6) and the highest leaf
temperature (Figure D7), which may have been due thigiver amount of Ca applied in the feather
meal treatment compared to other treatments (Table D&juAt of Ca applied in organic N fertilizers
was positively correlated with leaf temperature (r = 0%3;0.0082) and negatively correlated with net
photosynthetic rate (r = -0.74; P = 0.0056), iWUE (r = -0.62; P = 0.0808fWUE (r = -0.75; P =
0.0050).

A positive correlation between Ca applied in organic Mlitegrs with leaf temperature may have
been due to the function of Ca in the regulation of stdrsktsing in response to external stimuli (Zhang
et al., 2014), which influences leaf temperature. Increlesdédemperature in the feather meal treatment
may have been due to stomatal closing during the time asumements between 10:00 to 15:00. If a
plant closes its stomata, G@bsorption can be inhibited, which in turn can cause dezsén net
photosynthetic rate. The net photosynthetic rate was negatimeklated with leaf temperature<(r
0.65; P = 0.0087). As stomata close to reduce excessive wesetrémspiration is reduced, thus plants
cannot dissipate much heat, causing internal leaf temperat rise, as observed in our study in the
feather meal treatment, where an increase in temperdé¢areased net photosynthetic rate.

4.4.3 Amounts of NH,"-N and Fe applied in organic N fertilizerswith WUE

Amounts of NH™-N and Fe applied in organic N fertilizers decreasetl WUE and fWUE
(Table D7). Fertilizer with high NII-N concentration decreases fWUE and has been shown to decrease
net photosynthetic rate in corn (Lewis et al., 1989; Foyat.£1994) due to interferences with
photosynthetic production of ATP (Haynes and Goh, 1978; Tabatetbalei 2006). It may be possible
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that a higher percentage of N applied as,NHlin the feather meal treatment compared to othefifeti
treatments (Table D4a) decreased water transport in tha xgeduit. Schulze-Till et al. (2009) found
that water flow in the xylem conduit was lower in lNHN (5 mM) treated common bean due to a reduced
number of functional xylem conduits.

The amount of Fe applied in organic N fertilizers wasitpeely correlated to leaf VPD (r = 0.54;
P =0.0071) and transpiration rate (r = 0.53; P = 0.0057; Tablethus decreasing iWUE and fWUE.
Among other fertilizer treatments, the blood meal treatrhadtthe highest transpiration rate (Figure D4)
and leaf VPD (Figure D5), similar to control. Although #mount of Fe applied in the blood meal
treatment was similar to the fish emulsion treatmeabld D4b), the fish emulsion had a lower
transpiration and leaf VPD, which may have been duegteehiindole-3-acetic acid (IAA) applied in the
fish emulsion treatment, since IAA application was negatigetyelated with leaf VPD (r = -0.49; P =
0.0163; Table D7). Increased Fe applied in organic N fentlihas been shown to increase transpiration
rate of peach leaves due to physical alterations of sébw@ening (Eichert et al., 2010). Borowski and
Michalek (2011) found that increased Fe application in orddriartilizers resulted in increased
transpiration rate and Fe translocation in plants, whigcted photosynthetic pigments and gas
exchange rates of French bean.
4.5 Conclusion

In conclusion, we found that the amounts of phytohormones, @& eaapplied in organic N
fertilizers may have affected fWUE, iWUE, kernel numlzer leaf gas exchange components of sweet
corn. We conclude that organic growers could increase WUErtigating their crops with cyano-
fertilizer. Cyano-fertilizer apparently had a high®@lJE due to the high amount of SA applied. A positive
relationship was observed between the amount of SA appliedahdiwUE and fWUEThe amount of
Fe applied in organic N fertilizers showed a positive cormatiith leaf VPD and transpiration rate. The
amount of Ca applied in the feather meal treatmenthaag contributed to increasing leaf temperature
and decreasing net photosynthetic rate. The amount giNidnd Ca applied in the feather meal
treatments were negatively correlated with both iIWU& f@UE. Further research needs to be

86



conducted to understand the mechanisms through which phytohormanenuataents, and

micronutrients in organic N fertilizers regulate watangport in plants, particularly horticultural crops.
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TABLES

Table D1.Initial soil properties of the 0-30 cm soil depth of the dveeen experimental site.

Soil properties 2013 2014
pH' 7.5 7.7
Electrical conductivity(dS m?) 0.6 0.6
Cation exchange capacity, CE@eq 100 g) 29 30
Organic matter, ONM(%) 2.5 2.6
NH,"-N¥ (ppm) 2.5 2.7
NOs-N* (ppm) 1.9 2.1
P® (ppm) 30 32
K* (ppm) 463 456
Cd (ppm) 4560 4650
Mg* (ppm) 616 622
Fe (ppm) 6 7
Zn' (ppm) 1.4 1.6

"pH and electrical conductivity were determined in watet)(

'‘CEC was determined using ammonium acetate (1NDHO,, pH 7.0) extractin.

"OM was determined by the loss on ignition method.

“Samples were extracted using 2M KCI.

§Sample was extracted with 0.5M NaHEO

*Samples were extracted using ammonium bicarbonate diethjéeniee pentaacetate (AB-DTPA).
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Table D2. Average monthly precipitation and the amount of vegdplied during growing season in 2013
and 2014 in sweet corn.

2013 2014
Planting July 2 July 1
Harvest September September 19
Precipitation (mm)
July 39 69
August 13 26
September 119 9
Amount of water applied (mm)
Irrigation 729 737
Fertigation 414 414
Total (mm) 1314 1257

"Total amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as
that used to fertigate the liquid fertilizer treatments.

Table D3. Nutrient analysis of fertilizer samples.

N’ P K* Fe cd Mg? '

L —— L L —
Cyano-fertilizer 0.2 6 0.1 6 10 18 0.1
Fish emulsion 5 1600 20510 131 725 921 18
Feather meal 13 640 1776 62 1466 575 18
Blood meal 13 32 366 118 904 283 14

‘Samples were analyzed using CN analyzer.
*Samples were digested with HN@&nd HO, and analyzed using ICP-OES.
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Table D4a. Inorganic N concentration and percentage of Nedpgd inorganic-N of fertilizers.

NH,"-NT NO;-N" N as NH™-N N as NQ-N
------------- mg kg* T ————
Cyano-fertilizer 4.7 0.01 0.24 0.0005
Fish emulsion 23.7 0.12 0.05 0.0002
Feather meal 1232 2.30 0.95 0.002
Blood meal 27.7 8.40 0.02 0.006

'Samples were extracted using 2M KCI and were analyzed usirapaiyoer.

Table D4b. Amount o€a, Mg, Fe, and Zn applied in the fertilizers over the @afgrowing season.

Ca Mg Fe Zn
-------------------------------------- kg ha'
Cyano-fertilizer 1.1x 10° 2.0 x 10° 6.7 x 10° 1.1 x 10
Fish emulsion 8.1 x 107 1.0 x 10" 1.5 x 107 2.0x10
Feather meal 1.6 x 10" 6.4 x 107 6.9 x 10° 2.0x 10°
Blood meall 1.0 x 10' 3.2x 107 1.3x 10 1.6 x 10°

Table D5. Amount of phytohormones applied in the fertilizer ovegtbwing season.

Indole-3-acetic acid (IAA) Salicylic acid (SA)
L — kg ha'------------
Cyano-fertilizer 4.4 % 10° 4.8 x 10°
Fish emulsion 2.4x10° 1.2 x 1¢*
Feather meal 1.5 x 10* 1.5 x 10*
Blood meal 3.9x10 3.4x10°

‘Amount of phytohormone applied was calculated as the masdiliée applied over the growing
season multiplied by the phytohomone concentration analyZedilizers. Fertilizer samples were
extracted in 80% methanol containing 10 mgdutylated hydroxytoluene af@.
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Table D6. Kernel number of sweet corn at harvest in 20lb4ns with the same letter are not
significantly different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Kernel number (ed)

Control 652 a
Blood meal 739 a
Feather meal 582 b
Fish emulsion 711a
Cyano-fertilizer 654 a
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Table D7 Pearson correlation coefficients on amount of Fe, ZnMgg,indole-3-acetic acid (IAA), and
salicylic acid (SA) applied in the fertilizers (blood mdahther meal, fish emulsion, and cyano-fertilizer)
with gas exchange rates components, instantaneous water usa@ffigWUE), and field-scale water
use efficiency (fWUE) in 2014.

Lf temp. Lf VPD gs Tr Pn IWUE fWUE
Lf temp. 1.0000 0.019 -0.033 -0.69 -0.65 073 -
0.9720 0.9507 0.1226 0.0087* 0.0994
Lf VPD 0.019 1.0000 0.98 0.54 0.39 053 -
0.9720 0.0005* 0.0041* 0.1058 0.0440*
gs -0.033 0.98 1.0000 0.44 -0.91 025
0.9507 0.0005* 0.3812 0.0118* 0.6271
Tr -0.69 0.34 0.44 1.0000 -0.039 0.074 -
0.1226 0.5041 0.3812 0.9419 0.8888
Pn -0.24 0.39 -0.91 -0.039 1.0000 024 -
0.6420 0.2058 0.0118* 0.9419 0.6406
iWUE -0.73 -0.23 -0.25 0.074 0.24 1.0000 0.52
0.0994 0.6540 0.6271 0.8888 0.6406 0.0476*
IAAapp -0.14 -0.49 -0.42 0.42 0.70 -0.32 -0.32
0.7959 0.0163* 0.4080 0.4051 0.1204 0.5306 0.2208
SAapp 0.078 0.14 -0.79 0.090 0.074 0.71 0.68
0.8841 0.7807 0.0059* 0.1204 0.8894 0.0126* 0.0040*
NO3app -0.022 -0.57 -0.51 0.29 0.74 -0.37 0.64
0.9668 0.2328 0.3063 0.5839 0.0932 0.4727 0.0082*
NH4app 0.59 -0.59 -0.52 -0.46 0.41 -0.49 -0.65
0.2112 0.2166 0.2936 0.3602 0.4159 0.0212* 0.0066*
Caapp 0.53 0.02 0.17 0.08 -0.74 -0.62 -0.75
0.0082* 0.9912 0.5995 0.8123 0.0056* 0.0305* 0.0050*
Mgapp -0.35 -0.20 -0.08 -0.28 -0.34 -0.23 -0.75
0.2612 0.5369 0.8134 0.5650 0.2938 0.4679 0.0046*
Feapp -0.42 0.54 0.43 0.53 0.12 -0.64 -0.69
0.1729 0.0071* 0.1569 0.0057* 0.7018 0.0238* 0.0122*
Znapp 0.04 0.09 0.19 0.14 -0.48 -0.31 -0.38
0.9012 0.7721 0.5329 0.6812 0.2134 0.2339 0.3002

*P-values are significantly different at P < 0.1.

Lf temp. = leaf temperature; Lf VPD = leaf vapor pressurecigfis = stomatal conductance; Tr = leaf
transpiration rate; Pn = net photosynthetic rate; iIWUE =ritasteeous water use efficiency; IAAapp =
Indole-3-acetic acid application; SAapp = Salicylic acid apfibtm; NO3app = N@-N application;
NH4Napp = NH'-N application, Caapp = Calcium application, Mgapp = Magnesipptication, Feapp
= Iron application, and Znapp = Zinc application. The symbol---indicates that no leaf gas exchange
data was recorded with field scale WUE.
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Table D8.A stepwise regression model of field water use efficieA8JJE) and instantaneous water use
efficiency (IWUE). Variables analyzed were amount ofJSA, NH,-N, NO;-N, Ca, Mg, Fe, and Zn
applied in the fertilizers to predict \WUE and iWUE. All izbles left in the model are significant at the

0.05 level.

Field water use efficiency (fWUE)

Estimate P-value

Model
fWUE = 32.7 + 1652SA

r* =0.46

Intercept 32.7 <.0001

Salicylic acid application, SA 1652 0.0040

I nstantaneous water use efficiency IWUE = 18.4 -54gs + 642SA
r’ = 0.84

Intercept 18.4 <.0001

Stomatal conductance, gs -54 0.0035

Salicylic acid application, SA 642 0.0044
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FIGURES
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Figure D1. Effects of different organic fertilizers on fresir yield of sweet corn at harvest in (a) 2013
and (b) 2014. Bars represent the standard error of mean. Mithitee same letter are not significantly
different at P < 0.05 using Tukey’s Studentized Range (HSD) test of mean separation. Blood = Blood
meal; Feather = Feather meal; Fish = Fish emulsion; Cyan@anrofertilizer.
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Figure D2. Effects of different organic fertilizers on diedcale water use efficiency (fWUE) at harvest in
(a) 2013 and (b) 2014. Bars represent the standard error of Means with the same letter are not
significantly different at P < 0.05 using Tukey’s Studentized Range (HSD) test of mean separation. Blood

= Blood meal; Feather = Feather meal; Fish = Fish emul€igamo = Cyano-fertilizer.
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Figure D3. Effects of different organic fertilizers on ar#taneous water use efficiency (IWUE) at
tasseling in 2014. Bars represent the standard error of Means with the same letter are not
significantly different aP < 0.05 using Tukey’s Studentized Range (HSD) test of mean separation. Blood
= Blood meal; Feather = Feather meal; Fish = Fish emul€igemo = Cyano-fertilizer.
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Figure D4. Effects of different organic fertilizers on leainspiration rate at tasseling in 2014. Bars
represent the standard error of mean. Means with the stteredre not significantly different at P < 0.05
using Tukey’s Studentized Range (HSD) test of mean separation. Blood = Blood meal; Feather = Feather
meal; Fish = Fish emulsion; Cyano = Cyano-fertilizer.
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Figure D5. Effects of different organic fertilizers on lgapor pressure deficit (VPD) at tasseling in
2014. Bars represent the standard error of mean. Meantheiglame letter are not significantly different
at P < 0.05 sing Tukey’s Studentized Range (HSD) test of mean separation. Blood = Blood meal;

Feather = Feather meal; Fish = Fish emulsion; Cyano ad=fextilizer.
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Figure D6. Effects of different organic fertilizers on nebtaisynthetic rate at tasseling in 2014. Bars
represent the standard error of mean. Means with the stteredre not significantly different at P < 0.05
using Tukey’s Studentized Range (HSD) test of mean separation. Blood = Blood meal; Feather = Feather
meal; Fish = Fish emulsion; Cyano = Cyano-fertilizer.
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Figure D7. Effects of different organic fertilizers on swemh on leaf temperature at tasseling in 2014.
Bars represent the standard error of mean. Means wiathe letter are not significantly different at P <
0.05 using Tukey’s Studentized Range (HSD) test of mean separation. BloodedBheal; Feather =
Feather meal; Fish = Fish emulsion; Cyano = Cyano-fertilizer
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CHAPTER 5. ORGANIC NITROGEN FERTILIZER APPLICATION RATE AFFECTS
MARKETABLE YIELD, NITROGEN USE EFFICIENCY, AND RESIDUAL SOIL NO3-N OF

DRIPIRRIGATED LETTUCE

5.1 Introduction

Organic vegetable production relies on fertilizers such as configbsgmulsion, blood meal, and
feather meal to meet crop N demand (Gaskell et al., 20h8je are two main classes of N fertilizers,
solid and liquid. In organic agriculture, solid fertiligeare often incorporated into the soil before planting,
while liquid fertilizers are generally applied over the growsegson through irrigation. In North
America, increasing fertilizer costs increase the economit teemaximize NUE and avoid over
application of N fertilizers (Hong et al., 2007), thus aésding to reduced environmental risk.

When applied N fertilizer plus mineralized soil N exceegbereeds, this may lead to the
accumulation of residual soil N®I (Mitsch et al., 2001). Post-harvest residual soikNGs affected by
N rate, timing of application, and precipitation. Thes#dis influence the potential N loss of N
within the soil profile. Improper management of N fextilis can contaminate ground water with;Ni®
(Aneja et al., 2003).

Optimizing N use efficiency (NUE) is important to reducébkes to groundwater and to supply
an adequate amount of plant-available N for crops (Th#&rnigiensen, 2001), especially shallow-rooted
crops such as lettuce. Lettudaagtuca sativa) ranks second in cultivation among all vegetables produced
for consumption in the United States (Coelho et al., 2005udetesponds to abiotic and biotic factors
within its growing environment even though lettuce has a shatiotwzone (Knight et al., 2013). The
rooting zone of lettuce is commonly concentrated within th& @m depth (Coelho et al., 2005; Althaus
et al., 2009).

Adoption of drip irrigation systems minimizes water consumptiomeftuce cultivation. Lettuce
is irrigated frequently with small volumes of water apglon a daily basis to maintain the shallow root
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zone in a moist condition (Althaus et al., 2009). The small voloimeater applied could reduce the
problem of deep drainage within the soil profile, thus paéytreducing N@-N leaching below the root
zone.

Many studies have been conducted on N response of crops to dagtliEers, but none of them
have compared cyano-fertilizer with commonly-used, animalebagganic fertilizers. The main
objectives of this study were to evaluate the effects @riilizer source and rate on marketable yield, N
uptake, NUE, and residual soil inorganic-N under field conditidves hypothesized that the amount of N
applied as N@-N in organic N fertilizers would influence residual 98iDs-N in deeper depths.

5.2 Materialsand Methods
5.2.1 Experimental site

Field experiments were carried out at the Colorado Skaiteersity Horticulture Research
Center, Fort Collins, CO. Previously, the field area wkanted with winter cover crops of ry@eale
cereal) and turnips Brassica rapa). The experimental site is in a semi-arid zone with ayn soils. Tl
soil at the research area was classified as a finetiimeauesic Aridic Argiustoll (NRCS, 1980).

5.2.2 Soil analysis

Soil samples were collected to a depth of 30 cm from theseptative area of the field area (15
m x 30 m) and analyzed by the Soil, Water, and Plantrigekfiboratory at Colorado State University.
Particle size distribution was determined using the hydrometer method based on Stoke’s law (Gee and
Bauder, 1979). Chemical analyses included soil pH and eleatanductivity (EC) measured in
supernatant suspension of 1:1 soil to water using a Mettledd@ pld/EC meter (Thermo Fischer
Scientific, Waltham, MA). Cation exchange capacity (CR@} determined by summation of the
exchangeable bases (G&*, Mg®*, Na") plus hydrogen (B using ammonium acetate (1N MNE3H;0,,
pH 7.0) as described by Hajek et al. (1972). Organic m@ifé) content was determined by the loss on
ignition method (Blume et al., 1990). Soil inorganic-N (RN and NQ'-N) was extracted using 2M
KCI, and the filtered extract was analyzed using an AlpkEw Solution IV Auto Analyzer (Ol
Analytical, College Station, TX). Phosphorus (P) was egdhwith 0.5M sodium bicarbonate (NaHgO
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solution, which was developed by Olsen et al. (1954) and athlyzing a Perkin Elmer Inductively
Coupled Plasma/Optical Emission Spectrometer (ICP-OESRi(Feimer, Waltham, MA). Major cations
(K, Ca, and Mg) and micronutrients (Fe and Zn) were exddawith ammonium bicarbonatdiethylene
triaminepentaacetic acid (AB-DTPA) (Jones, 2001) and aadlysing a Perkin Elmer Inductively
Coupled Plasma/Optical Emission Spectrometer (ICP-OES}iFHeimer, Waltham, MA) (Table E1).
5.2.3 Experimental design and plot layout

Treatments consisted of four different types of N fertilaetwo N rates and a no fertilizer
control. Thirty-six experimental plots were arranged in adRanized Complete Block design with four
replications. The plot size for each treatment was 76 cm x@5The entire experimental area was 15 m
x 30 m.
5.2.4 Planting materials

Lactuca sativa var. ‘Concept’ seeds (Johnny’s Selected Seeds, Waterville, ME) were planted in
72-cell trays containing a well-mixed Sunshine® organic pog@ibmix (SunGro Horticulture,
Agawam, MA) in the first week of May 2013 and the first weEkay 2014. All seeds were started at
the Plant Environmental Research Center’s (PERC) greenhouse facility on the CSU campus. After four
weeks, seedlings were transplanted to the field in the faskwf June of 2013 and 2014.
5.25Irrigation

Two drip tapes (John Deere® & Co., Moline, IL) with a floneraf 125 L hout 100 ni* were
stretched across each plot spaced 30 cm apart with a double imezateh plot. Water was applied daily
at 08:00 to 08:30 using an automated drip irrigation system. Theydtem used for this study
comprised of laterals (15 mm diameter) with a spacing of 3Detmeen inline emitters. Irrigation was
applied for 15 min dayat the initial stage and was changed to 30 minute$ ag4’ leaf stage. The
amount of precipitation and amount of irrigation watpplied over the growing season is presented in
Table E2. Weather data was obtained from a nearby CoAgMeéhevesiation

(http://www.coagmet.colostate.edu/).
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5.2.6 Fertilizer treatments

The fertilizers compared in this study were liquid feréis [Alask& fish emulsion (Planet
Natural, Bozeman, MO) and cyano-fertilizer], and solidilfeers [blood meal and feather meal (Down
To Earth Inc., Eugene, OR)]. The N-fixing cyanobactefizabaena sp) was cultured from local soils
and grown in nutrient-supplemented raceways according to¢tiod by Barminski (2014).
5.2.7 Methods of fertilizer application

Fertilizers were applied at 56 and 112 kg Nt 2013, while rates of 28 and 56 kg N'haere
applied in 2014. Both the fish emulsion and cyano-fertilizewevireliquid form and were supplied in four
split applications via fertigation over the growing season. The biwead and feather meal were in dry
powdered form and were incorporated into the soil priordatjplg. Blood meal and feather meal were
applied 6 cm from the rooting zone x 6 cm depth through sub-surfadeapalication next to treatment
rows using a hoe.
5.2.8 Fertilizer analysis

Fertilizer samples were sent to the Soil, Water, anat Hlasting Laboratory at CSU and
analyzed for N, P, K, Ca, Mg, Fe, and Zn (Table E3}tilizer samples were digested with nitric acid
(HNOs) and hydrogen peroxide £8,) Major cations (K, Ca, and Mg) and micronutrients (Fe and Zn)
were analyzed using a Perkin Elmer Inductively Coupled Pl&3ptiaal Emission Spectrometer (ICP-
OES) (Perkin Elmer, Waltham, MA). Solid fertilizers wepdracted using 2M KCI, and the filtered
extracts were analyzed for NHN and NQ-N. The filtered extracts of solid fertilizers and titeefed
liquid fertilizers were analyzed using an Alpkem Floalusion IV Auto Analyzer (Ol Analytical,
College Station, TX) (Table E4).
5.2.9 Measurements
5.2.9.1 Marketableyield

Lettuce was harvested 39 days in 2013 and 57 days in 28d#afsplanting. The lettuce crops

were damaged by a hailstorm on June 22, 2014 resulting in a setidbsiksequent longer growing
period. Once harvested, brown leaves were stripped and rentooletain a fresh green marketable yield
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and the marketable lettuce heads were weighed. All harvestaeples were washed with deionized water
before oven-drying for elemental analysis. The harvesteglsarmom each subplot were oven-dried at
the Agriculture Research Development & Education CentRDBC) at 72C for 72 hours. The dried
samples were weighed and then ground to pass a 1.0-mm &0ewesh) using a plant tissue grinder
(Thomas Wiley®, Swedesboro, NJ). Sub-samples were then takeredch sample for further analysis.
5.2.9.2 Leaf N concentration, N content, and N use efficiency

Total N of plant tissues was measured using a LECO CN andlyzaw Corp., St. Joseph, MI).
Samples were digested with nitric acid (Hl@nd hydrogen peroxide §8,). Elemental measurements
were made using a PankElmer Inductively Coupled Plasma/Optical Emission Spectroni€lex-OES)
(Perkin-Elmer, Waltham, MA). Tissue nutrient concentrativase multiplied by leaf dry weights to
determine the N content. Nitrogen use efficiency (NUE) eedsulated by dividing marketable yield by
the amount of N fertilizer applied.
5.2.9.3 Residual soil inorganic-N

Residual soil inorganic-N was sampled in the 0-30 cm de®@8i8, and sampling was extended
to include the 30-60 cm depth in 2014. After harvest, all sub-piate soil sampled at two depths (0-30
cm and 30-60 cm) using a Giddings soil sampler drill rig (PurpleéMac., Windsor, CO). Soil samples
were dried for two weeks in a walk-in cooler to redNé&, -N volatilization. Once dried, inorganid-
was extracted using 2 M KCl at a 1:10 ratio (2 g of soil in 20 m2MKCI). The samples were then
filtered and run through an Alpkem Flow Solution IV Autoalyzer (Ol Analytical, College Station, TX)
for NH,"-N and NQ'-N.
5.2.10 Statistical analysis

Data were analyzed using SAS version 9.3 (SAS Institute@agy, NC). Univariate and
Boxplot procedures were used to evaluate the normality afdistribution. Analysis of variance
(ANOVA) was performed on the data with the MIXED procedidtec(0.1). Fertilizer treatment, soil

depth, and N rate were categorized as fixed effectepittation was categorized as random effect. When
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treatment or interaction effects were significant, means were separated by Tukey’s Studentized Range
(HSD) test.
5.3 Results
5.3.1 Residual soil NO3™-N

Soil NOs-'N was affected by fertilizer treatment in 2013 (P=0.0159; TEb)e although soil
NH,"-N was not affectedrhe blood meal treatment had a higher residual soi-NGicross N rates
compared with other treatments including control in 2013 @'&B). In 2014, residual soil NCN at the
0-30 cm depth was higher than the 30-60 cm depth (Table E7).
5.3.2Marketableyield and N use efficiency

Effect of N rate was observed in marketable yield and NUEttifde in 2013 and 2014 (Table
E8). Marketable yield and NUE were not affected by fedilitreatment in either year. No treatment or N
rate effects were observed in leaf N concentration coitient in either yeaHigher marketable yield
compared to control was observed at 112 KeglNin 2013 (P < 0.1) and at 28 kg N'him 2014 (Table
E9). The marketable yield in 2013 and 2014 was between the ra8@-aD50 kg hdand 700-1500 kg
ha', respectively (Table E9). In both years, higher NUE was obsatw&e lower N rate than the higher
N rate (P < 0.0001; Table E9). NUE and marketable yield wdrgriies higher in 2014 than 2013 when
applied at 56 kg N ha
5.4 Discussion
5.4.1 Residual soil NOs-N and marketable yield

In 2014, higher residual soil NGN in the top 0-30 cm depth (Table E7) is probably due to the
direct contact of fertilizers applied and the role of drigation. In a study conducted on lettuce by
Althaus et al. (2009), residual soil NEN concentration decreased with increasing soil depth, siyntiarl
our study (Table E7). Althaus et al. (2009) reported that destpage occurred in lettuce grown under
drip irrigation systems during the course of the growing seasothanNO;-N might have leached

below the lettuce root zone.
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Lower marketable yield in the control plot in 2014 may have beenala localized hailstorm on
June 22, 2014 resulting in reduced marketable yield harvesteddarttrel treatment in 2014 compared
to 2013. The hailstorm occurred when lettuce was at thaddive leaf growth stage, and regrowth was
observed within two weeks. Hence, the higher marketable gierved at 56 kg N Han 2014
compared to 2013 may have been due to a doubling in precipitatlune and July compared to 2013
(Table E2).
5.4.2 N application rate and N use efficiency

In both years, higher NUE was observed at the lower N ratparaeh with the higher N rate
(Table E10). Dobermann (2005) reported that NUE declines wgtkadsing N fertilizer rate; this has
been reported for many crops. Annual crops usually produce lesSQHay of fresh yield per kg of N
fertilizer applied (Cassman and Dobermann, 2002), whichrenige with the NUE results in our study.
Montemurro and Maiorana (2007) reported that lettuce haghehéeconomic yield at 56 kg N'ha
although it could produce higher yield at 112 kg N.Hehe corresponding increase in yield at the high N
rate was not economical based on the cost spent for feréjipdication and the value of the crop.
5.5 Conclusion

In both years, N rate effect was only observed in markeyadiik and NUE. Blood meal fertilizer
had a higher percentage of N applied agNNOand hada higher residual soil N©-N concentration in
2013. Greater residual soil NEN was observed in the 0-30 cm depth compared to the 30-60 cmimepth
2014. In vegetable production systems, organic growers commonly apjilgdrs at higher rates than
those needed for optimum yield. Organic growers could @eligher marketable yield and NUE when
applying fertilizers at rates between 28 kg N had 56 kg N hacompared with 112 kg N Havhen
growing lettuce on soils with organic matter of above 2%. Furtdsearch is required to relate residual
NOs-N with the depth of lettuce rooting zone and water movement winigeirrigation to be able to

investigate N@-N movement through the soil profile throughout the course obwigg season.
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TABLES

Table E1. Initial soil properties of the 0-30 cm soil depth ofetkgerimental site in lettuce.

Soil properties 2013 2014
pH 7.3 7.5
Electrical conductivity(dS m") 0.5 0.6
Cation exchange capacitgmeq 100 @) 30 29
Organic mattef(%) 2.9 2.7
NH;-N" (ppm) 1.9 2.4
NOs-N' (ppm) 5.2 4.0
PI (ppm) 26 31
K! (ppm) 432 473
cd (ppm) 4411 4513
Mg' (ppm) 622 634
Fé (ppm) 6.5 6.3
zn' (ppm) 15 1.6

‘pH and electrical conductivity were determined in watet)(1:

SCEC was determined using NEH:0, extraction.

"OM was determined by the loss on ignition method.

'Samples were extracted using 2M KClI

ISamples were extracted using 0.5M NaHCO

ISamples were extracted using ammonium bicarbonate diethylemegipentaacetate (AB-DTPA).
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Table E2. Average monthly precipitation and the amount ofrvegiglied during growing season in 2013
and 2014 in lettuce.

2013 2014
Planting July 1 June 9
Harvest August 9 August 4
Precipitation (mm)
June -- 34
July 39 69
August 9 0.3
Water applied (mm)
Irrigation 210 221
Fertigation 230 230
Total (mm) 488 554

"Total amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as
that used to fertigate the liquid fertilizer treatments.

Table E3. Nutrient analysis of fertilizer samples.

N’ P K* Fe cd Mg? '
L —— mg kg'-----
Cyano-fertilizer 0.2 6 0.1 6 10 18 0.1
Fish emulsion 5 1600 20510 131 725 921 18
Feather meal 13 640 1776 62 1466 575 18
Blood meal 13 32 366 118 904 283 14

‘Samples were analyzed using CN analyzer.
*Samples were digested with HN@&nd HO, and analyzed using ICP-OES.
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Table E4. Inorganic N concentration and percentage of N dpgdienorganic-N of fertilizers.

NH,"-NT NO;-N" N as NH™-N N as NQ-N
------------- mg kg* Y —————
Cyano-fertilizer 4.7 0.01 0.24 0.0005
Fish emulsion 23.7 0.12 0.05 0.0002
Feather meal 1232 2.30 0.95 0.002
Blood meal 27.7 8.40 0.02 0.006

'Samples were extracted using 2M KCl and were analyzed usiognailyzer.

Table E5Analysis of variance (ANOVA) of soil NON in 2013 and 2014.

2013 2014
F P>F F P>F
Depth -- -- 16.98 0.0001*
N rate 0.50 0.4917 0.33 0.5688
Trt 4.09 0.0159* 2.06 0.1176
Depth x Trt -- -- 3.00 0.1392
N rate x Trt 0.89 0.1244 0.24 0.8697
Depthx Nrate x Trt  -- -- 0.31 0.8216

'Soils were sampled from one depth (0-30 cm) in 2013. Soj INHand total soil inorganic ANOVA
models were not significant at P < 0.1.

'Soils were sampled from two depths (0-30 cm and 30-60 cm) in 2014.

*P-values are significantly different at P < 0.1.

Table E6. Treatment effect on residual soil N in 2013. Means with the same letter are not
significantly different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Residual soil N@-N (mg kg?)

Cyano-fertilizer 10.3b
Fish emulsion 8.7b
Feather meal 171 b
Blood meal 33.6a
Control 54c
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Table E7. Depth effect on residual soil N® in lettuce

in 2014. Means with the same letter are not

significantly different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Residual soil N@-N (mg kg")

0-30 cm
7.8a

30-60 cm
56b

Depth

Table E8. Analysis of variance (ANOVA) of marketable yiatdl N use efficiency (NUE).

2013
Effect Marketable yield N use efficiency
E P>F E P>F
N rate 456 0.0508* 2.87 <.0001*
Trt 1.75 0.2026 1.15 0.3622
NratexTrt 056 0.6488 0.29 0.8308

2014
Marketable yield N use efficiency
E P>F IS P>F
4.34 0.0364* 9.58 <.0001*
2.00 0.1416 2.14 0.1251
1.25 0.3126 152 0.2379

*P-values are significantly different at P < 0.1.

Table E9.Lettuce marketable yield and nitrogen use efficiency (NUEgttfide in 2013 and 2014.
Means within yeawith the same letter are not significantly different at P < 0.1 using Tukey’s Studentized

Range (HSD) test of mean separation.

2013 2014 2013 2014
N rate Marketable yield Nitrogen use efficiency (NUE)
GRS D — kg ha' kg yield* kg N applied-------
0 958 b 779 c - --
28 - 1483 a - 53 a
56 939 b 1269 b 17 a 23 b
112 1018 a - 9b --

‘Fertilizers were applied at 56 and 112 kg N im2013.
T Fertilizers were applied at 28 and 56 kg N im2014.
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CHAPTER 6: INFLUENCE OF ORGANIC NITROGEN FERTILIZER ON RESIDUAL SOIL

NO3;-N AND MARKETABLE YIELD OF DRIP IRRIGATED SWEET CORN

6.1 Introduction

Organic vegetable production relies on fertilizers such as configbsg¢mulsion, blood meal, and
feather meal to meet crop nitrogen (N) demand (Gaskelarith, 2010). There are two main classes of
N fertilizers, solid and liquid. In organic agricultusslid fertilizers are often incorporated into the soil
before planting, while liquid fertilizers are generalppiied over the growing season through irrigation.
The variability in soil N supply is rarely accounted forcurrent N fertilizer management practices for
horticultural crops. Increasing fertilizer costs increasesttemomic need to avoid over application of N
fertilizers (Hong et al., 2007).

When applied N fertilizer plus mineralized soil N exceed crepds, this may lead to the
accumulation of residual soil N®I (Mitsch et al., 2001). Post-harvest residual soikNGs affected by
N rate, timing of application, and precipitation. Thesddis influence the potential N loss of B
movement within the soil profile. Improper management ééfillizer can contaminate groundwater with
NOs-N (Aneja et al., 2003). Optimizing N use efficiency (NUE)ngportant to reduce NON losses to
groundwater and to supply an adequate amount of plant agealabéeded for crops (Thorup-Kristensen,
2001). N rates influence crop N uptake demand (Snyder et &0).ZBynchronizing soil N availability
with crop N demand is a particularly challenging with oigaN sources because crop N demand is
minimal early in the growing season and increases severasafiek emergence (Olson and Kurtz,
1982).

Drip irrigation provides controlled application of water aedifizer by supplying water and
nutrients near the crop roots. Drip irrigation can be usatkiatain optimum soil moisture within the
crop root zone which may result in better utilization of aggbN and improved yield (Ramireddy et al.,
1982). Sweet corn root development changes in response to vgatiuton within the soil profile
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(Coelho and Or, 1999). Generally, corn extracts most of itsrwathin the 0-30 cm depth (Panda et al.,
2004), as supported by Klepper (1990) who found that roots extrsat pvaferentially from the upper
soil layers.

Sweet corn is usually grown for the fresh market, and ysetdported on a fresh weight basis
(Heckman, 2007). To achieve optimum yield, sweet corn obtaailhble-N from the soil at planting and
throughout the growing season (Steele et al., 198Zprmation on optimum yield of a crop can be used
to compare the profitability of fertilizer types andued fertilizer production costs. Choosing the type of
fertilizer and selecting an optimum N rate over the sewf a growing season is important to achieve the
best economic returns (Bodnar and Hagerman, 2000).

Many studies have been conducted on N response of crops to dagtliiers, but none of them
have compared cyano-fertilizer with commonly used animal-baggahic fertilizers (blood meal, feather
meal, and fish emulsion). In this study, our goal was to gyawitresponse from organic N fertilizers
applied to sweet corn. The main objective of this study Wyas évaluate the effects of N fertilizer source
and N application rates on marketable ear yield, residdd€ri-N, N content, and NUE of drip
irrigated sweet corn in order to improve fertilizeroeunendations for organic sweet corn growers. We
hypothesized that amount of N applied assN®in organic N fertilizers influences residual soil N
and higher residual NON observed in deeper depths in sweet corn.

6.2 Materials and M ethods
6.2.1 Experimental site

Field experiments were carried out at the Colorado Shaiteersity Horticulture Research Center
(CSU HRCQ), Fort Collins, CO. Previously, the field aves planted with buckwheat followed by winter
cover crops, ryeSecale cereal) and turnips Brassica rapa). The experimental site is in a semi-arid zone
with clay loam soils. The soil was classified as a fineeditic, mesic Aridic Argiustoll of the Nunn

series (NRCS, 1980).
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6.2.2 Soil analysis

Soil samples were collected to a depth of 30 cm from theseptative area of the field area (15
m x 30 m) and analyzed by the Soil, Water, and Plantrigeiboratory at Colorado State University.
Chemical analyses included soil pH and electrical condtictiZiC) measured in supernatant suspension
of 1.1 soil to water using a Mettler Toledo pH/EC meter (TleRischer Scientific, Waltham, MA).
Cation exchange capacity (CEC) was determined by summatiba ekchangeable bases {C&",
Mg?, Na") plus hydrogen (B using ammonium acetate (1N MEsH5O,, pH 7.0) as described by Hajek
et al. (1972). Organic matter (OM) content was determindtidojoss on ignition method (Blume et al.,
1990). Soil inorganic-N (NKH-N and NQ-N) was extracted using 2M KCI, and the filtered extract wa
analyzed using an Alpkem Flow Solution IV Auto Analyzer (ObMmical, College Station, TX).
Phosphorus (P) was extracted with 0.5M sodium bicarbonate (Ngt$Cl0tion (Olsen et al., 1954) and
analyzed using a Perkin EImer Inductively Coupled Plasma@@mission Spectrometer (ICP-OES)
(Perkin Elmer, Waltham, MA). Major cations (K, Ca, and Mggl anicronutrients (Fe and Zn) were
extracted with ammonium bicarbonadigethylene triaminepentaacetic acid (AB-PA) (Jones, 2001)
and analyzed using a Perkin Elmer Inductively Coupled PlagstisADEmission Spectrometer (ICP-
OES) (Perkin Elmer, Waltham, MA). The results of soil physidaémical, and nutrient analyses are
presented in Table F1.
6.2.3 Experimental design and plot layout

Treatments consisted of four different types of N fertileed control arranged in a Randomized
Complete Block Design with four replications. The plot sizs 76 cm x 457 cm.
6.2.4 Planting materials

Luscious sésweet corn seedgere purchased from Johnny’s Seeds (Johnny’s Selected Seed,
Waterville, ME). Seeds were planted at a depth of apprdgiyna.5 cm. Sweet corn seeded mays var.
Luscious F1 se+) were hand planted on July 1, 2013 and July 2, 2014 withoav spacing of 12 cm in

rows spaced 75 cm apatrt.
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6.2.5Irrigation

Two drip tapes (John Deere®, Deere & Co., Moline, IL) wiffow rate of 125 L hout 100 m*
were stretched across each row spaced 30 cm apart withle teaber in each plot. The drip system
used for this study comprised of laterals (15 mm diametét),amitters 30 cm apart. Irrigation was
applied at 8 am for 15 min dat the initial stage and was changed to 30 mir' ddier plants reached
the V6-stage. The amount of precipitation was obtained fragagby CoAgMet weather station
(http://www.coagmet.colostate.edu/) (Tablg.F2
6.2.6 Fertilizer treatments

The fertilizers compared in this study were tidettilizers [Alask& fish emulsion (Planet Natural,

Bozeman, MO) and cyano-fertilizer], and solid fertilizgrwod meal and feather meal (Down To Earth
Inc., Eugene, OR)]. For this study, N-fixing cyanobactekizabaena sp.) was cultured from local soils
and inoculated into nutmé-supplemented raceways according to the method of Barn(2@ild).
6.2.7 Methods of fertilizer application

Both the fish emulsion and cyano-fertilizer were in ibform and were supplied in four split
applications over the growing season, while the blood meal atiibfaaeal were in dry powdered form
and incorporated into the soail prior to planting. Bloodihand feather meal were applied 6 cm from the
row and 6 cm deep through band application using a hoe. Alizieng were applied at 56 and 112 kg N
ha™.
6.2.8 Fertilizer analysis

Fertilizer samples were sent to the Soil, Water, anat Hlesting Laboratory at CSU and
analyzed for N, P, K, Ca, Mg, Fe, and Zn (Table F3).Méteoncentration was analyzed with a LECO
CN analyzer (Leco Corp., St. Joseph, MI). Fertilizer sasnplere digested with nitric acid (HNand
hydrogen peroxide (#D.). Major cations (P, K, Ca, and Mg) and micronutrients (FeZrdvere
analyzed using a Perkin Elmer Inductively Coupled Plasma@@mission Spectrometer (ICP-OES)
(Perkin Elmer, Waltham, MA). Solid fertilizers were @dted using 2M KCI, and the filtered extracts
were analyzed for NF-N and NQ-N. The filtered extracts of solid fertilizers and fieered liquid
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fertilizers were analyzed using an Alpkem Flow Solution IM&Analyzer (Ol Analytical, College
Station, TX) (Table F4).
6.2.9 M easur ements
6.2.9.1 Marketable ear yield and ear dry weight

All above-ground plant parts from each treatment were hancested and separated into leaves,
stems, and marketable ears on September 20, 2013 and Sef@nat4, both at 79 days after
planting. The separated plant parts were dried @ 7 72 hours and weighed to determine the total
above-ground biomass. The dried kernels from each ear sanmgleensved and then weighed for dry
matter and then ground for analysis using a plant tissue g(ifildemas Willey®, Swedesboro, NJ). Sub-
samples were then taken from each sample for further analysi
6.2.9.2 Leaf and kernel N concentrations, N content, and N use efficiency

All harvested leaf samples were washed with deionized Wwatere oven-drying for elemental
analysis. Total N of plant tissues was measured using a LEC@n@iizer (Leco Corp., St. Joseph, MI).
After digestion, other elements were measured using a PenkierEiductively Coupled Plasma/Optical
Emission Spectrometer (ICP-OES) (Perkin-Elmer, Walthd®). Leaf and kernel N concentrations
were multiplied by leaf and kernel dry weights, respectit@lgetermine the N uptake. Nitrogen use
efficiency (NUE) was calculated by dividing marketableygald by the amount of N fertilizer applied.
6.2.9.3 Residual soil inorganic-N

Soils were sampled from 0-30 cm deep in 2013 to 120 cm deep in 8tharas in 2014. After
harvest, all sub-plots were soil sampled using a Giddings soil sadgnitlleig (Purple Wave, Inc.,
Windsor, CO). Soil samples were dried for two weekswalkk-in cooler. Once dried, inorganic-N was
extracted using 2 M KCl at a 1:10 ratio (2 g of soil in 20 mRMfKCI). The samples were then filtered
and run through the Alpkem Flow Solution IV Auto Analyzer @lalytical, College Station, TX) for

NH,"-Nand NQ-N.
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6.2.10 Statistical analysis

Data were analyzed using SAS version 9.3 (SAS Institute@agy, NC). Univariate and
Boxplot procedures were used to evaluate the normality afdistribution. Analysis of variance
(ANOVA) was performed on the data with the MIXED procedd#ec(0.1). Fertilizer treatment, soil
depth, and N rate were categorized as fixed effectsieglidation was categorized as a random effect.
When treatment or interaction effects were significant, means were separated by Tukey’s Studentized
Range (HSD) test. The relationships between parameteragszssed by linear correlation using the
CORR procedure.

6.3 Results
6.3.1 Residual soil NO3-N

A significant effect of soil depth was observed in residualNOg-N in 2014 (Table F5). Only
depth was significant in 2014, but not in 2013. Higher residual soj-N@vas observed at 0-30 cm
depth compared to 30-120 cm depth (P < 0.0001), and residual spiNNtecreased with increasing
depth (Table F6). N rate and treatment effects were gignifin 2013 but not in 2014. Higher residual
soil NOs-N was observed at 112 kg N‘heompared to 56 kg N Haand control (Table F7). The feather
meal and fish emulsion treatments lagdgher residual soil NO-N compared with other treatments
(Table F8).

6.3.2 Marketable ear yield, N use efficiency, and N content

An interaction effect between N rate and treatmeas wbserved in marketable ear yield and
NUE in both years (Table F9). N rate and treatment affectieaf and kern®l contents were observed
in 2013 (Table F10), but not in 2014. In fact, no significargatfivas observed in leaf or kermél
concentrations in either year.

The fish emulsion and cyano-fertilizer treatments haddgher marketable ear yield at the high N
rate compared with other treatments, while only fish eranlhad a higher yield compared to other
treatments at the low N rate in 2013 (Figure Fl1a). Th&etable ear yield in the cyano-fertilizer
treatment was higher at the high N rate compared withi &¢hdizers in 2014 (Figure F1b). Marketable
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ear yield differed with N application rate (P < 0.0001bath years (Table F9). About 38% and 30% of
the change in ear yield can be explained by different Ncgtiain rate in 2013 and 2014, respectively
(Figure F2).

Higher NUE was observed at the low N rate compared to theNigke (P < 0.0001) in both
years. The fish emulsion and cyano-fertilizer treatsy@ada higher NUE comparetb feather meal at
the high N rate in 2013 (Figure &3 The cyano-fertilizer had a higher NUE compared withrothe
treatments at the high N rate in 2014 (Figure F3b). Thbdeateal treatnré hada lower leaf and kernel
N contents compared to other fertilizer treatments, atitlbaf and kernel N contents were different
from control in 2013 (Table F11).

6.4 Discussion
6.4.1 Feather meal decreased leaf and kernel N contents

Higher residual soil N@-N at 0-30 cm depth may be due to the direct contact of sthil wi
fertilizers applied. The residual soil NEN was lower than feather meal, which may probably beaue t
higher leaf and kern@l contents in the blood meal treatment compared to featrarim2013 (Table
F11).

Hermanson et al. (2000) reported that N content is affégtede forms of N supplied by the soil
or added as fertilizer. Among fertilizer treatments, Iolgaf and kernel N contents were observed in the
feather meal treatment (Table F11), which may be dimud mineralization of the feather mesl
(Hadas and Kautsky, 1994) to meet crop N demand from V&seltag stage over a short growing
season of 79 days. However, N mineralization of feather meaérally increases from 70 days onwards
(Hadas and Kautksy, 1994). Therefore, higher residual sgitN@as observed in the feather meal
treatment after harvest (Table F8).

Feather meal may not be a good choice of fertilizer to bé kg organic sweet corn growers to
meet sweet corn N demand at tasseling (60 to 65 days afteng)afeather meal needdonger period
(70 days after incubation under optimum conditions &P release available-N (Hadas and Kautsky,
1994). Feather meal is a byproduct of the poultry industry andstsnsf 90% keratin, which is resistant
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to rapid decomposition due to its structural rigidity (Haalad Kautsky, 1994; Mazotto et al., 2011).
Higher keratin in the feather meal treatment may contritautiecreased leaf and kernel N contents, and
lower yields in the feather meal treatment.

6.4.2 N use efficiency and N application rate

In most cases, an increase in residual soiy MOwhen N is applied at rates greater than 100 kg
N ha' decreases NUE (Zhang et al., 2002). Annual crops usually produtieaess0 kg yield per
amount of kg N applied (Cassman and Dobermann, 2002), whichaege with the NUE results in our
study.

Zhang et al. (2002) reported that N fertilizer rate of 5&Ikw* wasrequired for optimum sweet
corn marketable ear yield. In a study conducted by Zhangiarablleagues, a good marketable ear
quality was produced when N rate was applied between 56 toglNihi!, similarly as reported in our
results, where leaf and N contents were higher at 56 andgllzhk® (Table F11). N fertilizer rate above
the requirement for optimum yield of sweet corn couldepshreat to the environment. In addition,
increasing fertilizer costs increases the economic need td avei application of N fertilizer.

6.5 Conclusion

The feather meal and fish emulsion treatments had a higsidual soil N@-N compared with
other treatments. The fish emulsion, cyano-fertilized, lapnod meal had a higher leaf and kernel N
contents at both N rates. Higher NUE was observed in therisitsion and cyano-fertilizer treatments
compared to the blood meal and feather meal treatments &N 2a'in 2013. The cyano-fertilizer
treatment had higher marketable ear yield and NUE compared with otheintezas at 112 kg N Fain
2014. Blood meal could be a good source of N fertilizer duestioalnd N contents compared to feather
meal, although marketable ear yield was the same as iratinefeneal treatment. Cyano-fertilizer and
blood meal could be a good source of N fertilizer for niggaweet corn growers due to its low residual

NO;-N concentration compared to fish emulsion and featleal.m
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TABLES

Table F1lInitial soil properties of the 0-30 cm soil depth of the sweeat egperimental site.

Soil properties 2013 2014
pH' 7.5 7.7
Electrical conductivity(dS m?) 0.6 0.6
Cation exchange capacity, CE@eq 100 g) 29 30
Organic matter, ONM(%) 2.5 2.6
NH,-N" (ppm) 2.5 2.7
NO;-N* (ppm) 1.9 2.1
P® (ppm) 30 32
K* (ppm) 463 456
cd (ppm) 4560 4650
Mg’ (ppm) 616 622
F€ (ppm) 6 7
Zn' (ppm) 1.4 1.6

"pH and electrical conductivity were determined in watet)(

'‘CEC was determined using ammonium acetate (1NGHO,, pH 7.0) extraction.

"OM was determined by the loss on ignition method.

“Samples were extracted using 2M KCI.

§Sample was extracted with 0.5M NaHEO

*Samples were extracted using ammonium bicarbonate diethyéeniele pentaacetate (AB-DTPA).

125



Table F2. Average monthly precipitation and the amount ofrvegiiglied during growing season in 2013
and 2014 in sweet corn.

2013 2014
Planting July 2 July 1
Harvest September September 19
Precipitation (mm)
July 39 69
August 13 26
September 119 9
Amount of water applied (mm)
Irrigation 729 737
Fertigation 414 414
Total (mm) 1314 1257

"Total amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as
that used to fertigate the liquid fertilizer treatments.

Table F3. Nutrient analysis of fertilizer samples.

N’ P K* Fe cd Mg? '

L —— L L —
Cyano-fertilizer 0.2 6 0.1 6 10 18 0.1
Fish emulsion 5 1600 20510 131 725 921 18
Feather meal 13 640 1776 62 1466 575 18
Blood meal 13 32 366 118 904 283 14

‘Samples were analyzed using CN analyzer.
*Samples were digested with HN@&nd HO, and analyzed using ICP-OES.
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Table F4. Inorganic N concentration and percentage of Nempad inorganic-N of fertilizers.

NH,"-NT NO;-N" N as NH™-N N as NQ-N
------------- mg kg* Y —————
Cyano-fertilizer 4.7 0.01 0.24 0.0005
Fish emulsion 23.7 0.12 0.05 0.0002
Feather meal 1232 2.30 0.95 0.002
Blood meal 27.7 8.40 0.02 0.006

'Samples were extracted using 2M KCI and were analyzed usirenaiyoer.

Table F5. Analysis of variance (ANOVA) of residual soil N® in sweet corn in both years.

2013 2014
E TPsF
Depth 0.2028 <.0001*
N rate <.0001* 0.9773
Treatment <.0001* 0.9688
Depth*Nrate 0.1233 0.4492
Nrate*Treatment 0.1269 0.7175
Depth*Nrate*Treatment 0.2102 0.4383

*P-values are significantly different at P < 0.1.

Table F6. Residual soiNOs-N in 2014 at four different depths in sweet corn. Means \iglsime letter
are not significantly different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Residual soil N@-N (mg kg?)

Depth (cm)

0-30 10.7 a
30-60 49D
60-90 34b
90-120 3.3b
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Table F7. N rate effect on residual soil NN after harvest in 2013. Means with the same letter are not
significantly different aP < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

N rate (kg N ha) Residual soil N@-N (mg kg")
0 43Db
56 99b
112 23.1a

Table F8. Treatment effect on residual soildN® after harvest in 2013. Means with the same letter are
not significantly different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean separation.

Residual soil N@-N (mg kg")

Treatment

Cyano-fertilizer 11.8b
Fish emulsion 23.6a
Feather meal 19.6 a
Blood meal 11.2b
Control 6.9c

Table F9.Analysis of variance (ANOVA) of marketable ear yieltlaN use efficiency (NUE).

2013 2014
Ear yield NUE Ear yield NUE
P>F P>F P>F P>F
N rate 0.0333* <.0001* <.0001* <.0001*
Treatment <.0001* 0.0002* 0.0008* 0.0048*
N rate*Treatment  0.0209* 0.0043* 0.0025* 0.0228*

*P-values are significantly different at P < 0.1.
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Table F10Analysis of variance (ANOVA) of leaf and kernel N cortteim sweet corn in both years.

2013 2014

Leaf N content Kernel N content Leaf N content Kernel N content

P>F P>F P>F P>F
N rate 0.0299~* 0.0582* 0.9352 0.1880
Treatment 0.0508* 0.2164 0.3412 0.2828
N rate*Treatment 0.7451 0.3857 0.3967 0.3196

*P-values are significantly different at P < 0.1.

Table F11Treatment and N rate effects on leaf and kernel N ctnier2013. Means with the same
letter are not significantly different at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean
separation.

Leaf N content Kernel N content

Treatment ~  —oeeemmeeeeeeeees (V] 1 R ——
Cyano-fertilizer 7.2a 59a
Fish emulsion 8.6a 57a
Feather meal 58b 3.7b
Blood meal 7.3a 55a
Control 3.7¢c 19c

N rate (kg N ha)

0 3.7b 19b
56 6.6 a 48a
112 7.8a 5.6a
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FIGURES
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Figure F1. Effects of different organic fertilizers on sina@n marketable ear yield in (a) 2013 and (b)
2014. Fertilizers were applied at 56 kg N'ffaow N) and 112 kg N Ha(High N). Bars represent
standard deviation of mean. Means with the same letteraa@gnificantly different at P < 0.1 using
Tukey’s Studentized Range (HSD) test of mean separation. Upper case letters indicate significant
differences within mean at the high N rate, while lowesedatters indicate significant differences within
mean at the low N rate. The dashed line represents colirleatments at the high N rate are
significantly different from control, except feather melPa< 0.1. Blood = Blood meal; Feather =
Feather meal; Fish = Fish emulsion; Cyano = Cyano-fertilize
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Figure F2. Relationships between sweet corn marketabléeddiand N application rate in (a) 2013 and
(b) 2014.
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Figure F3. Effects of different organic fertilizers on miten use efficiency (NUE) in (a) 2013 and (b)
2014. Fertilizers were applied at 56 kg N'ifaow N) and 112 kg N Ha(High N). Bars represent
standard deviation of mean. Means with the same letteroaggnificantly different at P < 0.1 using
Tukey’s Studentized Range (HSD) test of mean separation. Upper case letters indicate significant
differences within mean at the high N rate, while lowesedatters indicate significant differences within
mean at the low N rate. Blood = Blood meal; Feather = Reathal; Fish = Fish emulsion; Cyano =
Cyano-fertilizer.
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CHAPTER 7. ORGANIC NITROGEN FERTILIZER APPLICATION INFLUENCED SOIL

PERMANGANATE OXIDIZABLE CARBON IN SWEET CORN AND LETTUCE

7.1 Introduction

Soil N availability is regulated by fertilizer inputs amicrobially-mediated processes. The
guantity and quality of soil C that is readily availaldesoil microbes, also referred to as labile C, can
therefore influence soil N dynamics. Labile C pool has a shas@lence time in soils of several weeks
to months or years compared to recalcitrant C pools (Pall &001). Blair et al. (1995) proposed that
permanganate oxidizable carbon (POXC) is a method thatifiegbiologically labile C using potassium
permanganate (KMng) an oxidizing agent that reacts with the labile C potdi(Bet al., 1995).

POXC fraction includes labile humic material and polysaddbarC that has been proven to be
sensitive to soil management practices (Blair et al., 1834).oxidizable C is a component of the organic
fraction which is decomposed by microorganisms and may pravidedication of the energy supply
available to soil microorganisms and used to decompose ofgd@bani et al., 2003; Zou et al., 2005).
Soil oxidizable C concentration can correlate with aig& decomposition, thus potentially reflects the
amount of plant-available N (Ford and Greenland, 1968).

It is important to understand the distributions of soil oxidigaC and available-N concentrations
in response to N fertilization throughout the soil profilaridus C inputs through decompaosition of
organic matter from organic N fertilizer, root prodoati and root exudates could influence the quantity
of labile C pools (Benbi et al., 2015). Rooting depth could énfte the soil oxidizable C concentrations
through rhizodeposition of C-rich compoundisumbore (2000) found that soil microorganisms utilized
C release from crop roots in the upper soil layer to aetisail microbial communities during organic N
decomposition. Sharma et al. (2014) reported that higherr@arb&OXC concentration in the $oi

surface of 0-15 cm in horticultural and agricultural systérhe. soil surface had optimum conditions for
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soil microorganisms to utilize C due to more optimum tilperature and moisture conditions than at
deeper depths.

A number of reports on soil POXC concentrations have peblished for agronomic crops such
as corn (Culman et al., 2013) and corn-sugarbeet-soybeaigAt al., 2013) using conventional
fertilizers, but few have compared organic N fertilizer$orticultural crops, such as sweet cafeg
mays) or lettuce lLactuca sativa). Organic vegetable production relies on N fertilizers such as @stmp
fish emulsion, blood meal, and feather meal to meet crdpmaind (Gaskell et al., 2010). There are two
main classes of N fertilizers, solid and liquid. Inamgg agriculture, solid fertilizers are often
incorporated into the soil before planting, while ligtedilizers are generally applied over the growing
season through irrigation.

Organic animal-based fertilizers (fish emulsion, blood rfeather meal, compost) vary in
nutrient composition and can have high transportation costeét the N demand of crops. Several types
of organic N fertilizers are commercially available aiitributed widely throughout the United States.
Farmers usually rely on off-farm sources for additional N néeldeing the growing season. However,
there are other opportunities for fertilizer options being ldgesl that allow farmers to produce N on-
farm, such as cultivation of cyanobacteria for use as cfatilizer. Cyanobacteria have unique dual
properties because they can both fix N from the atmosphenghatosynthesize to produce fixed N
without fossil fuels.

In this study, our objectives were to compare the impact ohardafertilizers andN rates o
soil POXC concentration at different depths in sweet cotrettuce and to determine whether soil
POXC concentration could be a sensitive indicator inriegerop production. We hypothesized that (i)
greater soil POXC concentration and residual soiy NNOwill be observed in the upper depths compared
to the lower depths in sweet corn and lettuce, (ii) SoK@@oncentration may be correlated with leaf N
concentration, N content, and marketable yield, (iii) hightal amount of root C input in sweet corn
relative to lettuce will increase soil POXC concentmaiin the upper depths, and (iv) either soil POXC
concentration or residual soil NEN may correlate with the marketable yield of sweet eor lettuce.
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7.2 Materials and Methods
7.2.1 Experimental site

Field experiments were carried out in a certified oigéeld in 2014 at the Colorado State
University Horticulture Research, Fort Collins, CO. Poasly, the field area was planted with
buckwheat followed by winter cover crops, riedale cereal) and turnips Brassica rapa). The
experimental site was located in a semi-arid zone withlokm soils. The soil was classified as a fine,
smectitic, mesic Aridic Argiustoll of the Nunn series (NRQ980).
7.2.2 Soil analysis

Soil samples were collected prior to the experimentdepdh of 30 cm from the field area (15 m
x 30 m) and analyzed by the Soil, Water, and Plant Tektbgratory at Colorado State University.
Chemical analyses included soil pH and electrical condtyc(iZiC) measured in supernatant suspension
of 1:1 soil to water using a Mettler Toledo pH/EC meter (TloeRischer Scientific, Waltham, MA).
Cation exchange capacity (CEC) was determined by summattba ekchangeable bases {C&",
Mg?, Na") plus hydrogen (B using ammonium acetate (1N ME4H5O,, pH 7.0) as described by Hajek
et al. (1972). Organic matter (OM) content was determindtidojoss on ignition method (Blume et al.,
1990). Soil inorganic N (Ni-N and NQ-N) was extracted using 2M KCI, and the filtered extract wa
analyzed using an Alpkem Flow Solution IV Auto Analyzer (ObMtical, College Station, TX).
Phosphorus (P) was extracted with 0.5M sodium bicarbonate (Ngt$GlOtion, which was developed
by Olsen et al. (1954) and analyzed using a Perkin Elmer Imdlyc€oupled Plasma/Optical Emission
Spectrometer (ICP-OES) (Perkin Elmer, Waltham, MA). Magtions (K, Ca, and Mg) and
micronutrients (Fe and Zn) were extracted with ammorbicarbonatediethylene triaminepentaacetic
acid (AB-DTPA) (Jones, 2001) and analyzed using a Perkin Bidactively Coupled Plasma/Optical
Emission Spectrometer (ICP-OES) (Perkin Elmer, Waltham,.MA& results of soil physical, chemical,

and nutrient analyses are presented in Table G1.
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7.2.3 Experimental design and plot layout

The experimental units were arranged in a Randomized Congjitetle Design with four
replications. The sub-plot size was 76 cm x 457 cm.
7.2.4 Planting materials

Lactuca sativa var. ‘Concept’ seeds (Johnny’s Selected Seeds, Waterville, ME) were planted in
72-cell trays containing a well-mixed Sunshine® organic po&@ibmix (SunGro Horticulture,

Agawam, MA) in the first week of May 2014. All seeds weretsthat the Plant Environmental Research
Center’s (PERC) greenhouse facility on the CSU campus. After four weeks, seedlings were transplanted
to the field on June 9, 2014.

Zea mays var. ‘Luscious se” sweet corn seeds were purchased from Johnny’s Seeds (Johnny’s
Selected Seed, Waterville, ME). Seeds were hand plabhiedepth of approximately 2.5 cm on July 1,
2014 with an in-row spacing of 12 cm within rows spaced 75 cm apart.
7.25Irrigation

Irrigation was applied every day and adjusted for precipitaffhe amount of precipitation and
irrigation over the growing season is presented in Table G2ambent of precipitation was obtained
from a nearby CoAgMet weather station (http://www.coagroktstate.edu/). Water was applied daily
using an automated drip irrigation system. Two drip tapes @ekne®, Deere & Co., Moline, IL) with a
flow rate of 125 L hout 100 nmi* were stretched across each row spaced 30 cm apart with & tieabler
in each plot. The drip system used for this study comprisedeybls (15 mm diameter). Emitters were
30 cm apart. Irrigation was applied at 08:00 to 08:30 for 30 nyiif dtithe initial stage and was changed
to 60 min day at 4" leaf stage for lettuce and Geaf stage for sweet corn until harvest.

7.2.6 Fertilizer treatments

The fertilizers compared in this study were liquid feréitis [Alask& fish emulsion (Planet

Natural, Bozeman, MO) and cyano-fertilizer], and solidilfeers [blood meal and feather meal (Down

To Earth Inc., Eugene, OR)]. For this study the N-fixing cyacteria Anabaena sp.) was cultured from
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local soils and inoculated into nutrient-supplemented raceveaygsding to the method by Barminski
(2014). The culture was grown for approximately 14 d cyclesrbefach application.
7.2.7 Methods of fertilizer application

Both the fish emulsion and cyano-fertilizer were in ikbform and were supplied in four split
applications (approximately two weeks apart from each appligatigr the growing season, while the
blood meal and feather meal were in dry powdered formraomtporated into the soil prior to planting.
Blood meal and feather meal were applied 6 cm from thezoya and 6 cm deep through band
application using a hoe. All fertilizers were applied at 28%Hkg N ha' for lettuce and 56 and 112 kg
N ha™ for sweet corn.
7.2.8 Fertilizer analysis

Fertilizer samples were sent to the Soil, Water, anat Hlesting Laboratory at CSU and
analyzed for N, P, K, Ca, Mg, Fe, and Zn (Table G3alilizer samples were digested with nitric acid
(HNOs) and hydrogen peroxide £8,) Major cations (P, K, Ca, and Mg) and micronutrients (Fkzm)
were analyzed using a Perkin Elmer Inductively Coupled Pl&3miaal Emission Spectrometer (ICP-
OES) (Perkin Elmer, Waltham, MA). Total C and N conceiting of fertilizer samples were analyzed
with a LECO CN analyzer (Leco Corp., St. Joseph, MI) Aeddtal C input for each fertilizer treatments
was calculated (Table G3b).
7.2.9 Measurements
7.2.9.1 Marketableyield

All above-ground plant parts of sweet corn from each treatmvere hand harvested and
separated into leaves, stems, and ears 79 days after plaetiuge was harvested 39 days after
transplanting. Lettuce heads were harvested from each pleteighed for fresh weights.
7.2.9.2 Leaf N concentration and N content

The oldest most expanded lettuce leaves were harvested ats3t@ayransplanting, while
sweet corn leaves were sampled at tasseling. All harvesiteples were washed with deionized water
before oven-drying at the CSU Agriculture Research Devedop & Education Center (ARDEC) at’?2
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for 72 hours. The dried samples were weighed and then gropadsa 1.0-mm screen (20 mesh) using
a plant tissue grinder (Thomas Wiley®, Swedesboro, NJ). Sub-samete then taken from each sample
for further analysis.

Total N of plant tissues of sweet corn and lettuce wereuned using a LECO CN analyzer
(Leco Corp., St. Joseph, MI). Samples were digested wiih aitid (HNG;) and hydrogen peroxide
(H20,). Elemental measurement was made using a Perkin-Elmer welyd@ioupled Plasma/Optical
Emission Spectrometer (ICP-OES) (Perkin-Elmer, WaltHd#). Tissue nutrient concentrations were
multiplied by leaf dry weights to determine the N content.
7.2.9.3 Soil sampling

Soils were sampled in October 19, 2014 after harvest framdifferent soil depths (0-30 cm,
30-60 cm, 60-90 cm, 90-120 cm) for sweet corn and two depths (0-aBaB0-60 cm) for lettuce. The
collected soil samples were air-dried at room temperagpils were sieved with a 2.0 mm sieve to
obtain a uniform particle size for residual soil N8 and POXC analysis.
7.2.9.4 Residual soil inorganic-N

Residual soil inorganic-N was sampled at 0-30 cm and 30-Gfepihs in lettuce and 0-30, 30-
60 cm, 60-90 cm, and 90-120 cm in sweet corn. After hardesylaplots were soil sampled using a
Giddings soil sampler drill rig (Purple Wave, Inc., WindsdB)CSoil samples were air-dried for two
weeks in a walk-in cooler to reduce NHN volatilization. Once dried, inorganic-N was extracted uging
M KCl at a 1:10 ratio (2 g of soil in 20 mL of 2M KCI). The sdagpwere then filtered and run through
the Alpkem Flow Solution IV Auto Analyzer (Ol Analytical,ollege Station, TX) for Ni-Nand NQ
N.
7.2.9.5 Permanganate oxidizable C extraction

Sub-samples of 2.5 g of air-dried soil were weighed into 5@emitrifuge tubes. Eighteen mL of
deionized water and 2 mL of 0.02M KMp@ere added to each tube. All tubes were shaken for 2tmin

240 oscillations per minute on an oscillating shaker. Tubesnemreved from the shaker and allowed to
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settle for 10 min. Then, 0.5 mL of the supernatant wersfeeed into a 50-mL centrifuge tube and
mixed with 49.5 mL of deionized water.
7.2.9.6 Permanganate oxidizable C deter mination

An aliquot of 200 pL from each tube was loaded into a cueett&ining four standard stock
solutions (0.00005, 0.0001, 0.00015, and 0.0002 md{MnO,) including a blank of deionized water, a
soil standard, and a solution standard based on the labarefiemgnce samples. Sample absorbance was
read with DR3900 Benchtop VIS Spectrophotometer (Bakcbveland, CO) at 550 nm. POXC analysis
was determined following Weil et al. (2003) and Culman €Raf12):
POXC (mg kg soil) = [0.02 mol [*-(a + b x Abs)] x (9000 mg C md)(0.02 L solution WH).
where,
0.02 mol L* = concentration of the initial KMngsolution,
a = intercept,
b = slope of the standard curve,
Abs = absorbance of the sample,
9000 mg = amount of C oxidized by 1 mol of KMp@om Mn™ to Mn™),
0.02 L = volume of KMn@solution reacted,
Wt = mass of soil (kg) used in the reaction.
7.2.10 Statistical analysis

Data were analyzed using SAS version 9.3 (SAS Institute@agy, NC). Univariate and
Boxplot procedures were used to evaluate the normality afdistribution. Analysis of variance
(ANOVA) was performed on the data with the MIXED proced#e(0.1). Fertilizer treatment, soil
depth, and N rate were categorized as fixed effects;equtidation was categorized as a random effect.
Means were separated by Tukey’s Studentized Range (HSD) test for mean separation. Means separat
test on interaction effects were simplified within Neraf one factor using the SLICE option. The
relationships between parameters (marketable yield, leahblentration, N content, soil POXC
concentration, and residual soil NDI) were assessed by linear correlation using the CORR preced
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7.3 Results
7.3.1 Sweet corn

Treatment effect was observed in soil POXC concentratiegn(q®344; Table G4a). Soil POXC
concentration in the cyano-fertilizer treatment was higiwen control and blood meal treatments in sweet
corn (Table G5).

A significant interaction between N rate and treatrmeg observed in soil POXC concentration
(P = 0.0013) and the marketable ear yield of sweet corn (BO2®; Table G4b). An increase in the
marketable ear yield of sweet corn was significantly coeédlatith soil POXC concentration (r = 0.3839;
P = 0.0208). The cyano-fertilizer treatment had a higheketable ear yield (Figure G2) at 112 kg N'ha
compared with other treatments. Sweet corn had a higiwetable ear yield at 112 kg N“teompared
to 56 kg N h& and control (Table G6).

Soil POXC concentration had a positive relationship witltketable ear yield (r = 0.34; P =
0.0043), but not with residual soil NeN. Depth effect was observed in residual soil;NQ where
higher residual soil NN was observed at 0-30 cm compared to deeper depths (P = 0.00B2GTR
There was no treatment or N rate effect on leaf N adnaton or N content of sweet corn.

7.3.2 Lettuce

Significant depth and treatment effects on soil POXC cdreton were observed in lettuce
(Table G4a). Saoil POXC concentration in the control and bloa treatments were higher than the
cyano-fertilizer treatment in lettuce (P = 0.0454; Table. G5)

Marketable yield of lettuce only differed by N rate (P = 04)3Gable G4b), but not by treatment.
Soil POXC concentration at 0-30 cm depth was higher thére&0-60 cm depth (Table G5). The
highest marketable yield was observed at 28 kg Ndaapared to 56 kg N HgTable G6).

Higher residual soil N@-N was observed at 0-30 cm compared to deeper depths (TabNds7).
significant relationship observed among N content, leain rasidual soil N@-N with soil POXC

concentration.
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7.4 Discussion
7.4.1 Amount of C input from different fertilizer treatments

In our study, there are two main factors which may afeit POXC concentration, quantity of
total C inputs from fertilizer treatments and crop root ieptihe cyano-fertilizer treatment hatiigher
soil POXC concentration than control in sweet corn (&), was likely not due to total C applied in
organic N fertilizers compare to others (Table G3b). LoweX @atio in the cyano-fertilizer treatment
may have speed up the decomposition rate during the short greedagn. Halder and Kheroar (2003)
reported that cyanobacterial biomass application to soils impsnielabile C after 45 days of
incorporation up to 75 days of incubation, which is within ramigle the growing period of sweet corn.

Over the course of the growing season, a biweekly split applicatioyano-fertilizer through
fertigation may have provided fresh C inputs to the soils ¢xegtowing season, which enhance the
microbial decomposition, thus increased labile C. Gregatici. (2013) reported that fresh C inputs in
maize-cropped soils enhanced soil microlialecomposition over the growing season. The blood meal
treatment had a higher total C input compared to othidlier treatments (Table G3b). Decreased soil
POXC concentration in the blood meal treatment in sa@et (Table G5) may be due to low energy
gained by soil microorganisms to decompose higher organieraunds, resulting in reduced soil
POXC concentration. Although the C: N ratio and amoumbtafl C input in the feather meal treatment is
similar to blood meal, but the slow-release properties of featkal due to its high keratin content may
reduce the decomposition rate (Hadas and Kautsky, 1@@4aei et al. (2016) reported that higher
organic C compounds are less degraded and may need longey tespdnd to soil management
practices.
7.4.2 Relationship between crop root C inputs and soil POXC concentration across depths

Addition of organic matter to soils through fertilizer apgtion and root C deposition generally
occurs at the surface. Soil labile C tend to decreaseswiitdepth due to higher root C inputs and C
inputs from fertilizer application in surface layers. A deseeia root-derived C reduced soil labile C
accumulation due to low soil microbial decomposition activity (O’Brien et al., 2010; Chen et al., 2015).
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In corn, 26-34% of’C was released as respiration from the corn roots as a sd@nergy for sib
microorganisms (Liljeroth et al., 1994)

Corn plants usually have low root: shoot ratio, resulting in low @imput compared to the
aboveground part, resulting in low labile C across depths (Rasse 2005). Therefore, no significant
effect was observed in soil POXC concentration across degthidet corn. This result indicates that
sweet corn has much larger and deeper roots than lettuce.rélative roots with depth likely
contributed to the lack of a soil POXC concentration dedclitie depth in sweet corn.

Other than C inputs from the fertilizer treatments, déifees in plant rooting depth can shift soil
C concentrations across the soil profile (Kramer and 64)X2006). Depth effect of soil POXC
concentration was observed only in lettuce, but not in sweet c@y be due to rooting depth influencing
root-derived C input. In our study, while collecting soil ptan, we observed that lettuce rooting depth
was generally between 0-30 cm depth. It may be possibléethate root deposition contributed to higher
soil POXC concentrations at 0-30 cm depth compared to 30-60ptim die our study, soil POXC
concentration at 0-30 cm depth in lettuce (Table G5) wasnndtlsimilar range as reported by Culman et
al. (2012) and Wang et al. (2014). Belowground, roots arga swurce of soil C input (Rasse et al.,
2005). In fact, roots release C as a source of energy tmisoidorganisms (Neumann, 2006). We expect
that the limited amount of lettuce root below 30 cmpped soil POXC concentration in the 30-60 cm
compared to 0-30 cm depth.

Maynard and Hochmuth (2007) documented that sweet cormgabtpth was between 0-60 cm,
while lettuce rooting depth is commonly concentrated in the @3fpth (Althaus et al., 2009).
Trumbore (2000) found that labile C concentration declinesindtieasing soil depth. Zhong et al.
(2015) found that soil POXC concentration were highest at 0-20egtt and gradually decreased as soil
depth increased. At deeper soil depths, roots are protectabley temperatures and less aeration (Rasse

et al., 2005), resulting in slower decomposition rates.
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7.4.3 Soil POXC concentration responseto N application rate

Different crop species affected soil POXC concentrationsaregt corn marketable yield at the
same N rate applied. The soil POXC concentration of speeatat the low N rate (56 kg N fiawas
higher by 2.8% compared to lettuce at the high N rate (56 h&'N(Table G5). We expect that the
longer growing periods of sweet corn compared to lettuabléTG2) may result in higher soil POXC
concentration compared to lettuce after harvest.

Lower soil POXC concentration in lettuce at 56 kg N bampared to sweet corn at 56 kg N*ha
was likely due to both higher application rates and lower@aoputsin lettuce compared to sweet corn.
The quantity of“C allocation from lettuce roots into the soil was twoive times lower than in corn
(Kuzyakov et al., 2002). In sweet corn, no significant N réiezebetween the low N rate and control
treatments in soil POXC concentration (Table G5) may bealthee small amount of recalcitrant C pools
at 56 kg N hd, which is difficult to detect over short periods of growing seasmnpared to the high N
rate (Song et al., 2014).

Other than difference in the total C inputs from fertilizeatments, we expect that sweet corn
and lettuce differ in root C inputs and rooting depth, winigly affect the opposite trend of soil POXC
concentration in sweet corn and lettuce. C inputs providmargy source for soil microbial growth and
activity (Tassara et al., 2008). In our study, the differetiepaobserved in soil POXC concentration
between crop species may be due to root-derived C diffebstaeen crop species, as reported by
Neumann (2006). In lettuce, higher soil POXC concentration sareed in the control than the cyano-
fertilizer treatment, while the opposite trend was founsiWweet corn.

Soil POXC concentration had no relationship with N conteatf N, and residual soil NGON in
sweet corn and lettuce. Awale et al. (2013) found no signifmamelation between soil POXC
concentration and residual NEN within corn-sugarbeet-soybean rotation. Awale anddlisagues
claimed that their result might be due to short duratiaggrafving season since the fertilizers were

applied.
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7.4.4Yidd responseto N application rate

The cyano-fertilizer treatment increased soil POXC coimagon and marketable ear yield at 112
kg N ha'in sweet corn, but not in lettuce, which may be duéédow N rate applied compared to sweet
corn. Between 50 kg N Haand 80 kg N haof N application rate is needed for lettuce to maximize
lettuce yield in an organic system (Stopes et al., 198®@adtreported that sweet corn requires between
112 kg N h& and 240 kg N ha(Bravo et al., 1995) for yield development. In generakigoificant
difference in the marketable ear yield of sweet cotthéncontrol treatment (0 kg N f)gand 56 kg N ha
(Table G6), which may be due to the long term compost agplichistory at the research site. The slow
organic N decomposition associated with composts could irapratrient uptake over time.
7.5 Conclusion

In conclusion, amount of C inputs and crop species may htaaeafsoil POXC concentration
in a single season study from 39 to 79 days of growing season.CB¢@ Poncentration was higher in
the cyano-fertilizer treatment compared to the contealttment in sweet corn, while the opposite trend
was found in lettuce. Depth effect was observed in soil PGo{tCentration at 0-30 cm compared to 30-
60 cm in lettuce, but not in sweet corn. Soil POXC conatintr was higher at 112 kg N haompared to
56 kg N hd in sweet corn, but there was no N rate effect in lettGeeater soil POXC concentration and
marketable ear yield of sweet corn were observed in theoefgtilizer treatment compared to others at
112 kg N h&. Higher residual soil NO-N was observed at 0-30 cm compared to deeper depths in sweet
corn and lettuce. However, no significant relationship observeshgmesidual soil NN, leaf N
concentration, and N content with soil POXC concentratiaweet corn and lettuce. Overall, our results
indicate that soil POXC concentration was responsive tatlZer application over a short-term

growing season of horticultural crops.
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TABLES

Table G1. Initial soil properties of the 0-30 cm depth of theeerental sites.

Sweet corn Lettuce
pH® 7.5 7.5
Electrical conductivity(dS m") 0.6 0.6
Cation exchange capacity (cmolRg 29 29
Organic matter (%) 2.5 2.7
NH,-N' (ppm) 2.5 2.4
NOs;-N' (ppm) 1.9 4.0
P" (ppm) 30 31
K* (ppm) 463 473
cd 4560 4513
Mg* 616 634
Fe 6.0 6.3
zn' 1.4 1.6

$pH and electrical conductivity were determined in watet)(

'Samples were extracted for inorganic N &N and NQ-N) using 2M KCI.

TP content was extracted with the Olsen P extractatd Q\D;).

* Samples were extracted using a ammonium bicarbonate diethiglerieé pentaacetate (AB-DTPA).
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Table G2. Amount of precipitation, irrigation, and fertigatover the growing season in 2014.

Sweet corn Lettuce
Planting date July 1, 2014 June 9, 2014
Harvest date September 19, 201- August 4, 2014
Precipitation = -------m-mmmmmmmmmeme e mm-
June - 34
July 69 69
August 26 0.3
September 9 -
Water applied  -----------mmmommmeme - mm-
Irrigation 737 230
Fertigation 414 460
Total® 1257 783

STotal amount of water applied over the growing season is thbination of precipitation, irrigation,
and fertigation. All plots received the same amount démapplied via irrigation. When liquid fertilizers
were applied, the control and solid fertilizer treatmergsevirrigated with the same amount of water as
that used to fertigate the liquid fertilizer treatments.

Table Ga. Nutrient analysis of fertilizer samples.

=4 K* cd Mg* Fe zn’
= 1174 R — LT e —
Cyano-fertilizer 6 0.1 10 18 6 0.1
Fish emulsion 1600 20510 725 921 131 18
Feather meal 640 1776 1466 575 62 18
Blood meal 32 366 904 283 118 14

*Samples were digested with nitric acid (Hjj@nd hydrogen peroxide {8,).
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Table G3b. Total C and N, and C: N ratio of fertilizeasnples.

Total C TotalN° C: N ratio Total C input
Fertilizer 28 kgN ha 56 kg N hd 112 kg N hd
------------ L 1110 (2 R ——
Cyano-fertilizer 0.04 0.2 0.20 1.2 x 1¢ 2.3x1d 4.5x1d
Fish emulsion 0.07 5 0.01 1.9 x 1d 3.9x1d 7.8 x 1d
Feather meal 51 13 3.92 1.5x 10 2.9 x 10 5.7 x 10
Blood meal 51 13 3.92 1.5x 10 2.9 x 10 5.7 x 10

SSamples were analyzed using CN analyzer.

Table G4aAnalysis of variance (ANOVA) oéoil permanganate oxidizable C (POXC) concentration.

Sweet Corn Lettuce
P>F P>F

Depth 0.4526 0.0179*
N rate 0.0287* 0.1650

Treatment 0.0344* 0.0454*
Depth x Treatment 0.9442 0.4730
N rate x Treatment 0.0013* 0.5141
Depth x N rate x Treatment 0.9997 0.6238

*P-values are significantly different at P < 0.1.

Table G4bAnalysis of variance (ANOVA) of marketable yield of sweetrcand lettuce.

Sweet corn Lettuce
Whole model r’ = 0.532, P < 0.0013, n=3¢ r’ = 0.439, P < 0.0028 , n=36
P>F P>F
N rate 0.0001* 0.0364*
Treatment 0.0038* 0.1416
N rate x Treatment 0.0025* 0.3126

*P-values are significantly different at P < 0.1.
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Table G5.Mean separation of soil permanganate oxidizable C (P@®entration in sweet corn and
lettuce.

Sweet Lettuce
97" o11 11— mg kg* SOil------------
0-30 cm 1253 a 1167 a
30-60 cm 1246 a 1154 b
60-90 cm 1239 a --
90-120 cm 1231 a --
Treatment
Control 1194 b 1181 a
Blood meal 1197 b 1177 a
Feather meal 1234 ab 1171 ab
Fish emulsion 1247 ab 1167 ab
Cyano-fertilizer 1254 a 1106 b
N rate' (kg N ha™)
0 1227 b 1155 a
28 -- 1176 a
56 1214 b 1181 a
112 1251 a -~

SSoil samples were collected at 0-30 cm, 30-60 cm, 60-90 a§@&A20 cm depths in sweet corn, while
0-30 cm and 30-60 cm depths in lettuce.

" Fertilizers were applied at 56 kg N hand 112 kg N hain sweet corn. In lettuce, fertilizers were
applied at 28 kg N haand 56 kg N ha
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Table G6. Marketable yield of sweet corn and lettuce aelar

Sweet Corn Lettuce
Nraté (kgNhd - kg ha'
0 1043 b 779 ¢
28 -- 1483 a
56 1069 b 1269 b
112 1439 a --

" Fertilizers were applied at 56 kg N"hand 112 kg N hHain sweet corn. In lettuce, fertilizers were
applied at 28 kg N haand 56 kg N ha

Table G7 Residual soil N@-N of sweet corn and lettuce at harvest.

Sweet corh Lettuce
------------------- PO LT e —
Depth (cm)
0-30 3.3a 39a
30-60 1.7b 26Db
60-90 15b -
90-120 12c -

SSoil samples were collected at 0-30 cm, 30-60 cm, 60-90 a§@A20 cm depths in sweet corn, while
0-30 cm and 30-60 cm depths in lettuce.
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Figure G1. Interaction effects between fertilizer timeents and N rates on sweet corn soil permanganate
oxidizable carbon (POXC) concentration in 2014 after hariestilizers were applied at 56 kg N'ha
(Low N) and 112 kg N h&(High N) in 2014. Bars represent standard deviation of nieans with the
same letter are not significandyfferent at P < 0.1 using Tukey’s Studentized Range (HSD) test of mean
separation. Upper case letters indicate significant diffesewithin mean at the high N rate (112 kg N ha
1, while lower case letters indicate significant differenaéthin mean at the low N rate (56 kg N*ha

The dashed line represents control. Cyano-fertilizerrtreat at the high N rate was significantly

different from control at P < 0.1. Blood = Blood meal; FeathBeather meal; Fish = Fish emulsion;
Cyano = Cyano-fertilizer.
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Figure G2. Interaction effects between fertilizer tmeants and N rates on sweet corn marketable ear yield
in 2014 after harvest. Bars represent standard deviatioearfi.niMeans with the same letter are not
significantly different at P < 0.1 usiriukey’s Studentized Range (HSD) test of mean separation. Upper

case letters indicate significant differences within meaheahigh N rate (112 kg N Hj while lower

case letters indicate significant differences within meahealow N rate (56 kg N F3. The dashed line
represents control. All fertilizer treatments at the Wigtate (112 kg N ha) were significantly different

from control at P < 0.1. Blood = Blood meal; Feather = Featttead; Fish = Fish emulsion; Cyano =
Cyano-fertilizer.
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OVERALL CONCLUSIONS

This study contributes to the fundamental knowledge of lettuceveaet sorn response to
organic nitrogen (N) fertilizers in terms of nutritional value (3-carotene, Fe, and Zn), water use efficiency
(WUE), residual soil N@-N, N content, NUE, and soil permanganate oxidizablbaa(POXC).

Overall, the cyano-fertilizer treatment had a higherdyielsweet corn and lettuce. Higher marketable
yield and NUE were obseedat 28 and 56 kg N Hacompared to 112 kg N Han lettuce. Ear yieldN
content, and NUE of cyano-fertilizer was on par with shulsion at 112 kg N Hain sweet corn.

The blood meal treatment had a higher residual soil-N@ompared to other fertilizer
treatments after harvest while higher residual soifNNOwas observed in the fish emulsion and feather
meal treatments in sweet corn. The result indicatesbtbad meal is a quick release fertilizer and the
response was observed in lettuce, which has shorter groveisgrseompared to sweet corn. The slow-
release properties of feather meal fertilizer, whichltaasr N mineralization compared to blood meal,
which showed a treatment effect in residual soikNDin sweet corn after harvest (79 days). Blood meal
is preferable due to a quick release compared to featsdr which is known as a slow-release fertilizer
due to its high keratin concentration. Feather meal redneephotosynthetic rate, and dry weight of
sweet corn. Blood meal, fish emulsion, and cyano-fertibze sources of organic N fertilizer which
increase Fe and Zn concentrations compared to feather meal.

Either fish emulsion or cyano-fertilizer could be one ofdtganic N sources for growing lettuce
in clay loam soil due to the effect of phytohormones. Indadeaic acid (IAA) in the fish emulsion
fertilizer increased p-carotene. Salicylic acid (SA), which was highest in trenoyfertilizer treatment,
increased lettuce yield components (fresh weight and leaj.arhe cyano-fertilizer treatment had
higher WUE possibly due to the high amount of SA applied icyheao-fertilizer treatments.

The quantity of total C inputs from fertilizer treatreeaind crop root C inputs may have affected
soil labile C. Higher soil POXC concentration was measuréakicyano-fertilizer treatment compared to
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the control treatment in sweet corn, while the oppositeltveas found in lettuce. Soil POXC
concentration could be a key indicator of soil managementipeato N fertilizer application over a

short-term growing season of horticultural crops.
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RECOMMENDATIONS

The blood meal fertilizer would be a better source of 9¢lidrtilizer due to its higher yield
compared to feather meal. In organic systems, organic ggawsaally apply solid fertilizers all at once
prior to planting, due to convenience and high labor ancchsts. However, this practice increases the
potential for soil microbial and chemical processes twsfaam applied organic N into forms of plant-
available N, such as NGN which could leach below the root zone and contaminatengneater.

For liquid fertilizer, there is potential for cyanaizers to be a source of N fertilizer used by
organic growers. The marketable yield, total crop N uptal®eN&WE of cyano-fertilizer is on par with
fish emulsion. Cyano-fertilizer could be a potentiéémalative source of N because it can be grown in
managed ponds diarm. thus reducing organic grower’s dependence on off-farm fertilizer sources, which
often incur high transportation costs and reducing carbopriabtn the atmospheréWe suggest that
cyano-fertilizer could be an ideal source of N for oigagrowers due to its low residual NEN
compared to fish emulsion. Organic growers could apply cientitizer directly through drip irrigation
systems. In our study, no clogging problems of drip emitters @areuntered, as long as drip lines were
flushed after each fertilizer application.

Further research needs to be conducted to understand the rmgchfiphytohormone impact of
organic N fertilizers on -carotene concentration in lettuce. Do inorganic N faanms phytohormones
influence enzymes in the carotenoid biosynthesis pathway? lwe$ mechanisms are involved in the
biosynthesis process? More research collaboration needs to be dalheunderstand the chemical,
biological, and genetic regulation mechanisms influencing f-carotene concentration in lettuce.

In our study, phytohormones were only measured in fertilizersfufiare research, targeted
phytohormones (IAA and SA) could be measured in plant tissugHdnmone profiling in plant tissue
samples would be a wise step to start with, in order tesgsteractions among fertilizer types with
phytohormones in plant tissue. In terms of improving Fe and Zn civatiens in lettuce and sweet corn,
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siderophores secretion from cyanobacteria in cyano-fertdirould be measured prior to fertilizer
application. Organic acid and siderophore secretion fraocketand sweet corn roots could be measured
in response to organic N fertilizer application in caloasesoils.

Further research needs to be conducted to understand the mmshainidant water regulation
related to inorganic N forms and phytohormone concentratiorstilizers. Additional leaf gas exchange
measurements could be incorporated to determine whetherflugnce of organic N fertilizer
application on abscisic acid (ABA) in plant tissue in retjodgpstomatal closure, thus regulating WUE in
sweet corn. In our study, leaf gas exchange measurement wastednohly in a C4 crop (sweet corn). It
would be interesting to investigate whether WUE from N feglilapplication would have the same effect
on other C4 crops (sorghum and proso millet) and C3 cropscgettale, and spinach).

In this study, soils were sampled at harvest and the paftezgidual soil N@-N could only be
observed at harvest. A mini lysimeter study using PVC pipie pérforated holes could be implemented
in the greenhouse to track the interaction between rogtHedensity and residual soil NEN at different
crop growth stages over the course of the growing season.

A greenhouse study comparing two different cultivation methodsdppdic vs. soil systems)
could be conducted on lettuce and sweet corn to minimizeoamvéntal variables such as slow N release
from a long term history of compost application at the CSictielilture Farm. Root measurements such
as root length density and root surface area of lettuceweet corn grown in pots would be ideal to add
information in improving NUE at harvest.

Other than using POXC as a sensitive indicator to soil gemant practices, soil microbial
biomass activity and root-derived C measurements should be indtufigdre work in order to
understand the mechanism of labile C in response to NZatidh. It was reported in other studies that
cyanobacteria secrete extracellular polysaccharides hadarganic N fertilizers secrete organic acids
during decomposition. Polysaccharides and organic acids skfnatethe decomposition process could
aid in the formation of soil aggregates. Since soil ogandtter consists oé heterogenous mixture
(labile C fractions, polysaccharides C, organic acids), €faantifying the functional groups of labile C
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and root-derived C in response to organic N fertilizeriaafpdn could be considered in order to know

what proportion of labile C represents the C pools under orggritulture.
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