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ABSTRACT 

 Georgia has an international reputation for producing short-day, sweet onions, commonly 

known as Vidalia onions. They are primarily cultivated in the southeastern region of the state, 

where the favorable climate and naturally low sulfur soils allow growers to produce onions with 

low pungency levels that garner high returns. Georgia farmers follow precise cultivation practices 

to ensure high-quality onions; nevertheless, significant challenges persist in optimizing nitrogen 

(N) fertilization of this crop. In the present dissertation, we conducted four studies that will help 

provide the information necessary to update N fertilizer recommendations for conventional and 

organic onions cultivated in Georgia. Results indicate that N fertilizer requirements for 

conventional onions will vary depending on rainfall levels but may be reduced from current 

recommendations. In years with high precipitation, N rates of 135 lb/acre N or more may be 

necessary to achieve sufficiently high yields of onions, while in drier years, as little as 75 lb/acre 

N may sustain commercially acceptable crop yields. Nitrogen fertilizer applications at the 

transplant stage are inefficient, with limited uptake by the onion plant. In contrast, N fertilizers 

applied during bulb initiation and bulb swelling stages are more efficiently used. Further, the final 

N application for the season should be carefully managed at bulb initiation to reduce the pungency 



levels of onions and maintain yields. For organic onions, increased organic fertilizer rates are 

shown to enhance total yield; however, a mixed-source organic (MIX) fertilizer was more effective 

than the more commonly used pelleted-poultry litter (PPL) fertilizer, as field studies indicates a 

reduced less N uptake efficiency by onions fertilized with PPL. Results from a lab-based 

incubation study using two common Georgia soils indicated that PPL fertilizer had 0% to 22% net 

N mineralization (Net Nmin) after 120 days of incubation, whereas a MIX fertilizer had 26% to 

59% Net Nmin, and a feather meal-based fertilizer provided 42% to 72% Net Nmin. Soil type and 

temperature had a lesser impact on N mineralization than fertilizer source. This suggested that the 

choice of organic fertilizer source is crucial for N availability during the cropping season. 
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CHAPTER 1 

INTRODUCTION 

 Onion (Allium cepa L.) is the most widely cultivated species from the genus Allium 

(Brewster, 2008). The onion, with its characteristic flavor, represents an important culinary 

ingredient around the world and a commodity with substantial economic value. China, India, and 

the United States (U.S.) are the world's top onion producers (FAO, 2018). In the U.S., onions rank 

as the fifth-largest crop in terms of acres planted, and Georgia claims a prominent position as the 

fifth-largest onion-producing state in the country (USDA, 2023). 

Georgia has gained recognition for growing sweet, short-day onions, commonly known as 

Vidalia onions. They are primarily produced in the southeastern region of the state in portions of 

20 counties that form a cultivation area outlined by Federal Marketing Order No. 955 (USDA, 

1989). The production of Vidalia onions in Georgia started more than 80 years ago by a farmer 

named Moses Colemen. During that time, the industry has built a national reputation for the 

production of sweet and mild onions and Vidalia onions currently command premium prices in the 

national and international markets (Boyhan & Torrance, 2002). 

 The production of Vidalia onions in Georgia is facilitated by favorable climate conditions 

and soils that are naturally low in sulfur, which allow to produce onion with relatively low 

pungency levels (Boyhan & Torrance, 2002; Coolong & Boyhan, 2017). Additionally, farmers 

follow precise cultivation practices to ensure high yield and quality onion crops (Coolong & 

Boyhan, 2017). However, there remain significant challenges associated with optimizing nitrogen 

(N) fertilization of both conventional and organic short-day onions in Georgia.  
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The long growing season and shallow root system of onions necessitate that soil N must be 

consistently available throughout the production season to achieve optimal yields (Brewster, 2008; 

Halvorson et al. 2002). However, the sandy loam soils prevalent in southeastern Georgia increase 

the risk of N leaching, especially during periods of high rainfall (Boyhan & Torrance, 2002; 

Sharma et al. 2012). As a result, N fertilizer recommendations for growing short-day onions in 

Georgia are relatively high, ranging from 125 to 150 lb N/acre in conventional systems (Coolong 

& Boyhan, 2017). In organic onion systems, these N application rates tend to be even higher, 

normally exceeding the conventional rates by 50% to compensate for the uncertainty of N 

availability from organic fertilizers (Boyhan et al., 2007).  

Excessive N fertilization of onions has been associated with low-quality onion bulbs; 

specifically, high soil N content at late-season has been found to negatively affect the flavor of 

onions and increase susceptibility to some diseases (Belo et al., 2023; Brewster, 2008; Coolong & 

Randle, 2003; Díaz-Pérez et al., 2003; Randle, 2000). Therefore, it is essential to establish an 

effective N fertilization program for onions cultivated in Georgia, striking a balance between 

providing the necessary N for optimal crop growth and yield while mitigating the adverse quality 

effects associated with excessive N fertilizer rates (da Silva et al., 2022; Geisseler et al., 2022) 

Research Objectives 

The main objective of these studies was to determine the N fertilizer application 

requirements for growing conventional and organic short-day onions in Georgia. The goal of this 

research was to develop the information necessary to establish N fertilizer recommendations for 

short-day onions cultivated in Georgia. 

This dissertation comprised four studies which address the following research objectives: 
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1) Evaluate the effects of timing of the last N fertilizer application for the season in 

combination with three N fertilizer rates on the yield and quality of short-day onions. 

2) Evaluate the FNUE of short-day onions across five developmental stages to optimize 

timing of fertilizer applications. 

3) Compare the impact of a mixed source organic fertilizer and a pelleted poultry litter product 

applied at multiple application rates in two soil types on organic onion production.    

4) Determine the potential N mineralization rates from three organic fertilizers commonly 

used for vegetable production in Georgia, USA, and to evaluate the effects of temperature 

on N mineralization from two of the most common agricultural soil types in Georgia over 

a 120-day period. 
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CHAPTER 2 

LITERATURE REVIEW 

The History and Economical Importance of Onion 

Onion (Allium cepa L.) is one of the most important species from the Allium genus that 

also includes garlic (Allium sativum L.), chives, shallots, and leeks. They are believed to be one of 

the earliest cultivated crops, and although the history of ancestral onion species is not well 

documented, their center of origin is believed to be from central Asia and the Mediterranean 

regions. The exact location of onion domestication is still a subject of debate, but historical 

evidence suggests the presence of onion in these regions for at least 5000 years (Astley et al., 1982; 

Brewster, 1994). 

Over time, the versatility and adaptability of onion favored its widespread cultivation 

worldwide, making it an essential ingredient in many culinary traditions.  It is not only a vegetable 

consumed raw, but also serves as a key ingredient in numerous culinary preparations, enhancing 

the flavor of dishes worldwide (Randle, 1997). Furthermore, onions are known for their 

antioxidant and anti-inflammatory properties due to the presence of compounds such as flavonoids, 

anthocyanins, fructo-oligosaccharides, and organosulphur compounds, making it a versatile 

vegetable with economic significance (Griffiths et al., 2002; Goldman, 2011). 

Onion is ranked as the second most economically significant vegetable crop worldwide 

(FAO, 2022). Onions have been extensively bred for adaptation to various regions around the 

world. About 170 countries are known to cultivate onions, and approximately 6 million acres are 

harvested every year on a global scale. The primary onion-growing countries, China and India, 
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play an important role in global production, followed by the USA, Egypt, Iran, Pakistan, and 

Turkey (FAO, 2018). These countries collectively contribute to the vast availability of onions in 

the market, with varieties of different colors, shapes, and flavors ranging from sweet to pungent. 

In the U.S., about 127,000 acres of onion are annually grown making onion the third largest crop 

grown in the country, with more than 6.7 billion pounds of onions harvested annually (USDA, 

2023).  

The Onion Plant 

Onion plants feature a flattened stem below ground, forming a disc-shaped base. At the 

center of this stem disc emerge their leaves, alternately and oppositely, resulting in two ranks of 

leaves at 180-degree angles. Onion leaves are hollow with longitudinal symmetry, consisting of a 

blade and a sheath that encircle the growing point. Interestingly, what initially appears as the stem 

is a pseudostem formed by concentric leaf sheaths (DeMason, 1990). As new leaves grow near the 

shoot apex, older sheath bases are gradually pushed away from it due to lateral expansion. Roots 

develop near the base of young leaves and extend downward (DeMason, 1990). The stem remains 

compressed unless flowering occurs, at which point it transforms into an inflorescence. Onions 

must undergo a period of vernalization to flower, which requires a period of cold temperatures, 

typically around 32-50°F (0-10°C), during their initial growth stage (Brewster, 1990). However, 

before flower induction, onions must have reached a minimum stage of maturity for flowering to 

be initiated. If cold temperatures are present prior to this stage flowering may not occur (Brewster, 

1990) 

The onion bulb is the first organ of interest of the crop. It is an aggregate of swollen leaf 

bases and the vegetative stem axis, formed from the mobilization of carbohydrates into the base of 

young leaves. When bulb formation is induced, the foliage leaves progressively change from a 
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photosynthetic activity to a storage activity, in which the leaf laminae become reduced, while the 

sheath becomes fleshy structures often described as scale leaves (Heath & Holdsworth, 1948). An 

important aspect of onion bulb development is the photoperiod (or day length), which determines 

when bulb development begins. However, other factors such as temperature, light intensity and 

quality, plant nutrition and water availability can influence bulb growth somewhat (Brewster, 

1990; Kato, 1964). 

Onion is a biennial plant by nature, but it is usually grown as an annual. Considered a cool-

season crop, onions have been adapted to most regions of the world through selection for bulb 

responses to photoperiod (Boyhan & Torrance, 2002). They can be broadly categorized into short, 

intermediate, and long days varieties requiring a minimum of 11, 13 and 14 hours of day length, 

respectively, induce bulbing. As a result, cultivar selections for different regions are often based 

on photoperiod requirements (Brewster, 2008). Onions grown in the Vidalia region are all short-

day types due to the minimum daylength in the area in early spring.  While intermediate-day onions 

could be grown in the region, they would not bulb until late spring or early summer at which point 

temperatures in the region would not be conducive to production.  In addition to photoperiod 

classification, onions are also categorized by flesh color (red, white, brown, or yellow), taste (sweet 

or pungent), and shape of the bulb (round, flat, or globe), final use (dehydrated and processed or 

fresh consumption), and whether they are utilized quickly after harvest or stored for extended 

periods of time (Harrison et al., 2008). These various classifications offer a wide range of onion 

options to suit diverse culinary preferences and growing conditions.  According to the federal 

marketing order for Vidalia onions, they must be a yellow, short-day, Granex (shape) type onion 

to be sold as a Vidalia onion (USDA, 1989). 
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The Chemistry of Onion Flavor 

The characteristic flavor of onions is primarily attributed to the presence of organosulfur 

compounds, in particular S-alk(en)yl cysteine sulfoxides (ACSOs) (Lancaster & Boland, 1990). 

There are three major ACSOs that are found in onions: S-1-propenyl cysteine sulfoxide 

(PRENCSO), often found in the highest concentration in pungent onions, S-methyl-cysteine 

sulfoxide (MCSO) found in in lesser amounts, and S-propyl-cysteine sulfoxide (PCSO), which is 

often present in the lowest concentrations (Boelens et al., 1971; Lancaster et al., 1998). The 

combinations of these ACSOs help give onions their unique flavors.  While pungent onions 

typically have a preponderance of PRENCSO, mild onions such as those grown in Vidalia, GA, 

USA may present a greater proportion of MCSO relative to other ACSOs (Coolong & Randle, 

2003). The formation of ACSOs in onion begins with the uptake of sulfur in the form of sulfate 

(SO4
-2). Sulfur is subsequently assimilated into various sulfur-containing amino acids. One specific 

amino acid, cysteine, follows the path through the glutathione cycle to be incorporated into γ-

glutamyl peptides (γ-GPs). These peptides act as intermediates in the pathway that ultimately 

results in the accumulation of ACSOs within onion bulbs (Block, 1992; Lancaster & Boland, 1990; 

Lancaster et al., 1998). 

When onion tissue is mechanically disrupted and vacuoles are lysed, the enzyme alliinase 

hydrolyses the ACSOs presented within the cells, which gives rise to a range of volatile 

compounds, such as propanethial S-oxide, the lachrymatory factor of onions, and other molecules 

that contributes to the unique flavors and aromas associated with onions (Yoo et al., 2012). Pyruvic 

acid, which is a stable bi-product of these reactions is often used as an indicator of onion pungency.  

Pyruvic acid is relatively easy to measure using colorimetric methods and although, it does not 

contribute to flavor directly it has been well correlated to the presence of flavor compounds, is 
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used widely as an indicator of the flavor precursor content and is a well-established method for 

accessing onion pungency (Schwimmer & Weston, 1961; Tekalign et al., 2012).  

In addition to sulfur compounds, sweetness plays a vital role in onion flavor, with sugars 

like glucose, sucrose, and fructose comprising most soluble solids (Breu, 1996; Vavrina and 

Smittle, 1993). The sugar-to-pungency ratio ultimately determines the overall onion flavor, but the 

precise contribution of sugars can be challenging to discern, especially in pungent or uncooked 

onions, where other flavor compounds may mask sweetness (Kim et al., 2017; Vavrina & Smittle, 

1993). The taste of Vidalia onions is perceived to be sweeter than many other types of onions, but 

this is not necessarily the result of having more sugars present.  Instead, it is the lack of pungent 

sulfur compounds that allow the sugars to be perceived by the consumer, giving Vidalia onions 

their sweet flavor (T. Coolong, personal communication).  

The Production of Short-Day Onion in Georgia, USA 

Georgia holds a prominent position in U.S. onion production, standing as the fifth-largest 

onion-producing state in the country. The farm gate value of onion in Georgia exceeds $168 

million, which places it as the third most valuable vegetable crop in the state, behind sweet corn 

and watermelon (University of Georgia, 2022). Georgia has gained a reputation for growing short-

day onions, commonly known as Vidalia onions.  

Vidalia onions are yellow Granex-type onions cultivated in Georgia for over 80 years. The 

production of Vidalia onions is centered in the southeastern region of the state, where 20 counties 

participate in a designated cultivation area outlined by the Federal Marketing Order No. 955 

(USDA, 1989). The success of Georgia’s onion production is attributed to the unique climate and 

soil conditions found in the southeastern region of the state, where the mild winters and well-

drained, sandy soils create an ideal environment for short-day onion cultivation (Boyhan & 
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Torrance, 2002). These soils, notably low in sulfur content, offer growers greater flexibility in 

managing sulfur levels to produce sweet onions. This, combined with the careful selection of low 

pungency onion varieties, contributes to the sweet and mild taste of Vidalia onions, for which they 

have gained a reputation in national and international onion markets (Boyhan & Torrance, 2002; 

Olsson, 2012). 

Georgia farmers follow precise cultivation practices, to ensure the high quality and 

distinctive sweet flavor of Vidalia onions. Transplanting typically is done throughout November, 

though can occur as early as October and as late as early January.  During this time daylight hours 

gradually decrease but mild temperatures still allow for good leaf development. As winter 

progresses and days become shorter, growth slows. Onions enter the bulb initiation phase in 

February as daylength reaches 11 hours or more. The growing season continues until spring, when 

daily air temperatures rise sufficiently to promote bulb enlargement, forming the characteristic 

large bulbs that are desired. Harvesting typically occurs in late spring (April and May) (Boyhan & 

Torrance, 2002; Coolong & Boyhan, 2017).  

Nitrogen Fertilization of Onion in Georgia, USA 

Nitrogen (N) is an essential nutrient for plants, as it plays a vital role in the synthesis of 

amino acids, proteins, and chlorophyll (Parry et al., 2003; Taiz & Zeiger, 2006). Onions have 

relatively high N requirements; therefore, the successful production of onions relies on 

implementing the N fertilizer program that efficiently meets the crop’s nutritional needs and 

maximizes yield and bulb quality (Brewster, 2008). 

Onions have a relatively shallow root system, most active roots concentrated within the 

upper 15 cm of soil, with their maximum rooting depth typically reaching 30 cm (Ajdary et al., 

2007; Machado et al., 2009; Strydom, 1964). This characteristic can mean that onions are relatively 
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poor competitors for water and nutrients from the soil.  For onions cultivated in the Coastal Plain 

region of southeastern Georgia, USA, where sandy loam soils predominate, there is an increased 

risk of N leaching and less utilization of N fertilizer by the plant (Boyhan & Kelley, 2008; Delgado, 

2002). In addition to a shallow root system, onions are planted at a relatively high density per unit 

area, which suggests that significant N is required to support a relatively large amount of above-

ground biomass per unit area (H.I. De Jesus, unpublished data).  

Crop N recommendations vary widely depending on factors such as soil type, rainfall, 

irrigation, plant populations and method and timing of application. Existing literature on N 

fertilization of short-day onions in the southeast of Georgia recommends applying about 125 to 

150 lb/acre N throughout the season (Coolong & Boyhan, 2017). This typically involves 

incorporating 25% to 30% of total N prior to planting, with the remainder split into three or more 

applications; with the final application at least 4 weeks prior to harvest. (Coolong & Boyhan, 

2017).  

Despite the well-established fertilizer program for onions in Georgia, USA, much of the 

field research supporting these N levels dates back to more than two decades (Batal et al., 1994; 

Boyhan et al., 2007; Díaz-Pérez et al., 2003; Randle, 2000). Recently growers have shifted nutrient 

management practices, successfully producing high-quality crops with less N fertilizer inputs by 

splitting the N fertilizer rate into four or more applications throughout the season (C. Tyson, 

personal communication). Many growers in the region apply their first N application at or shortly 

after at transplanting, followed by a second application during the early vegetative growth stage to 

promote root and leaf growth; the remaining N is typically divided into two additional applications 

in the latter half of the season. This helps to avoid excessive levels of N fertilizer around the root 
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zone and minimizes the risk of nitrogen loss through leaching (da Silva et al., 2022; Geisseler et 

al., 2022).  

Recent studies have suggested that commercially acceptable yields can be achieved with 

as little as 105 lb/acre N split into four applications throughout the season (da Silva et al., 2022). 

However, it is crucial to fine-tune the timing of fertilizer applications to align with key 

developmental stages of the onion plant. This strategic approach can significantly reduce the total 

nitrogen requirement, ultimately enhancing crop fertilizer nitrogen use efficiency (FNUE) 

(Geissler et al., 2022). Further research on N fertilization strategies holds promise for the 

implementation of an updated nitrogen fertilizer program tailored specifically for short-day onions 

in Georgia. 

The Organic Onion Production in Georgia, USA 

Organic vegetable production has steadily increased in the US for the past decade (Organic 

Trade Association, 2023).  In Georgia organic Vidalia onions are the single most valuable organic 

vegetable produced with more than 793 acres, representing roughly 7% of the total acreage 

dedicated to Vidalia onion production, in 2019 according to the US Department of Agriculture 

(USDA, 2019). This represents a value of at least $12 million, which continues to increase 

annually. Although organic production can be lucrative for Vidalia onion growers, there is a need 

to reduce significant input costs. Onion growers devote a considerable amount of resources for 

organic fertilizers.  There is significant variability of N release among organic fertilizers since 

most nutrients are tied up in organic forms and N mineralization is necessary for plant N uptake 

(Dorais & Alsanius, 2015). The release of mineral N from organic fertilizers varies depending on 

factors like the source material, soil characteristics, and environmental conditions (Calderón et al. 

2005; Cassity-Duffey et al. 2018; Reganold & Wachter 2016); as a result, the plant N availability 
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is hard to predict, and failing to synchronize the timing between N release and onion N 

requirements can significantly reduce yields of onion crops (Berry et al., 2002). 

Organic fertilizers are typically applied to onions in Georgia at rates at least 50 percent 

higher than conventional N-P-K percentages to compensate for the uncertainty surrounding N 

availability (Boyhan et al., 2007). Although fresh, non-composted poultry litter (PL) is readily 

available, growers may be reluctant to rely on it as a primary source of fertilizer due to food safety 

concerns (R. Hamlin, personal communication). Therefore, growers may rely on pasteurized or 

pelleted poultry litter (PPL) products or commercial organic fertilizers from mixed sources. For 

those that still use PL, it may only contain 2% to 4% total N, with limited availability during the 

cropping season (Chastain et al. 2001; Evers 1998). Commercial organic fertilizers, typically made 

from plant or animal byproducts, are available for certified organic vegetable production. These 

products can vary widely in N concentration, ranging from 3% to 15%, but in general, they offer 

more consistent N mineralization rates compared to PL and composts (Agehara & Warncke 2005; 

Cassity-Duffey et al. 2020; Gale et al. 2006; Hartz & Johnstone 2006). 

Nitrogen Fertilization and Bulb Quality Parameters 

Continuous availability of soil N may result in higher yields of onions, but the balance and 

the correct management of fertilizer is important to reduce offsite movement of N as well as ensure 

bulb quality.  For Vidalia onions, flavor is one of the most important quality attributes affected by 

N fertilization. Because of the interactions between sulfur and N assimilation in plants, excessive 

N fertilization of onions, particularly at the end of the growing season, may increase pungency by 

promoting the accumulation of sulfur containing ACSOs within the bulbs (Coolong & Randle, 

2003; Randle, 2000).  
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Studies on the flavor of onions underscore the significant influence of soil N availability 

on bulb ACSO concentrations. Randle (2000) reported that increasing N fertilization rates resulted 

in higher concentrations of MCSO, in hydroponically grown onions. Sometimes high levels of 

MCSO can impart cabbage-like flavors to onions (Block, 1992). Similarly, Coolong & Randle 

(2003) observed a nearly 250% increase in MCSO concentration in bulbs as N levels increased.  

In addition to flavor, N availability can affect the susceptibility of onion plants to pests and 

diseases. Generally, when N fertilizer rates fall below the plant's requirements, it results in weaker 

plants that are more susceptible to attacks from pests and diseases (Brewster, 2008). However, 

while appropriate N nutrition can enhance growth and overall plant health, several studies indicate 

that excessive N applications can also be linked to higher disease rates (Awad et al., 1978; Batal, 

et al., 1994; Belo et al., 2023). As soil N availability increases, plants tend to exhibit luxury N 

consumption, leading to onion bulbs and leaves becoming more succulent, which in turn makes 

them more susceptible to pathogen attacks; furthermore, late N fertilizer application is likely to 

delay bulb maturation, thus extending the window for infection of several pathogens (Belo et al., 

2023). 

In a previous study, Díaz-Perez et al. (2003) reported that the percentage of decayed bulbs 

due to bacterial infection increased linearly with both N applied and N bulb content, in which 53% 

of bulbs had the disease at 175 lb./ac of N-fertilizer. According to authors, disease incidence had 

critical impact on the marketable yield of short-day onions. In another study, Tekalign et al. (2012) 

found that rotting of bulbs was significantly influenced by N rate, with the highest incidence at the 

rates of 102 and 123 lb. of N/ac.  
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Impact of Nitrogen Fertilization in Onion Storage 

Storage is a critical aspect of managing short-day onions in Georgia as it extends their 

availability throughout the year while maintaining market standards, which is important given the 

premium prices often associated with Vidalia onions. The appearance of onion bulbs in terms of 

skin color, bulb firmness and the absence of damage during and after storage are important aspects 

that will determine marketability and consumer acceptance (Petropoulos et al., 2017).  

The quality of onion bulbs during storage can be influenced by pre-harvest conditions, such 

as cultivation practices and the developmental stage at harvest, in addition to the implementation 

of various post-harvest procedures such as bulb handling, curing, storage conditions and treatments 

(Coolong & Boyhan, 2017). These factors collectively can have a direct impact on the main 

features during storage and, consequently, determine the quality of onion bulbs in the long term 

(Petropoulos et al., 2017).  

The influence of excessive N fertilization in onion quality can be intensified by the various 

physiological and biochemical changes that occur within onion bulbs during storage, including 

water content, and the concentration of flavor compounds that increase the pungency of onions 

over time (Brewster, 2008; Sharma et al., 2014). Additionally, many symptoms from pathogen 

infection established during the growing season will only be visible during storage, where 

conditions can favor pathogen growth and activity, resulting in visible symptoms of rot or decay 

(Dutta & Gitaitis, 2020); the role of N fertilization in this context is particularly important, as 

excessive N can lead to delayed bulb maturation and predispose onions to pathogen infection late 

in the season. Bulbs that are harvest prior to full maturity are prone to disruptions in curing, all of 

which render onions more susceptible to post-harvest diseases (Petropoulos et al., 2017). 
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Major Onion Bacterial Diseases in Georgia, USA 

Center rot (Pantoea spp.) in onions is a significant bacterial disease of economic concern 

in Georgia, caused by bacteria species within the Pantoea complex (Dutta et al., 2014). The initial 

identification of center rot in Georgia-grown onions dates to 1997, when Pantoea ananatis was 

linked to the infection of Vidalia onions (Gitaitis & Gay, 1997). Since then, other closely related 

Pantoea species have been identified as causal agents of center rot, including Pantoea 

agglomerans, Pantoea allii and Pantoea stewartii subs. indologenes (Brady et al., 2011; Edens et 

al., 2006; Stumpf et al., 2018). The causative agents of center rot exhibit a complex life cycle, 

characterized by various mechanisms of survival and dissemination. They can be seedborne and 

utilize infested onion seeds as a means of both survival and transmission, as well as over-season 

on several weed species (Agarwal et al., 2019). Additionally, a distinctive feature of species within 

the Pantoea complex is their transmission by tobacco (Frankiella fusca) and onion (Thrips tabaci) 

thrips (Dutta et al., 2014; Gitaitis et al., 2003).  

Symptoms of center rot manifest on both the foliage and bulbs of onions as the pathogen 

moves from the infected leaves to bulb scales (Carr et al., 2013). On the leaves, the symptoms 

appear as water-soaked lesions along the length of the leaf, progressively turning necrotic. In the 

bulbs the internal tissues exhibit discoloration. In addition, bulbs may be predisposed to secondary 

infections, which might result in the liquification of bulb tissue (Carr et al., 2013; Dutta et al., 

2014; Gitaitis et al., 2002; Stumpf et al., 2017). Center rot typically occurs during the later stages 

of bulb development and storage, leading to significant post-harvest losses (Stumpf et al., 2017; 

Walcott et al. 2002). With favorable conditions, such as a hot and humid growing season, growers 

can experience yield losses of up to 100% caused by center rot (Walcott et al. 2002). 
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Sour skin is another relevant bacterial disease of onions in Georgia, primarily caused by 

the soil-borne bacterium Burkholderia cepacia (Burkholder, 1950). Infection typically occurs 

through wounds (including those during harvest when onion tops are cut), other mechanical 

injuries around the neck area, rain-splashing of infested soil, or contaminated irrigation water 

(Burkholder, 1950; Davis, 2008). Symptoms of sour skin appear as the rotting of onion bulbs, 

which can be brown to reddish brown in color, and a prominent vinegar odor, from which the 

disease earned its name (Burkholder, 1950; Davis, 2008). Sour skin is particularly problematic 

during warm and humid conditions, which typically occur late in the onion production season in 

southern Georgia. The disease is one of the most important post-harvest pathogens associated with 

onions, and yield losses from sour skin can be as high as 50% annually (Burkholder, 1950; Davis, 

2008). 

Effective control measures are critical to preserving the quality and marketability of 

Georgia's onion crops, as several bacterial diseases, including center rot and sour skin, pose 

significant threats to onion. Management strategies involve implementing strict sanitation 

practices, such as utilizing disease-resistant onion cultivars when available, practicing careful 

sanitation to minimize spread through contaminated planting material and equipment, optimizing 

water management to reduce moisture, and using bactericidal treatments as necessary. Growers 

also routinely apply copper-based bactericides as a prophylactic measure to protect against 

bacterial disease in onion.  Furthermore, continuous research and extension efforts are crucial in 

refining and disseminating these management strategies to onion growers, helping to maintain the 

health and productivity of onion crops in Georgia (Dutta & Gitaitis, 2020). 
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CHAPTER 3 

 

IMPACT OF NITROGEN FERTILIZER RATE AND TIMING ON SHORT-DAY ONION 

PRODUCTION1 

  

 
1 de Jesus, H. I., da Silva, A. L. B. R., Dutta, B., & Coolong, T. (2023). Accepted by HortTechnology (with minor 

revision). 
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Abstract 

Short-day onions (Allium cepa) are typically planted late fall and harvested in spring in the Vidalia, 

Georgia, USA region. This onion is known for its sweetness and is popularly known as the Vidalia 

onion. High rainfall during the relatively long growing season (4 to 5 months) may result in 

nitrogen (N) leaching during production. Therefore, fertilizer applications are usually split into 

multiple stages during crop development to ensure soil nutrient availability during the entire 

season. While the impacts of season total N rate applications have been previously investigated in 

Vidalia onion production, the optimal timing for the final N fertilizer of the season application has 

not been determined. Thus, the objective of this study was to evaluate the timing of the last 

fertilizer N application (at bulb initiation, during bulb growth, or during bulb maturation) in 

conjunction with the impact of three N application rates (75, 105 and 135 lb/acre N) combined in 

a two factorial experimental design arranged in a randomized complete block design in 2020 and 

2021 in Georgia, USA. Nitrogen application rate had a greater impact on yield in 2020 compared 

to 2021 due to variable soil N levels caused by excessive rainfall, emphasizing the importance of 

adjusting N rates based on seasonal rainfall patterns. Final N applications at bulb initiation were 

found to increase the production of jumbo-sized onions. Incidence of sour skin (Burkholderia 

cepacia) and center rot (Pantoea spp.) diseases were greater in 2020 compared to 2021 but were 

not significantly affected by N rates or application timing. Final N applications during bulb 

maturation were associated with increased pungency levels when season total rates of N were 75 

lb/acre N. Generally, as fertilizer N rate increased and as the time of last N application was later, 

pungency values increased. 
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Introduction 

Onions (Allium cepa) are among the highest valued vegetables grown in the United States 

(US), with $1.6 billion in value obtained from 127,200 of acres of production reported by the US 

Department of Agriculture (USDA) in 2022 (USDA, 2022). In the southeastern US, the state of 

Georgia, USA is recognized for the production of Vidalia onions, where over 11,000 acres were 

grown in 2021 with an estimated farm gate value of $167 million, accounting for approximately 

13% of the Georgia’s vegetable farm-gate income (University of Georgia, 2022). Vidalia onions 

are exclusively grown in the southeastern region of the state, where the combination of mild 

winters, low sulfur soils, and ample water supply creates ideal conditions for cultivating of sweet 

and mild onions (Boyhan & Torrance, 2002).  

The successful production of onions depends on the soil nitrogen (N) availability 

throughout crop development (Brewster, 2008). Onions have a shallow root system, in which most 

roots are found in the top 6 inches of soil (Halvorson et al., 2002; Strydom, 1964). This long 

production season and shallow root system create challenges of producers as water and nutrients 

are easily leached from the rootzone of onion (Sharma et al., 2012), which are grown in the sandy 

loam soils of the Coastal Plain region of southeastern Georgia, USA (Boyhan & Torrance, 2002).  

Significant research has been conducted to determine the appropriate levels of N 

fertilization to optimize the yield and quality of Vidalia onions (Batal et al., 1994; Boyhan et al., 

2007; Díaz Peréz et al., 2003). Previous studies have highlighted the benefits of splitting the total 

recommended N into multiple applications throughout the growing season (Boyhan et al., 2007; 

Coolong & Boyhan, 2017; da Silva et al., 2022). Typically, the first N application occurs at 

transplanting, followed by a second application during the early vegetative growth stage [50 d after 
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transplant (DAT)] to promote root and leaf growth. The remaining N is typically divided into two 

additional applications in the latter half of the season. 

Because N assimilation is greatest during bulb development (Geisseler et al., 2022), 

applications of N late in the season may significantly impact onion bulb quality to a greater degree 

than early season N applications (Geisseler et al., 2022). Increased soil N levels can also lead to 

elevated bulb pungency, reducing the perceived sweetness of onions (Greenwood et al. 1980; 

Randle 2000). Reductions in bulb quality during storage have been reported when N is applied 

during bulb maturation (Batal et al., 1994; Coolong & Randle, 2008; Randle, 2000; Tekalign et 

al., 2012). Additionally, increased soil N levels during bulb maturation have been reported to 

increase susceptibility to some bacterial pathogens (Díaz-Perez et al., 2003). However, late 

applications of N fertilizers in onion can increase N fertilizer use efficiency and creates 

opportunities to decrease the overall N fertilization rates (de Jesus et al., 2023a). Therefore, the 

objective of this study was to evaluate the effects of the timing of the last N fertilizer application 

for the season in combination with three N fertilizer rates on the yield and quality of short-day 

onions. 

Materials & Methods 

Field experiments were conducted in the 2020 and 2021 Vidalia onion seasons at the 

University of Georgia (UGA) Vidalia Onion and Vegetable Research Center located in Lyons, 

GA, USA (32°00′58″ N, 82°13′17″ W). The region is classified as having a humid subtropical 

climate and the soil is characterized as an Irvington Sandy Loam (USDA, 2023) with 0.6% organic 

matter, 2% slope, and low water holding capacity. 

Seeds of short-day onions ‘Candy Ann’ (Solar Seeds, Bangalore, India) were grown in 

nursery beds for approximately 8 weeks. Seedlings were removed from transplant beds by hand 
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and foliage cut to a length of approximately 4-5 inches. Bareroot seedlings were then transplanted 

to the field on 15 Dec 2019 and 10 Dec 2020. Fields were prepared by harrowing the soil to a depth 

of approximately 10 inches, followed by final tillage and bed formation using a tractor mounted 

rotary tiller. Beds were approximately 6-inches tall and spaced at 6-ft center to center, with each 

bed having four onion rows spaced 10-inches apart, with an in-row spacing of 4 inches between 

plants (87,120 plants/acre). Experimental plots were 30-ft long containing approximately 360 

plants each. 

A split-plot arrangement with three N fertilizer rates and three final fertilizer N application 

times were evaluated in a randomized complete block design with eight replications in both years. 

Fertilizer rate treatments consisted of season-long totals of 75, 105, 135 lb/acre N.  Beginning at 

transplanting all plots received an application of 20% of their season total N, which corresponded 

to 15, 21, and 27 lb/acre N (5.0N-4.4P-12.5K, Rainbow Plant Food, Timac Agro USA, Reading, 

PA, USA), representing the 75, 105, and 135 lb/acre N treatments, respectively. Two additional 

applications of 15, 21, and 27 lb/acre N (5.0N-4.4P-12.5K, Rainbow Plant Food, Timac Agro 

USA) were made on 23 (2020) or 27 (2021) DAT and 47 (2020) or 49 (2021) DAT, which 

corresponded to early vegetative and late vegetative growth stages of development, respectively. 

The final N application consisted of 40% of the season total N application, corresponding to 30, 

42, and 54 lb/acre N using calcium nitrate (15.5N-0P-0K, Yara Liva, Yara North America, Tampa, 

FL, USA). The final N application was conducted during bulb initiation, during bulb development, 

or bulb maturation, corresponding to 64, 74, and 84 DAT in 2020, and 68, 78, and 88 DAT in 

2021, respectively.  

In both growing seasons, onions were overhead irrigated using stationary sprinklers. 

Irrigation water volume was determined based on historic onion evapotranspiration and 
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accumulated rainfall. Air temperatures and precipitation were monitored and recorded every 15 

min using a nearby on-farm weather station from the UGA Weather Network (UGA, 2022). Pre-

emergent herbicides oxyfluorfen (0.49 lb/acre) (Goal 2xL; NuFarm, Alsip, IL, USA) and 

pendimethalin (0.82 lb/acre) (Prowl 3.3EC; BASF, Research Triangle Park, NC, USA) were 

broadcast applied over onion transplants within 7 DAT in both years. Routine fungicide and 

insecticide applications were made weekly during the season according to recommendations for 

the region (Sial et al., 2022).   

Soil Mineral N Availability 

Soil samples were collected before each fertilizer application and at harvest in 2020 (0, 23, 

47 and 71, and 129 DAT) and 2021 (5, 27, 49, 68, and 131 DAT) to determine the soil mineral N 

content. Soil samples were comprised of five sub-samples collected in each plot at a 0–15 cm soil 

depth. After sampling, composite samples were homogenized, air dried, and tested for soil mineral 

N content [ammonium (NH4
+) and nitrate (NO3

-)] at a commercial laboratory (Waters Agricultural 

Laboratories, Camilla, GA, USA). 

Short-Day Onion Harvesting and Bulb Quality 

Onions were harvested when approximately 50% of the plants had evidence of pseudostem 

lodging (tops down), which occurred at 128 DAT in 2020 and 131 DAT in 2021. At harvest onion 

tops and roots were manually cut, and bulbs were cured for 1 week with forced air at 38 ◦C. 

Subsequently, bulbs were graded into colossal (> 3.75 inches), jumbo (3.25 to 3.75 inches), and 

medium (< 3.25 inches) sizes following the standards for grades of Bermuda-Granex-Grano type 

onions (USDA, 2014). Marketable yields were calculated as the sum of colossal, jumbo, and 

medium bulbs. After harvest, onions were evaluated for sour skin (Burkholderia cepacia) and 
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center rot (Pantoea spp.), in which 20 jumbo-sized onions were cut longitudinally and the 

percentage of bulbs with visual symptoms of center rot and sour skin damage were determined. 

Onion pungency measured as pyruvic acid was determined from a sample of five jumbo-

sized onions. The neck, root plates, and dry outer scales of onion bulbs were removed and the 

remaining whole onions were blended for juice extraction using a household blender. A 1.5 ml 

liquid sample was removed from the blended sample and stored at -20 °C until analysis. The frozen 

samples were defrosted, and 20 uL of onion juice was used to determine the pyruvic acid content 

according to Lancaster & Boland (1990). 

Statistical Analysis 

Data were analyzed using the Standard Least Squares method from JMP Pro 16.0 (SAS 

Institute Inc., Cary, NC). Total yield, bulb grade (colossal, jumbo, and medium), and bulb quality 

(i.e., sour skin incidence, center rot incidence and pungency) were analyzed with total fertilizer N 

rate (75, 105, 135 lb/acre N), last N application (at bulb initiation, during bulb development, or 

during bulb maturation), year (2020 and 2021), and their interactions as fixed effects. Soil N 

content was analyzed with fertilizer N rate treatments, last application timing, year, sampling time 

(0, 23, 47, 71 and 129 DAT in 2020, and 5, 27, 49, 68 and 131 DAT in 2021), and their interaction 

as main effects. In both analyses, block was treated as a random effect. When the F value of the 

ANOVA was significant, multiple mean comparisons were performed using the Tukey’s Honest 

Significant Difference Test (P<0.05). 

Results 

Weather Conditions 

During the study there were 29.7 and 20.9 inches of rainfall in 2020 and 2021, respectively 

(Figure 3.1). In 2020, rainfall events were evenly distributed during the early season, with 5.3 
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inches of precipitation from transplanting to early vegetative stages of growth (21 DAT), and 3 

inches from early vegetative to late vegetative stages (47 DAT). During bulb initiation, there were 

fewer but larger rainfall events with a total of 21.5 inches of precipitation. In 2021, there were 15.8 

inches of rainfall from transplanting to bulb development (78 DAT) and 5.1 inches of rainfall from 

bulb development to harvest (131 DAT).  
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Figure 3.1. Daily maximum (max.) and minimum (min.) air temperatures (oF) and rainfall 

(inches) for ‘Candy Ann’ onion (Allium cepa L.) grown during 2020 (a) and 2021 (b) in Georgia, 

USA.  Data averages estimated using the University of Georgia Weather Network; (oF - 32) ÷ 1.8 

= oC, 1 inch = 2.54 cm. 
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In 2020, average minimum and maximum air temperatures were 34 °F and 76 °F, 

respectively.  Average minimum and maximum air temperatures were 34 °F and 74 °F, 

respectively in the 2021 season (data not shown). Although season average air temperatures were 

similar between the two seasons, there were more nights with temperatures below freezing in 2020 

than 2021, particularly in the first 2 months of the study (Figure 3.1). 

Soil mineral N concentrations 

Soil mineral N concentrations were affected by a year and fertilizer rate interaction (Figure 

3.2). In 2020, soil mineral N concentrations differed between the N application rate treatments, 

with the 135 lb/acre N having significantly higher soil mineral N concentrations of 6 and 17 lb/acre 

N at 23 and 47 DAT, respectively, compared to the 75 and 105 lb/acre N treatments. Soil mineral 

N concentrations decreased for all treatments later in the season, and no significant differences 

were seen among N fertilizer rates at any other sampling time in 2020. In contrast, soil mineral N 

concentrations were the highest early in the season in 2021, and significant differences were 

measured among N rates at 27 DAT, with the 135 lb/acre N having a significantly higher soil N 

concentration (19 lb/acre N) than the applications of 75 and 105 lb/acre N, respectively. Soil 

mineral N concentrations decreased at 68 DAT, but significant differences remained among 

fertilizer N rate treatments, with the highest soil N concentration of 8 lb/acre N being measured 

for the application of 135 lb/acre N.  
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Figure 3.2. The effects of 135, 105 and 75 lb/acre nitrogen (N) on soil mineral N concentrations at 

0, 23, 47 and 71, and 129 (harvest) DAT in 2020 (A), and at 5, 27, 49, 68, and 131 (harvest) DAT 

in 2021 (B) for ‘Candy Ann’ onion (Allium cepa L.) grown in Georgia, USA; 1 lb/acre =1.1209 

kg∙ha-1.   

Soil mineral N concentrations at harvest were affected by the interaction of year and timing 

of the last N fertilizer application (Figure 3.3). In general, soil mineral N concentrations were 
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significantly lower in 2020 compared to 2021 (data not shown). In 2020, there were no differences 

in soil mineral N concentrations among the last N application treatments. However, soil mineral 

N concentration at harvest in 2021 was significantly higher (8.4 lb/acre N) with the last N 

application at bulb growth compared to the last N application at bulb initiation (5.9 lb/acre N) or 

during bulb maturation (6.9 lb/acre N). 

 
Figure 3.3. Effect of timing of the last fertilizer nitrogen (N) application on soil mineral N content 

at harvest in 2020 and 2021 in Georgia, USA; 1 lb/acre =1.1209 kg∙ha-1. 

Onion yields 

Marketable yield and yield of colossal, jumbo, and medium bulbs were impacted by the 

interaction between year and N rate (Table 3.1). In 2020, marketable yield of onions increased as 

the N fertilizer rate increased from 75 to 135 lb/acre N, resulting in yields of 38,905 and 50,968 

lb/acre, respectively. However, in 2021, there was no significant difference in marketable yield 

of onions among N fertilizer rates. 
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Table 3.1. Interaction between year and fertilizer nitrogen (N) rate on marketable yield and yield of colossal, jumbo, and medium onions 

(Allium cepa) grown in Georgia, USA in 2020 and 2021.  

N rate  

(lb/acre) 

2020  2021  

Marketable Colossal Jumbo Medium Marketable Colossal Jumbo Medium 

Yield (lb/acre)i 

75 38,905 A cii 817 A b 31,896 A c 6192 B a 39,567 A a 161 B a 27,880 B a 11,525 A a 

105 44,682 A b 1413 A b 38,121 A b 5149 B b 41,523 A a 282 B a 30,986 B a 10,255 A a 

135 50,968 A a 3926 A a 43,239 A a 3802 B b 43,227 B a 393 B a 32,509 B a 10,325 A a 
i1 lb/acre =1.1209 kg∙ha-1. 
iiDifferent uppercase letter represents significant differences between Year, and different lowercase letter represents significant differences 

between N rate according to the Tukey test (P<0.05). 
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The yield of colossal bulbs was greater in 2020 compared to 2021, regardless of N fertilizer 

rate. In 2020 there was an increase of colossal-sized onions with the application of 135 lb/acre N 

(3,926 lb/acre), whereas no significant differences were measured among the applications of 105 

lb/acre N (1413 lb/acre) and 75 lb/acre N (817 lb/acre). In 2021, N fertilizer rates did not 

significantly affect the yield of colossal bulbs. The yield of jumbo-sized onions was also 

significantly higher in 2020 compared to 2021, regardless of the N fertilizer rate applied. The yield 

of jumbo-sized onions was influenced by N rate only in 2020. Specifically, the lowest N 

application rate of 75 lb/acre N had the lowest yield of jumbo bulbs compared to the application 

of 105 or 135 lb/acre N. In contrast to the other onion sizes, the yield of medium-sized onions was 

greater in 2021 compared to 2020. In 2020, the lowest N application rate of 75 lb/acre N had a 

higher yield of medium-sized onions compared to the other N application rates, whereas there was 

no significant difference among fertilizer N treatments in 2021. 

There was no interaction between the timing of the last N application and fertilizer rate or 

year for total marketable yield of onion. However, timing of the last N application had a significant 

effect on marketable yield and bulb size distribution (Table 3.2). Marketable yield was higher 

when the last N fertilizer application occurred at bulb initiation (44,747 lb/acre) than during bulb 

growth (43,170 lb/acre) or during bulb maturation (41,520 lb/acre). Similar results were measured 

for the yield of jumbo-sized onions, with the final N fertilizer application at bulb initiation resulting 

in a greater yield (36,611 lb/acre) than when applied at bulb maturation (31,661 lb/acre). The 

timing of application did not affect the yield of colossal-sized bulbs.  

Table 3.2. Effects of the stage of development for the timing of last fertilizer nitrogen 

(N) on total, colossal, jumbo and medium onion (Allium cepa) yields in Georgia, 

USA in 2020 and 2021.  

Stage of development Total  Colossal Jumbo Medium 
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Yield (lb/acre)i 

Bulb initiation 44,747 aii 1272 a 36,611 a 172 b 

Bulb growth 43,170 b 1205 a 34,044 ab 198 a 

Bulb maturation 41,520 b 1019 a 31,661 b 221 a 
i1 lb/acre =1.1209 kg∙ha-1. 
iiValues followed by the same letter(s) indicate no significant difference according to 

the Tukey’s honest significant difference test (P<0.05).  
 

Bulb quality 

The incidence of center rot and sour skin was not affected by interactions between fertilizer 

N rate, timing of last application, and year. However, center rot and sour skin incidence were 

impacted by the main effect of year, in which there was a significantly higher incidence of center 

rot (5.5%) and sour skin (1.5%) in 2020 compared to 2021 (Table 3.3). Fertilizer N rate and timing 

of last application timing had no impact on incidence of onion sour skin and center rot. 

Table 3.3. Main effects of year, fertilizer nitrogen (N) rate, 

and stage of development of the last fertilizer N application 

on the incidence of center rot (Pantoea spp.) and sour skin 

(Burkholderia cepacia) for onion (Allium cepa) grown in 

Georgia, USA in 2020 and 2021. 

Treatments 
Center rot Sour skin 

% 

Year     

2020 5.5 ai 1.5 a 

2021 0.6 b 0.0 b 

N rate (lb/acre)  
    

75 2.74 a 0.73 a 

105 3.71 a 0.63 a 

135 2.67 a 0.94 a 

Stage of development    

Bulb initiation 2.15 a 0.31 a 

Bulb growth 3.34 a 1.15 a 

Bulb maturation 3.63 a 0.83 a 
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Onion pyruvic acid concentration (pungency) was affected by the interaction between N 

fertilizer rate and the timing of last N fertilizer application (Table 3.4). Onion pungency was lowest 

in plants receiving 75 lb/acre N with the last N application at bulb initiation. However, as fertilizer 

N rate increased and as the time of last N application was later, pungency also increased. In general, 

onion pungency was significantly higher in 2020 (6.28 µmol) compared to 2021 (4.20 µmol) (data 

not shown). 

Table 3.4. Effect of the interaction between nitrogen (N) rate and the stage of development of 

the last fertilizer N application on the pyruvic acid concentration (pungency) of onion (Allium 

cepa) grown in Georgia, USA in 2020 and 2021. 

N  

(lb/acre)  

Stage of development 

Bulb initiation Bulb growth Bulb maturation 

Pungency (µmol) 

75  4.64 B bi 5.32 A ab 5.48 A a 

105  5.14 AB a 5.55 A a 5.23 A a 

135  5.31 A a 5.08 A a 5.31 A a 
iDifferent lowercase letter represents significant differences between stage of development of 

the last N application, and different uppercase letter represents significant differences between 

N rate according to Tukey’s honest significant difference test (P<0.05). 

 

Discussion 

Rainfall has historically impacted fertilizer N management for vegetable production in the 

southeastern US (da Silva et al., 2020; de Jesus et al., 2023b; Zoratelli et al., 2015), which includes 

Vidalia onions (da Silva et al. 2022). Differences in rainfall patterns have been shown to result in 

variable responses of soil mineral N concentrations (Cavero et al., 1999; Gu & Riley, 2010; 

iValues followed by the same letter(s) indicate no significant 

difference according to Tukey’s honest significant difference 

test (P<0.05). 
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Hasegawa & Denison, 2004). In the present study there was generally a lower level of soil mineral 

N in 2020 compared to 2021 (Figure 3.3). Soil mineral N concentrations in 2021 ranged between 

9 and 19 lb/acre N at 27 DAT, while soil mineral N averaged 5 lb/acre N for all three fertilizer 

treatments at 23 DAT in 2020. Soil mineral N levels increased in 2021 to an average of 25 lb/acre 

N at 49 DAT, while they ranged between 9 and 18 lb/acre N in 2020, suggesting that more soil 

mineral N was available to plants prior to bulbing in 2021. Soil mineral N levels were also 

impacted by the fertilizer rate N treatments. In 2020 the application of 135 lb/acre N increased 

yields compared to the application of 75 and 105 lb/acre N. The primary reason for this increase 

in yield was the greater yield of colossal-sized bulbs, which doubled as the N fertilizer rate 

increased from 105 to 135 lb/acre N. In 2021 rainfall was evenly distributed through the season, 

with fewer rainfall events that could potentially result in the leaching of excessive fertilizer N from 

the soil. This favorable rainfall pattern may have contributed to a more efficient utilization of the 

applied fertilizer N in the soil. In 2021 there were no differences in total marketable yield among 

N fertilizer rate treatments, suggesting that 75 lb/acre N was sufficient to achieve commercially 

acceptable onion yields under these specific weather conditions. These findings agree with the 

results reported by da Silva et al. (2022), supporting the effectiveness of lower N fertilizer rates in 

achieving satisfactory onion yields in Georgia, USA, although fertilizer N rate should be adjusted 

according to rainfall patterns during the growing season.  

Marketable yields for all fertilizer rates were comparable to or higher than expected 

commercial yields for the region (Coolong & Boyhan 2017). Fertilizer N rate did impact 

marketable onion yields; however, fertilizer N rate should be adjusted according to rainfall 

patterns. For instance, as fertilizer rate increased from 75 to 135 lb/acre N in 2020, when rainfall 

events were elevated, marketable yields as well as yield of jumbo bulbs increased. However, when 
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there were few rainfall events in 2021, there were no differences in marketable yields among 

fertilizer N rate treatments. While the 135 lb/acre N rate led to potentially higher yields in 2020, it 

is worth noting that growers prioritize jumbo-sized bulbs due to their higher market value 

compared to colossal and medium-sized onions (Tyson, C, personal communication) and the 

results indicated no significant differences in the yield of jumbo bulbs for N fertilizer rates higher 

than 105 lb/acre N.  

The timing of the last fertilizer N application significantly influenced onion marketable 

yields, with applications at bulb initiation leading to increased marketable and jumbo-bulb yields, 

while later applications during bulb growth or maturation resulted in lower yields. This observation 

suggests that growers can optimize their final N applications by synchronizing them with the bulb 

initiation stage of growth, potentially improving fertilizer N use efficiency and enhancing overall 

yield and quality (Geisseler et al., 2022). Recent findings by de Jesus et al. (2023a) further support 

this, showing increased fertilizer N use efficiency when N is applied during bulb initiation, but 

reduced N uptake when the final application is delayed until bulb growth. 

Symptoms of sour skin and center rot diseases were observed in onions grown in 2020, but 

not in 2021 and they were not affected by fertilizer rate or the timing of the last N application. da 

Silva et al. (2022) reported similar results, with no significant differences for sour skin and center 

rot incidence among fertilizer N application rates ranging from 75 to 135 lb/acre N. These results 

contrast with previous research suggesting that high N rates and late fertilizer N application can 

increase incidence of bacterial disease in onions (Batal et al., 1994; Wright, 1993). It is notable 

that when only data from 2020 were analyzed, when incidence of center rot was 5.5%, there was 

an effect of the timing of the last N application on center rot incidence (data not shown). In that 

season, final N applications at bulb initiation resulted in a significantly lower rate of center rot 
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(2.30%) than applications during bulb swelling (6.25%) and maturation (6.67%) (data not shown).  

However, when both 2020 and 2021 data were analyzed, there was no significant impact of N rate, 

application time, or their interaction on the incidence of center rot in bulbs (Table 3.3). Increased 

disease incidence in 2020 may have been related to increased rainfall in the weeks leading up to 

harvest. Onions are vulnerable to bacterial infection near harvest when the neck retains more water, 

creating a conducive environment for pathogens (Brewster, 2008; Stumpf et al., 2021). In seasons 

when weather conditions are more conducive for bacterial diseases there may be an impact of N 

timing on severity of some pathogens; however, this effect may be inconsistent as our data suggest.  

Fertilizer N rate and the timing of last fertilizer N application interacted to affect onion 

pungency. While previous studies have extensively explored the effect of high N fertilization on 

onion pungency, the effect of the timing of last fertilizer N application is limited (Coolong & 

Randle, 2003; McCallum et al., 2005; Randle, 2000). In the present study, onions receiving the 

lowest N rate of 75 lb/acre N, with the last fertilizer N application being delayed until during bulb 

maturation had a greater bulb pungency compared to when the last fertilize N application was 

made at bulb initiation. This suggests that later fertilizer N applications, specifically after the 

bulbing stage of development, may contribute to increased pungency in onions. Therefore, the late 

N fertilizer applications should also be carefully managed when cultivating onions for specific 

flavor attributes.  

Conclusion 

This study aimed to evaluate the effects of fertilizer N rates and timing of the last 

fertilizer N application in the production of short-day onions in the Georgia, USA. Fertilizer N 

rate had a greater impact on yield in 2020 compared to 2021, likely due to variations in soil 
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mineral N accumulation. In 2020, excessive rainfall reduced soil N availability, and yield 

increased at the highest fertilizer N rate (135 lb/acre N). In contrast, the evenly distributed 

rainfall in 2021 likely allowed for a more efficient utilization of the applied fertilizer and yields 

were comparable across fertilizer N rate treatments. The timing of N fertilizer application also 

influenced yield, with early application at bulb initiation resulting in more jumbo-sized onions. 

In conclusion, short-day onions cultivated in the southeastern US may require 135 lb/acre N or 

more during years with high levels of precipitation, while in years with less rainfall, N rates as 

low as 75 lb/acre  N may result in yields that are comparable to onions grown with up to 135 

lb/acre N. Additionally, the final application of N should occur at bulb initiation to maximize 

yield and flavor potential. 
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CHAPTER 4 

ESTIMATING FERTILIZER NITROGEN USE EFFICIENCY IN TRANSPLANTED SHORT-

DAY ONION2 

  

 
2 de Jesus, H. I., da Silva, A. L. B. R., Cassity-Duffey, K., & Coolong, T. (2023). Nitrogen, 4(3), 286-295. 

https://doi.org/10.3390/nitrogen4030021. Reprinted here with permission of the publisher. 
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Abstract 

Efficient nitrogen (N) fertilizer applications in onion (Allium cepa L.) can reduce input costs and 

improve fertilizer use efficiency, while maintaining high yields and quality. Understanding the N 

requirements of onion at different growth stages is necessary to enhance fertilizer N use efficiency 

(FNUE). In a two-year study (2021 and 2022), the FNUE of onions was determined at five stages 

of development (at transplant, vegetative growth, bulb initiation, bulb swelling and bulb 

maturation). The FNUE was estimated by substituting a conventional N fertilizer (ammonium 

nitrate) with a 5% enriched ¹5N ammonium nitrate at a rate of 22.4 kg·ha− N at one of five 

application times corresponding to a stage of development. All onions received a season total of 

112 kg·ha− N. Marketable yield of onions was significantly greater in 2022 compared to 2021 and 

FNUE was affected by application timing in both years. In 2021, the FNUE at transplant was 

8.87%, increasing to 26.38% and 35.28% at vegetative growth and bulb initiation stages, 

respectively. At bulb swelling and bulb maturation stages FNUE was greater than 95%. In 2022, 

the FNUE at transplant was 25.22%.  This increased to 75.74% and 103.02% vegetative growth 

and bulb initiation stages, respectively. Results suggest that the application of fertilizer N at 

transplant is inefficient due to limited plant uptake ability, while N applications during bulb 

initiation and swelling were the most efficient. 

Introduction 

Nitrogen (N) is an essential nutrient for plants, as it plays a vital role in the synthesis of 

amino acids, proteins, and chlorophyll, and is often considered the most limiting element for 

growth of onion (Allium cepa L.) (Brewster, 2008). Most active roots in onion are found in the 

upper 15 cm soil depth while the maximum rooting depth is typically 30 cm (Strydom, 1964; 
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Ajdary et al., 2007; Machado et al., 2009). In addition to being shallow-rooted, onion roots 

typically are limited to a radius of 15-20 cm around each plant (de Melo, 2003). The limited root 

zone leads to a less efficient uptake of water and nutrients, especially in coarse textured soils with 

low water-holding capacity, such as the sandy loam soils of the Coastal plain southeastern Georgia, 

USA, where short-day onions are extensively cultivated. In these soils, N is vulnerable to leaching 

(Delgado, 2002), making N fertilizer management a continuing challenge for onion growers 

(Boyhan, 2008). 

High rates of N fertilizers are usually applied to onion in the U.S. to increase the overall 

yields and bulb size (Brown, 1997; Boyhan, 2008; Boyhan et al., 2007). Commercially acceptable 

yields have been achieved in Georgia, USA through the application of 117 kg·ha− N (da Silva et 

al., 2022). While high yields of onions depend on soil N availability, excessive N fertilizer 

applications can have negative consequences such as N leaching, increased production cost, and 

reduced bulb quality (Greenwood et al., 1980; Sharma et al., 2012; Lee et al., 2014). Optimizing 

the fertilizer N use efficiency (FNUE) of onions may aid in reducing total N fertilizer application 

rates. Split applications of N fertilizers have been reported to be more effective for maintaining 

yields of onion crops than a single N application at planting (Batal et al., 1994; Biesiada & Kolota, 

2009). Previous studies have reported that splitting total crop N fertilizer requirements into at least 

three applications throughout the growing season can enhance yields compared to fewer 

applications when onions are grown on coarse-textured soils (Boyhan et al., 2007; Boyhan & 

Kelley, 2008; da Silva et al., 2022). To maximize benefits from splitting N fertilizer applications, 

the timing of application should be synchronized with plant N demands at different stages of 

growth (da Silva et al., 2022). This ensures that soil N levels in the root zone do not exceed crop 
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requirements, which may reduce the residence time of N in the soil and lower the risk of soil N 

leaching (Geisseler et al., 2022).  

Currently, little information is available on the FNUE of short-day onions in humid 

subtropical climates such as found in Georgia, USA [Halvorson et a., 2002; Sharma et al., 2012). 

The objective of this study was to evaluate the FNUE of short-day onions across five distinct 

developmental stages to optimize the timing of fertilizer applications. 

Materials and Methods 

Field experiments were conducted during the 2021 and 2022 onion production seasons at 

the University of Georgia, Vidalia Onion and Vegetable Research Center located in Lyons, GA, 

USA (32°00’58’’ N, 82°13’17’’ W). The region is classified with a humid subtropical climate and 

soil characterized as an Irvington loamy sand, 2% slope (USDA, 2022). Preplant soil tests from 

the plot indicated that organic matter was approximately 0.6% with a pH range of 6.4 to 6.8. 

Onions had not been grown in the fields utilized for this for 2 years prior to planting.  Cover crops, 

including cereal rye (Secale cereale) in winter and soybeans (Glycine max) in summer were grown 

on the land prior to onion crops. Fields were left fallow for several months prior to onion transplant. 

Onion seedlings ‘Vidora’ (BASF-Nunhems Inc., Parma, ID, USA) were grown in nursery 

beds on the research site for approximately 8 weeks. Seedlings were removed from transplant beds 

by hand and foliage cut to a length of approximately 10 cm. Bareroot seedlings were then 

transplanted to the field on 10 Dec 2020 and 7 Dec 2021. Seedlings were transplanted into beds 

15 cm tall and spaced 1.82 m center to center, with each bed having four rows of onions spaced 

approximately 25 cm apart with an in-row plant spacing of 10 cm, resulting in a plant population 
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of 215,186 plants·ha-1. Plots were 6 m long and separated by 3 m non-planted buffers between 

adjacent plots within a row. Each plot contained approximately 240 plants.  

The stable isotope of N (¹⁵N) was utilized to determine FNUE in the field. Five 15N labeled 

fertilizer application treatments: at transplant, vegetative growth, bulb initiation, bulb swelling, 

and bulb maturation were evaluated in a randomized complete block design with four replications 

in both study years (Table 4.1). A ¹⁵N labeled ammonium nitrate (¹⁵NH₄¹⁵NO₃) (Sigma Aldrich, St. 

Louis, MO, USA) was the N source used to determine the crop N uptake efficiency at each 

fertilizer application timing. The ¹⁵N was applied in 1.5 m long sub-plots in the center of each plot 

at a rate of 22.4 kg·ha−. Plots receiving the ¹⁵N fertilizer also received 22.4 kg·ha− N of unlabeled 

NH4NO3 in the other four application times for total application of 112 kg·ha− N. In each plot, the 

area adjacent to the ¹⁵N subplots received unlabeled N in all application timings.  

Table 4.1. Labeled nitrogen (N) application timings and rates. 

Treatments 
NT NV NBI NBS NBM Total N 

N rate (kg·ha− N) 
15NT 22.41 22.4 22.4 22.4 22.4 112 
15NV 22.4 22.4 22.4 22.4 22.4 112 
15NBI 22.4 22.4 22.4 22.4 22.4 112 
15NBS 22.4 22.4 22.4 22.4 22.4 112 
15NBM 22.4 22.4 22.4 22.4 22.4 112 
1 The time ¹⁵N fertilizer is being applied; NT = N applied at transplant; NV = N applied at 

vegetative stage; NBI = N applied at bulb initiation; NBS = N applied bulb swelling; NBM = N 

applied during maturation. 

 

During each growing season, onions were overhead irrigated using stationary sprinklers. 

Irrigation water volume was determined according to onion evapotranspiration and precipitation. 

Air temperatures and rainfall were monitored and recorded every 15 min using an on-farm weather 

station from the Georgia Automated Environmental Monitoring Network (University of Georgia, 
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2022). Preemergent herbicides oxyfluorfen (0.56 kg·ha−) (Goal 2xL; NuFarm, Alsip, IL, USA) 

and pendimethalin (0.92 kg·ha−) (Prowl 3.3EC; BASF, Research Triangle Park, NC, USA) were 

broadcast applied over onion transplants within 7 days after transplant (DAT) in both study years. 

Routine fungicide and insecticide applications were made weekly during the season according to 

recommendations for the region (Sial et al., 2023). 

Onions were harvested on 20 Apr 2021 (131 DAT) and 19 Apr 2022 (133 DAT) (Table 

4.2). Bulbs were manually pulled from the soil to cure in the field for approximately 2 days, after 

which foliage and root tissue were manually cut and bulbs harvested. Harvested bulbs were cured 

using forced air-heat (35 C) for 3 days and then graded into colossal (>9.5 cm diameter), jumbo 

(8.25 to 9.5 cm diameter), and medium (<8.25 cm diameter) sizes according to US Department of 

Agriculture (USDA) standards for Bermuda-Granex-Grano type onions (USDA, 2014).   

Table 4.2. Time of labeled nitrogen (15N) application and harvest in 2021 and 2022 in days after 

transplant (DAT). 

Year 
¹⁵NTi ¹⁵NV ¹⁵NBI ¹⁵NBS ¹⁵NBM Harvest 

Days after transplant (DAT) 

2021 5 27 49 78 99 131 

2022 9 30 57 78 99 133 
1 The time ¹⁵N fertilizer is being applied; NT = N applied at transplant; NV = N applied at 

vegetative stage; NBI = N applied at bulb initiation; NBS = N applied bulb swelling; NBM = N 

applied during maturation. 

 

FNUE evaluation 

 The FNUE for each 15N application was evaluated at harvest in the 1.5 m sub-sections of 

each plot, in which two onion plants from the center two rows were sampled to determine FNUE 

(Olson, 1980). Onion plants were separated into leaves, bulbs, and roots, and dried at 70 °C using 

a forced air oven to a constant weight, ground using a Wiley mill (Thomas Scientific, Swedesboro, 
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NJ, USA), and sieved using a 20-mesh screen. Soil samples (comprised of 5 sub-samples within 

the center rows of each subplot) were collected at a depth of 15 cm using a soil probe (2.2 cm 

diameter, AMS, American Falls, ID, USA) to determine the remaining N in the soil derived from 

¹⁵N-isotope fertilizer at harvest.  

Dry soil and plant tissue were once more ground in a ball mill to a fine powder and samples 

were submitted for total N and 15N analyses at the University of California Davis Stable Isotope 

Facility (University of California, Davis, CA, USA). The plant N derived from 15N labeled 

fertilizer (Ndff) in kg·ha− and N fertilizer uptake efficiency (FNUE) were calculated according to 

the International Atomic Energy Agency (IAEA, 1983), using the following equations: 

Ndff =  
% ¹⁵N atom excess of the plant sample

% ¹⁵N atom excess of the fertilizer applied
∗ plant N uptake (kg · ha−1) 

(4.1) 

where atom excess is the measured percentage above natural abundance of 0.3663% 15N, and the 

15N atom excess of fertilizers provided by fertilizer manufacturer. 

FNUE =  
Ndff

applied N rate(kg · ha−1)
∗ 100 

(4.2) 

where the applied N rate at each application timing is 22.4 kg of N ha−.  

NHI =  
kg · ha−1 of N in bulbs

kg · ha−1 of N in whole plant
 

(4.3) 

 

Statistical analysis 

Data were analyzed using the Linear Mixed Model from JMP Pro 16.0 (SAS Institute Inc., 

Cary, NC). The Ndff and FNUE were analyzed using time (stage of development) of fertilizer N 

application, year, and their interactions as fixed effects, while block was treated as a random effect. 
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When statistically significant differences existed in the ANOVA (P<0.05), Least-square means 

comparisons were performed using the Tukey’s Honest Significant Difference test (α = 0.05). 

Results 

During the studies there were 531 and 426 mm of rainfall in 2020 and 2021, respectively 

(Figure 4.1). There were 160 and 145 mm of rainfall between onion transplant and vegetative 

growth stages (27 DAT and 30 DAT) in 2021 and 2022, respectively. In 2021, there were 242 mm 

of rainfall from early bulb initiation until the bulb swelling stage of growth (28-78 DAT), but this 

decreased to 100 mm from early bulb initiation until the bulb swelling stages of growth (31-78 

DAT) in 2022. Between bulb swelling and harvest, there were 129 mm of rainfall in 2021 (79-131 

DAT) and 181 mm in 2022 (79 – 133 DAT). Rainfall events exceeded onion evapotranspiration 

for both study years (da Silva et al., 2019).  
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Figure 4.1. Daily maximum (max.) and minimum (min.) air temperatures (C) and rainfall (mm) 

for onion (Allium cepa L.) grown during 2021 (A) and 2022 (B) in Georgia, USA. Data averages 

estimated using the University of Georgia Weather Network.  

 

Total marketable yield of onions was 58 404 kg·ha− in 2022, compared to 49 360 kg·ha− 

in 2021 (Table 3). Yields of colossal bulbs were significantly greater in 2022 (10,272 kg·ha−) than 
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in 2021 (81 kg·ha−). The yield of jumbo bulbs, which constitute the majority of harvested bulbs, 

was also greater in 2022 (46 053 kg·ha−) compared to 2021 (41 791 kg·ha−). In contrast, the yield 

of medium bulbs was greater in 2021 (7 487 kg·ha−) compared to 2022 (2 079 kg·ha−). Nitrogen 

harvest index was greater in 2022 (0.81) compared to 2021 (0.54) (Table 4.3). 

Table 4.3. Marketable yield, bulb size distribution, percentage culls, and nitrogen harvest index 

(NHI) of onions (Allium cepa L.) harvested in 2021 and 2022. 

Year 
Marketable Colossal Jumbo Medium Culls NHI 

kg ha-1 (%) 

2021 49 360 b 1 81 b 41 791 b 7 487 a 2.69 b 0.54 a 

2022 58 404 a 10 272 a 46 053 a 2 079 b 7.30 a 0.81 b 
1 Values followed by the same letters indicate no significant difference by the Tukey test 

(p<0.05). 

 

There was a significant year by application time interaction for Ndff and FNUE (Table 

4.4). In 2021, the Ndff in the whole plant and parts (bulbs, leaves, and roots) was significantly 

lower with 15N applications at transplant, vegetative growth, and bulb initiation stages of 

development. In 2021 the majority of Ndff could be attributed to the two 15N applications at bulb 

swelling and bulb maturation. In 2021 the total Ndff was similar between onion bulbs and leaves. 

In 2022, the lowest Ndff in the whole plant was associated with 15N applications at transplant, 

while the greatest Ndff in the whole plant was associated with the 15N applications at bulb 

initiation. Similar results were observed for Ndff in the bulbs; in contrast, the Ndff in the leaves 

was mainly from fertilizer N application at vegetative and bulb initiation stages. In 2022, the total 

accumulation of Ndff was higher in the bulbs compared to the leaves.  

Table 4.4. Effects of labeled nitrogen (15N) fertilizer application timing on nitrogen derived from 

fertilizer (Ndff) at onion bulbs, leaves, roots and total plant, and fertilizer nitrogen use efficiency 

(FNUE) measured at harvest. 

Treatment Bulbs Leaves Roots Total plant FNUE (%) 
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Ndff (kg·ha-1 15N) 

2021           

¹⁵NT 1 1.16 c 2 0.91 d 0.02 c 2.09 c 8.9 c 

¹⁵NV 3.37 bc 2.80 c 0.04 bc 6.21 b 26.4 b 

¹⁵NBI 4.67 b 3.59 c 0.05 bc 8.30 b 35.3 b 

¹⁵NBS 11.75 a 12.93 a 0.08 a 24.76 a 105.2 a 

¹⁵NBM 12.76 a 10.00 b 0.05 ab 22.81 a 96.9 a 

Total ¹⁵N  33.70 30.22 0.24 64.16  

HSD3 2.30 1.49 0.03 2.96 12.60 

2022           

¹⁵NT 4.62 b 1.28 b 0.04 a 5.94 b 25.2 b 

¹⁵NV 14.16 ab 3.57 a 0.10 a 17.83 ab 75.7 ab 

¹⁵NBI 20.22 a 3.95 a 0.08 a 24.25 a 103.0 a 

¹⁵NBS 15.38 ab 2.84 ab 0.06 a 18.28 ab 77.6 ab 

¹⁵NBM 10.97 ab 1.54 b 0.05 a 12.56 ab 53.3 ab 

Total ¹⁵N 65.35 13.18 0.33 78.85  

HSD 12.22 1.90 0.08 13.56 57.64 
1 The time ¹⁵N fertilizer is being applied; NT = N applied at transplant; NV = N applied at 

vegetative stage; NBI = N applied at bulb initiation; NBS = N applied bulb swelling; NBM = N 

applied during maturation.  
2 Values followed by the same letters indicate no significant difference by the Tukey test 

(p<0.05) among N fertilizer timing treatments within a year. 
3HSD = Honest Significant Difference (minimum significant difference) according to the Tukey 

test (p<0.05). 

 

The average Ndff in the soil, which is a measurement of the 15N remaining in the soil at 

harvest, was 3.27 kg·ha− in 2021, which was significantly lower than the 4.03 kg·ha− of Ndff in 

the soil in 2022 (Table 4.5). 

Table 4.5. Nitrogen (N) derived from ¹⁵N labeled isotope fertilizer that 

was determined in the soil at harvest in 2021 and 2022. 

Year Ndff in Soil (kg·ha-1 ¹⁵N) 

2021 3.27 b 1 

2022 4.03 a 
1 Values followed by the same letters indicate no significant difference 

by the Tukey test (p<0.05). 
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In 2021, the FNUE at transplant, vegetative growth and bulb initiation was 8.9%, 26.4%, 

and 35.3% respectively. At bulb swelling and bulb maturation, the FNUE was significantly higher 

than the previous application timing, with 105.2% and 96.9% of N fertilizer applied, respectively, 

being taken by the plant. In 2022, the labeled 15N application at transplant had the lowest FNUE 

(25.2%). The FNUE increased to 75.7% when applied during the vegetative growth phase of 

development. The highest FNUE in 2022 was when 15N was applied during bulb initiation 

(103.0%). The FNUE at bulb swelling and bulb maturation in 2022 was 77.6% and 53.3%, 

respectively. 

Discussion 

Recommended N application rates for onion production in the Coastal Plain region of 

Georgia, USA, range between 125 to 150 kg·ha− N (Coolong et al., 2017). However, da Silva et 

al. (2022) reported that applying 117 kg·ha− N in Georgia, USA could maintain soil N availability 

throughout the season and sustain commercially acceptable onion yields. In this study, we applied 

112 kg·ha− N split into five applications throughout the onion growing season and achieved 

commercially acceptable yields (Coolong et al., 2017). Marketable yields were greater in 2022 

compared to 2021, with most of the increase in yield resulting from an increase in colossal-sized 

bulbs in 2022.  

  In 2021, 15N applications at transplant, vegetative growth, and bulb initiation had a lower 

FNUE than comparable application times in 2022. Frequent rainfall events in 2021, particularly 

from 0 to 75 DAT, may have induced N leaching, reducing soil N availability in the first half of 

the season. A reduction in soil N availability may have also resulted in lower N recovery in the 
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whole plant in 2021 (Figure 4.1, Table 4.4). In contrast, rainfall amounts were lower and more 

evenly distributed during the growing season in 2022, resulting in a greater FNUE for the first 

three 15N applications (transplant, vegetative growth, and bulb initiation) compared to the same 

application times in 2021. In 2021 highest FNUE occurred at bulb swelling (78 DAT) and bulb 

maturation (99 DAT), while in 2022 the greatest FNUE was from the 15N application at bulb 

initiation (57 DAT). In both years the 15N applications at transplant had the lowest FNUE, which 

can be, in part, due to the low N requirements by onion plants at this developmental stage. As a 

result, residence time of N fertilizer in the soil may increase, enhancing the chances of soil N 

leaching caused by the frequent rainfall during the production season.  

Nitrogen uptake follows a sigmoidal curve in onion (Geisseler et al., 2022). Minimal N 

accumulation occurs in the aboveground biomass early in the season, increasing as the season 

progresses and the bulbs begin to develop. This leads to rapid N uptake during bulb development 

and maturation, slowing down in the final weeks before harvest (Geisseler et al., 2022). Growers 

in the Georgia, USA typically make their first N applications at or immediately after transplant to 

ensure fertilizer is available at plant establishment (Tyson C, personal communication). However, 

the low FNUE from at-transplant N applications in 2021 and 2022 suggests that N applications are 

higher than crop requirements at this stage of development (Table 4.4). 

Nitrogen is required to in the greatest abundance of all plant nutrients for a myriad of 

cellular processes in the plant. Root architecture and the genes controlling root growth may limit 

N uptake in onion seedlings (Xu et al., 2012). Even if abundant N is available in the soil solution, 

plants may limit N uptake to maintain cytosolic pH balance and cellular homeostasis (Xu et al., 

2012). Foliar N concentrations peak early in onion development at values approaching 4% on a 

dry weight basis, and then decline as aboveground biomass increases (Greenwood & Draycott, 
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1989). This is due to the relative decline in leaf area relative to overall biomass of plants and is 

termed the critical N dilution curve (Lemaire et al., 2008). While overall total N content in the 

plant increases during growth as crop biomass increases, the relative concentration of N in 

continues to decline. Thus, when N availability in the soil is not limited, N removal from the soil 

and accumulation in the plant early in onion development would be limited by a lack of plant 

biomass compared to later growth stages. Given the limited ability to scavenge N from the soil due 

to a small root biomass and overall low biomass of onion at transplant it would be expected to 

accumulate relatively little of the applied 15N during this stage of development. Due to the highly 

leachable nature of the sandy soils in the region (Delgado, 2002) and rainfall that occurred within 

30 DAT (Figure 4.1) it is unlikely that N applied at transplant would remain in the rootzone for 

acquisition later in the season when biomass increases would allow for further 15N accumulation 

by the plant.  

In 2022 the application of N during vegetative growth resulted in a FNUE of 75.7%, which 

was greater than the FNUE of 26.4% in 2021 for same stage of development. Maximum air 

temperatures were greater in 2022 than 2021 during the vegetative growth phase, which may have 

resulted in improved plant growth and a subsequently larger FNUE. During vegetative growth and 

bulb initiation, adequate N supply is necessary to ensure sufficient foliar growth that will support 

production of larger bulbs during the bulb swelling and maturation stages of development. In 

addition to lower daily maximum temperatures after transplant in 2021, there were multiple rain 

events that occurred shortly after the 15N applications at bulb initiation, which may have also 

reduced the N availability from the fertilizer applied at this stage. The lower FNUE at bulb 

initiation in 2021 may have resulted in less leaf biomass prior to bulbing, potentially reducing 

yields.  
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Nitrogen concentrations in leaf tissue above which are necessary to maximize yield are 

often termed luxury consumption. In onion, luxury consumption of N is generally low (Greenwood 

et al., 1980). This suggests that the higher values for FNUE during vegetative growth and bulbing 

were due to utilization of N in the plant and not due to luxury consumption of N.  

The primary sink for N in onion plants at maturity are the bulbs (Brewster, 2008). However, 

a larger proportion of Ndff was allocated in the leaf tissue in 2021 compared to 2022. It has been 

reported that approximately 65% of above-ground N is found in bulbs at harvest, while the 

remaining 35% is found in leaves (Geisseler et al., 2022). In 2021, relatively similar amounts of 

Ndff were found in bulb and leaf tissue at harvest. In contrast, in 2022 most Ndff accumulated in 

the bulb tissue. Accordingly, NHI was significantly higher in 2022 compared to 2021. The 

continued accumulation of Ndff in the leaf tissue in 2021 during bulb swelling and maturation 

compared to 2022 may have been associated with an extended period of vegetative growth in 2021 

(Geisseler et al., 2022). A relative increase in bulb size in 2022 (Table 4.3) may have also increased 

bulb Ndff. In addition, there was an increase in variability in Ndff in 2022 compared to 2021, 

particularly in bulb and total plant Ndff values. An increase in the proportion of colossal-sized 

bulbs in 2022 may have led to greater variability in plant biomass when sampling at harvest, 

resulting in increased variation in Ndff values in 2022. 

The greater relative accumulation of Ndff in bulb tissue in 2022 beginning at bulb initiation 

may have resulted in greater allocation of resources in the bulb and greater yields. Delaying N 

applications until bulb maturation has been shown to negatively impact yield, compared to 

applications at bulb initiation or bulb swelling (Tyson et al., 2023). Because onion cultivars may 

differ widely in days to maturity, recommendations for onion N applications are made at a regional 

level, considering the time of year the crop is grown, days to harvest, whether onions are direct 
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seeded or transplanted, and fertilizer source used (Drost, 2002; Geisseler et al., 2022). Onion 

cultivars vary in daily N uptake as well, with earlier maturing varieties accumulating significantly 

more N than later maturing onions. In the current study a short-day onion ‘Vidora’ was used, which 

was harvested approximately 130 DAT. While our data suggests that N applications in this study 

were most efficient when coinciding with periods later in plant development such as during bulb 

initiation, earlier maturing varieties may incorporate N fertilizers earlier in crop development. 

Although fertilizer N applications during bulb maturation may result in high FNUE, they can also 

lead to reduced quality and storage life in bulbs (Randle, 2000). Interestingly, a season total N 

application of 112 kg·ha-1 N, which was the N application rate utilized in the current study, was 

reported to have a higher nitrogen use efficiency when compared to applications of 168 and 224 

kg·ha-1 N in an evaluation comparing different sources and rates of N fertilizers (Drost, 2002). 

Increased applications of N above those used in the present study, particularly late in the season, 

may reduce the FNUE during bulbing relative to growth stages earlier in the season.     

Conclusions 

This study aimed to assess the FNUE of N fertilizer applied during five different stages of 

development of onion. The application of N at transplant was inefficient as only a limited portion 

of what is applied was taken up by the plant. Nitrogen applications during bulb initiation and bulb 

swelling were generally the most efficient stages of development to apply N fertilizer in onion.  
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CHAPTER 5 

INFLUENCE OF ORGANIC FERTILIZER SOURCES AND APPLICATION RATES ON 

ONION PRODUCTION IN GEORGIA, USA3 

  

 
3 de Jesus, H. I., da Silva, A. L. B. R., Dutta, B., Cassity-Duffey, K., & Coolong, T. (2023). HortTechnology, 33(4), 

398-406. https://doi.org/10.21273/HORTTECH05254-23. Reprinted here with permission of the publisher. 



 

68 

 

Abstract 

A range of organic fertilizers are available for vegetable crops; however, there is a lack of 

information regarding the performance and rates of organic fertilizers commonly used in the 

production of Vidalia onion (Allium cepa). Two commercial organic fertilizers, a mixed source 

organic fertilizer [MIX (10N-0.88P-6.6K)] and a pelleted poultry litter (PPL) (5N-1.8P-2.5K) were 

evaluated in two soil types at application rates of 0, 100, 150, 200, 250 and 300 lb/acre nitrogen 

(N). The aim was to determine their impact in the production of Vidalia onions in Georgia, USA 

with the objective of determining an optimal fertilizer source and application rate. Field trials were 

conducted in the 2019-20 and 2020-21 growing seasons in Watkinsville GA, USA (Cecil series 

sandy clay loam soil) and Tifton GA, USA (Tifton series loamy sand soil) on certified organic 

land. There were significant interactions between location, year, and fertilizer application rate for 

total marketable yield. In Watkinsville, total marketable yields of onions at different N rates ranged 

between 1320-4565 lb/acre in 2019-20, and between 9951-28,749 lb/acre in 2020-21. In Tifton, 

total marketable yields ranged from 3776-9264 lb/acre and 7094-14,066 lb/acre in the 2019-20 

and 2020-21 seasons, respectively.  Aboveground onion N accumulation at harvest was affected 

by an interaction among location, study year, and fertilizer rate. The largest plant N accumulation 

was in Watkinsville in 2020-21, ranging from 26 to 50.8 lb/acre N in the 0 and 300 lb/acre N 

treatments, respectively. In 2020, there were no differences in soil inorganic N at harvest between 

plots receiving the MIX (9 lb/acre N) or PPL (9.8 lb/acre N) in either location. In 2021, soil 

inorganic N was greater in plots receiving the MIX fertilizer (14.8 lb/acre N) compared to the PPL 

fertilizer (11.2 lb/acre N).  Yields increased linearly with additional fertilizer therefore an optimum 

application rate for organic fertilizers was not determined. 
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Introduction 

Vidalia sweet onions (Allium cepa) are an important crop for southeastern Georgia, USA. 

In 2021, there were over 11,000 acres of onions grown with a farm gate value of $168 million, 

making them one of the top vegetable crops for the state (University of Georgia, 2022a). Organic 

onion production represents roughly 7% of the total acreage of Vidalia onions, with approximately 

793 acres of certified organic onion production reported by the US Department of Agriculture 

(USDA) in 2019 (USDA, 2019). This represents a value of more than $12 million, which continues 

to increase annually.  

Recommendations for nitrogen (N) applications for conventional onion production in the 

Coastal Plain region of Georgia, USA, suggest the application of 100 to 130 lb/acre N (Coolong 

& Boyhan, 2017). However, growers in the region have been able to achieve similar yields with 

reduced fertilizer N rates through the careful timing of applications (Tyson C, personal 

communication). Research conducted in Georgia during in the 2020-21 onion season reported 

average marketable yields of 38,700 lb/acre for conventionally grown onions with the application 

of 92 lb/acre N, indicating the potential for reducing N fertilizer rates while maintaining yields 

(Tyson et al., 2023). In organic vegetable production systems, the efficient application of fertilizers 

can be challenging because there is a lack of knowledge regarding the rate of N mineralization and 

plant availability of other nutrients in many organic products. The release of mineral N from 

organic fertilizers varies depending on the source material, soil characteristics, and environmental 

conditions (Calderón et al., 2005; Cassity-Duffey et al., 2018; Reganold & Wachter, 2016). Failure 

to coordinate timing of N release from organic fertilizers with plant demand has the potential to 
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reduce yields (Berry et al., 2002). Consequently, organic onion growers often over apply fertilizers 

to ensure adequate levels of plant-available N during the entire growing season (Boyhan et al., 

2007). However, over application of fertilizers can negatively impact flavor and storage quality of 

onion, particularly if there are high levels of available N at harvest (Coolong & Randle, 2003; 

Díaz-Pérez et al., 2003; Gitaitis et al., 2008). 

Organic onion growers in Georgia, USA typically use either fresh, non-composted poultry 

litter (PL) (applied in advance of planting) or pelletized poultry litter (PPL) products as their 

primary nutrient source. Georgia is a leading poultry (broiler) producing state (USDA, National 

Agricultural Statistics Service, 2022). There are approximately 2 million pounds of PL, a mixture 

of feces, feathers, wasted feed, and bedding materials, produced annually and available for 

application to agricultural lands (Dunkley et al., 2011). Total N content of PL ranges from 2% to 

4%, though only a portion of this will become available to plants during the subsequent cropping 

season. Poultry litter is also a significant source of phosphorus (P) and contains all other essential 

nutrients for plants (Chastain et al., 2001; Evers, 1998). While PL is a readily available fertilizer 

for organic onion production in Georgia; there are some drawbacks associated with its use, 

including high salinity levels that can reduce plant growth, and environmental concerns due to the 

potential for pollution when PL is over-applied (Li-Xian et al., 2007; Sharpley, 1997). 

Additionally, the risk of foodborne illnesses from PL is a concern in the production of vegetable 

crops. Onions, which grow partially within the soil, may be at high risk of contamination for 

foodborne pathogens (US Food and Drug Administration, 2020; Islam et al., 2005). 

In addition to PL, there are many commercial fertilizers available for certified organic 

vegetable production. These products are typically made from plant or animal byproducts that have 

been processed or composted for use in agriculture (Cassity-Duffey et al., 2020a). The N 
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concentration of commercial organic fertilizers can vary widely with composition. Total N 

concentrations may range from 3% in alfalfa (Medicago sativa) meal to 13% and 15% in feather 

and blood meals, respectively (Cassity-Duffey et al., 2020a; Gale et al., 2006). Some fertilizers, 

such as blood meal and feather meal, release N relatively quickly, while others such as alfalfa 

meal, are reported to be slower-release sources of N (Agehara & Warncke, 2005; Hartz & 

Johnstone, 2006; Gale et al., 2006). The pool of potentially mineralizable N can widely vary 

depending on the product type, but N mineralization rates are generally greater and more consistent 

for commercial organic fertilizers than for PL and composts (Cassity-Duffey et al., 2020a). 

The impact of some organic fertilizer sources on Vidalia onion production has been 

previously evaluated (Boyhan et al., 2010; Díaz-Pérez et al., 2018a, 2018b, 2021). Boyhan et al. 

(2010) reported no difference between two commercial organic fertilizers on yield of onion when 

fertilizers were applied at 150 lb/acre N. Díaz-Pérez et al. (2018a) reported a quadratic response 

of onion plant growth to application rates of organic fertilizer, with plant dry weights plateauing 

between 180 and 240 kg·ha-1 N using a PPL fertilizer. In the same study Díaz-Pérez et al. (2018b) 

reported a quadratic response of bulb yield to organic fertilizer rate, though yield continued to 

increase with increasing N rate. Despite prior research, information regarding the performance of 

different organic fertilizers applied over a range of application rates for the production of organic 

onions is limited. Thus, the objective of this study was to compare the impact of a mixed source 

organic fertilizer (MIX) and a pelleted poultry litter (PPL) product applied at multiple application 

rates in two soil types on Vidalia onion production.    
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Materials & Methods 

Field experiments were conducted in Fall 2019 through Spring 2021 at the University of 

Georgia (UGA) Durham Horticulture Farm in Watkinsville, GA, USA (lat. 33o 5’N, long. 83o 3’W) 

and the UGA Horticulture Farm in Tifton, GA, USA (lat. 31o 5’N, long. 83o 5’W). The soil of the 

Watkinsville, GA, USA location is a Cecil sandy clay loam series (0% to 2% slope) while the 

Tifton, GA, USA location had a Tifton loamy sand series (USDA, 2022). Prior to planting, average 

soil total N, organic matter and pH were 0.21%, 1.80% and 6.1, respectively for the Tifton location 

and 0.31%, 3.10% and 6.0, respectively, for the Watkinsville location (UGA Agriculture 

Environmental Services Laboratories, Athens, GA, USA). In the Watkinsville location, average 

preplant P (67 lb/acre) and potassium (K) levels (223 lb/acre) were considered high and high, 

respectively. In the Tifton location, average preplant P (79 lb/acre) and K (76 lb/acre) were 

considered high and medium, respectively (UGA, 2020). 

Plots were chisel plowed and harrowed prior to transplanting to a depth of approximately 

8 inches. After initial tillage and 2 d prior to planting, fertilizers were applied to plant beds that 

were approximately 2-3 inches tall and spaced 6 ft center to center. Two commercial fertilizers, a 

MIX [10N-0.88P-6.6K (All Season Organic Fertilizer; Nature Safe, Irving, TX, USA)] composed 

of feather-meat-bone-blood meal, and a PPL [5N-1.8P-2.5K (Harmony Organic Fertilizer; 

Environmental Products LLC, Roanoke, VA, USA)] were applied to plots by hand at the rates of 

0, 100, 150, 200, 250 and 300 lb/acre N.  

The MIX fertilizer contained 9.44% total N with 0.49% inorganic N, while the PPL 

fertilizer contained 4.36% total N with 1.04% inorganic N (Table 5.1). Ammonium levels were 

0.14% in both fertilizers, while nitrate levels were 0.9% and 0.35% in the PPL and MIX fertilizers, 

respectively (Waters Agricultural Laboratories, Camilla, GA, USA). No additional fertilizer was 
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applied during the onion growing season. Due to the nature of the organic fertilizers, levels of P 

and K were not balanced between the different application rates of the PPL and MIX fertilizers. 

Pre-plant P and K levels were either at high or medium levels for both locations. 

Table 5.1. Total nitrogen (N), ammonium (NH4-N), nitrate (NO3-N), total inorganic N, total 

carbon (C), and carbon-to-nitrogen (C/N) ratio of pelleted poultry [PPL (5N-1.8P-2.5K)] and 

mixed-source organic [MIX (10N-0.88P-6.6K)] fertilizers used to grow organic onions (Allium 

cepa). 

Fertilizer 
Total N NO3-N NH4-N Total Inorganic N Total C 

C/N ratio 
% DW 

PPL 4.36 0.9 0.14 1.04 27.74 6.36 

MIX 9.44 0.35 0.14 0.49 34.35 3.64 

 

Fertilizer treatments were arranged in a randomized complete block design with four 

replications. Experimental units were 20 ft long and were separated by 10-ft non-planted buffers 

between adjacent plots within a bed. After application, fertilizers were incorporated to a depth of 

6 inches using a tractor-mounted tiller. A planting wheel was used to make holes for onion plants 

on each bed. Beds received four onion rows spaced 12 inches apart with an in-row spacing of 6 

inches, resulting in a population of 58,000 plants/acre.  

Onion transplants of cultivar ‘Granex Yellow PRR’ (Seminis, St. Louis, MO, USA) were 

grown on a commercial certified organic farm for 8 weeks prior to planting. Onions were 

transplanted on 4 Dec 2019 and 2020 in the Watkinsville, GA location, and 4 Dec 2019 and 3 Dec 

2020 in the Tifton, GA location. During the growing season, onions were overhead irrigated using 

sprinklers. Irrigation water volume was determined according to historical onion 

evapotranspiration and precipitation. Air temperatures and rainfall were monitored and recorded 

every 15 min using on-farm weather stations from the UGA weather network in each location 

(UGA, 2022b). Weeds were controlled within plots using a tractor-mounted tine weeder (Aerostar-
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Classic 150; Einbock, Dorf an der Pram, Austria) in Watkinsville and hand cultivation in Tifton. 

No fungicide or insecticide applications were made during any growing season.  

Soil samples (each comprised of five sub-samples) were collected from each plot at 

transplant and at harvest in both locations. After sampling, soil was air dried and tested for soil 

inorganic N content [ammonium (NH4
+) and nitrate (NO3

−)] at a commercial laboratory (Waters 

Agricultural Laboratories). In 2020, onion shoot, and bulb samples were collected at transplant 

and harvest for biomass estimation and N accumulation in each location. In 2021, plant samples 

were collected five times throughout onion growing season to monitor biomass and N uptake in 

each location. Samples consisted of two plants dried at 70 °C until a constant weight. Onion shoot, 

and bulb dry weight were determined, and samples were ground and analyzed for plant total N 

content at a commercial laboratory (Waters Agricultural Laboratories). Aboveground N 

accumulation was calculated as the dry weight of plants multiplied by the tissue N concentration 

expressed in a percentage. Nitrogen uptake efficiency at harvest (NUPE) was calculated by the 

following equation: NUPE = total N taken up by the plant / total N applied (Drost et al., 2002).  

Onion plants were harvested on 1 May 2020 and on 7 May 2021 in Watkinsville, GA, and 

on 1 May 2020 and 3 May 2021 in Tifton, GA. Onions were hand-harvested, roots and tops were 

manually cut, and bulbs were left in the field for 48 h for curing. Bulbs were hand-graded by size 

and appearance as marketable and unmarketable according to USDA standards (USDA, 2014). 

Subsamples of 20 marketable bulbs were cut in a longitudinal orientation and the number of bulbs 

with internal visual symptoms of sour skin (Pseudomonas cepacia) and center rot (Pantoea spp.) 

recorded.  

Total yield (pounds per acre), soil inorganic N at harvest (pounds per acre N), plant N 

accumulation at harvest (pounds per acre N), plant N uptake during the season (pounds per acre 
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N), NUPE (%) were analyzed using the Linear Mixed Model and Regression procedures from JMP 

Pro (var. 16.0; SAS Institute Inc., Cary, NC, USA). Year, location, organic fertilizer, N rate, and 

their interactions were analyzed as main factors, while block was considered a random effect. 

When statistically significant differences existed in the ANOVA (P<0.05), least-square means 

comparisons were performed using the Tukey’s honest significant difference test (α = 0.05). In 

2019-20 four plots were removed from the statistical analysis due to poor plant survival. 

Results & Discussion 

In 2019-20, cumulative rainfall was 38.5 inches in Watkinsville (Fig. 5.1A) and 24.7 inches 

in Tifton (Fig. 5 2A). In the 2020-21 season, rainfall totaled 21.0 inches (Fig. 5.1B) and 32.0 inches 

in the Watkinsville and Tifton locations, respectively (Fig. 5.2B). Multiple rain events of more 

than 2.0 inches were common in the Watkinsville location in the 2019-20 growing season and a 

single rainfall event of 6.4 inches occurred approximately 1 week prior to harvest in Tifton for the 

2020-21 growing season. 



 

76 

 

 
Fig. 5.4. Average daily maximum and minimum air temperatures and accumulated rainfall for the 

2019-20 (A) and 2020-21 (B) season for onion (Allium cepa) grown in Watkinsville, GA, USA; 

(oF - 32) ÷ 1.8 = oC, 1 inch = 2.54 cm. 
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Fig. 5.5. Average daily maximum and minimum air temperatures and accumulated rainfall for the 

2019-20 (A) and 2020-21 (B) for study location for onion (Allium cepa) grown in Tifton, GA, 

USA; (oF - 32) ÷ 1.8 = oC, 1 inch = 2.54 cm. 
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Daily maximum and minimum air temperatures were greater in Tifton, GA than in 

Watkinsville, GA. Daily maximum temperatures averaged 69.3 oF in 2019-20 and 67.0 oF in 2020-

21 in Tifton and 62.7 and 61.7 oF in 2019-20 and 2020-21, respectively, in Watkinsville. The 2019-

20 growing season had 6 and 17 d of daily minimum air temperatures below freezing in Tifton and 

Watkinsville, respectively. In contrast, the 2020-21 growing season had more freeze events, with 

14 and 31 d with daily minimum air temperatures below freezing in Tifton and Watkinsville, 

respectively.  

Total marketable onion yields were affected by interactions between the fertilizer source 

and location (Table 5.2). An average total yield of 14,559 lb/acre was obtained with the use of the 

MIX fertilizer in Watkinsville. This was greater than the 10,470 lb/acre yield obtained with the 

use of the PPL fertilizer in the same location. In Tifton, total yields were 10,216 and 8336 lb/acre 

for the MIX and PPL fertilizers, respectively. 

Table 5.2. Effects of pelleted poultry litter [PPL 

(5N-1.8P-2.5K)] and mixed-source organic [MIX 

(10N-0.88P-6.6K)] fertilizers and location on total 

yield of organically grown onion (Allium cepa) in 

Watkinsville and Tifton, GA, USA. 

Fertilizer 
Watkinsville Tifton 

Yield (lb/acre)i 

MIX 14,558 aii 10,216 bc 

PPL 10,470 b 8,336 c 
i1 lb/acre =1.1209 kg∙ha-1. 
iiValues followed by the same letter indicate are 

not significantly different at P ≤0.05 according to 

the Tukey’s honest significant difference test.  

 

Total marketable yield was also impacted by an interaction among location, application 

rate, and year (Fig. 5.3). Because there was not a significant four-way interaction, fertilizer sources 
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were pooled by application rate. The total marketable yield of organic onions in both years and 

locations increased linearly with increasing N application rate. In Watkinsville, total yields of 

onions at different N rates ranged between 1320-4565 lb/acre in 2019-20, and between 9951-

28,749 lb/acre in 2020-21. In Tifton, ranges of total yields were 3776-9264 lb/acre and 7094-

14,066 lb/acre in 2019-20 and 2020-21 seasons, respectively.  Although yields in 2019-20 in both 

locations and yields in 2020-21 in Tifton were considerably lower than commercial yields for the 

region, in 2020-21 onion total yields in Watkinsville with the addition of 200 to 300lb/acre N from 

organic fertilizers were comparable to the yield of onions receiving 134 lb/acre N of synthetic 

fertilizer (Díaz-Pérez et al., 2021). In the present study, we utilized a population of 58,080 plants 

per acre, as is typical for organic onions.  However, many conventional farms in the region have 

adopted a population of 87,120 plants per acre. Further, in 2019-20, excessive rainfall in 

Watkinsville negatively impacted developing plants, contributing to a reduction in onion 

populations. Although air temperatures were greater in 2019-20 compared to 2020-21, a rain event 

of 3.69 inches on 13 Dec 2019 coupled with 4 d with minimum air temperatures below freezing 

shortly after planting resulted in reduced transplant survival (data not shown) in some plots for the 

Watkinsville location.  No differences in plant survival were noted among fertilizer treatments. 

Overall yield responses to fertilizer rates are similar to those reported by Boyhan et al. (2010), who 

reported a linear response of organic onion yields to increased preplant applications of PL. Díaz-

Pérez et al. (2018a) reported a quadratic response of onion marketable yield to increasing rates of 

a PPL-based fertilizer, with application rates ranging from 0 to 240 kg·ha-1.  
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Fig. 5.3. Effect of nitrogen (N) application rates on total marketable yield of organically grown 

onion (Allium cepa) in Watkinsville (A) and Tifton (B) GA, USA during the 2019-20 and 2020-

21 growing seasons; 1 lb/acre =1.1209 kg∙ha-1. 
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 Bulb disease was also evaluated at harvest; however, there were no bacterial diseases 

detected in any of the bulb subsamples in either location or study year (data not shown). Further, 

visual assessment of the study during growth indicated that very little to no disease was present at 

either location. 

 Soil inorganic N at harvest was impacted by the interaction between fertilizer source and 

year (Table 5.3). In 2020, there were no differences in soil inorganic N at harvest between plots 

receiving the MIX (9 lb/acre N) or PPL (9.8 lb/acre N) in either location. In 2021, soil inorganic 

N was greater in plots receiving the MIX fertilizer (14.8 lb/acre N) compared to the PPL fertilizer 

(11.2 lb/acre N). Nitrogen availability in soil varies with chemical composition of organic 

fertilizers (Cabrera et al., 2005; Cassity-Duffey et al., 2020a, 2020b; Sänger et al., 2010). 

Comparing different N sources, Agehara & Warncke (2005) reported that increasing soil moisture 

levels also enhanced N release from alfalfa pellets and PL but did not significantly affect N 

released from urea and blood meal. Moreover, the pattern of release also varied with composition 

of N sources; with mineralization of alfalfa pellets and PL increasing with high soil moisture levels 

during latter phases of incubation. In contrast, mineralization of blood meal was enhanced during 

the initial phase of incubation.  Authors suggested that microbial communities responsible for N 

mineralization may be distinguished over time and are differentially impacted by soil moisture 

content.  

Table 5.3. Effect of pelleted poultry litter [PPL 

(5N-1.8P-2.5K)] and mixed-source organic [MIX 

(10N-0.88P-6.6K)] fertilizers and study year on 

soil inorganic nitrogen (N) at harvest for 

organically grown onion (Allium cepa) in Georgia, 

USA. 

Fertilizer 
2020 2021 

Soil inorganic N  
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(lb/acre)i 

MIX 9.0 bii 14.8 a 

PPL 9.8 b 11.2 b 
i1 lb/acre =1.1209 kg∙ha-1. 
iiValues followed by the same letter indicate are 

not significantly different at P ≤0.05 according to 

the Tukey’s honest significant difference test. 

 

Rainfall levels in 2019-20 may have contributed to increased N leaching during the season, 

leading to the lack of significant differences in soil inorganic N between the MIX and PPL plots. 

However, with reduced rainfall in Watkinsville 2020-21, there was more soil inorganic N in MIX 

treated soils at harvest. The PPL fertilizer had more than twice the amount of inorganic N at 

application, suggesting that there was more readily leachable N at planting in the PPL compared 

to the MIX fertilizer. The N availability in soils is significantly influenced by precipitation and the 

resulting soil water dynamics. These effects are mediated through physical transport processes and 

microbial N transformations in the soil (Aranibar et al., 2004; Gu & Riley, 2010). Using a modeling 

approach, Gu & Riley (2010) reported that precipitation patterns can have significant impacts on 

soil N cycling and losses, which were also influenced by soil texture and other soil characteristics. 

Increased N loss in 2019-20 could have also contributed to lower yields in that growing season. 

The process of pelletizing PL may also influence mineralization, as it can create favorable 

conditions for microbial activity and the transformation of N to its inorganic form (Hadas et al., 

1983). During a season without excessive rainfall, the MIX fertilizer may be subjected to less 

potential soil N leaching, particularly on the clay loam soils in the Watkinsville location. 

Aboveground onion N accumulation at harvest was affected by an interaction among 

location, study year, and fertilizer rate (Table 5.4). The largest plant N accumulation was in 

Watkinsville in 2020-21, ranging from 26 to 50.8 lb/acre N in the 0 and 300 lb/acre N treatments, 



 

83 

 

respectively. On-farm surveys in the Vidalia region have indicated an average above-ground N 

accumulation in plants at harvest of approximately 66 lb/acre of N, though values can be greater 

than 100 lb/acre N in heavily fertilized fields (Coolong T, unpublished data). Nitrogen 

accumulation was greater in onion plants receiving organic fertilizer rates between 200 to 300 

lb/acre N compared to plants that did not receive any fertilizer. Previously N accumulation in 

leaves and bulbs has been reported to be correlated with increasing N fertilization (Díaz-Pérez et 

al., 2003). In 2019-20 in Watkinsville, plant N accumulation increased with N application rate; 

however, it was not different in plants receiving between 0 to 250 lb/acre N fertilizer. As N 

accumulation is a function of total biomass and N concentration, this low N uptake was likely the 

result of low yields (total biomass) in Watkinsville in the 2019-20 growing season. In Tifton, plant 

N accumulation at harvest was unaffected by fertilizer application rate in 2019-20, while N uptake 

from onion plants increased with increasing N application rate in 2020-21. Aboveground N 

accumulation was lower in 2019-20 in both Watkinsville and Tifton locations, compared to 2020-

21 for every treatment except for the 0 lb/acre N treatment in Tifton (Table 4). Díaz-Pérez et al. 

(2018b) reported that despite high fertilization rates, nutrient deficiencies were observed late in 

the season in organically grown onions in Tifton, GA, USA. These findings suggest that exclusive 

preplant application of organic fertilizers may result in leaching nutrients mineralized during the 

season.  

Table 5.4. Effect of the interaction among location, 

year, and application rate on aboveground plant 

nitrogen (N) accumulation at harvest for organically 

grown onion (Allium cepa) in Watkinsville and Tifton, 

GA, USA. 

Treatments 

2020 2021 

Plant N accumulation at harvest 

(lb/acre)i 
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Watkinsville         

0 5.8 Bii   biii 26.0 B   a 

100 6.4 AB b 37.4 AB a 

150 6.8 AB b 34.6 AB a 

200 8.0 AB b 47.2 A   a 

250 7.9 AB b 50.8 A   a 

300 10.8 A    b 50.8 A   a 

Tifton     
0 6.7 A  a 11.7 B   a  

100 7.6 A  b 16.2 AB a 

150 9.2 A  b 16.4 AB a 

200 10.3 A  b 16.7 AB a  

250 11.1 A  b 18.8 AB a 

300 10.6 A  b 25.3 A   a 
i1 lb/acre =1.1209 kg∙ha-1. 
iiValues within the same column followed by the same 

upper-case letter(s) within the same location and year 

are not significantly different at P ≤ 0.05 according to 

the Tukey’s honest significant difference test.  
iiiValues within the same row and location followed by 

the same lower-case letter are not significantly different 

at P ≤ 0.05 according to the Tukey’s honest significant 

difference test.  

 

Aboveground N accumulation at harvest was also affected by an interaction between 

fertilizer source and location (Table 5.5). The accumulation of 27.0 lb/acre N was observed in 

plants receiving the MIX fertilizer in Watkinsville, followed by 20.4 lb/acre N accumulation in 

plants receiving the PPL fertilizer in the same location. In Tifton, there was no significant 

difference in plant N accumulation at harvest among fertilizer sources. While N accumulation is a 

function of plant biomass (yield) and N concentration it is possible that differences in plant N 

accumulation may be also linked to in N availability, which can differ among fertilizers and is 

impacted by soil characteristics (Agehara & Warncke, 2005; Cassity-Duffey et al., 2020a).  
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Table 5.5. Effect of the interaction between pelleted 

poultry litter [PPL (5N-1.8P-2.5K)] and mixed-source 

organic [MIX (10N-0.88P-6.6K)] fertilizers and 

growing location on aboveground total nitrogen (N) 

accumulation at harvest for organically grown onion 

(Allium cepa) in Watkinsville and Tifton, GA, USA. 

Fertilizer Aboveground plant N accumulation 

(lb/acre) i 

 Watkinsville Tifton 

MIX 27.0 aii 14.4 c 

PPL 20.4 b 12.3 c 
i1 lb/acre =1.1209 kg∙ha-1. 
iiValues followed by the same letter indicate are not 

significantly different at P ≤ 0.05 according to Tukey’s 

honest significant difference test. 

 

Plant N uptake was measured throughout crop development in 2020-21 season and was 

affected by an interaction among location, fertilizer source, and N rate. Despite the interaction, 

overall trends were similar among N rates; therefore, data corresponding to the mid-point 

application rate of 200 lb/acre N is presented (Fig. 5.4). Plant N uptake increased during the season 

and was greater for onions grown in Watkinsville compared to Tifton. In Tifton, there were no 

differences for N uptake between PPL and MIX fertilizers. However, in Watkinsville, N uptake in 

plants was greater for plants grown with the MIX fertilizer on 3 Feb 2021, when plants were 

actively growing vegetatively. On 1 Apr 2021, during the bulb swelling stage of onions, plants 

accumulated greater amounts of N with the MIX fertilizer compared to PPL. In onion, low N 

accumulation in the aboveground biomass is expected early in the season, but as bulb development 

is initiated, the N requirements increase, with N uptake only slowing during bulb maturation 

(Geisseler et al., 2022). It is important that N mineralization rates align with crop requirements, 

ensuring an efficient utilization of organic fertilizers. 
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Fig. 5.4. Effects of the application of 200 lb/acre nitrogen (N) of pelleted poultry litter [PPL (5N-

1.8P-2.5K)] and mixed-source organic [MIX (10N-0.88P-6.6K)] fertilizers on aboveground plant 

N uptake during the 2020-21 season for organic onions grown in Watkinsville (A) and Tifton (B).  

Sample dates associated with the same letter and location are not significantly different according 

to Tukey’s honest significant difference test (P≤0.05); ns = non-significant, 1 lb/acre =1.1209 

kg∙ha-1. 
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There was a significant year by location by fertilizer source by rate interaction for onion 

NUPE (Table 5.6).  Because NUPE is a function of dry matter accumulation (yield) values were 

low in 2020 in both study locations.  In Watkinsville in 2019-20 NUPE for the MIX fertilizer 

averaged 4.40% to 8.11% in the 300 and 100 lb/acre N application rates, respectively, while the 

NUPE for the PPL product averaged 2.78%.  In Tifton, NUPE values were similarly low.  In 2021-

22, NUPE were 50.44% and 20.99% for the MIX fertilizer applied at 100 lb/acre N in Watkinsville 

and Tifton locations, respectively.  There were no differences in NUPE for the PPL applied in 

Watkinsville in either year; however, there were differences in NUPE for PPL in Tifton in both 

study years.  In 2020-21 NUPE was significantly greater in both locations than in 2019-20 (data 

not shown).  The NUPE values obtained in this study were considerably lower than those obtained 

by Drost et al. (2002) using a conventional urea-based fertilizer. Mineralization rates of both PPL 

and MIX products utilized in this study were previously determined in a soil incubation study 

using a Cecil sandy clay loam soil, which is the same soil as the Watkinsville location in the present 

study (Cassity-Duffey et al., 2020b). In that study only 20% of organic N in the PPL mineralized 

after 99 d, while 60% of the organic N from the MIX product was available after 99 d. Further, the 

greater amount of inorganic N in the PPL product (23.8% of total N) may have leached early in 

the season, particularly with heavy rainfall.  The NUPE (50.44%) obtained in Watkinsville in 

2020-21 using the MIX product at 100 lb/acre N suggests that a large portion of the N that was 

likely mineralized and available was taken up by the plants. As would be expected, NUPE 

decreased with increasing N application rates.  In the present study, the addition of MIX fertilizer 

to onion plants in the Watkinsville location may have favored plant N uptake by providing either 

a higher rate of N release or matching the release time with plant N-requirements.  
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Table 5.6. Effects of pelleted poultry litter [PPL 

(5N-1.8P-2.5K)] and mixed-source organic [MIX 

(10N-0.88P-6.6K)] fertilizers applied at different 

rates for nitrogen uptake efficiency (NUPE) of 

organically grown onion (Allium cepa) in 

Watkinsville and Tifton, GA, USA in 2020 and 

2021. 

Treatments 

2020 2021 

NUPEii 

(%) 

Watkinsville     
PPL     
100 5.32 ai 26.35 a 

150 3.14 a 16.54 a 

200 1.76 a 21.22 a 

250 1.50 a 14.28 a 

300 2.20 a 17.76 a 

MIX     
100 8.11 a 50.44 a 

150 5.44 ab 30.93 b 

200 5.72 ab 27.04 bc 

250 4.38 b 22.00 bc 

300 4.40 b 16.78 c 

Tifton     
PPL     
100 7.55 a 13.37 a 

150 7.20 a 11.55 ab 

200 3.45 b 9.22 ab 

250 5.08 ab 7.66 ab 

300 3.53 b 7.08 b 

MIX     
100 10.01 a 20.99 a 

150 6.67 a 12.06 ab 

200 8.05 a 8.19 b 

250 4.72 a 10.46 ab 

300 4.35 a 8.20 b 
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iNUPE = Total N uptake in the plant / total N 

applied.  
iiValues within the same column followed by the 

same upper-case letter(s) within the same year, 

location and fertilizer type are not significantly 

different at P ≤ 0.05 according to the Tukey’s 

honest significant difference test.  

 

Conclusions 

The total yield of organic onions increased with increasing organic fertilizer rates as would 

be expected, though NUPE significantly decreased with increasing application rate. Onions grown 

in the Watkinsville location had a greater N aboveground accumulation compared to those grown 

in Tifton.  Further, the relatively high level of inorganic N in the PPL fertilizer would have been 

available early in the season when onions may have had low N requirements (Coolong et al., 2004).  

Higher N accumulation at harvest and plant N uptake over the season was obtained with the 

application of MIX fertilizer compared to the application of PPL fertilizer. In 2020-21 the total 

yield of Vidalia onions in Watkinsville was significantly higher with the use of MIX fertilizer and 

was comparable to yields of onions receiving conventional synthetic fertilizers (Díaz-Pérez et al., 

2021). Overall, there were no effects of fertilizer treatments in onions grown in Tifton. Our 

findings suggest that the MIX fertilizer may be more effective than the PPL fertilizer for organic 

onion production in some seasons. Further, NUPE of the PPL product in all locations and years 

suggest that less N from the PPL product was taken up by onions during the cropping season. 

While yields increased linearly with application rate, a low NUPE, particularly for the PPL 

fertilizer, suggests that high N application rates of these organic are inefficient. 
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CHAPTER 6  

INFLUENCE OF SOIL AND TEMPERATURE ON PLANT AVAILABLE NITROGEN 

FROM ORGANIC FERTILIZERS4 

  

 
4 de Jesus, H. I., Cassity-Duffey, K., Dutta, B, da Silva, A.L.B.R., & Coolong, T. (2023). To be submitted to 

Sustainability. 
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Abstract 

Organic vegetable producers in Georgia, USA, utilize various amendments to supply nitrogen (N) 

for crop production. However, differences in soil type and environmental conditions can result in 

variability in N mineralization rates among commonly utilized organic fertilizers in the region. In 

this study, the effects of temperature on N mineralization from three commonly used organic 

fertilizers, feather meal (FM), pelleted poultry litter (PPL) and a mixed organic fertilizer (MIX) in 

two soil types (Cecil sandy clay loam and Tifton loamy sand) that are found in Georgia, USA, 

were evaluated during a 120 d incubation study. Net N mineralization Net Nmin varied with soil 

type, fertilizer, and temperature. After 120 d, Net Nmin from the FM fertilizer ranged between 42% 

and 72% of total N applied, followed by the MIX fertilizer (between 26% and 59%), while the 

PPL fertilizer had a Net Nmin between 0% and 22% when averaged over soil type and temperature. 

Temperature and soil had a relatively minor impact on the potentially mineralizable N of the MIX 

and PPL fertilizers after 120 d; however, the higher incubation temperatures (20°C and 30°C) 

negatively impacted Net Nmin of FM fertilizer in the Tifton soil after 56 d of incubation. 

Introduction 

Continued growth in organic vegetable production in the USA has led to increased demand 

for alternatives to chemical fertilizers for nutritional needs, particularly when it comes to crop 

nitrogen (N) requirements. A range of organic materials are commonly used in agricultural 

systems, including cover crop residues, composts, manures, slaughter byproducts, and commercial 

organic fertilizers derived from various animal or plant sources (Bergstrand, 2022; Gale et al., 

2006). However, unlike readily soluble synthetic fertilizers, the availability of nutrients from 

organic amendments and fertilizers can be highly variable (Wortman et al., 2017). Because organic 

fertilizers may include some levels of readily available organic N, ammonium (NH4), and nitrate 



 

97 

 

(NO3), N availability may differ widely among sources (Cassity-Duffey et al. 2020a). Failure to 

coordinate the timing of N release from organic fertilizers with the nutritional demands of crops 

may result in N loss and reduced productivity. Thus, it is important to be able to accurately predict 

N mineralization rates from organic fertilizers and determine the mechanisms that impact N 

mineralization from organic sources (Cabrera et al., 2005; Cassity-Duffey et al., 2020b; Reganold 

& Wachter, 2016). 

Nitrogen present in organic forms must go through microbial-mediated mineralization to 

be converted into plant-available NH4 and NO3
 (Plante & Parton, 2007). Organic fertilizers may 

differ widely in physicochemical characteristics, and N mineralization can vary depending on the 

properties of materials added, such as total N concentration, initial inorganic N concentration, and 

carbon to nitrogen (C:N) ratio (Calderón et al., 2004; Geisseler et al., 2010). In vitro incubation 

and field-based studies have shown that net N mineralization (Net Nmin) among different organic 

amendments can vary between 20% to 93% of the total N applied (Agehara & Warnacke, 2005; 

Cassity-Duffey et al., 2020a; Hartz and Johnson, 2006). However, the physiochemical 

characteristics of the materials themselves do not explain all the variability observed in N 

mineralization among fertilizers, and further information is needed to correctly predict N release 

after application (Lazicki et al., 2019; Geisseler et al., 2021). 

In addition to the physiochemical characteristics of organic fertilizers, the release of N from 

these products is a function of environmental conditions and soil properties that affect N 

decomposition in soils (Lazicki et al., 2020). Microorganisms in the soil promote N mineralization 

through enzymatic reactions, primarily controlled by temperature and humidity (Dessureault-

Rompré et al., 2010; Guntiñas et al., 2012; Sierra, 1997). In general, the mineralization rate in the 

soil increases with soil temperature up to a maximum and then declines (Agehara & Warncke, 

https://www.sciencedirect.com/science/article/pii/S092913932030696X#bb0200
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2005; Bowles et al., 2014; Miller & Geisseler, 2018). Therefore, weather fluctuations during the 

season or across regions may impact the rate of N mineralization in the soil (Sierra, 2002). Several 

studies have evaluated the effects of temperature on N mineralization from soil organic matter 

(Gonçalves & Carlyle, 1994; Guntiñas et al., 2012; Knoepp & Swank, 2002; Sierra, 1997).  

However, research on N mineralization from organic fertilizers suggests that N transformations at 

different temperatures are likely to be dependent on a complex interaction between soil 

microorganisms and the mineralizable substrates in the amendment (Agehara and Warncke, 2005; 

Cassity-Duffey et al., 2018; Sims, 1986). Factors such as the C:N ratio of the organic materials 

have been reported to be closely linked to N mineralization of a range of organic amendments 

(Gale et al., 2006).  Temperature has also been shown to influence N availability, depending on 

material composition (Lazicki et al., 2019). Studies suggest that N mineralization of high-N-

containing materials is primarily influenced by temperature during the initial days after 

incorporation, whereas low-N-containing materials are more susceptible to temperature variations 

over an extended period (Agehara & Warncke, 2005; Hartz and Johnstone, 2006; Hart et al., 2010; 

Lazicki et al., 2019). 

In addition to environmental conditions, soil physical and/or chemical properties can alter 

the N mineralization of organic materials due to changes in the soil microbiota and the enzymatic 

reactions that drive the N release (Geisseler et al., 2010; Lazicki et al., 2019; Stanford and Smith, 

1972). Further, soil type can significantly affect N mineralization (Gordillo and Cabrera, 1997; 

Hassink et al., 1993; Van Veen et al., 1985). In general, fine-textured soils with high clay contents 

have been reported to have lower N mineralization rates than coarse-textured, sandy soils, which 

is likely due to factors such as physical isolation of organic matter by clay particles or entrapment 

in small pores, where a substrate may be inaccessible to microorganisms (Hassink et al., 1993; 
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Soinne et al., 2020). Cassity-Duffey et al. (2020b) determined that, after 100 d of incubation, soil 

texture had an impact on the rate of N release but had minimal effects on total mineralizable N for 

two organic fertilizers, a feather meal and a pelleted fertilizer blend (Cassity-Duffey et al., 2020b). 

Similarly, Lazicki et al. (2019) found that soil texture and management history did not consistently 

affect Net Nmin from 22 different organic materials but may have influenced the rate of N release.  

Understanding the factors affecting the N release from organic fertilizers is important to 

determine the rate and timing of application. Models have been proposed to simulate the N release 

from organic soil amendments in the field (Agehara & Warncke, 2005; Cassity-Duffey et al., 2018; 

de Neve & Hofman, 1998; Honeycutt, 1999; Kaupa & Rao, 2014; Lei & McDonald, 2019). 

Although different kinetics may be utilized to predict N availability, first-order kinetic models are 

often used to predict the N mineralization potential (N₀) from different amendments, where the 

rate at which N mineralizes is assumed to be proportional to the amount of soil N available for 

mineralization (Cabrera et al., 2008; Stanford & Smith, 1972). An accurate estimate of N 

mineralization from organic fertilizers that models the impact of temperature on the mineralization 

rate would be a useful tool for organic vegetable growers. However, data are lacking on the impacts 

of temperature on N mineralization from these products. Thus, the objectives of this study are to 

determine the effects of four temperatures and two soil textures on three commercially available 

organic fertilizers commonly used for vegetable production in Georgia, USA through a 120 d 

laboratory incubation. 
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Materials & Methods 

Soil and organic fertilizers 

The soils used in this study represented two common agricultural soil series in Georgia, 

USA. Soils were collected from US Department of Agriculture (USDA) certified organic land at 

the University of Georgia (UGA) Durham Horticulture Farm in Watkinsville, GA, USA (lat. 33o 

5’N, long. 83o 3’W) and at the UGA Horticulture Farm in Tifton, GA, USA (lat. 31o 5’N, long. 83o 

5’W). The soil of the Watkinsville, GA, USA location is a Cecil sandy clay loam series (0% to 2% 

slope) while the Tifton, GA, USA location was a Tifton loamy sand series (2% to 5% slope) 

(USDA, 2022). Approximately 20 kg of soil was collected from each location (0-15 cm depth) and 

passed through a 4-mm sieve. Soil samples were stored in 5-gallon buckets at field water content 

and kept aerated at room temperature before the incubation (Cabrera, 1993). 

The maximum water holding capacity (WHC) was estimated through saturation and 

draining over a sand bath for 48 h (Priha & Smolander, 1999) and averaged 0.25g H2O·g-1 soil and 

0.30g H2O·g-1 soil for the Tifton and Cecil soils, respectively. Soils were analyzed for total N, total 

C, phosphorous (P), potassium (K), magnesium (Mg), and calcium (Ca) concentrations, pH, buffer 

ph (pHb) and cation exchange capacity (CEC) by the UGA Agriculture and Environmental 

Services Laboratory (UGA AESL) (University of Georgia, Athens, GA, USA) (Table 6.1) (Kissel 

and Vendrell, 2012; Kissel and Sonon, 2011). 

Table 6.1. Initial characteristics of the Cecil sandy clay loam (Cecil) and the Tifton loamy sand 

(Tifton) soils used in the study. 

Soil 
Total N Total C P K Mg Ca 

pHwi pHbi CECi 

mg·kg-1 dry soil 

Cecil 3,100 17,900 33.5 116.5 63.5 677 5.5 7.7 7.0 

Tifton 2,100 11,000 39.5 38.0 30.5 320 5.4 7.7 4.3 
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iWater pH=pHw measured using a 1:1 water:soil mixture, buffer pH = pHb, which is measured 

using a 1:1 mixture of soil and  0.01 M calcium chloride, Cation Exchange Capacity = CEC. 

 

Three commercial fertilizers, a mixed organic fertilizer (MIX) (10N-0.88P-6.6K; All 

Season Organic Fertilizer; Nature Safe, Irving, TX, USA) composed of feather-meat-bone-blood 

meal, and a pelleted poultry litter (PPL) (5N-1.8P-2.5K; Harmony Organic Fertilizer; 

Environmental Products LLC, Roanoke, VA, US), and feather meal (FM) (13N-0P-0K; Mason 

City By-Products, Mason City, Iowa, USA) were sourced from a commercial supply company (7 

Springs Farm Supply, Check, VA, USA). Total N, C, NO3, and NH4 of the three organic fertilizers 

were determined by the UGA AESL (University of Georgia, Athens, GA, USA) (Table 6.2) (Kissel 

and Sonon, 2011).   

Table 6.2. Characteristics of feather meal (FM), pelleted poultry litter (PPL) and mixed source 

(MIX) organic fertilizers used in the incubation study. 

Material 
Total N  NO3-N  NH4-N  Inorganic N  Total C  

C:N ratio 
% 

FM 13.61 0.85 0.33 1.18 48.17 3.54 

PPL 4.36 0.90 0.14 1.04 27.74 6.36 

MIX 9.44 0.35 0.14 0.49 34.35 3.64 

 

Laboratory incubation study 

To determine the rate of mineralization from the three organic fertilizers, a soil incubation 

study was performed for 120 d. Soil was rewetted to 50% of estimated maximum WHC and 

allowed to pre-incubate under aerobic conditions for 48 h to mitigate the initial flux mineralization 

that typically occurs during soil rewetting (Cabrera, 1993). Organic fertilizers were applied at a 

rate to supply 100 mg N·kg-1 to soils at 50% WHC. The organic fertilizers were added to 300 g 

dry equivalent soil in resealable polyethylene bags (1 Quart Ziploc Freezer Bag, SC Johnson, 

Racine, WI, USA) and mixed thoroughly. Storage bags were incubated at 4, 10, 20, and 30°C for 
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120 d (Cassity-Duffey et al., 2017). The bags were aerated, and water content was maintained 

gravimetrically every 2 to-3 d. To determine the rate of release of inorganic N over time, 5 g 

subsamples of soil were taken at 0, 2, 4, 7, 14, 35, 56, 85, and 120 d and were extracted with 40 

ml 1 M KCl, shaken for 30 min and passed through filter paper (Whatman 42, Maidstone, Kent, 

UK). Prior to sub-sampling, soils were thoroughly mixed to avoid sampling heavily concentrated 

areas of fertilizers. Inorganic N was determined colorimetrically (Crooke & Simpson, 1971; 

Keeney & Nelson, 1982). 

Mineralization kinetics and statistics  

Cumulative Net N mineralized was calculated for the control soils (unamended), where: 

Control Net Nmin=Inorganic Nt=x-Inorganic N Controlt=0 (6.1) 

Cumulative Net N mineralized (Net Nmin) from the materials was calculated, where:  

Net Nmin=Inorganic N
t=x

-Inorganic N Control
t=x

-Inorganic N of Material
t=0

 (6.2) 

Net Nmin was expressed as mg inorganic N·kg-¹ dry material and as a percentage of total N 

from each applied fertilizer. The Net Nmin values for each incubation time were analyzed using the 

ANOVA method by least-squares fit using JMP Pro 16.0 (SAS Institute Inc., Cary, NC). Soil type, 

fertilizer treatment and temperature were treated as fixed effects, and replication was treated as a 

random effect. When statistically significant differences existed according to ANOVA (P<0.05), 

mean separation was performed with Tukey’s test at α = 0.05. 

To determine the N mineralization kinetics the Net Nmin (mg inorganic N·kg-¹ dry material) 

was fit to first-order kinetics using non-linear model: 

 Net Nmin = 𝑁0[1 − 𝑒−𝑘𝑡] (6.3) 

where N0 is the potentially mineralizable N, k is the rate coefficient of net N mineralization (mg 

inorganic N ·kg-¹·d-¹), and t is time (days of incubation) (Cabrera et al., 2008). The values of 
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linear fit were determined (Table 6.3). The iterations for N0 and k calculations, and curve fitting 

of equations were carried out using a non-linear method with G-Newton iteration using JMP Pro 

16.0 (SAS Institute Inc., Cary, NC). The performance of the fit was evaluated using the root 

mean squared error (RMSE), RMSE-observations standard deviation ratio (RSR), Nash-Sutcliffe 

efficiency (NSE) and Percent bias (PBias). The RMSE is a commonly used error index statistic 

that quantifies the average magnitude of errors between predicted and observed values (Moriasi 

et al., 2007). A lower RMSE indicates a better model fit:  

RMSE = √
∑ (Oi − Pi)2n

i=1

n
 

(6.4) 

 The RSR is another way to assess the goodness of fit. The RSR standardizes RMSE by 

considering the standard deviation of the observed data (Moriasi et al., 2007). 

The NSE assesses the deviation between model predictions and observed values relative 

to the scattering of the observed data (Moriasi et al., 2007). It ranges from negative infinity to 1, 

where an NSE of 1 indicates a perfect fit: 

NSE = 1 − [
∑ (Oi − Pi)

2n
i=1

∑ (Oi − O̅)2n
i=1

] 
(6.5) 

The PBias quantifies the systematic error or bias in a model’s predictions by calculating 

the average difference between predicted and observed values. If the model underestimates, on 

average, the PBias is positive; conversely, if the model overestimates, on the average, the PBias is 

negative: 

PBIAS = [
∑ (Oi − Pi)

2n
i=1 ∗ (100)

∑ (Oi
n
i=1 )

] 
(6.6) 

The residual sum of squares of analysis (RSS) was used to determine significant model 

differences (Miliken & Debruin, 1978). For example, when evaluating whether the rate constant 
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(k) values for the mineralization of FM differed between two specific soils (Ho: k values are the 

same), the first-order model was fit using their individual N0 values but a single k value. The sum 

of squares residual of that model constituted the sum of squares residual under Ho (SSresHo). 

Combining the sum of squares residuals from models fitted to each of the two soils individually 

constituted the sums of squares residual for using individual models with different N0 and k values 

(SSres). The sum of squares residual due to deviation from Ho was calculated as: 

SSdevHo = SSresHo − SSres (6.7) 

  Subsequently, an F value was calculated as:   

F =
(

SSdevHo
df⁄ )

(
SSres

df⁄ )
 

(6.8) 

Where df refers to the corresponding degrees of freedom. If the computed F value > F (df 

numerator, df denominator, α = 0.05) from the F table, Ho was rejected, indicating that k values 

were not equal.  

Results & Discussion 

Laboratory incubation 

There was a linear correlation between incubation time and Net Nmin in the control soils 

(Figure 6.1). Net Nmin was significantly higher in the Cecil series soil compared to the Tifton series 

soil, which is likely to be related to the higher organic matter content compared to the Tifton soil. 

In both soils, the Net Nmin was significantly higher when incubated at 30°C, while minimal 

differences were observed in Net Nmin at 4, 10, and 20°C.  
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Figure 6.6.  Net N mineralization (% of total N applied) from Cecil (A) and Tifton (B) soils at 4, 

10, 20 and 30 °C over 120 d of incubation. 

 

Beginning at 35 d, there was a trend of consistent significant differences among treatment 

combinations, leading to the decision to present data only from 2, 4, 7, 14, 35, and 120 d of 

incubation (leaving out 57 and 85 d of incubation) for both Tifton and Cecil soils with different 

combinations of fertilizer and temperature treatments.  There were significant interactions between 
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soil series, fertilizer type, and incubation temperature on the Net Nmin at various time points over 

the 120 d period (Tables 6.3, 6.4). In the Cecil series soil, differences of Net Nmin between 

combinations of fertilizer and temperature were evident within the first 4 d of incubation (Table 

6.3). The FM had a higher Net Nmin among materials incubated at 20 and 30 oC compared to 4 and 

10 oC from 4 d and continuing to 35 d of incubation (Table 6.3). In contrast, minimal effects of 

temperatures were observed with MIX and PPL fertilizers in the first 35 d of incubation, with the 

exception of the PPL fertilizer at 14 d, where the PPL had 0% Net Nmin at 30 °C, which was less 

than the 9% observed at 4 d. In the Cecil soil, results suggest that high temperatures may have 

impacted the Net Nmin immediately after application for the FM but less for the other fertilizers, 

which might have favored the occurrence of alternative processes other than mineralization (Hadas 

et al., 1983). At 120 d of incubation, the temperature did not affect Net Nmin of FM or PPL but did 

impact Net Nmin of the MIX fertilizer in the Cecil soil. Net Nmin of MIX fertilizer was greater at 

20°C (62%) than Net N mineralization at 10°C (38%). These findings align with previous results 

reported by Lazicki et al. (2019), which suggest that temperature has a more considerable impact 

during the first few days after incorporation of organic fertilizers but has less of an impact on N 

mineralization after a long period (Lazicki et al., 2019). 

Table 6.3. Net N mineralized (Net Nmin
i) from the feather meal (FM), mixed source (MIX), 

and pelleted poultry litter (PPL) fertilizers incubated at 4, 10, 20 and 30 °C for 120 d in a Cecil 

sandy clay loam soil.  

Time of 

incubation 

(Days) 

Fertilizer 

Temperature 

4°C 10°C 20°C 30°C 

Net Nmin 

(%) 

2 

FM 0.54 A aii 3.55 A a 3.50 A a 0.00 A a 

MIX 0.00 A a 4.87 A a 2.10 A a 0.00 A a 

PPL 0.00 A a 0.00 A a 4.81 A a 2.03 A a 
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4 

FM 11.76 AB ab 5.90 A b 21.03 A ab 32.56 A a 

MIX 6.37 B ab 2.20 A b 3.26 C b 10.30 AB a 

PPL 19.40 A a 1.50 A a 11.65 B a 6.25 B a 
  

       
 

14 

FM 30.41 A c 39.80 A b 51.30 A a 43.20 A ab 

MIX 20.00 A a            -  28.27 B a 17.90 B a 

PPL 18.00 A a 13.73 B a 12.70 C a 0.00 C b 
  

       
 

35 

FM 59.20 A b 56.25 A b 62.50 A ab 68.81 A a 

MIX 34.61 B a 31.16 B a 32.00 B a 34.30 B a 

PPL 27.07 C a 23.76 B a 15.44 C a 13.22 C a 
  

       
 

120 

FM 62.30 A a 57.82 A a 70.40 A a 68.91 A a 

MIX 43.74 B ab 38.40 B b 62.34 A a 43.10 B ab 

PPL 19.67 C a 25.76 C a 21.20 B a 17.17 C a 
iNet Nmin=Inorganic N

d=x
-Inorganic N Control

t=x
-Inorganic N of Material

t=0
 

iiDifferent uppercase letters represent significant differences within columns of fertilizers at 

each sampling point, and different lowercase letters represent significant differences among 

different temperatures for each fertilizer and incubation time according to Tukey’s honest 

significant difference test (P<0.05). 

 

Feather meal is derived from hydrolyzed, dried, and ground poultry feathers, and during 

mineralization, long chains of keratin molecules are cleaved into smaller and more accessible 

components, which may enhance N release after relatively short incubation times (Hadas & 

Kautsky 1994; Jan et al. 2009). Conversely, MIX and PPL have previously been shown to have 

slower mineralization than FM when incubated at 30 oC (Cassity-Duffey et al. 2019) However, 

PPL fertilizer had relatively low N available, which might be due to factors like the presence of 

bedding materials, moisture content, and processing (Hadas et al., 1983). The processing of the 

poultry product can involve drying, grinding, and compressing the material into uniform pellets, 

which can affect the availability and release of N (Hadas et al., 1983; Mazeika et al., 2016; 

Purnomo et al., 2017)  
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The effect of temperature on Net Nmin of different fertilizers in Tifton soil was variable at 

different time points (Table 6.4). After 4 d of incubation, the FM fertilizer had a significantly 

greater Net Nmin at 20 and 30 °C (14% and 18%, respectively) than at 4 and 10 °C (2% and 0%). 

However, as time progressed, Net Nmin for the FM was greater at lower temperatures by 35 d of 

incubation. Temperature had a lesser impact on the Net Nmin of MIX throughout the incubation 

period, with the greatest Net Nmin occurring at 20 °C after 120 d. The Net Nmin of PPL in the 

Tifton soil did not respond in the same way as FM to higher temperatures, with a complete 

absence of Net Nmin at 30 °C starting from 14 d until 120 d, suggesting that higher temperatures 

favored the occurrence of other N processes in the PPL fertilizer instead of mineralization. 

Table 6.4. Net N mineralized (Net Nmin
i) from the feather meal (FM), mixed source (MIX), 

and pelleted poultry litter (PPL) fertilizers incubated at 4, 10, 20 and 30 °C for 120 d in a 

Tifton loamy sand soil.  

Time of 

incubation 

(Days) 

Fertilizer 

Temperature 

4°C 10°C 20°C 30°C 

Net Nmin 

(%) 

2 

FM 3.01 A a 3.35 A a 3.23 A a 3.96 B a 

MIX 0.25 A b 3.50 A ab 0.00 A b 4.26 B a 

PPL 3.17 A ab 0.00 A b 5.66 A ab 12.90 A a 
   

 
 

 
 

 
  

4 

FM 1.80 A bc 0.00 B c 13.81 A ab 17.76 A a 

MIX 1.21 A a 1.16 B a 0.96 B a 4.65 A a 

PPL 2.56 A b 11.06 A ab 15.20 A a 9.83 A ab 
  

       
 

14 

FM 26.80 A a 27.40 A a 42.04 A a 32.30 A a 

MIX 6.40 B a 9.74 B a 23.00 AB a 18.94 AB a 

PPL 17.43 AB a 9.11 B ab 8.00 B ab 0.00 B b 
  

       
 

35 

FM 48.47 A ab 54.00 A a 46.74 A ab 41.45 A b 

MIX 21.51 B a 30.43 B a 32.44 A a 37.61 A a 

PPL 12.66 C a 17.58 C a 3.53 B b 0.00 B b 
  

       
 

120 FM 59.14 A a 61.66 A a 52.42 A b 40.24 A b 
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MIX 30.11 B b 33.42 B b 47.85 A a 27.80 A b 

PPL 15.15 C a 11.16 C a 12.34 B a 0.00 B a 
i
Net Nmin=Inorganic N

d=x
-Inorganic N Control

t=x
-Inorganic N of Material

t=0
 

iiDifferent uppercase letters represent significant differences within columns of fertilizers at 

each sampling point, and different lowercase letters represent significant differences among 

various temperatures for each fertilizer and incubation time according to Tukey’s honest 

significant difference test (P<0.05). 

 

Our results suggest potential N loss mechanisms from fertilizers during incubation, such 

as NH3 volatilization or N immobilization, which are likely to be favored by high temperatures 

(Hadas et al., 1983). Losses during early incubation periods from FM in the Cecil soil may be the 

result of a pattern of quick net immobilization followed by gradual mineralization, which reflects 

the dynamic nature of microbial activity in response to the changing availability of labile carbon 

compounds in the substrate (Lazicki et al., 2020; Quan et al., 2021). In contrast, it is possible that 

NH3 volatilization occurred in the PPL at 30 °C. However, temperature is just one factor 

influencing NH3 volatilization (Cabrera et al., 1993; Hargrove, 1988). Soil properties such as 

moisture, pH, CEC, and organic matter content also play a role (Hadas et al., 1983; Zhenghu & 

Honglang, 2000). In this context, NH3 volatilization may be more likely to occur in the Tifton soil 

than the Cecil soil due to its relatively high pH, low organic matter, and high sand content (Wang 

& Alva, 2000).  

Mineralization kinetics  

A first-order model was fitted to NET inorganic N concentration during the 120 d 

incubation for each soil, fertilizer, and temperature treatment (Table 6.5, Figure 6.2). The 

potentially mineralizable N, N0, K, RMSE, RSR, NSE, and PBias were determined for each 

treatment combination. 
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Table 6.5. Linear fitting characteristics of the data for Cecil sandy clay loam (Cecil) and Tifton loamy sand (Tifton) soils, feather 

meal (FM), pelleted poultry litter (PPL), and mixed source (MIX) organic fertilizers and incubation temperatures for Net nitrogen 

(N) (NH4–N + NO3–N) mineralized over 120 days. 

Soil 

  

Fertilizer 

  

Incubation 

Temp. 

Mineralized N 

measured at 120 

d  

N0 
First-order rate 

coefficient 
RMSE 

  

 

RSR 

 

NSE 

 

PBIAS 

 °C mg inorganic N·kg-1 dry soil 

Cecil   FM 4 65.22 64.54 0.04 4.64 0.26 0.93 1.42 

10 60.53 62.75 0.07 4.39 0.26 0.93 -5.52 

20 73.70 65.12 0.10 13.46 0.72 0.49 -15.47 

30 72.14 79.89 0.08 11.10 0.50 0.75 -4.83 

PPL 4 17.15 17.17 0.26 5.14 0.85 0.28 -11.74 

10 22.46 19.21 0.09 4.46 0.73 0.46 -24.97 

20 18.48 8.38 0.84 4.15 0.97 0.06 35.48 

30 14.98 15.04 0.03 8.21 0.82 0.33 -1.55 

MIX 4 41.29 38.01 0.04 4.59 0.36 0.87 -8.84 

10 36.24 37.41 0.03 4.70 0.41 0.83 -12.30 

20 58.85 55.57 0.03 6.14 0.35 0.88 -0.70 

30 40.67 46.31 0.04 6.23 0.39 0.85 -6.91 

Tifton FM 4 61.91 64.54 0.04 5.56 0.22 0.95 -2.98 

10 64.55 62.55 0.04 5.21 0.25 0.94 -6.00 

20 50.09 48.03 0.11 5.55 0.33 0.89 -2.06 

30 42.13 41.85 0.10 7.14 0.51 0.74 -3.77 

PPL 4 13.22 12.28 0.29 5.60 0.87 0.25 -2.32 

10 9.74 10.56 0.22 4.13 0.80 0.36 -5.90 

20 10.76 8.38 0.84 8.95 1.00 0.01 -0.27 

30 0 - - -  - -   - 
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MIX 4 28.43 32.72 0.02 3.25 0.26 0.93 -5.42 

10 31.55 30.61 0.03 4.82 0.38 0.86 -4.79 

20 49.49 48.93 0.03 7.85 0.41 0.83 -1.90 

30 26.24 30.15 0.09 8.39 0.64 0.59 -1.23 
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Figure 6.7. Net N mineralization (% of total N applied) from the FM, MIX and PPL fertilizers 

incubated at 4, 10, 20, and 30 °C for 120 d in Cecil and Tifton soils and associated first order 

regressions (error bars indicated standard deviations).  

  

The first-order kinetic model fits varied with different treatment combinations. The model 

demonstrated good efficiency in predicting the N mineralization of the FM fertilizer under most 



 

113 

 

temperature and soil conditions, with NSE values ranging from 0.74 to 0.95 and RSR values 

between 0.22 and 0.51. There was an exception for modeling the FM fertilizer in Cecil soil at 

20°C, where the NSE value dropped below 0.50 and RSR exceeded 0.70, suggesting a weaker 

correlation between observed and predicted values. In this specific fit, there was a tendency for the 

model to overestimate N mineralization, resulting in a negative Pbias of -15.47. In contrast, the 

model efficiency for predicting the N mineralization of MIX was satisfactory and consistent across 

different soil and temperature combinations, with NSE values ranging from 0.59 to 0.93 and RSR 

values between 0.26 and 0.64. 

The model's performance was unsatisfactory for predicting the N mineralization of PPL 

fertilizer. In all first-order kinetic fits RSR values exceeded 0.70, which may be attributed to the 

considerable variability in Net Nmin observed among the samples of this material during the 120 d 

incubation (Table 6.4 and 6.5). This variability negatively affected the correlation between 

observed and predicted values, which also resulted in NSE values between 0.06 and 0.46. 

Furthermore, the PBIAS of the models predicting harmony ranged from a positive value of 35.48 

to negative values as low as -11.74, which indicates a tendency of both under and overestimation 

of model simulation.  

Effect of soil texture and temperature on Net N mineralization and model fit 

The pairwise residual sums of squares (RSS) analysis indicated that k and N0 values were 

different among temperatures in all soil and fertilizer treatments (data not shown), which indicates 

that individual models are necessary to describe Net Nmin from MIX, PPL and FM in different soils 

and temperatures. The interactions between soil and temperature are necessary for understanding 

the patterns of N mineralization of different organic fertilizers. In a previous study, Lazicki et al. 

(2019) observed variability for potentially crop-available N among 22 different organic materials 
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trialed under warm and moist conditions (23°C and 60% water holding capacity), with some 

undergoing N immobilization while others released up to 90% of applied N.  The authors 

suggested, while the Net Nmin was well correlated with the C:N ratio of each material, the soil 

texture and management history of the soils influenced the timing of N release (Lazicki et al., 

2019). Different soil attributes, such as pH, texture, organic matter, and cation exchange capacity 

(CEC), create distinct physical and chemical environments for microorganisms, which may 

influence when and how quickly microorganisms decompose organic N compounds (Lazicki et 

al., 2019). Furthermore, the degree of which the temperature can influence microbial growth and, 

consequently, the N mineralization rate is likely to vary across different environmental systems 

(Guntiñas et al., 2012). 

FM fertilizer 

The Net Nmin predicted at 120 d for FM ranged from 60% to 80% of the total organic N 

applied in the Cecil soil (Figure 2A), and from 40% to 60% of the total organic N applied in the 

Tifton soil (Figure 2B). Similar Net Nmin values have been previously reported for FM (Cassity-

Duffey et al., 2020; Geisseler et al., 2021; Lazicki et al., 2019). In the present study, Net Nmin of 

FM over the 120-d incubation in the Cecil soil showed two distinct phases: a rapid release during 

the first 14 d of incubation, a slow-release phase, and a plateau at approximately 80 d. In the Tifton 

soil, a similar pattern of rapid release occurred during the early stages of incubation followed by a 

steady and slow release at the temperatures of 4 and 10°C.At 20 and 30°C the rapid phase was 

followed by a plateau at approximately 35 d. In our model, the Net Nmin of FM after 35 d ranged 

between 48% to 75% of total N in the Cecil soil, and between 40% to 48% of total N in the Tifton 

soil. The rapid mineralization observed from FM fertilizer in the 14 d of incubation corresponds 

to previous reports (Cassity-Duffey et al., 2020; Hartz and Johnstone, 2006), and may be attributed 
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to the presence of readily available N-containing compounds, such as urea and simple organic 

forms of N that can be easily broken down by soil enzymes, even at lower temperatures. In contrast, 

the considerably slower N mineralization after 14 d indicates the predominance of microbial 

degradation of complex organic N forms (Hartz and Johnstone, 2006). A model proposed by 

Geisseler et al. (2021) predicted that 61% of total N from FM would be in the mineral form after 

100 d of incubation, with half of that being in the mineral form after only 5 d of incorporation. 

In the Cecil series soil models, the k and N0 values were not significantly different among 

temperatures, with constant k values ranging between 0.04 and 0.10 and N0 values between 62.75 

and 79.89 (Table 6.5). In contrast, in the Tifton soil the N0 rates were greater at the lower 

temperatures (4°C and 10°C), suggesting that temperature might affect N mineralization of FM in 

the Tifton soil to a greater degree compared with Cecil soil. Our results for FM in the two soils 

agrees with results reported by Dessurealt-Rompré et al. (2010), that sandy loam soils had a greater 

response of soil N mineralization rate to changes in temperature compared with predominately 

clay soils. Additionally, the analysis of variance showed that k and N0 values were not significantly 

different between soils, with the only exception with the highest temperature of 30 oC (data not 

shown), suggesting that overall differences for the rate of mineralization and potentially 

mineralizable N of FM in different mineral soils may be minimal at lower temperatures.  

MIX fertilizer 

The Net Nmin predicted for the MIX fertilizer in the Cecil and Tifton soils after 120 d ranged 

between 35% to 55% and 30% to 45% of total organic N applied, respectively (Figures 6.2C, 

6.2D). The N release throughout the 120-d incubation steadily increased but at a lower rate after 

35 d, except when incubated at 30°C in the Tifton series soil, where a plateau phase was observed 

at around 35 d. In a previous study, Cassity-Duffey et al., (2020b) investigated the nitrogen 
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mineralization of organic fertilizers across four distinct soils over a 100-d incubation period. Their 

findings revealed that most of N mineralized from a pelletized MIX fertilizer, composed of animal 

meals, occurred within the initial two weeks of incubation, with approximately 53% to 58% of the 

initially applied nitrogen mineralized after 14 days (Cassity-Duffey et al., 2020b).  

The model fits for MIX fertilizer had rate k values between 0.02 and 0.09, while N0 values 

ranged between 30.61 and 55.57 (Table 6.5). The analysis of variance showed that k and N0 values 

for the MIX product were not significantly different between soil types or incubation temperatures 

(data not shown). Accordingly, we may expect minimal differences between the two soils for the 

N release of MIX fertilizer. Cassity-Duffey et al. (2020b) also reported no significant effects of 

soil texture between Cecil and Tifton soils on the Net Nmin of a pelletized MIX fertilizer. 

Interestingly, their research suggested that pH levels may be more influential than soil clay content 

in determining the potential N mineralization (Cassity-Duffey et al. 2020b). 

PPL Fertilizer 

The Net Nmin predicted for the PPL fertilizer after 120 d was less than 20% of total N 

applied, regardless of soil type or temperature (Figures 6.2E, 6.2F). The model fits for soils and 

temperature combinations showed most N release during the first few days of incubation, followed 

by a plateau after the second week. On average, 10% of total N applied is predicted to be available 

from PPL after 7 d of incubation. Previous studies predicting N release from PPL reported higher 

values, with potential available N ranging between 25% to 50% of applied N (Cassity-Duffey et 

al., 2020; Hadas et al.; 1983); with most of the N released during the initial 7 d of incubation.  

Model fits of the PPL product had a wide variability of k rates, with values ranging between 

0.03 and 0.84 among treatments of soil and temperatures (Table 5).  In contrast, N0 values ranged 

between 8.38 and 19.21 and no significant differences were observed among treatments of soils 
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and temperatures (data not shown). Our results for PPL mineralization agrees with other studies 

evaluating the N mineralization of organic fertilizers, which suggest that temperature affects k rate 

more than the mineralization potential N0 (Griffin & Honeycutt, 2000; Lazicki et al., 2019). Thus, 

changes on N mineralization of PPL in response to environmental conditions are likely minimal.  

Conclusion 

The study investigated N mineralization from three organic fertilizers in two distinct soil 

classes and several temperatures encountered during vegetable production.  The Net Nmin varied 

with soil, fertilizer type, and temperature, indicating that accurately predicting N mineralization 

from organic fertilizers may be specific for individual farms and fertilizer sources.  In general, 

the models demonstrated good efficiency in predicting the N mineralization of FM and MIX 

fertilizers but were inefficient for predicting N mineralization of PPL. After 120 d, Net Nmin from 

FM fertilizer ranged between 42% to 72%, followed by the MIX fertilizer (26% to 59% Net 

Nmin), while a lower Net Nmin was observed with the PPL fertilizer (0% to 22%). Temperature 

and soil type had a relatively minor impact on the potentially mineralizable N of the MIX and 

PPL fertilizers at 120 d. However, incubation at higher temperatures (20°C and 30°C) impacted 

Net Nmin of FM fertilizer in the Tifton series soil. Temperature-related differences may not be 

substantial enough to influence a grower’s decisions regarding N fertilizer inputs for vegetable 

crop production in the two soils. However, organic fertilizer source will likely play a significant 

role in N availability during the cropping season. 
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CHAPTER 7 

CONCLUSIONS 

Onion (Allium cepa L.) generally has substantial nitrogen (N) requirements due to a 

shallow root system, long growing season, and high planting density. For short-day onions 

cultivated in the coastal plain of Georgia, USA, where sandy loam soils predominate, successful 

production relies on the implementation of N fertilization strategies that meet the nutritional 

needs of the crop to maximize yield and bulb quality. In the present dissertation, we conducted a 

series of studies to develop the information necessary for the optimization of the N fertilizer 

program of conventional and organic short-day onions in Georgia. 

In chapter 3, we investigated the impact of the timing and rates of N fertilizer application 

on the yield and quality of conventionally-grown short-day onions in Georgia, USA. Our 

hypothesis was that applying N-fertilizer earlier during the bulb growth stage would enhance 

plant N uptake, reduce total nitrogen requirements, and mitigate quality issues associated 

associated with late-season N fertilizer applications. Our results indicate varying effects of 

fertilizer N rate on yield between the 2020 and 2021 growing seasons, likely due to differences 

in rainfall and subsequent soil mineral N accumulation. Excessive rainfall in 2020 reduced soil N 

availability, leading to yield increases at higher N application rates (135 lb/acre N). In 2021, with 

evenly distributed rainfall, yields were comparable across fertilizer N rate treatments. The timing 

of N fertilizer application, particularly at bulb initiation, improved onion bulb size and reduced 

pungency. In conclusion, short-day onions cultivated in Georgia may require 135 lb/acre N or 

more during years with high levels of precipitation, while in years with less rainfall, N rates as 
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low as 75 lb/acre N may result in yields that are comparable to onions grown with up to 135 

lb/acre N. Additionally, the final application of N should occur at bulb initiation to maximize 

yield and flavor potential. 

In chapter 4 we determined the Nitrogen Fertilization Use Efficiency (FNUE) of N 

fertilizer applied at different developmental stages of short-day onions. The FNUE has  never 

been evaluated for short-day onions cultivated in Georgia, but can provide key information for 

growers on how to manage fertilizer N applications throughout the season. We hypothesized that 

N fertilizer contributions to plant biomass accumulation would be minimal at early stages of 

growth, but as the season progresses and the bulbs begin to develop, the plant N requirement 

would increase, leading to higher FNUE. Our results showed that N fertilizer application at 

transplant was inefficient, with limited uptake by the plant. In contrast, application of N during 

bulb initiation and bulb swelling had the highest FNUEs.  

Vidalia onions are also the most popular wholesale organic vegetable grown in Georgia.  

Because of this there is a significant need for information regarding organic fertilization 

strategies for onions grown in Georgia. In chapter 5 we compared two commercial organic 

fertilizers, a mixed source organic fertilizer (MIX) containing feather, blood, and bone meal and 

a pelleted poultry litter (PPL) applied at five rates and in two different soil types (Cecil sandy 

clay loam and Tifton loamy sand). We hypothesized that the MIX fertilizer would lead to higher 

yields at lower application rates compared to the PPL fertilizer, due to increased predicted 

mineralization rates of the MIX product. We found that increasing the rate of application of both 

organic fertilizers increased total yields of onion, but as expected, Nitrogen Uptake Efficiency 

(NUPE) decreased with increasing application rate. Onions in the Watkinsville, GA location 

(Cecil soil) had higher aboveground N accumulation than those in Tifton (Tifton soil), and the 
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MIX fertilizer outperformed the PPL fertilizer in terms of N accumulation and yield. No 

significant effects of fertilizer treatments were observed in onions grown in Tifton. These results 

suggest that the MIX fertilizer may be more effective for organic onion production in certain 

seasons, while the NUPE of PPL suggests its inefficiency, especially at high application rates. 

Based on differences observed in our organic fertilizer study (Chapter 5) we developed a 

fourth study (Chapter 6) to determine the impact of temperature on N mineralization for three 

commonly used organic fertilizers in different soil types found in Georgia. The fertilizers were a 

MIX, PPL and feather meal (FM). Both the MIX and PPL fertilizers were used in the field study 

described in chapter 5. We hypothesized that N mineralization among various commercial 

organic fertilizers would be influenced by their distinct material compositions, and that 

temperature would impact the potential mineralizable N from organic fertilizers at different soils. 

We expected that higher temperatures would lead to an increase in N mineralization. The results 

indicated that predicting N mineralization from organic fertilizers was affected most by the 

fertilizer source and less so by soil type and temperature. Models effectively predicted N 

mineralization for FM and MIX fertilizers but were less accurate for predicting N release from 

PPL. After 120 days, FM exhibited the highest net N mineralization (Net Nmin) (between 42% 

and 72% of total N applied), followed by MIX fertilizer (between 26% and 59%), while PPL had 

the lowest (between 0% and 22%). Overall, we determined that the source of organic fertilizer 

can substantially impact N availability during the growing season, and that among the soils 

tested, temperature and soil type may have a more limited influence on N mineralization. 

In summary, the N fertilizer recommendations for conventional short-day onions in 

Georgia may be reduced without impacts on yield, but growers must be ready to adapt N rates 

depending on precipitation. Additionally, precise timing of N fertilizer application is key to 
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maximize the FNUE and reduce N fertilizer inputs while maintaining bulb yield and quality. 

Organic onion growers should choose their organic fertilizer carefully for optimal N availability 

throughout the season, MIX and FM as providing more available N during the season compared 

to commonly used PPL fertilizers in Georgia.  

 


