
ABSTRACT 

BURNS, JOSEPH M. Implications of Poultry Litter Application on Soybean. (Under the 
direction of Dr. Stephanie Kulesza) 
  

The poultry industry in North Carolina has increased substantially over the past 

few decades, which has led to wide availability of poultry litter that is utilized as an 

inexpensive fertilizer for crop production. While many soybean growers utilize poultry 

litter in their fertilization programs, it is typically applied to corn or wheat crops in the 

rotation, but there are questions regarding the benefits of poultry litter application 

immediately prior to soybean. Therefore, field studies were conducted to determine the 

effects of two nitrogen sources on soybean. Three field sites were established across 

North Carolina in 2019 and 2020, with four replicates of 11 treatments: four poultry litter 

(2.2, 4.5, 9.0 and 13.5 Mg/hectare) , six inorganic fertilizer (16.8, 33.6, 67.3, 134.5, 

201.8, and 269.0 kg N/hectare), and an unamended control. Plant population was 

linearly negatively correlated in 2019 in Salisbury (R2 = 0.84) and in 2020 in Kinston (R2 

= 0.88) and Plymouth (R2 = 0.98) with increasing inorganic nitrogen fertilizer application. 

Nodulation linearly decreased with increasing inorganic fertilizer rate in Plymouth in 

2019 (R2 =0.83), Salisbury in 2020 (R2=0.76), and quadratically decreased in Kinston 

2019 (R2 =0.87). Poultry litter treatments did not have a significant effect on yield in 

either 2019 or 2020. Inorganic N fertilizer did not have a significant effect on yield in 

2019, but there was a significant negative effect on yield in Plymouth in 2020 ( R2 = 

0.72). There was upwards of a 22% decrease in yield in Plymouth in 2020 over the 

range of treatments. It is possible that the addition of the inorganic N fertilizer made the 

soybean dependent on N inputs; thus, it was less able to recover from large rainfall 

events in 2020 because of lack of nodules produced. More research is needed to 



determine the impact of poultry litter on soybean production, but the utilization of poultry 

litter in soybean could exacerbate another emerging issue in North Carolina, zinc and 

copper toxicity. Zinc and copper are used as feed additives in poultry production. 

However, most of the zinc and copper are not absorbed by the poultry, rather they are 

excreted and transported in the litter to farm fields. Thus, repeated land application of 

poultry litter can lead to accumulation in soil. Many plants, such as peanut, soybean, 

and rice, are susceptible to zinc and copper toxicity. However, little is known about the 

feed additives utilized within the poultry industry in North Carolina and how that impacts 

the speciation of zinc and copper in these byproducts. Therefore, a fractionation 

experiment of zinc and copper was conducted using a 4-step fractionalization 

procedure, and found the percentage of Zn in the acid soluble, reducible, oxidizable, 

and residual fractions was 37%, 40%, 21%, and 0.6%, respectively.  Cu fractionation 

followed a trend of oxidizable > acid soluble > reducible = residual, with 26%, 8%, 67%, 

and 2% in the acid soluble, reducible, oxidizable, and residual fractions, respectively.  
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CHAPTER 1: LITERATURE REVIEW 

Soybean Production in the United States 

Soybeans play an important role in the modern farming community, as the grain 

can be utilized in many different industries. Soybeans are used as feed for animals, an 

ingredient in many food products, and in the production of biodiesel. When processed, 

approximately 80% of the soybean will end up as meal, which is utilized as a feed 

ingredient in animal agriculture industries such as cattle, hog, and poultry, and the 

remaining 20% will end up as oil for use in human food products as well as biodiesel 

(American Soybean Association, 2019). In 2018, U.S. farmers planted a total of 90.1 

million hectares of soybean, which produced approximately 119,488,000 metric tons of 

grain (American Soybean Association, 2019). The average soybean yield in the U.S. 

was 3302 kilograms per hectare in 2019 according to the American Soybean 

Association (2019). Yields, however, are not consistent across the country and can vary 

due to differences in climate, soil type, soil fertility status, agronomic production 

practices, and pest pressure.  

Soybeans are cultivated throughout the U.S. under varying growing conditions. 

As an annual summer crop, soybeans will complete their life cycle over the course of a 

single growing season and will be ready for harvest in just a few short months after 

planting. The life cycle of soybean is divided into two distinct stages, vegetative and 

reproductive. Fehr and Caviness (1977) have outlined specific parameters for defining 

the different growth stages of a soybean and each stage has multiple substages 

indicating the plant’s progression. The vegetative stages are numbered based upon the 
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development of the trifoliate leaves on the plant, and the reproductive stages begin at 

flowering and end when the plant completes its growth cycle.  

The length of the growing season will dictate what soybean varieties can be 

grown in a specific area. Soybeans varieties are arranged into maturity groups based on 

the amount of time it takes to reach maturity. Maturity groups range from 0 to 10 and 

are determined by two factors, photoperiod and temperature (Cober, Stewart, and 

Voldeng, 2001). A low maturity group indicates faster maturation, while a higher 

maturity group indicates slower maturation. Different maturity groups are also not 

planted at the same time within a region as some groups take longer to mature than 

others (Mourtzinis and Conley, 2017). Soybeans have a wide range of planting dates 

with some farmers planting as early as March, and others planting as late as July in 

North Carolina. Exact planting date will be dependent on weather conditions, crop 

rotation, field conditions, availability of equipment, and availability of labor. 

Along with maturity groups, there are different varieties of soybeans with 

desirable traits that have been selected over successive generations by plant breeders. 

For example, some soybeans might be more resistant to drought conditions, while 

others may be more resistant to frost conditions. Variety selection all comes down to 

what site specific challenges a grower needs to overcome to maximize yield. Gene 

editing has become popular over the past few decades as a way to insert favorable 

genes from one species into another as a means to improve it in a certain aspect. The 

CRISPR/Cas9 system, a genome editing tool which allows researchers to add, remove, 

and edit specific sequences in a genome, is commonly used to create new varieties of 

soybean with specific beneficial traits (Jacobs et al., 2015).  An example of a popular 
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genetically engineered soybean variety used across the United States is the Roundup 

Ready® Xtend 2 Soybeans by Bayer. The discovery of glyphosate resistant crops have 

brought on a completely new era of farming; larger yields can be obtained with less 

effort.  

Soybeans are a member of the legume family and, through a symbiotic 

relationship with rhizobia spp., can fix nitrogen (N) from the atmosphere (Peterson and 

Varvel, 1989). Dinitrogen (N2) found in the atmosphere is unreactive and is not 

biologically useful unless it is reduced to ammonia (NH3). Rhizobia spp., through a 

symbiotic relationship with the soybean plant, forms nodules on the roots where N 

fixation takes place. N is transported directly into the plant in the reduced form of NH3 

from the Rhizobia spp., while the plant supports the Rhizobia spp. by synthesizing 

leghemoglobin for oxygen sequestration. Rhizobia spp. can fix anywhere between 3 to 

300 kg N/ha and while approximately 0-98% of the total N requirement for soybean will 

come from N fixation, the rest must come from the soil (Galloway et al., 2004; Harper, 

1974). During early plant growth until V2, the soybean will rely solely on soil N, as the N 

fixing nodules have not yet formed on their roots (Hardarson, Zapata and Danso, 1984). 

After nodule development, the soybean can sustain itself with fixed N until the 

reproductive stages. However, during pod development, the N demand of the soybean 

is greater than what can be fixed from the atmosphere, requiring N from the soil 

(Lathwell and Evans, 1951; Thibodeau and Jaworski, 1975; Ortez et al., 2019; Cafro La 

Menza, 2020). 

N application to soybeans is not usually recommended under most conditions, as 

it is not cost effective and has the possibility to disrupt symbiotic N2 fixation (Mourtzinis 
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et al., 2017; Adeli et al., 2005; Gates and Muller, 1979).  Growers often apply manures 

to soybeans as a way to utilize large stockpiles that would otherwise be unused, 

providing crucial nutrients to the soybean (Tagoe, Horiuchi, and Matsui, 2008). Previous 

research suggests high levels of inorganic N application to soybean decreases the 

number of nodules the soybean produces (Harper and Cooper, 1971). The soybean is 

able to sustain itself with N supplied from Rhizobia spp. and a relatively minimal amount 

of soil N (Harper, 1974). However, it is possible to apply a starter dose of N to soybean 

to assist the plant when it requires N in early growth stages (Hardarson, Zapata and 

Danso, 1984). Timing is crucial for a starter dose of N as it needs to be available for the 

plant over a very short amount of time. 

Soybean grain is nutrient rich and high in protein, which makes it ideal feed for 

the livestock industry. Soybean protein content is governed by the availability of N 

through fixation and N assimilated from the soil, as N is a crucial component in amino 

acid biosynthesis (Fabre and Plachon, 2000). Higher protein of the grain is beneficial for 

those in the livestock industry, as protein is required for tissue and muscle growth and 

the basis of forming a ration for livestock. In high-protein cultivars of soybean, it was 

shown that these plants accumulate more N through both fixation and assimilation and 

remobilize more N to the seed as compared to normal-protein cultivars (Leffel, 1992).  

The Nitrogen Evolution 

Dinitrogen makes up approximately 78% of the Earth’s atmosphere, but it cannot 

be utilized by plants in the atmospheric form because of the strong N-N triple bond 

(Galloway et al., 2004). Atmospheric N can however be utilized by N-fixing bacteria, 

reducing N2 to NH3. Organic N exists bound to hydrocarbon chains, and can occur 
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within crop residues, soil organic matter, microbes, or animal wastes. Organic N can 

convert to NH3 through the process of mineralization or stabilize within organic matter in 

the soil. It is possible for NH3 to volatilize to the atmosphere when left exposed at the 

soil surface or through soil drying, especially in coarse textured soils. NH3 will rapidly 

transform to ammonium (NH4+) in soil at normal pH ranges. The innate negative charge 

of the clays in soil makes it possible for NH4+ to adsorb to soil, available to plants and 

microbes. Microbes can utilize different forms of soil N, preventing uptake by plants. 

Under aerobic conditions, NH4+ will be converted to nitrite (NO2) and quickly to nitrate 

(NO3-) by nitrifying bacteria nitrosomonas and nitrobacter. NO3- is the predominant form 

of N taken up by plants. However, it is prone to loss through leaching as it is negatively 

charged and unable to bind to soil. NO3- can also go through the process of 

denitrification and return to the atmosphere as nitric oxide (NO), nitrous oxide (N2O), or 

N2. 

As all plants require N for amino acid biosynthesis, N-based fertilizers are 

common agricultural amendments. For many crops, application of N is paramount to 

maximize yield, and the use of N fertilizers globally has increased steadily throughout 

the years, from approximately 32 million tons in 1970 to over 100 million tons in 2010 

(Ni et al., 2011). By 2050, it is estimated that N fertilizer use will increase to upwards of 

150 million tons per year by 2050 (Ni et al., 2011). The N fertilizer market is dominated 

by different forms of NH4+ and NO3- , which are inorganic forms of N that plants are able 

to utilize immediately after application. Common forms of inorganic N fertilizers include 

urea-ammonium nitrate (UAN), potassium nitrate, calcium nitrate, as well as urea. 

Depending on the fertilizer type, it can be applied in a liquid or granular form. Organic 
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forms of N include amino acids, proteins, amino sugars, hydrolysable forms of N, as 

well as acid insoluble forms of N (Xiao-Tang et al., 2006). Organic forms of N are not 

readily available to plants, but can be a great source of N throughout the growing 

season as mineralization takes place. Manures, such as poultry litter, are often sought 

after by growers as an inexpensive yet efficient way to fertilize crops.  

Poultry Production and Litter Byproduct 

The demand for poultry has skyrocketed across the world over the past few 

decades as more people are incorporating poultry and poultry products into their diets. 

The United States is currently the largest producer of poultry in the world (Chowdhury 

and Morey, 2019). In 2018, the United States produced 9.04 billion broilers, with a live 

weight of 25.8 billion kilograms, and the combined production value for all types of 

poultry products (turkey, broiler, eggs) in the United States was 46.3 billion dollars 

(NASS-USDA, 2019). In 2019, broilers, eggs, turkeys, and chickens accounted for 

approximately 69%, 23%, 8%, and less than 1%, of the production value, respectively 

(NASS-USDA, 2019). North Carolina ranked 4th in the United States in 2019 for broiler 

production with 873.6 million broilers, which had a value of 3.8 billion dollars. North 

Carolina broiler production accounts for approximately 10% of the total United States 

broiler production, with over 3000 farms located between the Piedmont and Coastal 

Plain (USDA, 2019). 

With billions of broilers produced in the United States annually, millions of tons of 

waste is produced in the form of poultry litter. North Carolina alone is currently 

producing approximately 786,000 tons of poultry litter per year from broilers alone, and 

this number is only expected to increase as the industry continues to grow in North 
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Carolina (EPA, 2007; Furiness et al., 2011). Poultry litter is a mixture of excreta, 

bedding material, feathers, broken eggs, uneaten feed, and dead birds, which is 

periodically removed from houses between flocks. Poultry house cleanouts are 

recommended annually, but some growers often opt for cleanouts every two to three 

years (Stringham et al., 2018). Poultry litter can be utilized as a nutrient rich fertilizer, as 

it is high in both phosphorus and potassium (Kelleher et al., 2002). Additionally, poultry 

litter contains crucial micronutrients such as calcium, magnesium, sulfur, copper, zinc, 

and manganese (Gaskin et al., 2010). N in poultry litter, like most manures, exists 

primarily in the organic form. 

In poultry, excreted N exists mostly in the form of uric acid, which makes up 

approximately 60-70% of total N in poultry litter (Schefferle, 1965; Nahm, 2003). 

Organic N, such as uric acid found in poultry litter, must undergo the process of 

mineralization before it becomes plant available in the form NH3; thus, it takes time after 

application before the plant can completely benefit from the N in poultry litter. NH3 is not 

a stable form of N in soil, and will not exist in large quantities unless an outside source 

provides NH3 (Rochette et al., 2013). Mineralization is a biological process that is 

carried out by soil microorganisms and is completely dependent on soil conditions 

(Gaskin et al., 2010). Specifically, decomposition of uric acid to NH3 is a multi-step 

process involving multiple soil enzymes. Uric acid interacts with  dioxygen (O2) and 

water (H2O) with the presence of the enzymes uricase, allantoinase, and allantoicase to 

form urea, glyoxylic acid, hydrogen peroxide (H2O2), and carbon dioxide (CO2) 

(Rothrock et al., 2010). Urea then must interact with H2O with the presence of the 
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enzyme urease to form NH3 and CO2 (Rothrock et al., 2010). Often, the limiting factor in 

the mineralization reaction is urease activity (Nahm, 2003).  

N mineralization rates and amounts will depend on application strategy, 

environmental factors, composition of the mineralizable material, substrate temperature, 

and microbial activity (Bi et al., 2010; Cassity-Duffey, 2020). Higher soil moisture and 

temperature will increase mineralization rates, while low soil moisture and temperature 

can completely halt mineralization.  

Along with moisture, application strategy of poultry litter will determine the 

amount of available N for the receiving crop. According to a study conducted by Tyson 

and Cabrera (1993), after 56 days, the proportion of organic N that had mineralized 

from applied uncomposted, incorporated poultry litter ranged from 25.4% to 39.8%. 

Poultry litter that had been composted mineralized much less N, approximately 0.4% to 

5.8% of organic N after 56 days (Tyson and Cabrera, 1993). If poultry litter is broadcast 

rather than incorporated, NH3 losses can be higher due to volatilization (Daniel et al., 

1994).  

Once organic N mineralizes, it is possible for the NH3 to volatilize to the 

atmosphere. Volatilization, along with mineralization, is extremely dependent on soil and 

atmospheric conditions (Daniel et al., 1994). Uric acid as well as urea are extremely 

susceptible to volatilization. Depending on climatic conditions, N loss during storage as 

well as handling of poultry litter can range from 10-80% (Sims and Wolf, 1994). Often 

volatilization occurs rapidly as soon as manure is broadcast onto soil, and will slow 

down if manure is incorporated via tillage (Sharpe et al., 2004). When poultry litter is 
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surface applied, up to 50% or more of the total N can be lost to volatilization (Sims and 

Wolf, 1994). 

According to Nutrient Management Regulations in North Carolina, growers must 

apply manure to their fields within 30 days of planting, 30 days of breaking dormancy, or 

to an actively growing crop (Kulesza and Lawson, 2019). Often in North Carolina, 

growers are applying litter prior to planting to allow time for N mineralization, to avoid 

injury to growing crops, and due to equipment availability and soil conditions. This 

provides available N during the crucial beginning stages of the crop’s life cycle, as well 

as additional N as the organic N mineralizes over the growing season. If growers 

choose to incorporate manure into the soil via tillage after surface application, they are 

able to greatly reduce N losses due to volatilization (Sharpe et al., 2004). Since the 

advent of glyphosate resistant crops, more farmers are choosing to switch to no-till or 

reduced till systems (Givens et al., 2009). Tillage itself has been an important form of 

weed control, as well as disease and insect management, for many years (Givens et al., 

2009). With the introduction of new herbicides and insecticides, more growers are 

beginning to switch to conservation tillage as a means to prevent soil erosion and 

excess runoff from occurring (Givens et al., 2009). 

Because of the mineralization requirement of the organic N, it is not readily 

available to plants, unlike phosphorus and potassium. Growers are often encouraged to 

apply poultry litter based on a plant’s phosphorus requirement, with a bonus of inorganic 

N being added. Applying based on current soil phosphorus levels and crop phosphorus 

requirement can prevent excess phosphorus accumulation in soil, inevitably being lost 

to the environment via runoff. Phosphorus and N loss to the environment is directly 
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linked with groundwater contamination as well as surface water contamination, which 

leads to eutrophication (Daniel et al., 1994). The difference in the amount of N applied 

via poultry litter and the amount required by the crop is made up through application of 

N-based inorganic fertilizers. 

Specific nutrient content in a poultry litter will be dependent on multiple factors, 

such as bedding material, feed type, feed quantity, and how the litter is managed (Bolan 

et al., 2010).  Bedding material type varies depending on availability and can consist of 

wood shavings, paper clippings, cereal straw, and husks (Swain and Sundaram, 2000). 

Nutrient content of poultry litter will also vary depending on the type of cleanout: de-

caking or whole house. Broiler cake forms in high traffic areas beneath the feeders and 

waterers. This material will have the highest concentration of nutrients, followed by 

whole house cleanout and bedding material (Watts, Smith, and Torbert, 2012). A whole 

house cleanout will include all bedding material and litter from the house. In North 

Carolina, N can range between 0.35 g/kg to 75.5 g/kg in broiler litter with an average of 

29 g/kg. Phosphorus can range between 0.25 g/kg and 43.5 g/kg in broiler litter with an 

average of 20 g/kg (Kulesza and Sharara, 2020). There is a difference between nutrient 

content of the litter itself and the amount of nutrients a plant can utilize from litter once 

land applied. Nutrient availability is dependent on factors such as application strategy 

and application timing. Some growers choose to stockpile their litter when cleanouts do 

not align within their cropping systems or if they are unable to identify a receiver. Other 

growers are able to spread it quickly after a cleanout.  
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Zinc and Copper in Poultry Litter 

Feed additives have become commonplace in the poultry industry over time to 

promote production and ensure micronutrient deficiencies do not affect the animals 

(Pirgozliev et al., 2019). Zinc (Zn) is added to poultry feed in the form of either zinc 

oxide (ZnO) or zinc sulfate (ZnSO4)  to prevent Zn deficiency, as a Zn deficiency can 

result in slowed growth, loss of appetite, poor feathering and worst case, death (Park et 

al., 2004; Burrell et al., 2004). Most of the Zn within poultry feed will pass through the 

animal and accumulate in the litter in acid soluble, reducible, oxidizable, and residual 

fractions (Sungur et al., 2016). When applied repeatedly to cropland, Zn can 

accumulate in the soil, eventually reducing yield and becoming toxic to plants. Heavy 

metals such as Zn can easily accumulate in soil because of the innate positive charge 

of the metal ion having intense attraction to permanent negative charge sites on clays 

(McBride and Blasiak, 1979). Applications as low as 90 kg/hectare of ZnSO4 have been 

shown to reduce crop yield of bush beans in coarse textured soils (Giordano, Mortvedt 

and Mays, 1975). Studies have shown that continuous applications of poultry litter will 

raise soil Zn, as well as soil Cu (Foust et al., 2018). Average Zn applied through poultry 

litter in North Carolina is 385 mg Zn/kg litter (Kulesza and Sharara, 2020). As some 

growers apply poultry litter annually to their fields after cleanouts, heavy metal 

accumulation might not be evident until toxic levels are reached.  

Copper (Cu), similar to Zn, is fed to poultry as a feed additive in the form of 

copper sulfate (CuSO4) to boost weight gain, enhance immune response, and act as an 

antifungal and anti-bacterial agent (Jarosz et al., 2017). Cu is also known to promote 

development of bones, connective tissue, as well as the promote growth of multiple 
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other organs (Scott et al., 2018). Cu itself is unable to be stored in the body; therefore, 

poultry must constantly acquire Cu through diet alone (Scott et al., 2018).  The diet of 

poultry without Cu additives often does not allow for high levels of absorption as 

common poultry feed components are very low in Cu (Scott et al., 2018). Because 

poultry are only able to absorb a fraction of the Cu ingested, a large portion of the Cu in 

the feed will pass through the poultry and accumulate in the litter (Scott et al., 2018). 

When applied to cropland continuously, Cu accumulation can cause detrimental effects 

in many plant species (Adrees et al., 2015). 

Susceptibility to heavy metal toxicity is species dependent. Plants such as 

peanut and soybean are especially vulnerable to Zn and will show toxicity symptoms at 

low concentrations, especially in soils with low pH (Davis-Carter et al., 1996). Plants 

that are extremely resistant to Zn toxicity, such as Arabidopsis halleri ssp. halleri, have 

had their metal homeostasis network altered to a point at which they are able to 

accumulate over 1% of their dry biomass in Zn without adverse effects (Becher et al., 

2004). Cu resistant plants, such as Haumaniastrum robertii, are able to thrive in areas 

of high Cu as the plant’s native soil conditions are Cu rich (Brooks, 1977). Zn and Cu 

resistant hyperaccumulators can be used as a means to remediate an area of heavy 

metal toxicity, so long as the entire hyperaccumulator is harvested and properly 

disposed of in a hazardous waste landfill (EPA, 1999). Depending on initial soil Zn 

levels, phytoremediation can take many years.  

Zn and Cu availability is highly dependent on soil pH, as solubility will decrease 

as pH increases (McBride and Blasiak, 1979). Zn at a low pH is present as labile 

complexes, and as pH increases the Zn will form moderately labile complexes (Jeffery 
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and Uren, 1983). Copper is likely to be organically bound at lower soil pH and is likely to 

be found in a precipitate form at a higher pH (Alva et al., 2000). Alva et al. (2000) 

conducted a 5-step sequential extraction, in which a precipitate fraction was extract 

after organically bound and before residual. Therefore, increasing the pH is one of very 

few options to alleviate Zn and Cu toxicity symptoms in agricultural fields. However, this 

is an expensive solution, as the pH must be continuously monitored and adjusted 

because toxicity symptoms will return as soil pH falls. Heavy metals, such as Zn and 

Cu, cannot be destroyed biologically and can only be transformed between oxidation 

states and organic complexes in soils (Alkorta et al., 2004). Thus, in the environment, it 

is extremely hard to remove Zn and Cu from soil once there. 

Some plants are more resistant to others when it comes to heavy metal 

contamination. For example, corn is more tolerant to Zn than soybean (Borkert, Cox, 

and Tucker, 1998). Simultaneously, corn is much more susceptible to Cu toxicity than 

soybean (Adrees et al., 2015). Heavy metals have been well known to affect not only 

plants, but also microorganisms. Excess Zn in soil can slow N fixation (Mertens et al. 

2007). High levels of Zn and Cu can also affect microbes by blocking essential 

functional groups, modifying the conformation of biological molecules, as well as 

displacing essential metal ions (Collins and Stotzky, 1989). 

It is crucial to prevent heavy metals such as Zn and Cu from reaching toxic 

levels, as the results can be disastrous for years to follow. It is possible to remediate 

soils high in heavy metal concentration through phytoremediation, as well as through 

physical remediation (Alkorta et al., 2004). It is significantly more costly in both time and 

money to remediate rather than start with good practice and avoid accumulation. 
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Utilization of Poultry Litter 

As the poultry industry continues to grow, new methods of utilizing poultry litter 

are needed. Poultry litter is part of the fertilization program of many crops, recycling 

nutrients that would be wasted otherwise. Considering North Carolina poultry farms 

account for approximately 10% of the total poultry farms in the United States, the 

millions of tons of poultry litter produced each year must be used effectively (NASS-

USDA, 2021). It is also crucial that growers be mindful of the environment when 

applying poultry litter, as nutrients can easily leach and volatilize. Traditionally 

unconventional uses of poultry litter will now have to be considered possibilities. One of 

these traditionally unconventional uses would be to apply poultry litter to soybean. 

Many studies have examined the possibility that N application to soybean could 

increase yields, but results have been inconsistent (Barker and Sawyer, 2005; Ruiz 

Diaz et al., 2009; Taylor et al., 2005; Lin et al., 2019). In terms of poultry litter 

application to soybean, recent studies point to yield as well as growth increases (Adeli 

et al., 2005; Slaton et al., 2013; Ragagnin et al., 2013). If conventional N applications 

are not enough, it is possible that N in combination with P, K, and other micronutrients 

can benefit the soybean. Adeli et al. (2005) applied broiler litter on a plant available N 

basis to soybean and found for every unit of commercial N fertilizer applied, an 

equivalent amount of broiler litter produced approximately 3.4% more grain yield. Slaton 

et al. (2013) found up to 14.4% greater yields when litter was applied as compared to 

treatments that did not receive poultry litter. Ragagnin et al. (2013) found that poultry 

litter application increased chlorophyll content of leaves, plant height, shoot and root dry 

matter, and nodulation.  
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According to Gates and Muller (1979), nodulation is greatly affected by nutrient 

imbalances in N, P, and S. Israel (1987) found that phosphorus has specific roles in 

nodule initiation, growth and function. Thus, it is thought that conventional N application 

to soybean will not benefit yield as N2 fixation is disrupted. Having N available in poultry 

litter, as well as a balance of other necessary nutrients, can allow for strong N2 fixation 

with an additional supply of nitrogen that the plant can utilize (Adeli et al., 2005). 

Nodules do not form on the roots of the plant right away; therefore, the plant will 

completely rely on soil nitrogen until the nodules form and begin fixing N2. However, 

according to Barker and Sawyer (2005), early applications of N before planting could 

suppress N2 fixation. Also, it is known that significant nitrogen use does not occur until 

the beginning reproductive stages (Barker and Sawyer, 2005; Thibodeau and Jaworski, 

1975). Depending on soil test data, as well as current nutrient levels, soils could stand 

to benefit from the application of poultry litter to increase yields. 

Conclusions 

A thorough background in the literature allows for the formulation of a study in 

which one can examine the effects of poultry litter application on soybean. Previous 

research has determined that soybeans utilize soil N as well as N obtained through 

nodulation (Harper, 1974; Hardarson, Zapata and Danso, 1984). Adeli et al. (2005) has 

shown that application of poultry litter to soybean can increase yields, and Ragagnin et 

al. (2013) has shown that the addition of poultry litter can benefit nodulation. Organic N 

can mineralize to become plant available, but plant available N can also be lost to the 

environment through volatilization as well as leaching (Gruber and Galloway, 2008). 

The goal was to identify if the N supplied at the beginning of a soybean’s growth cycle 
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would impact yields and protein content of grain, and if organic N, which must 

mineralize over the course of the growing season, can positively influence the crop. 



17 
 

 

REFERENCES 

Adeli, A., K.R. Sistani, D.E. Rowe and H. Tewolde. 2005. Effects of broiler litter on 

soybean production and soil nitrogen and phosphorus concentrations. Agron. J. 

97:314-321. 

Adrees, M., S. Ali, M. Rizwan, M. Ibrahim, F. Abbas, M. Farid, M. Zia-ur-Rehman, M.K. 

Irshad and S.A. Bharwana. 2015. The effect of excess copper on growth and 

physiology of important food crops: A review. Environmental Science and Pollution 

Research 22:8148-8162. 

Alkorta, I., J. Hernández-Allica, J.M. Becerril, I. Amezaga, I. Albizu and C. Garbisu. 

2004. Recent findings on the phytoremediation of soils contaminated with 

environmentally toxic heavy metals and metalloids such as zinc, cadmium, lead, 

and arsenic. Reviews in Environmental Science and Biotechnology 3:71-90. 

Alva, A.K., B. Huang and S. Paramasivam. 2000. Soil pH affects copper fractionation 

and phytotoxicity. Soil Sci. Soc. Am. J. 64:955-962. 

American Soybean Association. 2019. SoyStats.  

Barker, D.W. and J.E. Sawyer. 2005. Nitrogen application to soybean at early 

reproductive development. Agron. J. 97:615-619. 

Becher, M., I.N. Talke, L. Krall and U. Krämer. 2004. Cross‐species microarray 

transcript profiling reveals high constitutive expression of metal homeostasis genes 



18 
 

 

in shoots of the zinc hyperaccumulator arabidopsis halleri. The Plant Journal 

37:251-268. 

Bi, G., W.B. Evans, J.M. Spiers and A.L. Witcher. 2010. Effects of organic and inorganic 

fertilizers on marigold growth and flowering. HortScience 45:1373-1377. 

Bolan, N.S., A.A. Szogi, T. Chuasavathi, B. Seshadri, M.J. Rothrock and P. 

Panneerselvam. 2010. Uses and management of poultry litter. Worlds Poult. Sci. J. 

66:673-698. 

Borkert, C.M., F.R. Cox and M. Tucker. 1998. Zinc and copper toxicity in peanut, 

soybean, rice, and corn in soil mixtures. Commun. Soil Sci. Plant Anal. 29:2991-

3005. 

Brooks, R.R. 1977. Copper and cobalt uptake by haumaniastrum species. Plant Soil 

48:541-544. 

Cassity‐Duffey, K., M. Cabrera, J. Gaskin, D. Franklin, D. Kissel and U. Saha. 2020. 

Nitrogen mineralization from organic materials and fertilizers: Predicting N release. 

Soil Sci. Soc. Am. J. 84:522-533. 

Chowdhury, E.U. and A. Morey. 2019. Intelligent packaging for poultry industry. Journal 

of Applied Poultry Research 28:791-800. 

Cober, E.R., D.W. Stewart and H.D. Voldeng. 2001. Photoperiod and temperature 

responses in early-maturing, near-isogenic soybean lines. Crop Sci. 41:721-727. 



19 
 

 

Collins, Y.E. and G. Stotzky. 1989. Factors affecting the toxicity of heavy metals to 

microbes. Metal Ions and Bacteria 31-90. 

Daniel, T.C., A.N. Sharpley, D.R. Edwards, R. Wedepohl and J.L. Lemunyon. 1994. 

Minimizing surface water eutrophication from agriculture by phosphorus 

management. Journal of Soil and Water Conservation 49:30. 

Davis-Carter, J.G., M.B. Parker and T.P. Gaines. 1991. Interaction of soil zinc, calcium, 

and pH with zinc toxicity in peanuts. p. 339-347. In Interaction of soil zinc, calcium, 

and pH with zinc toxicity in peanuts. Plant-soil interactions at low pH. Springer. 

EPA. 2007. Estimated animal agriculture nitrogen and phosphorus from manure. 

EPA. 1999. Phytoremediation resource guide.  

Fabre, F. and C. Planchon. 2000. Nitrogen nutrition, yield and protein content in 

soybean. Plant Science 152:51-58. 

Fehr, W.R. and C.E. Caviness. 1977. Stages of soybean development. Iowa State 

University. Agricultural and Home Economics Experiment Station, Ames, IA, USA. 

Furiness, C.S., E.B. Cowling, R. Abt, D.J. Frederick, K.D. Zering and R.G. Campbell. 

2011. Forests as an alternative for poultry manure application.  

Galloway, J.N., F.J. Dentener, D.G. Capone, E.W. Boyer, R.W. Howarth, S.P. 

Seitzinger, G.P. Asner, C.C. Cleveland, P.A. Green and E.A. Holland. 2004. 

Nitrogen cycles: Past, present, and future. Biogeochemistry 70:153-226. 



20 
 

 

Gaskin, J.W., G.H. Harris, A. Franzluebbers and J. Andrae. 2010. Poultry litter 

application on pastures and hayfields.  

Gates, C.T. and W.J. Muller. 1979. Nodule and plant development in the soyabean, 

glycine max (L.) merr.: Growth response to nitrogen, phosphorus and sulfur. Aust. 

J. Bot. 27:203-215. 

Giordano, P.M., J.J. Mortvedt and D.A. Mays. 1975. Effect of municipal wastes on crop 

yields and uptake of heavy metals. J. Environ. Qual. 4:394-399. 

Givens, W.A., D.R. Shaw, G.R. Kruger, W.G. Johnson, S.C. Weller, B.G. Young, R.G. 

Wilson, M.D. Owen and D. Jordan. 2009. Survey of tillage trends following the 

adoption of glyphosate-resistant crops. Weed Technol. 23:150-155. 

Gruber, N. and J.N. Galloway. 2008. An earth-system perspective of the global nitrogen 

cycle. Nature 451:293-296. 

Hardarson, G., F. Zapata and S. Danso. 1984. Effect of plant genotype and nitrogen 

fertilizer on symbiotic nitrogen fixation by soybean cultivars. Plant Soil 82:397-405. 

Harper, J.E. 1974. Soil and symbiotic nitrogen requirements for optimum soybean 

production. Crop Sci. 14:255-260. 

Harper, J.E. and R.L. Cooper. 1971. Nodulation response of soybeans (glycine max L. 

merr.) to application rate and placement of combined nitrogen. Crop Sci. 11:438-

440. 



21 
 

 

Israel, D.W. 1987. Investigation of the role of phosphorus in symbiotic dinitrogen 

fixation. Plant Physiol. 84:835-840. 

Jacobs, T.B., P.R. LaFayette, R.J. Schmitz and W.A. Parrott. 2015. Targeted genome 

modifications in soybean with CRISPR/Cas9. BMC Biotechnology 15:1-10. 

Jarosz, ŁS., A. Marek, Z. Grądzki, M. Kwiecień and B. Kaczmarek. 2018. The effect of 

feed supplementation with a copper‐glycine chelate and copper sulphate on 

selected humoral and cell‐mediated immune parameters, plasma superoxide 

dismutase activity, ceruloplasmin and cytokine concentration in broiler chickens. J. 

Anim. Physiol. Anim. Nutr. 102:e326-e336. 

Jeffery, J.J. and N.C. Uren. 1983. Copper and zinc species in the soil solution and the 

effects of soil pH. Soil Research 21:479-488. 

Kelleher, B.P., J.J. Leahy, A.M. Henihan, T.F. O'dwyer, D. Sutton and M.J. Leahy. 2002. 

Advances in poultry litter disposal technology–a review. Bioresour. Technol. 83:27-

36. 

Kulesza, S.B. and M. Sharara. 2021. Poultry litter as a fertilizer source.  

Lathwell, D.J. and C.E. Evans. 1951. Nitrogen uptake from solution by soybeans at 

successive stages of growth. Agron. J. 43:264-270. 

Leffel, R.C., P.B. Cregan, A.P. Bolgiano and D.J. Thibeau. 1992. Nitrogen metabolism 

of normal and high‐seed‐protein soybean. Crop Sci. 32:747-750. 



22 
 

 

Lin, Y., D.B. Watts, H.A. Torbert and J.A. Howe. 2019. Double‐Crop wheat and soybean 

yield response to poultry litter application. Crop, Forage & Turfgrass Management 

5:1-8. 

McBride, M.B. and J.J. Blasiak. 1979. Zinc and copper solubility as a function of pH in 

an acid soil. Soil Sci. Soc. Am. J. 43:866-870. 

Mertens, J., F. Degryse, D. Springael and E. Smolders. 2007. Zinc toxicity to nitrification 

in soil and soilless culture can be predicted with the same biotic ligand model. 

Environ. Sci. Technol. 41:2992-2997. 

Mourtzinis, S. and S.P. Conley. 2017. Delineating soybean maturity groups across the 

united states. Agron. J. 109:1397-1403. 

Mourtzinis, S., G. Kaur, J.M. Orlowski, C.A. Shapiro, C.D. Lee, C. Wortmann, D. 

Holshouser, E.D. Nafziger, H. Kandel and J. Niekamp. 2017. Soybean response to 

nitrogen application across the US.  

Nahm, K.H. 2003. Evaluation of the nitrogen content in poultry manure. Worlds Poult. 

Sci. J. 59:77-88. 

National Agricultural Statistics Service, (NASS) and United States Department of 

Agriculture, (USDA). 2019. Chickens and eggs.  

Ni, B., M. Liu, S. Lu, L. Xie and Y. Wang. 2011. Environmentally friendly slow-release 

nitrogen fertilizer. J. Agric. Food Chem. 59:10169-10175. 



23 
 

 

Ortez, O.A., S. Tamagno, F. Salvagiotti, P. Prasad and I.A. Ciampitti. 2019. Soybean 

nitrogen sources and demand during the Seed‐Filling period. Agron. J. 111:1779-

1787. 

Park, S.Y., S.G. Birkhold, L.F. Kubena, D.J. Nisbet and S.C. Ricke. 2004. Review on 

the role of dietary zinc in poultry nutrition, immunity, and reproduction. Biol. Trace 

Elem. Res. 101:147-163. 

Peterson, T.A. and G.E. Varvel. 1989. Crop yield as affected by rotation and nitrogen 

rate. I. soybean. Agron. J. 81:727-731. 

Pirgozliev, V., S.P. Rose and S. Ivanova. 2019. Feed additives in poultry nutrition. 

Bulgarian Journal of Agricultural Science 25:8-11. 

Ragagnin, V.A., Sena Júnior, Darly Geraldo de, D.S. Dias, W.F. Braga and P.D.M. 

Nogueira. 2013a. Growth and nodulation of soybean plants fertilized with poultry 

litter. Ciência E Agrotecnologia 37:17-24. 

Ragagnin, V.A., Sena Júnior, Darly Geraldo de, D.S. Dias, W.F. Braga and P.D.M. 

Nogueira. 2013b. Growth and nodulation of soybean plants fertilized with poultry 

litter. Ciência E Agrotecnologia 37:17-24. 

Rochette, P., D.A. Angers, M.H. Chantigny, M. Gasser, J.D. MacDonald, D.E. Pelster 

and N. Bertrand. 2013. NH3 volatilization, soil concentration and soil pH following 

subsurface banding of urea at increasing rates. Can. J. Soil Sci. 93:261-268. 



24 
 

 

Rothrock, M.J., K.L. Cook, J.G. Warren, M.A. Eiteman and K. Sistani. 2010. Microbial 

mineralization of organic nitrogen forms in poultry litters. J. Environ. Qual. 39:1848-

1857. 

Ruiz Diaz, D.A., P. Pedersen and J.E. Sawyer. 2009. Soybean response to inoculation 

and nitrogen application following long‐term grass pasture. Crop Sci. 49:1058-1062. 

Schefferle, H.E. 1965. The decomposition of uric acid in built up poultry litter. J. Appl. 

Bacteriol. 28:412-420. 

Scott, A., K.P. Vadalasetty, A. Chwalibog and E. Sawosz. 2018. Copper nanoparticles 

as an alternative feed additive in poultry diet: A review. Nanotechnology Reviews 

7:69-93. 

Sharpe, R.R., H.H. Schomberg, L.A. Harper, D.M. Endale, M.B. Jenkins and A.J. 

Franzluebbers. 2004. Ammonia volatilization from surface‐applied poultry litter 

under conservation tillage management practices. J. Environ. Qual. 33:1183-1188. 

Sims, J.T. and D.C. Wolf. 1994. Poultry waste management: Agricultural and 

environmental issues. p. 1-83. In Poultry waste management: Agricultural and 

environmental issues. Advances in agronomy. Elsevier. 

Slaton, N.A., T.L. Roberts, B.R. Golden, W.J. Ross and R.J. Norman. 2013. Soybean 

response to phosphorus and potassium supplied as inorganic fertilizer or poultry 

litter. Agron. J. 105:812-820. 



25 
 

 

Sungur, A., M. Soylak, S. Yilmaz and H. Ozcan. 2016. Heavy metal mobility and 

potential availability in animal manure: Using a sequential extraction procedure. 

Journal of Material Cycles and Waste Management 18:563-572. 

Swain, B.K. and R. Sundaram. 2000. Effect of different types of litter material for rearing 

broilers. Br. Poult. Sci. 41:261-262. 

Tagoe, S.O., T. Horiuchi and T. Matsui. 2008. Effects of carbonized and dried chicken 

manures on the growth, yield, and N content of soybean. Plant Soil 306:211-220. 

Thibodeau, P.S. and E.G. Jaworski. 1975. Patterns of nitrogen utilization in the 

soybean. Planta 127:133-147. 

Tyson, S.C. and M.L. Cabrera. 1993. Nitrogen mineralization in soils amended with 

composted and uncomposted poultry litter. Commun. Soil Sci. Plant Anal. 24:2361-

2374. 

United States Department of Agriculture, (USDA) and National Agricultural Statistics 

Service North Carolina Field Office, (NASS). 2020. News release.  

Watts, D.B., K.E. Smith and H.A. Torbert. 2012. Impact of poultry litter cake, cleanout, 

and bedding following chemical amendments on soil C and N mineralization. 

International Journal of Agronomy 2012. 

Xiao-Tang, J.U., L. Xue-Jun, F. Zhang and P. Christie. 2006. Effect of long-term 

fertilization on organic nitrogen forms in a calcareous alluvial soil on the north china 

plain. Pedosphere 16:224-229. 



26 
 

 

CHAPTER 2: EFFECTS OF POULTRY LITTER AND INORGANIC FERTILIZER 

APPLICATION ON SOYBEAN 

ABSTRACT 

The poultry industry in North Carolina has increased substantially over the past few 

decades, which has led to wide availability of poultry litter in the state. While many 

growers in the soybean industry utilize poultry litter in their fertilization programs, it is 

typically applied to the corn or wheat crops in the rotation, but there are questions 

regarding the benefits of poultry litter application directly prior to soybean. Therefore, 

three field sites were established across North Carolina in 2019 and 2020, with four 

replicates of 11 treatments: four poultry litter rates (22.4, 44.8, 89.7 and 134.5 

Mg/hectare), six fertilizer rates (16.8, 33.6, 67.3, 134.5, 201.8, and 269.0 kg N/hectare), 

and an unamended control. Plant population was linearly negatively correlated in 2019 

in Salisbury (R2 = 0.84) and in 2020 in Kinston (R2 = 0.88) and Plymouth (R2 = 0.98) 

with increasing inorganic nitrogen fertilizer application. Nodulation linearly decreased 

with increasing inorganic fertilizer rate in Plymouth in 2019 (R2 =0.83), Salisbury in 2020 

(R2=0.76), and quadratically decreased in Kinston 2019 (R2 =0.87). Poultry litter 

treatments did not have a significant effect on yield in either 2019 or 2020. Inorganic N 

fertilizer did not have a significant effect on yield in 2019, but there was a significant 

negative effect on yield in Plymouth in 2020 ( R2 = 0.72). There was upwards of a 22% 

decrease in yield in Plymouth in 2020 over the range of treatments. It is possible that 

the addition of the inorganic N fertilizer made the soybean dependent on N inputs; thus, 

it was less able to recover from large rainfall events in 2020 because of lack of nodules 

produced. The results of this study suggest that inorganic nitrogen application at 
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planting is not beneficial for growers, but further information is needed to determine 

whether poultry litter application could be beneficial. 
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INTRODUCTION 

The poultry industry in North Carolina has been rapidly growing in the past 

decade, with an increase in production of 900 million broilers since 2013 (NASS, 2021). 

As there is more demand for affordable protein across the world, poultry production is 

only expected to increase in the coming years. It is expected that poultry will be 

responsible for over 40% of terrestrial animal protein production by 2025 (OECD, 2016).  

In 2020, North Carolina ranked 3rd in the country for overall poultry production, with 

farmers raising 1.02 billion broilers (NASS, 2020). With a large poultry industry comes a 

large quantity of poultry litter, which is often utilized as a fertilizer for crop production. 

Poultry litter is a mixture of excreta, feathers, waste feed, and bedding material 

that consists of essential macro and micronutrients and is often applied by farmers as 

an inexpensive fertilizer. Poultry litter application to farmland is a practical way to 

recycle nutrients that would otherwise go to waste; especially phosphorus (P), nitrogen 

(N), and potassium (K) (Bolan et al., 2010). Each broiler produces approximately 1.3 kg 

of litter, with 0.05 kg N, 0.02 kg P, and 0.03 kg K (ASABE, 2005). Such a large amount 

of litter requires farmers to come up with creative solutions to utilize these nutrients 

without overapplying to farmland. Most counties in North Carolina have high soil 

phosphorus levels due to historical fertilization practices, including repeated manure 

application (Johnson et al., 2005). When manure is applied annually, excess nutrients 

can accumulate, leach, or runoff during rainfall events and create nutrient pollution 

issues, leading to eutrophication of water bodies (Johnson et al., 2005; Conley et al., 

2009). Therefore, careful management of these nutrients is needed, and growers are 
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beginning to consider litter application to crops that traditionally have not received 

poultry litter in an attempt to find different avenues for poultry litter use. 

Soybeans (Glycine max) are in high demand in states with large animal 

industries such as North Carolina, as soybean meal is commonly used to feed livestock. 

Currently, growers in North Carolina plant an average of 647,500 hectares of soybean 

per year, which can be worth upwards of $800 million depending on market prices 

(Stowe, 2018). However, North Carolina soybean yields average only 2,354 kg/ha, as 

compared to the nationwide average of 3,302 kg/ha (USDA-NASS, 2019). Differences 

in yields could be attributed to climate, soil type, maturity group, planting date, nutrient 

availability, disease, tillage and more (Stowe, 2018). Soybean growers in North Carolina 

are currently unable to meet the massive demand from the animal agricultural industries 

in the state, and the remaining soybeans must be imported, often from the Midwestern 

states which incur transportation costs as well as large fuel usage. It is crucial for North 

Carolina soybean growers to increase yields to match demand as requirements for 

soybeans will only increase. 

          Soybeans are a legume and are able to fix N from the atmosphere through a 

symbiotic relationship with rhizobia. The N requirement of the soybean met by fixation 

could range from 0-98% of total N uptake (Harper, 1974; Salvagiotti, 2008; Ciampitti 

and Salvagiotti, 2018). The rest of the N requirement is fulfilled by inorganic soil N. 

Depending on environmental conditions, such as precipitation, soil cation exchange 

capacity, atmospheric vapor pressure deficit, and drought stress, N fixation rates can 

vary greatly (de Borja Reis et al., 2021). Currently, North Carolina growers are allowed 
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to apply poultry litter to soybean on a N-based rate, which ranges from 63 to 67 g N/kg 

grain or 72 to 282 kg/ha depending on the yield expectation (NCSU, 2021). 

It was hypothesized that the application of poultry litter to soybean could 

stimulate growth, as nodules have yet to form on the roots during early vegetative 

stages, and increase yields (Thibodeau and Jaworski, 1975). During pod development, 

a large amount of N is required which cannot be fulfilled by fixation alone (Thibodeau 

and Jaworski, 1975). Outcomes of studies involving N application to soybean have been 

inconsistent when it comes to yield and quality impacts (Adeli et al., 2005; Barker and 

Sawyer, 2005; Taylor et al., 2005; Ruiz Diaz et al., 2009; Wu et al., 2020). Studies point 

to a decrease in nodulation with increasing inorganic N application, as well as increased 

yields with poultry litter application (Harper and Cooper, 1971; Adeli et al., 2005). 

The objectives of this study were to examine how the nitrogen from poultry litter 

and inorganic N application affect soybean from planting to harvest. Biomass 

production, plant population, tissue nitrogen, nodulation, yield, grain protein, and grain 

oil were analyzed to examine the nitrogen effect. 

METHODOLOGY 

Background 

In 2019 and 2020, three field sites were established across North Carolina, 

located on the Piedmont Research Station in Salisbury, NC (35.6966716,-80.6248641), 

Caswell Research Farm in Kinston, NC (35.2780983,-77.6177592), and Tidewater 

Research Station in Plymouth, NC (35.8723242, -76.6615214). Field plots were 

established at the Piedmont Research Station on a Lloyd clay loam (Fine, kaolinitic, 
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thermic rhodic kanhapludult, 38.8% sand, 29.8% silt, and 31.4% clay, pH 5.9, 2-8% 

slopes), the Caswell Research Farm on a Rains sandy loam (Fine-loamy, siliceous, 

semiactive, thermic typic paleaquult, 73.7% sand, 20.2% silt, and 6.2% clay, pH 5.8, 0-

2% slopes), and the Tidewater Research Station on a Portsmouth fine sandy loam 

(Fine-loamy over sandy or sandy-skeletal, mixed, semiactive, thermic typic umbraquult, 

70% sand, 20% silt, 9.9% clay, pH 5.8, 0-2% slopes). The soil types were the same for 

the 2020 field season apart from the Tidewater Research Station, which was Cape Fear 

loam (Fine, mixed, semiactive, thermic typic umbraquult, 0-2% slopes). These field sites 

best represent the different soil types and climates found across the soybean growing 

region of North Carolina. Each field site had corn planted in the previous field season, 

except for Salisbury 2020 which had wheat. 

Plot design 

Soybean plots measuring 4.9 m x 15.2 m were arranged in a randomized 

complete block design with 4 replicates of 11 treatments, totaling 44 plots per site. 

Treatments consisted of 4 poultry litter application rates (2.2, 4.5, 9.0 and 13.5 Mg/ha), 

6 fertilizer application rates (16.8, 33.6, 67.3, 134.5, 201.8, and 269.0 kg N/ha), and an 

unamended control. Planting, sampling, and harvest dates can be seen in Table 1 

           Roundup Ready 2 Xtend soybeans by Asgrow®, which we designated as 

maturity group 5.5, were planted at a rate of 340,000 seeds per hectare the first week of 

June in both field seasons. Herbicides were sprayed periodically during the field season 

at all sites to reduce weed pressure based on the discretion of each research station. 

Single-row planters with 76.2 cm spacing were utilized at Lower Coastal Plain 
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Tobacco/Cunningham and Piedmont Research Stations, while soybeans were planted 

in twin rows with 96.5 cm spacing at the Tidewater Research Station. It should be noted 

that Salisbury 2020 was planted at the end of June due to logistical constrains. All other 

sites were planted in early June for both 2019 and 2020, as seen in Table 1. 

Poultry litter was sourced from a broiler farmer in Bertie County, NC in 2019. The 

2019 litter was stockpiled by the farmer before acquisition. In 2020, poultry litter was 

sourced from a broiler farmer in Lee County, NC. The poultry litter in 2020 was obtained 

immediately from the farmer after a poultry house cleanout. Poultry litter nutrient content 

can be seen in Table 2. Poultry litter was surface applied by hand for all sites, and 

specific dates of poultry litter application are found in Table 1. SuperU® by Koch 

Agronomic Services was utilized as the inorganic N fertilizer for this project. SuperU® is 

a 46% urea-based granule that contains urease and nitrification inhibitors. Fertilizer was 

broadcast applied approximately one hour before planting. 

Soil Sampling/Processing 

Soil samples were taken 5 times over the course of the growing season from 

each plot. Samples were taken immediately prior to poultry litter application, prior to 

fertilizer application on the day of planting, V5 tissue sampling, R3 tissue sampling, and 

after harvest. Samples consisted of 10 random 0-15 cm soil cores per plot. 

           In 2019, samples were transported to the lab and dried at 67°C. Once dry, 

samples were crushed and sieved through a 2 mm mesh sieve to homogenize the 

sample. Samples were stored in sterile sampling bags and were analyzed within 3 

weeks of storage. 
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Due to logistical constraints in 2020, samples were stored at -4°C until extraction. 

Unlike the previous season, samples were extracted wet. A 10-g subsample was dried 

at 105 °C to determine moisture content, and moisture content was considered for final 

concentration determination. Samples were crushed and sieved through a 2 mm mesh 

sieve to homogenize the sample. In high moisture soils, the samples were instead 

sieved using an 8 mm mesh sieve. 

All soil samples were extracted using a 1:10 soil:KCl dilution (Robertson et al., 

1999). A 3-g soil subsample was extracted with 30 mL of 1 M KCl in a 50 mL centrifuge 

tube and shaken for one hour using a reciprocating shaker. Solutions were then filtered 

through WhatmanTM 42 ashless filter papers (Detroit, MI) and refrigerated until 

analysis. 

Samples were analyzed for nitrate-N (NO3- -N) and ammonium-N (NH4+-N) on 

the Lachat QuikChem® 8500 Flow Injection Analysis System (Detroit, MI) using 

QuikChem® Method 10-107-06-2-A and QuikChem® Method 10-107-04-1-A (Prokopy, 

1997; Lachat, 2003). 

Biomass Sampling 

Aboveground biomass and nodulation were measured during the V5 growth 

stage (40-50 days after planting). Five whole plants were collected from each plot, 

digging approximately 15 cm below the plant. Roots and biomass were separated, 

bagged, and transported to the lab within 6 hours of collection. Aboveground biomass 

samples were dried at 67°C for 24-48 hours and submitted to the North Carolina 
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Department of Agriculture and Consumer Services (NCDA&CS) lab for macronutrient 

analysis. Roots were rinsed with DI water and nodules were counted. 

Aboveground biomass was sampled again at the R3 growth stage. Five plants, 

cut approximately 2.5 cm above the soil surface, were collected from each plot.  

Biomass samples were dried at 67°C for 24-48 hours and sent to the NCDA&CS lab for 

macronutrient analysis. 

Harvest 

Each year, the two center rows, approximately 15.2 m in length, from each plot 

were harvested with a Kincaid small plot combine in Plymouth, and a Wintersteiger 

small plot combine in Salisbury and Kinston. Grain was weighed by the combine for 

yield determination. Actual harvest lengths were recorded after harvest to calculate 

yield, and grain subsamples were collected from each plot for quality analysis. Grain 

subsamples were dried at 27°C for approximately 3-4 days and analyzed on a Perten 

DA 7250TM near infrared spectrometer (Detroit, MI) for protein and oil content. 

Statistical Analysis 

The difference in soil handling method (frozen versus oven dried) between years, 

as well as the difference in total N applied through litter treatments did not allow for 

comparison of soil total inorganic N (TIN) between years.  An alpha of 0.05 was used 

throughout this study to determine significance. Location was considered a random rep 

to better explain overall trends of the data.  All data was analyzed as a randomized 

complete block design with 4 replicates. Overall models of each parameter were 

analyzed for significance using SAS version 9.4 PROC GLIMMIX ANOVAs. Data was 
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transformed using a square root function in SAS 9.4 if needed to reduce spread of data 

in residual plots. Type I Tests of Fixed Effects in SAS version 9.4 PROC GLIMMIX was 

used to determine linear or quadratic regression for all soybean data. No significance in 

the regression model was noted for effect variables as well. Regression equations were 

obtained by creating a model in SAS version 9.4 PROC GLIMMIX based on the highest 

level of significant regression. When a cubic response was significant, the AIC was 

used to determine whether the cubic or a lower regression equation was more 

appropriate.  

Significant N fertilizer type signifies differences between the inorganic N fertilizer 

and poultry litter treatments. Significant total N rate signifies differences between total 

applied N, applied as either inorganic N fertilizer or poultry litter. 

Biomass production was calculated by considering plants/ha and average 

biomass weight for each treatment. Regression analysis was conducted using kg N in 

biomass per hectare, calculated using biomass data, tissue N data, and stands per 

hectare. 

RESULTS AND DISCUSSION 

Weather 

Temperature was most notably different in May and November between years as 

seen in Table 3. Total rainfall during the growing season differed between years, with 

2020 being an overall wetter year compared to 2019 and higher than the 30-year 

average rainfall (Table 4). Salisbury had the largest difference in rainfall between years 

with nearly 55.6 cm more precipitation in the 2020 growing season. Rain in 2020 
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Salisbury was 46.1 cm higher than the 30-year average (Table 4). Kinston and 

Plymouth had approximately 33 cm and 9.4 cm more rainfall, respectively, in 2020 as 

compared to 2019 (SCO, 2021). Plymouth was relatively close to the 30-year average in 

2020, while Kinston had 25.2 cm more rain (Table 4). Sandier soils, such as those 

found at Kinston and Plymouth field sites, are much more susceptible to leaching as 

compared to the clayey soils found at the Salisbury location (Perrin et al., 1998). 

Soil Data 

As shown in Table 5 the 13.5 Mg/ha litter treatment in 2019 closely corresponded 

with the 34 kg N/ha inorganic N fertilizer treatment in terms of soil TIN during all 

sampling periods. During all sampling periods in 2019, the 13.5 Mg/ha litter treatment 

and 34 kg N/ha inorganic N fertilizer treatment were not significantly different as seen in 

Table 5. In 2020 however, the litter had a higher N content, which resulted in a higher 

total N application rate. The 13.5 Mg/ha litter treatment had soil TIN comparable to the 

67 kg N/ha inorganic N fertilizer treatment from two weeks after planting to the R3 

sampling. Mineralization rate in 2020 was calculated using the same method as 

previously described, and the calculated mineralization rate was slightly higher than 

2019 at 16.7%, but still much lower than the expected 50% release. Significantly 

elevated TIN in 2019 after harvest suggest the two highest inorganic N fertilizer 

treatments provided excess N that was not utilized throughout the growing season. The 

269 kg N/ha treatment soil TIN was 22.4 kg N/ha higher at the end of the growing 

season compared to the control, calculated from the soil data in 2019 (Table 4). 

Increased rainfall in 2020 is likely responsible for the lack of residual N in inorganic N 

treatments, as much of the N could have leached. While in 2020 there were few 
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significant differences, most notable was residual TIN left behind by the 13.5 Mg/ha litter 

treatment. As most of the N must mineralize in the poultry litter to become plant 

available, it is possible that organic N remained in the soil, available to mineralize at the 

end of the season. 

Both inorganic N fertilizer treatments and poultry litter treatments had the highest 

TIN availability during the V5 sampling in 2019, as seen in Table 5. In 2020, however, 

highest measured TIN availability was at the two-week sampling period. Through a 

combination of leaching and absorption of N by the soybean, there was a decrease in 

soil TIN from the V5 sampling to the R3 sampling in both years. In 2020, there was 

more rainfall between the V5 and R3 sampling; thus, there was a sharper decline in soil 

TIN. The overall decrease was expected as N is crucial during pod fill and can be 

observed from growth stage R3 onward (Lathwell and Evans, 1951; Thibodeau and 

Jaworski, 1975; Ortez et al., 2019; Cafro La Menza, 2020). During beginning pod fill, the 

soybean is expected to have anywhere between 4 - 5.5% tissue N, which can translate 

to a range of approximately 3 – 7 grams of N per plant based on soybean data collected 

in this study (NCDA&CS, 2021). The uptake of soil TIN between the V5 sampling and 

R3 sampling is visible in Table 5. Early vegetative stages end near the two-week 

sampling event. By the two-week point, nodules are beginning to form on the roots of 

the soybean. In the full season soybeans that were used in this study, reproductive 

stages begin in August, a few weeks after the V5 sampling, and will last until harvest is 

complete. 

Residual TIN was observed for the higher inorganic N fertilizer treatments in 

2019, and the 13.5 Mg/ha litter treatments during 2020. Organic N fertilizer compared to 
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inorganic N fertilizer has a much slower release of N due to the required mineralization 

that must take place. The urea that was used as the inorganic N fertilizer must go the 

process of hydrolysis, in which it is catalyzed by the enzyme urease (Mobley, 2001). 

SuperU, the urea granule used in this study, has urease and nitrification inhibitors which 

slow down the overall process and allow for a slower release of N over time. Increasing 

the amount of water via rainfall to a system will increase the speed at which the 

hydrolysis of urea takes place as the water will no longer be the limiting reagent in the 

hydrolysis equation. Thus, the more rain, the more quickly the N from the urea will be 

available in the soil for plant uptake. The large amount of rainfall in May compared to 

the 30-year average could have contributed to the higher soil TIN recorded in 2020 as 

water could have sped up urea hydrolysis (Mobley, 2001). Lower soil TIN seen at 

harvest in 2020 is likely due to this increase in rainfall, which may have promoted 

nitrogen leaching. 

Biomass Production and Tissue Nitrogen 

There was a significant N fertilizer type x total N rate effect on V5 biomass 

production in 2019 in Plymouth and Salisbury and in 2020 in Plymouth, Kinston and 

Salisbury. However, increasing N application had a positive linear relationship to V5 

biomass in inorganic N treatments in 2019 in Plymouth only (R2 = 0.62), with a 50% 

increase in biomass across the range of treatments; the other sites had low quality fit. 

Increasing poultry litter total N application had a positive linear relationship to V5 

biomass in 2020 in Plymouth (R2 = 0.63) and Kinston (R2 = 0.78). Increases in V5 with 

poultry litter application in 2020 could be attributed to the higher nutrient levels of the 

litter as compared to 2019. While there was a significant linear response to total N rate, 
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regardless of fertilizer type, in 2019 for Plymouth and Salisbury, there was no 

correlation resulting from low quality fit. In 2020, there was a significant linear 

relationship between total N rate and biomass production at all sites (P < 0.05), with no 

effect of N fertilizer type. Plymouth (R2 = 0.60) and Salisbury (R2 = 0.61) in 2020 had a 

positive linear relationship between increasing total N and biomass production at R3. 

Lack of N response in Kinston in both 2019 and 2020 could have stemmed from soil 

type, as the sandy loam could have allowed for excess leaching during rainfall events. 

Adeli et al. (2005) reported a similar increase in biomass production with 

application of poultry litter, as poultry litter itself contains many supplemental nutrients 

along with NPK that can stimulate crop growth (Sharpley et al. 1993). Based on soil test 

data collected at the beginning of each season, levels of P, K, and other micronutrients 

were sufficient in all cases. The data suggests that during the V5 sampling, fertilizer 

type played a significant role in the yield of the biomass.  

There was a significant N fertilizer type and total N rate effect on V5 tissue N 

concentration at all sites in 2019. Differences in V5 tissue N concentrations were 

pronounced in the inorganic N fertilizer treatments, with an increase in nitrogen content 

from 3.33% to 4.86% over the range of treatments. Poultry litter treatments in 2019 had 

no correlation between increasing N application and tissue N. The lower nutrient levels 

of the litter used in 2019 and slow mineralization rate did not provide enough plant-

available nitrogen to influence tissue N at both R3 and V5.  Based on the 2019 V5 

biomass data, an increase in tissue N did not necessarily equate to an increase in 

biomass, as only Plymouth had positive linear correlation in 2019. Kinston in 2020 had a 

significant N fertilizer type and total N rate effect on V5 tissue N concentration, with 
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strong linear positive correlation (R2 = 0.92) between increasing inorganic N fertilizer 

and V5 tissue N. Unlike in 2019, there was a significant positive quadratic correlation 

between total N application and V5 tissue N concentration in Salisbury in 2020 (R2 = 

0.76), with no effect of fertilizer type. 

In 2019, there was a positive quadratic response to total N application in R3 

tissue N at Plymouth and Salisbury, with no effect of fertilizer type. There was a positive 

linear response of R3 tissue N in Kinston 2019 to inorganic N application rate, with a 

negative linear response to poultry litter N application rate. In 2020, there was a 

significant positive linear response from inorganic N fertilizer in Salisbury (R2 = 0.79) 

and Kinston (R2 = 0.63) for R3 tissue N; there was no response in poultry litter 

application for both site years. There was only a positive linear response to poultry litter 

in Salisbury (R2 = 0.80) for R3 tissue N. The data suggests that increasing inorganic N 

fertilizer application led to increased tissue N in Kinston 2019 and 2020, and Salisbury 

2020. Based on soil test data, N release for poultry litter treatments were lower than 

expected. Soil TIN data also corroborates increasing N availability with increasing 

inorganic N fertilizer application rate. It is likely the difference in poultry litter response 

between years could be due to the difference in overall nutrient values between litters 

used, including plant available N, P, and K (Table 1). 

To further evaluate the impact of these treatments, total N in biomass (kg/ha) 

was calculated using the plant population (plants/ha), N concentration in tissue (%N), 

and biomass weight at the time of sampling (kg/ha). Tissue N uptake data was 

transformed using square root to better represent the data during statistical analysis. 

There was only significant N fertilizer type x total N rate effect in Salisbury in 2019 for 



41 
 

 

total N in biomass; however, there was low quality of fit for linear regression. In 2020, 

total N in biomass at V5 had a significant positive  quadratic relationship to total N rate 

in Plymouth (R2 = 0.76) and Salisbury (R2 = 0.71), with no effect of fertilizer type. In 

Kinston in 2020, there was a positive linear effect (R2 = 0.61) of total N rate on N in 

biomass at V5, with no effect of fertilizer type. It is interesting to see a response to N 

application in 2020 for V5 total tissue N whereas there was no significant response in 

2019; inconsistency between years in common throughout the study.  

In 2019 N in biomass at R3, there was a negative linear response to poultry litter 

(R2 = 0.64) in Kinston, and there was a significant effect of fertilizer type at Plymouth, 

with inorganic nitrogen fertilizer treatments resulting in higher N in biomass compared to 

poultry litter treatments. For N in biomass at R3 at Salisbury, there was a positive 

quadratic response to total N application in 2019 (R2 = 0.75), and while there was a 

significant response in 2020 in Salisbury, there was low quality of fit. At Plymouth (R2 = 

0.90) and Kinston (R2 = 0.64) in 2020, there was a positive linear response to poultry 

litter N rate. Sinclair and Wit (1976) noted that to significantly increase soybean yields, 

there must be increased availability of nitrogen. During the soybean's reproductive 

stage, the plant begins to go into a self-destructive phase and will allocate nitrogen to 

pod development (Sinclair and Wit 1976).  

Nodulation 

Plymouth 2019 had a significant N fertilizer type x total N rate effect on soybean 

nodulation. There was a linear negative correlation between inorganic N application rate 

and nodule counts (R2 =0.83), while poultry litter N application rate had no effect on 
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nodulation. Kinston 2019 had a significant negative quadratic response (R2 =0.87) in 

soybean nodulation to inorganic N application rate and poultry litter application rate. 

Salisbury 2019 had a significant quadratic response to total N application rate; however, 

there was low quality of fit between inorganic N application rate and nodule counts. 

Salisbury 2020 had linear responses of soybean nodulation to total N application rate, 

with differences between fertilizer types. Litter treatments in Salisbury 2020 had a slight 

negative correlation (R2 = 0.6), while inorganic treatments had a slightly stronger 

negative correlation (R2 = 0.76).  

Previous studies have supported a decrease in nodulation with inorganic N 

application (Beard and Hoover, 1971; Gibson and Harper, 1985; Xia et al., 2017; 

Mourtzinis et al., 2018). A meta-analysis conducted by Moutrzinis et al. (2018) found 

that multiple studies have reported decrease in nodulation with early season N 

application. Beard and Hoover (1971) reported a similar linear decrease in nodule 

formation with increasing early season inorganic N application, in the form of 

ammonium sulfate, up to 168 kg N/ha. Taylor et al., (2005) also noticed a linear 

decrease in nodulation with inorganic N application, in the form of ammonium nitrate, up 

to 100 kg N/ha. As the soybean received large amounts of inorganic nitrogen from the 

soil in the inorganic N fertilizer treatments, nodulation decreased as a result. 

It would seem that there are multiple factors at play in regard to poultry litter 

application and its effect on nodulation. Slower mineralization of N from poultry litter 

likely prevented the decrease in nodulation, as N availability plays an integral role in 

nodule formation (Israel 1987). While phosphorus also plays an important role in nodule 

formation and poultry litter provides substantial amounts of available phosphorus, based 
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on initial soil test data taken in both 2019 and 2020 for each field location, phosphorus 

levels were adequate in all treatments. There is a clear difference in N type between the 

inorganic N treatments and the poultry litter treatments. Thus, it is evident that inorganic 

N fertilizer suppresses soybean nodulation while poultry litter application does not. 

Plant Population 

There was a significant quadratic total N effect on plant population in Plymouth in 

2019; however, there was low quality of the regression equation. Salisbury in 2019 had 

a significant N fertilizer type and total N rate effect that showed a negative linear 

correlation between increasing inorganic N fertilizer and plant population (R2 = 0.84). 

The 2020 field season was much more interesting in regard to the effect of total N on 

plant population. In 2020, Plymouth and Kinston both had significant linear relationships 

that were affected by fertilizer type, and Salisbury had a significant effect of total N 

application rate but no effect of fertilizer type. In 2020, Plymouth (R2 = 0.98) and Kinston  

(R2 = 0.88) had strong negative linear correlation with increasing total N in the inorganic 

treatments. However, there was no correlation between total N application rate and 

plant population in poultry litter treatments. Salisbury 2020 had a negative correlation 

(R2 = 0.70) with increasing total N and was not dependent on fertilizer type. Based on 

field observations, there were issues with germination.  

The data suggests that the early season nitrogen application negatively 

influences soybean germination, yet previous studies have found that N application 

does not impact germination (Kering and Zhang, 2015). It is possible that the urea itself 

in high concentrations prevented germination in soybean, as ammonia toxicity has been 
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reported in a wide array of crops during early growth (Qi et al., 2012). Poultry litter 

application in 2019 did not have a significant effect on plant population. However, in 

Salisbury 2020, there was a negative correlation  (R2 = 0.70) with increasing total N 

applications. Based on the timing of the poultry litter application in Salisbury 2020 

differing, litter applied the day of planting could have impacted germination, as well as 

the higher N content of the litter in the 2020 cropping season.  

Yield 

Soybean yields in North Carolina average 2981 kg/ha annually (NC State 

Extension, 2021). In 2019, there was variability in response between sites. In Plymouth, 

yield  showed a quadratic response to total N rate and fertilizer types responded 

differently, with a negative response in yield to poultry litter N rate and positive response 

to inorganic N rate. In 2019, there was a negative linear response of yield to total N rate 

in Kinson, with no fertilizer effect. In Salisbury in 2019, there were no significant 

relationships between yield and total N rate or fertilizer type. In 2020, there was a 

negative linear response of yield from inorganic N rate and a positive linear response of 

yield from poultry litter application in both Plymouth and Kinston. The trend differed in 

Salisbury in 2020, with a positive linear response of yield to total N rate, with no effect of 

fertilizer type. Out of all significant yield data in 2020, there was only negative 

correlation (R2 = 0.72) with increasing inorganic N fertilizer in Plymouth. The rest of the 

data had no correlation.  

The lack of correlation across treatments align with a multiyear study involving 

full season soybeans located in central Iowa on a Canisteo clay loam soil , with a range 
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of N treatments (0 – 280 kg N/ha applied as ammonium nitrate) (Ruiz Diaz et al., 2009). 

However, some studies have found inorganic N application can have a positive effect on 

yield (Wood, Torbert and Weaver, 1993; Wu et al. 2020). A multi-year study conducted 

in Northeast China between 2007 and 2010 with dominantly clay loam soil types and a 

temperate continental monsoon climate found modest yield increases of 2.4–5.2% with 

additional 50–100 kg N/ha (Wu et al., 2020). Researchers found that N was much more 

susceptible to leaching during wetter years and required higher N applications to 

achieve the same N effect on soybean. Another study from 1991 and 1992 in Alabama 

found inconsistent grain yield responses across soil types (Wood, Torbert and Weaver, 

1993). Researchers saw a positive grain yield response for 2 of the 7 sites when N was 

surface applied as starter fertilizer at a rate of 33 kg N/ha. The two soil types which had 

increased yields with applied start N were a Norfolk sandy loam and a Dothan fine 

sandy loam. Both full-season cultivars used in the study, Stonewall with maturity group 

VII and Sharkey with maturity group VI, had the same response in the two soil types 

listed, but mixed response in others (Wood, Torbert and Weaver, 1993). While the 

maturity groups used by Wood, Torbert and Weaver (1993) were higher than the 

maturity group 5.5 used in this study, it gives insight on the overall inconsistency of 

soybean response to N.  

Unlike the results found in this study, previous research found yield increased 

with poultry litter application (Adeli et al., 2005). Compared to a combination of 

ammonium nitrate and superphosphate application, the same amount of plant available 

N and phosphorus (P) applied as poultry litter resulted in yields that were 8-10% greater 

(Adeli et al., 2005). Inconsistency in poultry litter response between studies can be due 
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to the differing manure application strategies, as the poultry litter in Adeli et al. (2005) 

had been incorporated in the soil compared to broadcast in this study. It is also possible 

that poultry litter application could be beneficial in late planting scenarios and increase 

yields. This reinforces data from multiple studies that have found increased yields in late 

season planting scenarios with applied starter N (Starling et al., 2000; Taylor et al., 

2005). 

Protein and Oil 

There was a disparity in response of grain protein to total N rate or fertilizer type 

across all sites, most likely due to differences in soil type. There were positive linear 

responses of grain protein to both inorganic N rate and poultry litter N rate in 2019 in 

Salisbury, with a strong positive response to inorganic fertilizer rate (R2 =0.95). 

Plymouth in 2019 had significant quadratic relationships i. There was positive quadratic 

correlation in the inorganic N fertilizer treatments (R2 = 0.87) and negative quadratic 

correlation in poultry litter treatments (R2 = 0.83). Kinston in 2019 had a significant effect 

of total N rate with no effect of fertilizer type; increasing N application led to decreases 

in grain protein (R2 = 0.71). Salisbury in 2020 had a quadratic effect of total N; however, 

there was no correlation. Plymouth in 2020 had a total N x fertilizer type interaction with 

negative correlation in the poultry litter treatments (R2 = 0.86). It should be noted that all 

protein levels measured were within normal ranges. It was expected that grain protein 

would be improved with increasing N rate, as biomass tissue N was higher at V5 and 

R3 in inorganic N treatments and N is a critical component of protein formation. Grain 

protein for poultry litter treatments was not significant in either 2019 or 2020, which 

indicates slow release of N and lower mineralization than expected. This aligns with 
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biomass tissue N results, as tissue N did not increase with increasing litter application 

rate. A previous study, researchers found only a single site had a grain protein response 

to N application (Wood, Torbert, and Weaver 1993). 

Previous studies suggest an inverse relationship between soybean grain protein 

and oil content (Hymowitz 1972; Piper and Boote 1999). There was no effect of fertilizer 

in either 2019 or 2020 for all treatments. Grain oil in 2019 in Salisbury and in 2020 in 

Plymouth had a significant total N effect but no correlation. Kinston and Plymouth in 

2020 had a quadratic effect of total N; however, similar to the other sites, there was no 

correlation in grain oil. Based on soil data and plant tissue N data, the soybean had 

absorbed the applied nitrogen and utilized it to increase biomass. This increase in N 

uptake did not translate into significant differences in grain oil.  

CONCLUSIONS 

Based on previous research, it was expected that there would be a positive effect 

in soybean with the addition of either inorganic nitrogen fertilizer or poultry litter. 

However, results between site years were conflicting. 2019 yield results for all 

treatments showed no significant effects in all cases. Only inorganic N fertilizer 

application in Plymouth in 2020 had slight negative correlation in yield (R2 = 0.72). Plant 

population consistently decreased with increasing inorganic N application in Salisbury 

2019 (R2 = 0.84), Plymouth in 2020 (R2 = 0.98), and Kinston in 2020 (R2 = 0.88). Plant 

population decreased as a factor of total N in Salisbury 2020 (R2 = 0.70). It is not 

recommended nor economical for growers to apply inorganic nitrogen to soybean, as 

there were no yield increases and there was linearly negative correlation in plant 
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population in both years. However, while poultry litter did not have a consistent positive 

effect on soybean, it can be used within soybean without negative response to 

nodulation and yield. 
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Table 1: Sampling dates separated by site and year.  

Year Site PL App Planting 
Two 

Week† V5 R3 Harvest 

2019 
Plymouth May 7th June 4th June 18th July 18th August 12th October 15th 
Kinston May 9th June 6th June 20th July 9th August 15th October 29th 
Salisbury May 8th June 5th June 19th July 11th August 13th October 18th 

        

2020 
Plymouth May 13th June 10th June 24th July 20th August 17th November 5th 
Kinston May 12th June 9th June 23rd July 10th August 12th October 28th 
Salisbury June 29th June 29th** July 13th August 5th September 2nd November 4th 

†Two weeks post-planting sampling 
*Salisbury was planted late due to logistical constraints. 
**Salisbury 2020 was planted end of June due to logistical constraints 
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Table 2: Total nutrient contents of poultry litter used for 2019 and 2020 field seasons.  
Year N P K Ca Mg S Fe Mn Zn Cu B 

 g/kg 
2019 39.9 7.6 20.7 14.3 4.5 7.6 1.3 0.4 0.3 0.3 0.04 
2020 67.0 10.7 27.0 18.2 5.8 9.1 1.2 0.5 0.4 0.3 0.04 
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Table 3: Average monthly temperature data obtained from North Carolina State Climate 
Office Cardinal system for three field locations (Salisbury, NC; Kinston, NC; and 
Plymouth, NC) over the 2019 and 2020 growing seasons (SCO, 2021). 

Year Location May June July Aug Sep Oct Nov 

  C° 

2019 

Plymouth 23.4 24.4 26.2 25.1 23.7 18.8 9.3 

Kinston 24 24.7 27.2 25.3 24.1 19.2 9.6 

Salisbury 22 23.1 25.5 24.5 24 17.5 7.4 
 

        

2020 

Plymouth 18.2 23.6 27.2 25.7 22.3 18.3 13.8 

Kinston 18.9 23.8 27.3 25.9 21.9 18.6 14.1 

Salisbury 17.2 23.1 25.8 24.4 20 16.2 11.7 
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Table 4: Rainfall data obtained from North Carolina State Climate Office Cardinal system for three field locations 
(Salisbury, NC; Kinston, NC; and Plymouth, NC) over the 2019 and 2020 growing seasons (SCO, 2021). 30-year 
averaged obtained from NOAA (2021). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Year Location May June July Aug Sep Oct Nov Total 
  cm 

2019 
Plymouth 6.7 11.0 3.0 21.2 20.9 6.6 7.7 77.1 
Kinston 5.8 13.0 10.8 13.3 19.3 4.7 8.5 75.4 
Salisbury 6.6 15.7 7.8 6.5 0.0 13.9 9.9 60.4 

          

2020 
Plymouth 11.2 7.0 5.4 24.9 15.5 5.9 16.6 86.5 
Kinston 18.8 14.0 6.2 29.3 16.9 5.8 17.4 108.4 
Salisbury 27.0 11.7 8.9 20.7 21.9 11.4 14.4 116 

          

30 Year 
Average 

Plymouth 10.1 12.5 16.2 15.1 12.8 8.4 7.9 82.9 
Kinston 10.6 12.8 16.6 14.9 13.2 7.5 7.4 83.2 
Salisbury 10.0 10.5 11.8 11.7 9.8 8.3 7.7 69.9 
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Table 5: Soil Total Inorganic Nitrogen (TIN) throughout the 2019 and 2020 growing 
seasons. Differing letters within the same column and year signify a significant 
difference between treatments. Models constructed using SAS PROC GLIMMIX 
procedure and LSMEANS.  

Year  
Fert 
Type TIN Planting 2 Weeks V5 R3 Harvest 

2019 

Control 0 20.8 A 21.0 D 29.8 E 4.3 D 9.1 C 

Inorganic 

17 18.5 A 23.8 CD 31.1 E 3.6 D 8.9 C 

34 18.0 A 31.1 BC 36.5 DE 5.1 D 9.8 C 

67 18.4 A 35.9 B 45.7 D 8.4 CD 10.1 C 

135 18.6 A 45.2 A 69.3 C 18.8 BC 14.5 BC 

202 18.6 A 49.7 A 84.5 B 29.5 B 19.9 B 

269 17.9 A 50.9 A 100.2 A 50.8 A 31.5 A 

Litter 

39.9 18.2 A 24.0 CD 28.2 E 4.6 D 11.1 C 

79.8 17.9 A 22.4 D 30.5 E 5.2 D 8.9 C 

159.6 19.0 A 23.9 CD 33.0 DE 4.4 D 10.3 C 

239.4 22.1 A 27.1 CD 33.7 DE 5.4 D 11.3 C 

2020 

Control 0 12.9 D 15.8 D 19.5 C 7.4 D 5.0 B 

Inorganic 

17 13.4 D 19.6 CD 25.5 C 5.7 D 5.0 B 

34 16.3 BCD 29.7 CD 30.9 C 6.5 D 5.1 B 

67 15.9 BCD 40.0 C 36.8 BC 6.8 D 4.7 B 

135 14.9 CD 68.9 B 57.6 B 15.8 BC 5.5 B 

202 14.4 CD 80.5 B 93.5 A 20.9 B 5.8 B 

269 13.5 D 120.0 A 102.6 A 30.6 A 6.1 AB 

Litter 

67 18.1 BCD 18.4 CD 23.7 C 8.4 CD 5.7 B 

134.1 20.1 BC 21.4 CD 26.2 C 6.5 D 5.6 B 

268.1 21.9 B 32.4 CD 33.5 C 7.1 D 5.9 B 

402.1 30.7 A 39.4 C 37.8 BC 7.6 CD 7.8 A 
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Figure 1:  Linear relationship between nodulation and total nitrogen applied as SuperU 
or poultry litter in a) Salisbury in 2019 and b) Plymouth in 2020. Quadratic relationship 
between nodulation and total nitrogen applied as SuperU or poultry litter in c) Kinston in 
2020.  
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Figure 2:  Linear relationship between yield and total nitrogen applied as SuperU or 
poultry litter in a) 2020 in Plymouth and b) 2020 in Kinston. Linear relationship of yield 
represented at a factor of total N in c) 2020 in Salisbury. 
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Figure 3: Linear relationship between plant population and total nitrogen applied in a) 
Salisbury 2019. Linear relationship between plant population and total nitrogen applied 
as either SuperU or poultry litter in b) Salisbury 2020, c) Kinston 2020, and d) Plymouth 
2020.  
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CHAPTER 3: DISTRIBUTION AND FRACTIONATION OF ZINC AND COPPER IN 

POULTRY LITTERS ACROSS NORTH CAROLINA 

 
ABSTRACT 

Zinc (Zn) and copper (Cu) are necessary micronutrients for crop production. 

However, excess Zn and Cu applied through land application of manures can result in 

Zn and Cu toxicity, reducing yields. With many integrators and little information on the 

formulation of poultry feeds in North Carolina (NC), it is difficult to predict fractionation of 

Zn and Cu in litters generated on facilities, as the form of Zn and Cu determine mobility 

and bioavailability. Therefore, statewide data from the NC Department of Agriculture 

and Consumer Services was analyzed to determine regional variation of total Zn and 

Cu. Results showed a significant effect of region on total Zn and Cu among the three 

production regions in the state. Additionally, 11 broiler and broiler breeder litter samples 

were analyzed to determine the distribution of Zn and Cu in acid soluble, reducible, 

oxidizable, and residual fractions. Total Zn and Cu averaged 675 mg/kg and 629 mg/kg, 

respectively. There was a significant interaction between region and Zn concentration in 

the fractions. However, there was no region interaction when converted to a percentage 

of the sum of the fractions, indicating zinc partitions similarly across a wide range of 

concentrations, and 37%, 40%, 21%, and 0.6% was found in the acid soluble, reducible, 

oxidizable, and residual fractions, respectively. Region did not have an effect on Cu 

fractionation, with 26%, 8%, 67%, and 2% of Cu in the acid-soluble, reducible, 

oxidizable, and residual fractions, respectively. Results indicate greater bioavailability 

and mobility potential for Zn as compared to Cu.   
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INTRODUCTION 

Speciation, or fractionation, is often referred to as the identification of the 

chemical species in which an element occurs in a specific material (Tack and Verloo, 

1995). Chemical fractionation can be determined through the use of multiple accepted 

methods, such as ion exchanging resins, single reagent leaching, and sequential 

extraction procedures (Zimmerman and Weindorf, 2010). Sequential extraction 

procedures are one of the few methods used to determine heavy and trace metal 

concentrations in soils and manures (Zimmerman and Weindorf, 2010; Sungur et al., 

2016). Sequential extraction procedures are multi-step extractions in which the mobility 

of the metals decrease as the extraction proceeds. Stronger solvents are used in each 

step, on the same solid, which can extract more tightly bound heavy and trace metals 

that may not have been extracted in the previous step (Zimmerman and Weindorf, 

2010). Each extraction step is known as a fraction, and each fraction will consist of a 

chemical species with similar mobility.  

Understanding the chemical species of zinc (Zn) and copper (Cu) is crucial to 

determine the dominant forms which the metals exist in different materials. The 

environmental behavior of Zn and Cu, such as mobility and bioavailability, is dependent 

on the chemical species that the metals exist in (Tack and Verloo, 1995). Depending on 

required specificity of the extraction and solvents used, there is often anywhere 

between 4 and 6 steps in a sequential extraction (Zimmerman and Weindorf, 2010; 

Sungur et al., 2016). In this study, a 4-step extraction was used to determine speciation 

of Zn and Cu in poultry litter (Sungur et al., 2016). The first step is the acid-soluble 

fraction, which extracts Zn and Cu that are exchangeable or bound to carbonates from 
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the sample. The second step is the reducible fraction, which extracts Zn and Cu bound 

to Fe-Mn oxides, and the third step is the oxidizable fraction, which extracts Zn and Cu 

bound to organic matter and sulfides. The fourth step is the residual fraction, which 

extracts Zn and Cu from the remaining residue. Depending on the amount of Zn and Cu 

detected in each fraction, overall determinations of chemical mobility and bioavailability 

can be made (Tack and Verloo, 1995). 

Zn and Cu are necessary elements for crop production and play a critical role in 

photosynthesis within plants. However, Zn and Cu can also cause environmental and 

agricultural problems when applied to soil through manure application at rates in excess 

of crop needs. Farmers in North Carolina are experiencing issues with Zn and Cu 

toxicity in soils, in some instances affecting crop production and limiting cropping 

options. This is a result of repeated application of Zn- and Cu-containing materials, 

which could include poultry litter, biosolids, or swine sludge. Zn and Cu accumulation in 

soils has created a challenge for generators of these materials, as no Zn or Cu can be 

applied once state mandated soil test thresholds are met, which include the manure 

sources previously listed (NCDEQ, 2018). A Zn level 120 mg/kg is the crucial threshold 

for Zn in soils, and the critical threshold for Cu is 60 mg/kg (NCDEQ, 2018). 

Zn is fed to poultry as a mineral supplement, typically in the form of Zn oxide 

(ZnO) or Zn sulfate (ZnSO4), to support growth, appetite, and prevent disease (Jackson 

et al., 2003; Park et al., 2004). Over the past few decades, the amount of Zn used in 

poultry feeds has been increasing (Romeo et al., 2014). Cu, typically added to poultry 

feed as a Copper Sulfate (CuSO4), is used as a supplement to support weight gain, 

improve immune response, and as an antifungal and antibacterial agent (Jarosz et al. 
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2017; Javed et al. 2010). However, the majority of Zn and Cu within poultry feed will 

pass through the digestive tract, excreted in poultry litter that is land applied to crop 

fields as an inexpensive nitrogen and phosphorus fertilizer. Little is known about how 

supplemental Zn and Cu affect Zn and Cu speciation in the litter as it is transported to 

farm fields for land application. 

In samples analyzed by the North Carolina Department of Agriculture and 

Consumer Services (NCDA&CS) Waste Testing Laboratory, average Zn concentrations 

ranged from 320 to 445 mg/kg in poultry litters depending on species (turkey vs broiler) 

and life stage (pullet vs breeder) on an as-is basis (Kulesza and Sharara, 2020). Within 

those same samples, average Cu concentrations ranged from 90 to 315 mg/kg, 

depending on species. Assuming an application rate of 6.7 Mg/ha annually, 4.2 to 5.9 

kg/ha of Zn and 0.54 to 2.12 kg/ha of Cu would be applied each year. Culman et al. 

(2019) found that only 0.19 and 0.02 kg/ha of Zn and Cu, respectively, was removed 

through corn harvested for grain at a yield of 11.3 Mg/ha, and soybeans removed 0.16 

and 0.06 kg/ha of Zn and Cu, respectively, at a yield of 4.0 Mg/ha, when soils were 

maintained in the optimal range for crop production. Therefore, application of these 

materials at a rate of 6.7 Mg/ha supplies over 20 times the Zn and Cu required for crop 

production and may lead to the accumulation of Zn and Cu in soils to potentially toxic 

levels. 

Some crops are especially susceptible to Zn, showing toxicity symptoms at low 

soil Zn levels. For example, peanuts can present toxicity symptoms in North Carolina 

when Mehlich-3 extractable Zn is as low as 13 ppm (Davis and Parker, 1993). Zn 

toxicity is commonly associated with plant stunting as well as leaf chlorosis in more 
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acidic soils, as high levels of Zn can affect Iron (Fe) uptake, translocation, and utilization 

(Borkert, Cox, and Tucker, 1998; Chaney, 1993; Silva, Vitti, and Trevizam, 2014). A 

study examining the effects of heavy metal contamination on soybean found toxic 

concentrations of Zn in plant tissue when soil concentrations reached 113 mg/kg Zn, 

measured using an extraction method involving DTPA at pH 7.3 (Silva, Vitti, and 

Trevizam, 2014). Zn in soybean is considered toxic when above 140 ppm in leaf tissue 

(Borkert et al, 1998).  The same study also found toxic levels of Zn in rice grown in soils 

with 106 mg/kg Zn. However, most crops can survive levels of Zn well above that. 

Tissue Zn concentrations correlated with Zn toxicity, as reported by various 

researchers, is between 70 to 400 mg/kg Zn (Kabata-Pendias 2000). Estimated 

Mehlich-3 extractable Zn toxicity thresholds found in greenhouse conditions were 48 

ppm for peanut, 93 ppm for soybean, between 213-426 ppm for rice, and over 399 ppm 

for corn (Borkert, Cox, and Tucker, 1998). The critical threshold for application of Zn 

and Cu to soils in NC is 120 ppm for Zn and 60 ppm for Cu (NCDEQ, 2018). It is 

possible for other heavy metals such as Cu to affect the same pathway as Zn, but often 

Zn toxicity symptoms appear first if both exist in relatively similar quantities (Borkert, 

Cox, and Tucker, 1998; Silva, Vitti, and Trevizam, 2014). Additionally, Zn is typically 

present in much higher quantities than Cu in poultry litters (Kulesza and Sharara, 

2020).  

Cu toxicity can cause a multitude of issues in plants throughout their growth cycle 

at both a physiological and morphological level, yet effects are variable based on the 

species of the plant (Adrees et al., 2015). Previous studies have found that high soil Cu 

levels are attributed to reduced germination in multiple plants species such as rice, 
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wheat, soybean, common vetch, and mung bean (Adrees et al., 2015; Adhikari et al., 

2012; Mahmood et al., 2007; Gang et al., 2013; Verma et al., 2011; Muccifora and 

Bellani, 2013). Cu toxicity is also attributed to reduction in biomass throughout many 

plants' growth cycles and reduction in yields (Adrees et al., 2015). Popular food crops 

such as corn and rice both exhibit Cu toxicity at Cu levels < 27 ppm (Borkert, Cox, and 

Tucker, 1998). Similar to Zn, excess Cu uptake is related to a decrease in accumulation 

of other mineral nutrients (Adrees et al., 2015; Marschner, 2011; Kopittke and Menzies, 

2006).  

Zn and Cu availability in soils is primarily regulated by pH, with solubility 

decreasing as pH increases, and only affected slightly by soil type and mineralogy 

(Donner et al. 2012). Solubility is also affected by total Zn and Cu concentrations in soil. 

At a pH below 5.5, most of the Zn and Cu in soil solution will exist as free metal ions or 

in labile complexes (Jeffery and Uren, 1983). The concentration of labile Zn and Cu will 

decrease steadily, and concentration of non-labile Zn and Cu will increase as pH rises. 

Currently, few options are available for remediation of agricultural soils exhibiting 

Zn or Cu toxicity symptoms. As the poultry industry continues to grow in size, there will 

be more litter generated in an area that already generates millions of Mg of litter 

annually. For soils high in Zn or Cu, NC State University currently recommends that 

farmers till to mix and dilute these metals into the A horizon of the soil if variation in 

concentration exists with depth or that farmers apply lime to raise the pH from 6.2 to 6.5 

to reduce the solubility and reduce the likelihood of toxicity symptoms. However, neither 

of these options are long-term solutions in systems that intend to continue receiving 

litter, as soil mixing is only a viable strategy once and can expose acidic subsoils if done 
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incorrectly and as liming to a higher pH increases operating costs and could create a 

deficiency of other nutrients such as manganese. While there are other options that 

show promising results using microbially mediated removal of Zn from soil solution (Jin 

et al., 2018), these options are not widely available to farmers. Hyperaccumulators, 

such as Arabidopsis halleri ssp. halleri are often touted as excellent options for 

remediation as the plant can accumulate up to 1% of its body weight as Zn (Becher et 

al. 2004). However, these options are not yet commercially available to growers, and it 

is unclear how long it would take to fully remediate soils with toxicity symptoms through 

a drawdown strategy. For instance, Novak et al. (2004) estimated that after four or ten 

years of swine manure application it would take 21 to 152 years to draw down Mehlich-3 

Zn to background levels using the typical bermudagrass hay cropping system found in 

these fields, though they did not report a starting Zn level for comparison. 

Application rates of Zn and Cu have proven a challenge for many farmers, with 

615 and 57 soil samples currently exceeding the Zn and Cu thresholds, respectively, in 

NC and 1,045 nearing these thresholds (unpublished data). To provide further guidance 

on the management of Zn and Cu through the application of poultry litter, it is important 

to understand the distribution of different Zn and Cu species within poultry litters 

generated in the state. It was hypothesized that Zn and Cu would differ in their 

fractionation, and that litter location (Coastal Plain, Eastern Piedmont, and Western 

Piedmont) would affect the fractionation and total concentration due to differences in 

feed formulation, bedding management, integrator, or production type.  
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MATERIALS AND METHODS 

Statewide Dataset  

The NCDA&CS Agronomic Services Division analyzes approximately 15,000 

manure samples from across the state, which are submitted with the county of origin 

and a waste identifier to distinguish the manure/waste type. NCDA&CS provided five 

fiscal years (July 1 to June 30) of poultry litter analysis data for the purposes of this 

study, ranging from July 1st, 2014 to June 30th, 2019. For the samples within this 

dataset, total nitrogen (N) by combustion in an oxygen (O2)-containing environment with 

subsequent quantification by thermal conductivity detector (Vario MAX Cube; Elementar 

Americas, Inc.; Ronkonkoma, NY. Total phosphorus (P), potassium (K), calcium (Ca), 

sulfur (S), magnesium (Mg), boron (B), Cu, iron (Fe), manganese (Mn), Zn, and sodium 

(Na) were determined using Inductively Coupled Plasma-Optical Emission Spectrometry 

(ICP-OES) (Spectro Arcos, Mahwah, NJ) (Table 1). Poultry litters (0.5 g) were digested 

in a closed vessel with nitric acid (10 mL 15.6 N) for 30 minutes in a CEM MARS 6 

microwave digestion system (Matthews, NC) (Campbell and Plank, 1992). The 

digestate was brought to 50 mL with deionized water and filtered prior to analysis on 

ICP-OES (NCDA&CS, 2021).  

Sample collection for fractionation 

Eleven random poultry litter samples were provided by NCDA&CS in the spring 

of 2020 for use in this study. These samples were submitted for routine nutrient analysis 

by poultry producers across the state (Figure 1). Within the eleven poultry litter samples 

collected, two different production types were indicated on the submission forms that 
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accompanied the samples. Nine samples were labeled as coming from broiler 

operations and two from broiler breeder operations.  

Fractionation Extraction methods 

A sequential extraction procedure was adapted from Sungur et al. (2016) and 

Saracoglu, Soylak, and Elçi (2009) for determination of the acid-soluble, reducible, 

oxidizable, and residual Zn pools found in poultry litter samples. EPA method 3050b 

was utilized as a means to determine total Zn and Cu (EPA 1996). Fractionation 

samples were analyzed in duplicate.  

Fraction 1: Acid-soluble fraction using 0.11 M acetic acid 

The acid-soluble fraction was extracted using a 1.00 g subsample of poultry litter 

combined with 40 mL of 0.11 M acetic acid in a 50 mL centrifuge tube. The mixture was 

shaken for 12 hours. Samples were then centrifuged for 20 minutes at 4000 rpm in an 

International Equipment Company Model K centrifuge (Needham Heights, MA), and the 

supernatant was filtered using a Whatman-42 filter paper into a 50 mL conical tube and 

stored at 4 °C until analysis on a Perkin Elmer ICP-OES (Waltham, MA) by the 

Environmental and Agricultural Testing Services (EATS) Laboratory at North Carolina 

State University.  

The solid residue was then washed to remove lingering acetic acid solution. To 

wash the remaining solids, approximately 30 mL of DI water was added to the conical 

tubes with solid residue. The tubes were shaken for 15 minutes and centrifuged for 20 

minutes at 4000 rpm. The supernatant at the end of the wash step was discarded, and 

the solid residue was stored at 4 °C between fractionation steps.  
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Fraction 2: Reducible fraction using 0.5 M hydroxylamine hydrochloride 

The reducible fraction was extracted from the solid residue remaining after the 

first fractionation extraction using 40 mL 0.5 M hydroxylamine hydrochloride. The 

mixture was shaken for 12 hours and centrifuged for 20 minutes at 4000 rpm. The 

supernatant was filtered into a 50 mL conical tube and stored at 4 °C until analysis on a 

Perkin Elmer ICP-OES (Waltham, MA) by the EATS Laboratory. The solid residue 

washing process as described in the previous section was repeated, and the remaining 

residue was stored at 4 °C until the next fractionation step.  

Fraction 3: Oxidizable fraction using 8.8 M hydrogen peroxide 

The oxidizable fraction was extracted using 10 mL of 8.8 M hydrogen peroxide 

added to the remaining solid residue. The centrifuge tubes were shaken for 1 hour, 

uncapped and digested for 1 hour at 85°C and at 95°C until air-dry on a DigiPREP MS 

block digestor by SCP Science (Quebec City, Quebec). This procedure was repeated 

once. 

Then, 40 mL of 1 M ammonium acetate was added to the solid residue, and the 

tubes were shaken for 12 hours. After 12 hours, the tubes were centrifuged at 4000 rpm 

for 20 minutes, filtered using Whatman-42 filter paper, and stored at 4°C until analysis. 

The solid residue washing process as described in the first section was repeated, and 

the remaining residue was stored at 4°C until the next fractionation step.  

Fraction 4: Residual residue   

 To quantify the remaining Zn, the residue was digested by NCDA&CS and 

analyzed on ICP-OES as described previously. (NCDA&CS, 2021).  
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Statistical analysis 

NCDA&CS waste analysis survey data was categorized into three production 

regions (Coastal Plain, Eastern Piedmont, and Western Piedmont) as there are 

differences in integrators operating in these regions, regionally specific uses of litter 

resources (hay/pasture land vs row crops), and differences in litter management. Total 

Zn and Cu concentrations for the same litter types used within the fractionation study 

(broiler and broiler breeder) were compiled from the NCDA&CS waste analyses dataset. 

This dataset consisted of 940 samples submitted from 33 counties in the Coastal Plain, 

445 samples from 21 counties submitted from the Eastern Piedmont, and 511 samples 

from 19 counties in the Western Piedmont. JMP Pro 15.2 was utilized to distinguish 

significant differences between total Zn and Cu concentrations by region using a fixed 

effect model, with region as a fixed effect and total Zn or Cu concentration as the 

response variable.  

To determine the percent recovery within the fractionation experiment, the sums 

of the fractions were divided by the total Zn or Cu concentration listed on the initial 

waste analysis report. Analysis of variance was conducted using fixed effect models in 

JMP Pro 15.2 to test the effect of region to fractionation concentration of Zn and Cu 

(Table 2). Within each analysis, fraction and region were considered fixed factors and 

significance was established at an alpha of 0.05.  Where significance was found, means 

were separated using student’s t tests.  Multivariate analysis of variance was also 

conducted between total S, Fe, Mn, Zn, and Cu using JMP Pro 15.2 to determine the 

correlation between these elements by region. Significance was established at an alpha 

of 0.05 for the Wilks’ Lambda test, and multivariate analysis was conducted by region 
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between these elements. Correlations between S, Fe, Mn, Zn, and Cu were considered 

significant at an alpha of 0.05. Data were segregated into production regions as shown 

in Figure 2 for analysis to capture feed and management differences amongst the 

various integrators operating across the state of North Carolina. When multivariate 

analysis was conducted using fractionation concentrations of Zn and Cu and total S, Fe, 

Mn, Zn, and Cu, there was no significant effect of region. Therefore, data were pooled 

for multivariate analysis. 

RESULTS AND DISCUSSION 

Total Zinc and Copper in Poultry Litters of NC 

          Between July 1st 2014 and June 30th 2019, 400 of the poultry litter samples 

submitted to NCDA&CS were labeled as coming from broiler breeder facilities, and 

1526 samples were labeled as broiler litter. Of the samples submitted, there were 

similar numbers of broiler breeder samples among all three regions, with 123 in the 

Coastal Plain, 138 in the Eastern Piedmont, and 139 in the Western Piedmont.  In the 

Coastal Plain, there were significantly more samples labeled as broiler litter over the 

five-year period as compared to the Piedmont regions, with 321 broiler litter samples in 

the Eastern Piedmont, and 388 in the Western Piedmont as compared to 817 in the 

Coastal Plain. The difference in broiler samples is expected, as broiler production was 

much higher in the Coastal Plain in 2019 as compared to the other regions, with 

407,200,000 broilers in the Coastal Plain, 280,277,600 in the Eastern Piedmont, and 

210,604,300 in the Western Piedmont (NASS, 2021). From 2014 to 2019, there was a 

significant effect of region on total Zn concentration in poultry litters, with an average of 

604 mg/kg in the Eastern Piedmont, 575 mg/kg in the Coastal Plain, and 496 mg/kg in 
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the Western Piedmont. As seen in Figure 3a, the variation in total Zn within these 

samples also differed by region, with greater variation in the Coastal Plain and Eastern 

Piedmont as compared to the Western Piedmont. This indicates growers in the Western 

Piedmont are either feeding similar levels of Zn or cleaning out litter similarly, which is 

likely a response to fewer integrators operating in that part of the state as compared to 

the other regions. This could also be a response to how litters are used within cropping 

systems in this part of the state. Higher variability may be due to differences in cleanout 

methods, litter handling and storage methods, or Zn concentration in feed in the Coastal 

Plain and Eastern Piedmont. Total Zn ranged from 19 to 1743 mg/kg in the Coastal 

Plain, 59 to 1633 mg/kg in the Eastern Piedmont, and 107 to 1403 mg/kg in the Western 

Piedmont. With this extremely large variability, it is difficult to anticipate the impact of a 

moderate application rate on soil Zn, especially when many producers are applying 

annually based on crop requirements of N or P which leads to consistent 

overapplication of Zn and Cu. It is critical to educate producers on the importance of 

waste testing as a management strategy to prevent Zn and Cu toxicity, as this is 

something that could surprise farmers receiving litter annually. Additionally, future 

education efforts should target integrators who control the amount of Zn and Cu within 

the poultry feed entering these farms.  

           Region also had a significant effect on total Cu concentration within poultry 

litters, with an average of 425 mg/kg in the Coastal Plain, 393 mg/kg in the Eastern 

Piedmont, and 371 mg/kg in the Western Piedmont. While the Coastal Plain had 

significantly greater total Zn, the Piedmont regions showed no significant difference. 

The distribution of samples were similar among regions, as seen in Figure 3, which 
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indicates similar feeding strategies among regions in terms of Cu. However, there was 

also large variation in total Cu among litters, ranging from 8.3 to 1366 mg/kg in the 

Coastal Plain, 12 to 1357 mg/kg in the Eastern Piedmont, and 20 to 1247 mg/kg in the 

Western Piedmont. It is unclear how this large variation will impact partitioning of both 

Zn and Cu in poultry litters and how that might impact bioavailability and mobility after 

land application. Therefore, a fractionation experiment was conducted using litters 

collected across NC. 

Fractionation of Zinc and Copper in Poultry Litters 

The range of nutrients (N, P, and K) within the litters collected for the 

fractionation study (Table 1) are within the range of average nutrients found in poultry 

litters in NC (Kulesza et al., 2021). The average percent recovery for Zn and Cu was 

100% and 95%, respectively, when the sum of the fractions was compared to the total 

on the waste analyses, and percent recovery ranged from 83% to 150% for Zn and 62% 

to 128% for Cu.  

There were significant fraction and fraction by region effects on Zn concentration. 

While there was no significant effect of region on total Zn concentration, there was large 

variability among total Zn in the samples, ranging from 420 to 1030 mg/kg in poultry 

litters analyzed, which is similar to results showing large variation in samples submitted 

to NCDA&CS. This suggests there could be wide variation in feed Zn concentration 

within the state and differences in management, as length of time between cleanouts, 

litter management, feed management, additive type, and additive concentration, can 

impact Zn concentration of resulting samples (Jackson et al., 2003). Commonly, the 

higher the level of Zn in the feed, the lower the overall retention in the body of the 
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poultry (Romeo et al., 2014). While the goal was to capture differences in feed 

formulation and litter management by breaking the samples into regions, future efforts 

should focus on integrator participation specifically as the integrator controls feed 

formulation and can suggest or dictate cleanouts of the houses. In regard to other 

studies involving poultry litter application in the United States, total Zn and Cu 

concentrations were within average ranges; with large variation in both Zn and Cu also 

evident (Foust et al., 2018; Romeo et al., 2014; Jackson et al., 2003). In Foust et al. 

(2018), there was a Zn range of 113 to 674 mg/kg and a Cu range of 188 to 789 mg/kg 

in the poultry litters. The average Zn and Cu of 40 poultry litter sampled analyzed for 

trace metals in Jackson et al. (2003) were 373 ppm and 479 ppm, respectively.  

Zn concentrations within fractions did not follow the same trends within the three 

regions. The Coastal Plain Zn fractions followed a trend of acid soluble = reducible > 

oxidizable = residual (Table 3). The Eastern Piedmont Zn fractions followed a trend of 

reducible > acid soluble = oxidizable > residual. The Western Piedmont Zn fractions 

followed a trend of oxidizable ≥ acid soluble = reducible ≥ residual. The lack of notable 

differences among fractions in the Western Piedmont, as compared to the other two 

regions, could be a result of the sample types submitted in that region, as two samples 

were from broiler facilities and two were from broiler breeder facilities. It would be 

expected that these two operation types would have different waste management 

practices and feed formulations. However, due to the small number of replications, this 

cannot be determined statistically. Total Zn within the statewide data show median and 

average values for the two production systems (broilers vs broiler breeders) to be 

similar, as well as the large variability in total Zn for both. Therefore, differences found 
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between these samples is likely due to differences in the form of Zn fed within these 

production systems or differences in litter management practices on broiler versus 

broiler breeder facilities. In the Western Piedmont, there was no correlation between Zn 

and S, Mn, Fe, or Cu when a multivariate analysis was conducted (Table 4). However, 

in the Coastal Plain (0.9918) and Eastern Piedmont (0.9999), there were significant 

positive correlations between Zn and Mn based on the multivariate analysis. The 

Eastern Piedmont (0.9992), also had a strong positive correlation between Zn and S. It 

is possible that the large amount of Zn and Mn in the sample could have formed Zn-Mn 

complexes, which would lead to increased Zn concentrations in the reducible fraction of 

these litters, as this fraction is associated with Zn bound to Fe and Mn oxides 

(Zimmerman and Weindorf, 2010). The large amount of S found in the Eastern 

Piedmont could have also formed Zn-S complexes, which would have increased the 

concentration of Zn in the oxidizable fraction (Karlsson and Skyllberg 2007).  Complex 

formation itself is very pH dependent (Zimmerman and Weindorf, 2010). However, when 

fraction was added to the multivariate analysis, there was no correlation between 

individual fraction concentrations and Mn or S concentrations by region. When a pooled 

multivariate analysis was conducted, there was a significant correlation between Mn 

and the reducible fraction, which would be expected (Table 5). Mn is added at fairly high 

levels to poultry diets and is typically fed as manganese sulfate which is highly soluble, 

leaving Mn in solution to complex with Zn. S did not show a correlation with the 

oxidizable fraction, indicating Zn was not bound to sulfides within the litters.  

Sungur et al (2016) found nearly equal distribution of Zn across the four fractions, 

with 24%, 28%, 24%, and 24% in the acid soluble, reducible, oxidizable, and residual 
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fractions, respectively, when analyzing chicken manure. When converted to a percent of 

the sum, there was no significant interaction between region and fraction within this 

study, and only fraction was significant. Zn fractionation in the acid soluble, reducible, 

oxidizable, and residual fractions was 38%, 40%, 21%, and 0.6%, respectively, of the 

sum of these fractions. This indicates that the concentration does not affect the 

partitioning of Zn in the four fractions for the range of total Zn found within the litters of 

this study. Differences in the distribution of Zn among fractions is an indication that feed 

sources or litter management were different as compared to Sungur et al (2016). Also, 

the bioavailability and mobility of Zn when comparing these two studies is expected to 

be different. With 99% of Zn in acid soluble, reducible, and oxidizable fractions, it is 

expected that a much larger portion of Zn within litters of NC will be mobile and 

bioavailable when applied to soils. Additionally, the average total Zn concentration 

within this study is twice that of Sungur et al (2016), which further supports that 

differences in production, feeding practices, and litter management among these two 

countries could be a source of the variation in fractionation.  

With a one-time poultry litter application rate of 11 Mg/ha to a Cecil sandy loam 

and a Norfolk loamy sand (two major agricultural soils of NC), concentration of Zn in 

exchangeable and organic matter fractions were increased (Shuman, 1999). However, 

there was a significant difference in the concentration of Zn in the exchangeable fraction 

between the two soil types, with the loamy sand having higher exchangeable Zn as 

compared to the sandy loam. This indicates clay content and CEC will have a strong 

impact on the availability of Zn after land application, with Zn absorbed by clays. While 

studies have shown poultry litter tends to increase exchangeable Zn in soils, none have 
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investigated the impact of varying fractionation of Zn within litters of varying sources to 

the accumulation of Zn in these soil Zn pools. Additionally, fields with long-term manure 

application showed increased Zn in pools associated with easily reducible oxides, 

organic matter, amorphous Fe, and crystalline Fe fractions and downward Zn 

movement within the soil profile to a depth of 180 cm (Han et al., 2000). The downward 

movement of Zn is especially concerning as tillage is one of two methods for mitigation 

of Zn toxicity symptoms available to growers. Cu was found primarily in the fraction 

associated with organic matter, which is similar to the fractionation found within poultry 

litters analyzed within this study.  

There was no significant regional effect or interaction of region and fractionation 

on poultry litter Cu concentrations. However, there was a significant fractionation effect 

(Table 2). The residual and reducible fractions had the lowest Cu concentrations, with 

8.8 mg/kg and 51 mg/kg, respectively, followed by acid soluble and oxidizable, with 160 

mg/kg and 376 mg/kg, respectively, in these fractions (Figure 3). When converted to a 

percentage of the total sum of the fractions, 26%, 8%, 67%, and 2% of Cu was found in 

the acid soluble, reducible, oxidizable, and residual fractions, respectively. Sungur et al 

(2016) similarly found a large portion of the Cu in the oxidizable fraction. However, they 

also found a large portion in the residual fraction, which was the fraction with the lowest 

concentration in this study. This could reflect differences in feed Cu forms used within 

these two countries. There were no significant correlations between Cu and S, Fe, Mn, 

or Zn when a multivariate analysis was conducted by region (Table 4), and there were 

no significant correlations between Cu fractions and total S, Fe, Mn, or Zn when data 

were pooled (Table 5). 
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There was no correlation between Zn concentration and Cu concentration in the 

poultry litters analyzed in this study, which indicates their use is likely independent of 

each other within feed rations and dependent on integrator requirements. Information 

from this study and other studies involving fractionation of Zn and Cu in poultry litter 

have multiple applications in future research. It is crucial to know the concentration of 

Zn and Cu in different fractions in poultry litter to understand the bioavailability of these 

metals and determine their risk to crop production.  

CONCLUSIONS 

There is large variability in total Zn and Cu within poultry litters generated in 

North Carolina. Additionally, there are differences in average Zn and Cu, depending on 

the production region, indicating differences in management or feed Zn or Cu levels. 

Average total Zn in NC followed a trend of Coastal Plain > Southeast Piedmont > 

Northwest Piedmont, and total Cu followed a trend of Coastal Plain ≥ Southeast 

Piedmont > Northwest Piedmont. When a sequential extraction procedure was 

conducted on 11 broiler and broiler breeder liter samples collected across NC, there 

were differences in Zn concentration among the four Zn fractions in the three regions. 

However, when converted to percentage of the sum of these fractions, there was no 

significant interaction of region and fraction, indicating total Zn concentration did not 

affect partitioning of Zn among fractions. The percentage of Zn in the acid-soluble, 

reducible, oxidizable, and residual fractions was 37%, 40%, 21%, and 0.6%, 

respectively. Region did not have an effect on Cu fractionation, with 26%, 8%, 67%, and 

2% of Cu in the acid-soluble, reducible, oxidizable, and residual fractions, respectively. 

Cu fractionation followed a trend of reducible > acid soluble > oxidizable = residual, 
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which is different from previous research regarding Cu fractions in poultry litter.  This is 

important to consider when conducting experiments related to application of poultry 

litter, as there is large variation in total Zn and Cu depending on where the litter is 

sourced, which could impact its availability when applied to soils. Therefore, more 

research is needed to determine the impact of poultry litter application on bioavailability 

and behavior of Zn and Cu in soils. 
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Table 1: Full nutrient analysis conducted by NCDA&CS in early 2020. Nutrient values are expressed in parts per million 
(ppm) on a dry-weight basis.  

†Litter types: Broiler Litter (HLB), Broiler Breeder Litter (HBB), and Layer Manure (HLL)  

County 
Litter 
Type

† 

Regio
n 

DM N P K Ca Mg S Fe Mn Zn Cu B Al Na 

   % g/kg 

Onslow HLB CP 68.2 37.2 20.2 31.3 30.2 8.2 7.5 1.15 1.09 1.03 0.81 0.35 1.72 4.36 

Bertie HLB CP 68.3 35.4 17.0 43.8 31.6 10.5 17.6 1.09 0.81 0.73 0.58 0.09 2.26 
13.2

0 

Bertie HLB CP 66.2 38.4 15.9 48.4 21.6 10.4 17.4 0.61 0.75 0.67 0.48 0.09 1.69 
11.7

0 

Sampson HLB CP 75 39.0 16.7 32.0 25.8 7.3 8.8 0.54 0.58 0.56 0.91 0.16 0.94 8.89 

Camden HLL CP 67.3 36.8 24.5 38.8 105.0 8.2 6.4 0.70 0.51 0.61 0.06 0.06 0.57 6.43 

Surry HLB NWP 71.7 40.8 16.9 36.9 21.1 7.0 8.6 1.20 0.43 0.42 0.42 0.06 1.24 
11.3

0 

Catawba HLB NWP 63.8 29.2 12.5 31.6 25.4 7.9 6.8 4.70 0.53 0.50 0.79 0.04 3.92 8.33 

Rockingha
m 

HBB NWP 67.8 19.2 13.6 20.8 86.5 4.3 4.8 6.53 0.65 0.48 0.54 0.02 5.45 5.74 

Wilkes HBB NWP 74.2 33.9 21.1 23.4 88.8 6.5 7.8 2.54 0.65 0.74 0.67 0.03 2.36 7.26 

Moore HLB SEP 73.2 46.2 21.1 30.3 37.5 7.8 11.3 3.32 0.79 0.81 0.54 0.05 3.88 8.04 

Moore HLB SEP 72.4 46.3 26.7 30.1 46.4 9.7 12.6 2.16 0.91 0.96 0.58 0.05 2.71 8.65 

Moore HLB SEP 65.9 31.9 18.0 39.4 29.4 10.7 9.6 4.10 0.60 0.59 0.62 0.06 4.61 6.20 
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Table 2: Least squared means table constructed using the first 3 fractions.  
 

Effect Variable Zn Cu 
 

P Value 

Region 0.2597 0.2922 

Fraction <0.0001 <0.0001 

Region x Fraction 0.0119 0.7670 
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Table 3: Fractionation of Zn in poultry litters collected across three production regions of 
North Carolina (Coastal Plain, Northwest Piedmont, and Southeast Piedmont) and total 
recovery expressed as a percent.  

Region 
Acid 

Soluble Reducible Oxidizable 
Residual 
Residue 

Total of 
Fractions 

Total 
Recovery 

 ppm % 

Coastal Plain 314 Aa† 290 Aa 72 Ba 1.4 Ba 678 92 

Northwest 
Piedmont 178 ABb 165 ABb 216 Aa 7.3 Ba 562 108 

Southeast 
Piedmont 226 Bab 394 Aa 164 Ba 4.0 Ca 792 102 

† Capital letters of significance represent differences between fractions within each 
region (row), and lowercase letters indicate significant differences between regions 
within fractions of Zn (column).  
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Table 4. Multivariate analysis of S, Fe, Mn, Zn, and Cu in poultry litters collected in three 
regions of North Carolina. 
 

Region Element S Fe Mn Zn Cu 

Coastal 
Plain 

S 1†     
Fe -0.054 1    
Mn -0.240 0.849 1   
Zn -0.362 0.818 0.992** 1  
Cu -0.932 -0.049 -0.031 0.090 1 

Northwest 
Piedmont 

S 1     
Fe -0.981* 1    
Mn -0.604 0.581 1   
Zn 0.165 -0.141 0.673 1  
Cu -0.170 0.338 0.388 0.486 1 

Southeast 
Piedmont 

S 1     
Fe -0.982 1    
Mn 0.999* -0.974 1   
Zn 1.000* -0.976 1.000** 1  
Cu -0.576 0.412 -0.608 -0.600 1 

†* denotes significance <0.05 
** denotes significance at <0.001  
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Table 5. Multivariate analysis of fractionation concentration of Zn and Cu and total S, Fe, Mn, Zn, and Cu in poultry litters 
collected in three regions of North Carolina.

 
 Fraction - Cu  Fraction - Zn   

 
 

1 2 3 4 1 2 3 4 S Fe Mn 
Total 
Zn 

Total 
Cu 

Fractio
n - Cu  

1 1             
2 0.751** 1            
3 

0.086 
-
0.187 1           

4 
-0.182 

-
0.322 0.700* 1          

Fractio
n - Zn  

1 0.031 0.219 0.061 -0.346 1         
2 

-0.574 
-
0.358 0.019 -0.125 0.458 1        

3 
-0.229 

-
0.487 0.267 0.463 

-
0.844** 

-
0.235 1       

4 
-0.104 -0.18 0.483 0.625* -0.594 

-
0.204 0.617* 1      

 

S -0.448 
-
0.386 -0.271 -0.403 0.263 0.349 -0.237 -0.489 1     

Fe -0.041 0.152 0.258 0.525 -0.536 
-
0.089 0.438 0.828** -0.57 1    

Mn -0.483 
-
0.443 0.342 -0.055 0.412 

0.706
* 0.085 -0.167 0.304 -0.264 1   

Total Zn -0.454 
-
0.433 0.171 -0.095 0.313 

0.690
* 0.131 -0.341 0.293 -0.341 0.936** 1  

Total Cu 0.755** 0.540 0.414 -0.052 0.279 
-
0.053 -0.175 -0.183 

-
0.384 -0.082 0.139 0.17 1 
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Figure 1: Location of poultry litter samples analyzed in this study. Image obtained from 
North Carolina Department of Public Instruction (2012). 
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Figure 2: Distribution of North Carolina broiler farms within the Northwest Piedmont, 
Southeast Piedmont, and Coastal Plain. 
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Figure 3: Distribution of (a) Zn and (b) Cu in poultry litter samples submitted to the North 
Carolina Department of Agriculture and Consumer Services between July 1st, 2014 and 
June 30th, 2019 from three regions of North Carolina. Box plots represent the medians 
and quartiles within each production region.  
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Figure 4: Average copper concentration found in acid soluble, reducible, oxidizable, and 
residual residue fractions of poultry litter collected from 12 poultry farms located across 
the state of North Carolina. Error bars represent one standard deviation of the mean.  
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