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Abstract: A 15-day bench-scale manure storage experiment with a slurry mixture comprising 

beef cattle feces and synthetic urine with 15N-labeled urea was conducted to evaluate the 

source of volatilized ammonia nitrogen (NH3-N). Beef cattle feces was mixed daily in a 

1:2.2 mass ratio with 15N-labeled urine and added for four consecutive days to 2-L storage 

containers and then left undisturbed for eleven days. Isotope ratio mass spectrometry was 

used to determine the origin of aerial NH3-N losses from the relative isotopic abundance of 

N in the 15N-labeled slurry mixture. On average 84% of total NH3-N losses originated from 

the urine portion and were highest during the first two to four days, when fresh material 

was added. After fresh material addition ceased, daily NH3-N emission from the urine 

decreased gradually, whereas emission from the feces remained relatively constant. 

Calculations showed that over 34% of aerial N was not captured, suggesting that other N 

gas emission is significant from slurry mixtures. Likely all uncaptured N losses were from 

urinary urea. The study verified the applicability of 15N-labeled synthetic urine for beef 

slurry mixtures. However, the results suggest further research to explain and model the 

NH3 and N release from fecal material is warranted and to determine the identity of the 

uncaptured N losses. 
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1. Introduction 

Nitrogen (N) losses from manure can occur through runoff, leaching or emission and represent 

valuable nutrient losses for agricultural applications and potential harm to the environment. When 

deposited, atmospheric NH3 can be nitrified in soil and water and contribute to soil and water 

acidification; in addition, acid depositions can be transported large distances (several 100 km) from the 

source of release [1,2]. Ammonia emission can form light-scattering aerosol particles that may impair 

visibility and form respirable aerosol particles that are a health concern [3]. 

The 15N labeling method has been used to track N in dairy cows from feed intake to manure  

excretion [4] and cycling of manure N in crop systems [5,6]. Isotope ratio mass spectrometry is 

typically used to determine the ratio of 15N and 14N of plant and soil samples with high accuracy to 

detect even small differences between isotopic abundances of sample and standard conditions [7,8]. 

Few studies have been conducted that discuss labeled N movements through manure management 

systems [9,10] and have focused on compost [11–13] and anaerobic systems [14,15]. 

It is commonly assumed that NH3 from manure predominantly originates from urea when urine comes 

in contact with fecal urease [16–19]. However, only limited research examines the quantity of NH3 

originating from urine versus feces in the manure. Thomsen [9] and Lee et al. [10] investigated urinary vs. 

fecal-N contribution to gaseous N emission from composted and anaerobically stored 15N-labeled sheep 

manure with bedding and stored dairy cattle manure, respectively. Both studies showed that urinary N 

accounted for the highest N loss from the manure. 

Gaseous NH3 emissions from cattle manure are affected by a variety of factors, such as manure 

characteristics [20,21] and type and duration of manure storage [22,23]. In the long-term, recognizing 

the source of aerial N losses from beef cattle manure and the time when N emission are highest will 

help with beef cattle manure management decisions. Our research complements research conducted by 

Thomsen [9] and Lee et al. [10] and specifically considers NH3 emission from beef cattle manure with 

respect to time after fresh manure addition. Compared to 15N-labeled urine obtained from the animal, 

the applicability of synthetic 15N-labeled urine would allow advanced control over the 15N 

concentration in the manure mixture and provides a less costly and time-consuming alternative. Thus, 

the objectives of this study were (1) to verify the use of synthetic urine amended with 15N-labeled urea 

as a valid means to determine the fate and origin of N in manure, and (2) to monitor labeled-N 

movement in a bench-scale manure storage system for beef cattle manure. 

2. Materials and Methods 

2.1. Simulated Slurry Systems 

The bench-scale manure storage test system consisted of four 2-L wide-mouth glass jars (Figure 1). 

The lid of each jar was equipped with three inlet holes and one exhaust hole. A Teflon tube was 
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connected to the exhaust hole to draw air out of the system through an acid trap solution. Combination 

airflow meters and valves (RMA-26-SSV, Dwyer Instruments, Inc., IN, USA) for each sampling line 

were situated after the acid trap and prior to the common vacuum pump (DOA-P707-AA, Gast 

Manufacturing Inc., Benton Harbor, MI, USA) to ensure equal air flow of 1 L·min−1 through each jar. 

A baffle placed in the middle of the jar lid was adjusted approximately 1 cm above the slurry surface to 

disperse air flow through the headspace of the jar. Thermocouples were placed in the slurry mixture 

and in the ambient air to monitor temperature changes with measurements recorded at 5-min intervals. 

 

Figure 1. Schematic of one acid trap unit within the bench-scale manure storage system 

(not to scale). 

Fresh fecal material was hand-grabbed from an open beef feedlot, combined, stored in a freezer  

(−18 °C), and thawed over 24 h prior to addition. The synthetic urine was prepared immediately before 

addition following procedures by Parker et al. [24]. Synthetic labeled urine contained 22.6 g·L−1  
15N-labeled urea (10 atom %, Sigma-Aldrich, St. Louis, MO, USA) in combination with 23.1 g·L−1 

potassium bicarbonate, 1.9 g·L−1 potassium sulfate, and 3.8 g·L−1 potassium chlorate using nanopure 

water (E-Pure, Barnstead, Thermo Scientific, Dubuque, IA, USA). Daily subsamples of feces and urine 

were taken after material addition and stored at −18 °C for further analysis. For the first four days,  

200 mL of synthetic urine and 90.9 g of beef cattle feces were added to each jar daily. After each 

material addition, the mixtures were stirred briefly and the lids were closed. The 100-mL acid traps 

were prepared with 0.3 M sulfuric acid in nanopure water. The acid traps were replaced daily from the 

beginning until the end of the 15-day monitoring period and a subsample from each acid trap was 

stored at −18 °C until subsequent analysis. After the first four days of the material addition, the lids 

were not opened for the remainder of the 15-day monitoring period. At the end of the monitoring 

period, 50 mL of 0.3 M sulfuric acid was added to the slurries and approximately 100 g of raw feces 

was acidified with 20 mL 0.3 M sulfuric acid to prevent loss of N through volatilization. 

2.2. Physical and Chemical Analysis 

Moisture content (MC) of 350-g subsamples of the acidified slurry mixtures and fecal samples were 

determined by weighing the subsamples before and after drying in a forced-air oven at 80 °C for 24 h 

and 38 h, respectively. One-gram subsamples of the dried slurry mixtures were dried further at 135 °C 
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for 2 h to determine absolute MC, because crust formation prevented complete drying of the larger 

sample. Dried slurry mixtures and dried fecal material were ground through a 2-mm screen with a 

centrifugal grinding mill (Retsch ZM-1, Brinkmann Instruments Co., Westbury, NY, USA). Three-mg 

samples of both the ground fecal material and ground slurry samples were analyzed for total N and  

atom % 15N (15N relative to total 14N + 15N) on a 20-20 Europa isotope ratio mass spectrometer 

(Europa Scientific Ltd., Crewe, Cheshire, UK). Ten-µL subsamples of both the urine and the acid trap 

solutions were mixed with 3 mg Chromosorb W, acid washed (Europa Scientific Ltd., Cambridge, 

UK) and also analyzed for total N and atom % 15N. A standard sample was run after every eight 

samples with the mass spectrometer. The standard used for the ground fecal samples was bleached  

all-purpose wheat flower purchased from a local market source with standard values previously 

verified through multiple testing labs for use as standard values. For samples from labeled final slurry 

mixtures, a 1:1.2 unlabeled urea (Sigma-Aldrich, St. Louis, MO, USA) dilutions was used as the 

standard for the mass spectrometer. A 1:10 dilution of the 15N-labeled urea was used as the standard 

for treatment acid trap subsamples. 

The daily total volatilized NH3 was calculated based on the detected total N (%) measured in each 

acid traps and converted to g·day−1 as follows: ܧேுయ ൌ ܿேுయ_ಲ೅ ൈ ஺்ܸ ൈ ஺் (1)ߩ

where 

ENH3 = slurry N recovered as NH3 in the acid trap solution (g·day−1) 

cNH3_AT = NH3-N concentration in acid trap (g·g−1 acid trap solution day−1) 

VAT = volume acid trap solution (mL) 

ρAT = density of the acid trap solution (assume 1 g·mL−1) 

The proportion of NH3-N volatilized from the urine in the labeled slurry mixtures was calculated 

under the assumption that all 15N recovered as NH3-N in the acid trap solution originated solely from 

the urine portion (Equation (2)): ܧேுయ_௎ ൌ ேுయܧ ൈ ቆ ஺்ܰଵହ െ ேܰ஺ଵହ
௎ܰ െଵହ ேܰ஺ଵହ ቇ (2)

where 

ENH3_U = recovered NH3-N from treatment urinary N (g·day−1) 
15NU = 15N content in the urine before addition to treatment (g·g−1 urine) 
15NAT = 15N content captured in acid trap (g·g−1 acid trap solution) 
15NNA = natural abundance of 15N in air (g·g−1 air) = 0.0037 [25] 

A similar approach was used to determine total N from the urine portion in the final dried slurry: ܶ ௌܰ௟_௎ ൌ ܶ ௌܰ௟ ൈ ቆ ௌܰ௟ଵହ െ ேܰ஺ଵହ
௎ܰ െଵହ ேܰ஺ଵହ ቇ (3)

where 

TNSl_U = total N from the urine portion in the final dried slurry 

TNSl = total N in the final dried slurry 
15NSl = 15N content in the final dried slurry 
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The proportion of NH3-N volatilized from the feces in the labeled slurry mixtures was calculated as 

the difference between ENH3 and ENH3_U. Uncaptured N was calculated as the difference between the 

input slurry N (sum of N added from the urine and the fecal material) and the measured output slurry N 

(sum of final slurry N and recovered acid-captured NH3-N). 

2.3. Statistical Analysis 

The experiment was designed to verify the use of synthetic urine with 15N-labeled urea, to quantify 

NH3-N losses from the slurry mixture, and to determine the ratio of feces versus urine contribution to 
15N loss and total N. The glass jar was the experimental unit with four replicates of labeled slurry. The 

PROC GLM (SAS Institute Inc., Cary, NC, USA) procedure was used to test for differences in daily 

captured NH3-N from labeled slurries. If significant differences existed (p < 0.05) post hoc Tukey HSD 

was used to determine where and when differences occurred. 

3. Results and Discussion 

At times of material addition, the slurry temperature decreased about 2 °C because added urine and 

fecal material were colder (20 °C) than the average slurry temperature (27 °C, CV = 0.04).  

Ammonium-N losses were highest between day 2 and 4 (Figure 2). After day 4, which coincided with 

the end of material addition, NH3-N emission gradually decreased until the end of the 15-day  

monitoring period. Previous studies with incubated dairy manure at 25 °C and beef manure at 40 °C 

reported NH3 peak emission between two and five days [10] and within two days after manure 

addition [26], respectively, followed by a gradual decrease in NH3 emission. Lee et al. [10] added 

manure only once in the beginning of the trial but took daily manure samples; sampling may have 

enhanced mixing and facilitated NH3 volatilization which may explain the extended period of higher 

emission in their study. In our study, NH3-N emission decreased one day after the last material 

addition with no subsequent mixing. Other field-scale studies with cattle manure also observed highest 

NH3 volatilization within 24 h of manure application [27,28]. 

The majority (84%) of captured NH3-N losses originated from urinary urea with the highest 

proportion of emission from the urine portion occurring between day 2 (0.46 g·day−1, CV = 0.08)  

and 4 (0.53 g·day−1, CV = 0.08). Our findings conform to findings of Lee et al. [10] who reported that 

during the first ten days of incubated dairy manure 90% of NH3-N losses originated from urinary  

N. Lee et al. [10] found initial NH3 volatilization from the fecal portion to be negligible during the first 

48 h of incubation, whereas after 10 incubation days, 10% of the NH3-N losses originated from fecal 

N. Interestingly, in our study the relative fecal contribution to NH3-N loss in the first 48 h ranged 

between 23% and 25%, remained constant between days 3 and 5 (9%) and then gradually increased 

after day 5 from 10% to 31% on day 15. However, except for day 2 (0.14 g·day−1, CV = 0.06), NH3-N 

emissions from fecal N were constant throughout the monitoring period ranging between 0.04 and  

0.06 g·day−1 and averaged 0.05 g·day−1 (CV = 0.47). The urinary portion of the labeled slurry was the 

significant source of NH3-N emissions. However, further research needs to be conducted to evaluate N 

transformation processes in fecal material that contribute to NH3 production, or if the ratio is affected 

by temperature or other environmental factors. 
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Figure 2. Average daily NH3-N losses captured in sulfuric acid traps for 15N-labeled slurry 

mixtures. The proportion of fecal versus urinary contribution to NH3-N losses was 

calculated based on the 15N atom % in the acid trap solution. Error bars indicate the 

standard error of the mean. 

On average, 34% of the N losses were uncaptured (Table 1). Lee et al. [10] reported up to 25% 

uncaptured N losses from simulated dairy manure stored for 20 days, and proposed that those N losses 

originated most likely from dinitrogen gas. However, under these experimental conditions, nitrous 

oxide production may have as likely occurred as dinitrogen gas. Amon et al. [22] reported total net 

nitrous oxide emission (20.2 g N2O per m3 slurry) were half as high as NH3 emission (41.0 g NH3 per m3 

slurry) during storage of untreated dairy cattle slurry. 

Table 1. Nitrogen (N) balance for the control and treatment.1 

 Input N (g) 2 Output N (g) 

  Acid-Captured NH3-N Final Slurry N 3 Uncaptured N Losses 

Source Urine Feces Total Urine Feces Total Urine Feces Total Urine Feces Total 

Slurry 8.89 
2.69 

(0.15) 
11.58 

4.06 

(0.02) 

0.79 

(0.02) 

4.85 

(0.02) 

0.47 

(0.06) 

2.29 

(0.03) 

2.76  

(0.03) 
4.36 −0.39 * 3.97 

Slurry 15N 0.880 
0.010 

(0.00) 
0.890 

0.398 

(0.02) 

0.003 

(0.02) 

0.401 

(0.02) 

0.046 

(0.06) 

0.008 

(0.03) 

0.054  

(0.06) 
0.436 −0.001 * 0.435 

1 Averages are shown with coefficient of variation in parentheses (CV) for four replicates with underlined 

values calculated based on 15N signature and values in italic font based on mass balances; 2 Total nitrogen input 

after 4 days of material addition; 3 Nitrogen content after 15 days of storage; * Imbalance in fecal N masses 

calculation of the difference between the fecal N input and the measured fecal N output (acid-captured NH3-N 

and slurry N). 

Future studies should incorporate additional techniques to quantify other N gases that are not 

captured by the acid trap. Nitrogen mass balance calculations showed that more than 80% of the total 

final slurry N content was from fecal N while less than 20% was from the urine portion (Table 1). The 
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calculations also showed an imbalance in fecal N masses; the negative values for uncaptured N from 

feces would translate to a 15% increase in fecal N content after incubation. The error in the fecal N 

mass balance may be caused by the inconsistency in fecal N concentration which was reflected in the 

coefficient of variation for N concentration for the added fecal material (CV = 0.15). 

Total N losses (captured and uncaptured) originated with 95% from urinary N. Thomsen [9] came 

to similar findings with anaerobically stored sheep compost and reported that urine N accounted for  

94% of total N losses after 28 days of storage. Overall, the N balance (Table 1) and similar findings to 

Lee et al. [10] suggest that using synthetic urine with 15N-labeled urea is applicable to measure NH3-N 

losses and determine the source of volatilized NH3-N from beef cattle manure. However, additional 

studies are necessary to not only determine the uncaptured N gases but also to confirm the source of 

uncaptured losses. 

4. Conclusions 

Compared to studies with cannulated beef cattle as donors, the 15N-labeled urea tracer method 

presents a simple and inexpensive alternative with more control over the 15N concentration in the 

labeled synthetic urine solution. Urinary N accounted for the majority (84%) of NH3-N volatilization, 

with highest losses occurring for the days with urine and feces addition. Ammonium-N losses from the 

feces were similar throughout the trial, but as a percentage of total emission, gradually increased 

during storage time. Over 35% of the N losses were uncaptured and most likely originated all from 

urinary urea. Further research has to be carried out to confirm N release from fecal material and 

different measurements techniques should be added to determine other N gases that were not captured 

by the acid trap. 
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