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ABSTRACT 
Urea, applied in either granular or dissolved f o r d  b a conuionly 

used N fertilizer source for mrf-c and volntilhtion of NH. n i b  ~~~~ ~~~~ ~~~ ~~~~ -~... .. . ~~ 

duced by urea hydrolysis is considered lo be a major con!5builrto 
reduced N ferliluer utilization by estnblished Nrf. Ammonia vola- 
tilization losses from urea applied io rnrfgrass wem studied in a 
controlled endronment chamber. Kentucky bluegrass (Pwpmrefuu 
L, var .  Merion) sod was placed on a Crosby silt loam soil (fine, 
mixed. mesic Aerie Ochrsanalfs) in 17.5-L vlnstic containen with 
surface arc- of 434 em'. Coven'fined to the containers hnd.intnke 
and exhnust pons such fhat air conld be passed over the sod and 
NH, cnllened in s boric acid ban. Exaerimenls were mad& to 

Ammonia losses were higher from granular than from dissolved urea 
in all cases, except where urea application was immediately followed 
by B 25.4-mm irrigation. Ammonia loss from granular and dluolved 
urea increased ns fcmpernmre lncrewd from 10 to 22.2'C. but there 
were no significant eKects on NH, ims as tempmahue inaeased 
from 22.2 to 32.2T. Ammonia lwses from dissolved urea at 68% 
R.H. were greater than losses at 31% R.H., hut NH, loss from 
granular urea wns not significantly dected by relative humidity. 
Ammonia Imses increased rapidly foUowing periodic wetting of the 
turf fertllbed with dissolved urea. Irrigation (25.4 mm) following 
urea nppllcntion decreased NH, losses from both dlssdved and gran- 
nlnr urena. 

A d d i I b d  indrr wad: Nitrogen fertiIizer, Kentucky hlnegrass, 
Nutrient Iwsn, Pwpihrcnru L. 

N ITR&EN . . " "  fertlluauon IS an important cult& 
pracuce III turfgrass management. Recent in- 

vestigations into N utilization by plants have indicated 
that a substantial portion of the N applied is appar- 
ently lost and that crop recovery is often less than 50% 
(Torello et al., 1983). Nitrogen may be lost from turf- 
grass via many avenues including leaching, denitrifi- 
cation, volatilization, and immobilization. 

Urea [C0(NH2),] is the most popular N source of 
the turfgrass industry because of its high N content, 
ease of handlin&,and low cost. Urea undergoes en- 
zymatic hydrolysis to form ammonium carbonate, 
which is very unstable and decomposes to form NH,: 

"W 

CO(NH2)z + He + 2H20 - 2": (11 

HCO? + H' CO&) + H20 [21 

+ HCO? 

NHi + OH- e ",OH NH&) + H20 [3] 

Literature values regarding the magnitude of", vol- 
atilization losses from urea applied to turf are incon- 
sistent. Volk (1959) found significant volatilization 
losses from urea applied to turf-covered soils; N losses 
from surface-applied pelleted urea reached 20 to 30%. 
Nelson et al. (1980) reported volatilization losses of 
39% of urea-N applied to thatchy turf, while Torello 
et al. (1983) found only 1.6 and 4.6% volatilization 
losses from orilled- and liauid-amlied urea on turf. ._ 
respectively. 

Factors affecting NH, volatilization have been ex- 
amined by Denmead et al. (1974), Mills et al. (1974), 
Fenn (1975), Terman (1979), and Nelson (1982). 
Among the important variables affecting NH3 volatil- 
ization are microenvironment pH, soil moisture, tem- 
perature, fertilizer source and rate, soil properties such 
as cation exchance caDacitv. and deoth of fertiliier - . _ I  

incorporation. 
Hawk and Stephenson (1965), working with gran- 

ular urea. found that an W i n e  microenvironment 
was created around each hydrolyzed urea granule, with 
large granules producing pH values of 8.5 to 9.0 in the 
immediate granule environment. These results are in 
agreement with Vo&(1959), who reported that up to 
59% of the applied urea-N was volatilized on acid soil. 
Ammonia volatilization is more severe under alkaline 
conditions (Jewitt, 1942; Ernst and Massey, 1960; 
Martin and Chapman, 1951) as would be expected 
from the dissociation of ",OH. Based on a pK of 
-9.28 (Lindsay, 1979), 35% of dissolved NH, would 
be in the form of NH; at pH 9, but only 0.5% at pH - 
1 .  

In an established turf, surface application of fertil- 
izer is the only practical method of fertilization. The 
nutrients must be solubilized and moved into the root 
zone for uptake by plants. Frequently, the movement 
of N into the soil may be delayed or prevented by the 
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turfgrass. Thus, the fertilizer N remains close to the 
surface where it is subject to fluctuating moisture lev- 
els, high temperatures, and microbial degradation, all 
of which contribute to NHl volatilization. 

Many investigators have found greater NHJ losses 
from sod or plant residues compared to bare soils (Volk, 
1959; Watkinsetal., 1972).Torello(1981)foundurease 
activity to be as much as 30 times greater on the leaf 
surfaces, and in the thatch, of Kentucky bluegrass (Poa 
pratensis L.) than in the underlying soil. A dense turf 
thus provides an ideal environment for urea hydrol- 
ysis ifenough moisture is present and if the urea is in 
close proximity to the blades or thatch. 

T h e  turfgrass environment  frequently includes 
thatch, which has been defined as a tightly intermin- 
gled layer of living and dead stems, leaves, and roots 
of turfgrass that develops between the green vegetation 
and underlying soil surface (Beard, 1973). Nelson et 
al. (1980) found that thatch may contribute signifi- 
cantly to NH, volatilization. Thatch may prevent in- 
filtration of the applied N into the soil and cause the 
urea to dry more rapidly than if applied to non-thatchy 
turf. A high level of urease activity in the thatch and 
leaves may also contribute to increased NHJ volatil- 
ization by increasing NHI production from urea. 

The purpose of this investigation was to  assess the 
effects of temperature, relative humidity, wetting and 
drying cycles, and irrigation on MIl volatilization from 
urea applied to turf in a laboratory study. Secondly, 
the relative NH, losses from granular and dissolved 
urea, as affected by the variables under study, were 
compared. 

MATERIALS AND METHODS 
All experiments were conducted in a controlled environ- 

ment room. Air temperature and humidity were varied ac- 
cording to the experimental variables studied. A 12-h photc- 
period was used in all experiments. A mixture ofincandescent 
and fluorescent lighting provided adequate light intensity for 
turf growth. 

The general design of the NH, collection system was sim- 
ilar to that of Kissel et al. (1977) and is shown in side view 
in Fig. 1. Vnlatilization chambers were constructed from 
17.5-L polyethylene buckets with sealing lids. The chambers 
were tilled two-thirds full with a Crosby silt loam soil (fine, 
mixed, mesic Aeric Ochraqualfs) with a pH of 7.3. Kentucky 
bluegrass (var. Merion) sod grown on the Same soil from an 
adjoining area was placed in the bucket so as to give an air 
volume above the turf of 2.4 L. The sod was taken from an 
area that had not been fenilized for I yr. The diameter of 

Vocuum manifold 

the turfsamples was 23.5 cm, and the sod had a thatch layer 
of 2.0 cm. Sod was kept in the greenhouse until used in the 
experiment; after placement in the chambers, the soil and 
sod were brought to -33 kPa soil moisture content 24 h 
before treatment application. The chambers allowed natural 
drainage and percolation to occur, but the sod was fit tightly 
into the bucket so as to minimize air exchange belween the 
sod and soil. 

A vacuum pump was used to pull a stream of air through 
an acid scrubber and a drierite flask. The scrubber containing 
0.5 M HCI removed any ambient NH, in the atmosphere, 
and the drierite flask was used to adjust the humidity of the 
air before entering the volatilization chambers. The air was 
then dispersed across the top of the volatilization chamber. 
Twelve volatilization chambers were sampled simultane- 
ously. Air-flow through the chambers, individually con- 
trolled by means of a vacuum manifold, was maintained at 
35 L/min. This corresponds to about 15 air volume ex- 
changes/min. A Gilmont flow meter (Gdmont Instruments, 
Inc., Great Neck, NY) was used to measure and adjust air- 
flow through individual chambers. The air exchange rate of 
the environmental room was also maintained at 15 ex- 
changes/min. An indicator boric acid trap (Fig. 1) ran con- 
tinually to monitor the NH, concentration in the room. Only 
traces were detected, indicating that the air exchange rate 
was adequate to remove NH, lost From the chambers. Kissel 
et al. (1977) found that NH, volatilization increased rapidly 
up to 14 volume exchanges/min. Any further increase in air 
exchange rate did not significantly increase volatilization. 
Based on field measurements of air flow above bermudagrass 
(Cynodon ductyhn L.), Kissel et al. (1977) concluded that 
NH, volatilization would not be limited by their sampling 
method if air exchanges were >15 to 2Olmin. 

Ammonia was picked up in the moving air stream and 
bubbled through a boric acid-indicator solution. The solu- 
tion was then titrated with standardized HCI, and the percent 
NHJ-N volatilized was calculated. The detection limit was 
50 pg N/chamber. 
During samplins-coven were tightly lined over the vol- 

atilization chambers and the air sampled for a 30min pe- 
riod. Covers were then removed to expose the turf to the 
normal environment. Sampling times varied according to 
when volatilization was expected to be the greatest, based 
on preliminary studies. By extrapolating between any two 
sampling times, an estimate was obtained of the total NH, 
volatilized during that period. This system allowed open 
growing conditions to exist most of the time and minimal 
condensation problems. Time ZRO for sampling was im- 
mediatelv after urea amlication to the turfmass. 

The e5ciency of the -trapping system was determined by i 

generating a hown quantity of NH, in a generation flask 
and running the system. The NH, trapped by the boric acid 
was determined by direct tihation. The-N left in the gen- ’ 
emtion flask was determined by steam distillation (Keeney . 
and Nelson, 1982). The overall e5ciency of the system av- , 

. .  

Vowum pump Codens-% Aad trop Volotilimtion chomber Drierite flolk Chemicol 
trap trap 

~ 
Fig. 1. Schematic side dew of the NH, vohtilirsdon npppnter. 
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eraged 98.4 f 4.7% N recovery for 10 experimental runs. 
The N rate used in all experiments for liquid and dry urea 

treatments was the equivalent of 73 kg N/ha. Granular urea 
(46-0-0) was applied by hand. The granules were sieved to 
obtain a particle diameter of approximately 2 mm to provide 
uniform distribution. Dissolved urea treatments were sprayed 
on with a hand-held CO?-pressurized (1.4 kg/cm') sprayer 
using a single Tee-Jet 8002 even-fan nozzle (Spraying Sys- 
tems Co., Wheaton, IL). A spray volume of 163 mL/m2 
(equivalent to 1630 Lpa), typical for most commercial 
sprayers, was used. This gave a calculated dissolved urea 
concentration of 98 g/L. 

Four separate experiments were conducted to evaluate the 
effect of temperature, humidity, wetting and drying cycles, 
and irrigation on NH, volatilization; NH, losses from liquid 
and granular urea were compared in all experiments. 

Treatment means for NH,-N lost per chamber were cal- 
culated, and a factorial analysis of variance was performed 
using the general linear models (GLM) procedure in the Sta- 
tistical Analysis Systems (SAS Institute, 1979). Means were 
separated by calculating the LSD at the 0.05 level. The fer- 
tilizer treatments were replicated from three to six times 
depending on the variable under evaluation and experiment 
sue. A completely randomized design was used throughout 
the study. During the hrst (temperature) experiment, check 
(no urea) treatments were included. Ammonia losses from 
untreated samples remained constant from all replicates. A 
total of only 177 pg N/chamber was collected at the 22.0'C 
temperature during the entire 8Ph experimental period. Sub- 
sequent experiments did not include checks so that the ad- 
ditional chambers could be used to increase treatment r ep  
lication. 

Experiment 1: Temperature 
Ammonia volatilization was evaluated at temperatures of 

10.0, 22.2, and 32.2"C. A separate experiment with repli- 
cation was conducted at each temperature. The relative hu- 
midity was maintained at 68 f 4%. Sampling times were 
varied for each experiment because of varying NH, volatil- 
ization rates. The experiments were terminated when the 
acid traps no longer changed color. 

Experiment 2: Relative Humidity 
Relative humidities of 68 f 4% and 31 f 4% were used. 

Temperature was maintained at 32.2"C. The humidity was 
regulated in the environmental control room with a high- 
capacity room dehumidifier. Humidity of the ambient air 
crossing the turfduring sampling was adjusted with indicator 
drierite flasks. Saturated drierite traps maintained the rela- 
tive humidity in the chambers at 68 f 4%. Fresh indicator 
drierite reduced relative humidity to 31 f 4%. This drierite 
had to be replaced every five to six sampling periods to 
maintain relative humidity at 31%. Relative humidity was 
measured with a hygrothermograph and by periodically 
checking with an Assmann psychrometer (Systron-Donner 
Corp., WeatherMeasure Div., Sacramento, CA). 

Experiment 3: Wetting and Drying Cycles 
The experiment was conducted at 22.2"C and 68 k 4% 

R.H. Relative humidity in the volatilization chambers did 
fluctuate with the wetting and h n g  cycles. However, rel- 
ative humidity ofthe air entering the volatilization chambers 
and in the environmental control room remained relatively 
constant at 68 f 4%. 

The turfgrass was wet (35 mL/chamber, < I  mm) every 
24 h with a misting bottle. The turf was then allowed to 
follow a normal dqmg cycle. Water applied at this volume 
covered the leaf surfaces and moistened the thatch, but was 
not enough to move below the thatch layer. 

531 

Ammonia losses were measured orior to mistinp. and at I 
and 3 h after mist application. A l i  dissolved a n i  granular 
urea treatments were misted. 

Experiment 4: Irrigation 
The experiment was conducted at 22.2'C and at a relative 

humidity of 68 f 4%. Irrigation was applied to half of the 
dissolved and granular urea treatments immediately after 
ferlilizer application. The water was sprayed on with a hand- 
pump sprayer with a coarse droplet sue. A total of 25.4 mm 
of water was applied over a I-h period. The water was a p  
plied four times at a rate of 6.3 mm/l5 min. This was con- 
sidered to adequately simulate a normal imgation rate of 
25.4 mm/h in the field. 

RESULTS AND DISCUSSION 
In all experiments, NH, volatilization ceased within 

5 days after treatment application. Losses were de- 
tected a t  the first sampling in all treatments (30 min- 
5 h), and most of the NH, was usually lost within the 
t in t  2 days after treatment application, although this 
was somewhat treatment-dependent. Patterns of NH, 
volatilization varied for all experiments. Thus, each 
experiment will be discussed separately. 

Experiment 1: Temperature 
The NH,-N recovered per chamber per sampling 

period is shown graphically in Fig. 2, and cumulative 
(90 h )  NH, losses are reported in  Table 1. Granular 

4.0 r 

Granular Urea 

2.0 

? 1.0 - 

Time (burs) 
Fig. 2. EBects of temperature on NH, volntilbtion with bhre from 

lppnulpr and dissolved urea. 
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Table 1. Cumulative NH.-N losses from grsllular and dissolved 
m a  applied to sod (LB affected by the upclimental trratmcnte. 

Cumulative 190 hl NH,-N 10- 
Imglchambarl 

-. 
10.0 57.3 118.11$ 34.2 8.6 12.71 81.4 
22.2 136.6 (42.81 34.8 52.1 (16.5) 19.4 
32.2 192.4 160.8) 17.2 38.0 112.0) 22.4 

LSD (0.051 70.2 16.4 
2. Rektivs humidity IS) 

31 124.5 (39.31 44.9 7.1 (2.2) 110 0 

68 192.6 160.81 17.3 38.0 112.0) 22.4 
LSD 10.051 104.2 18.7 

3. Wetting md drying 
No wettine 134.4 142.41 39.3 46.4 114.71 28.2 NS 
wet- 206.0 (64.71 31.8 99.3 131.41 15.9 

LSD 10.051 76.3 20.6 
4 Ir.i*atinn _.___ ~~ 

NO irrisstion 161.7 (51.11 22.0 51.0 116.1) 16.0 
Irrigation 6.3 12.01 0 16.8 15.31 47.2 NS 

LSD 10.061 56.9 18.2 

' Significant at the 0.06 level of pmh&atT. 
t Significance bstwwu granular and diawlved trsatmenta 
t Percent of NH,-N applied. 

urea consistently lost more NHI-N than did dissolved 
urea at all temperatures, and differences in cumulative 
losses were significant at all three temperatures. The 
urea granule applied to moist sod will adsorb moisture, 
and the microenvironment pH around this granule can 
become high (Hauck and Stephenson, 1965). Volk 
( I  959) reported NH, volatilization losses of 20 to 30% 
of the applied N (granular urea) on grass sod, with a 
greater loss from large versus s m d  urea pellets sur- 
face-applied to soil. We expea that the lower urea 
concentration of the dissolved urea produced a less 
alkaline environment than that developed around the 
granular form, giving a lower potential for NH, (g) 
formation following urea hydrolysis. Thus, the gran- 
ular urea should have lost more NH, than the dis- 
solved urea because of a higher microenvironment pH. 
The dissolved-urea volume applied in this study, which 
is commonly used in the commercial lawn care in- 
dustry, is not sufficient to move the urea into the root 
zone, and much of the urea is deposited on the leaf 
surface. The dissolved urea treatments were, therefore, 
more susceptible to drying, which, in turn, may have 
slowed urea hydrolysis (Mcinnes et al., 1986); on the 
other hand, granular urea is very hygroscopic and can 
adsorb moisture necessary for urea hydrolysis. 

Ammonia volatilization from both granular and dis- 
solved urea was significantly higher at 22.2 than at 
10.0"C (Table 1). Ammonia losses were not signifi- 
cantly different, however, between 22.2 and 32.2"C for 
either urea treatment, although there was a trend for 
increased loss at the highest temperature with granular 
urea, and decreased loss with dissolved urea. The 
32.2"C temperature may have resulted in drying of 
the dissolved urea with decreased hydrolysis, whereas 
the granular urea is hygroscopic and could have ad- 
sorbed moisture from the turf and thatch. 

Many researchers (Emst and Massey, 1960; Watkins 
et al., 1972) have found greater NH, volatilization kom 
urea at higher temperatures. The enzyme necessary for 
urea hydrolysis is urease, which is synthesized by mi- 

31 X Relative Humidity 

0 
12 24 36 48 M) 72 84 

Time (hours) -, 

Fig. 3. Effects of relntive humidity on NH, volntilirPtion with time . 
from granular and dissolved urea. 

crobes and living plants. The activities of these or- 
ganisms are temperature dependent. Enzyme activity 
is also temperature dependent (Bremner and Mulva- 
ney, 1978). Ernst-and Massey (1960) found greatest 
NH, losses from granular urea at 32.2"C, but in our 
experiment there was no significant difference in NH, . 
volatilization from dissolved urea at temperatures of 
22.2 and 32.2"C. Again, this is probably due to the 
higher temperatures causing the dissolved urea to dry 
out faster. Hydrolysis here would not be limited be- 
cause of urease activity, but probably because of a lack 
of moisture. 

Ammonia vo l&zed  sooner at 32.2"C than at the 
lower temperatures (Fig. 2). At 32.2"C, high urease 
activity would have hydrolyzed urea quickly;and, thus, 
NHI loss started within the Grst few hours after ap- 
plication. Maximum NH, loss for the granular urea 
treatment at 32.2"C occurred. 24 h after application, 
and 6 h after application for the dissolved urea treat- 
ments. Although dissolved and granular urea lost NH, ' 

at 32.2"C sooner than at 22.2 and lO.O"C, volatili- 
zation dropped off rapidly at 32.2"C, ceasing after 20 
h for dissolved urea, and after 55  h for granular urea. 
Volatilization continued for a longer period at the lower 
temperatures, probably because of less rapid drying, 
allowing hydrolysis to occur for a longer time. 

Experiment 2: Relative Humidity 
Ammonia losses from grand& urea were 54% higher 

at 68% R.H. compared to those at 31% R.H., although 
this difference was not significant The higher relative 
humidity did, however, significantly increase dis- 
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4.0 r 

Time (hours) 

Fig. 4. EBects of alternate wetting (misting) and drying cycles on NH, volatilhtion with time from granular and dissolved urea. 

solved urea NHI losses (Table 1, Fig. 3) by an average 
of more than five times. 

The relative humidity experiment was conducted at 
32.2-C. Under severe drying conditions, such as low 
humidity and high temperature, NH, losses may be 
lower due to incomplete hydrolysis (McInnes et al., 
1986). Subsequent wetting should allow hydrolysis to 
occur and increase volatilization losses. 

Experiment 3: Wetting and Drying Cycles 
The &ect of wetting and drying cycles on NH, vol- 

atilization for both dissolved and granular urea treat- 
ments is shown in Fig. 4, and cumulative losses are 
given in Table 1. . 

After each misting, a surge in NH, volatilization 
occurred with the liquid urea treatments. Ammonia 
volatilization peaked 2 to 3 h after each mist appli- 
cation. Granular urea treatments showed little re- 
sponse to misting application except at the 72-h mist- 
ing, and this treatment did not significantly affect NH, 
loss from the granular urea (Table 1). 
Martin and Chapman ( I  95 I )  reported that NH, vol- 

atilization from urea occurred in cycles when soil was 
repeatedly-moistened and allowed to dry. They con- 
cluded that evaporation of water was necessary for the 
volatilization process. In this experiment, water was 
very critical for urea hydrolysis. Dissolved urea on the 
leaf blades dried quickly, thus stopping hydrolysis. 
McfMes et al. (1986) found that drying of the soil 
surface virtuaUy stopped urea hydrolysis. After each 
misting, hydrolysis probably proceeded, and MI, ev- 
olution again occurred. Granular urea showed no re- 
sponse to wetting and drymg during the first three 
misting. Granular urea was hygroscopic enough to 
adsorb moisture from either the thatch or soil, or both. 
Only after 72 h, when the thatch or soil, or both, be- 
came dry, did the granular urea treatment respond to 
misting with a surge of MI, evolution. 

The wetting and drying experiment was conducted 
at 22.2-C and 68% R.H. These environmental param- 
eters provided conditions for low evaporative losses. 
More liquid urea would be expected to dry on the leaf 
blades at higher temperatures and lower relative hu- 
midity. Under such conditions, wetting and drylng 
would be expected to affect "3 volatilization to a 
greater degree than under the conditions used here. 

539 

Experiment 4: Irrigation 
Irrigation, applied over a I-h period to simulate a 

normal irrigation intensity, resulted in significantly 
lower losses of NH, than nonirrigated treatments for 
both dissolved and granular urea (Fig. 5, Table 1). 

The irrigation effect was so large that there were no 
significant differences in NH, losses between irrigated 
dissolved and granular urea (Table 1). Imgation was 
more effective in reducing NH, losses from granular 
than i?om dissolved urea, reducing NH, losses by 96.4% 
for granular and 66.0% for dissolved urea. Irrigation 
was applied as a coarse droplet spray to simulate a 
field sprinkler. The water droplets are apparently not 
as efficient in moving urea from the leaf blades as they 
are in dissolving and moving a granule of urea into 
the soil. Dissolved urea that has coated the plant sur- 

Dissolved Umg 4.01 
3.0 t - With irrigation ---_ Without irrigation 

Time (houn) 
Fig. 5. Effeetr of irrlg~tion on NH, volntllLption with time from 

grmnlnr and dissolved urea. 
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faces and thatch has many lodging sites for physical 
entrapment (Le., collar. underside ofblade, sheath, etc.) 
and reduces the mobility of urea even where irrigation 
is applied. This may partially explain why irrigation 
had less of an effect in reducing NH3 losses from dis- 
solved compared to granular urea. 
In addition, irrigation probably allowed the urea 

granule to dissolve and move into the soil. Soil prob- 
ably has a higher cation exchange capacity and has 
been shown to have lower urease activity than leaf 
blades and thatch (Torello, 198 1). A slower hydrolysis 
rate in soil would result in a slower production of 
NH:, and the NH: produced could he more readily 
adsorbed by the soil or be nitrified. Dissolved urea has 
a greater distance to move and more barriers to pass 
before reaching the soil and interacting with the ex- 
change complex. The total losses of NH, from dis- 
solved and granular ureas under irrigation were very 
low, and this treatment was particularly effective in 
reducing NH, losses of granular urea. 

This research has shown that as much as 60% of 
urea surface-applied to sod can be lost as NHI under 
conditions that simulate those found in the field with 
commercial N fertilization of turfgrass. The greatest 
losses occurred with granular urea unless the sod was 
irrigated immediately following application. Temper- 
atures >lO°C, high relative humidity, and periodic 
wetting of the soil surface all favored increased NHI 
loss from surface-applied urea, probably because of 
their effects on urea hydrolysis. 

The results of this research need to be confirmed in 
the field, and the findings used to tailor N fertilization 
management for turfgrass where urea is the primary 
N source. 

REFERENCES 
Beard, J.B. 1973. Turf Science and culture. Rentice-Hall. Inc., 

Brcmner, J.M., and R.L. Mulvaney. 1978. Urease activity in soils. 
EngJewwd Cliffs. ,fr;" 

p. 149-196. In R.G. Bums (ed.) Soil enzymes. Academic Press, 
New York. 

DcnmeaQ O.T., J.R. Simpson. and J.R. Freney. 1974. Ammonia &: into the atmosphere from a grazed pasture. Science 16:609- 

~~ . ..- -~ ...... 
mmonia from ammonium sulfate ao- 

plied to alkaline soils. Soil Sci. 54:401-409. 
Keeney, D.R., and D.W. Nelson. 1982. Nitrogen-inorganic forms. 
In A.& Page et 4. (ed.) Methods of soil analysis. Pan 2. Chemical 
and mmobiolo~cal  properties. 2nd ed. Agronomy 9643-698. 

Kissel, D.E., H.L. Brewer. and G.F. Arkin. 1977. Design and test 
of a field sampler for ammonia volatilization. Soil Sn. SOC. Am. 
I. 41:1133-1138. ~~~ ~~ ~ ~ ~ . .  

Lindsay. W.L. 1979. Chemical equilibria in soils. Wiley Interscience. 
N r w  Vnrb ..-.. .I._. 

Martin, J.P., and H.D. Chapman. 1951. Volatilization ofammonia 
from surface-fertilized soils. Soil Sci. 71:25-34. 

McInnes, KJ., R.B. Fequson, D.E. Kissel, and E.T. Kanemasu. 
1986. Field measurementS of m m o m a  loss from surface apph- 
cations of urea solution to bare soil. Agmn. I. 78:192-196. 

Mills, H A ,  A.V. Barker, and D.N. Ma ard 1974 Ammonia vol- 
atilization from soils. Agron. J. 663g-357. 

. 
Nelson, D.W. 1982. Gaseous losses of nitrogen other than th roua  

denitrification. In F.J. Stevenson (ed.) Nitrogen in agricultural 
sotls. A nomy 22327-357. 

Nelson, ,p E., A.J. Turgeon J.R. Street. 1980. Thatch influence on 
mobiltty and transformahon of nitrogen carriers applied to tult  
Agron. J. 72487-492. 

SAS Instilute. 1979. SAS user's quide. SAS Institute, Inc., Cary, NC. 
Terman, G.L. 1979. Volatilization losses of nitrogen as ammonia 

from-surface-applied. fertilizcn.~organic amendments, and crop 
residues. Adv. Agron. 31:189-223, . 

Torello, W.A. 1981. Ammonia volatlluation and urease activity in 
I d .  Ph.D. diss. Univ. of Illinois, Urbana(Diss. Abstr. 82 03618). 

-, D.J. Wehner. and A.J. Turgeon. 1983. Ammonia volatih- 
zation from fertilized turfgrass stands. Agron. I. 7S454-456. 

Vow G.M. 1959. Volatile loss of ammoma foUowin surface a p  
phcation of urea to turf or soils. Agron. I. 5 d 4 6 7 4 9 .  

WaIkins, S.H., R.F. Strand, D.S. De &U, and J. E&, Jr. 1972. 
Factors influennng ammonia losses from m a  applied to north- 
westem forest soils. Soil Sci. Soc. Am. Roc. 36354-357. 

.?' 

! 
.. 

' 




