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DIVISION S-8-NUTRIENT MANAGEMENT 
& SOIL & PLANT ANALYSIS 

Ammonia Volatilization from Urea Amended with Lignosulfonate 
and Phosphoroamide 

T. AI-Kanani,* A. F. MacKenzie, J .  W. Fyles, S. Ghazala, and I .  P. O'Halloran 

ABSTRACT 
Concern a b u t  IOSIVI of fertilizer N and pollution of the cnviron- 

men1 has stimulated qsearch to find compounds lhat will reduce lhesc 
problems by eflectivcly inhibiting urease activity and nitrification. 
Laborataly studies were carried out lo  evaluate Ihe eflects of sm- 
monium lignosulfonalc (LS), thiophosphoric triamide (NBPT), and 
phenylphasphomdiamidc (PPD) on NH, loss fmm urea fertilizer. We 
examined NH, losses fmm surface-applied urea and from banded urea 
(2 cm below the soil surface) in samples of Sle. Rosalie clay sail (fine, 
mixed, rmmdd, mesic Typic Humaqurpt) exposed l o  an initial water 
press~re of -0.01 MPa. Formulations of solution, physical dry blend, 
and tablcb were used. Measurements of NH, volatilization VIR car- 
ried out using an air train system. Ammonia 1 0 s  from surface-applied 
unamended urea rsnged fmm 16 to 21% of urea-N applied. Amending 
urea with LS induced between 46 and 8570 reduclion in NH, losses 
mmpared wilh the unamended urea. Far tablet and physical dry blend 
formulations, handing reduced NH, loss compared with the surface 
application. There were no significsnl diflerences in NH, losses be- 
tween surface-applied and banded treatments of solid fertilizer. Com- 
parison of the eRects of LS, NBPT, and PPD on NH, volatilization 
showed that bath NBFT and PPD were more eflerelivr in reducing 
NH, loss than LS, bul no significant diflerencer betwecn NBPT and 
PPD were found. 

NCREASED APPLICATION of urea in agricultural prac- I tices has stimulated research to evaluate various 
materials that can be used as additives to inhibit the 
hydrolysis of urea fertilizer and thereby reduce NH, 
volatilization and nitrification (Fenn and Hossner, 1985; 
McCarty and Bremner, 1989; Al-Kanani et al., 1990a). 
Volatile NH, losses due to urea hydrolysis in the field 
may reach as much as  80% of the total N applied 
(Gould et al., 1986). In laboratoly studies, AI-Kanani 
et al. (1990a) reported that NH,-N volatilizalion from 
urea surface applied to sandy soil from eastern Canada 
can exceed 50% of the applied urea-N. Thus, methods 
to reduce NH, loss from urea fertilizer are needed in 
order to lessen adverse environmental impacts asso- 
ciated with the volatilization of NH,, and to increase 
efficiency of the fertilizer. 

Three major methods to reduce NH, loss from urea 
have been evaluated. They include (i) the use of com- 
pounds that retard hydrolysis of urea by reducing the 

T. AI-Kanani. D e n  of Earth Sciences, Memorial Univ. of New- 
foundland, SI.John's, Newfoundland, A I D  3x5; A.F. Mac- 
Kenzie, J.W. Fyles. and I.P. O'Haliaran. Dep. of Renewable 
R ~ $ m i r c e $ .  Macdanald Colleee of McGilt Univ.. 21 I I I Lakeshore ... 
Road. Sir. Anne de Belle&. Quebec, H9X 3VY Canada; S .  
Ghazala. De of Biochemistry, Memorial Univ. of Newfound- 
land, A I B  3RY Canada. Received 28 July IY92. 'Corresponding 
author. 

Published in Soil Sci. Soc. Am. 1. 58:244-248 (l9Y4). 

activities of urease (Broadbent at ai., 1985; Goos, 
1985; McCarty et al., 1989), (ii) banding or incor- 
poration of urea into the soil (Mengel et al., 1982; 
Fowler and Brydon, 1989; Campbell et al., 1990), 
and (iii) mixing soluble salts of K (KCI) or Ca (CaCI,) 
with urea fertilizer (Fenn et al., 1982; Rappaport and 
Axley, 1984). These methods have been successful, 
to varying degrees, in reducing NH, volatilization from 
urea. The use of compounds that retard hydrolysis of 
urea is widespread with surface application, where 
conditions for high urea hydrolysis are favorable. Lit- 
tle attention, however, has been paid to the effect of 
chemical amendments on NH, loss from banded urea. 

Of the many amendments reported in the literature 
as  potential urease inhibitors, only a few compounds 
(i.e., NBPT and PPD) were found to be very effective 
in retarding urease activity in soil (McCarty and 
Bremner, 1989; McCarty et al., 1989). Low concen- 
trations of these urease inhibitors are sufficiently ac- 
t ive  to re ta rd  hydro lys i s  of urea ,  and  a re  thus  
agronomically feasible for field application. Phospho- 
roamides are relatively expensive, however, and re- 
qu i r e  spec ia l  handl ing  t echn iques  d u e  to the i r  
unidentified toxic effects. Therefore, it seems logical 
to look for alternative compounds that are economi- 
cally feasible, environmentally safe, and effective in 
improving the efficiency of urea fertilizer. 

Ammonium LS may be helpful in making urea fer- 
tilizer applications more efficient by slowing or pre- 
venting NH, loss from urea. Because structures of 
some successful urease inhibitors contain a core of 
phenyl, quinone, or sulfide (Sahrawat, 1980; Medina 
and Radel, 1988; Bremner and Krogmeier, 1988) it 
was envisaged that LS, a product high in phenyl groups, 
would have potential as a urease inhibitor (Sarkanen 
and Ludwig, 1971). Furthermore, i t  is preferable that 
the fertilizer amendment should also provide addi- 
tional plant nutrients to urea fertilizer (AI-Kanani et 
al., 1990b), which is not a characteristic of many ef- 
fective urease inhibitors. Ammonium LS contains, on 
average, 4.7 g N kg- ' ,  55 g S kg- ' ,  and 20 g kg- '  
Fe. Ammonium-N and (NO, + NO,)-N comprised, 
respectively, 2.2 and 0.2% of the total N content of 
LS. Lignosulfonate, a byproduct from the pulp and 
paper industry, is produced during the sulfite pulping 
process. Application of LS in  agriculture was one of 
the approaches used to minimize the adverse environ- 
mental impacts caused by the dumping of LS in the 
rivers and waterways (Buylov et al., 1979; Ammar et 

Abbrevialions: IS. lignarulfonatc; NBPT, Ihiophos horic triam 
ide; PPD. phcnylphosphorudiamide; U, urea; A N O e A ,  analysis 
of variance; LSD, least significant difference. 
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at., 1986; Singh et al., 1986). These studies indicated 
that LS has potential a s  a micronutrient carrier, but 
no report has been made on the effect of LS on re- 
ducing NH, loss from urea fertilizer. 

Because N fertilizer solutions are common in many 
areas of the world, it is important to quantify the effect 
of chemical amendments on NH, loss from both urea 
solution and the dry urea. T h e  comparison between 
dry and solution urea, with or without urease inhibi- 
tor, may provide more information on conditions for 
maximum N retention. 

The objectives of this investigation were to (i) eval- 
uate the effect of LS on NH, loss from urea by com- 
paring it  with known urease inhibitors like NBPT and 
PPD, and (ii) assess the effect of placement of urea 
fertilizer, amended with inhibitor or unamended, on  
NH, volatilization from urea. 

MATERIALS AND METHODS 
Surface soil samples (0-0.2 m, Ap horizon) were obtained 

from a cultivated Ste. Rosalie soil, which was chosen to rep- 
resent the major corn-growing area in eastern Quebec, Canada. 
The soil was air dried and crushed to pass through a 2-mm 
screen. The soil has a clay content of 500 g k g - ' ,  32 g organic 
matter kg-I, 3.0 g total N kg-I, 12.3 mg exlractable P kg-l, 
and pH of 5.2 ( 1 5 ,  soil/water). 

The NBPT and PPD werc provided by the International Fer- 
tilizer Development Center (Muscle Shoals, AL). Ammonium 
I S  (Tembind A002, fine powder q50 pm) was obtained from 
Temfiber Inc. (Temiscaming, Quebec). Fertilizer treatments 
utilized in this study were: urea prill, urea + LS, urea + 
NBPT, urea + PPD, urea + LS + NBPT, and urea + LS 
+ PPD. In these treatments, the ratio of urea/LSMBPT or 
PPD was 1:2.7:0.005 (dry-weight basis). Three formulations 
of these fertilizer treatments, including dry blend (a mixture 
of urea and the amendment), solution of urea (20% urea-N w/ 
w), and tablets were used. Tablets were made by compressing 
the dry blend three to four limes, using a hand compressor. 

Jars (0.067-m i.d. by 0.124 m long) were filled with 150 g 
of soil. Prior to the application of the treatments, soil in the 
jar was moistened to a soil water pressure of -0.01 MPa, and 
incubated for 4 d at 23 "C. A constant flow of ",-free, watcr- 
saturated air was continuously passed through the jars (Al- 
Kanani et al., 1991). No water loss was detected during In- 
cubation. 

At the end of the preincubation, formulations werc either 
surface applied or banded 0.02 m below the surface. Tablets 
of urea amended with LS were 0.01 m (diam.) by 0.01 m 
thickness, and 0.01 m by 0.002 m with no added LS. The dry 
blend was surface applied as a clump approximately in the 
center of the jar. For banding, a 0.01-m-diam. by 0.02-m-deep 
holc was made at the center of the jar. The fertilizcr treatment 
was placed in  the holc followed by refilling the hole with the 
soil. The rate of urea-N was 135.5 mg jar-', which was equiv- 
alent to 387 kg N ha-I (surface area basis). The rates of urease 
inhibitors were 810 rng LS and 1.54 mg NBPT or PPD jar-'. 
A 0.678-pL fertilizer solution to give 135.5 mg urea-N jar- '  
was surface applied. For solid fertilizer treatments, deionized 
distilled water was added prior to fertilizer application in order 
to obtain initial water pressure similar to the solution treat- 
ments (Le., -0.01 MPa). Soil water was not replcnishcd during 
the incubation period. Jars including control samplcs (no urca 
or LS added) were covered immediately following trcatmcnt 
applications and connected to an  air train that provided a con- 
Slant air now of 0.1 L s- '  (AI-Kanani ct al., 1991). This air 
now was equivalent to 26volumc exchanges min-I. Jars wcrc 
incubated at an average rempcrature of23. I "C with maximum 
deviations of r 0 . 4  "C. Volatilizcd NHl was passcd into 100 

Table 1. Analysis of variance values of cumulative NH, loss: 
degrees of freedom (do, sum of squares (ss), mean sguams 
for NH, loss, F values, and variance percentage. 

Variancct 
Source df SS Mean square Fvalue explained 

% 

Corrected Total 57 918.5 
TmtmcntO 5 190.5 
Form (F)S 2 226.8 
Placement (P)§ 1 74.8 
T X F  10 122.5 
i - x ~  5 14.8 
F X P  2 213.7 
T X F X P  9 65.8 

38.1 
113.4 
74.8 
12.3 
3.0 

106.8 
7.3 

91.0'. 
270.9** 
178.7.. 
29.3- 
7.1' 

255.2" 
17.5** 

100.0 
20.8 
24.7 
8.1 

13.3 
1.6 

23.3 
7.2 . . .  

EITOC 23 9.6 

f*, * Significant at fhe 0.01 and 0.05 probability levels, respectively. 
t Calculated as (source Slfotal fs) X 100. + Refers to physical form (i.c.. solution. dry blend, or lablct). 
5 Refers to banded and rurfacespplied treatments. 

mL of 2% boric acid. Ammonia in the boric acid was deter- 
mined by titrating with 0.05 M HSO, (AI-Kanani el al., 1991). 
Incubations were carried out in triplicate, and daily measure- 
ments of volatilized NH, were made for 15 d. 

Following incubation, soil in the jars was shaken for 3 h 
with 300 mL of 2 M KCI solution containing phenylmercuric 
acetate. Treatments were measured for pH, and the filtrates 
were analyzed for urea-N, NH,-N, and (NO, + NO&N, 
using a Technicon Autoanalyzer (Bran & Luebbe, Milton, 
Canada). 

Analysis of variance was done on the basis of a randomized 
complete block design with a factorial arrangement. Means 
were separated on the basis of least significant difference (SAS 
Institute, 1982). 

RESULTS AND DISCUSSION 
T h e  ANOVA for NH, loss showed significant effects 

of amendment (T), the form (F) in which material was 
applied (Le., solution, physical dry blend, or tablet), 
placement (P), T x F, F x P, and T x F x P inter- 
actions (Table 1). The effect of T x P interaction on 
NH, loss was negligible, as it  explained <4% of the 
variance. In contrast, factors including T, F, and F x 
P explained between 21 and 25% of the variance for NH, 
loss. Because interactions between factors, particularly 
the three-factor interaction, were significant, and since 

f 

4 UREA 

UREA + LS 
0 

U R A  + NBPT 
m 

UREA + PPOA 
A 

TIME AnER FERTILIZER APPLICATION (DAY 

Fig. 1. Daily loss of NH, from dry feriilizer freatments surface 
applied. LS = lignosulfonate, N U I T  = thiophosphoric 
triamide, and PPD = phenylphurphorodinmide. 
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Table 2. Effects of amendment and the physical form in which fertilizer was applied on N w o v e r e d  from surface-applied urea. 
N extracted from.soil after 15 d$ Cumulative Apparent 

Treatmentt Urea-N NH.-N NO,-N + NO,-N NH, volatilized$ recovery 

% of added urea-N 

4 Urea5 
Urea + L'S 
Urea + N B i l  
Urea + PPD 
Urea + NBPT + Ls 
Urea + PPD + Is 
LsD(0.05) 

0.03 
0.47 

19.93 
10.68 
1.49 
0.51 
0.68 

- 36.2 
53.8 
61.4 
69.6 
58.9 
56.0 
6.3 

- 26.8 
24.0 

8.1 
6.0 

13.0 
16.1 

, 3.2 

4 

- 20.6 
11.2 

11.8 
12.4 
2.1 

L 
- 63.0 

18.3 
89.4 
86.3 
73.4 
12.6 

3.0 ,,,,,I \ - - - -Ureali - - 
+ 20.0 - 2.4 80.9 

2.0 91.1 
2.3 80.6 
3.1 76.4 
3.5 14.0 

- 59.6 / a  urea + Ls 1.30 
Urea + NBPT 820 76.1 
urea + PPD 7.10 65.9 
Urea + NBPT + Ls 3.53 61.2 
Urea + PPD + Is 2.45 59.5 12.0 
LSD(O.05) 0.9 4.3 2.0 0.4 3.7 

Urea + Ls 0.20 61.9 26.1 2.1 88.8 

Urea + PPD 10.63 75.5 4.8 0.5 90.9 
Urea + NBPT + Ls 1.47 69.4 14.1 2.1 85.0 
Urea + PPD + Ls 0.22 66.3 17.4 2.6 83.9 

e- 
69.9 

Urea + NBPT 11.90 78.5 3.6 0.4 94.0 

\. - Urea 1.10 38.9 29.9 -15.9 

L'SD(O.05) 0.81 3.2 1.5 0.7 2.6 

t Is = lignosulfonate; NBPI' = thiophosphoric Iriamide; PPD = phenylphorphorodiamidatc. 
$ Corrections were made far NH,-, NH,-. and (NO, + NO&N from a treatment containing only Is (no urea or inhibitor was added). 
4 Urea Dri l l .  
j No lablels of unamended urea were made. 

it is difficult to explain the biological and biochemical 
effects of such complex interactions, it seems logical to 
carry out the .simple-effect examination. The simple-ef- 
fect examination was carried out and mean comparisons 
were made using LSD (Tables 2 and 3). 

Known Urease Inhibitors and Surface- 
Applied Lignosulfonate Compared 

Losses of NH, from dry formulation of unamended U 
and U + LS treatments were detected at Day 3 after 
fenilizer application, and most of the NH, was lost within 
the first 7 d of incubation (Fig. 1). Losses of NH, from 
dry U + PPD and U + NBPT were detected at Day 6 
and Day 7 after fertilizer application, respectively, in- 
dicating a delay in urea hydrolysis prior to those days. 
This suggests that the effects of PPD and NBPT were 
greatest in the early stages of urea hydrolysis. 

Results indicate that up to 20.6% of surface-applied 
urea was volatilized as NH, (Table 2). The cumulative 
NH, volatilized during 15 d of measurements ranged 
from 4 to 20.6%, 2.0 to 3.5%, and 0.4 to 15.9% of urea- 
N surface applied as dry blend, tablet, and solution form, 
respectively (Table 2). I t  is worth mentioning here that 
pH values of the banded and surface-applied treatments 
at the end of incubation ranged between 5.1 and 5.4. 
This suggests that variations in NH, losses between treat- 
ments may not be explained on the basis of pH differ- 
ences. Amounts of NH, volatilized from the U + LS 
were significantly less than from unamended U fertilizer, 
but greater reductions in NH, losses were observed with 
the U + NBPT or U + PPD than with the U + LS 
treatment, particularly when treatments were surface ap- 
plied as a dry blend or  as a solution. No significant 

differences, however, were observed among U + NBPT, 
U + PPD, and U + LS treatments when each of these 
 treatments was surface applied in tablet form (Table 2). 
Ammonia losses from U + NBPT + LS and U + PPD 
+ LS treatments were between the U + LS and U + 
NBPT or U + PPD treatments, although the differences 
were not always significant. These observations suggest 
that the addition of LS decreased the effectiveness of 
NBPT and PPD. Inhibition of urea hydrolysis with the 
NBPT was attributed to rapid decomposition of NBFT 
in soil with formation of N-(n-butyl) phosphoric triam- 
ide, which is a more effective urease inhibitor than NBFT 
(McCarty and Bremner, 1989). The exact mechanism(s) 
by which LS and PPD or  NBPT interact has not been 
delineated, but one might hypothesize that it is a reaction 
between urease and the negatively charged LS, which 
makes urease less susceptible to the enzyme inhibitor. 

In this study, similar amounts of NH,-N were vola- 
tilized from U + NBPT and U + PPD treatments (Table 
2). Ammonia losses from surface-applied treatments were 
greater from the dry blend than from the tablet or solu- 
tion formulations (Table 2). In the surface-applied dry 
blend formulation, the effect of amendment on NH, vol- 
atilization from urea may have been limited due to the 
fact that the process of fertilizer application caused 
movement of some urea away from the bulk of the treat- 
ment immediately after treatment application (treatments 
were initially applied as  a clump to the jar). For both the 
amended and unamended treatments, solution formula- 
tion lost less NH, per unit of added urea than either the 
dry blend or tablet formulation. This may be attributed 
to (i) greater homogeneity of the solution formulation in 
comparison with the dry blend and tablet formulations, 
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Effect of Fertilizer Placement 
When dry blend treatments were banded, NH, losses 

from unamended urea and from U + LS were detected 
:I( Day 5 and 6 after fertilizer application, respectively 
(Fig. 2 ) .  Ammonia loss from banded dry blend U + 
PPD was detected at Day 10; though loss was not ap- 
parent in Fig. 2 because data were reported as cumulative 
NH, loss. Ammonia losses from banded treatments of U 
+ NBPT and U + (NBPT or PPD) + LS were detected 
at Days 5 and 6, respectively (data not shown). These 
obsewalions suggest that banding could delay NH, losses 
from solid fertilizer by at least two more days in com- 
pxison with the fertilizer surface applied. Generally, 
handed application induced significant reduction in NH, 

losses compared with the surface application, which is 
in agreement with the findings of many investigators 
(Mengel et al., 1982; Fowler and Brydon, 1989; Camp- 
bell et al., 1990). Banded urea treatments may be in 
contact with less soil and exposed to fewer environmen- 
tal factors (i.e., diurnal temperature and wind) than the 
surface-applied urea (Could et al., 1986). Results, how- 
ever, indicate that there was no difference between so- 
lution formulat ion and banded t reatments  on NH, 
volatilization. 

Apparent Recovery of Inorganic Nitrogen 
from Soil 

The apparent recovery values on Day 15 after fertilizer 
application ranged from 77.5 to 94.4% and 87.0 to 95.9% 
of added urea-N for the surface-applied and banded treat- 
ments, respectively (Tables 2 and 3). Urea-containing 
NBPT or  PPD induced greater N recoveries than the U 
+ LS and unamended-urea treatments, although differ- 
ences were not always significant. This may, partly, be 
attributed to greater urea-N recovery with the U + NBPT 
and U + PPD treatments than with the U + LS, una- 
mended urea, and U + (NBPT or  PPD) + LS treatments 
(Tables 2 and 3). More urea-N was recovered from U + NBPT than the U + PPD treatment, which is in 
agreement with the findings of McCarry et al. (1989). 
Greater inhibition of urea hydrolysis with the NBPT than 
with the PPD was attributed to rapid decomposition of 
NBPT in soil with formation of N-(n-butyl) phosphoric 
triamide, which is a more effective urease inhibitor than 
NBPT (McCarty and Bremner, 1989). 

The apparent recoveries of N from U + NBPT and 
U + PPD treatments were, in general, higher than the 
U + NBPT + LS and U + PPD + LS treatments 
(Tables 2 and 3). The reason(s) for lower recoveries with 
the U + NBPT + LS and U + PPD + LS is not clear, 
but i t  may be attributed to a mechanism by which less 
NH, fivation occurred with U + NBPT or  U + PPD 
than with U + (NBPT or  PPD) + LS. For dry fertilizer 
formulations, however, the apparent N recovery was 
greater in banded than in surface-applied treatments. 

Table 3. EReect of amendment on N recovered from banded application of urea fertilizer. .. 

Apparent 
'rreatmentt Urea-N NH,-N NO,  + NO&N NH, volatilizedt recovery 

N extracted from soil after 15 d t  
Cumulative 

%of  added urea-N 

UCW§ 
Urea + Ls 
Urea + NBFI  
Urea + PPD 
Urea + NBF"  + LS 
Urea + PPD + LS 
ISD(O.05) 

Urea + N B I T  
Urea + PPD 
Urea + NBPT + LS 
Urea + PPD + Ls 
ISD(0.05) 

0.82 
0.34 

23.21 
14.45 
0.71 
0.45 
1.7 

- 
1.80 

11.60 
I0.W 
5.35 
4.20 
1.55 

44.6 
63.9 
66.2 
72.6 
70.5 
70.3 

4.7 

32.6 
25.6 
4.4 
5.7 

12.1 
14.3 
7.9 

60.3 24.5 
11.0 6.9 
78.9 4.9 
69.1 13.2 
76.6 10.0 
3.8 2.4 

9.9 
3.0 
0.5 
0.6 
3.7 
3.6 
1.3 

1.4 
0.4 
0.5 
2.0 
2.2 
0.4 

78.0 
89.8 
93.8 
92.8 
83.3 
85.1 
3.9 

- 
86.6 
95.5 
Y3.8 
88.3 
90.8 
3.1 

t IS = lignosulfonate: NUPT i~ thiophosphoric triamide; PPD. phenylplionphorndiamidale. 
t Correclions were made for NH,-, NH,-. and (NO, + NO,)-N from IS treatment Io which no urea was added. 
4 No tablets of unamended urea were made. 



ec 
-, . ,. L 

248 SOIL SCI. SOC. AM. I., VOL. 58. JANUARY-FEBRUARY 1994 

Despite the relatively high C/N ratio (1O:l) of LS, the 
effect of LS on immobilization of N was probably very 
limited, as  indicated by high N recovery with LS treat- 
ments (Tables 2 and 3). This suggests that the LS, which 
is water soluble, was either resistant to microbial deg- 
radation or  behaved like a general metabolic inhibitor 
that requires a longer period to be degraded than the 
experimental conditions used in this study. 

Less (NO, + NO,)-N was recovered from U + NBF'T 
or U + PPD treatment than from unamended urea, U 
+ LS, and U + (NBPT or PPD) + LS lrcatments 
regardless of the form and placement in which treatrnenls 
were applied. This indicates that NBPT and PPD may 
have an inhibitory effect on nitrification, although these 
two compounds were basically identified as urease in-  
hibitors. Lignosulfonate also induced significant reduc- 
tion in (NO, + NO,)-N recovered, but only when applied 
in a solution form, suggesting a nitrification inhibition 
effect. 

CONCLUSIONS 
In this study, experiments were conducted under con- 

ditions that induce high NH, loss. Consequently, losses 
were close to the maximum level. There was a signifi- 
cant effect of LS- or.urease-inhibitor-amended urea fer- 
tilizer in reducing NH, volatilization. The interaction of 
LS with urease inhibitors was complex, but it appears 
that the LS limited the effectiveness of the urease inhib- 
itors. Consequently, LS or  urease inhibitors should be 
used but not both together. Ammonia loss from the so- 
lution formulation compared favorably with losses from 

-banded dry treatments, indicating that surface-applied 
solution was as effective as banding of dry fertilizer i n  
reducing volatilization. More inorganic N was recovered 
from LS- or urease-inhibitor-amended urea than with the 
unamended urea and urea + (NBF'T or  PPD) + LS 
treatments, indicating a potential for improved N fertil- 
izer efficiency. 
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