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ABSTRACT

The action and decomposition of dicyandiamide {DCB), &
nitrification inhibitor, is discussed.

DCD is especially efficient when used with animal manure
slurries or potato starch waste water. As 2 no:mmccm:mm.
nitrate leaching can be reduced, yields and N uptake increased.
pep-amended mineral N fertilizers applied once can substitute
for split N applications, thus reducing labor costs without any
Joss in crop yield and quality. With wheat and sugar beets, use
of a DED-containing product {*Alzon 22") reduced the requirement
of N for maximum yield. MNew formulations, such as DCD plus a
reducing substance, ammonium thiosulfate (ATS), or new

inhibitors, such as guanylthiourea {6Tu), will receive more

attention in the future.
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INTRODUCTION

Nitrogen (N) from humus and fertilizers (e.g. urea) is
mineralized and nitrified by soil microorganisms. This process
is an essential characleristic of fertile soils. The nitrate
(NOs7) that is produced can be taken up by plants or is leached
{especially during the "critical® nongrowing season) or
denitrified (under anaerobic soil conditions and higher
temperatures, especially during the growing season). It is
mainly N from harvest residues, immobilized N that is
remineralized and then nitrified, and N from animal manure
(especially as manure slurry applied in the fall) that is
subject to Jeaching. Mineral N fertilizers, however, are
usually applied during the spring when NO:~ leaching may be less.

The concept of controlled nitrification is to let naturatl
mineralization take its course to produce ammonium (NHa*) and
then to temporarily inhibit the first step of nitrification, the
conversion of NHe% ihrough use of specific inhibitors or "N
stabilizers." 1In this way, N is “preserved” in the
root-penetrated zone as NHa% which is less subject to loss from
soil. Naturally occurring nitrification inhibilors have been
known for a long time, e.g., reot exudales and decomposilion
products of soil organic matter such as tannins (1,2). The
productioen of synthetic nitrification inhibitors gained
importance during the 1960s, especially in the United States,
Japan, and West Germany. Most widely known are nitrapyrin
{(N-serve) and dicyandiamide {(Didin or DLD).

A concept of using a nitrification inhibitor with N
fertilizers includes the following objectives:

{i) to minimize N losses by NOs™ leaching (in late
fali/winter) and by denitrification (under temporartly
water-logged soil conditions and warm temperalures),
thus m:mudﬁmm a more efficient utilization of soil and

fertilizer N;
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(ii) to regulate N supply {amounil, form, and application
time), e.q9., by offering N in the form of NHat 10
vegetable and animal feed crops over certain periods in
order to reduce their NGs™ contents and oiherwise
increase their nutritional value;

(iii) to avoid NOs~ stress during the first stages of plant
development from a phytopathcelogical point of view
{diminish susceptibility to fungal infection, etc.).

Thus, nitrification inhibitors fit very well into modern
fertilizer use systems and apparently coniribute to real

progress in fertilizer management (3).

In the last ten years, intensive research has been conducted

on the action and potentials of dicyandiamide (DCD) as a

nitrification inhibitor, especially in our insiitute (4).

;//

WHAT IS DCD AND HOW DOES IT WORK?

Characteristics of DCD

DCH is the dimeric form of cyanamide with a relatively high
water solubility (23 g/L at 13°C) and contains about 65% N. 0CD
constitutes about 10% of total N (more recently only 5%) in the
well-known fertilizer, calcium cyanamide ("Time nitrogen™), and
is responsible for its slow release effect. It originates from
cyanamide at high temperatures and alkaline conditions
(Fig. ).
(5); the LDso is 10 g/kg body weight, which is about 3 times
higher than for NaCl. It inhibits the first stage of
nitrification, the oxidation of NH.' to NO2~ (Fig. 2), its

DCD has been classified as a "non-toxic substance”

effectiveness being dependent on DCD rate and temperature (Table
1)y, At 12°C, DCD was found to decompose completely after 12
weeks while at 4°C, 12% remained undecomposed even after 17

weeks.

DCD specifically affects Nitrosomonas europaea (6).
Presumably, this effect is due to reaction of the C = K group of
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FIG. 2. Nitrification Inhibiting Effect of DCD

Table 3. Decomposition of DBicyandiamide, as Affected by
Temperature

% of added DCD-N remaining in soil

weeks 0°C 4°¢ 6°C iz=C
2 88 8o 80 76

8 80 73 68 40

12 , - - 56 0
14 82 42 - -
17 57 12 - -
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rroduction
. L pH pH pH pH
DCD with sulfhydryl or heavy metal groups of the bacteria‘'s 4 5 28 711 323 5 25
respiratory enzymes. With pure culture of Nitrosomonas _ * __ .;
europaea, this specific inhibition of NOz~ formation was 0’ 1234567 1337567 173567 1277553
observed at concentrations of 200 to 300 mg/L {Fig. 3). without N coalcium aininoniem calcium
However, the same cultures after being transferred to a cronamide salfate nrate
BCh~free medium were able to oxidize NHet up to about 90% of
their original capability. This implies that DCD is a FIG. 4. Enzyme Activity and Fertilizer Use
bacteriostatic and not a bactericidal chemical. Field Trials with Different N-Forms
Other microorganisms, especially the heterotrophs that are {over 50 vears) on a Sandy Silty Loam

mainly responsible for the so-called “biclogical activity® or
biomass production in soil, are not affected by DCD (Fig. 4) (7).
Even after 20 years of continuous fertilization with

granulated calcium cyanamide containing 10X DCD-N, no negative




DICYANDIAMIDE AS A NITRIFICATION INHIBITOR 1939

effect on most soil enzymes and biomass production was observed
in soil sampled each fall. On lhe contrary, the very high
enzyme activities that were observed resultied from the increase
in soil pH caused by the high lime centent of this fertilizer
(about 60% Cal).

activities of different soil enzymes, as well as biomass and {0z

further, numerous investigations of the

measurements in different soil types, confirmed these results
{8).

Decomposition of DED in Soil

lhe nitrification inhibiting effecl of DCO persists on the
average for 1 to 3 months, depending on temperature, water
content, organic matter, and pH ¢f the soil (9,10). Initial
decomposition takes place on surfaces of metal oxides
{especially iron oxides and hydrexides) by catalytic addition of
water to DCD to form guanylurea {Fig. 5) {11). This compound is
transformed mainly by microorganisms through further addition of
waler, desaminpation, and amnmﬂvmxzﬂmﬂwo: to guanidine, and
finally, to urea which is quickly degraded by the enzyme,
ureas. 1he end products of DCD degradation, therefore, are €Oz,
Nita, and Ha0 (12).

in ¢lay, the breakdown is much slower {13,14).

Under anaerobic conditions and in soils poor
DCD can be
regarded to be also a stow release N fertilizer, albeit the
amount usually added to soil is relatively small as compared
with the amouni of fertilizer N with which the DCD is applied.
1t s important to emphasize that only 0CD but none of its
metabolites is effective as an inhibitor.

In the wet tropics of Costa Rica where losses of N via
leaching are very high, nitrification was found to be very stow
After 8 weeks at 20° C, 83X of
in an Andisol

in a stropngly acid Inceptisol.
the applied urea-N + DCD was recovered as NHa't.
with much higher nitrifying activity, nitrification was retarded
as long as DCD levels remained high (completle decomposition

cccurred after 8 weeks) (15,18).
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FIG. 5. Decomposition of Dicyandiamide

Physiclogical Properties of DCD

When used in higher amounts, especially at onsel of growth
or. in nutrient solution--which is, however, a rather unusua)
fertilizer practice and does not comply witlh fertilizing
recommendations--DC0 can be taken up by plants in smat)
quantities, but with little adverse effects (eventually, minor
necroses). It is transported in the xylem, exuded at the leaf
margins by way of transpiration, and is in this way

physiologically more or less ineffective (17,18).

DCD AS AN ADDITIVE TO ANIMAL MANURE SLURRY AND WASTE WATER
Animal Manure Slurry

Slurry accumulates in intensive animal farming in large
amounts. It contains on the average 2 kg NH«*-N/m® which is
nitrified within 2 to 3 weeks during the fall, 1 to 3 months
during winter, or 5 to 6 weeks during early spring, the rate of

nitrification depending on soil temperature.
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FIG. 6. Inhibition of NRitrification from Cattle Slurry
by DCD in Incubation Trials with Soil (silty
loam, oH 6.5, 400 g + 20 g slurry, 14°C, 50%

of field capacity}

The resultant large quantity of NO=~ in the soil is subject
to leaching and can be quite a problem representing a
significant Joss of N with resultant decrease in crop yield, as
well as possible pollutant of ground water. Leaching takes
place under Mideuropean climatic conditions mainly belween
December and April and can reach 60-100 kg N/ha after slurry
application in October/November.

DCD added to animal slurry at a rate of 10-20 ppm blocks
nitrification for about 2 months at 14° C (Fig. 6). In a field
study where polyethylene flasks filled with soil, animal siurry,
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FIG. 7. Nitrification of Cattle Slurry (at out-door
temperatures November - May.}

and DCD at a rate of 20 kg/ha were buried in the soil, the
following results were obtained (Fig. 7):

tEighty percent of the NHat-N of animal siurry applied in
November without OCD was nitrified by January even at soil
temperatures of 1° C; however, with 06CD, nitrification occurred
rot earlier than April. *"March slurry® without DCD was
nitrified within a few weeks: with oco, :ﬂﬁ1*NMMMMwom did not
begin unti} May in response to increasing soil temperature (19).

Iherefore, adding DCD to 50 m®/ha animal manure slurry
reduced NO»~ leaching considerably and NH«*-N was *preserved"
for use of the following crop.

In a field trial with silage maize, DCD addition to animal
slurry increased yields by 23 to 45% and N uptake by 10 to 27X,
depending on weather and time of application (Table 2) {20).
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Table 2. Sturry Application to Silage Maize.

sturry application silage maize yields removal

{kg NHat-N/ha) dt dry m./ha kg N/ha

1982/83

povember {(145) 169 63
+ "“Didin" 303 m

February (140) 268 88
+ "Didin” 286 95

1983/84

October {182) B4 a1
+ "Didin" 108 . 109

April (108) 92 79
+ "Didin® 110 93

30 kg "Didin"/ha
Soil: brown earth-loess {Weihenstiephan), pH 6.3

The beneficial mmﬂmnﬁ of DCP even in combination with
*spring siurry" (when little leaching occurs), might also be the
result of a decrease in M loss via denitrification.

In lysimeter experiments (Table 3}, slurry applied in March
as compared with “"Octeber sTurry" resulted in somewhat higher
peet and sugar yields and markedly decreased N Jeaching (21).
"pugust slurry" with rape as & green manure gave simitar yields
of beets but lower-sugar yields and minimal NGa~ leaching. This
implies that N derived from slurry that was taken up by the green
manure crop was not yet fully avajlable to the succeeding crop during

early growth.
pCo addition to slurry usually resulted in slightly bhigher beet

and sugar yields; the October appiication resulted in higher N uptake

and considerably less leaching of N.

N

1944

Effect of Different Application Times on

.
’

Slurry Application t¢ Sugar Beets

Table 3.

Beet and Sugar Yields, M Uptake and N Leaching; Results of a Lysimeter

Experiment at "Weihenstephan" (800 mm Annual Rainfall

Loess-Brown Earth)

sugar yields removal by leaching
beets + leaves

(corrected)

beet{ yields

slurry
application
{100 kg HHat-N/ha)

{fresh)
dt/ha

kg N/ha

kg N/ha

dt/ha

August,

50

164

142

713

rape as greenp manure

October

116

165
187

142
141

695

without “Didin®
with "pidin"

93

15

March

68
75

166
166

150
149

71

without "pidin®
with "Didin"

728

18

22

36

L.5.0.s%

AMBERGER

(25 kg "Didin"/ha)}
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Potato Starch Waste Water
Another possibility for DCD use is its addition to waste water

from potato starch preduction. This waste contains about 0.6 kg N/m®
as organic N compounds {e.g., amino acitds, amides) and NH.¥. Amounts
customarily used for sprinkle irrigation are very high {300 to 400 kg
M/ha). The organic N compounds are degraded microbiaily within 2 or 3
weeks during autumn.

By adding DCD, WOs~ leaching between cropping seasons was reduced
by 40 to 70%. Yields of 2 subsequent crop (2 culs of rye grass) were
increased two- to three-fold {Table 4} (22}.

DCD-AMENDED INORGANIC FERTILIZERS
In an incubation trial (at 14° C) with SN-labelled ammonium

sulfate, ammonium sulfate-nitrate, or urea, DCD inhibited
nitrification considerably for 63 days (Table 5) (23).

On 1light soils under high rainfall during the growing
season, use of DCD-amended N mmwﬁmdﬂwmﬁm. e.g., ammonium sulfate
("Alzon 22*) or urea ("Alzon 47") with 10% of the total N as
DCO-N, made it possible to supply N as NHa* to crops for an
extended time period and to reduce the NOs~ and oxalate contents
of vegetables and feed crops. Single application of these
products in lieu of split applications can be advantageous
(especially on very light sandy or rendzina soils) from a
labor-saving and economic point of view; fertilizer N may be
conserved or used wz,owovm more efficiently {(Table 6) (23).

In intensive cereal and sugar production, multiple split
applications of N are used. Thereby, temporary over-supply of
nitrate, prolific Jeaf growth at tillering, and high crop
susceptibility to diseases 1s avoided.

Equivalent wheat yields were obtained for a single
application of “Alzon" fertilizer and the conventional
triple-split appYication of unamended fertilizer N (Table 7)
(24).

£
3
3
M
?
i
1
3
i
i
H
i
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Table 4. Effect of "Didin" with Potato St
; arch ;
Trials with Rye Grass. Waste Water in Pot

"2 Son e e nspet (during winter) renevel
mg N/pot mg N/pot

>¢w:mﬁ

e, e % A

z@<mavmw )

st e B 1

L.5.D.s% 15 12

ﬁdwo mg *Didin"/pot)
Soil: Sandy Loam, pH 5.9

Table 5. TJurnover o* *SN-Ammonium Sulfate {AS) and Ammonium
m:_ﬁmﬁmwzaﬁwmﬁm (ASN) Combined with Bicyandiamide
(BCD) (in %X of Added N After 53 Days)
mnc . AS ASN
application NHaT-N N0z~ N NHat-N NOs™-N
- KD 1 B89 1 92
+ DCD 15 10 55 33

Treatment:

100 g Soil (Siity Loam), pH 6.5
20 mg SN as AS or ASN + 2 mg DCB-N
14°C, 50% of Field Capacity
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Table 6. Polato and Polato Starch Yields, as Affected by W
Ammonium Sulfate-Nitrate (ASN) with and without :
Dicyandiamide (DCD) :
fresh matter starch = m - o o oo o
fertilizer added dt/ha dt/ha e @ @ —~ -
- -
; Sn it -
- R o
) >
withoul N 215 41 ! -~
¥ 3
w
200 N ASN 325 55 ; Se o
200 N ASN/DCO 354 58 @ NN <8 A
N — Fa :
" — - -
240 N ASN 326 55 w i
240 N ASN/DCD 341 56 Z > @
¥ ] El~ v
: 5 | oo%
{ IS
- . - N . vy
ASN in 4 applications; ASN/DCD in 3 applications. v = it @ e
Rendzina soil (east of Munich) i = =2e.8 pdh =2
- i O Wi & < ™M
i - HET =
i > ~ S
. . . . . i = @ -
A high Initial N dressing as ‘Alfon increased ponulation H = pepra o o o
. R i } =z — o~ &4 nﬂuw el
density while high applications of NGs™ in the spring results in w o & 0 r~ O~ &
[ —
excessive tillering (24). i = -~ £
] = [»/]
In experiments with sugar beets, N supply could also be mm 5 =lo & z z <
N . = - T o o .
oplimized with "Alzon 22." Maximum yield was obtained with a w_ @ i e o - m M
~md [ v Iy =
single application of 100 kg N/ha as compared with 200 kg N/ha m furt =l 5 8
T s - -
- . . 28 . = v
as calcium ammonium nitrate (Fig. 8). Wet spring weather i ) e = e o
° = = =4
N . . . . ; e o — DL o
resulted in markedly higher N losses following calcium ammonium m @ L o s P
i - — — Pt o H G- o
nitrate application-than with "Alzon,® as measured by 5011 NOs™ m — mhmai =y EcT
H e - Qo ow
contents in June (25). m m L + e
4 = < 230 g
; N = = 22
E R e - =% =2 258
PRESENT AND FUTURE DEVELOPMENTS : ~ Y PN 52 52 SE®
.m ot Al P-4
In our experiments, we observed a temperature-dependent " . W = w W %ﬁ < M%% RN
- — 8 L < V)

decomposition (10), mm.zm: as a slower degradation of DCD,

under reducing conditions {(24).
Because the first step of breakdown takes place on surfaces

of metal oxides, the idea arose to combine BCD with reducing
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Yield Sugar yield
dit fresh m./ha {corrected)
dtiha Nein =
2007 atzon 22 .~ T Q:U m gmwmzwwn
on
ol :
T N 72
8007 50 |
. CAN 102
] 120 zon 153
700+ L1130
CAN 130
T zaoé 184
Zoan
6007 L1710
w w Nogp CAN —

b
[

120 160 200
{CAN = calcium ammonium nitrate)

0  kgNlha

beet yield 49

LS5, sugar yield &

FIG. 8. Effect of “Alzon" on Yield of Sugar Beets {Brown
Earth - Loess, Weihenstephean, 1985.)

substances, for example, ammontum thiosulfate {ATYS), in order to
inactivate iron oxides and prolong the nitrification inhibiting
effects.

ATS 1s a reducing substance with 19% N: according to Goose,
et.al (26}, it also may act as a nitrification and urease
inhibitor before it js degraded.

In one study (8), about £5% of added DCD was decomposed
after 1 day under the conditions of the experiment, as compared
with only 31X of DCD with ATS and 52% of DCD as *Bidin 380," a

formulation containing ATS (Table B).

In addition, to reduce the amount of chemical additive
needed, we locked for chemicals with more potent nitrification
inhibtting effects. Guanylthiourea (GTU) proved to be a
promising chemical, both because it is less phytotoxic than DCD

and because of its urease inhibiting effect.

i
i
t
i
I

Table B.
Decomposition of Dicyandiamide

Influence of Ammonium Thiosulfate {ATS) on the

treatments

DCD-N {% of added}

after 24 hours of shaking

1. 1 mg DCO-N 35
2. 1 mg DCD-N + 1 mg ATS-N 48
3. 1 mg DCD-N as "Didin 380"
{= 38% Didin + 3BY ATS + water) 69
NEH 2
c &w g P_Iw/ﬁ\\ //2 C=N
SN =N d«ii:% Q||mu£<!i
P. \_S_.\M ~NHo H NH>
guanyl  thiourea 3.5-diamino-12.4 ~thiadiazol dicyandiamide
FIG. 9. Reaction of Guanylthiourea
MW X=X guany! thiourea
mg N A—2A diaminothiadia zol
18 o——o Jdicyandiarnide
5
Fa)
——— —
i - — -0
-
o -
34
4 A
L
-~
U e
i
o\\ A
H - T T T
3 ) 10 £ days

FIG: 10. Degradation of Guanylthiourea

Pettenbrunn Soil (gley - like

22 % clay, 2.4 % org. matter)

{6.9 mg N) in

soll, 5.7,

pH
nwnwm
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FIG. 11. Transformation of Guanylthiourea (GTU) tec Dicyandiamide

in Different Soils (6.9 mg GTU added.)
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FIG, 12. Growth ef Nitrosomanas europaea as Influenced by
Guanylthiourea (CGTU), 3.5-Diamino~1.2.4-thiadiazol
(DTD), and Dicyendiamide (DCD).
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GI1U is oxidized in ihe presence of metal oxides to
diaminothiadiazo} (DTD) and then to DCD (Fig. 9) (27). The
formation of DTD takes place in soil relatively gquickly {within
one day}, as evidenced by progressively decreasing amounts of
DTD and increasing amounts of DCD (Fig. 10).

The decomposition of GTU to DCD im s50i)s with different clay
contents reveals the relatively long persistence of DCD (Fig.
1),

However, GTU {characterized by very low stability) and DTD
(with a somewhat longer persistence), show that even at very low
concentrations a much stronger inhibiting effect on Nitrosomonas
europaea in pure cultures than BCD alone {Fig. 12).

Consequently, GYU or formulations of GTU and BLD may be more
effictent in inhibiting nitrification than DCD alone, and
smaller amounts of these inhibiting chemicals may be needed.

CONCLUSIONS

The use of nitrification inhibitors is a beneficial
technology for efficient management of N fertilizers. Increased
efficiencies may still be possible in the near future. The goal

is te improve N fertilizer efficiency and decrease NOs~ losses
50 as to minimize the economic and environmental risks that are
isherent im agricultural production.
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