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o %:nqmmmﬂ.m_“mﬁq:__mnq application have changed markedly through t!
year m.mmn namm_nw_“..rminm of fertitizer application, crop arca aoq::Nﬁm_ ..:“M
dhioe created the mﬂmﬂ_,?q._duqmnq and [aster application methods _.= ad
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m_Hw\m.ﬂ_.:wam%n___..w_.m r,_:“_ operations. Such major changes as Bﬁ_cnwnn_ :M_,.... Mm
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pioern ! mn : pplication, how thes -
_._._M_:o% MMmMEMn_ fertilizer efficiency. and some changes in utu_wn”ﬂn_..
. / i H ]
to meel the agronomic and economiic requirements of _H_n,

future.
1. NEED FOR IMPROVED TECHNIQUES
A. Ferlilizer Efficiency
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o .u-
tili ill undoubtedly become more expensive in the (uture Mﬂmm__‘wowﬂa
rizer i f natural gas, labor, mining, exploration, proce: ..__ nd
e ortatio :m.,_ ::.w qo_..nn:c_._.... indicate that _n:_.__mmq prices wi o
_:_:”momq__ﬂ:—w_””.mq ws_n _ﬂm_.. crop commodily prices. .m_zm.wﬁ_%%—mwo_q_._”.._ﬁmw.: -
feri ; it becomes imp

ili sts are passed onto ?:.:n;._:
—a:___N..:mnﬂn:.:u.nq_un—:nmm:nw and, :E.z. ___nqnmmn._::_.:, nity 1o in
e modern application technigues _u.:::ﬁ_n an oEu__o.q iy o

qui.:zmaq efficiency. For instance, applicators that wi __:._z ctor ban
o feriiti ials into the soil may play a m_ms_monq.: rolei onserva-
e ﬂ.:.______N.”.uq.“w.d.m._ﬂ_.”__.._“ .Zoqn precise metering and application ol fertiliz
tion tillage sy s

—.—-—C—.—W—- _—_—m.n::_: S v_n—ﬂ—__m re_._— ,_.m:.—ﬁ—w_ ___—_—::f_ﬁ —ﬂ—————Nﬁ_ ﬂ:.—ﬂ_ﬂ_-ﬂw. mnirn-
Wm——ﬂ.ﬁ—. ﬂﬁwn:ﬁrﬂn—ﬂx—:_ﬂﬂ- MA:—W.

In many cases, though, adoption of these new

n_ — ion A-_ n-—-—u__nm_.—__o__ ﬂﬂ_._..:_u-_-ﬂ—:' new n_—u_w__l
mﬂﬂ—_—: ues r’..-—— require ___:ﬁ_._:nn
cation ﬂﬁ—_.____u:—ﬂ:—. or —uc:_.. A-—c__m (E__.__ more inlensive —__M:_mmﬂ:_ﬂ_-_. ——w_ ——_ﬂ

farmer and the fertilizer dealer.

D. Environmental Consideralions

ister blic toward the im-

rn is being continually registered cw._:n._u: J ard the -

pacl mﬂﬂmnqn_:__ﬁn; on mrn n:i-o:_.__._ms”rwaw.ﬁ__m_””_wn_hw__ﬂwMﬂum“m.n:_:nﬂ~ S con
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e ?..oﬁr._n:._m oﬁ: reduce the runoff of orthophosphate :.o:._ no- 1 com

o:..i___m_mz_:nm__, . roved N application techniques by m_:._nq timi gm“.mo:

s _:_hx__ reduce the potential nitrate {NO7) noE:::___.z._ :

ﬁu.snn.ﬂn-“. n‘wnnﬂ.“.,qﬂ_:n...w_o reduce environmental concern almost always
of waters. :

result in improved fertilizer efficiency.
C. Time and Energy Considerations
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fertilizer placement. These

jecti i din .
Broadly. three objectives are involve o proven b

are (i) to result in efficient fertilizer use by the plant,
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izer salt injury to plants, and (iti} 1o provide an economical and convenient
operation. The achievement of these objeclives is determined to a |
extent by certain general principles, summarized as follows:

1. Soil conditions (pH, texture. cation exchange capacity [CEC], or-
ganic matter content, bulk density, moisture, temperature, chemi-
cal content) will to a farge extent govern fertilizer efficiency | that is,
once a fertilizer has heen added to soil. it reacts in and with soit 1o
varying degrees as influenced primarily by the above soil factors.

2. Fertilizers have inherent chemical and physical properties that in-
fluence the degree 10 which they react in and with soil, such as the
molecular form of a nutrient (ammonium [NH]] vs. NO3), chemi-
cally prepared polynutrient fertilizer {ammonium phosphate
:ZI.;NI_UO,.C_ or a physical blend of mononultrient fertilizers
(ammonium nitrate + potassium chloride + calcium phosphate
[NH,NO, + KCI + Ca(11,P0.),]), and particle size.

3. Plants take up nutrients dissolved in the soil solution largely by dif-
fusion and mass flow and to a lesser extent from direct contact of a
root with mineral or organic nutrient—containing materials.

4. The absolute amount of nutrients taken up by the plant at any one
time depends on (i) the size of the plant, thatis, its root system (the
larger the root system. the more surface area there is to absorb nu-
trients and the more contact there is between soil and plant); (ii) the
amount of putrient in the soil in a form that can be extracted by
plantroots; and (iii) the temperature of both soil and air. Plant me-
tabolism is directly related to temper

metabolism is greatly reduced

The challenge is how (0 effectivel

drge

alure. Af low temperature,
and nutrient uptake is slow.

y manipulate or manage these princi-
ples Lo do the best job of achieving the objectives of fertilizer placement
under a given set of conditions. The given conditions may include such fac-
lors as the crop to be grown. varicty of the crop. field to be used, cultural
practices (o be used, and availability of capital for investment in the crop
enterprise. Before a decision on fertilization can he ntade, definitive infor-
mation on the soilin a particular field is needed: Is it of uniform type? What
are the physical and chemical characteristics of the rooting zone? What is
the fertility level? Soil testing is certainly an important practice 1o usc (o
obtain this latter information. A more rational decision can be m
cerning fertilizer and lime usage on the basis of
results provide information
conditions,

Eventually a method of fertilizer
the fertilizer is broadcast and

ade con-
soil test results. Such
pertinent to the first principle discussed—soil

placement must be chosen. Whether

_g_ciman_os.?Eu_u:mﬁ::_:mwos_. deep
banded, foliar applied, or is applicd using some combination of these

methods depends on the set of conditions. What were the soil test results
forpH, P, and _G\u?.rm_ is the soil microclimate? Is fertility being built or
maintained? Is the soil acid or alkaline. and to what degree? What is the
rool system of the crop grown—tapraot or tateral? What volume of soil will
the roots contact? What is the poetential for surface runoff? What fertilizer
materials are available? What are their physical and chemic

al characteris-
tics? What kind of equipment is available for spre

ading? What is the price
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Table 15-1. Location and method of feriilizer placement.
Method of placement

Location of placement

Broadcast

Stripped

Sidedressed

{rrigation

Broadcast, plowed under
Broadcast, disked in

1Sidedressed

Row application with seed
Banded apart [rom seed
Irrigation

Foliar sprays

Surface

Suhsurface

Directly onto ptant

i rees of in-
of fertilizer? The final decision often reflects the various deg

e of the specific given sct of conditions.

fens soil surface or under
er to the

o . th

ic7 all fertilizers are applied either : under

th mwwﬂmuu.:ﬂu:; a few situations exist in which they are applied dircctly
€ i .

Iant.) Several methods are used 10 make mclunm or mccﬂ_—““ﬁ_ﬂnnhﬂ.
_c.:.._m.1 ) _<._.:._< management systems often combine :._n..mma-:_“u :i.:.-o P
ﬁ__n;__.oz.an._:on_m are outlined in Table 15-1. In terms c.a_ﬂ na .”_n e o
_,___nun___MME involved, these methods can be generally considered a
plac

broadcasi or banded.

A. Band Versus Broadcast Placemenl

understand the advantages and &m:n_e.s_:;mnﬂ__“”“”_m.
deasting fertilizers, a clear undersis _
aced with soil is helpful. Becauseo
s often dependent on the nature

To more clearly
ated with either banding or broa _
of how fertilizer nutrients react when p -
these reactions, the method of placemen _SE_._
of the nutrient source and the crop being g :

. Nitrogen -
R added in the NH;, ammonia (NI1;). NO;j ..L__
plants as NOy or NH,. ﬂo.:::.:;
dily solublc in the soi! u:.,_:__c?
ation to NO7 in well-
nreaclive with the

Nitrogen is n:::._.__c:.; de
arca chemical forms. It is utilized by .
used ertilizer forms of these sources are _:r.. ysol
The non-NO7T forms are subject to biologica datio
The NOj7form, bemg an anion .,_:.a thus e and
lex of soil, is readily mobile in the sail 50

a

as soil water moves. Thus, placement c.q .n.:_m.ﬂ.:

i aci rermination,

mohile ion is related primarily Lo 1s effect on 32%5..5.%% “uo by

seedling damage, and potential losscs. When NH fis ,_ﬁ_w .:.ﬁ:.:nn_ o

tially reacts with the cation exchange .ncz:u_n.x Lo ._u“"n.m_:. _:.._ F__ T o the

. _v“nn of clay particles. Thus, mobility is dimnnished a p

Surli H S.

i i -1+ which is in cquilib-
lant is restricted largely to absorption of solution NF}, whichis T:m:: i
M:..__._ with that of the exchang

e complex. However, during _._..od. e
i : acrobic biologic ac-
the annual season that soil conditions are favorable [or aerc I
L4 [4 B ~ . :
most available soil N1} will be tr

drained soils.
cation exchange nc:_.ﬁ_m
maves primarily vertically

ansformed Lo the mobile (oim,
livity,
NO7.

=) e
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Ammonia is applicd as a pressurized liquid that immediately vapor-
1zes as the liquid emerges from the applicator. For this reason, placement
of NH, has to be made subsurface to prevent loss of the NH, vapor 1o the
atmosphere. The NH, readily reacts in the soil with the exchange complex
or water to form NH !, which subsequently unde rgoes biologic oxidation to
NOi. A method sometimes used is the cold flow method, wherchy NI is
supercooled to liquid form and metered into soil ahead of an incorporating
nnplement.

Urea, being nonionic, musi be transformed 1o NH before it is availa-
ble for plant use. This reaction readily takes place in warm moist soil in the
presence of the naturally occurring enzyme urease to form ammonium car-
bonate [(NH,),CO,]. Unless a placement method is used to incorporate
urea into the soil or unless there is sufficient moisture for it 10 be readily
moved into the soil, there is potential risk for losses of N, since (NH,); CO,
readily breaks down 1o NH,. which can be lost 1o the atmosphere, espe-
cially in an alkaline medivm. Losses due to this mechanism can be sizeable
(Fenn & Miyamoto, 1981; Fenn et al., 19812, 1981b). Since high concen-
trations of NHjy can accumulate in the zone of urea hydrolysis, care must - 2
taken to minimize risk of rool toxicity by using low rates of urea., banding it
away from the row, or diluting the NH, accumulation by broadcasting and
incorporating. Creamer and Fox (1980) reported NI} toxicity resulling
from band applications of urea or diammonium phosphaie (DAP) and con-
cluded thal plant toxic accumulations of NI, occur near band applications
of urea in all except very acid soils. They also reported that cool lempera-
lure (10vs. 20° C} lowered nitrification of NH }enough to result in NH, per-
sisting around the hydrolysis zonc for longer periods of time. The NH}
formed from hydrolysis of urea undergoes biologic oxidation to NO7yjust as
that from any other NH *source.

1. Phosphorus

Phosphorus is commonly applied in the orthomolecular form (POJ),
polymolecular form, or mineral form (apatite). However, the ortho-form
s primarily used. Dependent on the associated moleculir cation and the
degree 10 which the three negative charges of the orthophosphate anion
are saturated by the associated cation. solubility of arthophosphatic fertil-
izer salts can widely vary. Also, soluble orthophosphate in soil reacts rap-
idly with cations, hydrous oxide coatings. or cations in solution to form re-
action products of varying solubility. Since P is absorbed by plants as
H.POjor :_UOW.J it ts these tonic forms that need (o be present in the soil
solution for the plant to utilize it. The degree to which soil P reactions take
place and the reaction products formed are related largely tosoil pH and to
1elative amounts of precipitating cations on soil particle surfaces or in soil
solution. Even so, orthophosphates react rapidly when added to most agri-
cultural soils to form compounds much less soluble—and therclore less
tvailable to the plant—than of the ortho-salt added. This greatly reduces

~ theefficiency of fertilizer P added 1o the cropbeing grownin that particular
. year. Hence, placement of such a material is of considerable importance.
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Availability of orthophosphate is related to the solubility of the salt
used and to the chemical nature of the soil to which the salts are added. By
hroadcasting with a water-soluble salt, solubility effects can be partially
modified by the particle size of the salt added (Engelstad & Terman, 1966).
The larger the particle size, the less contact the sall has with soil; conse-
quently, due to dissolution rate of the salt, a spherc containing a greater
cancentration of soluble P than that from finely divided particles is main-
tained. These spheres of soluble I then exist as potential feeding sites lor
plant roots as they penetrate throughout the soil. Banding soluble phos-
phatic salts resultsin a similar eflect.

From a placement standpoint with respect (o P, the objective is Lo re-
strict contact of the added soluble salt with soil to realize greater efficiency
of the material by reducing phosphate fixation. Even under best condi-
tions. no more than 20 10 30% of added P is likely to be taken up by acrop
during the firsi growing scason alter addition of the fertilizer.

Since P is so immobile in soil. it must be placed in such a way that plant
raots will come in contact with it. Physiologically, P stimulates early root
proliferation of seedlings, which directly affects growth rate (dry matter
accumulation) of the plant. This early growth stimulation usually resulls in
higher yields of short-season crops and of full-season crops grown in loca-
tions where length of growing season is marginal for such crops. For this
reason. it is of special importance that P be placed in such manner that as
seedling roots grow, they come in contact with the fertilizer. Thisimplics a
band or row application of a soluble P salt. The amount to be applied in this
manner depends on the level of plant-available P present in the particular
soil. In soils low in P saturation (high P fixation capacily), soluble P added
will be utilized more efficiently from a band placement method as long as
the band is located in such position that plant roots contact it. If broadcast
applications of soluble P are made on such soils, granulated fertilizers will
be more efficient than pulverized fertilizers due to the solubility pattern

previously explained.

If insoluble forms of P (e.g., phosphate rock {apatite]) are used, it
should be placed in such a way as to enhance reaction (maximize conlact
with soil). Enhancement can be accomplished by increasing the surface
area of the material (finely ground) and adding it to the soil in such a way as
10 maximize contact (broadcast and disk in). For this reason, elficiency of
insoluble phosphates can be increased by using finely ground material and
thoroughly mixing them in the soil. This elfcclively increases P solubility of
such materials in the soil, that is, the resultant reaction products arec morc
soluble than the material added.

One point that should be made here is the interaction between N and
P Evidence has been accumulated to show that P elficiency is improved by
adding it with N, For example. the reason DAP has been shown in some
experiments to be more elficient than superphosphate is thought to be due
to the presence of NH fat (he same fertilizer site with P. Band application
of phosphatic fertilizers has been thoroughly revicwed by Richards (1977,
and this publication is recommended for those desiring more information

on the topic.
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3. Potassium

.vo_umm:_:. is commonly
or nilrate salts. Upon dissolu
_%*. which reacts with the s
tively immobile. The K*

"._.31__.9_ 1o soil as soluble CI-, sullate (SO2)
o.__c: in the soil solution, K exisls as the E:hmoz_
tl cation exchange complex to become rela-

moncan A-—..ﬂo react at < i T b b

' _—._—.ﬂ—.— _.u\nu—. OXO—.—.:._ 2 A_.:U v_
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added K+, however, is li
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bec s solution a
W—__.,__..z,_m_ﬂ._ ._ he __E.uozni aspect of K fertilization with E..._.ﬁq._w“_,._c_ﬁn.,ﬁ__..___un_ ent
, Th | , L acel
::.:“i_,._:mn_ .,____co_v. _E_Eo_.:_n and does not react in most cases ".”, _qnnsun:_
avail; o planis; therefore, t} , i ffect of nent
¢ EN » thcre 15 no consist
anava (s the sistent effect of pl
n:::.mn_m_:_Hﬂ_.,.:_. utitization of added K*. As a soluble salt __cc:“ .,_nn._udm_z
e plant uth ¢ K*. s salt. ver. itcan
comrute ! :.w:“_:“”.v_:qw during germination and seedling growth. For _—“?
Iy o { . r
, st be taken when a seed-sall contact placement is being

used. For (he sam

should be _:M:_.n _%_”“w_ﬂ.“a__ E—_n_: __“_qm..n amounts arc being used placement
: mze sall dam; , R !

cast), alt damage (band away from seed or broad-

4. Secondary Nutrients

Thes : i
cume MMM“”.__.N__NW__M__.::M:; O_“_ and Mg are slightly mobile in the soil. Cal-
K. Plant upike o the exchange nj-:_.g_nx of the soil and act much like
mon o uptke mec mu,. L SM ﬂ“n .,__,.5 similar to K. Dolomitic linie, a com-
the higher aplioetin, T_”:._ v g. 1s usually broadcast-applied because of
SOy ate Eo.iana ﬁ.. .wz c_ ten necded to reduce soil acidity. Gypsum
combe enpen o o_, aand is mn:o.:___w broadcast-applicd. Magnesium
can be supy potassium-magnestum sulfate (K;SO, - 2MgSO,) and i
cast applied. However, row applications of Mg (o M_:.._ﬂ_os“m

._QO—N& ﬂ_ﬁv—vrﬁ m:ﬁ—_ as “-A:m-ﬂcﬁm .m-uﬂa\qzﬁz )eros 17 5 S
| A \2\& St —l.v are fC—SG—T_.:n.

. ,_.mc__:: in the SOJ- form is quite mobile and i
_—Eu ied —”..ﬂ ﬂwﬁm:ﬂ or elemental S. The element
orm, which is i
o which i __%nﬂwq.m:hu”h"ur,_n::a:_g_rw ﬂ__”_:mrqmvmn:__ instances occur where it
: and-place the S fertili Ligui i
AR i ) P zer. Liquid formulat
o ”Mnﬂ_a__:__c_:.:_i ::omﬁ._:.,__n [(NH,),S5,0,), are becoming _:o_qm_qwqmq
e o_....nE . 0 :.__:n_ fertilizers for band placement to row craops. Iighl
ot .,:__m:m _._ua.wﬂm_m_u_:m no_.:vo::a_m of § (c.g., sulfuric acid :.rmO; .::QTFW.
a]) are sometimes band-applied to _:m:r:\ calcarcous

MA:._m o{——ﬂnﬂ -—ﬂ—ﬂ———! { h € by [¢ il ——
1Ication Au—.m- —:__—ﬂ— ar sma —A __ 1rea E_——_:_ —__0 — 1l _Av::__
.
| — Q v m

is usually broadcast-
al 5 is oxidized (0 the SO
4

5. Micronutrients

L —Nn_—::_ 18 H_:_—n ﬂ:_—__——nwx _—_nw o —_-ﬂ man ——____w_-::
_(—_ﬁ—:—_:—__o:_ _m_ __ C
_O___-m c“ —_:ﬂ_o_—:——.—ﬂ:_—m Ncm———mu.—v_ﬂ .{

untake mechnents . . the crop management system. and he
. 1anisms and specific needs of the crop. As a result applicati
s aresult zation

methods vary wi i
i) .m_ma _,__M_M_w. Soluble nutrients, such as B, and the sulfate sources
,Cu, are often broadcast on the soil surface, The more :;c_.
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uble sources are added as solid compounds or in some suspended [orm Lo
the macronutrient carriers that are cither solid, liquid, or suspension
grades. Relalively expensive materials are generally banded to row crops
for economical reasons. On the other hand. specific micronutrient needs of
.intensive, high-value citrus ( Citrus spp.) and vegctable crops are usually
met through broadcast. foliar applications. When the micronulrient is ap-
plied with the macronutrient, the application method is usually deter-
mined by the nature and relalive efficiency of the macronutrient rather
than the micronutrient. An example is the common introduction of rela-
tively small amounts of micronutrients into banded starter fertilizers (sce
section 11C2). Murphy and Walsh (1972) provide a detailed discussion of
the fertilizer sources and the application methods used to provide im-
proved elficiency of each of the micronutrients,

B. Dual Placement of Nitrogen and Phosphorus

Considerable attention has been given in recent years lo simultanc-
ously injecting anhydrous NH; and liquid (NH,);HPO, solutions in a band
10 to 15 cm below the surface. Subsequent Lillage after this dual placement
does not disturb these bands; thus, the practice allows for once-over, pre-
plant fertilization with the band advantage for phosphate efficiency and the
added advantage for phosphate eflficiency of having N and P at the same
site. Use of anhydrous NH, also gives an economical advantage to this
practice. Much of the developmental wark for this practice has been con-
ducted by Murphy (1981) and Leikam ct al. (1979) in Kansas. Their results
show significant advantage from preplant dual application on yield and P
uptake on low P soils. Their work has shown the increased P uptake o be
related (o use of NH; and that it was necessary for NH; and P 1o be in the
same soil retention zone to obtain best resulls.

Lamond and Moyer {1983) found in Kansas trials on soils testing low
10 medium in P that knifed (subsurface band) fertilization of UAN potas-
stum tripolyphosphate (0-11-21 [0-25-25]) or ammonium polyphosphate
(10-15-0110-34-0}), and KCI (0-0-50 [0-0-60]) significantly increased Lall
fescue ( Festica arundinacea Schreb.) yiclds, N content, and N, P, and K
uptake compared with surface broadceast fertilization. Higher N uptake in-
dicated higher availability and recovery of N, possibly due Lo less N volatil-
ization. reduced N tie-up by soil microorganisms, or both, When forage
yields were averaged across all fertilizer treatments, the knifed method of
application increased yields by 9% in one experiment and 24% in the
other.
Wisconsin data (Fixen & Wolkowski, 1981) compared dual N-I” placc-
ment of anhydrous NHy and ammonium polyphosphate with a 5 by 5 cm
band placement of N-P for corn grown on i Plano (fine-silty, mixed, mesic
Typic Argiudolls) silt loam in 1980 and 1981. Little advantage was m_..cz:
for the dual N-P application over the conventionally used N-P starterina
by 5cm band.

The dual N-P application concept was summarized in Nebraska ._d,

Penas (1981). He indicated the practice has been found to work best with
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at the preplant application should b
) : ] S €
acing, with & 30- to 38-cm spacing being

wheat (Triticum aestivim L.) and th
made in a 25- to 50-cm band sp
ideal.

: C. Time of Application

e The time at E:__n_._ fertilizer is applied doces not
mu_mm_,ﬂuw_ﬁa mn_a.._wn. relationship between fertilizer effic
i w

1000 ha _3 EM wmo”._—_m trend toward large farming operations of 300 to
short pesiod of wm_zna_:_am monzwm.a preparation and plating in a relatively
Drint to, the : m”a placed increased emphasis on applying fertilizer
o _._En:am”_::: spring planting rush. The fertilizer industry has also
cenoom mach | mnqam. in this as an attempt to spread out their n_mm:mc,:m.m:
oo _qn_._m_uo:.“__am..“u_ﬂ_:m_””__o mimmize shortage of local fertilizer supplies
« ems us 4 i )

season. P ually encountered during the rush spring

Apart i _
part from the convenience and economics usually associaled with

:.—ﬁ ﬁ—.——.ﬂ—.—%mﬂ N—.—Q n-—- catio :- _ﬂ_:: ers w o ._c Eﬂn_ﬁﬁ anca :_ a
“U—— « n
z b —.— nn._ an

volved, mobility of the ferlilizer nut
of nutrients,

always show a direct
tency and method of

: . S in-
argely be given to climatic factors in-
rients to be applied, and soil test levels

L. Climatic Factors

Soil temperature, soil moisture content and
also c..u considered in determining when (o Pl
n.___:m:n elfect of greatest concern is the effe
tion. As previously mentioned, NI N

air temperature should

apply fertilizers. Perhaps the

° ct ol temperature on nitrifica-
: : will react with soil

s ', w il strongly enough to

leaching. However, nitrifying bacteria in soil :xﬂ_ﬂ\wm Zh, {o

|

NO< i . o .
_qmmmw__“dcﬂj..,__m__”n:qu.““ M,_q_m .ﬂcﬂ_nn_._hg potential loss cither by leaching or deni-
Static ot he :nnm:_ A_J__._ ”_ ”::_.o: Istemperature dependent, being almost
the convercion qm_am?_unm_” ..a ut _hnqnum_zm lo ___.n point that ataround 10° C
or denitrification _oa.amm %_ st nen o o lowes the risk of caching
crop Lhat losses s_om_,n_ __,_A.M__u.\w hwcmm__z_u““_“ﬂ_q_w_ Z_u,.,c :__..ﬂ oo fecd by the
tion of N C . : red. For this reason, fall applica-
tion is negligible and E:nqno_‘_h_mw _“w\m_h_ﬂ_u_ﬂ_n_._“ or Q:_vﬂ ,_Sz_nq that nitrifica-
spring. The o : 5 H ow until late winter or carl
.%:mqm-:_.m _:H“__M_Mw_mh._:mm:wm__rwﬂ: Corn Belr is the largest N-using N:mw
Soils even under om no_"._“ y “n .:mmﬁ_.. ﬂ:: application (o coarse-textured
high _mmn:_.:muo_nz_.mm_ _=n. conditions is stll not recommended due to the
025 om Al nnﬁqnnn:_.a ,__mn:”: :.T_s_d_a_qc:m NH;to normal depths of 15
perature at cuch n_n. :..w _. Enn_ anism to delay nitrification since soil lem-
ated NH, band o M__”ao,ﬁ_m_._m_ﬂw_.mqw_q :_.,*_: at ___n..a:_.:_no. ._..__o highly concen-
porarily inhibiting :_m :.m._.mqi:m c_qM“_M_M%M...E:_ conversion (o NQjy by tem-
In recent yeats, nitrification inhibitors have been d

commercially available for use ors o3 o e

as additives to N fertilizers as a means of
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suppressing nitrification by decreasing activity of the nitrifying bacteria Ni-
trosomonas. Reports from their use indicate greatest advanlage when used
on soils that have a substantial potential for denitrification during spring
and early summer.

2. Mobhility of Fertilizer Nutrients

Since the immobile fertilizer nutrients move such short distances from
the sail-fertilizer reaction zone, plant uptake can be insulficient in soils
cool enough in the rooting zone to delay root growth and thus reduce the
area of absorbing root surlaces. Band or seed placement is often used in
such soils to help overcome low mobility. Phosphorus and, to a lesser ex-
tent. K are the nutrients most often used in this manner. A small amount is
applied in the row or in a band at the time of planting to improve early start
of seedlings and is therelore called starter fertilizer.

3. Soil Test Levels

At high soil test levels, it would generally be immaterial as to when
fertilizer is applied. In fact, at high soil test levels, fertilizers may not even
be justificd on an annual cost-and-return basis except {or those who place
value on maintaining soil test levels in the high range. However, at low soil
test levels of the immobile nutrients, rates normally recommended for
broadcasting can be reduced 50% if banded. Banding, of course, usualty
implies application near the row at planting, meaning that if the lower rates
made possible by banding are to be used application would not be done
until planting,

I}. Residual Nutrient Level

When residual nutrient levels in soil have been built to or naturally
occur at high levels, little agronomic growth or yield response can be ex-
pected from further application of the lertilizer nutrient being considered.
Thus. under these soil test conditions, the method of fertilizer application
is generally of fittle significance.

High residual nutrient levels have received considerable attention
since the mid-1970s and was the subject of a special symposium held during
the 1981 annual meetings of the American Society of Agronomy. During
this symposium. Cope and Khasawnch (1981) reporicd that there has been
a general and often substantial increase in residual soil test levels of P and
K in the USA during recent years. Crop response data [rom field studies in
the southenpstern, midwestern, and western .S, stales consistently
showed little or no yield increase to application of P and K 1o soils testing
high ar above (Parks et al., 1981; Randall, 1981b; West(all, 1981). Parks
and Walker (1969) also reported from ficld studies with corn (hat as resid-
ual soil levels of K increase, the effect of band placement of fertilizer K
decreases. Cope (1981) reported on extensive, long-term residual soil test
studies conducted in Alabama with several crops and showed (hat P-K
rates that gave the highest economic returns also resulted in increased re-
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sid . ]
mum”_mm“wﬂ._ qwﬂ values. Further, such increased residual levels occurred de-
spit qm_mm:mmy%:ﬁ 3_._:95_ values often exceeding economically optimum
no:n_cn-nm o:mwozc._m._h...h.m_amm._v q.m_u_mzﬂa on a camiprehensive 8-yr ficid study
\ ajor soils in Nebraska with corn, Tre: .
each site were fertilizer re i ve soil teating Tatiap
: commendations made by five soil i
tories on the basis of either cati em cement o
s ation balance, nutrient repl; i
entsufficiency philosophi i di s in amount and kint
phies. Despite large dilferences in : i
oF lortiliserm sorilosaph : sinamount and kinds
ed o the basis of th I , i
P ] * basis esc three philosophics, no dif-
re obtained. These resul(s sub i
] . . L sults substantiate use of 1l i
ent sufficiency philosoph i cally when the
sophy both agronomically and cc ice
rate of fertilizer (o use at 2 gj i ic i derem the
grven residual nutrient level js o ]
o ! . clis delermined.
_nqz._:“wwﬂmm A-_.w.\mv reported on field studies conducted in Kentucky'o de
rtilizer rates necessary 1o get n i i ;
r : s5¢ ear maximum yields af vari
residual levels of available soi . ¢ 2 md Fig.
e 50il P. His results, shown i i
s § res . nin Table 15-2 and Fi
__ﬁu\:_ and 15-2 show that at Bray and Kustz no. | P extraction levels > AW
?\wmaw, _..a_ﬂz_ﬂ:n_. mqo.,..__: responsc from corn. soybeans | Glveine max (L)
.. alfalfa ( Medicago sativa 1.}, or clover ( Trifolitm spp.)—grass wi
oblained. Pt
A commonly followed rule regarding b

and and bro; i
that where a P response is ) roadcast rates of P is

likely (low residual soil P, cool soil tempera-

Table 15-2. Effect of ..mmm.n_:m_ soil test P leve] on fertilizer P rates for
near-maximum yields {Peastee, 1978},

Bray and Kurtz Fertilizer P required for 0.95 maximum yield
no. 1 P
5 level Corn Soybeans Alfalfa Clover-grass
i)

ma.. a kig/ha per year

0 65 35 62 47
. 45 27 65 40
22 37 17 42 32
b wm B 27 12
“ . . 2 :
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Fig. 15-2. Relationship hetween residual soil 1est P levels and fertilizer P required [or near-
maximum crop yields (Peaslee, 1978).

tures, or both), an economic efficiency can be obtained by banding fertil-
izer P: banded P is generally considered to be 1.5 10 2 limes more elfective
than broadcast P (i.c., P rates can be cut by onc-third to one-half if
handed). A Nebraska study on winter wheat was recenlly reported by Pe-
terson et al. (1981) to test this practice, which they reported Lo be popular
in the High Plains area of Nebraska. After testing several rates of P applied
either broadcast or drilled in the row with the seed, they concluded that the
relative efficiency of band vs. broadcast P varied with residual soil P levels
(Table 15-3). For low-testing soils the relative elficicncy ol banded P was
about 3:1 compared with broadcast P, whereas [or medium-lesting soils the
relative efficiency ratio was 1:1. Figure 15-3 shows the relationship they
found between amounts of row and broadcast rates ol fertilizer P required
for equal yiclds of winter wheat grown at various residual 50il P levels.

The effect of climate on band vs. broadcast P at various residual soil P
levels can be scen in contrasting the Nebraska data cited above to resulls
from dryland spring wheat studies in North Dakota (Alessi & Power,
19801). They conducted a comprehensive study for 6 yr by banding 15 kg P/
ha per year on either previously unfertilized plots or on plots that had ini-
tially received 20, 40, 80, or 160 kg P'/ha broadeast. Results indicated that
wheat yields were increased from usc of the banded 15 kg P/ha per year of
all levels of residual P found in their study. Consequently, they concluded
that banded P for spring wheat production in the cool spring climate of the
Northern Great Plains was justificd.

Similar results were reported from a ficld study conducted in Ontario
(Sheard, 1980). This study was conducted to test the ellect of banded I’ ei-
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Table 15-3. Comparison of broadeast and row

residunl P levels om wintor wh applied fertilizer P at dilferent soil test

ields {Peterson et al., 1981).

Calculated fertilizer P rates

Bray and Kurtz Broad
cast for n icati
oy and, : [ ow application for i
evel maximum yield same yield as broadcast WE_WNMMMMM
kgha kg P/ha
18
’ WM 12 0.32
22 15 28 0.62
o 30 0.67
28 NSt NS 1.00
13 N qm NS 1.00
22 0.82

T No significant difference between broadcest and row rates

w
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tncrease in seedling growth with u
. 4 pto 30 kg P/ h
species or residual soil P level used in this w_m&..:m regardless of the forage

HL FERTILIZER PLACEMENT WITH REDUCED TILLAGE

U.:m to concern over erosion control and [u
_q..__:n__ Interest in crop production systemns requi
nm nmmnmqm:o: than the common methods in
an - i ,
n:nM%_:_.ﬂ tooth _..mq.qos__zw lo prepare asmooth, clean seedbed. Several re-
uced t umm _nn_.:_n_.:mm have been developed, but two have become ver
WE_M::"..OM Tmn__mu_of:m and :w-:: planting. Chiscl plowing reduces -:W
pmount of ﬂw: n_m_.__l.mﬁn mqmm—_:e&:a; during primary tillage: no-lilking
s tsturbance of only 2.5- 1o 7.5-cmn wi _
! S .5- vidth for each pi
res b anled
nm:mwum n.mmqmmm_n_u“q%n___nnﬁ_uu:%ommm represents use of no primary :__._Mm Be
isturbance involved with etth t iscl plowing,
cpuse of . r : er no-till or chisel plowin
s been much interest in how vertical fertilizer Em_icc:oﬂ u:@nﬂ

el costs, there is currently
ring less incchanical seed-
volving plowing, disking,
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root zone ferlility levels, particularly with respect to fertilizer application
. i duction.
methods necessary to obtain best crop pro . .
Several authors, including Wells (1984}, discuss the effect that contin
uous no-lillage has on soil properties. Phillips et al. (1980} defines the no-
tillage system as: | o
one in which the crop is planied either entirely withowt ::amn..e :._”3 h:,._:
sulficient filinge 10 altlow placement and coverage of E_n mn.nn_ with mo_c_w al-
._o..... it 1o germinale and emerge. Usually no further cultivation is done be ore
harvesting. Weeds and other compeling vegelation are n.o._.:B__mﬁ_ by ._”._:N__._.:.
cal herbicides, Soil amendments. such as lime and fertilizer are applied to
the soil surface.

Review of several paperts {Triplett & Van qun_...._cao_. Zamnr_..wacm_ al.,

1973- Bandel et al.. 1975; Blevins et al., 1977; Blevins et al., _.c_,.u._m. ﬁ.:‘m—:.»_aM

1980: Phillips et al.. 1980; Blevins et al., 1980. Randall. 198(; o__umn:“w &

Schufre, 1982: Ketcheson, 198G, Lal, 1979) shows the loflowing effccts
-till: soil properties: .

" :ﬂ...MMHﬂSEﬁEﬂO:EE. Because of less surface evaporation m::._ cm__-
ter infiltration of rainfail, there is usually 15 to 25% more sf,:_:_.u ”
soil water during the growing season with no-tillage compared wit

ional tillage.

2. mw_m.._e.whqﬂw“_.u::m.m Due to the :._m:_“..:c: m:nn_ from the mch_mno
mulch of killed sod, killed small grain, or previous crop rest ,___.”mf
soil temperature changes more slowly :._:_2 no-till nwzn_.:o:m. “._m
results in cooler soil temperatures during the growing season an

5 diurnal luctuation. ‘ .

3. M”._mnm__..:_mnnm maltter. In conlinuous no-till systems, organic :wm_c:””
from the previous crop collect on the soil surface .i:: subseque _
redistribution of soil organic matter compared with no..Enz:_omE
tillage. Greater root growth activity in the top 5 em ol soil resu ."”m
from no-tillage also adds to increased organic matler .no_:mq”_ in _._.w
uppermost part of the soil profile. >m a result, organic matter co -
tent becomes concentraled at the soil mc_..qmnn wilh nc::::o:m_sn
tillage, whereas it is mixed somewhat uniformly to plow depth in

tional tillage. .

4. mﬂﬂwﬂi_ m._n:,.:wm. As would be expected To_d more moisture M:E_
accumulation of a concentrated layer of oqmus._n.qnm._a:nm at the mﬁ..__
surface, there 1s greater surface 3__20_.&"._ activity in :o-:__oﬂ mo__m
campared with conventionally litled sotls. Greater :::_cm;% 0 :
aerobic and anaerobic bacleria have been measured under no
tillage compared with conventional :_._mmm. Eventhough _mamn :E.:H
bers of aerobes are presem, the 3_”.:.._5_% large presence 0 m:um_q
obes. together with a high concentration of organic Emﬂnq_u_m_m._”wow_
higher soil moisture content, results in __mmm wo_n_::u_ _dq oxida
in no-tilled soils compared with no:«.o::.o:u:w. :__.nn_ mo__m..

5. Residual s0il N. Residual soil N content increases in no::=~——_.o:m _.:M_.
till production despite the increased potential for both leac L:m an .
denitrification of NOj. It appears, based on the few m_.c ies Sn_
ported, that this increased residual soil N results [rom the increase
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concentration of arganic residues near the soil surface and that it is
in organic form. Indications are that mineralization of this labile
pool of organic N is sufficiemtly slower in no-tifiage that an in-
creased residual N conlent develops, even though it is only slowly
available lo crops in any one year. Because of this, NO7ysoil tests are
not likely to indicate the presence of this labile poolof organic N,

6. Bulk density. Some studies have shown little diffcrence in long-
term eflect of no-tiltage on bulk density, indicating that even
though annual seedbed tillage in conventional systems initially
lowers the plow layer bulk density relative to no-till, subsequent re-
compaction of the plow layer through the growing season and over-
winter results in bulk densities of near the same value as those mea-
sured in no-till. Other studies, notably those from the northern
Corn Belt have indicated that unless the plow layer receives some
manner of primary tillage. bulk density is high enough 1o create
problems with some nulrients, particularly K. Because of (his, it
has been suggested that fields should test high in exchangeable K+
or starter fertilizer containing K should be used for no-tilling in the
northern Corn Belt.

7. Soi} pH. Studies indicate that after 3 to 4 yr ol continuous no-ull

production of corn, a very acid layer | to 5 cm thick develops at the
surface of the mineral sail. This accelerated acidification related o
no-till has been explained as resuiting from decomposition of the
concentrated layer of organic residues on the surface with subse-
quent intensive leaching by the resultant organic acids in a thin
tayer at the top of the soil profile. As with conventional tiliage sys-
tems, this acidification process is increased by use of acid-forming
fertilizer N,

It should be emphasized that the effects listed above are largely based
on conlinuous, long-term use of no-(ill techniques. From the practical
standpoint of developing crop production systems to utilize no-till tech-
niques, particularly those involving rotations, it is debatable as to whether
producers will use no-till continuously in the same feld, Most studies re-
porting on such long-lerm efiects have lasted 5 to {0 yr due to the relatively
recent advent of no-till production systems. Although these studies pro-
vide the best current knowledge of no-till effects on soil properties, one
should keep in mind that 5 (o {0 yris probably not long enough Lo evaluate
long-term effects and at best likely represents only directions of change
that take place. Care should be taken in interpolating these effects to indi-

vidual production systems where the field is not continuously no-tilled for
long periods of time.

A. Tillage Effecis on Mineralization, Incorporation, -
and Nutrient Stratification

Randall (1980) reported results of 10 yr ol field experiments con-
ducted to study some of the fertitity problems involved in shifting from
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are convenient (o use in conjunclion with irrigation, and lend themselves
readily Lo custom mixing and application. Studies have shown that most
flvids are not different in elfectiveness rom water-soluble solids. Use of
suspensions has been growing rapidly in many areas to obtain higher analy-
sis and greater economy than with liquid (solution) lertilizers. The per-
formance of suspensions is equal to that of clear solution materials or dry
water-soluble fertilizer materials. Any dilferences that have been ob-
served can be traced back to either differences in chemical composition or
to differences in placement in the soil.

5. Miscellaneous Phosphates

TV A hasinvestigaled phosphate materials of ultra-high analysis in re-
cent years. but none of these is available commercially. In addition, they
have introduced the urea—ammonium orthophosphates and urea-
ammonium polyphosphates currently being evaluated in agronomic appli-
cations. These materials comprise homogeneous formulations with higher
N content, and typical grades would be 28-12-0(28-28-0) or 35-7.4-0 (35~
17-0). Another class of experimental materials are the urea phosphates,
17-19-0 (17-44-0) and materials formulated {rom urea and urea phos-
phates. The urea phosphate materials hold promise in dealing with the vol-
atilization loss of ammonia from urea in surface nonincorporated applica-
tions, especially in reduced tillage or no-tillage systems. These products
could become increasingly importani [ertilizer sources in the luture, par-
ticularly in light of the need to improve the efficiency of N utilization.

Among other P sources that have been used as fertilizer are dicalcium
phosphate, metaphosphates, basic slag, various calcined phosphates. and
unreacted phosphate rock. All of these materials are relatively insoluble in
water and range in citrate solubility from slightly to completely soluble. In
general they are less profitable than the more soluble phosphates for use in
modern intensive agriculture and are used primarily in areas where an
abundance of one of the products favors it economically. They are some-
times useful as basic broadcast applications for building up a reserve supply
of Pin the soil and should be supplemented with small amounts of soluble P
for best results in many crops, especially on soils that are not high testing in
P.

VIII. PHOSPHORUS FERTILIZATION PRACTICES

Fertilization practices should consist of providing adequate plant
available P in the soil throughout the crop growing season. In actual prac-
tice, P fertilization must necessarily be adjusted considering the source of P
fertilizer, source and quanlity of other fertilizer nutrients, the crop and its
needs, the yield goal. tillage method and time, [fertilizer application
method. and other factors that may affect the economics of lertilizer choice
and rate.
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A. Phosphorus Needs i

Determining the need for P is the first step in the fertilization program.
The most common method of determining soil P levels is through soil test-
ing by means of chemical extracting agents. The most common extractants
include the Bray no. 1 (0.025 M HCI + 0.03 M NI,F). the Olsen (0.5 M
NaHCQO,), and the Mehlich or double acid (0.05 M HCl + 0.025 M
H;50,). Such extractants are widely used, and many of them provide an
excellent index of P levels in soils, particularly when used in areas of some-
what similar soils for which they are calibrated, as discussed in an earlier
chapler.

Interpretation of soil tesl results (o give recommendations on quanti-
ties of fertilizer P needed presents a more difficult problem thar the actual
soil test. Satisfactory interpretation is dependent on correlating soil test
levels adequately with actuat crop responses in the field to applied fertil-
izer. Historically. much soil test correlation research has been done in
many locations, but more is needed to updaie fertilizer recommendations
based on changes in tillage and techniques of fertilizer application.

The concentration of P determined by the soil test is often interpreted
into categories such as low, medium, and high. For most crop and soil con-
ditions, response to fertilizer P will nearly always be oblained on low-
testing soils. For soils testing medium, crop response o fertilizer is likely
but less frequent; and for soils lesting high, crop response is generally in-
frequent. Therelore, for a soil testing low, recommendation for P normally
consists of an amount necessary for optimum economic return from the
current year’s crop, as determined by field correlation data. Such a rate of
P usually results in sustained increase in the soil test level with 1ime. For
soils testing in the high range, the most economical rate of P may be that
which is sufficient to maintain the present soil test level for most crop and
soil conditions. Examples of typical interprelations of svil test P level for
three exlracting agents are shown in Table 9-2 (Thomnas & Peaslee. 1973).

Chemical analysis of plants and plant parts for tissue P concentration
is another means of assessing P availability. This method has not been
widely used with field crops because of the cost involved and dilficulty of
interpreting results and the fact that the results are usually obtained too
late to permit corrective fertilization of the crop being grown. In recent
years, a modified approach to interpreting plant analysis results has been

Table 9-2. Relative categorization of P concentrations into low, medium, and
high for three common s¢il extractants (Thomas & Peaslee, 1973).

Extractant
Relative 0.025 M H,50, 0.03 M NH,F '
soil level 0.05 M HCI 0.025 M HCI 0.5 M NaHCO,
Extractable P in soil, kg/ha
Low 0-36 0-34 0-11
Medium 37-83 35-67 12-22
High Bd + 68 + 23+
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developed and is being used in some laboratorics and by some researchers.
It is known as the DRIS, an acronym that stands for diagnosis and recom-
mendation integrated system (Sumner, 1979). This technique takes into
account the interaction among nutrients, which is important 10 a meaning-
ful interpretation of most plant analysis information. The interpretation
requires considerable experience and a wide knowledge of the factors Lhat
can alfect nutrient levels in plant tissues. Analyses can vary greatly accord-
ing to the part of the plant sampled, plant age, content of other nutrients,
weather conditions, crop variety, and other factors. Researchers are con-
tinuing 10 acquire correlation and other interpretive data that should make
this technique more uselul in the future.

Field tissue tests, sometimes referred to as quick tests, have been used
as a field technique for measuring P in the crushed tissue or sap extracted
from a part of a growing plant. The use of this technigue has been largely in
the area of troubleshooting or tentative field diagnosis in problem situa-
tions and requires a skilled interpreter for reasonable accuracy and suc-
cess. 1t is best used as a preliminary indicator of otherwise obvious plant
problems and should be confirmed with a follow-up plant analysis and soil
lest.

In addition to soil tests and plant analysis. another criterion (hat can
he used to estimate P fertilizer needs is the consideration of the level of Pin
the subsoil. [t may vary widely among soifs in any given arca and can havea
definite influence on whelher or not crops respond to P fertilizer. Itis
thought that particularly during dry periads when the surlace soil may be
too dry for active root absorption of available P, soils with a high subsoil P
Jevel may be better able to supply P to the crop. Numerous states adjust
\heir fertilizer recommendations based on subsoil P levels for given geo-
graphic areas and may also adjust those recommendations for variations in

soil lexlure, drainage, pH.and other characteristics.
B. Rates of Phosphorus Ferlilization

Phosphorus fertilizer rates vary considerably depending on crop and
soi} factors previously discussed as well as dilferences in fertilization rec-
ommendation philosophies. In general, the fertilizer recommended at high
<oil test levels is regarded as an insurance measurc with the intention that
the recommender wishes to be sure that fertilizer does not become a limit-
ing factor and that crop production is at an optimum level when the soilis
testing high.

For low-testing soils there is disagreement regarding buildup of P sail
test levels for maximum production. The amount that it takes to build dif-
ferent soils into higher test level ranges varies. Peck et al. (1971) reporled
field application of 4 mg/kg of P was required to change the Bray no. 1 cx-
tractable Pby 1 mg/kgin llinois soils. In Kentucky soils, Thomas and Peas-
lee (1973) reported il ook 3 to 6 mg/kg of P to change the soil test level |
meg/kg according 0 the Bray extractant. Griffin and Hanna (1967) reported
for New Jersey soils it took 2 10 4 mg/kg of I’ to change extraclable P soil
test by 1 mg/kg. Ina Virginia soil, 6 1o 10 mg/kg of P were required to in-
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Table 9-3. Approximate nutrient removal of P per harvested crop unit (Colliver, 1981).
C

rop P removal, gikg

Corn, grain 6.79
Sorghum, grain [Sorghum bicolor (L.) Moench.] .._‘T_
Soybeans, grain 1 .m
Wheat, grain _w.c
Wheat, m._...:: + straw |[Agropyron cristatum (L.} Gaertn.] - _u_u
Qats, grain (Avena sative L.} 8.0

Osts, grain + straw [Arrhenatherum elatius (L) Beau
Barley, grain (Hordeum vulgare L.} . v-ex J &C. Presl] N 128

Alfalfa and alfalfa-grass, hay (Medicago sativa L.) . Mww
Red clover, hay (Trifolium prarense L.} m.o_
Bromegrass or tall fescue, hay (Bromi:s inermis Leyss.) q.o_
Bermudagrass, hay [Cyrodaon dactylon (L.) Persa.] 4.9
Mo..:rmzmna_ 1.35
orghum, silage [S. bicolor (L.} Moench + 5. sudan i _

Colton (Gossypium hirsutum L.) sudanese (Piper) Stap(] mw.mo
Peanuts (Arachis hypogea L.} m.m_

Sugarbeets (Beta vuigaris 1) o.um
Potatoes (Solanum tuberosum L) u.mo

crease exiractable P by 1 mg/kg with the H,SO,—~HCI extractant {Thomas
& Peaslee, 1973), and Rouse (1968) reporied an average ratio of about 71
for the same exfractant on Alabama sails. It is generally regarded _rm:
:.na.o types of ratios should decrease as the initial level of P increases. Soils
_._m<_=m low extractable P require much more added P to increase them to a
high level than it does to increase a high-testing soil to a very high-testing
one. The economics of seil test buildup have not heen shown.

_Nnm.nmqn:m;. recommend basing P fertilizer rate on the soil test and
other soil factors and maintaining fertilization according to crop removal
See Table 9-3 for estimated amounts of P removal by selected hield crops. .

C. Time gnd Methed of Applicalion

mz theory, P fertilizer should not be applicd very far in advance of
seeding (he crop, because soluble phosphates tend Lo revert toless availa-
ble fq_:m in the soil with time. In actual practice, however, the timing of P
—n:____mn_. application is dependent on the availability of labor, equipment
and time to do the job within the overall cultural practices for the ?::n:_“:_
crop 1o be grown.
_ Placement of fertilizer P in seil in a position and form that will be read-
ily N_E.:m_u_n to the growing plant is likely much more important than the
mn.:_m_ timing of fertilizer application. Because of the limited movement of
P in the soil. fertilizer P should initially be placed in the proper position
with respect to the plant root system and soil moisture supply.

. Uniform broadcast application of fertilizer P is [easible in either dry or
==.:_ ?.u:..:. Subsequent incorporation of the broadcast fertilizer by tillage
mixes it into the soil and places a part of the P deep enough in the soil for it
to be ina moist zone during at least some portion of the growing season.

.<<__.__ soils containing low levels of available P, the time and method of
application may be quite important. Placement in the effective 100N
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zone (and relatively close to the time of actual crop need) generally results
in greater efficiency of P utilization. However, on soils nO:.E_:.:m medium
to high levels of available P, the time and method of application assume
less importance. In a rotation experiment in Indiana {Barber, 1969),
broadcast P fertilizer was applicd once every 4 yr at rates of 98 and 196 kg/
ha of P over a 16-yr period. Both rates were elfective in maintaining yields
through the fourth year following each application. Barber concluded that
more Aexibility in P application is possible without seriously affecting yield
provided that the P is plowed under or mixed deeply into the soil. .

I is generally accepled that the elficiency of banded fertilizer applica-
tion is at least equal o and often greater than that for broadcast applica-
tion. However, this potential agronomic-economic advantage for banding
has been ignored by many growers because most banding is no__m_a_nﬁn;.mz
“at planting” operation, The inconvenience of banding fertilizer during
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Fig.9-12. Cornyickds on three Iilinais sails vs. banded and braadcast rates of P (Welch etal.,
1966).
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the planting operation has resulted in the preference for broadcasting, es-
pecially due to the ease and cost elficiency ol custom application. IHow-
ever, with continued increases in crop production cosl, many growers now
are more receplive to banding to improve fertilizer use efficiency.

Generally, the closer to the lime of plant utilization that the nutrient is
applied, the greater the efficiency of uptake. Therefore, band application
may give grealer efficiency because there is less imnmobilization of P by ei-
ther microbial, chemical, or physical means, )

Work by Welch el al. (1966) in Illinois is shown in Fig. 9-12 in which
banded and broadcast P are compared on three soils with corn. The Zanes-
ville (fine-silty, mixed, mesic Typic Fragiudalfs) and Elliott {finc, illitic,
mesic Aquic Argiudolls) soils have greater cfficiency of P use when
banded. In the Muscatine (fine-silly, mixed, mesic Aquic Hapludolls) soil
the methods gave equal results. Table 9-4 shows the propertics of Lhese
three soils, and even though the subsoil P levels were not clearly defined, it
is known that Muscatine has higher subsoil P levels than the other two
soils. The percentage yield increase due to P was greatest with the Zanes-
ville (very low surface and subsoil P), lollowed by the Elliott {(somewhat
better P status), and then by the Muscatine, which would have the best P
status of the three considering both top and subsoil. Therefore, the retative
efficiency of the two application methods seems Lo be related to the P fertil-
ity status of the soil.

In Table 9-5, Welch et al. (1966) show the amounts of broadcast P re-
quired to produce the same corn yield as given rates ol banded P. For ex-
ample, with 20 kg/ha of P banded, the broadcast rate required (o give equal
yield was 30 kg/ha of P. The calculations show a range of elficiency o 0.49
to 0.88 for the Zanesville and Elliott soils, but the relative efficiency for the
Muscatine was generally 1.0 orslightly greater.

As indicated above, band applications of P’ are frequently applied for

Table 9-4. Properties of Lhree soils differing in response to P fertilization
{(Welch et al., 1966).

Zanesville Elliott Muscatine
pH 5.8 6.0 6.5
Bray P-1, kg/ha 6 20 18
Subgoil P - - Higher
Percent yield increase of P 51 3o 12

Table 9-5. Band va. broadcast P lor equal corn yield and relative elficiency
on three soils {(Welch et al., 1966).

Broadcest P
Danded P Zanesville Elliott Muscatine
kg/ha kg/ha EIf. kg/ha EIL. keg/ha Eil.
10 15 0.64 20 0.49 10 0.99
20 30 0.65 - - 19 1.05
29 43 0.70 - - 26 1.12
39 45 0.88 - - 32 1.23
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.ﬂwr__.m 9-6. Cotn yields vs. P and starter in northwest Lowa on Primghar sl (line-gilty,
mixed, mesic Agquic Hapludolls) with a corn-oats-meadow rotation (Webb, 1977).

Plowed down Corn yield
every 3 yr Startert 1977 1957-19717
kgtha ——— metric tons ha™*
1] - B.77 6.39
+ 6.69(40.82) 6.21(+0.82)
22 - 7.28 6.62
+ 7.53 (+0.26) 8.77({+0.26)
45 - 1.28 6.84
+ . 8.03(+0.76) 7.02(+0.18)
67 - 7.90 6.84
+ 8.03(+0.13) 6.90 (+0.06)

t Starter = 129 kg/ha as 5-8.7-8.3 (6-20-101,

increased elficiency of utilization compared with broadcast methods. Row
apptications of P are [requently applied primarily for early scason or
siarter effects and may be applied over and above those amounts in broad-
cast applications. Band applications may be a satisfactory means of apply-
ing all of the needed P (on soils with relatively high levels of available P).
Drilling of the fertilizer with the secd is a very elfective means of fertilizing
small grains and other crops seeded in close row spacings.

A long-term study (rom northwest lowa shows elfecis of banded
starter fertilizer on corn yields (Webb, 1977; Table 9-6). The study is a ro-
tation of corn-oats-meadow and the rates of P are plowed down every 3yr.
Superimposed on the P ireatments are either nostarter, or abanded starter
of 129 kg/ha of 5-8.7-8.3 (5-20-10). The numbers in parentheses are the
corn yield increases due to the starter [ertilizer. The response (o starter
over 21 yris positive. but il is less where the higher P rates have built up soil
test P levels.

A second long-term study reported on by Webb and Angstrom (1978)
in Table 9=7 is from north central lowa. The resulis are very similar (o

Table 9-7. Corn yiclds vs. P and starter in north central lowa on Webster sicl
{line-loamy, mixed, mesic Typic Haplaguolls) with a corn-oat-meadow rotation
{Webb & Angatrom, 1978).

: ield
Plowed down Cornyle
every 3 yr Startert 1978 1957-1978
kg'ha metric tons/ha
0 - 6.59 5.39
+ T.718(+1.19) 6.65(+1.26)
22 - 8.03 7.34
+ 9.72(+1.69 7.97{+0.63)
45 - 8.78 7.65
+ 9,78 ( +1.00} 8.03(+0.38)
67 - 9.03 7.1
+ 8.91(-0.12} 8.161(+0.44)

1 Starter = 129 kg/ha a3 5-8.7-16.7 (5-20-20).
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those just discussed for Table 9-6. The main difference is that the average
response to banded starter of 129 kg/ha of 5-8.7-16.7 (5-20-20) is even
greater over the 2 yr of the study than in the previously discussed example.
Even al the highest rate of plowed down P, there is still an average of ().44
metric tons/ha increase due 1o starter. Those two studies do not directly
compare band to broadcast fertilizer, but they do show that even with ade-
quate broadcast P, there isan additional advantage to adding some banded
starter fertilizer under conditions of those studies. Similar results have
been reported in other more northern corn-growing areas and are some-
times in contrast to the more southern, warmer locations where sturter re-
sponse is less likely to occur.

For wheat in Nebraska, low soil P levels may require three times as
much broadcast P to achieve the same yield as with an appropriate amount
of banded (Peterson et al., 1981). Al medium to high soil levels, P require-
ment is the same for both placement methods.

Barber (1974) proposed a method of fertilizer placement thatis some-
what of a compromise between banding and broadcasting. Fle called itstrip
placement, accomplished by banding 5-cm wide strips of fertilizer on the
soil surface in 71-cm spacings and then moldboard plowing. During plow-
ing there is limited mixing of fertilizer with the soil, leading to wider distri-
bution than in normal banding but less than in broadcast. This concept is
diagrammed in Fig. 9-13. The theory is that strip placement would allow
better root exploration of the fertilizer thanin ordinary banding. and at the
same time minimize soil reaction with [ertilizer that may be prevalent in
broadcasling where soil-fertilizer contacl is greater. Table 9-8 shows 5-yr
average corn yields comparing the three placement methods and shows the
strip placement having an advanlage. This response Lo strip placement oc-
curred on a soil testing low in available P. Subsequent experiments on
higher testing P soils did not show the same advantage. The conclusion is
that the potential advantage of strip application is greatest on soils lesting
lowin P

Another approach lo banding fertilizer for improved efficiency is the
dual application of N and P materials by injection into soil as described by
Murphy et al. (1978). In P-responsive soils, they found agronomic super-

jority in winter wheat for P dual knifed with N compared with either

d
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Fig. 9-13. Schematic presentation of distribution of T in soil when applied by three different
methods (Barber, 1974).
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Table 9-8. Effect of P fertilizer placement on yield of corn and P concentration
of the ear leal at tasseling (Barber, 1974).

Treatment Yield Leaf P conc P soil testt
metric tons'ha % kg'ha
Band by row 7.21 0.26 14
Broadcast and plowed under 7.69 0.27 21
Strip and plowed under 8.28 0.29 E¥)
LSD(0.05) 0.36 0.02 9

t Soil sampled between rows at random during fifth year and tested by Bray P-1
procedure.

broadcast or drilt applications. Materials used were either anhydrous am-
monia or urea—ammonium nitrate solution and liquid ammonium poly-
phosphate as fluid materials and solid N-P materials. The positive elfecl is
attributed (o deep placecment of the N+ P nutrients regardless of their
form.

Data reported by Leikam et al. (1978) in Table 9-9 show that when N
either as anhydrous ammonia or urea-ammonium nitrale solution is dual
knifed with ammonium polyphosphate solution, higher grain yields of
wheat are achieved as well as higher leal concentrations of P when com-
pared with methods of N and P application where most of the two nutrients
were applied separately. Deep placement of N +P again is the primary rea-
son for the better results.

The interpretation of the apparent advantage of dual placement cen-
ters on two most likely effects. Deep placement of N and P for dryland
crops in the Great Plains caninvolve greater nutrient availability due to the
fertilizer being piaced in soil moisturc at lower soil depths. Also, the cn-
hancement of P uptake by the presence of ammonium ions in the soil has
been identified as a [actor in P absorption for many years. Olson and Drier
(1956) reported that NH ;=N enhanced P absorption in Nebraska. Riley and
Barber (1971) reported that ammonium N influences P absorption in a pos-
itive way through a decrease in soil pH in the vicinity of plant roots as the
plant absorbs ammonium ions.

Tillage implements and ammonia applicators can be equipped for dual
applications of ammonia and fluid fertilizers (Follett et al., 1981, Fig. 9-
14). The ammonia and liquid lines must be kept scparale lo prevent vapor-
izing ammonia from freezing the fluid line. Separation by 2 or 3 cm at the
delivery points of both lines prevents freezing. Vertical separation of the
release points (2-3 cm) on shank-(ype apphlicators prevents accumulation
of solid ammonium potyphosphate compounds around the holes in the
fluid line. These result from reactions of the ammonia and liquid ammo-
nium polyphosphale.

In addition to the dual application of ammonia and fluid fertilizer,
there is also cquipment available for the delivery of dry fertilizer in dual
application. Pneumatic systems for the delivery of dry fertilizer through
tubes allows the simultaneous application of dry products down the back of
the same shank in which ammonia is applied. Dual application of N and P
malerials, particularly when combined with a tillage operation, provides

PHOSPHORUS FERTILIZERS

Table 9-9. Comparative effectiveness of methods of N-P application on grain yield and leaf concentrations for wheat in Kansas
{Leikam et al, 1978).

Labette

Dickinson County

County

Ellsworth County

Reno County

metric
tons/ha

% P

%N
3.58
4.14

% P

% N
391
3.90

metric
% N %P tong'ha

metric
tong/ha

Method T

NoN
Knifed ammonia

0.22
0.23

1.7
2.6

0.20
0.16

2.6
29

0.17

0.16

3.80
3.44

4.50 0.28
4.06 0.22
4.12 0.24

3.0
2.9
2.8

0.30
0.19
0.21

474
3.92
4.18

39
36
34

0.25
0.20
0.1%

3.74
3.78
3.80

0.23
0.28
0.21
0.23

4.07
4.02
J92
4.07
4.50

2.5
3.0
3.0
3.0
3.0

0.19
0.29
0.20
0.21
0.30

4.02
4.62
4.02
4.06
474

2.7

0.16
0.23
0.20
0.20
0.25

3.84
3.87
.82
3.84
3.74

4
3
6
6
4
7

e

Knifed ammonia, broadcast APP
Knifed ammonia, band APP

Knifed UAN

Knifed ammonia, knifed APP

3.7

2.9
26

2.4

Knifed UAN, knifed APP

3.5
3.0
a9

Knifed UAN, broadcast APP

Knifed UAN, band APP

0.28

2.6

Knifed ammonia, knifed APP
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28% urea-ammonium nitrate solution. N-SERVE is a nitrification inhibitor product of Dow Chemical Company (Midland, MT}. Band

means placement of P with seed.

t APP is ammonium polyphosphate supplied as 11-16.2-0 {11-37-0) from TV A at rate of 19 kg/ha P {N constant at 84 kg/ha N). UAN is nonpres-
sure,
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Fig. 9-14. Applicalar for the dual-knilc application of anhydrous ammonia and fluid fertil-
izers (courlesy of TVA, [Anon,, 1982, p. 72]).

both agronomic and economic advantages lo the grower. The trend to-
wards fewer trips across the field by growers will likely result in increasing
use of this method of fertilizer application.

In some areas, P application is accomplished by injecting either ortho-
rhosphoric acid or ammonium polyphosphate solution into irrigation wa-
ter. As long as precipilation of P compounds is avoided, distribution of P
should be satislactory. However, P still should be applied early in the
growing cycle before seeding and, for most cropping situations, it should
be incorporated in the plant root zone. Follett et al. (1981) point out that
problems in application of P in irrigation water are at least threefold:

I. Precipitation may be encountered when ammonium polyphos-

phate-containing liquids are injected into high Ca or Mg waler.

2. Phosphorus must be applicd very early in the growing cycle for most
crops, particularly il there is a definite P need to prevent any early
season suppression of yield potentials,

3. Phosphorus applied for row crops through irrigation water may re-
main on or near lhe soil surface il not incorporated and be [ess ef-
lective than P applied preplant and incorporated by a tillage opera-
tion. The latter problem, however, may be insignificant in the
irrigation of crops such as alfalfa and grasses.

D. Cropping and Tillage Systems

In recent years there has been considerable aliention given to the P
fertilization of crops grown in systems of reduced tillage or no-tillage. Re-
duced tillage systems are used to reduce soil erosion, conscrve water, and

to decrease produclion costs. They may vary [rom elimination of a single
conventional tillage operalion to almost complele elimination of tillage ex-
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cept for planting. Such systems oller less opportunity for incorporation of
P fertilizers to any appreciable depth in soil. Suggested methods of fertil-
izer application have included row placement supplemented by the occa-
sional plowing under of a heavy rate of P, band placement with knives or
other devices, and surface placement wilh whatever mixing is provided by
tillage operations. Phillips and Young (1973) stated thal no-tillage results
in keeping the upper part of the soil profile sufficiently moist to ensure P
availability for plants. They suggest that incorporation of fertilizer below
the soil surface is not necessary. They also suggest that in po-tillage there is
proliferation of aclive roots in the very shallow soil surface that results in
sufficient uptake of P so that incorporating (o deeper depth is not neces-
sary. However, climate variability and droughty spells may limit surface
moisture during critical nutrient uptake periods even if there are large
amounts of crop residue on the surface. Subsurface placement of P fertil-
izer provides a hedge againsl such eventualities.

From an environmental standpoint, runolf and erosion of surface soils
containing large amounts of unincorporated P fertilizer can be a detrimen-
tal source of surface water pollution, Randall (1980) recognized the prob-
lem of positional unavailability of P that can occur especially in dry years
when rool activity in the soil surface layer is decreased in the area of major
concentration of available P. His resulis in Minnesota are shown in Table
9-10 with the reduced tillage treatments. Much of the added P along with
the P brought up by the roots and recycled into the crop residue was con-
centrated in the top 0. 102 m of the soil prefile. With moldboard plowing, P
was distributed evenly throughout the top 0.305 m of soit. Continuous
chisel plowing resulted in P being incorporated to adepth of 0. 152 m after 8
yr but to a depth of only 0.102 m after 4 yr. Randall recommended a pre-
venlive measure to minimize low P lertility: Soil P should be built up to
high levels throughoul the soil plow layer before switching to reduced or
conservatjon tillage systems. He lurther suggested that a farmer’s tillage

Table 9-10. Influence ol continuous tillage methods on the distribution of soil P within
the 0- to 0.305-m proflile at Waseca, MN alter 4 yr (1973} and 8 yr (1977}
(Randall, 1980}

Primary tillage

Depth Meldboard plow Chisel plow Disk Notillage
m P, soil test, kg/ha
1973
0-0.051 6 110 121 121
0.061-0.102 76 81 63 54
0.102-0.152 74 13 3 36
0.152-0.229 54 20 18 27
0.229-0.305 27 9 9 9
1977
0-0.061 63 128 152 155
0.051-0.102 65 116 tH19 96
0.102-0.152 T2 86 56 49
0.162-0.229 78 10 31 . 28
0.229-0.205 49 20 18 27
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system should include moldboard plowing occasionally in a reduced tillage
system Lo redistribute soil P throughout the profile. This could be done per-
haps once every 4 or 5 yr for adequate redistribution of P.
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The production, marketing, and use of polassium fertilizers is very impor-
{ant for crop production. This is especiaily Lrue in the more humid regions
where soils are more often deficient in K. Significant changes have oc-

curred in recent years in production

methods, materials nqoacnma, market-

ing procedures, and methods of application of K. This chapter discusses

these changes.

1. POTASSIUM FERTILIZER PRODUCTION

Commercial scale production of K fertilizers began in Germany about

1861, approximately 15 yr alter Lie
for plant growth. German salt depo
production of common salt, Polass

big found that K is an essential element
sits were being mined at the time for the
jum salts, present in some of the run of

mine ore, were regarded as contaminants and rejected from the salt pro-
duction operations as wasles. Thus, when needed for fertilizer K produc-
lion, the mines were in place. What remained to be accomplished was the
construction of refining {acilities to upgrade the crude K-containing mxj_m
into agriculturally useful products. This challenge was met by On::.:._
chemists. resultingin the birth of the modern K _.m._.:__mﬁ industry. Duetoa
favorable reserve position and technical expertise, On:.:m:w was nm.mﬂa-
tially the only source of umq._nccha-@:&n K salts until i.o:a War l. This
situation began to change at that time when France acquired Lhe Alsatian
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Increased knowledge acquired since 1960 about plant requirements as well
as sources and effective methods of applying secondary nutrients and mi-
cronutrients has resulted in increased use in the USA. Improvements in
soil and plant analyses have provided additional knowledge of specific crop
needs and also of the wide variations in crop response 1o secondary nutri-
ents and micronutrients found under feld conditions. Higher rates of
mixed NP iggfertilizers and higher crop yields have increased the need for
lime and may have increased the need for micronutrients.

In the first edition of this book, separate chapters covered secondary
and micronutrient fertilizer production (Tisdale & Cunningham, 1963)
and plant requirements, soil pH effects, and methods of application
(Berger & Pratt, 1963). These subjects, except §, which was discussed sep-
aratcly, were consolidated in the second edition (Mortvedt & Cun-
mingham, 1971). Several books on micronutrients (Sauchelli, 1969;
Mortvedt et al., 1972; Davis, 1980) have been published; thus, this discus-
sion will notinctude all of the subjecl matter covered in depthin the above
relerences. .

I. PRODUCTION METHODS
A. Nuirient Sources

Production methods of Ca and Mg fertilizers are not included in this
section because dolomitic limestone generally is used to supply these nutri-
ents; supplying Ca and Mg with sources other than limestone is discussed
later,

Less than 10% of the industrial production of micronutrient elements
in the USA is for agricultural use. For example, about 90% of (he Mn im-

Copyright 1985 ® Sail Science Saciety of Amcerica, 677 South Segae Road. Madison, W{
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ported into the USA is used for stecl production. Becausc of ._..n.qn_szcw_w
minor fraction used in agriculture, it is difficult for those in metal industries
to understand the seasonal need for fertitizers compared with year-round
industrial needs. Therefore, the fertilizer industry is faced with the prob-
lem of obtaining sufficient micronulrient sources fo meel demands each
spring. Storage due to siockpiling increases costs,

1. Inorganic Seurces

Inorganic sources include naturally occurring ores, E:::Fn_:.qna ox-
ides. carbonates. and metallic salts such as sulfates, chlorides, m_:_._::m:um.
Some oxides. such as cuprous oxide (Cu;O), may be :mmn__ as mined, bul
plant availability of other oxides. such as naturally occurring manganese
dioxide (Mn©Q,). is so low their use is not qmnaq:_._._n_:_wn_. [norganic sources
usually are the least expensive per unit :,q micronutrient, but they are nol
always the most effective for soil application. _ .

Sulfates are by far the most common of _:n._dn_.,_.___n mﬁ._:ﬁu ..,.::_ their
physical properties make them suilable a.oq use with i_xna fertilizers. >_m.
though these sources also add plant-available S to soils, the amount of
applied at most recommended micronutrient rates is low. QS:._F_ ores or
oxides are treated with sulfuric acid (11;50,) to produce crystalline sulfate
materials, Some of these products can be made in granular form by extru-
sion. compaction, or granulation by mmem.:__ E.n:_oﬂ_.m. Oxu.m:.::_nm_ espe-
cially of Zn and Mn, are produced by pa rtial un_c_.__m:.oz of On.__o_mm.

Metal-ammonia complexes also are used as micronutrient sources,
Ammoniated zinc sulfate (ZnSO,) solutions are marketed widely and are
compatible with most fluid fertilizers. The most common product conlains
10% N, 10% Zn, and 5% S. . _ .

Borax ores found in old geological lake deposits are mined, milled,
and refined to remove impurities. The most common source of ores was
Na,B.0; - tOH;O, but products containing fewer waters of _._qiS.:o: now
are used more widely. Granular borates are produced for use J;:.. bulk-
blended fertilizers. Finely ground borates are produced for foliar sprays

incorporation with fluid fertilizers. .

e __m_qo___“_._”m_%:::.. sources are praduced from molybdenite .:(._omm.v, which
is mined in Cotorado, and [rom by-products of Cu mining in Utah
(Hurlbert, 1952). Both sodium Eo_qc.a.u_n (Na;MoOy) and :350:.:5%%.
lybdate [(NH);MoQ,], the main —nq.:__Naq sources of Mo, are uqoa:a_hmc._.w_
ore purificalion, roasting to form oxides, and through subsequent solubili-

i 10ns. .
u.E_:Mm”dnnmmnﬁ_::nnm are produced by several processes. Melallic Zn {dross) i1s
milled and roasted to form zinc oxide (ZnO). .__.:n mqn__or process ?oﬁ_cn.n,...
fine particles of pure ZnO thatare used as a paint pigment, but :..nm:..m_w:n_
is too expensive for fertilizer use. m—._._m_n:_o (ZnS) also is roaste Lo o.:=_._
Zn0. Zinc sulfate (ZnSO, - H;Q) is produced by reacting Zn0 wit
H,50,. Partially acidified products also are sold; amounts oﬁ.im—oq-mo_cc.__a
Zn are directly related 1o the proportion of ZnSO; present in those prod-
ucts.
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2. Organic Sources

Organic sources include synthetic or natural chelates, natural organic
complexes, and combinalions of the above. Elfectiveness of these sources
for plant utilization varies widely. Synthetic chelates generally are more
expensive than other sources bul may be more effective under certain soil
conditions. ;

Chelates are formed by combining a chelating agent with a metal
through coordinate bonds. Chelates may be synthelic (manufactured) or
natural (from sugars or from natural products). A chelating agent is a com-
pound containing donor atoms that can combine with a single metal ion (o
form a cyclic structure called a chelation complex or, more simply, a che-
fare. The descriptive word “‘chelate,” derived from the Greek “‘chela’ or
“claw,” was proposed for this kind of molecular structure in 1920 (Mc-
Crary & Howard, 1979). The stability of the metal-chelate bond generally
determines plant availability of the applied nutrient. An effective chelate
is one in which the rate of substitution of the chelated micronutrient for
cations already in the soil is low. thus maintaining the applied nutrient in
chelate form for sufficient time to be absorbed by plant roots.

Some chelating agents used for production of micronutrient chelates
are:

. Ethylenediaminetetraacetic acid (EDTA)

. N-hydroxyethylethylenediaminetriacetic acid (HEDTA)

. Diethylenetrtaminepentaaceltic acid (DTPA)

. Ethylenediamine di(o-hydroxyphenylacetic acid) (EDDHA)
. Nitrilotriacetic acid (NTA)

. Glucoheplonic acid

1. Citric acid

Ny B LD B e

The mast common chelaling agent used as a micronutrient source is
EDTA. There are seven commonly known synthesis routes to EDTA, bul
four processes are commercially used (Strauss ct al.. 1983). Two methods
are two-slep processes involving production of & cyanomethyl derivative of
formaldehyde and subsequent saponification by sodium hydroxide
(NaOH). The other methods go directly from ethylenediamine to the final
product in a single step, using sodium cyanide (NaCN) or hydrogen cya-
nide (HCN). Metal chelates generally are produced by reaction of the Na
chelate salt with a melal; metat chlorides are preferred because metal sul-
fates result in precipitation of sodium sulfate (Na;SO4). Another process
increases the pH of the chelate 1o between 4 and S with sodium hydroxide
(NaOH), potassium hydroxide (KOH), or ammonium hydroxide
(NH,OH). Metal oxides, which are Icss costly than the chlorides, may be
dissolved in this chelate. After complete solubilization, more caustic is
added to bring the pH to between 7 and 8. The caustic source determines
the amount of metal that can be carried in the final solution, For example,
the highest concentration of Zn in EDTA solutions is 6.5 10 7.0% with
NaOH. 8.0109.0% with KOH, or 9.0 (0 9.5% with NH,OII.
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Many chelates are sold in liquid form in the USA anﬂmcmo —.H_AM:_M_H_M:
costs per unit of micronutrient are lower than -:nmn cm— t e pow tor | ._._:&
which requires drying. Liquid chelates are .moE mainly oﬂ S_W_:ﬁ.mzmnqm v
fertilizers. Dry chelates are m:no:.o:.._nc in some m::z_h. ar ohz_a E,a,n:m
their use is generally restricted to specially ﬁ_da_:n._m for ..s_._Jm : mE:__ o_.“

Natural organic complexes are iuan by reacting melallic mw_:mm.a hor-

ganic by-products ol the wood pulp industry. Several n_mmm.ﬂm o,_l___n,_w om
plexes are the lignosullonates, phenols, and ._..o_wmm<o=c_ 5. e .___woﬁu
chemical bonding of the metals to the organic components :”__ ﬂo._:omn
products is not well understood. Some of the bonds may be m:ﬂ_ M::: hose
in chelates, but the remainder are not well defined, hence, the te
t?.é-.w.mmmm_ liquors from the wood pulp industry contain o_‘_ummzhwmﬁwﬁ:._ﬂ_“_w“mm
in the Ca or Na form. These liquors are concenlrated to a _oc Oim_mm Emm
and 2 micronutriemt source is added to {orm a metal comp mx._. dos mey
be added in this process, but sulfates are ?n—n:mn__co_mucmo _:Mﬂ,:nﬁ o
ble. Digest liquors from the Sulfite process contain __mzomcacn_..o=.3=m_
complex metals. Liquors from the _A::._ process .oﬂ ?.:a —_“Ju o
be sulfonated to improve their complexing capacity, whic _ ﬂ_ :. s thels
cast. The most popular complexes are of Zn and Fe, all .w:.m:._._ nited
amounts of Cu and Mu complexes are 33.&:8&. Products no:_m: :om: ors
than one micronutrient are made for foliar sprays or [or applica

irrigation water.

3. Fritted Glasses

ility is con-

Fritted micronutrients are glassy —:c.;:n_m E:o.mw mo_.___,”__:w(_c.,.a_nqn;

trolled by particle size and change in matrix composition. an P i

raw materials are dried, mixed with silicates ar _u_d.om%:m_nm. an n__dz_u.. cn

furnace. This molten matrix then is quenched, m_:nn_.nm.d:“h mille !oﬂn :::..

lated prior 1o bagging and storage. .

may he compacted or granulz : : ¢ than

OLMB*EO_._%:‘FE may be included to provide custom mixes for va

crops.

4. Industrial By-products

Many by-products are cn:._m.qis_qwm_:wﬁu “_m_mm.”___m.m“wzﬂﬁﬁ”ﬂ“ﬂ“‘_“__ﬂ_wﬁ
restrict indiscriminate disposal ol industrial wastes. ‘ ::;5:.5_ o
cronulrient industrial by-products contam _<_= a__v_a N_ﬂ_co ﬁﬂ_ﬂwﬁ ind :._A,_w_::_mm
products as Zn sources _:_.m increased dramatically, ‘ .:,o,q e

om galvanizing, pigment, rubber, battery, and 0 . St
M__M_M“_m,ﬂan:‘m. Fnunr.:..m _..—Monmmmnm are used Lo qnaoawnrauu_whﬂw_mm_“““.“ﬂm_ Mw“
these products, but some ZnO products are vsed wit aoc _.___ .::.uﬁo 1 e
chiorides. nitrates, sulfates .“:z_ o_,G.m:_::nm_ and manganes
{MnSQO,) also are avaitable as industrial ._J__:oa:n._.mr_ ounts of heavy

Some by-products may also contain apprecia o—.: :n.‘:_w ey
metals such as Cd, Cr. Ni, and Pb. _.._M:: E.S__M._U__:w ofl omn, _ohc y metats
is not wetl known, but since their soil application raic is very ,
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fects should be minimal. For example, applying ZnO (70% Zn) containing
1000 mg/kg of Pb 10 soil at a rate of 5 kg of Zn/ha would result in.a rate of

0.007 kg of Pb/ha. Because these heavy metals are relatively immobile in
soil, they will accumulate in the surface layer and may eventually build up

tosignifican( levels if such by-products are applied to a field for a number of
years.

B. Incorporation With Mixed Fertilizers

Recommended rates of micronutrients usually are < 10 kg/ha. This
makes it difficult to apply micronutriemt sources separately and uniformly
in the field, Therefore, both granular and fluid NPK fertilizers are used
widely as carriers ol micronutrients. Including micronutrients in mixed fer-
tilizers is convenient and allows more uniform distribution with‘conven-
tional application equipment. Costs also are reduced by eliminating the
separate application of micronutrients.

Chemical reactions between the micronutrient source and one or
more components of the macronutrient fertilizer may occur during manu-
facture, in storage, or alter soil application. Reaction products may differ
markedly according to sources, pH of the mixture, and temperature (Lehr
etal., 1967). Plant availability of the reaction products may differ from that
of the original sources. Therefore, care must be taken to select those mi-
cronutrient sources and mixed fertilizers that, when combined, result in
products that supply micronutrients in a plant-available form.

Micronutrient sources can be added 10 mixed fertilizers by incorpora-
tion during the manufacture of granular fertilizers, coating granular fertil-
izers, bulk blending with granular fertilizers, or mixing with fluid fertil-

izers. Advantages and disadvantages of each method are discussed in the
following sections.

1. Incorporation During Manufacture of Granular Fertilizers

Incorporation uniformly distributes micronutrients throughowt NPK
fertilizers. During manufacture, the micronutrient source is in intimate
contact with the mixed fertilizer components under conditions of high tem-
perature and moisture. This enhances the rate of chemical reactions that
may decrease the plant availability of some incorporaled micronutrient
sources. For example, when ZnEDTA (or any synthetic chelate) is mixed
with superphosphate before ammoniation, acid decomposition of the che-
late molecule results in decreased avatlability of the applied Zn (Ellis et
al., 1965). When the process is changed by adding the ZnEDTA with the
ammenialing solution, plant availability of Zn is increased (Brinkerhoff et
al., 1966). ’

Granulation of either ZnSO, or ZnO with orthophosphate fertilizers
having saturated salt solutions of relatively high pH results in Zn products
low in initial availability to plants. Yet ZuEDTA remains available 1o
plants when granulated with the same fertilizers (Mortvedt & Giordano,
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1969). The reaction products of Zn salts and orthophosphale fertilizers,
zinc ammonium phosphate (ZnNH,PQ,), and zinc phosphate tetrahydrate
[Zn:(1POs), - 4H,0] were available for corn (Zea mays L.) when finely di-
vided and mixed with soil but not when applied as granules (Allen & Ter-
man, 1966). Also, ZnO was as efleclive as Zn50, for corn when both
sources were apphied as fine powders, but only ZnS0O, was effective as a
granular material. Distribution of applied Zn in the soil thus may be more
important ‘than the water solubility of the Zn sources. Incorporating
ZnSO, with superphosphates before ammoniation results in dcereased wa-
ter solubility of Zn (Jackson et al., 1962}. Initial plant availability of ap-
plied Zn decreases with level of water-soluble Zn in ammoniated phos-
phates (Mortvedt, 1968). Other problems encountered with incorporation
of micronutrienls during manufacture of mixed lerlilizers are discussed
elsewhere (Achorn & Mortvedt, 1977).

The greatest disadvantage ol incorporation during manulacture is that
special handling and storage of numerous lons of spccial fertilizers increase
distribution costs. Furthermore, micronulrient concentrations in the fertil-
izers cannol be changed to meet customer needs. This production method
is thus usually limited to fertilizers that can be used on large land areas.

2. Coating Granular Fertilizers

As with incorporation during manulacture, coatling micronutrients
onto granular fertilizers can resultin uniform application. The coating pro-
cedure consists of dry mixing the granular fertilizers with a finely ground
(— 100-mesh size) micronutrient source, then spraying a liquid binder and
continuing the mixing process. The total cycle takes about 5 min per balch
in small rotary mixers and longer periods for larger mixers. Mechanisms ol
binding action by the liquid are mechanical or by promoting formation of
reaction products on the surlace of the lertilizer granules (Silverberget al.,
1972).

The coating agent must be inexpensive, must adhere to the fertilizer
during handling, and must nol cause undesirable physical properties. Wa-
ter, oils, waxes, ammonium polyphosphate, and urea—ammonium nitrale
solutions have been used as binding agents. Water may be used where an
increase in granule surface moisture does not promole caking. Qil should
not be added to mixtures containing ammonium nitrate (NH,NO,) because
of the explosion hazard, and not > 1% by weight of oil should be used in
other mixtures to prevent oil from seeping through the fertilizer bags. Fer-
lilizer solutions as binding agents are preferred because the fertilizer grade
is not decreased appreciably. Some binding materials are unsatisfactory
because they do not maintain the micronutrient coalings during bagging,
storage, and handling operations, resulling in segregation of finely ground
micronutrient sources from fertilizer granules.

The required amount of coating agent ranges from | to 3% and varies
with the amount and physical state of the micronutrient source and the
granutar fertilizer. Fertilizer salt solutions and waler provide chemical
bonds; oils provide mechanical adherence. Fertilizer solution binders may

™ o N e e - — A -
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promote caking, whereas some lighter oils penetrate and thereby weaken
w_mmm.a.. In the former case, conditioning agents may be added 10 prevent cak-
>m.q.o_._oq:mno:.nn:cn:nmmo—_smna::_ln_:mnom:nao_:omc_:c_n ranu-
lar R:___.Nma should be similar to that with incorporation during En_mE,Fn-
ture. Ellis et al. (1965) reported that navy bean ( Phaseolus vielgaris _.. )
yields were similar with either Zn5Q, or ZnO incorporated durin :L._::.-
facture or coated onto a granular mixed fertilizer, but Zn :ﬁ_m_ﬂm.i‘;
___m_..oq with ZnSO, (Table 12-1). They also rcported that ZnEDTA q.o-
_..=m_=..2_ completely water soluble when coated onto a NPK fertilizer in con-
_s_,_.-__hﬂ__.,n\_u:m”:_.. 7\_:”0\.. whereas it was only 40% water soluble when coated
i inO onto the same ili i
with the Tateer oot fertilizer. Yields of navy beans also were lower
The nature of the binder does not appear to affect Zn availabilily to
plants, _.u_mmo_::o= ol Zn coated onto ammonium polyphosphate or mono-
ammonium _u._._o%_._m_n (NH.11;,PQO,) granules as ZnSOQ, or ZnEDTA was
m:.::m_.. in moist soil whether the coating agent was a lertilizer salt mo_czn“_,ﬂ
or a mixture of diesel oil and soft wax (J. J. Mortvedt and P. M. Giordano
1966, ::ﬁ:ﬂ:mroa data). Use of oil to coat ZnQ and MnOQ onto .m1_a|_,.* ﬁma_
uml_mv fertilizer granules did not have a significant cffect on Zn "_:_L Mn
_A._..ﬂ”nmn. ﬂwmmv:.. and soybeans [ Glycine max (L.) Merr. ] in field nx_umi_:m:_m
N O:.m n__.mu;cm_.:mmm of coaling micronutrient sources onto granular fer-
tilizers is higher production costs due lo the batch process, which requires
more handling. Coating provides more flexibility than :_nc.GoS:o: inob-

taining the recommended grades for separate field it ;
used in the USA . P ields, but it is not widely

3. Bulk Blending with Granular Fertilizers _

The main advantage of bulk blending is its fMlexibility to make small
vm._n—_nm of many grades. Thus, micronutrient sources can be blended with
mixed Fa:_mnna to produce grades that will provide the recommended mi-
cronutrient rale for a given situation. Blending should be done just priorto
application, so that there is less chance for chemical reactions to mnncq that

Table 12-1. Yield and Zn concentration of nav
A ] . y beans ns alfected by Z
method of inclusion with a granular NPK fertilizer {Ellis et mﬂ. _ﬁmmnqom and

Zn sourcet Method of inclusion Yield Znin plants
kg'ha mg/kg

- - 12 32
ZnS0, Blended 16 mmw mw
ZnS0, Incorporated 16 360 31
ZnS0, Coated 16 690 34
Zn0 Incorporated 16 240 23
Zn0 Coated 16 690 26

LSD (0.05) - 1 680 3

1 Fertilizers banded at planting to supply 3 kg of Zn/ha.
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would decrease availability to plants. A procedure to put the proper
amount of micronutrient in each batch is required, and a longer mixing
time to obtain a uniform mix is desirable. Extrabin space is eliminaicd with
the special batches are prepared just before delivery. The popularity of this
method of applying micronutrients has increascd in recent years but now
seems 10 have reached a plateau, Results of a 1984 survey conducted by
TVA and the Association of American Plant Food Control Officials
(AAPFCO) showed that there were 5200 bulk-blending plants in the USA
with a total annual production of 20 million metric tons of fertilizer
(Hargett & Berry, 1985). Micronutrients were being added to bulk blends
at 735 of these plants in 1984 compared with 45% in 1974.

The main disadvantage in applying micronutrients with bulk-blended
fertilizers is that segregation of nutrients can occur during the blending op-
eration and subsequent handling. Segregation results in nonuniform appli-
cation of nutrient, which is critical with micronutrients since their applica-
tion rates are quite low, Studies have shown that the chiel cause of
segregation is differences in particle size. although particle shape and den-
sity also have an effect (Silverberg et al., 1972). Mechanical devices to min-
imize coning and segregation of materials during handling and slorage are
available {Achorn & Mortvedt, 1977). A comparison of micronutrient dis-
tribution in bags with incorporated ZnO and bulk-blended MnQ is shown
in Table 12—2. Concentrations of Zn were uniform in all bags, but those of
Mn were unacceptably variable. Obviously, fine MnO had segregated from
the granular fertilizer during blending and bagging operations.

Incorporation of a micronutrient source with one component of a bulk
blend also has been used. This requires a higher micronutrient concentra-
tion in the particular component and thus reduces the number of fertilizer
granules that contain the micronutrient. The latter factor can be important
for elements of limited mobility in soit. Corn [orage yields in a greenhouse
experiment decreased as the Zn concentration in superphosphate in-
creased from 0.5 to 8% Zn, with the Zn application rale held constant
(Giordano & Mortvedt, 1966). The number of Zn-containing granules re-
quired to supply 3 mg of Zn was 32,8, and 2 when the Zn concentration was
0.5, 2.0, and 8.0%, respectively. Aller movement of Zn from these gran-
ules in soil was measured, the volume of soil affected by applied Zn was
calculated to be 5.0, 1.2, and 0.3% of the 3 kg of soil in each pol.

Table 12-2. Range in micronutrient concentrations in four bags of granular fertilizers
after incorporating ZnQ in granular MAP and blending this product with
granular KCl and powdered MnO (Hignett, 1964).

Test 1 Test 2
Bag no. % Mn % Zn % Mn % Zn
1 3.0 0.7 29 1.4
2 0.7 06 0.9 1.6
3 29 0.6 9.8 1.1
4 0.6 0.6 4.9 1.4
Intended conc 3.0 0.5 3.0 1.2

—
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Applying granular micronutrients in bulk blends of mixed fertilizers is
perhaps the most popular application method. Using granular sources
_:w:u.m prevent segregation from the mixed fertilizer because of more equal
particle sizes, but the granule size of micronutrient sources reduces the
number of application sites in the soil. For example, the number of granule
sites may be < 20/m’ when granular ZnSOyis applied at arate of I kg of Zn/
_.:_.. In contrast, if ZnSO, were incorporated with a mixed [ertilizer to con-
tain 2% Zn, the number of gramule sites would be about 350/m?2 at the same
.N: rate. Application of granular sodium tetraborate (Na;B,0,) also results
in high B concentraltions in soil near the granule site, which could be toxic
to :nm;.;\ plant roots {(Mortvedt & Osborn, 1965). Granular oxides of mi-
cronutrients may not be available o plants because they are relatively wa-
ter insoluble, and their specific surface is greatly reduced in granule form.
Granular ZnO was ineflective in providing Zn {or corn (Allen & Terman
_ca.mv_ and granular MnO did not provide available Mn for oats ALE:L
sativa L.) (Mortvedt, 1977) in greenhouse lests. Therefore, granular ox-
_awM may not be recommended [or use in bulk blends, especially Lo correct
micronutrient deficiencies in young plants.

4. Mixing with Fluid Fertilizers

. Application of micronutrients with fluid fertilizers generally assures
:.:;.o:: analysis and applicalion. Because it is relatively easy to mix de-
m.:na amounts of micronutrients with fluid fertilizers just before applica-
tion, this method of applying micronutrients has become papular in the
Cm>.. Clear liquids are used widely as starter fcrtilizers, and some micro-
nutrients, especially certain Zn sources. are easily :tﬁ:o.m_ with these prod-
uclts,

Solubility of metallic micronutriemt sources is greater in polyphos-
phate than in orthophosphate clear liquids. Solubility is higher in 11-16-0
(11-37-0) made from electric furnace superphosphoric acid than i 10-15-
o:cnua..cv made from wet-process superphosphoric acid and is still lower
in8-1 _wc.ﬁ.m|ma|8 made from an orthophosphate base solution (Table 12—
3). Solubility of these micronutrients in polyphosphate solulions is related
to pH and polyphosphate content; thus, it may not be possible to achieve
these levels in fluids with low polyphosphate contents. :

wnmmcmn of their high solubibity, enough B and Mo may be incorpo-
::nn._ E_.:. fluid fertilizers to correct severe deficiencies at usual fertilizer
n_u—-__n..,_:o: rates. However, amounts of Cu, Fe, Mn, or Zn supplicd as in-
organic sources with fluids may not be sufficient to correct deficiencices. Or-
ganic sources may be required 10 provide adequate amounts with solution
_wa___un_‘m. but some of these products are not compatible with all fluid fer-
:_._qum. A jar test should be made to determine compatibility before any
micronutrient source is mixed with a fluid fertilizer.

~ The amounts of some micronutrients that can be applied with clear lig-
uids at the desired N and P rates are limited. Suspensions may be uvsed if
greater amounts of micronutrients are desired. Suspensions have an ad-
vanlage over clear liquids since complele solution of the micronutrient is
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Tahle 12-3. Solubility of same micronutrient sources in ammonium orthophosphate or
polyphosphate golutions {Achorn, 1969; Silverberg et al., 1972).

Solubility of micronutrient in

Polyphosphate

Micronutrient Ortho- :
source phosphate Wet-process Electric furnace
% element by weight
Na,B,0,-10H,0 0.90 0.90 0.9
CuQ 0.03 0.53 0.7
CuS0,-611,0 0.13 1.13 WM
Fe,(S0,),-9H,0 0.08 0.80 .
MnO <0.02 0.15F 0.2t
MnS0,-11,0 <0.02 0.15% 0.2t
Na,Mo00,-2H,0 0.05% 0.38} 0.5t
ZnC 0.05 2.25 30
ZnS0, 11,0 0.05 1.50 3.0§

t Precipitates formed after several days.
1 Largest amount tested.
§ Solution pll ol 6.0.

not required. Micronutrient sources of low waler solubility, such as oxides,
also may be used in suspensions. . .
Incorporation is done while suspensions are being made or just before
application in the field. Particles of micronutrient sources mrcc_n._ be .m:o
enough not to settle in the suspension or clog spray :.oNN_n.m. Particle sizes
finer than 60-mesh size are suggested [or incorporation E:_._.m:m_unzm_o:m
(Mortvedt, 1979). Incorporating micronutrients with suspensions must be
done in a manner to prevent the formation of aggregates, which are very
difficult to disperse. One of the best ways to :._moéoqs_a dry, fine ﬁoéan;
directly into suspensions is through use of an injector or an eductor (Silver-

berget al., 1972).

11. MARKETING
A. Philosophies of Use

Liming materials are applied to decrease soil acidity, v:. _:ow.m_mo
usually supply sufficient Ca and Mg to meel crop nceds at optimum soil pH
levels. One philosophy of liming is that the soil pH should be _=2n.,_wnﬁ_._o
aboul 5.5 to neutralize exchangeable AI**, whereas others recommend in-
creasing soil pH levels o between 6.0 and 7.0 for ou:,:.::: crop produc-
tion. Dolomitic lime should be used, if possible, lor liming soils _:.E are
low in exchangeable Mg?*; other Mg fertilizers then may not be required to
meel Mg needs of crops. Additional Ca is needed for a [ew crops even
though the pllisin the proper range.

The “'shotgun’’ approach has been used to add _o.s_ amounts of more
than one. and sometimes all, micronultrients to the soil. This En_:o.a__ de-
signed to supply all micronutrienls removed by a crop, could be considered
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as an insurance or maintenance program. “Premium’’ fertilizers contain-
ing all micronutrients were promoled in this manner; usually this program
did not consider specific crop needs or levels of available micronutrients in
soil. Now that soil and plant analyses can more accurately assess micronu-
trient levels, itis preferable to apply only those nutrients required e reach
a specified yield goal for a crop in a given field. This practice helps prevent
excessive application of needed micronutrients and eliminates use of those
nutrients already present in adequate amounts. More precise recommen-
dations also protect against antagonisms encountered among nutrients in
plant nutrition due to unbalanced ratios in soil.

With the development and increased use of bulk-blended granular fer-
tilizers and fluid fertilizers, there is a trend Lo formulate grades for specific
fields al the fertilizer dealer level. These methods increase flexibility in
meeting needs and have changed micronutrient marketing methods in the
USA.

Manulacturers sell most micronutrients to wholesale distributors or
directly to fertilizer dealers, who prepare the requested formulations for
farmers at their local plants. A number of granular fertilizers containing
micronutrients also are made at NPK manufacturing plants. The,premium
fertilizers are made for a specific crop over a wide geographic area. For
example, a premium fertilizer {or corn in the Corn Belt may contain | to
2% Zn, 0.5% Mn, and possibly very low amounts of the other micronutri-
ents. Premium fertilizers for soybeans contain higher levels of Mn than Zn,
whereas those for cotton ( Gessypium hirsutum L.) contain mainly B and
Mn. Because numerous tons of a specific grade are needed for profitable
production, the demand for such a grade must be estimated beforehand.

Foliar sprays ccnlaining one or more micronutrients also are sold by
many fertilizer dealers. Advantages of foliar sprays are (i) application
rates are much lower than for soil application, (ii) uniform distribution is
easily oblained, (iii) response Lo the applied nutrient is almost immediate
so that deficiencies can be corrected during the growing season, and (iv)
suspected deficiencies can be more easily diagnosed with spray trials. Dis-
advantages are: nutrient demand is often high when plants are small and
leaf surface is insufficient for foliar absorption, leaf burn may result if salt
concentrations are high; it may be too late to correct the deficiency and still
obtain maximum yields; there is little residual effect from foliar sprays, and
extra application costs may be required. ILis often convenicnt to combine a
micronutrient with an insecticide or (ungicide. Examples include B with an
insecticide for cotton and Zn with an insecticide lor rice { Oryza sativa L.).

Soil and plant analyses are widely used to diagnose nutrient deficien-
cies. Many fertilizer dealers take soil and plant tissue samples for their cus-
tomers and have the samples analyzed by university or commercial labora-
lories. The dealer then discusses the resulling recommendations with the
farmer, and they develop a [ertilizer plan. Results of several surveys have
shown that farmers depend heavily on recommendations made by their lo-
cal fertilizer dealer. Therelore, much effort is made to educate dealers on
the most effeclive means of providing fertilizers for the farmer.
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B. Consumption Dala

1. Liming Materials

Use of agricultural limestone in the USA was very _os..:::_ H.cum when

new federal soil conservation programs ?oi.ama financial assistance (o
farmers for applying lime, and annual lime En..:nqnmmna > _.o-_ﬂo_n_ inl5yr
(Barber, 1967). Since then, it has continued to increase m:wma.__w ?o_d about
21 million metric tons in 1960 10 more than 32 _._.:_:_oz metric lons in 1980
(Table 12-4). This may be related to more Q._E”m:@:m_ Eoms_:mmrc_o:nq
application equipment. and a greater number of lime <.m_._go~m. : qum
amount of liming materials now is applied by custom mv_u__nm.—o; 1.::. u
handling equipment. Increased N use SM:_;. in an increase in soil mn:__.:u:
which requires more frequent lime applications. Effects of lime applica-
tions are discussed in chapter 4 of this book. Use o.m gypsum and Mg-
containing materials for direct soil “.E_:E_:.o.: :.mm not _=nq.mmmnn_ m.ﬁ._:oﬂ\”_-
bly since 1970 (Table 12-4). Use of dolomitic _=.=n for soils Ea:.:__zm. m
applications may account for variable consumption of Mg materials sinc

1961,
2. Micronutrients

The Crop Reporting Board of the m.;:m:nm_ Wm_..o:;m. mnﬂinw of the
U.S. Department ol Agriculture began _.Ec_mm::.& summaries of micronu-
trient use in 1968. Data in Table 12-5 were obtained from the known pro-

Table 12-4. Amounts of agricultural lime, gypsum, and Mg materials used for
direct application to soils in the USA.

Year Limet Gypsumf Mg materials}
1000 metric tons

1960 21 076 1300 -

1965 26 439 1410 “M

1970 34 423 1 160 m.m

1975 32 262 1630 m.o

1980 32648 1 B60 .

1 Levenson et al. (1981).
t Statistical Reporting Service {1961, 1966. 1971, 1976, 1981).

e i i Statistical Reporting
le 12-5. Amounts of micronutrients sold in the USA (
Table Service, 1968, 1972, 1975, 1978, 1981).

Year Cu Fe Mn Mo Zn
1000 metric tonst
1967- 1968 2.2 3.1 10.5 NMM “mw
lo74 1975 o ”w 105 0.1 12.7
1974-1975 0.5 . E . .
1977-1978 1.2 39 16.8 WWW www
1980-1981) 14 6.4 12.7 i .

t Amounts expressed on elemental basis.

e g—crgeey

AR -
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ducers of Cu, Fe, Mn, Mo, and Zn sources for use in both mixed and direct
application in each region of the USA since 1967. Boron use data were not
included since there were so few producers of fertilizer B. However, recent
reports have estimated 1982 use at 3037 melric tons of B (Lyday, 1982).

Amounts of Cu and Fe used in the USA decreased from 1968 to 1972
and increased thereafter (Table 12-5), but the amount of Cu sold in 1980
still was lower than in 1967. Decreased use of Cu was related to lower con-
sumptionin Florida, where recommended rates were decreased. Toxicities
to plants can result if Cu levels are too high, especially on acid, sandy soils.
Amounts of Zn and Mn are the highest because these micronutrients are
recommended for such large-area crops as corn, wheat ( Triticum aestivum
L.), soybeans, and rice. Rapid increases in Zn usage since 1975 are related
to actual increases in consumption as well as to the inclusion of more pro-
ducers reporting Zn sources, including some industrial by-products.

The figures in Table 12-5 are reported on an elemental basis; thus, the
actual amount of materials used is much higher. This method of reporting
was necessary since the nutrient content of the micronutrient sources var-
ies widely. The tonnage of micronutrient materials sold in this country is
only about 1% of the tonnage of NPK materials.

C. Regulations

Fertilizer regulations are governed by each state in the USA. In 1963,
a general proposal was made that minimum percentages for the allowable
levels of micronutrients be established and guaranteed on fertilizer labels.
A uniform state fertilizer bill for general standardization was proposed by
the AAPFCO for legislation by each state to simplify interstate shipping of
fertilizers. The suggested minimum percentages acceptable for registra-
tion of each nutrient are shown in Table 12-6. Control officials emphasized
that these were not to be considered as recommended levels; they are sim-
ply levels that can be determined accurately in control laboralories. One

Table 12-6. Suggested minimum percentages of secondary and micronutrients that
can be guaranteed on a fertilizer label and also allowable deficiencies in fertilizer
grades (Assoc. of Am. Plant Food Control Officials, 1968).

Minirmum
Nutrient guarantee, % Allowable deficiency t
Ca 1.00 ©0.2% + 5% of amount guaranteed
Mg 0.50 0.2% + 5% of amount guaranteed
) 1.00 0.2% + 5% of amount guaranteed
B 0.02 0.003% + 15% ol amount guaranteed
Cu 0.05 0.006% + 10% of amount guaranteed
Fe 0.10 0.005% <+ 10% of amount guaranteed
Mn 0.05 0.005% + 10% of amount guaranteed
Mo 0.0005 0.0001% + 30% of amount guaranteed
Zn 0.05 0.006% + 10% of amount guaranteed

1 Percentage of element below the guaranteed percentage on the fertilizer label that is
allowed before the element is considered deficient in the fertilizer grade.




T R

T

468 MORTVEDT & COX

disadvantage of allowing such low levels of micronulrients lo be guaran-
teed on fertilizer labels is that these amounts applied to soils at the usual
NPK rates are too low 1o be of much benefit to crops if there are micronu-
trient deficiencies. Some states have sel minimum guarantee levels morein
Jine with their recommended ievels of these elements.

This bill also states that such elements shall be deemed deficient in the
fertilizer formulation if they are lower than the guarantee on the lahel by
an amount exceeding the values shown in Table 12-6. For example, the
allowable deficiency would be 0.205% Zn in a fertilizer grade containing
2.0% Zn. Guarantees and allowances vary by slates. Increasing numbers
of fertilizers are being offered with a guarantec for micronulrient content.
Frequency of deficiencies appears to be in line with those found lor the
macronulrients,

Another suggestion was that the fertilizer laws require a warning or
caution statement on the label for any product containing > 0.03% B or
0.001% Mo in water-soluble form. This is lo prevent toxicity of B to the
plant through overuse and as a safeguard against Mo toxicity to animals
resulting ([rom consumption of forage with a high Mo concentration. To
date, 38 states have adopted portions of this bill in their fertilizer laws.

111. METHODS AND RATES OF APPLICATION

The use of secondary and micronuirient fertilizers is gove rned by prin-
ciples affecting both the need for and application of these nutrients. Neceds
are determined by crop requirements and soil conditions, which include
amounts of a given nutrient present and reactions that affect their avail-
ability to plants. Efficient and effective use of any fertilizer depend on the
source, rate, and method of application. Also, the philosophy of whether
the crop or the soil is being fertilized must be considered. Soil fertilization
with certain nutrients also may result in substantial residual effects, and
these need to be evaluated in long-term studies. The focus in this section is
on rate and method of application, but sources and lime of application also
are included as applicable Major cmphasis is on resea rch results published
since 1971. and residual effects are discusscd briefly.

A. Calcium

The rather large amount ol exchangeable Ca?* in the soil that nor-
mally dominates the exchange complex satisfies the Ca requirements of
most crops. Under acid conditions the amount of exchangeable Ca?* in soil
decreases. whereas exchangeable AP* increascs, and Al toxicily may
eventually cause reduction in plant growth. Correction of Lhis acid condi-
tion is accomplished by liming with either calcitic or dolomitic lime, which
maintains an abundant supply of Ca in the soil.

An international symposium on Ca nutrition of £Cconomic crops was
held in 1977 (Shear, 1979). The proceedings provide excellent information
on the nature of the problem and approaches as to correclion, especially on

horticultural crops.
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. O.m_n::.: deficiencies have been reporied i
Mo__ m.n_n_:v..q:m_v. not have been nx:nin.ﬁm:n: Qmﬂhﬂﬂ%nﬂﬂﬁ:ﬂﬂ_?__“M“M.m
ﬁ“a..:%::%. storage organs. or shool tips—plant parts that “:n. :w::..“__
) in m._.. ome nxw:.._g_.om are poor kernel formation in peanuts { Arach
hypogaea .), bitter pitin apples (Malus sylvestris Mill.), blossom end ¢
““ﬁ”.ﬂww\—w.o”h%ﬂm“%ﬂﬂ-ne: mwnz\.ﬁ::E Mill.). tipburn in lettuce ( Lacruc
), a eart of celery (Apiurm grav ¢

m_:ﬁ_,_mw existing in fruits and <nmn:_c_Mm ﬂmﬁw %mm: A_.H“M\M_an.wvm\_:_m_w‘ﬁw__www%
ibern mn:mnﬂa nﬂmuv ﬂoﬁ likely to show Ca deficiency duc to.the need for
hoe im“ﬂﬂwm@uwv Hc_.mu_,cﬂna_q _n“..nf,m_o_qﬂm_.: ofits subterrancan fruit is pea

tuts. “d the Ca requirement of peanuts and report
lime to be somewhat elfective, but the more soluble CaSO o, ¢
I ! . , ' ‘ aS0, SUm, o
_hw_:Mmu.mowwnﬂ.:v_mﬂ”mmm“__._mﬂ__ﬂqmmw%mw“hd is :m:ﬂ:e applied at accﬁ_wﬁ“_: kg/h

. a 45- over | : iti
studies =m<.m been conducled to establish Eamo_quﬂ_u__(”.:.:w___“w”“ %E .._ﬂ.w_“_______:a<
peanuts. Yield responses likely are mediated by n:<:o=:_m:_.__mw_%_,5:d. N
m:n_nan not guaranteed, even under low soil Ca levels. _..::_..a.q:.oqn :_N_“
“w”omnwhmm__m““”hﬂﬂ____h_w m,_m mm__mmro:_a be increased with amnqnnmm:m._mé._

. Es ull yield response has been ai i
rates as low as 200 kg/ha (Cox, 1972), but the qnao%_”m__“unn”__ ,M___H,_u_.umwﬂ_gm:_ﬂ
are —:mrwq _.:q mncn.qn_ reasons. The yield and grade may ncz.::.__o ,_M._;.
qummn with increasing rate of applied Ca; Walker et al. {1979) found this (c
:w __“_._m even above 600 kg a—.mwvmcq:\_..m. Thus, it is economical 1o m—i_w,:_
igher rates because of the increased value of the crop. Adequate Ca als
ensures good qualitly seed thal germinate well (Cox et m.__. _c._a_v ..:L. _.._.w”
Ca rates may help reduce certain forms of pod rot diseasc .A_._.___:.._“ \4 O_.m,
ren, 1968; Walker ct al., 1979). TR S b
_‘;m term gypstim is used in a general sense to mean a material with :
MMHUMME sulfate base. Little pure CaSO, - 2H,0 is sold: most n::S__n__.n_“:.
o wm range from 50 to 90% CaSO,. Texlures range from very fine t(
m_ nular, and some 3%3&:2 precipitated materials vary in particle siz
ue to E.Eﬁm forming in the damp material. Because fine materials :W.,n
ﬁw_ﬂm a:__n%_w than coarser malerials (Daughtry & Cox, 1974; xn.m.::m.p
» _:nn.ﬁ mnwwwm. _._ngn_.__.:m_nq._:_a may have an advantage for peanuts if applie
o p # arly flowering siage. Oomqmoq materials are often applied by
ulk spreading very early in the growing season, which is the only period
when such equipment may be used without damaging plants. All :M._ﬂoi_. _ﬁ
seem to be nﬂamn_:& (Hallock & Allison, 1980), but the cqo.,_,a.n._ﬂ :_._n =,__._ \
be about twice the banded rate due to the extra material _:._._,n h
area between the rows. vt eovers 1
s hﬂmmﬂmwownzm;__w nO:..w_a_mqm.._ less effective than gypsum, limestone
1950). The q.__nqw mon_“:“m omﬁu. for ‘Florunner’ peanuts (Adams & Hartzog,
” _.wﬂ.w ate needs to be —w_m__nq than that for gypsum (Adams & Hart-
g 19 ), and _=.=.n must be incorporated al a very shallow depth 1o affect
n-.:._m:_vw the fruiting zone in the soil. Sullivan et al. (1974) __o..._.o<

found :_._m lreatment completely ineffective with cv. NCS . o
i ﬁo_“mq applications of Ca are not cflective with peanuts since there is
¢ xylem flow to carry the nutrient to the developing fruit. A similar
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problem exists with head lettuce. Misaghi et al. (1981) found foliar sprays
of either calcium chloride (CaCl;) or calcium nitrate [Ca(NO,),] inelfec-
tive in reducing tipburn incidence and scverity. The deficiency occurs on
the inner and middlc leaves, which are not exposed after head formation.
Soil applications of Ca(NO,); were not ellective, but CaCl, a1 224 kg/haor
greater increased tissue Ca and reduced tipburn in one of six trials.

Among the horticultural crops showing Ca deficiency, apples have
heen studied most extensively. Recently, Lidster et al. (1978a, 1978b)
studied e(fects of prebloom and summer loliar applications of Ca as well as
a postharvest dip ol the fruit in reducing breakdown development in stored
‘Spartan’ apples. They found prebloom CaCl, sprays to be ineflective, but
summer sprays (1.6% CaCl,) applied four limes at 2-week intervals begin-
ning in mid-July increased fruit Ca levels and decreased breakdown devel-
opment significanily. A postharvest dip in 4% CaCl, was even more effec-
tive. bul the most elfective method was to combine summer sprays with the
postharvest dip.

Application of lime and minimizing the K supply have been used to
reduce Ca deficiency, termed metsubure, in Laro | Colocasia esculenta (L.)
Schott] corn (Tanabe & lkeda, 1980, 1981}. Both treatments alfected the
K/Ca ratio in the corms. There was no effect of N source as somelimes oc-
curs with other crops, but varietal differences were noted. There appears
10 be greal potential to develop varieties for tolerance to low Ca conditions

for this crop as well as for many others.

B. Magnesium

Availability and plant uptake of Mg, like Ca, decreases under acid soil
conditions due (o a pH elfect and also duc to the direct loss of Mg [rom the
rool zone. Increasing the pH of a soil. even with a calcitic source of lime,
often increases the uptake of Mg (Christenson et al., 1973). Howevcr, the
primary method to ensure an adequate level of Mg in acid soils is by apply-
ing dolomitic lime. This has been the dominant source of Mg, even in the
South Atlantic states, where Mg deficiencies should be most severe. The
most common fertilizer sources of Mg are MgO and the sulfate form, usu-
ally applied as potassium sulfate-magnesium sulfate (K50, - MpSO.).

The status of Mg research in the southeastern USA as well as [actors
alfecting the availability of Mg to plants and animals were discussed in a
symposium in 1972 (Jones et al., 1972). Grass tetany, a Mg deficiency oc-
curring during lactation in ruminant animals, 1s the most important prob-
lem associated with Mg nutrition. Some low Mg levels in plants also were
noted, but most of these were ?Q:n:_c_n by soil lesl data. Research
results indicated only a small number of yield responses to Mg lertilization.

Soil test inlerpretations may have changed somewhat since that sym-
posium was held in 1972. At that time, only one state based Mg availability
on the cation saturation ratio in soil. This method is becoming more popu-
lar, but little substantiating field research has been published. In green-
house work, McLean and Carboneli (1972} fouad that 6 10 10% Mg salura-
{ion was an adequate level for most Ohio soils, whereas < 5% Mg
saturation is considered deficient and < 1% is low in North Carolina.

2
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. ﬂn:n:: recommendations for Mg based on soil tes

:::.u..; lime is needed or Mg al 20 (0 R_w kg/ha if it must _“M m._ﬂ”u“”:__:_ﬂﬁhu_wﬂ
fertilizers. H_._mqn have been no recent studies, however, to verily these rec-
ommendations. Gallaher et al. (1975} in a 3-yr Mg rate study with grain
sorghum [Sorghum bicolor (L.) Moench], found a positive yield res mo:mn
.__._n first year, a trend in the second. and no response in Lhe 3rd yr. ._,:,ovSmx-
r..::..: Mg rate (68 _.ﬂm::_ as MgSO,) was required the Ist yr and only 34 kg/

a the second. Klein et al. (1981) reported that 44 kg/ha of MgSO, was the
optimum rate —on_ potatoes ( Solanum tiberosum L.). This rate had little ef-
_ﬂnn_. on u:m_.a but improved quality by reducing discoloration, which was as-
mon_mﬁ_nn with lower amounts of phenols and more lipids msn_.n:oﬁﬁsa._ﬂm, ”am
in the tubers. Jones and Jones (1978) compared MgSO, with ﬁ_c_m-::m "m 20
w:m%hn!m.“ﬂm for 3:::% production. Yields were increascd by both sources

of three crops. bul the sulfat i ite

" En:x_mm_:m " _.._Mm i all oot ¢ form was more ellective than dolomite
. >1_q__nw:o: of MgSQO, does not always increase tissue Mg concentra-
tion appreciably. In three Mg rate studies in Kansas. corn leal Mg levels at
sitking ranged from 0. 10 to 0. 12% and showed littie response up to uqc,_h I
:.m o:Sm. as MgSO. (Whitney, 1973). Lack of aresponse man._:na to be u.ﬂmw-
ciated with very high Ca activities in these soils. ,

C. Boron

~ Sodium tetraborate is the main source of fertilizer B
tion among the materials available result in B nO:nn_:E:o__L_MaM_“%ﬁ“«wﬂ“”._
{1 to 20%. The most concentrated form is especially adapted for foliar
sprays. Boron may be applied to either the soil or the [oliage to no:mn..u
mnmn.n:nwm Gupta and Cutcliffe (1978) found both methods (o be elfective
in mc:_ﬂo___.zm vqoi_.. heartin rulabaga ( Brassica napobrassica L.). Several
E_:: mﬂﬁ.:nm:o:m al a low rate were more effective than o mwsm_n.u :nw-
tionat a _:.m:mq rate; this has been shown wilh other crops and is ap wﬁ::
due to the immobility of B in leaf tissue (Anderson & Ohki. 1972), ’
M The rate of B required to correct a deficiency in u:::.m_ n:.%.m is low
; M._.ﬁﬁrw_ﬂm%\au_rmsnmm_mn (1971) obtained maximum cotton yields with m::mq.
r..:d g of B/ha applied Lo the foliage (fives times at (.1 kg/ha each) or > 0.3
g m.uﬁv.__ma to soil. Hill and Morrill (1974) found a similar rate sufficient
to maintain the quality of peanuts; B could be applied any time : to 60 d
alter Emiim.m:a still be effective for that crop. Rates > 1.0 rm_w:,_ h:.
M:ﬂ:n B toxicity. m:.::.ww and Chapman (1979) noted yield qon_:n:o:w_mﬁww
0.33 observing B toxicity symptoms in peanuts when high rates were ap-
plied toa sandy loam. Rates of 2 to 3 kg/ha are typically mt—.:nﬁ. to alfl __m
(Medicago sativa L.) when grown on finer-textured soils. e

D. Chlorine

. >__=.c=m: Cl _.a readily leached [rom surface soils in regions of high
E::.m:. its supply is :m_._m:w replenished by applications of potassium chlo-
ride (KCI), the predominant K source. In regions of low rainfall, Cl may
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accumulate. Deficiencies of this element, therelore, are very :_3_4 and :H
much more common to find effects of excess O_ ‘_,Ox_n_:nm. o:m _n :.:GMO_
duce crop yields, especially under mm.:m:n nc_._m..:o:m. Very hig _w<m MM:&-
are more likely to affect crop quality __::._ yields under :o:%..:.w.n:: o
tions. An example ol an alfected crop 1% ==o.-n=3a tobacco .A Vicoti ja 1.
bacum L.}, A high tissue level of Clis ::m_nm:mc._o. vnn.,_:mw itis mmmom__._ma
with a reduction in the burn rate and ___.m: Eo._m_cqn. nn_c___.u:::dnc.n_ :..,L
Ishizaki and Akiya (1978) reconfirmed ::“A relationship c:._ m_u...o no n.: ,_h
the Cl limit for acceptable burning quality decreased with increasing

concentration.
E. Copper

Faclors affecting use of Cu have been reviewed recently in a mw_”:_m_m
sium on Cu in soils and plants (Loneragan et al., 1981), _ﬂuﬂm_ _-MM_ M:L
and sources of Cu for application were a_mncmm.na E. Qm:ﬂw =A_ zawzcn
Gilkes (1981). Even though soil and :.g_:: applications are bo m.__._ —_.o_.:.
soil applications are more common, with recommended ::.om_ _.m-_m. W._ o
< 1to > 20 kg of Cu/ha. The placement geometry of applie =*._m p -
tant; if the Cu source is concentrated m_.:m_ the w.E:c_nm _m:.mn. w_E.p_,”aon.
have access o Lthe applied Cu. Unless mﬁﬂ__mn_ Cu is mixed s”._: soil, i ﬂ_q y
not be avaitable to plant roots, mmvnnmm_._w if ,.—:w m.._lw_nn soil qnqmm_:w:m_ww
Efficiency is increased by m_:._i:m_:ow either _=_mo_=.~._o= or as a fine

i i nding or thoroughly sncorporating it. o
" nmwow.m_hmmﬂﬂm—%:nm:o:m Ea:wm_.:o_d effective than band m_g_u__wm:om._mﬁmm
Cu in increasing the yield and leaf Cu concentration of n:n:m:..m qu:m -
crmis sativus L.) (Navarro & Locascio, 1980). A rate of o::._o.qmvm i
creased yields from Ul to 21 metric _o_..m.\:m. _wm:.._nm and Cox ( o) M__M o
Cu in solution over dormant wheat ;:::.m the winter and loun A_u ,_,:mnmn
Cu/ha 1o be adequale, even on mo:.m ”; :_..m__._ o_qmw_MMmEm:nq content.
i ates and have subslantial residual e . o
" J_\uﬁ__m“_qm_ﬂ_mmnm:o: of Cu in solution will cause leal burn on mqosﬂszm.__q__ﬂ
sue. such as wheat that has broken dormancy. _._A.,Enﬁw_‘_ A_Ed%wwlc o
mal. and the treatment is effective :.:_n Cu rate is kept low ( 2 ._wuﬁ“mn
ha). For higher rates. hydrated lime is u.ﬁ_ﬁ_nﬂ_ to 32:. n__ m:mﬁa:m__o.u:m.mm m_:
suspensions or dusts also have been applied to seed with some nm nm_ nmmn.
neither the loliar nor the seed treatment has an appreciable residu _ m.:n__
The most common Cu source is copper sulfate (CuSOy). mo<m§n==n7
ies have compared the effectiveness of several Cu sources, but no
ences have been found (Gilkes, 1981; Barnes & Cox, 1973).

F.Iron

Iron deficiencies occur on high pIt mo:m._ This no:n__:.cz m_.mo _Hm_w,._ﬂm
aggravated by apptication of alkaline m:mwm:o:.im.ﬂnﬂ. I_ﬂw_“uc_Mqum__W:m
levels intensily Fe deficicncies, and soil .u_uv__ni._o:.,.. of Fe ,ﬂ _uooznn_.-
sources al rates similar Lo those for other micronutrients have no

gl e buT e
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fective. Westfall et al. (1971) found ferrous sulfate (FeSO,) and ferric sul-
fate [Fe;(SO.)a) equally effective for rice production, with rates of 50 1o 100
kg of Fe/ha required for maximum yields. Paiel et al. (1977) obtained no
increase in rice yields from 40 kg of Fe/ha as FeSO,, whereas other treat-
ments were effective. Thomas and Mathers (1979) reported that farmyard
manure was more effective than FeSO, in correcting Fe chlorosis of grain
sorghum on a calcareous, Fe-deficient soil.

Other approaches used to increase I'e uptake and utilization are acid-
ulation of the soil, complexing of the Fe by an organic ligand or polyphos-
phate, and application of gypsum. Acidulation corrected Fe deficiency in
paddy rice {Patel et al., 1977), but this approach may not be practical in
highly calcareous soils due to the enormous quantities of S required. A
modification of this approach was tried by Wallace and Mueller (1978),
who [ound that spot acidulation of as little as 0.4% of the calcium carbon-
ate (CaCOs) under soybean seedlings prevented Fe chlorosis.

Some of the response with soil acidulation may be due to increased §
availability rather than increased Fe availability. Dungarwol et al. (1974)
found that both acidulation of the soil with S and spraying the plants with a
0.1% H,50, were elfective in correcting chlorosis and increasing yields of
peanuts. These treatments increased leaf S and decreased leaf Fe. Leaf Fe
was very high, however, and the authors postulated that the treatments in-
creased Lhe activity of Fe in the plant.

Organic Fe chelates or natural organic complexes are used (0 maintain
Fe in an avaiiable state for a longer period. The most stable, and thus most
successful, of (hese has been FeEEDDIIA. Low rates of this chelate have
been effective in peanut production (Hartzook et al., 1971) but only if
banded 40 to 50 d after emergence. Moraghan (1979) also was able to cor-
rect a Mn/Fe imbalance in flax ( Linmimr usitatissinnon L.) with an applica-
tion of FEEDDHA. However, West(all et al. (1971) found low rates of
FeEDDHA less effective than high rates of Fe,(SQ.), for rice.

Complexing with polyphosphate fertilizers also increases the avail-
ability of fertilizer Fe. Mortvedi and Giordano (1971) showed this effect
with both sulfate and chelated Fe sources, but FEEDDHA was more effec-
tive than FeSO, or Fe,(SO,)y at the same Fe rates.

The use of gypsum to increase Fe uptake under greenhouse conditions
has been reported by Olsen and Watanabe (1979). Low plant Fe has been
associated with high Mo. Gypsum applications decreased plant Mo consid-
erably and increased plant Fe slightly in grain sorghum. This effect may
account for part of the beneficial effect of gypsum noted on alkaline soils.

Because of difficulties in correcting Fe deficiencies by sail treatments,
other methods generally are used. Foliar applications of Fe with about 3%
FeSO, solution have been effective on some crops. Seeliger and Moss
(1976) found a good response with peas ( Pistn sativiun L.} sprayed (wice
al 3-week intervals. In contrast, Patel et al. (1977) found that foliar-
applied FeSO, was incffective for rice.

Genetic variation also is used to overcome the problem of Fe de-
ficiency. Hartzook et al. (1974) found that yields of Fe-efficient cultivars of
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) i i i ltivars that were fertilized
anuts were just as high as those of inefhcient cul
_“”—”__“.Mm_uc_w\/. This approach should be exploited for many other crops.

G. Manggnese

Manganese deficiencies occuron high-pH mc.__m and also on ,mo:w:a:__“n“
are inherently low in Mn. The degree of Mn deficiency primarily affec M.,_
r the above factors are seldom considered when the proper rate ﬂ.m
q_Nn_:ca of Mn application are selected. For nxm_.:_ua__m,m_ case oqwx.m”w“m::m

i al. (1973), who studied means ol ¢

ficiency was found by Reutereta orrect e
i i ining > 8% CaCO;. Manganese appl
Mn deficiency on a soil conlauning . pliedtothe
il 1 i ha being as effective as larger rates. .
soil increased yields, with 6 kg/ . pex e e
) : I 1ate in the season, and a [oliar apphe:
ficiency symploms reappeared lal Har applica ion
iy i i 5. Apparently, the soil trea ]
resuited in a [urther increase in yields the o
i i iod because of oxidation to unavaili
not elfective for the entire perio ! flable
inati hods was needed to achieve max
{orms, and a combination of metho eve maximun
i - t Mn deliciencies are nol as severe as E
e tammected by o1 i li lications. Even so, because the
be corrected by either soil or [oliar applic: 8. ;. :
M“__—..nmnznw still affects the rate of Mn required for correction. recom
ded rates will not always be the same.

En:.ﬂn:a rate ol Mo required to correct a ;omn..n:nv_ amvmjam on :..M :.n__n:,—_”m
of application, with increasing rates required _QOM_%%:,%M”_@M ?wx,-
. icati tively. Alley et al. obt: i
broadcast applications. respec . ) e

i i .2 kg/ha foliar, 5.6 kg/ha banded, an
mum soybean yields with 2 : ha ba e tho op-
tcati lantic Coastal Plamn soil, wi
ha broadcast applications on an At a h the or
__ﬁmﬂﬁc,q_: broadcast rate depending on soil pli. Except for _oin.qho__uq q-.“d_mu_h
similar results weré obtained by Randall et al. :3@. wit ._._5_”“:: m
yields at 0.56 kg/ha banded and 17 kg/ha broadcast ““w—.__mm:a””m.ﬂnﬂoqm o
. [ ined was cffective; the .
studies the lowest foliar rale examing . . .
W_HW._M_ minimum rate is unknown. Alley et al. A_cqmw, split :.nﬂ q_o_—._wm”..qmﬁf_uh_.ﬂ
icati ffective than one, bu
1 found 1wo applications to be more ¢ _ '
M__..w_ (1981) found no differences when Mn was apphied as cqom:__num__%_ﬂq

_mnr banded at planting, sidedress, or broadcast preplant ﬁ.:w.nnn_ o

M«:é. Soybean yield responses occurred in only | o.ﬂ_umuﬂ and _ﬂzm.ﬁxm__ﬂ:_ﬁoqu
g . the same soil, Shuma )

I kg of Mn/ha. In an adjacent study on ! o
”nﬁ%:nn_ responses lo broadcast preplant Mnin 2 of 3 yr. wouﬁnm:_w_m_nh
were highest at the 5.6-kg rate one year and 22___ _u rm_::u\ other.

, i t Mn level.
among years appeared related (o soil tes : . .
n:nnm_,__”%mm M. al. A__uw.‘ov also reported 1hat cffectiveness of mo__-m_%___(mw_
Mn a.o:qnm.,.. decreased in the order MnSOy, Ew\:mﬂsmmm WLW.MMGZ:M%.VA ”.95v
it ineffective. Voth an
frit, and then a chelate that was in¢ . o
ai imi i beets ( Beta vuigaris L..), soy s,
obtained similar results with sugar . : / o and
ikewi 1971} obhained good respons
beans. Likewise, Knezek and Davis ( . . .
__._%E_.MM_VE and MnO but emphasized that the particle size was important,
nm_.:wnm.m__v. for MnQ, which must be finely mqoc_:_._oﬂcn_ﬂﬂ_w.omﬂ.m:wm.wo may in-
ixi i ith certain feru
Mixing or blending Mn sources win o
ilabili d Giordano (1975) found increas
ase availabilily of Mn. Mortvedt an . )
_n(q_ﬂ uptake by oats when either MnSO, or MnO was mixed with phosphate
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fertilizers. In general, granular phosphates were more effective Mn carri-
ers than fluid polyphosphates. Voth and Christenson (1980) noted that

acid-forming fertilizers not only increased availability of fertilizer Mn but
also increased that of native soil Mn.

H. Molybdenum

Plant availability of Mo, unlike that of other micronulrients, de-
creases with increasing soil acidity. Thus, liming to correct acidity im-
proves Mo nutrition of plants. Another condition affecting Mo availability
is the Fe status of soil. Soils thal are high in Fe. especially noncrystalline Fe
on clay surfaces, lend (o have lowes levels of available Mo. '

The optimum Mo rate depends on the application method. Molybde-
num may be applied to soil, sprayed on foliage, or put on sced prior to
pianting. The application rate is very low, especially for the latter two
methods, Parker (1978) found that about | kg of Mo/ha was needed for
soybeans i{ it was band applied before planting, but only 25 g/ha was re-
quired for either foliar or seed applications. Their foliar spray was splitinlo
two applications. Other work (Boswell & Anderson, 1969) has shown that

foliar sprays of Mo should be applied prior to the bloom stage.

Legumes are especially sensitive to Mo deficiency, but the deficiency
symptoms exhibited are those of N defciency. Parker and Harris (1977)
found that the primary function of Mo for soybeans was to correct N de-
ficiency; there was enough soil Mo for nitrate reduction, but not enough for
the rhizobial symbiont. They used both seed and foliar treatments at 17 1o
34 g of Mo/ha.

Giddens and Perkins (1972) studied the response of alfalfa (o Mo ap-
plications on two highly oxidized Piedmont soils. a Typic Hapludult and a
Rhodic Paleudult. They obtained responses to 100 g of Mo/ha even though
the soils were limed before planting each year during the study.

Obtaining uniform distribution of small rales apphied 1o soil is dif-

ficult, Giddens and Perkins (1972) applied to Na;MoO, as a solution (o
broadcast it uniformly. In Australia, molybdenum trioxide (MoO,) has
been incorporated into phosphate rock pellets to facilitate distribution.
Kerridge et al. (1973) found this technique as effective as a direct applica-
tion of MoO; at 100 g of Mo/ha for pasture legumes. Another method is to
incorporate MoOj in a seed pellet. Johansen ct al. (1977) found no differ-
ence among methods when Mo was applied in a seed pellet or (o the soil
surface as MoO, or Na;MoOy for pasture legumes. They also found the Mo
requirement among several sites varied from nil to 200 g/ha. and one appli-
cation was elfective for 3 yr. This study alsa confirms carlier observations
that there are no differences among commonly used Mo sources.

Several interesting interactions concerning the Mo nutrition of burley
tobacco have been studied. This crop usually is grown under acid soil con-
ditions and may receive rather heavy applications of sullate in the fertil-
izer. Sims el al. (1979) found that application of sulfates tended 1o reduce
yields at low soil Mo levels but increased ytelds at high soil Mo levels. Sims
and Atkinson (1976) found that applied Mo may be rendered partially un-
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available in asoil of pH < 5.4, becausc there was a _uo,.,.:?._n response Lo _<_.o
fertilization when the soil was limed. These studies also indicated that soil
application of about .5 kg of Mo/ha applied to the soil was adequate.

I. Zinc

Zinc has been applied to both soils and plants by several methods. Soil
application methods include broadeast :..noq?.:mﬁa, mcqm._nn _uqo.,:_ns.mr
and banded. Planlt methods include seed coatings, root dips, and foliar
sprays. Several sources of Zn are sold—sulfate, ox._n_n, o:m_u_nm_ naturalor-
ganic complexes, and frits—and a number of options are available 1o cor-
rect Zn deficiencies. .

For corn production, soil application of Zn has _:A.:..na more .ann:e.n
than plant methods. Tanner and Grant (1973) found soil mm:_:mu._o:.:iqn
elfective than seed coatings, and Grewel and Singh :33, found a similar
trend when comparing soil and foliar applications. Hawkins et m_.. (1973)
found that disked-in and plowed-down ZnS0, were equally effective, and
the optimum Za rate was 6.7 kgtha. Maximum yields with breadcast
ZnS50Q, in a regional study were obtlained with 3 1o 9 kg of Zn/ha (Cox &
Wear, 1977). Schnappinger et al. (1972) breadcast both ZnSO, and
ZnEDTA in solution prior to incorporation and found 14 kg of Zn/ha as
the oplimum rale with ZnSOy; the highest rate of ZNEDTA (4.4 kg of Zn/
ha) was not sulficient for maximum corn yields. .

Considerable research also has been conducted on Zn anmn_.nznw_ .2
rice. Randhawa et al. (1978) estimated that about 2 5__.__0_.. ha oq.:nm soils
in Asia are believed 1o be Zn deficient. For paddy rice, <om_:a_m ct al.
(1973) found that dipping transplant rootsin a | to 2% ZnO suspension was
ellective in controlling Zn deficiency. Mikkelson and Brandon .:33
found Zn© somewhat less effective than ZnSQOy, but ZnO was still eco-
nomical due toits lower cost. An eflective rate [or both sources was M._u.oE 8
kg’ha. In contrast, Amer el al. (1980) reporicd 5..,: _N=O was superior 1o
ZnS0O, and that 5 kg of Zn/ha was sufficient for rice in mmzug.. in the two
reports just cited, applying Zn (o the soil surface cnﬁo:w Aooding or to the
surface waler aflter transplanting were equally effective,

Zinc chelates are effective lor rice production (Kang & Okoro, 1976}
as well as navy bean and corn production. Boawn (1973) nojn_ccoa _:,.,:
only about half as much Zn was required lor corn and beans if N:m_u.q A
was the source rather than ZnSQ,. Results _._._o._numnn__ that Nq._mU,?b might
be applied effectively through m?._._r_._wﬂ :q_mm:o:_ but .__:_n response
would be expecled rom ZnSO, applied in :.:m manner. This hypothesis _M
supporied by the work of Halvorson and Lindsay (1977), Eco suggesie
that chelation aids in the transport and movement of metal ions lo plant
" lication varies for

The optimum method, source, and rale of Zn applicatio varies fo
other crops as well. For wheat, Trehan and Sekhon (1976) obtained maxi-
mum response with about 3 kg of Zn/ha banded or 9 kg/ha broadcast as
ZnSOy. but Zn frits were less elfective, Tehran and Grewel {1981} re-
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ported that dipping potato tuber pieces in a 2% Zn0O suspension gave
greater increases in yield and (uber size than several other methods. Foliar
sprays have been used effectively with grapes ( Vitis vinifera L.) (Christen-
son, 1980) and pecans [ Carya illinoensis (Wangenh.) K. Koch] (Smith et
al., 1979) but only when applied at certain times orirm a particular manner.

For pecans an acrial application was not effcctive even though the foliar
rate was 6 kg of Zn/ha.
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soils require special management. Acid sulfate soils nol ::__d« have :Mq___n,\qn. \N
acidity that must be dealt with, but __.E._o reserves of —J_:,_n _. _d: nu:m__ﬂ cr

ate large amounts of acid under drained conditions. In alka _=o_m: s,

cronutrient availability, especially Zn and Fe, are frequent problems.

. k . fertilizer use Fred C. Boswell
Lime may he applied Lo excessively acid soils Lo improve fer _ﬂ _ " anic , University of Georgia
efficiency, supply Ca and/or Mg, enhance the E.:m:.__nm__:: 0 c.m_....n Experiment, Gomin
malter and release of NH {—N. to favor N, fixation by ..__—_n_..mz.un: .__ ik E_
‘ ‘ P \ 2 rotat . Excessive liming shou
recuce metal toxicity, and to favor arotation crop : - . . .
he avoided, since 1l reduces the availability ol most ::.q“:::.._q__r:__w“_wxm”m_._.“ mvn.Qﬂ—-—ﬁﬂ—O-u Ma —-—hmﬂ——ﬂm , J. J. Meisinger
L i ible treatment for acid sullate 5MB . Agricuftural Research
o. Liming alone is usually not a feasib . o :
W“"nm:nn _—._nm,:wJ\ high potential acidity can neutralize very large amounts of b and Use of Z-H—.QWG-H Service, USDA
. : . | oge Belisville, Maryfand
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Om.Z-wz.}—L_._ﬂ—w—umﬁm..Zﬂmm ) Phillips Petroleum
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Cwe

: A. The Nitrogen Resource

Large quantities of free N are found in the atmosphcre, which is about 80%
N by volume. Although this abundance of N exists, it cannot be used by
higher plants unlil it is combined with hydrogen (H,) or oxygen (O,). If
inexpensive melhods were available to produce these combined N com-
pounds, the problem of supplying adequate N for crop production would
be simplified. However, much energy and expense are required to fix at-
mospheric N,

Substantial quantities of N also occur in chemically combined forms in
soils, geologic formations, and oceans. Nitrogenous compounds may be ei-
ther organic or inorganic, Some nitrogenous compounds, like the elemen-
tal dinitrogen (N;) are gaseous but the most important compounds in agri-
culture are nitrate (NO7) and ammonium (NH }).

Of the six known isotopes of N, only those having mass numbers of 14
and 15 are stable and occur naturally. The isolope of mass 13 is the longest
lived of the four radionuclides, with a hall-life of 10.05 min. This relatively
brief hall-life is too short for practical use in most research on biological
o systems. The stable N isotopes ("N and '*N) have been used almost exclu-
_ sively as tracers for biological and related types of research, because the
two occur naturally in an almost constant ratio ("N 10 "N is about 272:1).

The '*N tracer technique is more accurate than the older methods of N
recovery, which consider the difference between N removed from control

Copyright 1985 ® Soil Science Society of America, 677 South Scgoe Road, Madison, WI
53711, USA. Fertilizer Technology and Use (3rd Edition).
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i red from fertilized soils. The tracer ﬂ.:m.:_c.a_
b EM_:..” MMHM_“MMHHHHMMM%_ 15N in the crop plus that S:.:__ﬂ:”m “._“
“ﬂwﬂwm_.wﬂsnmn techniques are expanding our ::qumpmzian”quﬂmq_:_ﬂ%a o
N, n,mﬁmn;__w as related o its use for crop ancn““”d_..... I} ancn_.._o:. cre
mains many unanswered questions relative 1o oplima

keting. and use.

B. Role of Nitrogen in Planis

Established as an essential mineral element for rooted u_ﬁm.ﬁ.“m _qw,“_“”
1800s ,2 has been recognized to be responsible _.n_,_q lush <mm.MMw_ rq.:m.é mh
. ts deficiency is usually recogm s
nd a dark green leaf color. | : : : Dy the
»m_n green Mq yellowish-green color, nmﬂoo._u__w in Lhe mqmmmnmm,.:h_anaﬂ:m
m::::w necrosis of the older leaves beginning {rom the lip an %.:m:..,f,c:_._
along the midrib toward the collar and the edges. ,_,?m _ﬂ..mo.ﬂ. ion with
green coloration is likely due to the fact that 7__._. m.%:h E?“:w \rm..._,_w,a.“_._,__o e
i i it Shyll (CrH7OsNuMEg). ate
-derived constituents of chlorop : . o
”.n_.”__zm_mq:oao_nm aerial vegetative growlh, increases the _wvﬂqw%_d_mﬂ_ﬁ_______ﬁmr.” "
essenti frui ation. Being ap essentia
is essential for fruit and seed —o::m. : _ e
_mmh”o acids, N is required in protein synthesis, _”.,__M:m up _qum.z_qwh:n-
i ci ing aboul 16% by weight. Because g Hrma
us proteins and averaging a . | ormé
”ﬁqﬂ_.oan—mn:n_m on certain threshold levels of protein, mqm_:\mmﬂﬂﬁm-__nn I
significantly related to N supply, nm_unn._im.__w#_._: nnqm.,.__w“quﬂ.: rou n.:m_.a:
i i is reflected in the crude
N in the growth medium also is refl . e e e and
i tial mineral elements (o grow
d in forages. Among the essent yh o
MM qoacn:am: of higher green plants, there are more aloms E__wmmn_ﬁ.na n_%
.__Wmﬁ.o_n_v of N in dry organic matter than ol any o“:n_. mo_z e
ment (nol from water or the u_:..omu.r.nnmv. Intermso Em"mm‘ n w,_:_o__m_._
terial is often found in larger quantities than any other elem : _2 S
the concentration of K may be higher in some u_uq_ materia _m.. N excescs
the combined tolal of all other soil-derived essential mineral e L
icultural crops.
s of commonly grown agricultur . -
the mMMaszn_.._:m the abundance of N in plants, its nn::m_.q._n”__o ___”_._"u::m
functions and its reactivity in the biosphere, il is not surpnsing

i clion,
element is the most universally deficient for optimum crop produ
C. DInitrogen Fixation in Nature

. . d
Rooted green plants may absorb N in several nﬁE?:..“w_._._ —“__.u_“__“qﬂ”ﬂ_
through different organs, but the Emmo:mnqm:nml_m .H“ _Mzi .,:.: ol
through the roots in ionic form either as NH; or ZO.u_ o. :,_mumc_._ "_.?532_
b and utilize only N }. but mosl do absorb both ions; tf " :,oo nee
der e on the environment than on plant nm_umg_:.%. ence, :
i rive L.) grown under flooded condilions is most ___SI._O mv_ﬂo-c
.AQQN_Q_”_«“.“N:N:..”_ m::Nn ( Zea mays L.) grown in well-aerated soils ,..M___ =:.=
ot | h_nl_Ou Also. NOgsis likely to predominale as the mcmo:un o g
Mo-__wﬂﬂm_“-w:m m“....a mcz,n:..n-.i_._oz aerated soils are warm, resulting m
in |

transformation to the NOzlorm.',
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Because rooted plants cannol utilize gaseous N,
ply of combined N for growth. There are a number

that convert N, to forms useful for plants; some inv
while others are independent.

they must haveas
of processes in natu
olve living organis

1. Lightning

Electrical discharges related to meteoro
amount of N in the atmosphere. The produc
nous oxides. This direct oxidation of N b
strated by Cavendish, was the basis for e
esses for producing combined N. The re

logical events fix a certa
ts are most likely to be nitrog
y electrical discharge, demod
arly attempts at commercial pro
actions may be shown as follows:

N; + O —— 2ZNO
2ZNO + 0O, —« NZOM
INO; + H,O —— 2ZHNQ, + NO.

Precipitation washes these compounds from the air, along with variou
other organic and inorganic forms of N originating as atmospheric :_::—
stons from activities near the earth's surface. Thus, it is not possible to de
lermine the importance of direct oxidation by lightning. The amount of N
deposited annualiy in precipitation varies among location, with [0 kg/h:

being about the average value. This is not nearly enough N for high yield
of most crops.

2. Fixation by Organisms

Organisms that can utilize free N directly (i.e., fix it} inay be dividec
into two classes—symbiotic organisms and Iree-living organisms. Symbi;
otic organisms can function only in symbiotic relationships with a rooted
green plant; free-living organisms function independently, usually de
pending only on a fixed energy source. The blue-green algae, however, arg
even independent of fixed energy because of photosynthesis in these lowen
green plants. There are at least 12 kinds of blue-green algae that have this
capability. This is emphasized because algae are often implicated in eu-
trophication of lakes and streams due to nutrient enrichment of the water.
Itis evident that the blue-green algae can multiply in waters without N en-
richment.

Besides the blue-green algae. Rhodapseudomonas, Thodomiushium,
Cliorobium, and Chromatium also are autotropic and fix N,. These orga-
nisms need certain essential elements, light, CO;, and Ny, for growth and
N, fixation.

The other free-living organisms that can fix N; are saprophytes, i.e..
they require an external energy source to grow and to fix N;. Like the oth-
ers, these require essential elements for growth but tend not 1o fix atmo-
spheric N; when N sources, especially NH, are readily available in the
growth medium. Some of these such as Clostridium sp. and Aerobacter sp.

are anaerobic, while others like Azotobacter sp., Achromobacter sp., and
Beijerinckia sp. are aerobic.
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Fig. 7-1. The nitrogen cycle (courtesy ol Stevenson, 1564).

D. The Nitrogen Cycle

A graphic portrayal of the relationship of the various ?Mq_“:m QM_._/_ “__“
nature is given in Fig. 7-1. Itshows the two larger reservoirs o _._”M.onv“_..m
N, in the atmosphere and as combined N in the soil and other par
mm:_mﬁw.mqum_n,oq the latter of the two Rmm?._o:m is noz&:o:nm_ by its _cn.“_:
tion, time, and usually by the presence of higher green ﬁ_.,::mm.m ”..n_".qwow_._.ﬂ“:a
portion, however, is found in deposits that are a.xw_o__na ?wm er __ _Mmm::u-
ather uses. Atmospheric N, on the other hand, _m.a_::n ==__. c_.__.” W..On__na-
uted over the earth and it can be fixed [avorably, n_:_oq.g __ ep «:.ocm .
icat processes described later in this n_.:.ﬂ_oaoq by growing ﬂ_wum_,___ﬂ_q mi.ﬁ:m
cies of higher green planis. Dinitrogen fixation by g o__mnn_ by
nonsymbiotically and naturally by .__m___.:_:.w is not “m_ nonm___”_n_: e
quately for general use; _._os.n«_nnﬂ.. .=:m N is significant for pro E '

nder native conditions. o
qnnam_mzmn“.wn__u_ﬂ“_a various ways that N may be added to the mﬁ.:_m_“_ MHH
undergoes many transformations belore it Is removed. quu_.“_.nz m«:n_ ey
bined N is subjected to complex n:s:.mnm such as prolein formatio T ted by
composition. Nitrogen also mc_ﬁnmqw in —oqﬁ_m:w”ﬂ_ M”M Nwoﬂ““qw%nmmnn_ o

i isms and higher plants, immobiliz 0 /
H__MMM”WH__M”_ lost by mo_m:ﬂwuzo:, leached in the NOj form, and/or re
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moved by erosion. These processes serve to utilize, recycle, or lose N from
the soil-crop system,

Il. COMMERCIAL DINITROGEN FIXATION PROCESSES

Nitrogen fertilizer production capacily and use have increased tre-
mendously throughout the world since about 1975. A number of obsolete
ammonia (NH,) plants have been replaced with new modern plants and
other old, high-production cost planis have been shut down.

The basic processes have changed little from the original means of syn-
thetically producing anhydrous NH,, the starting producl for nearly all N
fertilizers. The reactions are the same and only variations in pressure, lem-
perature, catalyst, mechanical equipment, and gas purification distinguish
the different commercial processes available or in operation (Axelrod &
O'Hare, 1964; Sauchelli, 1960, 1964). Significant economic improvements
have been realized in modern plants by the use of heat interchange
throughout the various process steps and by the use of centrilugal compres-
sors. Advances in technology, metallurgy, mechanical equipment design,
and instrumentation have made possible the modern single-train manufac-
turing facility. The application of centrifugal compressors has been one of
the chief factors in the development of (oday’s single-train plant; it is not
uncommon (o find one centrifugal compressor doing the work formerly
done by 30 to 40 reciprocating compressors. Advances in metallu rgy have
brought about much higher pressure steam-hydrocarbon reformers, which
have greatly reduced the investment in new single-train plants.

A. Ammonia

Anhydrous NH; is the basic building block for almost all synthelic N

fertilizers. Formula, molecular weight, and physical properties are as fol-
lows:

Formula NH,
Percent N (by weight) 82
Molecular weight 17.03
Critical temperature 132.4°C
Critical pressure 11.26 MPa
Heat of vaporization (~33.33°C) 1061 cal/g
Liquid density (O°C) 637.8g/L
Vapor density (0,101 MPa, O°C) 0.7708 g/L
Boiling temperature (0.101 MPa) -33.3°C
Freezing temperature (0. 101 MPa) =77.7°C

Gaseous NHy is lighter than air, but on compression and cooling it be-
comes a liquid about 60% as heavy as water. [tis readily absorbed in water
up to concentrations of 30 10 40% by weight, with the resulting liquid of low
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vapor pressure. Due to the high vapor pressure of anhydrous NHs at nor-
mal temperatures, it is transported in pressure containers. (Gaseous NH,is
extremely irritating to the eyes and respiratory systemin concenlrationsup
10 0.07% by volume. A concentralion of 0.17% causes convulsive cough-
ing, and concentrations of 0.5 10 1.0% are rapidly Tatal after short expo-
sure. While N1; does not suslain combustion, it will burn in the presence
of air or oxygen if a source ol ignition is present, bul combustion will stop
when the source of ignition is removed. The ignition temperature is around
650°C. Flammable and explosive mixtures are formed with air in concen-
trations of 1610 25% NH, by volume.

1. Synthetic Ainmonia Processes

All processes used are basically modifications of the original Haber-
Bosch process in that the NI, is synthesized from a 3:1 volume mixture of
H and N al elevated temperature and pressure in the presence of an iron
catalyst, The 11 may be obtained from waler, natural gas, oil, or coal, and
all the N used is obtained from air, Other than the source of H, the major
differences in the various processes used are the manner in which N is ob-
tained from the air, the method employed to purily inlermediate gas
streams. and the synthesis converter operating pressurcs, With one or (w0
exceptions, the arc process, the cyanide process, the nitridic process, and
the cyanamide process have all faded into obscurity. The manufacture of
NFH; can be broken down into three steps: synthesis gas production, puri-
fication, and NH, synthesis. Synthesis gas preparation involves the produc-
tion of a raw hydrogen gas and the addition of (he stoichiometric amount of
N. Purificalion comprises the removal of CO; and CO, which are synthesis
catalyst poisons. Synthesis constitutes the catalytic reaction of N and H at
elevated temperature and pressure. The manufacture of NH; involves the
handting of three simple materials: natural gas, steam, and air. In those
parts of the world where natural gas is not yet available, it is replaced by
naphtha or other hydrocarbons and the process is only slightly more in-
volved. Refinery gas and cokeoven gas may also be used as the raw H
source for NH, synthesis. A simplified flow diagram for a modern single-
{rain ammonia plant is shown in Fig. 7-2.

2. Synthesis Gas Production

a. Hydrogen Manufacture—The steam-hydrocarbon reforming proc-
ess is now (he most widely used method of generating 11, and natural gas is
the most popular and the preferred hydrocarbon fecdstock. All traces of S
must be removed from any hydrocarbon [eedstock before the reforming
step can take place, because S is a reforming catalyst poison.

After desullurization, the feed gas is mixed with superheated steam,
preheated to315to0 425°C, and passed through tubes filled with nickel cata-
lyst in a fired furnace. The reactions that take place between the sieam and
hydrocarbon are shown below for methane (CH,), the principal compo-
nent in a natural gas feedstock (the first reaction shown is by far the most
predominant and is highly endothermic):

Pre
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Fig. 7-2. Flow diagram for aminonia synthesis plant.

CH, + H;0 —— CO + 3H,
CO + H,0 — CO; + H,.

asocﬂmwncﬂm_%.wﬂqmﬁwwm_“qﬂa_.= from the _..w:_:,_.m_._\ reformer will usually contain
¢ i d hydrocarbon to justify further reforming. This is ac-
omplis ._un_. c.w passing the gas over another bed of nickel catalyst. Co
‘pressed air is ._Enn.na into the gas stream entering the secondar w.m_&q_::f
The no_z_ucm.:oz of the oxygen in this air with a part of the H in uﬂ\_...w qonnq.
stream _u.asn_mm the'heat required for the reforming reaction, and %n :Mmm
nca_ucm:c_m Ncomponent of this air gives the N required to be catalyti ___._-
fixed s_:—.. the remaining H to form NH,. ey
a»:mﬂhm_ Mx_m_u:os is c«%am:_w the second most popular process for the
acture ol a raw gas for NH, synthesis. In this y

M-o%_”_n__mmn ..:52 pressure (o _:on_w‘_nm a gas that no.ﬂﬂmwﬂﬂﬂﬂq%ﬂww“w
.n.ﬁﬁ%mﬂ“ﬂﬂ: _.Mxm_m@ﬂ_a”m@ in a refractory-lined combustion chamber at
emperals .H:ﬁ 0°C. Oxygen or oxygen-enriched air is required for

P ss. The reaction products are cooled and scrubbed to remove C
and are then ready [or the next step of synthesis gas production

- “_q._%_:: Oo:.em_.mma...|.9n water-gas shift reaction presents a conven-
" economic way in which to react or remove CO, which is a synthesis
calalyst poison. The raw H stream is cooled to about 370°C. the steam con-

tentis adjusted il necessary, and th i
) e pasis then passed overaniron-ch
calalyst where the following reaction takes place: e
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CcO + H0 —— COz + Nz,

The economic advantage o this step __m._:n fact that an Er__:oﬂn_ _._.M_A“__M
of H; is produced for each mole of CO ms_:..w.._. \_,r.m removal o_m L hcm;n-:
tional mole of CO; that is formed is a :m_m:,..n_w simple m“,nc. ~= oders
plants CO conversion usually 1akes place in lwo steps. The firsts ono.:na n
is described above, is exothermic. The exit gas IS cooled o-,_,ﬂ:m% heo
about 200°C and is then passed over a copper—zinc nﬂEEmr _ e M:c :.:w
lyst bed reduces the CO content of the gas to 210 3% by ﬂo ::woa d the
second catalyst bed [urther reduces the CO content _o—, e -M .w u.w._: 0
0.5% by volume. These two reactions are commonly re n:n_a.z numu_wm_m
and low temperature shift conversions. The low temperalure shi

have been developed since about 1975.

3, Purification

Oxygen will poison the synthesis catalyst and cause it lo decrease in
activity. For this reason, CO and CO, must be removed.

a. Carbon Dioxide Removal—Scrubbing with Eosn»ruso__na_ﬁmm
(MEA) and with hot potassium carbonate :ANOO_MV_ u_”n :,..”.. _,M_owo_wwwmocm,#a
i -Vitro coke and the catacar ses
(or CO, removal. The Giammarco . e rocessce
i oval system by includingac y
have improved the hot carbonale rem : oA
i i . ‘on. The use of sulfinol solution, a
the circulating scrubbing solution ’
&mmoﬁaa_mq:._:m and sulfolane in water, can also be used to scrub the ra
1 for CO; removal. "
b. Carbon Monoxide Removal—Carbon monoxide can be remove m:ﬂ
scrubbing with a solution of cuprous u:..:,_c_.:cm____ mmﬂ.ﬂ:w _Ho._.ﬂﬂcmmw“w o
moni i enerated with heat. The Sys-
monium formate, Both solutions are regene vos.
i i hemical cost, a rather comph
ms have the disadvantages of high chem | !
_nn:n::m:w, requirement of very close chemical control of the scrubbing s0
:on . and high maintenance cosls. . .
_E_o.ﬂ.rn use Mm liquid N scrubbiag and catalytic methanation :m,ﬂoﬂ__.u .m.w
i i iquid N scrubbing removes
laced copper liquor scrubbing. Liquid _ _
H_m_ CH, E-_-“ this followed by methanation gives the purest __uw q_omﬂ_w_a_w
3:.::25.. Catalytic methanation employs a nickel catalyst at abou

to give the following reactions:

CO + 3H; —— CH, + H,O
CO, + 4H, —— CHa + 211,0.

4.Gas ﬁaiﬁw«.ﬁ-.@a'.wv.:-rmm_.u

i i 10.1103.4MPa |20
forming and purification processes operalea
to moMﬂﬂﬂuzm“::nmn mm:ﬂn (psig)]- Compression om _h%cﬁqowﬂwwcmwmmﬂchﬂ .p_w..
thesi 38.4 MPa (2000 to 7
eventual synthesis pressure of 13.6 L0 O A0 S rccenset
at any point in the ﬁqonnmmvroioﬁq.ag P :
M“_Mo%_u_.www_oa mm M, 13.6 MPa (2000 psig) and there is a final compression
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step between purification and synthesis. Most modern plants employ cen-
trifugal compressors and the synthesis loops operale al 13.6 10 24.2 MPa
(2000 10 3500 psig). Some new low-tonnage plants stilt employ reciprocat-
ing compressors and operate al pressures of 101 MPa (15 000 psig).

The catalytic reaction of I1 and N to form NHj is exothermic and it ts
favored by high pressure because (here is a decrease in volume as the reac-
tion takes place. The conversion of the reactants to NHy will vary from 10
to 30% for each pass of the synthesis gas mixture over the catitlyst bed. In
the generally used process, the purified synthesis makeup gas is com-
pressed and added to the recycle gas within the synthesis loop. The mixed
gases then pass through the waler and refrigerant-cooled exchangers in the
loop where the NH; formed in the last pass through the catalyst bed is con-
densed. This condensed liquid NH, scrubs the fresh makeup gas and re-
moves the last traces of water and CO;. The recycle gas, essentially free of
all oxygen-containing compounds, is then reheated by exchange with the
hot gas from the converter and flows to the catalyst bed in the converter al
about 275 to 300°C. The reduced iron catalyst is normally contained in a
vertical vessel in one or more distinct catalyst beds. The reaction is exo-
thermic and temperatures at the exit of the catalyst beds range from 50¢ to
540°C. Circulation of synthesis gas through the catalyst bed normally runs
from 5 to 10 times the volume of fresh makcup. Internal heat exchangersin
the converters are used to control catalyst temperatures by transferring the
heat of reaction to the incoming recycle gas. Some converters also add
fresh makeup or quench at various points within the catalyst bed to control
the bed temperatures.

Leaving the converter, the hot gas is cooled by water or by exchange
with gas going back 10 the converter. It is then mixed with fresh makeup
gases, compressed, and recycled back to the refrigeration exchangers,
product separator, and converter,

Ammonia synthesis catalysl when charged consists of magnetite
(Fey04) usually promoted with alumina, KCH, and Ca. The catalyst comes
in the form of crushed granules nominally sized from 3 to 12 mm. Con-
verters had a capacity of 50 to 100 metric tons/d of production about 30 yr
ago, whereas today’s modern plants can have converters with capacities up
to 750 metric tons/d and higher.

Gases other than H, and N; are nonreacting and will concentrate in the
recycle gas. These gases are unreacted methane, methane formed in the
methanator, rare atmospheric gases admitted with the air injected into the
secondary reformer, and H and other inert gases present in the feed gas.
These must be continuously purged from the synthesis loop.

5. Ammonia by Gasification of Coal

The rapidly escalating cost of natural gas and petroleum derivatives as
feedstocks for H used in production of NH; has focused interest on coal, a
more abundani resource in the USA and other countries. The basic coal
gasification technology was developed and used in Germany during World
War 11. South Africa has about 30 yr of further experience, and India has
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two large ammonia plants based on coal. Tennessee Valley Authority was
operating a demonstration plant gasificr and purification system retrofitted
to an existing ammonia plant in 1983,

Investment for a coal-based ammonia plant was estimaled al more
than double that for a plant based on natural gas in 1982. Natural gas prices
by 1990-1995 may become high enough to make the more complex and dif-
ficult coal gasification technology cost competitive.

B. Ammonia Derivatives

Anhydrous NH,, a liquefied gas, is the most concenlrated N fertilizer
(82% N) available and is the raw malerial for all other synthetic N ferul-
izers. Special storage, (ransportation, and application equipment are re-
quired. The advantages of storing, transporting, and applying solid fertil-
izers and nonpressure solutions containing N have brought about the
development of numerous solid- or dry-type fertilizers. With NH; and by-
products produced by an ammonia plant, it is possible to manulacture am-
monium nitrate (NH;NO;) and urea without additional raw materials.
Other N-base fertilizers may be manufactured with NH, and various other
raw materials. (See Table 7-1 for physical properties of these).

I. Nitric Acid

Nitric acid (HNQ,), as such, finds limited use in the mixed fertilizer
indusiry or for agricultural purposes. But nitric acid, which is made from
NH, and air, is reacted with additional NH, to manufacture ammonium ni-
trate.

Nitric acid is produced by oxidizing.NH, with air at a temperalure near
950° C in the presence of a platinum catalyst. The resultant gas is absorbed
in water to form nitric acid, The chemical reactions for NH; oxidation and

absorption steps are:

. ANH; + 50, — 4NO + 6H,0

C2NO + Oy — 2NG,

3NO; + H;0 ——= ZHNO, + NO
.2NO + O; —— 2NO;

. Reactions 3 and 4 repeat through absorber

Oxidation

Absorption

L L D)

There are three types of nitric acid plants: (i) oxidation and absorption
al atmospheric pressure, (ii) oxidation al atmospheric pressure followed
by compression of the oxidation product gases and absorption under pres-
sure, and (iii} oxidation and absorption under pressure.

The oxidation catalyst used in all three types of plants is Pt alloyed
with 5 10 10% of Pd or Rh or both. This alloy is drawn into wire about 0,076
cm in diam and then woven into a mesh with approximately 120 openings
per centimeter. The usual catalyst charge is 62 g (2 Troy ounces)/metric ton
per day of 100% acid manufacturing capacity.
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Solubility in water

Table 7-1. Physical properties of solid nitrogen fertilizers.t

°C
100
100
100
100

Hot
7.58

gkg
87.1
10.38

36.4

°C
0
0

Cold

g'kg
2.97
11.83
T.06

10.2

Boiling
point
5208
210

°C

340D
170
235D
1300 S
561

point

Melting

Density
1.53
1.73
.77
2.50

weight
53
80
132
80
164

Moilecular

Formula
NH,C1
NH,NO,
(NH.},S0,
CaCN,
Ca(NQ,}),

Ammonium chloride
Ammonium nitrate
Calcium cyanamide
Caleium nitrate

Ammonium sulfate
Oxamide

Fertilizer
Fertilizer material

100

18.0

1.5

0.004
73
0.98
7.8

aal

290D
380D

2568
307
180
133

1.67
2,26
1.41
1.33

B8

85
76
60

NH,(CO),NH,
NaNQ,
NH,CSNH,
NH,CONH,

Sodium nitrate
Thiourea

Urea

tD

decomposes; S = sublimes.
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a. Oxidation—Because pressure oxidation and absorption is the most
commonly used process today. this is the process that will be described.
Ammonia is vaporized and superheated to about 120° C. The superheated
NH, vapor is mixed with hot, filtered, compressed air to give a mixture
about 10.5% NH., by volume. This mixed gas is then preheated to about
230° C and allowed to flow over the sandwich of wire meshes that constitute
the catalyst. Once lighted with either an elcctric filament heater or a hydro-
gen torch, the reaction between NHy and the oxygen in air is exothermic
and selfsustaining. Approximately 95% of the NHa is converted to N ox-
ides. The hot gases from the catalyst flow through a heat exchanger train
and the heat is used for the following: (1) generate steam, (ii) preheat air,
(iii) preheat air-ammonia mix, (iv) preheat tail gas from absorber, (v) pre-
heat boiler feed water, anc (vi) filicr for Ptmetal recovery.

b. Absorption-—Processed gas from the end of the heal exchange train
flows o a water-cooled dilute acid condenser. Water formed in reaction 1 is
condensed here as dilute acid at 20 to 23% by weight. This dilute acid is fed
(o the absorber trays that operate at this acid strength. Nitric acid absorb-
ers usually have between 30 to 35 trays with cooling ol the liquid on the
trays. Cooling with water is necessary because reactions 3 and 4 are exo-
thermic and it is necessary to remove this reaction heat in order that both
reaclions will alternately proceed to completion to get maximum conver-
sion of NO 1o NO; and absorption of NO; to make nitric acid. When prop-
erly sized and designed, an acid absorber can give about 97 10 98% el-
ficiency.

Caltalylic combustors are now included as a part of almost every new
nitric process. The kinetics of reactions 3 and 4 make it impossible to con-
verl and recover all of the N oxides. About 0.2100.4% N oxides by volume
will be present in the absorber tail gas. This gas, which contains 2 to 3%
oxygen by volume, is reheated, mixed with a hydrogen or hydrocarbon
fuel, and is then passed over the catalytic combustor catalyst. Active cala-
lysts can reduce most of the N oxides to N. This reaction is also exothermic
and thus will increase the tail gas temperature for additional power recov-
ery when let down through a hot gas expander.

2. Ammeoniam Nitrate

Ammonium nitrate (NH,4NO,) is a logical solid fertilizer for manufac-
ture in a synthetic ammonia plant. Nitric acid is manufactured, which, in
turn, is neutralized with additional NHy to form ammonium nitrate. Am-
monium nitrate is a white crystalline solid containing 350 g N/kg (35% N).
(The fertilizer grade material after coating with a conditioning agent con-
tains 33.5 to 34.0% N). About 75% of the ammonium nitrate produced is
used to manulacture dynamite, high explosives, and solid rockel propel-
lants: it can be mixed with aboul 6% [uel oil by weight as a substitute [or
dynamite. .

The reaction between ammonia and nitric acid to produce ammonium
nitrate is a simple acid-base neutralization reaction:
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FINO, -+ NHy —— NHNQO,.

Vaporized and superheated ammonia and nitric acid are sparged or
injected below the liquid level in the neutralizer, The reaction is exother-
mic and the heal of reaction is sufficient to concentrate the neutralized so-
lution (o about B3%. It is then further concentrated o 95 to 96% and
pumped to the top of a prilling tower. From hereitis sprayed and, in falling
to the bottom of the tower through a counter-current air stream, the drops
ol solution chill and solidify. T'he solid prills are collected at the bottom of
the tower, screened to remove oversized malerial, and then conveyed to
one or more dryers where heated air is employed (o reduce the moisture
content to < 0.5%. The dried prills are cooled and again screened o re-
move over- and undersized material. The dry, cooled ammonium nitrate is
then coated with about 3% clay or parling agent to minimize moisture
pickup from the atmosphere, prevent caking, and kecp the product (ree-
flowing.

An allernate to this process is the use of a shorter tower and the prill-
ing of an ammonium nitrate melt at a concentration of about 99.8%. The
solid prills will contain = (.2% moisture; therefore, it requires no addi-
tional drying. Prills produced by this process are slightly more dense than
prills made from prilling a 95 to 96% solution.

The Stengel process also produces a high-density ammonium nitrate,
bul the product is angular as opposed to the smooth, round prill produced
by the prilling process. Nitric acid is preheated in this process to [urther
increase the reaction heat and waler vaporization from the neutralizer.
Ammonium nitrate solution from the neutralizer is concentrated 1o a melt
of near 99.8% and is lowed onto a cooled continuous stainless steel belt.
The melt solidifies on this belt and is then chipped off, ground. and
screened to give the desired particle size. The product is cooled and coated
with clay,

Ammonium nitrate for lerlitizer use is also produced in granular form
by spray-drum granulation (spherodizing) and by granulation in revolving
inclined pans. (Reed & Reynolds, 1973; TVA, 1980). The granules arc
harder and more durable and can readily be produced in larger size.

Ammonium nitrate in all its forms is a strong oxidizer, but it is nol an
explosive in its pure form or when mixed with other major nutrients. De-
fore mixing with melals or carbonaceous malerials, safety precautions
should be observed.

3. Ammonium Sulfate

Most of the ammonia used in agricultural ammonium sullate
|(NH,);S0.] is produced as a by-product of coal coke ovens and in capro-
lactum manuflacture; however, il may also be made synthetically. The reac-
lion is the same for both sources of NH,4

Mz—u—u + T—NMOL —_— Az—n—hvumoh
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Ammonium sulfate is a white crystalline solid, slightly less soluble in
water than urea, with a N content of 21%. It is an excellent source of the
secondary nutrient S. The shift to higher-analysis fertilizers, such as am-
monium nitrate and urea, has reduced the ammonium sulfate market to the
point that by-product ammonium sulfate alone will satisfy the demand. By-
product ammonium sulfate generally enjoys a cost advantage over the syn-
thetic product; by virtue of this and the oversupply sitvation, there is very
little synthetic material being produced in the USA today.

The process takes place in a reactor or saturator where sulfuric acid
(H,S0,) and superheated NH, gas are sparged into a supersaturated solu-
tion of ammonium sulfate. The reaction is exothermic and water is added

‘10 vaporize as steam and thus dissipate the heat of reaction. The crystals

¥

' - . . _ ' - . -
that form are maintained in suspension by agitation or forced circulation.

The crystal growth and size can be controlled by the length of time the crys-
tal remains in the saturator, by reaclor temperature, by the percent [ree
acid in the saturator, and by the liquor recycle rate. When crystals reach
the desired size, a continuous drawolf of solution and suspended crystals is
started. This drawoff stream is filtered or centrifuged to recover the crys-
tals, and the filtrate (mother liguor) is returned to the saturator. The crys-
tals are then dried with heated air, cooled, and coated.

4. Urea and Urea Derivatives

a. Urea—Like ammonium nitrate, urea is a well-inlegrated product
for a synthetic ammonia plant (Scaglione, 1963; Anon., 1963). The 1wo
feed streams required for the manufacture of urea are ammonia and car-
bon dioxide, both of which are products or by-products of an ammonia
plant. The general reaction for producing urea is:

OON + NZ—‘—A —_— OOAZINVN + Imo

Urea is a white crystalline solid, very soluble in water, and the clay-
coated agricultural grade is 45% N.

There are many variations of urea manufacturing processes, most of
the variations are in the methods used to recover, separate, and recycle
unreacted NH, and CO;. The various processes may also be subdivided
into: once-through, partial recycle, and total recycle.

The urea reactor is a large continuous autoclave in which compressed
CO,; gas and heated liquid NH, are reacted at 19.2 10 27.3 MPa (2800 to
4000 psig) and 180 to 195° C. The reactants combine to form urea and am-
monium carbonate [(NH,),CO;}. Conversion and cventual recovery of
ammonia N.as urea N will tun about 30% for the once-Lhrough process, 50
10 R0% for the partial recycle processes, and up to 98% for the (otal recycle
process. Most processes, if not all, operale with excess NHy in the reactor.
The solution from the reactor is heated lo dehydrate the carbonate to form
urea and water. and then the diffcrent methods of separaling, recovering,
and recycling the unreacted NHy and CO; and the carbonate Lhat is not de-
composed come into use. These are so numerous and complicated that no
attempt will be made to discuss them in this book.
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Either prills, granules. or crystals may be produced for the end prod-
uct. Urea solution from the reactor at 75 to 87% concentralion is vacuum-
concentrated to 99.7% melt that is either prilled or granulated (Reed &
Reynolds, 1973; TVA, 1980, 1982). For some uses, the urea is first crystal-
lized and then melted and prilled or granulated. An additive in small pro-

ﬁo:moa provides good storage and handling properties withoul a surlace
coating. Grade of product ureais 46% N,

Urea became the world's leading N fertilizer in the mid-1970s.

b. Sulfur-Coated Urea (SCU)—Granular or prilled urea may be
coaled with S and a sealant to give a controlled-release N fertilizer (TVA,
1966, 1968, 1979). The solid urea is preheated to 65 to 70° C and molten S at
143° C is then atomized and sprayed onto the urea in a rotary drum. This is
followed by a spray of the molten wax-like sealant (polyethylene-
brightstock mixture). The urea is preheated so that the molten S does not
chilt too quickly and gives a uniform coating. The material is then cooled
and coated with a conditioner. Typical finished product contains 36% N
and analyzes about 78% urea. 17% 5, 2% sealant, and 2.5% diatomaceous
earth conditioner.

¢. Urea-Formaldehyde—Urea-formaldehyde or urealorm also is a
slow-release N fertilizer, but unlike SCU, it is slowly water soluble.
Ureaform is a slightly hygroscopic, odorless, white, granular solid contain-
ing about 38% N. Actually, the term ureaform covers many products that
are mixtures of methylene ureas. They range from short-chain water-
soluble molecules to long-chain water-insoluble molecules.

Ureaform encompasses urea-formaldehyde products from the urea-
formaldehyde resins or plastics with almost completely unavailable N to
products with some unreacted urea along with methylene ureas, which give
both readily available and slowly available N,

d. Thiourea—Thiourea is a crystalline, colorless solid (prisms or nee-
dles) having the formula

S

I
H,;N—C—NH,

and a melting point of 180 to 182° C. Itis relatively insoluble in water and
only slightly soluble in ether. The three most common methods of prepara-
tion are (i} heating ammonium thiocyanate (NI,CNS) to about 180° C,
where equilibrium with thiourea is established; (ii} the reaction of hydro-
gen sulfide at about 180° C with calcium cyanamide; and (iii) the reaction of
dicyandiamide and ammonium sulfide at 60 to 70° C.

e. Crotonylidene Diurea—Crotonylidene diurea is currently used in
nonfarm applications as a slow-release N fertilizer. Itis a high-cost product
manufactured by the reaclion between cronolonaldehyde and urea. The
n_._.m___.:om_ name [or this malerial is 2-0xo0-4-methyl-6-ureidohexahydropyri-
mide.
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f. New Urea Forms—Other urca fertilizers in the slow-release group
are being investigated for their advantages in economics and manufaclure
and for their agronomic value. Some examples of these are propylidene
diurea, iscbulylidene diurea, trifurfurylidene triurea, and urea pyrolzates.
Information on the soil reactions of the slow-release materials is included
in another chapter.

5. Other Ammonium Fertilizers

8. Ammonium Nitrate-Sulfate—This malerial, which is manufaciured
by at least one major fertilizer supplier, is produced by granulating ammo-
nium nitrate onto ammontum sulfate nuclei and then coating the finished
product with a conditioning agent. It can also be manufactured as a double
salt of ammonium sulfate and ammonivm nitrate containing 26% N, Its
main use is to provide nutrient S that is needed in some areas and cropping
situalions, .

b. Ammonium Chloride—Fertilizer-grade ammonium chloride
(NHLCH) 1s penerally recovered as a by-product from an ammonium soda
operalion or Solvay Process plant. Inthe Solvay Process, a brine solution is
ammoniated and then carbonated; sodium bicarbonate and ammonium
chloride are formed and the solution still contains considerable unreacted
sodium chloride. The sodium bicarbonale, sparingly soluble in this mix-
ture of salts, is separated [rom the liquor by filtration and then converted to
soda ash by heating.

: C. Other Nitrogen Ferlilizers

1. Calcium Nitrate )

Calcium nitrale [Ca(NQ,);] is manufactured principally in Europe asa
coproduct of nitric phosphate production. It is a while crystalline hygro-
scopic solid containing 15.5% N. It can be produced by reacting nitric acid
and crushed limestone as shown in the [ollowing equation:

CaCO, + 2LINO, ——= Ca(NO,), + CO; + H;0.

The co-product calcium nitrate from nitric phosphate produclion is coated
with paraffin as 2 conditioner for the hygroscopic malterial. Calcium nitrate
is popular in Europe but is not widely used in the USA, because ofitslow N
content and the availability of lime-nitrate-urca fertilizers. Its principal
use in the USA is on citrus, for which il is well suited.

2. Sodium Nitrate

Essentially all sodium nitrate (NaNQ;) uscd for fertilizer purposes is a
natural product mined and processed in Chile. However, a synthetic
sodium-nitrate process has been used in the USA._ In this process, salt and a
70% TINO; are heated to hoiling in a reaction vessel, evolving chlorine and
nitrosyl chlorine as shown in the reaction below:

e
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INaCl + 4HNO, —— 3NaNO, + CI, + NOCI + .0,

The evolved gases are then oxidized with hot 80% HNO, in a column

lo mqoa:nm nitrogen dioxide and chlorine, as indicated by the following re-
action:

ZNOCI + 4HNQ;, —— ONO; + 2H,0 + 2C1.
3. Oxamide

Oxamide is a slow-release N fertilizer that in pure form hasa N content
0f 31.8%. It has the structural chemical formula

O O

il
NH—C—C—NH,.

Recent work on the production of oxamide has been conducted in the USA
3,<>v.. Federal Republic of Germany (Hoechst A. G.). and Japan (Ube
Industries). Hoechst has developed a process to pilot-plant stage in which
:.wn_qomnz cyanide is oxidized in an acetic acid/water mixture with a copper
nitrate catalyst (Riemenschneider, 1976). TVA's laboratory studics have
centered around the oxidative carbonylation of alcohols with palladium
catalysts and quinone oxidants in a single-step process. Ube Industrics’
work has been similarto TVA'shutin a two-step operation.

.._,_._m slow-release characteristics of oxamide depend 10 a large extent
on its granule size. Some evidence also indicates that certain bacterial
action is required before N is released. Cost of production is projecied as
substantially higher than for N as urea. and for that reason the use of ox-
amide would be restricted to specialty fertilizer markets.

4. Calcium Cyanamide

O_.an of the oldest methods employed for the fixation of atmospheric N
:m: agricultural purposes is the nitrification of calcium carbide to form cal-
cium cyanamide (CaCN,). The first step in this process is the production of
calcium carbide by fusian of lime and coke. This is carried out in an electric

arc ?.:.:_no 1o provide the high level of temperature needed. The following
reaction occurs:

Ca0 + 3C — CaCs + CO
AHH_ON + ZM —_— OBOZN + C.

The second step of the process is initiated at approximately 1000° C
and, once started, is self-sustaining.
Pure N must be ysed to avoid oxidizing the carbide to lime and carbon

monoxide. These operations must be blanketed in an inert atmosphere o
avoid explosions.
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Calcium cyanamide is only produced in Europe. Total production was
< 55 000 metric tons of N in 1980.

D. Solutions Containing Nitrogen

Liquid anhydrous NH, is by far the leading form of N an.:.:nmq, uﬁﬁ_m_una
in the USA. Table 7-2 shows N consumption by types of qn:____mn_. in 1982.

Water solutions of any solid N (ertilizer may be F._m.na fordirect E.%_.nm-
tion or as the N source {or blended or granulated fertilizers, Ammonia, am-
monium nitrate, and vrea are the most commonly used N compounds in

fertilizer solutions.

1. Aqua Ammonia

Water solutions of NH; are commonly referred Lo as aqua m::“_:“n
mast widely used concentration is about w.ma\o NH., ,.;:n._. no:nmﬁﬂs s HN
20% N. Some aqua is made al the ammonia plant and shipped .o". e nﬂ.”_:
sumer, hut the preferred procedure is to ship anhydrous NH, ._M_ ere -._._
point where itis then converted to aqua. Manufacture in the ficldis m_mno "
plished by metering and mixing the NH, and water, qo__o.,znm by naomsm ;
remove the heat of mixing. The reaction or mixing heat _man__:.o high, m_”n
the product must be cooled to a lemperature oﬂ. about 32° C “_o ”._zm the
toral vapor pressure down below the atmospheric pressurc and thus mi
mize NH; toss [rom the solution.

2. Ammonium Nitrate

Ammonium nitrate-water soltutions are used almost mxn__,:”:_a_nw._mmm
blending mixed lertilizer solutions and as the N source mm; granulate ._w:-
titizer. The most commonly used solution conlains wu o "_EEM_::H "
trate, which has a crystallization temperalure of 66° C and a densny

1.385.

3. Ammonium Nitrate~-Urea-Ammonia

The main constituents used in ammonium :.:::ol.:ns..mz..z..o_.:.,_ 50~
Iutions are ammonium nitrate and urea with ammonia added _=.mou__n
types. Different combinations of these ingredients arc used o obtain the

Table 7-2. Consumption of various types of N fertilizers in 1982,

Fertilizer type Application

metric tons ol N x 10*

Anhydrous N1, Mw
Nitrogen solutions _.-
Solid urea . H.o
Snlid ammonium hitrate .
Ammonium sulfate Mﬁm
Aqua NH, .
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desired properties. These solutions may be classified info two (ypes—Ilow
pressure and nonpressure. ;
The low-pressure solutions contain free NH; and are used primarily
for ammoniating superphosphate. These solutions have a wide range of va-
por pressure [0.07 to 3 MPa (1 to 50 psig} at 40° C} and crystallization tem-
perature (—45 to + 10° C). Nitrogen analysis varics from 37 10 49% N. For
direct application, these solutions have the advantage of lower vapor pres-

sures than anhydrous NH; and higher N analyses than aqua. .

4. Urea-Ammoninm Nitrate Solution

The nonpressure urea—ammonium nitrate solutions contain ammo-
nium nitrate and urea. The high mutual solubility of the two salts gives a
relatively high-analysis solution comtaining 329 N and makes it one of the
most popular of the N solutions. This solution normally contains 33 to 35%
urea, 45 1o 47% ammonium nitrate, and 32% N. The solution has a densily
of 1,33 kg/LL and a crystallization (salting-out) temperature of (° C. The
addition of sufficient water to dilute this solution to 28% N gives a solution
with a density of 1.285 kg/LL and a crystallization temperalure of — 18°C.

5. Others

There are also a few special solutions that arc used to supply the sup-
plemental elements—Na, Ca, or 5 solutions—when necessary for special
soil or crop requirements. These include sodium nitrate~ammanium ni-
trate (20% N). calcium nitrate—ammonium nitrate (17% N), ammonium
bisulfite (8.5% N, 19.4% S), and ammonium polysulfide (20.6% N, 45%
S).

E. Mixed Ferlilizers Containing Nitrogen

Mixed fertilizers are important 10 agriculture but are difficult to cover.
Only introductory treatise is given in this chapter with more detailed infor-
mation in chapters 9, 10, 12. and 13 of this boek.

- I. Potassium Nitrate, 13.85-0-38.66 (11.85-0-46.19)

In a pure state, potassium nitrate (KNO,} contains 13.85% N and
38.66% K. It is also known as salt-peter or nitre and is a while, crystalline
solid, It has been produced domestically for years by the double decompo-

sition reaction between sodium niirale and potassium chloride (KCI),
which lollows:

NaNO, + KCl — KNO; + NaCl.

In this process, solid potassium chloride is reacted in a hot solution of
sodium nitrate. Sodium chloride is crystallized from solution and is sepa-
rated [rom the hot potassium nitrate liquor. Solid potassium nitrate is pro-
duced by subsequent crystallization and filtration. More information on
this product is given to chapter 10 of this book.
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2. Urea-Phosphate, 17.7-19.6-0(17.7-44.88-0)

Urea-phosphate is an additional compound of urea, a very weak base,
and phosphoric acid (HPQ,), a relatively strong acid. A while, crystalline,
dry powder is formed, which contains 17.7% tolal N u:a_. 19.6% P. Its spe-
cific gravity is 1.759 and its melting point is 117.5° C. This product, known
as carbamide—phosphoric acid, is very soluble in water (202 g/L a1 46° C).

Urea-phosphate is prepared by the reaction of concentrated phos-
phoric acid and solid urea: _

CO(NH;); + H\PO; —= CO(NH,); HyPO,.

The product is precipitated by cooling and recovered by filtration.

TVA is conducting pilot-ptant studies of the production of urea phos-
phate from wel-process phosphoric acid and urca. In one process, the urea
phasphate crystals are separated by centrifuging as comparatively pure
malerial containing 17% N and (9% P (17-19.36-0) :q|§|9._0=€ about
15% of the impurities from the wet-process acid arc :wr.::nn._ in the —u:.:,_-
uct. That is a good intermediate for preparation of liquid fertilizers ol high
quality. The urea phosphate crystals are agglomerated by r..:: of :,_m_c_._ in
a simple system to give the product good handling and shipping properties.

In an alternative process, the reaction mass of urea and wet-process
acid is granulated in a specially designed drum reactor-granulator. The
product granules contain 16% N and 18% P (16-41-0} Ca.T_m.chS. H_a
product made by the simpler and lower-cost process conlains .n.___ of :_.m im-
purities [rom the acid, so il would not be suitable for production of __n__ca
fertilizers of low-impurity content. [t loses very little N on Z:Eon mEu_:mm-
tion and shows good promise in decreasing the loss of N from mixtures with
urea.

3. Ammeonium I'hosphates

The term ammonitm phosphates encompasses a wide variety of fertil-
izers produced by ammoniation of phosphoric acid. m:n: .qn::mmm; may
contain ammonium sulfate or ammonium nitrate as an additional source of
N; the ammonium phosphate may be present as the moncammonium or
the diammonium salt or mixtures of the two. More detailed information is
presented in chapter 9 of this book.

4. Other Ammmonium Phosphates
a. Metal Ammonium Phosphates—Small-scale production of a num-
ber of metal ammonium phosphales having (he general formula

zﬂz—._n—uoa - k—v—mo

have been praduced on a pilot-plant basis. These noE—.oE_.am are capable
of supplying N. P, and various metals over long periods of time. A magne-
sium ammonium phosphate containing 8% N, 17.5% P, and 14.5% Mg is
an example of these compounds.
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b. Ammoniuvm Polyphosphates—Ammonium polyphosphate fertil-
izers are made by reacting ammonia and superphosphoric acid. Inthe proc-
ess, the acid and ammonia are reacted at moderate pressure and at an ele-
vated temperature to produce a fluid melt, which is granulated. This solid
product contains about half monoammonium phosphate and hall ammo-
niurmn polyphosphate.

Anmimonium polyphosphate can also be produced by ammoniation of
orthophosphoric acid, using the heat of reaction to evaporate water and
form polyphosphate. This process, utilizing merchant-grade wet-process
acid, is currently in operation. For more details see chapter 9 of this book.

Superphosphate. monoammonium phosphate (MAP), or diammo-
nium phosphate (DAP) are used as sources of phosphate to makc suspen-
sion fertilizers that are less costly than ammonium polyphosphate: A small
amount of clay is added to promote suspension of the fine solid nutrients.
Suspensions allow higher-analysis triple nutrient fertilizers than liquids
(solutions), plus the addition of higher concentrations of secondary and
micronutrients, herbicides, and insecticides with manageable physical
properties. See chapter 12 of this book for more details.

ITI. ENERGY REQUIREMENTS
A. Energy for Ferltilizer Manufactluring

For comparative purposes, average energy requirements for manufac-
turing common nitrogen, phosphate, and potash fertilizers are summa-
rized in Table 7-3. These estimates are based on an energy-use survey in
North America during 1979 and information from other sources. Conse-
quently, these estimates are representative of actual energy use by fertil-
izer plants in operation. However, one must be careful in generalizing
these estimates for the developing countrics because of the diffcrences in
technology, processes, management, and efficiency. As a result, the en-
ergy requirements in manufacturing fertilizers may be underestimated for
developing countries. Furthermore. the energy requirements are based on
high heating value and total rather than baitery-limits energy estimates.

There ts a substantial variation in energy requirements across differ-
ent fertilizers, ranging from 79.5 Gl/metric ton of nutrient content for
prilled urea (highest) to 3.8 GJ/metric ton for nongranular potassium chlo-
ride (among the lowest). Both phosphate and potash fertilizers usc very
little energy; most of it is in the form of fucl, electricity. and steam. Since
steam and electricily can be gencrated from any commercial fuel, the man-
ufacture of phosphate and potash lertilizers presents a fairly wide latitude
in choice of basic energy sources. On the other hand. N fertilizers are
highly energy-intensive and require energy both as feedstock (source of H
for NH,) and fuel (including steam). Most of the direct and indirect energy

uses in the existing fertilizer sector depend primarily on nonrenewable hy-
drocarbons.
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Table 7-3. Average energy use lor manulacturing selected nilrogen, phosphate,
and potash {ertilizers.

Average energy input, GJ

Percent Per metric Lon Per metric ton
Product nutrients of product of nutrient
Nitrogen fertilizers {N}
Ammonia a2 469 b7.2
Uren: prilled 16 36.6 79.5
granular 46 35.0 76.1
Ammonium nitrate: prilled 34 249 734
granular 34 24.4 71.8
Ammonium sulfate: synthetic 21 126 60.6
hy-product 21 1.7 224
Phosphate lertilizers (")}
Ground rockt 13 1.2 9.2
Phosphoric acid 24 5.3 221
TSP, granular 20 4.3 216
DAP, granular 20 14,3} 20.0
MAP, granular 24 10.89 18.8
SSP, nongrenular 9 1.0 11.1
SSP, granular 9 1.7 18.9
Potash lertilizers (K)
Muriate:# granular 50 29 6.8
nongranular GO 2.3 4.6
average 60 2.6 6.2
Muriate: {1 average 50 4.6 9.2

TTSP = triple auperphosphate; DAP = diammonium phosphate; MAP = monoam-
monium phosphate; SSP = single superphosphate.
1 For direct applicalion, dried, and finely ground.
§ Conteins 18% N. Energy use is §7.2 GJ/metLric ton of N.
1 Contains 11% N. Energy use is 57.2 GJ/metric ton of N.
¥ For North America.
Tt For Europe.

The production of urea requires commercial energy, which is over 8
times that of tripie superphosphate (TSFP’) and 19 times thal of potassium
chloride. This is precisely the reason why many countries that produce NH,
based on imported leedstocks find it difficult to continue operating the ex-
isting N fertilizer industry or plan to phase it out.

B. Energy For Ferlilizer Distribution

Alter the chemicat fertilizer is manufactured, commercial energy is
also required (o pack itin bags, transport it to the farm level, and apply it to
the crop. However, the tolal amount of energy required for fertilizer distri-
bution and application is rather small relative (o its manufacture. The ma-
jorshare of energy required for distribution is used in transportation of fer-
tilizer products and raw materials.

Average energy use for fertilizer packaging, transportation, and ap-
plication is 8.6 Gi/meltric ton of N, 22.4 GV/melric ton of P, and 8.8 GJ/
metric ton of K. Of this amount, transportation accounts for 52, 58, and
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63% , packaging accounts for 30, 27, and 24% for N. P, and K, respectively.
In the case of P and K, since their manufacture js relatively less energy-
intensive, packaging and transportation account for approximately 46% of
the total energy needs on a nutrient basis.

Even though it is difficult to make any generalizations, (wo other fca-
tures for fertilizer transportation stand out. First, trucks are the most com-
mon mode of transporting fertilizer, especially at the secondary level. Sec-
ond, truck transportation is highly energy-intensive. On the average,
trucks use four times more energy than rail and almost nine times more
energy than waterways for transporting | meltric ton of fertilizer for a dis-
tance of 1.6 km,

C. Energy Conservation

Work has been intense since the carly 1970s in elforis to decrease (he
energy required to produce ammonia, urca, and other nitrogen fertilizers.
Engineering firms who design and construct process plants have developed
schemes [or substantial decreases in natural gas requirements for process
needs and fuel in new ammonia plants. In new ammonia and urea proc-
esses, various schemes have been worked out to decrease energy require-
ments as eleciricity and steam, and to more efficiently utilize available
process heat.

Some of the more effective schemes [or energy conservation can be
retrofitted to existing plants. Benefit/cost ratios often greatly favor the re-
quired investments.

IV. TRANSPORTATION AND MARKETING OF NITROGEN
FERTILIZERS

Close to 10.6 miltion meltric tons of actual N in fertilizer materials are
transported from manufacturing plants to distribution terminals, dealer
storage, and farms in the USA. This volume is increasing and has made it
necessary to develop improved systems of marketing and of movement by
railcars, trucks, barges, and pipelines.

A. Transpor(ation

Railcars are the primary means of N fertilizer transportation. The
economy in rates has improved by increasing the capacity of the cars from
24 to 72 metric tons. Rail rates are reduced further through multiple-car
shipments.

Some of the most significant changes have been in the transport ol ni-
trogenous fertilizers. There are now approximately 15 000 ammonia rail-
cars in service. Twenty-four melric ton capacity railcars are used within a
radius of 320 10 645 km from manulacturing plants, terminals, and other
distribution points. The 72 meltric ton capacity (jumbo) cars are used be-
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(ween distances of 645 to 1600 km with the multiple-car shipments used for
the longest dislances.

River barges are also used 1o transport 6300 to 9000 metric ton quanti-
ties of fertilizer [rom Gulf Coasl production points (o terminals in the Corn
Bell. Many smaller capacity barges are now obsolete and are no longer
used.

Trucks, carrying approximately IR melric tons, transport flertilizer
from 1 to 480 km to retail points and farms with more economy than any
other means. One truck, because of its quick turn-around time, can trans-
port as much fertilizer on short hauls as 25 small railcars. The N fertilizer
industry in the USA is built around anhydrous NH,. partially because of its
relatively low per-unit cost. Continued compelitive advantage will cause
consumplion to increase. Its physical characteristics, which make pipeline
transporlalion possible. adds considerably to its efficiency and demand.

Pipelines have been built and arc operating on the concept of satisfy-
ing the foregoing market conditions. The new relationship between the
cost of natural gas and freight rates has made the location of produclion
plants a major economic consideration. The majority of new ammonia
plant capacity in the USA has been constructed in the gas-producing areas
of Texas and the Gulf Coast.

A kind of three-ring circle of service has developed along the pipe-
lines. with the pipeline acting as the long-distance (ransporter. The inner
ring is small trucks of 11 500 to 19 000 L water capacily loading at pipeline
terminals and distributing the load directly to farm applicators within a ra-
dius of 50 km. The second ring. from 5010 180 km, is large truck transports
with 38 000 10 42 000 L water capacity, loading al pipeline terminals and
distributing the load 10 bulk plants having 45 000 to 67 000 L of storage,
The outer ring is 1ank cars delivering 1o bulk plants having 76 000 to
227 000 L. of storage and served by railroads that can provide prompl serv-
ice on demand.

Pipeline terminals consist of high-pressure storage tanks and truck
loading docks capable of loading 100 transports per day and are located at
strategic points along the pipeline. Deliveries of anhydrous NH, o the ter-
minals are regulated [rom a central traffic control center.

Two emergency shut-down stations, one located at the truck dock and
the other at the terminal building. can be used to shut down the entire ter-
minal in case of an emergency.

The first anhydrous N1 pipeline was MAPCO's 1300-km line (Mid-
American Pipeline System) from production at Borger, TX, to distribution
points in Kansas, Nebraska, and fowa. lts capacity is 1170 metric tons/d.
The Gulf Central Pipeline Company system is about 2700 km long and has
a capacity of 1 million metric tons/yr or 2700 metric tons/d. Ammonia en-
ters this pipeline at Luling, LA, and &1 Donaldsonville, LA. A 1100-km
truck line leads to a junction at Herman, MQ. An eastern branch goes to
marketsin [llinois and Indiana, and a western branch serves lowa and east-
ern Nebraska (See Fig. 7-1).

Nonpressure N lertilizer solutions are increasing in usage. Railcars,
barges, and trucks are (ransporting the bulk of this product. Moving and
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~—~—-Williams Brothers Pipe Line Co,
Mid-America Pipeline System

- Guif Central Pipgline Co.
Fig. 7~3. Anhydrous NH, and nilrogen solwtion ¢
Borger (1) and ends a1 Gamer (2): Gull Central st
(4} or to Garner (2) and then Aurora (5); Witli
proceeds to Doniphan (7) or Grand Farks (R).

arrying pipefine. Mid-America starts at
arts al Luling (3) and runs 1o Huntington
ams Brothers begins at Kansas City (6) and

distributing Enmm.‘ materials through existing petroteum pipelines is feasi-
Em and o_._n.v_ﬁo:qn. compary {Wiiliams Brothers Pipe Line Co., Fig. 7-3)
15 Now moving fertilizer solutions from Kansas City to points in Nebraska

lowa, Minnesota, and North Dakota. Even though this means of trans-

porting solutions is in its infancy, it is expected to increase with usage of
these products.

B. Marketing

Marketing N fertilizers, as we know it toda
nated forces that makes things happen beyo
The old marketing concept in which

L. the focus was production capacity,

2. the means was selling and promotion, and

3. the end was profit through volume
has proven itself 1o have serious limitations. The need for cha
brought about by three lactors; Frst,
more fertilizer than the farmers

Y. becomes a set of coordi-
nd the point of produciion.

nge has been
we now produce and have for sale
areusing: second, the numbers of retailers
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have increased; and third, the levcls from which farmers make the decision
to buy have been elevated.

The general marketing policy calls for

I. the focus point 1o be the farm customer,

2. the ;eans 10 be integrated marketing, and

3. the end 1o be profit through customer satisfaction,

This is accomplished through more and more customer mn_.sn..um.

Nitrogen lertilizers are marketed through efficiency-oriented chan-
nels between the manufacturer and retailer. This does not differ from the
marketing of the other fertilizer products. The quu:?n::n; are also
known as suppliers and have their own sales organizations E.ro. service :_.n
retailer. Some brokers exist but are few in numbers and sell _:z.:na quanti-
ties, The Iwo types of retail organizations are independent retail businesses
and supplier-owned retail centers.

i1, ?&mﬁm:&mi Retailers

In the independent retailer operation, all degrees ol ownership of
land, storage, and handling of equipment exist. These may be owned .3
the retailer. but in many instances the supplier retains ownership Lo main-
tain a permanent outlet for the product.

An independent retailer may buy the product as an on-the-spot pur-
chase or contracl for resale. Some independent retailers operale as a con-
tracted commission agent and never hald ownership of the product, and
the supplier carries the accounts receivable, . .

Application equipment is usually owned by the retailers because of its
maintenance problems.

2. Supplier-Owned R etail Centers

In the supplier-owned retail center operation, all land, slarage and
handling, and application equipiment is owned and managed by the sup-
plier; all personnel and management decisions are .:r,an by the supplier.
The advantage of this type of outlel is that the supplier controls all aspects
of the husiness and retains ownership of the physical plant 1o assure a (a-
vorable position for the future. o .

Agricultural colleges have been aclive in aﬁn::_:_,:m the merits o?:n
various types of N fertilizers. They have also ascertained the best lime,
rates. and types ol application. Most manufacturers and retailers base their
sales approach and recommendations on nmmn..n.nnz.qmﬁc:m and recommen-
dations published by their respective state universities.

V. TRANSFORMATIONS OF NITROGEN SOURCES IN SOILS

About 90% ol the fertilizer N used in the USA isin _.:n lorm oq_ZIu or
ammonium-producing compounds and about 65% of this amount is anhy-

e
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drous NH;. The remainder is chiefly accounted for by nitrate in ammonium
nitrate. Improving N fertilizer elfectiveness requires an understanding of
the factors governing N fertilizer transformations in soils. This section will
discuss the short-term chemical and biological trantsformations of fertilizer
N in soils, as well as their long-term behavior, which considers the late of
added fertilizer N, e. g, teaching and denitrification.

A. Immediate Reactions of Mineral Nitrogen Fertilizers

The direct reactions of mineral N fertilizers center on the chemical
transformations of ammonia and nitrate immediately after application, as

opposed to siower transformations that take place over several days or
months.

1. Transformations of Nitrate Ions

Nitrate-N (NO;—N) is refatively unreactive in soils because {i) nitrate
compounds are readily soluble and (ii) there is Iittle tendency for them to
be adsorbed on the negatively charged surfaces of soil colloids. Nitrate is

therefore susceptible to movement through diffusion and mass tradsport in
the soil water.

1
2. Transformations of Ammonia and A mmonium lons

If ammonium salts are applied uniformly to a soil, ammonium jons can
undergo cation exchange reactions and/or precipitation of insoluble reac-
tion products [e.g., calcium sulfate (CaS0,) from ammonium sullatc].
Since ammonium-N (NH =N) is hefd by the negatively charged soil col-
loids, there is little tendency for it to move with the soit water in most agri-
cultural soils, which have cation exchange capacities (CEC) > 2.

I ammonium fertilizers are applied 10 a localized zone, however. the
area around the application zone becomes dominated by the chemistry of
the N source. The scale of this lertilizer-dominated zone may be larpe
(e.g., the 5-cm diam zone around an anhydrous NH, injection) or small
(e.g., the 5-mm zone around a urca granule) depending on factors such as
soil texture, pH, organic matter content, waler content, and N source. Inj-
tial effects of acidic N sources (Ammonium nitrate, ammonium sulfate,
monoammonium phosphate) involve mainly cation exchange reactions
and precipitation reactions. [nitial reactions of basic N sources (anhydrous
NH;, urea, diammonium _:_325_3 are more complex and include (i) the
hydrolysis of urea to ammonium carbonate, (ii) a rise in pH, oftento = 9.0,
(i) a very high fevel of NH;yand NH ! often > 2000 mg/ke, and (iv) a de-
cline in the number of soil organisms. including nitrifying organisms (Fre-
derick & Broadbent. 1966; Pang et al., 1973, Wetsclaar et al., 1972
Creamer & Fox, 1980; Hauck & Stephenson, t965}. The initial sink for
NH, is the soil solution, because NH, is very soluble in water {42 NH,~Ny/
100 g of water at 20° C) (Sharp. 1966). The distribution between NH, and
NH {is determined by the P11 (Fig. 7-4) according 1o the equation:
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Fig. 7-4. Percent of 1o1al N as NH, and N1 ¢ at various pH levels.

NH} + OH- === NH; + H,0. (1

Dissolved NH, will move in response (0o &::%c: maﬁ_._n:_m.d”.ue”ﬂwﬂ
flow of the soil solution. Tt will be no:,;..._‘_.na 521'_\_ by :_mmn:sm i._ : n_no..
clay minerals, and organic matter. Soil inorganic —:__n:wzm m“__ﬂn_gnﬂnhmzmo
gen ions (H™") for this conversion from mnn:m:mmmc_o.z m“: cxchange
e ey adsorhed hydrated fons such 25 aluminur

i iati f water on clay-adsorhed hy . . al :
M_M”ﬁnv_ﬂq_ﬂﬂ_wza (Ca?*) (Moruand, 1966). The soil onmﬂ_.s_n ﬁm:n:ﬁo_mmwu:%v
plies H* from carboxyl groups TA.H0.0IV and pheno _nrmq _u_n oH)
(Broadbent & Stevenson, 1966). Tt ;r.:._—vm:ﬂ:_.”.ﬂmw%ﬁ.”_on“%%_mmﬂ ©a
large capacity (o absorb Z_‘_...n:..nq a broad p ' a_.c I .nc:ﬁ..: e
dominant factor in such retention because 1t is re ated y : , ype

{ ic matter conteni. Under acid conditions, 7.: 1, retenti

M_uq n““ﬂmﬂ__ﬁ%ﬂ”wzﬂ”%ﬁ_ by reactions with soil minerals; retention ::QM Wm-

m_nﬁno_.:::o:m is primarily associated with the organic fraction (Parr a-

pendick, 1966).

3. Ammonia Fixation in Organic and Mineral Forms

_ f wohinh
By and large, the above NH, transformations produce z__.ﬂ__.. ih.:MMn_um
chemically and physically accessible for ﬁ_mi 1ﬁ-=rm.. Other :MM cﬂ ac
tions can occur, however, which place the lertilizer N in compoun
iologicat availability. . . . i
’ mmo_:n of the NI1; may be chemically fixed by qnmn__:_._m L_”:_: Mﬂm“n.“m
ion’ isms arc vague, but are thought toin
matier. The reaction Ennrua_ﬁz.; . . N
NH, reacting with oxidized lignin and various n::__w:% Nwﬁ_ummd%:umrm%nh
imerizati i i lexes resistant to diss
olimerization, which resul(s in comp . ! ]
w me action (Broadbent & Stevenson, 1966). These n:n-.:_n..__ _,__“S:o: an_dna
:,w.u:m are favored by high pH and high NH, no:.nnz:m__o:m. these ar
expected conditions in an anhydrous NHyinjection zone | tal ot
The ion NH*is also subject 1o chemical fixation E_._:._z the crys L
tice of nu_um::::m 2:1 clay minerals {e.g., vermiculite, illite). It is jus
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right size to enter into the hexagonal openings between oxygen atoms of
the silicon layer of clay minerals. If the crystal lattice contracts, NH; be-
comes fixed and is not readily accessible for jon exchange reactions. Potas-
sium interacts with NH ! fixation and release because it is the same size as
NH]. Potassium can maintain a clay lattice in a contracted state and thus
block the release of fixed NH + A 50il’s capacity to fix NH{ increases with
its content of expanding 2: 1 clays, with pH, and with the NH } concentra-
tion. These conditions will most readily occur in an alkaline high NH, envi-
ronment. The biological availability of fixed NH} has generally been con-
sidered to be small, hased on many laboratory and greenhouse studies
(e.g., Mortland, 1966). Fixed NH  is not readily nitrified, but it may be
slowly released over the course of a growing season depending on the K
status of the soil. Recent field investigations show fixed NH ; to be more
readily available to crops than was previously thought, possibly because

the plant is removing interfering K* (Nommik, 1981: Kowalenko, 1978;
Kowalenko & Cameron, 1978; Van Praaget al 1980),

B. Nitrification of Ammonium Fertilizers and Other Biological Interactions
]

Nitrification of ammonium salts was investigated for a number of years
belore anhydrous NH; and urea came inta prominence. These studies re-
vealed the nature of nitrification and the importance of environmental fac-
tors such as soil pH, soil water content, aeration. and temperature (Alli-
son, 1973; Black, 1968). In general. the conversion of NH { to NOjsseldom
affects plant growih, particularly if the NH tis dispersed throughout a large
volume of soil. However, the practice of NHy injection and localized urea
application has imposed a new sel of conditions on the nitrification proc-
€ss,

Nitrification is the biological oxidation of NH j to NOj, which can be
represented by the following equation:

Nitrosomonas Nitrobacter
NH! i '+ Noy e

+ OoXygen + oxygen

NOj. (2]

Three important features of nitrification are apparent (i) it is a biological
process, which means it is affected by several environmental factors, (i) il
requires oxygen, and (iii) it is an acidifying process. The organisms primar-
ily responsible for these steps are the acrobic autotrophic bacteria Nitroso-
monas and Nitrobacrer (Alexander, 1977). In contrast with the hetero-
trophic soil organisms, whose source of C and encrgy are plant residues
and soil organic matter. the autotrophs use CO, for C and obtain energy
directly from the oxidation reactions. Since these (wo groups of bacleria
are solely dependent on the supplies of NH [ and NO3 lor growth, it is ap-
parent that the amount of these substrates governs their number and con-
sequently the oxidation rate. When an ammoniam fertilizer is added to a
soil an initial lag phase is often observed in the nitrification process. This
does not usualiv occur during nitrification of the Jow levels of N released by
- !
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ammonification of the soil organic matter. The delay .__dl.;..cu:o_”. of ”u_””“”.
izer N can occur at the NH [ to NOzstep or :._n NOs10 NOjy m_n_yﬁ.,__/___Oo.:m o
:ri:‘ the conversion of NO7to NOjis rapid u.:a only traces of N H—On "
soils. The 1ag is usually attributed 1o insufficient numbers oﬂ. nitri M.:mqp -
.mm:.m.ﬁ._:m resulting from specific inhibitors (see chapter 8 of this r.oo .v__q_mm._-
high levels of NI, or from high salt concentrations. The ao_mw_ _n___ ™ . :.E
100 i . - rather, il is a temporary evenl durn

tion is not a long-term cffect; ra , -
averall process of oxidizing NH o NOs. Nevertheless, these am_.wﬁ_mm qma_
fect the reactions of N fertilizers with soils (see later discussion 0 3
actions in soils).

I. plt and Nitrification

Nitrification can take place over a pH range of .H__z::m mm-c ___A_f c:“d___:_w
: i -1 < 5.5, althoug
api 17 and is markedly reduced at a pti ,
most rapid near pH 7 and | PN A
pmi i i il texture and the native orga .
lower limit varies with the soi the na o
der, 1977). Since nitrification produces N:”_.QJ it is nol __Sﬂ_ﬂ“d_.m_“_ ﬁhm«
itrs [ . ith time, especially in poorly 5
pitrification rates decline w1 . e e,
[ il i i ch as ammonium sulfale. §
soils fertitized with acidic N sources such as n e e S of
nitri i i id soils is primarily due lo slower g
nitrification rate in strongly act wih of
the bacteria. but some believe it may be due to greater loss ﬂ%m\/w“qo:ﬂ
ical decomposition of NOzin acid environments (Allison, .._..‘_h_:w M in the
. i 1d ] nanas, have an opl
The ammonium oxidizers, 2:3,49 nas, have r he
alkaline range (ca. pl4 7 10 9). while the nitnite cx_a__m_nmm.wz:maww__mﬁhﬂmﬁ,_:
ul L3 [ . . i . )
i i vironment (ca. pH 6.5to /.. .
fer a neutral to slightly alkaline en H (A exat
der. 1977; Frederick & Broadbent, 1966). Under acid _om =9_:_“_,__.__ ond
ion 1 te; when pl1 valucs excecd & and 3 :
tions, NO3 does not accumulate; . CxeC O emporary
i ] activity may be restricted, which causes or
are high. Nitrobacter activily _ A il
i ? above (section V A 2), the .
accumulation of NOj3. As noted a (sectic | ditions
frequently occur in an anhydrous NI, injection zone ot In M:n 5”__“.._M e
around a urea granule. With time, the NO7will g_::mn... away qou.z.:nc. ”z:r
an idi i undergo various reactions associ !
and become oxidized or wil ; ssacte o
i i tain highly calcareous 50115 .
HNO,, except, peshaps, in cerlatn | careous Soils W e e,
i 961). Nitrification of a locahize 3 i
long-lived (Russell, { . \ e
i i i where NO7is readily produced,
lion begins at the outside edge, iis AT
ane where NO7may have tempor: ;
ceeds toward the centerof the z e e e ying
1, is oxidized Lo NOjy and the a pa
mulated. Eventually. the NH, o ! SR
idh i : its initial value , depending on S
acidity will lower the pl{ below . | out
.?::Nnmvmn:w (Frederick & Broadbent, 1966: Panget al., 1973; Wel
etal.. 1972).

2. Soil Water, Aeration, and Nirrification

v_ « ! € Ll 3 v 1,
——_m —__——._ﬁu :._m : icleria _—_Cm in —Tmc_cﬂﬂ —ﬂﬁ——.—:ﬁ_:ﬂ_: —A: OX mn_
S N{ t 1 _AHTN as we 15 Tlé b T t -

mv b —_n. ce Lan n.—o__—n.—_‘_ﬂun—ﬂ' w -—m.—\_ ﬂ__ﬂ
A nce ——.— -__mﬁv:—_m.- e ae \
—:ﬂn_nﬂ -ﬂ—a_:qv—-_ﬂ_— _u—uﬂ ween ___—___ calion an _m:—— Enaﬂﬂ_ ﬂ.o:—mz— .—m_a.——_c: 15

1 lwe 1 and
_u 0 € b m.-

— —_.— L0 ASsess :ﬂﬂ IS¢ A-_ the ¢ | —ﬂ clau h
at ﬁ-.-: S5€e5! Al —- om _ﬂx n e — 1 ns —wmnf{ cn ma-— 15
——N:mt0u- mo‘ﬂ éﬂa_.ﬂ_—. ﬂos-‘n:ﬂq ﬂ:f_. dﬂo—ﬂam__nn—— A-ﬂ:c_—%. ——O({@c@— . —ﬂ‘ﬁn.:ﬁ_-
_—.—Q_ﬂm-—nﬁ H—._m—ﬁ ﬁﬂﬁ—ﬂn_-m —.—-G n:ntmﬂ_- ﬁ-:_ﬂﬂ_;_ alion —_O_: NO 1o —— wﬁ ﬁ—Oﬁ.m __°~
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appreciably change the nitrification rate, but a further reduction 1o about
2% reduces nitrification by 50% and < 2% oxygen nitrification is negligi-
ble (Amer & Bartholomew. 1951). As soil water content increases above
field capacity, nitrification declines sharply and with complete walter log-
ging nitrification ceases, except for a small amount at the soil surface. Be-
“low field capacity, nitrification continues over a wide range of soil mois-
tures extending nearly 10 the wilting point, with the optimum in the range

from 70 to near 100% of field capacity (Allison, 1973; Tisdale & Nelson,
1975).

3. Temperature and Nitrification

Nitrificalion is strongly affected by temperature, with maximum rates
occurring between 30 and 35° C (Alexander, 1977). Frederick and Broad-
bent (1966) summarized the temperature-nitrification relation by noting
that at 5, 10, 15 and 20° C nitrification was 10, 20, 50. and 80%, respec-
tively, when compared with the 25° C nitrification rate. Hlowever, soils
vary considerably in their nitrification rate since some soils have nitrifica-
tion rates near 100 kg N/ha per week at 5° C (Sabey et al., 1959). Nitrifica-
lion probably occurs at [reezing temperatures and it appears that oxidation
of NO7y is slowed more by decreasing temperatures than NI} oxidation
(Black, 1968).

Interest in the temperature-nitrification relations has been stimulated
by continued questions about the feasibility of fall fertilizer applications.
As indicaled above, however, nitrification can be substantial, even at cool
soil temperalures. Nitrate produced during the autumn, when there is litile
plant growth, is more likely 1o be lost by leaching or denitrification than
nitrate produced when a crop is actively growing during spring or summer.
Field studies often show that fall-applied N is utilized less efficiently than N

applied shortly befare the growing season of during the growing season
(Welchet al., 1971; Stevenson & Baldwin, 1969; Nelson & Uhland, 1955).
Nitrification inhibitors offer the prospect of reducing these overwinter
losses under certain conditions (Hergert & Wiese, 1980; Nelson & Huber,
1980; Touchion & Doswell, 1980; also see chapter 8 of this book).

4. Nitrification and Nitrogen Source, Placement, and Particle Size

The N source, placement. and particle size can also influence nitrifica-
tion. As noted above, alkaline N sources (anhydrous NH,, urea. diammo-
nium phosphate) usually have an associated high pI and high NH; zone
near the fertilizers, which can reduce nitrification rates and may even cause
nitrites to temporarily accumulate. Acidic N sources (ammonium sulfate,
ammonium nitrate, monoammonium phosphate) can affect nitrification in
asimilar manner in certain alkaline soils {Broadbent et al.. 1957; Bezdicek
etal., 1971}, but more common occurrences would be delayed nitrification
rates from (i) salt effect (Wetsclaar et al., 1972; Hauck & Stephenson.
1965} and (ii) the reduced pH associated directly with the N source or from
the acidity produced during nitrification (Broadbent et at.. 1957; Hauck &
Stephenson, 1965; Nommik, 1966). The particle size also affects nitrifica-
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tion somewhat, with nitrification rates gencrally decreasing as particle size
increases (Hauck & Stephenson, 1965: Nommik, 1966). The above elfects
are enhanced by fertilizer management practices that concentrate the fer-
tilizer in a small volume of soil so that the fertilizer dominates the soil-
fertilizer interaction, ¢.B., large granules or band fertilizer applications.
The delayed nitrification rates discussed above are usually of a transitory
natiire and under normal conditions nitrification is complete within several
weeks.

5. Nitrification and Sail Mineralization-Immobilization

Nitrification of fertilizer N can also be affected by the microbial
mineralization-immobilization process, which is continuously occurring in
soils. The balance between mineralization and immobilization is greatly al-
lected by the proportion of C and N (i.c.. the C/N ratio) in the subsirate
undergoing microbial decomposition; other factors such as quanlity of or-
ganic matter, soil pH, and environmenial factors can also alfcet it. Sub-
strates rich in N emphasize the mineralization phase. which results in anel
NOj7 production. while substrates low in N emphasize the immobilization
phase which may readily deplete the soif mineral N pool and therefore de-
tay nitrification (Alexander, 1977; Black, 1968). Commercial fertilizers
take part in the mineralization-immobhilization cycle, particularly ammo-
nin sources, which are more readily immobilized than nitrate saurces
(Allison. 1973; Legg & Meisinger, 1982).

Ila substrate with 2 low N content Je.g.. corn stalks ( Zea niays L.) or
wheat straw ( Tritictem aestivum L.)} is being decomposed when N fertil-
izers are added. it is quite likely that a significant quantity of lertilizer N
will be incorporated into organic N compounds that are only siowly availa-
ble (Frederick & Broadbent, 1966). In the absence of recent residue addi-
tions, net mineralization is the dominant process. However, it should be
realized that some immobilization takes place whenever a N fertilizer js
added 1o soil, particularly an ammonijum fertilizer (Frederick & Broad-
bent, 1966, Legg & Meisinger, 1982).

C. Gaseous Nitrogen Losses

Gaseous N losses constitute important N transformations in virtually
all soil-crop systems. These losses primarily involve (i) denitrification, (ji}
NH, volatilization, and {iii) other losses such as NO7 decomposition and
nitrous oxide (N,0) evolution during nitrification. These N transforma-
tions involve the interaction of several hiological, chemical, and physical
factors within the soil-air-water system, which are difficult to describe and
control under experimental conditions. Under field conditions, the inter-
relations are not well understood and our present knowledge of the under-
lying principles controlling the processes is inadequate. Nevertheless,
there is much evidence from field N balance studies, lysimeters, and labo-
ratory studies to indicate the magnitude of such losses and to outline the

conditions that promote such losses.
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1. Denitrification

Un_._.:lmn.,:_.o_._ i5 microbial respiration that yses nitrale or nitrite as
the terminal electron acceptor and thereby reduces N ta various gascouys
products .m:nz as N, and/or N,O (Alexander, 1977; SSSA, 1984). _Lcﬁm,n
[rom denitrification range from 0to > 709, although mosy reporied Si,p._nw
fail cn_s._ma: 10 and 309 for customary N rates applied 10 field Crops o_._
well-drained soils (Legg & Mecisinger, 19832: Hauck, 1981). The mmzn:.,_ se-
quence for denitrification is thought (0 be the following: .

NOj —— NOy —.. NO — N,O — N,

although soil microbiologists are hottotally agreed on the precise pathway
A>_mum=n_.nq_ 1977, Firestone, 1982). Om:_._:.J:.:m bacteria are found iy at
least 12 different Benera and are quite abundane tn soils (Firestone 1982;
x=od<_nm. 1981). Denitrifiers are facultative anacrobic bacleria ".:ﬁ__ :.c.:_
obtain energy from oxidizing the soil organic C, although some cay ...__a,c
oxidize inorganic chemical compounds such as S. Under aerobic conditions
they use oxygen as the terminagl clectrop acceptor, but under anacrobic
conditions they use ZmeanR__._-m to the above sequence,
mmew:.._ factorsdetermine the rate and exten: ofdenitrification in sojls

The an_.__:._gzm organisms muss of course, be Present along with g mm_u_u_,m
of NO3; but in addition, there are other factors such as {he (i) supply of

oxidizable energy, (ii) aeration, (iii) soil p1, (iv} soil temperature and (v)
piants. .

a. Energy Sources and _vni.lmna:::I'E..:Q investigators have ob-
mn?.nn_ that denitrification generally increases as sojj organic Cincreases:
denitrification is often negligible in spjls Conlaining < | % :ﬂmh__:_m ﬁ.
(Bremper & m._:.E 1958a, b McGarity, 1961). This general relation exists
because organic Cis (he chielsource of electrons used (o reduce nitrate and
because Coxidation also decreases (he soil oXygen supply. The source of C
could be _rm native soil organic matter O an organic amendment (e.p..ma-
nure, which has been shown to markedly increase gascous loss of ?:._..___Nn_,
N{Rolston et ai,, 1978]). However. the important factor is not necessarily
the total C content by rather the biologically avaitable C. Easily a,mnc.:.
uomn.a tompounds, such as simple sugars, pPromote denitrification more
::__a.__w than more lignified seurces such as siraw or corn stalks. Laboratory
m:E._m.m have shown that the level of water-soluble C is strongly related 1o
denitrification (Bremner & Shaw, 1958b: Burforg & Bremner. 1975 Sy.n.
forder al.. (975b). 11 denitrification is intermittent under :n_a_. no:m_m:o.:m.

it is quite likely that (he Jevel of soluble C wil| determine (he short-term
denitrification rate.

b. \.’e.ﬁ:o: and Denitrification—The s0il oxygen supply is a major
noz_qc_.__:m factor in denitrification. Low soil oxygen levels resuly inan in-
crease in the synthesis and activity of denitrifying enzymes and also affecq
:.5 supply of NOj by slowing nitrification (see above). Concentrations of
dissolved Oxygen need 1o be quite low, approximately < (.2 ppm, before
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denitrification begins (Greenwood, _cow... m_c:_...__n:n_oqm. 1968). .mo__ waler
content, assuch, haslittle effect on n_o_.:.::n::s_r butil mqn:_:.‘._ﬂ__“._._m.:nom
the oxygen diffusion rate since oxygen a__::m.nm :”.:Em: EM:Q___ w_v__:w_”
slower than air. Because of this, mn:::nn:.:c: is not normally .,_.—:o €
in soils drier than about 80% of field capacity. m.n<mﬂ.=_ complex factors in-
fluence denitrification. such as total ..::._ porosily A_:m_zn:nom_.c_u\_ __mxwp__mm
and aggregation), length of the oxypen ditfusion path T.:::o.:rﬂ— ”w M_c__c:
content and aggregate size), and the axygen consumption ?.:n c._ h n !
In nature the situation is further complicated _...w the fact that soi A.:r.::nq
matter is not uniformly mixed throughout the soil butis present ,..,.. _:.onn” ,,i
root orresidue debris. 1thas generally _So__ accepted that soils can m:_:_.d ta-
neously have well-acrated zones near air-(ilied pore spaces and poorly aer-
ated zones near the center of large apgregates or near rapidly ann_::.:..o.ﬁ““m
organic matier. The proportion of the s_o__.:n::m._,_ Vs, :_m._ucoq y .F:“ °d
zones can he affecied by seemingly minor n_::_m.mm in the soil .,,.E._n._._ﬂ.”c” n==
or oxygen consumption rate. For example. a rain mros_nroq irrigation ¢
readity trigger denitrification losses ::.:_o: & Lund, 1980). | -
Acration also affecls the proportion of Z.NO m_._a.im proc __nm_“. e
dominant product is N» under strictly anacrobic conditions, bul "_ ..uﬁ_uﬂ”
portion of N,O usually increases as the oxygen stress n_n.nqmﬂmmm., I anc
dent from the foregoing discussion ::_,_ sail n_nz_:_:n,u:oz _m._..__...w:w. y
poor aeration, but poor oxygen m:_i__nm may occur in mncm?.___ i..zm.ﬁ_m_;
through long-term, large-scate flooding, c.g., poorly a:::wa mm_ m.._u_” _““ .:w..
culture; {ii) through a Jong-term, small-scale process associate ;M_ q,o.:.z_-
aerobic microsite surrounded by an mm.q::_n soil, c.g., the No:m_..En-mnm_n
ing decomposing organic malter; or A__._v through a m_do:.._o:.:_ mqm,_ﬁ,no:m
process produced from temporary ﬁ.n::.n_m c_.ﬂ poor acration, n.m.;_ _wm:::.
losses associated with rainfall or irrigation. The largest ﬂoﬂm-_:_u e
fication losses occur in very wel soils that have an abundant supply of avai

able C.

c. Soil pIT and Denitrification—It is not possible Lo Emnmmn_w.an::.m _:m
relation beiween denitrification and pH for all soils A._F.:w 8.:.:“._ Eﬂm:ﬁo-
the n_n.::::::m organisms and A:o.ﬁc_n:::_ changes in mﬂ__ t:_ ::..: r ._H.
tertogged conditions. However, :. is generally observed _. ..,: :n mn_._ »_qnw :
tion has hittle cffect on denitrification between pl 6 and 8; as —ro p E.Mx__“,.
< 5. denitrification usually decreases markedly ES:::”J &5 ﬂi. ! ;
Burford & Bremner, 1975; Firestonc, _cxmv,. u._:_o:m: soils are :Mfmm: y
encountered with significant denitrifying activity < pHS5 Am_ﬂvﬁh 4\03H
ficld, 1965 Gilliam & Gambrell, [978). Sail :.n:_:z also u:oﬁw_“_ Mun“. E__“g
sition of the gaseous producls. i.e., the q.n::::u abundance of N; > 5. M
Above pl 6, N; is usually the ?2_035:.3_@.,_3.05 an:ﬁ_.ﬂq_— __,E.UA:MU
N,O given olf during the early stages of denitrification. As :_m__” A_uﬂu.. ,:L
the proportion of N>O increases with N,O o:ma becoming #mn omin
product when soil pH is < 5 (Alexander. 1977; Firestone, 1982).

d. Temperalure and Denitrification—Since denitrification m.m a micro-
bial process, it is markedly alfected by temperature E.:: the optimum usu-
ally near 30°C. From 1010 30° C, denitrification rales increase steadily with

iy S
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the 10° C rate often being about one-half the 20° C rate. which in turn is
about ope-half the 30° C rate (Bremner & Shaw, 19580 Cho ctal., 1979,
Stanford et al., 1975a). Below 10° C, denitrification decreases rapidly and
the reported lower limits vary from 2 10 10°C, depending on factors such as
incubation technique, oxygen demand. and availabie C (Bremner & Shaw,
1958b: Choet al., 1978; Gilliam & Gambrell, 1978; Stanford et al., 1975a).
Below 2° C, denitrification is nephigible,

e. Plants and Denitrification—Plants may either increase or decrease
denitrification, depending on the particular soil factor limiting denitrifica-
tion such as available C. oxygen supply. or NOgylevel. Plants increase deni-
trification by (i} consuming oxygen through root respiration, (ii) releasing
readily available C through exudation and stoughing of root tissue, and (i)
by maintaining a high microbial population in the rhizosphere. They can
reduce denitrification by (i) removing NO7 through crop uptake. (ii} re-
moving NH }, which could readily be converted (0 NO7T, (iii) reducing the
soil water content, which improves the oxygen supply. and (iv) directly in-
creasing oxygen availability in the rhizosphere of plants that transport oxy-
gen, such as paddy rice. Research evidence supports both of the above
views, i.e., plants may either enhance or hinder gaseous N losses,

Allison (1955) used data from several lysimeter experiments and con-
cluded that plants generally promoted N losses. He estimated the average
gaseous loss to be about 20% from 51 cropped lysimeters, while compara-
ble uncropped fysimeters lost about 12%. Stefanson & Greenland (1970)
and Stefanson (1972b) grew plants in gas-tight chambers and found (hat
cropping enhanced denitrification losses when the soil walcr content was
50 to R0% of field capacity. Later work also showed greater gascous N
losses with plants, particularly when nitrate sources were added 1o soils
near field capacity (Stelanson, 1972 a.c) and to soils with low available C
(Stefanson, 1976). Similar findings of greater gascous N losses with crops
have been reported by Rolston et al. (1978) and by Volz et al, (1976), who
used instrumental field microplots. Woldendorp (1968) and Smith and
Tiedje (1979) concluded that denitrification is stimulated in the vicinity of

plant roots, particufarly when NO7levels are high.

Other researchers have found that plants cither decrease or have little
effect on gaseous N losses. Carter el al. (1967) used ficld microplots and
recovered 92% of the added "N fertilizer on fallow plots as compared with
a 94% recovery on plots cropped (o sudangrass | Sorghum Sudanense
(Piper) Stapf]. Craswell and Strong {1976) also used "*N in microplots and
reported that wheat was an effective N conservalion agent beeause of its
direct N uptake and its depletion of soil water. Similar fertilizer N recover-
ies were observed in fallowed and cropped plots by Kowalenko and Cam-
eron (1978). Smith and Tiedje (1979) showed that plants can effectively
reduce denitrification when NO7jconcentralions are low. Itis also notewor-
thy that although Stefanson usuitlly observed greater N losses with plants,
this effect was not observed with undisturbed soil cores (Stefanson,
1972d).

Under field conditions, the above plant effects interact with soil prop-
erties that limit denitrification and with the type of denitrification event
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{e.g.. large scale Mlooding vs. periadic poor acration) o _.:oﬁ__:nm :i_,_.__:_._
gaseous N outpul. The end result of these complex processes is a__a._n.c t
(some would say impossible) 1o predict: however, the prevailing opinion
seems to be that denitrification rates are increased by plants because deni-
trification in most fertilized soil-crop systems is C-limited.

2. Ammaonia Volatitization

Ammonia volatiflization is a major avenue for N loss for _:vanm.mmna_
ammonium sources on calcareous soils, for su lunn-mﬂ_u:_n.n_ urea on acid or
alkaline soils. and for anhydrous NH;. >5=5=E. <o_m:__mm.__o_.d is & com-
plex process affected by several interacting n—_o._.:_n:_ and _..Em_n.__ factors
as well as soil, fertilizer management, and environmental lactors. Under
some conditions, losses of 50% may be encounlercd v_m_ more common val-
ves would be 510 20%, depending on several factors discussed below (Nel-
son, 1982: Freney & Simpson, 1981).

a. General Principles—Ammonia losses :ci.::__v:_qo:m Z._._.._ qn.m:_.
from its rapid conversion from a liquid to a gas n_._._::m and .,._=nq injection.
Thesc losses can usuatly be avoided by applying it ata sulficient depth m:.n__
under appropriate soil physical and moisture conditions thal ensure a rapi
closure of the injection channel. . .

Ammonia losses [rom urea occur readily because ureais m:uwi_::.nu__w
hydrolyzed to ammonium carbonate :Z_._LNA.HO.; through the :7:_=“."o_._w
enzyme urease. Ammonium nm&d:..,__n qﬂz_.__v_ decomposes to produc
NIy and CO; according to the following reaction:

2NH, + CO,

-:o E_
:uz-oolz_..u.:mmmm Az:.roou u 2,0
H,0 +H,0

2NH,* + OH™ + HCO,

The proportion of NIy 10 NH {is determined by the local pl 1 (Fig. 7-4). An
ammonium carbonate solution has a pH of about 8.6 (lauck & Stephen-
son. 1965), which sets the stage for large N, losses [rom hydrolyzed urea
whenever the NI, is free to escape to the almosphere (e.g., surface m_.:u”__-
caltons). Such losses can be particularly large ::.:3: .onmqnmmac_ on :._ﬂ_._.
ows or small grains and should be expected on either acid or m_r.,.__zm.mo_ s
due to the high microsite p}l surrounding a urea granule (Freney & Simp-
son, 1981: Nelson, 1982; Terman, 1979). . .
When ammonium [ertilizers are applied to calcareous soil, the solubil-
ity of the calcium salt formed [rom the anion accompanying NH; must also

be considered as shown below: 2NH, + GO,

NH,X + CaCO,— CaX + (NH,),CO, -2H,0 [4]

9NH,* + OH™ + HCO,~
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Il CaX is insoluble (e.g.. if X were 507~ or HPOI"). the reaction favors
production of ammonium carbonate and subscquent decomposition 1o
NH.. If CaXis soluble (e.g..if X were NOsor CL7), then ammonium car-
bonate formation is not favored and NH: losses are greatly reduced (Fenn
& Kissel, 1973; Terman. 1979}, Ammonia losses from monoammon-
ium phosphate and ammonium polyphosphate are thought (o be low
due (o the formation of metasiable reaction products such as
O=A2Ib~:._1OLN - H;0 and Ca(NH,):1"0;, - H,O (calcium diammonium
phosphate and calcium ammonium polyphosphate) (Terman & Hunt 1964,
Terman, 1979).

Ammonia losses also occur quite readily if N fertilizers arc added 1o
the loodwaters of paddy rice. Reported losses for urea are as high as 20 to
50% while ammonivom sulfate losses are ofien less {Vlck & Craswell, 1979:
Mikkelsen et al., 1978). The extent of these losses are governed by the
floodwater pH, which, in turn  is related to aqualtic photosynthesis and res-
piration as well as (he chemistry of the N source. The pH of the paddy wa-
ter may reach 9.5 or 10 near midday due to CO, assimilation, but it can
drop to about neutrality at night duc (o CQO, released from respiration.

b. Factors Affecting Ammonia Losses—Ammonia volatilization is a
complex process involving chemical reactions within the soil, physical
transport oul of the soil, and biological interactions within the soil. It is not
surprising that NH, losses are influenced by a number of factors such as soil
pH. soil CEC, calcium carbonate (CaCO,) content, lemperature, water
loss, and the rate and method of N fertilizer application.

Ammonia losses generally increase as soil pH increascs, but signifi-
cant losses can also occur on acid soils when urea or ather non-acid-
forming N sources are applied on the surface. The pPH immediately sur-
rounding the fertilizer reaction zone is most important, Soil pH values
>7.0increase NH, losses by increasing the NHyNH | ratio (Fig. 7-4). Soil
CEC affects NH; losses by serving as a temporary sink for NH ', which re-
duces the aqueous NH} concentration and (he NI, concentration. I is
commonly found that NH, losses are greatest on low CEC soils (coarse (ex-
lure, low organic matter) and least on high CEC soils (finc texture, high
organic matter) (Freney & Simpson, 1981 Nelson, 1982; Terman, 1979),

The soit calcium carbonate content affects NHj loss by affecting the
soil pH as well as the mechanism of N loss through possible precipitation of
the NH | fertilizer reaction products (see above equations). Woldendorp
(1968) presented results from 176 soils throughout the world, which
showed that NHj; losses were more related to calcium carbonale content
than the soil pH. High temperatures also favor N, [osses by increasing the
hydrolysis rate of urea fertilizers, by increasing the NH/NH ! ratio, by de-
creasing the solubility of NH, in water, and by increasing gaseous diffusion
rates. Equations [3] and [4] above suggest that NH, losses should be en-
couraged by water loss and research has generally demonstrated that NH,
losses do increase as drying conditions intensify (low humidity ar high tem-
perature). Lastly, the rale and method of N application affect losses with
high N rates and surface applications favoring losscs. Incorporating N
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sources at least 5 cm into the soil greatly reduces or eliminates losses. Am-
monia losses are often greatly decreased by relatively small water addi-
tions, which may transport 2 N source deeper into the soil where it can be
adsorbed. This is especially true for urea since it is readily leached belore
hydrolysis (Freney & Simpson, 1981 Nelson, 1982; Terman, 1979).

In summary, N, losses are greatest with (i) surface-applicd fertil-
izers. (ii) under environmental conditions that faver drying. (i) high pH,
and (iv) in soils with a reduced capacily Lo absorb NHy or N ;.

1. Other Gasecus Losses

Other possible avenues of gaseous N loss include the evolution of N,O
during nitrification, the self-decomposition ol nitrous acid (HNO). and
the reaction of nitrous acid with various soil constituents such as organic
matter, transition metals, clay minerals, and ammonium and amino groups
(Allison. 1973; Nelson, 1982; Woldendorp, 1968). Nelson (1982) recently
reviewed these mechanisms, as well as their supporting evidence, and con-
cluded that the most likely mechanisms are the self-decomposition and re-
actions of nitrous actd with organic matter and the evolution of nitrous ox-
ide during nitrification.

The self-decomposition of nitrous acid produces nitric oxide (NO) and
nitrogen dioxide (NO,), which may be volatilized from the soil or react
within the soil 1o praduce NO37. Decomposition of nitrous acid requires an
acid environment because the pk, of the acid is 3.2 and only about 2% of
the NO7 is present as HINO, at pH 5. Acid soils would obviously promote
decomposition, but Nelson (1982) has also postulated that the surface of
clay minerals would also be a likely environment since the plt there is often
2 pH units lower than the bulk soil solution. Rescarchers do not agree on
the importance of N losses due 10 HNO,; decomposition. Some feel that
most of the N is retained through oxidation to NOy{Allison, 1973; Broad-
bent & Clark, 1965) while others feel that such losscs arc quite important
(Nelson. 1982).

The reaction of nitrous acid with soil organic matter involves both lib-
eration of N gases and the fixation of N into slowly available forms. The
phenalic substances in soil organic matter have been shown to be largely
responsible for the production of N; and N;O with losses being as much as
20% (Bremner & Nelson, 1968: Nelson & Bremner, 1970). Other work has
shown that NO3 can react with the lignin-derived (raction of soil organic
matter in a wide range of soils and form relatively resistant organic com-
pounds (Nelson & Bremner, 1969). There scems little doubt that NOzcan

react with organic matter to produce N gases or stable organic N com-
plexes, but the extent of these reactions under field conditions remains un-
cerlain.

Small amounts of nitrous oxide can also be evolved during the biologi-
cal oxidation of NH ! te NO3 by Nitrasemonas in aerobic soils (Bremner &
Blackmer, 1978; Blackmer et al., 1980). Thesc losses increase with an in-
crease in the NI }—N concentration. Fertilizer N losses under field condi-
tions have been as high as 5% with anhydrous NH,, while losses from am-
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::.:._E:.. sulfate and urea were < 1% (Bremner et al. 1981). Thc nitrous
oxide losses from anhydrous were greatest between the second and fourth
week after application.

Many questions remain about the practical importance of the above
zOm._ommnm under feld conditions. Since NO3 accumulates most casily in
alkaline environments, it seems unlikely that the nitrous acid reactions
nce._E account for significant N losses. However, it has already _qnnq._
pointed out that NOj frequently accumulates around urea particles and
around the anhydrous NH, injection channel: this NO7 could diffuse into
the surrounding acid soil (made more acid by nitrification) and then Be [osl
::.o_._mr one of the mechanisms discussed above. The extent of field nitrous
oxide loss during nitrification is also an open question: il appears that such
gaseous losses can be significant for anhydrous NH,. Much more research

is :n._wamn_ to determine the extent and magnitude of N losses under field
condrtions.

D. Nitrogen Losses Through Water Transpor(

_ Nitrate-N is readily transported in water due to its high solubility and
its nonadsorption on the soil cxchange complex. It is subject (0 loss in the
surface runoff and in the water percolating through the soil. |

Legg and Meisinger (1982) concluded that soluble N losses through
surface runoffl are generaily very small, except when high rates of fertilizer
are surface-applied just before large rainfall events. In many cases, the
gainof N ms.:_n precipitation is greater than the soluble N lost in the runoff.

There is general agreement that N leaching is often the major itvenue
of Z loss from field soils in humid climates (Allison, 1973: Lepg &
Meisinger, 1982). Leaching losses occur when (i) the soil contains signifi-
cant quantities of NO37—N and (ii) water is moving downward through the
soil. A number of factors influence these two prerequisiies, such as (i) rate.
time of appliications, and source of N: (ii) crop growth and N uptake; (iti)
mo_._n:.mqmn_m:.m:nm that affect quantity and type of percolation; and (iv) the
quanlity, pattern, and lime of water inputs.

The major fertilizer management practices that affect leaching arc the
rate m.:n_ time of N application. If N rates are at or slightly below the crop
assimilation capacity, the crop is usually a good sink for N (Fig. 7-5). How-
ever, soil nilrates accumulate quite readily once N rates exceed the crop
&1:..:25: capacity (IHerron et al. 1968: Broadbent & Carlion, 1978).
Time of N application also affects leaching. Nitrogen applied well before
.::w period of crop uptake (e.g., fali-applied N) is subject to grealer leach-
ing losses than N applied just before crop uptake (Stevenson & Baldwin,
1969; Welch et al., 1971). The source of N can also influence the short-term
leaching losses, since NO7 sources are subject to immediate loss and NH!
sources must be nitrified first. However, N source is usually not a :::cn
long-term factor, since the NH }—N is usually nitrified in a few wecks and
factors such as crop uptake, N rate. and timing will determine the overall
leaching losses in upland soils.




268 BOSWELL, MEISINGER, & CASE
are are
560 - L 5go
Totel N Inpuls a4n
448 4 l.'ﬁ i -
xcoes
o Inosganic N z
...m ; 336 ﬂm
WI-. 33e W..
z N Denilritisd \ B
LA
224 1 1 _ _ * 224
N In Siover
LLILL]
n2 o - 112
o - 0
0 n: 124 336 448 .1.1r4

Fartilizer N {kg/ha)

Fig. 7-5. Compartmenlalization of N in a corn plant-soil system as influenced by fertilizer N
rates (Broadbent & Carlton, 1978; Lepg & Mcisinger, 1982).

Crop N uptake is indirectly rclated to N leaching because crop uptake
is usually the largest N reservoir and as more N is utilized by the crop, less
remains for leaching. Using adapted, high-yielding varicties and maintain-
ing adequate soil fertility will thus decrease leaching by increasing crop uli-
tizalion. Cover crops grown between cropping seasons will also reduce
leaching (Allison, 1955, 1973).

Assuming that NO3—~N is present in the soil, the major factor affecting
leaching is soil water percolation. Soil nitrate leaching has often been con-
veniently described as piston flow or complete displacement, but field ob-
servations frequently indicate that this description is inadequate. Water
percolation often involves a rapidly moving portion of water that pene-
trates deeply into the soil through large pores and by-passes much of the
soil solution. Interconnected with this large-pore water is the small-pore
waler, which is also displaced downward during percolation, but at a
stower rate. As water and NO3-N percolate through soil, a portion will ap-
pear relatively deep in the soil, but the greatest concentration of NOy-N
will usually be much shallower (Boswell & Anderson, 1964; Thomas &
Phillips, 1979). Viets and Hageman (1971) suggest the generalization that
the maximum NQj—N concentration will advance about 30 cm [or each 30
cm of water infiltration. In multipore soil systems, the peak NO3—N con-
centration advances like a broad wave, which widens and becomes more
diffuse as it moves deeper into the soil. Several soil properties alfcct the
type of percolation (multipore vs. piston flow) and the quantity of percola-
tion, For example, soil structure, clay type, soil texture, and organic mat-
ter content allect the pore size, pore continuily, and soil texture alfects the
water holding capacily. Coarse-textured soils are more vulnerable to
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leaching due to their low water rolding capacily and the greater likelihood
of piston flow (low clay and organic matter contents, poor structure).
Other soil properties that alfect N leaching are the water infiltration rate
and textural disconlinuities in the profile.

Leaching usually increases as the quantily of percolating water in-
creases. Water percolation, in turn. is determined by the balance between
water added through precipitation and infiltration and water lost through
evaporation and transpiration (ET). During the growing scason, water use
through ET exceeds water inputs and percolation is negligible, cxcept on
soils with fow water holding capacities and in high-rainfall or high-
irrigation areas. During the winter months, water inputs in humid areas
exceed ET and leaching is common {Allison, 1973; Chichester, 1977; Chi-
chester & Smith, 1978). This general leaching pattern is modified by local
factors such as soil freezing, irrigation practices, soil water holding capaci-
ties, and the type of soil water percolation. Thus, it is generally truc that
percolation is most likely over winter and will usually increase as the pre-
cipitation increases, bul how cflective this participation is in leaching
NOj—N below the crop root zone will depend on local faclors such as soil
freezing and the extent of large-pore waler movement.

E. Acidity and Basicitly of N Sources

Nitrogen fertilizers can increase, decreasc, or leave soil plt un-
changed depending on (i) whether the form of N is NH; or NOy, (ii) the
accompanying anion or cation, (iii) the crop grown, and (iv} the ultimatc
fate of the fertilizer N. Ammoniumn sources produce acidity during nitri-
fication {see Eq. [2]) and the theoretical acidity is equivalent to 3.6 kg
CaCOy/kg N. The final acidity may be greater il the NH | is associated with
an acidic anion such as sulfate (SO2-). Thus, ammonium sulfate is usualty
the most acidic N source. Nitrate sources accompanied by basic cations
such as Na* or Ca?* may raise the soil pFH. The crop grown can affect pH
through its uptake of basic eations relative 10 acidic ions. Pierre and
Banwart (1973) have shown thal the aboveground portion of the common
field crops lake up about 0.5 equivalent of excess base per equivalent of N,
but most cereal grains removed < 0.1 equivalent of excess base per equiva-
lent of N. This means that the actual nitrification acidity may only be about
50% of the theorelical value (or 1.8 kg CaCQy/kg N} il the entire crop is
removed and < 10% of the theoretical value if only the grain is harvested,
The fate of the added N also affects the acidity. Nitrified N left in the soil or
leached oul would produce the full theoretical acidity, while N tost in deni-
trification will nullify the acidity (Pierre & Banwart. 1973; Pierre et al.,
1970, 1971). :

A procedure was proposed by Pierre {1933) for estimating the poten-
tial acid- or base-lorming tendencies of a given fertilizer based on its con-
tent of acidic anions (SOI~, CI7), basic cations (Na*, K*, Ca?*, Mg?*),
and the crop uptake of acid and basic ions. This approach predicts that am-
monium nitraie, urea, anhydrous NH;. or solulions of these materials pos-
sess an equivalent acidily of aboul 1.8 kg CaCOy/kg N, while ammonium
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sullate and monoammonium phosphate require aboul three times as much
calcium carbonate. These figures, however, should be used lor relative
comparisons among sources rather than accurate forecasts, because the
above discussion has clearly shown that one cannot accurately predict the
degree of acid formation under field conditions. Field rescarch indicates
that about 30% of the theoretical acidity developed on plots recciving an
average annual N rate of 160 kg N/ha; 60% of the theoretical acidity devel-
oped on heavily lertilized plots, probably due to greater leaching losses on
the over-lertilized plots (Pierre et al., 1971).

Another facel of N fertilizer acidily occurs with no-till systems. Since
N sources are broadcast on the surface and the soil is not mixed by tillage, a
highly acidic surface layer often develops (Blevins et al.. 1977). The pH
may be lowered as much as 1 plf unitin the surface 5 em, which can inacti-
vate surface-applied triazine herbicides. The acidifying effect of N fertil-
izers must therefore be carefully considered in modern agriculture.

VI. USING NITROGEN FERTILIZERS

Nitrogen plays a central role in modern agriculture. It is an essential
nutrient and it is also the major limiting nutrient in most agricultural soils
growing nonleguminous crops. Nitrogen is an energy-intensive input; the
energy invested in 7 kg of N is equivalent to the energy in 8 L of diesel [ucl
(i.e.. I gallon ol diesel fuel equals about 7.3 pounds of N; Lockeretz, 1980;
Cervinka, 1980). Nitrogen lertilizer oflen accounts for about 30% of the
encrgy budget of a modern, nonirrigated corn production system (Mitchell
& Teel, 1977). Increasing costs of energy have underscored the nced for
improving N uptake efficicncies, which are greatly affected by N rale,
source, timing, and application method.

A. Determining Nitrogen Needs

Procedures [or determining N ferlilizer needs rest on N-balance prin-
ciples. which have recently been reviewed by Meisinger (1984). There arc
two broad approaches. but, in general, they both reveal that (i) N fertilizer
needs are direclly relaled to the crop N requirement, (ii) fertilizer needs
are indirectly related to the N use efficiency, and (iii) the N supplied from
the soil through mineralization and residuat mineral N should also be taken
into account in the general case.

1. Determining Crop Nitrogen Requirements

The crop N requirement is involved in determining N fertilizer nceds,
because the crop is a major N consumer and assimilates anywhere from 30
to 70% of the fertilizer N applied. Nonleguminous crops are known to vary
in their N necds. Crops that produce large amounts of dry matter generally
need more N than lower producing crops: thus, small grains usually require
less N than corn. The likely dry matter production of a given crop is there-
fore an important input in determining N needs.
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The internal crop N requirement can be defined as the N concentra-
tion in the total aboveground dry matter at near-maximum yield. The in-
ternal crop N requirement seems fairly constant over a range of environ-
menlal and cultural conditions (Stanford, 1966, 1973). Therefore, it can
serve to forecast the total N needs for a given tolal dry matter production.
The internal N requirements have been estimated for several crops as [ol-
lows: about 12 g N/kg (1.2%) lor corn (Stanford, 1966, 1973), about 12.5¢
N/kg (1.25%) for wheat {Stanford & Hunler, 1973). and about 16 g Nikg
(1.6%) for the whole plant of sugarbeets ( Beta vuigaris L.) (Carter et al.,
1976, Stanford et al., 1977).

The final estimate of the crop N needs can be made by muiliplying the
expecied total dry matter production by the internal N requirement. For
example, corn contains about 50% ol its total dry matter in the grain so an
expected yield of 10 metric tons/ha at 15.5% moisture would require about
200 kg N/ha. Of course, precise knowledge of yield for the coming year is
not possible, bul most farmers/advisors can [orecast yields accuralcly
encugh based on past yields, curremt management praclices, and some
measure of available water obtained from direct soil measurements or the
likely rainfall of an area. The overall objective is to estimate N nceds with
sufficienl accuracy so that lertilizer N can be added to meet crop needs, but
not to fertilize the crop beyond the assimilation capacity, which lecads 1o a
marked reduction in N use elficiency.

2. Estimating the Soil Nitrogen Supply

Once the crop N needs have been estimated, the soil N supply should
be assessed to determine the amount of supplesnental N fertilizer nceded.
The only case where asoil N assessment can be overlooked is when the soil-
crop system is at steady-state soil N lcvels, in which case the lertilizer needs
can be predicted from the crop N removals and the Lotal recovery elficicn-
cies {Meisinger, 1984). Steady-siate conditlions, however_ are long-term
approaches that neglect annual fluctuations in available soil N. Further-
more, they are difficult to justily experimentally. Soil scientists have there-
fore had along-term interest in methods of evaluating available soil N. The
available soil N pool can be divided into lwo components: an inorganic
component composed matnly of residual NOj—N and an organic compo-
nent that is mineralized throughout the growing season.

a. Residual Mineral Nitrogen—The soil mineral N content was flor-
merly considered to be ol little value toward estimating available soil N due
to sampling difficulties and the transitory nature of the soil NO7—N pool.
Many field investigations, however, have indicated that the soil mineral N
pool significantly affects crop yicld and should be considered when esti-
mating the soil N supply. Spring NO37—N evaluations are especially useful
when (i} previous N tnputs have excecded the crop assimilation capacity
due 1o large fertilizer or manure additions, (ii} crop N removals have been
low due to droughts, disease, or practices such as summer fallowing, and
(iii) N has not been leached below the root zone due to low percolation,
large pore water movement, or deeply rooled crops. These conditions oOc-
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Table 7-4. Summary of N recommendation systems used in the USA for corn in
selected states (Keeney, 1982; Meisinger, 1954),
Soil
properties Corn N
State Mineral Organic requested factort Manuret Allolfa$ Soybeans}

Soil N analysis N credits for

kg N/metric ton —kg N/ha——
Colo. NO;-N OM Texture 38 2.5 56 a0
Neb, NO;-N None  Soil type 25 2 110 65
lowa Nene None  Soilassoc. 27 25 156 45
1L None None Soil type 25 2.6 110 45
Ind. None None  Soil type 25 None 80 20
Pa. None None Soil type 21 2.6 136 None

T Kilogroms N needed Lo produce ! metric ton of dry grain.
I Kilograms N credit per metric ton of fresh manure.
§ Nilrogen credit if previous crop was a good stand of alfalfa or was soybeans.

cur most frequently in the western portion of the USA; conscquently, soil
NOj7—N tests have been readily adopted in that area (scc Table 7-4).

Recommended NO;7j—N procedures involve intensively sampling the
roofl zone of a relatively uniform area of soil representing similar soil prop-
erlies and management histories, Since NO37—N is mobile, it is essential to
sample below tillage depth and most desirable to sample the entire root
zone; suggested depths are usually [20 cm or deeper. Samples are usually
air-dried immediately after collection and are later extracted with a salt so-
lution and analyzed for NO7—N by a convenient method suited to large
numbers of samples (N.C. Region Soil Test, Comm., 1975; Soltanpour et
al.. 1979, Weise & Penas, 1979). The soil NO;—N is usually considered to
be approximately equivalent to fertilizer N and suggested N ralcs are ad-
justed accordingly. Despite the large spatial variability of NOy—N, and ils
accompanying sampling problems, it has been conclusively shown that a
soil mineral N evaluation is an important component of available soil N in
modern agricultural systems, particularly in subhumid areas. [is usefulness
in humid areas has also been demonstrated under conditions such as low
winter rainfall, deep soils, and large fall NOj—N levels (Maples et al.,
1977, Vander Paauw, 1962, 1963).

b. Soil Total Nitrogen Contenl—Soil total N tests arc aimed at estima-
ing mineralization by determining the size of the organic N pool. Rather
than anafyze for total N directly, most Iaboratories determine soil organic
matter, which contains aboul 5% N and is an easier and quicker determina-
tion. Because a total analysis is involved, (hese procedures are not greatly
affected by sample preparation or time of sample collection. Disadvan-
tages of total analysis procedures stem from the fact that only a portion of
the organic N becomes available (o the crop during a particular growing
season. The portion that becomes available is very difficult (o predict be-
cause environmental factors such as temperature and moisture influence
the amount of mineralization. Also, the addition of fresh organic matler
provides a greater proportion of readily available N than the more stable
soil N compounds. Nevertheless, severa! states currently use a total-
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analysis procedure Lo estimate mineralization. usually by taking a fixed
percentage ol the organic maller, which amounts to a | to 3% annual min-
eralization rate (Keeney, 1982; Meisinger, 1984). Thus, although 10tal
analyses have not proved useful in making precise estimates of mineraliza-
tion, they can provide a useful first approximation,

¢. Biological Incubating—Incubation tests altempt to separate a more
active component of the soil tolal N pool by employing the soil's own bio-
logical agenis to oxidize the organic matter under controlled lemperaiure
and aeralion conditions. Proposed tests employ temperatures ranging
from 20 1o 40° C and a wide range of aeration conditions that vary lrom
well-aerated sand-soil mixtures to waterlogged anaerobic conditions. The
suitability of such a wide range of incubation conditions stems from the fact
that the most frequent rate-limiting step in mineralization is the break-
down of organic N to form NH}, i'e., ammonification, which is carried out
by many different organisms. Nitrification, however, is greatly affectcd by
aeration so il is necessary (o measure both NO7—N and NI }=N produced
during the incubation.

Correlations between biological incubation procedurcs and green-
house N uptake are usually good once soil NO7—N has been taken into ac-
counl. However, when tesling proceeds 1o field conditions, the correla-
tions are considerably lower, especially if field trials cover » range of
climales, soils, or years (Keency, 1982; Meisinger, 1984; Stanford, 1982).
Biological tests are markediy affected by sample pretreatment, especially
those involving short-term aerobic incubalions. To obtain meaninglul
comparisons, it is necessary to carefully standardize sample preparation
and incubation conditions, Recent investigations have shown thaf if may
be possible to extend laboratory aerobic mineralization data to field tem-
perature and water regimes, at least within a limited area (Stanford et al.
1977; Smith et al., 1977). This approach is less empirical, but is quite time
consuming and is tied lo average climatic conditions for predictive pur-
poses. Itis being further evalualed as a research approach o estimate min-
eralization,

The principal drawbacks to biological procedures arc sample han-
dling, pretreatment effects, and long processing times (at least 1-week in-
cubations). The currently recommended biological index is the NH =N
produced after 1 week of anaerobic incubation at 40° C (Keeney. 1982).
Biological indexes were used in several statewide N recommendalions Sys-
tems 25 yr ago, but are not currently used in any state soil testing labora-
tory (Keeney, 1982; Meisinger, 1984). Nevertheless, it is generally recog-
nized that hiological incubations that measure the total mincral N
production (NO3—N plus NH ;=N) provide a good measure of the soil's
mineralizalion ability,

d. Chemical Extractions—The goal of chemical extraction procedures
is o chemically separate a portion of the active soil N pool from the large
total N pool. Advantages of such an extractant would be a simple and rapid
analysis, which would be compalible with P and K tests. With these advan-
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fages in mind, it is pot surprising that soil scientists have searched many
years for a suitable extractant. Such a chemical extractant, however, has
not been identified because soil N transformations are dominated by bio-
logical reactions, which strongly interact with the environment over time at
any given location.

The range of extractants tested includes water, weak to strong salt so-
lutions. mild acids and bases, and strong acids and bases with or without an
oxidant. The extracted material has likewise been analyzed in a number of
ways including C content, total N content. distillable NH;, and absorption
of ultraviolel radiation. The results of those strictly empirical procedures
are usually influenced by sample preparation, sample drying, extraction
time, and soil/extractant ratios.

Interest in basic and acidic extraclions developed as a natural exten-
sion of the procedures used to fractionate soil organic matter based on dif-
ferential solubilities in acids or bases. Various reagenls are employed,
e.g.. sulluric acid (Purvis & Leo, 1961; Richard et al., 1960), calcium hy-
droxide [Ca(QCI1),] (Prasad. 1965). and sodium hydroxide (NaQ ) (Corn-
field. 196(1). Strong acids or bases attack a large portion of the soil organic
N and the N removed by such treatments usually bears a close relation to
the soil total N content. Such procedures, thus, have the same disadivan-
tages as discussed above [or (otal N analysis. Milder acidic or basic extrac-
tions have heen evaluated in several studies, but have performed quite in-
consistently (Jenkinson, 1968; Keceney & Bremner, 1966; Stanford,
1978a.b). Oxidizing agents (chromate or permanganate) have alse been
tested in acidic or basic solutions with the hope that they would sclectively
oxidize a biologically meaninglul fraction of the organic matter (Nommik,
1976; Stanford, 1978ab). The alkaline permanganate method has been
widely tested but has given very inconsistent results (Keeney & Bremner,
1966 Stanford, 197R8a; Stanford, 1982). More recently, oxidative proce-
dures have been investigated under acid conditions with encouraging pre-
liminary results (Stanford, 1978b). but the general applicability of these
latest procedures is not known,

Mostrecent research has centered on mild extractants such as waler or
mild salt selutions. e.g., 0.01 M calcium chloride (CaCl;). This approach is
based on the observations and procedures of Livens (1959a,b) as modified
by Keeney and Bremner (1966) and Smith and Stanford {1971). Kecney
and Bremner (1966) considered the total N removed by a boiling water ex-
tract to be as good as a biological incubation method; furthermore, they
found it was not subject to sample drying ef(ects, which influenced the mi-
crohial method. The currently recommended method consists of an over-
night (16 h) autoclaving in 0.01 M calcium chloride and subsequent deter-
mination of the NI {—N released (Keency, 1982). The method is rapid, is
not greatly affected by sample prelreatment, and is amenabie to auto-
mated analysis. But it has not been exlensively evaluated under flictd condi-
tions. although the field results to date are encouraging (Fox & Pickiclek,
1978; Robertset al.. 1972). Workersinthe USA arc notemploying achem-
ical extraction method to estimale mineralizable N, despite the large re-
search effort that has gone inlo evaluating various methods.
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e. Indirect Methods—Indirect methods involve documenting a local
variable, which is linked to an increase in mineralization:; examplesinclude
N credits for previous legume crops and recent manure additions. Legume
N credits are used throughout the USA and range from 55 to 155 kg N/ha
for previous alfalfa crops (Medicago sativa L.) (depending on stand and
years since atfalla) and from 20 to 35 kg N/ha for prior soybean { Glvcine
max (L.) Merr.] crops (Table 7-4). Manure N credits are about 2.5 kg N/
melric ton of manure (approximately 5 pounds N/2000 pounds manure).
Indirect methods are easy to use and have generally performed well as ini-
tial broad-seale adjustments for the soil N supply.

3. Estimating Nitrogen Uptake Efficiency

The final factor to consider in estimating N fertilizer needs is N unliza-
tion efficiency. This term must be carefully defined since at least two defini-
tions are in general use (Meisinger, 1984). The first is defined through the
N upltake in the aboveground portion of the crop, which commonly varies
between 40 and 60%:, the second is defined through the N recovered within
the whole soil-crop-root system and commonly varies between 65 and
85%. The distinction becomes important when considering methods to es-
timate these terms and in applying these (erms to conceptual soil-crop sys-
tems.

Fertilizer efficiencies are functions of scveral interacting N transfor-
mations such as leaching, denitrification. and NI, volatilization. as well as
several management variables such as N source, placement. and timing. 1t
has not been possible to predict these parameters from first principles. Soil
scientists have therefore approached this problem empirically by estimat-
ing fertilizer efficiencies over a range of soil and climatic conditions. The
end result is that efficiencies can usually be estimated in a general sense,
bul one cannot accurately predict the efficiency [or a specific soil-crop sys-
tem. Obviously, further research is needed to investigale factors affecting
fertilizer elficiency to better predicl this parameter for specific locations.

4. Recommendations for Nitrogen Use an Crops

Before a N recommendation system can be established, one must
carefully define the boundaries of the soil-crop system in time and space
and also assess the sources of variation that underlie varying N fertilizer
needs (e.g.. crop differences. soil NO;—N levels). Nitrogen recommenda-
tion systems should systematicallty combine the above components of crop
N requirements, soil N supply, and N utilization into a working N advisory
syslem that supplies N in quantities sufficient (o meet the crops needs and
in a manner that leads to high crop utilization. Excessive N inputs should
be avoided since they inevitably lead to environmental impacts and inef-
ficient N use.

When defining the soil-crop system, scientists have basically chosen
either the ahoveground approach or the whole-crop approach. The former
considers the N contained in the grain plus stover along with an estimate of
N taken up from the soit. [t usually considers an annual time frame. The
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wholc-crop approach considers the N containcd in the root-soil complex
along with the aboveground N uptake. The whole-crop method is a long-
term approach, which deals with N mineralization in relation to N residues
returned; il these two are equal the system is at a steady-state condition
where the net change in organic N is small. A basic question to answer in
designing a N recommendation system is: How close is the soil-crop system
to steady-state conditions? (Sce Meisinger, 1984 [or further details.)

Current N recommendation systems differ greatly in local details, but
most contain the following general features (see Table 7-4): (i) use of a
crop N factor (a combination of the crop N requirement and efficiency
term). which considers yicld goals, (ii) use of broad-scale soil properiies
such as soil association and soil drainage class, {iii) usc of historical data
such as legume N credits or manure credits, (iv) use of soil mineral N con-
tent for areas where percolation in small (western USA), (v) occasional
use of economic [actors such as the cost of N in relation to the price of corn
to fine-tune the final N recommendation, and (vi) the general nonuse of an
estimate of N mineralization, although there are a few exceplions.

For continuous cereal crops, N lerlilizer needs are gencrally based on
yield goals (i.c.. crop N removals) as modified by soil NO7—N levels (Table
7-4). These fealures are characteristic of soil-crop systems near steady-
stale organic N conditions and may explain why soil N mineralization tests
are not in general use. In addition Lo these nearly stcady-state systems,
there are also instances of nonsteady-state conditions such as manured
sites and systems that oscillate between two soil organic N levels such as
legume-—cercal crop rotation systems. These nonsteady-state systems are
usually accounted for by manure and legume N credits, which are used in
virtually every state. Current N recommendation systems can therefore be
described as using the long-lerm, steady-state approach with periodic ex-
ceptions for manured and rolated sites.

The most cost-effective N recommendation system will depend heav-
ity on economic considerations, particularly on the cost of N in relation to
price of crop product. Current recommendation systems were developed
in anera ol inexpensive energy. and consequently inexpensive N, and have
basically resulicd in a long-term. steady-state approximation. Present and
future needs will no longer reflect these conditions. Cost-effective N rec-
ommendations systems for expensive N will most likely require a more de-
tailed evaluation of each sites’ crop N needs, a more accurate and complete
evaluation of the soil mineral and organic N status, as well as careful N
managemenl (source, timing, and placement) to ensure high N utilization
within the soil-crop systems.

I. Response of Crops (o Nitrogen

The primary purpose ol applying N fertilizer to crops is Lo increase the
yield of dry matter. An adequate supply of N is essential for optimum
yields and is usually associated with vigorous vegetative growth and dark
green color. Excessive quantities of this element will usually prolong the
growth period, relard maturity, and may result in lodging and susceptibil-

r o
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Fig. 7-6. 1dealized response in dry matier production of a non-legume to increments of N
fertilizer (Viets, 1965).

ity to diseases in certain crops. Crops usually remove from 30 to 70% of the
applied N, depending on the crop. yield, and amount of N applied. With
good management, uptake efficiency of applied N by corn grain and stover
is in the range of 50 1o 70% (Stanford. 1973).

An ideal N response curve lor nonleguminous crops as developed by
Viets {1965} shows: (i) a region where succeeding N fertilizer increments
produce successively increased yield (Fig. 7-6, segment A), {ii) a region of
diminishing returns that contains the most profitable response to applied N
(segment B). and (iii) a region of yield depression il excess N leads 1o lodg-
ing or sall damage {segmenl C). Many [actors influence the crops’ N re-
sponse, Some are not subjecl lo management such as drought. certain dis-
eases, or excess soil moisture. Others arc manageable in a long-term sense,
such as crop rolations, soil drainage, and grass-legume mixtures for lorage
production. Still others are subject 1o short-term management such as N
sources, rates and methods of application. and the time ol application.
These latier Tactors will be discussed in the following sections.

I. Souirces of Nitrogen

Most plant roots in soils absorb N as NOj since that form accurs in
higher concentrations than NH } and is [rec to move to plant roots. primar-
ily by mass low. Some NH is also present and affects plant growth and
metabolism to generally unknown degrees (Reisenaur, 197R). Since NH }is
theoretically more efficiently utilized within the plant and is less subject (o
leaching and denitrification, it should be the prelerred source. However.
Arnon (1937) and, more recently, Hageman (1980} concluded that, from
v_..ﬁ__o_om.mnm_ considerations, either NOyor NH } can serve as an adequate
source of N [or plant growth and productivity, bul in general NOjysalts are
considered the “safer” fertilizer. In addition. studies in Wisconsin (Jung et
al,, 1972; Schrader et al., 1972) and Indiana (Warncke & Barber, 1973)
indicated that corn plants prefer a mixture of NH} and NO7 for maximal
growth. Schrader et al. (1972) reported that corn plants absorbed NO7and
NH} at equal rates when both forms werc present. These field and green-
house corn trials showed that a combination of these two [orms of N en-

hances uptake of N, growth, and yield.
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The relative effectiveness of N sources for crop _:o.n_cn:o: will aw-
pend on the manner in which they are apptied, the chemistry of the soil,
and the moisture regime as related to soil textures. .

Numerous workers have shown that ammonium sources _:n.:aqo.:ﬁ
sparingly scluble reaction products with n.,.__n::: n.,.:cosuh_m arc in _..ucqma_:
when applied 1o the surface of nm_nuqna“:m soils (Manin & C m—_::d__._, _cqq..
Fenn & Kissel, 1973; Hargrove & Kissel, 1979; Hargrove ct .m .._.. - :
Meyer et al., 1961; and Overrein & _<_o.a. 1967) a:w to ZE., volatiliza _M,:
(see section V 2). These losses are of major concern in relation to nq_o_,. p
duction because the use of ammonium sources has increased greatly m:__nm
the 1950s or 1960s because of their relative low cost of production (Douglas

v . 1966). . . .
® ﬂq_._,_wn_w”.M_q_man::“. urea ingranularand N mc:.:,_o: ﬂc_.z,_..m is Bﬁnm_mﬂcnmoﬂh
ing the principal N source for agricultural fertilizers (Bridges. . ). b _,mu
fertilizers have often been inferior to sources such as ammonium ni :“ ¢
when applied without incorporation. No-tillage Swsumn:ﬁ:._. ﬂnu_—q nno_..v__w oa
duction, which is gaining in popularity because of its potential for sotl an
water conservation (Phillipsetal., 1980), often precludes the easy incorpo-
ration of these N sources. Bandel et al. (1980) reported n:.;:l.os_.ca_:::“”hm.
was supcrior (o granular or prilled urea and urea-ammonium nitra mquI
tion for no-till corn on acid soils. [However. n_:nﬁ Enmm:qaﬂo:_m 0 1
losses from these 1ypes of system under field conditions have not been re-
uo:ﬂ__“:_mq conditions of Iigh rainfall, coarse-textured soils, m_::_ ﬂm.::-
cant leaching (percolation) potential, ZOM sources are usually in Mﬂ_oqqn.
However, nitrification is rapid in good agricultural soils when Amq:—.un.qm _h__ ,
and moisture are oplimum;: therefore. any m_a<=:-.mm_n ?:_ mq:_sam__.:nm __.m
small. Nitrate sources also are inlerior due lo n_n:::.:n::o: un ﬂ_‘ condi-
tions where soils may be waterlogged :..: periods of lime during _:n mﬂumw
ing season. Inferior crop performance in the first case _mH:S R_m:ﬁ_ o,:mi__
being physically removed from the system, nmnmm_m__w. rom san WLOLAW
while in the second case it results from the chemical reduction o 3
olatile ni nous compounds. .
«o_n_M_m.”“_q_M_mm:o_ mn_aﬂnz_MoQ in this section, other sources of N an_nm_um__._”_a._
lization may include animal manures, sewage sludge, nnc___w mnm_ _“_,_m q__::a
other organic forms. These nosznJ,_:o:m m_; N source wi mn.““doqm rore
important if N costs increase (due to increasing costs ommzwqmwﬁ oﬁm:“_n
unit value of crop output and as greater attention is focused on the pos
adverse effects of N on environmental quality.

2. Rafes and Methods of Application

A basic principle related to rates and Ew_:oam of N 32____.N_“_._u_ﬁo”n _.%__“
optimum crop response is that N be present in sulficient n:u.q_. _c_m.L Lt
times to meel the requirements for plant growth. Too __Em m:._m“__ Mn N
its production and quality; excess Z.::Q _m.siuﬂ _‘_aca:n—“_o_._. qnqn”z:a“:._ouﬁ«n.
cause lodging. increase disease and insect _=n_a_m=_m_. and may mo:.a Hosie
levels in the forage relative to u::._..m_ consumption. _En:_._n. J the
above effects complicale the prediction for the proper N fertifizer app
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lion rates. Under certain conditions and in some arcas, the soil may supply
ample N to meet the needs of the crop,

In recent years, N rates and methods of application for crop produc-
tion have changed. These changes have occurred because of higher yicld
levels, increased acreage of irrigated areas for crop production., improved
cultivars and genotypes. improved application cquipment, and modified
management systems such as no-tillage and multiple cropping,

Average N rates for corn have incrensed markedly over the past 20 yr,
from about 45 kg N/ha in 1960 1o 125 kg N/hain 1970 and about 145 kg N/ha
in 1980. Novoa and Loomis (1981) pointed out that the demand for N s
determined by the growth rate and the N composition of the new tissue,
Stanford and Hunter (1973) estimated that an average N content of 1,4%
was associated with maximum attainable dry matter yields of wheat grain
plus straw. They pointed out (he remarkahle consistency of that valug for
several wheat varieties, This value for wheat is higher than that previously
reported for corn where the uptake of N per unit of dry matter (gritin and
stover) associated with maximum attainahle yiekd was essentially constant
(1.2%) for a wide range of varicties and growing condition (Stanford,
1973). When Stanford and Hunter projected a wheat grain yicll of 3360) kg/
ha. they calculated the uptake of N required for attaining yields to be 33 g/
kg compared with 21 g/kg for corn.

Different crops respond differently to N. therefore. the most profit-
able rates vary among crops. Generally, the perennial grasses in the humid
and subhumid regions of the USA make the most effective usc of N_Carn,
asitis grownin the USA  efficiently utilizes N up to the Aat portion of the N
response curve (last part of segment B of Fig. 7-6). With the possible cx-
ception of the new short-strawed wheat and rice varicties. which arc less
susceplible 1o lodging than the old varicties. the small grains efficienty ui-
lize less N. Part of this is due to the regions where they are grown, but their
genelic potential also is involved. Similarly, the relatively short grasses,
such as Kentucky bluegrass ( Poa pratensis L.). make eflficient use of lower
rates of N than do the tall, cool-sepson grasses and such relatively new
crops as bermudagrass [ Cynodon dactylon (L.) Pers.] hybrids. Within
plant species, improvements in (he yickd potential have been made in re-

cent years, which permit higher fertilizer rates than were possible previ-
ously. For example. corn has been studied quite extensively to show differ-
ences in N response among corn genotypes (Beauchamp et al., 1976; Mol
& Kamprath 1977; Pollmeretal., 1979;: Mol et al.. 1982}. Atlow N supply.
dilferences among hybrids for N use cfficiency have been shown to be due
largely to variation in internal utilization of accumulated N, white at high N
levels differences were due largely to variation in uplake efficiency (Moll et
al.. 1982). They concluded that in breeding for improved N usc clficiency,
it would seem desirable for both uptake elficiency and utilization efficiency
to be improved simultaneously.

Efficiency in uptake and utilization of N in the production of grain re-
quires that those processes associated with absorption, translocation, as-
similation, and redistribution of N operate elfectively. One management
factor that influences these phenomena is Placement and/or method of ap-
plication. Earlier studies have pointed out the importance of proper place-
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ment and mixing of ammonium sources of N with the soil to reduce or pre-
vent NH, volatilization (Ernst & Massey, 1960; Gasser, 1964). Overrein
and Moe (1967) showed a striking decrease in ammonia volalilization when
urea was placed 2.5 cm in the soil. They also showed the decrease (0 be
more rapid with depth and with increasing soil moisture.

In addition 10 reducing or preventing gaseous losses of N, proper
placement is necessary 1o make the element available to plant roots at the
desired time. When band placed, the N should be placed in the proper area
so the nutrient can be available quickly (o plant roots, yet far enough lo
avoid seedling damage due 1o high salt or NH; levels (Cummins & Parks,
1961). When N is deficient and N fertilizer is placed near (he root system,
both root and plant growth are improved due to the banding. In a review,
Grunes (1959) showed that N placement often increases the availability of
P and other nutrients placed in the same band.

On soils that supply little N and those that are subject to significant N
losses by leaching or denitrification. the split-application technique is often
emploved. When N fertilizer costs are high and commodity prices are rela-
tively low. this practice may be desirable to improve crop utilization ef-
ficiency.

In experiments from Nebraska, the grain/stover ratio of corn was 1.4
times greater for sidedressed N than lall or spring -applications with the
same amount of fertilizer N (Olson et al., 1964). Recently, Thomas (1980)
concluded from more than 10 yr of studies in Kentucky that delaying at
jeast half of the applied N fertilizer until 4 to 6 weeks after planting (*'knec-
high'' growth states) resulted in improved cfficiency for corn productionon
soils (i) where drainage is less than perfect, (ii) under no-tillage. and (iii)
especially with no-tillage on imperfcctly drained soils.

The trend in crop production appears to be toward fewer tillage opera-
tions for annual crops. With the concern about cnergy conservation, silta-
tion of our streams, reduced irrigation water usage, and improved mois-
ture regime. this trend should accelerate. Reducing the amount of tiltage
might have 1wo effects on N supply from the soil. The first is deeper pene-
tration of water and NO7through larger pores in the wetier, mulched soil.
The second effect is cooler soil temperatures, lower evaporation, and
slower release of N. These conditions can lead to increased N losses
through leaching and denitrification (Thomas et al., 1973, 1981; Unger,
197R). Considering all of these factors, it appears that the N requirement
for crops grown with reduced tillage will be somewhat greater than for con-
ventional tillage.

In addition to N losses [rom the soil-plant system, a significant portion
of the N apphed in no-till or reduced tillage systems can become immobi-
lized in the decaying residue mulch and, thercby, reduce the amount of N
available to the growing erop (Doran, 1980). 10 N fertilizers are broadcas!
on top of this decaying mulch, it will likely resultin greater immobilization
than if N is placed into the soil below the mulch. Good fertilizer manage-
ment practices (rates and methods of application) will therefore be espe-
cially important in no-till systems because ol the potential N losses and im-

mobilizalion.
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J. Time of Nitrogen Application

Ensuring the existence of an adequate but not excessive supply of
available N for crops during the growing scason requires good manage-
ment relalive to time of application and is often related to the particular
crop-soil system. For soils with sandy texture, where the indigenous N sup-
ply is often low and potentials for N losses by leaching are great, the prob-
qn:a is especially apparent. Increascd usc of irrigation in recent years has
__wm_._n_._nn.._ the time of N applications for effectiveness in increasing crop
yields. Use of irrigation on sandy soils obviously accentuales possible N
loss by leaching. However, certain irrigation management systems may
provide a convenient vehicle for multiple application of N, resulting in im-
proved elficiency of this element.

In general, reported research suggests that spring application of N is
more effective than fall. Spring application is not always superior, but
rarely is inferior to fall applications. Olson et al. (1964) reported that sumn-
mer side-dressing of fertilizer N for row crops, regardless of chemical lerm,
was usually superior to fall or spring applications. Pearson et al. (1961),
working with scveral soil textures in Alabama, Georgia, and Mississippi,
found that N broadcast in November or December was only 49% as elfec-
tive ,._._ increasing corn yields as the corresponding spring application. Fall
application of N to corn was < 50% as effective as applied at planting time
on (wo wet soils in western Kentucky (Miller et al., 1975). Jung et al.
(1972) found N applied to corn 510 8 weeks alter planting in Wisconsin was
the most effective period of application as shown by increased grain and
lissue yield. Nitrogen applied after week 8 showed a distinct reductionin N
uptake and yields, In Illinois, fall-applied N was 80 to 90% as elfective as
spring applications for corn at rates of 67 and 134 kp/ha, but about equally
elfective at rates of 200 and 268 kg/ha (Welch et al., 1971). Boswell (1971)
compared the effects of N plowed down (166 kg/ha) in the [all with winter
or spring plowed down N and sidedress N on yields of corn and cotton in
Piedmont and Coastal Plain soils of Georgia. No differences in yield were
obtained on the heavier Piedmont soil, but on light-textured Coastal Plain
soils, yields from N side-dresscd in the spring were significantly higher than
fall plow-down N.

Timing of N applications for wheat is also important. Hamid (1972)
showed that the maximum recovery of fertilizer N in the grain occurred
when the N was applied at tillering rather than at earlier or later stages.
Earlier work by Olson and Rhodes (1953) indicated similar conclusions.
Numerous workers found the relative efficiency of N applied in the fall or
winter period was inferior to N applied in the spring near the titlering per-
iod (Stanford & Hunter, 1973; Welch et al_, 1966; Boswell et al., 1976:
Doll, 1962).

Most crops require a continuing supply of N throughout the growing
season and this need will vary as to stage of crop maturity. Forexample. the
greatest N uptake period by the corn plant is at 40 to 50% maturity. How-
ever, the need {or N by the corn plant continues until the corn plant ap-
proaches maturity.
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Fig. 7-7. Multiple N feriilization scheme and daily N requirements of corn (Wesley, 1979).

Theoretically. it would be most desirable to add N as closcly as possi-
ble to the time of maximum uptake by the plant during the growing season.
This is especially true if N is applied by fertigation, the ﬁqm.n:nn of applying
N through irrigation systems. For example, 225 kg N/ha is 333:6:;2_
for corn yickds of 13 x 10* Ltha in Georgia (Wesley, _ou\@v..ﬁo increase the
N recovery elficiency al this high rate. multiple applications are recom-
mended. 1l injection equipment is available, four to five m.__uu__n"_:.c:m of N
throughout the growing season will increase the N efficiency (Fig. 7-7).
hased on daily N requirements of corn. o

Interest has developed in the timing and splitting of applications ol N
for forage production. Cool-season grasses normally make ..,.._qnq:n__.:._o:m
amount of growth in the spring, and this is stimulated by ﬁnq.:__m._:m with Z
The grass is so elficient in absorbing N that cven hcavy applications of Nin
the spring will have a relatively small effect on the chi._: in the fall. Tt has
been found that two N applications, one early in the spring u_#._ one in mid-
1o late summer. bring about higher yields and cn:m::m:_cii: :.- forage
production for grazing. A further subdivision of the first application pro-
viding a third apptication after the first grazing cycle or hay removal further
improves the production distribution of the sward.

4. Efficiency of Nitrogen Use by Plants

Response of crops (o applicd N is an indication of plant efficiency.
There are several ways in which efficiency can be considered. .,_._.m most di-
rect method is to calculate the fertilizer N sorbed by subtracting _o.:___ Nin
unfertilized ptants from total N in fertilized planls m.:a dividing this value
by the N added. Some of the processes affecting efficiency of N use are crop
species, soil moisture control, sources of N, rates and time of application,
and methods of application. These may, in turn, depend on other factors
such as leaching, denitrification, soil N mineralization rate, and past his-
tory, which may influence residual N levels. ) |

Grassland has the reputation of being highly efficient in use of N,
while efficiencies are relatively low for polatoes (Solanurmt ﬁ.zva:um:_i _L..V
and sugarbeets ( Beta vitlgarisL.) (Tinker, 1979). These species may be dil-

NITROGEN FERTILIZERS 8]

ficult to compare since, in general, questions of N efficiency revolve
around the economically useful paris of the crop. It is quite rare for the
amount of N in the roots to be measured; however, if such were practical,
estimates of N uptake should therefore be increased. Root functions as re-
lated to efficiency may be important where heavy rates of N are necessary
for maximum yield,

Pesek et al. (1971) discussed the internal efficiency of plant communi-
ties as related to N utilization and pointed oul that all individuals of the
community of intertilled crops tend to draw on the same environmental re-
sources simultaneously. These efficiencies can be related to plant popula-
tions, nature of the root zone as relaled to moisture, and factors such as
sunlight or CO; supply.

While a strong effort is made (o ensure (hat plant communities contain
only one species of plants, weeds do frequently invade to compete with the
crop plants for nutrients and other growth factors. Even modest weed in-
festations can cause significant reductions in yiclds with conventional culti-
vation and no-till systems (Kapusta, 1979, Moomaw & Martin. 1978; Stani-
forth, 1957). Atleast part of this competition appears to be for N and other
fertilizer elements. Efficiency of N utilization of the crop is, therefore, re-
duced, and somewhatl more N is required to have the same effect on the
crop.

5. Legumes as a Source of Nitrogen

Prior to the advent of inexpensive (ertilizer N, legumes were olten in-
cluded in rotations to supply N for nonlegume crop production. This prac-
tice dates back to ancient limes and even early years ol the Roman Repub-
lic (Pieters & McKee, 1938). Due to increascd cosl of fertilizer N and
diminishing energy resources, renewed interest has developed in legumes
as a’'N source as well as a rotation crop, especially in no-till systems
(Ebelhar & Frye, 1981; Milchell & Teel, 1977; Adams et al.. 1970; Iar-
grove, 1982; Triptett et al., 1979; Touchton el al., 1982). Hairy velch (Vi-
cia villosa Roth) has been reported to supply from 150 to 225 kg N/ha, vary-
ing with the amount of top growth, Crimson clover ( Trifolitn incarnatiom
L.) contains less N than hairy velch (Mitchell & Teel, 1977). They found
that hairy vetch and crimson clover mixtures produced corn grain yiclds
comparable to those obtained by the application of [12 kg N/ha as inor-
ganic fertilizer. They also réported that approximaltely one-third of the to-
tal N from the mulch covers were released to the corn in a single scason.
The remaining N would be expected 1o be released at a lower rate during
subsequent years.

Although legumes have been utilized over a long period of time 10
boost N levels for nonlegume plant production, numerous management as-
pects need additional research. For example, one of the primary problems
with winter legumes as a N source is the cost associated with establishment.
Development of early maturity species is needed for multiple cropping sys-
tems. Information on pest control for the legume and the infiuence of the
legume cover crop on diseases, nematode, and insect damage to subse-
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quent crops is not fully understood. Additional studies are needed to de-
velop cropping systems in which legumes, as the N source, may be used
most effeclively.

VII. CONCLUSIONS

Since 1955. N consumption in the USA has increased almost linearly.
The largest total N use increases occurred in the periods of 196510 1970 and
1975 to 1980. During the last 5-yr period, N costs have increased apprecia-
bly due to current diminishing energy resources. Increasing energy costs
have underscored the need for improving N uptake efficiencies.

Areas of high energy requirement as related to N are manufacturing
and distributing. Nitrogen fertilizers are highly energy-intensive and re-
quire energy both as feedstock (source of H for NH,) and fuel (including
steam). Most of the direct and indirect encrgy uses in the lertilizer sector
depends primarily on nonrenewable hydrocarbons. Despite the high en-
ergy input for N fertilizer, the increased energy in crop output is often
greater than used for N production.

Aller the N fertilizer is manufactured, commercial energy is also re-
quired for transport preparation, for transportation (o the farm level, and
for application to the crop. However, the 1otal amount of energy required
for distribution and application is rather small relative 1o its manufacture.
The major share of energy required for distribution is in transportation of
fertilizer products and raw materials. This transportation is usually by rail-
cars, river barges, trucks. and/or pipelines. The pipeline is currently acting
as the long-distance transporter for anhydrous NH; and N solutions. Even
though this means of transportation is in its infancy, il is expected o in-
crease with usage of these products.

When N sources were available atlower costs, marketing policies were
related to production capacity and, through sales and promotion, profits
were attained via volume. Current management policies call for the mar-
keting focus to be toward the farm customer's satisfaction and thus attain
positive margins through integrated marketing profits.

About 90% of the fertilizer N used in the USA is in the form of
ammonia- or ammonium-producing compounds; about 65% of this
amount is anhydrous NH;. The remainder is chiefly accounted lor by ni-
trate, primarily from ammonium nitrate. improving N fertilizer effeclive-
ness requires an understanding of the actors governing N transformations
in soils. Added fertilizer N becomes intimately involved in the soil N cycle,
which is compesed of many complex biological, physical, and chemical
processes. The fertilizer N may be lost from the soil-crop system as a gas or
in percolating water, it may be converted to slowly available organic com-
pounds, or it may be taken up by crops. Ammonium fertilizers are subject
to substantial NH, volatilization losses if they are surface-applied and are
in an alkaline environment. Ammonium fertilizers will usually be readily
converted to nitrate within several weeks, unless nitrification is retarded
due Lo chemical inhibitors or environmental conditions. During the ensu-
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ing weeks the NOj—N may be utilized by plants, denitrificd. or leached.,
but a vigorously growing crop is generally the major sink for fertilizer N
during the growing season. Any excess N remaining in the soil beyond the
growing season is subject Lo leaching and/or denitrification losses in humid
climates. In dry climates, the excess N will likely remain in the soil as
NO;—N.

Soil scientists have studied the behavior of fertilizer N in soils inten-
sively since the 1950s or 1960s to gel more fertilizer into the crop. Crop N
utilization can be improved through practices such as liming, soil tillage,
waler management, and crop rotations. but improvemenlis in N uptake cf-
fictency are most readily accomplished through fertilizer management
practices such as source, rale, time. and method of application. High N use
efficiencies require a combination of all these factors; a given N source
should be applied to minimize gaseous losses and immobilization, a1 a rate
that does not exceed the crop assimilation capacity, and at a time in phase
with crop demand.

Although much research effort has gone into estimating N uptake cf-
ficiencies by the plani, additional studies are needed to investigate faclors
affecting efficiency to better predict this paramcter for specific locations.
Such studies require careful definition of the boundaries of the soil-crop
system in time and space and also assess the sources of variation that un-
derlie varying N fertilizer needs (e.g.. crop dilferences and soil NO;—N
levels).

The most cost-effective N recommendation system will depend heav-
ily on economic consideration, particularly on the cost of N in relation to
product price. Currenl recommendation systems were developed in an era
of inexpensive energy, and consequently inexpensive N, and have basically
resulted in a long-term, steady-state approximation. Present and future
needs will no longer reflect these condilions. Cost-effective N recommen-
dation systems for expensive N will most likely require 2 more detailed
evaluation of each sites’ crop N needs, 7 more accurate and complete evalu-
ation of the soil mineral and organic N status, as well as carclul N manage-
ment (source, timing, and placement) to cnsure high N utilization within
the soil-crop system.

Even though urea use almost doubled from 1975 to 1980, i( is pre-
dicted that its use will continue to increase rapidly. Additional information
is needed relative (0 its use and efficiency. With increased costs, it becomes
more important to improve uplake elficiency and provide “prescriplion-
type’’ recommendations for all N fertilizer sources.

Although legumes have been utilized over a long period of time to
boost N levels in the soil for nonleguminous plants, numerous manage-
ment aspects need additional evaluation. Development of cropping sys-
tems in which legumes may be used more effectively as N sources still must
be studied.

We should continue to be aware of the importance of N fertilizers in
producing adequate food of superior quality to feed the growing popula-
tion of the USA and the world. Biological scientists will have 1o be sure
that N fertilizer is used efficiently and responsibly.
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Slow-Release and
Bioinhibitor-Amended
Nitrogen Fertilizers

Numerous nitrogen (N) tracer and nontracer studics on crop recovery H..;
applied N indicate that 50 to 60% of feriilizer N added 1o soil usually is
taken up by crop plants during (he season ol application. The vmﬂnm.z_"_m.n
often is lower lor flooded rice (Oryza sativa L.} or for crops growing in
high-rainfall areas. Many of the factors that contribute to :_no:._v_o._m plant
recovery of applied N are a result of rapid dissclution of the fertilizer and
thereby, refease of N at high concentration. These faclors affect N movc-
ment within and [rom the plant-soil syslem, maintenance in plant-available
forms, and use by the plant.

One approach to increasing the efficiency of N fertilizer use by plants
is Lo control the rate of N fertilizer dissolution. This can be done by (i) de-
veloping compounds with limited water solubility and (it) modiflying waler-
soluble materials (o delay release of their contained N (o the soil solution,
A second approach is to combine N lerlilizers with chemicals that control
unwanted N transformations in soil, i.e., developing fertilizers amended
with inhibitors of biochemical activity in soit, such as nitrification and urea
hydrolysis, Among the reviews on this subject, attention is drawn to thosc
on slow-release N by Army (1963), IHamamoto (1966), Hayase (1967),
lHauck and Koshino (1971), Prasad ct al. (1971), Hauck (1972), and Allen
(1984), and (o those on use of nitrification inhibitors by Hauck and
Koshino (1971), Prasad et al. (1971), Hauck (1972, 1980), and Slangen and
Kerkhoff (1984). These references offer guides (o the literature nnmm:___._m
the use of slow-release N and nitrification inhibitors in various cropping
systems and their transformations and effects in soils. This chapter qm.ncmnm
on materials (hat were discussed only briefly or not at all in the earlier re-
views and relers to work published before 1970 only where necessary (o
provide background information or 1o emphasize an important m_:.__:m.. In
this regard, some of the introductory discussion from the author’s previous
reviews will be repeated.

Copyright 1985 ® Soil Science Socicty of America, 677 South Segoe Road, Madison, Wi
53711, USA, Fertilizer Technalagy and Use (3rd Edition).
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and Use of Sulfur
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The essentiality of S for plant growth has been recagnized for approxis
mately 140 yr. Sulfur is a macronutrient, although plapis require much less
of it than of N or K. The quantities of 5 required by mps crops aje compa-
rable with requirements for P or Mg. Deficiencies af § were idgntified as
early as 1900 in the northwestern USA and in 1927 an some spils {n Al-
berta, Canada (Beaton, 1969). _ .

Long before the essentiality of S for plant growijy was copfirmeg, the
practical value of applying gypsum was recognized. Fyom _qoo to 1815,
much gypsum was imported into the eastern states {rpm mines peag Paris
{from which the phrase plaster of paris originated). .ﬁ-n BYpsum was used
in conjunction with legumes 1o enhance the N stajys of sails (Craven,
1925). .

Intersst in 8 us a plant fnutrient has increascd in rgcent years. Such in-
terest exiends beyond increased crop yields. Food quulity. espegialy low
contents of essential S-conwsining amino acids, is a maler of serjioys con-
cern in many technologically less-déveloped areas of the world :mc.::.. el
al., 1977). Widespread S deficiency bas already been demonstraged jn
some of these areas (Bromfield, 1972, 1975).

Studies in West Africa suggést that S yields of crops (and thus yietds pf
proteifi) ure restricted by the guantity of S supplied in the rainwater (Brom-
field, 1974; Fox et al., 1977). If pollution control measures are effective,
atmospheric contributions of § will decrease with time. Thus, there aye ex-
pectations that decreased atmospheric pollution will lead to even less sul-
fate (SO27) in rainwater, and this in turn will lead to more intense and ex-
panded S deficiencies than have heretofore been recognized.

Copyright 1985 ® Soil Science Sociely of America, 677 South Segoe Road, Madison, WI
53711, USA. Feriilizer Technology and Use (31d Edition).
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Sulfud deficiencies have been demonstrated by field experiments in
M45Y Dhitions of the world, including numerous sections of the USA and
£314d¥: These deficiencies seem to be appearing with greater frequency
for the following reasons: ,

1. Increased use of high-analysis fertilizers, which are practically frec

of 8.
2. Greater crop yields with disproportionately greater S utilization.

3. Beuter controt of air pollution, thus decreasing this important
source of S,

4, Decreased use of S as a fungicide and insecticide.

5. Improved ability to identify S-deficient soils.

6. Decreased levels of soil organic matter and less dependence on soil

organic matter as a source of nutrients.

7. More diligent search for instances of S deficiency by agricultural re-

search workers, representatives of industry. and farmers,

Factors that tend to mitigate against S deficiency are at work also.
Amongthese are decentralization of industry, population shifts from areas
of high population density to low densiry, and the genéral buildup of popy-
lation pressure with increased use of manures and fertilizers thai do con-
tain S.

Sulfur deficiencies become more numerous and serious when heavy
rates of S-free fertilizer are applied. In particular, the need for fertilizing
agricultural crops with § is closely related 10 the amounts of N being ap-
plied (Fox, 1976). Figure 11-1 demonstrates the interrelationships be-
tween these twd nutrients for production of wheat forage and grain in Aus-
tralia. There was n' response to cither N or § alone, But growth .Enammm.n

YIELD OF HAY (1/ha)
YIELD OF- GRAIN {1/ha)

Fig. 11-1. Elfect of S and N supply on wheal hay and grain yiclds (Spencer & Freney, 1980).
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substantially when both were applied. The beneficial effect of S increased
with the rate of N added. N
Inadequate S retards the growth of plants because 1t 15 needed for the
following essential roles: . o
1. Component of the amino acids, cystine, cysteine, and methionine,
which arc required components of proteins, . o
2. Synthesis of chlorophyll, even though there is no 5 in this vital
plant component. The effect of S deprivation o:._oim::.m.nzoq...u-
phyll concentration in leaf blades of corn seedlings js eyident in
Fig. 11-2. . o
Activation of certain proteolylic enzymes, such asthe v.mum_.suvnm.
4. Synthesis of ccrtain vitamins (biotin and thiamip Qf vitamin B)),
glutathione, and coenzyme A.

w

5 Formatioi of the giuCoeside cils of plants such az onion and thase in
the Crucif=rae family. . . . . .
6. Formation of certain digulfict finkages that aré dssociated with the

stfuctural characteristics of protoplasm. (The concentration of
sulfhydryl [-HS] groups in tissues of some planis is related ta cold
and drought resistance.) L

7 Formation of a ferredoxin that has an impoftant role in phordsyn-
thetic processes (Arnon, 1965, Zaneti & Fortl, _mmwv. .

g Forrnation of a fertedoxin-like coinpound that is involved in N,
fixation by root nodule bacteria {Koch et al., 1970) and free-living
N,-fixing soil bactéria (Bullen, 1968). .

9. Activity of ATP sulfurylase, an enzyme concerned with the me-
tabolism of S (Adams & Rinne, 1969; Ellis, 1969).
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Taik: 11-1. Effect of S deprivation on coktentration of NO;-N and on fresh welght
of leaf blades and stems of corn seedlings at various times after
R emergence (Friedrich & Schrader, 1978). -

Days after NO;-N : Fresh wt
emergence NoS Plue S NoS Plus S
— mg/kg fresh wt— g
Leaf hlades

7 39 27 2.68 2.76

9 a8 24 3.36 3.50
10 45 a7 4.16 4.02
11 52 34 4.22 4.01
12 32 19 4.44 4.27
14 46 14 4.57 4.66
16 10 23 4.95 5.24
141 29 24 4.75 5.00
163 23 . 12 4.78 512
Mean§ aTee 25 4.05NSY 4.07 NS

: Btemat

1 e 224 1.78 1.85

8 378 . 248 2.34 2.37
10 346 238 291 2.80
11 363 356 3.41 3.35
12 360 267 384 4.04
14 369 283 4.34 4.97
16 aq1 - 350 5.23 5.96
141 416 255 4.50 5.26
161 418 312 4.91 5.96
Mean§ LET L 280" 3.41%" 3.62%*

*» Means significantly different af 0.01 level of probability. Comparison at individual
harvest dates are hot urwﬂmﬂnn___u_. significant.
T Includes leaf sheachs, dofurled jeaves, and culma.
1 Includes treatments whi» S0 was added at day 12,
§ Does nat include treatTertd #here SO}~ was added at day 12.
§{ NS = not significant.

10. Activity of nitrate réduciase, the efizyme responsible for conver-
sion of nitrate-N (NO3-N) taken up by plants into amino acids and
then into protein. Because of lower activity of thisenzyme due 1o §
deficiency, there are reductions in soluble proteins and increases
in nitrate (NQOj3) concentration in plant tissues (Fig. 11-2 and Ta-
ble 11-1).

Crops differ in their internal requiieiments for S, as is evident from the

S contents of several crops listed in Table 11-2. High-yielding crops such
as sugar crops, Coastal bermudagrass, orchardgrass, corn, and sorghum
contain more S than most other crops. A ready supply of S probably is just
as important for vegetable crops, rape, and cotton, although the quantity
of S taken up by such crops is generally in the intermediate range. Alfalfa,
which has been one of the most S-responsive crops, does not accumulate
unusually large amounts of S. Most small grains and grasses require less S.
Table 11-2 also shows that the S contents of many crops are similar to the
contents of P and Mg.

SULYUR PROSUCTE s
pal )} - \ ' Lt M, .J..l_..—._.,..... o s .m.— Ny <y

" Tenle 11-2. Approximate Gitani om _.qumo_.._rm oou,.,bmwwm h_...b.v.w_.houm.mwhmwf;
— A . Tr—— . e
Crop . Yield n_ Py Bt .2 _ 0%

; kg/ha

- Graina{
Corn{Zea mays L.) 12000 343 50 220 47 71
Grain sorghum [Sorghum bicolor(L.)

Moench] 8000 288 54 205 43 40
Wheat {Triticum gestivum L.} 5000 156 32 104 23 25
Barley (Hordeum vuigare L.) 5000 156 26 130 26 -
Oats {(Avena sativa L.} 3500 109 21 109 21 21
Rice (Oryza sativa L) 7000 145 24 144 10 16

Forage cropsy .
Alfalfa (Medicego sativa L) 12000 359 34 240 33 a3

Clovers (Trifolium spp.)
Bermudagrass 'Coastal’ [Cynodon o
dactylon (L.) Pers.] 22000 629 71 b1 I 1 56

8000 178 20 7 -] 26

Orchardgrass iDactylis glomerata ) 16000 318 49 263 .Y} -
Oil cropsy

Soybeans |Giycine max (L.} Merr.)# 3500 216 26 1% 11 14

Peanuts (Aruchis hypogaea L.) 3500 256 23 17 28 33

Rapeseed (Brussica napus L.} 2000 90 16 114 a5 -
Fiber crops{ : :

Cotton {Gossypium hirsutum L.) 1500 150 40 2 1] a8 &

Stimulant crops{ _ ‘

Tobacco (Nicotiana tabacum L.) 3500 110 13 187 25 8
Sugar crops ) . -

Sugarcane {Seccharum

officinarum L.)% 70000 141 20 246 L] 1}6

Sugar beets (Beta vulgaris L)1t 70000 187 29 246 n.q -

Vegetables . .

Potatoes (Solanum tuberosum L.)11 25000 208 25 T 28 'S
Cabbage (Brassica oleracea var.

capitata)$y 4000 14T 16 118 . 4 )l
Turnip (Bréistica rapa)tt 70660 1893 26 292 48 6
Onions SEm? cepa L)1 45000 1356 27 0] 28 3
tPx23=pP0. { All aboveground portiona. 1% Topa ang tuhgrs.
1K x 1.2 =K,0O. # Beans only, §§ Heads.

4 kg/hs =% 0.9 = lb/acre. 11 Tops and rogis. 11 Tops and bulps.

THe data in Table 11-2 implies that internal 3 requirements of crops arg
approximately equal to the S contents given but may not be a useful guide for
S fertilization. Cotton, a crop that is very sensitive to S deficiency, is among
the lowest of the various crops ranked according to S contents. Nevertheless,,
it is clear that crops cannot produce beyond certain limits imposed by the S
supply. Table 11-2 should provide a reasonable estimate of what the mini-
mum external S supply must be.

One other aspect of the § requirement of crops should be introduced
because it bears directly on the use of S fertilizers: the concentration of Sin
the root environment. External S requirements for near-maximum yields
have been estimated for several crops. From the results of these investiga-
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:.u_._m it seems reasonable to generalize that for many crops fhls requirement
£43uld be approximately 5 mg/L S in solution, but the requirement may be as
‘ow as 2 mg/L for some crops (Fox, 1980; _un.x et al., 1979). Sulfate in the soil
solutton is transported to root surfaces in water Swo: up by plants, a process
commonly referred to as mass flow.

Sulfur may have beneficial side effects on plant growth in addition to
itsrole as a plant nutrient. The acidifying effects of ammonium thiosulfate,
ammonium sulfate, elemental S, and so forth in fertilizer bands in basic or
alkaline soils may increase the availability of other essential nutrients, such
as P, Mn, and Zn. Large quantities of elemental S or sulfuric acid {H,50,)
are usually required for more general pH adjustments. Sulfur and a num-
ber of its compounds are useful for reclaiming sodic soils, and many of
these same materials are used for treatment of irrigation water 10 improve
water infiltration and percolation.

This topic of production, marketing, and use of S products was re-
viewed thoroughly by Beaton and Fox (1971). In this chapter we have up-
dated and added new material on the subject.

1. SULFUR SOURCES
A. United States and World wnmn.éom...

Sulfur has been known for > 6000 yr, but its widespread use began
only about 200 yr ago (Hatch, 1972). Asearly as 2000B.C., mmzu:.mzm used
S to bleach cotton and linen and to formulate various paint pigments and
dyes, It was used by the Greeks and Romans as a medicine. a disinfectant,
a fumigant, and for religious rites. Sulfur is the “brimstone™ of the Bible,
and before the time of Christ, the Chinese used § for making gunpowder.
The Romans also used it in warfare as an incendiary weapon. Sulfur was
popular with the alchemists, and they found it ideal for many of their pur-
poses, '

Sulfur constitutes approximately 0.1% of the earth’s crust and mosl
commonly occurs as elemental S (brimstone) in deposits associated with
calcite, gypsum, and anhydrite; combined S in metal sulfide ores; com-
bined S in mineral sulfates; hydrogen sulfide (H,S) contaminant in natural
gas; organic contaminants in crude oils; pyritic and organic compounds in
coal; and organic compounds in tar sands {(Comiskey et al., 1969).

World S resources are vast and, for all inlents and purposes, unlim-
ited. However, most of them are unéeconomical to develop at current prices
(Bixby, 1980a). Reserves of conventional S in the USA and clsewhere in
the world are compiled in Table 11-3. Values of > 300 million metric tons
in the USA and nearly 2800 million metric tons worldwide indicate that
conventional reserves will be adequate in the foreseeable future.

In addition to these conventional reserves, about 1100 trillion metric
tons of SO;~ are dissolved in the oceans and deposited on the earth’s sur-
face, primarily in the form of gypsum (Hatch, 1972). Sulfur present in coal,
oil shale, anhydrite, and gypsum in the USA alone is estimated to be > 33
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Table 11 -3. }bun_.mnu reserves of 3 r}:. TP EoRVentitnai sow-ced i toe viond
.- —-  (PeRrinAR%: e ——
-— Irln\[ll_rl L]
Petro- Natural Native —Dna al
Area -+ leum gas ore Dome - .‘__-.mm Pyrite  Tota:
million metric toric

UsA 30.5 25.4 101.6 101.6 25.4 25.4 309.9
Canada 51 172.7 NSt - 25.4 25.4 228 6
Mexico 5.1 NS NS 50.8 10.2 5.1 71.1
Central and

South America 30.5 NS 101.6 - 50.8 50.8 233.1
Western Europe NS 25.4 5.1 - 5.1 25.4 61.0
Eastern Europe

and USSR 50.8 50.8 152.4 - }6d.4 203.2 609.6
Africa 5.1 NS NS - 20.9 20.3 45.7
Near East and

South Asia 3455 5080 203.2 - 6.} 608 11126
Far East and

Southeast Asia 10.2 10.2 50.8 - 0.4 200 1118
QOceania - - NS - 6.1 51 10.2

Total 4826 792.5 614.7 152.4 320.0 431.8 2794.1

T NS = not significant.

billion metric tons, more than 10 times world conventjonal reserves
(Pearse, 1974). Canada’s Athabasca tar sands in northern Alberta are an-
other potentially very large source of S (Vroom, 1972). They gre believed
to contain at least 4.5 billion metric tons of S as a 4.5 to 5.0% contaminant
of the petroleum. United States oil shales contain ._co_.:. 0.751q 1.0% S by
weight (Rieber et al., 1981}.

Sensitivity of utilization of the various S reserves 10 cost/price rela-
tionships is demonstrated in Fig. 11-3. This inverwed pyramid shows tha
the size of reserves and cost of production increase from brimsjone at the
bottom tip to anhydrite and gypsum, coal, and seawater in the broad upper
levels. Normally, if lower cost sources are unable to satisfy degmand, the

The “Inverted Sulfur Pyramid”

M\ p— 7|
- /|
/ Anhydrite & 9;.__5._\ Elsmental
Costs| |Ranarves / Pyrites \ co

Smelter

‘ Frasch ﬁ

Fig. 11-3. Theinverted EEE.E {Bixby. 1980a).
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B: H..whmn in prices makes it nn.,..u.so:.___nm:w attractive to develop more
nmt.w:?én sources higher up in the pyramid. A possible exception to this

Sulfur is produced by more diverse and ingenious methods than any
other common clement {Hatch, 1972). It is dug from pits like coal, recov-
ered from waste gases of smelters (as sulfur dioxide [SO,]), extracted from
natural and refinery gases (as H,S), and melted underground and brought
to the surface as liquid elemental S (the Frasch process). Frasch S is the
most important single source of S in the USA (Rieber et al., 1981), but its
importance is expected to begin a gradual decline over the next several
years until the deposits are depleted or uneconomical to mine (Bixby,
1980a). Forecasts of the amounts of S to be provided from the various U.8
sources in 1985 and 1990 are shown in Table 11-4.

Table 11-4, Estimated U.S. § supply outlook by region and source, 1985 and 1390
{Rieber et al., 1981). '

Sourcé 1985 . 1990
million metric tons
Northeast _
Refinery S 0171 091
Recovered etid 0.10 0.20
Total 0.81 1.11
: Southeast
Recovered aeid 0.30 0.41
_Gulf Coast_
Frasch 4.10 3.56
Refinery S 1.73 2.34
Sour gas S 1.62 2.03
Total 7.45 7.93
Refinery S 0.51 071
Recovered acid 0.20 0.30
Coal gas-flue gas 0.20 0.20
Total 0.91 1.21
Midcontinentt
Frasch 3.05 .05
Refinery S 0.20 0.30
Sour gas § 1.93 4.57
Recovered acid 1.22 1.63
Total 6.40 9.55
_West Coast

Refinery S 0.61 0.81

Recovered acid nil nil
Total 0.61 0.81
U.S. total 16.46 21.03

t Inchiding southwest and intermountain USA.
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Because of the present dominant gosition of Frasca 5 i tug L=/ =
since more information is readily mﬁ_:__mc_o about energy contayed _=._"._.m
production, this discussion focuses ori this method of S mining, Froductioi
costs and energy usage are closely relited 1o the amounts of superheated
water at a temperature of 160 to 163° C that must be forced under a pres-
sure of 8,78 to 14.06 kg/cm? down a borehole into the underlying S-bearing
formation (Ellison, 1971, Pearse, 1974). The quantities of water needed
range from about 5600 to 26 000 L/metric ton of § depending on the charac-

teristics of the deposit and the age of the mine (Ellison, 1971).

Energy requirements range from about 4.8109.5 % 10° J/metric ton of
elemental S (Rieber et al., 1981). It averages about 9.3 x ]0° J/metric ton
of S (Blouin & Davis, 1975). Most of this is heat energy, generally from
natural gas. i

According to Blouin and Davis (1975), S recovery from sour gas re-
quires only about 0.35 x 10° J/metric ton of S. Desulfurization of oil is energy
intensive, consuming approximately 31.4 X 10% J/metric ton of S. Production
of S from the roasting of pyrites utilizes almost 0.5 X 10° I/metric ton, just
slightly more than that used in sour gas recovery.

Zo

I1. SULFUR FERTILIZERS

Many fertilizer malerials contain significant quantities of §. Prief de-
scriptions of the most popular 8 sources are listed in Table 11-5.

A. Fertilizers Containing Elemental Sulfur

1. Agriculiural, Flake, and Porous Sulfur Granules

The use of elemental S to reduce soil pH and to reclaim sodic soils 15
well known. However, problems of dustiness, unpleasantpess, and hazards
of fire and explosion have limited the utility of agricultural grade § andioa
lessef extent the flake form for fertilizer purposes. Modifications yre possi-
ble to overcome these serious drawbacks and at the same time take advang-
tage of the obvious economics in using dractically pure S, C:?:._:E:n:‘.
th=se changes, which mostly entail larger or more durable particles, are
usually made at thé expense of agtonamic effectiveness. _

Pure S is easily prilled, but the product is unsuitable for normal fert)-
izer uses because it is virtually insoluble and has low surface arca. Hsnwn
properties seriously delay the rate at which it will be no:<m.:na 1o plam
available SO~ One way of improving the effectiveness of prilled elemen-
tal S is to form porous irregular granules with much greater m.:.?nn areas.
This is the approach taken with products such as Popcorn Sulfur (Unocal
Company of California, Los Angeles, CA) and Poro-Sul (Smith and Ar-
dussi, Inc., Seattle, WA) The performance of flake S can, of course, be
controlled to some degree by changing flake size and thickness.
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— "able11-5. Sulfur-contalning fertilizer matérials (Bixby & Hilmer, 1875).

Sulfiras S Sulfir as SO

>mﬂmﬁec;_ S Ammbnium sulfate

FlzkeS Potassium sulfate

Granular S-bentonite Caleium sulfate

Phosphate rock-S

Normal superphosphate + S
Triple superphosphate + §
DAPt + MAPt + S
Ammonium polyphosphate + S

Magnesium sulfate
Potassium-magnesium sulfate
Normal and enriched superphosphate
Ammonium nitrate-sulfate
Ammonium sulfate-nitrate

AP-UP§ + 5 Ammonium phosphate-sulfate

NPK grades + 8 Armmonium phosphate-suliate gypsum
Urea-S Ammonium phosphate-sulfate urea
Potash.uren-S Several micronutrient salts

S-coated potash Urea-sulfate

S-coated urea Urea-ammonium sulfate

Ammonia-S Sulfuric acid

S suspensions NPKS

Mi¢ronutrients in S
Sulfur in other forms .

Ammonlum thiosulfate

Ammonium bigulfite

Ammonium pol¥sullide

Sulfur dioxide

Certain ultra-high analysis materials
Lime-S

t DAP = diammonit'm phosphate,
t MAP = monoammefuum phosphate,
§ AP-UP = ammoniuin phosphgte-urea phosphate.

Flake S and the porous S products are used for direct application and
bulk blending. These zources are probably incapable of correcting S de-
ficiencies during the firs! growing season after application unless approxi-
mately 25% of the particles are < 60-mesh size. On severely S-deficient
soils and ones of low or unknown S oxidizing capacity, these products
should be used in conjunction with some soluble SOj~. Also, under these
kinds of conditions they should be applied anad incorporated into the soil as
far in advance of seeding as possible.

2. Water-degradeable Granufar Sulfur-Bentonite

Another means of improving the effectiveness of granular elementai S
products is to incorporate 5 to 10% by weight of a swelling clay such as ben-
tonite. This fertilizer imbibes soil moisture and disintegrates into finely di-
vided S, which is more readily converted to SO;~. One manufacturing pro-
cedure involves cooling the molten S-bentonite mixture on stainless steel
slating belts, followed by crushing and screening. A product with similar
constiruents but formed by prilling is currently being evaluated.

Granular water-degradeable S-bentonite fertilizers are manufactured
at several locations in the USA and Canada. Agri-Sul (Agri-Sul Inc., Mi-
neola, TX), Degra-Sul (Degra-Sul Fertilizer ProductionLud. Calgary, Al-
berta), Disintegrating Flake {Montana Sulphur and Chemical Co., Bill-
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ings, MT), Dispsr-St! (Chigmicil Ente3ties: Iig., Hdusion TX),
Hmw.mm:_ﬁomzm&:wﬁrma.ﬁ&_mcammw_omu.m:.mv,mu,., n_,_wﬁo .

Chemical Ltd., Chlgary, Alberta) aré commerci _"mm.rm._ﬁw? THEY 072 iked
for both direct application and blending with other comgititld a1y ovirzes

of N, P, and K. Sbme of these products are dusty, especially when ifiey re
subjected 10 rough and excessive handling with augers, A surfactant may
be sprayed on the granules to reduce &._mzzm and provide weliability.

Because of uncertain effectivenéss of these S sources during the first
growing season after fertilization, the same provisions should be made that
were outlined for agricultural, Aake, and porous S materials. Repeated use
of elemental S-containing fertilizers tends to gradually enlarge the popula-
tion of S-oxidizing microorganisms, resulting in a corresponding increase
in the rate of SO;~ formation.

3. Sulfur Suspensions

Elemental S can be readily used in suspensions. The Tennessee Valley
Authority (TVA) has used —20-mesh. crushed lump S 1o make suspensions
containing 60% S and 1% clay. Complete formulas. such as 9-8-15-108
(9-18-18-108) and 12-5-10-208 (12-42-12-20S), have been prepared
from 12-18-0 (12—40-0), urea—ammonium nitrate (UAN) solutions, potas-
sium chloride (KCl), and S.

One commercial firm has successfully made and applied a 60% S
slurry. A portable mixer suitable for field use and equipped with a motor-

driven impeller was used to make the slurry, which was then pumped to
field applicators and sprayed onto the s0il using existing liquid fertilizer
equipment. The S slurry can also serve as a carrier for micronutrients.

Another company provides instructions on how to formulate a 52% S
suspension from —100-mesh S and either 1% predispersed liguid clay or
2% regular clay. Surfactant at a rate of 1% and a mixing time of § min are¢
also called for in 1he {formulation.

Relatively inexpensive, crude elemental lump S reduced 1o the desired
size by suspension equipment has ndt proved entirely satisfaclory. Dry
ground S is more efficlent but has obvious druwbacks. Evaluyatjons are be-
ing made of &R eltérnate source of § prévided from ground S-pentonite
products or firies from their manufactu¥ing processes. This material is less
dusty than flowers of S, yet it has a sufficienuly fine particle size 1o give a
good short-term suspension.

Although more costly, S suspensions intended for fungicidal purposes
can be diverted to fertilizer uses. One product of this type is a cream-yellow

liquid containing 40 to 54% §, with a particle size of only lwo2pum.

4. Phosphate-Sulfur

Monoammonium and diammonium phosphates containing from
about 5 to 20% S can be made by applying a hydraulic spray of elemental S
at 1.4 kg/cm? during drum or pan granulation. At TV A, aproduct contain-
ing 12% N, 23% P, and 15% S (12-52-0-15S) was prepared by spraying
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Jiquid S onto a rolling bed of granular ammonium polyphosphate. On The
Basis of limited experience with these materials, it appears that they are
éscellent sources of both P and S (Beaton et al., 1968-1969). They should
te satisfactory for bulk blending with other granular fertilizers or for direct
application, particularly for topdressing legumes when both P and § are
required.

A granular concentrated superphosphate-S fertilizer with an analysis
of 0-18-0-20S (0—40-0-20S) was produced experimentally at TVA. The
process involved granulating elemental S and concentrated superphos-
phate with the aid of steam and water in a drum granulator. A similar mate-
rial analyzing 0—15-0-28S (0-35-0-28S) was made for a short time in the
western USA. In spite of enthusiastic acceptance, production wus lermi-
nated because of fire and explosion hazards connected with the grinding of
oversized granules. If there were sufficient economic incentive, this prod-
uct would likely be manufactured again, butin aninert atmosphere.

Sulfur fortification of normal superphosphate is popular in Australia
and New Zealand. In Australia these specially prepared high S fertilizers
are supplied in two grades—S.F. 25 and S.F. 45, with the numerals indica-
ting total S concentration (Bell, 1975). They are manufactured by metering
liquid S into the acidulation mixer. These materials are homogencous,
containing both SO~ for fast release and from 18 to 37% elemental S for
longer-term release in soils where leaching losses of SO7~ are serious. The,
two S-fortified superphosphates commonly produced in New Zealand con-
tain 10 and 20% elemental S and provide one-half and one-third, respec-
tively, of the total § as SO%- (Muller et al., 1975). _ _

There has been periadic activity and interest, dating back to at least
1916, in the preparatlén of phosphate rock-S mixtures. Evaluation of their
agronomic effectivenes: iy incompleie. Biosuper (Australian Mineral De-
velopment Lab., Frewviile, S. Australia), a granular phosphate rock-3
product containing thiobacilli has been under investigation in Australia
since the mid- to late 1960s. This material contains about 16% S, and the
preferred ratio of phosphate rock to $ is 5:1 (Swaby, 1975).

As a result of the activity of the thiobacilli, sulfuric acid is formed,
which partially reacts with the phosphate rock to form superphosphate.
Thiobacilli do not form spores, and death of the inoculum by dehydration
during storage of Biosuper is a problem. The surviving thiobacilli will,
however, accelerate S oxidation and formation of soluble P, particularly in
soils deficient in native S-oxidizing organisms. Biosuper seems to be well
suited for topdressing pastures in tropical areas of Australia and other
countries where the annual precipitation exceeds 635 mm.

5. Urea-Sulfur

The complete miscibility of urea and liquid S facilitates production of
a homogeneous granular product with excellent storage and handling
properties. A 40-0-0-10S prilled material was manufactured and mar-
keted on a limited scale in the mid-1960s in the western USA. Although all

SILFUR PALIELTTA
othef propeities were mmp...c_,m_.im. i
for mwﬂlwmnoi:m season u,n.m.mv:wn. .

TV2A prepared a granuiir utea-S anaiyzing abguiag ¢
ing molteti S and urea melt as mﬁvm_.mﬁ streams into a pilot plant pan grafit:
lator. The desired fineness of S particles was achieved by atomizatida.

In the early 1980s, a druth granulated urea-S became commercially
available in western Canada. This homogeneous fertilizer material has a
G__u._.nm_ analysis of 36-0-0-20S. It has superb storage and handling charac-
teristics. As might be expected due to differences in population and acliv-
ity of §-oxidizing organisms at the experimental sites, field results have
been variable, but in general they show that the S component becomes
available in a reasonable period of time.

6. Sulfur Coatings

One way of achieving controlled release of soluble forms of plant nu-
trients is to coat them with relatively insoluble and affordable materials
such as elemental S. TV A first made S-coated urea (SCUY} in _mco::oJ_
and bench-scale tests conducted about 1961. This controlled-release N fer-
tilizer as currently produced is 77 to 82% urea and 14 to 18% S coating. Al
least three firms manufacture SCU products—one each in the USA, Can-
ada, and the U K. Sulfur used in these protective coatings will become
available for plant uptake. .

At TVA, § coatings for controlled release purposes have also been
Mpmnun_..nmm?:w applied to urea—ammonium phosphate granules and granular

Sulfur coatings may also be used 10 intentionally supply ptant nutrient
8. For example, a product analyzing 40-0-0-108 muade by coating urea with
finely divided S using oil and calcium lignosultonate as a binder mm.cr.:.i
used on rice and Coastal bermudagrass in the west south centra| states, jn
Mississippi, and in Mexico, o

7. Other Fertilizers Combined with Elemenial Sulfur

A few other fertilizer products of only minor importance have been
made by adding elemental S in one way or another (e.g., anhydrous
ammonia-$ and micronutrient-S fusions).

B. Fertilizers Containing Sulfate

Sulfate-containing fertilizers provide most of the fertilizer S applied 10
soils. These materials have the advantage of supplying S in a form that
immediately available for plant uptake. In areas with high leachinglossés
of plant nutrients, fast-acting sulfates may not be as effective as sources
containing elemental 8, which slowly convert to §O;~.

1. Ammonium Sulfate

Ammonium sulfate is one of the oldest of the N- and S-containing fer-
tilizers, and it still remains popular. In 1975 1o 1976, it accounted for ap-
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proximately 5.2 million metric tons of plant nutrient S worldwide (Bixby &
Kilmer, 1975). Approximately 58% of it is synthetic, 16% is a by-producl
from metallurgical operations, and 26% is a coproduct from manufaciure
of caprolactam, the raw material for nylon 6, 2 synthetic fiber.

The popularity of ammonium sulfate (21-0~0-248) has been due
largely to its competitive price as a source of N Part of its production cosl is
frequently charged against the primary product from which it results. At
times there is virtually no charge for the S valuesin ammonium sulfate, but
this is changing because of the increasing attention being given to plant nu-
trient S.

The uses of ammonium sulfate as a solid fertilizer are well known. ltis
applied alone or blended with other fertilizer materials. Segregation prob-
lems can occur in bulk blends when its product size is not well matched with
those of N, P, and K materials. This difficulty can be minimized by care-
fully conirobling uniformity and sizing of ammonium sulfate used in biends.

When ammonium sulfate is used for direct application as a N source,
much more S is applied incidentally than is req uired by most crops. [n addi-
tion 16 this N/S imbalance, excessive soil acidity can develop when fre-
quent high rates are applied to poorly buffered soils.

Ammohium sulfate can supply up 10 10% S in suspensions. When iL is
used in suspension blends highin K, S concentrations of only about 1 to 2%
are possible. .

It can also be used in clear liquids. For certain local situations involv-
ing short hauling a.mﬁmzwmm and low costs for product, ammonium sulfate is
used to make solutions pnalyzing about 8% N and 9% §. Sulfur concentra-
tions in solutions based on ammonium sulfate and UAN solution can vary
from 1 to 9%. An example of this combination is a 25-~0-3.58 solution
sold in tlic tasiern USA. 1n NPS blends formulated with ammonium sul-
fate, the usual S Soncentrations range from 1 (o 3%.!

2. Ammonium Nitrate-Sulfate

Ammonium nitrate~sulfate with a grade of 30-0-0-06.58 is manufac-
tured in Washington State. 1t is made by granulating a slurry of the double
salt. At TVA, similar products analyzing 30-(0-0-5S and 270-0-11S were
made by neutralizing nitric acid (HNO;) and sulfuric acid (H,SO,) with
ammonia, and concentrating and feeding the product onto a tumbling bed
of recycled product on a pan granulator.

A doubte salt of ammonium nilrate and ammonium sulfate present in
equal proportions was formerly produced as a synthetic product in the Fed-
eral Republic of Germany. It was known as Leunasalpeter and had a grade
of 26-0-0-13S. This S source has several advantages, including less hygros-
copicity, a satisfactory N/S ratio for direct application purposes. and a
combination of ammoniacal and nitrate forms of N, making it suitable for
both spring and fall fertilization. In the U.S. Pacific Northwest, ammao-
nium nitrate-sulfate is widely used on forage and grass seed crops and on

fall-seeded small grains.
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3. Urza-Ammonium $ii{faz
.

: i g
.m.“o_. a few years beginning in 1976 a graraiys urea—ammon :
fertilizer with a grade oI 40-0-0-6S was ncEmﬁ.m.,._._m__.u:« _uaca:n.._.mgu western
Canada. It was made 5% coating ammonium 5:!fate fines wil urea in a
spherodizing drum. AlttGugh this S source was replaced by a new urea-
elemental S material, whizh was mentioned previously, a second manufac-
turer began production in 1984 of a similar material analyzing 38-0-0-7S.

Granular urea—ammonium sulfare has been fade by a variety of ways
at TVA. Grades ranging from 40-0-0-14S to 30 -{H]3S have been pro-
duced by oil prilling. It was also made by coating jpmopium sulfate fines
with urea in a granulator and by air prilling. o -

Urea—ammonium sulfate granules tend 10 be more resistant to physi-
cal breakdown and less hygroscopic than urea prills. l1s v:ﬁ_,nm_ properties
can be further improved by the addition of gypsuny, which forms a comptex
with urea. The N/S ratio may be varied from 3:1 tg (HE qn.n;_.:_.:m.m: consid-
.n..w_u_n flexibility in the correction of N and § deficipnejes in mestspils. Uses
in the western USA were similar to those describgg parlier far ammonium
nitrate-sulfate. | .

Mechanical mixtures of urea and ...3:..03:..: splfate wish a grade of
34-0-0-118 have been sold in western Canada since 1967, ang they are still
well accepted. Because of segregation problems cansed by wnsajisfactory
product sizing of ammonium sulfate, which were mentioned earljer, these
Emsnm should be used soon after they are prepared and noi n_oqon— in fertil-
izer namm_nam_ bins or on farms. Also, the amount of handling shpuld be mini-
mized. : A

TV A has demonstrated the feasibility of producing a 2958 urea-
ammonium sulfate suspension. It is made by reacting anhydrpus gmmonia,
_.._NmOf 75% urea solution, and water in a tank-type bailing reactor (Na-
tional Fertilizer Development Center, 1980). Two cooljng s)ages are psed,
and 2% attapulgite gelling clay is added during the first nno::w stage. Han-
dling and siorage properties are good, and the N/S ratio of nearly 6:1is favor-
able. This product may be used either for direct application n,_,..mm 4 basg sus-
pension in the manufacture of suspension mixtures hy a mmaiw cald-mixing
procedure. o

4. Ammonium Phosphate-Sulifate

The mosl common grade of ammonium phosphate-sulfate analyzes
16-9-0-148 (16-20-0-14S). It is composed of about 40% monoammanium
phosphate and 60% ammonium sulfate. Other products of this type in-
clude 13-16-0-20S (13-39-0-208), 19—4-0-208 (19-9-0-208), and 23-9-
0~7S (23-20-0-7S). The latter contains some urea.

They are made by several processes, including reacting a mixture ol
phosphoric acid (H3PO,) and sulfuric acid with ammonia, and introducing
ammonium sulfate solutions and H.SO, into a H,PO, plant reaction cir-
cuilt.
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Dlirect application of 16-9-20-14S (16-20-0-14S) 1o wo_wwmn crops,
particularly legumes, is practiced in many areas. It is also popular for in-
row epplications on small grains and rapeseed/canola seeded oh previously
falléwed land. This product is frequently used for formulating bllk blends,
A granular product with a grade of 15-13-0-8S (15-30-0-88) is cur-
rently manufactured in the southeastern USA, Ammonium phosphate,
ammonium sulfate, and gypsum are used to make this product, which is
suitable for both bulk blending and direct application.

5. Gypsum

Gypsum (CaSOy - 2H20) is used as a source of S in the localities where
it is mined or produced as a by-product. Its low nutrient analysis, 13 10
19% S, limits the extent to which it can be profitably used. Although finely
divided gypsum is difficult to apply, two U.S. manufacturers now make an
easily spreadable granular form. Gypsum has the added benefit of supply-
ing Ca for either plant nutrient or soil amendment purposes.

There is a vast supply of this mineral from mines situated in several
parts of the USA and Canada. Appreciable quantities are also produced as
a by-product in the manufacture of wet-process H,PO,.

6. Normal Superphosphate

Normal superphosphate wasatone time a major source of P and still is
prominent in Australasia due to its 10 to 14% S content. Normal super-
phosphate is composed of approximately 50% by weight each of monocal-
cium phosphate and gypsum or its lower hydrate. The occurrence of § de-
ficiencies has been delayed {n many areas of the world because of the
involuntary addition of $ whén normal superphosphate wag used 1o supply
P. Its Ca content, ranging from 18 10 21%, can be ivo:ﬁ.: in soils low in
this nutrient.

7. Potassium Sulfate and Potassium-Magnesium Sulfate

Potassium sulfale analyzing 0-0-42-173 (0—0-50-175) and
potassium-magnesium sulfate with a grade of 0-0-18-223 (0-0-22-228)
plus 11% Mg are important sources of S. They are particularly uselul when
low levels of chloride are desired, as is often the case for crops such as to-
bacco, potaloes, avocado ( Persea americana Mill.), pcach | Prunus persica
(L.) Batsch), some legumes and turf grass. These iwo products also supply
K, S, or Mg individually or remedy multiple deficiencies of these elements.

Both materials are suitable for direct application, bulk blending, and
inclusion in suspensions. Potassium sulfate is feast abrasive of the wwo
products. The abrasion problem with potassium-magnesium sulfate has
been largely overcome in a modified product that is ground to ~20-mesh
size and then regranulated. '

8. Magnesium Sulfate and S ulfates of Micronutrients

Magnesium sulfate containing 13% S and 9.8% Mg has limited use as a
source of Mg in clear liquid fertilizers and foliar sprays (Beaton & Bixby,
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9. Sulfuric Acid &nd Urea-Sulfuric Acid
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“Use of sulfuric acid (H:S0O,) as a soil amendment is discussed laler.
The usual concentration of acid used for this purpose is 93%, and 1t con-
tains about 30% S. Thus, there will be substantial additions of § when arid
lands are ireated with H.80,.

Personal hazards have restricted the use of H;SO,. A simple, rapid,
and economic process has been developed in California to combine urea
and H.SO; into a product with greatly reduced destructivity of human tis-
sue without neutralizing any of the acidity of the sulfuric acid (Gregory,
1983). A mild skin irritation may occur after prolonged exposure to this
product, and it will sting on contact with a cut or sore on the skin.

The reaction between urea and concentrated H.S0, is strongly exo-
thermic, and measures must be taken to dissipate the heat evolved in the
process (Verdegaal & Verdegaal, 1982). The resulting cnd product is a lig-
uid that remains in the fluid state to temperatures of —2.2 10 3.3° C, de-
pending on the formulation, Urea-H.SQ, fertilizers have a pH of < I, and
stainless steel and thermoplastics such as polyethylene, polyvinyl chloride,
polyvinylidene fluoride, and polypropylene must be used for manufactur-
ing, storing, and handling them. Workers must use tubber protection
equipment, especially footgear. .

Typical urea-H;S0, formulations, amendments, and fertilizers have
grades of 10-0-0-18S, 15-0-0-168, and 28-0-0-95. Urea—Sulfuric acid
fertilizers can be applied in any manner that conventional fertilizers are
applied, provided that suitable corrosion resistant equipment is used. They
can be broadcast before planting or shanked in as a sidedressing. |n addi-
tion, they can be applied in surface irrigation water or injected imo cicle
pivots, linear moving systems, and drip systems. Other fertilizer materials
such as 10-15-0 (10-34-0) and H,PO, are compatible with urea~H,80, fer-
tilizers.

C. Fertilizers Contalning Other Forms of Sulfur

Two materials containing reduced or partially oxidized S compounds
are commonly used in the rapidly expanding markel for fluid fertilizers”
These are ammonium thiosulfate and ammonium polysulfide. Use of am-
monium bisulfite, a oace popular S source in certain localized areas of the
Pacific Northwest, has diminished in recent years and became almost nil in
1982. Sulfur dioxide is a high-analysis liquid that is not used for soil appli-
cations because of technical difficuities, butitis commonly used for water
treatment in California and Arizona.
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1. Ammonium Thiosulfate

- Ammonium thiosulfate solution, 12-0-0-268, is the most widely used
8 product in clear liquid fertilizers. Itis prepared by reaction of SO and
dqueous ammonia, followed by further reaction with clemental S. Several
variations of this basic process exist.

This material is compatible in any proportion with neutral to slightly
acidic (not < pH = 5.8) orthophosphate and polyphosphates. It can also
be readily blended with aqueous ammonia and with UAN solutions. It is
not suitable for mixing with anhydrous ammonia.

The versatility of ammonium thiosulfate is such thut it can be used 1o
provide up to 10 to 12% S in a wide variety ol N=§, N-P-§, and N-P-K-§
formulations. Trial blends should be prepared, especially when K is a com-
ponent, before going to large-scale mixing.

It is essentially noncorrosive and may be stored in mild steel and alu-
minum containers. However, contact with tin, copper, brass, or other cop-
per alloys should be avoided. Storage temperatures of between — | and 38°
C are permissible. '

Ammonium thiosulfate is well adapted to the many methods of apply-
ing fertilizer solutions, and it can be applied through open ditch and sprin-
kler irrigation systems. It has favorable soil amendment properties also,
but there are less ¢Xpensive alternatives.

2. Ammonium Polysulfide and Calcium Polysulfide

Ammonium polysulfide is a highly alkaline (pH 10} reddish brown so-
jution with a strong odor of hydrogen sulfide (H25). It analyzes 20-0-0-458
and is made by reaciing aqua ammonia with H,S and clemental S in the
presence of heat and agitation. :

Ammonium polysiillide is compatible with anhydrous ammonia, and
at volumes > 10% it is stable in both aqua ammonia and urea—ammonium
nitrate solutions. Blending with acidic solutions should be avoided becuause
it will decompose in them, releasing H,S and colloidal §. Generally, it is
considered unsuitable for mixing with phosphale solutions, although there
are exceptions, Complete N-P-K-S solutions containing up to almost 6%
K are possible with this product as a component.

Storage and handling equipment should be made of black iron, stain-
less steel, aluminum, or certain poly-type plastics. Brass and bronze metal
parts are subject 1o severe corrosion, ltcan be stored at temperatures rang-
ing from —1 to 38° C. This product should be stored at a pressure of 0.035
kg/cm? to prevent loss of ammonia and subsequent precipitationof S.

It may be applied directly in open ditch irrigation systems, but addi-
tion through sprinkler systems is not recommended. This material in mix-
tures of aqua ammonia or anhydrous ammonia is injected into soil using
anhydrous ammonia applicators. It can be applied directly to the soil sur-
face if diluted with water to lower the N concentration to < 5%. Urea-
ammonium polysulfide solution, 25-0-0-35S, is applied in irrigation runs
to many crops in the southwestern USA. Al one time in this region of the
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USA, n blend of Ed...ﬁo:.c_._._ DClyshIEAE und Hlihydrgis «:

ing 55-0-0-208 was specially formuiaiad for scil Injectich;

Although ammotium polysulfide is 23 excelieht sourcis ¢f plar
ent S, its primary uses are as 4 soil amendment and [of #ater fed:n
is not as convenient or as pleasant to handle as is ammbhium thics
For example, after equipment is used for handling and didtributing ammo-
nium polysulfide, it must be thoroughly cleansed with water or anhydrous
ammonia.

A 29% solution of calcium polysulfide is used similarly to ammonium
polysulfide as a soil amendment and for waler treatment. It contains 22% S
and 7% Ca. has a pHof 11 1o 12, and has a strong odor of H:S. The amend-
ment action of 100 kg of calcium polysulfide is equivalent to 147 kg of 100%
gypsum or 27.6 kg of elemental 5.

Calcium polysulfide may be applied al rates of 120 to 600 kg/ha
through flood or furrow irrigation systems. Higher amounts may be used un-
der certain conditions. When calcium polysulfide is applied 0 growing
crops, rates in a single application should not exceed 120 10 180 kg/ha.

3. Ammonium Bisulfite

Ammonium bisulfite, a low analysis (8.5-0-0-17S) solution with a
strong odor of sulfur dioxide, was once an important source of S in a local-
ized region of the Pacific Northwest. This material is well suited Lo mixing
with aqueous ammonia and urea-ammonium nitrate solutions. Similar 10
ammonium polysulfide, it should not be mixed with acidic solutions. In
most other respects it is used in the same ways as ammonium thiosulfare.

Mild steel, aluminum, and plastic tanks are suitable lor storing ammo-
nium bisulfite.

4. Sulfur Dioxide

l\an_lmou contains 50% S and for a time was considered a potentially
useful high analysis S fertilizer. [t is keptunder pressure and for this reason
has to be applied with anhydrous ammonia injection equipment. One of its
major disadvantages is incompatibility with anhydrous ammonia, necessi-
taling a separate tank and pump on application rigs.

Despite its lack of acceptance for fertilizer purposes. SO-isused asa
soil amendment and for water treatment. Itis produced from elemental $
in specially designed field burners for addition 10 irrigation waters in Ar-
izona and California. More is said about this aspect of its use in section VI
regarding S soil amendments. .

For more technological and agronomic information on the use of the
principal S fertilizers, the recommendation tables drawn up by Bixby and
Beaton (1970) and Beaton and Fox (1971) are useful. Considerable detail
on mixing techniques for supplying S in liquids and suspensions is given in
reviews by Beaton and Bixby (1973) and Bixby (1978). A comprehensive
list of § fertilizer materials along with producers and suppliers was com-
piled by Bixby (1980b).
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III. MARKETING SULFUR FERTILIZERS

Need for fertilizer S in the USA and Canada has grown considerably in
recent years. In 1960, S deficiencies had been confirmed in ficld experi-
ments in 13 states, and by the early 1980s, this number had increased to 35.
Five provinces in Canada now have recognized shortages of this nutrient.

A. Consumption in the United States and Canada

Despite the widespread occurrences of S deficiencies in the USA and
Canada, use of fertilizer S is far below crop requirements, Approximately
1 million metric tons of S were applied in the USA in 1972-1973 compared
with calculated crop requirements ranging between 2.3 and 3.6 million
melric tons of 5 (Beaton et al., 1974). Although both usage and crop needs:
of § are expecied to be somewhat greater now, the gap between them has
probably not narrowed. It'should be recognized that noy all of this fertilizer
S consumpiion was planned; much of it was applied ingidentally as a com-
ponent of N-P-K fertilizer materials.

Crop responses lo fertilizer § are common in the four western Cana-
dian provinces of British Columbia, Alberta, Saskatchewan, and Mani-
toba. Annual additions of fertilizer S in these four provinces during the 11
yr from 1969 to 1979 rapged between 18 800 and 44 000 metric tons
(Beaton, 1980). The 39 600 metric tons applied in 1979 are considerably
lower than the estimated 0.15 to 0.2 million metric tans needed for the
seven main crops grown in'the three Prairie Provinces. Very little of this S
use was deliberate, but rather it was incidental mainly 5 the form of popu-
lar materials such as ammonium sulfate, ammonium phosphate-sulfate,
ammonium phosphates, apd the various 1:1 and 2:1 nitrogen phosphates
based on ammonium phosphate. .

These deficits between crop requirements for S and the amounts ap-
plied in fertilizer are probably not as large as indicated. In some regions of
the USA and Canada, there are undoubledly substantial S contributionsin
wet and dry deposition from the atmosphere and in irrigation waters. Sul-
fates in irrigation water are often more than adequate for crop require-
ments.

B. Market Development

Market development for S is carried out by many fertilizer manufac-
turers in individual programs and by their support of research and educa-
tion organizations such as the Sulphur Institute and the Sulphur Develop-
ment Institute of Canada, Other organizations aiding in collective
development programs are the Potash & Phosphate Institute and its af-
filiated Foundation for Agronomic Research. These industry-financed in-
stitutes are staffed with highly qualified scientists that serve the fertilizer
industry, universities, government, and agriculture in the USA, Canada,
and elsewhere in the world.

. 1 2P TR AR T (1),
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sund use in crop and liveg:2k productics, Fhey fund resezich
vaiversities and other research nmnmc:mzﬁqmﬁm to develop fpis
formation and to obtain basic knowledge abGut S in soils, .I;
mals, Assistance is also given to demonstrations of the nzed for and
benefits from using S in agriculture.

Strong educational programs are a major part of the markel develop-
ment activities of the industry-supported organizations. There is exiensive
use of publications such as the Sulphur Institute Journgf (now restructured
and renamed Sulphur in Agriculture ), technical bullegjns, newsletters, and
leafiets. Visual aids, including 35-mm color slides ang ¢njor films are also
important educational tools. All of these items are desigped1oinform agri-
cultural leaders among growers, in research, extensjop and ipstruction;
bankers; and agribusiness of significant findings on the reje of § in profit-
able crop and livestock production. Timely press E_nwmwm on this same
lopic are sent to various farm publications.

Staff of the Sulphur Institute and to a lesser exten| :% Potash & Phos-
phate Institute frequently make presentations on m-i_;%n Ippics at farm
meetings, crop production seminars, fertilizer dealer Enc::mm. fertjlizer
association conferences, and at meetings of professiopgl pssgciagjons.
These organizations periodically hold symposia, workshopg, and ethey ed-
ucational meetings to assemble researchers, educators, m_n‘:__z_m:m-o;,
and members of industry to report on and evaluate problems ang progress
made in S research. Specific S-related topics may also be revieweq anq dis-
cussed at these meetings. E ,

In addition to research grants offered to universities and olfjgy does-
tic rescarch agencies, some financial and technical assistance is piven ip in-
ternational agencies such as the United Nation's Food and >m1n£ﬂ:3 Or-
ganization's fertilizer program, "

Company-identified market development activities may tyke¢ a num-
ber of directions. The principal ones are in-house research m-i tn<m_0ﬁ-
ment projects, exhibits at trade shows and other meetings af the various
state, regional, and national fertilizer associauions; and Eoiﬂn: of fund-
ing and materials for research projects at universities and government re-
search agencies. Other approaches used are direct mailers on S-rejated
topics to farmers and agriculturists and sdvertisements in farm newspapers
aild imagazines, on radio, and perhaps oil television,

In some cases, qualified fertilizer company personnel prepare techni-
cal literature, write educational articles for farm publications, and give
talks on subjects on various aspects of S in crop and livestock E.on_cn:roz. :

C. Marketing Programs

Sulfur fertilizer manufacturers market their productsin different ways
depending on how the individual firm is structured. Producers who have
company-owned or franchised retail dealerships (or both) will sell S-
containing materials through these outlets. Manufacturers with and with-
our such retailing capability may also sell to wholesale distributors, who in
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turn will service retailers. Several manufacturers of mvmnw_.mm S-containing
materials do not have any retailing facilities, They market directly to deal-
ers, and substantial quantities may also be handled througiv wholesalers.
Rarely are S fertilizer products sold directly from the manufacturer to the
grower,

By purchasing S fertilizers through retail outlets, farmers have access
to both local and broader expertise on the use of and benefits from applying

S. They will also be able to have fertilizer 8, where required, blended with
common N-P-K materials.

D. Marketing Problems

One serious complication in the marketing of fertilizer S is the exist-
ence of large supplies of by-product ammonjum sulfate. The low monetary
value often credited to.the S component of ammonium sulfate makes it dif-
ficult for other more castly S-containing products ro'be price competitive.

There have been marketing problems with several of the elemeniai §-
containing sources. Briel accounts of these difliculties are given in the dis-
cussions on concentrated superphosphate-S and water-degradeable granu-
lar S-bentonite materials in section 11A2. More serious consequences of
the dust problem resulting in destruction of a manufacturing plant in AJ-
bertain early 1980 were reported by Beaton (1980). .

1V. FORMS OF SULFUR IN SOILS AND THEIR UTILIZATION
ﬂ BY PLANTS '

Solls contain both inorganic and organic S. As far as we know, plants
utilize the inorganic SO2~ form of S almost exclusively. This is not to imply
that organic forms of § are unimportant; many soils of the humid and sub-
humid temperate zone contain very small quantities of inorganic S. In such
soils plants quickly utilize (or percolating waters readily leach from the
root zone) S mineralized through the slow and continuous oxidation of soj]
organic matter, together with S that accrues as dissolved SOs in rainwarer
and 50; absorbed directly by soils from the atmosphere,

Even though the immediate source of § [or plants is inorganic SO
organic S is the original scurce for most of the 503 used by plants. Be-
cause of this, organic S has been referred to as reserve S (Bardsley & Lan-
caster, 1960), a term generally appropriate for soils that contain relatively
little inorganic S in relation to organic S,

Some soils contain so much SO~ in relation 1o organic S that the term
rescrve S seems inappropriate to describe the organic fraction. Two cases
serve as examples: gypsum-rich soils of arid and semiarid regions and soils
developed in highly weathered volcanic ash materials with very high capac-
ities to sorb SO~ Such are the Andepts of Hawaii, which may contain as

much as 0.7% SO:2--Sin the soil material below 30cm (Hasan et al., 1970),
Sulfate-sulfur is present in soils in three forms: in solution, as a precip-
itate, and adsorbed onto colloid surfaces. Gypsum is the most frequently
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V. REACTIONS OF SULFUR FERTILIZERS IN SOILS

Many factors influence the efficiency of § fertilizers. In very general
terms, the effects these factors have on fertilizer efficiency will depend on
the kind of fertilizer materials involved, the nature of the soil, crops used,
weather conditions, and time.

A. Elemental Sulfur

Because SO2- is the form of S taken up by plants, S in lower axidation
states must be oxidized before it is used. Elemental S is converted o SO;-
by biological oxidation. Although autotrophic and heterotropic bacteria,
fungi, and actinomycetes are capable of oxidizing clemental S, the auto-
trophic thiobacilli are the most important. Some soils are underpopulated
with S-oxidizing organisms. When elemental § is added to such soils, some
tie will elapse while the microbial population builds up. Elemental S oxi-
dation is affecied by panticle size. The relationship between surface arca of
the § particles and S uptake by corn growing in a S-deficient soil was almost
perfectly linear (Fig. 11-4). "

Temperatures between 30 and 40° C and soil moisture contents higher
than field capacity favor elemental $ oxidation. Oxidation proceeds most
rapidly when the elemental S is mixed with the soil. If elemental S is
banded in acid sandy soils, adding lime in the band will speed oxidation
(Table 11-7).
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Fig.11-4. Sulfur yield incorn plants 32 d after planting in relation 10 the specilic surface o[ §
particles. The rate of 3 addition was 5 mgskg in all ireatments (Fox et al., 1964).
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Gypsum 14.1 -
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Fertilizer banded
Gypsum 15.4 -
S flour B.4 14.3

B. Other Forms of Sulfur . .

Thiosulfate. sulfites, and sulfur dioxide are cppveried chemically and
biologically to SO;™. Because these materials are ysually applied to the soil
in fluid form, a high degree of conracl with the soj| is expecied. Several of
these materials undergo transformations, resulting in the formation of col-
loidal S when they are added to soil. Thiosulfates are chemically unsiable
in acid solution, yielding SO; and elemental S. The polysulfides are chemi-
cally unstable and form colloidal S and sulfides when added jo soil. These
soluble sulfides rapidly oxidize chemically 10 elemental 8. Qxidaripn of ele-
mental S formed from these fluid products probably proceeds biglogically
and is influenced by temperature and moisture in the same way as elemen-
tal S applied directly to soils. Particle size of the elementa] § formed during
these transformations is believed 1o be ideal lor subsequent axidation,

Sulfur dioxide reacts with water in the soil to form syllurpus acid,
which in turn reacts with soil constituents to form sulfite salys. These 0X1-
dize to SO~ either chemically or biologically. ) ,

C. Sulfates

Regardiess of the form of § fertilizer applied to spils, the end product
in well-aerated soils is SO~ The 803~ will form sparingly soluble salts
with cations such as Ca** in the soil. Sulfates coprecipitated with CaCO,in
soils probably are relatively unavailable to plants. In humid regions, SO;-
usually leaches into the subsoil where it may accumulate, however, soluble
SO~ salts frequently leach through the profile below the root zone. Sulfate
is less mobile in soils than NOyand Cl~ and is less subject to leaching lpsses.
This is one reason why the fertilizer requirements for S tend to be less than
would be expected relative to N.

Many highly weathered soils have a considerable capacity 10 adsorb
SOI-. Sulfate sorption by soils is concentration dependent. Fertilizers that
greatly increase SO{~ concentration in the soil enhance SO}~ sorption. The
reaction is reversible. Plants can utilize adsorbed SO} ™. Although the rela-
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titships are far from perfect, evidence suggests that the aviliabiiily of ad-
m_ﬂacnn_ SO? is only slightly less than soluble SOZ~ or aticast is in keeping
w!ih its solubility in the soil system (Barrow, 1969; Fox, 1980; Hasan et al.,
1870; Hogg & Toxopeus, 1966). Adsorption of SO~ shoulil help to con-
cerve S fertilizers and native soil S by reducing leaching losses and regulat-
ing the movement of SO~ to the roots of plants. Liming and phospharte
fertilization reduce the capacity of soils to sorb SO2~. The short-term effect
of these practices may be increased availability of fertilizer or soil sullates
because of increased SO~ solubility. The long-term effects are likely Lo be
increased depletion of S in surface horizons because of greater leaching.

Sulfate in strongly anaerobic soils may be reduced by bacteria to form
H.S, which in turn reacts with heavy metals to produce highly insoluble
sulfides. If the system later becomes oxidized, these sulfides oxidize to ele-
mental S, which is converted by biological oxidation to sulfuric acid, caus-
ing very acidic conditions.

VI. PREDICTING AND DIAGNOSING THE NEED
FOR SULFUR FERTILIZERS

A. Available Seil Test Levels

Efforts to develop S soil tests have been largely concentrated on mea-
suring $O2~ as an estimalte of available S (Ensmingey & Freney, 1966).
Some recommended extraction solutions have been (i) monocalcium or-
thophosphate [Ca(H:RO4):| or monopotassium orthophosphate
(KH;PO;), (ii) neutral salt solutions, (iii) hot water, {iv) sodium acetate
(NaOAc, pH 4.8}, and {v) sodium bicarbonate (NaHCQ,). The first two
measure soluble plus some adsorbed SO, and the remaining procedures
also include some organic S. Solutions containing phosphate have given
the highest correlations of extractable S related to crop yields or S uptake
by plants. In pot tests, correlation coefficicnts (r} of 0.8 and 0.9 have been
reported (Barrow, 1967, Scott, 1981), but in the ficld an r of 0.4 is more
usual (Hoeft et al., 1973; Probert & Jones, 1977).

Some workers have found no significant relationships of soil test val-
ues to crop yields or S uptake in the field (Spencer & Glendinning, 1980).
Soil tests appear to be of most value on sandy soils. For example, Reneau
and Hawkins (1980) observed a response to S in Virginia on corn and soy-
beans grown on Coastal Plain soils. These are moderately well 10 well-
drained soils, low in organic matter, belong to the fine loamy or coarse-
textured families, and have Ca(H;PO,)—extractable soil S concentrations
of 6 to 7 kg S/ha or lower. Soils with the same soil characteristics but with
soil S concentrations belween 7 and 15 kg/ha would be expecied to respond
to applications in dry years but not in wet years. This response appears to
be related to soil moisture conditions and the depth and concentrations of
extractable S in subsurface horizons.
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B. Plant Analysi’

Four criteria of assaying the S status of plants have been most widely
used: (i) total S, (i1} SOI~-S, (iii) N/S ratios. and (iv) SO:~-S/total S ratio.

Total S is an obvious choice since concentrations are directly relared to
Ssupply. However, critical values are affected by plant part sampled, stage
of growth, and amount of defoliation previous to sampling, as in the case of
a grazed or mowed pasture crop (Jones et al., 1981; Ensminger & Freney,
1966).

Sulfate-sulfur critical values do not change as much as total S wirh the
above variables and critical N/S, and SO2~-S/total S ratios change even
less. However, the latter two methods require two analyses that increase
the cost and the variability. The disadvantages of these four criteria are
that time of sampling is restricted to a relatively short period, they indicate
only the S status of the plants at the time of sampling, and then only if other
nutrient or environmental [actors are not more limiting than S, Plant anal-
ysis can be useful if time of sampling, plant part, and chemical analysis are
properly chosen.

To put the S status in perspective with respect to other nutrieats, the
diagnosis and recommendation integrated system (DRIS) has been sug-
gested (Sumner, 1981). This appears to have merit where a large data base
for yields and chemical composition can be obtained on such craps as corn,
soybeans, and alfalfa. However, on pasture crops, yicld data from thou-
sands of sites are more difficult and cxpensive 1o obtain and yie not yel
available.

C. Contributions from Atmospheric Sources and Irrigation Yaters

Global emissions of S resulting from industrial activifjes yrp gstimated
at 100 to 170 million metric tons annually (Husar et al., 1977). More than
26 million metric tons of SO, (13 million metric tons of $) were gxpimated jo
have been emitted into the atmosphere of the USA in 1980, Total annual
emissions of sulfur oxides in Canada are approximately 7 million metric
tons or 3.5 million metric tons of § (Canada Dep. of the Environment,
1978; Summers & Whelpdale, 1975).

Sulfur enters the atmosphere as SO;, H,S, H,S50,, various sulfate
compounds, and as volatile organic compounds such as dimethyl sulfide,
dimerhyl disulfide, and methyl mercaptan. In unpolluted air. S occurs pri-
marily in three compounds: SO}~ in aerosols and SO; and H.S gases (Taba-
1abai & La Flen, 1976). Hydrogen sulfide in the air is normally oxidized 10
50, which in turn is oxidized to SOj;. Sulfur trioxide dissolves in water

droplets to form H.SQ4, which may react further to form 8O3 saits such as
Az:avumog or ONMO?
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Sulfuric acid and the SO?2- salts present in aeresols are removed by
precipitation and, to a lesser extent, gravitational setuling. Sulfur dioxide
that enters the air has a residence time of only about 5 days to 2 weeks be-
fore it is removed by these mechanisms (Tabatabai & La Flen, 1976).

The most important processes that remove pollutants from the aimo-
sphere (Overrein, 1977) are:

1. Removal by precipitation of gases and aerosols.

2. Absorption of gases by vegetation, soil, and water.

3. Impaction of particles on vegetation and ground.

The first of these processes is called wet deposition and the other two
dry deposition.

1. Wet Deposition

Atmospheric deposition of S in North America generally increases
from west to east as it is moved by prevailing winds across the North Amer-
ican continent. In 1980 some areas of ldaho, Nevada, and Utah received
< 0.5 kg S/ha whereas :.n southern Great Lakes and Ohio Valley received
12.5 kg Stha. (Fig. 11-8). There are smaller areas on the downwind side of
industrial complexes where the deposition of S is much higher than the
maximum shown.

Amounts of S deposited annually in precipitation in Alberta and Min-
nesota ranged from 2.2 to 220 kg/ha (Hoeft et al., 1972). They. found ar 20
locations in Wisconsin from 1969 to 1971 that average annual S in precipi-
tation measured 2 km from an industrial site was 168 kg/ha, whereas at 9
urban and 13 rural sites it was 42 and 16 kg/ha, respectively. The annual
addition of S by precipitation at six sites in [owa varied from 13 kg/ha in
northeastern parts of the state to 17 kg/ha in north central lowa (Tabatabai
& La Flen, 1976). These values for lowa are no.:?.Ec_m with those re-
ported for rural Wisconsin,

The wet deposition figures above for lowa and Wisconsin plus values
reported in a number of other states are listed in Table 11-8, which was
summarized by Terman (1978). In states bordering the Gulf and southern
Atlantic coasts at points not affected appreciably by local industry, the
quantities of S in precipitation were usually <6 kg of S/ha per year.
Greater amounts ranging from 10 to 30 kg/ha per year were recorded near
local industries and generally over northern Alabama, Kentucky, Tennes-
see, and Virginia.

An average yearly rainwater return of 28 kg of 5/ha has been reported
in Ontario along the northeastern shore of Lake Ontario (Rutherford,
1967). In adjoining U.S. states, the amounts of § in rainfall ranged from 9
kg of S/ha in northern Michigan (Cressman & Davis, 1962) to 55 kg of S/ha
in New York (Leland, 1952).

In spite of the estimated 0.275 million metric tons of S, primarily in the
form of SO, emitted yearly to the atmosphere in Alberta, there is surpris-
ingly low washout of only about 1.4 kg of S/ha per year (Table 11-9}. Rain
falling in remote unpopulated areas of Albertais characterized by very low
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Fig. 11-5. Sulfur deposition isopleth map in kilograms per hectare for January- -December

1980 A._ H. Gibson and C. V. Buker, unpublished data, Nawural Resource Ecology Labo-
ratory, Colorado State Univ.. Fort Collins).

503§ content, typically 0.2 mg/L. This level approximates that found in
?nwr snow and is representative of the global background level of SO;~-8
resulting from natural sources. Median values for 1973 and 1974 precipita-
tion in central Alberta were 0.7 and 0.5 mg/L, respectively, The annual
average SO{~-8 concentrations in lowa precipitation, supposedly unin-
fluenced by industrial emissions, were much higher ranging Irom 1.08 10
2.31 mg/L.

Sulfur content of precipifation in the tropics is frequently low, as ex-
emplified by a mean value of 1.14 kg/ha per year detected during the rainy
season in northern Nigeria (Bromfield, 1974},

From this brief review and many other reports in the literature, it
seems that rain and snow usually contain small amounts of S in regions re-
mote from industry, as litile as 1 or 2 kg of S/ha per year. Near urban and
industrial areas precipitation may contain from 20 to > 100 kg of S/ha per
year. Ten kilograms of S/ha per year in precipitation have been used as a
rough guide for delineating areas of potential S deficiency.
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Table 11-8. Amounts of S found in precipitation in various U.S, states (Terman, 1978).

Location No. of Major E
State in state sites Years source Range Avg
Southern states kg S/ha
Alabama Prattville 1 1954-1955 General 3.4- 4.0 a.7
Muscle Shoals 19 1954 General 3.1- 6.8 5.4
Muscle Shoals 20 1955 Steam Plant  6.4-16.2 119
Muscle Shoals 23 1956 Steam Plant 6€.5-16.6 11.0
Arliansas NW and SE 2 1954-1955 General 2.6- 5.3 3.7
Florida Cantonment, 1 1953-1955 Industry 14.8-526  33.5
Gainesville 1 1953-1955 Urban 8.0- 96 8.8
Others 5 1953-1955 General 1.8- 4.4 3.2
Georgia Various 6 1954-1955 General 2.8-139 7.7
Kentucky Various 6 1954-1955 General 41-22.3 131
Louigiana Various 5 1954-1955 General 2,1-13.9 9.0
Missiasippi Various 7 1953-1955 General 0.8-10.1 5.0
North Carolina Statesville 1 1953-1955 Industry 12.7-194 155
Others 15 1953-1955 General 3.1-14.6 6.0
Clyde 1 1969-1973 Industry’ 10.6-43.3 22.1
Oklahoma Stillwater 1 1927-1942 General 6.9-14.2 9.7
South Carolina Various 4 1953-1965 General 3.1-17.7 1.5
Tennessee Various 7 1955 General 10.5-214 14.2
Various 5 1971-1972 General 13.9-200 171
Texas Beaumont 1 1954-1955 Industry 10.0-14.1 121
Others 4 1954-1955 General 31- 15 5.7
Virginia Norfolk 1 1954-1955 Industry 33.4-370 352
Others id 1954 General 8.4-26.9 15.0
Others 17 1955 General 13.3-34.5 21.2
Various 16 1953-1956 General 14.2-37.5 214
NorLhern sLates
Indiana Gary 1 1946-1947 Industry - 142.2
Others 10 1946-1947 General 22.4-37.0 30.0
Michigan Various 5 1959-1960 Industry 9.0-140 11.3
Minnesota St. Paul 1 1962-1967 Urbanand - 16.5
Industry
Others 3 1962-1967 Urbaneand 4.1-10.1 7.7
Industry
Nebraska Yarious 7 1953-1964 General 2.6-15.9 7.2
New York Ithaca 1 1931-1949 Urban and 34.7-76.2 54.9
Industry
Wisconsin Industrial site 1 1969-1971 Industry - 168.0
Urban 9 1969-1971 Urban - 42.0
Rural 13 1969-1971 General - 16.0

Table 11-9. Total yearly average SO:™-S deposition in central Alberta, Canada

(Klernm, 1977},
Source of deposition kg SO}~-S/ha
Snow (1 November-13 February) 0.45
Rain (June-August} 0.90
Dry fallout {May-November) 0.78

Total 2.13
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2. Dry Depasition

a. Lead Peroxide Absorption—Lead peroxide (PbO,) cylinders pro-
tected from rainfall have been commonly used to measure the quantity of
50; that could be absorbed from the atmosphere. Terman (1978) reviewed
this subject, and most of his information is summarized in Table 11-10.
Absorption of about 10 kg of 5/ha per year or less appeared to be character-
istic of rural areas unaffected by urban and industrial activities. Quanitities
in the 40 1o 60 kg/ha per year range were associated with urban centers,
whereas amounts of > 300 kg/ha per year were indicative of emissions from
industrial point sources.

b. Soil Absorption—Emissions of SO, can be directly absorbed by
soils, and in some areas such as Alberta it may be the most important mech-
anism of SO, deposition (Nyborg & Walker, 1977). Absorption of $O- by
bare and cropped scils at two locations in Alberta varied between 20 and 38
kg of S/ha per year. The data in Table 11-9 are supportive since it can be
seen that dry deposition was equal in importance 1o rainout. In a 6-yr study
in Sweden exposing potted bare soil, under proteclive canopies, posi-
tioned a1 distances of 1 to 7 km downwind from a SOs source. the ratos of S
absorbed directly from the air by soils exceeded that in precipitation by fac-
tors of 7 to 2 (Johansson, 1959).

Direct absorption of SO; from the air by soils and measurement of
subsequent acidification is an indirect method for monitoring SO. emis-
sions. This approach is useful but can be misleading because (i) there can
be natural fluctuations and vanability in so1l pH under field conditions, (ii)
there can be different buffering capacities in soil, (iii) precipitation af-
fected by S emissions is not always acidic due to formation of neutral SO~
salts. and (iv) environmental faclors such as soil temperature and moisture
will atfect the processes of ammonification and nitrification, which tend to
dominate soil pH in the short term.

Table 11-10. Amounts of atmospheric SO, absorbed by PbQ, cylinders (Terman, 1978).

. Amounts of 8,
Location

in state Major __ kg/ha peryear
State (no. of locations) Years source Range Avg
Alabamo Muscle Shoals (7) 1958 Power Plant 6-30 14
Minnesota Minneapolis 1937 Urban and 460
Rural site industry
General 3
Duluth 1962-1967 General 11
St. Paul Urban and 41
industry
Rural sites (2) 7
Virginia Norfolk 1955 Urban and 61
industry
Others (15) General . 14-39 23
Wisconsin Alma 1969-1971 Industrial 380
point source
Urban (9) General 28
Rural (13) General 14
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¢. Plant Absorption—Atmospheric SO, can ﬁmmmw_..w._m:.m a.w.w.mn:w. by
entering leaf stomata or by being absorbed in moisture on leaves. In either
rase, $037-S and then SO;~-S are soon formed. Low doses of SO, may be
harmless or even beneficial. Excessive uptake of SO, b¥ vegetation will,
however, cause increasingly severe damage, varying from reversible (o ir-
reversible. Different degrees of injury may occur on sensitive species upon
exposure o SO; concentrations above about 0.2t0 0.5 pL/L for I h.

Cotton plants well nourished with S in solution cultures sull absorbed
abour 30% of their S from the atmosphere (Olsen, 1957). When S de-
ficient, these plants absorbed up to 909 of their § from air containing 0.01
to 0.05 pL/L of SO,. However, absorption of SO, from the air did not
completely satisfy their S requirements. Oats and rapeseed grown in soil
treated with »*S-labeled fertilizer absorbed about 50% of their S directly
from the air at low S supply but much less at high S supply (Siman & Jans-
son, 1976).

Faller {1970-1971) demonstrated that tobacco, sunflower ( Helfianthus
annuus L.), and corn grown in nutrient solution with S in very low concen-
tration responded to increasing SO, concentrations in controlled atmo-
spheres up to 0,525, 0.35, and 0.175 pL/L, respectively. In later trials,
Faller (1971) showed that tobacco plants were able 1o utilize atmospheric
SO, as the only source of plant nutrient § and that this gaseous form was
fully equivalent to SO~ supplied through roots.

The large contributions that atmospheric S can make to the total §
content of cotton and 1all fescue ( Fesruca arundinacea Schreb.) are appar-
ent in Table 11-11. Cotton at the Colbert site and in sand, both very de-
ficientin S, obtalhed from 84 to 98% of its S requirement by absorption of
SO; from the atmosphere. Fescue and cotton acted as sinks for atmo-

spheric 5 when the S sypply in the growth medium Tmm low in relation 1o

Table 11-11. Vegetative production, S content, and source of plant S for cotton and
fescue grown at four sites located at varying distances from coal-fired plants
in Alabama (Noggle & Jones, 1979).

fplant S Proportion of
Qven- S Total Source of plan plant S from
Growth site dry wt conc S Soil Atmosphere atmosphere
g % mg mg/100 g, %o
dry wt
Cotton
Crossville 117 0.12 152 162 ] 0 0
Widows Creek 154 0.19 332 139 193 125 58
Colbert (soil) 356 0.28 1018 139 854 240 B4
Colbert (sand) 186 0.25 494 9 485 260 98
Greenhouse 160 0.18 294 129 164 102 56
Fescue
Crosaville 42 0.13 57 57 Q. 0 0
Widows Creek 60 019 115 76 39 65 34
Colbert (soil) 50 0.17 86 57 29 58 34
Colbert (sand) 44 0.18 81 8 73 165 90

Greenhouse 14 0.14 21 13 8 87 a8
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hand. Bromfield (1974) measured only minor quantities of S as dry deposi-
tion in northern Nigeria.

3. Irrigation Waters

Sulfur in waters used for irrigation varies widely, depending on geo-
logic formations and other input sources contributing to the waters. For
example, the upper Yakima River in Washingron State contributes only
0.7 mg/L and crops respond to S fertilization, but below the Yakima River
the water contributes 1.4 mg/L and irrigated crops do not respond to $. At
the mouth of the Yakima River the water contains 5.1 mg/L (Dow, 1976).
Water from the Colorado River and many wells is also high in SO3~.

In California, streams flowing out of the granite formations of the Si-
erra Nevada Mountains are generally low, ranging from 0.4 to 4.4 mg/L.
Streams from the Coastal Range are higher, ranging from 1.6 in the north
to 138 mg/L in the south (Martin, 1958). .

Generally, irrigation waters carrying more than 4 to 6 mg/L of S will
supply enough S for most crops. The applicability of this guideline will of
course depend on the interaction of several factors, including (i) the
amount of water applied per growing season, (ii) crop requirements, and
(iii) yield levels. :

D. Leaching Losses

Sulfares in the soil solution are subject to leaching losses, parniicularly
under high rainfall conditions and when soils have low adsorpiion capaci-
ties for this anionic form of S. The actual amounts of SO{~ leached will vary
depending on soil properties, precipitation distribution patierns, and
ground cover, etc. In the northeastern USA, leaching losses three to six
times greater than those from crop removal have been observed. Sulfur
losses by ihis mechanism in the Ohio River basin have been estimated to be
39 kg of S/ha per year.

E. Crop Production Systems

1. Yield Level -

Whether a crop will respond 1o S fertilization depends on the available
s0il § plus inputs from the atmosphere and irrigation less the losses, usually
by leaching. For example, the average alfalfa hay yield for California in
1980 was 14.3 metric tons/ha (McGregor & Heitlinger, 1980). This tonnage
of hay, with an average S concentration of 0.25%, would remove 26 kg S/
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ha, which is a conservative estimate. Much higher yields of 27 meiric tons

woltld remove at least 80 kg S/ha. Other high-yielding crops remove
amounts of similar magnitude.

2. Sulfur Cycling

The S pools and flow rates from one pool to another vary froni onc sile
10 another and between crops. Figure 11-6 shows an example of pasture
stocked at 10 sheep/ha in New South Wales, Australia (Till & Blair, 1974),
These authors and Devaud and McFarlane (1980) indicate the S cycle is
practically a closed system under their environmental conditions. How-
ever, under California conditions, where most of the rain falls during the
winter when plant growth is very slow, considerable available S is lost by
leaching. Also, supplemental feeding is a common practice in the USA and
in some Mediterranean areas (Katznelson, 1977). Allowances for these
changes plus atmospheric deposition have been included in Fig. 1 1-6.

Another modification that should be considered is the transfer of nu-
trients from the pasture 10 resting areas. Studies with sheep in Australia
indicate that 22% of the feces were deposited on 3% of the pasture area
and 34% were déposited on'10% of the area (Hilder, 1964). This means
that some areas of the pasture receive only a very small return of the § re-
moved by grazing animals.

These examples demonstrate the value of S cycling studies, which can
be helpful in making efficient use of fertilizers while achieving high crop
production.

Atmospheric
depositian Feed supplements
- Plant
Wool B lamb
Litter 0-6 0
25 4
t 11 - m:m%D
Green
46
i 1 8
Fertilizer Rools 5
a8
0-40
19 !
Qrganic
Inert = .
100 Avoiloble ™| 135101750
- 3-20 [t
i-20
Leaching

Fig. 11-6. Sulfur cycling in a pasture grazed at 10 sheep/ha. Arrows indicate fows in kilo-
grams of Stha per year (Till & Blair, 1974).
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VIL USE OF SULFUR PRODUCTS AS 3011 AMENDMERTS

It has been knowh for many years that S and a aumbet ef its com-
pounds can be used tb improve calcareous and sodic soild and Waters.
These S-containing chemical materials include gypsum, clemental S,
H.SO., ammonium anH calcium polysulfides, $O,, ammonium thtiosulfste,
ammonium sulfate, ammonium bisulfite, and iron and aluminum sulfates.
Most of these substance’s were described previously in this chapier.

Use of these various S materials in irrigated arid land agriculture has
been reviewed by Tisdale (1970), Stroehlein et al. (1978}, and Stromberg
and Tisdale (1979). Brief comments will be made about the beneficial ef-
fects that these S compounds have on soils and waters.

A. Improvement of Nutrient Availability in Calcareous Soils

There are often excessive amounts of calcium carbonate in surface and
subsoils in arid and semiarid regions. Land leveling for irrigation purposes
may expose calcareous subsoils that are unfavorable media for optimum
plant growth. Availability of P, K, B, Cu, Fe, Mn, and Zn is usually im-
paired by the presence of CaCOj and the associated high pH of about 8.0 10
8.2.

Table 11-12 illustrates how the productivity of a calcareous soil for
growth of grain sorghum [ Sorghum bicolor (L.) Moench] was greatly im-
proved by the addition of either 560 kg/ha of H.SO4or asimilarrate of Fein
the form of FeSO,.

A comparison is made in Table 11-13 of the effects of three S sources
and the application of a water-soluble P fertilizer on P uptake by letiuce
( Lactuca sativa L.) grown on four calcarcous soils. ILis apparent that the 8
treauments, especially H.SOy, greatly increased P uplake. Although the
data are not presented here, on the average, for every 0.1 unit decrease in
soil pH, available soil test P increased 3.2 mg/kg.

Another interesting example of the effect of acidification resulting
from S additions on nutrient availability was reported by Hassan and Olson
(1966). They applied finely divided elemental S at rates of 0, 50, 500, and

Table 11-12. Effects of FeSO, and H,S0, on grain sorghum yields on a calcareous
Texas soil (Mathers, 1970).1

Fe, kg/ha
H,SO0, 0 112 560
kg/ha -
0 4344* 1460be 2275ab
112 605¢cd 1538ab 2474a
560 2169ab 2429ab 2230ab
5600 1885ab 1971ab 1810ab

* Yield values followed by the same letter are not significantly different at the 0.05
level.
t Standard error of the mean was 304,
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Table 11-13, Average P uptake by four lettuce crops grown on four calcaresus
California soils {Clement, 1978).

P upteke, mgfpot
Meloland Ripley Panoche

Soil Salinas fino sandy silty clay Treatment
creatindzits clayt loam$ clayy loam# ileans
Sulfuric atid 99 5c* 103.8¢ 63.8cd 107.3cd 83.9¢d
Soil § 83.2b 98.7c 49,0bc 85.2bc 78.9bc
Popcorn S 80.5b 71.8b 48.0b 66.2ab 58.9b
Monocalcium

phosphatetf 109.8¢ 130.7d 68.0d 129.8d 109.2d
Conitrol 38.8a 48.8a 27.6a 39.1a 38.3a

L3SD (%) 15.3 16.1 15.7 30.6 21.4

* Means in the same column that do not have a common letter are significantly differ-
ent at the 0.05 level (Duncan’s multiple range test).

t Uptake from S treatments averaged for two rates of 168 and 336 kg of Stha.

1 Fine-loamy, mixed, thermic Pachic Haploxerolls,

§ Coarse-loamy, over clayey, mixed (calcareous}, hyperthermic Typic Torrifluvents.

{ Coarse-silty, over sandy or sandy-skeletal, mixed (calcareous), hyperthermic Typic
Torrifluvents.

# Fine-loamy, mixed {calcareous), thermic Typic Torriorthents.

t Applied at a rate of 56 kg of P/ha.

5000 mg/kg to three soils ranging from acid to calcareous. These S dress-
ings increased nutrient uptake by corn in the greenhouse as follows: P on
neutral and calcareous soils, S and Mn (up to modest rates of §) on all soils,
Zn in early growth stages or all soils with slight benefit extending over the
late harvest on the calcareous soil, Fe on the calcareous soil, and Cu until
early harvest with all soils and through late harvest with the neutral and
calcareous soils.

B. Reclamation of Sodic Soils

High content of exchangeable Na*, asin sodic soils, tends to de Aoccu-
late colloidal materials, causing soils to lose their granular structure. Such
soils become almost impervious o water and air because of the loss of large
pores resulting from the breakdown of soil aggregates. Root penetration is
impeded, hard clods form when the soil dries, and preparation of a good
seedbed becomes difficult. Surface crusting frequently results in poor ger-
mination and uneven stands.

Crop growth is reduced because of these poor physical properties.
Also, the nutrition of sensitive crops such as tree fruits, vines, and some
annuals will be adversely affected by exchangeable Na* before significant
deterioration of soil physical properties has occurred. High pH values of
> 8.0, which are typical of Na-affected soils, lower the availability of most
plant nutrients except Mo. Typical yield reductions in sodic soils are given
in Table 11-14.

Reclamation of sodic soils involves replacement of the exchangeable

Na* with a desirable cation such as Ca2*, followed by removal of the dis-

placed Na* by leaching. The addition of chemicals where needed to supply
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Tabl2 11-14. Effect of exc¢hdngeable Na® on crop yield {Velasco, 1981),

Typeofsoll Na- Avg decrease in crop yield
%o

Slightly sodic 1-15 20-40

Moderately sbic 14-20 4G=e9

Very sodic 20-30 60-80

Extremely sddic >30 >80

Ca?* or to solubilize natural supplies of calcium carbonate and Other Ga-
containing minerals in soils is a common remedial treatment for recidifting
sodic soils. Sulfur and a number 6f its compounds are success(ully used in
the reclamation process.

Gypsum is an obvious choice when soils do not contain [ree CaCQ;,
and it has a long history of successful use. Calcium polysulfide is anothef
Ca-containing compound used in treatment of sodic soils.

On soils containing free CaCOs, any of the acid-forming S compounds
can be used to make available this natural source of Ca. Sulfuric acid added
to soils will react quickly with native CaCO;. When elemental S. calcium
polysulfide. ammonium polysultide, SO:, or ammonium thiosulfate are
added to soil, the S componcents must first be converted o H-SO, by §-
oxidizing microorganisms before the solubilization of soil CaCO; occurs.

A substantial reduction in exchangeable Na* in surface soil following
the application of H,SO, is shown in Fig. 11-7. Increasing amounts of
leaching water also enhance the removal of exchangeable Na*. The extent
of Na* removal also depends on acid rates and properties of soils and wa-

ters (Miyamoto et al., 1975).

o
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1 1
0 10 20 30
EXCHANGEABLE SODIUM, %
Fig. 11-7. Distribulion of exchangeable Na~ alter application of H,S0, and leaching waler
1o Pima clay loam. (Siroehlein et al., 1978).
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Ti3e 11-15. Effect of surface-applied acid on the time required to pass 30 cr of water
through Na-affected soils in laboratory tests (Stroehlein et al, 1978).

Sulfurie acid, metric tons’hat

et

Scils Nar CECf 0 1 3 5 10
% meg/100 g d
Stewart clay loam (loamy,
mixed, thermic, shallow
Typic Durorthids) 100 45 o o >40 39 28

Pima clay loam (fine-silty,
mixed [calcareous), thermic
Typic Torrifluvents)

Gothard clay loam {fine-loamy,
mixed, thermic Typic
Natrargids) 17 42 8 2 1 06 -

McAlister loam (fine-loamy,
mixed, thermic Ustollic
Haplargids) 12 28 3 2 1 1 -

21 40 39 34 a 3 3

t CEC = cation exchange capacity.
{ Metric tons/ha x 0.45 = U.S. tonsfacre.

Soil structure improvement is important in the reclamation of Na-
affected soils since structure influences the rate of water infiltration into
the soil and also movement of water in the soil profile. The beneficial effect
of surface-applied sulfuric acid on water infiltration rates is illustrated in
Table 11-15. ,

There are many other dramatic examples of the ameliorating effect of
S treatments on sodic soils in the USA, Spain {Velasco, 1981). and other
areas of the world. For example, in some trials application of elemental S,
H,S0O,, and ammonium polysulfide ta sodic soils in California. Montana,
Nevada, North Dakota, and Wyoming raised crop yields between 8.5 and
400% . These and other S=¢ontaining amendments are expected to have fa-
vorable effects on crop growth on most problem sodic soils in the mountain
states and in other parts of the USA and Canada (Cairns & Beaton, 1976).

C. Water Treatment

For convenience of application, gypsum, H:80., urca-H,50,, 50;.
ammonium polysulfide, calcium polysulfide, ammonium thiosulfate, and
ammonium bisulfite can be successfully added 10 arid lund soils through
surface-applied irrigation waters. Some of these materials are also suitable
for use in sprinkier and drip irrigation systems. 1t has been obscrved that
these soil-amending substances when added to water will greatly aid in
maimaining waler transmission properties of soils (McGeorge et al., 1956,
p. 29; Howard, 1968; Rabinson et al., 1968). Figure 11-8 shows how addi-
tions of gypsum and calcium polysulfide to low salt irrigation water in-
fuenced flow rates. Although each increment of gypsum improved flow
rates, it took 60 mg/L or more to give a statistically significant increase’in
flow rate compared with no treatment of low salt water. Calcium poly-
sulfide was also effective in improving flow rates, especially at low treat-
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Fig. 11-8. Flow rate 1hrough Hanford (coarsc-loamy, mixed. nonacid, thermic, Typic
Xerothents) sandy loam with gypsum and calcium polysulfide added 1o low salt irrigation
water (Mohammed et al., 1979). )

ment rates. The decline in effectiveness of calcium polysulfide at the higher
rates is believed to be related to the sealing of soil pores by the colloidal S
that forms when polysulfide materials are placed in water.

There is still some uncertainty about the soil and water conditions un-
der which the various amendments will have a favorable effect on water
transmission properties. The most pronounced benefits are obiained with
high pH and low-salt water (i.e., conductivity about 0.2 mmho and a
pH > 8.4. Such water will likely contain < 20 mg/L of Ca?* and be domi-
nated by Na*, CO3~. and HCO;7. The mechanism responsible forimprove-
ment in water movement is stilf uncertain, but it is probably related 1o cre-
ating and maintaining flocculation of soil particles at the soil surface.

D. Acidification in Fertilizer Bands

In many calcareous and high pH soils, it is uneconomical 10 use the
amounts of acidifying materials required 10 fully neutralize soil in the en-
tire rooting volume. McGeorge (1945) suggested that it 1s not necessary Lo
neutralize all of the soil alkalinity, More practically. soil zones favorable
for root growth and nutrient uptake can be created by confining the S treati-
ments to bands, furrows, auger holes, etc. A decline in soil pH in the vicin-
ity of a banded mixture of ammonium thiosulfate and ammonium poly-
phosphate is evident in Fig. 11-9. Accompanying this soil acidification was
an increase in available soil levels of Fe and Mn. _

The observed benefits from banding acid-forming materials for vari-
ous vegetable crops in Arizona and Colorado and for field crops in Kansas
are probably the result of more favorable conditions in the zone of fertil-
izer placement rather than a direct nutritional benefit from S (Beaton &
Fox, 1971).
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DEPTH, om

BAND

Fig. 11-9. Applicationof P-5 solution lowers soil pH in vizinity of the ferilizer band. Point
of application denoted by X (Leiker, 1979).
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The primary objective behind most _::n_u_:._ fertilizer decistons is Lo :UF—“:\
the rates of lime and fertilizer that s.;__ realize the greatest _:c:__. from the
crops produced. Alternative or_.nn:a_nm.mx_ﬁ such as mﬂ% A___m_“_ :.«.:m:””_ﬂ_
mum yields. soil conservalion. and n:c_q:__:,nz_.:_ quality. ‘The n“_: i <
fertilizer rates necessary Lo meet these latler cc._nn_:\nm._::.v_ be di .nqw_“
from those for maximum profit. To Enw_ m:m%— these c_:an__:ﬁm. a similar
rescribing nulrients can be used. .
=_uuqm”d_.m” Mn__m%cv mcmmnmmﬁ_ that yield could .Tn Qnmnlcn.c as a —._”_.:n_#_..c_.. ﬂ—
four factors: (i) the crop grown, (ii) the soil characteristics, (iii) .,_um n_“
matic conditions, and (iv) the management of the Eca.._cnnq. O:ﬁﬂ rea
downs of plant growth have been w:mmnm_oa.__ but all __,_—_m_::m tha Em:M
variables are involved in determining the «_m:_._woa:_:__ of _.:.n n-om an
ultimately in making the optimum lime and [ertilizer rate decisions. ﬂ_u_m.
of these variables can be controlled by management, while others, mcm _, 5
seasonal rainfall and distribution, cannot be nos._mo__ma_. Wnnm:mnh::m
strong interaction between plant response to .qm.:_:mmn and some o y %mqm.
uncontrollable [actors, prescribing the exacl optimum rate c_. lime an M :
tilizer prior to growing the crop is n_==.n==. This m_<mm.=.mEmﬁ_ _=n_m.=:”..owao
using all information available in striving to meet F:___N..,:_o_.. objec _e.._u” .
The discussion in this chapter will center on soil testing (or prescri _nm
current nutrient needs and the use of soil and plant ::.,__«m_m to Ec::o.ﬂ._ ¢
pH and fertility status of soils for adjustment of future lime and fertilizer

practices.

L. SOIL ANALYSIS

A soil test program has been described by <=10=M 2:28.; as __u_a._z.m
four distinctive parts, namely. (i) sample colleclion, (ii) chemical analysis

Copyright 1985 © Soil Scicnce Society of America. 677 South Scgoe Road, Madison, W1
53711. USA. Feriilizer Technology and Use (3rd Edition).
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of the sample. (iii) interpretation of the chemical test, and (iv) lime and
fertilizer recommendations for the crop(s) to be grown. Although it is be-
yond the scope of this chapter to review and report all research information
available, we will focus on some faclors tmportant to i sound soil test pro-
gram.

A. Soil Sampling Techniques
Sail sample collection has often heen described as the "weak link™ tn a
soil test program. With the tremendous inherent virriability in many soils
and the additional variability caused by fertilizer and tillage practices, col-
lection of representative soil samples is difficult. However, samples taken
with proper care can be quite meaningful in making lime and fertilizer deci-
sions.

1. Field Sampling

The ohjective for taking the soil sample should be considered before
sampling a fickd. If the objective is 1o have an unbiased estimare ol the
mean fertility level of the field, then a single composite sample is justified
(Cline. 1944). However, a single composite sample does not vield any in-
formation about variability within the field, which may be quite importan(
in assessing production differences that exist between areas wilhin the
field.

A number of different sampling plans or dlesigns have been suggested.
Each has merit for particular situations. Petersen and Calvin (1965) discuss
the merits of four sampling plans—judgement sampling, simple random
sampling. stratified random sampling, and systematic sampling. Many
sampling instructions use a combination of these sampling plans. Irrespec-
tive of what sampling technique is followed., there is unanimous agreement
that a single core or shovel slice of soil is not a representalive samplc be-
cause of the heterogeneity that exists in most fields, However, the sam-
pling plan must be simple and cost-effective for acceplance by those doing
the sampling.

Numerous publications and soil test laboratory instructional guides
exist on soll sampling. Most of these instructionat puides advise that the
field be divided into areas of visually uniform soil types with similar pasl
management. They also recommend that a composite sample of 10 to 30
subsamples (cores) be taken at random over the area.

A survey was made in 1951 by the Soil Test Work Group of the Na-
tional Soil and Fertilizer Research Commitiee on soil sampling procedurcs
recommended by various states. A standard sampling procedure was pro-
posed suggesting that a farm be divided into arcas of uniform soil type and
past management not larger than 2 to 4 ha cach. {f an area or a field was
uniform in appearance. production, and past treatment, the sample may
represent as much as 8 ha (Reed et al., 1953). Thesc instructions are essen-
tially those being used today by those advising farmers on proper sampling
techniques. With an increase in the size of farm equipmcent and the concur-
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rentincrease in field size, limiting sample areas 10 2104 ha may not be prac-
tical. Cline (1945) suggested the minimum sample area be an area that a
farmer can be expected to fertilize as a unit. In many cases il becomes the
judgement of the sampler as to the number of subdivisions to make in the
field.

James and Dow (1972) stated that a systemafic sampling plian is supe-
rior because it provides estimates of the average soil fertility. its variabil-
ity, and ils distribution. Dow ct al. (1973) showed that in most cascs soil
variation was not random and would Iend itself to mapping and diffcrential
fertilization. In contrast to the ahove results, a systematic sampling of two
16-ha tracts of relatively uniform and nonuniform mapped soil types on 25
m grid by Illinois researchers indicated no pattern to P test values as related
to a soil type or a specific area of the field (Peck & Melsted. 1973). These
data illustrate that variability within a field may or miy not show i1 consist-
enl trend across an area, llinois soil sampling instructions call for system-
atic subdividing of fields so that one composite samplcistakenfromevery |
o 2 ha. Five cores are suggested lor the composite sample (1N, Apron.
Handb. , 1982),

If the results from systematic sampling identily areas of low or high
fertility, fertilizer rates can then be adjusted to the specific areas to lessen
such variations and perhaps allow future sampling by a composite sample.
Although detailed systematic sampling is an excellent technique, the time
and expense for coflection of samples will likely not be practiced except in
research plots or fields being developed for production of high cash-value
crops.

The ideal number of subsamples (cores) required for the composite
sample (o represent the sample area will depend on the nutrient being
lested. soil variability within the area. sampling depth, past management,
and the sampling plan being followed for the ficld. Statistical methods for
determining the optimum number of subsamples for various sampling
schemes have been published (Cline, (944, Peterson & Calvin. 1965) and
will not be presented here.

Sampling studies often reveal considerable variability among individ-
ual cores collected within a visually uniform soil area (Peck & Melsted,
1973; Hooker et al., 1976). The need for taking a sulficient number of cores
for making the composite sample cannot be overemphasized. Hookerel al.
(1976) found that to obtain a level of + 3 mp/kg ol soil test P, 1410 20 cores
per composite sample were required on two soil lypes studied, Other stud-
ies have shown that even much larger numbers of cores may be needed,
depending on the soil type. The variability has also been shown to be dif-
ferent for various tests,

Thomas and Hanway (196R) suggested that two or more composite
samples f[rom the same area be taken as a field method for lesting the ade-
quacy of sampling. If the soil test results agree. then the area has been char-
acterized rather well by the sampling technique used. Wide disagreement
among composite samples indicates the need to reevaluate sampling, ei-
ther by subdividing the sample areas or by increasing the number of cores.
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More than one ficld should be evaluated in this manner before using the
results (o establish a general sampling guideline.

2. Sampling Depth

In addition to concern about variations in nutrient availability among
arcas of a field, the sampler should also be aware of vertical differences in
nutrient availability. Most soil test development rescarch has been done
using a specific sampling depth. This makes it imperative that the sampler
follow lahoratory instructions on sampling depth or be able (o adjust the
interpretations for the altered sampling depth.

Subsoil fertility can contribute significantly 10 the available nutrient
supply. Differences in the supply of available nutrients in subsoils may be a
reflection of parent material, degree of weathering, crop rooting pattern,
or restrictions in root development. Several states have classified soil types
or broad soil association areas within the state as to their nutrient supply
and have adjusted soil test interpretations accordingly (Schulte et al.,
19802 1. Agron. Handb., 1982). Periodic testing of subsoils may prove (o
be helpful to individual producers. Additional rescarch is nceded (o fur-
ther define nutrient contributions by subsoils in most states.

Traditionally. suggested sampling depth on cultivated land has been
the tiltage depth. This has normally been a depth of 15 to 30 cm. On non-
culiivated land, such as pastures, a sampling depth of 5 to 15 em has been
suggested. With the rapid increase in the usc of reduced or no-tillage sced-
bed preparation methods, a reevaluation of traditional sampling depths
need to be made. FHlowever, any adjustment in traditional sampling depths
must be calibrated into the interpretation of soil test results.

Greater soil test P gradients within the top 15 cm of soil have been
shown on fields cropped with no-till scedbed preparation comparcd with
more convenlional methods (Welch & Fitts, 1956; Walker el al.. 1970).
With broadcast application of P remaining in the top 2 1o 4 cm of soil with
no-till planting. efficient plant utilization is a question that has not been
extensively researched. Some recent research in the eastern USA supgests
that P availability and utilization is quite good when broadcast on the soil
surface. Kunishi et al. (1982) showed that corn made good utilization of P
broadcast on no-till planted plots in Maryland, even though P remained in
the top 3.75-cm layer. Broadcast P fertilizer showed little movement below
7.5 cm except at high application rates with disk and no-till secdbed prepa-
ration in Georgia (Touchton et al., 1982). Their conclusion was that P rec-
ommendations for disk and no-till systems should be based on soil samples
taken from the upper 7.5 cm of soil rather than the more common 0- to 20-
cm depth. In addition to concern with P accumulation within the top few
centimeters of soil, a sharp decline in surface pH has been observed with
no-tilt as compared with conventionally tilled fields (Blevins et al., 1977).
This has implications for effectiveness of certain herbicides (Kells et al.,
1979).

The above observations would suggest that splitting of the traditional
tillage layer sample into short increments would be advantageous on ficlds
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that have been no-till farmed for several years. The results from vertical-
increment sampling would reveal fields with nutrient mnn:.—::_u:o: or low
pl1 in the lop few centimeters. However. research data is necded to de-
velop the best recommendaltions [or succeeding crops.

Sampling depths of 60 to 120 cm are recommended by several of the
Greal Plains states (North Dakota. South Dakota, Zn_._:;.rh_. K.::m:.m. and
Oklahoma) for their available N test (nitrates}. Annual :::_.:: in this arca
is normally insufficient to leach soluble nitrales below the rooting depth of
most crops. In such situations, the available N tesl has good _.:,n.ﬁ__n,:co
value. Recommended sampling depth varics among states and .uc:_:: hi
state lor specific crop and production practices. It £o.=E scem logical that
deeper sampling would also be advantageous in lesting r.: other m..u_za_.n
and mobile nutrients, such as sulfate-S. Further research is needed in this
area.

3. Sampling Equipment

Sampling equipment used should provide a sample that is (i) uncon-
taminated, (i) uniform in cross-section to the desired depth, and (iii) re-
producible (Cline. 1944). A number of sampling tools, such as %cé.?mo:
tubes, or augers. can meet these criteria if properly :m.nn_. Welch .,:.:._ T_.__m
(1956) showed no difference in test values when mmE_.u__sm surface soil with
asoil tube, trowel, or spade. but lower pH and organic matler results were
probably due to loss of dry soil from the m._:_.E.“n E_.aoz sampling with an
auger. No tool will be superior for all sampling situations.. . .

There have heen mechanical adaptations of the basic soil tubes and
augers to aid in better and easier soil sampling. Hydraulic E:.:nm mounted
in four-wheel drive vehicles have become quite common in the Oqo:_
Plains states where sampling o depths greater than the _::_:5_.:__ :::.mn
layer is recommended for nitrate testing. Other types of <n:_n_mm with
floatation tires can be used to transport the sampler over the ficld, with per-
haps more representative samples being n:__nn_nﬁ_. _._cin,\o.ﬁ any mechani-
zation of sampling should be carefully examined to ascertain that the sam-
pling objectives are realized.

4. Handling af Samples

Soil sample collection in the field should be done so that contamina-
tion does not occur from the collection container or other sources. Of spe-
cial concern is contamination of the sample for micronutrient testing. f mi-
cronultrient analyses are to be performed, it is essential that atl surfaces
coming in contact with the soil be stainless sieel, plastic, or wood, prefera-
bly in the order listed (Eik et al.. 1980). .

Thorough mixing of the composited cores and subsequent reduction
of volume to that suggested by the testing laboratory should be done to en-
sure that a representative subsample is delivered to the laboratory and
used in the testing. Laboralory processing of samples is geared (o handle a
specific volume of soil, and improper subsampling of large volume samiples
may lead to errors.
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The sample should be handled so that minimal change occurs in the
chemical or physical characteristics in the field. 1deally, testing of the soil
as it exists in the field would be best. However, for case of handling, soil
samples are normally dried and pulverized by the testing laboratory before
analysis. Drying of samples causes a marked change in the exchangeable K
levels of many midwestern soils. The soil testing laboratory at [owa State
Untiversity had developed a system to handle moist samples (Eik el al.,
1980). Immediate drying is necessary on samples analyzed (or nutrients
whose availability is primarily microbially related, such as nitrates. Most
drying instructions suggest drying at no more than 3510 40° C. Sample han-
dling instructions are given by most lahoratories; their instructions should
be [ollowed because their test correlation and interpretation are based on
their prescribed handling of the samples.

5. Seasonal Change and Sampling Frequency

Seasonal trends in soil test valucs have been reported in the literature
{Keough & Maples, 1972; Fitts & Nelson, 1956), Soluble salts and CO,
may aflfect pH. while crop removal often aflects the soil equilibria for P and
K. The seasonal trend has been most consistent for K. Generally, samples
taken during the growing season are lower in exchangeable K than those
taken in the winter or early spring. lllinois adjusts their K soil test results
on samples taken between 3) September and 1 May (I, Agron. Handb, |
1972). In mosi cases. the seasonal trends have not been strong and sam-
pling is cncouraged whenever it can be done. Sampling at the same time
cach year would be best for research studies to assurc that seasonal varia-
tion does notinfluence the results.

Crop removal and fertilizer additions are usually such that most rou-
tine sail test measurements do not change rapidly. Therelore, most recom-
mendations sugges! sampling every 2 to 4 yr for routine lests. The fre-
quency of tesling is adjusted in some areas by the intensity of agricultural
practices and the buffering capacity of the soil. On rrigated cropland,
some laboratories recommend sampling on a yearly basis.

Yearly samples taken for 2 1o 3 conseculive years or multiple samples
taken within a year are needed to establish the true fertility status of the
area represenied by the sample. This type of data base allows comparison
of present and luture tests Lo past test results in evaluating changes duce to
fertilization and liming. This also requires good records with field maps of
areas represented by current and past samples. In the future, soil tests may
be used more Lo monilor fertility levels in the field, making consistent sam-
pling techniques even more imporiant.

. Methadalogy in Lahoratory Operaltion

Variability assoctated with laboralory analytical lests are normally
quite small when compared with ficld sampling variability. Most laborato-
ries have a quality control system built into their operation. This often in-
cludes control samples that are run repeatedly in the daily operation. Sev-

PRESCRIBING SOI1I. & CROP NUTRIENT NEEDS Rl

eral states have quality control programs to help laboratories operating in
the stale maintain quality control. This consists of periodically sending
“check’’ samples to all laboratories. The question on analytical methods is
more selection of the most appropriate method for the soil and climatic
conditions than the analytical accuracy for the test within the laboratory,

1. Analytical Methads

The method used in the laboratory must be one that relinbly measures
nutrient availability in the sample. It must also lend itscll Lo a routine soil
test operation that handles a large volume of samples. and it must be inex-
pensive,

Discussion of individual analytical methods is beyond the scope of this
chapter and the reader is referred to other references on analytical meth-
ods (Dahnke, 1980: Sabbe & Breland, 1974: Jones. 1980; Black et al.,
1965; Page et al., 1982). As pointed outin these publications, modification
of the method [rom the published procedure can alter the resulits, thus in-
validating published interpretations. Any modification, even il slight,
should be identified and thoroughly researched before incorporationintoa
soil test operation, Such modifications should be emphasized in publica-
tions reporling use of reference procedures,

2. Reliability of Test Methods

Technological advances in current instrumentation allows for quick
and accurate detection of most essential clements. These instrumentalion
advancements have [ar exceeded the correlation and interpretation re-
search necessary for development of a reliable soil test for several nutri-
ents. Extreme care must be taken nol to extrapolate test methods devel-
oped in one region into other regions where the need for application of the
nutrient has not been documented through field rescarch, There is also the
temptation to analyze and report results [or nutrients where no correlation
research exists. Understanding the chemical reactions involved with a par-
ticular extraction procedure and knowledge of sotl chemistry of the test
area can be helpful in ascertaining the potential feasibility of the proce-
dure. But this soil chemistry knowledge should not be the sole basis for
adoption of the lest method.

In addition to the capability to quickly and accuralely detect most es-
sential elements, instruments are used in tesling laboratories to detect two
or more elements simultaneously or in rapid succession in the same ex-
tract. This has led to research into universal extractants. Care should be
taken that test accuracy is not sacrificed for laboratory convenience.

C. Correlation and Test Calibration Requirements
The native [lertility of virgin soils is determined by the amount and

{form of nutrient elements contained in the parent material and subsequent
changes by soil-forming lactors, such as weathering and growth of native
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vegetation. Fertility status of these virgin soils can be determined by rela-
tively simple field experiments designed 1o determine which clements are
inadequate. When soils have been classilied into types based on parent ma-
terial. texture, site characteristics, etc., fertilizer recommendations can be
based on soil type and crops to be grown, using data from simple rate ex-
periments. ]

Alter soils have been putinio production, fertility status is likely to be
changed by fertilization, crop removal, erosion, tillage, and other prac-
tices. Under pood management and fertilizer programs, soils generally im-
prove in lertility, while those with poor management and inadequate fertil-
ization will likely be depleted. Since management may cause similar soils
to differ greatly in [ertility status, general fertilizer recommendations
based on soil type may no longer be satisfactory for maximum economic
returns from the use of fertilizers. Depletion and/or buildup of specific nu-
trients have increased the need for soil tests to determine the need lor fer-
tilization of individual fields. This is demonstrated by data from a long-
termexpertment in Alabama (Fig. 2-1), which shows buildup of both P and
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sorghum from 1954 through 1982 in [ertilizer rates experiment on Hartsclls fine sandy loam
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K on a Hartsells fine sandy loam (Typic Hapludult), with calion exchange
capacity (CEC) of 6 cmol (+ }/kg. from relatively low rates of fertilization
applied over a 29-yr period. Data on soils over a S0-yr periad showed that
buildup or depletion of P and K were dependent on rates applied, but were
quite consistent among these low CEC soils,

I. Collection of Data

To be uselul in making fertilizer recommendations, soil tests must be
calibrated against yield responses in ficld experiments. This calibration re-
quires large numbers of experiments to develop reliable data on the nu-
merous soil types and crops. Simpie ““some and none™ experiments can be
used for the purpose of delermining soil test levels above which response is
not expected. Such experiments can be used to determinc if fertilizer is
needed, but do not give much information on amounts that should be rec-
ommended. More delailed rate experiments on areas known to be de-
ficient are necessary for determining optimum rate. Accuracy of data from
rate experimenls is improved by keeping plots on the same site for several
crop years to permit buildup or depletion effects lo be accurately expressed
(Fig. 2-1).

Experiments (or soil test calibration should be designed Lo determine
the “adequate level’” ol a nutrient in a soil. This is the soil test level ol a
nutrient that is adequate for = 95% of maximum yield without addition of
the element. This means thal crops grown on soils having this soil test level
of a nutrient would not generally be expected to respond to nutrient apphi-
cations, At this soil test level. some laboratories still recommend small
amounts as maintenance applications, many laboratories have ceased 1o
make maintenance recommendalions. as their data show that economic re-
turns from applications at high soil test levels are unusual.

Percentage yield or relative yield is normalty used in soil test calibra-
tian research for plotting data from pumerous experiments conducted on
different soils to normalize lor individual location effects. Soils vary widely
in soil test levels required for adequacy and should be grouped into catego-
ries showing similar response. Such groupings may be based on CEC or on
soil associations such as Coastal Plain or Piedmont soil regions, which
would serve the same purpose. Crops also vary in fertility requirements, so
experimenls should be conducted with as many crops as possible so that
crops can be grouped according 1o response characteristics, This is demon-
strated in Fig. 2-1, where relative yields of cotion can be compared with
those ol soybeans, corn. and sorghum, where P or K is deficient.

2. Calibration Experiments

Initial calibration can best he accomplished using large numbers of
simple experiments on soils covering a range of fertility levels. Only two
rates of a nutrient are required to determine if a soil will respond, but four
or more rates are generally needed to determine the optimum amount
needed on responsive soils. Experimen(s should include rates of all nutri-
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ents suspected (o be deficient. This can be determined by soil tests prior (o
site seleclion. Prior to the establishment of experiments, soil samples
m:.o___n_ be taken from at least each replication to determine within-site vari-
ation.

Seleclion of (reatments should begin with a standard treatmentinclud-
ing what is considered (o be adequate amounts of all applied nutrients.
Yield from this treatment is assigned a value of 100% and yiclds from other
treatments are expressed as percentages of this treatment. Response 10
other nutrients is determined by omitting one at a time, while applying ad-
cquate amounts of other nutrients that may be deficient, Several rates of a
nutrient may be used, but other practices, including the use of lime or mi-
cronutrients, should be constant and adequate. Such experiments do not
require an unlertilized check, because the law of the minimum makes it
impossible to accurately determine the need for one nutrient when another
is limiting the yield. Field experiments of this lype are seldom precise
enough Lo accurately determine inleractions among nutrients where more
than one is limiting. When yields are seriously limited by drought, poor
stands. or other uncontrotted factors. data should not be used in calibra-
tion,

3. Statistical Methods

Randomized block designs with three 1o five replications have been
used most frequently in calibration work with large numbers of simple cx-
periments on simitar soils at different sites. Many procedures have heen
repor(ed for analyzing and partitioning data for use in calibration Many
response equations have been developed, but few have been used exten-
sively in making lertilizer recommendations from soil tests. Detailed calcu-
lations for making recommendations for individual sites are generally not
justified hecause (he entire process of making fertilizer recommendalions
from soil tests involves a series of approximations. These include sampling
variation in the field; analytical variation in the taboratory, which is gener-
ally much less: experimental variation incurred in field calibration expcri-
ments: variation in yield level and response among experiments on differ-
cnt soils grouped together; variation among cropsin lertility requirements:
and safcty factors associated with suggested use of higher fertilizer rates
than that shown to be needed by research data. Farmers frequently in-
crease applications above recommended rates because of inaccuracy in ap-
plication rates and/or to compensate again for the factors above. Even with
all of these limitations, a good soil test recommendation program is the
best and most reliable basis lor determining fertilizer needs.

Perhaps the most frequently wsed calibration procedure is demon-
strated in Fig. 2-2, where cach point plotted represents one cxperiment.
Regression curves from such data may be ealculated as described by Bray
(194R8), Mclsted and Peck (1977} and others, Cate and Nelsan (1971, Fius
and Hanway (1971). and Nelson and Anderson {1977) described a sim-
plified system for partitioning data bascd on probability of response. This
system lacks precise definition for the “critical level” which may be needed
in making recommendations. Hauser (1973} points out that in many cases
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Fig. 2-2. Relationship between sail test P and relative yiclds of corn and soybeans on low
CECssoils in Alabama, 1976-198], (Unpublished data.)

hand-drawn curves may be adequate. These can be fitted into a system such
as described by Cope and Rouse {1973}, where the curve is divided into
sections based on definitions of sotl test ratings for percentage crop yields
predicted from the curve (Fig. 2-2). Percent yicld refers {o that yield from
plots receiving none of the nutrient, relative to thai f[rom an adequale sup-
ply, while other nutrients and inputs are optimum. The points plotted in
Fig. 2-2 are in most cases 2- to 5-yr averages from long-term experiments
where soil test levels of check plots were well established and quite stable.
About two-thirds of these plots had not received P applications lor 25 yr.
The solid line curve was hand-drawn through the data points. The dashed
line is the interpretation now in use in the Auburn University Soil Testing
Laboratory on which P recommendations are based for corn and soybeans.
These recenl yield daia show that very little response was obtained on
“medium” fertility level soils in these long-term experiments. The discrep-
ancy between the two curves shows that present P recommendations are
more than adequate. These data indicate that a large salety factor is built
into this system and that consideration should be given to lowering soil test
levels required for “medium’™ and “high™ ratings. The data suggest a nced
for constant and continued updating of calibration programs that are based
onold data. New experiments should be conducted to keep calibration cur-
rentwith increasing yield levels and changes in prices of fertilizer and crops
produced.

4, Qw.nmzrazmm Studies

Greenhouse studies are useful in comparing soils and evaluating their
relative nutrient-supplying capacily by growing plants in the same environ-
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ment. exeept for soil differences. Total nutrient uptake can be measurcd
by ::.::i:m plant materials. Different extractants can be comparcd by de-
tlermining correlation between amounts of nutrients cxtracted and nutrient
uptake. This can often be done more quickly and accurately in the green-
:.:_m..a than in ficld experiments. Data from greenhouse experiments are of
..q::::_ value in cafibrating nutrient test levels for fertilizer recommendla-
tions. These calibrations must be conducted in field experiments, but
greenhouse and laboratory studies can be helplul in locating field nx._una.
menls on soils that are likely 1o be responsive.

D. Recommendation Philosophy

The primary ohjective of a soil testing program should be to make lime
and fertilizer recommendations that will produce maximum economic re-
_E._:.r This involves consideration of many factors that contribute (o pro-
duction of profitable yields, Various laboralories use widely different pro-
cedures and philosophies in arriving at recommendations. Their
effectiveness and reliability should be judged on the accuracy of the recom-
mendation in producing economic refurns rather than on how itisreached.
13.._.:,. are reduced by use of fertilizer in excess of optimum rates, but this
lass is generally less than that from insufficicnt fertilizer applications.
Growers can use either insufficient or excessive amounts of most nutrients
(or several years without being conscious of economic loss, Growers and
fertilizer suppliers. using laboratories that recommend excessive rates, will
be satisfied until research is done to determine soil tests levels and fertilizer
rates associated with maximum economic returns (Olsonctal., 1982).

I. Nutrient Accumulation and Removal

Increases in soil test P levels in the plow layer of some fertilized soils
have been generally recognized for many years. Because P is not leached
by passage of water through the soil, application of rates higher than
amounts removed in harvested portions of crops results in P accumulation.
The P content of most crops is usually in the range of 0.2 10 0.4%, so that
1000 kg of dry plant material contains only 2 1o 4 kg of P. On the other
hand, removal of K may be much greater when all of the plant material is
removed. often being as high as 2 (0 4% in nongrain portions of many
crops. Polassium is subject to some leaching, particularly on extremely
sandy soils. Cope (1981) reported that on six soils in Alabama over the 50-
yr period 1928-1978, average annual application of 14 (o 18 kp/ha P in-
creased soil test P f[rom an average of 19 mg/kg in 19281033 mg/kg by 1957.
Application of 28 kg/ha K over the 50 yr in a cotton-corn rotation produced
top yields and increased the level of soil test K in five of the six soils.

. xm.mnm:”_.. data and soil test summaries from many states have shown
increasing levels of both P and K under current fertilizer practices. Regular
soil mmm:.:m by reliable laboratories will promote cfficient use of fertilizer
and increase profits. Rates of P and K that produce maximum returns have
been shown to also increase soil test levels. Therefore, recommendations
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may be limited to rates from which response can be predicted on the next
crop or within the rotation. As long as the release rate ol a nutrient from
the soil is adequale to supply the needs of a crop without reduction in yield
or qualily, application of the nutrient is not justified.

2, Cation Ratio vs. Sufficiency Levels in Making Recommendations

Soils vary iremendously in their capacity to supply P and K to growing
crops. Some of the factors that affect the nutrient-supplying capacity of
soils are amount and type of clay, organic maltler content, total nutrient
content, and amounits of exiractable nutrient ions. Soils with similar
amounts of chemically extractable P or K may vary widely tn nutrient-
supplying capacity to crops. Therefore, these differences in supplying
power and response characteristics must be considered in making soil [er-
tility ratings and recommendations based on soil tests.

McLean (1977) described two concepts of soil test interpretation that
have been widely used. These are the sufficiency levels of available nutri-
ents (SLAN) and basic cation saturation ratio (BCSR) methods. The
SLAN concept involves assigning soil test sufficiency levels based on re-
sponse dala from field experiments. This concept is illusirated by Fig. 2-2
and is sometimes relerred to as “fertilizing the crop.’”’ Most laboratories
using this interpretation concept adjust sufficiency levels for crop and soil
association elfects, This concept assumes little or no interaction among nu-
trients in their effect on needed fertilization and applies (o all nutrients.

The BCSR concept is used by many commercial laboratories to adjust
for interactions among calions so that a specific cation ratio or base satura-
tion is achieved. This involves determining the CEC and making recom-
mendations to achieve specific ratios among K, Mg, and Caions in the soil.
Recent research reported by McLean (1981) and others has shown that the
values for BCSR per se are completely independent of crop yields. Usc of
this concepl results in recommendations that are higher than can be jus-
tified by most recent studies.

Some slate laboratories have also recognized a need for classifying
soils inlo groups for making P recommendations. Soils with low CEC re-
lease P more readily to extracting sofutions and therefore require higher
levels for adequacy than do soils with more clay or organic matter. Labora-
tories in Alabama, Georgia, Florida, and South Carolina separate the
sandy soils of the Coastal Plain from those of the Piedmont or others that
have more clay or organic malter. This relationship for P is reversed from
that with the calions as indicated by Cope and Rouse (1973).

J. Reporting Results and Making Recommendations

Many systems of reporting soil tesl results to growers are used. Most
laboratories use interpretive ratings ranging from very low to very high to
identify the level of sufficiency in the soil. These ratings are generally based
on anticipaled yield without application of the element. High and very high
are usually above the adequale level. Many laboratories recommend main-
tenance applications al these levels. but some are disconlinuing this prac-
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tice as research data show that they are generally not needed. Medium is
normally the area of moderate response and low or very low is where re-
sponse should be expected. The recommended rate of application to ob-
tain optimum yields at these soil test levels will result in a gradual soil test
increase.

Most lahoratories recognize dilferences among craps in their lertility
requirements. Some laboratories rate soils differently based on crops to be
grown. such as vegetable and other horticultural crops: lorage crops.
which remove large amounts ol nutrients; cotton; and crops grown for si-
lage. which have higher requirements for P and K than do corn for m:.mz.
ricc, most olher grasses, and peanuts {Cope et al.. [981). These crops with
low P and K requirements can frequently be grown without divect applica-
tions when grown in rotation with other well-fértilized crops.

In addition to ralings. most laboratories use some method of report-
ing results more precisely, especially for use in record keeping and fertility
moniloring by growers. Some report kilograms per hectare or parts per
million extracted. bul these data are often confusing to growers, because
each element has a different level for a specific degree ol adequacy. For
example. the adequate or critical level for one soil may be 25 mg/kg P, 120
mg/kg K. 200 mg/kg Ca. and 30 mp/kg Mg. Adcquale levels in other soils
and from other extracting procedures would tikely be different for each
clement. )

To simplify reporting and make it more easily understood by growers,
some laboralories have developed fertility indexes for use on soil test re-
poris. Use of computers in making soil test recommendations Tum sim-
plified reporting of index values. No indexing system has been universally
accepted. Some form of a percent sufficiency index, as reported by Cope
and Rouse (1973), offers promise of simplified reporting and record keep-
ing. This system assigns the adequate level of each element for each mo__.n
value of 100, Below this level the index follows the yield curve and above is
a straight line relationship. It has been particularly helpful in n._s_urmmmmm:m
to growers the degree of buildup of P under conlinued applications.

II. PLANT ANALYSIS

Plant analysis, like soil tests, can be a valuable aid to producers in
making efficient use of lime and fertilizer. Recommendations g.ﬁmﬁ_ on soil
tests are made prior 1o seeding; however, plant samples [or analysis cannol
be taken until the corp is growing, resulling in a delay that may prevent
corrective action for the current crop. The value of plant analysis may
therefore he more for the future than for current crops, especially for an-
nual crops.

According to Ulrich and Hills (1967}, plant analysis is defined as :.:._m
concept that the concentration of a nutrient within the plant at any particu-
lar time is an integrated value of all the lactors that have influenced __..:w
nutrient concentration up to the lime the plant sample is taken.”’ Plant tis-
sue can be analyzed for the total quantity of the nutrient or for only a solu-
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ble fraction of the nutrient in the plantsap. The latter is commonly referred
1o as tissue testing and normally measurements are taken in the field for
only N, P, and K in freshly extracted plant sap. Qur discussion will focus on
plant analysis for total quantity of nutrient present in the plant; however,
much of the information on sampling and interpretation also applies to tis-
sue testing.

A plant analysis program can be thought of as having four parts: (i)
collection of the sample in the field, (ii} chemical analysis of the plant tis-
sue, (iti) interpretation of the analytical resulls, and (iv) recommendations
based on the interpretation and supplemental information provided with
the sample. Our discussion will center on (hese four factors.

A. Plani Sampling Techniques

Collection of proper plant tissue samples is essential Lo a sound plant
analysis program. Not only do we have (o concern ourselves with field divi-
sion and sample handling in plant analysis, but we must also concern our-
selves with which part of the plant and at what growth stage to sample.

I. Field Division

Research information is limited on methods of subdividing fields for
collection of plant samples. Likewise. little research is reported on the
sampling pattern to follow in the field. The purpose for sampling will in-
fluence the choice of sampling procedure. Plant samples are normally
taken either to monitor the nutrient status of the crop or to help diagnose
poor growth. Our discussion on field division will relate to these (wo objec-
tives for sampling.

Field division and sampling patterns te monitor nutrient status of a
crop should be similar to those used for soil sampling in the field. This al-
lows the information from the soil and plant analysis to be used in combina-
tion for a better interpretation. The person taking the plant samples should
be alert for abnormal growth areas that were not apparent when soil sam-
pling. If soil samples were not recently collected from the field, then they
should be taken at the same (ime as the plant samples. For the diagnostic
approach to plant analysis. normal and abnormal growth areas should be
sampled separately for comparison of resuls.

The sampler for both approaches should avoid plants of different ma-
turity due to planting date differences that might exist within the field.
Likewise, sample each cultivar separately if several have been planted in
the field to avoid differences in test results due (o geneltics. A separale com-
posite sample should be taken from different maturity or cultivar areas to
minimize plant size and maturity effects (Jones & Steyn. 1973). As with
soil sample collection, avoid unusual soil areas when plant sampling 1o
monitor overall nutrient status of the ficld. The number of subsamples re-
quired to characterize the field will vary with crop and soil conditions. In
general, the larger the number of subsamples composited, the more likely
the test sample will reflect the condition in the sampled area,






