
Influence of NH3 from ammonium phosphate fertilizers on germination, seeding growth, and small
plant yield of wheat (Triticum aestivum L.)
by Chaitat Pairintra

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Crop and Soil Science
Montana State University
© Copyright by Chaitat Pairintra (1973)

Abstract:
Influences of NH3 from ammonium phosphate fertilizers on germination, seedling growth, and small
plant yield of wheat (Triticum aestivum L.) were evaluated in laboratory, growth chamber, greenhouse,
and field experiments. Measurements of NH3 were made using techniques of diffusion from the
soil-fertilizer system and distillation of NHg from the seed-plant system.

A "Diffusion Can" was designed for quantitative measurement of NH3 production from the ammonium
phosphates—mono (MAP, 11-48-0), di (DAP, 18-46-0), poly (APP, 15-62-0), and urea (UAP,
24-42-0)—upon reaction with 10 soils varying in moisture from 10 to 25% and in CaCOg contents
from zero to 12%. Total amount of NHg produced from fertilizer reacting 6 days was in the order of
magnitude: UAP »» DAP »> MAP > APP, or the ratio of 18 : 4.5 : 1.5 : 1. This relationship was
generally true for any soil, but the absolute values increased directly with % CaCOg in the soil and
inversely with soil moisture. Averaging all soils, the total 6-day NHg production was in the soil
moisture order of 10% > 15% > 20%.

Ammonia absorption by plants was measured directly from the seeds or seedlings by a. "Distillation
Technique", and indirectly by differences between "Soil-Fertilizer" mixed and "Soil-Fertilizer-Seed"
systems. The patterns of NHg accumulation by seeds or seedlings were governed by the kinds and rates
of fertilizer application, soil moisture, CaCOg content, and the stages of plant germination or growth.

Dry weight of wheat seedlings was less when germinating seeds, with radicles emerged, were exposed
to NH3 for one day than when seeds were treated with NH3 one day after moistening.

Absorption of NHg by seedlings was directly related to NH3 production from fertilizer-soil reactions.
Maximum absorption occurred . in day 3 for 10% CaCOg soil and day 2 for 0% CaCO3, but the latter
was a very low absorption except for UAP. Ammonia concentration in seeds or seedlings in the range
0.3 to 0.5 ppm-NH3 inhibited seedling growth, and symptoms of NH3 injury were evident. Radicles
had a brown color as a "burnt off" appearance and coleoptiles were stunted. Germination of wheat
seeds was completely prevented when the concentration of NHg in seeds reached about 0.8 ppm-NH3.

Plant yield results from growth chamber studies on 0% CaCO3 soil indicated the same responses to
fertilizers for roots as for tops with the fertilizers in the order: APP >_ MAP > DAP > UAP. On the
10% CaCO3 soil the order was APP > MAP > DAP > UAP, and growth of roots for DAP and UAP
increased relatively little from 6 to 12 days in contrast with APP and MAP. In all cases, plant growth
was inversely' related to concentration of NH3 in plants. Ammonia measured by microdiffusion from
soil samples taken from field experiments having fertilizer banded with wheat seed was directly related
to reduction in numbers of crowns ' and stems and inversely related to dry weights of plants at the stem
elongation stage of growth.

Using information developed in this research 4 ammonium phosphate fertilizers reacting with soils



varying in CaCOg content can be arranged according to NHg production. If greater than 0.5 μg
NH3/100g soil measured by the diffusion can technique is considered potentially hazardous for
banding fertilizers with seeds, the fertilizers and allowable soil CaCOg percentages before serious
seedling damage occurs are as follows: APP, 12% CaCO3; MAP, 10.5% CaCO3; DAP, 3.5% CaCO3;
and UAP exceeds the limit at 0% CaCO3. 
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ABSTRACT

Influences of NHg from ammonium phosphate fertilizers on germi
nation, seedling growth, and small plant yield of wheat (Triticum 
aestivum L.) were evaluated in laboratory, growth chamber, greenhouse, 
and field experiments. Measurements of NHg were made using techniques 
of diffusion from the soil-fertilizer system and distillation of NHg 
from the seed-plant system.

A "Diffusion Can" was designed for quantitative measurement of 
NHg production from the ammonium phosphates— mono (MAP, 11-48-0), di 
(DAP, 18-46-0), poly (APP, 15-62-0), and urea (UAP, 24-42-0)— upon re
action with 10 soils varying in moisture from 10 to 25% and in CaCOg 
contents from zero to 12%. Total amount of NHg produced from ferti
lizer reacting 6 days was in the order of magnitude: UAP » »  DAP » >
MAP > APP, or the ratio of 18 : 4.5 : 1.5 : I. This relationship was 
generally true for any soil, but the absolute values increased directly 
with % CaCOg in.the soil and inversely with soil moisture. Averaging 
all soils, the total 6-day NHg production was in the soil moisture or
der of 10% > 15% > 20%.

Ammonia absorption by plants was measured directly from the 
seeds or seedlings by a. "Distillation Technique", and indirectly by . 
differences between "Soil-Fertilizer" mixed and "Soil-Fertilizer-Seed" 
systems. The patterns of NHg accumulation by seeds or seedlings were 
governed by the kinds and rates of fertilizer application, soil mois
ture, CaCOg content, and the stages of plant germination or growth.
Dry weight of wheat seedlings was less when germinating seeds, with 
radicles emerged, were exposed to NH^ for one day than when seeds were 
treated with NH^ one day after moistening.

Absorption of NHg by seedlings was directly related to NHg pro
duction from fertilizer-soil reactions. Maximum absorption occurred . 
in day 3 for 10% CaCOg soil and day 2 for 0% CaCOg, but the latter was 
a very low absorption except for UAP. Ammonia concentration in seeds 
or seedlings in the range 0.3 to 0.5 ppm-NHg inhibited seedling growth, 
and symptoms of NHg injury were evident. Radicles had a brown color as 
a '"-burnt off" appearance and coleoptiles were stunted. Germination of 
wheat seeds was•completely prevented when the concentration of NHg in 
seeds reached about 0.8 ppm-NH^.

Plant yield results from growth chamber studies on 0% CaCOg 
soil indicated the same responses to fertilizers for roots as for tops
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with the fertilizers in the order: APP >. MAP > DAP > UAP. On the 10% 
CaCOg soil the order was APP > MAP > DAP > UAP, and growth of roots for 
DAP and UAP increased relatively little from 6 to 12 days in contrast 
with APP and MAP. ■In all cases, plant growth was inversely' related to 
concentration of NHg in plants. Ammonia measured by microdiffusion 
from soil samples taken from field experiments having fertilizer banded 
with wheat seed was directly related to reduction in numbers of crowns ' 
and stems and inversely related to dry weights of plants at the stem 
elongation stage of growth.

Using information developed in this research 4 ammonium phos
phate fertilizers reacting with soils varying in CaCOg content can be 
arranged according to NHg production. If greater than 0.5 Hg NHg/lOOg 
soil measured by the diffusion can technique is considered potentially 
hazardous for banding fertilizers with seeds, the fertilizers and 
allowable soil CaCOg percentages before serious seedling damage occurs 
are as follows: APP, 12% CaCOg; MAP, 10.5% CaCOg; DAP, 3.5% CaCOg; and
UAP exceeds the limit at 0% CaCO^.



INTRODUCTION

Fertilizing has long been proved to be an effective method to 

increase crop production. In spite of the advantages of fertilizer 

application, increased emphasis is now being placed on the problem of 

plant damage resulting from improper fertilizer use. Nitrogeneous fer

tilizers, one of the greatest consumptive use, when applied to soils 

under certain conditions, can release free NH3. This ammonia may in

jure small plants. Detrimental effects as .a consequence of NH3 toxic

ity would be expected to be associated with the concentration of NH• 3
produced and the various susceptible stages of plant development 

(Smith et' al., 1970) . Therefore, the questions of how NH3 is re

leased, how it produces toxic effects on germination and seedling 

growth and/or how it influences yield components of plants, become 

matters of practical as well as theoretical interest.

It is hypothesized that, upon the hydrolysis of ammonium phos

phate fertilizers in the soil, NH is released and it is the major fac- • j
tor in producing.toxic symptoms to'germination and seedlings, and it 

may influence yield components of wheat; ■ Therefore, to achieve a sys

tematic interrelation of facts, the investigations of this hypothesis 

were conducted intensively in field, greenhouse, and laboratory experi

ments. Specific objectives and experimental procedures pertinent to I

ISmith, C. M., E. 0. Skogley, and C. Pairintra. . 1970. Farm 
test demonstrations. Ann. Report to TVA (Unpublished).
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the different types of experiments are illustrated under each later

section.



LITERATURE REVIEW

Tisdale and Nelson (1966) wrote that progress in agriculture 

depends on research of a high caliber. For every problem solved by 

the scientist today, many more are raised. Agricultural scientists 

must delve into questions of a fundamental nature, questions that deal 

more with the WHY of things than with the WHAT.

It is-, therefore, the purpose of this review to" bring together 

some of the pertinent findings so that causes and effects can be eval

uated and some possible corrective addition may be established.

Because ammonia volatilization and toxicity vary depending 

upon chemical composition of fertilizer and properties of soils, this 

presentation is, therefore, divided into three distinct parts: (I)

Theory, (II) Ammonia Volatilization, and (III) Ammonia Toxicity.

All of these aspects are discussed in relation to fertilizer and soil
.

properties. I.

I. Theory '

Bennett and'Adams (1970) stated recently that ammqniacal-N 

loss from soil and toxicity to seedlings are parallel manifestations 

of the same phenomenon. Both depended upon the NH^(aq) concentration 

in the soil solution and are thus governed by the same chemical equir 

libria. Failure to adequately consider all equilibria have prevented 

previous investigators from establishing general applicable
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quantitative parameters for ammonia losses'or toxicity (Blanchar, 1967; 

Du Plessis and Krooritje, 1964; Ernst and Masseyf 1960; Larsen and 

Gunary, 1962; Megie et al., 1967; Wahhab et al., 1957).

Mechanisms of NH3 volatilization from soil by chemical reac

tion have been postulated and almost all systems are pH-dependent.

Du Plessis and Kroontje (1964) investigated the relationship between 

pH and ammonia equilibria in soil and suggested that NH3 volatilized 

from acid soils was due to the equilibrium.

NH4+ + OH" Z NH3 + H2O

Also, there has been a proposal (Wahhab et al., 1957) that NH3 

losses occurred from slightly acid soils to which (NH4)3SO^ was added, 

and could be due to the equilibrium of the following nature:

(NH4)2SO4 Z 2NH4+ + SO4"2 

■ NH4 + O H  Z • NH3 + H2O

That the effective hydroxyl concentration in such a case would 

. depend on the pH of the system. This postulation was given some sup

port by Ernst and Massey (1960). who stated that liming would cause an 

increase in soil pH and thus favor the increase in the activity of OH . 

This would encourage the shift in the reaction to the right and in

crease the volatilization of NH ̂ • •

. Larsen and Gunary. (1962) considered that losses of NH3'from 

fertilizers applied on alkaline or calcareous soils depend on the
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equilibrium:

'NH. K[NH4]/([Ca2+]P J3s-

where K is a constant equal to K /K ^  and P- is partial pres-JNtî  CsCO^ CU 2
sure of CO2. The mechanism affecting the right side is to reduce 

[NH^ ], thus increasing NH3 volatilization loss. They suggested NH^ 

can be removed from the system by precipitation of insoluble calcium 

ammonium, phosphates. Terman and Hunt (1964) reported that the 

(NHg)^CO3 which is formed from chemical reactions of fertilizers and 

CaCO3 in the soil is unstable and decomposes easily due to the 

equilibrium:

' (NH4)2CO3 t NH3 + CO2 + H2O

II. Ammonia Volatilization * V

• It has been established that NH^ may be volatilized readily 

from soils under a number of conditions and that many factors are in

volved. Several investigators, studied factors affecting NH^ voIati-.

V lization losses from nitrogen fertilizer carriers. Mortland (1958) in 
• • ' . ' • ■ • . • - -■ 
reviewing"work on the reaction of NH^ .in soils listed soil moisture,

texture, pH, organic matter, placement, and soil tilth as the factors

affecting sorption and loss of NH3 in soils.

( Recently, Pesek et al. (1971) stated that the likelihood of 

ammonia losses from surface applications is dependent primarily on the 

chemical nature of the fertilizer material and the pH and other
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properties of the soil. They concluded that the modifying influences 

include soil water content, temperature, surface roughness and resi

due, air movement, presence of carbonates, granule size of fertilizer 

and time elapsed between application and the next rainfall, irrigation 

or before incorporation by tillage.

Stanley and Smith (1955) and Tseng and Wang (1957) observed in 

the laboratory that losses of ammonia from sandy soil were greater than 

from finer textures such as silt loam and clay. However, Jenny et al. 

(1945) reported that ammonia retention was a function of soil texture.

Martin and Chapman (1951) conducted a laboratory experiment on 

volatilization of ammonia from surface-fertilized soils. The experi

mental results indicated that percentages of NH^-N lost were in the

order of magnitude: NHy1OH > (NHy1) -SO > Urea > NHylNO. > NaNO. = check.4 4 2 4 4 3 3
They reasoned that NH^OH application raised the pH of the surface of 

acid soils to the alkaline range and thus" permitted greater NH^-N vola

tilization losses. Increasing rates of application also increased the 

rates of. NH^-N volatilization losses in acid soils but not for alka- 

• line soils.

In laboratory studies, Kresge and Satchell (1960) compared the 

.amount of NH^ lost by volatilization from several fertilizers. Exper

imental results showed that the NH^ volatilization was in the order of 

magnitude: Urea > Ca (CN)^ > (NH^)^SO ̂  > NH^NO^. The rates of NH^ losses
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were significantly different among fertilizers and were increased as 

the rates of application increased. In a series of field, greenhouse, 

and laboratory experiments, Meyer et al. (1961) obtained the same 

trend of NH^ volatilization losses.

Regardless of pH and soil type, the magnitudes of NH^ volati

lization presented by Larsen and Gunary (1962) were in the order:

2S°4 > (NH4)^HPO^ = NH4HgPO4 = NH4NO3, whereas Termah and Hunt 

(1964) reported that NH3 volatilization losses were in the order:

Urea >. Urea ammonium phosphate > (NH4)3HPO4 > (NH4)3SO4 > Ammonium

polyphosphate = NH,NO > NH .H PO .4 3 4 2 4
Jewitt (1942) reported that when (NH4)3SO4 was applied to 

soils, considerable amounts of NH3 were lost through volatilization 

and these losses were influenced by the rate of fertilizer application 

A recent study (Mills et al., 1970) reported similar experimental • 

findings. ■

Mitsui (1954) and Terman- and Hunt (1964) reported a marked de

crease in NH3 losses from urea mixed with the soil compared to surface 

application. Overrein and Moe (1967) added that NH volatilization 

rates were inversely proportional to the depth of urea application. 

Steenbjerg (1944) noted that in 4 weeks the losses from NH3 from sur

face application of urea ranged from 5-60%, but if the placement of 

fertilizer was at 6 cm depth, there was no loss of NH3.
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Ernst and Massey (1960) stated that NH3 volatilization from 

soil was essentially the same when urea was topdressed or mixed with 

the top 1/4 inch of soil. However, the data of cumulative losses of 

NH3 from urea and (NH4)3SO4 reported by Gasser (1964) indicated that 

NH3 volatilization losses were influenced by placement and varied 

depending on the kind of fertilizers. ■

Martin and Chapman (1951) reported that CEC (cation exchange 

capacity) . of the soil was important in determining losses of ammonia. 

Gasser (1964) stated that effects of soils on ammonia losses depend 

largely on base exchange capacity. - He said that property was the most 

likely one to be related to the ability of the soil to retain ammonium 

nitrogen and ammonia. The results indicated that ammonia loss de

creased as the base exchange capacity increased. Volk (1959) illus-. 

trated the effect of CEC as it influenced loss of ammonia by volati

lization from surface application of urea and (NH4)3SO4. During the 

first week, there was a significant decrease in loss from the appli

cation of urea but not for ' (NH ) SO., and the .losses were directly . ' . 4 2 . 4  .
related to.the increases in CEC of the 11 acid soils.

Pertaining to reaction of ammonia with clay minerals such as 

bentonite, Mortland (1958) concluded that the effect of exchangeable

cations on ammonia desorption was found to follow the order H > Ca
+ • +  +> Na > K . He stated that the fixation of K by bentonite particu

larly reduced the sorption of ammonia. This is in agreement with the
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work by Martin and Chapman (1951) who found more NH3 volatilization

+ +losses when the exchangeable cation was Na or K than when it was 
+2 +2Ca or Mg . They attributed the effect to the high pH of the Na- 

and K-saturated soils. Also, other investigators have shown CEC to 

have a very marked effect on the amount of NH3 volatilization loss 

(Brown and Bartholomew, 1962; Ernst and Massey, 1960).

A recent investigation by Rolston et al. (1972) on desorption 

of ammonia from soil during ion displacement studies indicated that a 

moist soil has a greater capacity for ammonia desorption than a dry 

one. In Russia, Lyakh (1972) reported that addition of NPK fertir 

lizers with decreasing soil moisture increased NH3 losses.

In reviewing literature on ammonia reaction, Mortland (1958) 

concluded that sorption of ammonia in the soil was influenced by soil 

moisture. He stated that since ammonia will dissolve in water, the 

concentration would depend on the partial pressure of NH3. Any ammo

nia that does dissolve in the soil water is in transitory condition; 

it either will react chemically with organic matter or will volatilize 

into the air if the partial pressure, of NH3 is exceeded. ■ Stanley and 

Smith (1955) explained that losses of ammonia from the wet soils were 

the result of upward movement and subsequent evaporation of water con

taining dissolved ammonia, whereas from dry soils the losses of ammonia 

resulted from gas flow out of the soil as a part of gas vapor pressure.
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Wetting and drying caused greater losses of NH3 than maintain

ing the soil at constant moisture content (Jones, 1932) . Emst and 

Massey (1960) reported that some NH3 volatilization occurred without 

a concurrent drying process in the soil, but greater volatilization 

occurred when moisture was lost from the soil. When the soil became 

dry after 4 to 5 days of aeration, NH volatilization was markedly 

decreased, presumably because hydrolysis of urea was retarded due to 

the lack of moisture. Therefore, they concluded that NH3 volatiliza

tion was directly related to initial soil moisture content. In con

trast, Jewitt (1942) found the loss of ammonia from (NH.).SO. ferti-, 4 2  4
lized soils to be dependent on a drying process in the soil but not on 

the initial soil moisture content.

Martin and Chapman (1951) observed no volatilization .of ammo

nia when moist air was passed over N-fertilized soil (NH.+ forms), but 

loss of ammonia did occur when the samples were aerated with dry air 

and thus were losing moisture. Meyer et.al. (1961) concluded that in

favorably moist soils, volatilization of NH took place rapidly in the
. .3 '

first few days after application, then tapered off to an insignificant 

rate in the second week.

. Several investigators (Broadbent et al., 1958; Doak, 1952; 

Fisher and Parks, 1958) reported that urea is readily soluble in water, 

and the dissolved urea is hydrolyzed to ammonium carbonate by soil bac

teria and enzymes. . The rate of hydrolysis apparently varies a great
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deal among soils, but is temperature-dependent in a particular soil. 

Overrein and Moe (1967) observed that the rate of urea hydrolysis was 

shown to be directly proportional to the rate of urea application when 

soils were incubated at 28°C.

Martin and Chapman (1951) stated that if the soil solution is 

alkaline in nature, then parts of ammonia will be present as hydrated 

ammonia, ammonium hydroxide, ammonium bicarbonate or carbonate, or 

both, depending on the alkalinity, concentration, and other factors. 

They found that in aqueous solution of these compounds, the NH3 and 

water have their own partial.vapor pressures and evaporate together 

in varying proportions depending on the concentration and character 

of the NH3 containing solutions. Therefore, they concluded that in

creasing the amounts of ammonium nitrogen applied to alkaline soil 

•tended to increase the total quantity of ammonia loss but did not apr 

preciably affect the total percent loss.

"Terman and Hunt (1964) stated that the" differences in ammonia 

 ̂losses among nitrogeneous fertilizers can be explained- largely in terms 

of reaction of certain acid radicals of ammonium salts with calcium 

compounds in the soils. They illustrated the overall reactions which 

presumably occurred in limed acid or naturally calcareous soils and 

concluded that ammonium carbonate which is formed by hydrolysis proc

esses is unstable and decomposes easily into NH3, CO^ and H^O. Bates 

and Pinching (1950) demonstrated that when ammonium carbonate is
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formed, and if the pH of the system is above 7, the concentration of 

NH^ increases while NH^+ decreases.

III. Ammonia Toxicity

The detrimental effects of ammoniacal-N from fertilizers on 

germination and seedling growth of plants have received attention in 

recent years (Bennett and Adams, 1970; Colliver and Welch, 1970;

Guttay, 1957; Warren, 1962). Although ammonia is known to be toxic 

to most forms of plant and animal life, some of the specific toxicity 

mechanism and physiological effects of plant have not been adequately 

explained.

Vines and Wedding (1960) studied the mechanism of ammonia tox

icity to intact plants and postulated that the site of ammonia toxic

ity to plants is located in the electron transport system, especially 

the DPNH -»■ DPN reaction. Warren (1962) pointed out that the cell mem

branes were relatively impermeable to NH^+ , whereas NH^ passed tissue 

barriers with ease. Therefore, he concluded that toxicity depended 

largely upon the NH^ which entered the organism.and cell..- Along the. 

same principle, Stuart and Haddock (1968) reported that (NH^JgSO^,

(NH^^COg or gaseous NHg inhibited water uptake in sugarbeet roots 

whenever the pH was sufficiently high. They suggested that the site 

of inhibition lies within the root epidermis.
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Strogonov (1964) stated that the toxic effect of gaseous NH3

is expressed by a change in the pH of the cell sap, by deformation of 

chloroplast, and by a destruction of the cell protein. Several inves

tigators reported that NH3 inhibits both photosynthetic (Kramer,. 1955) 

and oxidative (Hacker, 1961) formations. Murata (1969) concluded that 

heavy application of nitrogen very likely deteriorate the 

photosynthesis-respiration balance of the crop stand. He added-that 

this is because if nitrogen supply is too abundant in comparison with 

the rate of carbohydrate production, the plants will sooner or later 

be depleted of carbohydrate reserve. Therefore, such plants face the 

■ danger of NH3 toxicity.

Although there is recognition of ammonia release that is toxic 

to plants, there is no general agreement among researchers defining 

applicable quantiative parameters and concentrations for ammonia tox

icity. Furthermore, it has been a subject of controversy.

Blanchar (1967) proposed a method to determine partial pres

sure of NH3 in soil air. The partial pressure of 'NH3 (P^ ) in a
• . - • . . 3‘ 

closed soil system was measured by expelling it from a collapsible

plastic bottle into dilute HCl. The P , in the soil air was calcu- . . .  NH3
lated from the ideal gas law. Since concentration of NH3-N was 

governed by different pH levels, Megie et al. (1967) concluded that 

the. toxicity was pH-dependent and the toxicity was attributed to

ammonia.



14
Sample (1963) presented a comprehensive literature review on

the effect of fertilizer materials on the germination of seeds. He

concluded that free NH3 gas is the main toxic substance.

Many workers have reported injury or delay in germination and

emergence of various crops as a result of fertilizers, especially

(NH^) Hood and Ensminger (1964) reported that the detrimental

effect of (NH^^HPO^ was not caused by osmotic effect, or by release

of free ammonia alone, or by ammonium or phosphate ions per se. They

suggested that (NH^)^HPO^ might adversely affect Mg availability in

the seed resulting in reduced enzymatic activity. In studying the

mechanism of ammonium phosphate injury to seeds, Ensminger et al.

(1965) concluded that germination injury from (NH^)2HP0^ appeared to

be largely due to the inactivation of Mg in seeds.

A recent investigation (Weir et al., 1972) illustrated that

ammoniacal-N exists in more than one form in the soil solution; NH.^-N4
and NH3-N. Their experimental results indicated that plants responded

similarly to NH3 and NH^ . Growth was reduced as the NH3 concentration
+increased to an optimum level of 17 ppm of NH^ -N for radish and 36

ppm for lettuce. Vines and Wedding (1960) reported, however, that the
+nonionized ammonia (NH^ ) and gaseous ammonia (NH3) inhibited I

ISample, E . C. 1963. The effect of fertilizer materials on 
the germination of seeds: A literature review. TVA Report, 1963 
(Unpublished).



15

respiration in concentrations of these two forms of NH^ ranging from 

I x 10 to 3 x 10

Warren (1962) stated that in most biological fluids ammonia
+exists in two forms, ionized (NH^ ) and nonionized (NH^), the relative 

proportions of which are determined primarily by the pH of the solu

tion. He pointed out that the toxicity depended upon the NH which3
entered the organism and cell.

Megie et al. (1967) used an aeration method for determining

NH-. They stated that toxicity of nonionized ammonia (NHL) was the 3 3
primary reason for inhibited germination and reduced growth of cotton

seedling. Plant growth decreased sharply with increasing NH and3
levels above 10 ppm were lethal.

Blanchar (1967) developed a direct method to determine partial

vapor pressure of NH ' (P ) in soil air and found that germination of . 3 NH3
corn seed was inhibited when the initial P value was 0.156 mm Hg

: 3
and final values were between 0.077 and"0.104 mm Hg. Allred and

Ohlrogge (1964) postulated that free NH^ associated with DAP fertilizer

was toxic to germinating corn. They concluded that NH at a partial3
vapor pressure as low as 0.125 mm Hg was toxic to corn when it was ex-

■posed to this environment for 2 days during the initial stage of 

germination.

Hunter and Rosenau (1966) measured gaseous NH3 by a diffusion 

method. They found germination of corn seeds and growth of seedlings
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were greatly inhibited or completely prevented in flasks containing 

I mg or more of gaseous NH^. In laboratory experiments, Brage et al. 

(1960) placed wheat seeds in a petri dish, but not in contact with a 

mixture of urea and urease. . They found that urea to the extent of 

20 mg or more produced enough NH gas to prevent any germination of 

wheat.

Bennett and Adams (1970) considered NH (aq) in the soil solu- . . j
tion was the agent of toxicity to plants. They found that symptoms of 

NHg toxicity were evident at NH3(aq) concentrations in soil solution 

in situ above 0.17 mM for sudangrass foliage, and above 0.24 mM for 

cotton roots. They stated that the critical concentration for incip

ient NH3 toxicity was concluded to be 0.15 to 0.20 mM NH3(aq).

Colliver and Welch (1970) used a steam distillation method for
+determining ammonium (NH3 + NH^ )-N from anhydrous ammonia. They re- .

ported concentrations in excess of approximately 1000 ppm of
+ ■ • •(NH + NH )-N resulted in significant corn stand reduction. Germina-' 3 4 .

tion and early growth of corn was retarded when the concentration 

reached 994 ppm and essentially inhibited when it reached 1628 ppm.

By using a similar, technique of ammonia determinaion, Openshaw and 

Frederick (1970) found that germination of corn and cotton seeds was 

greater than 87% when anhydrous ammonia added was less than 7 meg/lOOg

soil.
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Low and Piper (1961) concluded that NH^ formed during ammoni- 

fication caused phytotoxic effects to germinating wheat seeds from as ' 

little as 1.3 pounds of biuret per acre applied to urea. Under labor

atory studies, Khan and Mandal (1968) observed no emergence of jute 

seedlings when urea was applied at the rate of 180 and 360 Ib-N per 

acre.

Inorganic sources of N such as. anhydrous ammonia or ammonium 

salts have been reported injurious to plants due to improper placement 

of fertilizers (Brage et al., 1960? Olson and Drier, 1956). Parr and 

Papendick (1966) reported that when anhydrous ammonia was injected into 

soil according to different application schedules, corn yield was con

siderably reduced at the higher N-Ievels when compared to equivalent 

applications of urea and NH^NO^. Yield reduction in this case, they 

stated, was attributed in part to root damage due to NH^ toxicity. 

Colliver and Welch (1970) concluded that such injury generally in

creased as the rate of anhydrous ammonia application increased.

■ Brage et al. (1960). stated that enzymatic hydrolysis of urea
j ■ ~ ’ ■

produced enough gaseous NH^ to be toxic to germinating seeds, where 

the seeds, were placed near to the mixture of urea or urease in a 

closed system. Guttay (1957) conducted a series of greenhouse experi

ments in which he showed that complete fertilizer, applied at the rate
-f-of 100 pounds of N ' (NH^ ), P3O^, and K3O per acre in contact with wheat 

seeds, seriously delayed and curtailed germination and emergence.
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Lawton and Davis (1960) reported that contact placement of 

wheat seeds with 5-20-20 fertilizer (NH^-N) at 500 pounds of material 

per acre delayed and reduced emergence of seedlings and subsequent 

growth. Applying this mixed fertilizer in a band below, or I 1/2 in

ches to the side and I 1/2 inches below, the seed was not desirable 

from the standpoint of emergence and growth. Cook et al. (1958) found 

that the application of 12-12-12 fertilizer per acre with the seeds in 

fluenced the emergence of wheat seeds, and at the end of 9 weeks, they 

observed a 20% reduction in stand. The yields were reduced where the 

greatest emergence injury occurred. . Tillering and other yield compo

nents were influenced.

Andrews et al. ‘(1956) observed seedling injury when anhydrous 

ammonia was applied in contact with germinating seeds. In studying 

the injurious effects of preplant anhydrous ammonia to germination and 

early growth of com, Colliver and Welch (1970) reported severe damage 

when anhydrous ammonia was applied at 10 cm deep immediately before 

planting at 5 cm deep. Lorenz et al. (1955) concluded that aqua ammo- 

nia placed in the bed under the potato row resulted in low yields and 

caused severe plant toxicity. They suggested that the toxicity could 

be lessened by placing the fertilizer farther away from the plant,1 

using split application or delaying application until the crop was

well established.
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Comparing different methods of fertilizer placements, Stephen 

and Waid (1963a) reported greater adverse effects of urea when placed 

near the seeds than when mixed throughout the soil.

Guttay (1957)' reported that fertilizer placement in contact 

with wheat seeds had greater effects on delaying and reducing emer

gence under dry than moist conditions. Dubetz et al. (1959) proposed 

that moisture levels' alone had no sigmifleant effect on the germina

tion of any crop. However, moisture levels in combination with nitro

gen fertilizers, they explained, reduced germination, and the reduction 

became progressively pronounced with decreasing moisture.



MATERIALS AND METHODS

Influence of NH^ from ammonium phosphate fertilizers on germi

nation, seedling growth, and production of wheat [TvltiounvaestivTm L.) 

were investigated in (I) laboratory, (II) growth chamber, .(Ill) green

house, and (IV) field experiments. Specific objectives and experimen

tal procedures are illustrated under each section. The statistical 

plan is also included for some experiments. The series of experiments 

are as follows:

I. Laboratory Experiment

Objectives'. Although general concepts of volatilization losses 

and toxicity of ammoniacal-N fertilizers have been recognized and well 

documented by previous investigators, physio-chemical processes and 

quantitative determination pertaining to fertilizer-soil-plant systems 

have not been considered simultaneously and adequately explained. In 

order to draw a basic sound inference, this laboratory experiment was 

comprised of 2 investigative studies. The first study is referred to 

as the ."NĤ  Production Study".- The.investigations involved.mainly, i) 

the patterns of NH^ release, and ii) the amounts of NH^ produced from 

monoammonium phosphate (MAP:11-48-0), diammonium phosphate (DAP:18-46-0) 

ammonium polyphosphate (APP:15-62-0), and urea ammonium phosphate 

(UAP:24-42-0) upon reaction with soils varying in moisture and % CaCO3
contents. The second study is called the.."NH^ Absorption Study". The 

purposes of this study were: i) develop a procedure of measuring free
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NH3 concentration in soils and define a concentration of NH3 required 

to be toxic to spring wheat (Triticwn aestivum L., 'Fortune'); ii) 

evaluate the most susceptible stage of wheat plant development to NH
* «5

toxicity.

Experimental Procedures

■NH3 Production study. A "Diffusion Can" with soil and fertil

izer mixed, as illustrated in Fig. I, was designed for this study. The- 

can is a Buckeye, style No. 201, Seamless Tin, outside dimension—
. 3diameter, 7 cm, - depth 5 cm, and total capacity HO' cm . The units 

consist of two portions, the inner and the outer chambers. The inner 

cell is a replaceable plastic vial of boric acid solution and located . 

at the center of the diffusion can. The outer is a chamber of soil 

and fertilizer mixed. The can is- kept closed with a lid to allow dif

fusion to proceed within a closed system and at room temperature. 

Therefore, the "Diffusion Can" resembles the microdiffusion unit ■ 

(Bremner and Shaw,-1955) with some•modifications. '

To evaluate NH3 production"from ammonium phosphate fertilizers 

on different soils, diffusion cans were set up as a series of labora

tory experiments. Six soils at a total of 10 different contents of 

CaCO3 were used in "Diffusion Can" experiments. The soil series, pH> and

% CaCO equivalent data are in Table I. There are four ammonium phos- 3
phate fertilizers: MAP, DAP, APP, UAP; and three moisture levels: 10%,
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Figure I. "Diffusion Can" for absorbing NH3 produced by ammonium 
phosphate fertilizers reacting with soils.
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Table I. Some Characteristics of Soil used in the Experiments.

Description
Soil 1968 Classifica-
No. series tion Great Group

Particle : 
Dist., 

sand silt

size
%
clay

Initial
pH

(1:1,H2O)

CaCO31
Equiv.

%
I Bainville cl Torriorthent 41.2 24.0 34.8 8.0 12.90
2 Wheeler sil Torriorthent 40.0 50.0 10.0 8.0 12.55
3 Wheeler sil. Torriorthent 40.5 49.2 10.3 7.9 10.05
4 Amsterdam sil Cryoboroil 40.0 55.0 5.0 7.9 9.20
5‘-Amsterdam sil Cryoboroll 38.0 52.0 10.0 7.5 ' 5.50
6 Bainville cl Torriorthent 35.2 34.0 30.8 7.6 ' 5.00
7 Danvers cl Argiboroll 30.2 38.9 30.9 7.5 ' 3.20
8 Judith cl- Calciboroll 32.7 43.3 34.0 7.6 3.04
9 Post cl ■ , Natriboroll ■ 12.0 65.8 22.2 7.2 0
10 Amsterdam sil Cryoboroll 32.5 49.2 17.0 6.8 0

15%, 20%. Therefore, each experiment was set up as a factorial experi

ment with 12 treatment combinations and replicated 2 times.

In preparing soil and fertilizer mixture for a certain % CaCO3 

content soil, the following techniques were used: one hundred grams

of air-dry soil, sieved through 2 mm, was adjusted to specific moisture • 

levels. The moist soil was then thoroughly mixed with ammonium phos

phate fertilizer at the rate of 216 mg of N per 100 g soil. A vial of 

standard 2% H3BO3 solution was inserted in each can. The lid was 

closed and.diffusion was allowed to proceed at room temperature for

I • ’CaCO-' equivalent, Method for soil characterization, method 
23C, ..USDA Salinity Laboratory Staff (1954).
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24 hours before each measurement of NH3. Each day a vial of H3BO3 so

lution was replaced for measuring NH3 by titration against standard 

0.005 N H3SO^. The amount of NH3 was expressed as yg per 100 g air- 

dry soil. The technique was patterned from the microdiffusion proce

dure as described by Bremner and Shaw (1955) with some modifications. 

Each experiment was terminated at the end. of 6 days.

NHg absorption study. A preliminary experiment was set up in 

the laboratory to develop a procedure of measuring free NH3 concentra

tion. The apparatus consisted of four 6-liter desiccators. Each of 

the desiccators contained 500 g of air-dry Amsterdam sil soil,

9.2% CaCO3, which has adjusted to 20% water content. DAP fertilizer 

at the rate equivalent to 108 mg of N- per 100 g soil was applied into . 

two desiccators. Fifty spring wheat seeds were added into two desic- • 

cators in which one was a fertilized-desiccator. ' After the addition of 

wheat seed and fertilizer, they were thoroughly mixed with the soil. .

A beaker containing IO ml standard 2% H BO solution was placed on the 
■ ■ ' : 3 / . 

racks above .seed-fertilizer-soil mixed in each of desiccators. The

desiccators were closed. Each day for the period of 6 days, a beaker 

of H3BO3 solution was replaced for measuring NH3 concentration. The 

procedure for NH3 determination was essentially the same as described 

in 11NH3 Production Study" section. The NH3 sorption by seeds or seed

lings, therefore, was computed by the differences between with-seeds . 
or.without-seeds of the two comparable desiccators.
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In one NH3 absorption experiment, a series of "Soil Can" was 

set up to measure a concentration of NH3 required to be toxic to wheat 

seeds or seedlings. The "Soil Can", typical of Buckeye-Seamless Tin, 

was used. DAP fertilizer was used at the rates of none, 56, 112, and 

224 mg of N per 100 g soil. The soil was adjusted to moisture levels 

of 15%, 20%, 25% and 30% water contents. Ten spring wheat seeds were 

added to each soil can. The design of experiment was a factorial ar

rangement and replicated 2 times. The preparation of seed-fertilizer- 

soil mixed followed general mixing processes as described in previous 

experiments. The cans were kept closed with lids throughout the exper

imental period.

After 6 days, the experiment "Soil Can" was terminated, seeds 

and seedlings were checked to evaluate the effect of NH3 on germination 

and seedling growth. The lengths of radicles and colepptiles were 

measured individually; roots were counted; and all of plant samples ■ 

were weighed and recorded. ,

‘ The determination of NH3 in seeds or seedlings' was made by .us

ing a "Distillation Technique" which was technically designed for NH3 

absorption experiments. The apparatus, as illustrated in Fig. 2, is a 

closed system of a 250 ml Erlenmeyer flask with the top portion con

nected by glass tube to a vial of H3BO3 solution.

.Plant samples were washed in 1% H3SO^ solution, dried by putting 

against paper towel, then weighed. The samples were placed in the
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Cool

Hot Plate = 200°C

Figure 2. Distillation apparatus for collecting NH gas evolved when 
fresh plant material is heated on a hotplate.
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Erlenmeyer- flask in the closed system and were heated over a hot plate 

at a temperature of about 200°C for 5 minutes. The gaseous NH3 given 

off was collected in 2% H3BO3 standard solution. Ammonia determination 

proceeded as described previously. The concentration of NH3 was ex

pressed as Ppm-NH3 per unit of plant fresh weight.

Another pair of NH3 absorption experiments were conducted in 

the laboratory to study the magnitude of NH3 accumulation over time.

In the first experiment, general procedures followed the "Diffusion 

Can" technique with soil and fertilizer mixed. The design of experi

ment and treatment combinations was essentially the same as the NH3 

production experiment. One set of treatments had soil and fertilizer 

mixed without seed. ' This set was comparable to another which included 

soil, fertilizer and seed mixed. The soils were Amsterdam sil, 0%

CaCO3 and .Wheeler sil, 10.05% CaCO3. The NH3 absorption by seed or 

seedling was measured by the method as described-in a preliminary 

experiment.

The second, experiment of "NE absorption "study" was designed 
‘ ' " ' ' 3 

primarily to evaluate the most susceptible stage of wheat plants to NH3

toxicity. Ammonia accumulation over time in seeds or seedlings is the.

key information. In this experiment the "Soil Can" technique, experiment

was employed. However, some deviations were made from the previous

"Soil Can" so that the terminal times were I, 2, 3, 4, 5, and 6 days

after each experiment was set up. The statistical.plan and treatment
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combinations of this experiment were essentially the same as the pre

vious "Soil Can" experiment. NH^ determinations were using "Distilla

tion Technique" as previously described.

II. Growth Chamber Experiments

Objectives. Results from field experiments' described in part 

in annual reports (Smith et a l . 1969,.1970,1971) ̂  indicated that there 

is a relationship existing between NH^ production and seed germination 

and/or seedling growth injury of cereal plants. It also appeared that 

the NHg produced from ammonium phosphate fertilizers was associated 

with lime (CaCOg) content" of soils; Therefore, in order to evaluate

whether these relationships exist under controlled conditions-, two 

growth chamber experiments were conducted. '

Since the first evidence pointed toward NHg production and 

plant damage, one growth chamber,experiment was set up to investigate 

this observation.. In this experiment, several factors which are related 

to plant damage were investigated by the use of multiple regres

sion analysis as explained below. Five factors were considered simul

taneously to provide general applicable parameters to define the dele

terious effects of ammonium phosphate fertilizers on germination and 

seedling growth of wheat.

• ISmith, C. M., E. 0. Skogley, and C. Pairintra. 1969. 1970.
Farm test demonstrations. Ann. Reports to TVA (Unpublished).1971.
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The design was a central composite rotatable design as des

cribed by Cochran and Cox (1957) and modified by Lund.1 It is a compIi 

cated design, but it reduced experimental size and provided all infor

mation that was needed. Variables, treatment combinations, and statis

tical plans are illustrated in Table 2..

A description of the central composite rotatable design with 

details in Table 2 is as follows:

I. Factors:

Soils (S) 2

Fertilizers (F) 4

Rates (R) . 5

Moistures (M) 3
2Times (T) 5

2. Basic design:

. a) It was patterned after the central composite, rotat
able design of pages 346-7 in Cochran and Cox (1957) 
for 3 factors in selecting combinations of levels 
for R, M, • T,. but: i ■ . •

’ ' ' • ; : "

i) No star points for M since there were only 3 
levels

' IDr. R. E.' Lund, Assistant Professor of Math., Montana State 
University (Personal communication).

2Time was a variable only as to the days that reactions were 
allowed to proceed before measurements were made. The response was 
measured at each designated time..



Table 2. List of variables, treatment combinations, and statistical procedure for 
growth chamber experiment. •

Trt
comb

1
2
3
4
5

.6 '

7
8 
9'
10
11
12
•13
'14

Central Rotatable Design 
Soil Fert. Rate Moist. Time 
S F R M T
I • I 2 I . . 2
I I 4 I 2
I I 2' 3 2
I I 4 3 2
I I 2 I ' 4
I . I 4 I 1 4
I I 2 , 3 . . 4
I I . 4 3 4
I I I 2 3
I' I • 5 2 . 3
I I 3 2 . I
I . . I 3 2 5
I I 3 2 • 3
I . I 3 2 3

2 part
(the eight points consti
tute a 2-3 factorial)

Star points
(the four points are the 
extra points, the figure 
formed by these points is 
called a star) ■

■Central points
(the two points are added 
at the center)

Repeat above entire set 
of 14 treatment combina
tion of S and F (S X F = 8 
combination levels)■

1Used only 2 soils at one time in the growth chamber 
because of space limitations.
2Time was a variable only as to the days reactions were 
allowed to proceed before measurements were made.

Soil1
= 0% CaCOg equiv.

52 = 5.50 . "
53 = 9.20 "
54 = 10.05

Factor: Fert.
- F]_ = MAP
- F2 = DAP
- F3 = APP
- F4 =UAP .

Factor: 
Levels -

Factor: Rate
- R1 = 5.4
-.R2 = 54.0
R3 = 108.0

- R4 = 162.0
- R5 = 216.0

Factor:' Moist.'

Factor:

mg-N/pot

- Mi = 15% soil
- M2 = 20%
- M 3 = 25%
Time^

- T1 = 3 (days
- T2 = 6 I t

IlC
O

E
HI I!

- T4 = 12 I t

- Tg = 15 I l

wo
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ii) Locate star points at distance a = 2 for both 

R S M. This made design be not really rotat
able— variance of y was not equal at equal 
distance from center.

iii) Use 4 star points and 2 central points. This 
increased variance of y near the center.
That is variance.of second order terms was 
increased.

iv) This required 14 treatment coitibinations.

b) For the complete design, each treatment combination ■ 
of Fertilizers and Soils (F .x S = 8) was used with 
the 14 above treatment combinations. Therefore, the 
whole experiment required 8 x 14 = 112 treatment 
combinations.

c) The treatment combinations were set in the growth 
chamber as a completely randomized design.

Estimation and analysis of variance:

Source D.F.-

S I

F 3

S x F 3

From composite.:

Linear terms on R,'M, T 3

Quadratic-terms on R, M, T 3

(R S T were estimated well, but M was 
confounded'at some higher order 
interactions)

Linear x Linear terms on R, M, T 3

■■ Lack of fit for R, M, T 3
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Source p.F.

Interactions between S X F S  Composite;

Pure error based on central points 8
I

Error (above mains altogether) 84

Total 111

In addition to.the first growth chamber experiment, the second 

experiment was conducted with more emphasis on the growth of wheat, 

seedlings on calcareous and noncalcareous soils. The design was a fac

torial experiment where the number of factors were remained the same 

as the first growth chamber experiment. The only change is the level 

of some factors which were reduced appropriately to the information 

that is needed.

Experimental Procedures

In the first growth chamber experiment, factors and levels 

listed in Table 2 were used and the experiment was repeated 3 times. 

-The control treatments were- introduced into the design purposely to 

describe the original' condition as well as to explain the effectiveness 

of treatment combinations. In general, the experimental procedures 

were as follows: ' - ■

I. Growth Chamber. A growth chamber which has two shelves and
3

an internal volume of 154 m was used. It was thermostatically and ■ 

humidifically controlled at-59° C and 57%'relative humidity,
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respectively.1 Twelve fluorescent lights were used as the light sources 

with alternating periods of 16 hours of light and 8 hours of dark main

tained during the course of experiment. Four 10-inch fans were in 

operation at all times to insure air circulation and to keep uniform 

temperature and humidity.

2. Soil. .Amsterdam 311,5.5% and 9.2% CaCO^ contents were 

used. The soils were taken from the surface approximately 6 inches.

They were air-dry then sieved through a 10-mesh screen. A total of 

350 g of air-dry soil (4.0% and 2.5% H O  for the 5.5% and:9.2% CaCO 

soils, respectively) was used for each pot; Characteristics of soil 

were shown ,previously in Table I.

3. Container. Plastic pots— diameter 11.5 cm and 7.5 cm deep,

were used. 1

4. Perlite. A preliminary experiment was conducted to study 

the evaporation rate, in growth chamber by using perlite to cover the 

top of the soil- surface in the experimental pots. Results from several 

depths of perlite covering indicated that evapotranspiration was reduced 

to minimum without affecting growth when the pot was covered with per

lite from, the top to the depth of 1.5 cm.

IThe control of temperature and humidity at 59° C and 57% R.H. 
was believed to be optimum and appropriate for this study, based on 
opinions of others experienced in growth chamber use.
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5. Soil moisture. The soil was adjusted to desired.moisture 

. levels by the following three procedures. First, a total of 350g of

air-dry soil, that was required for each pot, was transferred to a flat 

tray. Each tray of soil was placed over the scale, then the water was 

added by means of spraying. The adding of water was continued until 

obtaining a desired total weight. The tray then was removed from the 

scale and. the soil" sample was transferred "to a piece- of paper. The 

mixing was performed by rolling alternately the ends of the paper. The 

sample was transferred to the pot corresponding to the moisture treat

ment specifications.

Second, the processes of adjusting soil water to desired mois

ture levels were performed essentially the same as previously described, 

except the mixing. This time;the soil and water were mixed by hand.

It was- observed that both of the two processes introduced some vari

ation into the experiments due to being unsuccessful in getting uni- 

"forntity' and in preventing soil puddling.

In the third repetition of this experiment, the soil was ad

justed to desired moisture levels by overnight soaking with water, then 

hand mixing for each pot before the experiment was performed. This 

procedure proved to be the best.

6. Seed. .Fifteen spring wheat.seeds, Fortune Variety, were

used for each pot.
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, 7. Pot Experiment. A diagram of wheat seeds and fertilizer 

banded in a pot is illustrated in Fig. 3. The preparation of each pot 

experiment was as follows: About 200 g of moist soil were placed into

each pot, then leveled to the mark about 4 cm to the top. Fertilizers 

were applied corresponding to treatment specifications. It was banded 

with wheat seeds and in the same plane. The pot was filled with the 

remainder of the required moist soil. The top portion of the pot was 

covered with perlite to the mark, or approximately 1.5 cm deep. The 

pots were transferred to a growth chamber.

8.. Observation and measurement. At 3-day intervals, certain 

treatment combinations were removed from the growth chamber for obser

vation and measurement according to Time (T) specifications. Germina

tion was checked as normal, abnormal, and dead. The normal germination 

is when the length of radicle or coleoptile is greater than I cm. If 

the. seedling had either radicle or coleoptile., but. not both, it was 

considered as abnormal whereas, the dead was the seed that failed to. 

germinate. ' •

After recording germination> plant samples were washed by run

ning tap water. The height of each plant was measured individually.

The length of the roots, which included primary and secondary roots, 

■was measured by averaging of the total roots of each plant. This was 

done because of the difficulties of measuring root by root of the 

.fibrous roots system of.a wheat plant.
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Seed Perlite FertilizerSoil Granule

Figure 3. Plastic pots used in growth chamber and greenhouse experi 
ments. Fertilizer and seed were banded on one plane 
and covered with soil. Perlite was applied on top to 
reduce evaporation of soil water.
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An attempt was made to count the number of primary.and secon

dary roots especially up to the third sampling date or 9-day-old 

plants. The identification of primary and secondary root systems was

according to procedure as illustrated by Boatwright and Ferguson (1967) 
I

and Brown (1969). After these measurements were completed, plant sam

ples were weighed and processed for NH^ determination by the "Distil

lation Technique", as has b'eeri previously described in the laboratory 

experiment under the Absorption" section.

In the second growth chamber experiment, Amsterdam sil, 0%

CaCO and Wheeler sil, 10.05% CaCO contents were used. Soil charac- j . 3 .
teristics are shown in Table I.

The experimental procedures were essentially the same as the 

first growth chamber experiment but with a different design. This was 

a factorial experiment with the factors and levels as follows with 

additional details in Table 2.

Factor " Level
I. Soil. (S) 2 .(S1 and S4)
2. Fert. (F) 4 (MAP, DAP,
3. Rate (R) 2 (R2 and R5)
4. Moist. (M) ■ 2 (M1 and M3)
5. Time (T) 2 (T2 and T4)

Brown, P. L. 1969. Wheat and barley-germination, morphology 
and stages of developments. Barley and wheat workshop. Mont. State 
Univ., Bozeman, June 29-July 2, 1969.
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III. Greenhouse Experiments

Objectives. Two experiments were conducted in the greenhouse. 

The first experiment was set up to study some characteristics of wheat 

seedlings after they were subjected to different concentrations of NH3. 

The main purpose of this experiment was to investigate the toxic ef

fect of the NH3 that entered the seed through the seed coat, and the 

seedling through the radicle or roots. This experiment is referred to 

as "NH3 Toxicity Studies'1. - .

The-second experiment was designed to evaluate the growth of 

spring wheat seedling in early stage as affected by ammonium phosphate 

fertilizers banded with ,seeds in pot experiments. The effects of an 

additional nutrient solution on growth of. damaged plants were also 

evaluated. The main objective of this experiment was to compare the 

• recovery of injured plants for different soils and fertilizers. ■ There

fore, it is referred to as "Growth Study".

Experimental procedures

NH3 Toxicity Studies. Part of this experiment was performed in 

the laboratory as follows: three hundred spring wheat seeds were

soaked in distilled water, then they were separated into two groups.

The first group was placed on a rack over the NH^OH solutions' in the 

dessicators. The solution concentrations were: none, 0.25, 0.50, 0.75

and 1.00 ppm-N. After the seeds were subjected to partial vapor
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pressure of NH3f they were planted in pots. The general procedures were 

essentially the same as the first group. Therefore, the two sets of 

pots were arranged in a randomized complete block design with 2 repli

cations. Plants were watered daily, and the experiments were carried 

out for 15 days. At the end of the experiment, fresh weight, dry 

weight, and plant height were recorded.

Growth Study. A factorial design was employed for the "Growth 

■ Study". A list of variables, treatment combinations, and statistical 

plan is illustrated in Table 3. The experimental procedures were as • 

follows:

I. Time. The experiment was conducted for a total period of 

49 days. They were in growth chamber '(as illustrated in Growth Chamber 

Experiment) for 9 days, then were transferred to grow in greenhouse for 

40 days.

2. Soil. Two soils were used. Soil samples were prepared and 

the required amounts were essentially the same as previously described 

in Growth Chamber Experiment.' Soil characteristics are shown in Table I.

3. Pot. It was.a plastic pot— diameter 11.5 cm and 14.5 cm 

deep, the same as described before.

4. Perlite. As a result of preliminary trial, it was decided

. to place perlite into two portions of each pot, the bottom and the top.
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Table 3. List of variables, treatment combinations, and statistical
plan for "Growth Study" in the greenhouse.

Treatment
combination

Soil
S

Fert. 
F

Rate
R

Moisture
M

Nutrient
Solution

N
I I I 2 . I I
2 I I 2 I 2
3 I I 2 3 I
4 I ’ • I • . 2 3 ‘ ' ’ 2
5 I I ■ 5 ' I . I •
6 I I 5 I 2
7 I I 5 3 I
8 I I 5 3 2

Repeat 8 treatment combinations 
for Soil (S]_ and S^) and Fert. 
(2x4).

Factor Soil Factor Moist.1

Si 0% CaCO3 M1 .15% soil H O
S4 10.05% CaCO3 M3 == 25%

Factor Fert. ■ .Factor Nutrient solution

V • F1 MAP . N 1 = 54 mg-N/pot as KN0,
F2 DAP. N2 -= ■216 ■ " "
F3- APP

• F4 UAP

Factor Rate

*2 ■ 54 .mg-N/pot
Rs 216

1Soil moisture differences were partially maintained during greenhouse 
period.



At the bottom of each pot the wet perlite was filled to about 7.5 cm 

thick. It was used to prevent compaction of the soil and for extra 

area for root growth.

. 5. Soil moisture. The soils were adjusted to desired moisture 

levels by overnight soaking with water in the tub, then hand mixing.

The required amount of moist soil was transferred to each pot to the
/ • '

exact weight. •
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6. General procedures. Wheat seeds-fertilizer banded in pot 

followed the method described in Growth Chamber Experiment.

After 9 days, pots were transferred to the greenhouse. Water 

was uniformly added.or added when.needed, but strictly to treatment 

specifications. Nutrient solutions of KNO^ were prepared according to 

the method described by Skogley (1969)'*' and were added corresponding 

to treatment specifications. The nutrient solutions were added every 

6 days, totally 1000 ml for each rate.

'- After 49 days, plants were harvested. Plant parts, tops and

roots were separated then oven-dried at 65° C for 2 days. The plant 

dry weight was recorded. • . I

ISkogley, E. 0. 1969. Nutrient solution. (Personal communi
cation) . . ' •
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III. Field Experiments

Research on the field aspects of ammonium phosphate injury to

germination and growth of wheat was started in the fall of 1967 by 
ISmith. These experiments and later ones on barley and wheat were de

signed to evaluate the differential influence of ammonium phosphate 

fertilizers on germination, seedling injury and ammonia production.

The main purpose was to define the problems associated with losses of 

stand from use of DAP under certain field conditions and to compare 

results with other ammonium phosphate fertilizers. Farmer experiences 

had shown that losses of stand occurred from use of DAP, and the con

ditions to cause these losses were not always clear.

This dissertation emphasizes the influences of ammonium.phos- 

phate fertilizers on germination, plant growth, and ammonia production, 

as related to different kinds and rates of fertilizer and CaCO^ and:; 

moisture contents of soils.

Field experiments employed the use of a deep furrow drill which 

banded the fertilizer with the grain seed. Soil samples were taken at 

different dates after planting. These were handled by special tech

niques as explained later. Results of field experiments established 

that differences in plant growth effects and in NH^ measured in soil I

I. Smith, C. M. 1968. Farm test demonstrations. Ann. Report 
to TVA (Unpublished).



43
samples were associated with ammonium 

soils.^

phosphate sources and CaCO3 in

The field experiments reported in this thesis, were conducted

in the crop year 1970-1971. They were located in the Gallatin Valley

as follows: Irving Snyder farm, Amsterdam sil, eroded phase, 9.2%

CaCO ; Don Jones farm, Amsterdam sil, 0% CaCO .' The crop was winter 3 3
wheat, variety Winalta. Soil characteristics are presented in 

Table I.

Seeding was September 22 and 27, 1971, on the Jones and Snyder 

locations, respectively. The drill was a Minneapolis Moline press 

drill with row spacings of 30 cm. Spreaders were used at the bottoms 

of seed sprouts resulting in a fertilizer-seed pattern about 6:5 cm 

wide within the row. Winalta winter wheat was seeded at the rate of 

66 kg/ha (60 Ib/A). ■ • ' ■ . .

Variables under, study were as follows:

1. Sources: MAP (11-48-0), DAP (18-46-0), APP (15-62-0), and

' UAP (24-42-0).

2. Rates: There were 4' rates based on the N in each fertil

izer. P rates were not adjusted to be equal because

1Smith, C. M. 1968. Farm test demonstrations. Ann. Report 
to TVA (Unpublished). ■

2.Smith, C. M., et al. 1969, 1970, 1971. Farm test demon
strations. Ann. Reports to TVA (Unpublished).

C
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previous years' data indicated additional detrimental ef

fects of additional P applied in the seed row. Rates 

were: 11, 22, 33, and 44 kg-N/ha (10, 20, 30, and 40

Ib-N/A).

3.. Soils: Two locations, or two soils, including Amsterdam

si. I. at 9.2% CaCO and 0% CaCO contents..3 3

Field soil and plant samples studies. - Soil samples were taken 

from experimental plots at depth of seed and fertilizer. Four soil 

core samples were obtained from each fertilizer treatment of two field 

replications using a soil sampling tube 3.5 cm in diameter. Samples 

were from the depth of 2.5 to 6.5 cm. Three cores were taken from 

each of two rows, cores were mixed and transferred into soil cans.

All cans were sealed by masking tape and were immediately quick frozen 

by dry ice in an insulated styrofoam box. They were kept in a deep 

freeze until being analyzed. Samples were taken at three day inter

vals for five sampling dates.

Microdiffusion method similar to Bremner and Shaw.(1955) was 

used for determining .NH3 and the procedures were as follows:-

I. The can containing frozen soil was opened and three small 

cores of soil (5 mm diameter) removed and transferred to the outer 

chamber of a Conway microdiffusion dish.



45
2. One ml of 2% standard H BO solution from a microbiuret 

(1/10 ml) was charged into the inner cell of the microdiffusion dish.

3. The disc was immediately sealed and diffusion process 

allowed to proceed for 24 hours.

4. The H3BO3 solution was then transferred by micropipet to 

50 ml flask, one ml of distilled water added, and titrated with ■

0.005 N Hz1SOv,.

On May 10 and 12, 1971, early growth stage plant samples were 

collected from 2 rows 100 cm long for seedling growth studies. Plants 

had essentially completed tillering and were in stem elongation, of . 

stage 5 of Feekes (1941) scale. Measurements were as follows:

1. Stand counts

2. Stem counts

3. Primary root counts . •

4. Secondary root counts

5. Plant height ,

6. Oven-dried weight of roots .

7. ■ Oven-dried weight of top

Plant samples were taken from two replications of all ammonium 

phosphate treatments plus the check from both locations by carefully 

digging the lower portion of the roots with a spade fork. With caution
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soil was partially shaken off the roots and samples were sealed in 

plastic bags and kept cool in insulated boxes.'

Samples were brought to the laboratory where the soil was 

washed free from the roots by running tap water. Plant height was' 

made by averaging the majority of leaves when plants were stretched 

out on the leveling table. Primary and secondary root counts were 

performed according to specifications as illustrated by Boatwright 

and Ferguson (1967) and Brown (1969) .. Crown counts and stem counts 

were made. After these measurements were completed, tops and roots 

were separated by clipping just above the point of attachment of the 

roots. The separated plant samples were put into a paper sack and 

dried at IlO0C for 48 hours, then dry weights were recorded. I

IBrown, P. -L. 1969. ■ Wheat and barley-germination, morphology
and stages of developments. Barley and wheat workshop. Mont. State 
Univ., Bozeman, June 29-July 2, 1969.



RESULTS M D  DISCUSSION

I. Laboratory Experiments

There were 2 main investigations involving NH^ in which one was 

on NH^ production from 4 .ammonium phosphate fertilizers reacting with 

different soils, and the other on NH^ absorption by seeds or seedlings 

of wheat.

NH3 production. Production of NH^ by 4 ammonium phosphate fer

tilizers upon reaction with soils varying in % CaCOg and soil moisture 

-contents was' evaluated in "Diffusion Can" experiments. The following 

discussions are about parts of the data presented in summary type 

tables. Complete data are presented for your reference in Appendix 

Tables I through 10.

Total amount of NHg produced from 4 ammonium phosphate ferti

lizers is in Fig. 4. These are overall means of 360 samples for each 

of 4 fertilizers reacting 6 days in 10 soils with 3 moisture levels 

and 2 replications. The soils contained CaCOg percentages as follows: 

0, 0, 3, 3.2, 5, 5.5, 9.2, 10, 12.6, and 12.9. Relatively, total NHg 

production was in the order of magnitude: UAP » »  DAP > »  MAP > APP 

or by the ratio of 18:4.5:1.5:1. This relationship of NHg production 

was generally true for any soil type, but the absolute values varied 

depending upon % CaCOg and moisture in the soil. UAP produced the.most

NH regardless of levels of CaCO or moisture in the soil. .3 , 3 . .
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5.38

UAP (24-42-0)

1.39

DAP (18-46-0) •

0.44

MAP (11-48-0)

0.28

APP (15-62-0)

NH , Ug/100 g soil .

Figure 4. Total NH3 production for 6 days from MAP, DAP, APP, and 
UAP fertilizers as determined in a diffusion can.
Average of 10 soils, 3 moisture levels, and 2 replications.
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The patterns of NH3 produced from the 4 fertilizers are illus

trated in Table 4 in the form of relative frequency distributions, by 

days, of the maximum amounts of NH3. This does not, however, represent 

total production. The frequency distribution of maximum NH3 production 

indicated that for any soil there was no evidence of a maximum NH3 peak ' 

production from UAP in .the first day. However, UAP did have a large 

amount produced on that day.

Table 4. Number of soils with a maximum NHg production in each of 6 
days. Ten soils averaged over 3 H3O levels and 2 reps.I

Fert.
No. of soils with maximum NH, production in each of 6 days
I 2 • 3 4 5 6

MAP 4 I 4 I 0 0
DAP 4 3 2 • I 0 0 •
APP 4 2 I . 3 0 ■.0 '
UAP 0 2 3 3 I I

1Complete data are given in Appendix tables I through 10. Soils' are 
described in Table I. Also, refer to Figures 5 & 6.

' At the "same time, there was no maximum NH3 production of MAP, 

DAP, and APP at the fifth and. sixth day periods.. These evidences indi

cate that UAP must have a slower chemical reaction rate than the others 

after an initial high release. This presents a contradictory result as 

one could expect regarding chemical reaction rate of UAP under natural 

conditions and many soil types. The slower rate presumbly was due to
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limited biological activity needed to accelerate the hydrolysis proc

ess under the conditions of this study.

tribution information, DAP reacted faster than MAP in producing maximum 

amounts of NH3 in all soils in this study. Terman and Hunt (1964) ex

plained that MAP and DAP have similar reactions in calcareous soils, but 

due to Ca(NH^)3(HPO^)3-H3O, the intermediate reaction product of MAP,

NH3 volatilization is largely prevented from reactions of MAP. Using 

their interpretations and other information from chemistry, the schemes 

of reactions are presented as follows:

When comparing MAP and DAP fertilizers using the frequency dis

DAP:
I I

Ca(NH4)3(HPO4)3-H3O

I
Ca4H(PO4)3-2.5 H3O

CaHPO-H0O + NHylH0PO. 4 2 1 4 2 4

CaHPO4-2 H O

MAP:

(intermediate reaction product reduces loss of NH3)

CaHPO4-2 H3O + (NH4)3CO3
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According to the above equations, especially for DAP, the re

actions partly depend upon moisture levels of the soils. The results 

of this experiment have established the same phenomena. The data and 

discussion are presented later in this section.

Terman and Hunt (1964) explained further that APP also reacts 

with CaCO3 in soil and when the initial reaction is completed, the ad

dition of more Ca causes a reaction similar to that of DAP. The" forma

tion of Ca ) 2'E,207 * H2° "̂s intermediate reaction product that pre

vents NH3 loss for this fertilizer material. It should be mentioned 

that APP, which did produce some gaseous NH , was the best fertilizer 

for small grain yield on calcareous soils when it was banded with or 

near the seed.^ This may be due to the lower amount of NH3 produced 

or to some other superiority properties as stated by Phillips and 

Webb (1972). '

Many previous investigators (Gasser, 1964; Meyer et al., 1961;

Terman and Hunt, 1964) have explained the losses of NH among-N fertil-• 3
'izers in terms of’ urea hydrolysis or the reaction of certain acid rad

icals of ammonium salts with calcium compounds in soil. The results 

obtained from this experiment indicate that NH3 can be volatilized from 

UAP upon reacting with soil containing 0% CaCO3 (see Table 5) .

Smith, C. M., E. 0. Skogley, and C. Pairintra. 1969. 1970.
1971. Farm test demonstrations. Ann. Report to TVA (Unpublished).



Table 5. Ammonia production as affected by 2.soil moisture levels and 4 ammonium 
phosphate fertilizers reacting on 4 soils of different CaCO^ percentages.

Fert. & Rate
mg-N/ ■ Soil
■ IOOg soil_______H,0%

MAP(11-48-0)
216 10

20

DAP(18-46-0)
' 216 10

20

APP(15-62-0)
216 10

20
UAP(24-42-0)

216 10
20

I-_______________Total NH3 Production , 6 days, NH9 ■_________ __
Baihville sil Wheeler-sil Amsterdam sil
12.90% CaCO3_______ 10.05% CaCO3_______ 5,50% CaCO3 0% CaCO3
------------- ----------- mg/lOOg soil------------------------

10.34 3.35 1.46 .12
. 3.84 ; 1.90 ' 77 .07

23.31 9.85 6.32 .77
15.48 5.35 . 5.00 .55

7.13 2.10 1.20 .09
3.57 1.05 77 .04

23.28 ' 22.75 17.23 20.17
18.80 . 16.80 13.10 12.24

"Total NHg for 6 days, average of 2 replication. Complete data for 10 soils are in 
Appendix tables I through 10. .

to
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However, the presence of CaCO^ in soil was a primary factor accentu

ating the amount and sometimes the rate of NH3 production. Note the 

change in NH3 amounts produced at 20% H3O from about 1200 lig/100 g 

soil from an Amsterdam soil at 0% CaCO3 to nearly 1900 from a Bainville 

soil at 12.9% CaCO3. Other fertilizers show greater percentage in

creases with increased CaCO3, as is discussed later.

As shown in the LITERATURE REVIEW, many researchers have found 

that patterns of NH3 release from various ammonium phosphate fertil

izer sources differ and depend upon soil moisture, pH, texture,

% CaCO , and other properties of soil.

In the experiments reported in this thesis, the total amounts 

of NH3 produced from 4 ammonium phosphate fertilizers were found to be 

inversely proportional to soil moisture, i.e., the drier the soil', the 

greater amount of NH3 was: released. Averaging all soils, the total 

. 6-day production was in the soil moisture order of 10% > 15% > 20%. 

However, the amount of NH produced in the first day of experiment for 

-all soil types was in the order of magnitude: 20% .> 15% > 10%. This,

first-day effect.-is presumably the direct result of more rapid hydroly

sis of the fertilizer with greater moisture.

In the second day after the reaction was started, and for each 

following day, the drier soil produced a greater amount of NH3 from 

each of the 4 ammonium phosphate fertilizers. An example of the ef

fects of soil moisture, on NH3 production for MAP and DAP with 10% and
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20% soil H^O is shown in Fig. 5 . Furthermore, the results indicated 

significant interactions among kinds of fertilizers and soil moisture 

(F x M) for all soils except Amsterdam sil with 9.2% CaCO3 content, 

not shown in the above table.

The effect of soil moisture level on NH3 production from each

fertilizer source also varies depending upon % CaCC3 soil. A compari--

son of effects'of moisture for MAP, DAP, APP and UAP is illustrated in

the above Table 5 for the following soils: Bainville sil, 12.90%

CaCO3; Wheeler sil, 10.05% CaCO3; and Amsterdam sil at 5.50% and

0% CaC0_.3
The data' suggest that, for all 4 ammonium phosphate fertil- .

izers, the soil H^O at 10% produced greater amounts of NH3 than at 20%

soil H„0. Moreover, for each moisture level of the same fertilizer .
Z

material, the magnitude of.NH3 measured decreased corresponding to the 

decreasing % CaCO3 content of"the soils. The evidence indicates that 

an SxFxM interaction probably exists. .

One of the primary reasons for this research is the study of 

the influence of % CaCO3 in soil.on Nti3 volatilization for 4 ammonium 

phosphate fertilizers. The total amount of NH3 produced from 4 ammo

nium phosphate fertilizers reacting in 10 soils arranged in the order 

of magnitude % CaCO in soil is presented in Table 6.

Some.points can be made from observing these data. The magni

tude of NH3 produced from each fertilizer was in the order
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20% H2O

o 4

. ' 5
Days

Figure 5. NH3 production with time as affected by MAP and DAP 
fertilizers at 10% and 20% soil HO. Wheeler sil, 
12.55% CaCO3. 2
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Table 6. Total NH3 production for 6 days from 4 ammonium phosphate 

fertilizers on 10 soils of different % CaCO3 contents and 
at 10% soil H2O.^

Soil series
CaCO3
content

NH9 Production from fertilizers
MAP DAP -APP UAP
---- NH 3, g x 10 8/100g soil-------

Bainville cl 12.90 1034 • 2331 713 2328
Wheeler sil• 12.55 985 2494 698 5342
Wheeler sil • "10,05 • 335 • 985 • 210 2275
Amsterdam sil 9.20 301 804 177 2333
Amsterdam sil 5.50 146 632 120 '■ 1723
Bainville sil 5.00 484 852 141 1764
Danvers cl 3.20 65 .385 85 1813
Judith cl 3.04 ■ ' 18 • 246 • 38 1786
Amsterdam sil 0 12 77 9 ■ 2017
Post cl 0 33 812 62 16659

"'‘All data are in Appendix tables 1 - 1 0 . Soils described in Table I.

corresponding directly to % CaCO^ in soil. The only exceptions in

these 10 soils were: .Either Bainville at 12.9% CaCO or Wheeler at"3
12.5%; Bainville at 5% CaCO3 for MAP and .DAP;-and Post at 0% CaCO3 for

all fertilizers. The most serious discrepancy occurred with the Post

soil, especially for DAP and UAP. The same relative data were obtained

for all soil moisture levels. No logical explanation of these results 

was evident from this research. However, Post is a high magnesium soil, 

which could be a factor. Another possibility might be a reaction
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between the fertilizers UAP and DAP and "fixed" or interlayer NH4 in 

the clay.

There are at least two reasons for the relationship of NH^ 

production and CaCO^: i) A higher degree of calcium saturation of the

soil exchange complex with an increasing amount of CaCO3 and an assoc

iated increase in pH; and consequently, ii) an increased.OH activity 

in the soil solution, thus increasing NH3 production (Wahhab et al., 

1957). By using regression analysis, effects of CaCO3 in soils and 

NH3 production can be related. However, several attempts in the compur 

ter failed to produce curves that were representative of the data. As 

a result, eye-fitted curves were drawn and good relationships were 

shown between % CaCO3 contents of the soil and NH3 production.

The slopes of the curves•appear to be similar although inter

cepts are different. The estimated intercepts in yg NH per 100 g

soil, at zero % CaCO. were as follows; MAP = 1.0; DAP = 3.5; APP = 0.5;3 ■

UAP = 18. The curvilinear nature of each curve indicates no great .

change in NH •production in the relatively flat lower ranges of CaCO 3 . 3
contents of soils. Then, as the % CaCO3 in soils increases, the 

greater, is the NH3 production. The graph of NH3 production in Fig., 

shows that each fertilizer curve ascends with rapidity as % CaCO3 in 

the soil increases above a certain amount used in this study. The

good example is the NH3 production from UAP fertilizer on Post cl with 

‘0% CaCO3. If the reactions were entirely carbonate dependent, NH3
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The relationship between NH^ production using Diffusion Can
technique and % CaCO^ content of 9 soils. Shown are
regression (eye-fitted) lines of MAP, DAP, APP, and UAP
fertilizers.

Figure 6.
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production should have been low but other factors were operating. Also, 

if carbonate were the only system operating, NH3 production should ap

proximate a straight line as related to % CaCO3.

Using information from the relationship of NH3 production and 

% CaCO3 content of soils, one could predict the effect of 4 ammonium 

phosphate fertilizers as to the amount of NH3 produced and its effect

on growth of plants due to the toxicity of NH . For example, if 0.5 Hg 
. ■ ■ 3

NH3ZlOO g soil (by this technique) is arbitrarily used as criteria for 

possible damage to wheat from fertilizer banded with seed, the approx

imate CaCO levels where such would occur for the 4 ammonium phosphate 

fertilizers in this study were as follows: MAP 10.5%; DAP 3.5%; APP

12%; UAP, cannot use at all.

An attempt was made to determine the relation of NH3 production

and pH of 10 soils. .No' satisfactory result was obtained partly because

of lack of soils in the acid range. Previous researchers (Du Plessis

and Kroontje, 1964; Wahhab et al., 1957) reported that in acid, neutral',

or alkaline soil, the NH volatilization was governed by pH of the soil3
■system.

.Results from this experiment pointed out that % CaCO appears
3

to be a useful system to relate soils with possible NH_ production.3
Statements by Larsen and Gunary (1962) and Terman and Hunt (1964), 

therefore, are in agreement since the results of their experiments 

pointed out that NH3 volatilization was a carbonate-dependent system. ■
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However, there are possibilities that other factors may have direct 

relation with NH3 production by ammonium phosphate fertilizers.

One of the evaluations in this section is to examine the valid

ity of the "Diffusion Can" technique in measuring NH3. By using the

stepwise analysis, the data for the means of NH from 4 ammonium phos-3
phate fertilizers for 12.90% and 12.55% CaCO3 were compared. The 

method of calculation follows‘the method of paired-samples as des

cribed by Snedecor and Cochran (1967). The data are in Table 7.

Table 7. Mean NH3 Production from 4 ammonium phosphate fertilizers 
by using "Diffusion Can" of 2 soils; Bainville cl, 12.90% 
CaCO3 and Wheeler sil, 12.55% CaCO3.-*-

Fertilizer

Bainville cl 
12.90% 
CaCO3

Wheeler sil 
12.55% 
CaCO3

—  iNiig , J.UU g soil----- — —————
MAP 1.21 • 1.29
DAP 2.86 3.52
APP .87 .87 .
UAP '' 3.66 5.96

Mean 2.15 2.91

^Average over 3 moisture levels, 2 reps, 6 days.

As a result, t-test value for this data is - 0.8 which is non-

significant-difference in NH3 production of two sample means. There

fore, it may.be' concluded that within the rahge of 0.35% difference in

% CaC0„ there is no statistical difference between NH_ production from 3 . J -
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2 soils. The results of this test suggested that at 12.55% or 12.90%

CaCO content, 2 soils produced the same amount of NH from each of 4 J 3
ammonium phosphate fertilizers. Therefore, the method "Diffusion Can" 

would be a good tool in measuring NH3 from farmer samples to get an 

idea of their potential hazard with ammonium type fertilizer.

NH3 sorption by spring wheat seeds or seedlings. A preliminary 

experiment was set up to evaluate a possibility of NH sorption by- 3
wheat seeds or seedlings from external media. The experimental appa

ratus consisted of series of closed desiccators containing soil- 

fertilizer-wheat seed mixed, with H3BO3 containers placed on racks 

above the soil samples. Daily NH3 determinations were made based on

the diffusion method and has been described in the NH absorption3
study in the MATERIALS AND METHODS section.

For 6-day periods in closed system, wheat seeds and seedlings 

demonstrated desorption or release of NH^ from seeds and absorption of 

free NH^ gas by seeds and seedlings that was derived from soil and fer

tilizer. The results are presented in Table 8. It is not understood 

why there was a greater NH desorption at the first day for■the ferti- 

lizer system as contrasted with the nonfertilized.

It.was. assumed that the NH3 released from wheat seeds during 

the beginning stage of germination was generated by deamination of the 

amino acids upon breaking down of seed protein. The NH3 thus released, 

according to Webster (1959) , is generated according to schemes-.
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storage protein amino acid
(a. a.)

new.seedling protein

keto acid + 
4-

CO, + H,0

+ respiration 
energy

NH_
4 3
amides

and new
a.a.

Table 8. Sorption of NH3 by spring wheat seeds and seedlings. Amster
dam sil, 9.20% CaCO3. Preliminary desiccator experiment.

Fert. & Rate 
DAP(18-46-0)

Soil
H2O

NH;3 Sorption/seed c3r seedling in 6 days
I 2 3 4 5 6

N, mg/lOOg soil %
check 20 -.027 -.005 + .016 + .009 + .010 + .004
108 20 -.171 + .315 + .690 + .354 + .135 + .070

Denotes NH3 desorption from seeds 
+ Denotes NH3 absorption by seeds and/or by seedlings

At the later stage of germination , -it ’was found that NH^ was 

absorbed by wheat seedlings presumably after the emergence of radicles. 

v The data in Table 8 with a plus sign show large relative difference's 

occuring with time and with fertilizer treatment. The nonfertilized 

check showed a peak on day 3. This NH3 must have originated from organ

ic decomposition processes in the soil, . The fertilized treatment showed 

increases from -.171' yg/lOOg plant fresh weight the first day to a max

imum of .690 yg/100g the third day. After the third day, apparently
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the NH3 was transformed rather rapidly. What day, or days, that NH3

absorption reaches a maximum has importance as related to time-release

of NH3 from different fertilizer reactions in different soils.

The process of NH3 entering into plants cannot be stated with

certainty at present. Warren (1962) reasoned that NH* does not cross4
a cellular barrier at an appreciable rate, but NH3 does so, freely.

The mode of nonionized ammonia (NH3) transport throws doubt on the 

diffusion process where movement of ions from an external medium into 

the cell is by concentration gradient. It more nearly follows a pas

sive phenomena as proposed by Olsen (1969). When NH3 is taken up by 

cells, it is usually incorporated most readily into glutamate, fol

lowed by its incorporation into asparate and alanine (Webster, 1959).

Ammonia sorption with time by.spring wheat seeds or seedlings 

originating from ammonium phosphate fertilizers was measured in dif

fusion cans. Large differences in NH3 absorption shown in the prelimi- 

. nary experiments suggested this technique could be used to identify 

different rates of reactions 'occurring with fertilizer and soil vari

ables. The concentration of NH3 that was found in seeds or seedling • 

by using this technique (closed system) would not necessarily-account

for the total NH_ produced from fertilizer-soil reactions. One reason J
was the competition for NH3 between seeds or seedlings and H3BO3

■ ;i; ■
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solution. Moreover, the daily changing of vials of H3BO3 solution

might permit NH3 gas to escape from the system.

Two soils were used which had large differences in CaCO .3
Otherwise, these soils were very similar. The Amsterdam sil soil •

with 0% CaCO3 and the Wheeler sil with 10.05% CaCO3 were subjected .

to seed and•fertilizer, and to moisture levels of 15%,. 20%- and 25%.

Measured' NH3 was recorded and subtracted from the NH3 produced in the

same system, but without the seeds.

Data in Table .9 illustrate the magnitude of NH3 production

from fertilizer sources in systems with and without seeds and NH sorp

tion by spring wheat seeds or plants for the 10.05% CaCO3 soil. The

patterns of NH3 absorption by seeds or seedlings were closely related
. .

with NH3 production, i.e. , the more NH3 produced, the more NH3 was

absorbed. For all fertilizers,the maximum absorption of NH_ occurred3
at the third day for 10% CaCO3 but on day 2 for 0% CaCO3. Note that

the negative signs' indicated that NH was released from spring wheat '3
seeds in the first day of germination'.' ■ .

For the 10% CaCO soil sorption of NH was lowest for APP with 

essentially negligible .amounts after day 3. MAP produced a 3-day peak 

twice as high as APP but less than DAP. Also, the- reduction to low 

levels occurred by day 4 for MAP, day 6 for DAP, but for UAP, the NH3 

sorption for day 6 still exceeded the 3-day peak even for DAP.



Table 9. Mean NH3 production from 4 ammonium phosphates and NH3 sorption by spring 
wheat seed or seedling in diffusion soil can for 6 days. Wheeler sil, 
10.05% CaCO3, and Amsterdam sil, 0% CaCO3.1

Wheeler sil,, 10.05% CaCO3 Amsterdam sil, 0% CaCO3

Fert. S Rate
NH3

system^
Days Days

I 2 ‘ 3 - 4 5 6 I 2 ' 3 4 5 6
Imy iN/-Luuy ' ouj-j. ' - " - - N H 3r HyZ -Lvvy ovj-j.

MAP(11-48-0)
■ 216 No seed .40 .53 1.15 .21 .16 .11 .03 .02 .02 0 0 0

with seed. . .61 .10 . .50 .08 .07 .08 .16 0 .01 0 0 0
sorption -.21 .43 .65 .13 .09 .03 -.13 .02 .01 0 - 0 P

DAP(18-46-0)
216 No seed 1.28 1.41 1.8.3 1.51 1.16 .41 .27 .10 .08 .05 .06 .05

with seed 1.51 : 88 1.01 .98 .81 .33 .49 .02 .07 .04 • .05 .04
sorption — .23 .53 .82 .53 .35 .08 -.22 .08 .01 .01 .01 .01

APP(15-62-0) -
216 No seed .31 .36 -.58 .06 .11 .05 .01 .02 .02 0 .0 0

with seed .66 .22, .26 • .03 .05 .04 .14 .01 ..02 0 0 0
sorption -.25 .14 ■ .32 .03 .06 . .01 -.13 .01 0 0 0 0

UAP(24-42-0)
• 216 No seed 1.86 2.43 5.88 4.18 3.56 2.08 .90 1.98 3.46 3.41 3.90 2.38

with seed 2.08 1.14 2.47 1.79 1.88 1.17 1.12 CN I
COCOCNO00 .87 3.46 2.06

sorption -.22 1.29 3.41 2.39 1.68 ■ .91 -.22 1.18 1.08 .54 .44 .32
X * .Each measured value is mean of 3 soil moisture levels and 2 reps.
2NH3- measured H3BO3 in 2 systems— no seed & with seed. Sorption calculated by differ
ence. Complete sorption data are in Appendix tables 11, 12, and 13.

LSD(.05) Sorption = 0.06 yg/lOOg soil.



66
The data of plant growth in summarized form are presented in 

Table 10. Diammonium phosphate was applied to Amsterdam sil soil, 9.2% 

CaCO3, at rates of zero, 56, 112, and 224 mg-N/lOOg soil in a diffusion 

can closed system. Spring wheat seeds were planted and water was added 

to make soil moisture levels of 15%, 20%, 25% and 30%. Each figure is 

the average of 4 moisture levels and of 2 replications. Analysis of 

variance of these data showed significant differences in NH3 concen

trations due to fertilizer treatment.• High concentration of NH3 in 

seedlings affected plant development of both radicles and coleoptiles.

Table 10. Mean effects of NH3 
ling development in 
4 moisture levels.

from DAP on spring wheat seed or seed- 
soil can— closed system for 6 days and 
Amsterdam sil, 9.20% CaCOg.̂

N-Rate/
NHg conc/ 
seed or

Mean :
Radicle/seedling

Mean
Coleoptile/
seedling

IOOg soil seedling No. Length length
mg Ppm-NH3 # cm . cm
0 .111 3.9 ' 9.8 12.7
56 .284 3.2 4.3 ' 7.0

112 .530 i.2 .2 • 1.1
' 224 .895

LSD(.05) .045 ' . • .5 * ' .6 .9
pComplete data and analysis of variance are in Appendix Table 14.

• Ammonia concentration of .284 Ppm-NH3ZlOOg plant fresh weight' 

did not inhibit the number of radicle and coleoptile elongations;
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however, it did reduce length. Above .530 Ppm-NH3ZlOOg marked reduc

tions in seedling growth and other symptoms of injury were observed.

The root tips had a brown color as a burnt off appearance and the cole- 

optiles were stunted. Germination of wheat seeds was completely pre

vented when the mean concentration of NH reached .895 ppm-NH . How-
I 3 3

ever, 0.771 Ppm-NH3ZlOOg as shown in Appendix Table .14, actually 

prevented germination.

These evidences of damage to plants were observed to be about 

the same as described by Hunter and Rosenau (1967), and Colliver and 

Welch (1970) on the direct, toxic effects of NH3. They did not asso

ciate the damage to specific concentrations of NH , however.3
Sorption of NH3 for the 0% CaCO3 soil (Table 9) was about none 

for APR and MAP. DAP had a small amount on day 2, with UAP also show

ing a peak on day 2 and reducing each day thereafter. Examining anal

ysis' of Variance data in Appendix.Table 13, the results show signifi

cance due to soils, fertilizer sources, and moisture levels.

The data show that NH release and accumulation.over time is
3

probably very important as it relates to critical sensitive stages in 

the germination and seedling development processes of small grain crops. 

With reference to data in Tables 8 and 9, the greatest magnitude of 

of NH3 absorption by wheat seedlings was on.the third day for all fer

tilizer treatment on the calcareous soil. Therefore, from the



68
standpoint of plant development, the third day is expected to be the 

most susceptible stage of spring wheat seedling development to NH3 tox

icity, if there is enough NH3 produced by the fertilizer at that

particular time. With the highly calcareous soil, maximum NH is re-3
leased during the third day for all four fertilizers.

The concentration of NH3 that is required to be toxic to spring 
: . •

wheat seeds or seedlings was measured by the distillation technique

described in the METHODS AND MATERIALS section. By this method it is

not claimed that all the the NH3 measured existed in the plants or

seeds as nonionized NH3. However, the data should provide a basis for

determining relative concentrations causing death or damage to plants.

, It is pointed out that the NH concentration of 0.8 ppm-NH inj . 3
the seeds, which completely prevented germination, was obtained by 

quantitative' measurement directly from the plants, and the specific 

ranges are given for spring wheat seeds or seedlings. As indicated 

above, values given here might be high because of the procedure of 

heating, if in fact they are in error at all. There were no current 

data found in the literature for comparison of either specific NH3
concentrations or plant species where measurements were reported as 

being of the absorbed NH3. However, different plant species may be 

tolerant to different levels of NH3 toxicity. Allred and Ohlrogge, 

1964; Bennett and Adams, 1970; Ensminger et al., 1965; Hunter and 

Rosenau, 1966; Openshaw and Frederick, 1970 did report different 1
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partial pressures of NH3 gas in the air, or soil air, which produced 

toxic effects for corn and cotton.

The degree of tolerance of some plants to NH3 toxicity may 

vary depending upon some physiological process. Assimilation of NH3
in the plant, then formation of new synthate such as asparagine as 

one of the mechanisms for reducing the level of NH3 below toxic level, 

has been suggested by Prianischnikov (1922). Some plant species, or 

even, varieties, may be more efficient than others in such processes.
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II. Growth Chamber Experiments

A growth chamber experiment using a central composite rotat

able design tested fertilizers, rates, soils, and initial moisture as 

affecting wheat germination and development. Modified treatments and 

design are presented in MATERIALS AND METHODS. The data given in com

plete detail in Appendix Table 15 were subjected to a multi

ple regression analysis. Variables and coefficients for-setting of 

orthogonal components in the multiple regression were as follows:

Variable 
No. ' Dependent Variable

Variable
No. Dependent Variable

I Dry wt. 18 UAP(F4)
2 Fresh wt. 19 Soil(S)
3 Normal germination 20 Linear Moist.(M̂ )
4 Abnormal germination 21 Quadratic Moist(M^
5 Dead 22 Block (B) .
6 Radicle length . 23 • Block effect (Bg)
7 Coleop.tile length 25
8 Number of roots 26 F, x S
9 NH3 in plant 27 . F3 = s .
10 ’ Linear rate (R̂ ) • 28 F4 x S
11 Quadratic rate (R̂ ) 29 R. x Tr L L
12 Linear time (T̂ ) 30 ■ Rl x tS
13 Quadratic time (T̂ ) . 31 TL X ML ■
15 MAP ' (F ) 32 R8 X 1B
16 ' DAP (F3) 33 = "0
17- APP (F3) 34
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Comparison _____  No. of levels

I 2 3 ' 4 5

R•L -2 -I 0 1 2

RQ 2 -I -2 -1 2
TL -2 -I 0 1 2

TQ 2 -I -2 -1 2

m L̂  ' -I 0 +1 —— ——

MQ +1 ' . -2 +1 — —

S1 I — — — ——

S2 -I — —— ——

F1 I 0 .0 0 —

F2 0 I ■ 0 0 '—

3V 0 . 0 . 1 0 —

F4 0 d 0 1 —

Multiple regression analyses were obtained for measurements of 

dry weight, fresh weight and NH absorption. ' Data for root counts, 

for example, were not complete enough to subject to analysis. This was 

because of no roots the first date of harvesting and by 12. days there 

was such a mat of roots that counts were impossible. The response 

surface for any particular effect could be calculated from the result

ing equations. For plant dry weight, the equation was:

y = .4728 - .0098 R - .0094 R + .0172 T + .0206 T^L U 1> • Q
+ .0619 F1 + .0594 F^ + .0782 F +..0039 F4

- .0002 S + .0060 M + .0069 M . ’ . .h Q
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For NH concentration the equation was: d

y = 3.7300 + 1.3490 R + .7138 - 1.2820 TtL Q  L
+ 2.2210 Tq + 4.4600 + 5.5950 F^ + 2.6660 F3

+ 8.9500 F .1603 S - .0692 M + 1.0560 M .4 L Q
For plant fresh weight, the equation was:

y = 2.567 - ..2783 R - .1052 Ra + .4598 T - .2450 TL Q L Q .
- .1889 F1 - .1800 F0 + .0637 F0 - .7503 F„ + .0165 S I ■ 2 3 4
+ .2769 Mt - .0213 M .L Q

Results .of the stepwise analysis indicated some unusual results 

in that NH3 absorption by plants was calculated as being not related 

to fertilizer rates. Observed data plotted on the calculated curves 

were not at all close. The effects of % CaCO^ gave no indication of 

significance on any characteristics measured, although NH3 absorption 

was observed as being significantly greater from soils of higher 

CaCO3. . .  ! . .

There appear to be problems with the equations. The result is 

that, due to unresolved problems associated with the data processing 

and analysis, results of this growth chamber experiment are presented 

for further discussion based up<pn the actual observed data, even 

though comparisons are somewhat limited.

The data on plant fresh weight and NH^ concentration in plants 

for 6 days and 12 days are presented in Tables 11' and 12 , respectively.
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Table 11. Plant fresh weight and NH3 in plants from 4 ammonium phos

phate fertilizers banded with seeds in growth chamber 
experiment on Amsterdam sil, 5.5% and 9.2% CaCO3. 6 days.^

Fert. & Rate

% CaCOa in soil
Fresh wt. NHa in Plant

5.5% 9.2% 5.5% 9.2%
Nf mg/pot - — g/pot----- — yg/100g plant—

MAP(11-48-0)
54 2.18 2.26 7.31 8.91 ■

. 162 1.64 1.86 10.93 12.79
Mean 1.91 2.06 9 ̂ 12 10.85

DAP(18-46-0)
54. 1.84 2.41 9.72 10.28
162 . 1.38 ' 1.89 13.88 14.06

Mean 1.61 2.15 11.80 12.17

APP(15-62-0)
54 2.33 2.64 ■ 4.86 5.40
162 1.53 . 2.13 7.52 8.86

Mean 1.93 2.38 6.19 7.3.3

UAP(24-42-0) '
54 ■1.91 2.20 10.76 . 11.64

• 162 . . . .1.07 • 1.35 24.64 21.67 .
. Mean 1.49 .• 1.77 . 17.85 • 16.65

^"Average over 2 moisture levels and 3 reps. Complete data are in
Appendix Table 15.
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Table 12. Plant fresh weight and NH3 in plants from 4 ammonium phos

phate fertilizers banded with seeds in growth chamber 
experiment on Amsterdam sil, 5.5% and 9.2% CaCO3,. 12 days.

% CaCCia in soil
Fresh wt NHa in plant

Fert. & Rate 5.5% 9.2% 5.5% 9.2%
Nf mg/pot ,---- g/pot ■ — T-lg/lOOg plant—

MAP(11-48-0)
54' 3.53 3.22 2.64 2.12
162 3.03 3.21 3.99 4.-17

Mean 3.28 2.17 3.31 3.14

DAP(18-46-0)
54 3.76 3.58 3.22 • 2.32 :
162 3.11 3.22 6.35 5.02

Mean 3.43 3.40 4.78 3.67

APP(15-62-0) 
54 4.08 4.03 1.88 I; 64
162 3.67' '3.92; • • 3.18 1.28

Mean 3.87 3.97 • 2.53 1.46

UAP (24-42-0)
54' 3.27 2.91 4.09 4.26
162 1.88 2.12. • ' 8.20 ' '12.07

Mean ' 2.57 ' 2.51 6.14 - - 8.16

"^Average over. 2 moisture levels and 3 reps. Complete data are in
Appendix Table 15.
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Each value is an average of 2 initial soil,moisture levels and 3 

replications. Data illustrate the effects of 4 ammonium phosphate 

fertilizer sources at 2 rates and for 2 soils. For the 5.5% CaCO3 

soil, the means of two rates for each ammonium phosphate fertilizer 

produced plant fresh weight responses in the yield order as follows: 

APP = MAP > DAP > UAP.

Fresh weight yield was larger for the higher CaCO_ soil. Due3
to the % CaCOg content of the soils being not widely different, plant 

responses were not as large or as distinctly different as might have 

been expected if one soil were noncalcareous". Data from the second 

growth chamber experiment verify that a greater difference in CaCO3 

was desireable.' Another problem was the difficulty in obtaining a 

uniform soil moisture. The process of adding water resulted in some 

soil puddling of the 5.5% CaCO3 soil which probably caused detri

mental plant growth effects. Anyway, yield effects from soils in 

this experiment were reversed from the more expected results obtained 

in the next experiment where a different method was used for adding, 

soil moisture. .

. Effects of NH from 4 ammonium phosphate fertilizers on plantO
growth were apparent. Figures 7 and 8 illustrate the magnitude of 

NH3 absorption by plants. The terminal times for these two sets of 

treatments were 6 and 12 days. The data clearly demonstrated that the 

higher rate of "fertilizer application, which produced more NH3,
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J________________________________  I
54 N-Rate, mg/pot 162

NHg concentration in plants as affected by MAP, DAP,
and UAP in growth chamber experiment. 6 days.
Amsterdam sil, 5.5% and 9.2% CaCO^.

Figure 7.
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5.5% CaCO 9.2% CaCO

___APP

N-Rate, mg/pot

Figure 8. NH3 concentration in plants as affected by MAP, DAP, APP,
and UAP in growth chamber experiment. 12 days.
Amsterdam siI.
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increased the amount of NH3 accumulation in. plants. The order of NH3

absorption by plants was in the order of; UAP > DAP > MAP > APP. The

NH3 absorption by plants on 6 days was twice as great as compared with

the same treatments on 12 days. Release and accumulation patterns

discussed in "NH3 Absorption Study" section generally agree.

Since the susceptibility of plants to NH depended on the NH3 ■ 3
release and accumulation patterns, the relation of the effects of 

these factors can be visualized in Figure 9.’ The effects of 2 rates 

of APP and UAP on the concentration of NH3 in wheat plants at 12 days, 
and the fresh weight, were plotted in the same figure but using differ

ent scales. From this figure it is obvious‘that growth of plants is 

related to the concentration of NH3 in plant.

With UAP, NH3 absorption by plants increased -with increasing 

rates, of fertilizer but at the same time there was an associated de- . 

crease in plant fresh weight. For APP, the NH3 absorbed by plants 

was a very small amount and not fertilizer rate-dependent. The effect"

1 of NH3 on growth- from the APP treatment was observed as a mild effect. . 

The evidences of NH3 effects on plant growth and yield were observed 

in the field in the. same manner as in the growth chamber experiment,

which further demonstrates that NH toxicity is the major causal fac-3
tor of the plant damage effects of the soil-fertilizer-plant systems 

as described here.
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N-Rate, mg/pot

Figure 9. The relationship between NHg concentration in plants and
plant fresh wt. Growth chamber experiment. 12 days.
Amsterdam sil, 9.2% CaCO3.
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The first experiments conducted in ,the growth chamber had a 

wide range of treatments. Using those results as a basis, a new exper

iment was designed to evaluate ammonium phosphate effects on two soils 

having greater differences in CaCO3. One was noncalcareous and the 

other was strongly calcareous. Growth of spring wheat seedlings was 

evaluated for these two soils using a factorial experiment design. 

Compared with the first experiment, levels of factors except ferti

lizers and soils were reduced to two as described in MATERIALS AND 

METHODS section. Table 3.

Growth of spring wheat seedlings was significantly different

for soils • (CaCO ), fertilizers, fertilizer rates, moisture levels, and ■i
days 'as illustrated in Table 13. In almost all cases, significant 

differences, were observed in the higher order interactions. Two Way 

interactions involving days (D) as 6 or 12 days for plant growth were 

significant for fresh and dry weights of roots. Tops dry weight, how

ever, was not significant at the 5% level. The' D x F, for example, is 

illustrated in Table 15 by a greater dry yield difference between APP 

and UAP at 12 than at 6 days for,roots. However, for tops the yield 

differences were about equal.- This means that the proportionate in

crease in root growth for APP from 6 to 12 days as compared with ,UAP 

was much more than for tops. These results emphasized the extreme dif

ferences among soils and fertilizers. Note that complete fresh weight
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Table 13. Growth of spring wheat seedlings in the growth chamber as 
affected by ammonium phosphate fertilizers. A combined 
analysis of variance for Amsterdam silf 0% CaCO31 and Wheeler 
sil, 10.05% CaCO3 on 6 and 12 days. Data in Appendix Tables 
■ 20 and 21.

Fresh weight_______ _____Dry weight

Source df

Root Top Total Root Top Total
Combined Analysis of Variance

Block I 21 I 34 I I 4
Soil (S) I 10327-** 14121** 48500** 352** 594** 1839**
Day (D) I 9000** 17443** 51431** -220** 922** - 2016**
Fert. (F) 3 4998** 4750** 19018** 147** 312** 878**
Rate (R) . I 2548 7123** 18103** 7** 89** 141**
Moist (M) I 3532** 328** 5969** 48** 5 101**
S x D I 11 20 ' I .5* 3 18
S x F 3 615** 611*'* 2061** 56** 25** 139**
S x R I' 93* • 347** ,814** ■ 44** 11 107**
S x M I 311** I 285** 11** 11 I •
D x F 3 196** 741** 992** 14** 3 9**
D x R I 180** 1040** ' 2114** 4* I I
D x M - I 1395** 226** 2775** 18** 2 4
F x R 3 125** 349** 447** 28** 6* 12**
F x M 3 119** 155** 390** 7** 4 10**
R x M I 1023** 9 857** 38** P9** I
S x D x F 3 37 90** 179** 13** 2 18**
S x D x R I 22 329** 174** I 32** 25**
S x D x M I • 35 ' 5 10 7** 2 5**
S x F x R 3 54 52 167** 3 ' 5 10**
S x F x M 3 ■66* 64* ' 64** I 2 I .
S x R x M I 236** - 6 161** 2 5 I .
>D x F x R .3 107** 166** 225** 1 2 14** 10**
D x  F x M 3 35 172** 257** I - .■ -2 2
D x R x M I 321** 13 199** 4* I 2
F x R x M 3 28 29 22 . 5** 3 4*
S x D x F X R 3 209** 189** 269** 7** 5 4*
S x D x F X M 3 37 . 204** 254** 3 2 8**
S x D x R X M I 3 22 37 I I I
S x F x R X M ■ 3 51 40 30 I I . I
D x F x R X M 3 92** 31 ■ 95** 4* 3 ■ 4*
S x D x F X R x M 3 53 22 126** 4* 2 2
Err. (Including 63 20 21 10 .1 2 I
Higher Interactions)_______________________
** Sig. at 1% level * Sig.. at. 5% level
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and dry weight data for 6 and 12 day growth periods are presented in 

Appendix Tables 16, 17, 18, and 19.

Average effects of 4 ammonium phosphate fertilizer on both 

fresh (green) weight and dry weight of plants for 2 soils are presented 

in Table 14. Results indicated that 12 days after planting fresh 

weight averaged 44% greater for the'0% CaCO^ content soil than for 

10.05% CaCOg, whereas dry weight was 37% greater.

Table 14. Mean of total fresh and dry weight of spring wheat seedlings 
produced in growth chamber as affected by 4 ammonium phos
phate fertilizers on 2 soils, 12 days after seeding.^

Fertilizer
0% CaCOq 10.05% CaCOq

Fresh wt. . Dry wt. Fresh wt. Dry wt.
my/juvu

MAP 4253 1082 2713 716
DAP 3648 787 2560 ' 614
APP 5050 1193 .3395 833
UAP 3006 673 2384 ■ 545

Mean 3989 933 2384 677

LSD(.05) 426 85 ■ 341 64

■'"Each value is averaged over ,2 rates, 2 moisture levels, and 2 reps.
Complete data are in Appendix Tables 16, 17, 18, and 19.

The order of fertilizers was APP > MAP > DAP > UAP for both

soils. It is interesting to note that yield differences from APP to

UAP were greater for the noncalcareous soil than for calcareous. With 

this evidence plus other presented before, there should be no doubt as
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to soil and fertilizer interactions. Also, yield from the noncalcare- 

ous soil was much larger than from the calcareous soil. The method of 

adding water was markedly'changed, as is explained in MATERIALS AND 

METHODS. These results, alone, justify running this second growth 

chamber experiment.

Effects of 4 ammonium phosphate fertilizers are further evalu

ated, on growth of the roots and the tops of plant. The data in Table 

15 illustrate yield roots and tops of plants for comparisons of 2 soils 

and 2 different days' of growth. Evidence from the data indicated that 

for 6 days, in all cases the dry weights of roots obtained from the

0% CaCO content soil were greater than the 10% CaCO_ content soil, j - 3
The excpetion was dry weight for the UAP fertilizer treatment.

Table 15. Mean total dry weight of wheat seedlings produced in growth 
chamber as affected by 4 ammonium phosphate fertilizers on 
2 soils, 6 'and 12 days after seeding.  ̂■

Eert.

Roots Tops
0% 10.,05% 0% ,10.05%

6 days 12 days 6 days 12 days 6 days 12 days 6 days 12 days
mg/pot'

MAP 438 540 191—^ ' 309 422 631 230 407
DAP 298 431 220 268 279 415 '182 338
APP 402 584 302 • 407 ' 413 671 288 , 426
UAP 223 309 .267 283 188 365 96 266
Mean 340 466 245 317 326 521 199 359

LSD (.05) 1217 ■'.85 85 85 121 127 85 85
!Each value is averaged over 2 rates, 2 moisture levels and 2 reps.
Complete data in Appendix Tables 16, 17, 18, & 19.
2This value appears to be in. error— -possibly in the initial application
• of•treatments.
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There is nothing surprising about this since the coleoptile of

plants had not appeared due to severe toxicity of NH .3
These results can be attributed to physiological effects of 

plants during germination stager i.e., the coleoptile is more suscep

tible to NH3 than the roots. In extreme inj ury as with the high rate 

of UAP, radicles often emerged, but no coleoptiles.

The ratio of tops and roots of wheat seedlings due to ferti

lizer treatment is presented in Table 16. Averaging all fertilizers, 

the 6 day growth on 0% CaCO3 was greater than on 10% CaCO3 soil. How

ever, they were about equal at 12 days. This means that for the 6 day 

period, top growth was seriously retarded on the high calcareous soil.

Table 16. Ratio of roots and tops total dry weight of wheat seedlings 
produced in growth chamber as affected by 4 ammonium phos
phate fertilizers on 2 soils, 6 and 12 days after seeding.1

Fert.

. Tops/Roots
0% CaCO,. 10.05% CaCO,

6 days 12 days 6 days 12 days
MAP .96 1.16 1.20 1.31
• DAP . .93 .96 00 to 1.26
APP . 1.02 1.14 .95 1.05
UAP S 1.18 . .35 LO CO

Mean .95 ' ' 1.11 • .81 ' 1.13
pEach value is average over 2 rates, 2 moisture levels and 2 reps. 
Complete data are in Appendix Tables 16, 17, 18, & 19.
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Furthermore, the low ratios for UAP, especially at 6 days, show 

that injured plants produce more root growth relative to top growth.

This is accentuated for the 10% CaCO3 soil. However, the data also 

-show that the top growth tends to catch up with root growth in the 

12 day period.

The other evidence along this line, Ensminger et al. (1965) 

postulated that (NH^^HPO^ instead of NH3 is the toxic substance which 

precipitates Mg in seeds and results in abnormal germinating seeds.

NH3, however, may influence seed germination similar to other toxic 

substances. But detailed studies of mechanisms are beyond the scope 

of this investigation.

Abnormal top growth caused by NH3 toxicity is caused by an im

balance of N and carbohydrates in the roots and tops, according to 

Murata (1969). Injured roots contain excess carbohydrates in.both tops 

and roots because nitrogen in forms which can be rapidly assimilated 

for protein formation and growth is limited. Therefore, nitrogen ab

sorbed by roots tends to react with carbohydrates in "the.roots. Growth . 

of tops remains limited in relation-to growth of root's because much of 

the nitrogen absorbed is used in the roots.

Note that plants in the experiments.discussed here can be re

garded as abnormal as the result.of NH3 toxicity during the 6 day per

iod. This result could suggest that the metabolic derangements brought 

about by NH toxicity■eventually manifest, themselves in visible



86
abnormalities especially during germination and seedling growth stage 

of plants. Also, perhaps an actual N deficiency does exist because 

the excess NH^ that is absorbed may block absorption of ions such as 

-NH + and NC> .• 4 3 i
The data in Table 16 are plotted in Figure 10 to illustrate

the growth rates of roots and tops of spring wheat seedlings on 0% and 

10.05% CaCO^ content soils. The relative growth rates among ferti

lizers are the same patterns for roots and tops of plant on 0% CaCO3 

content soil. The steeper slopes of APP for both roots and tops indi

cated some superiority of this fertilizer for good growth on both 

parts of plants. According to the vertical spacings of the lines, MAP 

was about equal to APP, for total growth, but both DAP and UAP were 

much lower.

On the other hand,.on the 10% CaCO3 soil, growth of roots and 

tops showed different effects of fertilizers. For DAP and UAP in

creased relatively little from 6 to 12 days, arid DAP was the least. 

'But for APP, the increased yield was over 50%. Top growth was very, 

small-at 6 days, but growth to 12"days "was nearly doubled for all fer

tilizers. The order of top growth was the same as observed in the 

field and the same as for NH3 production in the diffusion cans: APP >

MAP > DAP > UAP.
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0% CaCC>3 10.05% CaCO

Root

54 162 54 162
N-Rate, mg/pot

Figure 10. The relation of plant dry weight to application rates of 
4 ammonium phosphates in a growth chamber experiment.
6 days. Amsterdam sil, 0% CaCXX; Wheeler sil, 10.05% CaCO^
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I'll. Greenhouse Experiments

Results from NH3 absorption studies in laboratory experiments 

indicated NH3 toxicity to seeds or seedlings was directly related to 

the NH3 released from ammonium phosphate fertilizers and accumulation 

by plants with time. Ihe degree of those phenomena were governed pri

marily by CaCO3 content in soils. Two greenhouse experiments were

conducted to evaluate effects of NH ' treatment of.seeds and later
3

growth of plants affected by NH3 from ammonium phosphate fertilizers 

in the growth chamber.

NH3 Toxicity Studies. The following report is based on data 

from studies'of spring wheat seedling characteristics after the seeds 

had been subjected to NH3 on two different days after being moistened. 

These were on the first and fourth days as prescribed in the procedures 

in the greenhouse experiments section of MATERIAL AND METHODS..

Results of this experiment indicate that statistically, analy- 

. sis of Variance of data from two CaCO_ content soils given in Table 17 

illustrate the effects of variables under study. In addition, for 

plant fresh and dry weight, interactions were significant between date 

and NH3 concentration (D x C), and date and soil moisture (D x M).

Also, significant effects were observed in plant height for date and 

concentration (D x C), concentration and moisture (C x M), and the 

main effect— concentration (C).
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Table 17. Characteristics of spring wheat seedlings for 15 days in 

the greenhouse from seeds subjected to ammonia from NH^OH 
on the first and fourth day after moistening seeds. A com
bined analysis of variance of Amsterdam sil, 5.50%'and 
9.20% CaCOg with the first and fourth day A

■ Fresh Wt. Dry Wt. . Plant Ht

Source
Combined Analysis of Variance

df M.S . x IO-3
Rep I 259* 4 6533
Soil (S) I I ' I 34133**
Date (D) I 29462** 1284** 34133**
Cone. (C) 4 40 2 4988*
Moist. (M) ' 2 1903** 36** 45758**
S x D  . I 154 2 . 2133
S. x C . 4 40 2 196
S x M . 2 2 I 1908
D x C 4 120* 4 12320**
D x M 2 292** 10* 1108
C x M 8 43 3 3800*
S x D x C . 4 17 I 863
S x D x M 2 15 • 3 1758
S x C x M 8 28 3 . 1346

1D x C x M - 8 37 •3 2858
S x D x C x M ■ 8 28 4 2488
Err. . (Including Higher 

Interactions)
. ' 59 43 3 1758

** Sig. at 1% level * Sig. at 5% level

Dry weight was measured after distillation at 2000C. Data are in 
Appendix Tables 20 & 21.
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, Note that significant differences existed between replications 

for fresh weight. .Therefore, the fluctuations of data are extreme.

In general, the important points found in this experiment are the sig

nificant differences of dates of seeds being subjected to NH3, the 

soil;moistures levels, and NH3 concentrations as affecting plant ' 

heights. The interaction of date for NH^ exposure and soil'moisture

(D x M) has many important implications. All data are given in 
•• .

. Appendix Tables 20 and 21.

Data of mean dry weights of plants are shown in Table 18 to 

illustrate the effects of NH3 concentration, date of subjecting seeds 

to NH3, and the % CaCO3 content of soil on plant dry weight. Average 

growth was only half as great for seeds treated the fourth day as

■ compared with the first. There were no significant differences among 1 

soils or concentrations, for yield.

Because of no significant difference for the interactions of ■ 

soils or concentrations on plant dry weight as a measure of response

1 to seed treatment, it would appear that NH damage as the seeds were • .. * • 3
■ germinating was the most.important.

There have been discussions in other sections on the growth ' 

and yield of plants especially the effects of NH^ from ammonium phos

phate fertilizers as related to % CaCO and moisture levels.in soils3
and other factors. Generally, most of the experimental findings indi

cated the predominance of CaCO3 relation with ammonium phosphate
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Table 18. - Means of tops dry weights of wheat seedlings growth in the 

greenhouse 15 days after moistening seeds as affected-by 
NHg on the first and fourth day on Amsterdam sil, 5.5% - 
and 9.2% CaCO3.1

NH3 Concentration

Day of Subjecting Seed to NH3
5.5% CaCO3 9.2% CaCO3

1st 4th 1st 4th

. PpiLlwINrl̂- 1 f .iuy/po U"1
0 432 224 " 390 213

.25 396 203 397 230

.50 424 222 438 .239 "

.75 442 198 424 212
1.00 410 191 ' 443 208

Mean 425 208 416 220

LSD(.05) 165 64 143 64
IAverage over 3 moisture ■ levels, 2 reps. Complete data are in
Appendix Tables 20 & 21.

fertilizers used over the soil-plant system. The two points to be 

discussed here are the critical evidence observed from the plant 

in 2 dates of seeds subjected to NH and the influence or direct effect 

■ of CaCO in soil on growth of plant. The first point is based on the 

difference.of overall means of 2 dates and on both soils. Comparison 

in this manner showed that the.fourth day of subjecting seeds to NH3 

caused large reductions in plant dry weight. . It also implies that if 

the seeds were initially subjected to toxic level of NH3 especially 

at the stage when the radicles appeared, wheat seedlings growing on

5.5% or 9.2% CaC0_ content soils would give the same yield reduction.3
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It should be mentioned that the growth of seedlings on the first day 

showed a trend toward increasing as the NH3 concentration increased, 

but it was not significant. Fresh weight data agreed with the dry 

weight data but showed more variation.

The two soils used were both highly calcareous; yields from 

noncalcareous soils might have been even better. This experiment 

should be repeated using a wider extreme of CaCO3 contents in the ' 

soils. However, the basic reason for this experiment was to determine 

extent of damage from NH3 applied to seeds. That was accomplished. 

Results in the second growth chamber experiment using zero and 10% 

CaCO3 content soils clearly, defined the distinction between none and 

highly calcareous soils as to the detrimental effects of the latter on 

plant growth— directly related to NH3 production.

Plant height, as a measure of plant growth response, was also 

determined and a summary of the data is in Table. 19. Several points 

can be noted. First, the main effect of NH3 concentration (C) on 

\height of plants indicated that seeds exposed the first day after 

moistening were taller than the fourth day, and for both soils. This 

evidence can be interpreted that the smaller growth was the result of 

NH3 toxicity and the lesser growth represents the greater damage. The 

average plant height on 9.2% CaCO3 soil was about one cm taller than 

the 5.5% of CaCO3 soil for any corresponding concentration. There may
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be several factors involved which caused somewhat better growth on the 

9.2% CaCOg soil. One of the most logical was the greater difficulty ' 

of mixing water with the soil having poorer growth. ■ This soil puddled 

worse than the more calcareous one. The problem was also noted in the 

first growth chamber.experiment, but with a different method of adding 

water to soil in the second growth chamber experiment, plant growth on 

zero CaCO soil far surpassed that on the strongly calcareous one.

Table 19. Mean height of wheat seedlings as affected by NH3 on the
first and fourth day on Amsterdam sil, 5.5% and 9.2% CaCO3.-*-

NH3 Concentration

Day of.Subjecting seed to NH3
5.5% CaCO3 9.2% CaCOq

1st 4th 1st 4th
PpmrNH3

0 14.5 14.8 16.3 15.7

.25 13.8 14.5 15.3 15.2

.50 ' ' 14.0 14.3 15.7 ■ 14.7

.75 14.8 12.7 15.7 14.0
• 1.00 15.3 12.2 ' 16.2 13.0 '

Mean 14.5 13.7 15.3 14.5 •

LSD(.05) - 2.6 3.3 2.4 2.6

^Average over 3 moisture levels, 2 reps. Complete data are in Appendix
Tables 20 & 21.
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The effect of NH3 concentration on plant height was striking. 

The data of the first day of subjecting seeds to NH3 indicated a de- 

■ crease from zero NH3 gas concentration, then a slight trend of in

creased growth with the increased concentration of NH3. In contrast, 

the height from the fourth-day NH3 treatment decreased in proportion 

to the increasing concentration of NH3.

These are very interesting data, and it is a challenging prob

lem to explain why seeds subjected to NH the first day catised a 

slight increase to plant height, whereas the subjecting of seeds to 

NH3 on the fourth day caused a decrease in plant height. The only 

apparent explanation is that exposure to NH3 gas for 24 hours on the 

fourth day; or when the seeds had germinated, resulted in enough 

greater NH3 absorption to produce significant damage. Also, it was ?

shown in the NH sorption studies that peaks of NH absorption were 3 • 3 •
at '3.days. That should be related to what was observed here. Allred

and Ohlrogge (1964) reported similar symptoms of corn exposed to NH3

'at a partial vapor, pressure of .125 mm Hg for two days.
1

Growth study . In field experiments .it had been observed that 

wheat plants injured by NH^ recovered more completely on a noncalcar-" 

eous soil than on a calcareous soil, and that adequate N fertilization
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was important to plant recovery.1 A greenhouse experiment was con

ducted where plants were grown for the first 9 days in a growth cham

ber. The CaCO3 percentages of soil were 9.2% and 5.5%. It had been 

intended to have zero instead of 5.5%, but the sampling from the field 

for pot studies was too deep into calcareous subsoil. All treatments 

data and statistical analyses are shown in Appendix Table 22.

Data are assembled in small 2-way tables for simpler presenta

tion. Table 20 contains data on plant dry weight and is presented to 

compare the main effects of 4 ammonium phosphate fertilizers on soils 

having 5.5% and 9.2% CaCO3 contents. The mean dry weights of both 

roots and tops indicated significant differences among the 4 ferti

lizers. Differences were greater for the higher CaCO3 content soil. 

However, top growth recovery during the 40-day period in the green

house was enough to reduce the magnitude of differences, and to reduce 

the F x S  interactions as was expressed in the shorter time growth 

chamber experiment discussed earlier. ' ,

Several observations can be made from data in Table 20. In 

general, the root growth for all fertilizers was in the'.order: MAP =

APP > DAP > UAP. Top growth was APP > MAP > DAP > UAP, for the lower 

CaCO3 content soil and APP > MAP > DAP > UAP for 9.2% CaCO3. These

ISmith, C. M., E . 0. Skogley, and C. Pairintra. 1970. Farm 
test demonstrations. Ann. Report to TVA (Unpublished).
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data suggest that MAP and APP fertilizers were of equal efficiency in 

producing root growth on both soils, with DAP and UAP poorer with 

growth depressing.effects greater as CaCO^ increased.

Table 20. Mean of roots, tops, and total dry weight of spring wheat 
seedlings as affected by 4 ammonium phosphate fertilizers 
banded with seeds. Greenhouse experiment, 49 days. Amster
dam sil with 5.5% and 9.2% CaCOg contents.I

Fertilizer

Roots and tops at 2 CaCO0 contents
Root Top Total

5.5% 9.2% 5.5% 9.2% 5.5% 9.2%
y/h'vu

MAP .84 .63 3.58 3.03 4.42 3.66
DAP .74 . .46 . 3.38 2.38 4.12 2.84

' APP .82 . .57 3.66 3.27 4.48 3.84
UAP . .61 .39 3.08 1.91 3.69 2.30

Mean .75 .51 ■ 3.43 • 2.65 4.18 • 3.16 ■

LSD(.05) .29 ' .27 1.25 ■ .43 1.39. .61
IAverage of 2 moisture levels, 2, reps. Complete data are in Appendix
Table 22. .

The effects of % CaCOg content were evidenced for all ferti-

lizers. The data for both roots and tops indicated that on 9.2% CaCO^ 

content soil, the growth suffered from NH^ toxicity. Total overall 

means of plant parts indicated that both the CaCO^ content of soil and 

the different chemical characteristics of fertilizers were very signif

icant in producing effects.



97

In support, of the statement that NH3' toxicity was the cause of

damage, note in Table 21, below, that additional nutrient solution did

not increase average total day matter on the 9.2% CaCO_ soil. There-3
fore, it was assumed that N fertility was adequate. From other data 

in ,the growth chamber experiments referred to in Table 15, increased 

yield in 12 days was not obtained from the higher rate of ammonium • 

phosphates. In fact, yield reduction occurred on the calcareous soil. 

Therefore, it can also be assumed that P levels should have been ade

quate .

It should be noted that the experiment was conducted in the 

greenhouse for 40 days after 9 days in the growth chamber. The seed

lings had advanced in development to near the boot stage before har

vesting . The evidence of poor top growth of plants in certain treat

ments can be attributed to inhibition by NH3 of both photosynthesis 

and oxidative formations as has been reported by Kramer (1955) and 

Packer (1961).

Effects of initial ammonium phosphate" rates and nutrient solu

tions applied after removal from the growth chamber are presented in 

Table 21. Considering overall means,- rates of either N nutrient 

solution■or initial ammonium phosphate application produced no differ

ences in dry weight of roots on the 9.2% CaCO3 content soil. Also, at 

that CaCO3 content N nutrient solutions of 216 mg-N per pot had essen

tially no effect on growth of tops of spring wheat seedlings'.
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But top growth was nearly doubled by the high rate of initial ammonium 

phosphates, with the exception of no effect from UAP. In contrast, 

for the 5.5% CaCO^ soil, significant positive effects cri both roots 

and tops were produced by the higher initial fertilizer rate.

Table 21. Mean of roots, tops, and total dry weight of spring wheat 
seedlings as affected by rates, nutrient solution, and 
moisture content of Amsterdam sil, '5.5% and 9-.2% CaCO3 
contents.1 ■ ■ ’

Treatment
Roots and tops at 2 CaCO5 RofTE Top contents

Total
5.5% 9.2% 5.5% 9.2% 5.5% 9.2%

N, mg/pot
initial Ammonium
Phosphate Rates

54 .65 • 51 2.26 1.84 2.91 2.35
216 .86 .51 4.59 3.45 5.45 3.96 •

Nutrient Solution as
KNO3

.54 .73 .51 ' ' 3.18 2.69 3.-91 3.20
216 .77 .51 3.68 2.60 4.45 3.11

IEach value is averaged acrossI 4' fertilizers, 2 reps. Complete data
are in Appendix Table />2. •

It appears from these results that very high nitrogen.status

of the soil may not be as important for producing plant recovery after 

injury as initially was postulated.. However, the lower N nutrient sol

ution rate was probably too high for the two rates to accurately simu

late an expected range of -N conditions in the field.
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The moisture treatments were initially established at 15% and 

25% when the pots were in the growth chamber. During the last 40-day 

period in the greenhouse, an attempt was made to maintain a soil mois

ture difference by the frequency of watering. Although the plan was 

to try and find out whether part time moisture stress in plants would 

accentuate damage from NH3, an adequate water control in the green

house was not obtained, with the "optimum" moisture, level generally 

being too wet. As a result, the average effects of moisture were 

considered to be more meaningful than to discuss postulated effects 

of the treatments.

IV. Field Experiment •

• The data presented here are in the following order: NH3 de

termination of field soil samples; and stand and growth characteristics 

of small winter wheat plants. Soil samples were taken from experimental 

plots for NH3 determination for 5 sampling dates at 3-day intervals 

after, seedings were completed in the fall of 1970.

Results are presented in analysis of .variance Tables 22 and 23. 

Complete data are. in Appendix Tables 23, 24,. 25 and 26. In a combined 

analysis for 2 soils, ammonia production was significantly different 

from 4 ammonium phosphate fertilizers (F), rates (R) of fertilizer ap

plication, days (D) of sampling, soils (S), and some interactions
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Table 22. Ammonia production with time from ammonium phosphate fertil

izers banded with seed. An analysis of variance for Amster
dam siI, 0% and 9.20% CaCO3 1971.

Combined Analysis of Variance

Source df M.S. x IO-3
Rep I 128481*
Soil (S) I 544208**
Pert. (F) 3 . 536087**
Rate (R) 2 4168640**'
Day (D) 4 12389100**
s x :f 3 145588**
S' x R 2 27608
S x D 4 , 508895**
F x R 6 45800*
F x D 12 130324**
R x D 8 . 547241**

' S x F x R 6 31784
S x F x D 12 42219*

' S x R x D 8 13611
F x R x D 24 43524*
S x F x R x - D V 24 36096*
Err. (Including 
Higher Interactions)

119 29809

** 'Sig. at 1% level • '* Sig. at 5% level
1Complete data are in Appendix Tables 23 & 24.



Table 23. Growth of -‘winter wheat seedling at Feekes stage 5 as influenced by ammonium 
phosphate fertilizers banded with seed. A combined analysis of variance 
for Amsterdam sil, -0% and. 9.20% CaCO3 1971.

Crown Stem
Primary ■ 
Root

Secondary Plant 
Root ' Ht. Root Top • Total

Source df
.Combined Analysis of Variance 

. . M.S. x 10-1
Rep I ■ 563 ■. 4000' . 55503* 3285 114 1128** 3362** 8651**

Soil (S) I 1501** 10 • 113956** 139535** 7089** 3950**- 4126** 17546**

Fert. (F) 3 8046**■ 161412** 168311** '530954** 136 1577** 9678** 18616**

Rate (R) 3 1208** 3247 49088** 2755 37 ' 98 64 166

S x F 3 237 • 16453* 10651 77189** 207* 646** 2685** 5546**

S x  R 3 68 16557* 2374 37927 40 211 313 1006**

F x R 9 261 • 23397** 21685* 52767** 37 101 730 1123**

S x F x R 9 285' 7221 3934 24773 40 117 199 368**

Err. 31 222 5719 9511 17246 50 180 404 100
(Including Higher Interactions)

** Sig. at 1% level . * Sig. at 5% level
Complete data in Appendix Tables 24 S 25.i

101
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including S x F z S x D z F x Rz F x D z R x Dz and some higher order 

interactions.

The effects of each fertilizer source on the average NH3 

measured in soil samples at 5 dates is illustrated in Table 24. Rates 

of the ammonium phosphates were based on Ilz 22, and 33 kg of N per 

ha. The sampling began three days after seeding and was repeated each ■ 

3 days. .The. data show a greater NH3 production on the calcareous soil, 

but a surprising amount on the other one, as well. Rates of ferti

lizer also produced striking differences with much greater amounts of

NH„ measured as rate of N increased.3 . . •
For some reason in these two experiments, APP produced larger, 

but not significant, amounts of NH3 in relation to other fertilizers. 

That was not the case for previous.field experiments or for the labora

tory, as shown earlier in this .thesis. . There is no logical explanation 

for this trend, unless some aspect of the field sampling technique or 

sample handling, such as freezing, favored one source more than another,

1 ' By the methods used here,the.most significant.statement to
.make about sources is that UAP was always highest for NH and MAP was 

lowest. Recall the data on NH3 production for 10 soils under labora

tory condition by "Diffusion Can" indicated that the order of magnitude 

of NH3 was: UAP » »  DAP » >  MAP > APP.. Therefore, the amount of NH3
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Table 24. Average NH3 production from 3 rates of 4 ammonium phosphage 

fertilizers banded with winter wheat seeds on Amsterdam sil, 
0% and 9.2% CaCO3 in 15 days.I

Fertilizers 
Rate of N

NHa Production in 2 soils 
0% CaCOa 9.2% CaCOa Mean

kg/ha Hy/ -LUUy SOU.”

MAP
11 18.3 18.8 18.5
22 22.3 26.9 24.6
33 28.2 33.4 30.8

Mean ■ 22.9 26.4

DAP
11 19.4 19.7 19.5
22 29.3 27.7 28.5
33 33.8 33.9 33.8

Mean 27.5 27.1

APP
11 21.3 24.0 22.6
22 28.5 31.3 29.9
33 34.7 36.0 35.3

Mean 28.2 30.4

UAP
11 19.9 26.3 23.1
22 • ■ 29.4 32.6 31.0
33 35.5 46.8 • 41.. I

Mean • 28.3 35.2

"'"Averages of 5 sampling dates and 2 replications. Complete data are
in Appendix Tables 23 & 25.
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produced, relatively speaking, agreed in part between laboratory and 

field. There are some possible reasons for all not agreeing.

The procedures of field soil sampling and the technique used 

for measurement of NH3 have been described in MATERIALS AND METHODS.

The sampling processes in the field soil samples as well as the sam

pling technique from soil can to diffusion dish presented variations 

in the results. Note that each value presented in Table 24 for each 

rate of N was obtained from the averaging of 60 NH3 laboratory samples. 

Each can of field soil sample was analyzed for NH3 in 6 microdiffusion 

dishes and 2 field replications for the 5 sampling dates.

Other variation of results also entered into the experiment

by the NH determination technique. A considerable amount of care was 3 ' .
exercised in order to handle the processes of NH3 determination by the 

microdiffusion method. Transferring of samples, possibilities of con

tamination and the errors of titration of such small concentrations 

and other factors caused some variation in the data. With laboratory, 

and growth chamber knowledge shown "in the later research, plant sam

ples taken early may have been good indicators of NH from the ferti- 1
3

lizers.

Other field problems existed and should be taken into account 

in future work. Soil samples removed only a part of the fertilizer- 

seed band. Theoretically enough cores were taken to reduce variability
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among treatments. However, it is assumed that because of the relatively 

short time for hydrolysis of the fertilizer and the incomplete mixing 

of samples before freezing, cells of high concentrations may have 

still existed near the original fertilizer granules. Also, the equip

ment used to apply fertilizer did not result in perfect uniformity in 

the row. These things and perhaps others probably contributed to 

variability.

Problems did exist with field work, but some very important

relationships were established. First, as stated above, UAP and MAP

were always the extremes for amounts of NH^-measured. Second, the

relationship of increased rates and increased NH was positive. Third,

the 9.2% CaCO„ soil produced more NH than the noncalcareous soil.J j
Fourth, the influence of time over the amount of NH^ production can 

be considered as one of the most•important points for NH^ field soil 

sample study data. The- plot of the UAP fertilizer treatment with 5 

.sampling dates on 2 soils is in Figure 11. The data illustrate that 

1 the patterns, of NH^ release reach the highest peak before six days 

then taper, off rapidly to the minimum." Note that the maximum amount 

of NHg produced from 0% CaCOg content soil was between the third and 

sixth day.

These results and those in the laboratory agree, in general,

that the highest amount of NH was obtained within the period of 63
days. Those results can be explained,by the rate of reaction of
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09.2% CaCO
* 0% CaCO.

o 40

Sampling

Figure 11. NH3 production with time as affected by UAP banded with 
seeds on Amsterdam silt loam with 9.2% and 0% CaCO3.
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greater the % CaCO3 in soil, the greater was the NH3 produced. The 

question of how this evidence related to plant growth is of interest. 

The results are reported in the later section of this experiment.

It has been stated by previous workers (Martin and Chapman, 

1951; Terman and Hunt, 1964) that under field condition, the amounts 

of NH3 volatilized from ammonium phosphate fertilizer are .greater in 

calcareous than noncalcaxeous soils. The results of NH3 determination 

from field soil samples- agreed with those findings. The data in Table 

24 illustrate that NH3 produced from 4 ammonium phosphate fertilizers 

on 9.2% CaCO3 content soil was much greater than from 0% CaCO3 content 

soil.

Plant samples at Feekes scale 5 were taken from the two field 

experimental plots with measurements made as follows: crown, stem,

primary and secondary roots counts, and plant height and yield dry 

weight. A combined analysis of variance for 2 soils is presented in 

vTable 23. ■

A 2-way table was presented to make the interpretations more 

simple. . Table 25 contains the numbers of primary and secondary roots 

for 2 soils and 4 ammonium phosphate fertilizers. Note that four rates 

were sampled and are reported and that three rates were used for soil 

samples. Differences between 0% CaCO3 and 9.2% CaCO3 were highly

fertilizer and the soil properties that governed the NH^ release. The3
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Detrimental effects of fertilizers on root systems were of the 

order UAP > DAP > MAP > APP.. This is the same relationship as was 

found in laboratory and growth chamber experiments reported elsewhere 

in this thesis.

significant with more of both primary' and secondary roots on the non-
calcareous soil.

Table 25. Growth of winter wheat seedlings at Feekes scale 5 as in
fluenced by 4 ammonium phosphate fertilizers banded with 
seed on Amsterdam silf 0% and 9.2% CaCO3.̂  1971.

Primary Root Secondary Root'
Fertilizer 0% CaCOg 9.2% CaCOg 0% CaCOg 9.2%I.CaCOg

-- Number/m.----
MAP 160 138 243 164
DAP" 172 134 165 180
APP 193 151 257 204
UAP 99 93 97 - 97

' Mean 156 . 129 191 161

LSD(.05) 79 33 133 63

^Average over 4 rates, 2 reps. Complete data are in Appendix Tables ■
' 25 & 26. • "

■ Measurements were made of the dry weights of roots and tops of 

plants. The data in Table 26 indicate the top parts of plants devel

oped more than roots' on both soils. For main effect of fertilizers, 

MAP or APP both produced more growth than DAP or UAP fertilizers. Note 

that the DAP and UAP fertilizers produced poor yield both on low CaCO3



109
content soil as well as on high CaCO3 soil. The relations of tops to 

roots for these two fertilizers seemed unusual with the early growth 

being better, relatively, on calcareous than on noncalcareous soil. 

Results indicate DAP and UAP caused damage or produced some negative 

effects on growth of plants on low lime soil as well as high ones.

Table 26. Effect of 4 ammonium phosphate fertilizers banded with
seeds on root and top dry. weight of winter wheat seedlings. 
Amsterdam sil, 0% and 9.2% CaCO3.-*- 1971.

0% CaCOq 9.2% CaCO9
Fertilizer__________■ Root_______Top_____________Root_______Top_______

•grams
MAP 13.3 ■ 30.0 5.1 18.8
DAP • 7.0 17.5 6.5 21.2
APP 15.5 34.4 7.7 22.3
UAP 5.0 9.8 3.6 10.9

Mean 10.2 22.9 5.7 18.3

LSD(.05). 12.2 • 15.9 3.2 ' 9.5 •

^Average over 3 rates, 2 reps. Complete data are in Appendix Tables
25 & 26.

Rate of application of 4 ammonium phosphate fertilizers showed 

significant effects on the number of plants or crowns, The high rate 

of application, especially when associated with high CaCO3 content of 

soil, then accentuated reduction in growth or seedling injury. Number 

of stems per meter of row was also directly related to rate of appli

cation of fertilizers. The data are plotted in Figure 12 for
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Figure 12. Number of crown and stem of winter wheat seedlings as 
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comparison of fertilizer rate effects on both the crown and stem counts 

on 9.2% CaCO^ content soil.

As rate of UAP increased, the slopes decreased. However, APP 

did not show the same reduction. Therefore, the possibility of apply

ing this fertilizer at most any rate and on different soils to obtain 

a maximum number of plants is good. On the other hand, at the same 

rates, UAP causes trouble. This is the sign' of warning that with in

creasing rate of UAP application one would receive reduced'and severe

ly damaged plants. There is, however, a question about the minimum 

stand that does not effect a yield reduction. With wheat or barley, 

often plants can compensate by more kernels or size of kernels per 

head. .



SUMMARY AND GENERAL CONCLUSIONS

Influences of NH^ from ammonium phosphate fertilizers on germi

nation, seedling growth, and small plant yield of wheat (Tvitieum 
. aestivum L .) were evaluated in laboratory, growth chamber, greenhouse, 

and field experiments.

Under laboratory conditions, two aspects of NH3 were investi

gated. The study was divided into two sections, "NH3 Production 

Studies" and "NH3 Absorption Studies". The technique "Diffusion Can" 

was designed for these studies. There were 4 ammonium phosphate fer

tilizers: MAP (11-48-0) , DAP. .('18-46-0) , APP (15-62-0) , and UAP 

(24-42-0); and 3 soil moisture levels: 10%, 15%,' and 20%. The ex- • 

periment was■set up as a factorial with 12 treatment combinations and 

replicated 2 times.

Ammonia production from fertilizer sources was determined

daily for six days by using the method as described by Bremner and

Shaw (1955) with some modifications. The amount of NH absorbed by3
seeds or seedlings was measured by using a "Distillation Technique"

'

which was technically designed for "NH_ Absorption Studies" in this 
' 3 •

research work. •

Results from these studies indicated that NH3 production from 

ammonium phosphate fertilizers was dependent mainly on the chemical . 

composition of fertilizer and soil properties, primarily CaCO3 percen- ■ 

tage. Averaging 10 soils and 3 soil moisture levels, total NH3
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1.5 : I. The relationship, of.NH^ production was generally in the same 

order for any soil type,- but the absolute 'values varied.

Using information from the relationship of NH^ production and 

% CaCOg of soils, the amount of NHg produced from each .ammonium phos

phate fertilizer as well as its affect on growth of plants could be 

predicted. Therefore, if we assume that 0.5 mg/100 g soil could be 

arbitrarily used as a criterion for possible damage to wheat from

banded fertilizer, the approximate CaCO levels where such would occur * 3
for the 4 ammonium phosphate fertilizers in this study were as follows: 

MAP 10.5%; DAP 3.5%; APP 12%; UAP, could not use at all.

As an average frequency of maximum NH production for 10 soils3
in-this study,.MAP, DAP, .and APB showed comparable reaction rates 

upon hydrolysis in the soil. Urea ammonium phosphate (UAP) was ■slower'7 

to reach a peak so it can be said to have a slower chemical reaction 

rate after the first day...But the pattern of NHg release was" extended 

longer. Ammonia release for UAP, however, started very high, the first 

day measurement, and from that time the relatively slow rate of in

crease was presumably due to limited biological activity needed to 

accelerate the hydrolysis process under the conditions of this study.

The amount and rate of NHg release from each fertilizer was 

found to be inversely proportional to soil moisture, i.e., the drier

production from 4 ammonium phosphate fertilizers was in the order of
magnitude: UAP >»> DAP » >  MAP > APP or by the ratio of 18 : 4-5 :
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the soil, the greater the amount of NH3 was released. In addition, 

the rate of chemical reaction of all fertilizers was accelerated by- 

increased initial levels of moisture content of the soils. -The data 

on the relationship of total amount of NH3 production and % CaCO3 con

tents of 10 soils indicated that the magnitude of NH3 produced from 

each fertilizer was in the order generally corresponding directly to
1 ■ ‘ '

% CaCO3 in soil. One noncalcareous soil (Post cl) was an exception, 

producing extremely large amounts of NH3. No explanation of this was 

found in the evidence obtained in this research. Also, Bainville cl 

was higher than would be predicted, especially for MAP- and DAP.

Results from "NH3 Absorption Studies" showed that NH3 was 

absorbed rapidly by wheat seeds or seedlings from ammonium phosphate 

fertilizers. The patterns of NH3 release and accumulation were gov

erned by the chemical composition of fertilizer and soil properties, 

and the stages of plant germination or growth. Results of these

studies demonstrated that" the greater the amount of NH produced, the. 3
'■greater the amount of NH was .absorbed by plants in the closed "Soil 

- :  ̂ •
Diffusion Can", system. The-concentration of NH that was required to 

to toxic to spring wheat seeds or seedlings obtained by the "Distil

lation Technique" was 0.8 Ppm-NH3 which actually prevented germination. 

Symptoms of plant injury due to NH3 toxicity were observed in the NH3 

concentration in plants above 0.5 Ppm-NH3.
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• Experiments were conducted in a growth chamber, having con

trolled temperature and humidity, with plants harvested at 3., 6, 9, 

12, and 15 days of growth. The four ammonium phosphate fertilizers 

were applied to soils varying in % CaCO^. Results obtained by a tech

nique of soil-fertilizer-seed mixed in the‘pot illustrated that NH3 

caused a detrimental effect on germination of seeds and the growth of

seedlings. Ammonia absorption and high content of CaCO_ in soils ac-3 •
centuated the damage with a marked reduction in growth of plants.

Two sets of studies were conducted in greenhouse experiments. 

One was 1rNH3' Toxicity Study" which was primarily designed to evaluate 

the physiological effects of NH3 toxicity on plant growth. It was a 

short term experiment where the seeds or germinating seeds were ex

posed to NH3 in a confined system at one and four days, respectively, 

after moistening seeds. It was. observed that plant dry weight was 

significantly lower due to subjecting seeds to NH3 on the fourth day 

than on the first-day.

; This was not a direct study of the specific mechanism of NH' • 3
' \

toxicity per se. However, results of this experiment convincingly

support that the amount of -NH3 which entered the seeds through the

seedcoat produced less harmful effects on plant dry weight than the

amount of NH that entered the seedlings through radicles.3
' Recovery in the greenhouse of injured plants was' studied as■

related to other factors such as, initial soil moisture, CaCO content3
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of soil, and extra N nutrient solution. Characteristics of plants 

obtained from the "Growth Study" showed that mean dry weight of both 

roots and tops of wheat seedlings responded to kind and rate of ammo

nium phosphate fertilizers differently. Among 4 fertilizer treatments, 

root growth as affected by fertilizers was in the order of magnitude: 

APP => MAP > DAP > UAP, whereas the top growth was APP > MAP > DAP >

UAP. Therefore, the data suggested that APP and MAP'fertilizers were 

of equal efficiency in producing growth of roots and tops of wheat 

seedlings.

Laboratory, growth chamber, and greenhouse experiments produced 

results which suggested several points pertaining to "causes and ef

fects" of production and absorption by plants and subsequent plant 

damage. However, because those experiments were conducted under reason

ably controlled systems with some measurements in a closed can system, 

conclusive evidence of an applied nature should be obtained in field 

results, whenever possible.

Results presented in this thesis pertaining to field experi

ments are centered on.wheat plant yield and plant characteristics at 

the stem elongation stage of growth (Peekes stage 5). These plant 

properties were related to NH^ production from ammonium phosphate fer

tilizer upon reaction with the soil. Data from field soil samples in

dicated strong evidence to support the postulation that NH^ production
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is dependent on chemical composition of fertilizers and the CaCO3
content of soils.

Also, the knowledge of NH^ release and accumulation patterns 

can be used as effective.criteria to minimize injury to seeds or seed

lings . It was shown that under field conditions NH production was
I 3

greatest for UAP and least for MAP. For 1970 data APP and DAP were 

in between. This was in partial contrast to information obtained in 

laboratory and growth chamber experiments and for APP, especially, it 

did not agree with plant growth data for 1971 or with previous years' 

soil sample data.

The amount of ammonia released from each fertilizer within the 

first 6 days was related to detrimental effects on primary and secon

dary roots and plant tops. Germination was the most susceptible stage 

of plants to NH^ toxicity. Moreover, it was found that CaCOg content 

in soils accentuated the detrimental effects on germination and seed

ling growth. Some characteristics of plants such as numbers of stems 

1 and crowns (stand).were reduced significantly by high rates of UAP 

and"DAP, and to a lesser degree'APP and MAP..

In 1971, for Amsterdam sil, with either zero or 9.2% CaCOg 
content, the yield of young wheat plants in field experiments as af

fected by ammonium phosphates was in the order of: APP > MAP > DAP >

UAP. This order of growth was inversely related to the growth of
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plants which were observed as either abnormal or injured. It was ob

served that injured plants recovered more completely on the noncalcar- 

eous soil. Those plant that survived produced some additional stems or 

tillers at a later stage of growth to compensate in part the earlier 

inhibition of growth. Also, injured plants often produced heavier 

kernels and larger heads, as reported elsewhere.

This research project and related work has shown that ammonia 

production as measured by a "Diffusion Can" system can be used as an 

indicator of probable NH^ production and plant damage in the field.

.CaCO3 percentage in soils appears to be closely related to degree of 

NH^ volatilization from ammonium phosphate fertilizers upon reaction 

with soils and to subsequent plant damage.

The results of this research, therefore, demonstrated that the 

systematic interrelation of facts in this investigation of the null 

hypothesis have been achieved. The information could provide a valu

able means for future research work in order to increase the efficient 

use of fertilizer, .to minimize' plant injury, ahd'to maximize wheat 

"yield.
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Table I. Ammonia production with time from ammonium phosphate fertil

izers by using diffusion can. Bainville cl, 12.90% CaCO3.

Fert. & Rate ■ Soil
H9O

NH3 Production in 6 Days
I 2 1 3 4 5 6 Total

N, g X 10“VlOO g soil % --NH3, g X 10-8/100 g soil---
MAP(11-48-0)

216 -- 10 142 228 264 318 45 -37 1034
—— — 15 156 198 140 198 45 35 772

20. 104 104 64 66 23 23 384
Mean 134 176 156 194 37 31

DAP(18-46-0)
216 -- 10 439 621 568 441 106 156 2331

— 15 284 347 347 196 50 54 1278
20 455 498 295 201 45 54 1548
Mean 393 489 403 279 67 88

APP(15-62-0)
216 — 10 43 167 . 169 266 34 34 . 713

— 15 59 144 59 . 180 46 19 507
—— — 20 106 73 41 77 46 • 14 357 .

Mean 56 128 89 174 42 22
UAP(24-42-0)

216 -- - 10 169 464 535 235 ■ 513 412 2328
. —— 15 177 476 448 446 410 424 2381
— — 20 200 421 410 235 309 305 1880

Mean 182 453 464 " 305 410 380 ■
Analysis of Variance

Source . df M.S. X IO-2
Rep I 5
Fert.' (F) 3 6333**
Moist. (M) 2 907**
Day (D). 5 1304**
F X  M 6 173
F X D 15 571**
M X D 10 I 141
F X M X D 30 75
Err. (Including 71 73
Higher Interactions)
** • Sig. at 1% level
LSD(.05) = NH3, 166 X 10~8 g/100 g soil
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Table 2. Ammonia production with time from ammonium phosphate fertil

izers by using diffusion can. Wheeler sil, 12.55% CaCO^.

Fert. & Rate Soil
HzO

N H Production in 6 Days
I 2 3 4 5 6 Total

N, g X 10-3/100 g soil % --- NH3, g X 10-8/100 g soil—
MAP(11-48-0)

216 -- 10 178 392 252 113 41 9 985
15 203 302 117 43 21 2 688

— 20 252 228 99 41 14 8 642
• Mean 210 307 156 65 25 6

DAP(18-46-0)
216 -- 10 • 417 790 554 .358. 246 129 2494

— 15 572 703 246 176 70 42 1809
— — — 20 671 777 237 183 104 87 2059

Mean 553 756 342 239 140 86
APP (15-62-0) . .

216 -- 10 122 327 178 52 16 3 698
-— 15 ' 151 196 81 30 12 4 '474
— ,20 205 H O 45 19 12 7 ' 398

Mean 159 211 101 37 . 13 4
UAP(24-42-0)

216 -- 10 320. 1022 925 606 1285 1184 5342
— — — 15 ' 329 813 657 455 379 264 2897

. — — — 20 324 653 450 475 320 302 2524
Mean 324 .829 677 512 661 583

■ Analysis of Variance
Source di M.S. X IO-^
Rep I 5
Fert. (F) • 3 .19767**
Moist. (M) 2 4220**
Day (D) t5- 4032**'
F X M ' 6 • 1384**
F X D i; 993**
M X D K D 413*
F X M X D 3(D 323
Err. (Including 7:L 172
Higher Interactions)
** Sig. at 1% level * Sig. at 5% level
LSD'(.05) = NH3, 257 X IO-8 g/100 g soil
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Table 3. • Ammonia production with time from ammonium phosphate fertil

izers by using diffusion can. Wheeler sil, 10.05% CaCO .

Fert. & Rate Soil
HsO

NH3 Production in 6 Days
I 2 3 4 5 6 Total

N, g X 10-3/100 g soil % - N H 3, g X 10-8/100 g Soil---- ;---
MAP(11-48-0)

216 -- 10 25 75 . .165 30 20 20 335
— 15 40 55 100 25 20 10 250

20 55 30 80 10 10 5 190
Mean 40 53 115 21 16 11

DAP(18-46-0)
216 — - 10 80 ' 205 260 215 170 55 985

15 95 180 175 150 105 40 745
— 20 210 40 •90 90 75 30 535

Mean 128. 141 183 151 116 41
APP (15-62-0)

216 --- 10 20 65 80 15 20 10 210
— 15 35 25 55 . 5 10 5 135
— — — 20 • 40 20 40 0 5 0 105

Mean 31 36 58 6 11 5
UAP(24-42-0)

216 --- 10 90 310 645 495 455 280 2275
— — — 15 . 170 270 590 . 420 360 240 ' 2050
— 20 300 ' 150 530 340 255 105 1680 '

Mean 186 243 588 . 418 356 208
Analysis of Variance

Source df M.S. X 10-2
Rep . I 0
Fert. (F) 3 7384**
'Moist. (M) 2 366**
Day (D) 5 806**
F X M 6 55**
F X D 15 300**’
M X D 10 127**
F X M X D 30 30**
Err. (Including 71 I
Higher. Interactions
** Sig. at 1% level
LSD(.05) = NH3, 20 X 10~8 g/100 g soil
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Table 4. Ammonia production with time from ammonium phosphate fertil

izers by using diffusion can. Amsterdam sil, '9.2,0% CaCO3.

Fert. & Rate Soil
H?0

NH3 Production in 6 Days
I 2 3 4 5 - 6 Total

N, g X 10-3/100 g soil % --NH3 , g X 10-8/100 g soil---
MAP(11-48-0)

216 -- 10 24 30' 130 48 16 53 301
— 15 30 27 125 30 5 7 224

20 45 28 114 23 7 3 220
Mean 33 28 123 33 9 21

DAP(18-46-0)
216 -- 10 156 174 211 174 24 65 ■ 804

— 15 140 195 202 149 36 . 69 791
— —— 20 165 156 141 64 23 5 554

Mean 153 175 184 79 28 46
APP (15-62-0).

216 — — 10 32 48 . 30 39 16 12 • 177
— — — 15 37 . 14 30 23 5 3 112
— 20 43 12 12 10 5 5 87

Mean 37 24 24 24 8 6
UAP(24-42-0)

■ 216 -- 10 174 408 730 464 279 278 2333
—- 15 -158 ‘ 333 599 648 300 169 2207
— 20 147 ■ 331 667 . 273 214 187 1819

Mean 159 357 665 461 264 211
Analysis of Variance

Source df M.S. X 10-2
Rep I • 0
Fert. (F) 3 9337**
Moist. (M) 2 74
Day (D) 5 1188**
F X M . 6 11
F X D 15 561**
M X D 10 21
F X M X  D 30 26
Err. (Including • 71 44
Higher Interactions).
** Sig. at 1% level
LSD(.05) = NH3, 129 X IO"8 g/100 g soil
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Table 5. Ammonia production with time from ammonium phosphate fertil
izers by using diffusion can. Amsterdam sil, 5.50% CaCO3.

Fert. & Rate Soil
H?0

NH3 Production in 6 Days
I 2 3 4 5 6 Total

N, g X IO-VlOO g soil % --NH3, g X IO-tiAO O  g soil--------
MAP(11-48-0)

216 -- 10 25 27 41 32 21 0 146
— 15 36 27 23 12 16 0 .114
—— — 20 37 16 • 12 7 5 0 77

Mean 33 23 25 17 14 0
DAP(18-46-0)

216 -- 10 142 136 140 • 118 64 32 632
—  — 15 167 140 63 133 59 32 594

- —  — 20 169 104 59 124 37 7 500
Mean 159 126 87 125 53 23

APP(15-62-0)
216 -- 10 25 30 26 21 18 0 120

— 15 39 13 12 9 9 0 82
— 20 41 21 . 7 3 5 0 77

Mean 35 21 15 10 10 0
UAP(24-42-0)

216 -- 10 142 194 250 628 297 212 1723
—  — 15 188 221 192 628 313 192 1734
— T™ 20 169 .196 162 378 240 165 . . 1310

Mean 166 203 201 544 283 189
Analysis of Variance

Source df M.S. X IO-2
Rep I 2
Fert. (F) 3 ■ 4885**
Moist. (M) 2 15*
Day (D) 5 392**
F X M 6 48**
F X D 15 337**
M X D . . 10 30**
F X M X D 30 19**
Err. (Including 71 4 '
Higher Interactions)
** Sig. at 1% level * gig. at 5% level
LSD(.05) = NH3, 39 X IO-8 g/100 g soil
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Table 6. Ammonia production with time from ammonium phosphate fertil
izers by using diffusion can. Bainville cl, 5.00% CaCOg.

Fert. & Rate Soil
H p O

NH3 Production in 6 Days
I 2 3 4 5 6 Total

N, g X 10-3/100 g soil % --NH3 , g X 10-8/100 g soil---
MAP(11-48-0)

.216 -- 10 125 109 116 128 3 3 484
— 15 130 159 16 109 3 3 420
— 20 158 59 3 107 25 3 355 '

Mean 137 109 45 114 10 3
DAP(18-46-0)

216 —— .10 . 227 188 150 275 7 5 852
— 15 176 182 100 273 50 5 786
— ”™ 20 165 123 66 125 12 0 491

Mean 189 164 105 ' 224 23 3
APP(15-62-0)

216 --- 10 43 25 30 .. 134 9. 0 . 241 .
15 37 19 10 16 5 0 87

— 20 16 • 14 10 9 ' 34 0 83
Mean 32 19 15 53 16 0

UAP(24-42-0)
216 -- 10 . 293 270 433 442 148 178 1764 .

15 ' 177 177 306 378 50 48 1136
20 154 122 247 344 39 16 922
Mean 208 189 ' 328 388 79 79
Analysis of Variance

Source df M.S. X 10-2
Rep • ■ I 68
Fert. (F) 3 2354**
Moist. (M) 2 371**
Day (D) 5 1080**
F X M 6 69*
F X D 15 200*
M X D 10 40
F X M X D 30 17
Err. (Including 71 21
Higher Interactions)
** Sig. at 1% level * sig. at 5% level
LSD(.05) = NH3, 88 X 10“s g/100 g soil
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Table 7. Ammonia production with time from ammonium phosphate fertil

izers by using diffusion can. Danvers cl, 3.20% CaCO3.

Fert. & Rate Soil NH1 Production in 6 Days
H9O I 2 3 4 5 6 Total

N, g X 10-3/100 g soil 
MAP(11-48-0)

% - -NH3,. g X 10-8/100 g soil---

216 — - 10 21 16 • ■■ 14 ■ 4 7 3 65
— 15 10 21 34 0 ■ 5 4 74
— 20 21 16 14 0 5 4 60

DAP(18-46-0)
Mean 17 17 20 I 5 3

216 -- 10 . 124 122 75 45 18 I . 385
— — — 15 61 115 36 9 3 4 228

20 122 93 28 7 5 2 257

APP(15-62-0)
Mean 102 H O • 46 20 8 2

216 -- 10 25 19 ' 19 18 3 I 85
— — — 15 25 18 18 . 0 . 3 3 67
— — — 20 . 25 . 21 9 I 0 3 59

UAP(24-42-0)
Mean 25 •19 15 6 2 2

216 -- 10 143 594 568 277 149 82 ■ 1813
15 167 703 268 90. 99 79 '1406

—— — 20 302 626 185 88 ..55 48 1304

Source
Rep
Fert. (F)
Moist. (M)
Day (D)
F X M  
F X D  
M X D  
F X M X D  
Err. (Including 
Higher Interactions)

Mean 204
Analysis of 

df
1
3
2
5
6 
15 
10 
30 
71

641 340.
Variance.

151 101 69

M.S. X 10-2 
189** 

4768** 
122** 
1050**
52
609**
' 68*
51*
28

** Sig. at 1% level * sig. at 5% level
LSD(.05) = NH3, 101 X 10~8 g/100 g soil
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Table 8. Ammonia production with time from ammonium phosphate fertil

izers by using diffusion can. Judith cl, 3.04% CaCO3.

Fert. & Rate Soil
H5O

NH3 Production in 6 Days
I 2 3 4 5 6 ■ Total

N, g X 10-3/100 g soil % - N H 3, g X 10-8/100 g soil-------- -
MAP(11-48-0)

216 -- 10 2 2 4 4 4 2 18
——— 15 2 2 4 2 2 . 0 12
—— — 20 2 2 4 2 2 0 12

Mean 2 2 ■ 4 2 2 0
DAP(18-46-0)

216 -- 10 . 36 52 52 28 37 41 246
— 15 48 25 21 9 2 2 107

20 75 21 12 2 2 2 114
Mean 53 32 28 13 13 15

APP(15-62-0)
216 -- 10 5 . 5 8 7 6 7 38

— 15 5 4 • 5 5 2 0 21
— — — 20 5 2 4 2 2 I 16

Mean 5 3 5 4 3 3
UAP(24-42-0) •

216 -- 10 34 126 178 376 482 590 1786 .
— — — 15 61 81 174 184 138 167 805
— — — 20 50 133 153 284 153 181 954

Mean 48 ■113 168 281 251 312
Analysis of Variance

Source df M.S. X 10-2
Rep I 0
Feft. (F) • 3 3176**
Moist. (M) 2 352**
Day (D) 5 119**
F X M 6 205**
F X D 15 183**
M X D  . 10 62**
F X M X D 30 58**
Err. (Including 71 4
Higher Interactions)
** Sig. at 1% level
LSD (.05) = NH3, 39 X K T 8 g/lOO .g soil
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Table 9. Ammonia production with time from ammonium phosphate fertil
izers by using diffusion can. Post cl, 0% CaCO3;-

Fert.. & Rate Soil
HaO

NH3 Production in 6 Days
I 2 3 4 5 6 Total

N, g X 10-3/100 g soil % --- NH3, g X 10-8/100 g soil—
MAP(11-48-0)

216 ——— .10 9 7 9 5 3 0 33
-— 15 7 5 7 2 2 0 21
—- 20 5 5 7 7 2 0 26

Mean. 7 5 7 4 2 0
DAP(18-46-0)

216 -- 10 185 178 171 212 54 12 812
— 15 138 97 138 149 45 8 575

.20 165 79 88 126 48 2 508
'•* Mean 162 123 132 162 51 7
APP(15-62-0)

216 — — 10 9 16 12 23 2 0 62
-— 15 9 16 7 14 2 0 48
——— .20 9 16 7 16 3 0 51

.Mean 9 16 8 17 2 0
UAP (24-42-0)

216 • -- ’ 10 147 2750 2833 4178 3576 3175 16659
-- 15 201 2160 2463 3953 3634 3434 15845
— „ 20 - 313 1134 2408 3211 3058 2745 . 12869

■ Mean 220 2014 2568 3780 3422 3118
Analysis oiF Variance

Source dJE M.S. X 10-2
Rep L 9
Fert. (F) 3 554765**
Moist. (M) 2 4328**
Day (D) 5 23869**
F X M 6 3734**
F X D I! 25359**
M X D K D 482**
F X M X D . 3(D 422**
Err. (Including . 7:L 50
Higher Interactions)
** Sig. at 1% level
LSD(.05) = NH3, 137 X IO-6 g/100 g soil
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Table 10. Ammonia production with time from ammonium phosphate fertil
izers by using diffusion can. Amsterdam sil, 0% CaCO3.

Fert. & Rate Soil
HpO

NHp Production in 6 Days
I 2 3 4 5 6 Total

N r g X 10-3/100 g soil % - N H 3, g X 10-8/100 g soil--------
MAP(11-48-0)

216 -- 10 I 4- - 5 2 0 0 12
-— 15 4 I 2 0 0 0 7
— 20 6 I 0 0 0 0 7

Mean 3 2 2 ' 0 0 0
DAP(18-46-0) -

216 -'— 10 22 15 10 5 15 10 . 77 .
— — — 15 25 10 10 5 0. 5 55
— 20 35 5 5 5 5 0 55

Mean 27 10 • 8 5 6 5
APP(15-62-0)

216 -- 10 0 4 5 0 0 0 . 9
— — — 15 'I' 2 ■ I. 0 0 0 4
—— — 20 3 I 0 0 0 0 4

Mean I 2 2 0 0 0
UAP(24-42-0)

216 -- 10 32 270 430 490 495 300 2017
™™™ . 15 91 195 365 . 365 390 270 1676

20 149 130 245 270 285 145 122.4
Mean 90 198 '346 341 390 238
Analysis of Variance

■Source df M.S. X 10-2
Rep I I
Fert. (F) ' 3- •6441**
Moist. (M) •• 2 136**
Day (D) 5 182**
F X M ■ 6 125**
F X D 15 222**
M X D 10 26**
F X M  X D ' 30 19**
Err. (Including . 71 I
Higher Interactions) ■
** Sig. at 1% level
LSD(.05) = NH3, 8 X IO-8 g/100 soil



Table 11. Ammonia sorption with time by spring wheat seed or seedling 
from ammonium phosphate fertilizers in diffusion can. 
Amsterdam sil, 0% CaCO_
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Fert. & Rate Soil NH^ Sorption/seed or seedling in 6 Days
H2O i V 2̂ 3a/ 42/ 52/ 6—/ Total

N, g X 10-3/ % / y a IU J ’
100 g soil

MAP(11-48-0)
216 -- 10 50 45 0 0 0 0 95

—— — . 15 100 5 15 0 0 0 120
“ —“ 20 225 30 0 0 0 0 255

Mean 125 26 5 0 0 0
DAP(18-46-0)

216 --- 10 200 100 25 50 25 25 425
— -- 15 200 100 50 25 25 25 425
— —- 20 . 250 50 50 25 25 0 400

. Mean 216 83 41 33 25 16
APP (15-62-0) I

216 -- 10 100 5 0 0 0 0 105
“ — 15 125 10 0 5 0 0 135'
— 20 175 5 0 0 0 0 180

Mean 133 6 0 I 0 0
UAP(24-42-0)

216 --- 10 ’ 175 . 1075 1275 750 325. 275 3875
— 15 200 ‘ 1200 • 1400. 850 400 275 3725.
— 20 275 1250 1575 1025 600 400 5125

Mean. .216 1175 ' 1083 541 441 316
Analysis of Variance

Source df M.S.. X 10-3
Rep ' I I.
Fert. (F) 2 4463**
Moist. (M) • 3 ■ 46**
Day (D) 5 304**
F X M 6 30**
F X D  . 15 ' 401**
M X D 10 2
F X M X D 30 2
Err. 71 I
(Including Higher Interactions)

I/ NH3 desorption by spring wheat seed 
2J NH3 absorption by spring wheat seedling 
** Sig. of 1% level
LSD(.05) = NH3, 59 X IO-9 g/100 g soil
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ill

Ammonia sorption with time by spring wheat seed or seedling 
from ammonium phosphate fertilizers in diffusion can. 
Wheeler sil,. 10.05% CaCCL.

Fert. Se Rate Soil NH^ Sorption/seed or seedling in 6 Days
H20 ll/ 22/ 32/ 4—/ 5—/ s2/ Total

N, g X 10-3/ INno z y A
100 g soil

MAP(11-48-0)
216 -- 10 ' 175 525 625 125 75 0 1525

• 15 175 425 675 150 ,100 50 1575
— — — , 20 275 325 750 100 100 50 1300

Mean 208 425 650 125 91 .33
DAP(18-46-0)

216 -- 10 150 525 800 400 300 50 2225
— 15 250 650 800 525 350 75 2650
— 20 . 275 425 850 650 400 125 2725

Mean 225 533 816 525 350 83
APP(15-62-0)

100216 -- 10 " 400 125 250 25 0. 900
15 . 175 150 . 300 50 75 25 775

— 20 275 125 400 25 25 0 850
Mean 250 ■ 133 316 33 66 8

UAP(24-42-0)
216 -- 10 • 150 1125 3100 2200 1350 825 8750

——” 15 . 200 1300 3775 2225 1675 900 10075
—— — .20 300 ' ■ 1450 3350 2750 2025 1000 10875

* Mean 216 ' 1291 3408 2391 1683 908
Analysis of Variance

Source df M.S. X 10“ 3
Rep I . ■ 4
Fert. (F) 2 '17623**
Moist. (M) 3 • 180**
Day (D) 5 3817**
F X M • 6 78**
F X D 15 ■ 1565**
M X D 10 17**
F X M X D .30 .. 24**
Err. 71 ■ I
(Including Higher Interactions)

NHi
NH-

V
2/ „ 
** Sig. 
LSD(.05)

desorption by spring wheat seed 
absorption by spring wheat seedling 
at 1% level
= NH3, 59 X 10-9 g/100 g soil
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Table 13. ■Ammonia sorption with time by spring wheat seed or seedling 
from ammonium phosphate fertilizers in diffusion can. A 
combined analysis of variance for Amsterdam si. I., 0% CaCO^ 
and Wheeler sil, 10.05% CaCO . Data in tables 11 & 12.

Combined Analysis of Variance

Source df M.S. x 10
Rep I . I
Soil (S) I 1162**
Fert. (F) 3 1985**
Moist. (M) 2 20**.
Day (D) 5 291**
S x F 3 .. 224**
S x M 2 3
S x D 5 121**
F x M . '6 10**
F x D 15 160** •
M x D 10 I
S x F x M 6 I -
S x F x D 15 40**
S x M x D 10 I
F x M x D 30 2
S x F x M x D 30 I
Err. (Including Higher 

Interactions)
143 I

** Sig. at 1% level

•>



133
Table 14. Effect of ammonia from di-ammonium phosphate fertilizer

(DAP:18-46-0) on spring wheat seed or seedling development 
in soil can— closed system for 6 days. Amsterdam sil, 
9.20% CaCO3.

NH3 Concl// Coleoptile/
N-Rate/ Soil seed or Radicle/seedling seedling• Total
IOOg soil H?0 seedling No Length Length Fresh Wt.
g X 10-3 % g X 10-8 # cm cm g

0 -- 15 . 90 42 124 118 25
—- 20 95 36 99 124 29

25 : 103 37 99 140 35
30 155 • 41 69 126 33
Mean 111 39 98 127 30

56 -- ■ 15 319 . 27 20 20 11 ■
— — — 20 233. 28 30 47 14
-- 25 292 30 50 77 19

30 291 32 72 . 137 26
. Mean 284 32 43 70 18

112 -- 15 514 I 4 9 7
— — 20 471 . 9 I 4 9
-- „ 25 600 19 . 0 12 12
—- 30 535. 17 3 17 10

Mean 530 12 2 11 9 ,
224 " -— ’ 15 771 0 0 ■ 0’ 7

— 20 900 0 0 0 6
— — — 25 . ' 886 0 0 0 7
— 30 1007 0 0 0 7

Mean 895 0 0 . . 0 6
LSD(.05) ; 45 8 6 9 . 5

Analysis of Variance
Source df . M.S. X lo-i
Rep I 376** I I 3 I
Rate (R) 3 91409** 259** 1684** 2769** 93**
Moist. (M) 3 1019** 4** 4** 174** 5**
R X M 9 604** 5** 680** 118** 3*
Err. 15 • 44 I I 2 I
(Including Higher Interactions)

I/ '—  NH3 determination by distillation technique 
** Sig. at 1% level * Sig. at 5% level
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Table 15. Yield and physiological effects of spring wheat seeds and/ 

or seedlings as affected by ammonium phosphate fertilizers 
banded with seeds in growth chamber experiment on Amsterdam 
sil, 5.5% and 9..2% CaCO^.

% CaCO^ Content
"  ' .Soil Fresh wt. Dry wt. NH3 in Plants
Fert. & Rate H2O 5.5% 9.2% 5.5% 9.2% 5.5% 9.2%

-3N z g x 10 /pot % — g x 10 /pot—
.... Days—

Check — — 15 137 H O 57 47 544 310
— 20 141 H O 51 48 401 385
— - 25 127 125 52 55 329 602

MAP(11-48-0)
108 — 20 99 99 50 57 989 1155
162 — 20 104 86 56 53 1335 2059

DAP(18-46-0)
108 " 20 108 105 55 56 1194 1520
162 — — 20 92 99 57 ■ 51 2046 1918

APP(15-62-0)
108 — — 20 100 ’ 103 55 55 779 841
162 20 114 92 59 52 732 1591

UAP(24-42-0)
108 — 20 102 86 48 52 2137 2562
162 — 20 97 ■ 86 57 51 2067 2416

(I T-X-.T,-

Check — — 15 247 215 43 51 91 86
— 20 268 235 41 51 85 106
— 25 299 ■ 223 40 51 . • 75 89 •

MAP(11-48-0) -
54 — 15 241 253 46 44 731 774

— 25 196 • 199 47 43 731 1009
162 — — 15 • 187 214 46 46 1088 1275

— 25 142 159 49 47 1099 1284
DAP(18-46-0)

. 54 — 15 180 254 63 46 1118 1087
— — 25 188 229 47 44 826 969

162 — — 15 136 . 192 47 45 1531 1422 .
— — 25 140 187 45 43 1245 1390

APP(15-62-0)
‘ 54 — — IS- 251 • 273 46 41 517 605

—— 25 216 255 45 41 455 476
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Table 15 continued

% CaCOg Content
Soil Fresh wt. Dry wt.-L NHg in Plants-'

Fert.- & Rate H2O 5.5% 9.2% 5.5% 9.2% 5.5% 9.2%
N , g x 10 3/pot % -3

----  -g x IQ /pot ------

APP(15-62-0)
162 15 181 225 46 47 785 928

— — 25 .. 126 201 38 48 719 845
UAP(24-42-0)

54 — 15 204 240 51. 42 1113 1215.
— 25 178 . 200 44 44 1040 1113

162 15 - 111 145 47 43 2492 2129
— 25 103 126 46 40 2437 2205

I-X

C h e c k  — 15 300 247 40 43 154 223
— 20 ■ 320 .311 39 41 - 161 160
— 25 345 285 46 38 143 204

MAP(11-48-0)'

CJl I I 20 . 322 319 43 41 131 115
108 20 290 285 45 47 444 199
216 20 ' 213 . ' 182 46 45 453 627

DAP(18-46-0)
5.4 — 20 3’41 347 42 " "45 178 280

108 . 20 265 318 46 45 184 203
216 20 233 195 45 47 521 520

APP(15-62-0)
5.4" , — 20 " 376 306 46 46 112 76

■108 ; 20 • 307 280 49 44 184 246 ’
216 1 " — " 20 - 171 ■■ 258 44 46 482 339

UAP(24-42-0) Im 20 ■ 351 291 46 43 " 144 117
108 2 0  . . 208 216 ' 49 43 316 425
216 20 132 145 40 43 695 585

C h e c k 15 364 . 363 59 56 94 128
— — 20 334 315 59 39 . H l 64

25 388 331 43 47 • 89 60
MAP(11-48-0) ■

54 — 15 277 288 73 - 44 240 145 -
— — 25 . 430 376 53 43 289 279



136
Table 15 continued

% CaCO3
Soil Fresh wt. Dry wt.l NH3 in Plants-

Fert. & Rate H^O 5.5% 9.2% 5.5% 9.2% 5.5% 9.2%
-3Nf g x 10 /pot % - —  -g x 10 /pot-------

MAP(11-48-0)
162 —  — 15 267 327 54 62 - 382 345

25 339 315 51 56 417 490
DAP(18-46-0)

54 — 15 340 337 68 67 217 262
— — 25 • 413 379 63 39 427 202

162 — 15 262 232 61 61 464 474
— — 25 ' 360 413 58 47 806 . 567

APP(15-62-0)
54 — 15 319 371 76 61 200 171

— -25 497 435 64 42 177 158
162 — — 15 286 384 59 75 303 233

25 448 401 67 50 333 324
UAP(24-42-0)

54 — 15 292 275 61 59 358 368
— 25 .363 308 65 44 460 485

162 ’---- 15 154 195 53 59 767 1268
— 25 -223 ’ 229 52 75 874 1146

I f - T - S . .

Check — — 15 289 . 337 67 65 ■ 123 . 106
— 20 320 352 . 65 61 143 147 ’
— 25 . .461 401 . 68 •• . 66 74 83 ■

xMAP(11-48-0)
54 ' -- 20 . 353 . 366 67 67 322 214
162 :—  ' 20 352 387 63 . 64 159 247

DAP(18-46-0)
. 54 . — 20 343 '337 58 72 275 429

* 162 —  — 20 ■ 264 ' .358 75 67 242 ' 279
APP(15-62-0)

54 — — 20 • 385 ■ 371 67 69 140 235
162 — 20 358 379 62 75 177 244

UAP(24-42-0)
54 — 20 255 301 47 55 ' 627 936
162 — 20 233 243 41 44 614 830

IpIant dry wt. obtained after "Distillation Technique".
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Table 16. Growth of spring wheat seedling in growth chamber experiment

■as affected by ammonium phosphate fertilizers on Amsterdam
sil, 0% CaCOg and Wheeler sil, 10.05% CaCOg. 6 Days.

Soil
H2O

% CaCO3 (Content
Fert. & Rate Root Top Total

0% 10.05% 0% 10.05% 0% 10.05%
■N»,. g -X--IO-3Zpot % -ury we./ g A J.<J ' ̂ /pOu--— — -
MAP(11-48-0)

54 -- 15 416 169 449 216 865 430
— — 25 496 235 . 384 300 879 535

216 -- 15 <4.06 172 420 205 825 • 377
— 25 434 189 435 198 869 387

DAP .(18-46-0) Mean 438 191 . 422 230 860 432
54 -- 15 308 191 344 198 651 389

— —— 25 ■ 385 225 322 186 717 410
216 -- 15 . 289 290 181 113 470 352

—  — 25 210 172 269 232 479 403
APP(15-62-0) Mean 298 .220 279 182 574 389

54 -- 15 429 28.2 424 276 853 558
— — 25 .424 352 434 317 857 668

216 —— 15 361 275 399 270 760 545
25 394 ' 298 396 290 790 553

UAP(24-42-0) Mean 402 302 413 288 815 581
54 -- 15 206 166 227 186 432 •352

— — — 25 228 176 201 196 429 372
216 -- 15 234 344 125 000 359 - 344

— 25 224 380 198 000" ■ 415 380
Mean 223 267 188 96 409 362

LSD(.05) 127' 85 21 85 64 64 . •
Analysis of Variance

Source df ' M.S. X IO-3 ' •
Block I 3 I 3 . ■ I- 2 . ' I
Fert. (F) 3 77** 16* • ioi** 53** ‘ 356** 104**
Rate (R) I 15 10* 16* 40** 65** 7*
Moist. (M) I 3 I I 8 6* 31**
F X R 3 ' 4 23** 5 13** 14** 5*
F X M • 3 I . 3 I I I 4*
R X M I 5 4 9 I I I -
F X R X M 3 3 3 2 4 • I 2
Err. (Including 15 4 2 3 2 I I '
Higher- Interactions)

**.Sig. at 1% level • * Sig . at 5% level
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■ Table 17. Growth of spring wheat seedling in growth chamber experiment

as affected by ammonium phosphate fertilizers on Amsterdam
sil,' 0% CaCO^ and Wheeler sil, 10.05% CaCO . 12 Days. '

Soil
HgO

% CaCO^ (Content
Fert. & Rate Root Top Total

0% 10.05% 0% 10.05% 0% 10.05%
N, g X 10-3/pot % ' ---- -.L.---— ------Dry wt., g X 10-3/pot— -----
MAP(11-48-0)

54 -- 15 711 257 781 449 1137 706
25 581 356 652 427 1233 783

•216 -- 15 411 302 549 330 958 631
— 25 457 322 543 • 421 1000 742 '

DAP(18-46-0) Mean 540 309 631 407 1082 716
54 -- 15 411 258 442 310 753 568

— 25 489 314 432 302 921 615
216 -- 15 352 285 365 359 716 644

—- 25 473 216 421 381 757 627
APP(15-62-0) Mean 431 268 415 338 • 787 614

54 -- 15 517 393 893 378 1163 771
— —— 25 782 423 661 468 1442 891

216 -- 15 500 405 530 414 1030 818
25 537 408 600 444 1137 852

UAP(24-42-0) • Mean 584 407 ■ 671 426 1193 833
54 -- 15 268 225 464 282 731 502

— — — 25 320 281 . 355 246 675 . . 527
216. -- 15 286 " " 312 347 234 . 632 535

25 362 • 315 294 302 655 616
Mean 309 283 365 266 673 545

LSD (.05) 85 85 127 .85 85 64
Analysis of Variance

Source ' df m .s : x IO-3
Block" I I 2 " i • I 3 . 4
Pert. (F) •3 106** 30** 145** 43** 458** 126*
Rate (R) I 29** I 77** I 201** I
Moist. (M) • I 73** 7 3 7 5 29*
F X R 3 11** 2 6 5 11* 6**
F X M 3 7* I 8 I 15** 2
R X M I 29** 7 •11 . 4 4 I
F X R X M 3 6 I . " I 3 5 2 .
Err. (Including 15 . 2 . .2 4 2 2 I
Higher Interactions)
** Sig. at 1%' level * Sig. at 5% level •
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Table 18. Growth of spring wheat seedling in growth chamber as affected

by ammonium phosphate fertilizers on Amsterdam sil,. 0% CaCO 
and Wheeler sil, 10.05% CaCO3. 6 Days. 3

Soil 
H2O ■

% CaCO2 Content
Fert. Sc Rate Root Top Total

0% 10.05% 0% 10.05% 0% 10.05%
N, g X -IO--Vpot. g X ID--jZpoz— ----
MAP(11-48-0)

54 — — — 15 1476 853 2037 863 3513 1716
— 25 .2083 917 2011 1200 4034 2134

216 — — 15 1367 688 1910 820 3308 1507
25 1482 758 1992 848 3474 1606

DAP(18-46-0) Mean 1602 804 1988 933 3582 1741

IIIm 15 1225 881 1375 554 2600 1435
— 25 1547 ' 698 1288 410 2835 1103

216 -- 15 1157 363 725 326 1882 689
— — — 25 1277 437 689 320 1916 757

APP (15-62-0) Mean 1302 595' 1019 403 2308 996

S I 15 1801 1352 2004 .1101 3805 2228
— 25 2144 1409 2121 1268 4266 2676

216 -- 15 1547 1102 1930 1104 3477 2255
— 25 1471 ' 1193 1875 1159 3346 2351 ■

UAP(24-42-0) ■ Mean 1741 .. 1264 1983 1158 . 3724 2378
54 -— 15 1123 395 . 1217 923 2340 1318

— — — 25 1368 374 1368 574 2736 . 948
•216 ' , ' ■— 15 ' 574 528 .452 000 1026 ' 528

— 25 508 590 545 000 1053 589
Mean 893 472 896 374. 1789 846

LSD(.05) 382 330 375 335 ' 306 232
■ Analysis' of Variance

Source df M.S. X 10~3
Block I - ' 4 94 19 6 ’ 5 121**
Fert. (F) 3 1895** 833** 375** 1221** 10584** 4026**
Rate (R) I 660** 129** 692** 667** 2699** 1340**
Moist. (M) I 286 * 26 4 8 365** 29
F X R 3 34 107* 128* 194* 69 76**
F X M 3 19 - 20 14 . 54 17 111**
R X M I ' 241 2 I 6 287* 3
E X R X M 3 7 17 6 41 5 94**
Err. (Including • 15 34 24 31 . 25 21 12
' Higher Interactions)
** Sig. at 1% level ' * Sig. at 5% level
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'Table 19. Growth of spring wheat seedling in growth chamber experiment

as affected by ammonium phosphate fertilizers on Amsterdam
sil, 0% CaCOg and Wheeler sil, 10.05% CaCO . 12 Days.

Soil
H2O

% CaCO3 Content
Fert. & Rate Root Top Total

0% 10.05% 0% 10.05% 0% 10.05%
V.N, g x 10-3/pot % g X 10-’■ - ‘ i irssn Wu«f ■VPOt— ---
MAP(11-48-0)

54 -- 15 1424 1019 3227 1802 4651 2821
— — T 25 3000 1424 2740 1710 5740 3133

216 -- 15 1446 1105 1635 1271 3080 2376
— 25 1823- ' 1286 ' 1719 1235 3541 . 2521

DAP(18-46-0)' Mean 1923 1209 2330 1505 4253 2713IS 15 1660 904 2110 1793 3770 2697
— 25 2587 1649 2325 1740 4917 3439

216 “— 15 1404 798 1449 1189 2853 1987
— 25 1311 732 . 1739 1384 3050 2115

APP(15-62-0) ' Mean 1741 1021 1906 1552 3648 2560
54 -- 15 2032 ■ 1572. ' .2279 1524 ■ 4311 3096

— — — 25 3130 2212 3144 1866 6273 4078
216 -- 15 2255 1308 1970 1417 4184 2724

— — — 25 2799 2001 2631 1681 5430 3682
UAP(24-42-0) Mean 2554 1773 2506 1622 5050 3395

54 .-- 15 1075 - 1071 2402 1280 3472 ' 2351
— —— 25 1585 1730 • 2162 1911 3747 3591

; 216 ' — 15 ■ 10.15 ' 848 .1221 ■ 747 2236 1596
— “ — 25 1409 867, 1160 1132 2569 1999

Mean 1271 ' 1129 1736 1268 3006 2384
LSD(.05) 618 : 448 639 362 - 426 341

• ' Analysis' of Variance * .

Source df -• M.S. X 10"3
Block I . 17 ' 31 3 22 ' 6 I
Fert. (F) 3 2215** 903** 1033**’ 181** • 6072** 1566**
Rate (R) I 1184** 868** 5884** 1595** 12349** 4817**
Moist. (M) I 3617** 1342** 221 334** 5629** 3015**
F X R 3 23.3 120 340* 92 673* 287**
F X  M • . 3 157 60 . • 398* 128* 603** 233**
R X M I 1011** 328* 47 I 625** 337**
F X R X M - 3 122 77 52 22 . 94 72
Err. (Including 15 86 44 90 31 41 27
Higher Interactions)

** Sig. at 1% level * Sig. at-5% level
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Table 20. Characteristics of spring wheat seedlings grown for 15 days

in the greenhouse from seeds subjected to ammonia from 
NH4OH on the first and fourth day after moistening seeds. 
Amsterdam sil, 5.50% CaCO .

- NH4OH 
cone.

Soil
H2O

Day of Subjecting to NH3
■Fresh Wt. Dry Wt. ■ Plant Ht.

1st. 4th. 1st. 4th. 1st. 4th.
NH3, g X 10~8 % -g X IQ"- ______ -- cm X 10“J----

0 ---- 15 1835 1235 390 188 125 145
— 20 2415 1440 430 273 145 150
— — . 25 2585 1450 475 212 165 150

Mean 2278 1375 432 224 145 148

25 .-- 15 1860 1100 ■ 410 155 135 135
20 2480 1285 363 238 145 150
25 2490 1420 415 215 135 150
Mean. 2277 1268 396 203 138 145

• 50 •’ 15 1960 1120 358 195 135 115
--- 20 2460 1330 445 240 140 150
— 25 '2390 1615 470 230 145 160

Mean 2270 . 1355 424 222 140 143

75. -- 15 2370 1200 430 175 140 135
;-- 20 2450 1245 405 240 150 125

25 . 2735 1370 490 180 155 • 120
Mean 2518 1272 442 198 148 127

100 -- 15 2190 1125 305 168 140 H O
— — — 20 2375 1215 405 220 " 150 120
• — — — ■' 25 2950 1365 520 185 ' 170 ■ 135 .

Mean 2475 1235 410. 191 . 153 . 122
LSD(.05) ■ 343 365 165 64 • 26. 33

Analysis of Variance
Source df M.S. X 10-3
Rep I .187** 30 4 I 300 12033*
Cone. (C) 4 97 8 , 3 I 1000 6500
Moist. (M) . 2 939** 218** 14 5 21233** 13900*
C X M 8 ■ 19 62 9 2 775 5275
Err. (Including 14 ■ 25 ■ 31 ' 6 I 1514 2390
Higher Interactions) -
** Sig. at 1% level * Sig. at 5% level..
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Table 21. Characteristics of spring wheat■seedlings grown for 15 days

in the greenhouse from seeds subjected to ammonia from NH4OH 
on the first or fourth day after moistening seeds.
Amsterdam sil, 9.20% CaCO .

Soil Day of Subjecting to NH 3
... NH40H - HgO Fresh Wt. -Dry Wt. Plant Ht.

cone. 1st. 4 th. . 1st. 4th. 1st. 4th.
NH3, g X 10-8 % g X 10-3- -- -- cm X H O I H I I I I

0 - ——— 15 1765 1180 335 168 155 135
*-- 20 2085 1350 348 225 160 160
— 25 2395 1495 488 215 . 175 170

Mean 2082 1342 390 213 163 157

25 -- 15 1950 ' 1265 300 . 205 135 145 "
— 20 2530 1615 500 270 165 160
— — — 25 2435 1400 390 215 160 150

Mean 2305 1427 397 230 153 152

50 -- 15 1885 1185 410 208 135 120
20 2455 1210 455 240 160 145.

— — — 25 2575 1750 450 270 175 175
Mean 2305 1380 438 239 157. 147

75 -- 15 1920 1350 ■ .418 228 140 ' . 145 '
■ —  — 20 2545 1120 498 203 165 115
---* •25 2475 1610 ' 355 • 205 165- ■ 160

Mean 2313 1360 424 212 157 140

100 -- 15 2165 1200 405 185 145 130
— 20 2495 1420 420 250 165 130
— — — 25 2640 '1380 505 190 175 130

Mean 2433 1333 ■■ 443 208 162 130
LSD(.05) "686 - 794 43 • 64 . -24 26

Analysis of Variance
Source df M.S. X 10-3
Rep I 95 11 5 I 4033 833
Cone. (C) 4 90 22 2 I 2250 8617**
Moist. (M) 2 849** 207** 21* 11* 9100** 6300*
C X M 8 45 11 3 4*. . 1475 2967
Err. (Including 14 107 14 4 I 1318 1476
Higher Interactions)

. ** *  • Sig. at 1%'level Sig. at 5% level
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Table 22. Growth of spring wheat grown for 49 days in greenhouse ex

periment as affected by ammonium phosphate fertilizers and
KNO3
CaCO3

nutrient solutions on Amsterdam sil,.5.5% and 9.2%

Fert. & Rate Soil % CaCO3 1Content
,.+ Nutrient Sol. Root " Top Touai
(Ni or N2)~//

#2 u
5.5% 9.2% 5.5% 9.2% 5.5% 9.2%

%in , g a  J.U /pot —Dry wu., g A  J.U 4V P O T : -------- -

MAP(11-48-0)
54 + N^ •-- 15 70 55 220 165 290 220

25 ' 30 60 190 150 220 210
54 N2 . — —— . 15 .95 55 340 .220 435 275 .

— 25 75 65 265 220 340 285
216 + Ni -- 15 115 75 345 475 460 550

—  — 25 105 65 435 ■ 390 540 455
216 + N2 -- 15 95 75 575 475 670 550

— 25 ■ 85 55 495 325 ■ 580 380
' Mean 84 63 • 358 ' 303 442 366DAP(18-46-0)

54 + Ni ---- 15 65 50 215 190 280 240
—  —  — 25 75 50 320 165 395 215

54 + Ng ---- 15 55 45 135 160 190 205
— -- 25 60 ' 45 140 165 200 210

216 +  Ni ---- 15 70 50 455 350 525 400
— 25 60 40 330 310 390 350

2.16 +  Ng ---- 15 115 • 30 •• 620 ■ 295 735 325
— —  — 25 95 55 490 270 585 325

Mean ■ 74 46 338 238 412 284APP(15-62-0)
54 + Ni ---- 15 75 45 215 . 190 290 235

—  —  — 25 60 55 210 195 270 250
54 + Ng ---- 15 55 40 280 ' ' 215 335 255

—  —  “ 25 65 40 255 150 320 190
216 + Ni ---- ' 15 105 75 530 515 ■ 635 590

25 100' 45 390 400 490 445
216 +  Ng ---- 15 115 75 , 535 530 650 605

25 80 80 515 420 595 500
Mean 82 57 366 327 448 384UAP (24-42-0)

54 +  Ni ---- 15 55 45 205 215 260 260
. 25 ’ 55 50 185 190 240 240

54 +  No ---- 15 70 60 180 205 250 265
25 80 50 260 160 340 210
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Table 22. continued
Fert. & Rate 
+ Nutrient Sol.
(N]_ or N g ^

Soil
H2O

% CaCO1 Content
Root Top Total

5.5% 9.2% 5.5% 9.2% 5.5% 9.2%
% ’IN/ y A _LV u/pu u Cf A IU

UAP(24-42-0)
216 + N1 -- ' ■ 15 70 30 485 215 555 245

— .25 65 • 30 350 190 415 220
216 + N2 -- 15 50 ■ 15 425 160 475 175

— — — 25 45 30 370 195 415 225
Mean 61 39 308 191 369 230

LSD(.05) 29 .27 125 43 139 61

• . Analysis of Variance
Source df M.S. X 10-3
Rep I - 35 35 10 76 160 191
Fert. (F) 3 234** 177** 1081 .6078** . 2089* 8261**
Rate (R) I '826** 3 100000** 40960** 122103**. 41441**
Nutrient (N) I 13 2 3516** 123 3610* . 131
Moist. (M) I 131* I . 2326** 2890** 4000** 2932**
F X R 3 202** 154** 1611* 6084**. 2625** 8271**
F X  N 3 ■ 7 / 5 1271 189** 1396* 220
F X M 3 . 20 5 59 325** 86 ' 419*
R X N I 97* I 723 276** 181 238
R X -M . . I 97*. - 19- 1323* . 766** 1756* 975** -
N X M I I 264** I ■ 6 31 . 4
F X R X. N ' 3 53 ' 41 732 270**' 1095 415*
F X R X M - 3 103** 24 648 445** 970 684**
F X N X M " 3 19 8 764 84 686 104
R X N X M I 8 69* 40 22 160 150
F X R X N X M 3 37 19 330 148 230 249
Err. (Including 31 22 21 418 50 ' 504 95
Higher•Interactions)

** Sig. at 1% level * Sig. at 5% level
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Table 22. continued

Root Top Total
' A Combined Analysis of Variance

Source df M.S. x 10 -3

Rep . I 70 70 351
Soil (S) " I 2311** 20161** 35385**
Fert. (F) 3 384** 6026** 9035**,
Rate (R) I 475** 134480** 152906**
Nutrient (N) I 11 1163** 1181
Moist. '(M)1 I 80* 5200** 6891**
S x F 3 28 1132** 1315**
S x R I 361** 6480** 10638**
S x N I 3 2475** 2560**
S x M I . 53 15 41
F x R 3 293** 4318** 7033**
F x N 3 I 1198** . ■ 1297**
F x M -  • 3 10 180 . ‘ 291
R x N I 45 53 2
R x M I 101* 2050** 2674**
N x M I 15 I 28
S x F x R 3 ’ 62 3377** 3862**
S x F x N 3 - 11 262 319
S x F x M 3 15 203 215
S x R x N I ' 53 945* ■416
S x R x M - I 15 ■ . 38 • - ' 60
S x N x M I 11 - 5 6
S x F x R x N 3 11 '657* 746
S x F x R x M 3 24 ; loos** 1493**
S x F x N x M • 3 4 349 .291
S x R x N x M I 61 • 61 : 310
F x R x N x M" 3 7 '416 '452
S x F x R x N x'M 3 48 62 28
Err. (Including . 76 ■ 19 192 244
Higher Interactions)

■'’Nutrient solutions, N^ = 54 x 10-3g KNO and Ng = 216 x 10~3g KNO
** Sig. at 1% level * Sig. at 5% level
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Table.23. Ammonia production with time from ammonium phosphate fertil

izers banded with seed on Amsterdam sil, 0% CaCO_. 1971.3 ■
Fert. Si Rate NH^ Production in 15 Days
N P 3 6 9 12 15 Total
-- Kg/ha--- "INri3 , g A X U  ' / J.UU y  q v j

MAP(11-48-0)
11 21 224 277 180 129 105 915
22 42 " 321 398 146 127 124 1116
33 .63 . 497 482 157 132 142 1410

Mean 347 386 161 129 124 3441
DAP(18-46-0)
• 11 12 . 199 365 88 238 84 974
22 " 24 420 415 272 254 107 1468
33 36 436 591 358 198 137 1690

Mean 352 457 239 230 . 109 4132
APP(15-62-0)
11 ■ 19 294 383 121 164 105 1067
22 38 ‘ 401 520' 155 157 " 195 1428
33 57 500 657 145 243 192 1737

Mean 398 520 140 188 164 4232
UAP(24-42-0)
11 8 223 320 146 135 171 995
22 16 452 " 556 141 162 160 1471
33 .. 24 543 ■ 684 163 170 217 1777

Mean 406' 520 150 156 183 4243
Analysis of Variance 16048

Source • ■ df M.S. X IO""3
Rep -I . 181056
Fert.'(F) 3 201893*
Rate (R) 2 1827020**
Day (D) 4 ' 5136710**
F X R 6 23554
F X D 12 101776
R X D 8 286532**
F X R X D 24 45890
Err. (Including Higher. 59 51591
Interactions)
** Sig. at 1% level * Sig. .at 5% level 
LSD(.05) = NH3, 141 X IO-7 g/100 g soil



Fert. & Rate _________;____NH^ Production in 15 Days____________
_N_______P________ 3_______6_______9______12______15 Total

Kg/ha— -- — — -- .------NH3r g X 10-^/100 g soil-
MAP(11-48-0)

Table 24. Ammonia production with time from ammonium phosphate fertil
izer banded with seed on Amsterdam sil, 9.20% CaCO3. 1971.

11 21 323
22 42 486
33 63 593

Mean 467
DAP(18--46-0)
11 12 343
22 24 454
33 36 590

Mean 462
APP(15--62-0)
11 19 394
22 38 518
33 SI ■ 628

Mean 513
UAP(24--42-0)
11 8 513
22 16 "■ - ‘ 574
33 24 . 796

Mean ■ 628

Source 
Rep .
Fert. (F)
Rate (R) ''
Day (D)
F X R
F X D
R X D  z
F X R X D
Err. (Including Higher 
Interactions)

263 168 105
405 215 136
505 230 170
391 204 137

308 135 H O
463 196 125
587 197 163
453 176 133

395 187 107
494 225 184
544 ' 230 193
478 214 161

329 154 141
488 205 145
853 220 227
557 193 ■ 171

Analysis of Variance
df 
• I 
3 
2-

. 4 .
6
12
8
24
59

. 85 944
103 1345
175 1673
■ 121 3962

90 986
148 1386
161 1698
133 4070

120 1203
147 1568
209 1804
159 4575

179 1316
220 1632
245 2341
215 ' ■ 5289

17896

M.S. X 10-3 
• 6627

■ 479782** 
2369230** 
7761240** 

54030 
70785 
274319** 
33729 
29586

** Sig. at 1% level
LSD(.05) = NH3, 105 X 10"7g/100 g soil



Table 25. Growth of winter wheat seedling at Feekes stage 5 as influ
148

enced by ammonium phosphate fertilizers banded with seed on 
Amsterdam sil, 0% CaCO . 1971.

Fert. & Crown
Rate 

N P

Stem Primary
Root

Secondary
Root

Plant 
Ht.

Root Top Total

.44. A -  . . . cmjK.g/na ■fr/in ————-

MAP(11-48-0)
11 21 375 1245 1590. 2375 88 80 262 341
22 42 295 1290 1590 2435 115 208 303 511
33 63 . 315 1385 1675 ■ 2230 113 131 315 445
44 84 350 1625 1525 2690 102 128 337 465

Mean 334 1386 1595 2432 100 133 300 ■ 441
DAP(18-46-0)
11 . 12 340 950 1835 1540 . 55 108 175 283
22 24 360 1315 1910 2030 75 80 222 302
33 36 320 840 1565 1515 73 57 162 218
44 48 325 1030 1550 1525 90 77 164 240

Mean 336 1034 1716 1652 70 ■ 70 175 270
APP(15-62-0)
11 19 385 ' 900 1940 1700 88 148 278 426
22 38 405 1460 2125 3005 118 182 . 330 512
33 57 365 1595 1920 2935 133 157 390 557
44 76 390 1745 1720 2625 120 194 ' 398 592

.Mean- 386 1425 1926 . 2566 113 155 .344 .. 508
UAP(24-42-0)
11 8 290 780 1610 1440 98 86 137 222
22 16 220 695 10.65 1055 93 59 115 174
33 24 170 555 835 900 100 . 49 97 146
44 . 32- 95 345' 455 495 ' 80 • . 26 62 88

Mean 194 594 . 991 973 • 90 50 98 156
LSD(.05) 130 510 792 ■ 1336 " 55 122 . " 159 267

Analysis of Variance
Source df M.S. X lo-i
Rep I 361 813 1163 26100 I 1125 3850 9181**
Fert.(F) 3 5482** 119431**' 128859** 439684** 258** 1991** 10245** 20445**
Rate (R) 3 583 8648 29541 20350 72 282 169 685 .
F X R  9 381 13259 10029 34146 29 171 338 636
Err. 15 388 5894 14239 40454 66 .332 570 1604
(Including Higher Interactions)

** 'Sig. at 1% level * Sig. at 5% level



Table 26. Growth of winter wheat seedling at Feekes stage 5 as influ
149

enced by ammonium phosphate fertilizers banded with seed on 
Amsterdam sil, 9.20% CaCO^. 1971.

Fert. & Crown Stem Primary ,Secondary Plant Root Top Total
Rate Root Root Ht.

N P
Xg/ha •U. .. cm'tr/Iu----”-1 we c g—

MAP(11-48-0)
11 21 285 1140 1300 1680 135 55 196 251
22 42 270 960 1510 1215 135 34 146 180
33 63 365 1470 1480 2275 . 155 ■ 61 254 315
44 84 ■ 255 1060 1225 1400 170 52 157 209

Mean ..294 1157 1379 1642 149 51 188 238
DAP(18-46-0)
11 . 12 330 1365 1440 1725 175 72 210 282
22 24 • 295 1095 • 1380 • 1760 185 51 194 245
33 36 300 . 1165 1295 1925 175 80 234 314

■ 44 48 300 1360 1230 1785. 150 55 213. 268
Mean 306 1246 1336 1795 171 65 212 277

APP(15-62-0)
11 19 345 1285 1605. 1900 165 79 205 384
22 38 295 980 • 1420 1530 170 69 160 229
33 57 325 . 1315 1410' 2225 170 62 244 306
44 76 360 1720 .1620 2485 180 99 283 282

Mean 331 1325 1514 • 2035 171 77 223 298
UAP. (24-42-0)
11 8 . 340 1195 1600 1745 175 53 187 240
22 16 225 870 1165 1115 165 51 142 193

. 33 24 120 520 5.25 605 •145 25 66 91
J 44 :• 32 100 295 440 ’ • 405 ' 150 14 40' 54 '

Mean 196 720 . 933 966 159 36 109 . 144
LSD (.05) 80 490 330 630 38 32 95 123

Analysis ,of Variance
Source df ■ M.S. x :lo-i •
Rep ■ I 211 3713 ' 89445** 58861** 245** 195** 475 1276
Fert.(F) 3 2801** 58434** 50102** 168459** 95 231** 2154** 3.718**
Rate (R) 3 742 11156 21921** 20332 8 . 26 229 486
F X R 9 795 17359* 15590** 43393** 49 48 603 855
Err. 15 138 5192 2411 ' 9077 . 28 27 209 ■ 343
(Including Higher Interactions)

, ** Sig. at 1% level * sig. at 5% level •
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