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1. 

SECTIOl~ I 

UJTRODUCT I mr 

Nitrogen is unique among the major plant nutrients derived 

from soils in that it may be taken up by plants either as an anion 

or cation. lJitrate and ammonium comprise the :pool of assimilable 

nitrogen, but their :proportionate contribution varies considerably 

under differing climatic and soil conditions. 

Bear (1950) formulated a general rule for a constant balance 

between the number of equivalents of cations and anions in the 

herbage of growing plants. From this it may be suggested that the 

uptake of cations and anions, other than ammonium and nitrate, will 

be markedly influenced by changes in the ionic form of nitrogen 

being absorbed by non-legumes. That uptake of ionic nitrogen 

normally exceeds that of any other ionic species, supports this 

suggestion. 

Zxperiments undertaken in this investigation were designed 

to test the validity of the foregoing postulate, using pasture 

grasses, with a view to establishing whether changes in the nitrogen 

regime in the field could be of agronomic significance. im eluci

dation of the relationships betvieen the form of mineral nitrogen 

available and certain physiological processes within the test 

plants, was also sought. 



2. 

SECTION II 

LITERATURE REVIEW 

A SOIL NITROGEN 

1 INTRODUCTION 

The nitrogen cycle in grasslands has been reviewed in detail 

(C.A.B. Bulletin 46, 1962) and with particular reference to grass/ 

legume associations under N.Z. conditions (Walker, 1956, 1962; Sears: 

1956, 1960, 1963). This review is biassed towards the qualitative 

aspects of mineral nitrogen (N) availability to pasture grasses. 

2 NITROGEN REGIIVIE UNDER GRASSLANDS 

(a) General 

Grassland soils generally contain low or negligible amounts 

of nitrate (No3) in contradistinction to soils under crops or 

fallow (Martin, 1962; Robinson, 1963). It has been suggested that 

this is because grasses absorb ammonium (NH4 ) too quickly for nitri

fication to commence, whether the NH4 arises from mineralization of 

organic N (Martin, loo.cit.) or is added directly in fertilizer 

(Richardson, 1938). This may explain the continuously low level 

of mineral N recorded under European grasslands, as grasses and 

associated microflora remove N from soil verj rapidly (Walker et al., 

1954). However, it does not sati~xplain the apparent 

absence of nitrification, as pasture soils frequently contain the 

major part of their mineral N as NH4 , higher levels than in 

arable soils (F1artin, 1962; Robinson, 1963). A specific inhibition 



of nitrification by exudates from grass roots has been postu

lated (Theron, 1951; Soulides and Clark, 1958) but it is not 

universally accepted (Harmsen and van Schreven, 1955; Russell, 

1961). This writer feels that the relative levels of the two 

J. 

N forms present in soils at any time, as detected chemically, is 

not necessarily indicative of their proportionate uptake by plants. 

Ammonium,the substrate for No
3 

formation, is not free to diffuse 

towards the sites of assimilation, whether microbes or plants, 

because of its association with soil colloidal surfaces (Brow.n, 

1963). Free diffusion of No
3 

may result in its absorption at a 

rate commensurate with formation, so that no accumulation is 

observable. Wiersum (1961, 1962a, 1962b) has drawn attention to 

the efficient utilisation of the soil volume by the root systems 

of grasses, in contrast to other species,which could account for 

differences in N0
3 

levels between soils under pastures and arable 

soils. That NH4 levels are generally higher under grasslands 

could be owing simply to a more rapid cycling of N, especially 

where the grazing animal is involved, resulting in higher 11 back

groundu va:il.ues for NH4• 

(b) Seasonal Rhythm in N Form 

The part played by grazing rumina.~1:E in the N cycle has 

been reviewed by McDonald (1962). Of the N returned to soil by 

animals, some 80% is voided in urine. This is the major pathway 

for transformation of herbage organic N, including that fixed by 

clovers, to soil inorganic forms under N.Z. conditions (Sears, 

1956; O'Connor, 1966). This process continues throughout 
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year. There is no precise information as to whether the quanti

tative significance of the urinary cycle shows a seasonal pattern. 

Obviously, D.M. intake during the winter period diminishes, under 

most systems of farming, but herbage N content may be twice that 

encountered in summer, with improved pastures (Metson, in press). 

Doak (1952) has studied the chemical changes when urine is voided 

on to pasture. Hydrolysis of urea to ammonia was rapid giving 

a pronounced increase in pH. This resulted in some loss of N to 

the atmosphere and interference with nitrification. It was con

cluded that loss of elementary N to the air was not important, 

but that rainfall, with consequent leaching of urea, N02 and No
3

, 

played a maJor part in the fate of urinary N. The significant 

point arising is that if nitrification of urinary N is occurring 

throughout the year, N0
3 

would be detectable in drainage waters 

at all times, as N is lost by leaching almost entirely as No3 
(Martin and Skyring, 1962). 

Butler and Hopewell (pers. comm., G. W. Butler) studied 

the loss of minerals in drainage waters from a high fertility 

catchment under a grazed grass/clover sward. With the appe~ance 
j 

of drainage waters in autumn, 

high, of the order of 20 ppm. 

(\ 

N0
3 

levels in solution were very 

This level dropped quite rapidly 

with progressive leaching, until no N03 was detectable in drainage 

waters during winter and early spring. No
3 

reappeared in late 

spring, at comparatively low lev-els. A similar pattern was 

established by analysis of the drainage effluent from soils re

ceiving ammonium fertilizers during observations on spaced pla.~ts 

(loo.cit.). Puke (1959) concluded that highest levels of No
3 



occurred in early summer and autumn, in soils under mixed swards. 

Simpson (1962) found that? soils under improved pastures in New 

South Wales, accumulated No
3 

in substantial amounts during summer 

and autumn. It disappeared from the topsoil after the heavy rains 

of autumn and winter. Collier (1964) found that drainage waters 

from a clay soil studied with lysimeters, contained high No
3 

con

centrations after a dry summer, whether the soil was.cropped or 

fallow. Metson (pers.comm.) measured the No
3 

content of surface 

soils from a variety of sites in Hawke's Bay and Wairarapa. 

Measurements were made in February. wbere growth had been inhi

bited by urine, No3 in the soil below these 11 burned 11 patches ranged 

from 30-190 ppm. Under new growth on old urine patches soil No
3 

ranged from 5-70 ppm. This supports the published data of Thompson 

and Coup (1943) for N.Z. conditions. 

Indirect evidence for seasonal patterns in nitrification 

under improved pastures comes from studies on the chemical compo

sition of grasses. Butler (1959) reported that grass with high 

inorganic No3 levels was most frequently observed during the 

autumn flush of grass growth. After an unusually dry winter followed 

by .warm .. spring temperatures, a similar situation was once recorded 

in September. Metson found that the NO
3 

content of rapidly growi~g 

grass, influenced by recent urination, was some 4 times that of 

herbage nearby, during autumn sampling. 

From this evidence, it is concluded that there is a marked 

seasonal pattern in the form of N available to grasses in improved 

pastures. As a generalisation, NH4 predominates during the 

normally cold, wet soil conditions of winter and early spring. 



With increasing soil temperatures and aeration, the activity of 

nitrifying bacteria is enhanced and the relative contribution of 

No
3 

to assimilable N increases. With warm rains, followed by 

intermittent dry periods, No
3 

assumes increasing importance. If 

leaching is:not extensive, N0
3 

accumulates in the surface soil 

and attains major significance during the autumn flush of grass 

growth. With progressive rainfall, subsequent leaching and 

falling temperatures, the significance of No3 declines while 

NH4 assumes predominance again in a repeating seasonal rhythm. 

Reported N.Z. observations are difficult to reconcile 

with the introductory remark of Robinson (1963): " • • • • • the 

general failure of grasslands to display nitrification"; and 

~~th the statement of Martin (1962): 11 
••••• : the present 

compromise is to assume that nitrification plays little or no 

part in the N nutrition of permanent pastures and that grasses 

absorb their almost entirely as ammonium". Under high ferti-

6. 

lity conditions, when grass/clover associations are attaining 

grass dominance and soil organic N is near equilibrium (phases 

J-4; Sears, 1960) field observations in N.Z. show that nitri

fication and subsequent No
3 

assimilation by grasses play a major 

part in N nutrition during some periods of the year. This serves 

as a warning against extrapolating European observations to local 

conditions, without N.Z. confirillation. Dutch workers have 

difficulty in giving credence to the high N contents reported for 

N.Z. winter and spring herbage (pers.comm. Metson). It may be 

that under the N.Z. grass/clover grazing system, all phases of 



the urinary cycle operate at higher equilibrium levels than in 

Europe. 

(c) Soil Factors 

There is ample evidence that the generalisation above may 

be overridden by local soil factors. 

( . \ 
1; Below pH 6.5, nitrification becomes progressively 

retarded with increasing acidity to the point of irreversible 

impairment at pH 3.9 (Martin, 1962). He suggested that the 

7. 

apparent lack of nitrification observed in Europe under old, 

established grasslands may be because of low pH. Robinson (1963) 

concluded that the low population of nitrifiers in a virgin tussock

grassland soil in N.Z. was in part owing to its natural pH of 5.5 

being below the optimum for nitrification - an observation in agree

ment with Ross (1960) and confirmed by O'Connor (1966) studying 

similar soils. Many workers have recorded a negative relationship 

between pH and nitrification; e.g. Moravec (1963) in 

Czechoslovakian soils under grassland associations and Ishizawa 

and Matsuguchi (1962) with Japanese soils. 

Low pH, and subsequent lack of nitrification, does not 

necessarily imply low fertility conditions. Ammonification is 

far less sensitive to extremes of soil pH than nitrification, 

because the process involves many kinds of soil micro-organisms 

(Martin, 1962). On the basis of observations over several years, 

O'Connor (1966) has concluded that on the naturally acid tussock

grasslands, as long as legume mineral nutrition is safeguarded, 

pasture development can be carried forward under acid conditions 



8. 

with negligible nitrification occurring. Similarly, very high 

production has been mainta:hned at the Te Awa substation of Grass

lands Division, where soil pH is 5.0 - 5.1 (pers.comm., C. 1'1:i.chie). 

In as far as data are available for N.Z.,soils of low pH, such as 

that just cited, would be expected to have a low population of 

nitrifiers and low nitrifying ability. NH
4 

would be expected to 

be the major N form assimilated by plants throughout the year. 

(ii) Temperature, Moisture and Aeration are considered briefly 

together, as they are virtually inseparable in the field. Optimum 

soil temperature for the combined activities of Nitrosomonas and 

Nitrobacter is reportedly 25-27°0 under ideal moisture conditions 

(Skyring and Callow, 1962). Nitrification can be detected in vitro, 

however, at temperatures approaching o0 c (Gerretsen, 1942; Schaefer, 

1964). There has been a great deal of repetitive observation of 

increasing nitrification with increasing temperature to an optimum 

near 27°c (Parker and Larson, 1962; Anderson and Boswell, 1964, and 

others). 

Heavy rain, besides its obvious effect of leaching No
3

, 

inhibits nitrification (Skyring and Callow, 1962). Nitrifiers are 

strictly aerobic. As moisture above field capacity and the o2 

content of soil air are inversely related (Russell, 1961) nitrifi

cation is progressively inhibited with increasing precipitation. 

Eventually, under anerobic conditions, denitrification occurs 

(Skyring and Callow, 1962; Parker and Larson, 1962). Russell (1961) 

discussed the high levels of CO
2 

in the soil atmosphere under 

pastures and its marked increase in wetted soils. As nitrifiers 

are inhibited by high concentrations of CO2 , Russell suggested that 



this may account for the apparent lack of nitrification under 

European grasslands. 

9. 

Of considerable agricultural significance is that the 

appearance of No3 is markedly increased by alternate wetting and 

drying, as opposed to any steady state of moisture (Birch and 

Friend, 1956; Birch, 1958; Calder, 1954, 1957) and by fluctua

tions, rather than a steady state, in temperature (Frederick, 

1956). This "Birch effect 11 may account for the report by Butler 

(1959) that under high fertility pastures, the NOJ conce~tration 

increases to high levels when light, warm rains follow lengthy 

drtJ periods. 

It is concluded that the relative significance of :NHLi, is 

greatest with low soil temperatures and/or high water contents 

with attendant, poor aeration. This would include all waterlogged 

soils and soils which are badly drained or heavily poached so as 

to cause temporary retention of water above field capacity. Every

thing else equal, }JOJ assumes greater importance in warm well 

drained soils under aerobic conditions, especially with alternate 

wetting and drying. 

These effects of temperature, moisture and aeration on N 

transformations are in general harmony with the observed seasonal 

rhythm of N form under high fertility conditions, suggesting that 

the recorded pattern is the result of climatic effects on nitrifi-

cation. 

(iii) Organic matter status may appreciably alter the generalised 

situation for high fertility conditions outlined in ✓:(II, A, 2, (b) ). 

Under low fertility conditions on mineral soils organic N levels are 
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low, the C/N ratio is comparatively high and these characteristics 

are generally coupled with a naturally low pH (Robinson, 1963; 

O'Connor, 1966). The urine cycle is quantitatively much less 

significant owing to the extensive nature of the farming on such 

soils (O'Connor, 1966). 

The importance of the C/N ratio in the course of N trans

formations has been reviewed (Harmsen and van Schreven, 1955). 

Because of the interdependence of these two elements in metabolic 

processes, mineral N is incorporated into microbial protein almost 

as rapidly as it is mineralized, in soils with a high C/N ratio. 

In high fertility soils, on the other hand, with a low C/N ratio, 

mineral N is released in excess of the requirements of the hetero

trophic organisms metabolising the contained carbon compounds in 

the organic matter. This excess of mineral N is available to plants 

and the autotrophic nitrifiers, which rely on 1'JH4 as their energy 

source. 

Studies have been made of nitrification in N.Z. soils under 

native tussock-grasslands. These soils showed little nitrifying 

potential in their virgin state, which was attributed to a combined 

lack of mineral N substrate to maintain a population of active 

nitrifiers and a naturally low pH (Ross, 1960; Robinson, 1963; 

O'Connor, 1966). Nitrifier population was stimulated by addition 

of urea, with more lasting effects when lime was also applied 

(Robinson, 1963; O'Connor, 1966). After reviewing recent evidence 

Martin (1962) concluded that plants are weak competitors for N"H
4 

compared with micro-organisms, and that heterotrophes compete 

more efficiently for a limited supply of NH4 than do nitrifiers. 
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These views are supported by Ross (1960) who found that nitrifying 

activity in Taupo soils was negligible in the virgin state but 

increased after a period under improved pastures. He did not 

apportion the cause between better aeration, increased P availa

bility or increased N substrate from clover growth, however. 

It is concluded that under low fertility conditions, espe

cially as these are generally associated with low pH, nitrification 

is not a significant pathway in N transformations. Because of the 

intense competition between resident non-legumes and soil organisms 

for mineralised NH4, grasses assimilate virtually all their mineral 

Nin the NH4 form. A large area of soils subjected to extensive 

farming practice falls into this category in N.Z. 

(iv) Cultivation promotes mineralization of organic N (Russell, 

1961). Normally ammonification is slower than nitrification and 

is the rate-limiting step (Martin, 1962). Tillage of high fertility 

soils will therefore result in accumulation of No
3

, especially if 

cultivation precedes a period of dry fallow. Newly sown pasture 

is likely to have a high N03 content as a consequence (Butler, 1959). 

O'Connor (1966) reported that mineralization in soil under 

tussock-grassland was negligible following cultivation from its 

natural state. However, after manuring and tillage, mineralization, 

as measured by N availability to subsequent crops, was greater even 

though total soil N had not changed measurably. This suggested 

that the rate of mineralization was affected by the quality 

(especially the C/N ratio) of recently added plant residues - a 

finding reported by others (Russell, 1961). 
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B THE UPTAKE, METABOLISM, AJ,m ACCUMULATION 
OF MAJOR ELEME!ITS IN PLAliTS 

1 INTRODUCTION 

One aspect of the nutritional value of pasture herbage 

is its content of major elements derived from the soil (White

head, 1966). Many complex factors are responsible for determining 

and modifying the content of these major elements, as measured in 

herbage. An understanding of these interactions is a pre-requisite 

to any manipulation of the environment with a view to improving 

the nutritional value of herbage. 

This section of the review deals with some aspects of these 

interactions, with particular reference to the situation during NH4 

and NO., assimilation • 
.) 

2 WITH.OGEN JvIETABOLISM IN NON-LEGUivIES 

(a) Introduction 

Apart from water, N is probably the major factor limiting 

agricultural production. The quantitative significance of Nin 

pasture grasses is large in relation to other soil-derived elements. 

To achieve their inherent capabilities, pasture grasses have to 

derive a greater equivalent quantity of l'J from soils than of any 

othercl..ement, except silicon in some cases (Dijkshoorn, 1957 et 

seqq.; Sutcliffe, 1962; Cunningham, 1964 et~.). The import-

ance of N has maintained a_ central place in the interest of soil 

scientists and plant physiologists for more than a century. Early 

work has been reviewed by Miller (1938) and r,1cKee (1962). With the 

advent of new tech..niques, in particular partition chromatography, 
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and isotopic techniques, there have been dramatic advances in the 

field of N metabolism in the past 15 years. The result has been a 

spate of reviews dealing with various aspects of the subject. 

The organic N constituents of non-legumes arise principally 

from inorganic mineral N derived from soils. It is proposed to 

review N metabolism in plants only insofar as an understanding of 

the biological processes involved is necessary in the present study. 

Organic N compounds are indispensible as structural and functional 

components in all plant tissues, but any further elaboration of this 

is beyond the scope of the current review. For a full review of N 

metabolism in plants the reader is referred to the following: 

Ruhland (1958); S.E.B. Symposium No. 13 (1959), and McKee (1962). 

(b) Sources of Nitrogen 

It is generally agreed that inorganic N provides the major 

source of N for assimilation (Miller, 19J8; McKee, 1962). It was 

concluded in a previous section (II, A) that, for grasses, mineral 

N may be available as No
3 

or NH4 depending on environmental and 

soil conditions. The possible contribution of soil-derived nitro

genous organic compounds to the N nutrition of plants has been 

reviewed (Burris, 1959; Konnonova, 1961). Some of these compounds 

may enter the plant and be assimilated. It may be concluded that 

their quantitative contribution to total N uptake is insignificant 

by comparison with mineral N and they are not considered further 

in this review. 
• 1 

Situations giving rise to appreciable quantities 
l • 

of nitrate or urea in soils, and their assimilation by plants, appear 

to be very specialised (Skyring and Callow, 1962; ¥Iartin, 1962) so 

that plant metabolism of exogenous nitrite and urea is not discussed. 
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(c) Assimilation of Mineral Nitrogen by Plants 

Both forms of mineral N are biologically incorporated as 

ammonia, which involves the prior reduction of }JOJ. The enzyme 

systems involved have been reviewed recently (Kessler, 1964). 

After absorption, the reduction of No
3 

in the plant apparently 

occurs in the soluble part of the protoplasm. The first step has 

been clarified, and involves the reduction of No
3 

to N0
2 

under the 

influence of the enzyme, nitrate reductase, a metallo-flavoprotein 

containing molybdenum. The hydrogen donor is the reduced form of 

either coenzyme, I or II. 

NATIPH 
+ 2 
or NAJ)H 

2 

= NO -
2 + 

NADP 

or NAD 

Nitrate reductase is an adaptive enzyme. It is induced by the 

presence of NO~ in a wide variety of tissues (Filner, 1966) • .,, 
Molybdenum is required for its synthesis which may be quite rapid. 

The steps in the further reduction of N02- to NHJ in higher plants 

are not clear. Iron, copper and manganese are required cofactors 

probably together with an unknown organic cofactor. Wnether or not 

free intermediates are involved is argued (HcKee, 1962; Kessler, 

1964). 

can be 

In 0J'.)"eneralised form, the overall equation for NO reduction 
J 

written as: 

ill\JO J + 8H = + 

The further assimilation of NH
3

, whether arising from NOJ or 1m4 , 

requires that inorganic N is combined with a carbon skeleton, pro

vided basically by photosynthesis. This is accomplished by amination 

of a-ketoglutaric acid (Davies et al., 1964): 
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COOR COOR 
I I 
C :::.:. 0 + NADH

2 yHNH2 + NAD 
I I 
CR

2 NHJ 
;::::; 

CR
2 

H20 + + 
I I 
CTT CH

2 n? I ..., I 
COOR COOH 

a-ketoglutaric acid L-glutamic acid 

As the equilibrium for this reaction lies strongly towards the 

right, where free NH
3

, a-ketoglutaric acid and reduced coenzyme 

are available inorganic N is rapidly incorporated. Glutamic acid 

is the immediate substrate for formation of other nitrogenous 

organic materials. The amino-group may be transferred to other 

keto-acid carbon skeletons, with subsequent formation of the 

corresponding amino-acids according to the general formula: 

+ 

,glutamic acid 

R2 CO COOH 

Keto-acid 

= R
1 

CO COOH + 

a:-ketoglutaric acid amino-acid 

Nany of the amino-acids incorporated into plant protein arise dir

ectly in this way. Of particular interest in this discussion is 

that the dicarboxylic ammno-acid, aspartic acid, arises by trans

amination of oxaloacetic acid from glutamic acid in the presence 

of the widespread enzyme glutamic-aspartic transaminase (Burris, 

1953; Davies et al., 1964). Thus, by cyclic amination and trans

amination, limited amounts of a-ketoglutaric acid and glutamic 

acid may act as intermediates in the formation of a wide variety 

of amino-acids during the incorporation of mineral N into the 

organic N pool. The two amides, glutamine and asparagine, play 
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a central role in N interconversions. They serve as storage agents 

f 'TH or 1'. 
3

, an othe:rv:ise toxic substance, and frequently comprise a 

large proportion on non-protein N (N:Plif). Amides are important in 

the translocatio.n of organic N (for recent reviev1s see Loomis and 

Stumpf, 1958; McKee, 1962). Glutamine is synthesised by amidin

ation of glutamic acid in the presence of either of two forms of 

the enzyme, glutamine synthetase: 

+ 

+ 

idutarnic acid 

'iTH l, 3 

ATP 
= 

+ 

+ 

+ 

+ 

ADP 

• 'P J...,_ 

Alli? 

iPP 

The equilibrium lies strongly towards NH
3 

incorporation. Asparagine, 

the 4 C analogue of glutamine, is present in tissues in varying 

amounts. It is conventional to consider that it is formed by 

amidination of aspartic acid (Webster, 1959) in a manner similar 

to that of glutamine formation. As the precise reaction sequence 

is open to question (pers.comm., M. Lever) no equation is presented. 

Glutamine, asparagine, glutamic acid a~d aspartic acid are 

quantitatively the major storage compounds for organic N, but many 

others exist (McKee, 1962). Their rate of synthesis, hence their 

levels in tissues, varies with species and stage of growth. Their 

synthesis is related to conditions favouring arnino~acid biosynthesis 

including the availability of mineral N (Walker, 1962) especially 

in the HH4 form (:rfoKee, 1962). 
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Mineral N may be incorporated into organic forms in both 

roots and aerial tissues (Street, 1949; Burris, 1959). Russian 

work, reviewed by McKee (1962), has shown a rapid circulation of 

organic materials between different plant organs. Carbohydrates 

passed from the leaves to the roots where they were metabolised, 

presumably to keto-acids, to provide carbon skeletons for amino

acid synthesis. Amino-acids synthesised in the roots were largely 

transported to the shoots. The synthesis of a wide range of amino

acids in roots has been demonstrated for a variety of species, but 

roots are not the only seat of this process (loc. cit.). Bekmu

khamedova (1961) found that inorganic N did not exceed 20i> of total 

Nin the bleeding sap of maize, whether plants were receiving WO 
J 

or NH
4

• The concentrations of total and organic N were higher with 

NH4 nutrition. The overall pattern developed from long term experi

ments is for carbohydrates to move towards the plant roots and for 

nitrogenous organic materials to move upwards from the roots (IfoKee, 

1962). Roots are important sites for inorganic N assimilation into 

the organic pool, particularly if HH4 is available (Kursanov, 1956; 

Bekmukhamedova, 1961). Ammonium never accumulates in healthy plant 

tissues, e·xce:pt in a few atypical 11acid plants 11 (Street, 19Li,9; 

McKee, 1962) and is reportedly toxic at comparatively low concen-

.J.. ..1.... 
1 1 . t ) vravions \_Q£. £.L..• • It is assumed, therefore, to be rapidly in-

corporated into organic forms in the roots directly after absorption. 

The metabolism, transport and accumulation of N is summarised 

in Figure 1, which is entirely illustrative. Biochemical reactions 

are not shown in full. The term 11 transamidation 11 has been used 

loosely to cover the reaction sequence by which amide N is trans-



FIGURE 1 
"!J.9111' ----

CONVERSION OF INORQ.ANIC N TO ORGANIC FORMS, 
TRANSPORT AND STORAGE WITHIN THE PLANT 

" ' . (Original)-- , .- -

MINERAL N 
( absorbed from 

medium) 

✓ 

( 

~!carboxylic 
,, amino-

a..:,ketoglut~ric acig 

oxaloacetic acid 

CARBON SKELETONS 

(arising indirectly 
from photosynthesis) 

acids - ---
~ gly!amic acid \V 

) aciq other 
Keto-acids ,, 

I 

I 

1 .si.utam17:1e ( Amid 
asparagine ( r~~ 

/ 

/ 

/ 

/ 

/ 
/ 

/ 

) available for 
transport and 

gluta.mic acid accumulation 
• as regulated 

aapar ... ic acid by species, N 
gluta.mine supply, phy

siological demand 
for -NH2 , etc. asparagine 

~ 

::1. Amino-acids 

Y/ 
BIOSYNTHETIC PATHWAYS 

- ===et 1 .,..,, ...... 

leading to protein and 
other nitrogenous org-
anic materials 



19~ - . 

ferred to keto-acids for the formation of amino-acids, although 

the transfer may be much more complex than a simple transamidation 

(McKee, 1962). 

J NITRATE VERS-lJS .A11MONIUJvI IN PL.AtTT NUTRITION 

Comparisons between these two forms of mineral Nin plant 

nutrition have been the subject of several reviews (Miller, 1938; 

Street, 1949; Hewitt, 1952; Street and Sheat, 1958; Burris, 1959; 

McKee, 1962, and others) .. As will be shown in the following 

sections, the relative efficiency of No
3 

and NH4 is influenced by 

a number of environmental and plant variables. An understanding 

of these effects is vital in the interpretation of experimental 

observations regarding the effects of N form on plant composition. 

(a) Factors Affecting the Relative Efficiency of N Forms 

(i) Suecies differences: Ammonium has been reported as the more 

effective sole N source for some species: potato, rice and some 

species of beet which were apparently unable to metabolise JIJOJ 

(Street and Sheat, 1958); birch (Van Tuil, 1965); azalea 

(Burris, 1959); and some "acid plants 11 (e.g. Begonia spp) which 

will accumulate J:U·I4 salts of organic acids when fed lifH4 , (McKee, 

1962). Other plants, have been reported to grow better with NOJ 

as the sole N source: cereals including barley, oats, rye and 

wheat (Street and Sheat, 1958); some beets, contradicting the 

observation above (McKee, 1962; Van Tuil, 1965) and poplar (Van 

Tuil, 1965). Grasses were reported to grow well with either N 

source (pers.comm., E. A. Kirkby). Wallace (1954) suggested that 



specific differences in ability to utilise No
3 

may be related to 

genetic control over potential nitrate reductase activity. 

20. 

Many plants can assimilate both N forms from culture solutions 

and have frequently been reported to develop most vigorously when 

supplied both forms simultaneously. Droineau and Blanc (1960) 

considered that increased yield of cocksfoot receiving N0
3 

+ NH4 , 

as opposed to N0
3 

alone, was due to a better utilization of the 

already reduced NH4 in the synthesis of organic lJ compounds. Kirkby 

(pers. comm.) found that buckwheat died unless at least 15~;, of . ..,_ 
l t,S 

If was supplied as }JOJ, and suggested that the addition of no
3 

allowed a more normal organic acid synthesis. Grasmanis and Leeper 

(1965) found a marked stimulation in the growth of apple trees when 

only l;'a of :rro
3 

was added to lU\ cultures. They felt that the oxi

dising function of this trace of NO may have had some important 
J 

plant physiological implication. Street and Sheat (1958) attributed 

this superiority of the two forms in combination to the physiological 

stabilisation of pH and associated effects, such as iron availability, 

rather than to a direct effect of the two ions on metabolic balance. 

As will be discussed subsequently, environment can be an 

overriding factor in the relative efficiency of either N form. As 

available data are generally based on single investigations with 

attendant variations in envir0Tu11ent it is not possible to be dogmatic 

about the relative usefulness of either ion as the sole N source • 

.An expose' of current confusion over the relative merits of J':JH4 and 

NOJ in the nutrition of rice is given by Karim and Vlamis (1962). 

However, in their revievv Street and She at ( 19 58) concluded that s<Ilme 

true specific differences do exist, and that the two forms in com-



bination frequently result in improved growth over either form 

separately. 
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(ii) Stage of development: Intense N assimilation is typical of 

young plants in general (l1cKee, 1962). Several workers have 

established for a variety of species, including cereals, that 

where HOJ and N:--r4 were both available, NH4 absorption was greater 

during the early stages of development. At a later stage, the 

relative absorption rates were reversed and 1w
3 

uptake predominated 

(Street and Sheat, 1958). These authors suggested that the liiOJ 

reducing system develops only duripg or following germination. 

(iii) Carbohyd-y,ate status: _t._ssimilation of either lJ form involves 

the utilization of carbohydrates as the source of energy for ITO 
J 

reduction, for the reductive amination of either N form, and to 

provide the carbon skeletons for amino-acid synthesis (II, B, 2, 

(c) ). Under conditions of rapid N assimilation in the dark, carbo

hydrates are markedly depleted, but in light this condition may be 

more or less balanced by photosynthesis (J:foKee, 1962). 

Kessler (1964) has reviewed the possible biochemical relation

ships between photosynthesis and rro1 reduction. Apparently NO".l and 
✓ J 

CO2 compete for the photochemically produced hydrogen donors. Such 

an effect has been shown to be direct in vitro. Wnere :To
3 

assimi

lation was occurring in green tissues it led to a decreased rate 

of CO2 incorporation at low light intensities. However, at light 

saturation, where enzyme capacity was limiting the rate of CO2 

reduction, addition of HOJ stimulated photosynthesis, possibly by 

providing oxidised forms of the hydrogen donors. The relationship 
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betwe.en NO') assimilation and photosynthesis in vivo is probably 
.J 

less direct, in view of the evidence for a considerable reduction 

of lifOJ in plant roots (II, B, 2, (c) ) •• 4mple production of 

carbohydrates may favour NOJ assimilation by providing the 

necessary substrate (loo.cit.). Alberda (1961) found that defolia

tion of perennial ryegrass clones was followed by marked decrease 

in water-soluble carbohydrate, and a temporary increase in the 

inorganic NO~ content of the tissues. This effect was more notice-_, 

able when defoliation coincided with an increased no
3 

supply, as 

opposed to defoliation a week before or after the increase in N 

supply. He concluded that increasing the N supply to intact r-Jegrass 

plants generally led to an increase in N content and a decrease in 

carbohydrate content in the foliage. Field observation by Bryant 

and Ulyatt (1965) have supported this finding under Iii.Z. conditions. 

They applied high and low rates of 0nitrolime 11 to a short-rotation 

ryegrass sward. All liJ fractions\,ere higher in the herbage at the 

high N application rates, and water-soluble carbohydrate content 

lower than for the low IJ application. The disappearance of these 

differences between treatments over a 2-3 week period was considered 

the result of a short-lived fertilizer effect. As ROJ assimilation 

necessitates the expenditure of additional energy in its reduction 

to NE'), it might be expected to deplete carbohydrates more severely 
.J 

than already reduced NH4• Witrate is, however, reported to be a 

suitable N source over a wide range of carbohydrate contents (Street 

and Sheat, 1958). Unlike WHLJ,, HO,... cat1. be accumulated in plant 
' ) 

tissues if conditions are not conducive to N metabolism. Deficiencies 

of light, carbohydrates, or certain micronutrients are reported to 



cause accumulation of No
3 

in tissues to high levels, with no 

apparent toxic effects on the plant (Spencer, 1958). 

While assimilation of NO., is largely dependent on photo-
.J 

synthesis and therefore on concurrent carbohydrate status, l'TH4 , 

by contrast, may exert an effect on carbohydrate metabolism. 

23. 

Unlike No
3

, it is toxic if accumulated, so must be organically incor

porated to form useful, or at least harmless, materials (NcKee, 1962). 

It has been shown repeatedly that in the presence of adequate 

respirable carbohydrate, NH4 assimilation proceeds so rapidly that 

no more than a trace of NH4 is detectable in plant tissues, even 

at high levels of mrL1- availability (Street and Sheat, 1958). High 

levels of HH4 at low light intensity have been sho1.m to exhaust 

carbohydrate reserves with greater intensity than equivalent levels 

of No
3

• Several workers noted that "am..."'lloniurn toxicity" symptoms 

have resulted from a coiltinuous suppl;y- of NH4 under winter lighting 

conditions, but not during sumrner, and that induced toxicity could 

be overcome by increased lighting (loo.cit). 

The carbohydrate status, hence lighting conditions, illust be 

considered in assessing the relative merits of either N form, 

therefore. 

(iv) Aeration of the media: Street and Sheat (1958) concluded 

that to maintain optimal N metabolism there is a requirement for 

higher o2 tensions when 1w
3 

is replaced by NH4 , with such species 

as tomatoes, oats and soyabeans. Plants such as rice, adapted to 

grow in soils of lov, o2 tension and poor nitrification, are frequent

ly active in rH4 assimilation under these conditions, however (loo. 
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The physiological explanation for this observation is not 

clear, as it is also well documented that provision of NO results - J 
in a higher rate of respiration as opposed to culture of the same 

tissues without N, or with HH4 (HcKee, 1962). A possible explana

tion, not suggested by these authors, may be that under the experi

mental conditions prevailing when these observations were made, NH4 

was of necessity assimilated in the roots, -v1hile much of the HO 
J 

was translocated prior to metabolism in aerial tissues. The 

response of NH4- fed plants to increasing o
2 

tension might then 

be explicable in terms of increased metabolic activity in the roots 

and a.n enhanced supply of energy substrate for amination and amida

tion. ?1etabolism of NO,, in aerial tissues, to the contrary, may be 
.) 

unaffected by increasing o
2 

tension above a threshold level required 

for absorption. 

Whatever the explanation, the observation does point to the 

importance of aeration in any study of the relative efficiency of 

the two n forms. 

( v) pH of the media: Any study .of 1rn4 and :uo
3 

nutrition is made 

more difficult by the problem of pH stabilisation. O¼~ng to the 

magnitude of N uptake relative to other ions, in NO,, solutions anion 
..,) 

uptake greatly exceeds cation uptak:e and there is a drift towards 

alkalinity in the external medium; with NH4, cation uptake is pre

dominant and there is an acidification of the medium. These 

external alkaline and acidic effects have been reviewed (W2lker, 1960; 

:Oe Wit et al., 1963; Van Tuil, 1965) and are considered in more 

detail in a subsequent section. Unless they are controlled, the 

effects of N form are confounded with exter-nal :pH. The most -I-. 
sauJ.S-



factory method for pH stabilisation is a flowing culture technique. 

Addition of soluble buffers may interfere with metabolism unless 

they are sparingly soluble salts, such as calcium carbonate and/or 

phosphates (Street and Sheat, 1958). A further problem involved 

in the study of ITH4 at alkaline pH is the possible volatile loss 

of :trn
3 

gas, especially from well aerated culture solutions (pers. 

comm., C. V. Fife). 

Hewitt (19 52) concluded that the optimum pH range for 1rn:L1-

absor:ption was 6.o - 6.5 and for WO':l, 4.5 - 5.0; and that the 
./ 

rates of uptake of l'JHLJ, and NOJ were about eg_ual at a pH near 6. 

This view is not accepted -oy Street and Sheat (19 58). They concluded 

that over the normally encountered range of pH, assimilation of N 

rather than its entry and accumulation within cells, was the factor 

determining the effect of pH on utilization, and considered the 

question of pH optima for the two rJ forms as still open to question. 

Quoting from a review of this problem by Nightingale (1948) they 

state: "in a well buffered nutrient medium, provided there results 

nc deficiency of essential elements, there is required no different 

pH value for nH4 than for no
3 

nutrition. 11 They considered that 

results observed for "pH optima" arose from interactions between 

-l'J form, pli and the uptake of elements other than :i'T, as discussed 

in the following section. Lycklama (1963) has investigated Ii0
1 

and .,, 
NH4 absorption by perennial ryegrass seedlings. He found that rrn

1 
./ 

uptake at 25°0 increased with increasing pH from 4.5 to 6.2 and 

decreased again with increasing alkalinity. Absorption of HH4 was 

unaffected by increasing pH in the range 4.o - 6.5, at low or high 

temperatures, but absorption increased markedly between pH 6.5 and 



8.5. In the lower pH range, NE4 uptake at 20°0 was J times that 

from solutions at 35°c. With increasing pH this ratio fell and 

reached l.J at pH 8.5. 1ycklarna explained these observations for 

NH4 in terms of absorption of the N1:I4 ion below pH 6. 5 with a.11 

increasing uptake of uncharged IJH4on molecules as pH values 

increased above 6.5. This is a similar explanation to that given 

by other authors (loc .. cit.). Uptake of NH4_ was measured by 

analysis of the nutrient solutions before and after absorption. 

Ho check for :\rn
3 

volatalization was reported and may be expected 

to have occurred from the "vigorously aerated 11 solutions especially 

at the higher pH levels. The interrelationship observed between lJH 
4 

"uptake", increasing pH above 6.5 and temperature may be explained 

in terms of the effect of a 15°c temperature difference on a chemical 

reaction. McKee (1962) has discussed the effects of pH on the ionic 

or molecular forms of HH4-I'J in solutions. While NH, uptake has not 
L.~ 

differed substantially in the pH range 4.o - 7.0 in Lycklama's work, 

nor in that of several other experimenters (:McKee, 1962), the NH4o:a: 

concentration woµld have increased several hundreds of times (loc. 

• ..L. ) 
~ .. This has led :i:.foKee (1962) and Street and Sheat (1958) to 

the conclusion that absorption of NH40H molecules at higher pH values 

is not a valid reason for the preferential uptake of :tm4 under these 

conditions, as suggested by some authors. 

The indirect ~,p ' eI.L ec1:;s of pH cam1ot be overlooked. Karim and 

Vlamis (1962) found that iron had to be replenished frequently in 

no
3 

cultures, owing to the external alkalinity during no
3 

uptake. 

It is quite conceivable that many of the studies designed to test 

the relative effectiveness of the t·wo I; forms at different ul:I values 
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have been confounded with indirect, external pH effects. 

(vi) Ionic composition of the medium: il.Inmonium nutrition has 

been shovv:n to lower the base content of a variety of plant tissues, 

especially the content of Ca and Mg (II, B, J, (b) ). Several 

experiments have shovm that increasing the Ca content of NH4 

solutions improved growth and increased the pH range over which 

NH4 supported good growth ( Street and She at, 19 58; ?.foKee, 1962). 

Chouteau (1960) concluded that depression of tobacco yields with 

NHL!- :nutrition was due to impaired cation uptake, especially that 

of Ca, rather than to acidification of the medium. 

There are interactions between the form of lJ applied and 

the uptake of other essential elements, the causes for which are 

discussed later. Because of this, induced deficiencies of 

essential elements may determine relative efficiency, rather than 

the N sources J2§£. se. 

(vii) Conclusions: The following general conclusions are made: 

(a) both forms of N are readily absorbed; 

(b) as a consequence of the differential absorption of 

anions and cations with No
3 

and NH4 respectively, the uptake of 

other elements may be affected, either internally by metabolism 

or externally by differences in pH at the root surface; 

(c) that the relative efficiency of the two N forms may 

differ according to internal factors including species, stage of 

growth and carbohydrate status; 

(d) that the relative efficiency of either ion may differ 

according to external factors including pH, aeration, the ionic 

composition of the medium and the levels of N being studied, and 
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any environmental factor affecting the carbohydrate status of the 

plants; and 

(e) that the results obtained from any experiment, as a 

consequence of the above, may be greatly affected by the experimental 

conditions. 

The degree to ·which environmental conditions have been 

controlled or even reported, varies widely with experiments, so 

that results from different studies are not necessarily strictly 

comparable even where the same species have been used. 

(b) 

(i) 

The Effects of no
3 

and HH4 on Plant Composition 

J'fon-urotein ni tro en; Plants receiving NH4, frequently have 

a higher amide content, a larger quantity of free amino-acids and 

amides and a higher proportion of total Nin the non-elaborated 

organic lJ fraction; l~Oi fed plants, in contrast, often have a high .., 

inorganic N content, lower levels of free amino-acids and amides ani 

a compa:ratively low non-elaborated organic l'J fraction (Street and 

Sheat, 1958). Accumulation of the dicarbo;x:ylic amino-acids and 

amides was related to conditions favouring amino-acid synthesis, 

especially H availability (Walker, 1962). HcKee (1962) states that 

amides are formed in response to ll1H4 :nutrition to a greater extent 

than with equivalent H0'1. Hargolis (1960) found that the amide 
./ 

content of tomato roots and shoots was higher in .rIH4 fed plants. 

Grasmanis and Leeper (1965) reported that wheat plants receiving 

NO~ had much lower glutamine levels but a similar content of 
.) 

arginine, aspartic acid and glutamic acid, in comparison with 

those receiving HH4• By contrast, apple trees receiving lJ.H4 had a 



much higher asparagine content (loc.cit.). 

Attention has already been dra~n to the observation that 

inorganic N accumulation frequently occurs with NO? but rarely 
.J 

with NH4 • Besides atypical "acid plants" (II, B, 2, (c) ) high 

levels of NH4 have been recorded in plant tissues (Delmas and 

Routchenko, 1962; Grasmanis and Leeper, 1965). As these plants 

were suffering from "ammonium toxicitytt at the time of analysis, 

their physiology was not normal. 

Lycklama (1963) studied the interactions among mineral N 

forms during absorption by intact perennial ryegrass seedlings. 

Experiments were conducted at 25°c in solutions maintained at pH 

6.J, and absorption was studied over a sixty-minute period. 

Uptake of NH4 was slightly reduced with increasing Ho
3 

concentra

tion in the external medium. Nitrate uptake from a solution of 

equivalent concentration was progressively and markedly inhibited 

by increasing concentration of HH4 in the solution. As accumulation 

of No
3 

by plant tissues was not affected by NH4 , its effect in 

depressing No
3 

uptake was ascribed to an inhibition of No
3 

reduction. 

In a parallell experiment, the absorption and reduction of nitrite 

proved to be completely independent of NH
4 

concentration. This 

localised the :trn4 effect on wo
3 

assimilation to an inhibition of the 

nitrate reductase reactiono The alternative explanation of energy 

substrate depletion with increasing nH4 availability and assimilation 

was not likely, as some effect on nitrite reduction a:.r'.ld metabolism 

would be expectedo Filner (1966) has studied the regulation of the 

enzyme, nitrate reductase, vlith cultured tobacco cells. Besides its 

induction by NOJ (II, B, 2, (c) ) it was repressed by several amino-
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acids including asparagine, aspartic acid and glutamic acid. This 

could provide the biochemical basis for the observations of Lycklama. 

As discussed previously amides and dicarboxylic amino-acids accumu

late during NR4 assimilation which could lead to an inhibition of 

nitrate reductase. It could also explain the greater efficiency of 

NH4 in the nutrition of seedlings (II, B, J, (a), (ii) )o The amides, 

particularly asparagine, can reach high levels in seedlings during 

the mobilisation of stored protein, which could lead to a repression 

of nitrate reductase activity. Both these suggestions require further 

investigation. 

(ii) Carbohydrates: Plants fed NOJ generally have a higher carbo

hydrate content than those provided with equivalent amounts of NH4 

(Street and Sheat, 1958). Rapid assimilation of IJH4 was observed to 

deplete carbohydrate reserves,in particular those of sugars and starch, 

during short-term observations, to a greater extent than was the case 

with N0
3

• ·This situation is intensified by darkness or low light level 

(NcKee, 1962). Several investigations covering a variety of crop 

plants have shown that plants continually supplied with NH4 have 

lowered lignin and cellulose contents, reduced carbohydrate reserves 

and are dark green, soft and succulent, except in midsummer under 

ideal lighting conditions (Street and Sheat, 1958). Tokimasa and 

Suetomi (1958) found that HH4 uptake by wheat and barley plants was 

retarded by shading or reduction of daylength, indicating this 

relationship between carbohydrates and NH4 in cereals. Delmas and 

Routchenko (1962) found that maize receiving RH4 accumulated large 

amounts of free 1m4 in the sap at an early stage of development and 

exhibited "ammonium toxicity" symptons. Plants died unless conditions 
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conducive to rapid photosynthesis were provided, in which case the 

plants recovered and assimilated the free NH
4 

in the sap. lfo metabo

lic disturbance was observed when maize plants under similar con

ditions received equivalent levels of NO, indicating that the 
J 

diversion of carbohydrates for NH4 assimilation eventually led to a 

physiological derangement of maize under low light intensities. 

I •• • ') 
i.llJ. Organic acids: Levels have been repeatedly shown to be 

affected by the form of H nutrition. Plants receiving HO.,, relative 
.,) 

to those receivin~ FH 0 • 4, have higher foliar contents of organic acids. 

This has been reported after nuffierous observations on many species, 

over a range of experimental conditions: cotton (Ergle and Eaton, 

1949); various species (Kursanov, 1956); tobacco (Chouteau, 1960); 
•• 

maize and tomato (Coic et~' 1961, 1962a, 1962b); maize (Delmas and 

Routchenko, 1962); barley, ryegrass and cocksfoot (De Wit et al., 

1963); sugar beet, poplar and birch (Van Tuil, 1965); tomato 

(Kirkby, 1966), and others. This general observation is supported 

in recent reviews: Thimann and Bonner (1950); Street and Sheat 

(1958); Burris (1959), and lYicKee (1962). Street and Sheat (1958) 

reported that malic, citric and oxalic acid contents in particular 

were higher in plants receiving NO~, for a variety of species. 
.J 

Crombie (1960), while agreeing with the conclusion that total organic 

acids are higher in plants receiving No
3

, has provided experimental 

evidence for a variable relationship between N form and oxalic acid 

content. There was a slow rise or a slow decline in oxalic acid 

levels with i,rn4 nutrition, depending on the species studied. She 

concluded that malic and citric acids in particular increased with 

NOJ nutrition. The physiological basis for these observations is 
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discussed in a later section. 

(iv) InorR:anic salt content: The uptake and subsequent foliar 

content of inorganic salts have been reported to be affected by ri 

form in a variety of studies covering a range of species: Cotton 

(Ergle and Eaton, 194-9); wheat and perennial ryegrass (Scharrer 

and Jung, 1955); lemon and bean (Wallace and Ashcroft, 1956); 

lemon (Wander and Sites, 1956); soyabean (Bhan et al., 1960); to

bacco (Chouteau, 1960); maize and tomato (Coic et al., 1961, 1962a, 

1962b); maize (Delmas and Routchenko, 1962); perennial ryegrass 

(Dijkshoorn, 1964); Italian ryegrass (Nielsen and Cunningham, 1964; 

Cunningham and Karim, 1965; Cunningham and Nielsen, 1965); wheat 

and apple trees (Grasmanis and Leeper, 1965); sugar beet, poplar 

and birch (Van Tuil, 1965); tomato (Kirkby, 1966), and others. 

Plants fed NH4 , relative to those receiving H0
3

, have a reduced 

uptake of bases and an increased uptake of inorganic anions. .A ... 11.ta

gonism between l'JHL~ and metallic cations has frequently been reported 

to affect the divalent ionic species, especially Ca, more than Kand 

:era. The synergism between NH4 and inorganic anions is frequently 

reported as affecting S, then P, more than Cl. This may be due in 

part to the experimental technique (II, C) as the S supply of :rH4 

cultures normally exceeds that in KO~, while Cl is generally omitted. 
,.) 

These interactions between N form and inorganic salt uptake are con-

sidered in more detail in a later section. 

(v) Miscellaneous: Kursanov (1956) reported that RH4 favoured the 

formation of reduced compounds in plants, such as rubber and ethereal 

oils, while No
3 

intensified the synthesis of organic acids. This 

report was based on the work of Vladimirov, part of which has appeared 

in an English text (Vladimirov, 1945a, 1945b). 
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4 IOrHC BALANCE nr PLP.MT TISSUES 

(a) Introduction 

While electropotential differences exist across membranes in 

plant organelles (Lu.ndeggrah,1960; Briggs et al., 1961) it is axio

matic that the plant must maintain an overall electrostatic balance 

during the uptake and metabolism of minerals derived from the soil in 

ionic form. Cations and anions are rarely absorbed by plant tissues 

from soils or culture solutions in equivalent amounts (De Wit et al., 

1963). This section is a discussion of the physiological mechanisms 

involved in the maintenance of electroneutrality with particular 

reference to the situation during No
3 

and NH4 assimilation. 

A brief clarification of terms is necessary. One may consider 

first the "ionic balance 11 in any tissue at a..YJ.y time. It represents 

the sum of positively charged ionic species equated by an equivalence 

of negatively charged ionic species in the +-'! ll.LSSUes, as dictated by 

the requirements of electrical neutrality. The term "ionic ba.lance 11 

will be used subsequently in a general way to denote this balance. 

Consider next the "gross cation-anion balancell of tissues. From 

tissue analysis one may estimate the total uptake of cations and 

anions from the medium under prescribed conditions. This is not the 

"ionic balance 11 however, as subsequent metabolism of absorl:>ed ions 

alters their charge, as discussed later. In the following discussion 

the interplay between ion uptake, accumulation and metabolism in 

plants is dealt with, because it is their interrelationships which 

determine the nionic balance 11 at any time. 

In this account all element concentrations are expressed in 

milli-equi valents/100 g D.H. (me. ;; ) as concentrations on a weight-



percentage basis are not directly applicable. 

(b) Determinina Tonic Balance 

General: In the formulation of cation-anion balances in plant 

tissues it has been found satisfactory to confine attention to the 

macro-elements occurring at levels from 5-300 me.% (:Oijkshoorn, 1957a) 

Cunningham (1964b) found that total Fe +Al+ Hn + Cu comprised only 

l-2jv of total cation equivalents in the herbage of Italian ryegrass, 

and concluded that their exclusion from ionic balances caused no 

serious error. A similar conclusion was reached by Van Tuil (1965) 

for perennial ryegrass. The soil-derived metallic. cations may there

fore be calculated as the sum of K + Ha + Hg + Ca in me. }0. An in

significant proportion of these metallic cations is involved in meta

bolism in such a way that they cease to exert their cationic properties 

in the tissue as a whole (:Oijkshoorn, 196J; Kirkby, 1966). A small 

amount of Mg is involved in complex formation and some Ca may be 

absorbed by structural configuration, for instance. 

The major non-meta.Ilic elements derived from soils in ionic 

form are N, P, Sand Cl. Silicon was included in the calculations 

of some earlier workers (Bear, 1950). Dijkshoorn (1957a) concluded 

that a satisfactory balance was obtained when Si was omitted from 

calculations, even though appreciable levels may be found in grass 

herbage. Cunningham (1964a) found a better relationship between 

uptake of cations and anions when Si was omitted from calculations 

for ryegrass. He concluded that 11 soluble silica II is present in soils 

as hydrated silicic acid (Si (OH) 4 ) at the prevailing pH, and that Si 

does not enter the plant as anionic silicate. Silicate ions would 

not appear below pH 9.0 (:Oijkshoorn, 1963); Si can therefore be 
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ignored in cation-anion balances. 

( .; ~ .'\ 
..1. .L .; The gross cation-anion balance: In calculating the total 

uptake of cations, the metallic cati.ons offer no difficulty. They 

are absorbed as monovalent (Na+ K) or divalent (Ca+ Hg) cations. 

Nitrogen presents the major difficulty. It may be absorbed by the 

plant as an anion and/or a cation, and the relative contribution of 

each to the nutrition of plants growing in soils is generally unk11own. 

Under experimental conditions, however, this can be determined. In 

the compilation of gross cation-anion balances for uptake due respect 

must be paid to whether N entered the plant as NH4 or no
3

; HH4 uptake 

being included in total cations and NOJ uptake in total anions 

(Scharrer and Jung, 1955; Dijkshoorn, 1964; Cunningham and Nielsen, 

1965). Phosphorus is absorbed largely,if not entirely, in the mono

valent orthophosphoric state (Sutcliffe, 1962). The Tuonovalent form 

predominates in soils of acid or slightly acid reaction and at the 

prevailing tissue pH which is normally slightly acidic, and is there

fore considered to enter the plant as the orthophosphate ion (Dijk

shoorn, 1957 et §.fill[; Cunningham, 1964 et~.; Van Tuil, 1965). 

Sulphur enters the plant as divalent sulphate and chlorine as mono

valent chloride, and present no difficulty. 

Gross cation and anion uptake by plants is therefore calcu

lated as: 

total cation uotake = the me. sum of K + Na + :Mg + Ca 

total anion uutake 

(+ total Nin the case of NH4 nutrition); 

= the me. sum of total S + total P 

( calculated as monovalent) + Cl ( + total :;:J in 

the case of HO,., nutrition) • 
.) 
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The calculation i s generally made by tissue analysis for the content 

of these elements and the expression of these results i n me. %. 

(iii) Ionic Balance: The metallic cations are not metaboli sed after 

accumulation (De Wit et al ., 1963) . They are predominantly in their 

ionic form inside the plant, although some of the divalent cations , 
I 

particularly Ca, may be precipitated as oxalate crystalis or be 
I 

rendered indiffusible as counterions to uronic acids (Kirkby , 1966) . 

As all these fractions are measurable in the compilation of the 

ionic balance of tissues , total metallic cations are calculated as 

exhibiting their normal ionic valence . The other major cation, NH4 , 

does not accumulate in tissues as a free ion during normal metabolism 

(II, B, 2 (c) ) . The total cation content of plant material is 

therefore equal to the sum of the metallic cations . 

The bulk of N0
3 

assimilated by grasses is metabolised into 

organic form and ceases to exist as a free ion (Dijkshoorn, 1963) . 

What is present in tissues as inorganic N0
3
- contributes to the in

organic anion content of tissues. Sulphur is similarly metabolised 

to a varying degree and only inorganic so4- contributes to the 

inorganic anion content of tissues (loc . cit . ) . Chloride remains 

almost entirely as a water-soluble anion in tissues (Johnson and 

Ulrich , 1959) so that total 01- contributes to the anion content of 

tissues. Phosphorus is involved in metabolism to a varyi ng extent 

but with adequate P nutrition some 8070 of total P was present in 

ryegrass herbage as free orthophosphate (Dijkshoorn and Lampe, 1961). 

The organic linkage involved in esterification does not affect its 

ionic state at the prevailing tissue pH (Dijkshoorn , 1963) and ter

minal phosphate esters still exert a single negative charge. Total 



Pin tissues is therefore calculated as orthophosphate in the ionic 

balance. De Wit et al. (1963) have shown conclusively that calcu

lation of Pas trivalent leads to nonsensical ionic balances. The 

proportion of total P involved in di- and triphosphate esters is too 

small to affect this calculation significantly (Dijkshoorn and 

Lampe, 1961). 

The contribution of ions derived from the medium to the 

ionic balance of tissues may therefore be calculated ac• "'. 

total cation content = the me. content of metallic cations 

-total anion content = the me. content of so= 4 + H PO -
2 4 + Cl + l\J(' .,_ v'l 

.,/ 

These are not generally equal in plant tissues and the mecha."'1.isms by 

which plants maintain electroneutrality is the subject of the follow-

ing sections. 

(c) Tissue nH 

(i) The oufferin canacit,r of lant tissues: Over the normally en

countered pH range of 5-6 proteins play little or no part in the 

buffering capacity of plant tissues (Dijkshoorn, 1963; Kirkby, 1966). 

The bulk of the buffering capacity is due to phosphate (Dijkshoorn, 

1963). Di jkshoorn and Lampe (1961) concluded tnat the buffering 

h h .i.., t , 2 8 f --+ capacity of P in rye grass __ erbage was sue vna on.J..y - me. o rt 

or Oir /100 g D .H. was required to shift tissue pH one unit, depending 

on whether measurements were made between pH 5 and 6 or 6 and 7. They 

concluded that the chemical buffering capacity of plant tissues is 

comparatively low over the normally encountered pH range in tissues. 

I •• ) ' , ., ,~ .... The uE of lant tissues: Wadleigh and Shive (1939) found that 

the pH of expressed corn leaf sap was 5.6: 0.2 for plants grown in 

media ranging in pH from J.O - 8.o and provided with either sm
3 

or 1JH4 • 
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Ulrich (1941) found that the pH of expressed sap from excised barley 

+ roots was 5.5 - O.J after an 8 hour period of salt absorption from 

a wide variety of salt solutions. Hurd (1958) recorded the pH of 
-1-

ma cerated beet discs as 5.9 ~ O.J after 6 days of immersion in water 

and salt solutions, both buffered at either pH 6.1 or 8.5. The tissue 

pH of pasture grasses is reported to be around 6.o (De Wit et al., 

1963) and to be between 5.0 and 6.o irrespective of the form of .N 

metabolised (Van Tuil, 1965). It may be concluded therefore that 

tissue pH does not var-.J outside fairly narrow margins. For small 

grain plants, including pasture grasses, tissue pH is slightly acid, 

between 5.0 and 6.o (Dijkshoorn, 1962; De Wit et al., 1963; Van 

Tuil, 1965). 

(iii) Tissue 1JH in relation to salt uptake: In the final analysis, 

irrespective of the mechanism of salt uptake, excess cation accumu

lation from the medium must be equated either by an equivalent 

f ,:r+ 1 f extrusion o ~,. to the external so ution or an equivalent uptake o 

On/Hco
3
- into the plant, to maintain electroneutrality in both plant 

and medium (Di jkshoorn, 196 3; Van Tuil, 1965). Conversely, excess 

anion accumulation must be equated by an equivalent loss of OH-/HOo
3

-

from the plant to the medium or an equivalent uptake of H+. Dutch 

workers have termed this the "apparent alkalinity of excess cation 

uptake" and the "apparent acidity of excess anion uptake 11 and assume 

a theoretical model for cation-anion balance considerations, with an 

equivalent of OH;Hco
3

- accompanying an excess of cations into the 

tissues and an equivalent of li+ accompanying excess anions (Va~ Tuil, 

1965). The theoretical alkali or acid uptake involved in excess 

cation or anion absorption by plant tissues is frequently very large 

in relation to the buffering capacity of plant tissues. The data of 



Ulrich (1941) serve to illustrate -l-" • 
vlllS. Excess cation uptake by 

barley roots immersed for 8 hours in a variety of salt solutions 

rap:ged from -20 to +50 me./1. of expressed sap, depending on the 

salt supplied. Although the buffering capacity of expressed sap 

was only 25 rne./1. per pH unit in the pH ra:ige 5.0-6.0 I ,after 

Van Tuil, 1965), sap pH remained within the limits 5. 5 2:' O. J, •with 

:no obvious relationship between sap pH and the numerical value for 

equivalents of cations minus equivalents of anions. This has led 

to the recognition of an effective "metabolic buffer 11 against pH 

movement within plax1t tissues involving the synthesis or degradation 

of organic anions according to whether salt uptake is "internally 

alkaline 11 or "internally acidic 11
• Tissue pH is confined to a 

narrow range of variation, and excess cation uptake is not balanced 

by an equivalent increase of OH-/Hco
3
- within tissues nor is excess 

-I-

anion accumulation be.lanced by an equivalent increase of If in 

tissues. In this respect, the Dutch terminology "apparent alka-

linli ty of excess cation accumulation II and "apparent acidity of excess 

anion accumulation" is rather misleading. The role of organic anions 

in the maintenance of ionic balance is discussed in the following 

sections. 

Id' \ } Organic Acids in Plant Tissues 

For the detailed biochemistry of organic acid metabolism in 

plants, the reader is referred to Walker (1962) and :Davies et al., 

(1964); and for the interrelationships between "dark CO2 fixation" 

into organic acids and other plant metabolic processes, the above 

paners and those of Mazelis and Vennesland (1957); Davies (1959) 

ai.~d Teel (1962) may be consulted. The interrelationships between 



organic acid metabolism and other plant metabolic processes is 

covered in this review only to the extent that some lmowledge 6f 

these reactions is required in subsequent discussion. 

(i) 1-Ietabolism of or,,anic acids: There are three ~-carboxylase 

systems kr10wn in plants which will accomplish the "dark fixation of 

CO2" into JC intermediates of the glycolytic pathway, to yield 

dicarboxylic acids (figure 2). The enzyme, phospoenolpyruvate 

carboxykinase (I) will catalyse the freely reversible carboxylation 

of PEP to yield the dicarboxylic organic acid, oxaloacetic acid. 

Another widespread plant enzyme, PEP carboxylase (II), catalyses 

the same reaction. Because of the large decreases in free energy 

and the high affinity of this enzyme for its substrate, it consti

tues the most effective carboxylation system at present k:no·wn 

(Walker, 1962). The reaction is considered to be irreversible, 

with a pH optimum of roughly 7.5 - 9.5 at equilibrium HCO')- concen-
.J 

tration. 1-falic enzyme (III) catalyses the oxidative decarboxylation 

of malic acid to yield pyruvate. The same enzyme will catalyse the 

decarboxylation of oxaloacetate to pyruvate at an acid pH of about 

5.0, which reaction is probably not reversible. Goodwin (1960) and 

Walker (1962) consider that the decarboxylation of ma.lie acid would 

be favoured in tissues, and that the equilibrium would lie towards 

carboxylation only at co2 concentrations not likely to be encountered 

in vivo. Davies et al., (1964) consider this reaction freely rever

sible and dependent on the availability of reduced coenzyme. The pH 

optimum for the carboxylation is reported as about 7.0. All these 

enzyme systems are at least partly non-particulate. 

Enzyme systems I and II both yield oxaloacetic acid by 

carboxylation. This does not accumulate appreciably as the equilibrium 
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between oxaloacetic acid and malic acid favours the accumulation of 

the latter. Carboxylatio:n reactions can, however, lead to the 

accumulation of any of the Krebs Cycle acids (or their associates) 

as they are all interconvertibleo 

In the present context, it is sufficient to consider the 

overall system as completely reversible, according to the following 

generalised equation: 

RH + CO
2 

= RCOOH 

It may be seen that decarboxylation of dicarboxylic organic acids 

which are present in tissues as organic anions must yield an equiva

lent amount of internal alkalinity, as dictated by electrostatic 

considerations (Dijkshoorn, 1963): 

:a.coo- = lliI -t- HOO'°) -
) 

Conversely, the formation of organic acids by carbox;y-lation yields 

equivalent of internal acidity on dissociation of the acid formed: 

RH + co 
2 

.J.. 
TT I n 

These enzyr:rns, working L<1. concert, provide a ready pathway for 

variations in the organic acid content of tissues. They also provide 

for the replenishment of Krebs Cycle intermediates. It may be seen 

from figure 2, therefore, how }I assimilation in general and ~-rH4 in 

particular, can lead to the depletion of carbohydrates (II, B, J, (b), 

(ii) ). 

(ii) Specific differences in organic acid content have been reviewed 

by Thimann and 3onner (1950). Total content of organic acids in 

tissues were re:portecl to be as r1igh as 450 me. 'j; in beet leaves. 

Van ~uil (1965) reported a normal orga21.ic acid content of 350 me. ~o 

for young beet leaves. Values between JOO 2nd 350 me. o/o ·were found 



by Fierce and Appleman (1943). The foliar content of organic acids 

in legumes was reported to range between 150 and 250 me. Jb (Pierce 

and Appleman, 1943; ~himann and Bonner, 1950). Ryegrass herbage 

has been reported to contain approximately 100 me. 7~ of total organic 

acids, irrespective of age (:De Wit, et al., 1963). They concluded 

that the foliage of small grain species in general, including grasses, 

contain 90-110 me.% of organic acids. Van Tuil (1965) measured the 

organic acid content of ryegrass herbage receiving different levels 

of wo
3 

nutrition. Total organic acids ranged between 60 and 90 me. 5o, 

with lower levels associated with high Cl and low N levels in herbage. 

Individual organic acids a.re subject to large variations according to 

species (Pierce and Appleman, 1943; Thimann and Bom1er, 1950) and 

vary i.vi th the stage of development ( Thimann and Bonner, 19 50), nu

trition (Van Tuil, 1965) and form of N assimfuted by plants (Kirkby, 

1966). It is therefore not possible to give a spectrum of orgar1ic 

acids for the herbage of any particular species. I·Ialic, citric and 

oxalic acids are generally considered to be quantitatively the most 

significant. Pierce and Applemar1 (1943) found that these three acids 

constituted about 30';o of the tdal in the leaves of bluegrass and 

wheat, and 40-50'f; of those in the stems and leaves of legumes. .Davies 

a.rid Hughes (1954) fm.md that malic and citric acids together consti

tu!Bd about 50?'., of total organic acids in grasses. Van Tuil"s (1965) 

figures show that malic, citric and oxalic acids together constitute 

some JS-60·5. of total organic acids in ryegrass herbage, depending on 

nutrient supply. 

(e) Exuerime:rital Ooservations of Ionic Balance 

(i) Uutake bv isolated tissues from single-salt solutions: Ulrich 



(1941) was among the first to make a critical evaluation of the 

physiological processes involved during unequal cation and anion 

uptake by plants. Studying salt absorption by barley roots he 

concluded that excess cation accumulation ·was balanced by an equi va-

lent increase in the organic anion content of the tissues, '.'lhile 

excess anion accumulation from the medium was eq_uated by a decline 

in organic anion content. As no changes in the sap content of free 

lJHL~ or amide JJ were related to disunity in gross cation-anion uptake, 

he concluded that the organic anions did not arise from amino-acids. 

Rather, the observed increase or decrease in R.Q. with excess anion 

or cation absorption respectively, led Ulrich to the conclusion that 

organic anions ·were derived from the incomplete oxidation of some 

respiratory substrate e Burstr'6m (19!r5) substantiated Ulrich I s work 

when studying salt absorption by wheat roots. Ee found that an 

increase or decrease in malate levels approximately equalled the 

excess or deficit of cations absorbed. Poel (1953) and Jacobson (1955) 

have studied the biological pathways invol:ved in organic anion synthesis 

and degradation in barley roots during differential ion uptake, using 

radio-labelled carbon. It was concluded that CO 2 was fixed into JC 

sugar derivatives by roots in the dark. The magnitude of CO 2 fixation 

was largely determined by concurrent salt accumulation, being greatest 

during excess cation uptake, and depressed in relation to controls 

'\'1hen excess anion accumulation occurred. I·falate was the major organic 

anion affected. 

Salt uptake from a variety of salt solutions was studied by 

Jacobson and Ordin (1954) using excised roots from several species. 

They concluded that during ion absorption, ionic balance in tissues 



was maintained -oy the synthesis or disappearance of an eq_ui va.lent 

amount of organic anions, mainly ma.late, according to ·whether cation/ 

anion uptake exceeded or was less than unity, respectively. This 

was the major compensating mechanism in young roots. In older roots 

they concluded that exchange of pre-existing cations attained a 

greater importance in the overall balance of uptake. However they 

did not take into account exchange and adsorption reactions in 

"Donnan free space 11 (B:riggs, et al. , 1961) as opposed to true meta

bolic accumulation. Further supporting evidence of a similar nature 

has been given by other authors (Graf a~d Aranoff, 1955; I-Iurd, 7 058• ~,, ' 

Jackson and Coleman, 1959; Bhau et al., 1960, and others). 

It is now proposed to draw up hypothetical balance sheets 

for unequal cation and anion accumulation by isolated tissues from 

neutral salt solutions. For detailed reviews of current conceuts 

of ion accumulation the reader is referred to the following: Bpstein 

(1956, 1962); 

Briggs ' 7 tl a..L. 

J..Ja ties 

(1961); 

(1959); • d o a·· .wun egar n 

Sutcliffe (1962); 

(1965) and :.Gieberm.an and Baker (1965)., 

(1960); Robertson (1960); 

Je:n1ings (1963); Brou1..ver 

Consider, first, excess anion accumulation from a salt solution 

containing a readily absorbed anion and a relatively immobile cation 

(Ca Br2 ). The equivalent uptake of Br- is (x + y), exceeding that 

++ of Ca (x) by (y) equivalents. To maintain electroneutrality in 

both the tissue and the medium three possibilities exist: 

a. organic cations may accumulate in the tissues and organic 

anions be released to the medium in an amount (y) equivalent 

to excess anion accumulation. There is no evidence or known 

mechanism for this; 
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c. 

into the tissues, 

medium to balance This does not hap~en as 
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raedium, to 

0. ++ ~ 7 -balance the unpaired ~a • ~he evidence avai~ab~e shows that 

this is what happens. Physiological alkalisation of the 

exteri-ial ::nediurn has been observed repeatedly during excess anion 

(a) ,(v) and has been discussed by Walker 

(1960), De Wit et al. (196J; and Ya.n Tuil (1965). T~e situ-

ation is su:nnarised i:n the following diagram: 
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Hydrogen (H0
) from respiratory suostrates ·orovides the energy 

for accumulation. Electrons pass down the cytochrome system (ETP) 

to yield cm- at the terminal oxidase. Cwing to the coenzymatic 

activity of inorganic anions, during the passage of electrons outwards 

there is an equivalent flo':-7 of 3r- inwards and (x + y) equi val en ts of 

i3r- arA accumulated. the ItTP actin,,z as an 11 an1·on nump 11 fL11 nde,.,.g_,,.d-1"' 
- , ~ - .t" - \ 'IA C ~- ~.I. ' 

1960; Robertson, 1960). Because of the high affinity between Br- and 

the anion pump, organic anions are no·t accumulated (loc. cit.). The 

restrained proton available for exchange uptake of Ca++ is equivalent 

to the passage of electrons 
f \ ,x + y J. .. • .. -, • I- Cl' /"'f ++ Uwing to the 1mmob1.L1·vy o:i. va , 

only x equivalents are accu_;nulated by carrier-mediated exchange fol" 

x equivalents of H+. Thus y equivalents of r-t are restrained from 

movement across the permeability barrier and temporarily eq_uate the 

excess Br- accumulated. Behind the permeability barrier, y eq_uivalents 

of organic anions are decarooxylat0d and the released alkalinity 

' . t· t· . . d u+ _,_ ... ¥T -comoines v12 h ne resi:;raine .d vo rorm .:-120, and the cations which 

were previously balancing the organic cmions now balance the excess 

Br-. That acid pH values favour decarbox;y-lation of organic anions 

(II, B, 4, (d), (i)) may be the "triggering 11 mechanism for the decline 

in organic anion levels. In the medium there has been an extrtrnion 

o:f.' which is y equivalents in excess of the passage of 

This balances the excess of Ca++ remaining in solution and gives the 

observed pH increase. This scheme appears the most probable to the 

author and covers all the requirements for excess anion uptake by 

tissues from a neutral salt solution: 

a. internal pH remains static; 

b. external TT • pn increases; 
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c. there is a decline i~ organic anior.,_s equivalent to the 

excess anion uptake; 

d. the R.G. value increases as a result of the decarboxylation 

of organic anions; 

e. electron.eutrali ty is :maintained within the tissues s,nd in 

the medium; and 

f. the concept is i11 l1arn1ony 1.vi th c1.1rrent evidence for tl1e 

mechanisms of inorganic ion accumulation. 

i1. similar illustrative examr,Jle can be drm•m U 1" for excess ~ .!: 

cation accumulation from a neutral salt solutio:n containing a 

relatively rwbile cation and an immobile anio;.1 (?~2sc1.J. iiet the 

uptake -·-+ "t / \ 1.. r ,-. QQ ::::; of .:<.. oe \X + y) equivalents and i:;na--c oI ,.., 11, , Y eq_ui vale:rits. 
-r 

Cation uotake .c exceeds a::don uptake by y eq_ui valents. The situation 

is summarised in the followir.Lg diagram! 
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Aga.i:i the separation of protons and electrons from respiratory 

-.o . a n provi _es the e11ergcJ req_uired for the accurrmlation. .!is (x + v 1' 
V 

eq_uivalents 

of anions is accur:ml2ted. Owing to the lov1 affinity between so4-

accur1ulated 

together with y equivalents of o:r.:·i;anic anions, ·which share a greater 

proportion of total transport capacity in the absence of a highly 

nobile anion (Luncleg2.rdh, 1960). Carriers r:i.ediate the exchange of 
..)... 

for the same amount of I(' from the sol-

ution, so that 1·1ithin the tissues, is balanced by S01i- a:c.d 
--r 

..)... 

organic anio:i.1s. As there is an eq_ual release of H' and 01:-/::rco--:i 
./ 

during accumulation, this provides no overall effect on the exter-

nal solution. I-!o"1ever, is released to the external solution in 

an amount (y) sq_ual to the uptake of organic e.nions, 

from dissociation of the organic acids formed. b~r carboxylatio:n in 

the 11 outer space" of tissues CSundeg2.rdh, 1960). The rt released 

causes a physiological acidifcation of the medium. The widely held 

view that the synthesis of organic acids within the locus of accumu

lation supplies an sq_uivalent of I-I7- for exchange uptake of excess 

cations (Burstr'6rn, 1951) is not shai·ed by this 2.uthor. Such a nro-

cess shows no interrelationship with active transport systems as 

understood and entails the invocation of a. separate I \ ,unlmown; 

mechanism to "trigger" the synthesis of organic acids when tissues 

are placed in a salt solution whose anion has a. low affinity for 

the anion transport system. This scheme satisfies all the require-

men ts for excess ce.tion absorption by isolated tissues from a 

neutral, single salt solution: 



so. 

a. internal pH remains static; 

b. external pH decreases; 

c. there is an increase in organic anions in the tissues, 

equivalent to the excess cation accur:mla.tion; 

d. the R.Q. value decreases as a result of carboxylation 

ree"ctions to yield organic acids; 

e. electroneutrality is maintained within the tissues and 

in the 11edium; and 

f. the concept fits current evidence :for salt transport a:nd 

accumulation. 

These schemes fit the :Dutch co;.1cept that the uapparent 

internal acidity of excess anion uptske 11 is :neutra.lizecl by an equi-

valent consumption of organic anions and the subsequent production 
,_ ' ,, 

of in te:t'nal alkali; and that the 11 apparent interi1al alkalimj. ty of 
f 

excess cation uptake II is _;_1eutralized by the equivalent synthesis 

of orgsmic acids and subsequent production of internal 2.cidi ty 

(TiijkshoorL, 196J, ai1d others). 

I • • \ 
\.11) Ionic balance in ·olants during nutrient uptake and metabolism 

If salts were merely accumulated the considerations of the 

previous section v1ould suggest that duri:>1g :n-:r1r, nutri tio:1 there would 

be large accumulatioY1s of organic anions, as cati OD, uptake greatly 

exceeds that of anions. It is almost invariably found however, that 

substitution of lT!\ for _3m
3 

leads to a distinct decline in organic 

( TT r. '"' (, ~l / ... \ \ anion levels ,.1.~, ::;, J, ,o,, ,111; J• This observation can be 

exple.ined in terms of the :metabolism of ~T in particular, and S to 

a less eJ{te:r1t. 

In comparison with other soil-derived nutrients, plants 



require large quantities of 1: (II, Z, 2, (a) ) • During 1.10
3 

nutrition the plant assimilates EJ, large excess of anions, whilst 

a large excess of cations. 

al1d Jung (1955) illustrate this. 

cation-anion uptake l:as been calculated from tissue a:nalysis data, 

v,i th due 2:'espect to the f orrn of }! ; the results ·f-r·o,11 a 11 h.; a1·-, 1·.,,_·u.t-
- - LJ..!. _.._.J..o J. 

rition 11 treatment have been rounded off). 

GROSS CATIOE-.A1JIOlJ :a.AL.Al-TC:S 

Cations Anions Ratio 
Cations 

Treatment EC lJ DC+1J ~fj LJ ... lT DA+l:~ Anions 

FO TI 90 90 LW 170 210 .. , I, 
_j '1-..1., - u., --r 

../ 

1':'"j-T l\T ,..., ~ 250 325 lJO 7 J" 2 • Lr -'-··L~ -~, r'J - ~ V 

In spite of the reversal of charge, N untake ner unit of tissue was .c ~ -

of the same order of magnitude in both instances. In 

series, total anion uptake we.s 210 me.jb, the major contribution 

coming from Ir, and total cation uptake was 90 me. )0. 'With the r:rH4-:T 

:pl.3.:nts, total anion uptake has fallen to lJO me. 5o, but the uptake 

of a21ions other than I:J has increased three-fold. Total cation 

uptake has leaped to 325 me.7;, in spite of some reduction in 

metallic cations, as total N entered the plant as a cation. ~he 

:result has been a change in the gross cation-ar.don ratio from 0. 4 

Some consideratio:1. must now be given to 

how the same plant species can accwuulate a 12.rge excess of anions 



on the one h2:rHi 2110. a large excess of cations on the other. 

Tl1e explana:tion ~ . 
J_l8S in the metabolism of d and Sas first 

proposed by :Oijkshoorn in ( l.? 58b) a:c.d exnanded. by the Dutch school 

since. 

"' .. t ' d S'' b b " d :1 .,___ . .::;i rate an v,,, once a sor eo., un erf::o rec uc t,l ve 
~ ~ 

lati.on to a varying degree according to conditions. Dy far the 

b"' 7 ,_ -f' "~ ,·. 
L,_y,._ 0.,__ .J.<V-, is normally metabolised into non-io1:ic, organic forrns. 

_) 

'.:1he overall equations may be v..1ri tte~1 as: 

J 
s· = v,, 

"!· 

+ 

+ SH,, 
G 

+ 

+ 

(Dijkshoorn, 1963). 

+ 

+ 

Electrostatic cor1sideratio11s demand that the negative valences be 

released as anions, presumed by :Di jkshoorn to be stJ~ongly basic 

OE-C groups, which i-Jill equilibrate wi t:C1 CO,, in the formation of 
G 

:iICO.., - • By ane.lysis of the organic fractions of heal thy pere:(mial 
_) 

ryegrass leaves, Dijkshoorn et el. (1960) were able to calculate 

the ratio, Ine. ~ assi::1ilated./me. SGLr assir:1ilated, which was an 
..I 

therefore, 

· +b r1 • • ...-. , , .. J.... .L .J..." .J_ • b · .. o -yrr~1 + in v .e u.iscussions I0.1.__,_ow1ng, 1.,Ua1., v11e contJrJ., U"tlon o:.. .,iv'< me va-
,,1 

bolism to the overall balance f2r outweighs that of so4• This 

reductive assimilation of Y:O,.., and soh, provides a continuous source 
) 

of anions which :oay be converted to organic acids and/or returned 

to the external medium. As Iauch of the l-:0-:i .metabolism occurs in 
.J 

.J...1. .,___ (-c- D 2 ( ) t,J:!.e roo t,S ,J.1, ,.), ~, ,c ) tne q_uestion of whether or !lot transfer 

of the OH-,AiCQ _ - ·Jroduced to the external medium requires the 
j -

intermediary participa.tio:i.'1 of ar2. organic anion, is largely academic. 

Tf .,___ · . .J.h . d . . . t . 1 . ' . 1 . d --'- a ca t,J.On accompanies l,~ e anion u:::?ing ini 1a a osorp-c1on \:::,aire 

u-::itAke), then on metabolism of the c1.J1im.1 there will be the net re-
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tention of an orga.nic anion to bala11c 13 tJ1e accornpanying ca_.tion. 

If no cation is absorbed (exchange uptake) the :net result is the 

exchange of an equivalent of uI-C /aco
3 

- from the pla:nt for or 

30 1, from the ::11edium. This is surmnsrised in the following diagram: 
"'¥ 

:Iedium ?lan.t I,Ieta-bolisrn Accumulation 

Paired ( 
U-ptake ( 

c-·-------------------------- c+ 

Exchange 
Upta.lre 

- ~-n -
't,TO• ---- :\lv'J -----
'-" ·~ -

.J 

3 

J\Tli--:> + OB-----~ 
.J 

+ 
r,;.r- ITTCn - -=-----------0~·.t'-......... .:. I ......... V ~ ........: -

_,} 

RCOu-

During paired uptake, the cation-anion ratio is 1. With exchange 

uptake, the entry of is effected without a.ccu1nulaticn 

of ions. This means that with .._ nutrition, the upper limit to ·, _.. 

the cation-anion ratio is l.O, without invoking any other mecha:nis::::s., 

and there is vi:ctually no long as J is the princi~le 

a.:i.1ion 1Jeing absor1Jed a 
m·h,:, '1' +~1rc O:,o,1rl 
--Lt~-· l.A.p va..n..v •-·•..:..L\-"- assimilation .snd 

can continue to a large degr:ee therefore, quite independently of 

the uptake of other ionic species from the medium. This explains 

hov! a, large excess of a:nio:r;.s can te accumulatod 1)y tissues recsi vL1g 

:ro,,. ~Iet2.llic cations accumulated by paired uptake v.':i. th anio:ns which 
-' 

· a:;:;e not subsequently metabolised (Cl, P, inorganic S) will rerna.L.1. 

in the tissues, balancing the charge of these inorganic anions. 

A similar situation has been visualised by :Jijkshoorn (1958b) 

for nutrition. '.the assimilation of iTHLj, involves an equivalent 

release of acidity according to t:ne eq_uation: 

= 

In a :manner 2wala.gous to that duri2.1g :x,
3 

assimilation, ITE4 assimi-

lation provides a :fr continuous source of ~.l ·wl:ich can be exchanged 



for more 

Excl1a,nge 
Uptake 

from the medium, as the 

Pl ant "'':7 .1- "! ~ " 
1.·1e uaoo1.1sni 

k T _ + -.-- +· 
.urJ.

4 
----~IT~

4 
------3,,. i--!l-1'1 

.,I 

+ 
-.-.+ ~ ~-------------T!.• .. . tl -. --

following diagran,: 

Accumulation 

iTil 

The metallic cations may be assimilated during paired uptake with 

inorganic anions (CI, P, r1 \ 
u). The only limitation placed on cation 

and a:nioi1 tDat inorg2.nic anion uptake 

cannot exceed rn.ete.llic cation uptake v1i thout a considerable drop in 

• • TT d/ . - . t -C' ~. -----ci ssue p.t1 an or ·c11e exis ence OJ. rree .L:hL~ salts in the tissues. 

In this respect, the use of the results of Scharrer and Jung (1955) 

has been entirely illustrative. The tissues from their 1m1 ,,+ 
• -l,.. -ere a L,-

ment cor:tained inorganic anions at 130 rae.70 and inorganic catioEs 

at 7 5 me. 7;;, giving an excess of inorga:n.ic anions of 55 me. ~oo If 

their analytical tecill.J.iques were beyond q_uestion this indicates an 

abnor~nal metabolism, which may be the case, as a close perusal of 

their paper shows that Eg and all micro-elements v1ere apparently 

omitted completelJ, from their sa:n.d cultures. 

It is concluded that much of the .tT, irrespective of form, 

ca.n enter the pla11t and. 1Je 111etabolised i11 such a ,,,a.y that lSf t11Jtal~e 

can continue largely independently of the uptake of meta,llic cations 

and inorganic anions. As long as EO..., is the major anion absorbed, 
) 

there is theoretically no lower limit to gross cation-anion 

balance during absorption frou a ~0
3

-N medium. 

is theoretically no upper limit to the gross cation-a~1ion balance 

during absorption. f:com an IE\-~J medium, as long as }IT:!4_ is the majo~ 

cation absorbed. 



Fierce and }\.ppleman (1943) greu 12 species of plants under 

uniform conditions and s"Ll.bseq_ue:ntly determined the foliar content 

of metallic cations, inorganic anions and ether-soluble, non-vola-

tile organic acids. In all species, there was a considerable excess 

of metallic cations in ti-ie herbage. This excess (i.e. me. sum 

cations - me. sum inorganic anions) showed a virtual 1 ~ 1 relatio:::-1-

ship 't.1i th the me. content of organic acids. ~rom this they co:n-

eluded that the excess of metallic cations in tissues is b:?~la:..1.ced 

by the anions of organic acids. Haksimovich and 3akhir 
, \ 
I 1 9 t.;1 , \-- _,,,-,1 

observed that during the vegetative phase of growth of sugar beet, 

uptake of inorganic ions was in a re.tio 5.ear unity. .At t:i1is stage, 

the measured increase in total organic acids in tissues roughly 

n1irrorecl tl1e I~ content. They consid.ei~ed, the ref ore, that organic 

anions 1:1ere replacing n0
3 

ancl S0 11 as these ino:::-ganic 
~f' 

8.YllOllS ·v;ere 

beine metabolised. uotake of 
-'· J 

declined, e.nc1 a considerable excess of cations ·was accumulated and 

equated by orga2-iic anion accumulation in the tissues. Their cherni-

nie. sum ca .. tioi1s ;::ie. sum i:nor6a11ic anions 
. . me. organic anions 

we.s approximately- unity at all stages of maturity, for individual 

plant parts and for whole plants. Yan Tuil (1765) found that the 

content of lovv molecular weight, non-volatile organic acids in the 

herbage of ryeg-x:ass receiving a variety of nutri tiona.l treatments, 

was eq_uivalent to about 907; of the excess of metallic cations over 

i:norgm1ic anions in the tissues. IIalate, citrate an::l. oxalate 

comprised the major part of these organic anions. Zj_rkby (1966) 

a.ssayed the orgaEic a.cids in tomato receiving di±'ferent forms of 



!rrineral n. Irrespective of plant part petioles, ster:as 

or roots), and irres:pecti ve of the form of i~ e.etabolisecl, total 

cations in tis:"":oues were virtually exactly eq_uated by the content 

of inorganic 2.nions + non-volati.le organic acids + uronic acids. 

He concluded that the indiffusi ble a~1io:ns of l)olyuronic acids 

also contributed to the ionic balance in tissues, a conclusion 

similarly reached by Van Tuil, (1965) for ryegrass, when he found 

that his calculations showed only atout 90% of excess cations 

balanced by non-volatile orge.nic acids. His analytical methods 

did not inclu-::le uronic acids. 

T..L " 1 ;:J ~ 
.L 1., lS COl1CJ.U1.teQ that tJ1e ionic in any tissue 

. ., 
oa . .1al1ce -:i+ 

>.....(,\.J 

,'3.11.y time is given by the ecJ.l~ation: 

lJ8. total cations = me. inorganic anions ( 

r,--

\J.L + 

+ no -) + !ne. ( total non-volatile organic acids + 
J 

uronic acl. rl"' J\ 
• •.....4..;:) • 

The '!-il10le conce:Pt :ma,y be best sumnarised by the balance 

sheet for the U!1take, utilization and accumulation. of IJ.ineral ele-

:men ts in tr1e 2-::.erpage of ;,erermial ryegrass, calculated by Di jk-

Poliage w2,s 2nalyzed after 28 da,ys regrowth with 

adequate ·,1 ,,+-r>i· +1· o-r• ~,-d Joi•' " 7 ava1· -.L . . 9 ... 1· 7 1· +,,. .... :..u V- V ..:..l -...A.-,i.l ., V..L . ,...,..u ...... VJ (I 



Bala~1ce-sheet of uptake and titilizatio:n 

lJy :;_,olium cierenne .L. 

(froE Dijkshoorn, 1962) 

Untake 

Cations (i: + 2Ja + + Ca.) 

t~1·0~" i\q ~ ~ ~ 07 + ,,,.. ... ,;_,L -..!..0 ,.u • ..L ; -.1...L 

"Apparerit acidity of uptake II Ul) 

Utilization 

Catio11s 

Anions 

Cl 

.e 

1Pinal State 

~etabolic alkali 

Acidity of uptal:e 

Crganic anions etc.) 

inorganic a.11io11s 

(r:ie .Jo) 

l.SO 

J20 

, 4·' ..L u 

0 

24·0 

10 

0 

14•0 

110 

llG 

110 

The gross cation-anion balance for uptake gave an excess of 1L~o 

me.~; of anions or an "apparent acidity of uptake II of 11w me. 70. 

The reductive assimilation of ~·~0 1 and SOh provided 250 me.," of 
✓ • 

internally released alkalinity, so that the excess of intenial 

alkali was llC me. 1J. The final bala:r:ce in tissues was: 



total cations = 180 me. 

inorganic anions = 320 - 250 70 me. 

58. 

the excess of cations was equivalent to the excess internal alkali 

released, 110 me •• As tissue pH is constant, this alkalinity must 

have been transferred to organic anions, which equate the excess of 

cations. The numerical value for excess cations over inorganic 

anions was in quite good agreement with the known content of 

9 me. of non-volatile organic anions in ryegrass (loo.cit.; 

De Wit et al., 1963) although they were not measured in this 

particular study. The discrepancy in excess cations is almost 

certainly owing to the fact that Dijkshoorn overlooked the contri-

bution of uronic acids Tuil, 1965; Kirkby, 1966). The uronic 

acid content of ryegrass should be in the 

comm., J. Dunlop). 

10-20 me. (pers. 

(f) Ionic Balance in Tis~ in Relation to N form 

The effect of NH4 , relative to No
3

, in reducing cation content 

in herbage, especially that of the divalent cations, increasing 

inorganic anion content and the associated reduction in organic 

acid content has been discussed (II, B, J, (b), (iii) (iv) ). 

The explanation for these observations is very simple. Owing to 

the synergism between N0
3 

and metallic cations and its antagonism 

with other inorganic anions during uptake from the medium, plants 

receiving No
3 

have a larger excess of cations in their herbage, 

assuming that conditions are normal and the bulk of the accumulated 

l'J0
3 

is metabolised. As shovm in the previous section, excess 

cations are balanced by organic anions, so that these plants have 

a high organic anion content. The same species under identical 



r.;q .,, / . 
condi tior1s ~Jut have a reduced cation content 

an enhanced inorganic anion content ovling to the anta.g021.ism between 

cationic i:J and mete,llic cations and its synergism with inorganic 

anions, as noted previously. 3.elative to _plants of the .., series, 
J 

the gap bet·ween cation content and in.organic anion content has 

narrowedo As the difference is bal2,nced by organic anions, the 

measured organic acid content falls. 

This provides a siE1ple, acceptable - I • 0 J._~ exp~ana~ion ior vne 

differences observed. It remains to investigate the physiological 

basis for these interactions bet""i·Jeen J.: form and. other inorganic 

ionic species, during uptake and accur:rulatio::.1. 

(i) "Carrier II corm:ieti tion: Several authors have concluded that 

t11ese interactions may be ex-olained or1 the basis that ITO,.., provides 
.J 

a large excess of rapidly absorbed anions, and EE4 , a. large excess 

of cations, resul ti:r1g in competition for "carriers 11 (Street and 

-·· t c:. ~, }' . .. - ~ I - r-, ,., / ' • d d ~ . t --+ , ., . .i..· • 0nea , 19 _;b • ,.-lu.1cter 'dJ )o J cons 1. ere c11a .ti re.1.easeu wi vl1ln 

the cytoplasm of root tissues during ;;HLi, assimilation was the most 

probable explanation for the observed depression of iig uptake by 

acid soils. IIe - :i ,:i '. .L ·:r + conciu~eu ~naG L was 

a strongly competitive ion with respect to cations such as Ca e,nd 

Hg, while highly 1:1obile cations such as IC, ·were less affected by 

this competi tkni. 0 or·•)P+1· ~-; o··, ""'o..,,,.L n °,..,.....,,~.1·· 0 "Y's 11 1· n +·1·1e V ... .ul . ._JV l.,_ J.J.. ..L. ... ,,,Cl,-L...... ~..... V conventional 

1956, 1962) between l~O and other inorganic anions, 
~ _., 

and between l~H,, and metallic cations, has not been obser7ed 
"-r 

·

1 l1o,,1)' s 1101•1ed 8 1·1a-y,'red _q,1•J...,-,,-,.01·1· ,...rn \ .,, .; ~J.. ,, , i ,~.!\. ~"- va.5 l_i::,. 

between ITH1. and IC during accumulation by excised 1:;arley roots. 
-!-

The writer finds 11 r-:-irr, 0 ,., 0 01r'o 0 -"--i ..... 1. o·,1 11 
'-"'-''--' ~V- v .i.-,.L• ,_,l;_IJ l unsatisfactory as 

an , ' .. . .. -e:x::9..,_ana·i:;1O11, in vie•,J of the above evidence and 1·1i th due regard 
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to the fact that the conventional car~ier theory provides no 

basic, for the observed synergisms. 

(ii) The relative sites of N metabolism: 

metabolic incorporation of :J occurs in the roots by neces ty (II, 

B, 2, (c) ), 9ossi1:,,ly in the outer layer of root tissues (I·Tuld.er, 

The resulti:ng organic-1-7 compou:ads are largely tra:::1slocated 

to the herbage and do not exhibit j_o:aic properties in the sense that 

inorganic ions anc. organic .e,i1ions do. Fro1;1 the point of view of 

ionic balance they r,.1ay be considered as neutral corr.pounds (Vs..n 

m 'l lQ/,-,\ 
J. Ul ~, .;,_ / C _) ) • Tf1e l1pt2l,~ire of n1eta,llic catior1s exceeds tl1c1.t of i1:1org-

anic anions :~Zielsen, 

As these values for uptake have been 

m&ted tissue tl1is n1ea11s t}1at there l1a,s 1Jee11 a11 excess 

of rn.e~tallic cations transpor~ted to tt1e tissues, a2:1d ~t11ese cire ba,la::1cecl 

in the tissues by organic anions. Lccordi:ng to the :Jutch concept 

this 11:ould involve to the 

..L • a ..L , • 1 • ·c·· / ~-.- -, /j ( \ ·). ' . •T/'1 r· -excess ca.G1ons ouv ai:; preva.1 2ng sap p1;. ~i1., 0, _, cj , i:;11e nvv-::: 
./ 

l·o·_n •\doul~ ~.~10-'-v P~ • .l.~·D,,iv· ...L~~ •• ~01•,+1·0~ ·,'~utn 7 7'Dfl~ Jn62;· V - L ~ .! ~ -• ,:, \A. \, _ .L!. \ '-' v .l._ .L .i.. v ' .• / • Thei"efore the 

excess of cations m-:;st be 1Jalanced during translocation by organic 

anions formed in the root. It is significa.Et that it is the dival-

e11t catio11s ,-1l1icl1 are n1ost affected, suggesting tl1at t11ey are :rno1,..e 

reliant on transport as the salts of Ol\'I2.nic acids than as free 

ionso 

T. .. . , . . . ··u , d d . · .:.1e mecna111sms oy v1.rncn 1,.~4 cou.L ecrease organic anion 

transport from the root are open to speculation. Lcidification of 

the external mediur:1 'i::lecause of excess cation a.ccumulation, and 

acidification of root tissues because of the acidity released 



.<7 ,_, __ .. 

during ITHl.j, assimilation, could affect the carboxylation systems 

as discussed in the next section. Alternatively, the large demand 

for organic acids caused by l{H4 assimilation in the roots may be 

dravm from a limited supply of organic acids, in comneti tion Vii th 

cation tra.I'-sport. The data of Cunningham and lJielsen (1963) shovJ 

that the ratio, me. Ca + hg/me. ifa + K transported to the herbage 

of Italian ryegrass declined a little with increasing lJBi.J, appli

cation to soil, but v1as quite independent of soil temperatures of 

11, 19.5 and 28°C. irom the data of 1ycklama (1963) for full-grown 

perennial ryegrass :plants assimilating m:14 , temperature. changes over 

this range would be expected to bring about a much more rapid 

assimilation of 2E\ with each temperature increase. This in turn 

means a more intense acidification of both medium and tissues. ho 

systematic variation in the ratio divalent/monovalent cations was 

observed in relation to temperature, but the ratio decreased with 

increasing HH4 at any temperature. Therefore, under the conditions 

of that experiment the data support the contention that .iJH4 assimi

lation was, in fact, in competition with divalent cation transport, 

for a limited supply of substrate. ~'l. temperature effect v1ould be 

expected if acidification by iE-I
4 

assimilation ,_.,,ere the controlling 

mechanism. Su~strate level could have been limited by the light-

ing conditions of the experiment. Having established that a_~ antago

nism between metallic cation transport and 1m
4 

assimilation does 

exist, the synergism with inorgaYJ.ic anions may be explained as due 

to the increased importance of paired uptake and transport of in

organic cations and anions in the absence of 1;0
3

, and/or to the 

reduced availability of organic anions for excess cation accumulat-
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ion. 

When plants are receiving no
3

, a variable amount of the :ao
3 

absorbed may be metabolised in the roots, and the remainder trans-

located to the herbage as the anion. Accumulation of ·~10 
.c. 3 in 

herbage is largely related to factors impeding its metabolism, 

particularly low carbohydrate supply, poor lighting and deficiencies 

of essential micronutrients (Spencer, 1958). It is difficult to 

assess the relative contribution of root tissues and aerial tissues 

to 1m
3 

assimilation, although it 

that the roots are an important 

was 

• .L 
SJ. t.,8 

concluded (II, B, 2, (c) ) 

for the bulk of this assimi-

lation. i•.s such, the synergism betvleen Hu
3 

and metallic cations 

during uptake and accumulation may be explained in any of the 

folloi-Jing ways: 

(a) There may be an increased paired transport to the leaves, of 

cations with ionic iiO~; 
.) 

(b) nitrate assimilation in the roots may provide organic anions 

for the translocation of cations to the herbage; 

(c) uptake and assimilation of ITo
3 

may provide an alkaline 

environment in the medium and the root tissues, thus 

indirectly favouring the provision of organic anions for 

the transport of metallic cations. 

Cunningham and :i:Jielsen (1963, 1965) have studied the mineral 

composition of Italian ryegrass herbage in relation to soil temp

erature and HO".) availability. The foliar content of cations was 
.) 

directly related to soil temperature and to iJO availability; -· J 

increasing as lJO,.., availability increased at any soil temperature, 
.) 

and increasing with soil temperature at any level of 110
3 

application 

to the soil. The content of divalent cations (Ca + 1':Ig) relative 
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to that of monovalent cations (lifa + K) in the herbage exhibited 

the same relationships to soil temperature and :m
3 

availability. 

An increased assimilation of 1-rn
3 

over this soil temperature range 

(11, 19.5 arid 2s0c) would be expected from the results of 1iilliams 

(1962) and Lycklama (1963). Conditions which favoured the assimi

lation of IifOJ, therefore, also favoured cation uptake, especially 

that of divalent cations. If the effect of increased soil temp

erature were considered to result in an increased metabolism of i'JOJ 

in the roots (the foliage of all treatments was maintained in a 

uniform environment), then it may be concluded that the observed 

synergism. between No
3 

and cations was the result of an increased 

translocation of Ca and Hg as the salts of organic anions, provided 

directly or indirectly by no
3 

assimilation. I-:[o-wever, as the effect 

of higher soil temperatures is open to the alternative interpre

tation of an increased translocation of cations, especially Ca and 

Hg, as their lTOJ salts out of the roots to the herbage, the 

possible mechanisms underlying this synergism cannot be irrefutably 

separated. 

The antagonism between l~OJ and other inorganic anions during 

uptake may be explained by the reduced share of (P + S + Cl) in 

total transport capacity, in the presence of adequate Ho
3

, owing 

to the reduced importance of paired uptake of cations with inorgan

ic anions other than l'ro
3

, under such conditions. 

(iii) Tissue nH in relation to N form: liiulder (1956) reported 

that the pH of macerates of root and shoot tissues from peas which 

had been receiving 1rn
3 

or lrH4 , were higher where the plant was 

metabolising l'JO • The differences were not large, ranging beti.:een 
J 



o.l and O.J pH units. Kirkby (1966) reported large differences 

in the pH of tissue macerates for tomato plants. Those receiving 

NOJ had a pH value of 5.60 for roots while the corresponding value 

for nH4 was 4.70. The difference showed a more or less gradation 

from roots through stems and petioles to leaves, where the values 

were 5.50 and 5.00. Kirkby felt that this difference could in part 

explain the reduced organic anion content of irn4 tissues and the 

related reduction in cation content in relation to N0
3

, as higher 

pH values favour the dark fixation of CO2 and synthesis of organic 

acids (II, B, 4, (d), (i) ). 

This conclusion is not necessarily correct. It is not 

known whether the carboxylation enzymes are exposed to ntissue 

acidity 11 as measured by the pH of macerates. In fact it is k:nov111 

that a considerable proportion of the more important organic acids 

in plants are isolated from metabolic turnover pools, presumably 

stored in the vacuole (HacLennan, 1963). l!'urthermore, tissue pH 

is considered to be effectively buffered against change during no
3 

and :r-rs:4 absorption (De Wit et al., 1963; Dijkshoorn, 1964; Van 

Tuil, 1965). In field studies on the growth of brocolli receiving 

No
3 

and NH4 fertilizers, Eheart (1966) found no pH differences in 

the tissue macerates receiving either H form. There were larger 

measurable differences within N form between plantings, than 

between H forms within plantings. 

The content of total :J? was higher in all plant parts, except 

roots, of the tomatoes receiving J:'TH4 in the study of Kirkby. Pre

sumably, therefore, the buffering capacity was also higher (II, B, 

4, (c), (i) ). That lower pH values were found in stems, petioles 



and leaves would suggest that free acids had accumulated in these 

tissues and consideration must be given to the question of 

whether metabolism in these tissues was normal. 

(iv) External nH in relation to II form: It has been noted pre

viously that l\fOJ nutrition results in the untake of a large excess 

of anions and a resultant increase in the pH of the medium, while 

the reverse is the case with NH4 (II, B, J, (a) (v) ). This raises 

the possibility of a..n interaction between N form, external pH and 

ion uptake and accumulation. 

Several experiments have shown that when isolated tissues 

are held in alkaline media, in relation to the same tissues held 

in acidic media, the uptake of inorganic cations is increased, 

accumulation of inorganic anions depressed, and that the excess 

cation accumulation is balanced by the synthesis of an equivalent 

amount of orga..nic a..nions in the tissues (Jacobson and Ordin, 1954; 

Hurd, 1958; Lundeggrdh, 1960; Sutcliffe, 1962; and others). The 

argument as to whether this 11 ph affect on cation uptake 11 is the 

result of Hco
3
- accumulation ner §.g_ and subsequent organic a..nion 

synthesis (Hurd, 1958; Sutcliffe,1962) or the result of a shift 

in the equilibrium in favour of orga..nic acid formation and dis

sociation (Lundeg2.rdh, 1960) is academic and cannot be proven by 

experiment (Hiller, 1960). Bhan et al., (1960) concluded that the 

coJ.IL.inonly observed reduced uptake of cations by plants receiving 

NH4 could be largely the result of low pH rather than HH4. They 

grew soyabeans for two ·weeks in solution culture with no
3 

and NH4 , 

and maintained two series of solutions at acid and alkaline pH 

values. The me. sum of (K + 0a + Hg) was depressed by NH4 in re-
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lation to 1m
3 

at acid pH values. This was a true antagonism as 

yield also fell. However, where Hco
3

- salts were supplied to the 

culture solutions to give a pH of 8.5 in the media, the me. sum 

of cations was the same for the leaves from both j\I forms. The 

yield of the HH4 plants at pH 8.5 was less than half that of the 

NOJ plants, so that part of the increase in cations may have been 

related to a concentration effect resulting from the yield de-

crease. It is interesting to convert their data to the ratio, me. 

divalent cations/me. monovalent cations, and consider them in 

relation to pH and ll form. Irrespective of J\J form the ratio was 

higher at pH 8. 5 than at pH 5 to 6. For 1n-r4 , the increase was 

from 0.74 at acid pH to 2.8 in the alkaline medium, almost all 

accounted for by a decline in K content and a fourfold increase 

in Ca content. If this were a true 11:pH affect on cation uptaken 

involving accumulation of organic anions and an equivalent of cations, 

it gives an independent verification of the suggestion made pre

viously that the transport and accumulation of divalent cations 

could be more dependent on the movement of organic anions than 

on the accumulation of inorganic anions. This experimental obser

vation must be weighed against the characteristics generally 

observed in the leaves of plants suffering from lime-induced 

chlorosis (see Bear, 1960): 

a. a high lfa + K/Oa + Ng ratio; 

b. a high organic acid content. 

This physiological disease is caused by a natural or lime

induced alkaline soil reaction. The general observations suggest 

that an alkaline soil environment, relative to an acid soil, causes 

an excess of accumulation of cations balanced by organic anions, but 
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that the uptake of monovalent cations rather than Ca and Ng, is 

enhanced. 

Unfortunately, little is knovm of the pH characteristics 

in the immediate environment of the root during differential ion 

accumulation. Walker (1960) has discussed the movement of cations 

from the soil solution to the soil colloidal complex, resulting in 

an equivalent displacement of H+ to neutralize the OH-/HCo
3
-

released to the medium by the plant during excess anion accumulation. 

-What data are available, however, suggest that this equilibrium m~y 

not be established at the root surface during active ion uptake, at 

least not in poorly buffered media. £xperiments cited by /folder 

(1956) and Street and Sheat (1958) established a steep pH gradient 

near the root surface, even where the pH of the bulk of the medium 

was rigidly controlled. Sand cultures supplying IJH4 with a bulk 

pH of 6.o, had a pH of 4.o - 4.5 at the root surface, and as low as 

pH 2. 8 - J. o with high levels of lfrI4• Sand cul tu res supplying no J, 

with a bulk pH of 4.5, had a pH at the root surface of 5.6. Lunde

gg,rdh (quoted from dtreet and Sheat, 1958) measured the pH at the 

surface of v,heat roots as J. 0, which was very acid in relation to 

the medium. Jones (1961) measured the pH at the root surface of 

plants growing in fly ash of pH 8.5, and found it to be 6.o. 

Obviously then, the pH at the root surface does not have to be the 

same as that in the bulk solution or soil. 

All that can be concluded is that pH gradients possibly 

exist around the roots of plants which are actively absorbing 

nutrients. Because of the external alkaline effect of NOJ uptake, 

such a gradient would be alkaline, and with 1rn4 , acidic. In view 
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of experimental evidence for a pH affect on cation uptake, and 

associated organic acid accumulation this is a possible contribu

ting factor to the observed reduction of cation uptake and 

associated reduction in organic anion content with NH4 nutrition, 

in relation to No
3

• 

(g) B.oot CEC and 1'T Hetabolism 

As some of the previous considerations in this section may 

be related to current concepts about root CEO it is relevant to 

make some brief observations in this section. 

It has been found that 1rn4 , relative to wo
3

, reduces root 

CEC (Wander and Sites, 1956, and others) and that increasing IJ0
3 

availability increases root CEO (Heintze, 1961, and others). .Nouat 

and Dunlop (pers.comm., H.C.H. Houat) found that increasing no
3 

availability resulted in a marked increase in the OEC of wheat 

roots, but only at very low IJ levels, a maximum being reached at 

a little more than 15'-' N in leaves. Wallace et al., (1958) found 

that pretreatment of excised roots from several species with im4 

decreased subsequent rfa uptake, relative to no
3 

pretreatment. 

Increasing levels of i:so
3 

resulted in greater subsequent Na uptake. 

Bhan et al. (1960) reported that pretreatment of plants with uo
3 

resulted in an enhanced accumulation of K and relative to ~JH4 pre-

treatment. Pretreatment of excised roots with Hco
3

- at alkaline pH 

also resulted in an enhanced cation accumulation (lac.cit.). This 

bicarbonate effect has been observed by others as discussed in the 

previous section. 

Both forms of pretreatment are k:novm to result in organic 

anion accumulation in tissues and the above evidence indicates that 



preformed organic anions are important in subsequent cation 

accumulation. 

If one accepts the view that orga.11ic acid anions are 

restrained from movement from the tissues into the medium, but 

that their counter-ions are subject to exchange reactions with 

cations in the external medium (Burstrom, 1951; Lundeggrdh, 1960) 

then some of the organic acid content of the roots may be included 

in measurements of root CEC, whether by isotopic exchange, or 

electrodialysis followed by the determination of exchangeable 

in the roots. 

..J... 
p' 
-'-.l 

Kirkby (1966) found that the content of polyuronic acids 

was not affected by the form of IJ available to tomato plants, and 

concluded that the primary structures a::.n.d cell walls of tomato 

roots were formed quite independently of H form. The organic acid 

content of the roots receiving rw
3 

was, however, seven times that 

of roots from the NH4 series. 

Reported variation in root CEC in relation to form and level 

of H needs re-examination, therefore, in the light of these con-

. , +. siaeravions. Cunningham a::.r1d ihelsen (1963) reported root CEC of 

Italian ryegrass as independent of N form, I,T level and soil temp

erature. It was virtually constant at ca. 15 me. 7;. They did not 

report their technique of measurement. 

(h) Conclusions: 

During ion accumulation by isolated ti.ssues any excess or 

deficit of cation accumulation is balanced by the synthesis or cata

bolism of organic anions. Irrespective of form, mineral IT can be 

assimilated by intact plants in such a v;ay that it is largely 
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independent of the uptake of other anions and cations from the 

medium. Plants receiving J:JO absorb a large excess of anions; 
J 

those fed :JH4 , a large excess of cations. While this uptake of 

N is largely independent of the uptake of other ions, there is an 

interaction between the form of lJ and the uptake of cations and 

anions from the medium. Herbage from plants receiving lJOJ has a 

high metallic cation content and a lower inorganic anion content, 

in comparison vd th }'1H4-fed tissues. Because the excess of cations 

over inorganic anions is balanced by organic anions, the HO~-fed 
.J 

plants have a higher organic anion content also. It is not clear 

whether the greater content of cations in tissues receiving IiO'< is 
.,J 

the result of an increased pa.ired transport of metals as the salts 

of :EOJ, v,hich on subsequent metabolism forms organic anions to 

equate the excess cations in the tissues; or whether it is an 

indirect effect of NOJ metabolism on the movement of organic anion 

salts from the roots. 

5 IlJTERIOIHC REL.P/I:IOlrnHI:PS IH RYEGRASS HERBAGE 

(a) Introduction 

In studying interactions between elements during foliar 

accumulation it is sometimes difficult to separate 11real 11 inter

actions from 11apparent 11 interactions (Cunningham, 1963). The 

latter type may arise, for instance, where a nutritional treatment 

grossly affects yield. _i¼_ high-yielding pla::.nt may have a low 

content of a particular element, not as the result of a true inter

action, but simply due to growth dilution. In terms of the nutri-
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tional value of herbage it may be of little moment whether the 

reduced content of a particular element is the result of growth 

dilution, but in any attempt to elucidate the physiological basis 

for interactions, it is essential that real and apparent inter

actions are separated. For this reason, the use of ratios between 

the contents of elements has become popular, on the assumption 

that any growth dilution equally affects both the numerator and 

denominator of the ratio. The ratio between the foliar content 

of total metals and total non-metals has been used in studies on 

pasture grasses. This has, unfortunately, become known as the 

"cation-anion ratio" (Cunningham, 1964a et seoq.) which is incorrect, 

as much of the mineral :; in herbage may enter the plant as a cation 

(loc. cit.). The abbreviation, R-value, v1ill subsec1uently be used 

to denote the metal/non-metal ratio in herbage: 

me .sum of (-- + ?Ta + :-.fr-:- + Ca) 
C. 

.L •-5 
1.1. value = 

me .sum of (S + :2 + Cl + lf) 

(b) R-values as a Constant 

Bear (1950) concluded from a number of previous studies 

that .a. values were an approximate constant for the tissues of 

plants grovm. at any given pH. ;,,hen plants v,ere grown in a uniform 

environment there vms a tendency for the foliar content of total 

cations to be consta~t and a related tendency for total non-metals 

(including Si) to be constant. The application of fertilizers 

resulted in a change in foliar content of cations and a related 

change in total non-metals, such that the R value did not change 

appreciably·. Between environments there were large differences in 

the contents of metallic cations and total non-metals owing to 
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c021ditio:1s nitrific2:tiol1 si10uld have been o_ui te r2i1id (II, .• ~, 2, 

( c), ( i) ) . ?a.rt of ti1e r1P.t2 8l"'e p:-ceser:i.terl in fi61Jre J 7 for lov.r 

levels of IT addition (a) and high levels of J addition (b). Con
e 

sidering the a values first (i.e. be seen thctt at 

both levels of~ application, a vaiues increased from o.45 to 0.55 

conte11t, 

ov:i11g to a decrea;:3ed_ a.1Jili t~r of tl1e plEtnts to a,ssi1nilc:=tte ir1-to 

o:cga11ic forrns, 1;:ier 1J11i t of D.ii. The cleclir1e i11 total r,., metallic 

i11creEtsec1 carOof1yd_ra.te forrr1atio11, ~Ju L t11e ra,te of decli11e i11 tota.l 

non-metals ~as relatively faster than that of uetels, resulting in 

value. '.::he significa.11ce 0 -P 
-'-- J' 

uptake assumed a greate2: relative ir.iporta11ce (II, 2,, 4, (ii) ) . 

Shortly afte= 20 days'growth, the content of herbage in the 

lo\'1 lT series s110\•Jed_ a steep decli11e, i:c1dicati-i-ve of exha_ustioJ.'1 o-f 1\ 

tl:e medium. 11 c-y,-'tin"'l ---'e 71 n ..:....L _,ct- ;y .J.. ...,_,....t.. was reached in the lov1 1Y series 

27 days, there ~es R rapid increase 

l. 'l•·, D --.-,1u~ 
,I.. ·-t.-'/c,..,. C' from 0.55 to 0.70 over a period of about lo days. r.,-

.L ne 

content of metallic cations dropped from 185 to 150 rae.~ over this 

period, but the decliae i1.1. :no11-r:ietE1l co;_1tent 1He.s relatively 6reater, 

fro:cn 330 d.eclir1e 

largely o\·1i11g to in.crectsed cEt1.~bo!.lyd_r2:te -1eyosi tio11. I1l1e depletio:n. 
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charge of mineral N have been discussed (II, C). The major issues 

are differences between treatments in: 

(i) pH ; and 

(ii) the supply of nutrients, other than mineral nitrogen. 

It was concluded that these variables cannot be completely elimin

ated, as they are an integral part of a study of this nature. In 

the following experiments the writer endeavoured to minimise, as 

far as possible, any effects which could arise from these confounded 

features. 

(b) Experiment I 

Analytical data for the soil used have been given (III, J). 

It had a high organic matter content, low C/N ratio and a pH of 

6.J Under the experimental conditions of temperature, moisture 

and aeration a comparatively rapid mineralization of organic N was 

expected. In this experiment, reliance was placed on the natural 

processes of mineralization and subsequent nitrification of 

released NH4 to No
3

, to provide the N0
3 

treatment. In the NH4 
treatment t•N-Serven was added to prevent the biological oxidation 

of released ammonium nitrogen (II, C, 2, (b) ). 

nN-Serve" was added to the soil at 10 ppm. (w/w for the 

soil and perlite mixture) in the NH4 treatment. It was dissolved 

in acetone and applied ~dth an atomiser to the moistened soil in a 

clean concrete mixer. A control amount of acetone only was simi

larly applied to the soil of the No
3 

treatment. Bulk soils, after 

thorough mixing, were held in airtight containers until potting 

and planting the next day. 

The foregoing experiment may be considered as representative 
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of field conditions covering a wide range in the activity of 

nitrify.in.g organisms. At best, the N forms can only be described 

as "predominantly No
3

11 and "predominantly NH4n. Du.ring the 

release of organic N, an unknown amount could be taken up as NH4, 

prior to its oxidation, by plants of the No3 series. Similarly, 

it cannot be said with certainty that over the experimental period 

(78 days) nitrification was completely inhibited by the addition of 

"N-Serve 11 in the NH4 series. However, by conducting two further 

experiments of a similar nature, the writer envisaged an indirect 

measure of the effectiveness of the N treatments, by comparison of 

the pattern of results obtained among the experiments as a whole. 

The soil used had a comparatively high OEC and was considered 

likely to provide effective buffering against pH shift in the 

external medium. As no mineral N was added, this experiment was 

not complicated by the inclusion o~ accompanying .anions and cations, 

which must inevitably be added with NH4 and N0
3 

respectively. It 

was felt that the confounded influences listed at the beginning of 

this section had been minimised. 

(c) Experiment II 

In contrast to the previous experiment mineral N was supplied 

to the soil as NH4 and No
3 

salts. This allowed plants to be 

established in pots prior to the imposition of N treatments. Herbage 

was cut and discarded several times to induce a low N status both in 

the soils and the plants, to lessen the significance of any contri

bution to mineral N from mineralisation of organic matter, over the 

experimental period. 



When treatments were imposed, plants of the No
3 

series 

received a dressing of Ca (No
3

)2, equivalent to 3 cwt/3" ac. for 

the in situ soil (180 mg. N/pot). The NH4 series received an 

equivalent amount of N as (NH4)2so4. Fertilizers were dissolved 
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in water prior to application. 1tN-Serve'1 was dissolved in acetone 

and added to the (NH4)2so4 solution to give 10 ppm. by weight of 

the potted soil mix or 7.8% by weight of added fertilizer N. It 

was found that addition of a small quantity of a commercial wetting 

agent facilitated the dispersion of "N-Serven, for at this high 

concentration its maximum solubility in water was greatly exceeded. 

Control amounts of acetone and wetting agent were included in the 

Ca(N03)2 solution. These solutions were injected into the plastic 

pots using an automatic hypodermic syringe. With a 1n needle, 5 ml. 

portions were injected into the soil through the mid-point of each 

of the 4 sides of every pot. Besides placing the fertilizers right 

into the root zone, this technique prevented loss of the added "N-
l 

Serve 11 by volat~J.isation. Solutions were applied on 15 August 1964 
I 

and again on 27 September. Eight control pots received identical 

experimental treatments, but contained no plants. Mineral N analyses 

were to be done on these soils at the end of the experiment to 

obtain a picture of the N regime, as a measure of the effectiveness 

of the experimental technique. 

As in experiment I, the natural buffering capacity of the 

soil used was relied on to minimise any movement in external pH. 

The use of fertilizers raised the problem of selecting a 

suitable cation and anion to accompany No
3 

and NH4 respectively. 

For the No
3 

treatment, Ca(N0
3

)2 was the logical choice. Foliar 



Ca content in ryegrass is less subject to change with changes in 

external concentration, than is the content of any other major 

metallic cation (II, C, 1, (c) ). Further, Ca comprised almost 
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80% of TEB in this soil and its addition would have resulted in a 

much smaller proportionate change in external concentration than 

would have been the case with addition of any of the alternative 

accompanying cations. In the NH4 series, (NH4)2so4 was used. The 

sluggish participation of the sulphate ion in uptake and metabolism 

by ryegrass has been reviewed (II, B, 5, (e) aud II, C, 1, (c) ). 

No serious interaction with soil chemical or biological processes 

could be foreseen for (NH4)2so4, especially as nitrification was to 

be inhibited. The heavy application of superphosphate used (III:, J) 

reduced the proportional difference in S availability between the 

two treatments. No subsequent leaching occurred during the experi

ment so that S status should have been high in all cases. 

(d) Solution Culture: Experiment III 

This technique was used in a final experiment because it 

offered several advantages over the two previous experiments. It 

allowed the provision of N wholly in either form and in combination. 

The absence of colloidal properties in the medium meant that when 

the two forms were applied at equal rates, they were equally 

available. "N-Serve" could also be included in all treatments, 

whereas previously it had been confounded with NH4• 

The formulation of culture solutions to supply No
3 

and NH4 

has been discussed and criticised (II, C, J). It was concluded 

that variation in sulphate content among treatments was more 

desirable than the numerous alternatives, as facilities for con-
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tinually replaced solution cultures were not available. 

The following formulae were used (all concentrations in 

me./1.). 

N0
3 

P04 so4 Cl Total NOJ P04 so4 Cl Total 

K 0.9 2.0 J.l +0.2 K 0.9 2.0 J.l +0.2 
Na - Na -
Ca 3.0 J.O Ca J.o J.O 
Mg 2.0 2.0 Mg 2.0 2.0 
NH4 -

1.8 H +0.1 1.9 
NH4 5.0 5.0 
H 1.8 1.9 +O.l 

Total 5.0 3.0 2.0 - 10.0 Total - J.O 12.0 - 15.0 

Osmotic pressure, ca.0.28 atmos. Osmotic pressure, ca.0.39 atmos. 

!WJ P04 so4 Cl Total 

K 0.9 2.0 3.1 +0.2 
Na -
Ca J.O J.0 
Mg 2.0 2.0 
NH4 ~-5 2.5 

H 1.8 1.9 +0.1 

Total 2-.5 J.O 7.0 - 12.5 

Osmotic pressure, ca.o.J4 atmos. 

JY"Jicronutrients 

Boron 0.5 ppm. as ~BOJ 
Manganese 0.5 ppm. as c12.4H2o 
Zinc 0.05 ppm. as linS04.7H2o 
Copper 0.02 ppm. as CuSO~. 5H 0 
Molybdenum 0.02 ppm. as Na1"'v!o 4 • z:fI

2
o 

Ferric iron 5.0 ppm. 

"N-Serve" 0.5 ppm. on alternate days 



105. 

All macronutrient salts, except Caso4, were prepared as single 

salt, stock solutions of high concentration. All micronutrients, 

except iron which was prepared separately, were compounded into a 

single stock solution. Stock solutions were stored in amber glass 

winchesters, with a few drops of toluene added to each. There was 

no indication of any microbial growth in these storage containers. 

Separate siphons and measuring cylinders were used for each salt 

solution during preparation of culture solutions. Because of the 

low solubility of Caso4, there was little point in its preparation 

as a stock solution. 

Plate 1 shows the shaker, designed and built by the author, 

to facilitate the preparation of culture solutions. The required 

amounts of Caso4 .2n2o and "N-Serve" were added to 20 1. of water in 

25 1. aspirators, containing a few pebbles. With a continual 

rocking action provided by the shaker, these chemicals dissolved 

overnight. ~his was considered preferable to the alternative 

addition of Ca(OH) 2 and H2so4 to water. After addition of the 

other nutrient salts to these solutions the aspirators were returned 

to the shaker for thorough mixing prior to application. 

L.R. grade chemicals were used in the preparation of stock 

solutions of the macronutrients. The micronutrient solution was 

prepared from A.R. chemicals, except that the iron source was a 

commerical iron chelate containing 5% iron, all in the ferric form. 

All solutions, including the diluted culture solutions, were pre

pared with distilled water. The final pH of the dilute solutions 

was 6.2. 

No satisfactory equipment for the aeration of culture 
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PLATE 1 
men ...,..,, 
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solutions was available. It was therefore decided to use a 11 sand 11 

culture technique with vermiculite as the supporting medium. Solu

tions were applied daily at 1 1./plant. 

In selecting this "three-salt" solution (Hewitt, 1952) the 

following points were considered. Chloride was omitted as high Cl 

levels are not normally encountered in the field. Its inclusion 

in the minor elements and as an impurity in the L.R. grade macro

nut~ients would have provided adequately for its participation in 

physiological processes. There appeared no more justification for 

the inclusion of s~ium than for that of any other non-essential 
~-------r-

element. To compensate for its exclusion, a comparatively high 

K/Ca ratio was used (loo.cit.). Phosphate was used at a high level 

in all solutions. The mono- and dibasic potassium phosphates 

employed as the phosphate source imparted some slight buffering 

capacity to these media. Osmotic pressures were well below the 

limit of 1.0 atmos., above which it has been suggested that osmotic 

effects may interfere (loo.cit.). 

For all treatments the concentration of every element, other 

than S, was kept constant. Depletion of the external solution had 

to be considered. There was sufficient distilled water to supply 

prepared solutions at the rate of 1 1./pot daily. From previous 

work, the author was able to calculate the probable daily uptake 

for each major element. At the lowest S concentration (N03-N) it 

was estimated that 3-5% of the S provided would be utilized. Data 

for ryegrass grown in solution culture, presented by De Wit et al., 

(1963), showed a maximum increase of 20% in foliar S content corres

ponding to a ninefold increase in external so4 concentration. It 

was considered that depletion should not have markedly affected S 
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uptake at the lowest concentration selected (2 me./1.). As the 

concentration of other elements was constant among treatments the 

question of depletion was less important. If there were large 

differences between treatments in the uptake of any elements, then 

any limitation to absorption caused by such depletion would simply 

mitigate against the experimental findings. It would not result in 

qualitatively false conclusions unless uptake were so depressed as 

to cause c'Bficiency and abnormal metabolism. The only element for 

which such a situation has been reported is Ca during NH4 absorpt

ion (II, B, 3, (v) ). Data were not available to show at what 

point external concentration ceased to limit uptake by ryegrass. 

For this reason levels were chosen which would supply all elements 

at rates far in excess of estimated daily re·quirements; thus, for 

example, Ca was provided at a concentration such that estimated 

uptake would have been about 2.5% of the Ca available. 

As the aim of this experiment was to obtain information on 

the plant physiological responses to different N forms it was 

essential to avoid any interfering effect arising from a limited 

supply of any nutrient. Under the conditions of the experiment 

all nutrients were supplied at luxury levels. 

5 PLANTING 

The arrangement of genotypes within and among experiments 

has been discussed (III, 1). 

(a) Experiments I and II 

For both soil experiments, 11Ace 11 5" plastic pots were used. 

Filled to about 0.5 cm. from the top, their capacity was 1.3 1. 
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(0.87 Kg. of the soil/perlite mixture on an oven dry basis). 

Because of the similarity between these experiments, they are 

considered together. 

Prior to filling, a splayed, glass wool wick was inserted 

in the drainage hole at the bottom of each pot. Pots were then 

filled with soil which was shaken down firmly. 

Plants were removed from the flats (III, 2) and the tops and 

roots were washed thoroughly and trimmed. They were immediately 

planted singly into the potted soils. Care was taken to ensure 

uniformity in tiller number and size of plants, as far as was 

reasonably possible. 

After planting, about 0.5 cm. of coarse, washed sand was 

layered on to the surface of each pot to prevent soil contamination 

of foliage. 

(b) Exneriment III 

Liver tins of 4.5 1. capacity were used. These were bitumin

ised on the inner surface with drainage provided by holes at the 

bottom. Vermiculite was pressed firmly into the tins over a 1 11 

layer of gravel, to ensure free drainage. 

By this stage, the originally propagated plants had been 

maintained in the flats for 10 months. They lacked vigour and were 

not very uniform. Rather than use them,plants were taken from 

experiment II which had concluded. Because of the possibility of 

pretreatment effects on subsequent N metabolism (Lycklama, 1963) 

material from only one N form treatment was used. Each of the 10 

ryegrass and sweet vernal plants was broken into three fairly uni

form parts of about 20 tillers. After thorough washing, roots and 

tops were trimmed. These clonal subdivisions were planted singly 



110. 

into the vermiculite. A surface layer of about 1 cm. of coarse, 

washed sand followed by 2 cm. of pea metal was added after planting, 

to prevent the vermiculite from floating when solutions were applied. 

Fresh vermiculite normally confers an alkaline reaction on 

water, but the free bases involved are readily removed by leaching 

with water (pers.comm., C. V. Fife). Accordingly pots were leached 

soon after planting and were then maintained under an electronic 

leaf for three weeks. Every pot received a common maintenance 

dressing of 50 ml. of NH4No
3 

nutrient solution every second day. 

When removed to the glasshouse the plants were growing vigorously. 

Both species were tillering, ryegrass more prolifically than sweet 

vernal, which produced a considerable regrowth from cut stems • 

.An attempt was made to establish uniform microbial populations 

in all pots to remove the risk of any effects which could arise from 

qualitative differences in micropopulations (Humphreys Jones and 

Waid, 1963). Leachate (100 ml.) was collected from each of the 60 

containers. Several fresh soil cores from pasture sites were blended 

with water and added to the bulked leachate. The whole was thorough

ly mixed and made up to 60 1. "1I-Serve 0 was added at 5 ppm. in 

solution. The inoculum was then applied at the rate of 1 1./pot to 

all pots, prior to the start of the experimental treatments. 

6 CONDUCT OF EXPERIMENTS 

(a) Diary 

The following is a calendar of significant dates for the 

three experiments. 



Experiment I 

6/3/64 

20/3/64 

12/4/64 

27/4/64 

23/5/64 

treatments started 

first cut discarded 

second cut harvested 

third cut harvested 

fourth cut harvested 

Exueriment II 

15/8/64 

29/8/64 

22/9/64 

31/10/64 

treatments started 

first cut discarded 

second cut harvested 

third cut harvested 

Experiment III 

1/12/64 

15/12/64 

6/1/65 

14/1/65 

treatments started 

first cut discarded 

second cut harvested 

third cut harvested 

(b) Experiments I and II 

Time 
total 

0 

14 

37 

52 

78 

0 

14 

38 

77 

0 

14 

36 

44 

(da;Is) 
from last cut 

0 

14 

23 

15 

26 

0 

14 

24 

39 

0 

14 

22 

8 

Because of their similarity, they are again considered 

together. Plate 2 shows experiment II in progress. 

111. 

A sand bench was used for sub-irrigation in both soil 

experiments .. Washed river sand, 2 11 deep, was placed over sheet 

plastic to form a level bed. Tap water was applied daily to the 

sand bench through a rubber hose, into which had been inserted 

hypodermic needles of standard gauge, to give a slow, even distri

bution of water. Water application varied with conditions. The 
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PLATE 2 EXPERIMENT II IN PROGRESS --



sand bed was kept moist, but below saturation. Contact between 

the sand and potted soil was facilitated by the presence of a 

glass wool wick inserted in each drainage hole. 

Pots were placed on the sand bench in blocks and moved 

every day. The patter.a of movement was designed to minimise any 

lack of uniformity in the environment, both along and across the 

bench. Water application was arranged for water to move directly 

to each pot. Blocks were rotated systematically so that any pot 

was always placed in a position vacated by one of the same treat

ment. In this way, movement of mineral nitrogen between NOJ and 

NH4 pots was precluded and the repopulation of "N-Serve 11 treated 

soils with nitrifiers minimised. Watering arrangements and the 

pattern of rotation of blocks are illustrated in plate 3 and 

figure 4. 

113. 

It was realised that the continual upward movement of 

moisture with this irrigation technique would result in the accumu

lation of mobile salts at the soil surface. To overcome this, tap 

water was judiciously applied to the surface of the potted soils. 

It was found that 50 ml./pot could be applied every two days with

out any apparent leaching. Water was applied less frequently when 

conditions were cool, and always after the sand bed had been irri

gated, to reduce the likelihood of moisture movement from the pots 

into the sand. Control pots were divided into two series, one 

receiving this treatment, the other not. Results are reported on 

differences in the vertical distribution of mineral N between these 

two sub-treatments. 

Sprays were applied periodically throughout these experi-



PLATE_,l 

FIGURE 4 

IRRIGATION Ill THE SOIL filX~ERlMENTS 

THE SYSTEMATIC MOVEMENT OF POTS IN 
THE SOIL EXPERIM:[ll!I§ 

/N-j = pot receiving NO
3
-N 

IN+ I = pot receiving NH
4
-N 

hypodermic 

B 1 etc. = replicates 

114. 



115. 

ments. As a preventive measure against rust, "Maneb" was applied 

a day or two after each defoliation and only a trace of rust was 

noticed. The intermittent appearance of insect pests necessitated 

the use of nicotine sulphate as a successful eradicant. 

No attempt was made to control lighting conditions. How

ever, heating was supplied during cold periods encountered in the 

later stages of experiment I and during experiment II. An electric 

heater, with a fan which circulated warmed air, was centrally 

placed in the glasshouse. It was thermostatically controlled at 

6o°F, but frequently did not maintain this temperature. On sun...~y 

days, the problem was to keep temperatures down. As much venti

lation as possible was provided, and the glasshouse was hosed inside 

two or three times during the hotter period of the day. 

(c) Experiment III 

Formulation and preparation of the culture solutions has 

been discussed (III, 4, (d) ). A limit to the volume of solution 

which could be applied to each plant was imposed by the supply of 

distilled water available. 

Vermiculite had been packed firmly into the tins to give a 

slow and even percolation of added nutrient solutions. One 1. of 

the relevant solution was poured rapidly on to the top of each 

pot every morning. The surface layer of sand and pea metal above 

the vermiculite acted as a 11reservoirn during the slower movement 

of the added solutions through the medium. After overnight drain

age, unplanted tins contained an average 880 ml. of solution; 

most of the solution remaining from the previuus day should there

fore have been displaced on addition of the 1,000 ml. of fresh 



solution every morning. 

Plates 4 and 5 show aspects of this experiment. The first 

photograph was taken shortly after the plants had been defoliated. 

Pots in the foreground are standing on plastic buckets which were 

used to collect displaced solutions. These leachates were analysed 

immediately after collection, in an adjoining laboratory. 

Measurements were made on pH, and tests conducted for any nitrifi

cation in the NH4 solutions. The same experiment, immediately 

prior to harvest, is shown in the second photograph. 

Pots were arranged in blocks along a corrugated iron bench. 

As in the other experiments, pots were systematically moved daily 

to reduce any possible environmental effects. Blocks were rotated 

along, and treatments within blocks across, the bench. The spray

ing procedure was the same as that described for the two soil 

experiments .. 

High glasshouse temperatures were encountered during the 

experimental period (1 December 1964 - 14 January 1965). As much 

ventilation as possible was provided and the interior of the 

glasshouse was hosed two or three times on every bright day. 

7 STATIC CULTURE EXPERIMENT 

A static culture experiment was attempted following the 

conclusion of experiment II, but prior to the start of experiment 

III. The technique is reported in some detail because it embraced 

an original method to overcome confounding the effects of N form 

with pH shifts in the external medium, during static culture 

experiments. To avoid any confusion with the three experiments 
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PLAT~ !t EX""PERIMENT III IN PROGRESS 

PLANTS PRIOR TO HARVEST 



which were concluded, this experiment is considered separately. 

It must be stated quite clearly that no analytical results of 

herbage arose from this experiment, which had to be abandoned 

owing to circumstances beyond the author's control. 

The composition of nutrient solutions was the same as that 

described for experiment III, except that 11N-Serve 11 was added at 
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1 ppm. when the solutions were prepared. Hewitt (1952) records 

the extensive use of tap water to prepare culture solutions in a 

variety of studies. An adequate supply of distilled water was not 

available at that stage and tap water was used in the preparation 

of these solutions. As the study concerned m~jor elements and any 

salts in the tap water were common to all treatments, no serious 

objection to its use was visualised. 

The experiment was conducted usiµg 10 1. plastic buckets 

bituminised on the inner surface, each containing 9 1. of solution. 

Ryegrass and sweet vernal clonr:;S were "planted II singly through a 

hole of about 1n diameter in the centre of each of the inverted 

plastic lids and secured with non-absorbent cotton wool. Roots 

were completely immersed in the solutions. The experimental 

design was the same as that described for the other experiments, 

and containers were moved systematically to minimise any possible 

environmental variation. Continuous aeration was supplied by a 

pump which delivered a constant head of air to a pressure tubing 

supply line. This was tapped for each container by insertion of 

a hypodermic needle into the supply hose. Air was piped to each 

bucket through a st:andardised capillary tube and a stream of fine 

bubbles was obtained with a fish bowl aerator located at the bottom 



of each container. 

Plates 6 and 7 show aspects of this experiment. In plate 

6 one plant has been removed and placed temporarily over an 

empty container. Electrodes from the portable pH meter have been 

inserted into the solution prior to titration. The apparatus for 

titration is located, with the pH meter, on a trolley. Plate 7 

shows an established ryegrass plant. Growth was vigorous and 

healthy. Exposed to view is one of the fish bowl aerators. 

Culture solutions were prepared with an original pH of 6.4 

(found by experiment). Equivalent amounts of ENOJ or NH40H were 

added to bring the pH of No3 solutions to 6.o and NH4 solutions to 

pH 7.0. The external alkaline effect in the NOJ series should have 

resulted in a pH movement from the initial 6.o up to 7.0, when it 

was proposed to titrate the solutions back to 6.o with mio
3

• Con

versely, with NH4, the external acidic effect should have lowered 

the pH from its initial 7.0 to 6.o, at which point it would have 

been titrated back to 7.0 using NH4oH. In this way, pH shift was 

to be confined to the limits 6.o - 7.0 in both treatments. 

This technique had previously been used by the author for 

an experiment with perennial ryegras, prior to commencement of the 

present study. It was found that very similar amounts of ENOJ and 

NH4oH were required to maintain pH within these limits. The 

following data are the mean of two replicates for observations 

made over a 16 day period: 

NO -N -3-
0.27 me. Hli0

3
/day/l. 

NH~ 

o.Jo me. NH40H/day/l. 

It was proposed to completely replace the 9 1. of culture solution 

• 
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PLATE 6 TITRATION OF SOLUTIONS --IN THE STATIC CULTURE EXPERIMENT 

PLATE 1 AN ESTABLISHED RYEGRASS PL.ANT 



every ninth day. Based on the above figures the difference in N 

addition between treatments would have been only! 0.14 me. N/l. 

over 9 days, or! 2.8% of the 5 me. N/1. originally added. The 
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use of IDi0
3 

and NH40H for titration would have decreased the extent 

of N depletion and overcome the problem of introducing other ele

ments, as has been the frequent case where Ca(OH) 2 has been used 

to titrate NH4 solutions (II, C, 3, (d) ) • 

A large volume of solution with some buffering capacity was 

provided for each plant, which should have resulted in a compara

tively slow pH movement. The unpublished study cited previously 

had showft that with only 1 1. of solution/pla.~t, pH in the NH4 

series could move from 7.0 to J.O in two days even when nitrifica

tion was prevented. Solutions were made to volume daily, prior to 

pH determinations. Measurements of pH were made at least once 

every day. Records were to have been kept on water usage and the 

amount of N added by titration, for each container. 

Instead of the anticipated increase or decline in solution 

pH with N0
3 

and NH4 respectively, it was found that the pH of all 

solutions increased slowly, reaching an equilibrium after about 

three days. The pH of the N03 solutions rose from the initial 6.o 

to approximately 7.Q; NH4 solutions from 7.0 to ca. 7.8. 

At first it was considered that the culture solutions were 

being contaminated by entry of atmospheric ammonia in the air stream 

employed to aerate the solutions; a possible source of such con

tamination lay in the urea which was being applied daily as a 

foliar spray in an adjacent glasshouse. However, the same results 

were observed when a sulphuric acid "scrubber" was placed in series 
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with the air supply line. 

That the pH of solutions reached an equilibrium after about 

three days of aeration suggested some sort of chemical equilibrium. 

The next step, therefore, was to conduct the experiment in the 

presence or absence of a number of variables which may have been 

responsible for the observed effects, including: 

(i) Plants ; 

(ii) the bituminous paint used on the inner surface of containers; 

and 

(iii) the fish bowl aerators, which were made of porous ceramic 

material. 

Irrespective of the sub-treatment the same results were observed in 

this experiment: all solutions became alkaline in relation to their 

initial pH, over a period of approximately three days. This 

caused a change in attitude, from considering the possibility of a 

gain in alkali by the solutions to considering a possible loss of 

acidity from the solutions. It was considered that if the tap water 

contained appreciable levels of carbonate/bicarbonate, the obser

vations could have resulted from the establishment of an equilibr

ium between these ions and atmospheric co
2

• Solutions were pre

pared with tap water and distilled water, their initial pH being 

6.9 and 5.8, respectively. Air was vigorously bubbled through 

500 ml. portions of each solution overnight, resulting in an increase 

in the pH of the solutions prepared from tap water, to 8.0. There 

was virtually no change in the pH of solutions prepared with 

distilled water. It was concluded that the observed interference 

with the experimental technique was, in fact, the result of equili-



bration between the Hco
3 

ion in the solutions prepared from 

tap water and atmospheric CO 2• Subsequent investigation of the 

Massey University water supply confirmed that it did have a high 

carbonate/bicarbonate content. 

Sufficient distilled water was obtained to conduct the 

experiment as originally designed, in duplicate. The anticipated 

results were confirmed over a period of 7 days, after which the 

observations had to be discontinued because of mechanical failure 

of the pump supplying air to the solutions. Wnen sufficient 

distilled water became available to conduct a fully replicated 

solution culture experiment there was no satisfactory equipment 

available for the aeration of culture solutions. This technique 

was abandoned therefore and a "sand 11 culture method used for 

experiment III (III, 4, (d) ). 

8 PREPARATION OF MATERTALS FOR ANALYSES 

(a) Plant ¥1aterial 
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(i) Harvesting: ~Ul harvesting was done in the evening. Experi

ments were cut by blocks, rather than treatments, to avoid any 

systematic errors. Plants were always cut to a height of about 1 11
• 

This left more green material in the sweet vernal stubble than was 

left on the ryegrass plants. 

All plants were trimmed prior to initiation of treatments 

in each experiment. After 14 days, the regrowth was cut and dis

carded, to reduce any pretreatment effects. When plants reached 

an approximate grazing height they were harvested. The material 

was placed immediately into a forced-air drjing oven, where it was 



held at 70°c for 16 hours. It was then weighed and placed into 

plastic bags. 

Two or three harvests were taken during the course of each 

experiment (III, 6, (a) ). 

(ii) Preparation of samples: The dried material from all cuts 

of each plant within each experiment was bulked and ground in a 

Casella Seed Mill over a No. 28 sieve (.021"). Ground material 

was passed three times through a 2 mm. sieve, and thoroughly 

mixed. It was allowed to equilibrate with atmospheric moisture 

before storage in glass bottles. 

(b) Soil Samples 
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Control pots were taken directly from the glasshouse to the 

laboratory for mineral N analyses. 

As information was desired not only on the amount and form 

of mineral N, but also on its vertical distribution, the pots were 

partitioned into arbitary 11horizons 0
, and determinations carried 

out separately on each. Indentations on the side of the pots pro

vided convenient divis~ons. Soil from each horizon was mixed 

thoroughly by sieving and quartering; sub-samples were then taken 

for N and moisture determinations. Samples were analysed immediate

ly after preparation. 

The arbitary division of pots into 11horizonsn is illustrated 

in figure 5, which also gives weight and volume determinations. 

With this data, mineral N content could be calculated on both a 

ppm. N and mg. N/horizon basis. 



FIGURE 5 THE ARBITARY DIVISION OF CONTROL POTS 
INTO 11HORIZON~~EQ!l SOIL MINERAL 

NITROGEN ANALYSES __ , ___ _ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ soil __ _ 

"ACE" 5 in. 
PLASTIC 

POT 

-
Depth 

Horizon 

A horizon 
level 

------ ------

-

B horizon 

C horizon 

\outlet for 
drainage 

-
Volu.me 

(cm.) Total (c.c .. ' - opo:rtion (%) 

A 2.5 380 29 
B 4 .. 0 530 40 
0 4.8 415 31 

Total 11 .. 3 1325 100 

-
(mean values for determination on 3 pots) 

·-
Soil Content 

(g.) 

--
250 
350 
274 

874 
-

125. 



9 CHEMICAL A.L~ALYSES 

(a) General 

126. 

All 140 herbage samples were analysed for K, Na, IV[g, Ca, 

total N, total P, total Sand Cl. Reference plant material, with 

analytical results from both Rukahia and Grasslands Division, was 

used to check the analytical methods adopted. Duplicate determin-

ations were carried out. + Where results exceeded a tolerance of -

2%, a further two analyses were done. All results were expressed 

as me.% for the total content of elements, on an oven dry basis. 

(b) Plant }'Iaterial 

(i) Potassium and Sodium were determined by flame photometry. 

(ii) Calcium and Magnesium were determined by atomic absorption. 

(iii) Total Nitrogen and Total Phosphorus were determined by the 

method of Cavell (1954) which allowed estimation of both elements 

on aliquots of the same Kjeldahl digest. A 0.14 g. sample was used. 

Kjeldahl N is alleged to give unsatisfactory results, as 

variable amounts of free N0
3 

are reduced an u_nknown amount 

distilled off as nitric acid (Paech and Tracey, 1956). Cavell's 

method was compared with a Kjeldahl procedure, modified for No3 
reduction, over a range of samples. Samples giving a higher yield 

of total N with the modified method invariably contained free No3 
at levels exceeding 1,000 ppm. The method of Gavell was therefore 

used only for those samples containing lower levels of free No
3

• 

For samples exceeding 1,000 ppm. No
3 

(all material from the 

N0
3 

and NH4No
3 

treatments of experiment III and one sample receiv

ing N0
3 

in experiment II) total N was determined using a Kjeldahl 

digest modified for No3 reduction with salicylic acid and sodium 
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thiosulphate (Paech and Tracey, 1956). This modified procedure 

interferred with total P determinations, which were carried out on 

separate digests using the vanado-molybdate method of Cavell (1954). 

(iv) Chloride was determined using the Mohr method. Measurements 

must be made between pH 6.5 and 9.0 to avoid interference from 

chromic acid (Vogel, 1961). The writer modified the method of 

Johnson and Ulrich (1959) by using a chromate-dichromate indicator 

to buffer at pH 7.0. After checking, extraction periods were 

extended from the 10 minutes recommended (loc.cit) to JO minutes. 

Samples from the two soil experiments only were analysed. 

Tests on random samples and a bulked sample of material from experi

ment III revealed only trace amounts of chloride. 

(v) Total sulphur: Because of low yields in experiment I, there 

was insufficient sample to carry outdlplicate analyses for total S 

by gravimetric methods. Rather than bulk plant material within 

treatments, the writer sought a method requiring a small sample. 

A nitric-perchloric acid digestion procedure was selected (Blan

char et al., 1965) followed by turbidimetric determination of 

Baso4 (Lachica Garrido, 1964). Readings were made on a Technicon 

nAuto.A:nalyser 11 at 520 o/• Sample size ranged from 0.05 - 0.2 g., 

depending on S content. Thirty-six determinations could be made 

daily. 

(vi) Nitrate nitrogen was determined with the diphenylamine spot 

test (Johnson and Ulrich, 1959) to establish threshold levels in 

conjunction with total N determinations (III, 9, (b), (iii) ). 

(c) poil Nitrogen 

Ammonium and nitrate were determined using Richardson's 



modification of Olsen's method (Piper, 1942) but the ammonia 

was collected in boric acid. 

(d) Nitrate in Culture Solutions 

128. 

Displaced solutions from the NH4 treatment of experiment III 

were tested for the presence of No
3

• The brucine method of Peech 

and English (1944) was used. Colour development was checked 

against No
3 

standards and freshly prepared NH4 solutions. 



SECTION IV 

RESULTS A.ND DISCUSSION 

THE EFFICACY OF 11N-SERVE" 

1 IN SOIL 

In conjunction with experiment II, control pots which did 

not contain plants received the experimental treatments (III, 

6, (b) ). On conclusion of the experiment, their contents were 

analysed for form level of mineral N and its distribution 

in the pots (III, 8,(b) ). The results are sented in Table 

I. 

The total recovery of N was similar for all treatments, 

approximately 145 mg. N/pot, suggesting that mineral N was not 

leached out of soil by overhead watering which was 

periodically carried out in the two soil experiments. The 

obvious difference between the watered pots (a) and the 

ed pots (b) was in the cal distribution of No
3 

in that 

es. Where pots received no overhead watering (b) the bulk 

of N was recovered as l\fOJ from the it.A horizon 11
, while in the 

watered se es (a) there was more mineral N present as No
3 

in 

11B horizonn. :Distribution of NH4 was not affected by 

watering. This confirms that it was· a correct decision to 

surface water the experimental pots periodically (III, 6, (b) ). 

Without this treatment much of the N0
3 

may have accumulated 

at the surface of the soil and become positionally unavailable 

to the plants. 

There was only a trace of NH4 recovered from p s which 



TABLE I THE FORivI, LEVEL .Al~D DISTRIBUTION OF 

MINERAL N IN CONTROL POTS FROM EXPERIIvIENT II 

(a) Pots which received overhead watering and sub-irrigation 

Treatment Mineral N Content 

NOJ-N (ma: .N) NH4-N (ma:. 

N0
3 

series 

J:HI4 series 

(A horizon 

~B horizon 

(C horizon 

~Totals 

(A horizon 

~B horizon 
(C horizon 
( 
(Totals 

47.6 
72.0 
21.6 

141.2 
143,6 

13.J 
6.8 
4.6 

24.7 
145.1 

(b) Pots which received sub-irrigation on.lY. 

N0
3 

series 

NH4 series 

(A horizon 

~B horizon 

(C horizon 

~Totals 

(A horizon 

~B horizon 

(C horizon 

(Totals ( 

107.8 
2J.6 

7.5 
1J8.9 

9.J 
5.1 
J.4 

17.8 

141.6 

150.2 

0.9 
o.8 
0.5 
--2.2 

52.2 
50.1 
18.1 

120 .4 

1.0 
o.4 
l.J 
2.7 

59.6 
50.5 
22.3 

1J2.4 

(each value is the mean from two pots in each series) 

.N 

N) 

130. 
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received 1m
3 

fertilizer, but about 15% of mineral N was re

covered as N0
3 

from the NH4 series. It would appear that some 

of the added was nitrified over the course of the experiment. 

This figure may over-estimated the No
3 

content in the plant-

ed pots, however. The latter were subjected to a period of 

treatment, with plants growing in them to induce a mineral N 

deficiency prior to the application of fertilizers and "N-Serve". 

mineralization and nitrification of organic N which occurred 

in unplanted, control pots during this period would have 

allowed 11-0 ~J 3 to accumulate in the soil, a,11d may have led to a 

greater "apparent nitrification" of added NH4• 

2 IN CULTURE SOLUTIONS 

A colorimetric test for N0
3 

was made daily on the NH4 es 

of culture solutions in experiment III. The leachates were tested 

for N0
3 

by comparison with N0
3 

standards and freshly prepared 

solutions (III, 9, (d) ). There was no indication of any nitri

fication. If it did occur it must have been at the root surface, 

and been accompanied by a rapid absorption of the :rrn
3

• 

J FREE NOJ LEVELS IN HERBAGE: A..l'J INDIRECT TEST FOR NITRIFICATION 

In conjunction,with total N determinations, all herbage 

was subjected to a 11 spot-test 11 for free No
3 

(III, 9, (b),(vi)). 

No material from plants which had received NH4 in any of 

experiments gave a positive reaction to the test. Herbage from 

plants which had received N0
3 

in experiments I and II had free 

No
3 

contents ranging from a trace to a few hundred ppm., with 
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one sample containing over 1,000 ppm. Ivfaterial from the NOJ and 

NH4No3 treatments of experiment III had free N03 contents in 

excess of 1,000 ppm. 

4 CONCLUSIONS 

It is concluded that 11 Iif-Serve II was quite successful i:n 

controlling nitrification in all experiments. Doubtless some 

nitrification occurred in the soil experiments, but tissue 

analyses suggest that N03 was not the major form of N entering 

the plants in the NH4 treatments. As discussed in the following 

section, the overall pattern of results was similar in all 

experiments, lending support to this conclusion. The assimilat

ion of N has been regarded as "predominantly No
3

u and "predomin

antly NH4
11 in the two soil experiments (III, 4), while in the 

culture solutions all evidence suggests that it was 11wholly N0
3

11 

and "wholly NH4
11 in these two treatments. 

B TIIB EFFECTS OF N FOPJ"l ON TIIB YIELD A15fD 

JYIDIERAL COlYIPOSITION OF RYEGRASS AND SWEET VERNAL 

1 PRESENTATION OF RESULTS 

The analyses of variance and tables of means and their 

estimated standard errors have been included in appendices 1-44. 

The results from all three experiments are summarised as follows: 

(i) Appendix 45 is a summary of the means for the two N forms, 

averaged over both species. In general, these results will be 

referred to, unless the statistical analysis shows a significant 

interaction between N form and species, in which case the resul..ts 



for the individual species will be discussed; 

(ii) Apnendix 46 is a summary of the effects of N form on 

ryegrass for all experiments; 

(iii) Appendix 47 lists the results for s·weet vernal; and 

(iv) Appendix 48 is a summary of cies differences, 

lJJ. 

averaged over N forms, for all experiments. This will be referred 

to where inter-specific differences are discussed. 

For convenience, these summaries unfold so that they may 

be lifted out and referred to during the discus ons which 

follow. Limitations of space precluded tabulation of stand-

ard errors, which are included with the table of means for each 

statistic in appendices 1-44. In the summaries of results, 

differences are indicated as either not significant (N.S.) or 

significant at the 5'7~ (*) or lo/o (**) levels of probability. 

On left hand side of appendices 45-48 are 

results for three ratios. These ratios are: 

(i) = 
me. sum of (K + Na + Mg + Ca);·~ 
me • sum of ( S + P + Cl )7~ 

the 

(ii) R-value, which has been defined previously ( , B, 5, (a)), 

and comprises the total metallic cation content over the total 

non-metal content; and 

(iii) Cation untake, or the "gross cation-anion ration which 
Anion uptake 

has been defined (II, B, 4, (a) and II, B, 4, (b)) and comprises 

total metallic cation content (plus foliar N with NH4 nutrition) 

over total inorganic anion content (plus foliar N with No
3 

nutr

ition). The gross cation-anion ratio is calculated on the 

assumption that all the N entered the plant as either NH4 or NOJ 

ions in the respective treatments. 
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arc-sine transformation of the data for the first two 

ratios prior to statistical analyses was considered unnecessary. 

The data did not vary over a wide range and there was no obvious 

frequency imbalance. No significant species x N form interactions 

were detected. 

Inspection of the data for the gross cation-anion ratio 

showed that the means were very obviously different between 

forms, the values for NOJ being about 105, of those for IHI4• To 

avoid inflation the standard errors for the N0
3 

means, and a 

reduction of those for NH4, the analyses of were s 

rated, and spe s compared within each N form. Wnile R-value 

and gross cation-anion ratio are synonymous for plants receiving 

N03, the data for the N03 series was processed again to estimate 

the standard errors in the absBnce of the NH4 series data. 

One plot was lost in experiment II (sweet vernal receiving 

No
3

). This has been allowed for by conventional statistical 

methods, and as a result of this, there is an apparent discrep

ancy between R-value and gross cation-anion ratio in some cases. 

2 YIELD 

Yields of • within experiments did not differ signifi-

cantly between plants receiving HOJ or NH4 , except in the case 

of sweet vernal in eriment II only. No reason for the superi-

ority of NH4 in this one instance was apparent. There were 

large differences in yields between experiments; yields being 

of the order of 2 g. per plant in the first experiment, 8 g. in 

the second and 16 g. in the third. This was. largely a reflection 
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of growing conditions and the size of the plants at the beginning 

of each experiment. For instance, the high yields associated 

with experiment III comprised two harvests over a period of JO 

days, while the low yields in experiment I were obtained from 

three harvests over a period of 64 days. A diary of events has 

been presented (III, 6, (a) ) . 
The similarity in yield between the two N forms, with the 

one exception noted, simplifies the interpretation of results. 

As discusse~ yield may affect the mineral composition of plants 

by growth dilution (II, B, 5, (a), and figure J, p. 75). The 

similarity in yield with either N form also indicated that the 

experimental treatments did notinterfere with normal growth under .- , ~ 

conditions prevailing in any particular experiment. This is of 

particular interest in the case of 11N-Serve 11
, which was confounded 

with NH4 in experiments I and II, as there has been a reported 

reduction of growth by legumes at lower levels of rtW-Serve '' than 

were used in the current work (II, C, 2, (b)). In experiment III, 

where 1 ppm. of "N-Serve 11 was included in all culture solutions, 

the highest yields were obtained with no indication of growth 

abnormality. As discussed in the following sections, the pattern 

of results for the effects of N form on the mineral composition 

of grasses varied quantitatively, rather than qualitatively, 

between experiments. On this basis it is concluded that 11 N-Serve 11 

showed no apparent effects on either plant growth or physiological 

processes. 

There was no yield difference between the species in 

experiment I, but in the two following experiments ryegrass out-
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yielded sweet vernal by 3-4 g. per plant. Because of the possible 

relationships between yield and mineral composition this compli

cates the interpretation of inter-specific differences in mineral 

composition. 

Only in experiment III were N0
3 

and NH4 provided simul

taneously to plants, by design. This resulted in a yield incre

ment over plants receiving either N form separately, which is in 

agreement with observations by other authors for a variety of 

plant species (II, B, J, (a), (i) ). 

J THE CONTENT OF METALLIC CATimrs 

(a) Experiment I 

In the first soil experiment plants which received NH4 , 

in relation to those receiving No3, had a reduced foliar content 

of bases, but this reduction from 157 to 148 me. 70 was compara-

tively small. The content of Ca and Hg was lower with NH4, but 

these differences failed to reach statistical significance at 

the conventional level of probability (P < .15 and < .10 respectively). 

There was no significant difference between the two species 

in total cation content. However, sweet vernal had a higher 

content of Kand a lower content of Mg and Ca, than ryegrass. 

As there was no difference in yield between the two grasses, this 

suggests a ttpreference 11 by ryegrass for divalent cations, and by 

sweet vernal for K. 

(b) Exneriment II 

Where No
3 

and NH4 were applied as fertilizers, plants 

receiving N03 again had a higher base content (135 me.%) than 



those receiving NH4 (119 me.%). In both species, the levels 

of Na, V.ig, and Ca were reduced with NH4 • To what degree the 

increased yield of sweet vernal contributed to this effect is 

not known. The level of K increased with NH4 in the case of 

ryegrass, but was not different between treatments with s-weet 

vernal. The explanation for this result is not clear, but it 

may have arisen because of different effects of the two N forms 

in the soil medium. For instance, with the NH4 fertilizer the 

external acidic effect of NH1, assimilation (II, J, (a), ( v) ) 
"i' 

probably coupled with a low level of nitrification (IV, A, I) 

may have led to more acid conditions than with no
3

, at least 
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in the immediate environment of the root (II, B, 4, (f), (iv t 
and under these conditions there may have been a greater dis

placement of K from the soil colloids with IUI4 fertilizer. This 

increase in K availability may then have resulted in the observed 

greater uptake of K by the grasses. That the synergism between 

NH4 and K content was not observed with sweet vernal may have 

been due to the 35?~ yield increment also associated with NH4 in 

this experiment. Clearly, total K uptake by both species was 

greater with NH4• 

The possibility of a true synergism between NH4 and K 

during uptake and translocation would appear less likely. This 

is the only experiment in the current work where NH4 has resulted 

in an increase in K uptake. Many w~rkers have found the uptake 

of Ca and Mg to be more clearly affected by N form than that of 

K (II, B, J, (b), (iv) and Mulder, 1956). However, this writer 

has found no report of a synergism between NH4 and K, which could 



be ascribed to a true interaction between these two ions during 

uptake. 

1J8. 

As in experiment I there was no difference between the two 

species in total cation content. Ryegrass had a higher level 

of Ca than sweet vernal; the reverse was the case for K. There 

was no inter-specific difference in Wa or Hg in the herbage, 

under the conditions of this experiment. 

(c) Experiment III 

It/hen these grasses received No
3 

in culture solutions 

their total base content was 174 me.?~, which was considerably 

higher than that in the herbage of plants receiving NH4 (144 

me.?0). The contents of Na, r1g and Ca were all diminished with 

NH4• Plants supplied with a combination of both N forms together 

in the culture solutions were intermediate in every respect, 

except in their K content. With ryegrass, the only significant 

difference in IC content was between plants receiving NH4 which 

contained less than those grown with NH4No
3

• Plants of the NOJ 

series were intermediate, and not significantly different from 

either. The situation with sweet vernal was that plants receiving 

No
3 

or NH4No
3 

had a significantly higher K content than plants 

receiving NH4, but there was no difference be:tween the IifOJ and 

NH4No
3 

plants. No explanation for this result is apparent. How

ever, the differences in ryegrass were small, the means varying 

between 107 and 116 me. K~b only. 

As in both soil experiments, there was no inter-specific 

difference in the level of total metallic cations in the herbage. 

"While ryegrass contained more Mg and Ca than sweet vernal, the 
' 

latter had a higher content of Kand Na. 



(d) Discussion 

(i) N form effects: In all three experiments, plants receiving 

NH4 had a reduced foliar content of bases in relation to those 

receiving No
3

• 

depressed with 

The divalent cations, Ca and , were invariably 

but there was more variability in the results 

for and K. The low magnitude of interactions in experiment I 

may nave arisen either because of the comparatively restricted 

regime (III, 4, (b)) or because the control over nitrification 

lJ9. 

the series was not completely effective. That the differences 

between this and later experiments were basically quantitative 

suggests that the plants in the treatment did, however, assimi-

late much of their as • 

(ii) Sp.ecies differences: Within each experiment there was no 

difference between ryegrass and sweet vernal in total base con

tent. Ryegrass always contained more Ca than sweet vernal, while 

the reverse was true for Where there were inter-specific 

differences in and , ryegrass again had the higher content 

of divalent Hg and sweet vernal, of monovalent • It is conclu-

ded that ryegrass showed a preference for divalent cations, and 

sweet vernal a preference for monovalent cations, under the con

ditions of these experiments. That this was a true selective 

uptake is sho'v'r.n by the higher monovalent cation levels in sweet 

vernal, and. divalent cations in ryegrass, in experiment I ·where 

there was no yield difference between the species. In the latter 

two experiments, ryegrass did outyield sweet vernal. But for 

the lower yield of sweet ve~nal to have masked a true selective 

uptake of monovalent cations, it would have to be conceded that 

greater D.N. production by this species would result in an in-
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creased Ca and Mg content and a decreased Na and K content 

with no effect on total cation content; there is no evidence 

for this (III, B, 5, (c), (i) ). 

4 THE CONTENT OF NON-Ivr:ET-1\.LS 

(a) Experiment I 

140. 

Grasses which received rur4 had a higher content of inorg

anic anions (S + P + Cl) than those receiving No
3

• The former 

contained 91 me.1/; and the latter 85 me.5,;, so that the difference 

was comparatively small .. There was no significant effect of N 

form on the N content of the grasses, and the treatment differe.nce 

in total non-metal content (S + P +Cl+ N) failed to reach 

significance. The content of S was 1. L~ me.;;; higher in grasses 

receiving NH4 , and that of P, J.7 me.7:, higher, but there was no 

effect of N form on Cl. As there was no difference in N content, 

the observed_ change in S must have been the result of a true 

ionic interaction, not simply the result of a greater protein 

content in one treatment, as material from the No
3 

series in this 

experiment had free WO,.., levels which were a negligible proportion 
.) 

of total N (III, 9, (b), (iii) ). 

Ryegrass had a higher content of Sand total inorganic 

anions (S + P + Cl) than sweet vernal. The greater content of 
/..,.---..\ 

P) and Cl in ryegrass failed __ to reach statistical significance, 
J 

There were no inter-specific differences in Nor total non-metal 

content. 

(b) Experiment II 

W'.here grasses received MH4 they again had a higher content 

of inorganic anions (70 me.~o) than those receiving No
3 

(56 me.io). 



There was no difference in the N content of ryegrass receiving 

either form of mineral N, but sweet vernal contained less Nin 

the Illi4 series. As a definite relationship between yield and 

141. 

N content has been established for ryegrass (II, B, 5, (c), (i)) 

this effect probably arose from the greater yield of sweet 

vernal with NH4• These differences between the two species in 

N content was reflected in the total content of non-metals (S + 

P + Cl + J\l) which was higher with No
3 

in the case of ryegrass, 

but was not significantly greater for s·weet vernal. Ryegrass 

receiving NH4 had a significantly higher content of both Sand 

P, but there was no treatment effect on its Cl content. Sweet 

vernal, on the other hand, had a significantly higher content 

of P and Cl with NH4, in spite of the yield increase, but the 

greater content of S failed to reach significance. It cannot 

be stated unequivocally that the observed synergism between .NH4 

and so4 during uptake in this experiment was not the result of 

the application of (NH4)2so4 as a fertilizer in this treatment. 

However, in view of a similar interaction established in the 

previous experiment, where no mineral N was added to the soil 

in fertilizer form, it would seem that at least part of this 

interaction was a true synergism. 

The only inter-specific differences which can be clearly 

separated from yield effects in this experiment are a higher 

content of Sin ryegrass herbage and, as a result of this, a 

higher value for inorganic anions. Sweet vernal, in spite of 

lower yields, contained less Sand a lower quantity of (S + P + 

Cl) than ryegrass. 



(c) Exneriment III 

As in the two previous experiments, the herbage from both 

grasses contained more inorganic anions when the plants were 

assimilating NH4• The content (67 me.~) was considerably greater 

than that in herbage receiving No
3 

(48 me. 1o). The NH4 plants 

also contained appreciably more N. As there was no difference 

in yield this may well have been the result of the synthesis of 

organic N compounds, resulting in "nitrogen-richu plants, during 

luxury consumption of N1fLi, from the culture solutions. Such an 

effect has been reported for a number of species (II, B, J, (a), 

(iii) and II, B, J, (b), (ii)). These differences in both in

organic anions and N are reflected in the treatment differences 

in total non-metal content, the values for which were J45 me. 5; 

with N0
3 

and 391 me .. >f with NH4• In this experiment, Cl was 

omitted from the culture solutions for reasons discussed else

where (II, C, J, (d) ). Provision of NH
4 

resulted in a large 

increase in S content from 27 me .5" with N03 to 45 me.%. As P 

increased by only 1 me.5-'-> with NH4, which was not significant, 

most of the difference between NOJ and NH4 in the level of in

organic anions (P + S) is a reflection of the effect of N form 

on S uptake. On the basis of the data from experiment I, this 

would be expected to be at least in part the result of a true 

positive interaction between NH4 and so4. Herbage from the 

NH4No
3 

series was intermediate in every Bespect, except that it 

contained more P than herbage from plants which received either 

N form separately. The differences involved were small, the 

mean P content varying only between 21 and 24 me.%. 



This apparently anomalous result with P content, in view 

of the interactions between P and N form established in the two 

soil experiments, is most probably an artefact of the experimental 

conditions in experiment III. The content of SOL,, the only ion 
r 

varied in the culture solutions besides N, was 2, 7 and 12 me./1. 

in the No
3

, NH4No
3 

and NH4 solutions respectively. The synergism 

between NH4 and P may have been overriden by the antagonism 

between so4 and H2Po4, during uptake by the grasses in the HH4 
solutions. While the S/P ratio in the No

3 
solution was 2, in 

the NH4 solution it was 12. An antagonism between Sand P during 

uptake by perennial ryegrass has been established (II, B, 5, (e)). 

Ryegrass in spite of a greater yield, contained more Sand 

P than sweet vernal when the results were averaged over all N 

treatments. This resulted in a higher inorganic anion content 

(68 me.;:o) in the herbage of ryegrass, compared with 49 me.,~ in 

sweet vernal herbage. Sweet vernal contained more N than ryegrass, 

which may have been a reflection of its lower yield. As a result, 

there was no inter-specific difference in the content of total 

non-metals. 

(d) Discussion 

(i) N form effects: In all experiments, plants receiving NH4 

had an enhanced content of inorganic anions in relation to those 

which received No
3 

• .Ammonium nutrition resulted in a greater 

uptake of Sin every case, but the increased S content of sweet 

vernal in experiment II was possibly masked by an increase in 

yield, and was not significant. In both soil experiments, WH4 

led to an increase in P content. In experiment III, the observed 



144. 

increase with NH4, as opposed to N01 , was not statistically 
..,, 

significant, which may have been an artefact of the experimental 

technique. The effects of N form on Cl content were variable, 

but generally NH4 caused an increase in foliar content, which 

was not significant. This may have been a reflection of the 

experimental conditions. Presumably the bulk of the Cl assimi

lated by plants in the two soil experiments was supplied in the 

tap water used to irrigate the pots, as no salts containing Cl 

were applied as fertilizers. Uptake of Cl may therefore have 

been regulated by its rate of arrival of the roots rather than 

by true interaction. This interpretation is supported by the 

results for sweet vernal in experiment II, where a greater yield 

was associated with an increased Cl content. A yield increase 

would involve a greater total transpiration by the plants, hence 

a facilitated arrival of Cl at the roots by mass flow. The simi

larity in total N content between treatments in the two soil 

experiments would suggest that either N form was readily available 

to these grasses. The immobilisation of NH4 by soil colloids 

(II, C, 1, (c) ) led to no apparent inferiority of NH4 under the 

conditions of these experiments. While the N content of sweet 

vernal was some 121b lower in plants which received 1rn4 in experi

ment II, this was related to a J5o/; Im. increase in the same treat

ment, so that total N uptake was considerably greater with NH4 • 

The luxury supply of NH4 in culture solutions resulted in a 

greater N content of plants. 

These data show the large proportionate contribution of 

N to the total non-metal content of grass herbage. Equivalents 



of rJ tra:nslocated to the leaves were from J to 6 times as great 

as the equivalent sum of other non-metals (S + P + Cl). 

(ii) Snecies differences: The outstanding difference between 

the two species was the greater S content of ryegrass in e:rery 

experiment when the results were averaged over N forms. This 

applied even where there was a greater yield by ryegrass. Largely 

as a result of its higher S content, ryegrass herbage also had 

a larger concentration of inorganic anions (S + P + Cl), than did 

sweet vernal. There were inter-specific differences in N content, 

ryegrass containing less than sweet vernal in experiments II and 

III, but these were directly related to higher yields by ryegras·s 

in both experiments. While these differences in N content were 

observed under the experimental conditions where plants were 

harvested after the same period of regrowth, this does not 

necessarily imply that the same differences would be observed 

if plants were harvested at the same DM. yield, as carbohydrate 

formation can greatly influence N levels in herbage (II, B, 5, 

(c), (ii)). 

5 CONCLUSimqs 

(a) Yield 

Under the conditions of these experiments, both forms of 

mineral N were equally effective as sources of N for the growth 

of ryegrass and sweet vernal. Ryegrass outyielded sweet vernal 

in the latter two of the three experiments. 

(b) The Effects of l\f Form on Herbage Mineral Comnosi tion 

(i) Metallic cations: Grasses which received 1m4 invariably 
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had a lower content of bases in their leaves than those fed No
3

. 

The reduction ranged from 8 to JO me. 1o depending on the experi

mental conditions. The content of divalent cations was always 

1 • t- "f\TT.:r b t th lt f K d i\T • • .., ower wi .h _.,.1-4, u e resu s or "- an .L~a were more var1ao.1e. 

These results confirm established interactions between 

the two N forms and metallic cations (II, B, J, (b), (iv) ). 

(ii) Inorganic anions: Ammonium nutrition resulted in an in-

crease in the foliar content of (S + P + Cl), in relation to No
3

. 

This increase ranged from 6 to 19 me.7;;, depending on the experi

mental conditions. Plants which received NH4 contained more S, 

but the results for P and Cl were variable, and probably related 

to the experimental conditions. 

The data from these experiments confirm established inter

actions between the two N forms and inorganic anions (lac.cit). 

(c) Inter-specific Differences in Mineral Composition 

(i) Base content: There was no difference between ryegrass and 

sweet vernal in the total metallic cation content of herbage, 

under these experimental conditions. Ryegrass showed a "preference 11 

for divalent cations, particularly Ca, and sweet vernal, for mono

valent cations, especially K. 

(ii) Non-metal content: Ryegrass invariably contained more S 

than sweet vernal. In the latter two experiments, sweet vernal 

contained more N than ryegrasss, but this difference between the 

two species could not be clearly separated from yield effects. 

Largely as a result of its higher S content, ryegrass contained 

more inorganic anions than sweet vernal. 
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C 8011.ill PLANT PHYSIOLOGICJI..L ASPECTS OF NOJ AND 

NH4 ASSilULATIOH BY GRASSES 

1 IONIC BALAJIWE DURING H ASSIMILATION 

(a) The Gross Cation-anion Ratio 

Data for the gross uptake of cations and anions by the 

experimental plants have been brought together in table 2. Total 

N has been assumed to have entered the plant entirely as the anion 

or cation in the No
3 

and treatments respectively. In experiment 

I, plants receiving NOJ contained 157 me.~" of metallic cations. With 

NH
4

, this value was depressed to 148 me. , but the uptake of 251 me. 

of cationic NH4 increased total cation uptake to 399 me •• The 

content of inorganic anions was 91 me. with UH4, but with N0
3 

this 

value was depressed to 85 me. Ho·wever, the additional uptake of 

249 me. of anionic N0
3 

increased the total anion uptake to JJ4 me. 

It may be argued that as some nitrification probably did occur in 

the two soil experiments, these data do not give a clear picture 

of cation and anion assimilation. It was concluded that only a 

negligible amount of nitrification could have occurred in the 

culture solutions (IV, A, 2). lifevertheless, the greatest differences 

were found in that experiment. The base content of herbage which had 

received No
3 

was 174 me. • With 11TH4 the value was reduced to 144 

me.%, but the assimilation of J24 me. of cationic NH4 increased 

total cation uptake to 468 me.%. In the rw4 series inorganic anions 

totalled 67 meS~, and this was depressed with No
3 

to 48 me.5~, but 

the attendant uptake of 297 me .. ~~ of anionic No
3 

gave a total anion 

uptake of J45 me.;;~. 



TiffiLE 2 TOTAL CATION At~D ANION UPTAKE WITH 
NOJ AND 1f.El4 1'J-UTRITION 

(Results for N forms averaged over both species) 

148. 

Cations (me. JS) Anions (me.7~) 

Exueriment I 

NOJ-N 

NH4-N 

Experiment II 

NOJ-N 

NH4-N 

Experiment III 

NOJ-N 

NH4-H 

(K+Na+Mg+Ca) 

157 

148 

135 

119 

174 

144 

-

·rH 1', -4 ·Total 

- 157 

251 399 

- 135 

199 318 

- 174 

J24 468 

-
(S+P+Cl) N01 Total 

85 249 JJ4 

91 - 91 

56 211 267 

70 - 70 

48 297 345 

67 - 67 



These differences are shown in the gross cation-anion 

ratio in appendices 45-48. In all experiments, where plants 

received No
3 

they absorbed approximately two equivalents of 

anions for every one equivalent of cations. In the two soil 

experiments, when grasses received NH4 , cation assimilation 

exceeded that of anions by a factor of approximately 4.5. Under 

the same N treatment in experiment III, these grasses assimi

lated more than 7 equivalents of cations for every one equivalent 

of anions. 

As shown in table 2, there was a small compensatory change 

in the uptake of other cations and anions when the ionic charge 

of N was reversed, but this effect was far from stoichiometric. 

The observations, therefore, rule out any concept of their being 

a constant ratio between the amount of cations and anions trans

located to the herbage of these experimental plants. The data 

illustrate the effectiveness of "exchange uptake" of N0
3 

for the 

anions released during its metabolism, and of NH4 for the H ions 

released during its assimilation (II, B, 4, (e), (ii) ). The 

data also show that N assimilation, irrespective of N form, pro

ceeded in a manner largely independent of the uptake of other 

ionic species from the medium (loc.ci~). 

(b) The Relationshi~s Between Metallic Cations and Inorganic Anions 

The extent of interactions between the two forms of N and 

other ionic species has been shown in table 2. The induced changes 

in mineral composition are reflected in a significant reduction 

in the ratio for metallic cations/inorganic anions from 1.86 

with No
3 

to 1. 64 with NH4 in the first soil experiment. The 
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corresponding values in experiment II were 2.45 and 1.67, and 

J.72 and 2.23 in the final exueriment. In every experiment, 

there was an antagonism between No
3 

and other inorganic anions, 

and a synergism between NOJ and metallic cations, when the 

results are compared with those from the NH4 series. Conversely, 

there was an an~agonism between NH4 and metallic cations, and 

a synergism between NH4 and inorganic anions. These results 

confirm observations on many species (II, B, J, (b),(iv) ) 

including ryegrass (II, B, 5, (e) ). 

Without exception the value of this ratio exceeded unity. 

Alternatively, the uptake of metallic cations always exceeded 

that of inorganic anions, even with NH4 nutrition. This was one 

of the stipulations laid dovnL for normal metabolism by plants 

(II, B, 4, (e), (ii)). Values less than unity mean the accumu

lation of NH
4 

and/or H ions in tissues to balance the excess 

inorganic anions (loo.cit.). Such a situation normally occurs 

to an appreciable extent only under conditions of ammonium 

toxicity (II, B, J, (b), (i) ). 

Possible reasons for the interactions between the two N 

forms and other ionic species during uptake and translocation 

have been discussed (II, B, 4, (f)). The accumulation of cations 

in tissues must involve an equivalent accumulation of anions, 

both inorganic and organic, to maintain ionic balance (II, B, 

4, (e), (ii)). During NH4 nutrition, the translocation of an 

excess of metallic cations to the herbage must involve an equiva

lent movement of organic anions to equate the deficit of in

organic anions (II, B, 4, (f)). On this basis, the synergism 
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between HH4 and inorganic anions (P + S + Cl) may be explained. 

Because of either the lower mobility of organic anions in com

parison with inorganic anions, or because of a limitation to 

their 11availabili ty 0 during WH4 nutrition (II, B, I+, (f), (ii)) 

the inorganic anions assume a greater role as counter-ions for 

the paired movement of metallic cations out of the root. On 

the other hand, with N04,nutrition much of the metallic cations 
.... _ __.. 

may enter the root tissues as N0
3 

salts. To what extent the 

cations are translocated as such, or as the salts of organic 

anions formed by N0
3 

metabolism in the root, is not clear$ Which-

ever is correct, N0
3 

nutrition leads to a reduced role of other 

inorganic anions as counter-±ma for the movement of cations to 

the herbage. The observed result is an antagonism between N0
3 

and (P + S + Cl) when the mineral composition of herbage is com

pared with that which received NH4 • 

It has been concluded that the assimilation of N, irresp

ective of form, apparently occurs by an exchange process in a 

manner which makes N uptake largely independent of the uptake of 

other ionic species (loo.cit.). This has been confirmed in the 

present work (IV,C,l,(a)). However, the interactions between No
3 

and NHLi, and other ionic species, found during these experiments 

(IV, B, J and IV, B, 4) show that there is not a complete inde

pendence, and are in agreement with the findings of other workers 

(II, B, 3, (b), (iv). What is surprising, however, is the small 

magnitude of the changes in the levels of other minerals when the 

ionic charge of N is reversed. In the present series of experi

ments, N uptake greatly exceeded that of total cations, and that 



of inorganic anions on an equivalent basis, irrespective of N 

form ( table 2, p. 148). Obviously then, ionic J\r had a low order 

of interference with other elements during uptake and translocation. 

A possible exptanation for the observed effects of N form on the 

final mineral composition of herbage within each species can be 

offered on the basis of osmotic considerations. Irrespective of 

the precise physiological explanations No
3 

nutrition, in relation 

to NH4, results in herbage which may be characterised as having: 

a. a higher content of metallic cations, especially divalent 

cations (II, B, J, (b), (iv)). This has been confirmed in 

the present work, and is discussed presently (IV, C, 2, (d)) 

b. a lower content of inorganic anions other than No3 (II, B, 3, 

(b), (iv)). This has also been observed in all the present 

experiments (table 2); and 

c. a higher content of organic anions (II, B, J, (b), (iii)). 

This has been found in the current work, and is discussed in 

the next section (IV, C, 2). 

It is well established that "low salt 11 flaccid tissues will absorb 

mineral salts rapidly, and that eventually a limiting salt content 

is reached (Sutcliffe, 1962). This limitation may be imposed 

by the osmotic pressure in the plant sap. In tissues which have 

received NO~, the presence of a higher proportion of multivalent 
.) 

organic anions in the assemblage of total anions would result in 

a lower osmotic pressure on the basis of particle number alone, 

in comparison to NH4 tissues where an equivalent amount of total 

anions would contain relatively more inorganic anions. Organic 

acid salts may also have lower activity coefficients, as evi-
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denced by the precipitation of Ca and Mg salts of organic acids 

in tissues (Pierce and Appleman, 1943; Kirkby, 1966); which 

effect would be additive to that of particle number in causing 

a greater reduction of the osmotic pressure in No
3 

tissues than 

in NH4 tissues. Further, the enhanced metallic cation content 

of tissues receiving No
3 

is associated with a greater proportion

ate increase in divalent cations than in monovalent cations, 

which would also result in a decreased osmotic pressure per equiva

lent amount of cations on the basis of particle number, when 

compared with an equivalent of cations in NH4 tissues with a 

higher proportion of monovalent cations. Thus many plants, in

cluding those in the current experiments, can largely overcome 

any effects which may be expected to arise in their mineral 

composition, from the assimilation of a large excess of cations 

with NH4 nutrition and anions with N03 nutrition. Because NOJ 

nutrition,whether directly or indirectly, gives rise to tissues 

with the characteristics listed above, the differences between 

them and NH4 tissues may be viewed as the result of interactions 

among mineral elements other than N, within the limitation of 

a maximum osmotic pressure in the plant sap. This concept is 

speculative and provides the basis for further investigation 

rather than statement of fact. High levels of Cl in ryegrass 

herbage result in a reduced content of multi-valent organic anions 

(Dijkshoorn, 1963; Van Tuil, 1965). In field samples of Italian 

ryegrass Cunningham (1964a) found that herbage which contained 

much Cl also had a lower total base content at any level of 

total 11 a.11.ions n (N + P + S + Cl) than did samples containing little 
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Cl. In this respect 1 the samples were similar to those which 

received much NH4 fertilizer. It was also found that samples 

containing much Na had a lower total base content at any level 

of total 11 anions" than tissues containing little Na. Further, 

the high Na tissues tended to a maximum base content which was 

considerably lower than when Na levels were comparatively low. 

These observations suggest that osmotic effects may have limited 

salt absorption, resulting in a lower total mineral salt content 

in tissues which contained high levels of monovalent ions. 

(c) R-value 

R-values were significantly lowered by NH4 nutrition in 

all experiments .. As there was no overall effect of N form on 

N content in experiments I and II, this effect was caused by the 

established interactions between the two N forms and other ionic 

species during uptake and translocation. In experiment III, NH4 

also resulted in an increase in foliar N content so that this 

additive effect was also responsible for the reduction in R

values. 

The R-values for individual ryegrass samples were plotted 

against their N content, as has been done for Italian ryegrass 

by Cunningham (1964a etf!t9.9_.). The same negative relationship 

between R-value and N content was observed with these data, as 

that shown by Cunningham (lac.cit.). The variation within any 

treatment of any experiment more or less followed the mathemati

cal model for the plot of: 

Ee against N, where 
+ 



Ee 
.DA + N == 

== 

N :::: 
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R-value 

me., (K + Iiia + Hg + Ca) 1S which was the mean 

for that particular treatment and experiment 

(a constant) 

me • ( S + P + Cl ) ~" as above 

The negative relationship virtually followed the mathematical 

prediction, with some scattering which could be associated With 

genetic control over mineral composition (IV, C, 4, (b), (iv)). 

Visual assessment of these graphs simply served to show that N 

uptake by ryegrass was largely independent of the uptake of 

other ionic species under the conditions of these experiments, 

and that R-values were not constant. At any N content, R-values 

for plants receiving NH4 were lower than those for Ro3 , which is 

simply a reflection of the established interactions between the 

two lif forms and other ions during uptake. These data could not 

be interpreted as support for the suggestion by Ctw..ningham and 

Nielsen (1965) "that the proportions of cations a11.d anions taken 

up from the soil by intact grass plants, as measured by R-value, 

are r1::gulated by some plant mechanism linked to nitrogen meta

bolism. 11 

( d) Discussion 

Bear (1950) and :Oijkshoorn (1957a, 1957b, 1958a) concluded 

that the 11 oation-anion11 ratio in herbage was a constant and that 

cations and 11 anions 11 were transported to herbage in related 

amounts, such that changes in total content did not effect changes 

in this ratio. Allowing for the fact that these authors were 
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considering the metal/non-metal ratio (the gross cation-anion 

ratio has varied widely in the present work) this study has not 

supported their general rule. R-values have been significantly 

reduced by NH4 in all cases. Further, significant differences 

have occurred between experiments for the same species receiving 

the same N form. For instance, the mean R-value for ryegrass 

receiving N03 in experiment I (o.485) was significantly lower 

than that for ryegras.s-:receiving :tm
3 

in experiment II (0.577; 

P < .001). The values for individual ryegrass samples ranged from 

0.35 to 0.65 in the present study, which is in agreement with 

other evidence that R-value is not a constant (II, B, 5, (c)). 

It is very difficult to assess whether grasses are assimi

lating No
3 

or NH4 at any particular time, under field conditions 

(II, A, 2). Data for the mineral composition of grasses was 

therefore studied to see whether any sort of diagnostic technique 

could be devised by which one could determine the form of N which 

grasses were assimilating during these experiments, and which 

may have been applicable to field conditionso No clear-cut 

separation between NOJ and NH4 plants emerged. This may be 

demonstrated by the fact that the mean value for the ratio, 

metallic cations/inorganic anions, calculated for both species 

receiving N03 in experiment II (2.45) was not significantly 

different from the mean value of 2.23 calculated for both species 

receiving NH4 in experiment III (P) .50). 

While this writer does not attempt to define those factors 

of the environment which have caused these large variations in 

mineral composition between experiments, it is evident that they 

had a greater affect on the mineral composition of herbage than 
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did N form. That R-value does vary so greatly with environ-

mental factors throws its usefulness into question. It appears 

to have no particular merit in terms of plant physiolog-§, nor 

in the assessment of the nutritional value of herbage. 

2 ORGJU{IC ~4.NIONS 

(a) Estimation 

It was concluded previously (II, B, 4, (e)), that the 

ionic balance in plant tissues may be given the following equation: 

me. (K +Na+ Mg + Ca)~;= me., (so4=' + H
2
Po4- + Cl- + No

3
-)1; 

+ me. organic anions ~h 

In the present work it was therefore possible to calculate the 

content of organic anions in all tissues which received NH4, and 

in the herbage of plants which received No
3 

in experiments I and 

II, where total N was virtually all in organic form (1,000 ppm. 

N0
3 

in herbage is approximately equal to 1.5 me.~). The data are 

considered as an approximation. The amount of total S involved 

in organic combination was calculated from the N content, accord

ing to the equation of Dijkshoorn et al. (1960): 

me. organic 1'J X = me. organic S 

Inorganic N01 was ignored, but no estimations of organic anions 
.., 

were made for plants of the NO J and NH41rn
3 

series of experiment 

III because their free No3 content exceeded 1,000 ppm. by an 

unknovm. abount (III, 9, (b), (iii)). 

(b) Organic Anion Content and N Form 

The following data are the calculated organic anion values 

for both N forms averaged over the two species, showing the mean 



organic anion contents and their estimated standard errors: 

Exneriment I 

:rro
3

-N 

NH4-N 

Experiment II 

Exueriment III 

me. orga-nic anions 

86 + 2.7 

71 + 2.7 

90 + 

59 
+ 

N0
3

-N Not calculated 

+ 94 - 2.4 

°t~ 
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.Ammonium caused a reduction in the organic anion content in both 

soil experiments. This ·was the result of the established inter

actions between each of the two II forms and other elements during 

uptake. In the no
3 

series of experiment III, the excess of 

metallic cations over inorganic anions was 142 me.~~. This may 

have given an organic anion content in excess of that for rrn4• 

Some 2. 5;7a by weight of free NOJ would be required in these tissues 

to prevent the difference from being significant. However, any 

difference awaits verification. 

Numerous experiments embracing a variety of species 

including grasses have shown that NH4 , in relation to No
3

, has 

resulted in a reduction of the measured organic acid content 

of leaves (II, B, J, (b), (iv)). 

( c) Organic Anion Content &"ld Yield 

De Wit et al .. (1963) concluded that a 11normaln 100 me.o/o 

excess of metallic cations over inorganic anions is a pre-requi

site for "good growth" of grasses in general, including ryegrass. 
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This view has been reiterated by Dijkshoorn (1963, 1964) and 

Van Tuil (1965). These authors also conclude that the reduced 

·"" growth!requently associated with NH4 nutrition is due to a "stress" 

on the normal organic anion content, which is reduced with this 

N form. 

In the present study, DM. yield was not adversely affected 

with NH4 nutrition, and this N form was superior in one experiment 

with sweet vernal. The organic anion content ·was depressed by 

at least in the case of the two soil experiments, which does 

not support the Dutch theory that the yield of grasses is causally 

related to organic anion content. These results suggest that the 

inferiority of 1m4 which has frequently been observed during 

experiments comparing both N forms may, in fact, have arisen from 

the experimental conditions, such as insufficient lighting or 

lack of satisfactory pH control in the media, as suggested by 

Street and Sheat (1958) and discussed elsewhere (II, B, .3, (a)). 

(d) Organic Ji.nions and T,Ietall i c Cation.§.. 

The ratio of divalent/monovalent cations in herbage was 

subjected to statistical analysis, and :no significant species x 

N form interaction was detected. The following data are the 

means and their estimated standard errors for each N form averaged 

over both species: 

me. 
me. 

+ 0.52 - 0.02 

+ o.49 - 0.02 



Experiment II 

1\To 1\T 
.LJ 3-.l, 

N"H4-N 

Experiment III 

no -N 
J 

NHLi,-N 

0.58 

o.46 

o.43 

0.31 

+ 

+ 

+ 

+ 

0.0J 

0.03 

0.01 

0.01 
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In all experiments, NH4 was associated with a reduction in this 

ratio, but the difference was not significant in experiment I. 

The antagonism between N"H4 and metallic cations therefore 

affected Ca and Hg more than Ha and K. This observation agrees 

•with those of other workers (II. B, 3, (b), (iv)). 

This reduced accumulation of divalent cations was 

associated with a reduced accumulation of organic anions when 

plants received NH4 , at least in the two soil experiments. On 

the basis of current evidence that accumulation of anions is the 

rate-limiting, energy dependent step in salt accumulation by 

plant tissues, and that cation absorption is a resultant carrier

mediated exchange (Lundeg2.rdh, 1960; Robertson, 1960; Briggs 

et al., 1961), these data may be considered as supporting the 

suggestion made previously (II, B, 4, (f), (ii)) that the 

differential effects of No
3 

and NH4 on cation absorption may in 

part be explained by their effects on organic anion accumula

tion. It 1ilas not clear whether the possible effects of rJH4 ·were 

direct (for instance by 11 competition 11 with divalent cations for 

a limited supply of organic anions), or indirect, through changes 

in tissue and/or external pH with attendant clmges in organic 

anion °availa.bility 11 (lee.cit.). 
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The alternatives cannot be separated with the information 

from the present study. ~fothing was known of the pH at the root 

surface in the two soil experiments (II, B, 4, (f), (iv)), and 

the design of the solution culture experiment was such that 

external pH and rJ form were confounded. The pH of leachates 

from all pots was measured over a period of 8 days. The follow

ing are the mean values for each N form, averaged over both 

species, with their estimated standard errors: 

lili 

N"OJ-N 7.6 + 
0.,03 -

NH4-n 5.4 + 
- 0.03 

The initial pH of all prepared solutions was 6.2. As both 

treatments were presumably near the same pH when pots were leached 

with fresh solutions each day, the average pH difference between 

the two treatments was something less than the difference between 

the values above. 

A possible explanation for this relationship between 

organic anion accumulation and the relative participation of 

divalent cations in total cation accumulation may be envisaged. 

Exbhange reactions are kno\•m to be involved in the upward move

ment of divalent cations, although to what extent such exchange 

phenomena are responsible for the determination of herbage 

mineral composition, is not clear (Butler and Bollard, 1966). 

Said (1959) concluded that regulative forces in the relative 

translocation of cations to the herbage of grasses arose from 

differences among the cations in their affinity for the charged 

sites present on plant colloids. Said characterised perennial 
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ryegrass as having a marked selective ability towards the alkali 

cations. The comparative discrimination against the alkali earth 

cations he attributed to their reduced mobility, resulting from 

their preferential adsorption on the bio-colloids (lac.cit.). 

Divalent cations may be chelated as the salts of organic acids. 

As such, their lack of ionic properties would preclude their par

ticipation in exchange reactions. Insofar as these exchange 

reactions may regulate the upward movement of Ca and Hg, any factor 

which caused an increase in the movement of organic anions from 

root to shoot could be expected to have a greater proportionate 

effect on the movement of divalent cations than on the movement of 

monovalent cations, because available evidence suggests that the 

former have a greater affinity for the exchange sites. Irrespec

tive of the precise physiological basis for the greater organic 

anion accumulation with N0
3 

nutrition, as opposed to rrn4 , the syner

gism of ~\fO with Ca and J1Jg may be the result of an increased trans-
J 

port of the chelated salts. Jones (1961) found that aluminium was 

complexed vd th malic and citric acids prior to translocation in 

plants. He concluded that chelation maintained the Al in a "physio

logically soluble 11 form, as it would otherwise have been expected 

to precipitate. 

J GEHETIC CONTROL OVER THE l'-HNERAL COIIPOSITION Oi? RYEGRASS HERBAG·E 

(a) Statistical Nethods and Presentation of Results 

The design of the experiments has been discussed (III, I). 

Clonal material from each of the same 10 ryegrass and 10 sweet 
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vernal genotypes was used for the 10 replications in all three 

experiments. After removing variance resulting from differences 

among the experiments, a statistical test was made for signifi

cant differences among the genotypes for the characters studied 

in the present work. 

Because of its focal importance in New Zealand agriculture 

and pasture plant breeding, the data for ryegrass only were pro

cessed. The 10 ryegrass plants used in this experiment were 

randomly selected from the F1 generation following an open pollin-

ation of 8 parent plants (loco cit.) •. As such, they may have 

comprised any of the possible 28 parental combinations, and the 

same parental combination may have been included more than once. 

The actual parents of any particular plant were not lmown. The 

10 genotypes have been nominated A •••• J for tabulation of the 

results. 

The data for plants receiving No
3 

and NH4 were separated 

for statistical analyses, as it was not known to what extent there 

may have been a genotype x N form interaction during the uptake 

of other elements. Appendix 49 is a summary of the statistical 

analyses, and includes the coefficients of variation and esti

mated standard errors. The results are summarised in table J. 

Genotypes have been ranked from lowest to highest do'\.•m each column 

of the table. Differences among the genotypes have been indicated 

as either not significant (N. S.) or significant at the 5'7~ ( *) or 

l); (**) levels of probability. In the case of significant results, 

the critical differences (d ,.,,~ and d 01 ) have been presentedo 
• V ..I • 
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(b) Genetic Control Over Yield and Hineral Composition 

(i) Yield: Differences among the genotypes in yield were not 

significant, irrespective of N form. The ranked order of geno

types was virtually the same whether plants had received rrn
3 

or 

WH4, without the slightest indication of a genotype x W form 

interaction in determining yield. 

(ii) Metallic cations: There were differences in the levels 

of Na, I•ig., Ca and total bases, and these characters were under 

genetic control, whether plants received N0'1 or NH[J,• A difference 
--' ' 

in K content, which was significant when plants received No
3

, 

failed to attain significai."'1.ce with lTH4• The range in :Na content 

was almost fourfold, for Ca two and a half, a.-rid Hg almost two

fold. -Variation in K level was considerably smaller. 

(iii) Non-metals: There were significant differences among the 

genotypes in the levels of total P and total N, when plants 

received either form of N. Largely as a result of differences 

in N content, there were related differences among the genotypes 

in total non-metal content, which were significant with either 

N form. The range of differences in the levels of these non-

metals was considerably less than that encountered in the meta

llic cation contents. Differences in the levels of total S, 

Cl and total inorganic anions (P + S + Cl) were not sig,Jificant. 

As Cl was not included in the media of experiment III, the data 

were reduced to only two observations on each genotype, receiving 

either N0
3 

or HH4 , and this may have affected the result. 

(iv) R-value: This proved to be under genetic control and was 

largely a reflection of differences in N and total base contents. 



One genotype (F) had a significantly higher R-value than that 

of any other plant whether receiving no
3 

or NR4 (P<.01). It 

also had a higher total base content than any other plants 

J..66. 

(P < .01) and the lowest total non-metal content of all plants, 

irrespective of rJ form. 

(v) Discussion: The results confirm those of Butler et al., 

(1962). These authors studied 7 plants derived from crosses of 

perennial ryegrass and short rotation ryegrass (Lolium gere:rme x 

L. multiflorum). The plants were cloned and the clones grown in 

a fertile soil. Of the 12 mineral constituents analysed, 10 

were under genetic control and most showed significant herita

bilities. Of interest to the present study, these authors 

found significant differences in the contents of Na, Ca, free 

No3 and acid-soluble P, among the clones. No significant diff

erence in K content was observed. In the present work, a signi

ficant difference in K content was found only where plants 

·received N0
3

• Of the metallic cations, Na displayed the largest 

range in levels in both the present study and that of Butler et 

al., (lee.cit.). 

A singularly interesting point which has arisen in the 

current work is that there vms no indication of a genotype x N 

form interaction in determining the yield or mineral composition 

of the test plants. Inspection of the data in table J shows 

that plants tended to rank in the same order of merit irrespective 

of the N form which they received. There was some variation in 

the results; significant differences between particular genotypes 

being lost with a change from one N form to the other, in some 

cases. But in no case was there a reversal of significance; a 
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plant was never significantly higher in the content of a parti

cular element when receiving one N form and significantly lower 

when receiving the other. These results show, that under the 

experimental conditions, genetic control over mineral composition 

was exerted quite independently of the form of N which the plants 

were assimilating. 

The apparent lack of any genotype x N" form interaction 

suggests that the results for both N forms could probably be 

pooled for a single analysis of variance, with a:n. attendant 

reduction in the variation of individual observations. On this 

basis significant differences in K content could be detected 

between geno:J;ypes A and C, and in total S content between geno

types D and J, as these plants ranked similarly when receiving 

NOJ or NH4• 

(c) Correlations Among the Characters Studied 

Spearman's rank correlations were used to test for possible 

relationships among the genotypes in the characters studied .. The 

correlation coefficients were calculated for :rw
3 

and nH4 separate+y 

using the relevant 10 paired characters •. 

No significant correlations between yield and the levels 

of individual elements was found, except in the case of N. Yield 

and N content were negatively related, irrespective of n form, 

under the experimental conditions: 

NOJ-N 

NH4-N 

r 
s 

r 
s 

= 

= 

-0.812 

-0.894 

(P < .Ol) 

(P < .Ol) 

Owing to the established negative relationship between yield and 

H content of ryegrass herbage (figure 3, p.75) the writer has 
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some reserve in considering the genetic control over N content 

as a true genetic control over N uptake. The results may have 

been partly a reflection of growth differences among the geno

types. The lack of any systematic relationship between yield 

and the foliar content of the other elements would suggest a 

true genetic control over absorption in the case of the metallic 

cations and P. If increased yield had resulted in decreased 

content by growth dilution, a negative correlation would have 

been expected as was the case with l'if. Conversely, if decreased 

content had caused a reduction in yield by sub-clinical de

ficiency, a positive correlation would have been expected. 

Yield and R-value were positively correlated: 

1-jQ 1':j" r = + O. 702 (P < .o 5) J. ,.-.1,, 
s ..I 

I.'JII
4

-H r ::::: + 0.564 (P < GlO) 
s 

However, this was largely a reflection of the decreased Ir content 

with increasing yield, as there was no relationship between yield 

and total base content, nor between yield and inorganic anion 

content (S -L T) 
• .!. + Cl). 

The value for the correlation between l'J content and total 

base content was small, negative and not significant: 

,1TQ 1-.T r = -0.262 (IL S.) .L'f 3-~· s 
l,TH y -0.281 c·- s , l~ -4-; r = l'J • • ) 

,::; 
h; 

Both H content and total metallic cation content were under genetic 

control in the test plants. Wb.atever the control mechanisms, 

they were apparently exerted in an independent manner. This lends 

no support to the suggestion of 6unningham and Nielsen (1965) 

that N metabolism and metallic cation accumulation in ryegrass 



are causally linked. The observed antagonism between NH4 and 

metallic cations in the current work (IV 1 B, J) was apparently 

not the result of 11 carrier competition 11 (II, B, 4, (f), (i)). 

If the NH4 ion were in competition for limited total transport 

of cations, a marked negative relationship between Iif content and 

total cation content would have been expected in the NH4 series. 

One plant (F) contained more totalcations than all the other 

1 .L.b . . ·ro· "-Ji:.:r (p ( 1) p ants whe l, _er receiving .e~ J or J,uLr ,- • 0 • Similarly, the 

observed antagonism between No
3 

and inorganic anions (IV, B, 4) 

was apparently not the result of carrier competition. There was 

no significant relationship between N and total inorganic anion 

contents, the values for the correlations being: 

0 7 C:') 'M s ' - • - ..J -- \. 1·, • ' • I 

+ 0.00J (N".S.) 

Two plants (Band I) had a significantly higher N content than 

7 others in the No
3 

series, and 4 others in the NH4 series 

(P ( .05). The same sort of parallellism among the genotypes 

and their content of individual elements held in all cases, with 

little change in ~anking between N forms (table J). These data 

therefore support the conclusion reached earlier, that the assimi

lation of no
3 

and !m4 by grasses in the current work was largely 

independent of the uptake of other ionic species from the medium 

(IV, C, 1, (a) ). It would appear that the observed differences 

in mineral composition caused by No
3 

and HH4 were, in fact, the 

result of associated changes in the environment rather than the 

ionic form of liT uer se.; a suggestion which has been discussed 

(II, 3, 4, (f)). 



170. 

During NH4 nutrition the movement of an excess of metallic 

cations over inorganic anions to the herbage necessitates an 

equivalent translocation of organic anions to maintain electro

static balance (II, B, 4, (f), (ii)). For plants receiving 

NH4, the organic anion content of tissues could be calculated 

r~v 
\. .L ' c, 2, (a)). It was therefore decided to investigate the 

relationship between organic anion levels and cation content. 

No attempt was made to give a quantitative estimate for the 

correlation between organic anions and total cations. As the 

former have been calculated as the excess of the latter, any 

errors in theEBtimation of total cations would automatically 

increase the significance of the correlation. As the levels of 

each metallic cation had been determined independently, use of 

the divalent/monovalent cation ratio was acceptable. The values 

for these two characters are given in table 4, in ranked order. 

Both were under genetic control, the range in values being 

amost two-fold in each case. The two characters ·were also posi

tively correlated: 

r = + o.821 (P < .01) 
s 

This indicates that the genetic control over the relative uptake 

of divalent cations was linked to the genetic control over 

organic anion accumulation in these plants. On the basis of 

previous considerations to the effect that cation accumulation 

is dependent on anion accumulation in plants (IV, c, 2, (d)), 

this relationship suggests that the movement of divalent cations 

to the herbage was more dependent on organic anion translocation, 

than was the movement of monovalent cations. ifoi ther of these 



TJGLE 4 GENOTYPIC RANKING OF THE ORGALIJIC .AlHON 

CONTENTS AND THE VALUES FOR THE DIV,ALEWT/FfONOVALENT 

CATION Pi.Ji.TIO, FOR RYEGRASS PLMJTS RECEIVING l\TH4 

Organic anions me. {Ca + ::vrg 2 fa 
( ,me. c;.) 

;v I me. (Na + K) ~~ 

H H 
59 O.J? 

I E ) 
60 o.41 ) 

) 
D J ) 

62 o.41 ) 

E D 
64 o .4J 

B I 
69 d.44 

J C 
70 o.48 

('( B V 

71 0.50 

A G 
74 0.51 

G A 
75 0.52 

F F 
97 0.75 

Result ** ** 

12.9 0.12 

d n1 • u 17.7 0.16 
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two characteristics was related to N content, yield or total N 

uptake. There was, therefore, no indication that this genetic 

control was due to any indirect effect of NH4 assimilation on 

tissue pH or external pH (II, B, 4, (f), (iii) and (iv)), as 

the intensity of 1{H4 assimilation would be expected_ to be the 

major factor affecting them, under these conditions. 

Discussion 

One of the principal aims in breeding pasture grasses 

should be to develop improved varieties which are not only 

productive, in terms of annual and seasonal yield,but which are 

also of desirable nutri tiona.l value to farm animals. Pasture 

herbage is not an agricultural end-product, but a means towards 

their production. All the elements investigated in the current 

work are required by animals, and must be present in their diet 

in reasonably balanced proportions (Whitehead, 1966). A further 

objective in pasture plant breeding, as currently practised in 

New ~ealand, is to select improved varieties which will perform 

well oYer a wide range of environraental conditions, including 

differences in N regime. 

It should be stressed that the results obtained in the 

present work apply strictly to the conditions of· these experi

ments, and that the sample size of 10 plants limits the general

ity of the results. 

In the present work, differences have been found in the 

levels of several major elements in the herbage of ryegrass, and 

these differences have been shovm to be under genetic control. 

No estimates of heritability were made, as the estimated Error 



Mean Squares included an unknown component of variance which may 

have arisen from genotype x experimental interactions. The re

cognition of these relatively large genetic differences in mineral 

content suggests that further detailed investigation should be 

made of the p)pulation to establish: 

a~ the range of these differences, and their heritabilities; and 

b. their possible interrelationships with other characters of 

agronomic significance. 

The aoove information would be a pre-requisite to any breeding 

programme aimed at the improvement of herbage mineral composition. 

The absence of any apparent genotype x 11 form interaction 

in the determination of yield and mineral composition suggests 

that ryegrass selected under any particular ~itative N regime 

may be expected to perform in relatively the same manner, in 

terms of the characters studied, where the qualitative aspects 

of the lJ regime are different. This may °i)e of :particular signi

ficance in Hew Zealand, as much of the land area devoted to 

extensive farming practice may be continually under a npredomin-

..1..1 -,-u 11 ~,T • ( - T A 2 an v y 1:Jn4 J, regime \ l.L, , , (c), (i)), while pasture plants 

may be selected under soil N conditions which are quite different. 

This must not be interpreted, however, as indicative that ryegrass 

plants selected under any particular quantitative N regime will 

neeessarily perform in a similar manner when the quantitative 

characteristics of soil N are different. Interactions between 

genotypes and N levels have not been investigated in the present 

work. 

There ·was a lack of a.ny relationship between yield and 
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the levels of several important major elements in the present 

study, which illustrates that considerable differences in 

mineral composition of herbage can occur without any observable 

effect on yield. Similarly, Butler et al., (1962) found no 

significant genetic correlations between growth and mineral 

differences in ryegrass clones. This points to the danger in

herent in plant breeding where DH. yield is the major criterion 

of selection. As an example, the suggested critical content of 

Hg in ryegrass herbage at which Mg deficiency may be expected 

to affect yield during vegetative growth is approximately O O 07"/; 

of DH. (De Wit et al., 1963). The suggested "safe leveln for 

herbage Hg in relation to the occurrence of hypomagnesaemia in 

dairy cows is O. 2;,; of DH. (Kemp, 1960; W'.hi tehead, 1966) or 

approximately three times the above figure. Pasture grass 

breeding withm associated screening for mineral content (whether 

direct, by chemical analyses, or indirect, by grazing trials) 

always allows the possibility of selecting pa.rent plants of un

desirable mineral composition, for instance of low Hg content. 

In this respect, 1Jew Zealand may be particularly vulnerable as 

major reliance has been placed on a vecy few species of pasture 

plants. 

The relationship established between the content of 

organic anions and total metallic cations, and between organic 

anions and the relative uptake of divalent and monovalent me

tallic cations, requires verification under field conditions, 

and differing n regimes. If this relationship holds true under 

field conditions, grasses may be readily screened for tdal cations 
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and relative divalent cation content by the estimation of 

organic anions, using the rapid "nitrate corrected ash alka.

linity11 method of Van Tuil et al., (1964). 

Comparison of the data for the effects of 1T form on 

the mineral composition of ryegrass (appendix 46) with those 

for the genetic differences in mineral content of ryegrass 

(table J) shows that the latter effect was q_uantitatively much 

greater, especially for the metallic cations, under the conditions 

of these experiments. 

4 CONCLUSION'S 

Under the conditions of these experiments there was no 

indication that cations and anions are absorbed by grasses in 

constant proportions. With N0
3

, the assimilation of a large 

excess of anions occurred, with IJHL~' a large excess of cations. 

This agrees with the findings of other workers (II, B, 4, (e), 

(ii)). In the present study, there was no definite proportion 

of metals and non-metals in the herbage of ryegrass and sweet 

vernal, which agrees with recent evidence that R-value is not a 

consta.'l'J.t (II, B, 5, ( c))" It is concluded that 1J assimilation, 

irrespective of H form, occurred in ryegrass and sweet vernal in 

such a way that it was largely independent of the uptake of 

other cations and anions from the external medium. There were, 

however, some small compensatory changes in mineral composition. 

Nitrate nutrition led to higher organic anion contents in herbage, 

and was associated with a relatively greater uptake of divalent 

cations in both species, suggesting a causal relationship between 
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organic anion and divalent cation accumulation. Investigation 

of the analytical data for ryegrass has led to the recognition 

of large genetic differences in the levels of several important 

major elements, which would appear to warrant further investi

gation. There was no evidence to suggest that genetic control 

over the mineral composition of herbage was modified by the form 

of i'T assimilated by ryegrass, for the characters studied in this 

series of experiments. Where ryegrass received 1m4, the accumu

lation of organic anions was under genetic control, as ·was the 

relative uptake of divalent and monovalent cations, and these 

two characters were positively correlated. Under the conditions 

of these experiments, genetic differences in the mineral compo

sition of ryegrass plants were greater than the differences 

caused by the two lJ forms, especially in the levels of metallic 

cations. Factors which caused a reduction in the organic anion 

content of ryegrass under the conditions of ths experiments(N34 

and genetic control), caused a relatively greater reduction in 

the levels of divalent cations than in the content of monovalent 

cations. This leads to the tentative suggestion that divalent 

cations are more reliant on chelation as the salts of organic 

acids for transport into the herbage of ryegrass, than are the 

monovalent cations. This theory may help to explain some of the 

established interactions between wo
3 

and liIH4 and the uptake of 

metallic cations, on an intra-specific basis. The chelation of 

divalent cations as the salts of organic acids, by virtue of their 

non-polarity, may allow for a more rapid and extensive translo-

cation in the plant. 



SECTION V 

SOHE ASPECTS OF THE AGROHOIUC SIGNIFICANCE OF SEASONAL 

VARIATIONS IN THE SOIL Iir REGI:rr.tE 

1 INTRODUCTION 

It has been concluded previously (II, A, 2, (b) ) that 

under the high fertility soil conditions associated with the 
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New Zealand grass-clover-grazing animal system of farming, there 

is a marked seasonal rhythm in the soil N regime. Ammonium 

predominates in the 1'J nutrition of grasses in the winter and 

early spring periods, while the importance of U01 increases .., 

from spring through summer, and attains greatest significance 

during the "autumn flush" of grass gro,·:th. It is proposed to 

consider briefly some of the possible relationships which may 

exist between the soil IJ regime and the chemical composition 

of herbage and hence its nutritional value. 

2 SEASONAL VA..B.IATION" rn THE MIWERAL COMPOSITION OF PASTURE 
GRASSES 

Accompanying seasonal variations in then regime, there 

are also variations in major environmental factors including 

light, temperature and moisture, and changes in the botanical 

composition of a mixed sward. There may also be changes in the 

maturity of grasses if utilisation is less efficient during 

periods of maximum growth. It is, therefore, difficult to 

separate out any effects specifically arising from changes in 

the soil H regime. 
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I\fetson et al., (1966b) rece:atly studied seasonal variations 

in the mineral composition of herbage from several field sites 

in the lower North Island. They found that the content of K, 

total 1'J and total Pin pasture grasses was lowest during summer 

and reached a maximum during winter. These relatively high values 

were maintained from l'.i:arch - April through to September - October, 

under the conditions ~revailing during these observations. As 

grasses constituted 807.i or more of the DM:. at most samplings, 

the pattern was fairly representative of the mineral composition 

of the swards as a whole, which were under heavy stocking. Insofar 

as the present series of experiments has been representative of 

field cond:itions, this writer would expect an increase in the total 

P content of winter herbage, on the basis of the synergism between 

NH4 and P which has been established in both soil experiments in 

the present work (IV, B, 4, (d), (i) ). It is not clear to what 

extent the field observations of Hetson et al., (loo.cit.) were 

also the result of varying herbage maturity. 'Whitehead (1966) 

reports no consistent, or regular seasonal variation in the 

content of H, P or Kin grasses when the effects of advancing 

maturity are avoided by frequent defoliation. Metson et al., 

(loc.cit) also found an increase in Hg and Ca levels in grasses 

during late spring, summer and autumn. This increase in the 

content of divalent cations roughly coincided with the decline 

in the foliar levels of n, P and K. While growth dilution may 

have been partly responsible for the decrease in levels of the 

latter, this explanation cannot be applied to the s:i.mul taneous 

increase in the levels of the former. The current series of 



experiments would suggest that the observed seasonal increase in 

Ca and Mg levels was the result of the increasing aYailability 

of soil No
3

, as a synergism between :r:m
3 

and metallic cations, 

particularly Ca and i•Ig, has been established in all three experi

ments (IV, B, J, (d), (i) ). "Whitehead (1966) reports that 

both lig and Ca levels show an increase in grasses throughout 

spring and summer, when the effects of increasing maturity are 

avoided by frequent defoliation. Increasing soil temperature, 

besides its effects on nitrification, may have an indirect effect 

on the relative uptake of divalent cations, as the season pro

gresses. Cunningham and Nielsen (1964) found that both increasing 

NO~ availability and increasing soil temperature, with a marked 
J 

positive interaction betweBn the two, led to an increased content 

of Ca and Ng relative to :N'a and Kin the herbage of Italian rye

grass. The herbage was, however, very mature at the time of 

harvest, after 8 weeks' regrowth. 

3 SEASON.AL :DISORDERS IN FARJ.1 .AHIHALS 

It is extremely difficult to assess the contribution of 

seasonal variations in the soil N regime to the seasonal appear-

ance of disorders in stock. Besides the associated changes in 

environment, and botanical composition and maturity of herbage, 

there may oe associated :physiological changes in the animals 

themselves; for instance, parturition and the onset of lacta

tion. Other tha..n their recognition, the latter factors are 

beyond the scope of this discussion. It is proposed to discuss 

briefly some possible implications of changes in the soil N 



regime as they may affect stock health through changes in the 

chemical composition of grasses. 

(a) "Grass Staggers 11 
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This metabolic disorder occurs in New Zealand each spring, 

with varying severity. In dairy and beef cows, acute tetany is 

generally associated with lactation, most deaths occurring within 

a few weeks of calving. "Grass staggers" also occurs in pregnant 

cows and much less frequently in store cattle. No attempt is 

made to differentiate between hypomagnesaemia and hypocalceamia 

in this generalised discussion. The two may be frequently 

associated in "grass staggers" and are difficult to separate 

(Rook and Storryt 1962; Hetson et al., 1966a). Successful 

therapy involves administration of Ca, Hg and glucose simultan

eously, and it is not clear to which componeni:{s)a cure can be 

attributed. 

The chemical composition of pastures in relation to the 

incidence of "grass staggers" in beef cattle under New Zealand 

conditions, has been the subject of a recent review (Metson et 

l ,9"/ ) .§b::.. , .1. boa • The following discussion is confined to a few 

comments about some possible contributions of the soil N regime 

during the period of maximum teta.ny incidence, to the occurrence 

of this metabolic disorder. 

(i) Base levels in herbage: Reference has been made previously 

to a 11 safe II level of O. 21::, Hg in herbage in relation to the onset 

of hypomagnesaemia (IV, C, J, (d) ). This is not an entirely 

correct concept; "grass staggers 11 has been observed on pastures 

containing more than this safe level, and there has been a failure 
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to observe this condition in animals grazing pasture containing 

less than the recommended safe level. There has been a general 

failure to correlate herbage Ca and Mg levels with the onset of 

"grass staggers", and besides animal factors, it is now believed 

that other chemical characteristics of the herbage can modify 

the 11availabili ty" of ingested 11Ig and Ca to the animal. There 

is, however, an overall picture which suggests that the lower 

level of Mg, and possibly Ca, in herbage, the greater is 

the likelihood of tetany incidence (Rook and Sterry, 1962; Metson 

et al., 1966a). Further, supplementation of Ng intake by various 

means gives a good measure of protection, which also suggests 

that total Mg uptake is important (lee.cit.). 

As the occurrence of "grass tetany 11 coincides with that 

period when grasses are contributing the bulk of DI1. production 

in a grass/clover sward (Metson et al., 1966a, 1966b), the chemical 

composition of grasses should have a major bearing on the nutrit

ional value of the whole sward. In the present series of experi

ments, "predominantly NH4
11 nutrition depressed the foliar content 

of both 11g and Ca in grasses (IV, B, J, (d), (i) ). Dutch workers 

have suggested that the ratio, me. K5~/me. (I1g + Caho, may be 

important in determining the nutritional value of herbage, the 

incidence of tetany increasing as the proportion of divalent 

cations in herbage decreases (Kemp and 1 t Hart, 1957). In the 

present work, while this ratio has not been calculated, it has 

been found that the upta?::e of Ca and Ng has been more severely 

depressed by NH4 than was that of Kand ~a (IV, C, 2, (d) ). 

In the final experiment, where Na levels were very low, the uptake 
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of Ca and lig was depressed by NH4 to a greater extent than was 

that 

(ii) The level of total Pin herbagg_: It has been suggestedib.at 

the ?/Hg and P/Ca levels in herbage may modify the "availability" 

of these divalent cations to the animal, higher relative levels 

of P being associated •with lower "availabilities" (Metson et al., 

1 9 /,, ' ..... oba 1 • In the two soil experiments of the current work, HH4 

nutrition resulted not only in a depression of herbage I1g and Ca, 

but also an increase in total P content. In experiment III, no 

significant increase in foliar P level was associated with this 

reduction of Hg and Ca during lH-I4 nutrition, but this was probably 

1 r,IV. B. '.·. (d,', 1
·'' an artefact of the experimenta technique , , L!,, • \J. J;,. 

Clearly, grasses receiving l{H4 had higher :P/I:•Ig and P/Ca ratios 

than those receiving No
3

• 

( . .. \ 0 
\111) rganic acids: Recent work has implicated organic acids 

in the tetany syndrome. Burau and Stout (1965) found high levels 

of trans-aconitate in i\merican range grasses during early spring, 

in areas which had a high incidence of tetany. Oral administra

tion of comparatively low levels of trans-aconitate to heifers 

resulted in acute tetany and the death of some of the test animals 

(Anon., 1966). Burt and Thomas (1962) found that a dietary 

supplement of sodium citrate resulted in tetany sympt6~~ in heifer 
'<__./ 

calves. It has therefore been suggested that high levels of 

organic acid salts in early season forage may be associated with 

a reduction in the 11 availabilitytt of dietary Hg, and possibly Ca, 

through the formation of chelates (Burau and Stout, 1965; V-lhi te

head, 1966). 
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In the present study, grasses receiving NH4 in the two 

soil experiments had a lower calculated organic anion content 

than those receiving wo
3 

(IV, C, 2, (b) ). The measured organic 

acid content of plants is characteristically reduced by IIHLi, 

t . ..... . . 1 t· - t: ,,-o 1 II " ') 1 b\ nu ri vlOn lll re a l on vO .. ~ J \ , .!::S, .J 1 \ ; , 
( ... \ \ 

,ll.J. I ) • In pre-

vious discussion associated with this project, evidence has 

been presented which suggests that organic acids may accumulate 

to comparatively high levels in either very mature ryegrass or 

ryegrass grown under conditions of N deficiency (II, B, 5, (d)). 

Neither of these conditions would appear to fit in with the 

characteristic pattern of "grass staggersn in New Zealand. A 

high incidence of this disorder is frequently associated with 

immature regrowth, a few weeks after grazing autumn-saved pasture. 

Further, available New Zealand data suggest that the N content 

of spring grass is embarassingly high when the maximum incidence 

of this disease occurs ',t ... ~tso·11 e+ Rl 1066a) - - _v .:::::.,_• ' - ✓ • 

l'Jo evidence has emerged from this study to link the lT 

regime under ?Tew Zealand high fertility conditions, and its 

effects on organic anion accumulation, with the incidence of 

grass staggers. However, while the calculated total organic 

anion content of herbage has proved to be lower with NH4 nutrit

ion, particular organic acids may be important, and the spectrum 

of organic acids in the NH4 herbage could be different from that 

receiving No
3

, al though it is generally agreed that 1m4 nutri tio:n 

reduces the content of malate, citrate and possibly oxalate, 

rather than other organic acids (II, B, J, (b), (iii)). Further, 



the relative levels of iiig (possibly Ca) and total organic acids 

may be important, and may be altered by NH4 and J{OJ nutrition, 

an aspect which remains to be investigated. 

It is possible that the situation under American and 

N"ew Zealand condi tio:ns is q_ui te dissimilar. ~4merican workers 

are at present investigating the possibility that accumulation 

of trans-aconitate in spring herbage may be the result of a low 

rate of organic matter mineralisation in rangeland soils during 

spring (Burau and Stout, 1966). With the stimulation of herbage 

grow~h under spring conditions, coupled with a deficiency of 

11 anions 0 in the soil (N" + P + S), there could result the accumu

lation of a large excess of metallic cations as their organic 

acid salts in herbage (loc.cit.), to maintain electrostatic 

balance in the tissues (see II, B, 4, (~)). This agrees with 

the finding that in mature ryegrass herbage grown under N de

ficient conditions (i.e. 1-1.5;,~ total Nin foliage), an excess 

of metallic cations over non-metallic ions is accumulated in the 

herbage, irrespective of the form of N available, and this excess 

of metallic cations must be equated by organic anions (II, B, 5, 

( ' ' 'd; ; • 

(iv) Nitrogen and Carboh,rdrate fractions: The level of readily 

digestible carbohydrate in relation to the IJ content of herbage 

may be important in determining the "availabilitytt of dietary Ca 

and Hg (Metson et al., 1966a). These authors suggest that the 

role of readily fermentable carbohydrates may be one of maintain

ing a sufficiently low pH in the "digestive apparatus 11 to allow 

Ca and Mg to persist in assimilable forr~s. A low level of total 

1{ in herbage has been related to a lower "safe II Hg level (Kemp, 
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1960; Rook and Storry, 1962). Teel (1962) found that forage 

with high levels of non-elaborated organic N reduced the volun

tary DH. intake of heifers. Ee attributed this to the proneness 

of soluble organic N' substances to more rapid deamination in the 

rumen than comparable amounts of true protein N. 

Herbage produced with 1:rn:4 nutrition has a characteristically 

higher organic lJ content and lower carbohydrate content than that 

receiving NO') (II, B, J, (b), (i) and II, B, J, (b), (ii) ) • 
.) 

Assimilation of HH4 depletes carbohydrates with greater intensity 

than :·rn
3 

assimilation, and results in herbage with higher levels 

of non-elaborated organic N constituents, as well as a lower 

soluble carbohydrate content, when compared with that receiving 

1\TO ( 1 C.: -1- 1 
l, 3 _QQ • ~ • J • Nowakowski et al., (1965) found that 

nutrition of Italian ryegrass resulted in a lower total N content 

than wo
3

, but the I~1I4-fed grass had a much higher proportion of 

total H present in protein, soluble organic 1:I and amide }\f forms, 

than the NO,, grass. The latter had a much greater proportion of 
.) 

total N present as inorganic no3• At any level of soil N, rye

grass herbage receiving N·H4 contained less soluble carbohydrate 

than that receiving 1ro
3 

(loo.cit.). 

Carbohydrate and Iif fractions have :not been investigated 

in the current work. However, luxury NH4 supply in the culture 

solutions of experiment III resulted in a.n increase in total N 

content, from approximately L+.1,b H with No
3 

to 4.5~,J n with HH4 , 

with no corresponding change in yield. This suggests that 

organic lT compounds may have been formed at the expense of carbo

hydrates during ITH4 assimilation, as found by Nowakowski et al. 

(loc.cit.) with Italian ryegrass. 
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The "predominantly NH4
11 regime during spring could con

tribute to the incidence of ugrass tetany 0 through production 

of herbage characteristically high in soluble organic N com

pounds and low in readily fermentable carbohydrates. This may 

be particularly so under conditions where a considerable pro

portion of forage arises from grass growth in recent urine patches 

(I:Ietson et al., 1966a), where the soil N level would be high (II, 

A, 2, (b) ), and the effects of NH4 on chemical composition in

tensified (Nowakowski et al., 1965). The effect of free ammonia 

production in the rumen, and the associated pH increase of rumen 

contents, o:n the "availability" of :Hg and Ca to the animal is 

not clear. Reduced availability is apparently not associated with 

competition between NH4 ions and metallic cations for absorption 

,... th . ' ( r, Irom e inges~a pers.comm., u. w. Butler). Wbile speculative, 

it is possible that the pH increase associated with digestion 

of foodstuffs with these characteristics may result in an increased 

passage of chelated or non-ionic Hg and Ca through the animals 1 

digestive tract. If, for insta11.ce, the pH increase in the rumen 

were to cause an increase in the pH of the abomasum (normally pH 

ca. 2)' even temporarily, non-ionic Ca and T•Ig compounds could 

pass from the alkaline environment of the rumen to the normally 

alkaline environment of the intestines, without being subjected 

to the normal acidic conditions of the abomasum. In this respect, 

the recent work of Deijs in Holland is of interest. He has found 

that blood serum llg levels in cows may be depressed by feeds with 

a high lipid content, and suggests that the fa.tty acids released 

in the rumen during the breakdown of lipids may form insoluble 
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soaps •with ~-1g and possibly Ca (pers .. comm., A. J. :VIetson). Such 

soaps would normally be expected to dissociate at the low pH 

characteristic of the abomasum. If this were temporarily in

creased, the degree of dissociation of neutral soaps during 

their passage from the rumen to the intestines, may well be re

duced. As the bulk of l'-lg is apparently absorbed from the ingesta 

during its passage through the intestines (Field, 1961) the 

increased passage of neutral soaps could lead to a reduced 

absorption ax1d hence, a reduced "availabili ty 11 of ingested Eg 

and Ca to the animal. Hawke (1963) found that the lipid content 

of short rotation ryegrass was higher in short, succulent regrowth 

(8.11; of DI-1.) than in ::nore mature regrowth (5.1,f). This study 

was conducted in lfow Zealand over several months, during two 

spring-early summer seasons. On the basis of evidence previously 

presented during this discussion, a high level of total N and 

soluble organic N, and a low level of readily available carbo

hydrates, would similarly be expected in leafy regrowth during 

the spring-early summer period. The possibility of a causal 

relatim.1ship v1ith the incidence of 11 grass staggers 11 remains to 

be investigated. 

To summarise, the "predominantly iJI-14
11 soil N regime during 

spring may be related to the incidence of 11grass staggers 11 

through: 

a. the antagonism of HH4 with bases, Ca and Hg in particular, 

during uptake by grasses; 

b. the synergism between Jfa:4 and P during uptake by grasses; 

c. the production of herbage which is unbalanced in terms of 

organic N and readily fermentable carbohydrates. 



(b) 11 Autumn Ill Thrift 11 

This condition is normally confi~ed to the period of 

accelerated grass growth in autumn, coinciding with warm,moist 

conditions. Hoggets are particularly prone, leading to the 

condition 1aio,,m as "hogget ill thrift 11
, 1:1i th animals suffering 

from an apparent loss of appetite and associated weight losses 

(Butler, 1959; Butler and Jolms, 1961). 

The maximum concentration of free H01 in herbage coincides 
.., 

more or less with that period when NOJ reaches greatest signifi

cance in the soil N regime (II, A, 2, (b)). A considerable 

amount of circumstantial evidence suggests that free ITO~ reaches 
.,I 

maximum levels in grass on which animals are suffering from 

"autumn ill thrift 11 (Butler and Johns, 1961). It appears that 

No
3 

per .§.g_ is no more than a contributor to the overall condition 

of the animal, which may be caused by the accumulation of metabolic 

intermediates during the reduction of no
3 

in the rumen Cloe.cit.; 

\llhi tehead, 1966), or the accumulation of other non-protein lJ 

constituents in rapidly growing autumn grass (3utler, 1959). The 

most obvious characteristics of the chemical composition of such 

herbage are its high content of non-protein N, particularly free 

rro
3

, coupled with a comparatively low level of soluble carbohydrates 

(Butler and Johns, 1961). 

4 DISCUSSION Ai.irn CONCLUSIONS 

The foregoing discussion of possible relationships between 

the soil lI regime and the occurrence of 11 grass staggers 11 and 

nauturnn ill thrift 11 under high fertility conditions in Hew Zealand, 
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has not added a great deal to present knowledge of the causes 

for these seasonal disorders in farm animals. However, recog

nition of the possible relationships between seasonal variations 

in the soil N regime and the occurrence of these disorders, 

would seem to justify further investigation into the relative 

effects of H0
3 

and NH4 on the chemical composition of pasture 

herbage. 

The foregoing discussion has involved the tacit assumptions: 

a. that the conditions of the current experiments were repre-

sentative of field conditions; and 

b. that the lif regime in the field is 0 predominantly l·IH4
11 

during the occurrence of "grass staggers II and "predominantly iw
3 

11 

during the occurrence of "autumn ill thrift". 

Neither of these a,ssumptions is necessarily correct, al though 

available information would suggest that the latter is correct. 

However, a high incidence of grass staggers and greater stock 

losses have been associated with a comparatively early spring 

flush of feed, combined with mild weather conditions, during a 

recent survey in Central Hawkes Bay (Hetson et al., 1966a)e 

Further, grass herbage containing high levels of free im
3 

has 

been observed in September in the l''.iaEawatu (Butler, 19 59), 

accompanied by unusually dry, warm conditions. To what extent 

the soil J:J regime was changed by weather conditions in these 

cases is not lmo,·m, al though some nitrification an.d lack of 

leaching was obviously associated with the latter. Extrapolation 

of the data of Lycklama (1963) for ryegrass would suggest that 

1.1here l'I'tlLi, and :i'WJ were simul ta:neously available to grasses, KH4 



could be expected to be assimilated while NO~ accumulated i:n 
.) 

herbage. Possible interactions betwen the two lJ forms, when 

simultaneously available, could modify the chemical composition 

of herbage, and provides the basis for further investigation. 

The elucidation of the precise physiological explanations 

for these seasonal disorders in farm animals is likely to be 

a lengthy programme, and will involve people from many disci

plines. rfost rapid progress may be made by the present, direct 

approach of making observations on herbage and animals during 

the actual course of these disorders. However, an incisive 

approach to the control of these disorders in the field will 

eventually have to be made. Whether control is effected by 

pasture &'1.d animal management, :pasture plant breeding, manipu

latio:n of soil fertil.i ty, or any combination of these, basic 

knowledge v1ill be required of those plant and soil factors which 

may be expected to modify the chemical composition of pasture 

herbage from season to season. Apart from moisture, the mineral 

1J regime ·would a.ppear to be the soil fertility factor which is 

most subject to seasonal variation under New Zealand high 

fertility conditions. The present study has been an attempt to 

examine some of the effects of lJOJ and }JH4 nitrogen on the mineral 

composition of pasture grasses, and to elucidate the plant physio

logical bases for the observed effectso 



191. 

SUMI'1.ARY 

Three glasshouse experiments were conducted to examine 

some of the effects of No
3 

and NH4 nutrition on the mineral 

composition of two species of pasture grass. -Ammonium nutrition, 

when compared with :i:m
3 

nutrition, reduced the level of total bases 

in the herbage, especially Ca and , and increased the levels of 

total Sand total P. The two N forms were equally effective 

sources of mineral N, as determined by yield and total N content 

of the test plants. 

With No3, plants assimilated a large excess of anions, and 

with NH4, a large excess of cations. There were some compensatory 

changes in the uptake and accumulation of other ionic species from 

the medium when the ionic charge of mineral N was reversed, but 

these were small in relation to the difference in cation and anion 

assimilation by the plants resulting from the change in form. It 

was concluded that ionic N caused only a small degree of inter

ference with other ionic species during uptake and accumulation in 

the herbage of these grasses. Some possible plant physiological 

explanations for the observed effects were discussed. 

It was found that in ryegrass the foliar content of several 

major elements varied widely among the plants, and was under genetic 

control. The data for sweet vernal were not investigated for 

genetic control over chemical composition. 

Seasonal variation in the soil N regime and subsequent 

changes in the chemical composition of pasture grasses were con

sidered as possible contributing factors to the seasonal appearance 

of some disorders in farm animals. 
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ANALYSIS OF VARIANCE 
=. WM T ,._.._ n:urm 111#:Z-mllf 

-
Source of Degrees of .. 

Variation Freedom Mean Square -- -
Replicates 9 
Treatments :j: 3 543.62 

N 1 1 ,092.,02 

Sp 1 13.22 
(N x Sp) 1 525.63 

Error 27 803 .66 
Total 39 

Coefficient of Variation (V) = 14 .. 9% 

----
~ Ryegrass 

----=---
N03-N 1 .. 88::: 0.09 

--
NH4-N 1 .. 91 

- -
Species 

+ 
Means 1.89 0 .. 06 

..__ __ 
:f: Treatments 

N = Nitrogen Form 
Sp = Species 

---
Sweet Nitrogen 

Vernal Means -
1.82 1 .. 85 ± 0.06 

--
1.99 1 .95 

1.91 

(N x Sp) = (Nitrogen form x species) interaction 

20J. 

F Calculated 

and Result 

1 .,36 N.,S. 

- N.,S. 

- N .. S .. 
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ANALYSIS OF VARIANCE 

-
Source of Degrees of F calculated 

Variation Freedom Mean Square and Result -
Replicates 9 
Treatments 3 364,087.03 

N 1 93,122 .. 50 4.83 * 
Sp 1 838,102 .. 50 43.,52 ** 

(N x Sp) 1 161,036 .. 10 8 .. 36 •• 
Error 26 19,260 .. 15 
Total 38 

- -· 

MEAN Y.!:!LDS .AND THEIR STAI<iDARD ERRO.E§_..(g. :Q .. M .. /J?lan~) 

-
~ Ryegrass Sweet Nitrogen 

Vernal Means -- -
NO

3
-N 10.,57 + 0.44 6.4-1 + 0.46 8.,49 + 0 .. 32 - -
-- -

l:Hi4-N 10 .. 27 + 0 .. 44 8.64 + 0 .. 1.:4 9 .. 45 + 0 .. 31 -
- - ---

Species 10 .. 42 + 0 .. 31 7.,52 + 0 .. 32 
Means 

.. 

Detectable differences i for nitrogen means within species 

or for species means within nitrogen forms: 
d .. 05 ::::: 1 .. 28 

d .. 01 = 1 .. 73 

t Detectable difference at the 5% probability level = d .. 05 

Detectable difference at th.e 1% probability level = d .. 01 
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APPENDIX_2 YIELp_ 12St.A.t_LXPERIMENT III 

ANALYSIS OF VARll£~ 

-U! - ~-"""""'-~ 

Source of Degrees of F calcule.ted 

Variation Freedom Mean Square and Result 
_.....,_,ml'f=i'l! •' - --

Replicates 9 
Treatments 5 528,031 .,59 

N 2 549,235.,22 20.,85 * * 
Sp 1 1,513 ,046 .. 40 57.,43 * I>';' 

(N x Sp) 2 4,318 .. 05 - N.S. 
Error 45 26,346.36 
r.rote.l 59 

-

l!,1EAN YIELDS .AND THE,!E STANDARD ERROR.§_(g .. D., M .. LPle.fil) 

. •·· - iili-'"4"'"- -
~ Ryegrass Sweet Nitrogen 

Vernal Means -
N0

3
-N 18.,05 + 0 .. 51 14 .. 35 16.,20 ± 0.,36 -

--- m -
NH4 N03 20.,62 17.,99 19 .. 30 

-- -
NH4-N 18 .. 34 15 .. 13 16 .. 74 

-
Species 19.00 + 0,.30 15 .. 83 

Means -
Detectable differences for nitrogen means: 

d 005 = 1 .03 

d .,Oi = 1 .38 



POTASSIUM DATA: EXPERIMENT I 
~ I t I • .1l ~-- ,e 71$~-~~ 

-----·-·-----·-------·----=---------.--------Source of 

Variation 
Degrees of' 
Freedom 

Mean Square F calculated 

and Result -----=----- --------+--==-• _____ , ___ --! 

Replicates 
Treatments 

N 

Sp 

(N x Sp) 

Error 

Total 

9 

3 
1 

1 

1 

27 

39 

13,754 .. 42 
4,774 .. 22 

36,060 .. 02 

429 .. 03 

5,029 .. 13 

- N .. s .. 
7,.17 * 

- N .. s. 

------------IU!!li ______ -------
V = 8 .. 9% 

MEAN .POT4§.SIUM CONTENTS AND THEIR STAIIDAR_P, E:£ifil)R~ _(nJe.; .~) 

- - ~ ' ,. ._,.ill/ •- •---•ee• 

Ryegrass Sweet Nitrogen 
N Vernal Means - - _,. 

N0
3

-N 7 7,.9 + 2 .. 2 84 .. 6 81 .. 3 + 1.6 -_ .. ,, 
' 1111 .......... 

7 6 .. 4 81. 7 79 .. 1 

d Sf 

,.,,,,, .. ___ -· 
Species 

7 7,.2 + 1 .. 6 83 .. 2 -

6. 



APPENDIX_!i 

AL~ALYSIS OF VA..~IANCE 
1!"111! ---==-=-- -_____ , _____ _ - me:-...,....,...,.,,., 

··- = --
Source of' 

Variation 
of Degrees 

Freedom 
F calculated 

Mean Square and Result 

Replicates 
Treatments 

N 

Sp 

(N x Sp) 

Error 
Total 

9 

3 
1 

1 

1 

26 
38 

, ___ 
V ::: 8.2% 

46,549 .. 40 
16, 728 .. 10 6.32 

104,857 .. 60 39.64 
18,062 .. 50 6.83 

2,645.42 

,_ 
_.,., 

MEAN POTASSIQM CONTE~S AND THEIR .$.WTDARD ERRQ,R§ (m!3.. -~) 

~ 
:; =--, -

Ryegrass Sweet Nitrogen 
Vernal Means - - -

N0
3

-N 53 .. 3 + 1 .. 6 67.8 + 1. 7 60.6 + 1.2 

1rn
4

-N 61.6 + 1.6 67.6 + 1.6 64.6 + 1 .. 2 - -
- - . --

Species 
+ 67.7 ± Means 57.5 - 1 .. 2 1 .. 2 

---- --
Detectable differences for nitrogen means within species 

* 

* 

or for species means within nitrogen forms: 

d005 = 4.7 

d. 01 = 6 .. 4 

207. 



APPENDIX 6 ---
ii,; - t;.; .. .....,~ ~ 

Source of 
Variation 

- __,,., 

Replicates 
Treatments 

N 

Sp 
(N X Sp) 

Error 
Total 

~ 
N03-N 

NH4 N03 

NH4-N 

Species 
Means 

---

208 .. 

POTASSIUM DATA: EXPERIMENT III -------------~-
- -- -----------

Degrees of 
Freedom 

-~~ 

9 
5 
2 

1 

2 

45 
59 

---

---

Mean 

-
80,071.2 2 

7 
01 

2 

1 

101 ,903 .. 8 
138,144. 

24,202 .. 2 

2,541 .. 9 

--
Ryegrass Sweet Nitrogen 

Vernal Means 
" ----

111.9 + 1 .. 6 127 .. 2 119.6±1 .. 1 -
-

115.7 127.2 121 .,5 

- -
107.0 108.9 1 os.o 

- ----, 
1 i 1 .. 5 + 0.9 121 .1 -
-·- -

F calculated 
and result 

40.09 ** 
54 .. 35 ** 

9 .. 52 ** 

I 

Detectable differences for nitrogen means: 

= 

= 

Detectable differences for nitrogen means within species 
or for species means within nitrogen forms: 

= 

= 



tJ?PENDIX ... ,l 

ANALYSIS OF VARI~.NCE 

Source of Degrees of 
Variation Freedom 

Replicates 9 
Treatments 3 

N 1 

Sp 1 

(N X S:p) 1 

Error 27 
Total 39 

V = 26.8% 

~ Ryegrass Sweet 
Vernal - --

N03-N 23.3 + 1.8 21.3 -
--

NH4-N 21.6 20.7 

Species 
22.5 + 1 .3 21 .. 0 -

Means 

--
uare Mean Sq 

_ _,.._ 

127,700 .. 95 
0.22 

0.62 

.. 03 

137, 71 
218 ,30 

27,092 

337,333 

Nitrogen 
Means 

22 .. 3 + - 1.3 

21.1 

--

209. 

F Calculated 
and Result 

- N.,S., 

- N.,S. 

- N.S., 



SODIUM DATA: EXPERIMENT II 

.ANALYSIS OF VARIANCE 
.......... rr-Arw4 

- - --
Source of Degrees of F calculated 
Variation Freedom Mean Square and Result 

Replicates 9 
Treatments 3 2,002,179.29 

N 1 5,888,260.22 14.59 ** 
Sp 1 104,550.62 - N.S. 

(:N X Sp) 1 13,727.03 - N.,S., 

Error 26 403 ,544.,01 
Total 38 

V = 30.J.i% 

-
~ Ryegrass Sweet Nitrogen 

Vernal Means 

N03-N 25.4 ± 2.0 24.0 + 2 .. 1 24.8 + - - 1.5 

:r,rn4-N 17 .. 4 + 2.0 16. 7 + 2.0 17 .1 ± 1 .. 4 -

Species 
21 .4 :!: + 

Means 1.4 20.4 - 1 .5 

--- -
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tJ::PENDIX ,.2 SODIUM D~: EXPERIMEl':fT III 

ANALYSIS OF VARIANCE 

Source of' Degrees of' F calculated 
Variation Freedom Mean Square 

and Result --
Replicates 9 
Treatments 5 33,768 .. 24 

N 2 66,362.55 9.26 ** 
Sp 1 32,295.40 4.51 * 

(N X Sp) 2 1,910.35 - N.,S., 

Error 45 7,163.00 
Total 59 

MEAN SODIUM cqNTErT.'.£S AND THEIR S.l,f.:1'1D.ARD · ERROR (me. Na%) 

- -
~ 

' Sweet Nitrogen Ryegrass 
Vernal Means -

N03-N 2.83 + - 0.29 3.48 3.,15 + - 0.20 

NH4 N03 2 .. 35 2.83 2.59 
--

NH4-N L,87 2.13 2.00 

-
Species 

+ 
Means 2.35 - 0.15 2,.88 

Detectable differences for nitrogen means: 



0 

APPENDIX 10 N'iAG:NESIUM DATA: EXPERIMENT I 

ANALYSIS OF VARIANCE 

Source of' Degrees of F calculated 

Variation Freedom Mean Square and Result - -
Replicates 9 

atments 3 288,719,.03 
J:l 1 105,884.10 3.11 (p ~-1 a) 
Sp 1 760,104,.90 22.30 •• 

(N x Sp) 1 168.10 - N.,S,. 

Error 27 3.i,t. ,055"· 50 

Tot 39 
-- 4 -l'lrGill&J!.1'$ •e:=---~ 

,-------•-----•----•-,~---,----.. ---•-•-•-,.•-•du __ _ 

N03-N 11+..8 + -
NH1 -N - 4 13.7 

Species 
+ 

Means 14.3 -
.. -" -·-

-----
o.6 

0,.4 

---

et 
Vernal ----
12.0 

11.0 

Nitrogen 
ans 
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APPENDIX 11 rilAGNESIUM DATA: EXPERIMENT II 

ANALYSIS OF VARIANCE 

Source of Degrees of F calculated 
Variation Freedom 

Mean Square 
and result 

---
Replicates 9 
i£reatments 3 254,465.76 

N 1 694,586.02 10.56 ** 
Sp 1 4.22 - N.S. 

(N x Sp) 1 68,807.03 1.05 N.S. 
Error 26 65,775.os 
Total 38 

V = 18.0% 

MEAN MAGNESIUM CONTENTS AND THEIR STANDARD ERRORS (me. Mg%) 

-
~ Ryegrass Sweet Nitrogen 

Vernal Means 

N03-N 15 .1 ± o.8 16.0 ± 0.9 15.6 + - o.6 

-
NH4-N 13.3 ± o.8 12.5 ± o.B 12.9 + o.6 

• -
Species 

+ o.6 ± o.6 Means 14.2 14.2 
-
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APPENDIX 12 MAGNESIUM DATA: EXPERIMENT III 

~LYSIS OF VARIAN~ 

-
Source of Degrees of F calculated 
Variation Freedom Mean Square and Result 

Replicates 9 
Treatments 5 50,734.00 

N 2 47,874.05 30.43 ** 
Sp 1 154,635.27 98.28 ** 

(N X Sp) 2 1,643.32 1.04 N.S. 
Error 45 1 ,573 .t/.0 
Total 59 

--
V = 14.3% 

MEAN MAGNESIUM CONTENTS AND THEIR STANDARD ERRO:gq_ .(llle •• M~) 

~ 
--1!1 .. 

Ryegrass Sweet Nitrogen 
Vernal Means - ·-

No3-N 38.8 + 1.3 27.6 33.2 + - 0.9 
~---- ---

NH4 N03 31.9 20.7 26.3 

---
NH4-N 27.8 19. 7 23.8 

--- ·- --
Species 

+ 
Means 32.8 0.7 22.7 

. 

Detectable differences for nitrogen means: 

d .01 = 3.l.1-



CALCIUM DATA: EXPERIMENT_!_ 

ANALYSIS OF VARIANCE 

-
Source of Degrees of' F Cale 

Variation Freedom Mean Square and R - ~--
Replicates 9 
Treatments 3 26,632.02 

N 1 13,653.02 2.56 ( 
Sp 1 65,529.02 12.29 

(N x Sp) 1 714.03 -
Error 27 5,334.06 
Total 39 

--
V = 19.3% 

MEAN CALCIUM CONTENTS AND THEIR S!,ANDARD_:§RRORS, (me. C~) 

-------------------·-----------
~ Ryegrass Sweet 

Vernal 

Nitrogen 

Means 

39.6 ± 1.6 

--···-----------------+------i----------~ 

Species 

Means 
+ 41 .8 - 1 .6 

ulated 

esult 
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CALCIUM DATA: EXPERIMENT II 

-
Source of Degrees of 

Variation Freedom -- ------- . ·-- -. 
Replicates 9 
Treatments 3 

N 1 
Sp 1 

(N x Sp) 1 
Error 26 
Total 38 -

V = 26.8% 

-------
Mean Sq uare 

---· ..... -

49,528 .80 
85,377 .60 
56,550 .40 

6,658 .40 
6,210 .48 

F calculated 

and Result 

13.75 ** 
9.11 ** 
1.07 N.S. 

--·-----

MEAN CALCIUM CONTENTS AND THEI,R ST~ARp ERRQ~~ ,(me. Ca,%) 

-- _,. ... -
~ Ryegrass Sweet Nitrogen 

Vernal Means --
N03-N 36.5 + 2.5 31.6 + 2.6 34.0 ± 1.8 - -

. NH4-N 29.8 + 2.5 19.7 + 2.5 24.8 + - - 1.8 

Species + + 
Means 33.2 - 1.8 25.7 1.8 



APP~!'f]JIX 15 ~CIUM DATA: EXPERilviENT III 

ANALYSIS OF VARIANCE 

- - --
Source of Degrees of' F Calculated 
Varie.tion Freedom Mean Square and Result - -- ·-

Replicates 9 
Treatments 5 16,291 .60 

N 2 33,239.85 63.07 ** 
Sp 1 14,539.27 27.59 ** 

(N x Sp) 2 219.52 - N.S. 
Error 45 527.04 
Total 59 

V = 16.3% 

:MEAN CALCIUM CONTEJ.ll"'TS AND Th'"EIR STANDARD ERgORS (me. c~) 

-----
~ Ryegrass Sweet Nitrogen 

Vernal Means 

N03-N 20.0 :!: 0.7 16.5 18.3 + - 0.5 

NH4 N03 15.6 12.2 13.9 
i---- -

NH4-N 11.3 9.0 10.1 

- -
Species 

15.6 ± o.4 Means 12.5 
- _ .. 

Detectable differences for nitrogen means: 

= 1.5 = 2.0 



• 

APPENDIX 16 EC DATA: EXPERIMENT I 

ANALYSIS OF VARIANCE 

Source of Degrees of F Calculated 
Variation Freedom M~an Square and Result 

. •' 

Replicates 9 
Treatments 3 36,374.03 

N 1 73,874.05 6.36 * 
Sp 1 33,698.05 2.90 N.S. 

(N x Sp) 1 1,550.00 - N.S. 
Error 27 11,618.64 
Total 39 

~ lJ C CONTENTS Al\fD ~R ST~P.ARD ERRORS ( m~ .EC%) 

- -
~ Ryegrass Sweet N1trogen 

Vernal Means 

N03-N 160.1 + - 3.4 153 .1 156.6 :!: 2.4 

NH
4

-N 150.3 145. 7 11.i.a.o 

- --
Species 

155 .1 + 
Means 2.4 149.4 

-



APPENDIX 17 ~C DATA: EXPERIMENT II 

ANALYSIS OF_,Y.ARIANCE 

Source of Degrees of F calculated 
Variation Freedom Mean Square and Result -

Replicates 9 
Treatments 3 100,356.96 

N 1 252,333.22 16. 70 ** 
Sp 1 4,182.02 - N.S. 

(N x Sp) 1 44,555.63 2.95 N.S. 

Error 26 15,107.55 

Total 38 

-
V = 9.7% 

M];t.N ~ C CON'l'ENTS AND THEIR STANDARQ ERRORS (me. ~92§,) 

- ---·--

~ Ryegrass Sweet Nitrogen 
Vernal Means --

N03-N 130.4 ± 3.9 139.1 + - 4.1 134.7 + 2.8 

-
NH4-N + 121 .2 - 3. 9 116.5 + - 3.9 118.9 + 2.7 

-- ---
Species 125.8 + - 2.7 127 .8 + 2.8 

Me,ans 
-



• 

~NDIX 18 Lt C DATA: EXPERIMENT III 

.ANALYSIS OF Vll..RIANOE 

. -
Source of Degrees of F Calculated 
Variation Freedom Mean Sg_uare and Result -- - -

Replicates 9 
Treatments 5 199,010.19 

N 2 478.l.j.18.,85 76.21 ** 
Sp 1 15,073.35 2.40 N .s. 

(N x Sp) 2 11,569.95 1.84 N.S. 
Error 45 6,277.64 
Total 59 - - - -

V = 9.7% 

!@....lili 2J C CONTENTS AND THEIR STANDARD ERRO~S ( me • ~) 

- -
:~ Sweet Nitrogen 

Ryegrass Vernal Means -- -
N0

3
-N 173 .5 + - 2.5 174.8 174.2 ! 1 .8 

NH4 N03 165.5 162.9 164.2 

-
NH4-N 147.9 139.7 11.i.3.8 

- -
Species 

162.3 ::!: 1.4 159.1 
Means 

Detectable differences for nitr~gen means: 

= 

= 



2 e 

APPEN~:J:.X 1 9 SULPHUR DATA: EX~IMENT I 

~YSIS OLJARIANCE 

-
Source of Degrees of F Calculated 
Variation Freedom Mean Square and Result 

Replicates 9 
Treatments 3 560,740.69 

N 1 196,420.22 7.87 ** 
Sp 1 1,461,150.62 58.57 ** 

(N x Sp) 1 24,651.23 - N.S. 
Error 27 24,945.49 
Total 39 

--- -·- . --- _, -

MEAN SULPHUR CONTENTS AND THEIR STANDARD ERRORS (me. S%,) 

-

~ Ryegrass Sweet Nitrogen 
Vernal Means 

N03-N 21.77 + 0.50 18.44 + 0.35 - 20.10 -

NH4-N 23.66 19.34 21.50 
, 

Species + 0.35 18 .. 89 22. 71 -
Means 



APPENDIX 20 SULPHUR DATA: EXPERIMENT II 

ANALYSIS OF VARIANCE 

- -.....-~--
Source of Degrees of F Calculated 
Variation Ereedom Mean Square and Result ---

Replicates 9 
Treatments 3 48,863.30 

N 1 73 ,41-l.4. 90 28.29 ** 
Sp 1 36,120.10 13 .91 ** 

(N X Sp) 1 31,024.90 11 .95 ** 
Error 26 2,596.25 
Total 38 

--
V = 

MEAN SULPHUR CONTENTS AND THEIR STANDARD ERRORS .{me. 82§) 

~ Ryegrass Sweet Nitrogen 

Vernal Means 

NO -N 20.0 + 1.6 19.6 + 1.7 19.8 + 1.2 3 -
NH4-N 34.2 + 1.6 22.6 + 1.6 28.4 + 1.2 -
Species 27 .1 + - 1 .1 21 .1 + 1.2 

Means --
Detectable differences for nitrogen means within species 

or for species means within nitrogen forms: 

d.05 = 4.7 

d. 01 = 6.3 



APPENDIX_.£! SULPHUR DAT,A __ : _EX_P~;I.~];!~.J11. 

ANALYSIS OF VAR~.t\r{Q:El 

, ___ •- T r ..,__,., ... -----------•----~ 

Source of 
Variation 

Replicates 
Treatments 

N 

Sp 

(N x Sp) 

Error 
Total 

~ -

Degrees or 
Freedom Mean Square 

-----
9 

5 154,474.31 
2 157,921.72 
1 439,984.06 
2 8,272.02 

45 5,086.33 
59 

V = 19.9% 

---•;;•--·· ·- . - • I • 

Ryegrass Sweet Nitrogen 
Vernal Means -- ---- - -

F calculated 
and Result 

31.05 ** 
86.50 ** 

1 • 63 N. S. 

• •=••l 

N03-N 33.2 + 2.3 20.8 27.0 + 1.6 - -
..,..,. ••-c,r • - -

NH
4 

N03 45.6 25.8 
- -

NH4-N 54.,3 35 .. 2 

·····-- -
Species 

44.1-1- ! L.M~~s 1.3 27.3 
- --

Detectable differences for nitrogen means: 

d 
.05 = 

= 6.1 

-
35.7 

44.8 
---- •. l 



Source of 
Variation 

Replicates 
Treatments 

N 
Sp 

(N X Sp) 
Error 
Total 

224. 

PHOSPHORUS DA'I'AL. EXPERIMENT I 

----
Degrees 

Freedom 

9 
3 
1 

1 

1 

27 
39 

of 
,----------•--• ---• w-•-•-,, 

Mean Square 

5,234.16 
13,801.22 

1 ,404 .. 22 
497.03 
798.62 

F calculated 
and Result 

17 .28 * 
1.76 N.S. 

N.S. 

_ _.. _______________ _ 
V = 12.7% 

MEAN PHOSPHORUS CONTENTS AND THEIR STANDARD ERRORS (me. P%) 
.~ 

-~ Ryegrass 
Sweet Nitrogen 

Vernal Means --- --- --- ,. 4 _,..,.,... t Frt•1 Ill•-

N0
3

-N 20.7 + 0.9 20.2 20.5 + o.6 
-- ---- -- --:,, 

NH4-N 25 .. 1 23.2 24.,2 

--- - ----- __ ..........,_ 

Species 
+ 

Means 22.9 o .. 6 21. 7 
= "11111 ' .. ~- --- - --



2 • 

PHOSPHORUS DATA: EXPERI:MENLJ_! 

----,...----~- --· ---------
Source of 

Variation 
Degrees of 

Freedom Mean Square 
F calculated 

and Result 
---------+-

Replicates 
Treatments 

N 

Sp 

(N x Sp) 

Error 
Total 

9 

3 
1 

1 

1 

26 
38 

V = 11.3% 

-----·---~------t 
3,829.73 
8,584,70 
1,488.20 
1,416.30 

356.92 

24.05 ** 
4.17 (p = .06) 
3.,97 (p = .,07) 

--~~-------

~,rn;AN.)?.]QSPJiOPJ!S CONTENTS AND THEIR STJi.NDJ\RD ElJ=IBO~S (me.!. .~0 

Ryegrass 

N03-N 

Sweet 
Vernal 

Nitrogen 
Means ___________ ...__...._ ___ _ 

16 .. 46 + o.63 15.26 + 0.43 
----- ------+-------~-----------1 

Species 
Means 

Detectable 

18 .. 17 :t 0 .. 60 

+ 16.11 - 0.42 

differences for 
or for 

d.05 = 1.82 

d .01 = 2.46 

1s.20 ± 0.60 18.19 + 0.42 

17.,33 + 0.43 

nitrogen means within species 
species means within nitrogen forms: 

(Calculated to allow for missing plot) 



PHOSPHORUS DATA: EXPERIMENT :.ll 

fil'TALYSIS OF V~.:JA:rfCE 

-- ----------·----------------
Source of 
Variation 

Degrees of 
Freedom Mean Square 

F calculated 
and Result 

" 

----· -~----
Replicates 9 
Treatments 5 

N 2 

Sp 1 
(N X Sp) 2 

Error 45 
Total 59 
-----

2 ,946., 18 

3,794.72 
5,245.35 

948.05 
u,03.,58 

--

9 40 ** • 
13.,00 ** 

2.35 N.S. 

_ _. _____ _ 
MJ£AJ:'1J.:!!9...§PHO~US CONTENTS AND THEIR STAND.A.RD_]JRRORS J.!!l~•- .~) 

- M 

Ryegr ass 

21.56 + o.64 

25.48 

---____ ..,.._ ___ _ 
23 .80 

------------
Species 

Means 
23 .61 

--
+ 0.,37 

-

-----

r---....,,,, • .._... __ -
Sweet 

Vernal 

21.28 

22.82 

--
21 .13 

21.74 

Detectable differences for nitrogen means: 

= 

= 

1.28 

1., 71 

'"""'¢--··--------
Nitrogen 

Means ---
21 .. 42 + 0.45 

24.15 

22.47 
---



227. 

filEN~IX 25 QH~Q).FDE DATA: EXPERIMEN:£___,l 

lili,_ALYSIS OF VARIMTCE 

-
Source of Degrees of F Calculated 
Variation Freedom ~ean Square 

and Result -
Replice.tes 9 
Treatments 3 1,805 .,43 

N 1 756.,90 - N .. S., 

Sp 1 4,536.90 2.,45 N.,S., 

(N X Sp) 1 122.,50 - N.,S. 

Error 27 1,852.10 
Total 39 

-

MEAN CHLORIDE CONTENTS_lilllL.~IR .§1:MTDARD ERRQ.E§_(me!. QI~) 

--- . 

~ Ryegrass Sweet Nitrogen 
Vernal Means -

N03-N 44.,9 + 1.4 43.1 44.,0 + 1.0 

-- --- -
NH4-N 46.1 43.6 44.8 

- --
Species 45.,5 ± 1.0 43.,3 

Means 



2 

CHLORIDE DATA: EXPERIMENT II . ~~~_, _____ , __ 
.ANALYSIS OF VARiftI~CE, 

-----"- ·----------·-----------------
Source of' 

Variation 
Degrees of 
Freedom Mean Square 

F calculated 

and Result 
t----------4--------ti-·-----

Replicates 
Treatments 

N 

9 
3 
1 

1 

1 

13,405.77 
13,987.60 
3,571 .. 80 

22,657.90 
3,818.93 

3.66 N.S., 
Sp 

(N x Sp) 

Error 
Total 

26 
38 

V = 27/o 

~ CHLORIDE CONTEN!§._J1!:;ip ir:HEIR sir:ANDARD E~RORS (me" CI~) 

-~ --- -
Ryegrass 

Sweet Nitrogen 
Vernal Means 

N0
3

-N 24.3 + 2.0 17., 7 + 2.1 21 .. 0 + 1.4 - -
NH4-N 23 .. 3 + 2.0 26.2 + 2.0 24 .. 7 + 1.,4 -
Species 

23.8 + 22.9 ± Means 1 .i:. 1.4 
--

Detectable differences for nitrogen means within species 

N.S .. 

or for species means within nitrogen f'orms: 

= 6.o 

= 8.1 

( calc.uls.ted to allow for missing plot) 

• 



2 

EA DATA: EXPERIMENT I ........, ____ _ 

---------------------------- ----Source of 
Variation 

Degrees of 
Freedom 

Replicates 9 
Treatments 3 

N 1 

Sp 1 

(N x Sp) 1 
Error 27 

an Square 

29,754.,62 
35,700.,62 
51,051.02 
2,512 .. 23 

2 ,380 .. 50 

F calculated 
and Result 

15 .. 00 

21.45 
1 .,06 N .,S., 

Total 39 ____________________ , ____ ,, ______________ _ 
V h 6d. = ✓ • /0 

M!LA£I,)JA CONTENTS ANJL.THEIR STANDAR;Q._ERRORS (me.q~) 

~ 
:- - - ·-£-

Ryegrass 
Sweet-· Nitrogen 

:[\, Vernal ans - -
N0

3
-N 87 .. 3 + 1 .5 81.8 84.,5 + 1 .1 

-- ----- -
NH4-N 9Lt .• 9 86.2 90.5 

--« - - ,_~,,,,,. t . -
Species 

+ 91 .1 - 1 .. 1 84.0 ens 
=- .. -. . -* 



230 • 

.f:.EPENDIX 28 

ANALY§l§_OF VARIANCE 

Source of 
Variation 

Replicates 
Treatments 

N 

Sp 

(N x Sp) 

Total 

Degrees of 

Freedom -------
9 
3 
1 

1 

1 

26 
38 

---,-------·---·--
Mean Sq_uare 

78,107 .,4,9 
201,498.02 

31,753.22 
1,071.23 
4,020 .. 80 

F calculated 

and sult 
-·---------

50.11 ** 
7 90 ~,::;:.; .. 

·------------- ____ , __ _,_ ________ __, 

V = 10.,0)& 

M~.AJ'l-~A._QQ.NTENTS AED _ THEIR STANDfl.RD ERRO~§. (me. ~ ~) 

-----.,:- -·- ---------
Ryegrass Sweet Nitrogen 

N Vernal ans ----...-· 
NO -N 58 .. l.j. + 2.,0 53.,8 + 2 .1 56 .. 1 + 1 .5 -· 3 

:r:rn4-:r:1 73,.6 + 2 .. 0 66 .. 9 + 2.0 70.3 + 1 .l.j. -
-- --- ---

Species 
+ + 

Means 66.o 1 .4 60 .Lj. 1 .5 
---~•- --



~ A_,~..!!1: ~XPERIMENT III 

ANALYSIS OF VARIANCE 

--------..... -·--·----·---------------... 
Source of 
Variation 

es of 

edom Mean Square 
F calculated 

and Result 
--------·-----• 

Replicates 

Treatments 

N 

Sp 

(N x Sp) 

Error 

Total 

9 

5 
2 

1 

2 

45 
59 

186 ,258,.43 
179 ,850.,32 
541 ,880 .. 06 

1L~,855 .. 72 

5,006.52 

--------··--•-1---------.... --------
V = 12.1% 

~-- - --
Ryegrass Sweet Nitrogen 

~ Vernal Means --
N0

3
-N 54.8 + 2.2 42.1 48 .. Lt. + 1 .. 6 -

Iffl4 
No

3 71 .1 48 .. 6 59.8 

35.92 *~· 
108.,23 *~:{ 

2,,97 H,,S. 

.,.?',l,,#,f;'----~-lt%S1;"~ ~-4,,,,1$~'""'-"'"'•--- ~"""'~ . -..-~ 

NH4-N 78.1 56.4 67 .. 2 

-"'°~~- ---'•~--,,,-~ it=:-,;,:¢ 
• 11 •'-~--

Species 68.0 + 1.,3 l.1-9 .. 0 
Means 

""""'•-,i,~,. ,,,.-,,.-~-~~----~.~--"·------
., 

Detectable dif~erences for nitrogen means: 

d or:; .. '.J 
= 

= 6 .. o 



EXPRRIMENLlQ 

Treatments 
N 

Sp 

(N x S:p) 
Error 

Total 

------

Degrees of 

Freedom 

9 

3 
1 

1 

1 

27 
39 

·-----
V = 9.,5% 

Jt,ean SQ.uare 

13,701 ,,67 

5,062 .. 50 
35,402.50 

640.,00 

56,349.14 

F c 

MEAN NITROGEN CONTEN'.11S P.J'i:D THEIR STANDARD r~RRORS I me. N·'b) --------------·----- ··-· .. -----~-~ 
--- ' ---~------

Ryegrass Sweet Nitrogen 

Vernal Means -- •-w -- -----
NO..,-N 2L15 + 8 

.) 
252 249 + 5 

-$;!-- - __ ,,. -
NH4-N 2L~9 254 251 

-- -
Species ?l,7 + 5 ~...,., 253 

Means 
----"'-U! ,i_., .,~ ---- - ...... ----

2J2. 

e 

t 

.s. 



APPENDIX 31 ---- -

~-------.,-.. ------
Source of 

Variation 

Replicates 

Treatments 

D es of 

Freedom 

9 

3 

Mean Square 
F calcul 

and Result 

2JJ. 

1 

1 

1 

15 ,446 .. 4-9 
1 ,452 .. 02 

41 ,409.,22 

3 ,J..1-78 .. 23 
493.,03 

2.,95 (p<;,.10) 

Sp 

(N x Sp) 

rror 
Total 

26 
38 

83 .. 99 *'* 

7.,05 * 

---~------------------,,,,_-.. ----~----
V = 10.8% 

__ ,,,, ___________ ----
Ryegrass Sweet Nitrogen 

Vernal Means 

N0
3

-N 170 + 7 253 + 7 211 + 5 
-- --
1'l'H4-N 176 + 7 222 + 7 199 + 5 

·-- --
Species 

173 + 5 237 + 5 
Means 

Detectable differences for nitrogen means within species 

d 
.05 = 

== 

or for species means within nitrogen forms: 

20 

28 



[ITROGfilNDA':£.n._~_:_, __ ~_~X_J:E_~ __ ,R_I_ME_•_N_T_I_I_I 

_____ ... __ 
·------·•--=.c~---"-

Source of' 

Vari ion 

icates 

Tre 

N 

(N 

rror 

Total 

s 

Degrees of 

Preedom 

9 

5 
2 
1 

2 

45 
59 

Mean S 

2,421 .. 66 
3,631 .. 52 
4,318.,01 

263.62 
32.1·6~ 

11 .29 

13 .. 42 

·----------i-..-~----------------

-~ 
Sp 

N ----
N0

3
-N 

- -
1,rn 
.L -4 N0

3 
i-•---

NH4-N 

Species 

Mea..vis --

-
Ryegrass 

28L~ .. 1 + 5.,7 

303 .. 4 _ .. ___ 
317., 7 

V = 5 .. 8% 

-...,-----·---- ------
Sweet 

Vernal 

Hi trogen 

r::eans ---·---------------~ 
309.,4 

317.,0 310 .. 2 

----- ----·---t 
329.,7 323. 7 

,,, __ _..., __ 
301 "7 + 3.,3 _ .. ...,_,,, _____ 

Detectable differences for nitrogen means: 

d oi:: . .,; 
::: 11 .,4 

::: 

2J4 .. 

.. 



--------------
Source of 

Va1"i ion 

Degrees of 

Freedom 

235. 

F calcula 
iLe an S g_uare and 

---~-----+---·------•---...f 
Replicates 
Treatments 

N 

Sp 

(N x Sp) 

Total 

Q 
./ 

3 
1 

1 

1 

27 
39 

246 .. 57 
672.,40 
14.,40 

1.,10 N.S. 

N.S. 
NeSe 

__ , __ _ --------......,~-----~-----------
V = 7.3% 

--
Ryegras 

Sweet Nitrogen 
s 

Vernal Means - -·- --
333 ± 8 334 333 

--·-----....----- - - -
343 340 342 

·- - -
Species 

338 ± 6 337 
--------- """ $ -



APPENDIX~ 

icates 
s 

N 

X Sp) 

Error 

Degrees of 
Freedom 

9 

3 

1 

1 

1 

26 
3~ 

·Mean Sg_uare 
, _________ _ 

12,Li10.57 
122.,50 

32,947 .. 60 
4,161 .. 60 

495.,40 

F c 

Re 

66 .. 51 

8 .. 40 

236. 

d 

.. s .. 

____ , ____________ _. _________________ ---" 

V = 8 .. 3% 

>Z 
- - -

Ryegrass Sv:eet l-:fi trogen 

. Vernal tf:eans - --- ____ ,,_ 

i.-.. ---

N0
3

-N 228 + 7 306 + ., 267 + ~ I .,, 

~---- --- . 
NH4-N 252 + 7 289 + 7 270 + 5 
--...,_ -- -----· 

Species 
240 + 5 297 + 5 

Mea.'l'lS 
l,.,.h 

Detectable differences for nitrogen mea.ns within species 
or for species means within nitrogen forns: 

d or::; " )., 
= 21 

= 28 



~A+ N DATfil_EXPERI~IBNT-1,II 

------------------
· Source of 

etion 

icates 

atments 
1:r 

Sp 

(N X Sp) 

rror 
al 

Degrees of 
Freedom 

9 

5 
2 

1 

2 

45 
59 

Mean Square 

1 O ,612,,27 

56 .. 1 O 

792.85 
359.21 

V t:: 1,;f 
: .,.i@ ;O 

·- -----
Ryegras s 

Sweet Nitroge 

Vernal Means -
N0

3
-N 338,.7 ± 6.,0 351 .,3 345.,0 + -

·-
,., ____ 

37Lj .• 6 365.,8 370 .. 2 
.... __ -- -

NHl.j.-N 386 .. 2 391.,0 

- _ ... _ 
Species 

Means 3.,5 367.8 _, _ __,_ ___ _ - -

Detectable differences for nitrogen means: 

= 12 "1 

= 16 .1 

2J7. 

n 



Ee 
RATION DATA: EX~:tifENT I 

ANALYSIS OF VARIAf;CE _..,.__ ____ __..,,,_ 

------------·----------·----·------
Source of' 

Vari ion 

Degrees 
Freedom an Square 

. F cal 

and R 

2J8 .. 

d 

t 
-------cl 

cates 

s 

(N x Sp) 
rror 

9 

1 

1 

1 

27 

39 

V :::: 8.,1% 

183 ,895 .. 4.2 

485,982.02 
52,780 .. 22 
12,924 .. 03 
19,661.18 

2L~ .. 72 
2.,68 

----=-----------------·- ---

NO -1\T 3 .1:, 

Ryegrass 

1 ., 841 ± 0 o Ol.;lt. 

Sweet 
Vernal 

1 .,878 

,---------------~------·-
1 .. 693 

ans 
-------1 

1 .. 859 ± 0 .. 031 

-------
1 .. 639 

-----~--~--------------Species 
Me a.vis 

1 .. 713 :t 0.,031 1 .. 785 
._ _____________ , _ __,, _________ _J 

.. " 



De 
APPENDIX ,3Z RATIO ill DATA: EXPERIMENT II 

ANALYSIS OF VARIANCE 

Source of Degrees of F caleulat ed 
Variation Freedom Mean Square and Result 

Replicates 9 
Treatments 3 2,318,728.22 

N 1 5,996,179.22 54.29 ** 
Sp 1 784,840.22 7.11 * 

(N X Sp) 1 175,165.23 1.59 N.S. 
Error 26 110,449.67 
Total 38 

! I 

V = 16.1% 

Ee 
MEAN VALUES FOR THE RATIO DA AND THEIR STANDARD ERRORS 

Sp ' Ryegrass Sweet Nitrogen 
N Vernal Means 

N03-N 2.241 ± 0.105 2.654 ± 0.111 2.448 + 0.076 -

NH4-N 1 .599 :!: 0.105 1.747 :!: 0.105 1.673 :!: 0.074 

Species 
1.920 ± 0.074 ± -~=076 j Means 2.201 

I . 



r::o 
£A.,.II O _Jj'A DATA: EXPERIMENT III -

]U:iAraYSIS OF VARIANCE 

Source of Degrees o:f F calculated 
Variation Freedom Mean Square and Result -
Replicates 9 
Treatments 5 68,009.05 

N 2 111,413.62 91.87 
Sp 1 111,718.35 92.12 

~ (N X Sp) 
2 2,749.85 2.27 

ror 45 1 ,212 .69 
al 59 

V = 11.9,16 

DC 
MEAN VALUES FOR THE RATIO DA AND THEIR STANDARD ERRORS 
-------------------_._..=·-......... ----~-----------------

~ Ryegrass Sweet 
Vernal 

N03-N 3.236 ± 0.110 4.193 

NH
4

.wo
3 2.355 3.391 

NH4-N 1.928 2.524 
-

Species 2.506 :t o.064 
I 

3.369 
Means 

Detectable differences :for nitrogen means: 

d .05 = 0.222 

d 001 = 0.296 

Nitrogen 
Means -

3. 715 + 0.078 

2.873 

2.226 

•• 
•• 

N.S. 



APPENDIX 2.2 li_YALUE DATA: EXPERIMENT ,1 

ANALYSIS OF VARIANCE 
- m=:::....-e 

Source of Degrees of F calculated 

variation Freedom Mean Square And Result --
Replicates 9 
Treatments 3 5,956.83 

N 1 13,690.00 6.27 * 
Sp 1 3,572.10 1.64 N.S. 

(N X Sp) 1 608.40 - N.S. 
Error 27 2,184.65 
Total 39 

V = 10.3% 

MEAN R VALUES AND THEIR STANDARD ERRORS -
-~: Ryegrass Sweet Nitrogen 

Vernal Means -
N03-N 0.4.85 ± 0.015 o.J.i-59 0.472 + - 0.010 

NH4-N o.!i-41 0.430 o.J.i.35 
-

Species 
0.463 + 0.010 o.J.i.!~ -Means 

l 



" 

R VALUE DATA: EXPERIMENT II 
- II# ... ·-----............ ~-------

ANALYSIS OF VARIANCE 
---· .. • .......,. ,. - f 

- --. 
Source of Degrees of F calculated 
Variation Freedom Mean Square and Result - . - II----

Replicates 9 
Treatments 3 52 ,250 .. 41 

N 1 52,056.22 20.95 ** 
Sp 1 99,700 .. 22 40.12 ** 

(N x Sp) 1 4,995.23 2.01 N.S. 
Error 26 ::;t, 4'65•02 

Total I 38 i 
• •• .ac=-:c J ..... ".......__,_...,.,.. =-• •t .Jr=-- . 1 • ....a= -- -· . --- . 

V :::: 10,.4,'l& 

MEAN R VALUES AND THEIR STANDARD ERRORS ------........................................................ .,.__ ...... ___ .....__ ·-- . -
---=-r= 4 Pd -·--~..,., - Pl • 9 

·- .,. ___ 
~ Ryegrass Sweet Nitrogen 

Vernal Means 
•II·-- -

N03-N 0.577 + 0.016 0.454 ± 0.017 0 .. 515 + - - 0.011 

-
NH4-N 0.482 + 0.016 0.405 ± 0.016 0.443 + 0.011 - -

""--- ··-
Species 

0.529 ± 0.011 + 
Means 0.429 - 0 .. 011 

- .. 



R VALUE DATA: EXPERIMENT III -----=-t•-=• --~ I -=••-=• I --•• 

ANALYSIS OF VARIANCE 
-=.:;or= ••• J na dT'C•• _,. 

- ,.,. ,..,,.. -
Source of Degrees of F, calculated 

Variation Freedom Mean Square and Result 

Replicates 9 
Treatments 5 38,272.79 

N 2 94,590.82 106.67 ** 
Sp 1 1 ,041.66 1.17 N.S. 

(N x Sp) 2 570.32 - N.S. 
Error 45 886.79 

L~~~~l 59 --
V = 6.8% 

MEAN R VALUES AND THEIR STANDARD ERRORS 
- C lollli I ___ .,,_.._,_. ,..._. e ••• • •-• ,..__. 

- --==------ ' 

~ Ryegrass Sweet Nitrogen 
Vernal Means 

-
N0

3
-N 0.514 ± 0.009 0.498 0.506 

-
NH4 N03 0.444 0.447 0.445 

NH4-N 0.376 0.363 0.369 

Species 
1_0.444 ± 0.005 Means 0.436 

I I - • I 

Detectable differences for nitrogen means: 
d005 = 0.019 

+ - 0.007 

• 



CATION UPTAKE 
~P~ENDI,X l.±4 RAT.19._@HON UPTAKE DATA: EXPEfil1EN,'.Ll 

ANALYSIS OF VARJ.MQ§ 

(a) Data frofil..]Q
3
.::!! Treatment 

-------------..----------....----
Source of 

Variation 

Degrees of 

J'reedom Mean Square 
-------1-----·------+-•----

icates 

Err•or 

Total 

9 
1 

9 
19 

3,537.80 
2,853-91 

F calcul 

and R 

1.24 

244. 

.. s. 

•------~---•---------------------d 
V = 11.3% 

-------.....-------------- ------------
Source of 

Variation 

Degrees of 

Freedom 

]' calculated 
an Sg_uare and sult 

i------· -··-----·---------- --------~ 
icates 
ies 

Error 

Total 

-----· 

9 
1 

9 
19 

913,781 .. 25 
80,899.,31 

_ _._ _______ , ______ _ 

CATION UPTAKE 

11.29 

MEAN VALQES FOR Tf§~IO JlliION UP:J:~., AN~_11~ STANDAfilLERRORS 

---------------------
Ryegrass 

0.,485 + 0.017 

Sweet 
Vernal 

trogen 

ans 

0.459 ± 0.017 0.472 ± 0.012 
~'"-'""' ., _! __________ ---------1 
4,.212 :!: 0.090 4.640 ± 0.090 4.,426 ± 0.064 

·---------------4----·--



• 

CATION UPTAKE 
APPENDIX 43. _RA...,T..,.I __ O ____ ANI= ..... ON---U __ P..,.T __ AKE.;.;....._D;.;..;A...,.T-A .... :_~EXPE= .... R--I ... hi:OS_,· ...,N!.,Jl 

ANALYSES OF VARIANCE 

( a) pate. from N03=N Treatment 

Source of Degrees of ' F calculated 
Variation Freedom Mean Square and Result 

Replicates 9 
Species 1 69,738.05 12 .12 ** 
Error 8 5,756.18 
Total 18 

V = 14. 7% 

(121 Data from ~ 4-N Treatment 

-
Source of Degrees of F calcuiLated 
variation Freedom Mean Square 

and Result 

Replicates 9 
Species 1 6 ,5!4-4,824.05 28.69 ** 
Error 9 228,121.38 
Total 19 

I 

V = 10.6% 

MEAN VALUES FOR THE RATIO CATION UPTAKE 
ANION UPTAKE, AND THEIR STANDARD ERRORS 

~ Ryegrass Sweet Nitrogen 
Vemal Means 

N03-N 0.577 :t 0.024 0.458 + 0.025 0.518 ± 0.017 

NH -N 
4 3 • 944 :!: o .151 5.088 ± 0.151 

! 
4.516 ± 0.114 



I 

CATION UPTAKE 
~IO ANION UPTAKE DATA: EXPERIMENT IU 

!!:!LALYSES OF VARIAN CE 

.. ...... ..-... ........... 
Source of 
Variation 

Replicates 

Species 

Error 
Total 

Source of 

Variation 

Replicates 
Species 
Error 
Total 

Degrees of 
Freedom Mean Square 

9 
1 1,248.20 

9 1 ,642 .. 87 
19 

V = 8.0% 

(b) Data from NH4-N Treatment 

Degrees of 
Freedom Mean Square 

9 
1 
9 

19 

29,248,129.80 
1,067 ,434 .. 13 

V = 14.2% 

CAT ON UPTAKE 

F calculated 

and Result 

- N .. S. 

F calculated 

and Result -
27.40 ** 

MEAN VALUES FDR THE RATIO- UPTAKE AND THEIR STANDARD ERRORS 

~ Ryegrass Sweet Nitrogen 
vernal Means 

N0
3

-N 0.514 :!: 0.013 0 .. 498 ± 0 .. 013 o.50~ :!: 0.009 
-

NH4-N 6.073 ± 0.327 8.492 ± 0.327 7 .283 ± 0.237 



EXPERIMENT I 

NO -N 
3 

NH4-N 

Result 

EXPERIMENT II -
N0

3
-N 

NH4-N 

Result 

EXPERIMENT Ill 

NO -N 
3 

NH4 N03 
NH4-N 

Result 

YIELD 

(g.D.M. 
/plant 

1.85 

1.95 

N.S. 

8.49 

9.45 

* 

16.20 

19.30 

. 16. 74 

** 

METALS (me. % ) 

K Na me. sum 
Mg Ca of metals 

( LJC) 

-
81.3 22.3 13.4 39.6 156.6 

79.1 21 .1 12.4 35.9 148.0 

N.S. N.S. P<•10 
.. 
J)<-15 * 

60.6 24.8 15.6 34.0 134.7 

64. 6. 1 7. 1 1 2. 9 24. 8 11 8. 9 

* ** ** ** 

119.6 . 3.15 33.2 18.3 174.2 

121 .5 2.59 26.3 13.9 164,. 2 

108.0 . 2.00 23.8 10.1 143.8 

** >il * ** ** k . . · -.lie * 

.;. 

~ 

24-1. 

APPENDIX q5 SUMMARY OF NITROGEN RESULTS AVERAGED OVER BOTH SPECIES 

-
NON-METALS (me. 

s p CI 

20.1 20.5 44.0 

21.5 24.2 44.8 

•• ** N.S. 
<I 

19.8 15.26 21.0 

28.4 18.19 24.7 

** ** N.S. 

27.0 21.42 

35.7 24.15 

· 44.8 22.47 

** *~' 

me. sum 
of anions 

( EA) 

84.5 

90.5 

** 

56.1 

70.3 

** 

48.!+ 

59.8 

67.2 

¥$ 

%) 

N 

249 

251 

N.S. 

211 

199 

N.S. 

296.8 

310.2 

323.7 

** 

me. sum of 
non-metals 
(LA + N) 

-

333 

342 

N.S. 

267 

270 

N.S. 

345.0 

370.2 

391 .o 

** 

RATIOS 

L:C R 
Cation 

- Uptake 
~A Value Anion 

Uptake 

~ .859 0.472 0.472 

1.639 0.435 4.426 

•• • ** 
I 

2.448 0.515 0.518 

1.673 0.443 4.516 

** ** 

I 
0.506 0.50:6 3.715 

2.873 0.445 -
2.226 0.369 7.283 

i;&$ ** ** 
l 

I / 



EXPERIMENT.! 

NO -N 
3 

NH4-N 

Result 

EXPERIMENT II 
NO -N 3 . 
NH -N 

4 
Result 

EXPERIMENT III 
NO -N 3 
NH

4 
N03 

NH
4

-N 

Result 

YIELD 

( g. D.M. 
/plant) 

1.88 

1 .91 

N.S. 

10.57 

10.27 

N .-s. 

18.05 

20.62 

18.34 

** 

K 

I\ 

77.9 

'176.4 

· N .s. 

53.3 

61.6 

111.9 

115.7 

107.0 

:C* 

Na 

. 
23.3 

21 .6 

N.S. 

25.4. 

17 .4. 

** 

2.83 

2.35 

1.87 

** 

METALS (me. % ) -
Mg Ca 

14.8 44.1 

1~.7 39.6 

p<'.10 , pC.15 

** ** 

38.8 20.0 

31.9 15.6 

27.8 11.3 

** ** 
' 

--me. sum 
of metals 

( ~c) 

160.1 

150.3 

* 

130.1..i. 

121. 2 

** 

173.5 

165.5 

147 .9 

** 

s 

21 .8 

23.7 

** 

20.0 

34.2 

** 

33.2 

45.6 

54.3 

** 

APPENDIX 46 SUMMARY OF RYEGRASS RESULTS 

NON-METALS (me. %) 

p CI 

20.7 44.9 

25 .1 46.1 

ljclj4 N.S. 

14.05 24.3 

18.17 23.3 

** N.S. 

21.56 

25 .lj.8 

23.80 

** 

,, 

me:--Suml 
of anions 

( EA) 

87.3 

94.9 

** 

58.4. 

73·.6 

54.8 

71 .1 

78.1 

** 

N 

245 

249 

N.S. 

170 

11. 76 . 

N.S. 

284.1 

303.4 

317.7 

** 

-
me. sum of 

non-metals 

(~A + N) 

333 

343 

N.S. 

228 

252 

• 

338.7 

374.6 

395.8 

** 

RATIOS 

BC Cation R Uptake -BA Value Anio~~ Uptak - 1 

1 .841 0. l!.85 0.485 

1 .585 0.4.41 4.212 

** * ** Ir 

2.241 0.577 0.577 

1 .599· o.Li.82 3 .944 

** : ** ** 

3.236 0.514 0.514 

2.355. 0.444 . 

1 • 928 , 0.376 6.073 

** ** ** 

I 



EXPERD,fENT I -..----•-=-•---
N0

3
-N 

mr4-N 

Result 

EXPERIM'ENT II 
~ G1IO • N>lt_....l $t 

N03-N 

mr4-N 

Result 

EXPERIMENT III 

N03-N 

mr4-No3 
NH4-N 

Result 

YIELD 

(g. D.M, 

/plant, 

1.82 

1 .. 99 

N.S. 

6.41 

8 .. 64 

** 

14.35 

17.99 

15 .. 1·3 

** 

...._ ...... _. ----~""'--
METALS (me. 61) 70 

-
me. sum 

K Na Mg Ca of metal s 

(Ee) 
' --. 

84.6 21.3 12.0 35.2 153.1 

81.7 20.7 11. 0 " 32.3 145.7 

N.S. N.S. p,.10 p~.15 * 
-

67.,8 24.0 16.0 31.6 139.1 

67.6 16 .. 7 12 .. 5 19.,7 116 .. 5 

N.S. ** ** ** ** 

12702 3.48 27.6 16.5 174.a 

127.2 2.83 20.7 12.2 162.9 

108.9 2.13 19. 7 9.0 139.7 

** ** ** ** ** 

APP~N;~IX 47 

-~ 
NON-METALS (me. %) 

--
me. sum 

s p CI of anions N 

(EA) -

18.4 20.2 43.1 81.8 252 

19.3 23.2 43.,6 86.2 254 

** ** N.S. •• N.S. 

19.6 16.4. 17.7 53.8 253 

22.6 18.20 26.2 66.9 222 

N.S. * ** ** ** 

20.8 21.28 42.1 309.4 

25.8 22.82 48.6 317.0 

35.2 21.13 56.4 329.7 

** ** •• ** 

........ 
me.sum of 

non-metals 

(~A + N) --
334 

340 

N.S. 

306 

289 

N.S .. 

351.3 

365.8 

386.2 

** 

____ ,_ ... _,_ .. ,,..,._...,,,. 

RATIOS 

Catio 
R Uptake 

Value A..l1ion 
Uptake 

1.878 0.459 0.459 

1.693 0.430 4.640 

** ** 

12.654 0.454 0.458 

1.747 0.405 5.088 

** ** ** 

4.193 o.498 o.498 

3,.391 o.447 

2.524 0.363 8.492 

** ** ** 



EXPERIMENT I 

RYEGRASS 

SWEET 
VERNAL 

RESULT 

EXPERIMENT II - -
RYEGRASS 

SWEET 
VERNAL 

RESULT 

EXPERIMENT III 

RYEGRASS 

SWEET 
VERNAL 

RESULT 

YIELD 

(g. D.M. 

/plant) 

1.89 

1 .91 

N.S. 

10.42 

7.52 

•• 

19.00 

15.83 

** 

K 

77.2 

83.2 

Ill 

57.5 

67.7 

** 

111.5 

121 .1 

** 

:APPENDIX 48 

-
METALS {me. %) -

me.sum 

Na Mg Ca of metale s p 

' (~C) 

. 

22.5 14.3 41.8 155.1 22.7 22.9 

,. 

21.0 11.5 33.7 149.4 18.9 21.7 

N ,s. ' ** ** N.S. ** N.S. 

21 .4 14.2 33.2 125.8 27 .1 16.11 

20.4 14.2 25.7 127.8 21 .1 17.33 

N.S. N.S. ** N.S. ** p:.06 

2.35 32.8 15.6 162.3 44.4 23.61 

2.88 22.7 12.5 15901 27.3 21.74 

• ** ** N.S. ** ** 

250. 

SUMMARY OF SPECIES RESULTS AV!_RAGED OVER NITROGEN FORMS 

NON-METALS {me. % ) RATIOS -
me.sum me.sum of Cation 

CI of anions N non-metal 
LC R Uptake 

s - Anion 
(DA + N) (~A + N) ~A Value Uptake 

-
45.3 91.1 247 338 1.713 0.463 -
43.3 84.0 253 337 1.785 0.444, -
N.S. ** N.S. N.S. N.S. N.S. -

23.8 66.o 173 240 1.920 0.529 -

22.9 60.4 237 297 2.201 0.429 -
N.S. ** ** ** • ~· 

68.o 301. 7 369.7 2.506 o.444 -

49.0 318.7 367.8 3.369 0.436 -
** ** N.S. ** N.s. -



251. 

APPENDIX 42 SUMMARY OF THE A:Tii.LYSES OF VARIArJC-1~ 

FOR GE1JETIC DIFFERENCES .AHOlfG RYEGRJ\.SS P.I.AiJ:I1S 

Character F calculated Result Standard Error V(y;) 
-

(}TO lJ 2.46 l'I. S. + o.6 10.1 ? __ , 3--i -
Yield \ 1'iiTT ~:• 1.70 N.S. + (; q 15.4 (,!_,:114-1,J - ~ . / 

c~IT0 H J.13 ·* + J.2 6.8 J.~ 3-.1.\1 -
Tr ( ,·rn: + ~ .. 1.46 H.S. 2.8 e_ a 

( J. - I, - J•/ 
~!' 

r1r r 4.60 ** 
+ 2.8 28.4 \ 0 ,,-... J -

Ha ( ·,·TV..) '·T Li,. 44 ** 
+ 2.6 JJ.o ( J.'ul lJ, -.L', -

\ . 
f•l,Tr ,- J.JJ * 

+ 1.8 lJ.4 \.i:J() ?-l'J -
IYig 

, .,I + \:~JH 1\T J.J4 * 1 p 1t: ,, 
(.!.' J.4-~· - ~.u V • ( 

/-.. -- /·, ,,. .... 5.85 ** 
+ '.'\ '7 18.9 l l~ \_.I.-. -.d - ./. ( 

Ca ( .) + \. T;:·Lr }T r, 5 '7 ** 2.9 18.7 ( .1.,~14-~· ( • I -

( 1-:ro rT 5.15 ** 
+ 5.2 C_ P. 

-· ?-,. - J•'-' 

De ( .,/ + ,.,-r,::r .,,.,. 6.42 ** il 9 6.o (.L'l~~4-.LJ - .. 
rno N l'il. S., + J.1 21.5 r-· 3- - -

s '1\Tl-T ';\T 1.10 l~. S. + 4.9 ~1.5 c~ull}-l. -

(NO'.'\-N 5.41 ** 
+ o.8 7.3 -

1) ( ./ + ... \ j\TTJ' 1'-J 4.57 ** l.J 10.l} ( i~~4-·· -
/-;-.Tr,_ 1,T 1.70 1-J". s. + 2.4 11.B \l',V ,,-l'i -

Cl ( ST(_..) ~.T l:'1. s. + 2.3 11.J e~.1.:!.4-l~ - -

'NO .,,T 1.47 lJ. S. + 3.5 \ll -l'J - 9.1 
~ EA (.,..n:(1 

'\T 1. JlJ, IJ. S. + /1 6 9.6 ( 1,,,._
4 

h - "-I'. 
\ -
ll'•TO -T / 9, ** 

+ 7 '7 5.7 i_.J.• J-1, b • ..L - • I 

N ( i--- -,- J.90 ** 
+ 9.0 6 u 1-!H -l'·J -I, . ' ( L: 

Contd ..• 



252. 

APPENDIX 4 CONTD ••• 

F calculated Result Standard Error V r ,. ' \ I" I 

(-Jo r LJ, 9 c; ** 
+ 9.0 5.2 ,.l\ "'.>-.d • • _.I -

-<:::"J• + -,T ( .J + ..:..A .!:J -,rH r 2.80 * c; ,-., 

(.r. 4--~ -11.0 _,I. ( 

(NOJ-H 8.49 ** 
+ 0.02J 7 .4 -

R-value (!,JT-T 1,T 12.59 ** + 0;015 6.1 ( ~•4-.L• -

I·-!g + Ca hTQ H -;.i, J-J., - - -
}Ta 'F \'\m >,T 7.15 ** + o.o4 14.1.J, + J.:... ( l·iu4 -1~ -

\ . 

Organic (,.TO ~i 
\ Dt ")-..!:'I - - - -

a:nions CT1-/ F 6.29 ** 
+ 4 10.7 (J.~ .. l.J,- ; -

\ ' 

-
(See tables J and 4 for the units of measurement) 




