Environmental factors and cultural measures affecting the nitrate
content in spinach
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STELLINGEN

. Een adequaat advies over stikstofbemesting en andere cultuurmaatregelen in verband

met het nitraatgehalte in groenten kan alleen gegeven worden wanneer meer inzicht
verkregen is in de stikstofhuishouding en de dynamiek daarvan in de bodems waarop
deze groenten worden geteeld.

. Het toedienen van nitrificatieremmers in combinatie met ammoniumstikstofmeststoffen

biedt in de vollegrondspinazieteelt onvoldoende garantie voor een laag nitraatgehalte in
het gecogste gewas.
Dit proefschrift.

. Gezien de relatief grote spreiding in nitraatgehalten van b.v. spinazie mogen stikstof-

bemestingsadviezen die erop gericht zijn het overschrijden van een bepaald nitraatge-
halte in het geoogste gewas te voorkomen niet gebaseerd worden op de gemiddelde
nitraatgehalten die in bemestingsproeven per stikstofirap worden gevonden,

Dit proefschrift.

. Verschuiving van de oogst van spinazie van ’s ochtends vroeg naar een later tijdstip op

de dag leidt niet noodzakelijkerwijs tot lagere nitraatgehalten en biedt in verband met
de verdere verwerking van het produkt eerder na- dan voordelen.

. De overwegend hoge nitraatgehalten van kasgroenten in de wintermaanden zijn eerder

een gevolg van de heersende lichtomstandigheden en het kasklimaat dan van het gevoer-
de bemestingsbeleid.

. In het kader van de nitraatproblematiek is het aanbevelen van een gevarieerde voedsel-

keuze en het opstellen van richtlijnen ten aanzien van het bewaren en bereiden van
bepaalde groenten vooralsnog zinvoller dan het aan een maximum binden van het
nitraatgehalte van een aantal ‘probleem’groenten.

. Bij de huidige stand van kennis omtrent het verband tussen voeding en kanker is het

opstellen van globale rchtlijnen ten aanzien van voedselbereiding en gebruik juister
dan het selectief uitsluiten dan wel aanbevelen van bepaalde voedingsmiddelen.

. Als in de Nederlandse Voedingsmiddelentabel behalve de gemiddelde gehalten ook de

spreidingen werden opgenomen, zouden voedingsdeskundigen en diétisten de waarde
van de door hen opgestelde disetvoorschriften beter kunnen relativeren,

. Bij de veredeling van tuinbouwgewassen heeft de ruime aandacht voor produktiever-

hoging en verbetering van de visuele eigenschappen geleid tot veronachtzaming van de
intrinsieke eigenschappen van de gewassen.

De beslissing over het al dan niet uitgeven van gronden voor volkstuincomplexen dient
men mede te laten afhangen van de chemische samenstelling ervan.
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Bij herziening van de Meststoffenbeschikking 1977 dient zuiveringsslib niet meer in de
lijst van meststoffen opgenomen te worden.

De variatie in gehalten aan potentiee! toxische stoffen die van nature in de bodem aan-
wezig zijn, bemoeilijkt een eenvoudige normstelling ten aanzien van bodemveront-
reiniging.

Nederland verzuurt.

Buijsman E & Reijnders HF (1980) Neerslag verzuurt ons leven.
Intermediair 16 nr 29, 13-27.

Carmiggelt 8 (1979) Ze doen maar.
Negende druk, Uitgeverij De Arbeiderspers, Amsterdam.

Invoering van het Sl-stelsel in schrijf- en spraakgebruik noopt tot vervanging van het
woord mijlpaal door kilometerpaal.

Toch eet Popeye al jaren spinazie en . . . rookt er nog bij ook!

Proefschrift T. Breimer.
Environmental factors and cultural measures affecting the nitrate content in spinach.
Wageningen, 13 cktober 1982,
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Errata in: "Envirommental factors and cultural measures affecting
the nitrate content in spinach" by T. Breimer, proefschrift

L.H., Wageningen, 1982,

page 29, the figure presented here is Figure 3.2, see for subscript
page 30,
page 30, the figure presented here is Figure 3.1, see for subscript

page 29,

page 55, heading of Table 11? read "on" for "in
page 61, equation in section 5.4.1: read "(0-60 cm)" for "(6-60)"
and " (0-6 cm)" ,

"harvested" for "havested"
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Samenvatting

De opname van grote hoeveeltheden nitraat door de mens kan als een moge-
lijk gevaar voor de gezondheid worden beschouwd. In het menselijk lichaam
kan nitraat namelijk worden gereduceerd tot nitriet, dat methemoglobinemie
kan veroorzaken. Verder houdt de mogelijke vorming van N-nitroso-verbin-
dingen uit nitriet en secundaire stikstofverbindingen in de maag een risico
in, daar voor vele van deze N-nitroso-verbindingen is aangetoond dat ze
kankerverwekiend zijn in dierproeven.

In Nederland wordt de aanvaardbare dagelijkse opname van nitraat en ni-
triet, die door de FAQ/WHO is vastgesteld voor additieven, soms overschre-
den. De opname van nitraat en nitriet moet daarom worden beperkt. Daar de
nitrict-opname deels gekoppeld is aan de nitraat-opname, welke voor circa
75% afkomstig is uit groenten, is het gewenst de nitraatgehalten van groenten
zovee] mogelijk te verlagen,

Spinazie is een van de groenten waarvan het nitraatgehalte vaak hoog is.
In Nederland wordt het grootste gedeelte van de spinazie verbouwd voor de
verwerkende industrie, een klein deel daarvan wordt verwerkt tot babyvoed-
sel,

Er zijn vele milieufactoren en cultuurmaatregelen die het nitraatgchalte
van spinazie kunnen beinvloeden, In hoofdstuk 2 is een overzicht van rele-
vante literatuur daarover gegeven. In het in dit proefschrift beschreven
onderzoek is de invloed van enige van deze milieufactoren op het nitraat-
gehalte en de opbrengst van spinazie nagegaan. De meeste aandacht is echter
besteed aan de invleed van cultuurmaatregelen, vooral die welke betrekking
hebben op de toediening van stikstofmeststoffen.

Een bespreking van de in het onderzoek gebruikte materialen en methoden
is te vinden in hoofdstuk 3.

In hoofdstuk 4 zijn de resultaten beschreven van proeven die in kas en
fytotron werden uitgevoerd met water-, zand- en grond-cultures. In water-
cultuurproeven bleek de kationen : anionen opnameverhouding voor spinazie
met nitraat als enige stikstofbron ongeveer 1 te zijn. Er trad een significante
daling van het nitraatgehalte in de bovengrondse delen van spinazie op ten
gevolge van het weglaten van stikstof (NO, ) uit de voedingsoplossing gedu-
rende een periode van 3 of 9 dagen (4.2).

In zand-cultuurproeven groeide spinazie slecht indien alleen ammonium-
stikstof werd toegediend. Met zowel ammonium- als nitraat-siikstof bleken de
nitraatgehalten in spinazie niet altijd lager te zijn dan met alleen nitraat-stik-
stof toediening. De verhouding carboxylaat (C-A) : organische stikstof, voor
hele planten, bleek de mate van nitraat- of ammonium-voeding tamelijk goed
weer te geven (4.3).
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In grond-cultuurproeven (potproeven) bleken zowel het nitraatgehalte als
de droge-stofopbrengst van spinazie sterk te worden beinvloed door de hoe-
veelheid toegediende nitraat. De opbrengst vertoonde meestal een maximum,
het nitraatgehalte echter niet. De nitraatgehalten in bladstelen van spinazie
waren aanzienlijk hoger dan in bladschijven; nitraat accumuleerde voorname-
liik in oude bladeren. In de meeste potproeven nam het nitraatgehalte in de
bovengrondse delen van spinazie af met de leeftijd van de planten, De ni-
traatgehalten in najaarsspinazie waren hoger dan die in voorjaarsspinazie.
Verschillen in het tijdstip van toediening van nitraat-stikstof bleken het ni-
{raatgehalte van spinazie niet te beinvloeden in potproeven, Vergeleken met
een normaal vochtgehalte in de bodem, verhoogde een lager vochigehalte het
nitraatgehalte terwijl een hoger vochtgehalte in de bodem het nitraatgehalte
njet beinvloedde. Het bekalken van een zandgrond, waardoor oplopende
bodem pH-waarden werden verkregen, had tot gevolg dat het nitraatgehalte
van spinazie daalde. In een potproef met een zand- en een rivierkleigrond had
molybdeenbespuiting op het blad van spinazie geen effect op het nitraat-
gehalie in de bovengrondse delen. Het verschil in grondsoort had echter wel
effect op het nitraatgehalte (4.4).

Bij toediening van NH,-N aan spinazie in ¢cen potproef met een zandgrond
bleek het nitraatgehalte hoger en de droge-stofopbrengst lager te zijn dan
met NO,-N toediening. Indien tevens een nitrificatie remmer (DCD) werd
toegediend, werden lagere nitraatgehalten gevonden met NH,-N. In een
potproef met een rivierkleigrond uitgevoerd in een fytotron werd gevonden
dat vervanging van 30% van de NO,-N door NH 4-N, met toediening van een
nitrificatieremmer (nitrapyrin), het nitraatgehalte van spinazie niet verlaagde,
Indien 60% van de N03-N door NH,-N werd vervangen werd het nitraat-
gehalte wel verlaagd. In deze zelfde proef veroorzaakten zowel een verlaging
van de lichtintensiteit, van 70 tot 33 W per m?, als een verhoging van de
temperatuur, van 12 tot 22°C, een verhoging van het nitraatgehalte (4.5).

Bij een vergelijking van verschillende N-meststoffen in potproeven werden
pasitieve resultaten geboekt met zwavel-omhulde ureum (4.6), stalmest en
varkensgdrijfmest (4.7), als werd uitgegaan van voor de plant beschikbare
stikstof. Zowel verschillen in P-gift als in P-toestand van de grond bleken
niet van invioed op het nitraatgehalte en de opbrengst van spinazie (4.8).
Het nitraatgehalte en de opbrengst van spinazie werden over het algemeen
verhoogd door K-giften. Met K,SO, was de toename van het nitraatgehalte
groter dan met KC1 (4.9).

In een proef met verschillende spinazierassen bleken er grote verschillen
te bestaan in het nitraatgehalte in het blad van de spinazie van de onder-
scheiden rassen (4.10),

In hoofdstuk 5 zijn de resultaten beschreven van proeven uitgevoerd in
de volle grond. In de veldproeven bleken de opbrengst, het N03- en N
{totaal)-gehalte en de hoeveelheid N in de bovengrondse delen van spinazie
toe te nemen met de hoeveelheid NO,-N die werd toegediend. Bij de hoogste
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N03-giften bestond 9 tot 27% van de hoeveelheid N in de bovengrondse delen
van spinazie uit NO;-N. De overeenkomende N03-gehalten varieerden van
300 tot 1100 mmol per kg droge stof, Het verschil in NO,-gehalte tussen
rassen kon in een van de veldproeven worden toegeschreven aan verschillen in
teeftijd van het gewas. Verschillen in NO,-gehalte tussen een ‘ochtend’ en
‘avond’ oogst werden alleen gevonden op een heldere dag met hoge instraling
en cen relatief hoog NO, -gehalte in het gewas,

De beschikbare hoeveelheid N in het bodemprofiel (0-60 cm) v66T het
zaaien varieerde van 32 tot 72 kg N per ha in de vijf voorjaarsproeven en van
40 tot 132 kg N per ha in de twee najaarsproeven. De netto mineralisatie van
organische N tijdens de proefperioden bedroeg over het algemeen circa 35 kg
N per ha. Het bleek dat spinazie voomnamelijk uit de bovenste 60 cm van het
bodemprofiel stikstof opneemt. Alle gehalten aan kat- en anionen in spinazie
met uitzondering van de gehalten aan 30, en H,P0O,, werden beinvloed door
de bemesting met NO3-N (5.1).

Door een verschil in tijdstip van stikstoftoediening werd de opbiengst van
spinazie in cen veldproef beinvloed, terwijl in een andere veldproef geen ef-
fect werd geconstateerd. Over het algemeen namen het NO;- en N(totaal)-ge-
halte en de hoeveelheid N in de bovengrondse delen van spinazie af bij de-
ling van de Ngift in de ecrste veldproef, terwijl in de tweede, uitgaande
van een basis N03-gift, latere Ngiften in de vorm van NH, of NH4 + NO
lagere waarden veroorzaakten dan vergelijkbare giften in de NO;-vorm (5.2).

Ten gevolge van de gedeeltelijke of gehele vervanging van N03-N door
NH,-N, namen in drie veldproeven de opbrengst, het NO;-en N(totaal)-ge-
halte, de hoeveelheid N en de verhouding (C-A) : organische N in de boven-
grondse delen van spinazie af. De effecten waren over het algemeen meer uit-
gesproken met dan zonder nitrificatieremmer (nitrapyrin) toediening. In twee
andere veldproeven was het effect van variatie in de NO, : NH, -verhouding
veel geringer of afwezig (5.3).

Op praktijkpercelen met ‘lage’ N-bemesting varicerde de hoeveelheid voor
de plant beschikbare N (= N-bemesting plus de hoeveelheid beschikbare N in
de grond v6or het zaaien) van 135 tot 175 kg N per ha, terwijl met ‘hoge’
N-bemesting deze hoeveelheid varieerde van 200 tot 415 kg N per ha. Verge-
leken met een ‘hoge’ N-bemesting was met een ‘lage’ N-bemesting de op-
brengst gemiddeld 17% lager, terwijl het NO,-gehalte 64% lager was (5.4).

Een bespreking van de resultaten wordt gegeven in hoofdstuk 6, Maatre-
gelen die er op gericht zijn om van milieu- en bodemfactoren gebruik te ma-
ken of deze ten punste te veranderen, om variéteitsverschillen te benutten
en die welke er op gericht zijn de bodemvruchtbaarheidscondities buiten N te
reguleren met het doel spinazie met een economisch aanvaardbaar opbrengst-
niveau en een laag NO.gehalte te verbouwen worden behandeld in 6.1,

Het onderzoek dat er op gericht is de juiste hoeveelheid en vorm en het
juiste tijdstip van toediening van N te vinden, om het bovengenoemde doel te
bereiken, wordt besproken in 6.2. In deze laatste paragraaf wordt vooral aan-
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dacht besteed aan de relatie tussen de hoeveetheid voor de plant beschikbare
N (= N-bemesting plus de hoeveelheid beschikbare N in de grond véoér het
zaaien) en het NO,-gehalte van spinazie. Gebaseerd op gegevens uit veld-
proeven in het voorjaar en proeven op praktijkpercelen, worden hoeveelheden
voor de plant beschikbare N, waarmee kritische NO3-gehalten niet worden
overschreden, aangegeven, Aan het slot van hoofdstuk 6 zijn enige aanbeve-
lingen geformuleerd voor gebruik in de praktijk bij de verbouw van spinazie
voor de verwerkende industrie,
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Abstract

Environmental factors and cultural measures affecting the NO,-content in
spinach were studied indoors, in water-, sand- and soil-culture experiments,
In the field, the influences of variations in N-fertilizing practices and in spin-
ach varieties were also tested,

High N03-contents in spinach were found with low light intensities, with
low soil-moisture contents, and with high temperatures. NO;-contents
increased with increasing K-dressing (less so with KCl than with K,50,), but
decreased with increasing soil pH. In pot experiments, positive results were
obtained with sulphur-coated urea, with farmyard manure and with pig-
manure slurry.

Application of Mo as a spray onto spinach leaves, and variations in P-dres-
sings and in soil Pstatus were found not to affect the NO,-content in spin-
ach.

In pot experiments, NO, contents decreased with progressing plant age (in
autumn less so than in spring). Within spinach plants, NO4-contents were
highest in petioles and older leaves, Varetal differences in NO,-contents
were observed in a pot- and 2 field experiment.

In pot- and field experiments, partial or complete replacement of NO,-N
by NH,-N in general caused the NO,-content in spinach to decrease. How-
ever, such a replacement was shown not always to result in lower N03-
contents. Additional factors involved are e,g, the use and effectiveness of
nitrification inhibitors, the soil type and the amount of available N.

The amount of N added and, in the field, the amount of N available in the
soil before sowing, strongly affected the NO,-content in spinach. Under field
conditions, nitrogen appeared to be taken up from the top 60 ¢m of the soil
profile,

The effects of variations in timing of nitrogen applications were absent in a
pot experiment and not consistent in field experiments.



List of abbreviations

ADI

C-A

CEC
DCD
DM
Fw
FYM
JECFA

N-serve

org N
PMS
SCu
WHC

WHO

sum of inorganic anions (C1 + H,PO, + SO, + NO,) in meq
per kg DM (H, PO, stands for total P)

acceptable daily intake
sum of inorganic cations (Ca + Mg + Na + K) in meq per kg DM

excess of inorganic cations over inorganic anions in plants,
meq per kg DM; NH, -ions are not included

cation exchange capacity

dicyandiamide (C,H,N,)

dry matter

fresh weight

farmyard manure

Joint FAQ/WHO Expert Committee on Food Additives

nitrification inhibitor, containing 2-chloro-6-(trichloromethyl)
pyridine {C ¢Hs3 NCl, ), known as nitrapyrin, as active compound

organic nitrogen (= total N - NO,-N)
pig-manure slurry

sulphur-coated urea

water-holding capacity

World Health Organization

In the text ionic species are represented by their chemical symbols, charge
signs being omitted, e.2. N03 instead of NO,".
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1 Introduction

Nitrate is present in many foodstuffs either as a natural component or
as an additive, The main sources of dietary nitrate are vegetables and drinking
water [Loggers, 1979; Tremp, 1981; Walker, 1975; White, 1975]. In the
Netherlands, the mean daily intake of nijtrate, estimated from ‘total diet’ stu-
dies, is about 160 mg NO, per 11000k}, 75% of which comes from vege-
tables and less than 10% from beverages and drinking water. There is a con-
siderable variation in daily intake depending on amount and composition of
the vegetables ingested [Loggers, 1979].

Although the toxicity of nitrate is relatively low, its occurrence in
food must be considered hazardous because of the possible reduction of
nitrate to nitrite that can occur before ingestion, in the gastro-intestinal tract
or in saliva. Direct ingestion of nitrite can originate from additives of nitrate
or nitrite t0 meat, fish and cheese or from bacterial or enzymatic reduction of
nitrate in e.g. vegetables due to improper handling or storage [Tannenbaum,
1979]. In the Netherlands the estimated mean direct daily intake of nitrite is
about 6 mg NO, [Loggers, 1979]

After ingestion of a given dose of dietary nitrate this passes to and
through the stomach to be absorbed from the small intestine, Most of the ab-
sorbed nitrate is rapidly excreted in urine, but a part of it is secreted in
the saliva, where in the presence of bacteria it is partly reduced to nitrite
[Harada et al.,, 1975; Ishiwata et al, 1975; Spiegelhalder et al., 1976;
Stephany & Schuller, 1978] The extent of nitrite formation in saliva is re-
lated to the quantity of nitrate, to the concentration of the nitrate source
and to the oral microflora [Tannenbaum et al., 1976] On an average about
6% of the nitrate ingested is reduced to nitrite, which means that per 160 mg
nitrate (NO;) about 10 mg will be reduced in saliva to produce about 7 mg
nitrite (NO, ) [Stephany & Schuller, 1980} Another possible environment for
nitrate reduction is the human stomach. Nitrite concentrations in a normal
human stomach are generally lower than 1 mg per litre [Tannenbaum, 1979},
There are, however, conditions under which the human stomach can acquire
nitrite concentrations of tens or even hundreds of mg per litre [Ruddell et
al.,, 1976; Tannenbaum et al,, 1979] This occurs when the pH of the stom-
ach, which is normally quite low, rises to a level high enough to allow the
growth of bacteria which can reduce nitrate to nitrite. Under these condi-
tions, sometimes occurring in infants under three months of age and in
patients with specific gastric disorders, the stomach pH becomes similar to
that of the mouth and the stomach may even contain bacteria similar to those
found in the mouth, It was recently suggested that also under normal con-
ditions nitrate and nitrite may be formed endogenously in the human intestine,
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probably by small bowel bacterial flora [Tannenbaum et al., 1978].

Nitrite is much more toxic than nitrate. Acute nitrite poisoning causes
methemoglobinemia; infants under three months of age are very susceptibie
to this disease [Kibler & Simon, 1969]. Cases of infant methemoglobinemia
in Germany have been reported to originate mainly from drinking water high
in nitrate and from improperly stored baby food containing nitrite [Simon,
1970] Methemoglobin can completely revert to hemoglobin through methemo-
globin-reductase and symptoms of methemoglobinemia will disappear within
a few hours.

More concern should be given to the fact that nitrite might cause chronic
poisoning as a result of reacting in vivo with secondary nitrogen compounds
occurring naturally in certain foods, to form N-nitroso-compounds. When ad-
ministered to laboratory animals, these compounds are potent carcinogens
[Magee & Barnes, 1967; Preussmann, 1981], but as yet they have not been
definitely incriminated as being the cause of any human cancer [Fraser et
al., 1980].

N-nitroso-compounds can be formed endogenously in humans; they have
been identified in vivo in the stomach, in the infected urinary bladder and
in saliva and faeces [Fraser et al,, 1980]. In epidemiological studies, gastric
cancer risk was linked to nitrogen (fertilizer) usage in Chile [Armijo & Coul-
son, 1975; Zaldivar, 1977; Zaldivar & Wetterstrand, 1975] and to the nitrate
concentration in well-water in Colombia [Cuello et al., 1976; Tannenbaum et
al.,, 1979]. Case-control studies in Yapan [Haenszel et al., 1976] and among
Japanese migrants to Hawaii [Haenszel et al,, 1972] have linked gastric can-
cer risk to certain food items, and to well-water use in Japan [Haensze! et
al.,, 1976]. In the latter two studies, however, a decreased gastric cancer
risk was associated with food items such as raw, green, leafy vegetables and
fresh fruit, rich in vitamin C, a known inhibitor of N-nitrosation [Mirvish,
1977).

An epidemiological study in Iran has considered the possibility of a link
between dietary nitrate and cancer of the oesophagus [Joint Iran-Internatio-
nal Agency for Research on Cancer Study Group, 1977). Other studies on
cancer mortality in relation to water supplics as the source of ingested ni-
trate have been carried out in the United Kingdom [Hill et al., 1973} and in
Illinois, USA. [Geleperin et al., 1976]. Fraser et al. [1980] in a review af
the above-mentioned studies state that, based on the present epidemiological
evidence, the hypothesis that high nitrate ingestion is involved in the aetio-
logy of gastric cancer, should not be lightly discarded. To their opinion,
however, there is too little information available to draw any conclusions on
the relationship betwsen high nitrate ingestion and any other form of human
cancer.

In view of the possible risk of high nitrate and nitrite intakes the Euro-
pean Office of the World Health Organisation (WHQ) has recommended a
maximum nitrate concentration in drinking water of 50 mg per litre [WHO,
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1970] and the Joint FAQ/WHO Expert Committee on Food Additives
(JECFA) set maximum acceptable daily intakes (ADI) of nitrate and nitrite.
For adults of 60kg body weight the ADI for nitrate is 220 mg [JECFA,
1974] and the ADI for nitrite is 8 mg [JECFA, 1976]. Although the latter
standards are set only for additives and do not account for the ‘natural’
amounts of nitrate and nitrite in foods and for the conversion of nitrate to
nitrite in saliva, it seems reasonable to denote them as the total acceptable
daily intakes [Stephany & Schuller, 1978].

In the Netherlands the mean (total) daily intake of nitrite (13 mg NO,)
exceeds the ADI set by the JECFA, and the ADI for nitrate is sometimes ex-
ceeded as well [Loggers, 1979]. Since the high nitrate intake is mainly of
vegetable origin, the zmounts of nitrate in vegetables should be reduced
[Aldershoff, 1982; Mol, 1979]. Furthermore, because of the possible risk of
methemoglobinemia, vegetables used as baby food should be extremely low
in nitrate.

A review of nitrate contents in a wide range of vegetables {Corré & Brei-
mer, 1979] revealed that vegetables such as table beet, celery, chervil, iamb’s
lettuce, lettuce, purslane, radish, spinach and turnip tops frequently have high
njtrate contents, From these vegetables spinach, which is also frequently used
as baby food, was chosen as a test crop.

The aim of the present work was to study environmental factors affecting
the nitrate content in spinach and to find cuitural measures to reduce these
contents, Spinach grown for the processing industry was studied mainly,
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2 Literature

2.1 Nitrogen transformations in soil

Most of the nitrogen in soil is incorporated in organic matter, with only a
very small proportion of soil nitrogen being directly available to plants. This
available N occurs mainly in the form of nitrate and ammonium, The major
processes in soil which generate plant-available nitrogen can be identified as
biological nitrogen fixation and ammonification, the latter being a process in
the mineralisation of organic matter,

In arable soils of the temnperate regions, non-symbiotic nitrogen fixation is
generally low [Mengel & Kirkby, 1978] and the extent of symbiotic nitrogen
fixation depends on the inclusion of leguminous crops in the crop rotation
system. In mineral soils of the temperate regions, generally less than 3% of
the total organic nitrogen is ammonified annually [Allison, 1973]. Soil type
and organic matter composition are primary factors influencing the quantity
of ammonium released [Barker & Mills, 1980] and environmental conditions
such as low temperatures and deficiency or excess of water can limit ammoni-
fication.

In most arable soils, the ammonium formed as a result of organic matter
decomposition is rapidly converted into nitrate in a stepwise process called
nitrification which is also biologically controlled. The rate at which nitrifica-
tion takes place is determined by environmental factors such as soil water
and soil oxygen content, pH and temperature [Huber & Watson, 1974]. The
amounts of available nitrogen normally released from mineral soils are inade-
quate to meet the nitrogen requirements of most cultivated crops.

In horticulture, it is generally recognised that nitrogen fertilizer is needed
to produce yields or growth rates considered to be economical under most
soil- and cropping conditions [Barker & Mills, 1980], When soil- and climatic
conditions are favourable, fertilizer nitrogen applied in other than the nitrate
form is rapidly converted to nitrate, Only with the use of ‘controlled’ or
‘slow release’ fertilizers and with nitrogen carriers such as manures and
sewage sludge will the conversion rate be less rapid. When, however, envi-
ronmental conditions are unfavourable, the nitrification process can be
strongly suppressed, leading to an accumulation of ammonium whose rate of
formation from soil organic matter or from a fertilizer, like urea, is affected
much less by adverse environmental conditions. Also with the aid of so-called
nitrification inhibitors, nitrification can be suppressed [Gasser, 1970, Kerk-
hoff & Slangen, 1980; Prasad et al., 1971},
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2.2 Nitrate uptake

Both nitrate and ammonium can be taken up and assimilated by plants,
but since nitrate is the prevailing form of available nitrogen in soil, most ni-
trogen is taken up as nitrate,

The mechanism by which nitrate is absorbed by plant roots appears to be
a very complex one in that it is influenced by a number of environmental
factors affecting both the external supply of nitrate and the physiological
and biochemical processes operating within the plant [Barker & Mills, 1980].
Both nitrate uptake and -reduction in higher plants are reported to be sub-
strate-induced processes [Beevers & Hageman, 1969; Jackson, 1978], As ni-
trate has been shown to induce nitrate reductase, a relationship between ni-
trate reductase and uptake is likely to exist [Huffaker & Rains, 1978; Jack-
son, 1978; Schrader, 1978]. Nitrate uptake is known to increase sharply with
increases in the external supply of nitrate. According to Huffaker & Rains
[1978], more than one nitrate uptake system may operate in plants. The up-
take of nitrate appears to be influenced little by other anions such as chlor-
ide, bromide or sulphates [Rao & Rains, 1976], but cations such as calcium,
potassium and ammonium affect nitrate uptake significantly [Jackson, 1978;
Rao & Rains, 1976]. Increases in the supply of calcium and potassium gener-
ally accelerate the rate of nitrate uptake, whereas ammonium ions have an
inhibitory effect [Haynes & Goh, 1978].

Nitrate absorption is apparently sensitive to the external hydroxyl-ion
concentration. Rao & Rains [1976] observed a decline in nitrate uptake
above pH 6, but no decline at pH values as low as 4.0. The decline in nitrate
uptake at high pH values was explained by inhibition of the transport system
by hydroxyl. For the maintenance of nitrate uptake a continual supply of
energy appears to be essential, Carbon dioxide is known to exert an inhibit-
ory effect on nitrate uptake. According to Barker & Mills [1980] this may be
due either to the competition between the processes of carbon dioxide reduc-
tion and nitrate uptake for energy, or to stomatal closure in the presence of
carbon dioxide, Nitrate absorption is suppressed by low and promoted by
high temperatures [Frota & Tucker, 1972; Lycklama, 1963].

2.3 Nitrate reduction in plants

Although there is evidence that most plants reduce nitrate in both roots
and leaves, species differ in the location at which the majority of the nitrate
is reduced. In most plant species, however, more nitrate reduction occurs in
the leaves than in the roots [Beevers & Hageman, 1969]. Olday et al,
[1976] observed that about 70% of the total nitrogen in the xylem of spinach
was nitrate-nitrogen which implies that most nitrate is transported to the
leaves,

Nitrate reduction appears to be a very complex biochemical process which

(7]



is affected by a number of factors [Beevers & Hageman, 1969; Hewitt, 1975].
Evidence exists that in most plant tissues a compartimentalisation of nitrate
takes place [Jackson, 1978). The vacuole is assumed to be the storage pool
of nitrate [Aslam et al,, 1976] and the metabolic or active pool of nitrate is
thought to be in the cytoplasm where reduction of nitrate to nitrite is cata-
lysed by the enzyme nitrate reductase. Niirate reductase, a molybdo-flavo-
protein, is thought to be the rate limiting enzyme in the pathway for reduc-
tion of nitrate to ammonium [Beevers & Hageman, 1969]. The enzyme
nitrate reductase is adaptive and inducible by nitrate in cytoplasm. In various
tissues, induction is related to the capacity for protein synthesis and thus to
maturation and age of the tissue [Beevers & Hageman, 1969].

Light plays an important role in nitrate reduction. In their review, Bee-
vers & Hageman [1972] conclude that light effects are exerted at two stages,
one consisting of the provision of reductant for nitrate to nitrite reduction,
and the other of the control of the level of the enzyme required for nitrate
reduction, Diurnal fluctuations of nitrate reductase activity have been shown
in various planis [Schrader, 1978; Srivastava, 1980].

Nitrate reduction and photosynthesis seem to be closely related [Beevers
& Hageman, 1972]. The influence of carbon dioxide on nitrate assimilation,
however, is not completely understood [Schrader, 1978].

Nitrate reductase activity was shown to be also temperature dependent,
Inactivation at temperatures lower than the optimum one is not as drastic as
at temperatures higher than the optimum one [Pfliiger & Wiedemann, 1977].
The regulation of nitrate reductase activity in higher plants has been recent-
ly reviewed by Srivastava [1980]. Evidence presented in this review suggests
that enzyme activity may be decreased by e.g. the presence of ammonium,
by water stress and by molybdenum-, calcium- and sulphur deficiencies. It
was reported that there is a possibility that nitrate reductase activity is
genetically regulated [Beevers & Hageman, 1969, Srivastava, 1 980].

2.4 Nitrate contents in plants

The quantity of nitrate in plants (or in plant parts) results from the dif-
ference in nitrate uptake (and transport) on the one hand, and nitrate re-
duction on the other hand. Hence, the factors regnlating these processes al-
so affect the quantity of nitrate present in a plant.

On account of the fact that the nitrate content is the ratio between the
quantity of nitrate and the quantity of dry matter, it follows that the nitrate
content in a plant also depends on factors which influence the production of
dry maiter.

Literature on nitrate in vegetables is extensive. Recent reviews have been
published by Comré & Breimer [1979], Maynard et al. [1976] and Venter
[1978].

In the following, the literature on cultural measures and environmental
factors affecting the nitrate contents of mainly spinach will be reviewed.
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2.5 Cultural measures
2.5.1 Nitrogen dressing
2.5.1.1 Nitrogen amount

The influence of nitrogen dressings on the nitrate contents in spinach has
been studied in several countries in indoor experiments conducied both in
greenhouses and growth chambers [Barker, 1975; Barker & Maynard, 1971;
Barker et al., 1974; Cantliffe, 1972-1; Cantliffe, 1972.2; Cantliffe, 1972.-3;
Cantliffe, 1973-1; Cantliffe, 1973-2; Cantliffe & Phatak, 1974-2; Cantliffe et
al., 1974; Dressel & Jung, 1970; Dressel, 1976; Grujic & Kastori, 1974; Hil-
debrandt, 1976; Hulewicz & Mokrzecka, 1971; Jacquin & Papadopoulos,
1977; Jurkowska, 1971; Jurkowska & Wojciechowicz, 1974; Kick & Massen,
1973; Maynard & Barker, 1971; Maynard & Barker, 1972; Maynard & Barker,
1974; Merkel, 1975; Mills et al., 1976; Olday et al., 1976; Roorda van Eysinga &
van der Meys, 1980-1; Schudel et al., 1979; Siegel & Vogt, 1974; Siegel &
VYogt, 1975-1; Siegel & Vogt, 1975-2; Terman et al., 1976; Terman & Allen,
1978] and outdoor experiments [Acar & Ahrens, 1978; Achtzehn & Hawat,
1969; Aworh et al., 1980; Barker et al., 1971; Becker, 1965; Bengtsson,
1968; Boek & Schuphan, 1959; Brink et al.,, 1968; Brown & Smith, 1967;
Brown et al., 1969; van Burg et al., 1967; van Burg et al., 1969; Descamps,
1972; Dressel & Jung, 1970; Eerola et al., 1974; Hansen, 1978; Knauer,
1970; Knauer & Simon, 1968; Kuhlen, 1962; Lambeth et al., 1969; Lee ¢t al.,
1971; Lorenz & Weir, 1974; van Maercke, 1973; Maga et al., 1976; Maynard
& Barker, 1979; Mehwald, 1973; Nicolaisen & Zimmermann, 1968; Schuphan,
1965; Schuphan, 1974; Schuphan & Hentschel, 1970; Schuphan et al., 1967;
Schiitt, 1977; Tronickovd & Vit, 1970; Tronickovd & Vit, 1972; Witte, 1970;
Zimmermann, 1966].

In both indoor- and outdoor experiments nitrate contents were found to
increase with increasing N-dressings, which indicates that the nitrate con-
tents in spinach are strongly influenced by the nitrate concentration in the
growth medium. In outdoor experiments, the nitrate contents generally in-
creased with N-dressings up to 200 kg per ha, but declined at higher dress-
ings. Spinach yields, in general, showed optima which mostly were attained
at N-dressings at which nitrate contenfs had not yet started to decline.

Large differences in nitrate content and yield of plants resulting from a
certain N-dressing were found between experiments as well as within one ex-
periment. Ope reason for the different results obtained among field experi-
ments might be that the amount of nitrogen which is available in soil before
the experiment started is not accounted for. The importance of knowledge on
residual available nitrogen in soil was demonstrated by Béhmer [1980]. In
field experiments, she found that both residual available nitrogen and applied
fertilizer nitrogen strongly affected the yields of spinach and other vege-
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tables, which can be considered as a first indication that for a complete eval-
uation of the nitrogen nutrition of vegetables it is important to have a know-
ledge of the quantity of available nitrogen in the soil. Nitrate contents in
the crop, however, were not determined in this study. Other factors which
may explain differences observed in response to fertilizer nitrogen are the
form in which the nitrogen is applied, the time of application, the age of the
plants, the quantity and quality of soil organic matter, soil pH, rainfall,
temperature and other environmental conditions,

2.3.1.2 Nitrogen form

It has already been postulated that in most arable soils under normal con-
ditions ammonium will be rapidly nitrified. Hence, it is to be expected that
urea, ammonium and nitrate fertilizers will give similar results when applied
before sowing of a spinach crop [Barker et al., 1971; Dressel & Jung, 1970;
Knauer & Simon, 1968; van Maercke, 1973; Siegel & Vogt, 1974; Tronickova
& Vit, 1970; Tronickovd & Vit, 1972]. Differences between these N-fertilizer
forms, however, can occur when N-dressings are high or when environmental
conditions are such that nitrification is retarded. During the relatively short
period of growth of a spinach crop, nitrate fertilizers will effectuate under
such circumstances higher nitrate concentrations in soil resulting in higher
nitrate contents in plants. This might also explain why in pot experiments,
where the soil volume is relativeiy small, nitrate contents in spinach are often
found to be lower with ammonium than with nitrate as applied N-form [Jung
& Dressel, 1978; Kick & Massen, 1973; Mills et al., 1976].

With controlled or slow-release nitrogen carriers and organic nitrogen car-
riers, the release of ammonium is the rate-limiting step and therefore nitrate
concentration in soil in general will be lower with these N-carriers than with
other N-sources for equal quantitics of N applied. The significance of con-
trolled-release fertilizers for horticultural crops has been recently reviewed
by Maynard & Lorenz [1979]. In an indoor experiment, Siegel & Vogt
[1975-1] demonstrated that two controlled-release fertilizers produced signi-
ficantly lower nitrate contents in spinach than did calcium nitrate or urea,
In a field experiment, Schuphan et al. [1967] found that with the use of a
controlled-release fertilizer (Peraform), nitrate contents in spinach were re-
duced by more than 50% compared with equal dressings of N in the form of
calcium njtrate, Yield of spinach, however, was reduced by about 20%.

Organic nitrogen and inorganic nitrogen carriers were compared by Barker
{1975], Jacquin & Papadopoulos [1977], Maga et ai, [1976], Schudel et al.
[1979], Schuphan [1974] and Siegel & Vogt [1975-2]. In general, at equal
N-dressings, nitrate contents and spinach yields were lower with organic ni-
trogen forms, Obviously, nitrogen mineralisation (ammonification) was slow
enough to result in lower nitrate concentrations in soil than encountered with
the use of inorganic nitrogen forms, The effect of differences in mineralisa-
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tion among organic nitrogen carriers was shown in an indoor experiment by
Barker [1975], With dried cow manure which mineralised much more slowly
than four other organic nitrogen carriers, yields and nitrate contents of
spinach were significantly depressed.

Next to environmental conditions, nitrification inhibitors can also suppress
nitrification. Well-known nitrification inhibitors are N-serve (active compound:
2-chloro-6(trichloromethyl)pyridine (C;H;NCl,), known as nitrapyrin) and
dicyandiamide (C,H,N,, known as DCD). Nitrification inhibitors added to
ammonium suiphate or urea in indoor experiments resulted in decreases in
nitrate contents of spinach [Jung & Dressel, 1978; Jurkowska, 1971 ;Jurkowska
& Wojciechowicz, 1974; Kick & Massen, 1973; Mills et al., 1976; Moore,
1973; Siegel & Vogt, 1975-2; Sommer & Mertz, 1974], but yield in general
also decreased, The effect of nitrification inhibitors on the nitrate content
and yield of spinach in a field experiment was demonstrated by Bengtsson
[1968]. He found that addition of nitrapyrin to ammonium sulphate (2% by
weight of N-dose) reduced the nitrate contents by about 50% and yields by
about 15%. Moore et al. {1977] studied the effect of ammonium sulphate
with and without nitrapyrin in field, greenhouse and growth chamber ex-
periments, They stated that nitrapyrin addition increased yield and depressed
the nitrate contents, With the use of arnmoniacal nitrogen sources nitrifica-
tion inhibitor additions tend to decrease both nitrate contents and yields. In a
growth chamber experiment with spinach, Mills et al. [1976] therefore
investigated whether a partial replacement of ammonium by nitrate in com-
bination with increasing nitrapyrin doses could result in both high yields and
low nitrate contents, From these results they concluded that a fertilizer
mixture of 50% ammonium-nitrogen and 50% nitrate-nitrogen, especially in
conjunction with the use of nitrapyrin, was the best combination for maxi-
mum growth and minimum nitrate contents, Recent literature on nitrification
inhibitors and their effects was reviewed by Kerkhoff & Slangen [1980].

2.5.1.3 Time of application of nitrogen

In the Netherlands, in commercial spinach growing, all nitrogen is usually
applied before sowing, Only after periods of low temperatures and/or exces-
sive rain, nitrogen is side-dressed [Buishand, 1974].

The effects of variations in time of application of nitrogen were studied in
field experiments with spinach by Barker et al. [1971], Kuhlen [1962], Maga
et al. [1976], Mehwald [1973], Nicolaisen & Zimmermann [1968] and
Zimmermann [1966]. In general, it was observed that yield decreased and
nitrate contents increased with side-dressed N in comparison with equal
ameounts of N applied in basal dressings. Comparing basal- and side dressing of
ammonium nitrate, only Barker et al, [1971] found that basal dressing
resulted in higher nitrate contents, Furthermore, in a comparison of side
dressings of different forms of N-fertilizer applied nine days before harvest,
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these investigators observed that at final harvest potassium nitrate had pro-
duced higher nitrate contents than had ammonium nitrate and urea. In their
experiments, however, all yields were alike.

2.5.2 Other nutrients

Nitrate contents in spinach were found to be only slightly affected by
phosphate dressings, whereas yield in general increased [Brown et al., 1969,
Cantliffe, 1973-1; Regan et al., 1968; Schuphan, 1965; Terman et al., 1976;
Terman & Allen, 1978]. In most experiments, potassium was observed to in-
crease the nitrate contents and yields of spinach [Boek & Schuphan, 1959;
Brown et al,, 1969, Cantliffe, 1973-1; Nurzynski, 1976; Prummel, 1971;
Regan et al, 1968]. In some experiments, however, high potassium dress-
ings suppressed nitrate contents [Grujic & Kastori, 1974; Knauer & Simon,
1968).

In a sand culture the abstinence of either phosphate, potassium, calcium
or magnesivm 21 days before harvest was studied by Barker & Maynard
[1971]. Yield and nitrate content of spinach were not significantly affected
by these treatments, According to Maynard et al. [1976], there is no evi-
dence that sodjum, calcium and magnesium have any direct effect on the ni-
trate contents in vegetables, In a field experiment carried out by Brown et
al. [1969] and Regan et al. [1968], liming suppressed the nitrate content
and increased the yield of spinach. The effect of liming on the nitrate con-
tents was a function of the size of the phosphate dressing. As a result of
liming soil pH-H,O rose from 5 to 6. An increase in both nitrate content and
yield with increase in pH, however, were observed in an indoor experiment
by Cantliffe et al, [1974], In indoor experiments molybdenum applications
to molybdenum-deficient soils were found to decrease the nitrate contents in
spinach [Cantliffe et al., 1974; Hildebrandt, 1976}, Deficiencies of manganese
and copper increased the nitrate contents and decreased yield [Hildebrandt,
1976]. Also boron deficiency seems to increase the nitrate contents in spin-
ach [Hulewicz & Mokrzecka, 1971].

Although it has been postulated that nitrate uptake is little influenced by
variations in the supply of other anions, there is evidence that lower nitrate
contents in spinach will be obtained with potassium chloride than with potas-
sium sulphate [Boek & Schuphan, 1959; Nurzynski, 1976; Schmalfusz &
Reinicke, 1960Q].

2.5.3 Herbicides
The effects of herbicides on weed control, yield and nitrate contents of
spinach were studied by Cantliffe & Phatak [1974-1]. Three herbicides, cy-

cloate, alachlor and lenacil gave satisfactory weed control and yields, but
the nitrate contents in spinach of plots treated with these three herbicides

f12]




were 3 or 4 times higher than in spinach of hand-weeded or non-weeded con-
trol plots, The other herbicides under investigation did not give satisfactory
weed control, but in general raised the nitrate contents in spinach also, Ac-
cording to the authors the herbicides, especially cycloate, alachlor and lena-
cil, are increasing NO; -accumulation through a decrease in some phase of ni-
trate reduction. Singh et al. [1972] observed that herbicides with s-triazines
like simazin and triazin, as active components, did not affect the nitrate con-
tents of bush beans and spinach.

2.5.4 Spinach variety

Differences in nitrate contents among spinach cultivars have been observed
by Barker [1975], Barker et al. [1971], Barker et al. [1974], Cantliffe [1972-
2), Cantliffe [1972-3], Cantliffe [1973-2], Cantliffe & Phatak [1974-2],
Maynard & Barker [1972], Maynard & Barker [1974) and Olday et al.
[1976]. In these studies, nitrate contents in savoy-leaved cultivars were found
to be higher than in smooth-leaved types. Semi-savoyed types were generally
intermediate between these extremes, but individual cultivars sometimes over-
lapped into one or the other group. According to Olday et al, [1976], the
difference in nitrate contents between smooth- and savoy-leaved culiivars
must be ascribed to differences in nitrate assimilation rather than to varia-
tions in rates of uptake or transport. They observed that nitrate reductase
activity in a smooth-leaved cultivar was 2 1o 3 times higher than in a savoy-
leaved cultivar. Terman & Allen [1978], re-examining the results of Barker
et al, [1974], however, suggested that the differences in njtrate contents
found by the latter authors might have to be attributed to differences in
dry-matter production of the cultivars,

Differences in nitrate contents between spinach cultivars were furthermore
studied by Cools et al. [1980], Descamps [1972], van Maercke & Vereecke
[1976], Paviek et al. [1974), Schuphan et al. [1967), Tronickovd & Vit
[1970], Tronickovd & Vit [1972 ] and Westvlaamse Proeftuin [1978]. In most
experiments, differences among cultivars were noticed, but the results ob-
tained were not always consistent.

2.5.5 Harvesting procedure

Nitrate contents vary among plant parts of spinach, high contents being
found in petioles and lower contents in leaf blades [Achtzehn & Hawat,
1971; Barker et al,, 1971; Barker et al., 1974; Bodiphala & Ormrod, 1971,
Cools et al., 1980; Descamps, 1972; Dressel & Jung, 1970; Eerola et al., 1974;
Lorenz & Weir, 1974; Olday et al., 1976]. Expressed on a dry-weight basis,
the nitrate contents in petioles and leaf blades may differ by a factor of 10.
Schuphan et al. [1967] reported that with harvesting methods yielding chiefly
leaf blades, the nitrate contents in the harvested spinach would be about 60%
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lower. However, they did not indicate how much yield would be reduced.

Within one plant, nitrate contents are generally higher in older tissue
[Barker & Maynard, 1971; Bodiphala & Ormrod, 1971] and in general it can
be stated that, if other circumstances remain unchanged, the nitrate content
in spinach will increase with age. However, during the cropping season soil
nitrate will decline which, depending on N-dressing, can be expected to re-
sult in a decrease in nitrate content with age. Weather conditions (light,
temperature, rain} also exert their effects so that the nitrate content in
spinach can vary considerably during a growth period [Descamps, 1972]. Ni-
trate contents in spinach increasing as well as decreasing with time have
been found in outdoor experiments [Aworh et al,, 1980; van Maercke, 1973,
Nicolaisen & Zimmermann, 1968; Schuphan etal., 1967; Witte, 1970; Zimmetr-
mann, 1966)]. In indoor experimenis with pots where the soil volume is
limited and weather conditions play a less important role, a decrease in
nitrate content in spinach with age is generally to be expected,

2.6 Environmental conditions
2.6.1 Light

Light plays an important role in both nitrate assimilation (section 2,3) and
plant growth. 1t is one of the main factors determining the nitrate contents
in plants. Light intensity, photoperiod and possibly also the time expired
within the photoperiod affect the nitrate content in a plant. In field studies
it was observed that nitrate contents in shaded spinach plants were signifi-
cantly higher than those in unshaded plants [Kiett, 1968, Schuphan et al.,
1967], and in growth chamber studies high nitrate contents were associated
with low light intensities [Boek & Schuphan, 1959; Cantliffe, 1972-1; Cant-
liffe, 1973-1; Dressel & Jung, 1970; Tychsen, 1976]. Cantliffe [1972-2] dem-
onstrated that the nitrate content in beet root decreased with increasing
length of the photoperiod. In the same study, it was observed that ths ni-
trate contents of 2 spinach cultivars grown with a high nitrogen supply de-
creased about 50% during a 12-hour photoperiod. A third cultivar, however,
did not show this effect. With a Jow nitrogen supply, no changes during the
photoperiod were found with any of the cultivars. A decrease in nitrate con-
tent during the photoperiod was also observed by Tychsen [1976] in young
spinach plants and by Minotti & Stankey [1973] in young beet root plants.
Schwerdtfeger {1975] reported that samples of field-grown spinach and head
lettuce harvested in the afternoon contained less nitrate than did samples
harvested in the morning. When light intensity was reduced by shading no
differences were found. No diumal variation in nitrate content of green-
house-grown head lettuce, harvested in March, was observed by Roorda van
Eysinga & van der Meys [1980-2].
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2.6.2 Carbon dioxide

Carbon dioxide plays a role in both nitrate uptake and nitrate assimilation.
According to Maynard & Barker [1979] there is evidence that high nitrate
contents may occur in plants growing in atmospheres low in carbon dioxide.

2.6.3 Temperature

Literature concerning temperature effects on the nitrate contents in plants
is ambiguous, This may be due to the inability to distinguish between tem.
perature effects on nitrate uptake and on nitrate reduction or between ef-
fects of temperature on soil nitrogen dynamics and on plant nitrogen metab-
olism [Maynard & Barker, 197%]. In a growth chamber experiment, Cantliffe
[1972-3] noticed that the nitrate contents in spinach increased with increas-
ing temperatures up to 25°C and decreased between 25 and 30°C. A signifi-
cant interaction between temperature and nitrogen supply was found with re-
spect to the nitrate contents, In this experiment, temperature will have af-
fected both mineralisation and nitrification.

2.6.4 Water

~ Water stress is known to produce increased nitrate contents in plants

[Wright & Davison, 1964]. The increase in accumulation of nitrate is ex-
plained as resuiting from a decrease in nitrate reductase activity prior to the
moment at which uptake starts to decline. Although low soil moisture avail-
ability will be an exception in vegetable growing, Maynard et al. [1976] sug-
-.gested that short dry periods might lead to higher nitrate contents. They
further postulated that nitrate contents might increase with increasing atmo-
spheric humidity due to reduced transpiration rates resulting in a decreased
translocation of nitrates to the induction sites. Evidence to confirm these
postulates is lacking, however. Also through its effects on ammonification and
nitrification soil moisture will exert an influence on the nitrate supply to
plants,

2.6.5 Season

Seasonal variations in nitrate contents are connected with temperature and
especially with daylength and light intensity. In spring, daylength and light
intensity increase during the development of a crop, whereas in autumn they
decrease. Soil ternperature, however, is relatively low in spring and relative-
ly high in autumsn, while air temperature on the average is the same. In
general, for dry-matter production and nitrate reduction spring conditions
are more favourable than are autumn conditions. As a result, with compar-
able N-dressings therefore nitrate contents are generally lower in spring
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[Achtzehn & Hawat, 1969; Eerola et al., 1974; Knauer & Simon, 1968; van
Maercke, 1973; Mehwald, 1973; Schuphan et al., 1967; Schiitt, 1977; Witte,
1967; Witte, 1970].

2.6.6 Location

Vegetables grown at different locations may show different nitrate contents
[Wedler, 1979]. These differences due to location can be a reflection of dif-
ference in soil type or in the climatic conditions varying among regions in
which a crop is grown, Since progesses such as mineralisation, nitrification,
nitrogen leaching and denitrification are largely determined by the type of
soil, the nitrate contents in vegetables will be affected by the soil on which
they are grown [Geyer, 1978], The nitrate contents in vegetables grown on
one soil type but in different regions may vary due to regional differences
in daylength, irradiation, temperature, rainfall etc. {Boek & Schuphan, 1959;
Knauer & Simon, 1968]. Differences in irradiation and temperature also exist
between a greenhouse- and an outdoor situation.
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3 Materials and methods

3.1 Indoor experiments
3.1.1 General

In the indoor experiments, the effects of variations in N-supply, NO;:NH -
ratio, time of application of N, type of N-fertilizer, nitrification inhibitors,
plant age, light intensity, temperature, soil-moisture content, soil pH, Mo-,
P- and K-supply and variety on yield and chemical composition of spinach
were studied.

The experiments can be subdivided in: water<ulture, sand-culture and
soil-culture experiments. Most of these were carried out in glasshouses, one
in growth chambers,

In the experiments with quartz sand or soils, pots (with a content of
6.91) and techniques described by Schuffelen et al. [1952] were employed.

3.1.2 Water-culture experiments

The uptake of major plant nutrients by spinach plants supplied with ni-
trate-N or without nitrogen, was studied with a continuous-flow (water-cul-
ture) system.

Spinach seedlings (cv. Subito) were grown on quartz sand moistened with
a dilute nutrient solution. When two leaves had emerged (18 December
1979), seedlings were transplanted to 6-1 containers (10 plants per container}
with the flowing nutrient solution, The composition (in mmol per 1} of the
nutrient solution was: Nal, K5, Cal, Mg 1.5, H2P04 1, NO3 5,Cl2 and
S0, 1.5, Furthermore the solution contained trace elements, including Fe
added as Fe-EDTA. The pH of the solution was about 5.5. The flow-rate per
container was about 0.2 | per hour. After periods of 36, 45, 50, 56, 62 and 65
days following transplanting, sets of 30-40 plants were harvested (3 or 4
containers per harvest), Shoot- and root material were separated.

On 12 and 18 February 1980 (56 and 62 days after transplanting), plants
grown on the NO;-solution were transferred to a solution without NO, (NO,
was 1eplaced by 30,). Plants of these treatments were harvested on 15, 18
and 21 February 1980 (3 containers per harvest).

The experiment was carried out in a slightly heated glasshouse with an
average temperature of 15°C.
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3.1.3 Sand-culture experiments

In pot trials with quartz sand as growth medium, the effects of variations
in N-supply and in NO,:NH,.ratio on yield and chemical composition of
spinach were studied in 1978 (A) and 1980 (B).

Basal dressings (in g per pot) were: Na0.15, P0.44, Mg 0.24, CaCO,
10. Sufficient amounts of trace elements and Fe-EDTA were supplied and the
nutrients were mixed with 5 kg sand, which was covered with 1.5 kg unfer-
tilized sand as a germination layer. Per pot, 40 seeds of spinach were sows.
After emergence, the number of plants per pot was reduced to 20.

Trial site: unheated glasshouse.
A, Variety: Estivato, Sowing date: 21 April. Emergence date: 27 April. Har-
vest dates: 27, 34, 37 and 39 days after emergence,

K-dressing per pot: 1.08 g K.

N-dressing per pot: 1.5g N (0.75g on 20 April and 0.75 g on 14 May).

N03-N:NH4-N-ratios: 3:0,2:1,1:2 and 0:3.

N-serve 24E per pot: 110 mg (= 26 mg nitrapyrin).

B. Variety: Subito. Sowing date: 4 September, Emergence date: 7 September,

Harvest dates: 37, 40, 43 and 46 days after emergence,

K-dressings per pot: (for the NO,-N:NH, -N-ratio 3:0 only) 1.08 and (for

all ratios) 1.83 g K (1.08 g on 4 September and 0.75 g on 29 September).

N-dressings per pot: 1.5 and 2.25gN (0.75g on 4 and 0.75g on 25

September for both N-levels and 0.75 g on 6 October for high N),

N03-N:NH4-N-ratios: 3:0,2:1and 1:2.

N-serve 24E per pot: 100 mg (= 24 mg nitrapyrin).

In both trials, NH,-N was applied as (NH,),S0, and NO,-N as Ca(NO,),.
Per harvest, the aerial parts and roots of 3 pots were collected separately
per pot.

3.1.4 Soil-culture experiments

In the pot experiments with different soils as growth medium the effects
of several factors were studied,

Experiment 1, 1977

Effects of variations in plant age and N-supply on the distribution of
plant nutrients in the aerial parts of spinach.

Growth medium: a sandy soil (Wageningen-A, Table 1), limed to a pH-KCl
of about 5.7. Variety: Estivato. Sowing date: 1 August. Emergence date:
7 August.

Harvest dates: 24,32, 38,45, 52, 59 and 66 days after emergence.
N-dressings per pot: 0.5 and 2.25 g NO,-N,
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Trial site: covered glasshouse. Temperature (day/night): 15°C. Light inten-
sity (400-700 nm): 50 W per m2 (HPLR). Daylength: 12 hours. Relative hu-
midity: 70-90%.

Leaves were sampled in pairs, according to age, and divided into laminae
and petioles,

Experiment 2, 1979

Effects of variations in plant age and N-supply on yield and chemical
composition of spinach.

Growth medium: a sandy soil (Helden-B, Table 1). Variety: Spartan.
Sowing date: 23 August. Emergence date: 29 August, Trial site: unheated
glasshouse,

Harvest dates: 13, 19, 27, 33, 40 and 47 days after emergence,
N-dressings per pot: 0 and 1.5 g NO;-N.

Experiment 3, 1979 (A ) and 1980 (B)

Effects of variations in plant age, N-supply and time of application of N
on yield and chemical composition of spinach.

Growth medium: "2 sandy soil (Helden-B, Table 1). Variety: Spartan.
Trial site: unheated glasshouse.
N-dressings per pot: 0(Ny) - 0.5(N,) - 0.75(N,) - 1.O(N;) - 1.0 + 0.25
(N3 ) - 10+ 05(N; ) - L25(N,) - 1.25 + 0.25(Ny, ;) -1.5(Ng) -
1.75 (Ny) and 2.0 (N,)g NO4-N. The basal dressings were applied before
sowing and for the higher amounts the second dressing was applied about
two weeks after emergence. The additional N-dressings of 0.25 g per pot,
(N3+1’3+2) and (N3+2,4+1) were applied at the first and third harvest, re-
spectively.
A, Sowing date: 4 September. Emergence date: 11 September,

Harvest dates: 29 (N3,4’5), 35 (N3,3+1), 42 (N3’3+1’4’5),
49(Nj 3,1 342.4.4+1.5) and 56 (all treatments) days after emergence.
B. Sowing date: 28 February. Emergence date: 17 March,

Harvest dates: 37 (N3,4,5): 42 (N3’3+1), 45 (all treatments, except

Napaas1h S0MNg 3.0 300 4441,5) a0 S3(Ng 344 309 4 4415) days
after emergence.

Experiment 4, 1978 (A ) and 1979 (B)

Effects of variations in N-supply and soil-moisture contents on yield and
chemical composition of spinach.

A, Growth medium: a clay loam (Duiven-A, Table 1). Variety: Spinoza. Sow-
ing date: 8 March. Emergence date: 15 March. Harvest date: 27 April.
Trial site: unheated glasshouse.

N-dressings per pot: 0-0.4-0.8-1.6-3.2 g NO,-N.
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B, Growth medium: a loam {Nagele, Table 1). Variety: Estivato. Sowing date:
7 March. Emergence date: 22 March. Harvest date: 14 May, Trial site:
unheated glasshouse.

N-dressings per pot: 0-04-0.8-12-16¢g N03-N.

In both trials soil-moisture contents were: 40, 60 (standard for all other pot

trials) and 80¢% of the maximum water-holding capacity (WHC),

For most Dutch soils, 60% of the maximum water-holding capacity is nearly

pF 2.0.

Table 2. Chemical composition of the organic soil amendments in soil-culture experiments
4 and 8.

Constituents, in % of dry weight (A and B) or g per liter (C)

Material N P K Ca Mg NO3-NP) NH,4-ND)
A. Sewage sludge 2.0 1.1 0.2 L8 0.2 - -
B. Farmyard
mantire 2.3 1.3 1.9 2.9 0.6 0.01 -
C. Pig manure
slurrya) 4.3 1.1 4.1 1.8 0.6 0 3.5

2} Volumic weight is 1.0 kg per liter and dry matter content is 4.9%.
b) Extraction with 0.5 M acetic acid.

Experiment 5, 1978 (A ) and 1979 (B)

Effects of variations in N-supply and type of N-carriers on yield and
chemical composition of spinach.

N-dressings per pot: 0 - 0.8 - 1.6 - 2.4 g N for calcium nitrate (15.5%N)
and sulphur-coated urea (SCU: 37%N), and 0 - 2.4 - 4.8 - 7.2 g N for urea-
form (-aldehyde) (= Peraform: 37%N) and sewage sludge (see Table 2).
It was assumed that during the growth period of the crop only one third of
the nitrogen from ureaform and sewage sludge would become available,
A. Growth medium: a clay loam (Duiven-A, Table 1), Variety: Spinoza. Sow-

ing date: 8 March. Emergence date: 15 March. Harvest date: 27 April.

Trial site: unheated glasshouse.

B. Growth medium: a loam (Nagele, Table 1). Variety: Estivato. Sowing date:
7 March, Emergence date: 22 March. Harvest date: 14 May. Trial site:
unheated glasshouse, In trial B per pot 60 mg N-serve 24E was added
(= 14 mg nitrapyrin).

Experiment 6, 1950

Effects of variations in N-supply, type of fertilizer and nitrification inhib-
itors on yield and chemical composition of spinach.

Growth medium: a sandy soil (Droevendaal, Table 1), Variety: Spartan,
Sowing date: 1 September. Emergence date: 7 September. Harvest date: 24
October, Trial site: unheated glasshouse.
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N-dressings per pot: 0-1.0-1.5-20gN.

Fertilizers: Ca(NO,),, (NH,),50, and CaCN, (18%N, 1.5%NO;-N). For in-
cubation, the fertilizers were mixed with the soil on 20 August.

In addition to all treatment combinations without inhibitor, (NI1,),50, (1.0
- 1.5 - 2.0 g N) was treated with 30 and 90 mg dicyandiamide (DCD) or nitra-
pyrin (N-serve) and Ca(NO,), (1.0 - 1.5 -2.0 g N) with 30 mg DCD.

Experiment 7, 1978 . .

Effects of variations in N-supply, NO,:NH, -ratio, light intensity and tem-
perature on yield and chemicai composition of spinach,

Growth medium: a clay loam (Duiven-A, Table 1). Variety: Estivato. Sow-
ing date: 13 January. Emergence date: 18 January. Trial site: growth cham-
bers, Temperature until 15 February (day/night): 17°C, Light intensity until
15 February (400-700 nm): 62 W per m“. Day length: 12 hours. Relative hu-
midity: 80%.

N-dressings per pot: 1.5 and 2.25 g N.

NO;-N:NH,-N-ratios: 10:0, 7:3 and 4:6.

N-serve 24E per pot: 130 mg (=31 mg nitrapyrin). First harvest date: 14
February. On 15 February, 9 temperature and light intensity combinations
were installed in the growth chambers.

Temperatures: 22, 17 and 12°C.

Light intensities: 70, 49 and 33 W per m2.

Second harvest date: 24 February,

Fxperiment 8, 1980

Effects of variations in N-supply and of inorganic vs. organic nitrogen on
yield and chemical composition of spinach.

Growth medium: a sandy soil (Vredepeel, Table 1), Variety: Spartan,
Trial site: unheated glasshouse.
On 13 December 1979, portions of the soil were mixed with either pig-manure
slurry (PMS) (3 or 6litre per 100 kg dry seil), or dried farmyard manure
(FYM) (1.25 or 2.5 kg per 100 kg dry soil) (see Table 2). One portion re-
mained without manure. The samples without manure and with pig-manure
slurty were limed on 10 January and on 20 February 1980, respectively.
During incubation, soil-moisture content was kept at about 50% of the maxi-
mum water-holding capacity,
N-dressings per pot for all samples (mixtures) were: 0 -0.5.10-15g
NO;-N; 2.0 g NO,-N was included only for the treatment without manure.
Sowing date: 10 March. Emergence date: 24 March. Harvest date: 12 May.
Plants of the treatments 0 - 1.0 - 2.0g NO3-N without manure, and O -
1.0g NOy-N with 6 liter PMS per 100kg dry soil were also harvested on
22 Apriland on 1, 6 and 15 May.

Experiment 9, 1980

Effects of variations in N-supply, soil pH and type of fertilizer on yieid
and chemical composition of spinach.
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Growth medium: a sandy soil (Wageningen-B, Table 1). Variety: Spartan.
Sowing date: S March. Emergence date: 19 March. Harvest date: 6 May.
Trial site: unheated glasshouse.

N-dressings per pot: 0.4-0.8-1.2-16-20gN.

Soil pH: 4.5- 5.0 - 5.5 - 6.0 (pH-KCI).

Fertilizers: Ca(NO,), for all N-levels and (NH,),50, for 1.6gN only.
To establish the desired soil pH-values, CaCO; was mixed with the soil.
Ca80, was added to keep the amounts of Ca constant.

Experiment 10, 1978

Effects of variations in N-supply, soil type and of Mo-spraying on yield
and chemical composition of spinach.

Growth medium: a sandy soil and a clay loam (Wageningen-A and Duiven-
A, Table 1). The sandy soil was limed to a pH-KCl of about 5.7, Variety: Esti-
vato, Sowing date: 4 August, Emergence date: 10 August. Harvest date: 21
September. Trial site: unheated glasshouse.
N-dressings per pot: 0-0.75 - 1.5 g NO;-N.
Mo-treatments: no spraying, spraying on 15 September or spraying on 19
September, Plants were sprayed with a solution containing 100 mg Mo perl
until all leaves were wet.

FExperiment 11, 1979

Effects of variation in P-supply on yield and chemical composition of spin-
ach,

Growth medium: a clay loam (Duiven-B, Table 1). Variety: Spinoza. Trial
site; unheated glasshouse.
On 29 November 1978, portions of the soil were mixed with increasing
amounts of CaHPO,. During incubation, soil-moisture contents were kept at
about 50% of the maximum water-holding capacity. P-AL contents of the soil
analysed in March 1979 were: 157, 214, 284 and 380 mgP per kg soil,
Each of these soil samples was dressed per pot with 0- 0,22 - 044 - 0.66 g
P as CaHPO, on 2 March, '
Sowing date: 2 March. Emergence date: 12 March, Harvest date: 1 May.
N-dressing per pot: 1.6 g N as NH4N03.

Experiment 12, 1979 (A jand {Bjand 1980 (C)
Effects of variations in K-supply and type of K-carriers on yield and
chemical composition of spinach,
Growth medium: a sandy soil (Wageningen-A, Table 1) with K-HCl-con-
tents of 35,75, and 69 mg K per kg soil.
K-dressings per pot: 0-0.42-0.83-166gK.
K-carriers: KCl and K, 80,.
N-dressings per pot: 1.2 (C}and 1.6 (A and B} g N as Ca(NO,),.
A, Variety: Spartan, Sowing date: 10 August. Emergence date: 15 August.
Harvest date: 13 September. Trial site: unheated glasshouse.
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B. Variety: Spartan, Sowing date: 24 September. Emergence date: 1 October.
Harvest date: 20 November, Trial site: heated glasshouse (15°C).

C. Variety: Subito. Sowing date: 8 January. Emergence date: 15 January.
Harvest date: 19 March, Trial site: heated glasshouse {15°C).

Experiment 13, 1980

Effects of varation in spinach variety on yield and chemical compesition
of spinach.

Varieties: Nobel, Virkade, Medania, Califlay.
Sowing date: 21 February, Planting date: 25 February. Harvest dates: 17
and 24 April. Trial site: heated glasshouse (17°C).
In this experiment plastic 1.5-1 pots were used with about 1 kg of a commer-
cial potting mixture. Based on its wet weight, the potting mixture contained
71% water, 21% organic matter, 8% ash and per kg of substraie 0.38g
(NO,+NH, )-N (KCl-extraction). pH-H,O was 6.0 and available P, K and Mg
were high.
Per pot 1 plant was grown, The experiment was arranged in 4 blocks with 5
pots per block,

The experiment was carried out at the Institute for Horticultural Plant
Breeding, Wageningen, Varicties were kindly supplied by dr.ir. A.H. Eenink
of this Institute.

Remarks: In the experiments with N-, P-, or K-supplies as variables the
other nutrients were applied in sufficient amounts before sowing; high
amounts of N and K were applied in split dressings. In all experiments 40
seeds of spinach were sown per pot and after emergence the number of
plants per pot was reduced to 20. There were at least 3 replicates (= some-
times blocks) in all experiments. Residual (NO;+NH, )-N in the pots was de-
termined in some of the experiments.

3.2 Field experiments
3.2.1 General

In all field experiments, the effects of variation in NO;-N dressings on
yield and chemical composition of spinach were studied, Available
{NO;+NH,)}-N was determined at the start and throughout the growth
period, on fallow, untreated plots. To prevent the growth of spinach and
other plants these fallow plots were regularly hoed. In most of the experi-
ments, residual soil N was measured immediately after the harvest.

In addition to the effects of varying N-dressings, in a part of the field
experiments the effects of variations in NO;:NH, -ratio and of the addition of
nitrapyrin (active component of N-serve) on yield and chentical composition
of spinach were studied. In two trials, the effects of other factors, e.g. time
of application of N and varieties were tested.
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To realize the various NO,:NH, -ratios, calcium nitrate and ammonium
sulphate were :sed as single fertilizers or in combination with each other, Ni-
trapyrin, dissolved in an ampic vnlwvme of acetone, was spraved on the fer-
tilizer grains, and left to dry. The amounts of nitrapyrin used were based
on the amounts of nitrogen applied. The nitrogen (with or without nitrapy-
rin) was broadcast and, except for the Duiven experiments (section 3,2.2),
worked in mechanically immediately thereafter. The amount of seed was in
all trials 50 kg per ha and to prevent weed growth, after sowing (and before
emergence} 6-7 1 Asulox per ha was sprayed.

3.2.2 Duiven experiments

These experiments on a river clay loam soil (Duiven A, B and C, Table 1)
were carried out in the spring periods of 1977, 1978 and 1979, at the Agri-
cultural Experiment Station of Unilever Research, Duiven,

Experiment 1 (A and B), 1977
This experiment was laid out as a randomized block with three replicates;
plot size 5x5 mZ,
On 5 April P (83 kg P as superphosphate) and K (415 kg K as K-60) were
applied per ha. Sowing date: 20 April. Variety: Estivato. Emergence date:
2 May.
Sprinkler irrigation on 11 May (7.5 mm), 26 May (7.5mm) and 1 June
(9 mm).
Harvest dates: 2 June, 8 June and 15 June (moming and evening). The first
harvest was planned one week before stalk elongation, the second at the be-
ginning of stalk elongation and the third at 5 cm stalk length, In fact, the
second and third harvests were one or two days late, at stalk length of about
2-4 cm and 7-10 ¢m, respectively.
A. N-dressing per ha: 150 kg N.
NQ,-N:NH, -N-ratios: 0:3, 1:2, 2:1 and 3:0.
Nitrapyrin: none and 45 ml N-serve 24E per kg N (= about 1% nitrapyrin).
Time of application of N: all N applied immediately after sowing (D, ) on
26 April, 3 split applications (DS) on 26 April, 10 and 24 May and 6 split
applications (Dy} as D, and on 3, 12 and 31 May.
B. N-dressings per ha: 0 - 75 - 150 (asin A) - 225 kg NO,-N, applied on
26 April,
Soil sampling dates: 26 April, 2, 16, 23 and 31 May and 6 and 13 June,
on fallow plots without nitrogen dressings,

Experiment 2 (A and B), 1978

In this experiment A and B were laid out separately as randomized blocks
with four replicates; plot size 5x7 m2.
On 5 April P (83 kg P as superphosphate) and K (320kg K as potassium
sulphate) were applied per ha.
Sowing date: 14 April. Variety: Estivato. Emergence date: 28 April. Harvest
date: 2 June (morning and evening),
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A. N-dressing per ha: 100 kg NO,-N, applied on 13 April.
Additional N-dressings per ha: 0 - 50 - 100 kg NO3-N, 50-100 kg NH4-N
or 50+ 50kg NO3-N + NH4-N. These additional dressings were treated
with 89 ml N-serve 24E per kg N (= about 2% nitrapyrin) and applied on
11 May,

B. N-dressings per ha: 0 - 50 - 100 - 150 - 200 kg NO,-N, applied on 17
April.
Soil sampling dates: 5 April, 2, 16 and 29 May and 2 June on fallow plots
without nitrogen dressings, and after harvest on all plots.

Experiment 3, 1979

This trial was laid out as a split plot scheme, replicated four times with
the N-levels randomized per block and the varieties randomized per N-level;
plot size 1.5 x 10.5 m?,
On 7May, P (83 kg P as superphosphate} and K (332 kg K as K-40) were
applied per ha.
Sowing date: 9 May. Emergence date: 20 May. Harvest dates: 13 June {vari-
ety 1), 15 June (variety 2), 15 June (varieties 3, 4 and 5).
N-dressings per ha: 0 - 50 - 100 - 150 - 200 kg NO,-N, applied on 9 May.
Varieties: Indian Summer (1), Summic (2), Medania (3), Symfonie (4),
Nr. 731037 (5).
Soil sampling dates: 10 and 29 May, 5, 13 and 20 June on fallow plots with-
out nitrogen dressings,

3.2.3 Lelystad experiments

These experiments were carried out in the autumn of 1978 and in the
spring of 1979 on a loamy soil (Table 1) at the Research Station for Arable
Farming and Field Production of Vegetables, Lelystad. In both years the
trials \zvere laid out as randomized blocks with four replicates; plot size
3x5 m~.

Experiment 4, 1978

On 31 July K {(50kg K as K-60) was applied per ha. P was not applied
as the preceding crop being seed potatoes had received an ample quantity of
P-fertilizer.
Sowing date: 11 August. Variety: Spartan. Emergence date: 18 August.
Harvest date: 26 September,
N-dressings per ha: 0 - 50 - 100 - 150 - 200 kg N, applied on 31 July (50,
100 and 200 kg per ha as NO,-N only).
N03-N:NH4-N-ratios (for the 130 kg N-dressing): 0:3, 1:2, 1:1, 2:1 and
3:0.
Nitrapyrin: 100 ml N-serve 24E per kg N (= about 2% nitrapyrin) for all ra-
tios; without nitrapyrin for the ratios ¢:3 and 3:0.
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Soil sampling dates: 31 July, 21 August, 5, 19 and 26 September on fallow
plots without nitrogen dressings. After the harvest, plots with NO,-N only
(without nitrapyrin) were also sampled,

Experiment 5, 1979

On 23 March, P (66 kg P as triple superphosphate) and K {66 kg K as
K-60) were applied per ha,
Sowing date: 27 April. Variety: Estivato. Emergence date: 10 May. Harvest
date: 18 June,
The experimental design was the same as in 1978 with an additional N-treat-
ment of 150 kg per ha, N03-N : NHy-N = 1:1, without nitrapyrin. N-applica-
tion date: 19 April.
Nitrapyrin: 84 ml N-serve 24E per kg N.
Soil sampling dates: 19 April, 15, 24 and 30 May, 6, 11, 14 and 18 June on
fallow plots without nitrogen dressings. After the harvest, plots with NO,-N
only (without nitrapyrin) were also sampled.

3.2.4 Helden experiments

These experiments were carried out in spring and autumn 1979 on a sandy
soil (Helden-A and B, Table 1) at the Experimental Horticulture Garden,
Helden. In both seasons the trials were laid out as randomized blocks with
four replicates; plot size 4x4 m?.

Experiment 6, 1979 {spring)

On 5 April P (22 kg P as superphosphate), K (83 kg K as K-40} and Mg
(30 kg Mg as kieserite) were applied per ha.
Sowing date: 11 April. Variety: Estivato. Emergence date: 23 April. Harvest
date: 7 June.
N-dressings per ha: 0 - 50 - 100 - 150 - 200 kg N, applied on 10 April (50
and 200 kg per ha as NO,-N only).
N03-N:NH4-N-ratios (for the 100 or 150 kg N-dressings): 0:4, 1:3, 2:2,
3:1 and 4:0.
Nitrapyrin: 84 ml N-serve 24E per kg N (= about 2% nitrapyrin) for all ra-
tios. Additionally, without nitrapyrin for the ratios 0:4, 2:2 and 4:0.
Soil sampling dates: 10 and 25 April, 9,22, 28 and 31 May, 5 and 7 June on
fallow plots without nitrogen dressings. After the harvest, plots with NO,-N
only (without nitrapyrin) were also sampled.

Experiment 7, 1979 fautumn)

The experimental design and the basal dressings were the same as in the
spring.
Basal dressings applied: 20 August, Sowing date: 23 August. Variety: Spar-
tan, N.application date: 21 August. Emergence date: 31 August. Harvest
date: 15 October.
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Soil sampling dates: 21 August, 3, 11, 17 and 25 September, 1, 8 and 15
October on fallow plots without nitrogen dressings, After the harvest, plots
without nitrogen and with 100 and 200 kg NQ;-N (without nitrapyrin) per
ha were also sampled.

3.3 Weather conditions

Daily precipitations recorded at Wageningen for April-July 1977, Maich-
September 1978 and March-October 1379 are shown in Figure 3.1.

The rainfall at Wageningen and Duiven (30 km east of Wageningen) was
similar during the cropping period. At Duiven 104, 53 and 104 mu were re-
corded in 1977, 1978 and 1979, respectively,

Precipitation recorded in 1978 and 1979 at Lelystad (70 km north of
Wageningen) was somewhat higher than in Wageningen. Between emergence
and harvest of the crop, 77 and 134 mm were recorded at Lelystad in 1978
and 1979, respectively. Rainfall at Helden (75 km south of Wageningen) was
not recorded; it is assumed to have been the same as at the Experimental
Horticulture Station at Meterik, 15 km north of Helden, During the cropping
period in the spring of 1979, the 87 mm recorded at Meterik were lower than
in Wageningen; in the autumn of 1979, precipitation was recorded at Meterik
until 16 September only. Global radiation data per day inMJ per m? recorded
at Wageningen in 1977 (April-July), 1978 (March-September), 1979 (March-
November) and 1980 {February-November) are presented in Figure 3,2. The
radiation during the periods of the indoor and field experiments can be read
from this figure. Radiation was lower during the field experiments 4 and 7
(autumn) than during the field experiments in spring. The data on maximum
and minimum temperatures (Table 3), demonstrate that in the course of the
field experiments in spring the average daily temperature increased by about
10°C, whereas during the autumn experiments it decreased by about 5°C.

3.4 Harvest

In the field experiments in the spring the spinach was harvested at a
stalk length of about 5 cm, whereas in the autumn, when stalk length could
not be used as a criterion, harvest took place about 6 weeks after emer-
gence.

The plants were harvested between 9,00 and 11,00 a,m. On 15 June 1977
and 2 June 1978 the ‘evening’ harvests were between 6.00 and 8.00 p.m. Of
at least 2 m? in the centre of a plot the plants were cut off below the stem
and leaves with a special knife. As opposed to harvesting with the mowing
machine or scythe, this practice gives less sampling variation. Because of
irregular growth, in Lelystad 1978 (experiment 4) 2x2 m? and in Duiven
1979 (experiment 3) 1x3 m? plots were harvested. The samples were stored
at 2-4°C and weighed. Subsamples of 0.5-1.0 kg were weighed and dried at
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Figure 3.2 Global radiation per day recorded at Wageningen during the periods April-Fuly
1977, March-September 1978, March-November 1979 and February-November 1980
{from 13 to 31 October 1980 no data available due to transiocation of weather station).

70°C for at least 20 hours (from the indoor experiments ail fresh material
was dried). Subsamples of all 1979 experiments had to be washed with
deionized water to remove soil particles, The dried plant material was weighed,
ground through a 1.mm sieve and stored in air-tight plastic bags for chemical
analysis.

3.5 Chemical analysis
Samples of the plant material were digested with concentrated sulphuric

acid, salicylic acid and hydrogen peroxide, In the digests, Na, K and Ca
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were determined flame-photometrically, H,PO, and total N colorimetrically
and Mg by atomic absorption spectrophotometry,

Subsamples were exiracted with water (0.5 g plant material and 50 m] de-
ionized water) and in the extracts nitrate was determined with an ‘Orion’
ion-specific electrode, Cl coulometrically and SO, turbidimetrically. Details
of the analytic procedures and techniques are given by Slangen & Hoogendijk
[1970]. 0.5 M acetic acid was used instead of water for the samples of the
field trials and in these extracts nitrate was determined colorimetrically as
NO, after reduction with a Cd-Cu column ina Technicon Autoanalyzer (sys-
tem II).

The analytical results were expressed as mmol per kg dried (70°C) plant
material.

The carboxylate contents, (C-A) according to de Wit et al. [1963], were
found by subtracting the sum of inorganic anions from the sum of inorganic
cations both expressed as meq per kg. Organic N is total N minus NO,, both
in mmol per kg.

Table 3. Mean maximum and minimum air temperatures per decade recorded at 1.5 m above
groundlevel in Wageningen in 1977 (April-Junej and in 1978 and 1979 (April-October)

1977 1978 1979
Month Decade Max. Min. Max. Min. Max. Min.
April 1 7.9 -1.2 11.0 1.0 9.9 1.6
i 9.8 -0.7 9.9 -0.2 147 4.3
11 13.2 5.6 15.7 4.0 10.8 3.5
May 1 13.6 55 16.8 6.7 11.0 1.6
I 15.4 6.7 15.1 4.7 19.2 8.2
11} 19.7 6.0 19.7 8.7 19.1 9.8
June | 17.5 8.0 23.1 12.5 214 11.7
nn 19.5 12.2 19.2 8.1 18.4 8.2
August 1 19.2 11.7 20.5 11.4
I 214 9.6 19.8 11.5
m 18.6 8.7 19.1 8.3
September | 18.1 9.6 21.9 10.7
II 17.0 8.2 174 7.9
1 16.0 9.4 16.4 2.6
October I 14.9 7.1 19.2 9.7
11 15.0 6.0 15.0 7.5

3.6 Soil analysis

Soils on the field plots (or other units) were sampled in layers of 20 and
30 cm, to a depth of 80 and 90 cm, respectively. With a special auger 5-6
cores were taken per layer and the soil material of the cores was mixed tho-
roughly. To prevent changes in N-contents [Breimer & Slangen, 1981}, while
in the field, the samples were stored in a cool box and after transport to
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the laboratory they were kept at 2°C for a period not exceeding 2 days,
Subsamples of approximately 20 g of the mixed field-moist soil were weighed
(in duplicate} and shaken with 50 ml extraction solution, i.e. 0.01 M CuSO,
for NO,-N and 1 M KCi for NH,-N. After 15 minutes (CuSO,) or 60 mmutes
(KCD), the extracts were ﬁltered {Schleicher and Schill 5893 Blue Ash
Free). NO, was measured with an ‘Orion’ jon-specific electrode [Meyers &
Paul, 1968; Qien & Selmer-Olsen, 1969] and NH, was determined colorimet-
rically [Novozamsky et al., 1974].

The moisture contents of the samples were determined simuitaneously by
drying about 20 g of soil at 105°C, NO,-N and NH,-N contents of the sam-
ples were expressed as mg per kg oven-dry soil (105°C). Bulk density was
determined for each soil type and layer. The results ranged from 1.2 to
1.5t per m>. From these data, the inorganic N-contents (in kg per ha)
could be calculated per layer and for the whole profile-depth,
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4 Nitrogen nutrition and the ionic balance in spinach; results of
the indoor experiments

4.1 General introduction

During the process of ion uptake by plants electroneutrality is maintained
both in the plant and in the growth medium. As plant roots absorb nutrient
ions at different rates, electroneutrality is achieved within the plant by ac-
cumulation or degradation of anions of organic acids [Hiatt, 1967; Jacobson
& Ordin, 1954; Ulrich, 1941]. The difference between quantities of inorganic
cations (C) and -anions (A} in the plant (C-A}, henceforth referred to as
carboxylate pool, is equivalent to the amount of these organic anions, In the
nutrient medium, neutrality is maintained by excretion of either H- or HCO;-
ions from the roots [Kirkby, 1974].

Processes that generate carboxylates are cation uptake in excess of anion
uptake, nitrate assimilation and sulphate assimilation [Dijkshoorn, 1969,
Hiatt, 1967; Jacobson & Ordin, 1954; Ulrich, 1941, 1942]. Processes that
deplete the carboxylate pool are anion uptake in excess of cation uptake, and
ammonium assimilation [Yem & Folkes, 1954; Coic et al,, 1961, 1962;
Houba et al., 1971].

Plants supplied with nitrate usually excrete HCO;- or OH-jons into the
nutrient medium. Details of this process are outlined in the Ben Zioni-Lips
model [Ben Zioni et al.,, 1971), In grasses and cereals some 50-60% of the
negative charge originating from N03-assimi1ation appears in the nutrient
medium. in a number of plant species, e.g. sugar beet [Houba et al., 1971}
and tomato [Kirkby & Knight, 1977] the OH-ion excretion is relatively small.
Kirkby [1974] therefore proposed a meodification of the Ben Zioni-Lips
model that is applicable to species having a cation:anion uptake ratio close to
unity, In this model, after translocation to the shoot, nitrate-nitrogen is
transformed into organic nitrogen, and carboxylates accumulate in the shoot.
Translocation of carboxylates to the roots and subsequent decarboxylation in
the root system are thought to be of minor importance in these species.

Plants supplied with ammonium-nitrogen as only N-source absorb cations
in excess of anions [Kirkby, 1969], and they assimilate ammonium mainly in
the roots. The intracellular pH of these plants is regulated by H-ion excre-
tion in the nutrient medium |[Raven & Smith, 1976], thus lowering the pH of
the thizophere. According to Kirkby [1969], the H-ion excretion by these
plants is equivalent to (C-A) (including free NH,-ions) + (organic N} equi-
valents - {(organic 8) equivalents. Carboxylate production of ammonium-fed
plants generally is low [Breteler, 1973; Houba et al., 1971; Kirkby, 1969].

Van Egmond [1978] suggests that when plants are supplied with both am-
monium- and nitrate-nitrogen, for certain plants, e.g. sugar beet, spinach
and tomato, the extent of ammonium- or nitrate nutrition might be character-
ized by the ratio (C-A):org N on a whole-plant basis, This ratio will de-
crease from about unity to about zero for these plants when going from a
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situation with nitrate uptake only to a situation with ammonium uptake
only, The ratio might increase when nitrogen is depleted, as was shown by
Houba et al, [1971] with sugar beet,

4.2 Spinach grown in water-cultures

Results of the water-culture experiment confirmed the expectation that
the cation:anion uptake ratio of spinach supplied with NO, is close to unity.
The calculated slightly higher anion uptake was in accordance with the
observation that the solution pH increased. The amount of nitrate assimilated
(= organic N) was equal to (C-A) on a wholeplant basis (Figure 4.1). It
should be noticed that in the calculations of the present study organic § is
neglected as it is only 5% of organic N [Dijkshoorn & van Wijk, 1967]. After
NOj; in the nutrient solution was replaced by 8Q,, the NO, -uptake stopped
and the nitrate pool in the plant was assimilated. Sums of cations and anions
decreased and cation uptake exceeded anion uptake. This excess cation
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Figure 4.1 Organic-nitrogen production related to (C-A) and dry-matter production of
whole spinach plants with continuous and interrupted nitrate supply (Water-culture
experiment).
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uptake must have been compensated for by H-ion excretion into the nutrient
medium and by the production of organic anions in the root as was suggested
by Houba et al. [1971]. As a consequence, carboxylate amounts were no
longer equal to the amounts of organic N (Figure 4.1). During nitrogen
depletion, (C-A} increased from 32 to 52 meq per 20 plants in shoots and
from 1 to 5 meq per 20 plants in roots, while organic nitrogen increased from
30 to 37 mmeol per 20 plants in shoots and from 4 to 8 mmol per 20 plants in
roots, Obviously the organic anions produced in roots as a result of excess
cation uptake were partly transported to the shoots,

The NO,-contents in aerial parts at final harvest were 497, 224 and
41 mmol per kg dry matter (DM) for spinach grown on NO, and without ni-
trogen for 3 or 9 days, respectively. During the 9-day depletion period, the
tota] dry-matter production of spinach (shoot + root) did not deviate from
that of plants continuously supplied with NO, (Figure 4.1). However, plants
grown without nitrogen for 9 days, at final harvest had root weights amount-
ing to 15% of total dry matter against 11% of total dry matter for plants con-
tinuously supplied with NO,. At final harvest, fresh weights of the aerial
parts of plants without nitrogen were about 25% lower than those of the
N03-plants.

4.3 Spinach grown in sand-cultures with nitrate- and ammonium-nitrogen

In the first experiment, dry-matter production with NH,-N only was so
low (Figure 4,2) that this treatment was deleted in the second experiment,
The dry-matter productions per 20 plants per day ranged from 1.3 to 1.7 g
in the first (A, spring) and from 0.3 to 0.9 g in the second (B, +B,, au-
tumn) experiment, with minor effects of variations in NO,-N:NH, -N-ratios in
the first and of variations in amounts of N in the second experiment. In the
latter, dry matter was significantly lower at the 1:2 ratio, In both experi-
ments shoot:root (DM-basis) and shoot fresh weight were highest for the
NO3-N:NH4-N = 2:1 ratio.

The NO,-contents in shoots {Figure 4.3) decreased with increasing age of
the plants, the decrease being more pronounced for the lower N-level and
higher dry-matter production as pertaining to the first experiment (A). This
experiment was carried out in April-May whereas the other was carried out
in September-October. In both experiments the NO;-contents were highest
with the NO,-N:NH,-N-ratio of 2:1. The NO,-contents were lowest with the
ratios 1:2 (1.5g N) and 3:0 (2.25 g N). NO,-contents in roots (not shown)
decreased when NO3-N:NH 4-N decreased for the 1.5 g N treatment; for
treatments with 2.25 g N, NO;-contents were highest for the ratio 2:1. It
can be concluded from these results that replacing NO;-N by NH,-N is by
no means a guarantee for lower N03-c0ntents, and that the amount of N, the
N03-N:NH 4-N-ratio, and other conditions, e.g. light, have to be considered
as well,
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Figure 4.2 Dry-matter production of whole spinach plants in the sand-culture experi-
ments with varying N- and K-dressings and NO3-N:NH4-N-ratios,

If NO,4-N is partly replaced by NH,-N the chemical composition of
spinach is markedly affected as is demonstrated in Table 4 with part of the
results of sand-culture B, The total inorganic cation contents (C) in shoots
decreased, mainly due to changes in divalent cation contents when the
NO;-N:NH,-N-ratio decreased. The contents of potassium (the main mono-
valent cation) in shoots did not start to decrease until all nitrogen was sup-
plied as NH,-N (sand-culture A). In roots (C) decreased mainly due to changes
in the contents of monovalent cations. The total inorganic anion contents (A)
increased in both shoots and roots with changes towards relatively more
NH,-N in the above ratio. These increases were due to increases in SO, - and
H, PO, contents,

The (C-A)contents in shoots and roots of spinach decreased with lower
NO,-N:NH, -N-ratios (Free NH, was not analysed in the plant material. The
contents were estimated to be lower than 50 mmol per kg DM). In Table 4 it
is shown that the (C-A)-contents in shoots were balanced for a major part
by carboxylates, with oxalate as the one decreasing with higher NH,-N
supply and the other carboxylates remaining more or less constant in the
range of NO,-N:NH,-N-ratios covered in this table. (Similar results were
obtained by Merkel [1975] for spinach on nutrient solutions.) N- and org
N-contents in shoots and roots increased in both sand-culture experiments
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Figure 4,3 Nitrate contents in the aerial parts of spinach in the sand-culture experiments
with varying N- and K-dressings and NO3-N:NHg-N-ratios,

when the NO,-N:NH,-N-ratio decreased (Table 4).

From the relationship between organic nitrogen and (C-A) (Figure 4.4),
it can be observed that the ratio (C-A):org N (on a whole-plant basis) was
about one with NO,-N only and that it decreased to about zero when only
NH,-N was applied, as suggested by van Egmond [1978]. For spinach, the
(C-A):org N-ratio indicates fairly well the extent of NO,- or NH,-nutrition,
As the contribution of the roots to (C-A) and org N is relatively small, these
indications could also be found with the use of aerial parts only.

As the carboxylate pool can also be affected by the supply of plant nutri-
ents other than nitrogen, the effects of K-supply were studied in more detail,
Comparable (C-A).org N-ratios were found in the first and second experiment
(Figure 4.4), although K-supply per pot differed by 0,75 g XK. If 1.83 g in-
stead of 1.08 g K were given, the K-contents in shoots of spinach increased
by about 800 meq per kg DM in sand-culture B as is shown in Table § with
a part of the results of this experiment. The lower K-contents were partly
compensated for by higher Na-, Mg- and Ca-contents, resulting in (C)-con-
tents which were only 200-300 meq per kg DM lower. However, with lower
K-supply the (A)contents in the shoots were also about 200 meq per kg DM
lower, mainly because of the lower NO,-contents (Table 5). As a result of
these changes, the (C-A)<contents in shoots were hardly affected by K-sup-
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Table 4, Yield and chemical composition of spinach grown in sand with per pot added 1,5 g
N asNO;- andfor NH4-N, and 183 gk {Sand-culture experiment B, third harvest).

NO3-N: NH4-N 3:0 2:1 1:2

Shoot  Rootr Shoot Root Shoot  Root

Fresh weight?) 231 261 148
Dry weight 17.7 27 18.2 2.4 123 1.9
Kb 2124 679 21175 875 1940 1188
Na 234 353 157 587 68 143
Mg 597 844 414 588 222 494
Ca 970 576 386 461 184 476
zZC 3925 2452 3132 2508 2414 2301
CI 38 36 56 30 65 27
S0, 56 142 150 356 333 564
HyPQy 194 297 289 358 375 441
NO,; 675 450 799 287 534 85
ZA 963 925 1294 1031 1307 1117
N 3787 2740 4593 2873 5255 3443
org N 3112 2290 3793 2586 4721 3358
(C-A) 2963 1527 1837 1477 1107 1134
Organic anions

Succinate 31 31 28

Fumarate 22 16 14

Malate 230 170 213

Oxalate 2354 1324 537
z 2637 1541 792
{C - A) - Z Organic anions 326 296 315

4y gper 20 plants.
b) meq per kg DM.

ply. In roots (C)-, (A) and (C-A)contents were hardly affected by a re-
duced K-supply; with high N-supply, (C) and (C-A) were somewhat lower.
The N- and org N-contents in shoots and roots tended to be lower values
with low K-supply, except when N-supply was high. Dry matter and fresh
weights of shoots were about 10 and 25%lower for plants with 1.08 g K than
for the ones with 1.83 g K (Table 5).
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Figure 4.4 Relationship between organic nitrogen and (C-A) of whole spinach plants
in the sand-culture experiments with varying N- and K-dressings and NO3-N:NH4-N-
ratios.

4.4 The effects of nitrate-nitrogen on yield and chemical characteristics of
spinach grown on various soils
4.4.1 The amount of nitrate-nitrogen applied

The dry-matter yields of spinach in the experiments covered in Figure
4.5 increased up to 1.5gNO,-N per pot, which level frequently brings
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about maximurn spinach yields in pot experiments under the conditions de-
scribed in section 3.1.3. NO,-contents in spinach were found to be strongly
affected by nitrate concentrations in the soil solutions. The differences in
Figure 4.5 must furthermore be attributed to plant age, light conditions, soil
type, etc. It can be seen that in general beyond 1.0 g NO,-N per pot sharp
increases in NO,-contents are to be expected.

A representative example of the relationship between NQ,-N concen-
tration in soil after harvest and NO,-content in the plant isshown in Figure 4.6
where it can be seen that relatively high N03-c0ntents in spinach occur
above a concentration of about 5 mg NO,-N per kg soil. Below this level in

Table 5. Yield and chemical composition of the aerigl paris of spinach grown in sand, as
influenced by variations in quantities of NOy and K applied {Sand-culture experiment B,
third harvest).

NQ;-N - dressing 1.5 2.25

(g per pot)
K dressing 1.08 1.83 1.08 1.83

(g per pot) _— —_— —_—
Fresh weight?) 176 231 159 220
Dry weight 16.0 17.7 14.6 17.7
Kby 1321 2124 1456 2133
Na 322 234 286 210
Mg 618 597 569 504
Ca 1354 970 1527 1161
ZcC 3615 3925 3838 4028
Cl 42 38 41 44
50,4 438 56 61 110
H,PO4 195 194 224 199
NO3 498 675 626 764
ZA 783 963 952 1117
N 3654 3787 3909 3846
org N 3156 3112 3282 3u82
{C- A) 2832 2963 2886 2911
Organic anions

Succinate 27 31 42 48

Fumarate 10 22 29 31

Malate 172 230 128 154

Oxalate 2391 2354 2477 2351
z 2600 2637 2676 2584
{(C - A) - Z Orgenic anions 232 326 210 327

) pper 20 plants,
b} meq per kg DM.
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Figure 4.5 Effect of variations in nitrate dressing on NQ3-contents and yields (DM) of
spinach in experiments 3, 4 (moisture at 60% WHC), 5, 6, 8, 9 (pH-K{I=5.5) and 10

(without Mo-spraying, S=sand, CL=clay loam).

[41]



NO3

mmol per kg DM * x
700 5
* . X-——"x .
e :
500{ ,, &
x
x
3004
fr
100%
0 20 40 606 80 0 D

NO3-N mg per kg sol
» Harvest 1 o Harves! 4
A . 2 o+ ™ 5
L S 3

Figure 4.6 Relationship between NOj-concentration in soil after harvest and NO3-con-
tent in the aerial parts of spinach (Experiment 3B, individual data).

the range of 0-5 mg per kg soil, the N03-contents in plant material decreas-
ed rapidly to almost zero. These results were observed in spinach grown in
spring as well as in autumn. It is clear from these results that only when
the supply of NO,-N in the pots is practically exhausted (0-5 mg per kg soil
equals 0-35 mg per pot) relatively low NO3-contents in spinach can be ex-
pected.

With increasing N03-N-supp1y, the contenis of Na, Ca, Mg, (C-A), N and
org N increased and the contents of Cl, H,PQ, and SO, decreased with the
K-contents mostly being unaltered. For NO,-N-applications exceeding 0.8 g
per pot, (C-A):org N-ratios ranged between 0.9 and 1.1. For pots with lower
nitrate applications these ratios were between 1.1 and 1.9, thus reflecting
instances of progressive N-deficiency.

4.4.2 Distribution of plant nutrients in the aerigl parts of spinach

As can be observed from Figure 4.7, within one spinach plant large differ-
ences in NO,contents existed between leaves of different age. The NO, -con-
tents increased with leaf age, the contents in old leaves being higher than
in younger ones regardless of the nitrate dressing (Figure 4.7).

The dry weights and the weight ratios of laminae and petioles for pairs of
consecutive leaves increased with age of the leaves. Within each pair, this
ratio remained more or less constant during the growth period, with a value
of about 5 for the oldest and of about 2 for the youngest leaves,

The NO;-contents in the petioles of the high-NO, plants were 3 to 4 times
higher than in the laminae (Figure 4.7). At the low NO,-level, the nitrogen
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was depleted about 32 days after emergence and from then on the NO,-con-
tents decreased to very low values in both petioles and laminae.

For the high-NO3 treatment, the total amount of NO, calculated per leaf-
pair increased during the growth period. For the low-NO, treatment this
amount decreased in all leaf pairs from the 32nd day after emergence on-
wards. For the high and the low NO;-supply, 50 and 75% of the total amounts
of NO3 per plant, respectively, were found in the oldest four leaves, In this
experiment no evidence was found of redistribution of nitrate in spinach.

In contrast to NO,-contents, the N-, org N- and H,PO, contents decreas-
ed with increasing leaf age. In the laminae, the org N-contents were 2 to 3
times higher than in the petioles. The other plant nutrients will not receive
detailed attention here. Variations in org N- and (C-A)-contents in laminae
and petioles of different age in spinach, as shown in Figure 4.8 with the
results obtained at one of the harvests, were found to be very similar to
those observed by van Egmond [1971] for sugar beet. In 19735, this author
deduced that carboxylates were not redistributed in sugar beet, If it is as-
sumed that the same holds for spinach, it is obvious that, as carboxylates in
spinach are mainly formed during the process of NO;-reduction and the dis-
tribution of carboxylates (C-A) more or less runs counter to that of org N
(Figure 4.8), org N must have been redistributed, Although the (C-A} and
org N-contents varied for leaves of different ages, the (C-A):org N-ratio
was about one for the aerial parts of plants with a high nitrate supply. With
a low nitrate supply, the same was true until N03 became depleted.

NQ3
mimol kg DM -
o perig 2 45 59 days dfter emergence
3600- A @
A \ A \
SN \ .
20004 \ & \
a \ a,
\ A
A
1000 \ o, A °, \
e ° \ e e "
R AN N oo
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- ~—r—rfT—r I T
0 1 3' 3 1 3 t 3 i3 gf 2 5
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. ° laminae
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v v laminae + peliples

Figure 4.7 NO3-contents in laminas and petioles of spinach leaves of different age for
two levels of NO3-supply (Experiment 1),
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Figure 4.8 (C-A) and omg N-contents in laminae and petioles of spinach leaves of dif-
ferent age at two levels of NO3-supply, 59 days alter emergence (Experiment 1).

4.4.3 Age of plants and season of growth

Plant age and nitrate supply (section 4.4.1) had a marked effect on the
NO;-contents in spinach (Figure 4.9). The NO;-contents decreased after a
certain age; this age is related to the amount of NO,-N applied and to the
stage of dry-matter production. It is evident that with a high NO,-N supply
a high NO,-content will be maintained for a longer period.

From the results of experiments 3A and B in Figure 4.9 it can be seen
that the NO,-contents in the spinach grown in spring (B) were lower than
those found in autumn (A), and that the reverse was true for dry-matter
production, The differences were mainly due to the different light conditions.
The average daily radiations (see also Figure 3.2) during the growth periods
in 1979 (September-November) and in 1980 (March-May) were 7.5 and
13.5 MJ per m2, respectively. In autumn radiation decreased and in spring it
increased during the growth period. These differences will have affected both
NO;-assimilation and dry-matter production. In the period from 29 to 56
days after emergence in 1979 (A), the mean dry-matter productions were 0.5,
0.6 and 0.6 g per day with 1,0,1.25and 1,50 g NO, -N, respectively, whereas
in 1980 (B) from 37 to 53 days after emergence 1 4, 1.5 and 1.5 g per day
were produced. As can be expected from the dry-matter productions, the
N- and org N-contents in the spring experiment (B) decrcased to lower le-
vels than in the autumn experiment (A).
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4.4.4 Time of application of nitrate-nitrogen

A dressing of 1.0g per pot N, applied before sowing, resulted in fresh
weights which were about 10% lower than those obtained with higher N-dress-
ings 49 and 56 days after emergence in experiment 3A. The dry weights,
however, did not show significant differences (Table 6).

The NO,-contents were affected by variations in the quantity of NO;-N
applied, but not by variations in the timing of application (Table 6). The
results obtained in experiment 3B were similar to those of experiment 3A
presented in Table 6.

4.4.5 Soil-moisture content

The effects of variations in moisture content of the soil on the dry-matter
yields and NO, contents are shown in Table 7 with data from experiment 4B.
The higher N03-contents and lower dry-matier yields with low soil-moisture
content (40%) are in accordance with earlier data presented in the literature
(section 2.6.3). The levels of 60 and 80% of maximum water-holding capacity
(60% is about pF 2 for Dutch soils) did not differ in their effects on dry-
matter yields and NO,-contents of spinach (Table 7). Similar conclusions can
be drawn from the results of experiment 4A,

4.4.6 Soil pH

The fresh- and dry weights of spinach were not affected by variations in
pH-levels as used in experiment 9. The NO,-contents and the N-amounts in
the aerial parts of spinach, however, differed considerably (Figure 4.10),
especially for the intermediate NO;-N-levels. It should be noted that with
pH-KCl-levels of 5.5 and 6.0 the relationship between NO,-dressings and
NO;-contents was the same as shown in section 4.4.1 (Figure 4.5). The
NOj-contents at these pH-levels were lower than those at pH 4.5 and 5.0

As higher pH-levels are more favourable for the growth of micro-organisms,
NO,-immobilization might have been somewhat higher in soil with these
higher pH-levels, resulting in lower NO,-contents in spinach. Moreover, at
these higher pH-levels NQ,-uptake might have been suppressed, as was also
observed by Rao & Rains f1976]. A pH-KCl-value of 5.5 for the soil used in
this experiment corresponds with a pH-H, O-value of about 6.0.

The acidicuptake pattern resulting from N03-nutrition gave rise in the
soils to increases in pH-KCl of 0,2-0.3 units for all NO,-dressings, except
0.4 g N per pot, The pH-range for most N-dressings must therefore be con-
sidered to have been wider than suggested in the experimental design,

4.4.7 Mo-spraying on two soil types

Mo-spraying did not have any effect on the NO,-contents, the dry- and
fresh weights and on other characteristics of spinach (experiment 10),
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Figure 4.9 Dry-matter production and NOs3-contents in the aerial parts of spinach
plants of different age and with varying NO3-N dressings.

The NO;-contents in plants grown on the sandy soil were higher than of
those grown on the clay loam, with yields being higher for the latter soil
(Figure 4.5). With equal N-dressings per pot, the NO;-concentration in the
soil solution will have been higher in the sandy soil, thus enhancing NO;-
uptake by young plants and creating higher NO,-contents in the older leaves
(section 4.4.2). As upon exhaustion of available soil N, in these older leaves
NO; is less easily reduced, somewhat higher NO,-contents might be expected
in leaves of plants grown on sandy soils,
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Table 6. Effects of variation in the gquantity and in the timing of NQ, application on the
NO y-contents and dry-matter yields of spinach (Experiment 3A).

NO3-N-dressing 1.0 1.25 1.5
(g per pot}
+0.253) +0.25%)
+0.25b) +0.250)
Days after emergence
NO, {m mol per kg DM)
42 566 849 - 897 - 717
49 205 510 533 485 767 535
56 127 333 588 346 460 552
Dry matter (g per 20 plants)
42 183 18.3 - 18.1 — 20.1
49 24.1 23.8 23.8 24.7 25.0 24.6
56 25.3 25.6 25.9 26.7 27.1 254

4) Applied 29 days after emergence.
D) Applied 42 days after emergence.

Ta.ble 7. Effect of variations in soil-moisture contents and NOx-IN dressings on the NO5-
contents and dry-matter yields of spinuch (Experiment 4B).

NO3-N-dressing 0.8 1.2 16
(g per pot}

Soil-moisture content
(% of maximum waterholding capacity)
NG3 (m mol per kg DM)

40 158 227 283

60 82 96 188

80 43 47 156
Dry matter (g per 20 plants)

40 22.2 21.1 19.2

60 229 25.2 25.3

80 21.6 23.8 28.8
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Figure 4.10 Effects of variations in soil pH on (A) NOj3-content and (B) N-amount
in the aerial parts of spinach supplied with different quantities of NO3-N (Experi-
ment 9).

4.5 The effects of variations in N-form in soil cultures on yield and chemical
characteristics of spinach

4.5.1 Ammonium- and nitrate-nitrogen dressings

Since normally in soil NH, is rapidly transformed to NO,, the effects of
ammonium- or nitrate.nitrogen in soil-culture can only be tested if a so-called
nitrification inhibitor is used.

Without a nitrification inhibitor, as in experiment 6, NH, -dressings result-
ed in soil pH decreases of 1.0 to 1.5 units because of initial NH, -uptake and
subsequent nitrification of non-absorbed NH, (Table 8). The low pH-values
caused yields to decline and, as nitrification was not suppressed, the NO,-
contents in spinach sometimes were even higher than with NO,-dressings.
Addition of a nitrification inhibitor, in the form of DCD, to pots with nitrate-
nitrogen did not have any effect on yield or N03-contents of spinach. }Vith
ammonium dressings, however, DCD suppressed the NO,-contents consider-
ably (Table 8). The unfavourable effect on soil pH again manifested itself in
lower yields.

The effects of NH,-N on the ratio (C-A):org N as discussed in section
4.3 were confirmed in this experiment. With ratios of 0.5 or less, lower NO,-
contents were found, but in that situation yield was also substantially sup-
pressed.

[48]




Table 8. Nitrate contents and dry-matter yields of spinach, and soil pH values after harvest
as affected by ammonium- and nitrate-nitrogen gpplications. (Experiment 6}.

Without DCD With DCD2) (30 mg per pot)

N-dressing
(g per pot) 0 1.0 1.5 2.0 1.0 1.5 2.0
N-source

NO; (n mol per kg DM)

3
(NH4),50,4 44 362 405 19 67 116
Ca (NO3), 81 234 387 76 242 395

Dry matter (g per 20 plants)

3.1
{NH4)2, 804 21.1 19.8 19.7 20.1 22,5 224
Ca (NO3); 226 23.8 26.0 224 24.7 251

Soil pH-KC1 (after the harvest)

5.5
(NH4)2 80,4 4.5 4.1 4.0 4.6 4.3 4.2
Ca (NO3)4 54 56 5.6 5.5 5.6 56

3} DCD = dicyandiamide, a nitrification inhibitor.

Under the conditions prevailing in pot cultures (restricted volume, no
leaching, etc.), the effects of nitrification inhibitors on the NO,-concentra-
tion in incubated soil samples were very convincing. Quantities amounting to
93, 50, 27, 34 and 5% of the total amount of inorganic nitrogen (dressing
1.5 g N per pot) were available as NO, after a 65-day incubation for NH,-N
without inhibitor, NH,-N with 30 and 90 mg DCD per pot and NH,-N with
30 and 90 mg nitrapyrin per pot, respectively (Experiment 6). In the same
order, spinach yields were reduced by 16, 10, 26, 33 and 74% compared with
the yield of a NO,-dressed crop. These reductions can be partly ascribed to
the effects of nitrification on soil pH, as was mentioned above, and partly to
an enhanced NH j-uptake (section 4.3).

4,5.2 Light intensity- and temperature effects with different amounts of
nitrogen and varying N03.‘NH 4-ra11'os

Variations in quantity of N-dressing and in NO,-N:NH,-N-ratio did not
affect dry-matter yields in expetiment 7 (Table 9). The NO;-contents, how-
ever, were significantly affected by variations in these factors and in light
intensity and temperature in the growth chambers which contained the spin-
ach plants (Table 9, Figure 4.11).
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Table 9. Nitrate contents, {C - A): org N values and dry-matter yields of spinach as affected

by variations in N-dressings, NO 3. NH 4-ratio and plant age (Experiment 7)3).

N-dressing 1.5 2.25
(g per pat)
NO3-N 10 7 4 10 7 4
NH4-N 0 3 6 0 3 6
Days after emergence
NOj3; (m mol per kg DM)
27 6638 607 425 648 611 549
37 510 491 243 590 639 410
(C-A).orgN
27 0.9 0.7 0.7 0.9 0.7 0.7
37 0.8 0.6 0.5 0.8 0.6 0.5
Dry matter (g per 20 plants)
27 10.8 11.0 10.2 10.7 10.5 10.5
37 2L0 21.4 18.8 20.7 20.6 20.2

4) Temperature 1‘7°C; light intensity (400-700 nm): 62 W per m? for first harvest and 70
W per m? for second harvest.
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Figure 4.11 Effect of variations in NO3:NHg-ratio, temperature and light intensity on
NOj-contents in spinach (means of two N-dressings). (Experiment 7, final harvest).
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Higher temperature and lower light intensity (characteristics of a green-
house in the winter season) gave rise to higher NO,-contents, with the low-
est values for the NO,-N:NH, -N-ratio considered most favourable in this re-
spect. It should be noticed that in this experiment the spinach plants wete
harvested at the beginning of the photoperiod, However, at these relatively
high NO,-contents the effects of the diurnal variation in light on the NO;-
contents, as observed by e.g. Cantliffe [1972-2], could be expecied to be of
minor importance.

The suppressive effects of increases in N-dressing and of decreases in
the NO,-N:NH,-N-ratio on dry-matter yield and NO,-content of leaves, re-
spectively, were smaller than expected on the basis of the results obtained
in experiments with media containing more sand.

There is evidence that the clay loam soil used in experiment 7, with a CEC
(= cation exchange capacity) of 20 meq per 100 g soil, has a capacity to fix
NH4-ions (and K-ions)(J.H.G. Slangen, private communication). This implies
that at least a portion of the NH,-N will have been removed from the soil so-
lution, thus decreasing the NH,-concentration in the rhizosphere and the up-
take of NH4. This reduction in available N, to be expected for the lower
N03-N:NH4-N-ratios, will have manifested itself mainly in a reduction in
quantity of available NO;. The data of the NO,-contents and (C-A):org N-
values, shown in Table 9, were in accordance with these assumptions.

For the somewhat lower (C-A):org N-values in the second harvest no ex-
planation can be given.

4.6 Comparison of the performances of different N-carriers as reflected in
yields and NO;-contents of spinach

The results of experiment 5A without inhibition of nitrification (Figure
4.12) showed that spinach yields were somewhat higher with Peraform and
sulphur-coated urea (SCU) than with Ca(NO,), (the yields and NO ;-contents
obtained with the use of sewage sludge were low and will not be discussed),
Damage from high salt concentrations with Ca(NO,),, mainly at the highest
N.dressing, account for the relatively low yield obtained with this N-carrier.
Irrespective of the quantity of N applied the NO,-contents were always about
100 mmol per kg DM lower with SCU than with Ca(NO;), and Peraform,

Inhibition of nitrification (experimeni 5B) resulted in substantial yield re-
duction for those carriers which provide N as NH,. Judging from the yiclds
obtained with Ca(NQ;), in both experiments, no effect of inhibition other
than that on nitrification was found in experiment 5B. The low NO,-contents
‘obtained with the high rate of N supplied as NH, (Figure 4.12) also testify
to the effectiveness of the inhibition in this experiment.
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Figure 4,12 Effects of two dressings of N-carriers on the NO3-contents and dry-matter
vields of spinach (For SCU and sewage siudge the total amounts of N added per pot
were three times higher than the quantities of N indicated in the figure)}(Experiment §).

With CaCN, as N-carrier in experiment 6, dry-matter yields were less than
20g per 20 plants and NO;-contents less than 120 mmol per kg DM for N-
dressings up to 2.0 g per pot, (C-A):org N-values being lower than 0.4 mani-
fested the extent of NH,-uptake and -assimilation. With pH-KCl-values
as high as 6.5, resulting from the decomposition of cyandiamide into urea,
DCD and NH,, ammonia-toxicity [Schenk & Wehrmann, 1979] is highly
probable and accounts for the low yields,

4.7 The effects of N in manures on yield and chemical composition of spinach

The nitrogen from the manures used in experiment 8 was only partly avail-
able for uptake by plants. Available N, as calculated from the results of an
incubation study, was therefore used to construct Figure 4,13 B and C. In
these figures, one graph could be drawn for both the high and low amounts
of pig-manure slurry (PMS) and one graph for the high and low amounts of
farmyard manure (FYM).

With both FYM and PMS, NO,-contents were lower and dry-matter yields
were higher than obtained with Ca(NO;),. From this result, it might be de-

(52]



NO3

mmol per kg DM
600+
] A N 8 .
400- N /
: z

- VN 4

o 10 20 30 0 0 TI0 20
Dry malter yreld
per 20 plants g per po
40+ .
¢ “
- °m/A A
301 £'// A
// X——x
P -ox/ x CafNO3)s
04 A & PMS low amount + CaiNO3)s
/ A PMS high . . .
11 e FYM low . + .
10 /4 o FYMbIigh = &
X
[
o 16 20
N
g per pot

Figure 4.13 Effects of N applied as calcium nitrate, as pig-manure slurry (PMS) + calcium
nitrate or as farmyard manure (FYM) + calcium nitrate on the NO3z-contents and dry-
matter yields of spinach

{Experiment 8).

A, On horizontal axes, the total amounts of N applied are shown.

B+C. As in A but with 75 and 25% of the total N applied as pig manure slurry and farm-
yard manure, respectively.

duced that these fertilizers are promising for use in spinach growing, Never-
theless, it is questionable whether under field conditions the mineralization
of organic N from these materials coincides with the growth peried of spinach,
and whether the quantities mineralized are sufficiently independent of
weather conditions to always guarantee an adequate supply of available N.
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4.8 Effects of variations in P-dressing and in soil P-status on yield and chemical
composition of spinach

On the average there was a tendency of the NO,-contents to decrease
when P-dressings and values of available soil P increased (Table 10).

In this experiment with relatively high available soil P-levels, dry-matter
vields were found to be not affected by variations in size of the P-dressings,
but at the highest soil P-level yields were about 10% higher than at all other
levels,

Table 10. Effects of variations in P-dressings and in values of available soil P on NOa-con-
tents and dry-matter yields of spinach (Experiment 11).

Available soil P
(P-AL values, mg P per
kg soil) 157 214 284 380
P-dressing
(g P per pot)
NOj; (m mol per kg DM)
0 474 454 409 450
0.22 536 380 475 411
044 429 390 403 398
0.66 538 397 352 373
Dry matter (g per 20 plants)
0 24.9 24.9 26.3 219
0.22 24.5 249 4.2 215
0.44 26.0 25.7 4.6 281
0.66 25.0 24.9 24.7 28.6

4.9 Effects of variations in size of K-dressings and in type of K-carrier on
vield and chemical composition of spinach

From Figure 4.14 it can be seen that spinach responded in yield to K-
dressings up to 30% yield increase obtained with the highest dressing. The
differences in response to KCl and K,50, were small and statisticaily not sig-
nificant, With the use of K,30,, NO,-contents increased by about 250 mmol
per kg DM (between 0 and 1.66 g K per pot) in autumn and by about 100
mmol per kg DM in the spring experiments. The differences in NO,-contents
between KCl-treated and K,S0, -treated plants were about 100 mmol per kg
DM (Figure 4,14).

The uptake of NO; was likely to be enhanced by high K-uptake but due
to competition between NO; and Cl for attachment to absorption sites in
plant roots, lower NO;-contents were found in KCl-treated than in K,80,-
treated plants.
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Figure 4.14 Effects of variations in the amount of K applied and the type of K-carriers
on (A} NOz-contents and (B) dry-matter yields of spinach. (Data are means of values
obtained on three soils) (Experiment 12),

4.10 Effect of varietal differences on yields and NO;-contents in spinach

At both harvests, NO,-contents of the variety Medania were significantly
higher than those of the other varieties, while dry-matter yields of Medania
were significantly lower (Table 11). The NO,-uptake- and -reduction pat-
terns for Nobel, Virkade and Califlay must have been similar, whereas these
patterns for Medania differed from those of the other varieties.

It should be remarked that the plant- to -plant variation in NO,-content
was larger than normally found for other nutrients. Within one variety and
one harvest, NO,-contents may differ among plants by a factor 10.

Table 11. Effect of plant age and varietal differen'ces in NOgy-contents and dry-matter
yield of spinach (Experiment 13},

Variety Nobel  Virkade Medania Califlay

Days after planting
NOj (m mol per kg DM)

52 336 253 608 255

59 202 106 501 130
Dry matter (g per plant)

52 5.1 59 4.0 54

59 7.2 9.2 5.0 7.8
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5 Results of outdoor experiments
5.1 The effects of variations in nitrate dressings
S5.1.1 Yields and drv-matter contents of spinach

In all but one (ie. exp.7) experiments, compared with no nitrogen,
fresh yields were more than doubled with applications of 50 or 75 kg NO;-N
per ha (Table 12, part a). Yield increases diminished with higher dressings;
but dressings of 150 and 200kg N 0,-N per ha gave invariably the highest
fresh yields, Because of rainfall during or just before harvesting, in exper-
iments 1B (final harvest), 4, 6 and 7, fresh yields were somewhat overesti-
mated and dry-matter contents (Table 12, part c) somewhat underestimated,
In all trials, dry-matter contents decreased with increasing nitrate dressings;
those in experiment 3 were relatively low because of the young age of this
crop at harvest. The high dry-matter contents in 1B (31 days after emer-
gence) were caused by dry weather shortly before harvest,

With respect to dry-matter vield, the trials can be divided into three
groups. In one grou 5; of trials highest yields per harvest were in the range
of 150-175 g per m“ (exp. 1B, 31 days after emergence and exp. 3, 24 and
26 days after emergence) in a second group the highest yields ra.nged from
200 to 250¢ per m? (exp. 1B, 37 days after emergence, exps. 2B and 4 and
exp. 3, 30 days after emergence) and in a third group the highest yields
ranged from 290 to 350¢g per m? (exp. 1B, 44 days after emergence and
exps. 5, 6 and 7) (Table 12, part d). Dry-matter yields were closely corre-
lated with fresh vields. The decreases in yield obtained with the highest ni-
trate dressings were caused by high salt concentrations in the soil solutions.

5.1.2 NOjcontents in spinach

Without addition of nitrogen the NO,-contents were low, 10-20 mmol per
kg DM, except for experiment 7, where a content of 290 mmol per kg DM
was found (Table 12, part e). With nitrate-nitrogen applied, the NO,-contents
increased; at the highest level, the contents were 500-1100 mmol per kg DM.
Only in experiments 1B (first harvest) and 5, the contents at the highest
N-levels were lower than 350 mmol per kg DM probably because of weather
conditions. As was mentioned before (section 5.1.1), in 1977 a relatively dry
period preceded the first harvest in experiment 1, probably resulting in a
reduction in nitrate uptake, at least for the highest N.evels. In 1979, the
weather during the growth period in Lelystad was relatively wet (section 3.3)
and part of the NO;-N might have been lost due to leaching.

In experiment 1B, no significant differences were found between N03-
contents in spinach harvested at 37 and 44 days after emergence and neither
any differences between NO_-contents in spinach harvested in the ‘morning’
or in the ‘evening’ of a day with a radiation of 7 MJ per mZ,

In experiment 3, the NO,-contents in spinach to which 150 or 200 kg NO -N
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per ha had been applied and which was harvested 30 days after emergence
were lower than those in spinach harvested earlier, This effect may, however,
have been caused by varietal differences.

In experiment 2B with 0-100kg NO4-N per ha applied, no differences in
NO,-contents between ‘moming’ and ‘evening’ harvests were found, but with
150 and 200 kg per ha applied, the NO,-contents were about 100 mmol per
kg DM lower in the evening. Radiation was about 24 MJ per m? on that day
and the dry-matter contents increased to 8.4% at these nitrate levels, Obviously,
a ‘morning-evening’ effect can be expected only on bright days with high ir-
radiation and high NO,-levels in the plants.

5.1.3 N-contents and total N in the aerial parts of spinach

Nitrate applications caused N(total)-contents to increase even more than
NO4-contents (Table 12, part f). With 200 or 225 kg NO;-N per ha applied,
increases of 900-2200 mmel per kg DM over values obtained in the zero-treat-
ments were found, with relatively high N-contents encountered in experiments
3 and 7. NO4-N accounted for about 0.5 to 27%of the N-contents (Table 12,
part h), with the highest values ( 220%) found in experiment 7.

Without added nitrogen, total N in the aerial parts of spinach was 2,.04.0 g
per m? (Table 12, part g) with an exceptionally high level of 11.3 g per m?2
in experiment 7, Total N in the aerial parts increased with the amounts of
NO,-N applied, the highest values always being found at the highest dressing.
The amounts of NO, in the aerial parts increased with increasing quantities
of N applied and were 0.2.5 g N per m? in Duiven and Lelystad and 045
N per m? in Helden. The higher amounts in Helden are probably to be ascrib-
ed to the presence of a sandy soil type with high levels of available N.

3.1.4 Available N in the soil profile

The quantity of available N present in a soil was estimated from the quan-
tities of NO,-N found to be present in the profile, augmented with the quan-
tities of NH,-N as determined in the soils of the 1979 experiments. In other
years, the quantities of NH,-N present were estimated from the results ob-
tained in 1979, This procedure was followed for the so-called fallow plots as
well as for the plots with spinach (Figure 5.2). The amounts of available ni-
trogen during the growth period in the 0-60 c¢m layer of fallow plots without
nitrogen applied are shown in Figure 5.1 (the choice of 0-60 cm depth will be
discussed at the end of this chapter).

In Duiven, 41, 35 and 58 kg NO,-N per ha were found before sowing in
1977, 1978 and 1979, respectively. NH,-N was estimated at 14 kg per ha for
all years (growth periods), As at the moments of final harvest, quantities of
8590 kg (NO4+NH, )-N per ha were found to be present, the net mineraliza-
tion per ha during the growth pericds in Duiven could be estimated at
20-40kg N,
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Figure 5.1 Available soil nitrogen (NO3-N and NH4-N) in the 0-60 cm layer of plots

without plants and without nitrogen added.
a) Duiven b) Lelystad c) Heiden.

In Lelystad in 1978, 32 and 69 kg N03-N per ha were found before
sowing and at the point of final harvest, respectively, with the amount of
NH,-N estimated at 8 kg per ha. Hence, the net mineralisation must have
amounted to about 35 kg N per ha, As in 1979 the amounts of NO, -N and
NH,-N found to be present in Lelystad before sowing were 50 and 15 kg per
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ha, respectively, and at the final harvest these quantities were 61 and 8 kg per
ha, it can be concluded that no net mineralisation and nitrification had taken
place. Due to heavy rainfall, the soil conditions (temperature, moisture) were
favourable for leaching and unfavourable for mineralisation,

The amounts of NO;-N and NH,-N in Helden in the spring of 1979 were
22 and 10 kg per ha, respectively, before sowing and 71 and 7 kg per ha,
respectively, at the moment of final harvest. In Helden in the autumn of
1979, the amounts of NG,-N and NH,-N were 127 and 5 kg per ha, respec-
tively, before sowing and 160 and 8 kg per ha, respectively, at final harvest
time. In the Helden experiments, the net mineralisation was 30-5Q0 kg N per
ha based on spring quantities of 32 and 78 kg and autumn quantities of 132
and 168 kg (NO,+NH, )}-N per ha being present before sowing and at final
harvest, respectively. The high amounts present in Helden soil in the au-
tumn of 1979 were due to past applications of manure up to 100 tons per ha
per year, and to residual N resulting from a heavy dressing of fertilizer-N
to a broceoli crop in 1979, High amounts of residual available N after vege-
table cropping were also found by Scharpf [1978] and Béhmer [1980].

As can be seen from Figure 5.2, nitrogen taken up by the crop was with-
drawn mainly from the 0-20 and 0-40 cm layers with minor amounts with-
drawn from the 40-60 and 60-80 cm layers. Therefore, the top 60 cm of a
profile were assumed to represent the soil body from which most of the
nitrogen is taken up. The close corr¢lation between the amounts of N in the
plants and the quantities of NO,-N that have disappeared from the 0-60 cm
layers, as shown in Figure 5.3, support this assumption. The estimates of
quantities of NO,-N withdrawn from the top 60 cm of soil were calculated
with the use of the following equation:

ANOS-N
(0-6 cm) on harvested plots on fallow plots without N on havested plots

NO3-N(6—60 cm) NO3-N (0-60 cm) N03-N-dressing
+

In her work with vegetables, including spinach, Béhmer [1980] used the
0-100 cm layer. Other findings from her work, however, indicate that spin-
ach, especialty in spring, withdraws nitrogen mainly from the 0-60 cm layer.

The earlier mentioned leaching of nitrogen from the soil profile in the
1979 Lelystad experiment can be observed in Figure 5.2.

5.1.5 Plant nutrients other than nitrogen

As can be seen from Figure 5.4, the contents of the individual cations
and the sum of cations (in meq per kg DM) increased with increasing nitrate
dressings. The contents of the individual inorganic anions decreased (Cl) or
were not affected (H,PO, and 8O,) with increasing nitrate dressings, but
the sum of anions (NO3 included) increased (Figure 5.4). As the increase in
sum of cations was more pronounced than that in sum of anions, the differ-
ence (C-A) showed an increase. The ratio (C-A):org N varied in the experi-
ments from .8 to 1.4 and decreased with increasing nitrate dressings.
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Figure 5.2 Available soil (NO3+NH4)-N in the soil profile of plots with spinach plants,
having received varying quantities of NOj-dressings, at the final harvests of experi-
ments 5 and 6.
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Figure 5.3 Relationship between NO3-N having disappeared from the 0-60 cm soil layer
(see text) and N-uptake by spinach in the field experiments.

(For the estimation of N-uptake it was assumed that total N in the aerial parts constitutes
90% of all nitrogen taken up).

Variations in nitrate dressing as well as in location affected the chemical
composition. E.g., in Helden, the Ca-contents were about 100 mmol per kg
DM lower than at the other locations, whereas the H2PO4-contcnts were
about 100 mmol per kg DM higher. Furthermore, in Duiven the Na-contents
were 500 mmol per kg DM higher than at the other locations and in Lelystad
the Mg-contents were about 100 mmol per kg DM lower than at the other
locations. Very remarkably, the K-contents in experiment 7 in general were
about 500-700 mmol per kg DM higher than those in all other experiments
(Figure 5.4). As a consequence of the increases in dry-matter yield with
increasing nitrate dressings and of the above-mentioned effects on the contents
of inorganic cations and anions and (C-A), the amounts of these ions (except
for Cl) present per m? in the aerial parts of spinach also increased.
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5.2 The effects of variations in timing of nitrogen applications

5.2.1 Yields and dry-matter contents of spinach

In experiment 1A (Table 13, parts a and ¢} yields were highest when all
nitrogen was applied before sowing and decreased by 15-20% with increasing
number of N-applications. With split applications, a tendency to higher dry-
matter contents can be observed, especially at 31 days after emergence

(Table 13, part b),

In experiment 2A (Table 14), additional dressings of NO;-N and/or NH,-N

hardly affected yield.

Table 13. Effects of variations in timing of nitrogen applicatior and in plant age on yields
{fresh and dry weight), dry-matter, NO3- and N-contents and total N in aerial parts of

spinach (Experiment 14),

Harvest

(days after emergence)
Treatment

a. Fresh vield (kg per m?)
D1b)
D3
D6

b. Diy-matter content (%)
D1
D3
D6

¢. Dry-matter yield (g per mz)

D1
D3
D6
d. NO3 (m mol per kg DM)
D1
D3
Dé

e. N (total) (m mol per kg DM)

D1
D3
D6

f. Total N in aerial parts (g per m")

D1
D3
D6

31

1.613)
1.51
1.43

9.3
9.6
10.2

148
144
142

144
58
68

2724
2430
2259

5.7
4.8
4.5

37

2.81
245
2.28

2544
2360
2306

8.2
6.7
6.1

44

260
258
244

201
187
205

3060
3097
3085

11.2
11.3
10.5

2) Means of all N-forms and combinations with and without nitrapyrin. N: 150 kg per ha.

b) Di: N in one basal application before sowing.

D3: N split in three applications.
D6 : N split in six applications.
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Table 14, Effects of variations in additional dressings of NO4-N andjor NH4-N on yields
{fresh and dry weight), dry-matter, NO4- and N-contents and totel N in aerial parts of
spinach with a basal dressing of 100 kg of NO3-N per ha before sowing (Experiment 24).

Additional dressings®)

NO3-N (kg per ha) 0 50 100 50

NH4-N (kg per ha) 50 100
Fresh yield (kg per mz) 2.54 1.54 2,76 277 2.36 2.63
Dry-matter content (%) 8.3 7.9 8.1 1.9 8.0 8.0
Dry-matter yield (g per m?) 211 201 222 220 206 2i1
NO3 (m mol per kg DM) 259 in 460 300 335 336

N (total) (m mol per kg DM) 2912 3106 3330 3019 3140 3153
Total N in aerial parts
(g per m?) 8.6 8.8 10.4 9.3 9.0 9.3

3y Applied 13 days after emergence.

3.2.2 NO;- and N-contents and total N in aerial parts of spinach

In comparison with all N applied as a basal dressing, a partitioning of the
N in split dressings caused the NO,- and N-contents and total quantities of
N in the aerial parts of spinach in experiment 1A to be notably lower at 31
and 37 days after emergence but not at the final harvest (Table 13 partsd, ¢
and f). From 31 to 44 days after emergence, the NO,-contents increased.

In experiment 2A, additional dressings of N03-N gave higher NO,- and
N.contents and higher total N values in the aerial parts of spinach than did
comparable dressings of NH,-N or (NH,+NO,)-N (Table 14). Without an
additional N-dressing, so only within a basal dressing of 100 kg NO3-N per
ha, the NO,- and N-contents and total N in the aerial parts in experiment
2A (Table 14) were lower than in experiment 2B (Table 12, partse, f and g)
with the same dressing. These differences cannot be explained.

5.3 The effects of variations in NOS:NH4-ratio
3.3.1 Yields and dry-matter contents of spinach

In experiments 1A, 4 and 6, yields (fresh and dry weight) decreased with
decreasing NO,-N:NH,-N-ratios at N-dressings of 100 and 150 kg per ha.
The decreases were most pronounced in the treatments with nitrapyrin (Table
15, parts a and ¢). Compared with spinach yields obtained with NO;-N only
and without nitrapyrin, a gradual replacement of NO;-N by NH,-N caused
fresh yields to decrease with 52, 23 and 37% and dry-matter yields with 41,
11 and 27% The yield decreases were less than 20% with NO,-N:NH-N-
ratios higher than one.

The dry-matter contents increased with decreasing NQ;-N:NH,-N-ratios in
the experiments mentioned (Table 15, part b) and this explains why the
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decrease in dry weight is less than that in fresh weight.
None of these effects were found in experiment 5, (150 kg N applied) and
experiment 7 {100 and 150 kg N applied).

5.3.2 NOj-contents in spinach

The NO,-contents in spinach generally decreased with decreasing NO,-N:
NH,-N-ratios, except in experiments 5 and 7 (150 kg N per ha). In experi-
ment 5, the NO,-contents even increased when a part of the NO,-N was re-
placed by NH,-N (Table 15, part d). With nitrapyrin added, the decrease in
NO,-contents was substantial in experiments 4 and 6, but in experiments 1A
and 7, no effects of nitrapyrin were found, In case of positive effects of
nitrapyrin, compared with 100% N03-N, a 1:1 ratio of N03-N and NH4-N
caused 30 to 50% decreases in nitrate contents.

37 37 44 days dafter
NO3 emergence
mmol per kg OM
400 . .
200 P / /;,éz
0 L] L] o o
/ : / / x xﬂ{Z/
-] / »
_./.'-%/ ﬁ—‘f—’?’é"
g4 o=
NO3-N O 1 2 3 c 1 2 3 o 1 2 3
NHy-N 3 2 1 C 3 2 1 0 3 2 1t 0

« MNin one basal application before sowing
o N split in three applications
x N split in six applications

Figure 5.5 Effects of variations in timing of N-application, in NO3:NH4-ratio and in age
of plants on the NOj3-contents in spinach.

(Data presented are means of values obtained with and without nitrapyrin, N-dressing
is 150 kg per ha){(Experiment 1A).

In experiment 1A, an interaction between timing of N-application and
NO,-N: NH,-N-ratio was found (Figure 5.5), especially for the data obtained
31 and 37 days after emergeace. At these two harvests, the NO,-contents
for the low NO,-N:NH,-N-ratios were about equal, independent of timing of
N-application, whereas for the higher NO;-N:NH, -N-ratios higher NO;-con-
tents were found, at least when all N was applied as a basal dressing. Nitra-
pyrin did not influence this effect.
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The interaction probably must be attributed to variations in the mobility
of the different N-forms. A rapid fixation of NH,, applied either as a basal
dressing or as a late dressing, by the clay loam must have taken place and
at least up to 37 days after emergence, this initial fixation must have had a
retarding effect on nitrification and subsequent translocation of NO,;-N to
the spinach roots (NH, was not worked in in this experiment). The appreciable
decrease in NO,-contents (and in yields) with a lower NO,-N:NH,N-ratio,
independently of nitrapyrin addition, supports the view that NH, was strong-
ly adsorbed onto the clay minerals,

The second half of May 1977 was characterized by dry weather. The trans-
port to the root zone of NO,-N applied in that period (i.e. up to 37 days
after emergence) must have been less than that of N03-N applied as a basal
dressing, As a result of sufficient rainfall between 37 and 44 days after
emergence, the differences in NO,-contents more or less disappeared later
on. Leaching of NO3-N (e.g. in experiment 5 with a wet growth period) had
the same effects on spinach (i.e. reduction of the NO_-contents) as had a
lower NO,-N:NH, -N-ratio combined with nitrapyrin, Without addition of
nitrapyrin, a portion of the NH,-N must have been adsorbed onto the clay
minerals, which prevented it from leaching but caused it to be nitrified
belatedly thus accounting for the higher NO, -contents.

5.3.3. N-contents and total N in the aerial parts of spinach

In general the N-contents in the aerial parts of spinach were affected by
the NO;-N:NH, -N-ratios in the same way as were the NO,-contents. (Table
15, part e). The decreases in N-content amounted to about 400 mmol per kg
DM when the share of NO,-N is the total N applied dropped from 100% to
50% (experiments 1 A, and 6, with 100 kg N applied).

Total N in the aerial parts also decreased with a decrease in NO,-N:
NH,-N-ratio (except in experiment 5), especially when nitrapyrin was added
(Table 15, part f).

In experiment 1A, at 37 days after emergence the reduction in total N
was higher than in any other experiment, i.e. up to 5.9 g per m?.

5.3.4 The ratio (C-A ):org N in the aerial parts

The effects of variations in NO;-N:NH,-N-ratio on the (C-A):org N-value
(meq per mmol) in the aerial parts of spinach are demonstrated in Figure 5.6,
No such effects were found in experiment 7, neither with nor without nitra-
pyrin, in experiment 1A at 31 and 37 days after emergence and in experi-
ments 4 and 5 for the treatments without nitrapyrin, With increases in the
NO;-N:NH-N-ratio, the (C-A):org N-value however increased in experi-
ments 4 and 5 in the treatments with nitrapyrin, whereas in experiments 1A
(final harvest) and 6 this occurred with and without nitrapyrin addition.

In the latter two experiments, the (C-A):org N-value was higher without
nitrapyrin (Figure 5.6, ¢ and f),
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5.4 Experiments on farmers’ fields

In spring 1980 simple experiments were carried out on farmers’ fields,
The fields were located at 15 different sites in the Netherlands and ranged
from 30 to 151 kg per ha in availabie N present before sowing in the 0-60 cm
soil layer, Each field was split in two units, one receiving a ‘high’ N-dres-
sing and one a ‘low’ N-dressing, whereby the dressings varied from field to
field. The ‘high’ N-dressings (high-N) were in accordance with farmers’ prac-
tices, whereas the ‘low’ N-dressings (low-N) were based on the results of
the field experiments carried out in 1977-1979, The latter dressings were
chosen in such a way that the amount of plant-available N (= N-dressings
plus the amount of available N in the soil before sowing) was about 150 kg
per ha,

In Table 16 details on the experiments are presented, At harvest time,
per field unit 4 samples of spinach were taken, each comprising 2 m?. The
spinach plants were cut at 2-3 ¢cm above the soil surface according to prac-
tice, The samples were weighed, dried and analyzed for NO3 as described in
section 3.3.

5.4.1 Yields and dry-matter contents of spinach

With a ‘low’ N-dressing, vields were on the average 17%lower than with a
‘high’ N-dressing (Table 16), Mainly on the sandy soils, these yield differ-
ences were appreciable, which probably must be attributed to leaching of N
from these soils, For these sandy soils leaching wili have a more pronounced
effect in the low-N than in the high-N-treatments. ‘

On all fields, the dry-matter content was higher with a low’ N-dressing
than with a ‘high’ N-dressing, on the average the difference being 10%. The
low dry-matter contents on field nr, 12 are probably a reflection of the
young age of this crop at harvest.

5.4.2 NOy-contents in spinach

On all fields the NO,-content was lower with a ‘low’ N-dressing than with
a ‘high’ N-dressing, the average difference being 69% The very low NO,-
contents with a ‘low’ N-dressing on fields nr. 2, 4 and 3 justify the assump-
tion that here leaching of N must have occurred. The relatively high NO,-
content with a ‘low’ N-dressing on field nr. 12 is to be ascribed on the one
hand to the young age of the crop and on the other hand possibly to a high
mineralisation rate of organic N, applied in the past as manure.

More details on the results of the experiments on farmers’ fields are pre-
sented by Titulaer [1980].
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In spinach plants, nitrate tends to accumulate in older leaves (Figure 4.7),
It is experienced, however, that the nitrate content in the harvestable por-
tion of the plant decrcases with age. Especially in spring-grown spinach,
extending the growth period may be helpful in reducing the nitrate content.
Not only does such an extension result in a more mature crop, but due to
gradually increasing light intensities it also raises the photosynthesis rate,
whereby the incorporation of nitrates into proteins is enhanced. QObviously,
any extension of the growth period of autumn-grown spinach may have the
opposite effect, since as a result of declining light intensity the plant is in-
creasingly facing difficulties in utilizing nitrates for protein synthesis (Figure
4.9).

In growth-chamber experiments, the effect of light intensity on NO,-con-
tent in spinach leaves was very evident (Figure 4,11}, but in the fieid expe-
riments there was only one occasion (experiment 2B) at which as a result of
very bright weather the nitrate content in spinach harvested in the evening
was distinctly lower than in spinach harvested in the moming,

Likewise, growers will not often be in a position to make use of the fin-
ding that NO, tends to accumulate less in spinach leaves during cold than
during warm days. Nevertheless, it may be useful for growers to keep in
mind that the guality of spinach is enhanced when harvested on cold, bright
days. The advantage arising from low temperature is likely to be associated
with a reduction in respiration, thus allowing more nitrogen to react with
photosynthates in forming proteins,

On theoretical grounds, there are several reasons for assuming that high
soil-moisture contents will be helpful in reducing the NO,-contents in spinach
shortly before harvest. In the first place, at high soil-moisture levels, the
concentration of NO, in the soil moisture will be reduced which may lead to
a slowdown in the N03-absorption rate. Second, at high moisture levels, con-
ditions may become favourable for denitrification causing the NO,-availabil-
ity to be reduced. Third, applying additional water by irrigation shortly
before harvest may be helpful in flushing NO, into soil layers out of reach of
the spinach roots.

In the field experiments, soil moisture was never used as an experimental
variable, so that no statements can be made about the effect of variations in
moisture content. In a pot experiment (Table 7}, however, it was observed
that a subnormal moisture level raised the NO3-content in spinach, but that
a higher than normal moisture level did not cause the NO,-contents to
decline. In addition, it must also be bome in mind that from a practical
standpoint serious disadvantages may be attached to imposing high soil-
moisture levels shortly before spinach is to be harvested,

The relatively high moisture-holding capacities of medium-texiured in
comparison with light-textured soils may also be responsible for the observa-
tion, made both in the present study (Figure 4.5, experiment 1Q) for spinach
and in Germany for vegetables other than spinach [Geyer, 1978], that NO;-
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contents in vegetables are lower when grown on the former than on the latter
soils. As a result of these higher moisture-holding capacities, N03-concentra-
tions in the moisture of medium-textured soils can be expected to be compar-
atively low.

It was furthermore found that spinach grown on a neutral scil contained
less NO,; than when grown on an acid soil (Figure 4.10). It might be that
the frequently experienced temporary immobilization of added fertilizer
nitrogen, often attributed to bacterial action, is more complete in neutral
soils with their relatively high bacterial population than in acid soils. Such a
temporary immobilization might affect the N-nutrition of a rapidly growing,
short-season crop, like spinach, more than it does the N-nutrition of most
other crops with their longer growing seasons.

The higher NO,-contents in spinach grown on acid soils in the present
investigation could not be attributed to a limited availability of Mo (section
4.4.7). Mo is an element needed for the proper functioning of the enzyme
nitrate reductase involved in the reduction of NO, preceding the incorpora-
tion of the nitrogen into amino-acid [Beevers & Hageman, 1969], The absence
of any effect of Mo-addition on NO,-contents in spinach leaves of the present
experiment, of course, does not exclude the possibility that lack of available
Mo sometimes is responsible for high NO,-levels in spinach grown on acid
soils.

The well-known positive influence of K on the uptake of NO, was also ex-
perienced in this study, K-application stimulated N-uptake and yield of spin-
ach, but total N-contents were decreased. As the NO3-contents in general
increased with rising K-applications (Table 5, Figure 4.14), there is a reason
to assume that K has a suppressive effect on NO,-reduction inside the plant.

The stimulatory effect of K on N-uptake can be suppressed when the K is
applied in the form of KCl. More than the SO,-ion, the Clion is capable of
competing with NO, for attachment to absorption sites, As a result, lower
NO;-contents were found with KCl than with K,S0,.

The impression obtained in the greenhouse experiment with different spin-
ach varieties was that the observed variations in NOy-content were primarily
a reflection of differences in growth rate (Table 11). Under field conditions,
such variations in NO,-content were also observed (Table 12, part e, expe-
riment 3), but here the variations could not completely be ascribed to varie-
tal differences, as harvest dates were not identical. Judging from the expe-
riences of Cools et al. [1980] who observed inconsistent results with spinach
cultivars in greenhouse studies in the Netherlands, the importance of the
observed differences in tendency fo accumulate NO, is still questionable.
Nevertheless, even when there is as vet little reason to postulate that cur-
rently used spinach cultivars exhibit genetically regulated differences in rate
of NO,-accumuiation or rate of NO,-reduction, from a practical standpoint it
is important to pay attention to differences in growth characteristics which
may indirectly lead to differences in NO;-accumulation and in NO,-content
of the produce.
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High NO,-contents can also be avoided when petioles and older leaves are
excluded from the harvested material (Figure 4.7). In a sense, the advan-
tages to be gained from such selective harvesting, can be compared with
those resulting from a postponement of the harvest date.

6.2 Cultural measures related to nitrogen, aimed at minimizing NO,-contents
in spinach

An obvious conclusion to be drawn from the observation that spinach
tends to accumulate nitrate is, that attempts should be undertaken to accom-
modate the N-nutrition and the growth of spinach through the supply of NH,
that is protected against nitrification. However, a complication immediately
encountered in such attempts is the observation that spinach belongs to the
group of plants responding very unfavorably to NH,-nutrition.

The culture of spinach on sand with NH, as sole source of nitrogen turned
out to be unsuccessful. When NH, was partially replaced by NO,, the resul-
ting lower NO;-contents in spinach were accompanied by reductions in yield
(Figures 4.2 and 4.3). The data obtained in experiment B2 show that a par-
tial replacement of NO, by NH, is no guarantee for lower NO,-contents, not
even in a sand culture in which nitrification is likely to be absent.

It may be postulated that with a partial replacement of NO; by NH,, on ac-
count of a lower energy investment the spinach plant prefers NH, to NO, for
incorporation into protein resulting in an accumulation of NQ; inside the
plant, with dry-matter yield not being affected by the partial replacement,

When spinach is grown on soil, nitrification inhibitors are commonly need-
ed to protect NH, from being nitrified. With the use of these nitrification
inhibitors, the NO;.contents in spinach leaves can be suppressed, but such
a suppression is usually accompanied by a yield decline [Mills et al., 1976;
Sommer & Mertz, 1974]. For spinach grown on sandy soils with a pH below 7
this decline is likely to be caused by a combination of two adverse effects
brought about by (N H,),50,-dressings: first, soil acidification, even in the
absence of nitrification, resulting from the hydrolysis of (NH 4),80, and the
acidic uptake pattern brought about by the uptake of NH,-N, and second,
the poor response of spinach to NH,-nutrition, The decrease in soil pH in
the absence of nitrification could be clearly demonstrated in a soil-culture
experiment (Table 8).

For spinach grown on other soils the situation may be different, i.e, the
decrease in soil pH may be less pronounced and part of the NH,-N may be
adsorbed onto clay minerals, An extreme example of the latter was shown in
a soil-culture experiment using a clay-loam soil. Here certain advantages
seemed to be attached to a partial replacement of NO, by NH, (Table 9).
Yields were not suppressed by such a replacement, whereas NQ, -contents in
leaves declined when more than half of the N was applied as NH,. Upon
closer examination of the experimental conditions it turned out, however,
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that the soil involved had a capacity to fix NH,. Consequently, a partial
replacement of NO, by NH, had the effect of a reduction in N applied, so
that the results obtained were more a reflection of a decreased N-uptake than
of a shift in NO,:NH,-uptake ratio. This finding is of particular interest when
compared with the results of other soil-culture experiments in which it was
also frequently observed that the NO,-content in spinach leaves is most
effectively reduced by diminishing the quantity of NO, applied (Figure 4.5).

From the soil-culture experiment with clay-loam soil as well as from the
sand-culture experiments it could be concluded that in addition to the NO,:
NH,-ratio, also the amount of N applied and some other growth factors, such
as light, affect the N03-c0ntents and yields of spinach. Obviously, with a
high level of available N a partial replacement of NO;-N by NH,-N is not ef.
fective, since with such a replacement the NQ,-availability remains high
enough to cause luxury consumption of NO;. At low levels of available N, a
partial replacement of NO;-N by NH,-N may reduce the absorption of NO,
sufficiently to result in lower NO,-contents and lower yields.

Under field conditions the level of N-availability is not determined only by
the quantity of N present in soil before sowing (mainly N03-N, Figure 5.1)
but is also affected by mineralization of soil organic N, by leaching of N,
predominantly NO,, by NH,-volatilization, by denitrification, and by the
effectiveness of added nitrapyrin.

From the results of the field experiments 5 (leaching of NO;-N) and 7
(high levels of available N in soil before sowing), as presented in Table 15,
it may be concluded that the addition of NO3 -N and/or NH,-N in combina-
tion with nitrapyrin is not necessarily reducing the NO,-contents in spinach.
When in this respect a positive effect is found, it is usually accompanied by a
reduction in yield, as was also observed by Bengtsson [1968].

The use of nitrapyrin under field conditions is accompanied by a number
of uncertainties rendering the effect of nitrapyrin rather unpredictable. Vola-
tilization [Briggs, 1975] and scgregation of nitrapyrin and NH, [Rudert &
Locascio, 1979] may occur in the field. Furthermore, as Kerkhoff & Slangen
[1980] indicate in their review, soil texture, organic-matter content, pH,
moisture content and temperature can influence the effectiveness of nitra-
pyrin in soil.

Without the use of a nitrification inhibitor, a partial or complete replace-
ment of NO; by NH, can be expected to modify the uptake of NO; when
this is formed gradually from NH, due to nitrification. It can be reasoned
that in this way a situation in which the rate of NO,-uptake exceeds the rate
of NO,-reduction, might be avoided. Experiments conducted to test the
validity of this reasoning, however, proved unrewarding. In a soil-culture
experiment the soil-pH decrease resulting from nitrification caused yield to
decline leading to higher rather than lower N03-concentrations in the leaves
{Table 8). In the ficld, however, without the use of a nitrification inhibitor, in
general lower NOj-contents but also lower yields were obtained with the
partial or complete replacement of NO, by NH, (Table 15).

[79]



The favourable results obtained with slow-release N-fertilizers in a pot
experiment (Figure 4.12) may have little practical value, as these fertilizers
appeared to be primarily effective in preventing high salt concentrations in
the early growth stage of the spinach plants, a situation often encountered
in pot experiments but not so likely to arise under field conditions, except
with excessively high NO,-dressings (see Table 12). The promising results
obtained with farmyard manure and pig-manure slurry in a pot experiment
(Figure 4.13) may be of more practical value, atthough it must be realized
that the quantities of inorganic N arising from the mineralization of organic
N in organic manures are more predictable and more consistent under green-
house- than under field conditions. In addition, it has become clear from the
results obtained on farmers’ fields that the guantities in which liquid manure
are often applied to soils in the Netherlands, far exceed the quantities needed
to ensure a steady, but limited supply of NO, to spinach plants.

In general, information obtained on N-nutrition of plants grown in pots,
must be viewed with caution when the results are used for predicting the
behaviour of plants grown in the field. Since mineralization of soil organic N
in pots is necessarily of minor importance, dry-matter production and NO,-
content in leaves are governed mainly by the quantity of N applied and by
the age of the plants (Figure 4.9), although environmental factors can also
exert an infinence (Figure 4.5). As mentioned earlier, under field conditions
a number of factors influencing the availability of nitrogen are different. The
rooting volume per plant is much larger, and the contribution that minerali-
zation of soil organic N makes to the N-nutrition of the plants is also of more
importance. On the other hand, leaching of NO, from the rooting zone may
now be an important factor in lowering N-availability,

Notwithstanding the higher degree of complexity in N-nutrition of spinach
plants growing under field conditions, Bohmer [1980] could demonstrate
that the yields of spinach and of other vegetables were largely determined by
the amounts of plant-available N, being the summation of N-dressing and
guantity of inorganic N present in the soil before sowing or planting. She
found that maximum yields of spring-grown spinach were attained when
250 kg plant-available N was present in the top 60 cm of the soil profile and
when of these 250 kg at least 100 kg was present in the top 30 cm.

With these values reported by Béhmer and the values on available soil N
present before sowing, as mentioned in section 5.1.4, the N-dressings with
which maximum yields should be obtained in the field experiments of the
present study, could be calculated, They were found to agree reasonably
closely with the N-dressings needed to obtain maximum yields under field
conditions (Table 12, parts a and b).

In Figure 6.1, the quantities of plant-available N (N-dressings plus the
amount of available N in the soil before sowing) are plotted against the NO;-
contents in field-grown spinach. As in general the variations in NO, -contents
among replicates within a treatment were large, single values are presented
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in this figure. The results of experiments conducted in Duiven are presented
in A, those collected in Lelystad and Helden in B, and those obtained on
farmers’ fields in the spring of 1980 (section 5.4) in C.

From Figure 6.1 it can be seen that a relationship exists between the
quantity of plant-available N and the NO;-content in spinach, but that the
relationship is not very close, especially not for the fariners’ fields (C). An
explanation for the aberrant behaviour of the latter is that on the on¢ hand
these farmers’ fields ofien receive heavy applications of manure, causing the
mineralization of NO, during the growth period to be generally larger than
observed on the experimental fields (20-50 kg NO4-N, except for experiment
5), and on the other hand that the sandy texture of the soils of some of
these farmers’ fields adds a risk of considerable leaching of NO; from these
soils. Moreover, on the experimental fields, the spinach plants were cut with
a knife just below the stem, whereas the samples taken from the farmers’
fields were cut 2-3 cm above the soil surface, so that many petioles and older
leaves were not included in the harvested material. Since petioles and older
leaves are known to be relatively rich in NO, (Figure 4.7), the produce har-
vested from farmess’ fields had a lower NO, -content than that harvested from
experimental fields with comparable quantities of plant-available N.

The NO;-contents presented in Figure 6.1 are expressed on a dry-weight
basis. Limits for acceptable N03-contents in vegetables are, however, usu-
ally expressed on a fresh-weight (FW) basis, in mgNO,; per kg produce.
The data presented in Figure 6.1 can be converted as follows: NO,-content
(in mmol per kg DM) x dry-matter content (in %) x 0.62 = NO,content (in
mg NO3 per kg FW)., When eg. the NOS- and dry-matter contents are
400 mmol per kg DM and 5% respectively, the NO3 -content in mg NO3 per
kg FWis 400 x 5 x 0.62= 1240,

Recently, Dutch governmental authorities have proposed an upper accept-
able limit for NO3-contents in spinach and endive to be set at 4000 mg per
kg FW [Anonymous, 1981]. The aim is, that in the future this limit is lowered
to 2500 mg NO, per kg FW. In the baby-food industry, the upper acceptable
limit for spinach delivered at the factory is momentarily set at 1500 g NO,
per kg FW (Nutricia B.V_, private communication).

Of all samples presented in Figure 6.1, only one had a NO,-content ex-
ceeding 4000 mg per kg FW, Of the 228 samples taken from experimental
fields (Figure 6.1, A and B), 137 (60%) had NO,-contents lower than 1500,
and 206 (90%) lower than 2500 mg NO3 per kg FW, When the 48 samples of
the autumn experiments (4 and 7) are left out of consideration, these per-
centages become 66% and 97%, respectively.

Of the 120 samples taken from farmers’ fields, 81 (68%) had NO;-contents
lower than 1500 and 102 (85%) lower than 2500 mg per kg FW. On a fresh-
weight basis, the NO,contents in the samples of the experimental field trials
conducted in the spring and those in samples of the farmers’ fields were of
the same magnitude, with comparable quantities of plant-available N.
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Consequently, all samples of spring experiments were arranged in cate-
gories based on quantities of plant-available N (N-dressings plus the amount
of available N in the soil before sowing). In Figure 6.2, per category the
percentages of samples having NO,-contents lower than 1500 (A) or 2500 (B)
mg per kg FW are shown. From this figure it can be seen that in cases of
plant-available N being lower than 150 kg per ha, the NO;-contents were
lower than 1500 mg per kg FW. With 150-175 kg plant-available N, only 12%
of the samples had a NO,-content exceeding 1500 mg per kg FW, whereas the
2500 mg per kg FW limit was not surpassed at all, With higher quantities of
plant-available N, the percentage of samples having NO,-contents exceeding
1500 mg per kg FW increased. With respect to the 2500 mg per kg FW limit,
it can be seen that this limit was exceeded considerably when quantities of
plant-available N rose above 225 kg per ha,

From these results, it can be concluded that with quantities of plant-avail-
able N being less than 175 and 225 kg per ha, spinach grown in spring will
have NQ,-contents below the limits of 1500 and 2500 mg per kg FW, respec-
tively. With the former quantity of plant-available N, yields will be 10-20%
lower than the maximally attainable ones, whereas with the latter quantity
the yield depression will be about 5% It must be emphasized that these pre-
dictions are based on findings obtained with relatively small numbers of
samples. Further research on this subject was carried out in 1982 by the
Institute of Soil Fertility at Haren, Results obtained in field experiments con-
ducted in the spring of 1980, and preliminary results of field experiments
conducted in the spring of 1981 agreed fairly well with those obtained in the
present study, especially for spring-grown spinach on sandy soils (J.H.Pie-
ters, unpublished). For spinach grown on clay soils, the limits for NO,-con-
tents mentioned earlier, were surpassed at quantities of plant-available N ex-
ceeding those found in the present study [van der Boon & Pieters, 1981].

So far, three measures aimed at reducing the NO,-content in spinach have
been discussed. These were, (1) inducing the spinach plants to absorb a
portion of the N as NH, through the use of a combination of NH,- and NO;-
fertilizers and of nitrification inhibitors, (2} tempering the availability of N
through the use of organic manures as N-source, and (3) reducing the quan-
tities of NO,4-N to be applied. A fourth measure to be taken concerns varia-
tions to be imposed in the timing of N-applications.

In soil cultures of the present investigation, variations in timing of N-ap-
plication were found not to affect the NO,-contents and yields of spinach
(Table 6). In the field, both NO,-contents and yield levels at intermediate
harvests were suppressed when the N-fertilizer was applied in the form of
split dressings, but at the final harvest little of these effects had remained
(Table 13).

In a number of experiments conducted elsewhere, splitting the application
of N resulted in higher NO3-contents in spinach [Kuhlen, 1962; Maga et al.,
1976; Mehwald, 1973; Nicolaisen & Zimmermann, 1948; Zimmermann,
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Figure 6.2 Percentage of spinach samples from final harvests of spring field experiments
and from experiments on farmers’ fields containing (A) less than 1500 mg and (B)
less than 2500 mg NOg3 per kg fresh weight for various categories of plant-available N
(= N-dressing plus the amount of avzilable N in the soil (0-60 cm) before sowing).

1966). Barker et al. [1971], however, observed that a split application of N
led to adecrease in NO,-content in spinach. In the same study, it was observed
that side dressings of ammonium nitrate or urea resulted in lower NO;-con-
tents than did those of potassium nitrate. Similar results were obtained in
the present study (Table 14).

In general, however, it must be remarked that in view of existing varia-
bilities in field conditions, such as soil texture and soil-N status, and in
Dutch weather conditions with an ensuing uncertainty about harvest dates, it
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appears practically impossible to arrive at a justified decision on the dates at
which second and third N-dressings should be applied. Consequently, the
conclusion must be that for a crop like spinach, having a short growing sea-
son (40-60 days) and forming the major portion of its dry matter in the last
few weeks before harvest, any partitioning of the quantity of nitrogen to be
applied does not seem to be realistic and, hence, not advisable.

When all results presented in the aforegoing are reviewed, the conclusion
can be drawn that in the Netherlands certainly opportunitics are available to
grow spinach with an acceptably low NO,-content in a profitable way, pro-
vided some simple and cheap measures are taken that have appeared to be
effective in preventing the accumulation of NO, in the leaves. To help grow-
ers in reaching the goal of producing healthy spinach, the following recom-
mendations can be made:

1. The quantity of NO, present in the top 60 cm of the soil at the start of
the growing season should not be larger than 225 kg N per ha. With this
quantity of available N, the decline in yield, relative to the maximally at-
tainable yield, usually does not exceed the level of 5%.

. The spinach should be preferably grown in the spring season.,

. The pH of the soil should not be lower than pH-H, 0 6.

. The spinach should not be harvested prematurely,

. The harvest should preferably take place on a cool, bright day.

. Harvesting should be carried out in such a way that a portion of the
petioles and older leaves remain in the field.

7. When, in the future, unequivocal and consistent differences in NO,-con-
tents of leaves among spinach varieties might be shown to exist, spinach
growers should give preference to such varieties,

8, When in advance it is known that certain of these above recommendations
cannot be met, the quantity of available NO,-N in the soil should be
lowered to a level of 175 kg N per ha. The vield decline arising from this
reduction in available N will usually not be larger than 25%.

N bW
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Summary

Ingestion of high amounts of nitrate by man can be considered hazardous
to human health. In the human body, nitrate can be reduced to nitrite which
may cause methemoglobinemia. Furthermore, the possible formation of N-
nitroso-compounds from nitrite and secondary nitrogen compounds in the
human stomach constitutes a risk, as for laboratory animals many N-nitroso-
compounds have been shown to act as potent carcinogens.

In the Netherlands, acceptable daily intakes of nitrate and nitrite, as set
by the FAQ/WHO for additives, are sometimes exceeded, The intakes of ni-
trate and nitrite therefore should be reduced. As nitrite intake is linked to
nitrate intake which for about 75%is of vegetable origin, the nitrate contents
of vegetables should be suppressed as much as possible.

Spinach is one of the vegetables frequently having a high nitrate content.
In the Netherlands, most spinach is grown for the processing industry and a
portion of the processed spinach is used as baby food.

Many environmental factors and cultural measures can affect the nitrate
content in spinach. A review of relevant literature is presented in chapter 2.
In the present study, some of these environmental factors have been invest-
igated with respect to their influences on nitrate content and yield of spin-
ach. Most attention, however, has been given to cultural measures, especial-
ly those concerning application of nitrogen fertilizers.

The materials and methods used in this study are discussed in chapter 3.

In chapter 4, the results of experiments carried out indoors, with water-,
sand- and soil-cultures, are described, In water-culture experiments, the
cation:anion uptake ratio for spinach supplied with nitrate as sole nitrogen
source, proved to be close to unity. When nitrogen (NO, ) was withheld from
the spinach plants over a 3- or 9-day period, the nitrate contents in the
aerial parts significantly decreased (section 4.2).

In sand-culture experiments spinach showed very poor growth when sup-
plied with ammonium-nitrogen only, With both ammonium- and nitrate-
nitrogen added, the nitrate contents in spinach proved to be not always lower
than with nitrate-nitrogen only. On a whole-plant basis, the carboxylate
{C-A) : organic nitrogen ratio was found to reflect the extent of nitrate- or
ammonium nutrition fairly closely (section 4.3).

In soil-culture experiments both the nitrate contents and dry-matter yields
of spinach were found to be strongly affected by the amount of nitrate ap-
plied. Yiclds usually showed a maximum, whereas nitrate contents did not.
The nitrate contents in petioles of spinach were considerably higher than in
laminae, and nitrate accumulated mainly in older leaves. In most soil-culture
experiments, the nitrate contents in the aerial parts of spinach decreased
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with increasing age of the plants, Nitrate contents in autumn-grown spinach
were higher than those in spinach grown in spring, Variations in timing of
application of nitrate-nitrogen did not affect the nitrate contents. Compared
with a normal soil-moisture content, a low soil-moisture content was found to
increase, and a high soil-moisture content was found not to affect the nitrate
content in spinach. Liming a sandy soil, resulting in increased soil pH-values,
caused the nitrate contents in spinach to decline. Molybdenum applied as a
spray onto the leaves of spinach, grown on a sandy as well as on a clay-
loam soil, did not have any effect on the nitrate contents in the aerial parts,
but differences in soil type appeared to affect these contents (section 4.4).

In a soil-culture experiment with a sandy soil, NH,-N dressings produced
higher nitrate contents and lower dry-matter yields of spinach than did NO,-
N-dressings. With the use of a nitrification inhibitor (DCD), however, lower
nitrate contents were found with NH,-N-dressings. With a clay-loam soil used
in a growth-chamber experiment, replacement of about 30% of the NO3 N by
NH,-N, with a nitrification inhibitor (nitrapyrin) added, did not result in a
decrease in nitrate content, but replacement of about 60% of the NO;-N by
NH4 -N did. In the same experiment, a decrease in light intensity from 70 to
33 W per m? and a rise in temperature from 12 to 22°C caused the nitrate
content in spinach to increase (section 4.5},

In a comparison of different N-carriers in a soil culture, positive results
were obtained with sulphur-coated urea (section 4.6), with farmyard manure
and pig-manure slurry (section 4,7), when plant-available N was taken into
account. Variations in P-dressings as well as in soil P-status did not affect
the nitrate content and yield of spinach (section 4.8). K-dressings in general
increased the nitrate contents and yields of spinach, with K,50, more than
KCl being responsible for increases in nitrate contents (section 4.9).

Large differences among spinach varieties were found with respect to ni-
trate contents in leaves (section 4.10).

In chapter 5, the results of experiments conducted outdoors are described.
In the field experiments, vield, N03- and N(total)-contenis and total N in
the aerial parts of spinach increased with increasing amounts of NO;-N ap-
plied. With the highest NO,-dressings, NO,-N accounted for 9-27% of the
total N in spinach. The corresponding NO,-contents ranged from 300 to
1100 mmol per kg DM. In one experiment, varietal differences in NO;-con-
tent could be attributed to differences in age of the crop. Differences in
NOj contents between ‘morning’ and ‘evening’ harvests were found only on a
bright day with high irradiation and with high NO,-levels in the plants.

Available N in the soil profile before sowing ranged from 32 to 72 kgN
per ha in the five spring experiments and from 40 to 132 kg N per ha in the
two autumn experiments. In general, the net mineralization of organic N
during the experimental periods was about 35 kg N per ha. Nitrogen appear-
ed to be taken up by spinach mainly from the top 60 cm of the soil profile,
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Of the plant nutrients other than N only the contents of SO, and H,PO,
were not affected by variations in NO,-dressing (section 5.1).

Variations in timing of nitrogen applications affected yields in one, but
not in another field experiment. NO,- and N(total)-contents and total N in
the aerial parts of spinach in general decreased due to a partitioning of
total N applied in one field experiment, whereas in another one, top-dressed
N applied as NH, or NH, + NO, resulted in lower values than did comparable
dressings of NO, (section 5.2).

Due to partial or complete replacement of NO,;-N by NH,-N, yields, NO,-
and N(total)-contents, total N and the ratio (C-A):organic N in the aerial
parts of spinach decreased in three field experiments, the effects in general
being more pronounced with than without a nitrification inhibitor added. In
two other field experiments, the effects of variations in NO;:NH,-ratio were
much less pronounced or absent (section 5.3).

On farmers’ fields with ‘low’ N-dressings, plant-available N (= N-dressings
plus the amount of available N in the soil before sowing) ranged from 135 to
175 kg N per ha, while with ‘high’ N-dressings plant-available N ranged from
200-415 kg N per ha. Compared with ‘high’ N-dressings, yields with ‘low’
N-dressings on the average were 17% lower, while NO;-contents were 64%
lower (section 5.4),

A discussion of the results is presented in chapter 6. Measures aimed at
utilizing or manipulating environmental and soil conditions, at exploiting vari-
etal differences and those aimed at regulating nutritional conditions, other
than the ones governed by nitrogen, with the purpose of growing spinach
with an economically acceptable yield level and with a low NO,-content, are
dealt with in section 6.1,

Experimentation aimed at finding the proper amount, the proper form and
the proper timing of application of N for attaining the above-mentioned goal,
is discussed in section 6.2. In the latter, special attention is paid to the re-
lationship between the quantity of plant.available N (= N-dressing plus the
amount of available N in the soil before sowing) and the NO,-content in spin-
ach leaves, Based on data from spring field experiments and from experiments
on farmers’ fields, the amounts of plant-available N with which critical levels
of NO,contents are not surpassed, are presented. Recommendations for
practical use in commercial spinach growing are formulated in the final
portion of section 6.2.

[88]




List of figures

Figure 3.1 Precipitation per day recorded at Wageningen during the periods April-July
1977, March-September 1978 and March-QOctober 1979.

Figure 3.2 Global radiation per day recorded at Wageningen during the periods April-July
1977, March-8eptember 1978, March-November 1979 and February-November 1980
(from 13 to 31 Qctober 1980 no data available due to translocation of weather
station).

Figure 4.1 Organic-nitrogen production related to (C-A) and dry-matter production of
whole spinach plants with contihuous and interrupted nitrate supply (Water-culture
experiment).

Figure 4.2 Dry-matter production of whole spinach plants in the sand-culture experi-
ments with varying N- and K-dressings and NO4-N: NH4-N-1atios.

Figure 4.3 Nitrate contents in the aerial parts of spinach in the sand-culture experiments
with varying N- and K-dressings and NO3-N: NH4-N-ratios.

Figure 4.4 Relationship between organic nitrogen and (C-A) of whole spinach plants
in the sand-culture experiments with varying N- and K-dressings and NO3-N:NH4-N-
ratios.

Figure 4.5 Effect of variations in nitrate dressing on NO3-contents and yields (DM) of
spinach in experiments 3, 4 (moisture at 60% WHC), §, 6, 8, 9 (pH-KC1=5.5Y and 10
{without Mo-spraying, $=sand, CL=clay loam).

Figure 4.6 Relationship between NO3-concentration in soil after harvest and NO3-con-
tent in the aerial parts of spinach (Expetriment 3B, individual data).

Figure 4.7 NO3z-centents in laminae and petioles of spinach leaves of different age for
two levels of NO3-supply (Experiment 1).

Figure 4.8 (C-A) and org N-contents in laminae and petioles of spinach leaves of dif-
ferent age at two levels of NO3-supply, 59 days after emergence {Experiment 1).

Figure 4.9 Dry-matter production and NOj-contents in the aerial parts of spinach
plants of different age and with varying NO3-N dressings.

Figure 4,10 Effects of variations in soil pH on (A) NOj-content and (B) N-amount
in the aerial parts of spinach supplied with different quantities of NO3-N (Experi
ment 9).

Figure 4.11 Effect of variations in NO3:NHg-ratio, temperature and light intensity on
NOj-contents in spinach (means of twe N-dressings). (Experiment 7, final harvest),

Figure 4.12 Effects of two dressings of N-carriers on the NO3-contents and dry-matter
yields of spinach (For SCU and sewage sludge the total amounts of N added per pot
were three times higher than the quantities of N indicated in the figure)(Experiment 5).

Figure 4.13 Effects of N applied as calcium nitrate, as pig-manure slurry (PMS) + calcium
nitrate or as farmyard manure (FYM} + calcium nitrate on the NO3-contents and
dry-matter yields of spinach
(Experiment 8).

A. On horizontal axes, the total amounts of N applied are shown.
B+C, As in A but with 75 and 25% of the total N applied as pig manure slurry and
farmyard manure, respectively,

Figure 4.14 Effects of variations in the amount of K applied and the type of K-carriers
on {A) NO3-contents and (B} dry-matter yields of spinach. (Data are means of values
obtained on three soils) (Experiment 12).

Figure 5.1 Available soil nitrogen (NO3-N and NH4-N) in the 0-60 cm layer of plots
without plants and without nitrogen added,

2) Duiven b) Lelystad ¢) Helden.

[89]



Figure 5.2 Available soil (NO3+NHg)-N in the soil profile of plots with spinach plants,
having received varying quantities of NO3-dressings, at the final harvests of experi-
ments 5 and 6.

Figure 5.3 Relationship between NO3-N having disappeared from the 0-60 cm soil layer
(see text) and N-uptake by spinach in the field experiments.

(For the estimation of N-uptake it was assumed that total N in the aerial parts
constitutes 0% of all nitrogen taken up). :

Figure 5.4 Effects of variations in nitrate dressings on the contents of K, Na, Ca, Mg,
HyPQy4, Cl, 804, C, A and (C-A) and the ratio (C-A):crg N in spinach grown in the
field experiments,

Figure 5.5 Effects of variations in timing of N-application, in NO3:NH4-ratic and in age
of plants on the NO3-contents in spinach.

(Data presented are means of values obtained with and without nitrapyrin, N-dressing
is 150 kg per ha)(Experiment 1A).

Figure 5.6 Effects of variation in NO3-N:NH4-N-1atio on the (C-A):org N-value in the
aerial parts of spinach grown in the field experiments.

Figure 6.1 Relationship between plant-available N (= N-dressing pius the amount of
available N in the soil (0-60 cm) before sowing) and the NO3z-contents of samples
from the final harvests of experiments in Duiven (A), Lelystad and Helden (B) and
from experiments on farmers’ fields (C).

Figure 6.2 Percentage of spinach samples from final harvests of spring field experiments
and from experiments on farmers’ fields containing (A) less than 1500 mg and (B)
less than 2500 mg NO3 per kg fresh weight for various categories of plant-available N
(= N-dressing plus the amount of available N in the soil (0-60 cm) before sowing).

[90]




List of tables

Table 1: Characteristics of the soils used in the soil-culture experiments (3.1.4) and in the
field experiments (3.2)

Table 2: Chemical composition of the organic soil amendments in soil-culture experi-
ments 4 and 8

Table 3: Mean maximum and minimum air temperatures per decade recorded at 1,5 m
above groundlevel in Wageningen in 1977 (April-June) and in 1978 and 1979 (April-
October)

Table 4: Yield and chemical composition of spinach grown in sand with per pot added
1.5g N, as NO3- andfor NHg4-N, and 1.83 g K (Sand-culture experiment B, third
harvest)

Table 5: Yield and chemical composition of the aerial parts of spinach grown in sand
as influenced by variations in quantities of NO3-N and K applied
(Sand-culture experiment B, third harvest)

Table 6: Effects of variations in the quantity and in the timing of NO3-application on
the NO3-contents and dry-matter yields of spinach
(Experiment 3A)

Table 7: Effects of variations in soil-moisture contents and NO3-N dressings on the
NOj3-contents and dry-matter yields of spinach
(Experiment 4B)

Table 8: Nitrate contents and dry-matter yields of spinach, and soil pH values after
harvest as affected by ammoniunt and nitrate-nitrogen applications
{Experiment 6)

Table 9: Nitrate contents, (C-A): org N-values and dry-matter yields of spinach as
affected by variations in N-dressings, NO3 : NHgratio and plant age
(Experiment 7)

Table 10: Effects of variations in P-dressings and in values of available soil P on NO3-
contents and dry-matter yields of spinach
(Experiment 11)

Table 11: Effect of plant age and varietal differences on NO3-contents and dry-matter
vield of spinach
(Experiment 13)

Table 12: Effects of variations in mitrate dressings on yields (fresh and dry weight),
dry-matter, NO3- and N-contents, total N, and the ratio (NO3-N : N-total) ) 100
in the aerial parts of spinach grown in the field experiments

Table 13: Effects of variations in timing of nitrogen application and in plant age on
yields (fresh and dry weight), dry-matter, NO3-and N-contents and total N in the
aerial parts of spinach
(Experiment 1A}

Table 14: Effects of variations in additional dressings of NO3-N and/or NH4-N on yields
(fresh and dry weight), dry-matter, NO3- and N-contents and total N in the aerial
parts of spinach with a basal dressing of 100 kg of NO3-N per ha before sowing
(Experiment 2A)

Table 15 : Effects of variations in quantity of N-dressing, in NOj : NHy-ratio and in
plant age on yields (fresh and dry weight), dry-mattezr, NO3- and N-contents and total
N in the aerial parts of spinach grown in the field experiments

Table 16: Effects of variations in quantity of N-dressing on yield (fresh weight), dry-
matter and NO3-contents of spinach grown on farmers’ fields showing variations in
soil type, sowing date, seed amount, spinach variety, harvest date and available soil N
before sowing

[91]



0001 = g = 661 = A
91 = 001 = R = W -
vitL = 62rk = 0001 = €68 =
0808 - 096 = oz = 0001 =
Ml Ty 12d FONY Tw M 3y sad EQN Bw md 8% 2ad N-EON 3w Wa 3 sad EON 1oww wgw

L10
87°0
sTi
¥
N-£ON %

009
096t
it
1] 4

0001

08s¢
(2144
BpEE
(4144

*3g JO JUANUVOD 1a13et-AIP € YILM YIRULS 10] IWIYDS UOEIIANOD

096¥ OFEd 0tLe aole 08¥2 098% 11 748 079

896E Tive SL6T 111 /4 ¥861 s8¢l 66 %t
9L62 4114 (4544 0981 88¥1 9111 i Lt
¥861 9tL1 88bI ozl 66 L) 9%6¢ BT

Al 55 12d EQN 8w

008 004, 009 00¢ 6ot gJog 00T 001

A )

=1

(%) Yus1u00 1RIBW AL

(Wa 3y 1ad fow w) EON

SHULIUOD SR EW-AIP  SAOLIEA Yits W] By 9d o w se passaidus spuluaa-EON Wl pa)RMIES 4 Ty ad EQN Sw ul uatwos-Egy

Wapuaddy

[92]



References

10.
11,
12,
13.
14,
15,
16.
17
18.
19.
20.

21.

Acar 1 and Ahzens E (1978) Zum Pioblem des Nitrat- und Nitritgehaltes bei
Gemiise, insbesondere Spinat, 1. Einfluss der Stickstoffdiingung und der Ver-
arbeitung zu Gefrierspinat. Chem Mikrobiol Technol Lebensm 5, 170-174
Achtzehn MK and Hawat H (1969) Die Anreicherung von Nitrat in den Gemiisen-
arten - eine Miglichkeit der Nitratintoxikation bei Sduglingen, Nahrung 13,
667-676 .

Achtzehn MK and Hawat H (1971) Einfluss industrieller Vorbehandlung auf den
Gehalt essentieller und nicht essentieller Inhaltsstoffe im Spinat. Nahrung 15,
527-537

Aldershoff WG {1982) Nitraat in gewassen en onze gezondheid, Bedrijfsontwik-
keling 13, 273-280

Allison FE (1973) Soil organic matter and its role in crop production, New York:
Eisevier Scientific Publishing Co

Anonymous (1981) Nzar minder nitraat in bladgroenten. Persbericht Ministerie
van Landbouw en Visserij No. 442, 7 december 1981

Armijo R and Coulson AH (1975} Epidemiology of stomach cancer in Chile - the
role of nitrogen fertilizers. Int J Epidemiol 4, 301-309

Aslam M, QOaks A and Huffaker RC (1976} Effect of light and glucose on the
induction of nitrate reductase and on the distribution of nitrate in etiolated
barley leaves. Plant Physiol (Bethesda) 58, 588-591

Aworh OC, Hicks JR, Minotti PL and Lee C (1980) Effects of plant age and
nitrogen fertilization on nitrate accumulation and postharvest nitrite accumula-
tion in fresh spinach, J Am Soc Hortic Sci 105, 1820

Barker AV (1975) Organic vs. inorganic nutrition and horticultural crop quality,
HortScience 10, 50-33.

Barker AV and Maynard DN (1971) Nutritional factors affecting nitrate accumu-
lation in spinach., Commun Soil Sci Plant Anal 2, 471478

Barker AV and Mills HA (1980) Ammonjum and nitrate nutrition of horticultural
crops. Hortic Rev 2, 395-423

Barker AV, Maynard DN and Mills HA (1974) Variations in nitrate accumulation
among spinach cultivars, J Am Soc Hortic Sci 99, 132-134

Barker AV, Peck NHand MacDonald GE (1971) Nitrate accumulation in vegetables.
I. Spinach grown in upland soils. AgronJ 63, 126-129

Becker KF (1965) Nitrat- and Nitritgehalt in Spinat. Bundesgesundheitsblatt 8,
246-248

Beevers L and Hageman RH (1969) Nitrate reduction in higher plants. Annu Rev
Plant Physiol 20, 495-522

Beevers L and Hageman RH (1972) The role of light in nitrate metabolism in
higher plants, Photophysiclogy 7, 85-113

Bengtsson BL (1968) Effect of nitrification inhibitor on yield and nitrate content
of spinach. Z Pflanzenernachr Bodenkd 121, 1-4

Ben Zioni A, Vaadia Y and Lips SH (1971) Nitrate uptake by roots as regulated
by nitrate reduction products of the shoot, Physiol Plant 24, 288-290

Bodiphala T and Ormrod DP (1971) Factors affecting the nitrate content of
vegetable and fruit foods. Cen Inst Food Technol ¥ 4, 6-8

Boek K and Schuphan W (1959) Der Nitratgehalt von Gemliisen in Abhéingigkeit
von Pflanzenart und einigen Umweltfaktoren. Qual Plant Mat Veg 5, 199-208

[93]



22,

23,

24,

25.

26.

27.

28,

29.

30.

31

32

33.

34,

35,

36.

37.

38.

39.

40.

41,

Béhmer M (1980) Der Mineralstickstoffgehalt von Bdden mit Feldgemiisebau und
seine Bedeutung fiir die Stickstofferndhrung der Pflanze, Dissertation Universitit
Hannover

Boon J van der and Pieters JH (1981) Stikstofaanbod uit grond en bemesting, en
nitraat in spinazie, Stikstofbemestingsproeven bij spinazie op zeeklei in 1980.
Nota 97, Instituut voor Bodemvruchtbaarheid te Haren

Breimer T and Slangen JHG (1981) Pretreatment of soil samples before NO3-N
analysis, Neth J Agric Sci 29, 15-22

Breteler H (1973) A comparison between ammoninm and nitrate nutrition
of young sugar-beet plants grown in nutrient solutions at constant acidity, 1.
Production of dry matter, ionic balance and chemical composition, Neth J Agric
Sci 21, 227-244 ‘
Briggs GG (1975) The behaviour of the nitrification inhibitor “N-Serve” in
broadcast and incorporated applications to soil. J 8¢ Food Agric 26, 1083-1092
Brink NDH van de, Coster DRA and Drost-de Wijs H (1968) Nitraat en nitriet in
spinazie. Voeding en Techniek 2, 1122-1126

Brown JR and Smith GE (1967) Nitrate accumulation in vegetable crops as
influenced by soil fertility practices, Missouri Agric Exp Stn Res Bull 920

Brown JR, Lambeth VN and Blevins DG (1969) Nutrient interaction effects on
vield and chemical composition of spinach and green beans. Missouri Agric Exp
Stn Res Bull 963

Buishand Tj (1974) Teelt van spinazie. Consulentschap in Algemene Dienst voor
de Groenteteelt in de Vollegrond in Nederland te Alkmaar

Burg PFJ van, Groot EH, Keller GHM and Rauw GJG (1967) De stikstofbemesting
van spinazie in verband met opbrengst en kwaliteit. Onderzoek 1967. Versl
Landbouwkd Bur Ned Stikstofmestst Ind no B 163

Burg PFT van, Groot EH, Keller GHM and Rauw GJG (1969) Stikstofbemesting
spinazie, 1968. Versl Landbouwkd Bur Ned Stikstofmestst Ind no B 187

Cantliffe DJ (1972-1) Nitrate accumulation in spinach grown under different light
intensities. ¥ Am Soc Hortic Sci 97, 152-154

Cantliffe DJ (1972-2) Niirate accumulation in vegetable crops as affected by
photoperiod and light duration. J Am Soc Hortic Sci 97, 414-418

Cantliffe DJ (1972-3) Nitrate accumulation in spinach grown at different temper-
atures, J] Am Soc Hortic Sci 97, 674-676

Cantliffe DJ (1973-1) Nitrate accumulation in table beets and spinach as affected
by nitrogen, phosphorus, and potassium nutrition and light intensity. Agron J 635,
563-565

Cantliffe DJ (1973-2) Nitrate accumulation in spinach cultivars and plant intro-
ductions, Can J Plant 8ci 53, 365-367

Cantliffe DI and Phatak SC (1974-1) Effect of herbicides on weed control and
nitzate accumulation in spinach. HortScience 9, 470-472

Cantliffe DJ and Phatak SC (1974-2) Nitrate accumnulation in greenhouse vegetable
crops. Can J Plant Sci 54, 783-788

Cantliffe DJ, MacDonald GE and Peck NH (1974) Reduction of nitrate accumula-
tion by molybdenum in spinach grown at low pH, Commun Soil Sci Plant Anal 5,
273-282

Coit Y, Lesaint Ch and LeRoux F (1961) Comparison de Pinfluence de la nutri-
tion nitrique et ammeoniacale combinde ou non avec une déficience en acide
phosphorique, sur Pabsorption et le métabolisme des anions-cations et plus
particulidrement des acides organiques chez le mais, Comparison du mais et dela
tomate quant 4 P'effet de la nature de 'alimentation azotée, Ann Physiol Vég
(Patis) 3, 141-163

[94]




42,

43,

44,

43,

486,

47.

48.

49,
50.

S

52,
33,

54,

55.
56,
57.
58.
59,

60.

61.

Coic Y, Lesaint Ch and LeRoux F (1962) Effets de la nature ammoniacale ou
nitrique de 'alimentation azotée et du changement de la nature de cette alimenta-
tion sur le métabolisme des anjons et cations chez !a tomate. Ann Physiol Vég
(Paris) 4, 117-125

Cools MH, Meijs MQ van der, Roorda van Eysinga JPNL and Stolk JH (198() Het
nitraatgehalte van enkele spinazierassen geteeld onder glas, Intern verslag no. 1.
Proefstation voor Tuinbouw onder Glas te Nazldwijk, januari 1980

Corré WJ and Breimer T (1979) Nitrate and nitrite in vegetables. Wageningen:
Centre for Agricultural Publishing and Documentation

Cuello C, Correa P, Haenszel W, Gordillo G, Brown C, Archer M and Tannenbaum
S (1976) Gastric cancer in Colombia. I, Cancer risk and suspect environmental
agents. J Natl Cancer Inst 57, 1015-1020

Descamps P (1972) Les nitrates dans les légumes de conserve: cas des épinards et
des caroftes. Centre Technique des Conserves de Produits Agricales (CTCPA).
Station Experimentale de Dury

Dijkshoorn W (1969) The relation of growth to the chief ionic constituents of the
plant. In: Rorison IH, ed. Ecological aspects of the mineral nutrition of plants, pp
201-213. Oxford: Blackwell Scientific Publications

Dijkshoorn W and Wijk AL van (1967) The suiphur requirements of plants as
evidenced by the sulphur-nitrogen ratio in the organic matter - a review of pub-
lished data, Piant Soil 26, 129-157

Dressel J (1976) Abhingigkeit qualititsbeeinflussender pflanzlicher N-haltiger
Inhaltstoffe von der Diingungsintensitit. Landwirtsch Forsch 33 If SH, 326-334
Dressel J and Jung § {1970) Der Einfluss der Diingung auf verschiedene Inhalt-
stoffe von Spinat. Ernachr Umsch 17, 524-527

Eerola M, Varo P and Koivistoinen P (1974} Nitrate and nitrite in spinach
(Spinacia oleracea L.) as affected by application of different levels of nitrogen
fertilizer, blanching, and storage after thawing of frozen product. Acta Agric
Scand 24, 286-290

Egmond F van (1971) Inorganic cations and carboxylates in young sugarbeet
plants. Proc 8th Colloq Int Potash Inst (Uppsala), pp 104-117

Egmond, F van (1975) The ionic balance of the sugar-beet plant. Agric Res Rep
832, Wageningen: Centre for Agricultural Publishing and Documentation

Egmond F van {1978) Critique- of “Absorption and utilization of ammonium
nitrogen by plant”, Nitrogen nutritional aspects of the ionic balance of plants. In:
Nielsen DR and MacDonald JG, eds. Nitrogen in the environment 2, pp 171-189,
New York: Academic Press

Fraser P, Chilvers C, Beral V and Hill MJ (1980} Nitrate and human cancer: a
review of the evidence. Int J Epidemiol 9, 3-11

Frota JNE and Tucker TC (1972) Temperature influence on ammonium and
nitrate absorption by lettuce. Soil Sci Soc Am Proc 36, 97-100

Gasser JKR (1970) Nitrification inhibitors - their occurrence, production and
effects of their use on crop yields and composition. Soils Fert 33, 547-554
Geleperin MD, Moses V¥ and Fox G (1976) Nitrate in water supplies and cancer,
Il Med J 149, 251-253

Gever B (1978) Untersuchungen zur Wirkung hoher Stickstoffgaben auf den
Nitratgehalt von Frejlandgemiise. Arch Gartenbau 26, 1-13

Gruji¢ § and Kastori R {1974) Einfluss der verschiedenen Mineralstoffernihrung
auf den Nitrat- und Nitritgehalt im Spinat. Proc IV Int Congress Food Sci Technol
{Madrid} 3, 272-277

Haenszel W, Kurihara M, Segi M and Lee RKC (1972) Stomach cancer among
Japanese in Hawaii. J Natl Cancer Inst 49, 969-988

[95]



62.

63,

64,

65.

66.

67,

68.

69.

70.

71.

72

73.

74.

75.

76.

77.

78,

79.

80.

81.

Hzenszel W, Kurihara M, Locke FB, Shinuzu K and Segi M (1976) Stomach
cancer in Japan. J Natl Cancer Inst 56, 265-274

Hansen H (1978) The influence of nitrogen fertilization on the chemical composi-
tion of vegetables. Qual Plant 28, 45-63

Harada M, Ishiwata H, Nakamura Y, Tanimura A and Ishidate M (1975) Changes
of nitrite and nitrate concentrations in human saliva after ingestion of salted
Chinese cabbage. J Food Hyg Soc Jpn 16, 11-18

Haynes RJ and Goh KM (1978) Ammonium and nitrate nutrition of plants.
Biol Rey Camb Philo Soc 53, 463-510

Hewitt EJ (1975) Assimilatory nitrate-nitrite reduction. Annu Rev Piant Physiol
26, 73-100

Hiatt AJ (1967) Relationship of cell sap pH to organic acid change during ion
intake. Plant Physiol (Bethesda) 42, 294-298

Hildebrandt {1976) Zur Problematik der Nitrosamine in der Pflanzenerndhrung,
Dissertation Justus Liebig Universitit Giessen

Hill MJ, Hawksworth GM and Tattersall G (1973) Bacteria nitrosamines and
cancer of the stomach, Bx I Cancer 28, 562-567

Houba VJG, Egmond F van and Wittich EM (1971) Changes in production
of organic nitrogen and carboxylates (C-A) in young sugar-beet piants grown in
nutrient solutions of different nitrogen compositions. Neth J Agric Sci 19, 35-47
Huber DM and Watson RD (1974} Nitrogen form and plant disease. Annu Rev
Phytopathol 12, 139-165

Huffaker RC and Rains DW (1978) Factors influencing nitrate acquisition by
plants; assimilation and fate of reduced nitrogen, In: Nielsen DR and MacDonald
JG, eds. Nitrogen in the envirenment 2, pp 1-43. New York: Academic Press
Hulewicz D and Mokrzecka E (1971) Ertragsabhiingigkeit des Spinats und einiger
seiner Wertbestimmenden Bestandteile von der Diingung, Z Pflanzenernaehr
Bodenkd 130, 214-224

Ishiwata H, Boriboon P, Nakamura Y, Harada M, Tanimura A and Ishidate M
(1975) Studies on in vivo formation of nitroso compaounds, II. Changes of nitrite
and nitrate concentration in human saliva after ingestion of vegetables or sodium
nitrate. J Food Hyg Soc Jpn 16, 19-24

Jackson WA {1978) Critique- of “Factors influencing nitrate acquisition by
plants: assimilation and fate of reduced nitrogen”. Nitrate acquisition and assimi-
lation by higher plants: processesin the root system, In: Nielsen DR and MacDonald
JG, eds. Nitrogen in the environment 2, pp 45-88. New York: Academic Press
Jacobson L and Ordin L (1954} Organic acid metabolism and ion absorption in
roots. Plant Physiol (Bethesda) 29, 70-75

Jacquin F and Papadopoulos G (1977) Influence de la forme de fumure azotée sur
laccumulation des nitrates dans des plants d’épinards cultivés en vases de végéta-
tion. Bull Ec Nat Super Agron Ind Aliment 19, 101-104

Joint FAQ/WHO Expert Committee on Food Additives (JECFA)(1974) Toxi-
cological evaluation of certain food additives with a review of general principles
and specifications. 17th Report JECFA, FAO Nutrition Meetings Report Series
No §3; WHO Technical Report Series No 539

Joint FAQ/WHO Expert Committee on Food Additives (JECFA)(1976) Eva-
Iuation of certain food additives. 20th Report JECFA, WHO Technical Report
Series No 599; FAO Food and Nutrition Series No 1

Joint Iran-International Agency for Research on Cancer Study Group (1977)
Qesophageal cancer studies in the Caspian Littoral of Iran: Resulis of population
studies - a prodrome, J Natl Cancer Inst 59, 1127-1138

Jung I and Dressel J (1978) Umsetzungsvorginge und Inhibierungsmdéglichkeiten

(96)




82,

83,

84,

85.

86.

87.

88.

89.

90,

91.

92

93.

94,

95.

96.

98.

99,

100.

101.

bei Boden- und Diingerstickstoff, Landwirtsch Forsch 34 II SH, 74-89

Jurkowska H (1971) Effect of dicyanodiamide on the conient of nitrates and
oxalic acid in spinach, Agrochimica 15, 445-453

Jurkowska H and Wojciechowicz T (1974) Investigations on the content of oxalic
acids and nitrates in plants. Part II. Effect of dicyanodiamide as an inhibitor of
nitrification on the accumulation of oxalic acid and nitrates in plants as depending
on the nitrogen doses (in Polish), Acta Agrar Silvestria Ser Agrar 14/2, 15-24
Kerkhoff P and Slangen YHG (1980) Nitrificatie-remstoffen in land- en tuinbouw,
Interne Mededeling no 54, Vakgroep Bodemkunde en Bemestingsleer, Eandbouw-
hogeschool, Wageningen

Kick H and Massen GG (1973) Der Einfluss von Dicyandiamid und N-Serve in
Verbindung mit Ammonjumsulfat als N-dinger auf die Nitrat-und Oxalsiure-
gehalte von Spinat (Spinacia oleracea). Z Pflanzenernaehr Bodenkd 135, 220-226
Kirkby EA (1969) Ion uptake and jonic balance in plants in relation to the form
of nitrogen nutrition. In: Rorison IH, ed. Ecological aspects of the mineral
nutrition of plants, pp 215-255. Oxford: Blackwell Scientific Publications

Kirkby EA (1974) Recycling of potassium in plants considered in relation to
uptake and organic acid accumulation. In: Wehrmann J, ed. Proc 7th Int Colloq
Plant Anal Fert Probl (Hannover) 2, 557-568

Kirkby EA and Knight AH (1977) Influence of the level of nitrate nutrition on
ion uptake and assimilation, organic acid accumulation, and cation-anion balance
in whole tomato plants. Plant Physiol (Bethesda) 60, 349-353

Klett M (1968) Untersuchungen iiber Licht- und Schattenqualitit in Relation zum
Anbau und Test von Kieselpreparaten zur Qualititshebung, Institut fiir biologisch-
dynamische Forschung, Darmstadt

Knauer N (1970) Beeinflussung der Qualitit von Spinat durch pflanzenbauliche
Massnahmen. Emaehr Umsch 17, 5-8

Knauer N and Simon C (1968) Uber den Einfluss der Stickstoffdiingung auf den
Ertrag sowie Nitrat-, Mineralstoff- und Oxalsduregehalt von Spinat. Z Acker
Pflanzenb 128, 197-220

Kiibler W and Simon C (1969} Nitrat-Nitritvergiftigungen im Siuglingsalter. Nutr
Dieta 11,111-119 ‘
Kuhlen H (1962) Der Nitratgehalt von Spinat im Abhiingigkeit von der Stick-
stoffdiingung und andere tkologische Faktoren. Proc XVIth Hortic Congress 2,
216-222

Lambeth VN, Fields ML, Brown JR, Regan WS and Blevins DG (1969) Detinning
by canned spinach as related to oxalic acid, nitrates and mineral composition,
Food Technol 23, 840-842

Lee CY, Shallenberger RS, Downing DL, Stoewsand ES and Peck NH (1971)
Nitrate and nitrite nitrogen in fresh, stored and processed table beets and spinach
from different levels of field nitrogen fertilization, J Sci Food Agric 22, 90-92
Loggers G {1979) Nitraat, overdaad schaadt. Voeding {the Hague) 40, 431-433
Lorenz OA and Weir BL (1974) Nitrate accumulation in vegetables. In: White PL
and Robbins D, eds. Environmental quality and food supply, pp 93-103. New
York: Futura Publications

Lycklama JC (1963) The absorption of ammonium and nitrate by perennial
rye-grass. Acta Bot Neerl 12, 361-423

Maercke D van (1973) Stikstofbemesting en het nitraatgehalte van spinazie.
Meded Fac Landb Wetensch Rijks Univ Gent 38, 486-503

Maercke D van and Vereecke M (1976) Morfo-fysiologische en chemische studie
van enkele spinazierassen. Landbouw Tijdschr 29, 1235-1254

Maga JA, Moore FD and Oshima N (1976) Yield, nitrate levels and sensory

[97]



102,

103,

104,

105,

106.

107.

108.

109.

110.

111

112,

113.

114,

115.

116.

117,

118.

119,

120,

121.

122,

123,

properties of spinach as influenced by organic and mineral nitrogen fertilizer
levels, J Sci Food Agric 27, 109-114

Magee PN and Barnes JM (1967) Carcinogenic nitroso compounds. Adv Cancer
Res 10, 163-246

Maynard DN and Barker AV (1971) Critical nitrate levels for leaf lettuce, radish,
and spinach plants. Commun Soil Sci Plant Anal 2, 461470

Maynard DN and Barker AV (1972) Nitrate content of vegetable crops. HortScience
7, 224-226

Maynard DN and Barker AV (1974) Nitrate accumulation in spinach as influenced
by leaf type, ¥ Am Soc¢ Hortic Sci 99. 135-138

Maynard DN and Barker AV (1979) Regulation of nitrate accumulation in vege-
tables, Acta Hortic 93, 153-159

Maynard DN and Lorenz OA (1979) Controlied release fertilizers for horticultural
crops. Hartic Rev 1, 79-140

Maynard DN, Barker AV, Minotti PL and Peck NH (1976) Nitrate accumulation
in vegetables. Adv Agron 28, 71-118

Mechwald J (1973) Die Diingung bei Spinat im Frithjahrs- und Herbstanbau.
Gemiise 9, 197-198

Mengel K and Kirkby EA (1978) Principles of plant nutrition. Bern: International
Potash Institute

Merkel D (1975) Oxalatgehalt und Kationer-Anionen-Gleichgewicht von Spinat-
pflanzen in Abhingigkeit vom NOj : NH4-Verhiltnis in der Nihrlosung, Land-
wirtsch Forsch 28, 34-40

Meyers RIK and Paul EA (1968) Nitrate jon electrode method for soil nitrate
njtrogen determination. Can J Soil Sci 48, 369-371

Mills HA, Barker AV and Maynard DN (1976) Effects of nitrapyrin on nitrate
accumulation in spinach. J Am Soc Hortic Sci 101, 202-204

Minetti PL and Stankey DL (1973) Diurnal variation in the nitrate concentration
of beet. HortScience 8, 33-34

Mirvish 88 (1977) N-nitroso compounds: Their chemical and in vivo formation
and possible importance as environmental carcinogens. J Toxicol Environ Health
2,1267-1277

Mol HY (1979) Preventic van schadelijke stoffen in tuinbouwprodukten. Bedrijfs-
ontwikkeling 10, 948-954

Moore FD (1973) N-serve nutrient stabilizer: A nitrogen management tool for
leafy vegetables, Down to Earth 28, 4-7

Moore FD, Riggert CE and Holbrook TB (1977) Effect of fertilizer nitrogen
nitrification suppression on spinach in alkaline soil. HortScience 12, 412
Nicolaisen W and Zimmermann H (1968) Der Einfluss der Stickstoffdiingung auf
den Nitratgehalt von §pinat unter wechselnden klimatischen Bedingungen, Garten-
bauwissenschaft 33, 353-380

Novozamsky I, Eck R van, Schouwenburg JCh van and Walinga 1 (1974) Total
nitrogen determination in plant material by means of the indophenolblue method.
Neth ¥ Agric 8ci 22, 3-5

Nurzynski J (1976) Effect of the chloride and sulphate form of potassium on the
quantitative and qualitative aspects of the yields of some vegetable crops on
garden peat (in Pelish). Biul Warzywniczy 19, 105-118

Qien A and Selmer-Olsen AR (1%69) Nitrate determination in soil extracts
with the nitrate electrode. Analyst 94, 888-394

Olday FC, Barker AV and Maynard DN (15976) A physiological basis for different
patterns of nitrate accumulation in two spinach cultivars. ] Am Soc Hort Sci 101,
217-219

[98]




124,

125,

126,

127,

128.

129,

130.

131.

132,

133,

134,

135,

136,

137.

138.

139,

140,

141.

142,

143.

Pavlek P, Durman P, Heneberg R and Horgas D (1974) Effect of some climatic
factors upon the yield and dry matter and nitrate content of the studied spinach
varieties (in Polish). Poljopr Znan Smotra 33, 133-141

Pfliiger R and Wiedemann R (1977) Der Einfluss monovalenter Kationen auf die
Nitratreduktion von Spinacia oleracea L. Z Pflanzenphysiol 835, 125-133

Prasad R, Rajale GB and Lakhdive BA (1971) Nitrification retarders and slow-
release nitrogen fertilizers, Adv Agron 23, 337-383

Preussmann R (1981) Nitrat in der Nahrung - ein Gesundheitsrisiko? In: Vortriige
der Informationstagung ‘Nitrat in Gemiisebau und Landwirtschaft’, 23. November
1981, Gottlieb Duttweiler-Institut, Riischiikon/ Ziirich, pp 17-35

Prummel J (1271) Fosfaat- en kalibemesting van bladspinazie en stamslabonen op
landbouwgronden. Bedrijfsontwikkeling 2 (editie Tuinbouw), 49-54

Rac KP and Rains DW (1976) Nitrate absorption by barley. L Kinetics and
energetics, Plant Physiol (Bethesda) 57, 55-58

Raven JA and Smith FA (1976) Nitrogen assimilation and transport in vascular
land plants in relation to intracelluiar pH regulation. New Phytol 76, 415-431
Regan WS, Lambeth VN, Brown JR and Blevins DG (1968) Fertilization inter-
relationships in yield, nitrate and oxalic acid content of spinach. J Am Soc Hortic
Sci 93, 485492

Roorda van Eysinga JPNL and Meijs MQ van der {(1980-1) Nitraatgehalte in glassla
geoogst gedurende een etmaal. Intern verslag no 27. Proefstation voor Tuinbouw
onder Glas te Naaldwijk, juni 1980

Roorda van Eysinga JPNL and Meijs MQ van der (1980-2) Het telen van spinazie
en radijs op voedingsoplossingen met als doel het nitraatgehalte in gewas te
verlagen, Intern verslag no 53. Proefstation voor Tuinbouw onder Glas te Naaldwijk,
november 1980

Ruddell W8, Bone ES, Hill MJ, Blendis LM and Walters CL (1976} Gastric juice
nitrate. A risk factor for cancer in the hypochlorhydric stomach. Lancet ii,
1037-1039

Rudert BD and Locascio 8J (1979) Differential mobility of nitrapyrin and am-
menijum in a sandy soil and its effect on nitrapyrin efficiency. Agron J 71, 487-490
Scharpf HC (1977} Der Mineralstickstoffgehalt des Bodens als Massstab fiir den
Stickstoffdiingerbedarf, Dissertation Universitit Hannover

Schenk M and Wehrmann J (1979) The influence of ammonia in nutrient solution
on growth and metabolism of cucumber plants. Plant Soil 52, 403-414

Schmalfuss K and Reinicke I {1960) Uber die Wirkung gestaffelter K-gaben als
KC und K25804 auf Ertrag und Gehalt an Wasser, N-Verbindungen,K-, Cl- und
$Fraktionen von Spinatpflanzen im Gefissversuch, Z Pflanzenernachr Ducng
Bodenkd 91, 21-29

Schrader LE (1978) Critique-of “Factors influencing nitrate acquisition by plants;
assimilation and fate of reduced nitrogen”. Uptake, accumulation, assimilation
and transport of nitrogen in higher plants. In: Nielsen DR and MacDonald JG,
eds, Nitrogen in the environment 2, pp 101-141. New York: Academic Press
Schudel P, Eichenberger M, Augstburger F, Klay R and Vogtmann H (1979) Uber
den Einfluss von Kompost- und NPK-Dilngung auf Ertrag, Vitamin-C- und Nitrat-
gehalt von Spinat und Schnittmangold. Schweiz landwirtsch Forsch 18, 337-349
Schuffelen AC, Lehr JT and Rosanow M (1952) The technique of pot experiments.
Trans Int Soc Soil Sci (Comm Iland IV) 2, 263-268

Schuphan W .(1965) FErtragsbildung und Erzeugung wertgebender Inhalts-und
Schadstoffe in Abhingigkeit von der N- und P-Diingung. Landwirtsch Forsch 19
SH, 195-205

Schuphan W (1974} The significance of nitrates in food and potable waters, Qual

(59]



144,

145.

146,

147,

148.

149,

150.

151.

152.

153.

154,

155.

156,

157.

158,

159,

160.

161.

162.

163.

Plant Plant Foods Hum Nutr 24, 19-35
Schuphan W and Hentschel H (1970) Hohe Stickstoffgaben beim Spinat und ihre
Folgen. Ernaghr Umsch 17, 197-200

Schuphan W, Bengtsson B, Bosund I and Hylmo B (1967) Nitrate accumulation in
spinach. Qual Plant Plant Foods Hum Nutr 14, 317-330

Schiitt I (1977) Zum Nitratgehalt in Spinat, Lebensm Ind 24, 318-320
Schwerdtfeger E (1975) Umweltbedingte Impulse als Enzyminduktoren in ihrer
Auswirkung auf Pflanzeninhaltstoffe. Qual Plant Plant Foods Hum Nutr 24,
263-280

Siegel O and Vogt G (1974) Uber die Bildung verschiedener Stickstoffverbindungen
im Spinat (Spinacia oleracea) in Abhingigkeit van Art und Menge des gebotenen
Stockstoffs. Landwirtsch Forsch 27, 281-286

Siegel O and Vogt G (1975-1) Uber den Einfluss langsam fliessender Stickstoff-
quellen auf den Aufbau der Stickstoffverbindungen in Spinat und Gerste, Land-
wirtsch Forsch 28, 235-241

Siegel O and Vogt G (1975-2) Uber den Einfluss eines Nitrifikationsinhibitors auf
die Stickstoffverbindungen des Spinats. Landwirtsch Forsch 28, 242-248

Simon C (1970) Die alimentire Methimoglobindmie im Siuglingsalter. Ernachs
Umsch 17, 3-5

Singh B, Vadhwa OP, Wu MT and Salunkhe DK (1972} Effects of foliar applica-
tion of S-triazines on protein, amino acids, carbohydrates and mineral composition
of pea and sweet comn seeds, bush bean pods and spinach leaves. J Agric Food
Chem 20, 1256-1259

Sissingh HA (1971) Analytical technique of the Pw method, used for the assessment
of the phosphate status of arable soils in the Netherlands. Plant Soil 34, 483-486
Slangen JHG and Hoogendijk AW (1970) Voorschriften voor chemische analyse
van gewasmonsters, Afdeling Landbouwscheikunde Landbouwhogeschool Wagenin-
gen

Sommer K and Mertz M (1974) Wachstum, Ertrag und Mineralstoffaufnahme
von Pflanzen beeinflusst durch Ammonium oder Nitrat. Landwirtsch Forsch
27, 8-30

Spiegelhalder B, Fisenbrand G and Preussmann R (1976) Influence of dictary
nitrate on nitrite content of human saljva: possible relevance to in vivo formation
of N-nitrosoe compounds, Food Cosmet Toxicol 14, 545-548

Srivastava HS (1980) Regulation of nitrate reductase activity in higher plants.
Phytochemistry 19, 725-733

Stephany RW and Schuller PL (1978) The intake of nitrate, nitrite and volatile
N-nitrosamines and on the occurrence of volatile N-nitrosamines in human urine
and veal caives. In: Walker EA, Castegnaro M, Griciute L and Lyle RE, eds.
Environmental aspects of N-nitroso compounds. Lyon: International Agency for
Research on Cancer (IARC Scientific Publications no 19), pp 443-460

Stephany RW and Schuller PL (1980) Daily dietary intakes of nitrate, nitrite and
volatile N-nitrosamines in the Netherlands using the duplicate portion sampling
technique. Oncology 37, 203-210

Tannenbaum SR (1979) Relative risk assessment of various sources of nitrite,
Proc Am Meat Inst Found 1979, 67-73

Tannenbaum SR, Weisman M and Fett D (1976) The effect of nitrate intake on
nitrite formation in human saliva. Food Cosmet Toxicol 14, 549-552
Tannenbaum SR, Fett D, Young VR, Land PD and Bruce WR (1978) Nitrite and
nitrate are formed by endogenous synthesis in the human intestine. Science 200,
1487-1489

Tannenbaum SR, Moran D, Rand W, Cuello C and Correa P {1979) Gastric cancer
in Colombia IV, Nitrite and other ions in gastric contents of residents from a

[100]




164.

165,

166.

167.

168.

169.

170.

171.

172,

173.

174.
175,

176.

177,

178.
178,
180.
181,
182,
183,

184,

high-risk region, J Natl Cancer Inst 62, 9-12

Terman GL and Allen SE (1978) Crop yield-nitrate-N, total N, and total K
relationships: leafy vegetables. Commun Soil Sci Plant Anal 9, 813-825

Terman GL, Noggle JC and Hunt CM (1976) Nitrate-N and total N concentration
relationships in several plant species. AgronJ 68, $56-560

Titulaer HHH (1980) Het stikstofbemestingsadvies voor spinazie, Toetsing van het
voorlopig stikstofbemestingsadvies voor spinazie in de praktijk met het doel het
nitraatgehalte van spinazie te verlagen. Lelystad, oktober 1980, See also: Jaarverslag
1980, Proefstation voor de Akkerbouw en de Groentetcelt in de Vollegrond te
Lelystad, pp 61-63. Publikatie nr 15, september 1981

Tremp E (1981) Der Beitrag der einzelnen Nahrungsmittel zur taglichen Nitratauf-
nahme des Menschen, In: Vortrige der Informationstagung *Nitrat in Gemiisebau
und Landwirtschaft’, 23. November 1981, Gottlieb Duttweiler-Institut, Riisch-
likon/Ziirich, pp 37-47

Tronickova E and Vit V (1970) The effect of fertilizers on the nitrate content in
several varieties of spinach. L. Ved Pr Vyzk Ustavu Rostl Vyroby v Praze-Ruzyni
16,119-126

Tronickovd E and Vit V (1972) The effect of fertilizers on the nitrate content in
several varieties of spinach. IL Winter spinach. Ved Pr Vyzk Ustavu Rostl Vyroby
v Praze-Ruzyni 17, 273-280

Tychsen K (1976} Irradiance and nitrogen metabolism in spinach. Acta Agric
Scand 26, 189-195

Ulrich A {1941) Metabolism of non-volatjle organic acids in excised barley roots
as related to cation-anion balance during salt accumulation. Am J Bot 28, 526-537
Ultich A (1942) Metabolism of organic acids in excised barley roots as influenced
by temperature, oxygen tension and salt concentration, Am J Bot 29, 220-227
Venter F (1978) Untersuchungen iiber den Nitratgehalt in Gemiise. Stickstoff 12,
31-38

Walker R (1975) Naturally occurring nitrate/nitrite in foods, J Sci Food Agric 26,
1735-1742

Wedler A (1979) Untersuchungen iiber Nitratgehalte in einigen ausgewihlten
Gemiisearten. Landwirtsch Forsch 36 SH, 128-137

Westvlaamse proeftuin voor industriéle groenten (1 978) Verslag over de proeven
uitgevoerd in 1976 en 1977, Onderzoek- en Voorlichtingscentrum voor Land- en
Tuinbouw, Beitem-Roeselacre

White JW (1975) Relative significance of dietary sources of nitrate and nitrite. J
Agric Food Chem 23, 886-891

(correction in: J Agric Food Chem 25, 202 (1976))

Wit CT de, Dijkshoorn W and Noggle JC (1963) lonic balance and growth of
plants. Versl Landbouwk Onderz 69-15

Witte H (1967} Stickstoffgehalt des Spinates in der Praxis des Feldgemiisebaus.
Mitt Dtsch Landwirtsch Ges 82, 1658-1660

Witte H (1970) Nitratgehalt des Spinates- zwei Jahre systematische Rohware-
Untersuchungen. Ind Obst Gemiiseverw 55, 7-11

World Health Organization (WHO){(1970) European standards for drinking water,
2nd Edn. Geneva, WHO

Wright M and Davison KL (1964) Nitrate accumulation in crops and nitrate
poisoning of animals, Adv Agron 16, 197-247

Yem EW and Folkes BF (1954) The regulation of respiration during the assimilation
of nitrogen in Torulopsis utilis. Biochem ¥ 57, 495-508

Zaldivar R (1977) Nitrate fertilizers as environmental pollutants. Positive correla-
tion between nitrates (NaNO3 and KNO3) used per unit area and stomach cancer
mortality rates. Experientia 33, 264-265

[101]



185.

186.

Zaldivar R and Wetterstrand WH (1975) Further evidence of a positive correlation
between exposure to nitrate fertilizers (NaNO3 and KNQ3) and gastric cancer
death rates: Nitrites and nitrosamines. Experientia 31, 1354-1355

Zimmermann H (1966) The influence of fertilization on the quality of spinach at
various light intensities, Acta Hortic 4, 89-95

[102]




