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ABSTRACT

Schroder, J.J., 1998, Towards improved nitrogen management in silage maize
production on sandy soils. Ph.D. Thesis, Wageningen Agricultural University,
The Netherlands, 223 pp, 44 figures, 51 tables, 237 references, English and
Dutch summaries.

The maize cropping technique current in The Netherlands is associated with
a low recovery of soil nitrogen in the crop and with considerable losses of
nitrate to the groundwater. This thesis aims to identify factors that
determine the partitioning of the nitrogen inputs from manure or artificial
fertiliser over crop and losses to the environment, to identify techniques for
improving the efficiency of nitrogen use by maize and to integrate them into
an environmentally sound management system.

The effects of rates, time and methods of nitrogen application on the uptake
of nitrogen by the crop and the loss of nitrogen to the groundwater, were
studied in field experiments. When applied at economically suboptimal rates,
nitrogen was recovered better by maize than when applied at the
economically optimal rate. The yield loss associated with sub-optimal
nitrogen rates could be limited by placing the nitrogen close to the maize
roots. Cover crops reduced the yield loss in subsequent maize crops by
recycling nitrogen that would otherwise leach out during winter. It is
concluded that it is technically feasible to grow maize without unacceptabkle
nitrate concentrations in the groundwater by a combination of measures
including reduced nitrogen inputs, nitrocgen placement and growing cover
crops.

Additional keywords: apparent recovery, cover crop, fertiliser placement,
fertiliser splitting, leaching, manure, mineralisation, minirhizotron, nitrate
leaching, nitrification inhibiter, nitrogen recovery, phosphorus, placement,
recovery, residual effect, residual nitrogen, response model, root
distribution, root length density, sitage maize, simulation, slurry, soil samp-
ling, Zea mays L.

Reference to the contents of Chapters 2 to 8 should be made by citing the
original publications.




WOORD VOORAF

Een proefschrift staat gewoonlijk op naam van één persoon maar zou er
nooit kunnen zijn zonder de betrokkenheid, op vele manieren, van talloze
personen. Een aantal van hen wil ik met name noemen.

Allereerst bedank ik mijn promotoren professor dr ir P.C. Struik en professor
dr ir O. Oenema, en mijn co-promotor dr ir J.J. Neeteson. Paul, Oene en
Jacques, toen ik op aandrang van anderen maar eens werk maakte van een
serieuze schets van de inhoud van een proefschrift, reageerden jullie met
een vanzelfsprekendheid die, zonder dat jullie het misschien merkten, de
ergste twijfel over mijh vermogen tot slagen deed wegnemen. In de periode
daarna volgden de manuscripten elkaar in wisselend tempo op met
minachting voor het aanvankelijke tijdschema, Jullie voorzagen de
manuscripten van kritische noten, confronteerden cijfers en tekst met elkaar
en voelden mij flink aan de tand. Kortom, jullie kennis en kunde zijn een
grote steun geweest.

Van mijn directeur, dr ir J.H.J Spiertz, weet ik nog steeds niet of zijn
aansporingen om te promoveren steelden op zorg om mij, om die van het
instituut of om die van beide. Hoe dan ook, Huub, achteraf ben ik toch wel
blij dat je nooit bent opgehouden met aandringen, hoe vaak ik je ook te
slim af probeerde te wezen met een eigenaardig mengsel van cynisme over
academische eigendunk, verwijzing naar nieuwe taken, ontelbare hobby's en
andere smoesjes. Je had gelijk, een proefschrift blijft een mooi voertuig om
tot een nette afronding te komen. Bedankt voor de gelegenheid die het
DLO Instituut voor Agrobioclogisch en Bodemvruchtbaarheidsonderzoek (AB-
DLO) mij geboden heeft het werk af te maken.

De meeste hoofdstukken van dit proefschrift zijn gebaseerd op onderzoek
dat door mij met anderen is uitgevoerd. In mijn dank wil ik dan ook vooral
mijn co-auteurs betrekken: Ko Groenwold, Tania Zaharieva (Poushkarov
Institute, Sofia), Gerard Brouwer, Lammert ten Holte, Herman van Keulen,
Joop Steenvoorden (SC-DLO), Wim van Dijk (PAV), Willy de Groot (SC-DLO),
Gert-Jan Noij (SC-DLO), Jacques Withagen en Jacques Neeteson. Daarnaast
wil ik de vakgenoten bedanken die, al dan niet anoniem, manuscripten
becommentarieerden. Ook ben ik de medewerkers van de proefboerderijen
Heino, Cranendonck, Droevendaal, De Marke en van de proeftechnische
diensten en laboratoria van het Proefstation voor de Akkerbouw en de
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Stellingen
1. Bij opvolging van het huidige stikstofbemestingsadvies neemt shijmais
ongeveer de helft van de toegediende minerale stikstof op.

Dit proefschyift
2. Bij de teelt van mais is het relevanter o de hoeveelheid minerale
bodemstikstof in het najaar dan in het voorjaar te bepalen.

Dif prosfschrift

3. Toediening van mest in alieen dat deel van de bodem waarin mais
intensief wortelt, rechtvaardigt iagere mestgiften en beperkt de verliezen van
stikstof.

Dit proefschrift

4. Vanggewassen beperken de uitspoeling van stikstof alleen als minder
stikstof gegeven wordt dan geadviseerd in het gangbare stikstofbemestings-
advies; de in die zin onvoorwaardelijke subsidies op de teelt van een
vanggewas in de Gelderse Vallei, zijn daarom slecht besteed geld.

Dit proafschrift; info Stichting Vernieuwing Gelderse Vallei

5. Alieen met aanvuliend beleid zullen de van overheidswege
voorgestelde stikstofverliesnormen, op droge zandgronden met veel mais in
het bouwplan, leiden tot acceptabeie nitraatgehalten in het bovenste

grondwater.
Dit proefschrift
6. In veldonderzoek Zzijn het tijdstip en de plaats van bemesting dikwijls

verstrengeld en dit maakt de conclusies van bijvoorbeeld Timmons & Baker
aangaande de voordelen van mestplaatsing aanvechtbaar.
Timmons & Baker, 1992. Agronomy Journal 84: 490-496

7. Paarse maisplanten zijn geen siuitend bewijs voor fosfaatgebrek.
Knoit et al., 1964. Soil Science Society Proceedings: 400-403




8. De in Nederand ontwikkelde geintegreerde bedrijfssystemen voor de
akkerbouw gaan gepaard met stikstofoverschotten en stikstofresiduen in de
bodem die volgens, respectievelijk, de Stikstof Deskstudie en de Commissie
Stikstof milieukundig ontoelaatbaar zijn.

Schroder et al., 1996. European Joumal of Agronomy 5; 181-191

9. ‘Onvermijdbaar stikstofverlies' is vermijdbaar.
Schroder & Vos, 1995. AB-DLO Thema's 3: 37-63

10.  Huidige LNV-onderzoeksprogramma's duren te kort om een
betrouwbare uitspraak te kunnen doen over (het uitblijven van)
opbrengstdaling bij voortgezette toepassing van evenwichtsbemesting.

11.  De scheiding van functies in de Groene Ruimte met Nieuwe Natuur als
lokkertje, is bedreigender voor de das (Meles meles L.) dan de verweving van
functies in het kader van Agrarisch Natuurbeheer.

12.  Ook op biologische melkveehouderijbedrijven is snijmais een goede
keuze.

13.  Met mest is het als met Martini: ‘the right place and the right time' zijn
belangrijk, maar het komt natuurlijk vooral aan op de juiste hoeveelheid.

Stellingen behorende bij het proefschiift ' Towards improved nitrogen
management in silage maize production on sandy soils' van Jaap Schroder,
Wageningen, 8 april 1998.



Groenteteelt in de Vollegrond (PAGV) en AB-DLO erkentelijk. Zij zorgden
voor een goed verloop van de vele proeven. Jimmy Robot tekende een fraaie
dwarsdoorsnede van het Wageningen Rhizolab en plaatsgenoot Roel
Pannekoek fotografeerde mais in een natuurlike omgeving voor een
toepasselijke voorplaat. Joy Burrough-Boenisch verbeterde het door mij in
het eerste en de laatste twee hoofdstukken gebruikte Engels. De nette
opmaak van het proefschrift, tenslotte, is te danken aan Rina Kleinjan-
Meijering. Zonder jullie allen was het nooit zo gelukt.

Mijn vroegere werkgever, het PAGV te Lelystad, wil ik bedanken voor de
toestemming om onderzoeksresultaten in een aantal hoofdstukken van dit
proefschrift te mogen verwerken. In het bijzonder wil ik mijn toenmalige
afdelingshoofd ir B.A. ten Hag bedanken. Ben, jij durfde het aan om een in
alle opzichten groene plantenteler in een zwart bodemvruchtbaarheidsgat
te storten. Met je eigen maisverleden vormden we naar mijn idee een uniek
team. Je gaf me, soms na enige discussie, de ruimte om behalve in het veld
ook veel achter mijn bureau te vertoeven.

De echte basis voor een proefschrift ligt natuurlijk niet bij collega's maar bij
het nest waaruit je komt. Willem en Christien Schréder, jullie gaven je
kinderen volop de kans waarbij ik me niet kan herinneren daar tot vervelens
toe op gewezen te zijn. Jullie weten niet half hoe plezierig dat was. Met
jullie brede belangstelling maar allesbehalve landbouwkundige achtergrond,
hoorden jullie me uit en weten inmiddels meer van mais dan een doorsnee
'Wageninger'. Wie weet was het allemaal heel anders gelopen als ik
indertijd niet dat hoekje in de achtertuin naar mijn eigen inzicht had mogen
ontginnen. Als er weer gespit moet worden, roepen jullie maar.

Yvonne tenslotte ontsnapt evenmin aan dit woord vooraf. Belasting door de
landbouw en Belastingen liggen vooralsnog heel ver uit elkaar. Ik vond dat
een verademing, jij vond dat ik wel eens te weinig vertelde en je de
mogelijkheid tot inleven zo onthield. Over de sociale en psychologische
aspecten van een werkomgeving, echter, bood ons werk ('Het Bureau') volop
stof voor discussie en dat heb je geweten. Verder waardeer ik je houding
('nou ja laat maar, nog even') als ik weer eens verstrooid of kort-af thuis
kwam. Als tegenprestatie zal ik onze fietstraditie, samen met Teun en
Noortje, in ere herstellen.

Jaap Schroder
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CHAPTER 1

GENERAL INTRODUCTION



2 Chapter 1

1.1 Present status of silage maize in The Netherlands

Maize is a relatively new crop in The Netherlands, as it is in all countries in
Northwest Europe. The area under maize rose from a few thousand hectares
in 1970 to almost 250 000 hectares in 1995, most of which are found on
sandy soils in the eastern and southern parts of the country. Between 1970
and 1995 maize replaced more than 25 percent of the grassland in these
regions (Figure 1.1).

The maize is predominantly used as whole crop silage for dairy cows. Dairy
farmers have come to appreciate maize as a roughage with a relatively
stable yield and quality. Mature silage maize has a low nitrogen (N) content
usually ranging from 0.010 to 0.014 kg N kg-! dry matter (DM) {Figure 1.2).
The crop provides an excellent supplement to protein-rich grass, the major
component of dairy cow rations (Van Vuuren et af., 1993). Maize is easy to

250 00

200

1500

Hectares / -

1000 / e

50 00 / o P _
o = L] L L] Ll L
1970 1975 1980 1985 1990 1995

Years

Figure 1.1, Hectarage of silage maize grown in The Netherlands as a whole (=) and in
the southern and easterns provinces (—), and the cumulative decrease in
the grassland hectarage in these provinces, from 1970 to 1995 {-—--).
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0.6% N 1.0% N 14% N

Silage dry matter
(kg ha™)

4 5 100 150 200 250
Silage N uptake (kg ha"1)
fFigure 1.2. Relationship between the N uptake and DM yield of silage maize at maturity

{combined data of Meisinger et al., 1985; Schroder, 1985h; 1985¢; Jokela &
Randall, 1989; Timmons & Baker, 1991; Salardini et al., 1992; Jokela, 1992a).

grow, many practices can be contracted out, and it is fairly tolerant of
continuous cropping {Van Dijk et al, 1996). The crop can tolerate heavy
manure applications {Schréder & Dilz, 1987) and, consequently, maize land
has been frequently used for manure disposal. This has undoubtedly
contributed to the popularity of maize on intensively managed dairy farms
and explains why whole crop silage maize is the only crop grown on many
intensive pig farms. Maize grown by these pig farmers is sold to neigh-
bouring dairy farmers.

Maize is a thermophilic plant with an optimal growth temperature in the
range of 25-30°C (Grobbelaar, 1963; Walker, 1969; Miedema, 1982). The
Netherlands is on the northern border of the European zone where maize
can be grown successfully, as indicated by the average daily temperatures,
which range from 12 to 16°C during the growing season (Figure 1.3). Hence,
the yield potential of maize is greatly constrained by the available heat sum.
On sandy soils, particularly, there is a high risk that yields will also be limited
by drought. Average monthly rainfall during the growing season ranges
from 50 to 90 mm in The Netherlands (Figure 1.4). Consequently, silage
maize yields on an individuat site may vary from 10 ton DM ha-! yr-1 in dry
years to 16 ton DM ha-1 yr-1 in vears with sufficient rainfall.
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Figure 1.3. Long-term average daily temperature (°C) in De Bilt, The Netherlands (1951-1980).
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Figure 1.4. Long-term average monthly rainfall (mm} in De Bilt, The Netherlands {1951-1980).

Currently, maize cropping in The Netherlands is associated with considerable
losses of nutrients to the environment. Maize land on sandy soils is amply
manured from February onwards; this can be sensed by the eye, if not by the
nose. The ammonia emission resulting from this manuring is associated with
damage to the surrounding vegetation, eutrophication of nearby nature
conservation areas and soil and water acidification {Van Der Eerden et a/,
1997). The amount of nutrients applied usually exceeds the amount exported
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via crop produce. The crop is harvested in autumn and the land is usually left
bare from October until the end of April. This questionable cycle is repeated
year after year on the same field. It often results in nitrate concentrations in
groundwater that exceed the EC standard for drinking water (Anonymous,
1980). Average nitrate concentrations under maize land in the Netherlands
exceed the nitrate concentrations found under other arable land and
grassland (Van Duijvenbooden, 1989; Van Swinderen et al., 1996).

One could argue that emissions of N from maize land are predominantly
caused by the excessive use of manure and that legislation rather than
research is therefore needed to change the situation. Legislation on the rate,
method and timing of manure applications was introduced in The
Netherlands in 1987 (Goossensen & Meeuwissen, 1990; Anonymous, 1995).
However, it did not result in an immediate decrease in nitrate leaching
under maize land. There are three reasons for this. Firstly, the rates initially
permitted were deliberately set high, to increase the farmers’ acceptance of
the legislation. Although the permitted rates for manuring maize land have
gradually decreased over time (Goossensen & Meeuwissen, 1990), they still
exceed crop demand. The second reason is that for a long time the
legislation pertained to inputs via manure only. Inputs via artificial fertiliser
will be addressed by legislation, shortly {Oenema et al, 1997). Finally, the
third reason why the implementation of legislation has not immediately
resulted in an improvement of groundwater quality is the residual effect of
manure. It may take many years for the organically bound N fraction in
manure to decompose (Whitmore & Schréder, 1996). Consequently, a change
in practice will not instantaneously be reflected in a change of emissions.
There are strong indications that emissions from maize land do not merely
result from excessive manuring. The N emissions associated with maize
cropping can be large, even at moderate input rates, as indicated by the
considerable amounts of residual soil mineral N in Gctober observed in Dutch
experiments dating from the late seventies and early eighties (Table 1.1). The
moisture retention capacity of sandy soils is too small to store the winter
precipitation surplus of circa 300 mm, which means that the data presented
on soil mineral N residues can be considered indicative of potential leaching
losses during the subsequent winter (Prins et al, 1988, Neeteson, 1994;
1995). Similar observations on soil mineral N residues after maize have been
made in other countries (Russelle et al., 1981; Jokela & Randall, 1989; jokela,
1992a; Lorenz, 1992; Aufhammer et al., 1996).
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Table 1.1.  Residual soil mineraf N (0-60 cm depth, kg ha'!) in October after silage maize
grown on sandy soils without N or with moderate N inputs (Schrader, 1985b, 1985¢)

Site Mineral N input {kg ha'!) Year
Fertiliser Slurry 1976 1977 1978 1979 1980 1981 1982
Heino o 0 153 45 26 - 33 26 33
150 [4] 208 76 85 - 56 40 94
0 130 - - - - 137 45 70
Maarheeze 0 130 - - - - 77 64 118

1.2 Crop, soil and husbandry characteristics

The long-term daily average temperature in The Netherlands in May is only
12°C. Consequently, N uptake of maize per unit of area is low during the
first few weeks after emergence. When maize crops are exposed to a
combination of low temperatures and a high light intensity, photosynthesis
can be reduced by photo-inhibition for a long period (Schapendonk et al.,
1994). The yellow whorls resulting from low temperatures are a very
common phenomenon in spring and yellowing is often misinterpreted as N
deficiency. Farmers may wrongly react to such yellowing crops by giving
supplementary N dressings.

Initially, biomass production is low because row widths of 0.7-0.8 m hamper
full interception of light during the juvenile stages of the crop. The N uptake
rate per ha is also low for that reason. At the end of May - beginning of June
(i.e. circa three weeks after emergence), not more than 10 kg N ha1 is
usually taken up by the crop; this has risen to about 60 kg N ha-1 by the
beginning of July. By mid August N uptake is almost completed; at this point,
approximately 150-200 kg N ha'! have been taken up (Figure 1.5). Daily
average uptake rates in May, June, July and August are respectively 0.5, 1.5,
2.2 and 1.3 kg N ha'1. On days with favourable weather conditions, however,
uptake rates in densely planted maize crops may be as high as 10-15 kg N ha-1
{Karlen et al., 1988).

Little N is taken up from mid August onwards and, as N mineralisation from
soil organic matter continues, this may contribute to the accumulation of
residual soil mineral N. Maize crops are usually not harvested before the end
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of September. This makes it relatively difficult to fully intercept the residual
soil mineral N with cover crops.

Initially, the root system of a young maize crop incompletely exploits the
nutrient and water reserves of the soil (Kiesselbach, 1949; Foth, 1962;
Mengel & Barber, 1974; De Willigen & Van Noordwijk, 1987; Barber & Kovar,
1991). At low soil temperatures, roots do not penetrate deeply (Chaudhary &
Prihar, 1974; Kuchenbuch & Barber, 1988; Tardieu & Pellerin, 1991). Low
temperatures also result in a shorter specific root length (Kiel & Stamp,
1992); this implies that less root length is produced per unit of DM invested
in the root system. Such roet characteristics, combined with limited uptake
rates of N and a small evaporative demand, may increase the probability of
early losses of soil mineral N (Blackmer et al., 1989; Evanylo, 1991; Magdoff,
1991; Binford et af., 1992a; Killorn & Zourakis, 1992; Torbert et al., 1993).

200 -

175l September e

1S5 August

150 4

N uptake JlA_E‘EHﬁtM

(kg ha™M

125

100 4

75

0 200 400 600 800 1000 1200

Temperature sum {degree days, >8°C)

Figure 1.5. Nitrogen uptake {solid line indicating the average, dashed lines indicating the
80% probability interval) of N deficient {®) and non-deficient (O) silfage maize,
as related to the thermal time after planting (= April 20) (combined data from
Schrider, 1990a; Schrider & Ten Holte, 1993; 1996; Schroder et al., 1994; 1995).
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The sandy soils in The Netherlands on which maize is mainly grown are more
at risk of leaching than heavier soils. Their limited water retention capacity
may decrease the moisture availability for the crep during summer. As well as
having direct negative effects on transpiration and production, moisture
stress can have an indirect negative effect by impeding the rate of nutrient
transport in the soil matrix (De Willigen & Van Noordwijk, 1995). Both excess
water and water deficits have been proposed as explanations for depressed
yield and N uptake and for a decrease in the recovery of N {Lang, 1978; Legg
et al., 1979; Torbert et al., 1992, 1993, Menelik et a/., 1994).

Crop husbandry techniques, too, may limit the utilisation of nutrients. Most
maize land is fertilised with manure rather than with artificial fertilisers
because in The Netherlands manure is plentiful in the regions where maize is
grown. It is much more complicated to manage manure than to manage
artificial fertilisers (e.g. Schréder et al., 1996¢). Moreover, frequent manure
applications increase the N supplying capacity of a soil, and neither farmers
nor researchers know exactly how to take this into account.

1.3 Recovery of nitrogen and the role of nitrogen in
crop production

Nitrogen is an indispensable element for the optimal functioning of crops, so
reducing the N input may depress the yield of maize. The availability of N
affects the rate of leaf initiation, final leaf expansion and the foliar
senescence rate. When N limits production, a positive relationship can be
found between the amount of N taken up by a maize crop and the total leaf
area (Figure 1.6). Under those circumstances, lack of N may reduce the leaf
area throughout the growing season (Figure 1.7}). The amount of leaf area
has a direct positive effect on light interception and, consequently, on yield
{Muchow, 1988; Sinclair, 1990; Van Keulen & Stol, 1991; Booij et al., 1996). A
rapid canopy closure may also reduce soil evaporation (Van Keulen & Stol,
1990) and suppress weeds. N may thus have additional, indirect positive
effects on yields.

The conversion of intercepted light into biomass, expressed as the radiation
use efficiency (RUE), also depends on N via effects on the foliar N content.
Increases in RUE are reported up to an N content of 2 g m2 leaf area
{Muchow & Davis, 1988; Sinclair, 1990). Apart from having a direct
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Figure 1.7. Time course of the leaf area index of N deficient (@) and non-deficient (C)
silage maize {Schréder & Ten Holte, 1993).
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effect on photosynthesis, N also indirectly affects RUE, as N deficient crops
tend to allocate a larger fraction of the photosynthates to the roots at the
expense of the harvestable plant fraction (Grobbelaar, 1963; Thom &
Watkin, 1978; Anderson, 1988; Engels & Marschner, 1990).

Much literature has been published on the response of silage maize to
fertiliser N. Many of the references include data on the N uptake, which
allow the calculation of the apparent fertiliser N recovery (Van Keulen,
1986). By definition, the apparent N recovery (ANR) is low when more N is
applied than the crop needs (Greenwood et al, 1989). Hence, only trials
including suboptimal N rates will enable a correct crop-specific ANR to be
estimated. Data from Iversen et al. (1985b), Meisinger et al. (1985), Schréder
{1985b; 1985c¢), Jokela & Randall (1989), Timmons & Baker {(1991), Salardini et
al. (1992) and Jokela (1992a) include at least two of these suboptimal N rates
(i.e. with a marginal response of 5 kg silage DM per kg N, representing the
current price ratio of silage and fertiliser). Analysis of these data indicates
that the median value of the ANR at the N rate beyond which the increase in
the DM yield is less than 5 kg per kg N (ANR), is 47%. This is close to the
50% that Osmond et al. (1992} considered to be typical for optimally
managed maize crops. The ANR at suboptimal N rates (ANR,,,) is larger in 16
of the 17 trials analysed. ts median value is 58%. ANRs show a large
variation at both optimal and suboptimal N rates and, consequently,
suboptimal N rates are not a guarantee of high recoveries (Table 1.2). Such
an increase in the ANR at suboptimal N rates is uncommon in cereals and
grasses (Prins et al, 1988), but has earlier been reported for potatoes by
Neeteson et al. (1987) and for vegetables by Greenwood et a/l. {1989). They
attributed this to the uneven initial root distribution. Silage maize is planted
at a row spacing of 0.7-0.8 m and therefore maize rooting patterns have
more in common with those of potatoes and vegetables than with those of
cereals and grasses. Storage of N in roots and stubble is an unlikely
explanation for the relatively low ANR of maize, as roots and stubble
generally contain less than 10-25 kg N ha-1 and this amount does not show
any relationship with the fertiliser N input (Thom & Watkin, 1978; Anderson,
1988; Eghball & Maranville, 1993).

In addition to the uneven distribution of roots, soil fertility may aiso be
unevenly distributed. Soil heterogeneity increases crop N requirements per
unit of area and may then seriously depress the recovery of N (De Willigen et
al., 1992; Van Noordwijk & Wadman, 1992).
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Another explanation for the relatively low ANR values reported may be that
the crop’s response to N has been analysed with inappropriate regression
models. Application of such models may overestimate crop N demand
(Neeteson & Wadman, 1987; Sylvester-Bradley et al, 1987; Cerrato &
Blackmer, 1990; Bullock & Bullock, 1994; Stecker et al, 1995; Ladewig &
Maérlander, 1997). Application rates based on an overestimated crop N
demand are, by definition, associated with a reduced ANR (Greenwood et
al., 1989). A critical analysis of response data is therefore essential if the aim
is to avoid the emission of N.

Reducing the N input is an effective measure for reducing the N surplus per
unit of area, as apparent N recoveries of maize are low.
Reducing the N input could reduce the N surplus per unit of product less
than the N surplus per unit of area, however, because more DM is aliocated
to non-harvested plant fractions.

Production per unit of resource (land, labour, water, energy, pesticide, non-N
fertiliser) is likely to decrease if N alone is reduced (De Wit, 1992). Clearly,
reducing the N input would be a more acceptable measure if it could be
linked to an increase in the N recovery. A comparable vield could then be
realised with less N and the N surplus would be less per unit of product, too.
Obviously, there is no clear and simple solution to N related problems
associated with maize cropping. To resolve the dilemma between the
economically and environmentally best options, the inputs and outputs

Table 1.2. Frequency distribution (expressed as the number of trials) and median value of
apparent recoveries (ANR) of spring-applied artificial fertiliser N (%) applied at
optimal (ANR, ) and suboptimal (ANRg, ;) N rates, as observed in 17 trials
(references given in text)

Recovery dass (%) ANR g ANR,,

<34

3549
50-64
85-79
80-94
»95

madian ANR 47
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associated with the various ways of growing maize need to be accurately
quantified. Anyone contemplating growing maize should perform this
exercise to find out which combination of ¢crops and production technigues is
most profitable, given the environmental constraints operating on the farm.
Van de Ven (1996) has developed a mathematical model to explore the
potential for environmentally safe dairy farms in The Netherlands and to
support such decision making. Models of this type can only be relied upon if
the input-output relationships they contain are empirically validated. This
means that field experiments are needed.

1.4 Objectives and organisation of the research

As demonstrated above, the maize cropping technique current in The
Netherlands is associated with a low recovery of N by the crop and serious
losses of N to the environment. It is clear that the low recovery is partly
attributable to the high N input, but it is unclear to what extent the high
input is necessary for high maize yields. This thesis aims to increase our
understanding of the causes underlying the low recovery of N. Its main
objectives are therefore:

- to identify and to increase our understanding of factors that determine
the partitioning of N inputs over crop and losses, with emphasis on maize
grown on sandy soils in The Netherlands,

- to provide techniques to improve the N efficiency of maize crops,

- to integrate these techniques into a consistent, comprehensive and
environmentally sound N management system for maize.

1.5 Synopsis

Techniques for improving the fertiliser use efficiency are generally based on
the amount of nutrients applied and the method of application, in particular
the placement and the timing. De Willigen & Van Noordwijk (1987) showed
how these three aspects may interact in a model developed for maize
cropping in the humid tropics. They found that the N requirements
(‘famounts’) of maize crops differing in root distributions, appeared to
depend strongly on the positioning of fertitiser N (‘placement’) and on N
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splitting strategies (‘timing’), illustrating the need for a proper
synlocalisation and synchronisation.

The first five chapters following this general introduction are based on field
and desk research in which the significance of the three aspects was
evaluated. Chapters 2 and 3 pertain to the temporal and spatial distribution
of maize roots and its implications for the availability of nutrients. Hence,
synchronisation and synlocalisation are both issues in these chapters.
Chapter 2 (Soil mineral nitrogen availability to young maize plants as related
to root length density distribution and fertiliser application method) is based
on four experiments in the Wageningen Rhizolab. In these experiments the
temporal and spatial distribution of maize roots was monitored fortnightly
using minirhizotrons. Each experiment included three horizontal positionings
of fertiliser N. Effects on maize yields and N recovery were determined.
Chapter 3 (Response of silage maize to placement of cattle slurry) discusses
five field experiments examining the effects of the placement of manure on
maize yield and N recovery. The experiments included treatments in which
maize was planted either 10 cm away from the slurry injection slots or at
random positions.

Chapters 4, 5 and 6 focus on synchronisation. Chapter 4 (Effects of
nitrification inhibitors and time and rate of slurry and fertiliser N application
on silage maize yield and losses to the environment) addresses the
consequences of postponing slurry applications from late summer or winter
to early spring. The effects in terms of maize vields and losses of N were
compared in eight field trials. Chapter 5 (Effect of split applications of cattle
slurry and mineral fertiliser N on the yield of silage maize in a slurry-based
cropping system) focuses on optimizing the timing of applications within the
growing season. This chapter evaluates the effects of post-emergence
applications of either cattle slurry or artificial fertiliser N, as observed in nine
field trials. Chapter 6 (Effects of cover crops on the nitrogen fluxes in a silage
maize production system) reports on the ability of cover crops to intercept
residual soil mineral N and to carry it over to the next growing season. N
fluxes of cropping systems varying in N inputs and in winter soil treatment,
were monitored for seven consecutive years.

The tast three chapters synthesise the results from previous chapters by
addressing the relationships between the amount of N applied and the
amount ultimately available in the soil and in the crop. Chapter 7 {(Modelling
the residual N effect of slurry applied to maize land on dairy farms in The
Netherlands) explores the long-term consequences of excessive manure
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applications during the last 25 years. In this study a model on organic N
dynamics was calibrated with measured data from a long-term field
experiment. Subsequently, the effects of various N management scenarios,
including one representing the estimated actual use of manure, were
evaluated. Chapter 8 (Effects of N application on agronomic and
environmental parameters in sifage maize production on sandy soils) aims to
formulate a general relationship between available N and yield and emission
of N. In this chapter data were used from the trials described in the Chapters
4,5 and 6 and from trials reported by Schréder & Ten Holte (1996).

In Chapter 9 (General discussion) an attempt is made to synthesise the
findings, relating ‘amount’, 'placement' and 'timing’, and to describe an
environmentally sound N management system for maize crops, tuned to
sandy soils in The Netherlands.

Note

Chapters 2, 3, 6 and 7 have been ar are about to be published in the
Netherlands Journal of Agricultural Science, Chapter 4 has been published in
Fertilizer Research. Chapter 5 is about to be published by Nutrient Cycling in
Agro-ecosystems. Chapter 8 is accepted with minor revisions by Field Crops
Research. The reference lists from these individual papers have been
amalgamated into one list at the end of this thesis. | thank the editorial
boards of Fertilizer Research, Nutrient Cycling in Agro-ecosystems,
Netherlands Journal of Agricultural Science and Field Crops Research for
their permission to include the papers in this thesis.
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2.1 Abstract

Minirhizotron observations from 4 experiments with maize in the
Wageningen Rhizolab showed strong vertical and lateral root length density
gradients during the first 9 weeks after emergence.

Root length density (Lrv), as determined in core samples 9 weeks after
emergence, was positively related (P<0.01) to the number of roots counted
concurrently on minirhizotron walls (n). Lrv/n ratios were 1.13, 1.76, 0.99 and
1.21 em ecm-? in the successive experiments.

Subsequently, root numbers counted on previous dates In each experiment,
were converted into root length density values and related to thermal time.
According to this relation, the average vertical root extension rates were 0.7
and 1.1 ¢m d-1 at temperatures of 13 and 16°C, respectively. Corresponding
values for the lateral extension rate were 1.0 and 1.6 cm d-1.

Calculations indicated that the nitrogen (N) content of a 9 weeks old maize
crop could generally not be explained by mass flow only. Transport distances
between roots and mineral N in the soil, may thus have restricted the
availability of N as suggested by preferential uptake of mineral N from soil
compartments with a high root length density. The recovery of N was only
slightly improved by fertiliser N positioning close to the plant as compared to
broadcast N or placement of N halfway between the rows. Recoveries based
on the difference method and the isotopic dilution method, yielded similar
values. Dry matter yields were not significantly affected by the application
method of N. Apparently, the root extension rate and the initial avaitability
of N in the soil prior to the application of fertiliser-N, were sufficient to cover
shoot demand under the prevailing circumstances.

Keywords: fertiliser placement, minirhizotron, nitrogen recovery, root
length density, Zea mays L.
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2.2 Introduction

Lack of synlocalisation of nutrients and roots may limit the uptake of
nutrients and crop production (De Willigen & Van Noordwijk, 1987). Under
these conditions, high nutrient concentrations in the bulk soil are required to
maintain a gradient-driven transport to the root surface. Young maize (Zea
mays L.} crops generally respond positively to high rates of nitrogen (N)
application. We hypothesise that this may be attributed to an insufficient
synlocalisation due to the current row width (70-80 ¢m) and a slow lateral
and vertical extension of the root system. Circumstantial evidence is provided
by the positive response of the dry matter (DM} yield of maize to a row
application of N {(Touchton, 1988; Maidl, 1990; Maddux et al,, 1991; Sawyer
et al., 1991).

Lack of synlocalisation may be more likely at low temperatures as they
restrict specific root length (i.e. length of roots per unit DM invested), root
growth rate, root activity and rooting depth (Ketcheson, 1968; Clarkson &
Gerloff, 1979; Engels & Marschner, 1990; Barber & Kovar, 1991; Tardieu &
Pellerin, 1991; Richner, 1992), as well as the mineralisation rate {Addiscott,
1983). Hence, low temperatures may have a negative effect on the actual
uptake of N. Shoot demand for N, however, is also reduced by low
temperatures via effects on both the subterranean shoot meristem and
aerial plant parts (Miedema, 1982). Yet, root systems may be less able to
satisfy shoot demand in a cold spring, especially as the soil temperature lags
behind the air temperature at that stage.

To test this hypothesis root observations in the juvenile stage are required.
Reported root data generally refer to times around anthesis and focus on
root length density gradients with depth rather than with lateral distance.
To fill this gap in knowledge four rhizolab experiments were carried out in
1992 and 1993. These experiments were set up to describe the spatial root
development as a function of thermal time and to study the interactions
between N placement, distributions of mineral N in the soil and roots,
N recovery and maize DM-production. Concomitantly, we used the
experiments for a comparison of two calculation methods of the N recovery.
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Figure 2.1. Positioning of maize plants, minirhizotron tubes, fertiliser bands
(IR-treatment only) and imaginary compartments in the Wageningen Rhizolab.
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2.3 Materials and methods

2.3.1 Rhizolab

Four experiments (Experiments 1 and 2 in 1992, Experiments 3 and 4 in 1993)
were carried out in four 1.70 m deep, 1.25 x 1.25 m units of the Wageningen
Rhizolab. Detailed information on this facility is given in Van de Geijn et al.
(1994), Smit et al. (1994) and Schrdder et al. (1994). Rhizolab units were filled
with a sandy soil with organic matter contents of 3.5 and <0.1% for the
upper 70 and 70-170 cm layers, respectively, while 7 cylindrical minirhizo-
trons (diameter 6 cm) were horizontally installed, perpendicularly to the
plant rows at depths of 5, 10, 15, 20, 30, 45 and 60 cm {Figure 2.1). Concur-
rently, capacitance moisture sensors and nutrient sampling devices were allo-
cated to positions exactly below the plant rows and halfway between them,
at depths of 5, 15, 25, 40, 60, 85, 115 and 150 ¢cm., The soil was recompacted
layerwise to a constant bulk density of 1.4 and 1.6 kg dm-3 throughout the
upper 70 and 70-170 ¢m, respectively. Soil material for the upper 20 cm was
mixed with fertilisers equivalent to rates of 45 kg P and 250 kg K ha-! in each
experiment. At the end of each experiment, the soil was removed from the
units and the filling procedure was repeated for the next experiment. The
excavated soil from Experiments 1 and 2 was thoroughly sieved, mixed,
stored and re-used for Experiments 3 and 4.

2.3.2  Crop husbandry

Two rows of maize (Zea mays L. cv. LG 2080 for the first two, cv. Mandigo for
the subsequent two experiments) were planted at a depth of 4 cm and a dis-
tance of 62.5 cm on 15th April 1992, 3th July 1992, 15th April 1993 and 1st
July 1993 in each rhizolab unit. Stands were thinned to 12.8 plants m2 soon
after emergence. Crops were kept weed-free manually, sprayed against pests
when necessary and harvested at about 9 weeks after emergence.



20 Chapter 2

2.33 Weather conditions

Average daily air temperature measurements were recorded at a weather
station 1 km away from the Rhizolab and amounted to 14.1, 17.9, 14.6 and
15.5°C for the period between emergence and harvest for Experiments 1, 2,
3 and 4, respectively. Soil temperatures were collected with thermocouples
instalied at depths of 5, 15, 25, 40 and 60 ¢cm,

Precipitation was excluded by a transparent shelter covering all rhizolab
units during rainfall events. Units were irrigated manually during the first
18-48 days and automatically for the remaining period with a 10 x 20 ¢cm grid
drip irrigation system to maintain a moisture content of 0.15-0.19 cm3 cm-3
in the upper 70 cm. Averaged over experiments, measured evapotranspira-
tion amounted to 1-2, 1.5-2.5 and 2-3 mm d-1 for the periods 1-3, 4-6 and 7-9
weeks after emergence, respectively. Transpiration was deduced from this by
assuming that soil evaporation contributed half to evapotranspiration with a
maximum of 0.5 mm d-1,

2.3.4 Root observations

Root observations were made fortnightly and refer to the number of roots
per unit area at 2.5 cm intervals along the interface of the buik soil and the
upper side of glass walls of the minirhizotrons. Root length densities were
assessed at the end of each experiment in core samples taken in triplicate to
a depth of 70 cm with 10 cm increments and 3 lateral positions {viz. in the
row, halfway between the rows and half way between these two positions).
Soil and roots were carefully separated by soaking. Subsegquently, total root
length was determined with the line intersect method (Tennant, 1975). Root
length density values (Lrv's) were related to the corresponding number of
roots on the minirhizotron walls (n} at the end of each experiment according
to a linear response without intercept. The association of minirhizotron
tubes and soil layers from which the core samples were taken, was adopted
from Smit et al. {1994). Lrv/n ratios were used to convert minirhizotron
observations collected in the course of the experiment into root length den-
sities. Five lateral distance classes {0.00-3.75, 3.75-11.25, 11.25-18.75, 18.75-
26.25, 26.25-31.25 cm) and seven depth positions were defined resulting in
35 compartments (Figure 2.1). Ohservations from the four experiments were
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pooled per compartment and plotted against thermal time (TT) which was
defined as the accumulated average daily temperature (depth 15cm,
threshold (Jones & Kiniry, 1986) 8°C) after emergence. Thermal time ranged
from 0 to 700 degree-days. Data were fitted with a linear response model,
allowing for a thermal time lag (LAG) needed to arrive in a certain compart-
ment at lateral distance i and depth j (Equation 1).

Lrvij = Oif TT <LAG j, else

Lrv i ¢j,j x (TT - LAG j j) with 1
¢j,j - constant relating the root length density
{Lrv} to TT in compartment i,j

2.3.5 Treatments

Treatments consisted of a control without N fertiliser {C} and three methods
of application of 50 kg N ha-1: banded at a depth of 7 cm halfway between
the rows (IR), broadcast and mixed through the upper 10 ¢m layer (BC) or
banded at a depth of 7 cm, 4 cm from each row (R). Treatments were ran-
domly allocated to units in each experiment. 15N depleted (999.9 g 14N kg-1)
ammonium nitrate and ammonium sulphate, were used in 1992 and 1993,
respectively.

2.3.6 Measurements

Concentrations of mineral N {(ammonium-N and nitrate-N} in the soil solution
were assessed every three weeks, from planting until about 9 weeks after
emergence, with ceramic cups and porous Rhizon SS tubes (Meijboom & Van
Noordwijk, 1992) and divided by the concomitantly measured moisture con-
tent to calculate the mineral N quantities per unit soil volume. 15N atom %
in the soil solution was assessed at the start and end of each experiment.
Crops were harvested about 9 weeks after emergence and split into stems
and leaves. Fresh weight of the fractions and their dry matter content were
determined after drying for 24 h at 105°C. Leaf area of all plants was
assessed photoanalytically. Dried material was analysed for total N content
and 15N atom %.
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Mineral N in the soil solution and total N in leaves and stems were deter-
mined with a TRAACS 800 continuous flow analysis system {Bran Luebbe
Analyzing Technologies). >N atom % in soil solution and crops were
assessed with a gas specific mass spectrometer (Europe Scientific).

2.3.7  Nitrogen recovery

N recoveries were calculated according to the difference method {(Van
Keulen, 1986; Equation 2) and according to the isotopic dilution method
(Varvel & Peterson, 1990; Equation 3).

N recovery (%)= (SN (or SMN5) of fertilised crop, kg ha1 -
SN {or SMN5q) of unfertilised crop, kg ha1) /
(0.01 x N rate, kg ha-1) 2

N recovery (%)= ((atom % 15N in SN (or SMNyq) of unfertilised crop) -
(atom % 15N in SN (or SMNyg) of fertilised crop)) x
(SN {or SMN7,) of fertilised crop, kg ha-1) /
({0.01 x N rate, kg ha1) x (natural atom %
15N - atom % 15N in depleted fertiliser)) 3

with SN = N stored in maize shoot, SMN,, = N stored as mineral N in the
upper 70 ¢m soil layer, natural atom % 15N = 0.3663.

2.4 Results

2.4.1 Roots

Except during the pre-emergence period of the early planted maize crop in
1992 (Experiment 1), ambient temperatures were too high to induce any
serious cold stress. In early planted crops, the soil temperature decreased
with depth in both years (Figure 2.2). Root length densities determined in
core samples about 9 weeks after emergence, showed steep gradients in
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Figure 2.3. Root length density in core samples about 9 weeks after emergence in relation
to depth, lateral distance from the row and N fertiliser application method
(C=contro), IR=fertiliser placed haifway between the rows, BC=broadcast
fertiliser, R=fertiliser placed near the row).
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both vertical and lateral direction. Vertical gradients were strongest in the
row, lateral gradients were strongest in the upper soil layers. {Figure 2.3).
N fertiliser placement between the rows resulted in significantly (P<0.05)
larger root length densities in the upper 20 cm seil layer halfway between
the rows and lower roct length densities in their vicinity as compared to the
BC and R treatment. In the upper 20 ¢cm, root length densities of the control
treatment were relatively low compared to the BC and R treatment, whereas
they were slightly higher halfway between the rows, especially in deeper
layers (Table 2.1).

Adjusted correlation coefficients (Rzadj, Montgomery & Peck, 1982) of the
regression model relating root numbers in minirhizotrons (n} to root length
densities (Lrv) in core samples amounted to 0.48, 0.16, 0.11 and 0.29 in the
subsequent experiments. Corresponding Lrv/n ratios were 1.13, 1.76, 0.99
and 1.21 (P<0.01), respectively. Lrv/n ratios differed significantly {P<0.05)
among experiments, except for Experiments 1 and 4. Extension of the
regression model with a factor accounting for the lateral distance, changed
R2,5; with only -0.02 to +0.04 (absolute). Taking depth into account,
improved the RZ,4 only in the late planted experiment of 1992. As trends

Table 2.1.  Average root length density (cm cm=3} 9 weeks after emergence in the 0-20 and
50-70 c¢m soil layers in relation to lateral distance from the row and N fertiliser
application method.

Depth (cm) Lateral Treatment:*
distance {cm) C IR BC R

0-20 0 2.9 a** 29a 36b 4.4 ¢
0-20 155 1.7a 18a t6a 1.9a
0-20 3 bk 1.7 ab 26a 15b 1.3b
50-70 0 06a 06a 05a 05a
50-70 155 0.8a 05b 0.8a 0.6 ab
50-70 31 D.9a 0.7 ab 0.6b 0.5hb

-

C=control, IR=N placed halfway between the rows, BC=broadcast N, R=N placed near the row
** different letters within a row indicate significant differences between treatments at
the P<0.05 level

halfway between rows
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Table 2.2. Depth-dependent time lag (LAG, °Cd) and ratio {¢, cm *Cd-' em-3) and Rzadj for
the soil compartment-specific relation between thermal time (TT, °Cd, threshoid
8°C) after emergence and root length density of maize during juvenile growth

stages.
Treatment Lateral LAG for various depths (cm) cx 1000 R2adi
distance 5 1 15 20 30 45 60
class (cm)
C 000 - 375 0 108 248 323 281 403 593 5.144 0.67
375 - 1.25 3 44 179 223 390 452 507 4,283 0.76
11.25 - 1875 219 176 271 274 275 419 418 4.193 0.65
1875 - 2625 343 119 310 293 297 435 434 4.140 0.41
2625 - 31.25 338 211 87 248 343 350 427 3.704 0.42
IR 0 - 375 0 82 148 199 331 467 500 4.613 0.79
375 - 11.25 88 45 76 238 195 364 466 3.596 0.74
11.25 - 1875 187 195 77 240 218 426 403 3.540 0.67
18.75 - 26.25 177 21" 69 172 287 722 487 2.81¢6 0.62
26.25 - 31.25 256 235 175 123 360 722 724 4.731 0.61
BC 0 - 375 0 207 262 383 442 667 570 8.380 0.64
375 - 11.25 3 266 215 338 361 483 513 6.800 0.72
1125 - 1875 188 166 186 208 311 443 503 4,641 0.60
18,75 - 26.25 487 294 187 440 3571 425 667 4.668 0.46
26,25 - 31.25 414 507 189 448 472 652 722 5.496 0.42
R 0 - 375 0 116 365 394 497 512 520 11.601 0.87
375 - 11.25 0 77 206 240 315 435 490 6.470 0.75
11.25 - 1875 158 177 227 174 290 380 448 5.139 0.60
18.75 - 2625 269 452 154 275 389 439 447 5.624 0.61
26.25 - 3125 425 378 116 198 261 410 445 4.893 0.42

¥ C=control, IR=N placed halfway between the rows, BC=broadcast N, R=N placed near the row

between Lrv/n ratios and distance or depth were absent, an identical value
for all depths and lateral distances was used for the conversion of minirhi-
zotron observations into root length densities within one experiment. Highly
significant (R2,4 0.41 - 0.87) relationships were found between thermal time
and the root length density, using the lateral distance as a factor in
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Figure 2.4. Calculated root length density after 400 degree-days after emergence (base
temperature 8°C) in relation to depth, lateral distance from the row and N
fertiliser application method {C=control, IR=fertiliser placed halfway between
the rows, BC=broadcast fertiliser, R=fertiliser placed near the row).



28 Chapter 2

the model (Table 2.2). Allowing ¢j; to vary with depth as well, changed the
RZ,4 with -0.01 to +0.09 (absoiute). Obviously, LAG ij increased with depth
and lateral distance. Using calendar time instead of thermal time yielded
Rzadjls that were 0.04-0.07, 0.04-0.11, 0.16-0.19, 0.09-0.22 and 0.11-0.19 lower
(absolute) for the consecutive lateral distance classes, respectively. Figure 2.4
illustrates the root length density distribution at 400 degree-days (e.g. after
50 days with a temperature of 16°C) after emergence. At that stage the
upper 10 cm between the rows was still unexploited in the BC and R treat-
ment and only slightly occupied by roots in the C and the IR treatment.

In none of the treatments, roots extended heyond a depth of 45 cm and
26-49% of the 35 defined compartments were as yet unexploited.

2.4.2 Nitrogen

Mineral N in the upper 70 ¢m soil layer of the control treatments at the start
of Experiments 1, 2, 3 and 4 amounted to 32, 142, 138 and 184 kg ha-l,
respectively. In all four experiments the amounts of soil mineral N in the con-
trol treatments remained more or less constant during the first 2-4 weeks
after planting, indicating that N uptake by the crop and net mineralisation
(= gross mineralisation minus losses including immobilisation) were in
balance. Subsequently, uptake exceeded net mineralisation so that N was
gradually depleted starting from the upper layers. Balance sheet calculations
indicated that the net mineralisation during the full growing period (= shoot
N + soil mineral N at harvest - scil mineral N at planting) of Experiments 1, 2,
3 and 4 amounted to 32, -13, 5 and 9 kg N ha-1, respectively.

Depletion also showed a gradient in the horizontal plane, as illustrated by
the difference in the dynamics of soil mineral N between positions in the row
and between the rows during the period from 30 to 50 days after
emergence. In the upper 30 cm, N tended to be taken up preferentially from
compartments in the row as shown by the difference in change of the supply
of soil mineral N in the row and halfway between the rows (Figure 2.5A),
whereas in the 30-70 cm layer, a tendency for preferential N uptake from
compartments between the rows was observed (Figure 2.5B).

Horizontal soil moisture gradients were not observed in any of the
experiments (Schréder et al., 1994).
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Figure 2.5. Difference in the dynamics of mineral N in the soil in (A) the 0-30 cm layer in the
row and halfway between the rows and in (B) the 30-70 ¢m layer in the row and
halfway between the rows, during the period from 30 to 50 days after emergence
{C=control, BC=broadcast fertiliser); note: positive values indicate preferential
uptake from below the row, negative values from between the rows.
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Table 2.3. Leaf area index (LAl), leaf N concentration and shoot dry matter, shoot N yield
and recovery of fertiliser N in maize shoots and in shoots and soil (0-70 cm soil
layer) together according to the difference and isotopic dilution methods, about
9 weeks after emergence (averaged over experiments).

Treatment LAl Leaf N Shoot Recovery (%)
concentration DM N  difference method isotopic dilution
(m2m2) (g100g7) (kgha') (kgha') shoot shoot+soil shoot shoot+soil

C* 3.3a** 3.29a 29831 a B8la - - - -

IR 35ah 342a 3322 ab 9% b 36b 9% a a0 a 66 a
BC 34ab 340a 331%ab  93b 24a 85a 36a 58a
R 36b 340 a 3599 b 1M0b 40 b 103 a 54b 79b

*  C=control, IR=N placed halfway between the rows, BC=broadcast N, R=N placed near the row
** different letters within a row indicate significant differences between treatments at the
P<0.05 level

Leaf area, leaf N concentration and shoot dry matter yield generally showed
a positive response to N application, without significant effects of the ferti-
liser application method. Both R and IR were superior to BC in 2 out
4 experiments with respect to shoot dry matter.

Shoot N yields were slightly larger when N was applied close to the row (R)
in 3 out of 4 experiments but the effect was not significant when averaged
over experiments (Table 2.3). N recoveries according to both Equation 1 and
2, were largest for the R-treatment and significantly different from the BC-
treatment. Averaged over experiments, shoot N recovery rankings were
similar for the difference and the isotopic dilution method. Absolute values
according to the isotopic dilution method were larger in Experiment 3, only.
Averaged over experiments, the fraction of the fertiliser recovered as soil
mineral N, calculated according to a given method, hardly varied ameng
treatments. Values of this fraction derived from the isotopic dilution method
were always substantially lower than those based on the difference method.
As for the summed recovery of shoot N and soil mineral N, substantial
amounts of fertiliser N were not accounted for when the isotopic dilution
method was used, especially for broadcast N. Based on the difference
method, a large part of the fertiliser N was not recovered in shoot or soil in
Experiment 1, whereas a substantial gain in soil mineral N was observed in
Experiment 4.
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Table 2.4. Accumulation of N in the shoot, calculated contribution from mass flow and
from diffusion and interception (kg N ha'"} and the relfative proportion of
diffusion and interception in the accumulated N.

Experiment
1 2 3 4
treatment* C BC c BC C 8C C BC
mass fiow (kg ha™1) 12 27 39 71 51 52 64 67
diffusion+interception (kg ha') N 35 88 90 40 30 0 0
diffusion+interception (%!} 72 56 69 56 44 37 0 o

*

C=control, BC=broadcast N

The relative contribution of mass flow to N uptake of maize during the first
9 weeks after emergence can be approximated by multiplying the transpira-
tion rate and the average mineral N concentrations in rooted layers between
successive samplings. The results of these calculations indicated that even in
fertilised treatments substantial amounts of N must have originated from
diffusion or from interception by extending roots, except in Experiment 4
(Table 2.4).

2.5 Discussion

2.5.1 Roots

In 1992 and 1993 we carried out four experiments in the Wageningen
Rhizolab to examine whether the recovery of N by maize can be explained in
terms of the spatial and temperal distribution of its root system. As low soil
temperatures may restrict N availability, two of the experiments were
planted in early spring in order to evoke cold stress. We did not obtain stress,
however, as the temperature was substantially higher than normal and
initial supplies of soil mineral N were large.

The observed ratios between root length density values and the observed
number of intersections on minirhizotron walls (Lrw/n), were all substantially
lower than 2, the value expected for randomly growing roots (Melhuish &







