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Stellingen 
behorende bij het proefschrift van Arnout van Delden, Yielding ability and weed 
suppression of potato and wheat under organic nitrogen management. Wageningen 
University, 26 November 2001. 

1. De bladoppervlaktetoename van aardappel en tarwe in het veld kan 
beter verklaard worden met een wisseling tussen temperatuur- en 
stralingsgestuurde expansie, dan door uitsluitend temperatuur of 
straling. 
(dit proefschrift) 

2. In gewassystemen met weinig beschikbare stikstof in de bodem 
verhoogt een stikstofgift de reproductie van laatopkomende 
onkruiden, ondanks een verhoogde lichtonderschepping door het 
gewas. 
(dit proefschrift) 

3. De lichtbenuttingsefficiente van aardappel kan beter berekend 
worden op basis van de lichtonderschepping door groene 
gewasdelen, dan op basis van de bodembedekking door groen blad. 
(dit proefschrift) 

4. Opbrengsten van akkerbouwgewassen in de biologische landbouw 
kunnen worden verhoogd door rond gewasopkomst een mestsoort 
aan te wenden die rijk is aan direct opneembare stikstof. 
(dit proefschrift) 

5. Voor de relevantie van nutrientenonderzoek voor de biologische 
landbouw is het niet nodig dat het onderzoek uitsluitend in een 
biologisch landbouwsysteem wordt uitgevoerd. 

6. Statistische programma's waarbij de gebruiker de stappen in de 
analyse niet hoeft te programmeren vergroten de kans op het trekken 
van onjuiste conclusies. 

7. Mensen in de huidige maatschappij zijn omgekeerde utopisten: 
terwijl utopisten niet kunnen maken wat zij zich voorstellen, kunnen 
wij ons niet voorstellen wat er technisch al mogelijk is. 
(Gtinter Anders in: P. van Dijk, 1998. Gunter Anders Antropologie in het tijdperk 
van de techniek, Damon). 



8. Mensen die sektarisch denken en daarbij gewelddadige termen 
gebruiken, leveren de munitie voor hen die terreur plegen. 

9. AIO's zullen aantoonbaar minder uitlopen na het tijdig volgen van 
een cursus projectmatig werken. 

10. Je moet op vakantie gaan als je er geen tijd voor hebt. 

11. Iemand met twee linkerhanden is slechts onhandig als hij 
rechtshandig is. 



Abstract 
Van Delden, A., 2001. Yielding ability and weed suppression of potato and wheat 
under organic nitrogen management. PhD Thesis. Wageningen University, The 
Netherlands. English and Dutch summaries. 

Understanding how to obtain good yields and farm profits in arable organic farming 
systems is useful for conventional and integrated farming to decrease the current 
reliance on pesticides and mineral fertilisers. Two issues are of particular importance 
for organic farming: organic nitrogen (N) management and weed management. 

Optimisation of organic N management is complex because N directly affects 
crop growth and yield, and indirectly affects pests, diseases and weeds. Yields in 
organic farming are known to be 0-50% lower than in conventional farming, but it is 
unclear to what extent this is due to direct effects of N on growth. N management may 
also influence growth and reproduction of late-emerging weeds. Although they do not 
directly damage the crop, they may cause long-term weed management problems due to 
replenishment of the seed bank. 

The direct effects of N management on crop growth and yield of the target crops 
potato and wheat, and on establishment and reproduction of late-emerging weeds were 
investigated in a series of field experiments. Yield under organic N management 
strategies was explored with a model for crop growth and N dynamics in crop and soil. 
Nitrogen applied by slurry in amounts currently used in organic farming was found to 
limit growth of potato and wheat from emergence onwards. Early N limitations caused 
a linear decrease in the rate of early foliar expansion, while the light use efficiencies of 
the crops were hardly affected. Early foliar expansion rates with sufficient N were 
studied in more detail because they are an important base to calculate N-limited 
expansion rates. A combination of experiments and simulations showed that early 
foliar expansion rates with sufficient N could best be predicted when driven by 
temperature from emergence onwards up to a leaf area index of 1 for potato and 1.5 for 
wheat, after which they were driven by radiation. Model explorations showed that 
potato tuber yields under organic N management varied considerably with timing of 
slurry application, weather conditions and crop maturity class, and that low yields were 
associated with early N shortages. Increased N supply decreased reproduction of late-
emerging Stellaria media in potato, but increased that in wheat. It is concluded that a 
basic dressing of an organic N source with a large proportion of mineral N could 
improve crop yields in organic farming, while row application of such manure may 
favour the crop relative to the weed. 

Keywords: chickweed, early growth, leaf area expansion, light interception, light use 
efficiency, manure, mineralisation, modelling, organic farming, organic matter, soil 
nitrogen content, Solanum tuberosum L., specific leaf area, Stellaria media (L.) Vill, 
Triticum aestivumL, weed suppression. 
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Chapter 1 

External inputs 

After 1945, crop yields increased as a result of the increased use of mineral fertilisers, 
the introduction of herbicides and pesticides, irrigation, mechanisation and improved 
crop varieties (De Wit, 1992; Evans, 1998). The intensification of agricultural 
production not only led to the necessary production increase, but also had a number of 
unintended consequences. The cultivation of a limited number of genotypes raised 
concern about the maintenance of genetic diversity of arable crops. The widespread 
use of pesticides resulted in resistance to pesticides, outbreaks of secondary pests, 
rapid resurgence of target pest populations, undesirable environmental effects, hazards 
to pesticide handlers and concerns about food safety (Stern et al., 1959; Smith et al., 
1976). Overuse of nitrogen (N) and phosphorus (P) in agriculture contributes to 
acidification, eutrofication of aquatic ecosystems, and contamination of groundwater 
that is used for drinking water. 

Agricultural production is particularly intensive in The Netherlands, with 
specialised arable and livestock production systems. Dutch agricultural production is 
among the highest in Europe, and is efficient in terms of input per kg of product and 
has a low emission per kg of product (Rabbinge and De Wilt, 1998). Due to the 
intensity, size and concentration of agricultural activity in The Netherlands, its 
contribution to environmental pressure is large. Nation-wide, the yearly agricultural 
input of N and P exceeds the removal by harvested products by 324 kg N ha~ and 31 
kg P ha-1 (Fong, 1999). This N and P surplus is one of the largest in Europe (Van 
Bruchem, 1997). Since the 1980s, the Dutch government has initiated regulations on 
the use of animal manure and mineral fertilisers (Henkens, 2001). During 1987-1998, 
those regulations aimed to restrict the application rates of manure. In 1998, the 
mineral accounting system (MINAS) was introduced, which only allows a maximum 
surplus of N and P at the farm level (Smit, 2001). Furthermore, regulations are 
initiated to restrict the production of manure (Henkens, 2001). 

Also the agricultural inputs of pesticides in The Netherlands are among the 
highest in Europe (Van Bruchem, 1997). In 1984-1986, average pesticide use was 20 
kg active ingredients ha~' (Anonymous, 1990). In 1992, the Dutch government 
adopted a policy plan which aimed to reduce the annual pesticide use by about 50% in 
2000 (Anonymous, 1990), down from the 1984-1986 reference period. By 1998, the 
average pesticide use was reduced by 43%, which was mainly achieved because of a 
reduction in the use of soil disinfectants (Anonymous, 2000a). Since 2000, a new 
policy plan has been adopted that aims to further reduce the average pesticide use 
(Buurma et al., 2000). 



General introduction 

The importance of increased insight in ecological processes 

From an agricultural point of view, the challenge is to reduce the negative side effects 
of farming and still obtain good crop yields. Different strategies exist to reduce 
nutrient and pesticide losses to the environment (Rabbinge and De Wilt, 1998). Two 
of those strategies involve the use of measures to improve the resource use efficiency 
of inputs: 1) by taking measures integrated within the current production systems, and 
2) by taking measures that go beyond the farming systems level. 

The first strategy can be achieved by a more judicious use of external inputs, 
e.g. by using techniques for fine-tuning in space and time of mineral ferilisers 
(Schroder et al., 2000b) and biocides (Lotz et al., 2000b). The first strategy includes a 
decreased reliance on mineral fertilisers and pesticides. That requires an increased 
understanding of ecological processes underlying the interactions between soil, crops 
and pests (including diseases and weeds). An example of the latter is that insight into 
the mechanisms of interplant competition, have been used to improve the suppression 
of weeds by crops (Baumann et al., 2001a). 

The second strategy involves the exchange of inputs, resources and waste 
materials between agricultural sectors. A well-known example is the export of manure 
from dairy to arable farming, and the export of fodder crops (grains, lucerne) from 
arable to dairy farming. This exchange contributes to a reduction in the national N and 
P surplus when accompanied by a reduced use of mineral fertilisers, because the 
current large production of nutrients (manure) on dairy farms is accompanied by a 
lack of farmland area to apply the manure on (Smit, 2001). The use of manure on 
arable land requires insight into the effects of organic N management on crop growth 
in order to optimise N supply with crop demand. 

Research on organic arable farming, that prohibits the use of biocides and 
mineral fertilisers, is especially useful for understanding effects of organic N 
management on crop growth, and to improve understanding of ecological processes 
underlying the interactions between soil, crops, and pests, diseases and weeds. In the 
present thesis, two topics were addressed that have been identified as important issues 
for organic farming: the effect of N management on crop growth, and its effect on 
weed growth and reproduction (Vereijken et al., 1994; David, 1998; Vereijken, 1998). 

Challenges of organic farming 

Optimisation of N management in organic farming is a complex matter. Nitrogen 
management is not only a question of optimising crop yields and minimising N losses, 
but also of considering the effects of N on the occurrence of pests. Several studies 
showed that arable crop yields in organic farming are often smaller than in 
conventional (including integrated) farming (e.g. Eltun, 1996), with yield reductions 
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ranging from 0-50% for potato and wheat (Stanhill, 1990; Tamis and Van den Brink, 
1999). It is unclear, however, to what extent the yields in organic farming are limited 
by nutrients, or reduced by pests (Moller et al., 1997; Haraldsen et al., 2000). When 
properly fertilised, yields in Dutch arable organic farming are not often limited by K 
or P, as Dutch soils generally have soil K and P contents that are sufficient for optimal 
growth (Pothoven, 1995). Nitrogen, however, which is more mobile than P and K, is 
expected to be most limiting nutrient in organic farming. 

The first challenge for organic farming is to match soil N supply with crop N 
demand. Using a simulation study, Pang and Letey (2000) found that the dynamics of 
soil N supply did not match well with the dynamics N uptake of maize under 
conditions of sufficient N. They concluded that it would be difficult to fertilise the 
crop with only organic N to meet peak N demands mid-way the crop growth cycle, 
without an excessive N in the soil before and after crop growth. Field measurements 
on organic farms by Poutala et al. (1993), however, suggest that N limits wheat 
growth from emergence onwards. 

Understanding of crop response to organic N supply requires the quantification 
of crop N demand and deficiency, in order to determine the timing of N deficiency 
and to establish relationships between N deficiency and major crop growth processes. 

Understanding of early leaf area expansion is especially important for organic 

farming. Leaf area expansion is an important determinant of crop growth. Nitrogen-

limited crops generally have smaller leaf area indices (Grindlay, 1997), resulting in 

smaller light interceptions and lower crop growth rates. Because the increase in light 

interception with leaf area index is largest at small leaf area indices, quantification of 

early leaf area expansion is important. The dynamics of early leaf area expansion are 

also important for crop-weed competition, because differences in the rate of are often 

decisive for the establishment and growth of the crop and the weed (Kropff et al., 

1992). Although canopy leaf area dynamics are important, they remain difficult to 

predict in new environments; a better understanding of the main factors affecting leaf 

area development, temperature and radiation is therefore needed. 
A second challenge of organic farming is to reduce the many hours of hand 

weeding that are needed on organic farms at present (Peacock and Norton, 1990; 
Vereijken, 1998; Lotz et al., 2000a). Optimisation of weed management requires the 
use of long-term approaches that account for the dynamics of weed populations over a 
rotation (Wallinga and Van Oijen, 1997; Jones and Medd, 2000), and that consider the 
seed set of (uncontrolled) weeds (Wallinga and Van Oijen, 1997). In a survey in The 
Netherlands, many reproducing weeds were found in potato and wheat crops 
(Vereijken, 1998). Chickweed, Stellaria media (L.) Vill., was the main weed with 
densities up to 8 plants per m2. In potato and wheat, weeds are mechanically 
controlled mainly in the early part of the growing season when the crop is still small 
and soil cover is not yet complete. As mechanical control in potato and wheat can kill 
up to 80% of the S. media plants (Darwinkel et al., 1993; Hoffmann, 1994), it seems 
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likely that the uncontrolled late-emerging S. media plants contribute significantly to 
the seed bank. 

It can be assumed that the effect of increased soil N supply on growth and 
reproduction of late-emerging weeds largely depends on the outcome of the 
crop-weed competition for light and N. We hypothesised that increased soil N supply 
reduces the growth and reproduction of late-emerging weeds in wheat and potato, as a 
result of a larger leaf area index and light interception by the crop at time of weed 
emergence. 

In the present thesis, potato and wheat crops were selected as target species, 
for various reasons. Firstly, both species are important in a rotation of organic arable 
farming: potato mainly because it is an economically high value crop, and wheat 
because it is reduces the intensity of soil-borne diseases and pests, and because it 
improves the soil structure of heavily textured soils. Secondly, both crops may exhibit 
different types of responses to N. Wheat has a larger N recovery than potato, because 
its roots penetrate the soil faster and reach a greater final depth, and because wheat has 
a larger root length density than potato (Vos and Groenwold, 1986). Wheat is 
therefore expected to be less sensitive to small soil N supplies than potato. Thirdly, 
the response of crop growth processes to N deficiency is expected to differ between 
the dicot potato and the monocot wheat (see Radin 1983; Vos and Van der Putten, 
1998). 

Research objectives 

The main objectives of the study were to quantify and understand: 
1. The response of major crop growth processes to N; 
2. Early foliar expansion as driven by temperature and radiation; 
3. The integrated effects of organic N management on crop growth and yield; and 
4. Growth and reproduction of late-emerging weeds under organic N supply to 

crops. 

Based on the understanding of the effects of organic N management on crop 
growth processes and yield, recommendations for improvement of organic N 
management can be given. Furthermore, an understanding of interacting effects of N 
on crop and late-emerging weeds, will be used for recommendations to reduce seed 
setting of late-emerging weeds in organic farming. 
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Figure 1. Schematic representation of the thesis. Arrows indicate flow of information. 

Approach and outline of the thesis 

Research objectives were studied by combining field experiments with simulation 

models, as illustrated in Fig. 1. A series of field experiments was conducted to 

establish relationships between the rate of N supply, as supplied by organic sources, 

and crop growth processes of potato and wheat, particularly leaf area development and 

light use efficiency (Chapter 2). Pests and diseases were controlled chemically to 

avoid crop growth reductions. A particular growth process, early foliar expansion, was 

quantified in relation to temperature using additional field experiments (Chapter 3). 

Simulation procedures for leaf area expansion based on temperature and radiation was 

developed and tested in Chapter 4. The relationships obtained in Chapters 2-4 were 

integrated in a model that simulates soil and crop N dynamics (Chapter 5). That model 

was then used to obtain a better understanding of the complex and contrasting effects 

of organic N-management (sources, levels, timing) on dry matter production and yield 
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formation under different weather conditions (Chapter 5). Field experiments were 

used to understand the influence of organic N supply on weed growth and 

reproduction in a crop canopy, from its effects on soil N supply and crop light 

interception (Chapter 6). The thesis concludes with a general discussion (Chapter 7) in 

which the methodology of the study, the scientific achievements and their implications 

for organic N management are evaluated. 
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Chapter 2 

Abstract 

In order to optimise N management in organic farming systems, knowledge of crop 
growth processes in relation to N limitation is necessary. The present chapter 
examines the response of .potato {Solarium tuberosum L.) and wheat (Triticum 
aestivum L.) to N with respect to intercepted photosynthetically active radiation 
(PAR), light use efficiency (LUE), and leaf N concentration. Potato and wheat 
cultivars were grown in field experiments (1997, 1998) at three N levels: no N (Nl), 
cattle (Bos taunts) slurry (N2), and cattle slurry supplemented by mineral N fertiliser 
(N3). Estimated available N (kg ha"1) (0-0.9 m soil) was 80 (Nl), 150 (N2), and 320 
(N3) (potato) and 115 (Nl), 160 (N2), and 230 (N3) (wheat). N deficiency was 
quantified by an N nutrition index (NNI) (l=hardly limited, 0=severely limited). N 
deficiency increased in the Nl and N2 treatments up to 20 (potato) and 50 (wheat) 
days after emergence, with small changes thereafter. An increasing N limitation in 
potato (NNI=l-0.55) resulted in a linear decrease in crop dry weight and cumulative 
intercepted PAR, a linear increase in harvest index, whereas the LUE decreased only 
at NNI values below 0.65. Crop dry weight and cumulative intercepted PAR for wheat 
decreased linearly with N limitation (NNI=0.9-0.6), but the harvest index and LUE 
were unaffected. For both crops, N limitation to 0.55 caused a linear decrease in 
maximum leaf area index, the rate of foliar expansion, leaf area duration, and to a 
lesser extent, leaf N concentration. In conclusion, both crops respond to N limitation 
by reducing light interception while maximising the LUE and leaf N concentration. 

Introduction 

Nitrogen (N, list of abbreviations in Appendix 1) management in organic farming 
systems is complex. The supply of N from organic sources is difficult to synchronise 
with crop demand (Pang and Letey, 2000). Nitrogen deficiencies limit crop growth, 
whereas N excesses are often lost to the environment. Smaller arable crop yields in 
organic farming systems compared to those from conventional practices have been 
attributed to a mismatch between N supply and demand (Korva and Varis, 1990; 
Haraldsen et al., 2000). Thus, in organic farming, the limited amounts of available N 
requires more effective distribution among the various crops in order to optimise farm 
results. 

Optimisation of organic N management requires knowledge of the response of 
crop growth processes to N. Variation in dry matter yield in response to N may arise 
from differences in the amount of intercepted photosynthetic active radiation (PAR) 
by the canopy, in the light use efficiency (LUE), and harvest index (Charles-Edwards, 
1982). Depletion and/or shortage of N indicate that either the crop cannot maintain its 
leaf area expansion rate or cannot maintain its leaf and plant N concentration ([N]). 

10 



Yield and growth components 

Theoretical studies (Sinclair and Horie, 1989) and experiments (Muchow and Sinclair, 

1994) showed a curvilinear increase in LUE with an increase in areal leaf N content 

(NLAm-2). 
y Plant species differ in their degree of these two plant responses. Two extreme 

types of responses are: (1) maintenance of the NLA necessary for unrestricted 

productivity per unit leaf area (i.e. maintain LUE at the cost of a reduced rate of leaf 

area expansion), (2) maximisation of the leaf area expansion and intercepted PAR at 

the cost of a reduced NLA and a reduced LUE. In the second response, leaf area 

expansion is also somewhat reduced, because of a smaller LUE. 

According to simulation studies, maximum daily gross (Goudriaan, 1995) and 

net crop photosynthesis (Dewar, 1996) per unit ground area are achieved when a crop 

maintains an optimal NLA necessary for unrestricted productivity per unit leaf area, 

which corresponds to the first type of response. Goudriaan (1995) also showed that 

maintaining a smaller NLA increased the light interception but decreased the daily 

gross photosynthesis. The second strategy, i.e. maximisation of leaf area expansion 

with smaller values of NLA, may be useful for maximising N use efficiency, which in 

turn may be useful under natural ecosystems where N is limited. A large leaf area may 

also be useful in a mixed stand in order to achieve a competitive advantage in large 

canopy (Grindlay, 1997). 

The N deficiency responses of potato and wheat crops were compared for two 

reasons. First, both species are important in an organic farming rotation system: potato 

is an economically high value crop and wheat improves the soil structure. Second, 

both crops may exhibit different types of responses. According to Vos and Van der 

Putten (1998), the leaf area expansion in potato is responsive to N deficiency whereas 

its LUE shows little response (Millard and Marshall, 1986; Duchenne et al., 1997), a 

response also found in other dicotyledonous C3 crops (Booij et al., 1996). For wheat, a 

C3 monocot, some studies showed a clear response of LUE to N (e.g. Green, 1987), 

whereas others did not (e.g. Meinke et al., 1997). Radin (1983) found the leaf area 

expansion of four cereal species, including C3 and C4 species, to be less responsive to 

N than that of dicotyledons. The LUE of the C4 cereals maize (Zea mays L.) and 

sorghum (Sorghum bicolor L.) responded to the N supply (Muchow and Sinclair, 

1994). 

Comparison of crop responses to N deficiency requires quantification. To that 

end, Lemaire et al. (1989) proposed a nitrogen nutrition index (NNI), defined as the 

ratio of actual/ critical crop [N]: 

NNI = actual crop [N]/ critical crop [N] (1) 

where the critical crop [N] barely limits the growth rate of the crop. For calculation of 

mean values for NNI over time, a maximum value of 1 is used because crop growth 

rates are at their maximum for NNI>1, and NNI>I indicates luxury N consumption 

(Lemaire et al., 1989). The NNI has been used in various studies to quantify N 

11 
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deficiency (e.g. Belanger et al., 1992). The critical crop [N] can be derived from the 
relationship between crop N uptake and dry matter production (Greenwood et al., 
1990; Booij et al., 1996). A widely used relationship between critical crop [N] and 
crop dry weight for potato has been derived by Greenwood et al. (1990) and for the 
vegetative stage of winter wheat by Justes et al. (1994). Such a relationship has not yet 
been established for spring wheat until crop maturity. 

The objectives of the present work are 1) to establish relationships between N 
uptake and dry matter production for potato and spring wheat cultivars, 2) to use these 
relationships to quantify crop N demand and deficiency, 3) to establish relationships 
between N deficiency and growth characteristics, and 4) to use the findings to 
compare the responses of a potato and wheat crop to N supply under organic N 
management. To that end, sampled potato and wheat crops were grown at different 
rates of organic and mineral N supplies in the field. 

Materials and methods 

Experimental site 

In 1997 and 1998, potato and wheat were grown in the field, at the Dr. H.J. 
Lovinkhoeve experimental farm, at Marknesse (52°42'N 5°53'E), The Netherlands. 
The soil was a silt loam soil, with 12 vol% sand (>50 urn), 68 vol% silt (2-50 um), 20 
vol% clay (< 2 um), 0.023 (g g~') organic matter (Lebbink et al., 1994) and pH-KCl of 
7.4 (sampling December 1998). Soil phosphorus and potassium contents (Table 1) 
were sufficiently high to enable unrestricted growth of potato and wheat according to 
Van Dijk (1999). Water was not considered limiting because the pF value in the 
rhizosphere was below 2.85 for potato and below 3.0 for wheat at all sample times. 

Treatments 

For each year and crop, N was supplied at three rates (Tables 2 and 3): 1) unfertilised 
or only garden compost (Nl), 2) fertilisations with cattle slurry, conform usage in 
organic farming systems in The Netherlands (N2), and 3) twice the N2 treatment, 
supplemented with mineral N according to recommended rates (Van Dijk, 1999) for 
potato and wheat based on soil analysis (N3). Supplementary N fertiliser was applied 
as calcium ammonium nitrate (Table 3) and corrected for expected net N 
mineralisation from organic sources (Table 2) during the growing season, as explained 
in Appendix 2. 

12 
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Table 1. Description of the experimental farm Lovinkhoeve and experimental methods for potato 

and wheat. 

Year 

Planting/sowing date 

Previous crop 

Green manure crop 

Sampling date Pw \ K-HC1" 

Pw (mg P205 T
1 H,0) 

K-HCl(mgK,0 100 g 

Plant density (pi nT~) 

Row spacing (m) 

Gross plot size (nr) 

Net plot size (nr) 

Cultivars 

Emergence date 

Sampling (DAE) 

Year 

Planting/sowing date 

Previous crop 

Green manure crop 

dm"') 

Sampling date Pw *, K-HC1a 

Pu. (mg P,05 T
1 H20) 

K-HCI(mgK20/ 100 g 

Plant density (pi m~") 

Row spacing (m) 

Gross plot size (nr) 

Net plot size (in") 

Cultivars 

Emergence date 

Sampling (DAE) 

dm) 

Potato 

1997 

18 April 1997 

Winter wheat 

Mustard 

30 March 1998 

44 

27 

4.44 

0.75 

19.8 

9.45 

Junior 

01 June 

3,8,15,36,50, 

58(N1),65(N2,N3),99 

1998 

13 May 1998 

Spring wheat 

Mustard 

24 September 1998 

30 

21 

4.44 

0.75 

23.4 

9.45 

Junior 

28 May 

7,18,27,46,63,94 

Agria 

31 May 

4,9,16,23,39,53 

59(N1),75(N2),79(N3),100 

Agria 

30 May 

5,16,25,47,82,117 

Spring wheat 

1997 

14 April 1997 

Fodder beet 

-
24 Sept. 1998 

30 

21 

260 

0.3 

6 

1.05 

Baldus, Axona 

27 April 

9,23,30,45,67,81, 

102,114 

1998 

9 May 1998 

Fodder beet 

-
14 September 1998 

30 

21 

230 

0.3 

10 

1.2 

Baldus, Axona 

17 May 

5,15,32,53,86,117 

a P„ = Plater soil phosphorus content > 21 and K: soil potassium content > 21 is sufficient for a 

good crop growth of potato and wheat (dm = dry matter) 

For each crop, two cultivars differing in leaf area dynamics were used: potato cultivars 
Junior (early) and Agria (mid-late) and wheat cultivars Axona (relatively small 
maximum LAI) and Baldus (larger maximum LAI). 
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Chapter 2 

Table 2. Dates and rates of N application, actual total N content in organic N sources and 

expected net N mineralisation during the growing season for potato and spring wheat, at 

three N treatments (Nl, N2, and N3)a in 1997 and 1998. 

Crop/ 

Year 

Potato 

1997 

1998 

Wheat 

1997 

1998 

Date manure/ 

Treatment 

02-Sep-96 

Nl 

N2 

N3 

30-Sep-97 

Nl 

N2 

N3 

10-Apr-97 

Nl 

N2 

N3 

08-May-98 

Nl 

N2 

N3 

Application rate 

Com­

post 

Cattle 

slurry 

Mg fresh matter ha 

10 

0 

0 

5 

5 

5 

0 

0 

0 

0 

0 

0 

0 

40 

80 

0 

45 

80 

0 

15 

30 

0 

20 

40 

N rate 

Com­

post 

116 

0 

0 

57 

57 

57 

0 

0 

0 

0 

0 

0 

Cattle 

slurry 

0 

188 

376 

0 

270 

480 

0 

33 

66 

0 

78 

156 

Expected net N mineralisation11 

Com­

post 

—kg N ha 

12 

0 

0 

6 

6 

6 

0 

0 

0 

0 

0 

0 

Cattle 

slurry 

-i 

0 

28 

55 

0 

43 

77 

0 

5 

11 

0 

13 

25 

Previous 

crop 

0 

0 

0 

0 

0 

0 

30 

30 

30 

30 

30 

30 

Sum 

12 

28 

55 

6 

49 

83 

30 

35 

41 

30 

43 

55 

a Nl= no N, N2= cattle slurry corresponding to current organic N management, and N3=cattle 

slurry supplemented by mineral N fertilisers according to recommended levels used in 

conventional farming. 

b Calculation of expected net N mineralisation during the growing season is explained in Appendix 

2 and presented values of Table 2 are based on measured total and organic N contents of slurry 

and garden compost. Calculated amount of supplied mineral fertiliser N was based on standard 

values for organic N contents, as manure samplings were not available at the time. 

Design and plot size 

For each crop, a separate experiment was laid out as a randomised complete block 
design with a split plot arrangement with three replicates of each individual treatment. 
Fertilisation rates were whole plots, cultivars were subplots, and sampling dates were 
randomised within each individual treatment. To avoid carry-over effects, low, 
intermediate and high relative fertilisation rates of the main plots within experimental 
fields were maintained since summer 1995. 
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Yield and growth components 

Table 3. Sampling date and soil mineral N content just after planting/sowing and expected net N 

mineralisation from organic sources (expected net N mineralisation (ENM), from 

Table 2). Dates and rates of mineral N application just after planting/sowing (first) and at 

stem extension of wheat (second). Total N is available N for the crops, estimated as the 

sum of soil mineral N (depth: 0-0.9m), ENM and mineral fertiliser N. Crops and 

treatments are as in Table 2. 

Crop/ 

Year 

Potato 

1997 

1998 

Wheat 

1997 

1998 

N Treatment" 

Nl 

N2 

N3 

Nl 

N2 

N3 

Nl 

N2 

N3 

Nl 

N2 

N3 

Soil mineral N 

0-0.6m 

21-Apr-97 

50 

80 

112 

18-May-98 

65 

84 

94 

21-Apr-97 

67 

90 

84 

19-May-98 

66 

107 

82 

0-0.9m 

kg N ha 

61 

101 

148 

89 

121 

127 

79 

101 

94 

88 

139 

108 

Total 

ENM 

- i 

12 

28 

55 

6 

43 

83 

30 

35 

41 

30 

43 

55 

Mineral fertiliser N 

First Second 

26-May-97 

0 

0 

110 

20-May-98 

0 

0 

120 

0 

0 

0 

20-May-98 

0 

0 

15 

0 

0 

0 

0 

0 

0 

5-Jun-97 

0 

0 

75 

26-Jun-98 

0 

0 

75 

Total N 

72 

129 

313 

94 

164 

330 

109 

136 

210 

118 

182 

253 

a Nl= no N, N2= cattle slurry corresponding to current organic N management, and N3=cattle 

slurry supplemented by mineral N fertilisers according to recommended levels used in 

conventional farming. 

Crop husbandry 

Potato tubers were pre-sprouted and planted by machine. Pests and diseases (notably 
late blight, Phytophthora infestans) on potato and wheat were controlled using 
standard farming practices for the area to avoid interaction of N with biotic factors. In 
1998, tubers were disinfected with validamycine (Solacol, H.S.A. bv, The 
Netherlands) against Rhizoctonia solani. By omission, tubers were not disinfected in 
1997 and about 5% of the tubers of cultivar Junior were infected by Rhizoctonia 
solani but hardly any tubers of cultivar Agria were infected. Weeds were mechanically 
controlled by harrowing and hoeing. 
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Chapter 2 

Table 4. Values and effects of analysis of variance of year (Y), nitrogen (N) and cultivar (C) on 

tuber dry weight and N uptake of potato and total crop biomass, grains, harvest index 

(HI) and total N uptake of wheat at maturity in 1997 and 1998. 

Year N 

treatment8 

1997 Nl 

N2 

N3 

Nl 

N2 

N3 

1998 Nl 

N2 

N3 

Nl 

N2 

N3 

Sig. Year (Y)b 

Sig. Nitrogen (N) 

Sig. Cultivar (C) 

Sig. Interactions. 

LSD (P=0.05) N 

Cultivar 

Junior 

Agria 

Junior 

Agria 

LSD (P=0.05) N within YxC 

Potato 

Tuber 

weight 

Mg ha"1 

4.03 

4.67 

8.14 

6.44 

8.35 

9.90 

5.38 

5.83 

7.61 

7.92 

8.54 

12.38 

n.s. 

** 
*** 

YxNxC 

(*) 
1.67 

2.54 

Tuber N 

uptake 

kg N ha"1 

44.4 

58.2 

145.2 

60.8 

89.3 

142.8 

50.3 

57.2 

92.5 

73.6 

78.9 

141.8 

n.s. 

*** 
*** 

YxNxC 

(*) 
18.6 

29.9 

Cultivar 

Axona 

Baldus 

Axona 

Baldus 

Total 

biomass 

Mg ha"1 

10.8 

11.5 

14.5 

11.8 

10.2 

13.6 

9.37 

11.7 

11.6 

9.92 

10.8 

10.6 

* 

* 
n.s. 

YxN (*) 

NxC* 

1.46 

2.17 

Spring whea 

Grain 

weight 

Mg ha"1 

4.59 

4.88 

6.01 

5.45 

4.79 

6.39 

3.95 

4.95 

4.77 

4.71 

5.06 

4.99 

** 

* 
** 

YxN* 

NxC (*) 

0.54 

0.84 

Harvest 

index 

gg"' 
0.426 

0.424 

0.416 

0.463 

0.468 

0.470 

0.422 

0.423 

0.413 

0.474 

0.469 

0.470 

n.s. 

n.s. 

*** 
n.s. 

0.012 

0.023 

Total N 

uptake 

kgNha"1 

111 

123 

190 

142 

109 

184 

122 

139 

174 

123 

134 

172 

n.s. 

* 
n.s. 

n.s. 

28.8 

42.1 

a Nl= no N, N2 = cattle slurry corresponding to current organic N management, 

and N3 =cattle slurry supplemented by mineral N fertilisers according to recommended 

levels used in conventional farming. 

b ***=P<0.001, **=P<0.01, *=P<0.05, (*)=P<0.1, n.s. = non-significant (P>0.1). 

Measurements 

At regular intervals, growth was analysed by assessing crop biomass of all organs 
except fibrous roots. Leaf area was measured with a Li-Cor 3100 area meter (Li-cor, 
Lincoln NE). Sampling areas, dates, plant densities, and row distances are given in 
Table 1. Wheat was sampled up to maturity. Potatoes were harvested on 8 September 
1997 when soil cover of Junior was nearly zero, while the soil cover of Agria was still 
about 75% (N3), or below 50% (Nl and N2). In 1998, final potato harvest was 
conducted when soil cover was nearly zero. 
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Yield and growth components 

The various plant parts were dried (105°C, 24 h) and weighed. Total N was 
determined using the Dumas-method (Macro N; Foss Heraus Analysensysteme, Hanau, 
Germany). Nitrate in green leaves and stems was extracted with water and determined 
using a continuous flow analyser (TRAACS 800, Bran & Luebbe, De Meern, The 
Netherlands). Previous studies showed that nitrate contents in tubers and stolons are a 
negligible proportion of total N content (Biemond and Vos, 1992). Nitrate was deter­
mined in wheat up to anthesis. After anthesis, the nitrate concentration was determined 
in one replicate and was found to be very small. The nitrate content of potato was 
determined until it dropped below 5% of total N content, which occurred at about maxi­
mum LAI. Nitrogen uptakes were determined in three replicates in 1997, but usually in 
two replicates in 1998. Nitrogen uptake by each organ was calculated as the product of 
dry matter yield and [N]. Throughout the present chapter, N concentrations refer to 
organic N only as they were calculated as total N minus nitrate-N. Ammonium concen­
trations in the plants were assumed to be small because soil-derived ammonium is 
quickly assimilated in the root tissue itself, and is not considered to be transported in 
the xylem to other plant organs (Pearson and Stewart, 1993). Moreover, foliar ammo­
nium taken from atmospheric deposition results in low leaf ammonium concentrations. 
Yin et al. (1996) found ammonium concentrations in leaves of Pelargonium zonale L. 
to be about 0.3 ug N-NH4 g

_l leaf fresh weight, with hardly any increase by ammonia 
fumigation. 

Soil inorganic N was analysed (ammonium-N, and nitrate-N) after combining 
four cores of all plots per treatment, using a 30-mm diameter probe. Exchangeable N-
NH/, and N-NCb" were determined in 1M KCL, with a continuous flow analyser 
(TRAACS 800, Bran & Luebbe). 

Interception of PAR and LUE 

Intercepted PAR was measured once or twice a week for wheat, ten times per 
recording, with a portable line sensor (TFDL, Wageningen, The Netherlands). 
Recordings were taken within one hour of solar noon for either a clear or an overcast 
sky. Previous studies showed that recordings of interception at solar noon were within 
2% of the average interception as weighted over a day (Kiniry et al., 1999). Global 
radiation data were obtained from a weather station located at the farm, and PAR was 
taken as 50% of global radiation. The proportion of soil cover by green potato leaves 
was observed once or twice a week using a frame divided into 100 rectangles and with 
dimensions that were a multiple of the planting pattern. Daily values of intercepted 
PAR (wheat) and soil cover (potato) were obtained by fitting a non-linear relationship 
with thermal time (modified from Spitters (1990a), see Appendix 3). Less frequently, 
intercepted PAR was also measured for potato and both methods correlated well. 
Daily soil cover values were transformed into the fraction of intercepted PAR, 
according to a relationship similar that published by Van der Zaag (1984). 
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Chapter 2 

Table 5. Means and effects of year (Y), nitrogen (N) and cultivar (C) on average nitrogen nutrition 

index (NNI), crop biomass, tuber dry weight, harvest index, light use efficiency (LUE) 

and cumulative intercepted photosynthetic active radiation (PAR) of potato at about 52 

DAE in 1997 and 47 DAE in 1998. Actual = measured biomass, Critical = 95% of 

maximum biomass (just barely N-limited), Total = total biomass production, including 

shed leaves . 

Y C 

1997 Junior 

Agria 

1998 Junior 

Agria 

Sig. Year (Y)c 

Sig. Nitrogen (N) 

Sig. Cultivar (C) 

Sig. interactions 

LSD P=0.05 N 

LSD P=0.05 N, 

within YxC 

N 

Nl 

N2 

N3 

Nl 

N2 

N3 

Nl 

N2 

N3 

Nl 

N2 

N3 

NNI 

0.594 

0.669 

0.881 

0.630 

0.702 

0.936 

0.557 

0.583 

0.680 

0.596 

0.607 

0.824 

n.s. 

*** 
*** 

NxC (*) 

0.065 

0.086d 

0.106 

Crop dry wei 

Actual 

5.31 

6.43 

8.31 

5.33 

6.68 

8.67 

3.15 

3.78 

5.19 

3.01 

3.23 

5.85 

** 
** 
n.s. 

n.s. 

1.23 

1.81 

Critical 

ght 

Total 

Mg ha"1— 

8.23 

8.23 

8.23 

8.23 

8.23 

8.23 

7.16 

7.16 

7.16 

7.16 

7.16 

7.16 

5.71 

6.82 

8.35 

5.66 

6.93 

8.83 

3.17 

3.78 

5.19 

3.01 

3.23 

5.85 

** 
** 
n.s. 

n.s. 

1.15 

1.69 

Tubers" 

4.95 

5.01 

5.28 

4.99 

4.52 

5.15 

2.27 

2.68 

3.13 

1.86 

1.92 

3.28 

*** 

(*) 
* 

NxC (*) 

0.62 

0.92 

Harvest 

index" 

Total 

gg"1 

0.770 

0.734 

0.631 

0.711 

0.652 

0.582 

0.715 

0.708 

0.603 

0.619 

0.594 

0.559 

* 
** 
*** 

* 

0.044 

0.063 

LUE 

gMJ-1 

2.07 

2.38 

2.40 

1.98 

2.19 

2.35 

1.93 

2.04 

2.42 

2.03 

2.13 

2.79 

n.s. 

* 
n.s. 

YxC* 

0.34 

0.51 

Cum. interc. 

PARb 

Actual 

—MJ 

259 

276 

327 

271 

306 

350 

163 

175 

197 

139 

140 

187 

*** 
*** 
n.s. 

YxN (*) 

YxC*** 

14.7 

24.2 

Critical 

m~2 
m — 

345 

345 

345 

357 

357 

357 

297 

297 

297 

257 

257 

257 

a Excluding two units that were initially waterlogged. Critical crop dry weight (W) was derived 

from Fig. 1. Harvest index, and LUE based on total W. 

b Critical value for cumulative intercepted PAR was calculated according to (critical W /actual W) 

* total W divided by the maximum LUE per N treatment for each year and cultivar. 

c *** =p<0.001, **=P<0.01, *=P<0.05, (*)=P<0.1, n.s. = non-significant (P>0.1). 

d Upper value 1997, lower value 1998 
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Yield and growth components 

Table 6. Means and effects of year (Y), nitrogen (N) and cultivar (C) on average nitrogen nutrition 

index (NNI), crop biomass, grain dry weight, harvest index, light use efficiency (LUE) 

and cumulative intercepted photosynthetic active radiation (PAR) of wheat at 102 DAE 

in 1997 and 86 DAE in 1998. Actual = measured biomass, Critical - 95% of maximum 

biomass (just barely N-limited), Total = total biomass production, including shed leaves. 

Y C 

1997 Axona 

Baldus 

1998 Axona 

Baldus 

Sig. Year(Y)b 

Sig. Nitrogen(N) 

Sig. Cultivar(C) 

Sig. interactions 

LSD (P=0.05) N 

LSD (P=0.05) N, 

YxC 

N 

Nl 

N2 

N3 

Nl 

N2 

N3 

Nl 

N2 

N3 

Nl 

N2 

N3 

within 

NNI 

0.647 

0.708 

0.811 

0.711 

0.692 

0.794 

0.715 

0.733 

0.866 

0.771 

0.757 

0.890 

* 

* 
n.s. 

n.s. 

0.098 

0.062 

Crop dry weight 

Actual 

10.1 

11.8 

12.9 

11.0 

10.8 

12.8 

10.0 

11.5 

11.8 

10.4 

11.3 

11.9 

(*) 
(*) 
n.s. 

n.s. 

1.6 

2.4 

Critical 

13.7 

13.7 

13.7 

13.7 

13.7 

13.7 

12.5 

12.5 

12.5 

12.5 

12.5 

12.5 

[ Total 

•Mg h a _ 1 -

10.6 

12.3 

13.5 

11.6 

11.3 

13.1 

10.1 

11.8 

12.2 

10.6 

11.7 

12.2 

* 

(*) 
n.s. 

n.s. 

1.6 

1.2 

Grains 

Actual 

4.01 

4.58 

4.94 

4.89 

4.74 

5.58 

2.90 

3.37 

3.33 

3.80 

4.06 

4.18 

*** 

n.s. 

*** 
n.s. 

0.27 

0.98 

: Harvest 

index3 

1 Total 

gg"' 

0.378 

0.371 

0.366 

0.424 

0.420 

0.425 

0.286 

0.287 

0.273 

0.357 

0.345 

0.344 

*** 

(*) 
*** 

YxC (*) 

0.008 

0.017 

LUEa 

gMJ"1 

2.25 

2.25 

2.20 

2.17 

2.17 

2.11 

2.61 

2.77 

2.67 

2.46 

2.64 

2.53 

*** 

n.s. 

n.s. 

n.s. 

0.23 

0.18 

Cum. interc. 

PAR" 

Actual Critical 

MJ nT2— 

510 

575 

624 

580 

540 

602 

399 

444 

487 

448 

471 

492 

*** 

** 
n.s. 

n.s. 

32.2 

30.2 

649 

649 

649 

636 

636 

636 

481 

481 

481 

465 

465 

465 

a Harvest index, and LUE based on total W. Critical cum. inter. PAR explained in Table 5, note b. 

b ***=P<0.001, **=P<0.01, *=P<0.05, (*)=P<0.1, n.s. = non-significant (P>0.1). 

The average LUE was calculated by linear regression of cumulative intercepted PAR 
and crop biomass production, using weighted residuals to obtain homogeneity of 
variances. Crop biomass production was set equal to the actual crop dry weight, 
except during the period of foliar decrease when the maximum leaf dry weight 
recorded was taken as total leaf dry weight production for subsequent periodic 
harvests. Crop biomass production and growth components were compared well 
before the final harvest (see Results and discussion), because PAR at later dates was 
mainly intercepted by yellow stems and leaves. 
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Thermal time 

Thermal time was calculated as cumulative daily effective temperature (daily mean air 
temperature minus a base temperature of 2°C for potato and 0°C for wheat). Average 
daily air temperature was calculated as the mean of the daily minimum and maximum 
temperatures. 

Relationship between crop dry weight and nitrogen uptake 

For both crops, crop dry weight (W: Mg ha~') was related to the corresponding N 
uptake Nu (kg ha-1) at each sampling date and N application rate. An exponential 
function given by Booij (1996), was used to describe the relationship at each sampling 
date: 

w = w m ( i - e _ K N u N u ) , (2) 

where Wm = maximum crop dry weight and kNu is a constant (ha kg-1 N). The relation­
ship was fitted to each replicate, and the parameters (knii, Wm) were subjected to 
analysis of variance using REML (see Section Statistical analysis), after a logio 
transformation. 

At each fertiliser level, crop dry weight was related to N uptake, according to a 
relationship found to be appropriate for both C3 and C4 crops (Lemaire and Gastal, 
1997): 

, „ NB 

W ^ - 1 for W > 1 and W = f ^~ for W < 1, (3) 

where A = crop [N] (kg N Mg-1) of a young crop with W < 1 (Mg ha-') and B is a 

constant. The relationship was fitted to each replicate and residuals were weighted 

because the variance was a function of the mean. Each year, parameters (A, B) were 

subjected to analysis of variance (see Section Statistical analysis), after a logio 

transformation. 

Calculation of nitrogen nutrition index and leaf area duration 

NNI was calculated according to Eq. 1. For calculation of mean values for NNI over 
time, a maximum value of 1 was used (see Introduction). Critical crop [N] was 
calculated as the [N] at near-maximum dry matter production at each harvest date. 
The near-maximum dry matter production was defined as 95% of the asymptotic value 
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Yield and growth components 

(Wm) in Eq. 2, as done previously by Booij et al.(1996). Values for critical [N] were 
compared with reference lines for potato (Greenwood et al., 1990) and for the 
vegetative stage of winter wheat (Justes et al., 1994). Leaf area duration was 
calculated as the area under the LAI curve versus DAE, where LAI was linearly 
interpolated between successive sampling times. Throughout the present chapter, 
weighted averages for growth components are calculated as the average weighted for 
DAE. 

Statistical analysis 

All data and parameters were subjected to analysis of variance using Genstat (Genstat 5 
Committee, 1993). Analysis of data with only factors was based on the classical 
ANOVA procedure, and data with both factors (year, cultivar) and variates (e.g. NNI, 
DAE) were analysed with a linear mixed model, using the residual maximum like­
lihood (REML) procedure. Both procedures take treatment structure into account and 
the results are identical when data with factors only are used. The variation with year 
was also tested by analysis of variance, using the pooled residual variance as the 
estimate of within treatment variance. Differences between individual treatments were 
tested by least significant difference. All effects mentioned in the results and discussion 
refer to significant effects at a 5% significance level unless otherwise stated. 

Results and discussion 

Final crop yields, harvest index, and nitrogen uptake 

For potato at final harvest, higher rates of N increased tuber dry weight and tuber N 
uptake independent of year and cultivar (Table 4). Averaged over years and cultivars, 
tuber dry weight increased by 15% and 60% and tuber N uptake by 24% and 128% in 
N2 and N3, respectively. The early cultivar Junior had both a smaller tuber weight and 
a smaller N uptake than the later cultivar Agria. 

For wheat at crop maturity, crop dry weight varied with year and increased 
with N (Table 4). The increase of dry weight with N was larger for Axona than for 
Baldus. Total N uptake increased with N supply, from 124 kg N ha-' in Nl to 180 kg 
N ha-1 in N3, for both years and cultivars. Higher rates of N increased grain yield in 
1997 but not in 1998. Averaged over years and N treatments, grain yield was slightly 
larger (7.6%) for cultivar Baldus than for Axona, which was associated with the 
higher (9.5%) harvest index of Baldus (Table 4). 
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Relationship between dry matter production and nitrogen uptake 

Dry matter production and N uptake were affected by N application and growth stage 
of the crop (Fig. 1). At each harvest date, dry matter production increased 
asymptotically with N uptake, eventually approaching a maximum. The parameters in 
Eq. 2 (knu and Wm) varied with sampling date in both years for potato, but did not 
vary with cultivar. For wheat, Wm varied with sampling date in both years and kNu 
varied with sampling date only in 1997. The parameters did not vary with wheat 
cultivar, except at 23 DAE in 1997. Generally, the relationship between N uptake and 
dry matter production at a given date did not vary between the cultivars of potato and 
wheat during the growth period tested. 

At a set fertiliser level, dry matter production increased with N uptake until it 
approached a maximum. For both crops, the parameters in Eq. 3 (A and B) were 
affected by N (B in 1997 and A in 1998), but did not vary with cultivar. Thus, for a 
given N treatment and year, the increase in crop dry matter with N uptake did not vary 
between the cultivars of potato and wheat. Therefore, data of cultivars were pooled to 
calculate critical [N]. 

Critical crop nitrogen concentration 

The critical crop [N] decreased with crop dry weight in both species (Fig. 2). The 
calculated critical [N] in potato and wheat smaller than 1 Mg ha"' were not included 
because the initial effects of N were small, which resulted in strong over-estimations 
of the critical [N], namely [N] above 7 %. 

Calculated critical [N] for potato (Fig. 2A) was clearly larger than those found by 

Greenwood et al. (1990); whereas calculated critical [N] values for spring wheat (Fig. 

2B) were consistent with data from Justes et al. (1994), also after anthesis. Our 

relationship for potato probably overestimated critical [N] because crop dry matter 

production at a given date as a function of N supplies (Figs. 1A and IB) did not yet 

reach its maximum. Further calculations were based on the reference lines by 

Greenwood et al. (1990) and Justes et al. (1994), as they were appropriate, as 

explained below. The ratio of actual / near-maximum crop dry weight was found to be 

1 at an NNI=1 (Figs. 4A, B) as expected from the definition of NNI (Eq. 1, Lemaire et 

al., 1989), whereas an over-estimation of crop N content at the near-maximum crop 

dry weight would have resulted in under-estimations of NNI. 

Nitrogen nutrition index (NNI) 

In both years, the NNI (see Eq. 1) for potato cultivars decreased in the Nl and N2 
treatments from 0.8-0.9 at emergence until 0.6-0.7 at about 15 DAE in 1997 and 
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0.4-0.5 at about 25 DAE (1998), from then on changes in NNI were much smaller 
(Figs. 3 A and 3B). The NNI for potato cultivars at high N (N3) in 1997 also decreased, 
but after 20 DAE remained above 1. In 1998, the changes were small throughout the 
growth period. Averaged over years and cultivars, higher levels of N increased the 
average NNI (emergence-60 DAE) for potato by 10% in N2 and by 48% in N3 (Fig. 3B). 
The average NNI was larger for Agria (0.712) than for Junior (0.657) for both years. 

The NNI for wheat cultivars followed the same pattern (Fig. 3C and 3D) in 
both years. The NNI for all N treatments for wheat was well above 1 from emergence 
until about 20-30 DAE. Thereafter, the NNI remained about 0.8 in N3, but decreased 
in Nl and N2 until about 0.6 at 50 DAE, and hardly changed thereafter. Averaged 
over years and cultivars, higher N levels increased the average NNI 
(emergence-maturity) for wheat by 2% (N2) and 20% (N3) (Figs. 3C and 3D). The 
average NNI for wheat varied slightly with year but was not affected by cultivar. 

Relationship between dry matter production, growth components and 
NNI 

Throughout the current section, crop biomass production (actual weight corrected for 
leaf shedding) and their components (Tables 5 and 6) were compared well before final 
harvest (to avoid interception by yellow leaves). For the comparison, the latest 
possible harvest was used at which both cultivars of a crop were harvested at about the 
same harvest date (potato, 52 DAE in 1997 and 47 DAE in 1998; wheat, the next-to-
last harvest). 

Biomass production, tuber dry matter, cumulative intercepted PAR, and 
harvest index (excluding outliers) for potato were larger in 1997 than in 1998 
(Table 5). These results were associated with a later harvest in 1997 (52 DAE) than in 
1998 (47 DAE), and with a higher average daily air temperature and daily PAR from 
emergence until harvest in 1997 (14.2°C; 9.4 MJ nT2 d"1) than in 1998 (13.4°C; 7.2 
MJ m~2 d-1). A small but significant year by cultivar interaction was found for the 
cumulative intercepted PAR and LUE. Averaged over cultivars and years, N supply 
increased biomass production by 18% in N2 and 60% for N3, the cumulative 
intercepted PAR by 8% in N2 and 27% for N3, and the LUE by 9.1% for N2 and 25% 
for N3. Biomass production for potato did not differ between cultivars, but the early 
cultivar Junior had a larger tuber dry weight (3.89 Mg ha"') than Agria (3.62 Mg ha-1) 
due to a larger harvest index. 

The wheat biomass production, cumulative intercepted PAR, harvest index, 
and grain yield were larger in 1997 than in 1998 because crops were harvested later in 
1997 (102 vs. 86 DAE) (Table 6), and average temperature and daily PAR during 
growth were higher (see above). The LUE for wheat was smaller in 1997 than in 
1998, associated with a larger average daily PAR from emergence until harvest in 
1997 (8.9 MJ m~2 d_l vs. 7.9 MJ m~2 d_l). Averaged over cultivars and years, the N 
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supply tended to increase (P=0.06) the biomass production by 10% (N2) and 19% 
(N3), and increased cumulative intercepted PAR by 5% (N2) and 14% (N3), but did 
not affect the LUE. Averaged over years and N treatments, the harvest index was 
larger for cultivar Baldus (0.386) than for Axona (0.328), and the difference was 
slightly larger in 1998 than in 1997. 
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Figure 1. Relationship between N uptake and total dry matter production of potato (A, B) and 

wheat (C, D) in 1997 (A, C) and 1998 (B, D). For each DAE, the line was fitted 

according to Eq. 2 (broken lines) and at each N level rate according to Eq. 3 (solid lines). 

Data values are DAE of periodic samplings. Nl ( 0 , » ) , N2 (A,A) and N3 ( • , • ) , potato 

cv. Junior and wheat cv. Axona (open symbols), potato cv. Agria and wheat cv. Baldus 

(closed symbols). 
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g dm"1) in (A) potato, Greenwood et al. (1990), and (B) wheat, Justes et al. (1994). 

Symbols are [N] at 95% of the calculated maximum crop dry weight (Eq. 2 in text), as 

derived from Fig. 1, 1997 (O), 1998(»). 

The response of crop dry weight and growth components to the average NNI, across 
years and cultivars, is shown in Figures 4 and 5. The response is expressed relative to 
the maximum or critical value for each year and cultivar. Crop dry weight for potato 
and cumulative intercepted PAR decreased strongly with decreasing NNI (Figs. 4A 
and 4B). REML analysis showed that the relationship between relative cumulative 
intercepted PAR and the NNI varied with year. For a given NNI, the relative 
cumulative intercepted PAR was smaller in 1998 than in 1997. The LUE for potato 
barely decreased with NNI from 1 to 0.65, but decreased strongly thereafter (Fig. 4C). 
The relative harvest index for potato increased slightly with decreasing NNI (Fig. 4D), 
but was no longer affected by average NNI at the next-to-last harvest (not shown). As 
with potato, the crop dry weight and cumulative intercepted PAR for wheat cultivars 
decreased strongly with decreasing NNI (Figs. 5A and 5B). Neither the relative LUE 
nor the relative harvest index for wheat was affected by the average NNI, with NNI 
ranging from 0.61 to 0.92 (Figs. 5C and 5D). 

Other studies also found potato and wheat harvest index near crop maturity to be 
unaffected by nitrogen depletion (Millard and Marshall, 1986; Green, 1987; Duchenne 
et al., 1997). During early tuber growth, however, potato harvest index may decrease 
with increased N supply, as high N supply is known to decrease the dry matter 
partitioning to tubers during early tuber growth (e.g., Millard and Marshall, 1986) 
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Figure 3. Course of the N nutrition index (NNI) (see Eq. 1) with days after emergence (DAE) of 

potato (A,B) and wheat (C,D) in 1997 (A,C) and 1998 (B,D). Bars represent the LSD 

(P=0.05) at each sampling date. Data values are average NNI values from emergence 

until the largest possible DAE that cultivars could be compared [58 DAE(A), 63 DAE 

(B), 114 DAE(C), 117 DAE(D)]. Nl ( 0 , « ) , N2 ( A » and N3 ( • , • ) , potato cv. Junior 

and wheat cv. Axona (open symbols), potato cv. Agria and wheat cv. Baldus (closed 

symbols). 
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Influence of average N nutrition index (NNI) on the relative values of crop dry weight 

(A), cumulative intercepted PAR (B), light use efficiency (C), and harvest index (D) of 

potato at about 52 DAE in 1997 and 47 DAE in 1998. The values are relative to 

maximum or critical values as given in Table 5. Points represent individual replicates. 

Solid regression lines include all points, except those indicated by arrows. Dotted lines 

represent separate years. 

Results in Fig. 4 corroborate the hypothesis by Vos and Van der Putten (1998) that in 
response to N limitation potato maximises LUE but reduces light interception, as 
explained below. For NNI 1 to 0.65, the cumulative intercepted PAR for potato 
decreased strongly with increasing N deficiency, whereas the LUE hardly changed. At 
a NNI below 0.65, the LUE was also reduced with NNI. Duchenne et al. (1997) also 
found no effect of N supply on the LUE for potato and usually observed NNI values 
above 0.7. Millard and Marshall (1986) found only the LUE for potato in their 
unfertilised treatment to be reduced from their other N rates of 50-250 kg N ha~!. 

Results in Fig. 5 showed that wheat reduces its intercepted PAR with 
decreasing NNI, whereas its LUE was not reduced at NNI from 1 to 0.7. The results of 
the present study agreed with those of Meinke et al. (1997) but contrasted with other 
studies (cf. Green, 1987). Green (1987) reported a quasi-linear increase of LUE with 
N supply in spring and winter wheat crops, even though only the zero N treatment 
differed significantly from the other N supply levels of 40 kg N ha-1 and higher. 
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include all points. 

The contrasting results in previous wheat studies might have resulted from differences 
in crop N deficiency, from cultivar differences and from timing of N deficiency. 
Sivasankar et al. (1998) recently reported a differential response in leaf area of two 
wheat genotypes to N supply. One genotype reduced leaf area expansion and 
maintained leaf [N] per unit dry weight with reduced N supply, but leaf area 
expansion for the other genotype was hardly reduced. According to Grindlay (1997), 
all cultivated C3 species adjust their leaf area expansion rate and maintain their NLA 
with decreasing N. Grindlay (1997) suggested that the variation of cultivated species 
in response of LUE and photosynthesis to NLA has been decreased as a result of 
selection. Photosynthesis decreases much faster with decreasing N per unit leaf area 
for C4 crops than for C3 crops (Grindlay, 1997), which may explain the higher 
sensitivity of LUE to N shortage in maize and sorghum (compare Muchow and 
Sinclair, 1994 with Booij et al., 1996). 

28 



Yield and growth components 

Although N limitations starting during early growth stages of wheat generally do not 
reduce the LUE under field conditions (e.g. Meinke et al. 1997), N limitations during 
the post-anthesis period may cause N loss from leaves and a reduction in 
photosynthesis of flag leaves (Gregory et al., 1981). Under such conditions the LUE of 
wheat may be reduced. In contrast to wheat, a potato crop sheds its leaves upon a late 
N limitation, while maintaining its leaf [N] of the remaining leaves. 

Relationship between leaf parameters and NNI 

A smaller N deficiency (larger NNI) increased the average leaf [N] in potatp)based on 
dry weight (Fig. 6B), but had no effect on the mean NLA (Fig. 6A) (Table 7). The 
slope of these relationships did not vary with year or cultivar, but the intercept did 
(Table 7). A smaller N deficiency increased the total leaf area duration for potato 
(Fig. 6C), decreased the thermal duration from emergence to 50% intercepted PAR 
(Fig. 6D), and increased the maximum LAI (Fig. 6E). Within each year, the early 
cultivar Junior had a smaller leaf area duration at any given NNI, compared to the 
later cultivar Agria (Table 7). 

For wheat, a smaller N deficiency increased the leaf [N] based both on dry 
weight (Fig. 7B) and on leaf area (Fig. 7A). The slopes did not vary with year or 
cultivar (Table 8). The response of wheat to a smaller N deficiency was comparable to 
that of potato with respect to total leaf area duration (Fig. 7C), early foliar expansion 
(Fig. 7D), and maximum LAI (Fig. 7E). At a given average NNI, the leaf area duration 
was larger for cultivar Baldus than for cultivar Axona (Fig. 7C, Table 8). 

For potato and wheat, the present study (Figs. 6 and 7) showed that the response of 

NLA to average NNI was smaller than the LAI response, supporting earlier observations 

for potato (Vos and Van der Putten, 1998), wheat (Evans, 1983) and other C3 species 

(see Grindlay, 1997). Those results also support the conclusion that both crops adjusted 

leaf area expansion to the limiting N supply, while maximising NLA and LUE. Potato 

leaf [N] (g g~') increased more with increased N supply than NLA (g m~2) because the 

specific leaf area increased with increasing N. When leaf expansion is N limited, the 

specific leaf area may decrease due to accumulation of starch and cell wall material 

(Grindlay, 1997). In a field study Vos (1995) found no effect of N supply on specific 

leaf area of main stem leaves for potato up to 43 DAE. No change in specific leaf area 

for wheat was found in the present study, which support earlier results of Meinke et al. 

(1997). 
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Table 7. Linear regressions between N nutrition index (NNI) (independent variable) and average 

areal leaf N content (NLA: g N m~2), leaf N concentration ([NL] g N kg dm-1), and leaf 

area duration (LAD: d) of potato at about 52 days after emergence (DAE) in 1997 and 47 

DAE in 1998. Regressions also are given for NNI and thermal time from emergence till 

50% intercepted PAR (t50: °Cd) and maximum leaf area index (LAIm). REML analysis 

for effects of year (Y) and cultivar (C) on regression parameters. 

Y C Intercept Slope Regression Slope Among Among LSD 

slopes lines (P=0.05) 

mean s.e. Mean s.e. R2 P" P P P P 
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a ***=p<0.001, **=P<0.01, *=P<0.05, (*)=P<0.1, n.s. = non-significant (P>0.1). 

Observed patterns of LUE with NNI (Figs. 4 and 5) could not be explained solely from 
average NLA- TO explain those patterns, measurements of leaf N distribution would be 
required, as explained below. A decrease of NNI from 1 to 0.44 decreased the LUE in 
potato by 34%, while average NLA remained constant. In contrast, the LUE for wheat 
did not decrease with N deficiency, whereas the average NLA for both cultivars 
decreased by about 20%. This difference between crops may have resulted from a 
decreased leaf N concentration with increased canopy depth, which has been found in 
wheat (Dreccer et al., 2000b) and potato (Osaki, 1995). The photosynthesis, and leaf [N], 
of top leaves in a canopy is of main importance for the LUE of a crop (Yin et al., 2000). 
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Table 8. Linear regressions between the average N nutrition index (NNI) (independent variable) 

and weighted average areal leaf N content (N^: g N m~2), leaf N concentration ([NJ: g 

N kg dm-1), and leaf area duration (LAD: d) of wheat at 102 days after emergence (DAE) 

in 1997 and 86 DAE in 1998. Linear regressions also are given for NNI and thermal time 

until 50% intercepted PAR (t50: °Cd) and maximum leaf area index (LAIm). REML 

analysis for effects of year (Y) and cultivar (C) on regression parameters is given. 
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Figure 6. Influence of average N nutrition index (NNI) on average areal leaf N content (g m"2) (A), 

leaf [N] (g kg"1) (B), and leaf area duration (C) of potato at about 52 DAE in 1997 and 

47 DAE in 1998. Influence of NNI on thermal time till 50% intercepted PAR at start of 

the season (D) and maximum leaf area index (E) of potato. Points are for individual 

replicates. Lines are regressions for each cultivar and year separately. Parameter 

estimates of lines are in Table 7. 
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