The efficiency with which intercepted radiation was converted to dry matter
was the same in all crops, about 1.9 g/MJ. Therefore, the nitrogen fertiliser must
have influenced the amount of radiation that was intercepted. In cereals more
than 80 per cent of the incident radiation is being intercepted once GAI exceeds
about four. There was no difference in GAI until March, when crops that
received nitrogen fertiliser had larger GAls and the differences between the crops
was largest at anthesis, when maximum GAI was reached (Table 3). Table 3 also

Table 3 Effect of nitrogen fertiliser on the maximum GAI and the duration of GALI above 4

Crop Maximum GAI Duration of GAI>4 (days)

N, 5.6 39
N, 7.7 70
N, 9.1 88

shows that nitrogen fertiliser increased persistence of the GALI, there being a two-
fold difference in the duration of GAI above four between the well-fertilised and
poorly fertilised crops. As the amount of incident radiation was the same for all
crops, the effect of the nitrogen fertiliser was to increase the total amount of
radiation intercepted by the crops.

Having identified that the main effect of the nitrogen fertiliser was to increase
GAL is it possible to identify which processes in leaf area production and
persistence were affected? The rates at which leaf primordia were initiated on the
apex (64 °C days/leaf) and the rate of leaf appearance (104 °C days/leaf) were
the same for all three crops and not influenced by nitrogen fertiliser. However,
the area of the last four leaves to appear on the mainstem was increased with

Table 4 Effect of nitrogen fertiliser on the size of the last four leaves to appear on the main stem; leaf
14 was the flag leaf

Area of leaf (cm?/leaf)
11 12 13 14
14.6 19.8 27.0 27.8

16.1 20.5 22.7 323
18.2 26.1 31.2 333

increasing nitrogen fertiliser (Table 4). Leaf area production was also increased
because the number of tillers surviving to produce an ear at anthesis increased
from 0.2 tillers/plant for N, to 1.1 tillers/plant for N,.

These results clearly show that the major effect of nitrogen fertiliser on cereal
growth and yield is to increase the total amount of radiation intercepted by the
crop and not the efficiency with which it is converted to dry matter, This is
achieved not by increasing the rate at which leaves emerged nor the number of
leaves produced on individual stems, but by increasing the area of individual
leaves and the number of ear-bearing stems, via tillering.

Design and interpretation of
nitrogen response experiments

B J George '
Rothamsted Experimental Station, Harpenden

Summary

The investigation of response to nitrogen application may be ur?dcrtla}(,c::'alltl;:
fundamental, descriptive or predictive le.vct. Funfiamcmal. lqvestlsa ;oT :
considered inappropriate for field experiments. T[he descrlpuv‘e appro;u:w.
summarising and discussing results, has been usel’u% in 1!1& past but serves on Yf‘ ;
indicate broad trends. The predictive apprqach implies the asstlmp'ldmn 3 L
model. The parameters of this model are c:.illmaled fr(}!n the »:.1:11..:1 aT' l;fc[d 2
predict future results or to compare experiments. Earlier .\,\tmk |{1‘ t.‘ns‘ 1et .1
reviewed, and the exponential function modified by the adc?lllon.(}! .a‘lmedir ]C‘,l ;Tj
is proposed as a convenient working modeI: The properties 0‘{ th:*ls rlnn.c e l;:}ul
discussed and some examples of its use are given. A p_osm.blc genera ir:atlzj)|1 \ }
modified logistic function is also snggestcc_i. The implications for ?h’e;,fm u;a:h
future experiments are considered gnd it is shown that the rigid appr
appropriate for analysis of variance is no longer necessary.

Introduction

In some branches of science and engineering fexperimcnta.ll resul‘ts may E)e
obtained with high precision and repeatability. It is then posmbi.c to iorfmulal;.‘a‘
law for the process under observation based on lhe‘dala‘ and to deduce fromt 11:5
the underlying mechanism. Unfortunately, in agricultural resez}rch ll.n? rﬁsu s
from similar experiments may differ widc]y,' m}d the forr!'lulalmn of a ;11wi*;
seldom possible. Some of the causes of this variation are obvious, but*lllvlsrrﬁ c(l, :
may be very patchy, even within quite closely ad_;accr)l and apparently :m‘ml a

areas. In addition, the response to nitrogen may be hlghly depcnd.em on other
applied treatments or background factm:s such as previous .cmp]:f{ng. Abelow

The investigation of crop response to nitrogen appllcatlt?n is considere bel

at three levels, described broadly as fundamental, d.cscrlplwc and prcdl:?i}re.
Models used by previous workers are briefly Fevwwcd, and the ‘modrlf;:_d
exponential function is proposed as a useful .workmg model. The merits o this
model and the implications for future experiments are then considered.
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Example

i i i ider the
i i f a fairly simple experiment consi .
le of the interpretation o : o
i af; c)i(:llz;sp (:f the organic manuring experiment 79/W/ R.N/ 11?;;;1; taltsion o
‘;l,b(;;s Zf the Field Experiments, 1979, by Rothamsfted E)fpen::leu inalanie
. i sidues from six m .
in Table 1. Organic matter re . auments
reI:irOl;iucnedblllrillt up over several years in plots, with two se:s I;)rfoﬁiol ;7g1 ven
S i f the organic manures.
i i ili uivalent to two o . al e
s {)ertslllisrj:ralsnez?rable rotation with inorganic fer_t1]lisers. usedlortl atlf)l vslkﬁcsh
s i eZnt was arranged in two blocks, each containing e1g1.1t %odsimo b
. ex?err;r:nuring treatments had been applied. Each p!ot W"F}Sl dtl;/tl) uel )
thiealr )t[ to which a range of nitrogen dressing was applied. The
sub-plots
i the two blocks. o
e r'neat?ozlllzlfd tsh(;vg;ta shows that for all manures the gralr(lj y}llelg ér;gzzzzg
E')((jallmvlvril?h increasing applied nitrogen to ab.out 120 kg/ha, a?l etde%rom oy
rap}i ¢ rratically. Mean yields for the manuring trcatmefn?s;a gnstam 420 0
b e di nures were fairly co
the differences between ma . : . i
e anlciled nitrogen. The apparently simple conc11'15101.1 tha.t Elle:it;/;n ,
rarlgfedOf ?)?5 with both manures and nitrogen levels, with little inter ,
sidera . . _
;Z?ied by the analysis of variance given in Table 2.

Table Yields of grain in tonnes/hectare from organic manuring experiment 79/W/RN/12
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Table 2 Analysis of variance of the yields of grain in experiment 79/W/RN/12

MS

Blocks 23.78

Manures (whole plots) 3.23
Residual for whole plots 3'69

Nitrogen (subplots)
Manures X nitrogen 4(1).39
Residual for subplots O?;

.Whllc glu: large and small mean square ratios for nitrogen and manures b
mtrog“.:n interaction respectively are as expected, the very small mean s uary
ratio for manures is not. The simple conclusion from this analysis would bq th .
yields for the various manures were closely similar Th(.: clue toe tl?t
conlradict.ion between the analysis and common sense is iri the very lar :
square ratio for the whole plot residual compared with the subplot r)ésidgzlm(;an
Wﬂtlk'jf expect whole plots to be the more variable but not to this extent On.I ;:
examining the original data can the reason be found. For most manures [.h ] i)::l is
in bloc?( 2 exceed those in block 1 by less than 1 t/ha. The di!‘ferenc;: ist'iylil:lé
larger for green manure, and considerably so for fertiliser equivalent to‘FYI\/{I:
(glmozﬂ 3 t/ha). For grass ley there is a difference ofabout Y, t/hain the o it
direction. It is this large variation in manure effects between l:locks which ?npf;)astle:

the whole plot residual mean squ: i in yi
sidue square, and causes a difference in vield of ;
t/ha to be declared statistically non-significant, yiedotaboutty

General interpretation

ngrall, the interpretation of an analysis of variance is far from simple and i
subject to a number of strong assumptions. Judicious inspection ofptables osf
means may be much more informative. Standard errors provide a useful
yardstick here but should not be allowed the status of automatic decision m ke )
One sho.uld. beware also of the temptation to try to explain away eve rz;ifxrs.
fluctuation in the data. This has led in the pastto much unwarranted spercyulatic?rf

and to thc? .comi.ng of meaningless phrases such as ‘responsive sites’ and ‘crops
able to utilise nitrogen efficiently’. i

Subdivision of sums of squares

A coqlmor? criticism of analysis of variance is that it fails to answer any specifi
questions. I."his is not a valid criticism of the technique, only of the experimim *rg
for not posing specific questions. Any linear combination of levels of a I"ac:o
may .bc extracted and tested if one wishes. The only provisos are that thr
questlons.generating the combinations should be based on features of interest ts
the experimenter and not as a result of inspection of the data that multipl
questions f;huuld not overlap, and that the number ol'queslior;s tt‘1at m pbe
examined is, therefore, limited by the information available in the I"lctoray )
W.hcn ic levels of the applied factor are quantitative, e.g vario;ls rat' f
applied nitrogen, the detection of significant differences ir,l yieid does not ixilsp?y
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any particular functional form. Partitioning the sum of squares further into
polynomial contrasts may indicate the existence of a general trend, simple
curvature, or appreciable deviation from a smooth curve, but does not provide a
useful working model for further study. The use of polynomials as
approximations to other functions was valuable when computations had to be
done by hand. With computers and good software now available it is possible to
fit much more general functions. This is the basis of the predictive approach to
the analysis of response data.

Predictive analysis

Here, the experimental data are used to estimate the values of the parametersina
model of chosen form. Ideally, the model would be based on a comprehensive
theory of crop response, but it should at least accord with the known general
form of response and be compatible with available theory. It should also be as
simple as possible in form, and preferably be based on parameters with direct
physical interpretation. Although one would naturally prefer a function which
fits well to a particular set of data, it is more important that the model be capable
of fitting reasonably well to a number of related sets of data with the same or a
related set of parameters. In the long term it may be important that the model

behave in a biologically sensible way when extrapolated but at the present stage
of model development this is not crucial. However, given a choice between

otherwise acceptable models with similar success in fitting to current data it is
preferable to choose a model which is capable of generalisation with little change
of functional form.

Review of models

Exponential equations

In a classic paper, Crowther and Yates (1941) reviewed all published results of
fertiliser experiments from 1900 to 1940 in Great Britain and other northern
European countries. The model used was the asymptotic exponential or
Mitscherlich equation in the form

y =y, + d(1 - 10 k%)

where y is the predicted yield in tons/acre with nitrogen applied at the rate of x
cwt/acre, y, is the yield with zero applied nitrogen, d is the asymptotic limit of
yield and k is a constant.

Despite earlier criticisms of this model, they were apparently satisfied with its
performance in this study but do not state how well the model fitted the data. The
average value for the constant k is given as 1.1.

Bullen and Lessells (1957) used a similar technique on the results of a further
270 cereal experiments. They found that k varied from 0.13 to 1.68 for winter
wheat, but that the average over experiments was again about 1.1. They were
careful to point out that there was no question of this form of response curve
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having the status of a universal law, but that the use of other curves is likely to be
much less convenient in practice. Some of the force of this argument has now
been lost with improvements in computing power but the law of diminishing
returns aspect of the model is still attractive, The main shortcoming of the model
is the lack of any descending portion at high levels of applied nitrogen. This may
not have been a serious problem in these earlier experiments with relatively low
levels of nitrogen dressing.

A common modification of the asymptotic exponential model is the addition
of a linear term. The model is then usually written as

y = a+brX+cx

where a, b, ¢ and r are constant, a> (0 and b, ¢ <0;0<r <1,

Inverse polynomials

A totally different type of model was proposed by Nelder (1966). He argued that
the response function should be capable of asymmetry, be non-negative and
bounded, i.e. remain finite whateyer level of applied nitrogen be considered. A

family of models with these properties is the inverse polynomials of the general
form

5 =P

where Py(x) is a polynomial of order n with non-negative coefficients. A problem
arises in fitting such models due to the unknown amount of nitrogen available to
the crop in addition to that applied. It is necessary to estimate this base level first

and then to estimate the polynomial coefficients.
Inverse polynomials were proposed by Nelder as a convenient addition to the
range of models, and have been shown to fit well to data from many sources,
ad been proposed earlier by Balmukand (1928).

Greenwood et. al., (1971) developed a rather simplified theory which led to a
model of modified inverse linear form,

Split lines

Boyd (1972) noted that Quadratic or exponential curves fitted to sugar beet data
with five orsix levels of applied nitrogen showed disturbingly similar residuals on
different sites. He suggested that two straight lines wou Id provide a good fit to
Mmany sets of experimental data. Anderson and Nelson (1975) took this idea
further and allowed the possibility of three intersecting straight lines

Comparison of models

Boyd et al. (1976) compared a variety of models for the nitrogen response of
cereals in 41 experiments and concluded that split lines performed best as judged

1al variances. Sparrow (1979) also compared a range of
models for fitting to 83 spring barley experiments. The best model on the basis of
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the residual mean square varied from one e.xperimf.:nt to another but,.overall,
split lines were considered to be the best. It is 1nterest1ng to n(.)te that he dlsc.arded
two experiments because of the lack of any clear. r.elatlonsh.lp between adljacent
yields, but accepted all the other data as sufficiently reliable to provide an
adequate comparison of models.

Multiple inputs

Some of the above single variable models may be g.ene.ralised .readily to cope Wlth
several nutrients, others have no simp.le.generahsatlons. Since single nutrient
response functions are not yet agreed it is premature to expect much progress
i i-dimensional functions.
WIEth::n;l(:;)Slarity of response surface des%gns' in industry in the early 1960s
prompted some interest in agricultural appllcatlons. The b.est kngwn demins a;
3"factorials, possibly in fractional replicatlon? zz_lnd composite designs based on ;
factorials with additional points for rotatability or to improve the accuracy o
estimation in some directions. Inkson (1966) gave some exarqples and hm.ted at
the use of sequential experimentation over several years. Since the optimum
combination of nutrients may change consifierably from year to year, and the
designs concentrate on the fitting of quadratic §urface§, they are of limited Va1}1116£
Yates (1966) briefly reviewed non-factorial designs and concluded tha
broader experimentation was still necessary.

Choice of model

General form of model

As demonstrated by the data in Table 1, experimentgl d.ata over a sufficiently
wide range of nitrogen dressing generally show' a rapid increase followed by a
slow decrease in yield with increasing applied n1t.rogen. Not a!l data follow this
form. Some experiments show continuously increasing yields, others arel
continuously decreasing. Either of these is compa.ltlble.wnh the: more genera

form. More difficult to reconcile are experiments in which the yield fluctuates.
These are often discarded as being unreliable or unlnfgrmatlve but they should
not be dismissed too lightly. The fact that some experiments can produf:e.such
erratic results throws doubt on the reliability of others, and on the Vahd.lty of
discrimination between alternative models on the basis of small differences in the

i of squares. N

resllrclisupaelci?omns of z? large number of experiments showing bot‘h rising anﬁ
descending portions of the response curve suggests that thfa variance is 1rnucd
larger at high levels of nitrogen than at low levels. The dat.a givenin Table 1, an

plotted in Figure 1, are typical. The variance appears to increase sha.rp'ly at, or
perhaps a little below, the maximum value of the response curve. This is borEe
out by the variance components at the successive nitrogen levels, baseq on the
differences between blocks adjusted for manure effects. The values obtame.d are
0.18, 0.05, 0.26, 0.19, 0.48, 0.36, 0.51 and 0.31; the ratio of the mean Varla.nc.e
estimates for nitrogen levels of 120 to 210 and 0 to 90 kg/ha is 2.44. This is

139




chance,

It seems likely that this increased variability
associated with the well-know

Both of lh?se are catastrophic Phenomena, j e, eve
enhanced risk the cro

P sometimes escapes wh
‘ S wholly or
) Y .l 3 H
of the crop may suffer a serious reduction in yield
creates both an iner, .

r edse in variance and more
X ; ) s 3 €
vield at the higher nitrogen levels. This not onlyd

n increased risks of fungal attack

partly, but the affe

Green manure
Fert=Fym
Fert = Straw
Clover Ley
Grass Ley

T r—————y —t—
30 60 90 120

- 150 180 210
Nitrogen (kg/ha)

rig, | ra vields for the cight treatm ents in t} e lon -term r lanmuring ex

140

at higher nitrogen levels g
and lodging,
n when conditions produce

eld. This sporadic Joss of yield
Importantly, a net reduction of
Istorts the shape of the response

periment 79/W/RN/12.

function, to produce a sharp change of slope, but also poses a difficult problem in
estimating the ‘true’ shape of the curve. The estimation method needs to be such
that at lower levels of nitrogen positive and negative discrepancies about the
fitted curve are equally likely, but at higher nitrogen levels low yield points are
largely discounted in favour of a curve passing close to any high yield points.
Although techniques exist to achieve this it is not easy to justify the use of such an
asymmetric and irregular method. The difficulty may be eased by modern cereal
varieties and the more widespread use of fungicides.

Previous experimentation

Many early experiments used only a few levels of applied nitrogen with the
highest being too low to produce maximum yield. In addition, there was often
inadequate control and recording of other factors, such as disease or level of
other nutrients. More recent experiments have tried to span the maximum but
have often been unduly complicated by the inclusion of too many other factors.
In consequence, the exponents of the various models have been able to find data
to support their cases, and no clear conclusion has been reached.

Two major red herrings have confused the issue, The first is the lack of
recognition of the relative unreliability of data at higher nitrogen levels. The
second is the emphasis on good numerical fit to individual sets of data, which
both Yates (1966) and Nelder (1966) queried. In different ways, they stressed the
need to seek confirmation from series of experiments. Nelder advocated the use
of general parameters, with values remaining constant for experiments in similar
conditions and varying in relation to changes in the conditions. The criterion of
success of a model would then be that it fitted well to a series of related
experiments, with changes in the parameters reflecting the differences between
the experiments in the series. This criterion appears to have been overlooked by
subsequent workers who have concentrated on producing the best possible fit to
each individual experiment. As Nelder pointed out, a high value of R?, or
equivalently a low residual mean square, in a single experiment is no guarantee of
a good model.

A convenient working model

Wimble (1980), in a paper published after his death, described the four important
features of a fertiliser response model as the slope of the rising part, the slope past
the peak, the yield near the optimum dressing, and the location of the optimum
dressing. To permit flexibility in matching four such characteristics a four
parameter model is needed, and he listed the most popular models as the inverse
quadratic, modified inverse linear, modified exponential and two straight lines.
The latter model is unique in having a sharp break of slope and agrees well with
many sets of experimental data. The break of slope found in the data may,
however, be an indication of the onset of a limiting condition which may not
remain in force in the future. The split-line mode] then accurately represents
history but does not provide a basis for the estimation of the potential response of
the crop. For this purpose, a smooth curve is preferable. The other three models
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Families of curves have been fitted in this way to several series of experiments.
petails will be published elsewhere, but the percentage variation explained over
series of 30 to 40 experiments has generally been about 95 to 99 per cent. This is
qot perhaps as impressive as it might appear since it is usually possible to account
for 50 to 60 per cent of the variation by fitting a single curve to the whole series.

In some cases it has been possible to find simple interpretations of the vertical
and horizontal shifts. In a series of experiments with four cropping sequences
over nine years, differences in yield were related largely to years while differences
in nitrogen level were related largely to cropping sequences.

The maximum of the modified exponential curve occurs when

x=In {—c/[bln(r)]}/ln (r).

Although easily calculated the value is not very reliable since the curve is

relatively flat around the maximum.
The economic optimum for a price ratio of p:1 is at

x = In {(p—c)/[(bln(r)] }/ln (1).

Since cis generally small (about -0.01 to -0.03) and p is constant at about 0.003 to
0.004 (with the grain yield measured in t/ha and nitrogen application in kg/ha),
this is determined largely by the value of c¢/b.

One useful mathematical property of modified exponential curves with a
constant value for r is that the average of two curves is of the same form. If ¢ is
also constant, the x value at the maximum of the average of two such curves is as
above but with b replaced by the average value b. The average of the x values at
the two separate maxima is again as above but with b replaced by the geometric
meanV/b,b,, with the appropriate sign. If the separate values of b are similar, the
simple average and the geometric mean will be little different; e.g. if b, = -9 and
b, = -10, then b = -9.5 andVb,b, = -9.487. Many experiments are replicated in
blocks and the curve is then fitted to the average values of yield over the blocks.
Although the yields may differ appreciably between blocks, the nitrogen level at
the maximum is generally almost constant. The fitted curve then estimates the
optimum nitrogen dressing accurately, and the differences between the blocks
provides a valid estimate of experimental error.

When two or more sets of data differ appreciably in location their average is of
no interest. If the shape of the curves may be assumed to be the same, fitting a
family of curves differing only in the values of a and b allows the fitted curves to
be superimposed by suitable horizontal and vertical shifts. The deviations of the
adjusted data about this common curve are then the appropriate measure of
experimental error. Fitting a family of curves in this way to the data in Table 1,
with r = 0.99, gave an estimated common value of ¢ = -0.33 and the values of a
and b given in Table 3. The calculated maximum yields and corresponding
nitrogen levels are also tabulated, together with the horizontal and vertical shifts
required to bring the fitted curves into coincidence with that for FYM. The
adjusted data are plotted in Figure 2, where the values marked on the axes are
those for FYM. The good fit of the common curve at low levels of applied
nitrogen, and the general increase in variability at higher levels, are easily seen.
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Table 3 Fiited parameters and differences in

yield and N level for data in Table |
Manure a b Y M
ax

NMax Ay AN

gt\r/x/ 14.030 -12.196 6.47 131.3
. 14,405 -12.710 6.71 135.4
A 14.512 -13.065 6.73 138.1
o ure 13.017 ~-11.361 5.69 124.2
Fert=FYM 12.567 -11.129 5.30 12 ‘
Fert=straw 14.185 -12.446 6.56 13?2
Clover ley 14.209 -11.857 6:74 128?

0.24 4.1
0.26 6.8
-0.78 -7.1
-1.17 -9,]
0.09 2.0
0.27 2.8

Grass ley 14.286 -12.877 6.55 136.7 0.08 5.4
7 x .

—e

s
>
[T
2
o
c 4
=
ES
=
e
= |
>

Straw
Peat
Green manure
Fert = Fym
Fert = Straw
Clover Ley

Y Grass Ley

120
Nitrogen (kg/ha) (Rel. to FYM)

Fig. 2 Grain yields in ex

) periment 79/W i ; .
into superposition. /RN/12 adjusted relative to FYM to bring the fitted curves
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In this example the maximum yields are all attained at similar applied nitrogen
levels. [n other cases this may not be so and the gradient of the response function
at zero applied nitrogen may be appreciably different from one treatment to
another. Description of response in terms of the rate of increase in yield between
zero applied nitrogen and the maximum, or the yield at some arbitrarily chosen
Jevel of applied nitrogen, will reflect this gradient. It will indicate the response per
unit applied nitrogen at low levels but this is a combination of the nitrogen
available in the site and the shape of the response curve for the particular crop.
What is really required is the separation of these two terms, as afforded by the
estimation of the maximum yield and the level of nitrogen application at which

this is attained.

Development of the model

Although the modified exponential curve is mathematically convenient and
provides a good fit to many series of experiments, the model is only a first
approximation to biological reality. Extrapolation in either direction produces
negative yield values. A more realistic model would level off to zero yield at low
levels of nitrogen (negative values of applied nitrogen), and would also level off at
high levels of nitrogen to a possibly non-zero yield. A possible function with these
characteristics might be the modified logistic

_a+brf
Y= 1+ cr3

where a, b and c are all positive, and r; and r, both lie between 0 and 1. For low
and moderate levels of x this will be dominated by the denominator, and at high
values of x by the numerator. For suitable values of the parameters it can be
closely approximated by a modified exponential function over a wide range of
values of x.

The modified logistic model contains five parameters. To determine these, or a
similar set of parameters for other general models, would require
experimentation at very low levels of nitrogen, obtainable only on seriously
impoverished sites, and at very high levels of applied nitrogen on similar sites.
The results might be of academic interest but would have little practical value.

Experimental requirements

Single experiment

In order to fit a four parameter model it is clearly necessary to have at least four
data points. With only four points the fitted model may pass through them
precisely. With only a few additional independent points there will be little
information available to determine the variability about the fitted line, and it will
be quite impossible to recognise whether this variability is random or systematic.
The least squares principle normally used to estimate the parameters will tend to
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produce similar positive and negative errors about th
show a distinct pattern, for example positive for high and low nitrogen levels ang
negative for intermediate levels, will there be any suggestion of lack of fit, and
even then it will be only an unprovable suggestion. To fit and adequately test 5
model many points are needed, with replicate observations at some or all of 3
number of distinct nitrogen levels, which must be appreciably more than four,

With n replicate observations at k nitrogen le
determined effectively by the averages of the k groups of yields. The deviations of
these averages from the line wil] provide a measure of the lack of fit of the model,
and the deviations of individual yields from their corresponding averages will
provide a measure of pure error. The ratio of the mean squares for lack of fit to
that for pure error may be compared with the appropriate F distribution to test if

the lack of fit is significantly large. If not so, the model is an adequate fit to the
data.

Since four parameters have to b

e fitted curve. Only if these

¢ estimated, the lack of fit mean square has
=k(n-1) degrees
than in v, and v, should

a general rule of thumb one should aim for ¥, = 12 and
v1 = 3. Reasonable values for thj k =7 and

n =3, so that v, = 3 and v, =

It is not necessary to have the same number of replicates at each nitrogen leve].
With ny, n,, ... replicates at the various levels, v, = 3 (n; -1). This gives a little
more freedom, and one might choose to set k = 8 and allow n; to alternate

between 2 and 3, to obtain vy =4 and v, = 12, from a total of 20 experimental
units,

The optimum spacing of the nitrogen levels is less eas
natural tendency to use equally spaced levels but this 1
certainly not optimum for a non-linear mode
of model it would be possible to calcul

Y = k-4 degrees of freedom. The pure error mean square has v,
of freedom. The F test is more sensitive to changes in v,

ily defined. There is a
S not necessary and is
L. In theory, for any assumed form

ate the optimum spacing but this would
involve some further assumption such as the position of the maximum. The

computations would be laborious and the gain in precision over the use of
equally spaced levels would probably be quite small.

The lowest possible value of applied nitrogen is, of course, zero. Since the
precision of the parameter estimates increases with the increasing range of
nitrogen levels it is clearly advantageous to set the lowest level of application at
zero, but this does not imply that this provides any special information. It s only
the zero level of applied nitrogen. The actual nitrogen level will depend on the
site. Since there is evidence that the grain yield is

The major determinants of the nitrogen leve
practical rather than theoretical, but some
stability of the response at lower nitrogen
steeply rising part of the curve, compared

Is to be used in an experiment are
advantage may be taken of the relative
levels. Few points are required on the

st, the
qQuires a disproportionate number of
serious errorin the parameter estimates.

hape of the fitted curve will be particularly sensitive to the yields at these
es .
;]fil;h levels of nitrogen.

geries of experiments

data are available from a series of related experiments, or possibly’whe; a
g of nitrogen dressings has been applied at several levels of some .Ot er
;anger it may be reasonable to assume that the shape of the response function is
e r,ne for each experiment in the series. Only two m@ependcnt parameters ar(i
g > required for each individual experiment, with two further gener?
thenmeters Sufficient degrees of freedom to test the fit of the 'rn0dch adequately

- then be obtained with much smaller numbers of both applied nitrogen levels
may
licates. ' .
an?f rierI1)21 series of s experiments, each experiment has k nitrogen levels an;if.r;
li’cates of each level, the degrees of freedom for fitted paranlleters, la.ck o_ 14
1";}:1 pure error are 2(s + 1), sk - 2(s + 1) and sk(n - 1) respectlve!y: W16th sd—32
f{ﬁt would be possible, but not advisable, to have k=4 and n = 3, giving ?n .
Li rees of freedom for lack of fit and pure error. A better arranger.ne.nt 1c;r i
s:ie total number of experimental units would be k = 6 and n =2, giving 14 an
degrees of freedom. o
24As ign the single experiment, it is not necessary to have equal rf?pllcatlon oﬁegch
nitrogen level. In addition, it is not necessary to have the same m.trogen lgve s.éng
series. This allows considerable flexibility in arranging the experlmt’jgis.t r.oviucca16
: i inc
i t shape were secure, it would be possible 0
that the assumption of constan : . e
i i i i few experimental points. Estim

experiments in the series with very : . . .
ls:l)g(eof fri)t and error would then rely on the more intensive experiments in the
Ser_ﬁ; strong dependence on the assumption of constant shape is reducefi if the

i imi i istinct nitrogen
i i ilar and each contains enough distinc
experiments in the series are sim . : 2 SN
itti dependently with some degr
levels to be capable of fitting a curve in : : . e
i i it. The lack of fit term in the composite analy
left for estimating the lack of fit. T . e
ivi i ts representing the lack of fitin ea !
then be subdivided into componen _ . e
i i the series. In the above example
ment and the overall lack of fit in . X '
ixfegland n =2, the 14 degrees of freedom for lack of fit may be partlthneg 1pto 81
degrees of free’dom (two from each of the four experiments) for 1;1d1v1dtl.13
i1 for overall lack of fit. The alternative
eriments and 6 degrees of freedom '
Z)r(fangement with k = 4 and n = 3 supplies only the 6 degrees of f;eecciiom foi
i f the model with the data. It does no

1 fit, i.e. for general agreement o e m h the ;

g:ce):/?de any means of testing the differences in fit for the individual experiments.

Conclusions

The response of cereal yields to applied nitrogen generally f(?llgws a stfl:epltyhr'ls;lr;%
i Extra sources of variation apply at hig
followed by a less steeply falling curve. : | ! e
i i i Its and decreased yields. This may have m
nitrogen levels causing erratic resu : . iy
i i i functions with sharp breaks of slop
revious workers into proposing response . . : [
I"1)"he: modified exponential function, having a linear term with negative
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>

€xponential term appears to differ |

fixed at r = 0.99, for nitrogen applications in kg/ha and yi
loss of generality. The modified exp
for fitting to series of experiments wh

periments and may be
elds in t/ha, with little
rticularly convenient
en the response function isroughly constant

onential function is pa

e€xperiments intended to be exa

flexible way, Ideally, each experiment
independently, should span the expected m
contain direct replication of some applied nitr
may then be partitioned to provide tests of

should be capable of analysis
aximum for the site, and should
ogenlevels. The residual error term
lack of fit of the model.
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Discussion

Hughes said that the ‘catastrophic zone’ was evidenF in many of the r(}is:;:ts ;){f
e ecent cereal trials. He asked if there was more rcpllcanon within eac td ock,
i |'Id this show that the points above the curve were subject to a grealcr]. cgrcwc
wrullrror Mr George replied that catastrophes would occur on a!! rep u.;zul::.
oweve icati i i i tments it would be

i e f the high nitrogen trea
vever, with more replication 0 : '
Hﬂliblc to estimate variance directly. Unfortunately the higher nitrogen
poZtments were unstable figures, and in excess of the general nl}tlrng[en.
L ommendations, but it would be desirable to have replication of the high rates
rec 5
ithin each block. - o Y
i Dr Jenkinson asked if there were different types of La;ast‘rlephe, folr }cx;:?;)m_
$ i iations in soil fertility were imp .
He also asked if local variations in so re :
. i i he was due to different levels
i t was unlikely that catastrop as .
e e ic behaviour is not noticeable
ili ithi ial site. Catastrophe or erratic behav :
of fertility within a trial si _ . . . 1 o
Erratic behaviour is only no

the lower part of the response curve. :

Onrt of the culsve above the optimum, and therefore unlikely to be due to changes
pa !
in soil fertility, ‘ ‘ . .
mDr Batey asked if the same sort of catastrophe occurred in Iother crops,f{;»;
i i 3 sured, The lower part o
ly vegetative growth was measurec .
st g e i herefore a direct response to
as associ i etative growth and therefore
curve was associated with vege : . dire e
iec z asto the response of gra

i 3 lied that he had no experience as .

nitrogen. Mr George rep : it oo
i 3 esults quoted in the paper were p

to nitrogen. However, the resu .
experimﬁnt involving sugar beet, potatoes and spring barley. The sugar beet
showed similar response characteristics to wheat. eontata oy

Mr Lidgate asked if catastrophe was too strong a word. Hela SO 8 ztlhe o

i i e li
: he optimum, nitrogen was no longer |
the part of the curve above t : .
factgr to yield. Mr George replied that he has tried to define catastrophe as a
i not as a disaster.
naturally occurring phenomenon, ' .
Dr Tir):ker asked if the response curve to other nutrients had been stndled. Mg
George replied that as yet he had not studied the effect of other nutrients an
i i i k.
bviously this required further worl . .
’ Mr ngrear said that in an analysis of variance each plot contributes atnheq}lllarl
; . . % p e
IS 2 h, did the amount of error increase at hig
amount of error. From this approach, . : o higher
i said the e changes in variance were not smooth, .
ields. Mr George said that the ¢
zariance were quoted in the paper, and there was an.abrupt change in thfl
variance at or above the optimum nitrogen level. The variance values were muc
less at the lower nitrogen rates. .
Mr Wadsworth asked if shapes of the response curve wonlfd be same ftr)on}:trilgl;
i / simi ites, where there were differences in bo y
carried out on apparently similar sites, : . D L angeld
i i George replied that if experi s
and optimum nitrogen level. Mr d t P
zonducpled on similar sites then one would expect similar sha pes in the response
curve.




