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6.2 Climatic Variation and Nitrogen Mineralization
6.2.1 Empirical Basis

The study was based on cereal field trials at different locations in different years.
By selection only trials from a certain type of clay soil were included. The trial sites had
not been treated with manure in previous years, and the previous season crops were
cereals. The idea was to use only data where the potential mineralization of nitrogen
could be expected to be relatively uniform between trial sites. Nevertheless, varying
environmental conditions, such as soil temperature and moisture content, influence N2 at
individual trial sites in individual years, see Section 2.2.2. Figure 6.2 shows substantial
variation in N2 estimates between trials. Only estimates based on quadratic, quadratic
with plateau from parabola’s top, and Mitscherlich functions were included in the
comparison. Those three functions — and especially the quadratic with plateau — were
found well behaved based on goodness-of-fit results and theoretical considerations of our
“first generation” models (i.e. Chapter 5 results). Recall that the mineralization estimates
were based on extrapolation of the fitted functions outside the data domain, which is a
cause of general uncertainty. To avoid possible impacts associated with differences
between crops, the following analyses were restricted to 27 winter wheat trials as the
largest sub sample of 41 trials for which both an N2-estimate and climate data were
available, see Section 4.2.1. Figure 6.2 shows that the quadratic function yields relatively
high N2-estimates. Mitscherlich results in lower estimates — in four cases even negative
net mineralization — while quadratic with plateau estimates are in the middle. With few

exceptions the three data sets exhibit the same fluctuation pattern between trials. The N2-
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Figure 6.2 Estimated Mineralization during Growing Season, Kg N/Ha
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series estimated using the quadratic function appears more volatile than the two others
do. Average and dispersion statistics in Table 6.1 confirm these visual impressions. The
standard deviation is about 20-30 kg N/ha in the three series. A difference of 100 kg or
more is found between the lowest and highest estimate. The coefficient of correlation
between N2-series as estimated by the quadratic with plateau on one side and the
quadratic and the Mitscherlich on the other is about 0.85. For the two latter series the
correlation figure is 0.5.

Data on four climate indicators were available as weekly averages for nineteen
weeks during the growing season, see Section 4.2.3 and Appendix A, Table A.2. Climate

measurements are available for 44 subdivisions of Denmark (grids), averaging 30x30
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kilometers (about 18x18 miles). Each of the examined field trials was identified with its

relevant grid and year. The climate observation for a grid was taken to represent the

Table 6.1 N2 Estimates in Cereal Trials with Climate Data, Kg N/Ha

Quadratic | Quad./Plateau : Mitscherlich
All 41 Trials:
Average 56.2 48.3 253
Standard Deviation 28.0 23.3 22.0
27 W. Wheat:
Average 55.8 46.4 22.5
Standard Deviation 29.0 23.2 21.2

situation at trial sites located in that grid. Precipitation (P) and potential evaporation (E)
are in millimeters of water per area unit accumulated per week. P is based on
measuements while the E-data are model estimates of evaporation from a grass covered
area unit given actual air temperature, force of wind, and air moisture conditions. In the
absence of actual soil temperature measurements available information about average
weekly air temperature (T) and weekly solar radiation (R) were used. Air temperature
influences soil temperature by convection but no information was available about exactly
how air and soil temperatures are correlated. Solar radiation influences air temperature
and thereby also soil temperature. A more direct impact occurs when radiation is
absorbed by soil, especially when plant cover is sparse in the beginning of the growing
season.

Weekly data on the climate variables were averaged over the whole growing
season for each pertinent trial site and year. To allow for model flexibility and for the

possibility of varying impacts in different stages of the growth process, averages of
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climate data were also prepared for the first and second half of the growing season as
explained in Section 4.2.3. A simplification would be to let a new variable, W =P + E,
represent net water balance in soil. The value of W will normally be negative during the
whole growing season, because rainfall can not keep up with disappearance of soil water
via evaporation. W therefore indicates weekly reduction of soil water, which at the end of
the winter period normally equals full water holding capacity of the soil. In the absence
of directly measured soil temperature and soil moisture these climate variables were used
as the best available indicators. It is clear that the adequacy of some indicators can be
questioned, especially the proxies for soil temperature. Because of the interrelationship
between the climate indicators one can also expect problems with multicollinearity. An
exploration of the independent variable series and a variable selection strategy was

therefore part of the model fitting procedure.

6.2.2 Estimation Models
Soil moisture and soil temperatures are known to influence mineralization of
nitrogen, see Section 2.2.1. During the fall and winter months, weather conditions also
influence run off and leaching of nitrogen to ground water. Therefore, the amount of
plant available nitrogen at the beginning of the growing season, N1, may vary depending
on temperature and precipitation during the preceding winter period. It was assumed that
the effect of pre-growing season climate is captured by the measurement of N1, so that

only climate data for the growing season was needed in the analyses.
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Information in Section 2.2.1 suggests that mineralization is linearly dependent
upon changes in soil moisture. At extreme conditions, dramatic, non-linear effects can
occur, e.g. when soil water is below a critical minimum during drought situations, or
when flooding and total saturation of soil causes scarcity of oxygen. It is believed that
extreme situations like the ones mentioned above are not pertinent to the selected trial
sites. According to information exhibited in Section 2.2.1, soil temperatures over a
normal range, influence mineralization linearly, perhaps with a tendency toward
convexity. A quasi-convex relationship was fabricated by specifying soil temperature
indicators for both first half and second half of the growing season, see Figure 6.3.
Temperature is higher in the second half of the period, see Appendix A, Table A.2. A
higher coefficient estimate for the temperature variable in this period can therefore
capture a possible convexity tendency even if a basic linear model structure is
maintained. Likewise, a possible change in the impact of solar radiation on soil
temperature as foliage coverage increases over the season can be captured in the seasonal

Figure 6.3 Mineralization and Soil Temperature
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decomposition of the data. The same decomposition also allows for approximating a
possible non-linear relationship between N2 and soil water.

Notation used in the estimation is illustrated below on the basis of linear models.
With all-season averages of weekly climate data the model has the following structure
and notation:

(6.1) N2; =a+ PP + B2 Ei + B3Ti +P4R; +¢
where N2 represents mineralization of nitrogen during the growing season as estimated
with three different functional forms, i denotes trial number in the sample of 27 winter
wheat trials, and P, E, T, and R are the climate variables as defined in the previous
section. With subdivision of the growing season the equation to be estimated takes the
following form:

(6.2) N2j = o+ BiPia + PoPio+ B3Eia+ BaEin + BsTia + BsTiv+ PrRia + PsRip + &
where subscript a denotes first half and b the second half of the growing season. An
exploratory analysis of variables helped to determine, whether P and E should be retained
instead of W. Inclusion of multiplicative combinations of variables to detect possible
interaction between variables was abandoned, because exploratory calculations showed
little effect, which could not justify the increased complexity of the model. Nevertheless,
the potential number of different model specifications was large. Model specification was
hampered by little a priori knowledge about the relevance of each climate variable, about
interaction between climate variables, and about concrete functional relationship under
field conditions between mineralization and climate variables. The performance of

alternative model specifications with varying numbers and combinations of independent
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variables were compared. It is of course not ideal to let data influence model
specification. On the other hand, a logical model structure could only be specified with
substantial uncertainty given the available climate indicators. The exploratory
examination of various alternatives was used as a means of finding a balanced solution

for the model specification.

6.2.3 Evaluation of Possible Model Specifications
As one could expect, there is a strong correlation indicating multicollinearity
between the available climate data series, see Table 6.2. Multicollinearity tends to inflate
the variance of the parameter estimates, which makes estimation and interpretation of
such estimates difficult. A general evaluation of the climate variables as made on the
basis of the total climate database, which has 5,016 observations (44 locations, 19 weeks
in the growing season, and 6 years). No correlation was found between precipitation and

Table 6.2 Coefficients of Correlation between Climate Indicators

Total Climate Base, 1993-1998 Wheat Trial Sites
Variables | All 5,016 Observ. 264 All-Season Avg. 27 All-Season Avg.
P*T 0.01? -0.08% -0.17%
E*R 0.94 0.87 0.84
E*T 0.84 0.72 0.82
T*R 0.72 0.58 0.76
P*R -0.32 -0.55 -0.33"
P*E -0.26 -0.51 -0.44°

Note: P=precipitation, E=potential evaporation, T=air temperature, and R=solar radiation.
a) Coefficient not significantly different from 0. b) Significant at 90% level.
¢) Significant at 98% level. All other coefficients highly significant (over 99.9%).

air temperature, whereas an expected strong positive correlation was observed between

evaporation and radiation (0.94) and between evaporation and air temperature (0.84).
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These figures indicate a high degree of multicollinearity between independent variables.
A strong positive correlation (0.72) between air temperature and radiation was not
surprising. Statistically significant negative correlation, although not strong, (-0.32), was
found between precipitation and radiation. This must be ascribed to overcast sky and
reduced radiation when rainfall occurs during the daytime. A negative coefficient of the
same size between precipitation and evaporation reflects that air moisture content is high
and potential evaporation therefore relatively low during rainfall periods.

Aggregating the weekly data to all-season averages reduced the number of
observations to 264. This did not cause a change of the correlation pattern, although
slight changes of numerical correlation values occured, cf. Table 6.2. The climate
observations, which match the selected 27 winter wheat field trials, exhibited the same
correlation pattern when averaged on an all-season basis. Also, when weekly data were
averaged for first and second half of growing season, respectively, the correlation pattern
was generally retained, see Table 6.3. A negative correlation (-0.4) between precipitation

and temperature was stronger than in Table 6.2 and the coefficient was found to be

Table 6.3 Correlation between Climate Indicators, Half-Season Averages

Observations at 27 Winter Wheat Trial Sites
Variables First Half Average | Second Half Average
P*T -0.40° -0.41°
E*R 0.83 0.87
E*T 0.74 0.84
T*R 0.60 0.91
P*R -0.38° -0.51°
P*E -0.33% -0.65

Note: Variable symbols as in Table 6.2. a) Significant at 90% level. b) Significant
at 95% level. ¢) Significant at 99% level. All others over 99.9% level.



108

significantly different from zero. For the other variable combinations the correlation was
stronger in the second half of the growing season. Statistically significant correlation
coefficients were not found between variables representing the first and second half of
the growing season, respectively.

An expected high correlation was found between W (P + E) and the other

variables because of the close link between E and those variables, see Table 6.4.

Table 6.4 Correlation between Climate Indicators, All- and Half-Season Avg.

Observations at 27 Winter Wheat Trial Sites

Variable All-Season Avg. | First Half Avg. | Second Half Avg.
T*R 0.76 0.60 0.92
T*W -0.50° -0.64 -0.62
W*R -0.61 -0.66 -0.70

Note: P and E added to form net water balance, W. a) Significant at 99% level, all other
coefficients over 99.9% level.

In fact, highly significant coefficients were found between all pairs of variables, both for
all-season and half-season averages of observations.

Calculation of the variance inflation factor (VIF) is one way of determining which
variables are involved in multicollinearity between independent variables. For variable
number i the VIF is defined as 1/(1 — R{%), where R;? is the coefficient of determination
found by regressing independent variable number i on all other independent variables.
The resulting factor shows by how much the variance of the corresponding parameter
estimate is larger than it would have been if there were no multicollinearity. VIF factors
are generally high for temperature, evaporation and radiation, which supports the tabled

correlation figures in this section.
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Multicollinearity suggests redundant model specification. It is not obvious which
variables should be removed. Manipulation of the basic functions by deleting one or more
variables results in biased estimates of the remaining parameters, while at the same time
the variance of these estimates can be reduced. A trade-off between bias and variance can
be approached by selecting the models with the lowest error MSE. MSE of the error term
can be shown to reflect the combined variation due to bias and general variance
(Kennedy 1998). Computer software is available for a variety of variable selection
procedures, which were applied. All tested procedures resulted in almost identical results.
In all cases it should be born in mind that automated variable selection is no substitute for
proper model specification. It can be used only as an auxiliary approach when knowledge
about functional relationship is incomplete and/or availability of statistical information is
a limiting factor.

The basic models outlined in equation (6.1) and (6.2) were initially evaluated by
regressing the three N2-series (estimated with the quadratic, the quadratic with plateau,
and the Mitscherlich functions) on all the specified independent variables. This
examination showed that half-season specification resulted in better R%- and F-statistics
than calculations based on all-season averages of climate variables, and that separate
specification of P and E yielded better results than models with the W variable.
Generally, F-statistics were low. Only with half-season variable specification of all four
climate indicators was a significant F-statistic (at the 95 percent level) found in the
version where N2 estimates were based on the quadratic function. Using the two other N2

series resulted in F-values at the 90 percent significance level. In this specification the
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number of explanatory variables was 8, i.e. two higher than in the model variants with
merged P and E, and the degrees of freedom were therefore correspondingly lower. Still,
a significant reduction of error MSE was found compared with variants with merged P
and E variables.

Based on several available variable selection procedures and a general evaluation
of MSE values and changes in R? by adding or deleting variables in the models, the
following specifications were selected as the basis for a model prediction of N2 at the

trial sites:

Quadratic N2 = (Pa, Ea, Ra, Ep)
Quadratic with plateau N2qp = £ (P4, Ea, Ra, Py, Eb)
Mitscherlich N2wmir = f (P, Po, Th, Ry)

In two cases, best solutions included four of eight possible indicators. In the third case,
five independent variables entered the model. Air temperature, T, did not enter the
“optimal” model when regressions were based on N2 estimates from the quadratic and
the quadratic with plateau. It should be recalled, however, that evaporation, E, itself is
based on model estimates in which measured air temperature is an important factor. In
the Mitscherlich version T entered the model but E did not. Rainfall, P, and solar
radiation, R, appeared in all models. The combination of variables representing first half
and second half of growing season, denoted a and b respectively, did not exhibit a clear
pattern when comparing the three alternatives. First-half variables dominate the quadratic

versions and second-half variables dominate the Mitscherlich version. No obvious
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explanation can be offered about the cause of these differences and the results signal
additional evidence of basic specification problems within the given data limitations.
The results from fitting the prediction models with the selected specification of

independent variables are summarized in Table 6.5. The R? values are only slightly lower

Table 6.5 Prediction Results, N2 = f (Selected Climate Variables)

N2 estimated on the basis of
Quadratic  Quadratic/Plateau Mitscherlich

R” 0.46 0.45 0.39
MSE 534 368 326
F-statistics 4.76 3.38 3.44
F signif. level 0.01 0.02 0.02
Parameter est. (P ):

P, 5.5 7.4 3.2

Ea. 31.8 29.3 -

T, - - -

R. -4.8 -3.8 -

Py - -4.0 -1.7

Ep -7.6 -12.5 -

Ty - - 23.1

Ry - - -3.2

compared with application of the models where all 8 variables were retained, but a

reduction of MSE-values takes place, especially in the case where N2 is estimated on the

basis of the quadratic with plateau. F-statistics show that at least one of the 6 estimates is
different from zero. The t-statistics for the parameter estimates indicate that the null-
hypothesis can be rejected for all regression coefficients, with the exception of P,and Py,
in the Mitscherlich version. However, with the data-driven variable selection the test-

statistics can not be interpreted with the same certainty as in a non-manipulated model.
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The signs of the regression coefficients indicate that rainfall above “normal” has a
positive impact on mineralization in the first part of the growing season. Surprisingly, the
calculated impact is negative in the second half. Evaporation shows the hypothesized
effect in the second half but the positive coefficient in the first half is puzzling. It is
possible that the evaporation figure, which is strongly correlated with temperature and
radiation, is overshadowed by and reveals a stronger positive influence from soil
temperature. The same reasoning may apply to an unexpected negative influence from
radiation. Temperature, which was only selected in the Mitscherlich version, exhibits the
expected coefficient sign. The signs of selected variable coefficients were consistent with

the signs in the basic analysis, where all eight variables were forced into the models.

Figure 6.4 Difference between Observed and Predicted N2-Values
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Note: Recall that “observed” N2-data are by-products of fitting curves to trial data.

One could argue that the apparent inconsistencies between hypothesis and actual

parameter signing are less important if the predictive power of the models is large. As
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already shown, the F-statistics were not overwhelming and the R? values were modest.
This is underlined by the graph in Figure 6.4. Deviations in the order & 30 kg nitrogen per
ha between observed and predicted N2 values are significant in relation to average
figures of 25 — 55 kg per ha, see Table 6.1.

Residuals are also important in relation to evaluated fertilizer application of
around 200 kg per ha, see Table 5.6. A procedure for in-season correction of fertilizer
application is the natural goal of establishing N2 predictions, but a prediction model with
sufficient prediction power and certainty can obviously not be based on the available data
input. The uncertainty is further illustrated in Figure 6.5, which exhibits a significant
width of the 95 percent confidence interval for predictions based on available climate
indicators using N2 observations established by fitting the quadratic with plateau to trial

data.

Figure 6.5 Confidence Intervals in Predictions of N2
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General uncertainty is also associated with the “observed” data on the dependent
N2-variable, which is based on estimated NS as the N-axis intercept obtained by fitting
different functions to the field trial yield/NF data. It is also a source of uncertainty that
climate variables, which are established for local areas, could deviate to some extent from

actual climatic conditions prevailing on the particular trial sites.

6.3 Conclusion

It seems safe to conclude that the climate data available in this study did not allow
sufficiently precise N2 predictions. Collinearity between available independent variable
indicators was one obstacle. Proper model specification was another. Direct measurement
of soil temperature would probably represent an improvement, but it is very likely that
other indicators than climate variables need to be considered in the model specification.
The practical possibility of NF corrections would be better if early season climate
indicators dominated the predictions. Whether in-season correction of fertilizer
application is feasible depends on timeliness of supplying nitrogen during the season in
accordance with estimated needs. Possible damage to crops by late fertilizer application

is another factor to be considered.
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Chapter 7

Some Economic and Environmental Aspects of Fertilization

Field experiments and response research aim at improving the foundation for
decision making at the farm level. The objective is to determine a proper functional
relationship for yield response to nutrient application and to establish the economically
optimal level of nutrient application. Over the last couple of decades response research
has also been brought to bear in connection with establishing environmental legislation
about fertilization norms, etc. So far, response research has not rendered a clear-cut
picture and a range of different functional forms is still the subject of scientists’ serious
considerations.

In this study the quadratic function with plateau was found to combine a good fit
to observed data with good ability to produce credible estimates of optimal nitrogen
application and mineralization of soil nitrogen. However, other functions also rendered
reasonable results. In this chapter a comparison is made among six functions that were
fitted to pooled data from the sample of 27 winter wheat trials, see Table 7.1. The two
polynomial functions — the quadratic and the cubic — have been among the most popular
formulas in applied response research over the last four to five decades. The two classical
functions — the LRP-Liebig and the Mitscherlich — have attracted renewed interest during
the 1980s and 1990s together with the plateau version of the quadratic function. The
Cobb-Douglas function with plateau, which was included in this study, displayed good
behavior in many respects. Various modifications of the selected models might improve

their performance. This possibility was not pursued in this study.
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In terms of R? and MSE the six functions perform almost equally well regarding
their representation of observed data. Figure 7.1 shows that the predicted response curves
— with the LRP-Liebig as the most pronounced exception — are very close over the
domain of applied nitrogen, which is 0 — 250 kg N per ha. The six functions all have yield
axis intercept of about 40 hkg grain per ha, which represents the estimated output

generated on the basis of soil nitrogen alone.

Table 7.1 Functions Fitted to 27 Pooled Winter Wheat Trials

QUA CUB MIT QP1 CDP LRP
a 4033211 @ 39.4665 | 89.97863 | 39.94183 40.54867
(1.0745) (1.1595) (1.7690) (1.1070) (1.0913)
B 0.408789 0.48768 @ 50.68628 = 0.42809 | 14.13107 @ 0.335862
(0.0202) (0.0449) (1.8534) (0.0247) (3.6792) (0.0169)
B, 20.00092  -0.00178 0.010669 = -0.00102 = 0.339502
(0.00008) = (0.00044) | (0.00103) (0.00011) (0.0495)
Bs 2.3E-6 20.64997
(1.17E-6) (7.4843)
Ninax 222.6 210.2 176.7 127.7
(11.6938) (4.8738)
R’ 0.60 0.60 0.60 0.60 0.60 0.59
MSE 178.5 177.8 177.8 178.1 178.5 181.3
Nomz; 200.2 214.1 241.4 190.0 176.7 127.7
opt2 85.4 84.8 86.1 84.5 85.0 83.4

Note: Standard errors in parentheses. All parameter estimates significant at 95% level. Results may
deviate in comparison with Chapter 5 and Appendix B where parameter estimates etc. were obtained
as averages — corrected for outliers — of results from fitting the functions to each individual trial.
However, differences are modest except for the cubic and the Mitscherlich functions, for which the
outlier corrections were significant. The fitted cubic function has no stationary values and reveals a
concave Stage II segment up to the inflection point at a N-value of 258 kg/ha.
* = kg per ha, ** = hkg per ha.
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The estimated optimal nitrogen application — i.e. the amount of fertilizer that

maximizes the value of grain output per hectare minus the value of applied fertilizer

evaluated at prevailing prices after full implementation of the 1993 policy reform in the

BEU — varies from 128 in the LRP-Liebig to 241 kg per ha in the Mitscherlich function.

The grain yield corresponding with optimal nitrogen application is estimated at 83.4 hkg

per ha using the LRP-Liebig function and from about 85 to 86 hkg per ha with the five

Figure 7.1 Grain Response to Nitrogen Based on Different Functional Forms
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other formulas. For the six functions the estimated net profit at optimum ranges from

about 6,450 to about 6,650 Kr. per ha.

The wide range of N~ estimates reported in different response research studies is

particularly disturbing in a farm management context. Moreover, a given deviation in N-
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application from the estimated N, has very different economic impacts for the individual
functional forms. Table 7.2 illustrates the impact of undershooting or overshooting the
optimal fertilizer amount by 20 kg per ha for each of the six functions in this study. This
stipulated deviation corresponds roughly with ten percent of Nop found in the different
functions, excepting the LRP- Liebig. For the LRP-Liebig and the plateau version of

Cobb-Douglas with N, at the knot point the calculated revenue loss from below-optimal

Table 7.2 Estimated Economic Impact of Deviations from Optimal N-Application
Net Profit Change by + 20 Kg Nitrogen Deviation from Estimated Optimum, Kr./Ha

Optimal N-Application —20 Kg/Ha | Optimal N-Application +20 Kg/Ha

Fertilizer | Grain Net Effect | Fertilizer | Grain Net Effect
QUA 70.00 -101.22 -31.22 -70.00 38.78 -31.22
CUB 70.00 -81.92 -11.92 -70.00 61.21 -8.79
MIT 70.00 -78.03 -8.03 -70.00 63.04 -6.96
QP1 70.00 -104.62 -34.62 -70.00 35.38 -34.62
CDP 70.00 -257.37 -187.37 -70.00 0.00 -70.00
LRP 70.00 -570.97 -500.97 -70.00 0.00 -70.00

Note: Kr. per ha converts to $US per acre by multiplying with 0.05 at an exchange rate of 1 $US = 8 DKr.

fertilization is substantial and exceeds by far the lower fertilizer expenditure. When
overshooting by 20 kg N per ha there is no yield increase and the economic net effect is
therefore identical with the increased fertilizer expenditure. For the other functions the
economic impacts of the same deviations from Ny are much smaller. By coincidence, the
profit decline is almost the same for the stipulated 20 kg positive and negative deviations
from Nop. For wider variations from optimum the negative economic effect of below-
optimal N-application is significantly larger than the result of above-optimal use of

fertilizer.
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7.2 Safeguards against Unpredictable Variation in Available Soil-N

Annual variation in mineralization of soil nitrogen can cause deviations in the
total supply of plant available nitrogen. This variation is beyond farmer’s control. With
fertilizer applied in accordance with the estimated optimal amount under normal
mineralization conditions the economic impact of a + 20 kg N variation in mineralization
is the same as the yield effect in columns three and six of Table 7.2. Given the occurrence
of such natural variation Boyd et al. (1970) found that it would be prudent to increase the
nitrogen application and insure against unpredictable changes in yield. The penalty from
over-fertilization is small compared with the loss from applying too little nitrogen
especially if a function like the LRP-Liebig is considered the adequate basis for decision
making. Cerrato and Blackmer (1990) challenged the idea that it is profitable to apply too
much rather than too little nitrogen. Their argument was that growers under the influence
of the notion of “insurance” fertilization may be tempted to base decision on a model, e.g.
a quadratic, which in comparison with a more correct response model tends to
overestimate the optimal input value.

Two different topics are being dealt with in this discussion: Choice of model and
safeguards against unpredictable fluctuations in input optimum. Table 7.3 shows that the
effect of “insurance” fertilization is very different depending upon which function is
assumed to be the correct response model. In the example, the fertilizer application is
increased to 20 kg nitrogen above normal optimum, which entails a cost of Kr. 70 per ha.
If in a certain year total nitrogen supply is 20 kg below normal because of reduced

mineralization the “insurance” strategy improves profit because the value of avoided
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Table 7.3 Effects on Profit of “Insurance” Fertilization, Kr. Per Ha
Nitrogen Application Always 20 Kg Per Ha Above Estimated Normal Optimum

Mineralization 20 Kg/Ha Equal to 20 Kg/Ha
Relative to Normal: | Below Normal = Estimated Normal ;| Above Normal
Quadratic 31.22 -31.22 -93.66
Cubic 11.92 -8.79 -20.12
Mitscherlich 8.03 -6.96 -19.08
Quadratic/Plateau 34.62 -34.62 -69.99
Cobb-Douglas/Plat. 187.37 -70.00 -70.00
LRP-Liebig 500.97 -70.00 -70.00

yield loss more than outweighs the extra fertilization costs. This is most evident for the
two plateau models with optimum solution at the knot point, whereas the gain is more
modest for the other models.

In a year with normal mineralization, the “insurance” strategy results in losses for
all functional forms, because, by definition, above-optimal fertilizer application is
unprofitable. For the plateau models with knot point optima the extra fertilizer cost is not
partly offset by a yield increase as in the other models. If mineralization provides
unpredicted extra 20 kg nitrogen supply the “insurance” strategy entails the same loss as
in a normal year for the two models with knot point solutions. For the other models the
loss is larger than in the situation with normal mineralization because of diminishing
marginal yield. With the quadratic model the total loss even exceeds the extra fertilizer
cost because a decline in total yield is revealed in the fertilizer nitrogen domain. In the
quadratic plateau model the loss is close to the added fertilizer cost because the start of

the plateau segment almost coincides with Np.
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If the LRP-Liebig or the Cobb-Douglas plateau models are considered the correct
functional forms there is good opportunity to apply an efficient safeguard strategy in the
form of permanent over-fertilization compared with the estimated optimal N-application
under normal mineralization conditions. On average, an “insurance” strategy will hardly
be profitable if other types of response curves best represent the functional form. The
core problem is to establish evidence that shows which of the models is more appropriate.
This study leans towards the quadratic plateau model as a function that offers a good
representation of grain response under conditions as those prevailing in Denmark, see
Chapter 5.

Precise prediction of mineralization at a point of time in the growing season
where corrective N-application is still possible would be a better alternative than constant
over-fertilization. As indicated in Chapter 6, mineralization predictions may be difficult
to establish. Available mineralized soil nitrogen (N1) at the beginning of the growing
season can be estimated directly on the basis of soil sample analyses but mineralization

during the growing season (N2) can not easily be measured or predicted.

7.3 Costs of Model Mis-Specification

The results presented in Table 7.1 through 7.3 show that the choice of model is
a matter of considerable economic importance. Fertilization according to optimum
estimates using a wrong model is sub-optimal compared with the proper fertilization rate
indicated by the correct model. Frank, Beattic and Embleton (1990) illustrated this by

establishing costs of mis-specification. It was done by calculating net return resulting
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from setting fertilization rates in the function assumed to be true at the optimal levels
estimated in all the other functions they examined. By successively letting each function
take the “true” function’s place all combinations of mis-specifications could be
examined. Cerrato and Blackmer (1990) used the same approach to illustrate the
consequences of incorrect decision making about fertilization rates.

The results of a similar comparison of the six models that are considered in the
present chapter of this study are shown in Table 7.4. The data show that it costs from Kr.
319 to Kr. 496 per ha to base fertilization on calculated optimum in the LRP-Liebig if
one of the other functions is the “true” model. In contrast, if the LRP-Liebig with its
relatively low Ny is the “true” model increased nitrogen application in accordance with
other models’ optima could reduce profit by Kr. 172 to Kr. 398 per ha. With the quadratic
with plateau as the preferred model significant mis-specification costs arise if nitrogen
were applied based on optima found in the LRP-Liebig or in the Mitcherlich. The costs of
incorrectly choosing the quadratic, the cubic or the plateau version of the Cobb-Douglas
over the correct quadratic with plateau would be relatively modest according to Table 7.4

Table 7.4 Calculated Economic Losses by Incorrect Selection of Response Model
Kroner per Ha

Pofit Change when applying Optimal N-Application based on:
“True” Function QUA CUB MIT QP1 CDP LRP
Quadratic 0 -15 -132 -8 -43 -410
Cubic -6 0 -15 -18 -46 -319
Mitscherlich -37 -15 0 -60 -100 -377
Quad./Plateau 1 -9 -49 -144 0 -15 -336
Cobb-Doug./Plat. -82 -131 -226 -46 0 -496
LRP-Liebig -254 -302 -398 -218 -172 0
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The potential economic impacts of incorrect model choice would be less dramatic if the
LRP-Liebig were ruled out as a possible decision making basis.

It should be noted that there is no data symmetry around the matrix diagonal in
Table 7.4. This follows from the fact that economic impacts of deviating from the “true”
model’s optimum are different for positive and negative deviations of the same size. The
information in Table 7.4 does not solve the basic problem of choosing the correct
functional form. However, the table shows that cost of mis-specification reduces to
relatively small amounts if the choice of model can be narrowed down to a few models

with nitrogen optima within a limited range.

7.4 Environmental Aspects of Fertilization

The member states of The European Union must abide with common regulatory
measures aiming at a reduction of nitrate pollution of the aquatic environment. The basic
legislation was introduced in the so-called Nitrate Directive in 1991 (Rude and
Frederiksen 1994). Danish legislation, which took its beginning with the start of the
1980s, has been adjusted to satisfy both common EU provisions and additional national
environmental requirements. An extensive and elaborate set of rules now in force
approaches the nitrate pollution problem from many different angles (Environmental
Group of Danish Farmers’ Union and Danish Family Farmers’ Association, 1999). The
rules range from provisions about minimum norms for manure storage facilities, to a ban
on manure spreading during fall and winter months, to maximum livestock numbers in

relation to farmed area.
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Farm manure and slurry, which make up a significant part of total nitrogen
supply, represent the greatest risk in the form of nitrogen leach to the aquatic
environment and ammonium evaporation. This follows from the fact that manure must be
spread before planting or before start of the growing season. There is a potential risk of
nitrogen leaching in periods outside the actual growing season, when plant’s nitrogen
absorption capacity is limited and soil water movement is downward under normal
climatic conditions in Denmark. A core element in the Danish nitrogen legislation is
therefore the prescription of minimum utilization rates for nitrogen content in applied
manure.

Timely field application of manure, i.e. application within a restricted period of
the year, is an important instrument to avoid loss of nitrogen. This entails significant
investments in storage capacity. Sufficient storage capacity normally corresponds to at
least nine months’ supply of manure.

Farmers are obliged annually to submit crop rotation and fertilization plans that
prove the satisfaction of environmental provisions, specifically that the total supply/use
nitrogen balance does not imply over-fertilization. Failure to submit plans exposes
farmers to a nitrogen tax of Kr. 5 per kg N, which compares with a market price of about
Kr. 3.5 per kg. If prescribed maximum norms for nitrogen application to fields are
exceeded farmers incur significant fines.

Maximum fertilization norms apply to all farms, including farms that do not use
livestock manure as input in crop production. Maximum norms are specified for all

common crops and types of soil (Plantedirektoratet 1999). Section 5.1.3 explained that



125

the norms are set at 90 percent of optimal nitrogen rates derived from fitting the cubic
function to field trials from the same source as used in this thesis. Table 5.7 and 5.8
showed that for winter wheat the estimated optimal nitrogen application based on the
cubic function is substantially lower than the optimum found by fitting the Mitscherlich
and quadratic functions, and higher than the rates found by fitting the Cobb-Douglas with
plateau and the LRP-Liebig. The optimal N-rate based on the cubic function is close to
the optimal rate that was derived from the quadratic with plateau, which all things
considered is the preferred function according to this study. The farm profit reduction
caused by a ten percent below-optimal nitrogen application to winter wheat was
estimated at about Kr. 105 per ha in Table 7.2 using the quadratic with plateau as the
basis of evaluation and at Kr. 82 per ha when derived from the cubic function.
Surprisingly, the cubic functional form seems to be a reasonable basis for establishing
nitrogen application norms even if the cubic function appeared less adequate from other
points of view, see Chapter 5.

Whether the ten percent reduction of optimal N-application is well justified from
an economic point of view is another question, the reply to which depends on a host of
factors. Two general questions are of main importance for a proper evaluation of the
issue: One concerns the actual impact on loss of nitrogen to the aquatic environment by
changes in fertilization intensity. The other deals with the externalities associated with
nitrogen pollution. The second question can hardly be assessed with a high degree of
accuracy. It would therefore be difficult to assess benefits accruing from reduced

pollution and compare them with the loss of farm income due to the corresponding sub-
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optimal fertilization. Therefore it is difficult to fine tune rules if general cost/benefit
considerations were the only basis for political decisions about the reduction of
agriculture’s use of plant nutrients.

Danish agriculture’s total use of nitrogen in fertilizer and manure decreased by
almost a quarter from 635,000 tons in the beginning of the 1980s to about 500,000 tons at
the end of the 1990s (Danish Farmers’ Union 1999a). Half of the decrease reflects a
lower need caused by a general decline in agricultural area over the period and the
introduction of set aside programs in the EU agricultural policy. The other half can be
ascribed to the effect of environmental legislation. The lower use of nitrogen was
achieved via lower fertilizer application whereas the annual nitrogen supply from
livestock manure was relatively stable over the period. This reflects the fact that the
utilization rate for nitrogen in manure has improved considerably as a result of more
timely field application over the year. Although it is difficult to measure exactly, there is
no doubt that the political reduction goals for nitrogen run-off and nitrogen leaching
during the winter period have been achieved to a high degree.

The first question about the link between nitrogen pollution and fertilization
intensity is generally disputed. A simple but plausible argument is that any deviations
from standard application rates entail corresponding changes in loss of nitrogen to the
environment. A more refined approach to the problem takes into consideration that
changes in nitrogen application up to a maximum yield level are associated with changes
in plant absorption of nitrogen. The nitrogen utilization rate at different application levels

is exactly what estimation of response functions is all about.
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However, the problem is even more complex. Chapter 2 cited studies showing
that plants to a certain extent buffer nitrogen supply by storing nitrogen in leaves and
stems and also in the kernels, the weight of which equals measured yield. The buffering
effect in the form of higher N-concentration in both straw and grain increases when
unmeasured changes in straw yield is also taken into account. Even if a yield plateau in
terms of total weight of grain has been reached this plant buffering system has the effect
that inorganic nitrogen concentration in the soil does not increase in line with nitrogen
application in excess of the maximum yield. Similarly, denitrification of inorganic soil
nitrogen (a reverse mineralization) plays a buffering role so that leaching labile inorganic
nitrogen concentration in the soil (predominantly nitrate ions) does not change in line
with N-application within certain limits.

In their extensive study based on four long-term winter wheat field experiments
Raun and Johnson (1995) found that the plant-soil buffering of inorganic nitrogen was
significant. Annual nitrogen fertilization rates within N-requirement for maximum yield
plus 25 kg N per ha did not increase inorganic N-accumulation in soil. This indicates that
modest N-application deviations from Npax — intentional as well as unintentional — entail
no great environmental risk. In this light the mandatory lowering of N-application norms
by 10 percent in relation to Ny may not in itself contribute significantly to a reduction of
N-pollution of the aquatic environment. It seems obvious, however, that to the extent the
lower maximum norm for total nitrogen use entails an increased utilization rate for

manure nitrogen there will also be a positive environmental effect.
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Chapter 8

Summary and Conclusions

Mathematical description of crop response to applied nutrients was the topic of
numerous studies over the last century. At the beginning of the 1900s, Mitscherlich
formulated his law of diminishing output. Economists eagerly embraced its principle as
being in concert with marginal value theory. It was also found consistent with practical
field experience and the general conception of physical and chemical processes.
Mitscherlich’s asymptotic growth theory was founded on statistical analyses of data from
a large number of field experiments and it represented a clear break with Justus von
Liebig’s law of the minimum, which since the middle of the 19" century had been the
generally accepted response theory. von Liebig did not express his response law in
mathematical terms. His theory was generally taken to imply response linearity, non-
substitution between input factors, and the existence of maximum yield. He stated that
yield of a crop is governed by quantity changes of the most scarce input factor. As the
minimum factor is increased the yield will go up proportionally until the supply of
another factor becomes limiting. If a non-minimum factor is increased or decreased, the
yield is not affected.

Heady and co-authors’ work in the middle of the 20" century gave rise to the
widespread use of polynomial models in production research and they are still popular as
the basis for extension and farm management decisions. Factor substitution was
considered a general possibility in these concave everywhere-differentiable models. Later

studies pointed out that the easy-to-apply polynomial models could result in above-
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optimum fertilization norms. Not least the studies by Paris and co-authors in the 1980s
and the 1990s revived certain qualities embedded in the classical response models,
especially the concept of a yield maximum extending over a plateau and non-substitution
between nutrients. Combinations of “pure” models have attracted a great deal of interest
over the last two decades. A quadratic polynomial combined with a plateau is one of
these hybrid models, and modifications of the logistic Mitscherlich function with
complex forms of the independent variable in the exponent is another.

In the present one-product one-factor study of cereal response to nitrogen a
comparison was made between ten different functional forms, including some of those
promoted in previous studies. Support for assessing the adequacy of various
mathematical response expressions was sought in literature on the plant physiological
mechanisms that determine how nitrogen influences cereal yield. Different studies
indicate that the number of head-bearing straws per plant, kernels per head, and kernel
weight are all positively correlated with the amount of available nitrogen. Some of these
key factors may manifest as linear yield response, but in combination they tend to suggest
a curvilinear, concave relationship. Some studies find that a maximum cereal yield occurs
when total leaf area exceeds 6-9 times the planted area. Beyond that level additional
leaves will shadow existing leaves, causing the photosynthetic activity of the shadowed
leaves to cease. The plants are able to store available nitrogen, which can not be utilized
in the photosynthetic assimilation process. A yield plateau of a certain extent after
maximum is reached is therefore a plausible possibility. At even higher N-application

levels yield losses may occur as an indirect result of pests caused by insects and fungi in
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lush crops. Also lodging of lush crops may reduce yields because a bent straw restricts
water supply to upper parts of a cereal plant.

Ten functions were fitted to data from 84 Danish cereal field trials at clay soil
sites where no manure had been applied in previous years and where preceding crop was
cereal. The actual analytical results should not be taken to represent response for other
crops or under other conditions than those specified above. However, the functions’
goodness-of-fit position relative to each other, taken together with their basic
mathematical structures, may yield information of more general value. The mean squared
error (MSE) was applied as the most important criterion of evaluating the functions’
goodness-of-fit to the trial data. No single functional form was found clearly superior to
the others on this basis. The quadratic polynomial and quadratic with plateau had the
highest number of first and second placements in a ranking of all functions according to
the MSE value. The LRP-Liebig and the Cobb-Douglas functions scored low in this
ranking. The average MSE values of all 84 trial data fits were not significantly different
for curvilinear plateau models and polynomials, but the average MSE was high for the
LRP-Liebig and different from some of the other functions. A strictly linear growth
pattern, which was tested for comparison, was clearly inferior to the selected functional
forms.

Besides the statistical fit to observed data the functions were also evaluated on the
basis of how well they complied with hypothesized response patterns based on agronomic
knowledge. In this overall assessment the quadratic function with plateau attracted much

attention. Some of the other functions with as good a statistical fit were ruled out because
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of unrealistic values for yield and profit optimizing N-application or because of
implausible nitrogen axis intercepts. The popular and very flexible cubic polynomial is
one example of a function, which should be applied with caution because it often behaves
poorly outside the observed nitrogen domain.

The estimated N-axis intercept was hypothesized to represent the supply of
mineralized nitrogen from soil resources of organic nitrogen compounds. It was one of
the criteria in the evaluation of the functions’ general behavior. Soil nitrogen plays a
significant role in total nitrogen supply. Estimation of nitrogen mineralization was
therefore also one of the general goals of this study. Total nitrogen uptake in crops can be
divided in that derived from applied fertilizer and that from the soil. It was assumed that
fertilizer nitrogen and mineralized soil nitrogen are equally accessible to growing plants
and that each has the same nutritional value. The estimation was based on the condition
that yield would be zero if no nitrogen were available. Provided that the functional form
is representative over the total domain of nitrogen supply, in particular over the low N-
level unobserved portion of the domain, the total supply of plant available soil nitrogen
can be assessed on the basis of the intersection between the response curve and the
nitrogen axis. Available soil nitrogen was measured in soil samples at the beginning of
the growing season for about half of the examined field trials. Thus, it was possible to
derive further mineralization of soil nitrogen during the growing.

The Cobb-Douglas and the square root specifications resulted in a large number
of negative in-season mineralization estimates, which was not likely to occur on the

pertinent trial sites. This was an important basis for deeming the two specifications
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inadequate as reflections of the “true” response relationship. The linear specification in
the LRP-Liebig resulted in relatively high mineralization estimates. The quadratic
function tended to yield somewhat higher mineralization estimates than its plateau
version. Estimates based on the cubic function were in the same range as those based on
quadratic specifications. However, in a number of cases the cubic function did not reveal
an intercept with the nitrogen axis to the left of the fertilizer nitrogen domain. All things
considered — statistical fit, estimates of mineralization and of yield and profit maximizing
nitrogen application — the quadratic plateau version was found to give the most adequate
description of yield response to nitrogen in the examined Danish field trials.

It would improve the estimation of the response function if precise information
about the importance of soil nitrogen were available. Likewise, it would be important for
farm management decisions on optimal fertilizer application to avail of reliable
predictions of in-season mineralization, especially if such predictions could be made in
time for in-season corrective nitrogen application. Agronomic knowledge indicates that
mineralization increases with soil temperature and soil moisture content during the
growing season. Certain climate indicators — precipitation, potential evaporation, air
temperature, and solar radiation — were available for almost half of the field trial
localities. It was examined whether between-trials variation in the estimated
mineralization data resulting from curve fitting could be reproduced in a model with the
available climate indicators as independent variables. Strong collinearity and the lack of a

proper soil temperature indicator rendered this part of the analysis inconclusive.
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With prevailing output and input prices estimates of profit maximizing nitrogen
application differed significantly among the examined response functions. Moreover, a
given deviation in nitrogen supply from the estimated optimum situation had very
different economic impacts for the individual functional forms. The costs of
undershooting the optimal nitrogen supply were found to be especially high when
calculated on the basis of the LRP-Liebig and the plateau version of the Cobb-Douglas
functions with N at the knot point. The calculated yield revenue loss exceeded by far
the lower nitrogen expenditure. When overshooting the optimum in those two models
there was no yield increase to offset higher fertilizer costs. For the other functions the
economic impact of the same deviations in nitrogen application were found to be much
smaller.

This information indicates that if, for example, the LRP-Liebig were the “true”
model there would be good opportunity to apply an efficient safeguard strategy against
unpredicted changes in soil nitrogen supply in the form of a certain permanent over-
fertilization. On average, an “insurance” strategy would hardly be profitable if, say, a
quadratic specification were considered the appropriate model.

The choice of model is a matter of considerable economic importance.
Fertilization according to estimated optimum using a wrong model is sub-optimal
compared with proper fertilization rates indicated by the correct model. The costs of
model mis-specification were found particularly high when the LRP-Liebig was

compared with other models examined in this study. Mis-specification costs reduce to
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relatively small amounts if model choice can be narrowed down to curvilinear models
with nitrogen optima within a limited range.

Environmenta] aspects of fertilization have attracted increasing attention over the
last decades. Leaching of nitrogen to ground water is a main concern. Intensive use of
livestock manure represents an important problem because it must be applied before the
actual growing season when plant’s nitrogen absorption capacity is limited and when soil
water movement is downward. A core element in Danish environmental legislation
involves prescription of minimum utilization rates for nitrogen content in applied manure.
Timely field application within restricted periods is an important instrument to avoid loss
of nitrogen to the aquatic environment. Mandatory maximum fertilization norms apply to
all farms, also to farms that do not use livestock manure. The norms, which are specified
for all crops, different soil types, are set at ninety percent of economically optimal
nitrogen application derived from fitting the cubic function to field trial data from the
same source as used in this thesis.

Whether the ten- percent reduction of optimal N-application is well justified from
an economic point of view depends on the actual loss of nitrogen to the aquatic
environment by changes in fertilization intensity and on the externalities associated with
nitrogen pollution of water. In this context it is interesting to note that several studies
indicate a certain plant-soil buffering capacity. It means that labile inorganic nitrogen
concentration in the soil does not change in line with N-application within certain limits.
In such circumstances, modest overshooting — intentional or unintentional — from yield

maximizing fertilization entails no great environmental risk. In this light the mandatory
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lowering of N-application by ten percent in relation to Ny may not in itself contribute
significantly to reduction of N-pollution. It seems obvious, however, that to the extent the
lower maximum norm for total nitrogen use entails an increased utilization rate for
manure nitrogen there will also be a positive environmental effect.

This study of yield response to nitrogen reveals some areas of further research,
which could improve the possibilities of establishing more robust response estimates.
Some areas relate to the design of field trials while others pertain to the response models.
Unpredictable climate induced variation in mineralization of soil nitrogen among
otherwise homogeneous trial sites is a cause of uncertainty. Below normal mineralization
may have the result that Npax and Ny are not revealed within the upper bound of the
applied fertilizer nitrogen domain or in its vicinity. It is important that the highest
nitrogen application level can reveal the existence of yield maximum/plateau under
varying climatic conditions.

Another trial design question relates to the lower end of the nitrogen application
scale, where additional fertilizer application levels could improve estimation of the
curvature of the response function enabling a more precise estimation of mineralization
under field conditions.

Some authors suggest that horizontal movement of labile plant accessible nitrogen
between trial plots with different levels of nitrogen application could be significant. If
that is the case adequate changes of trial design should be considered to prevent false
inferences from the field trials about the slope of the true response curve, yield

maximizing and optimizing nitrogen amounts.
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Variations in nitrogen mineralization, which has an obvious impact on the model
estimation of the yield/fertilization relationship, is linked with water and temperature
conditions in the soil. A series of field experiments placed on trial sites with the same soil
characteristics and with direct monitoring of soil water and soil temperature could
improve the basis for satisfactory model prediction of mineralization. Likewise, trials
placed on fallow soil with measurements of plant available nitrogen at the beginning and
end of the growing season of available soil-N could provide some guidance regarding the
extent of mineralization and its dependency on environmental factors.

Improved knowledge about mineralization would improve the possibilities of
establishing an extended yield-nitrogen-climate model. It could be assumed that climate
induced variation in nitrogen mineralization in itself does not influence the general
yield/nitrogen relationship because nitrogen supplied from different sources — applied
fertilizer or mineralized soil nitrogen — have the same accessibility and nutritional value
for the growing plants. It could further be assumed that climatic factors — not necessarily
the same as those influencing mineralization — have an impact on the yield/nitrogen
productivity. Given sufficient information, an extended model could estimate yield as a
function of total N-supply and climatic factors where total N-supply could be established
as the sum of mineralization estimates and applied nitrogen. Fine-tuning of nitrogen
application in accordance with soil-N fluctuations attracts atiention in both a farm profit
and an environmental context. The feasibility of an extended decision model depends on
both the costs of acquiring the needed additional knowledge and the possibilities of

corrective N-applications during the growing season.



Appendix A

Data Used

A.1. Danish Field Trial Data
A total of 84 field trials were selected for the analysis. For each trial general information

is stated in boxes in Appendix Table A.1:

Trial: Identification number 1-84

Year: Year of trial 1987-1998

GridNo: Geographic location identification number 1-44
Crop: Name of crop: SBAR = spring barley

WBAR = winter barley
WWHE = winter wheat
Nmin: Plant-available nitrogen (mineralized) at beginning of growing
season based on soil sample, kilogram (kg) per hectare (ha)

The headings of the table columns have the following meaning:

Yield Hectokilogram (hkg = 100 kg) per hectare
Nappl Applied fertilizer nitrogen, kilogram (kg) per ha
RepliNo Replication number in the trial

Metric measures are used throughout the thesis. For information:

1 kg = 2.2046 lbs.
1 ha =2.469 acres
1 hkg cereals per ha = 1.49 bushels of wheat
1.86 bushels of barley
2.79 bushels of oats
1kg nitrogen per ha = 0.89 Ibs. of nitrogen per acre

A.2. Climate Data
Climate information about weekly precipitation, potential evaporation, average
temperature, and incoming radiation for 44 regions (grid numbers) in Denmark is

available since 1993. Table A.2.1 shows averages of weekly observations by years and

7
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grids in those combinations, which match the 41 trials numbers with location data. The
information in the table is sorted by trial number. Climate data are calculated as averages
for the whole growing season (calendar week 13 through31), for first half of the season
(week 13 through 22), and for the second half (week 23 through 31). Precipitation and
potential evaporation have been added as net water balance.

The headings of the table columns with climate information have the following meaning:

Temperature Average weekly temperature in center grades, °C
Radiation Incident of solar radiation
Water balance Difference between precipitation and potential evaporation,

millimeters (mm) per area unit; 1 mm = 0.0394 inches
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APPENDIX A
A.1. Danish Field Trial Data

Source: Landskontoret for Planteavl, Danish Farmers' Union and Danish Family Farmers' Association

Yield Nappl RepliNo Yield Nappl RepliNo Yield Nappl RepliNo
Trial: 34.70 [ 1 Trial; 29.79 0 1 Trial: 33.02 0 1
1 30.09 ] 2 4 36.44 0 2 37.97 0 2
Year: 37.77 0 3 Year: 34,54 0 3 Year: 37.97 0 3
87 37.46 0 4 88 35.81 0 4 89 41.27 0 4
GridNo: 35.62 0 5 GridNo: 35.17 0 5 GridNo: 52.83 40 1
0 46.03 40 1 0 45.77 40 k| 0 47.88 40 2
Crop: 45,09 40 2 Crop: 53.98 40 2 Crop: 46.23 40 3
SBAR 47.89 40 3 SBAR 48.30 40 3 SBAR 44.58 40 4
Nmin: 53.80 40 4 Nmin: 52.09 40 4 Nmin: 52.83 80 1
0.00 5473 40 5 0.00 45.77 40 5 0.00 54.48 80 2
51.41 80 1 57.35 80 1 51.18 80 3
53.56 80 2 62.74 80 2 52.83 80 4
56.03 80 3 66.86 80 3 54.48 120 1
58.49 80 4 57.67 80 4 54.48 120 2
59.72 80 5 61.79 80 5 52.83 120 3
54.56 120 1 66.14 120 1 52.83 120 4
57.51 120 2 62.03 120 2 54.48 160 1
57.21 120 3 68.04 120 3 54.48 160 2
58.39 120 4 68.67 120 4 51.18 160 3
57.51 120 5 65.83 120 5 52.83 160 4
56.07 160 1 66.86 160 1 47.88 200 1
56.36 160 2 61.79 160 2 48.53 200 2
57.23 160 3 76.36 160 3 49.53 200 3
56.36 160 4 70.34 160 4 49.53 200 4
59.54 160 5 70.03 160 5 Trial: 35.00 0 ]
Trial: 36.53 0 1 Trial: 32.94 3] 1 8 36.32 0 2
2 39.71 0 2 5 30.19 0 2 Year: 33.02 0 3
Year: 36.53 0 3 Year: 3019 0 3 89 32.03 0 4
87 31.76 0 4 88 34.31 0 4 GridNo: 43.26 0 5
GridNo: 34.94 0 5 GridNo: 34.31 0 5 0 38.02 40 1
0 48.24 40 1 o) 44.02 40 1 Crop: 40.33 40 2
Crop: 49.84 40 2 Crop: 39.90 40 2 SBAR 40.33 40 3
SBAR 48.24 40 3 SBAR 38.52 40 3 Nmin: 41.32 40 4
Nmin: 45.02 40 4 Nmin: 35.77 40 4 49.59 40 5
0.00 45.02 40 5 0.00 41.27 40 5 4232 80 1
49.84 80 1 44.34 80 1 41.65 80 2
53.06 80 2 41.57 80 2 44,83 80 3
46.63 80 3 41.57 80 3 41.98 80 4
53.06 80 4 40.19 80 4 50.25 80 5
51.45 80 5 42.96 80 5 4468 120 1
47.94 120 1 47.12 120 k| 44.02 120 2
47.94 120 2 40,19 120 2 43.69 120 3
4475 120 3 40.19 120 3 50.64 120 4
49.54 120 4 41.57 120 4 54.61 120 5
4475 120 5 40.19 120 5 46.78 160 1
52.41 160 1 45.56 160 1 46.78 160 2
42.88 160 2 42.80 160 2 41.43 160 3
46.06 160 3 40.04 160 3 52.46 160 4
47.65 160 4 41.42 160 4 46.44 160 5
44.47 160 5 41.42 160 5 45.56 200 k|
Trial: 3259 0 1 Trial: 38.84 0 1 46.56 200 2
3 39.11 0 2 6 32.63 0 2 39.24 200 3
Year: 43.99 0 3 Year: 3263 0 3 51.55 200 4
87 40.74 0 4 89 3574 o] 4 48.22 200 5
GridNo: 45,68 40 1 GridNo: 52.88 40 1 Trial: 50.95 0 1
0 44,05 40 2 ¢} 46.66 40 2 9 48.26 0 2
Crop: 47.31 40 3 Crop: 51.32 40 3 Year: 46.05 0 3
SBAR 50.57 40 4 SBAR 49.77 40 4 90 53.40 0 4
Nmin: 49.29 80 1 Nmin: 59.17 80 1 GridNo: 67.94 40 1
47.65 80 2 0.00 54.50 80 2 0 69.67 40 2
52.58 80 3 57.61 80 3 Crop: 60.28 40 3
52.58 80 4 59.17 80 4 SBAR 64.48 40 4
54,03 120 1 63.84 120 1 Nmin: 73.58 80 1
54.03 120 2 60.73 120 2 0.00 7234 80 2
52.39 120 3 65.40 120 3 70.61 80 3
54,03 120 4 62.28 120 4 68.39 80 4
50.69 160 1 66.80 160 1 71.67 120 1
52.33 160 2 62.14 160 2 72.16 120 2
52.33 160 3 66.80 160 3 71.91 120 3
53.96 160 4 63.69 160 4 72.89 120 4
68.71 160 1
70.92 160 2
68.46 160 3
73.62 160 4
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A.1. Danish Field Trials (continued)
Yield Napp! RepliNo Yield Nappi RepliNo Yield Nappl RepliNo
3407 0 26.05

Trial: . 1 Tial: 36.77 0 1 Trial: . 0 1
10 37.25 0 2 13 33.07 0 2 24.29 0 2
Year: 32.39 0 3 Year: 36.16 0 3 Year: 20.77 o] 3
90 32.39 0 4 87 39.86 o 4 88 24.29 0 4
GridNo: 30.77 0 5 GridNo: 43.26 0 5 GridNo: 23.76 0 5
0 50.15 40 1 4] 48.58 40 1 0 36.33 40 1
Crop: 45.29 40 2 Crop: 4517 40 2 Crop: 37.22 40 2
SBAR 46.91 40 3 SBAR 50.74 40 3 SBAR 33.48 40 3
Nmin: 46.91 40 4 Nmin: 53.22 40 4 Nmin: 36.50 40 4
43.68 40 5 0.00 54.77 40 5 0.00 35.61 40 5
56.20 80 1 52.27 80 1 47.24 80 1
59.51 80 2 51.96 80 2 4813 80 2
59.51 80 3 58.11 80 3 45.81 80 3
56.20 80 4 56.88 80 4 49.92 80 4
54.55 80 5 58.72 80 5 44.91 80 5
66.35 120 1 53.19 120 1 54.82 120 1
61.38 120 2 53.79 120 2 53.38 120 2
64.69 120 3 57.44 120 3 55.53 120 3
59.72 120 4 58.66 120 4 56.97 120 4
59.72 120 5 58.35 120 5 55.71 120 5
61.52 160 1 58.13 160 9 59.85 160 1
69.84 160 2 57.83 160 2 57.36 160 2
64.85 160 3 59.33 160 3 57.18 160 3
66.51 160 4 58.43 160 4 61.63 160 4
61.52 160 5 58.13 160 5 55.93 160 5
Tial: 27.34 0 T Trial: 2834 0 q Tial: 23.59 0 1
11 27.83 0 2 27.00 0 2 17 26.42 0 2
Year: 27.83 o} 3 Year: 29.69 o} 3 Year: 33.97 0 3
88 30.49 (¢] 4 88 31.04 0 4 88 33.74 0 4
GridNo: 42.19 40 1 GridNo: 29.69 0 5 GridNo: 35.62 0 5
0 4219 40 2 0 42.04 40 1 44 38.54 40 1
rop: 45.36 40 3 rop: 40.68 40 2 Top: 41.65 40 2
SBAR 49.02 40 4 SBAR 40.14 40 3 SBAR 43.57 40 3
Nmin: 53.03 80 1 Nmin: 42.85 40 4 Nmin: 43.81 40 4
0.00 50.58 80 2 4475 40 5 0.00 4333 40 5
57.67 80 3 50.18 80 1 42.72 80 1
58.65 80 4 48.82 80 2 44.88 80 2
60.20 120 1 50.18 80 3 47.52 80 3
59.00 120 2 44.75 80 4 46.32 80 4
64.54 120 3 55.60 80 5 45.60 80 5
64.29 120 4 54,05 120 1 46.20 120 1
62.14 160 1 55.41 120 2 46.68 120 2
59.96 160 2 56.22 120 3 47.16 120 3
65.52 160 3 50.00 120 4 43.31 120 4
62.86 160 4 56.76 120 5 43.31 120 5
rial: 44,43 0 1 58.04 160 1 44.82 160 1
42.32 0 2 58.04 160 2 44.82 160 2
Year: 48.36 0 3 59.39 160 3 44.09 160 3
91 43.83 0 4 54.80 160 4 45.06 160 4
GridNo: 46.55 0 5 58,85 160 5 42.89 160 5
0 56.39 40 1 54.80 200 1 Trial: 2741 [9] T
Crop: 54.25 40 2 56.15 200 2 18 23.82 o] 2
SBAR 61.26 40 3 53.45 200 3 Year: 2414 0 3
Nmin: 59.74 40 4 51.29 200 4 88 27.08 0 4
5517 40 5 58.04 200 5 GridNo: 24.80 0 5
63.32 80 1 Tial: 51.31 0 il 0 3327 40 1
61.19 80 2 15 45,50 0 2 Crop: 33.27 40 2
57.84 80 3 ear: 42,97 0 3 SBAR 28.33 40 3
64.24 80 4 88 53.08 0 4 Nmin: 33.60 40 4
61.50 80 5 GridNo: 44.24 0 5 0.00 30.64 40 5
64.54 120 1 0 57.01 40 1 36.39 80 1
68.17 120 2 rop: 58.80 40 2 33.44 80 2
66.66 120 3 SBAR 58.29 40 3 33.11 80 3
66.35 120 4 Nmin: 62.63 40 4 35.41 80 4
63.63 120 5 0.00 56.24 40 5 33.44 80 5
66.90 160 1 63.91 80 1 35.86 120 1
65.68 160 2 65.19 80 2 34.22 120 2
60.51 160 3 66.47 80 3 32.57 120 3
63.25 160 4 67.75 80 4 3817 120 4
60.51 160 5 65.19 80 5 34.88 120 5
66.80 120 1 38.08 160 1
66.80 120 2 31.51 160 2
68.08 120 3 34.46 160 3
70.14 120 4 34.46 160 4
68.08 120 5 34.78 160 5
66.72 160 1
66.72 160 2
69.28 160 3
69.28 160 4
69.28 160 5
67.15 200 1
67.66 200 2
69,70 200 3
67.15 200 4
68.43 200 5
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A.1. Danish Field Trials (continued)

Yield Nappl RepliNo Yield Nappl RepliNo Yield Nappl RepliNo
Trial: 35.04 0 1 Trial: 26.99 0 1 Trial: 33.81 [3] 1
19 38.09 4] 2 22 29.75 0 2 25 33.81 0 2
Year: 38.09 0 3 Year: 33.12 0 3 Year: 35.59 0 3
88 41.14 0 4 88 28.52 0 4 90 39.15 0 4
GridNo: 38.09 0 5 GridNo: 50.60 40 1 GridNo: 33.81 0 5
0 52.27 40 1 0 46.31 40 2 0 56.42 40 1
Crop: 49.19 40 2 Crop: 44.47 40 3 Crop: 56.42 40 2
SBAR 52.27 40 3 SBAR 46.61 40 4 SBAR 52.78 40 3
Nmin: 47.65 40 4 Nmin: 50.84 80 1 Nmin: 52.78 40 4
0.00 44.58 40 5 0.00 52.07 80 2 0.00 54.60 40 5
52.07 80 1 51.156 80 3 64.30 80 1
56.66 80 2 49,62 80 4 62.46 80 2
56.66 80 3 59.80 120 1 62.46 80 3
62.79 80 4 56.73 120 2 60.62 80 4
53.60 80 5 56.73 120 3 60.62 80 5
62.71 120 1 54.89 120 4 70.05 120 1
64.24 120 2 56.53 160 1 68.21 120 2
62.71 120 3 57.75 160 2 70.05 120 3
62.71 120 4 55.62 160 3 68.21 120 4
61.18 120 5 55.62 160 4 66.36 120 5
65.76 160 1 Trial: 23.33 [4] k] 75.14 160 1
67.29 160 2 23 17.19 0 2 73.31 160 2
65.76 160 3 Year: 24.07 0 3 78.81 160 3
71.88 160 4 88 27.01 0 4 76.98 160 4
62.71 160 5 GridNo: 24.80 0 5 73.31 160 5
Trial: 13.37 0 1 0 35.61 40 1 Triaf: 3334 0 E]
20 18.04 0 2 Crop: 30.45 40 2 26 29.76 0 2
Year: 17.41 4] 3 SBAR 34.63 40 3 Year: 28.18 0 3
88 19.90 0 4 Nmin: 37.82 40 4 91 23.41 0 4
GridNo: 31.96 40 1 0.00 37.08 40 5 GridNo: 26.59 0 5
[¢] 37.29 40 2 42.73 80 1 0 42,82 40 1
Crop: 32,90 40 3 36.10 80 2 Crop. 4520 40 2
SBAR 35.41 40 4 42.49 80 3 SBAR 40.83 40 3
Nmin: 42.30 80 1 45,68 80 4 Nmin: 38.46 40 4
44.18 80 2 39.54 80 5 0.00 41.23 40 5
38.54 80 3 44.94 120 1 54.10 80 1
42.30 80 4 43.71 120 2 54.10 80 2
46.88 120 1 50.10 120 3 50.92 80 3
48.45 120 2 52.31 120 4 50.92 80 4
48.76 120 3 52.06 120 5 53.30 80 5
47.82 120 4 49.36 160 1 65.08 120 1
50.94 160 1 51.57 160 2 61.12 120 2
50.63 160 2 55.01 160 3 60.72 120 3
50.94 160 3 55.26 160 4 61.91 120 4
43.48 160 4 53.54 160 5 63.50 120 5
Trial: 873 0 1 Trial: 34.31 0 ] 68.89 160 1
21 18.72 0 2 24 34.61 0 2 69.28 160 2
Year: 19.96 o 3 Year: 37.60 0 3 65.72 160 3
88 21.21 0 4 89 37.30 0 4 70.47 160 4
GridNo: 17.47 0 5 GridNo: 33.72 0 5 68.49 160 5
0 2495 40 1 0 40.38 40 1 Trial: 25.79 0 1
Crop: 28.69 40 2 Crop: 46.36 40 2 27 27.73 0 2
SBAR 27.44 40 3 SBAR 48.15 40 3 Year: 23.57 0 3
Nmin: 27.44 40 4 Nmin: 42.47 40 4 87 26.34 0 4
0.00 28.69 40 5 0.00 41.57 40 5 GridNo: 24.96 o] 5
34.06 80 1 43.47 80 1 0 43.24 50 1
35.32 80 2 53.66 80 2 Crop: 41.85 50 2
36.58 80 3 52,16 80 3 WBAR 43.24 50 3
36.58 80 4 46.77 80 4 Nmin: 44.64 50 4
37.84 80 5 51.26 80 5 0.00 46.03 50 5
4311 120 1 46.66 120 1 55.80 100 1
4565 120 2 55.03 120 2 57.19 100 2
4311 120 3 53.24 120 3 51.61 100 3
41.84 120 4 50.25 120 4 55.80 100 4
43141 120 5 52.64 120 5 55.80 100 5
45.71 160 1 50.07 160 1 58.73 150 1
50.79 160 2 54.26 160 2 60.13 150 2
41.80 160 3 53.36 160 3 58.73 150 3
4317 160 4 54.86 160 4 55.93 150 4
41.90 160 5 53.96 160 5 54.53 150 5
69.18 200 1
63.53 200 2
59.29 200 3
57.88 200 4
56,47 200 5




A.1. Danish Field Trials (continued)

142

Yield Nappl RepliNo Yield Nappl RepliNo
Trial: ©67.96 [9] k| Trial” 48.59 4] 1
28 64.48 0 2 35.83 0 2
ear: 53.42 0 3 ear. 37.96 0 3
90 53.73 0 4 89 42.51 0 4
TidNo: 56.89 0 5 riaNo: 44.64 0 5
0 79.39 50 1 59.15 50 1
Crop: 79.39 50 2 Top. 57.63 50 2
WBAR 72.51 50 3 WWHE 48.53 50 3
Nrmin: 75.32 50 4 Nmin: 57.02 50 4
0.00 70.64 50 5 54.60 50 5
92.43 100 1 68.58 100 1
90.55 100 2 68.27 100 2
87.73 100 3 62.48 100 3
89.30 100 4 68.58 100 4
80.53 100 5 66.14 100 5
93.69 150 1 69.27 150 1
90.87 150 2 74.46 160 2
90.55 150 3 71.71 150 3
89.93 150 4 73.85 150 4
88.36 150 5 7415 150 5
94.82 200 1 70.30 200 1
93.24 200 2 75.21 200 2
92.93 200 3 70.30 200 3
95.46 200 4 78.28 200 4
89.77 200 5 71.83 200 5
Trial: 46.56 0 Kl 69.24 250 1
29 53.21 4] 2 72.62 250 2
Year: 56.53 0 3 74.16 250 3
88 48.22 0 4 69.54 250 4
GridNo: 53.21 0 5 71.70 250 5
0 68.01 50 1 Trial: 2465 0 k]
Crop: 69.67 50 2 32 43.88 0 2
WWHE 72.99 50 3 ear! 46.96 0 3
Nmin: 66.35 50 4 89 46,58 0 4
0.00 69.67 50 5 GridNo: 48.12 0 5
78.06 100 1 0 66,569 50 1
81.38 100 2 Crop: 71.60 50 2
84.70 100 3 WWHE 68.90 50 3
74.74 100 4 Nmin: 75.06 50 4
78.06 100 5 0.0 66.59 50 5
89.58 150 1 81.32 100 1
89.58 150 2 85.18 100 2
89.58 150 3 84.41 100 3
86.26 150 4 87.49 100 4
87.92 150 5 82.48 100 5
95,53 200 1 88.80 150 1
93.88 200 2 91.12 150 2
90.59 200 3 88.41 150 3
88.94 200 4 86.86 150 4
92.24 200 5 86.86 150 5
97.64 250 1 89.79 200 1
92.67 250 2 88.24 200 2
94.33 250 3 88.24 200 3
92.67 250 4 90.18 200 4
102.60 250 5 87.46 200 5
rial: 3662 9] 7 88.91 250 1
30 34.99 0 2 92.01 250 2
ear. 32.14 0 3 83.08 250 3
88 36.21 o] 4 90.07 250 4
GridNo: 34.18 0 5 82.69 250 5
0 63.62 50 1 Trial: 60.58 0 T
TOp. 51.80 50 2 33 53.85 0 2
WWHE 52.20 50 3 ear: 47.60 9] 3
i 55.47 50 4 89 50.87 0 4
0.00 63.62 50 5 GridNo: 74.89 50 1
71.07 100 1 73.41 50 2
69.42 100 2 Crop: 72.22 50 3
67.78 100 3 WWHE 71.34 50 4
70.65 100 4 Nmin: 93.89 100 1
68.60 100 5 0.00 91.52 100 2
82.57 150 1 89.14 100 3
79.28 150 2 89.44 100 4
79.69 160 3 100.60 150 1
81.34 150 4 99.12 150 2
79.69 150 5 101.79 150 3
87.09 200 1 97.04 1560 4
85.85 200 2 104.79 200 1
85.44 200 3 104.79 200 2
87.91 200 4 105.39 200 3
86.68 200 5 101.79 200 4
92.58 250 1 104.98 250 1
87.28 250 2 104.37 250 2
90.95 250 3 111.01 250 3
92.17 250 4 108.60 250 4
86.87 250 5

Yield Nappl RepliNo
Trial: 73.22 0 k|
57.95 Q 2
Year: 54.03 0 3
20 59.90 0 4
GridNo: 50.51 0 5
[ 81.93 50 1
Crop: 77.22 50 2
WWHE 7243 50 3
Nmin: 75.26 50 4
0.00 67.03 50 5
96.94 100 1
90.27 100 2
91.84 100 3
87.13 100 4
87.13 100 5
107.27 150 1
99.81 150 2
99.81 150 3
94.70 150 4
101.38 150 5
108.32 200 1
110.28 200 2
109.50 200 3
111.85 200 4
111.07 200 5
117.38 250 1
116.98 250 2
110.29 250 3
114.23 250 4
119.35 250 5
rial: 37.00 0 il
35 37.98 0 2
Year: 33.07 Q 3
91 32.42 0 4
TIaNO: 28.82 o] 5
61.20 50 1
Top. 83.17 50 2
WWHE 61.86 50 3
Nmin: 68.57 50 4
51.99 50 5
81.50 100 1
81.50 100 2
82.16 100 3
79.53 100 4
75.58 100 5
95.09 150 1
98.05 150 2
101.34 150 3
95.42 150 4
88.84 150 5
103.23 200 1
104.88 200 2
107.19 200 3
101.25 200 4
99.60 200 5
111.28 250 1
108.63 250 2
111.61 250 3
102.69 250 4
105.99 250 5
[Trial: 32.01 0 1
36 34.42 0 2
Year. 38.05 0 3
87 30.50 0 4
GridNo: 31.40 0 5
0 41.96 50 1
Crop: 47.47 50 2
WWHE 46.55 50 3
Nmin? 46.86 50 4
0.0 43.80 50 5
52.40 100 1
56.62 100 2
57.22 100 3
52.71 100 4
55.42 100 5
67.42 150 1
66.52 150 2
63,80 150 3
67.42 150 4
62.89 150 5
7012 200 1
72.54 200 2
77.70 200 3
71.63 200 4
68.29 200 5
81.12 250 1
82.33 250 2
86.55 250 3
92.88 250 4
68.76 250 5
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A.1. Danish Field Trials (continued)

Yield Nappl RepliNo Yield Nappi RepliNo Yield Nappl RepliNo

Trial 54383 0 T Trial: 28.60 0 k] Trial: 31.85 0 ]
37 47.52 0 2 27.15 o] 2 33.84 s} 2

Year: 57.08 0 3 Year: 24.97 0 3 Year: 40.21 0 3
87 53.99 0 4 97 27.63 0 4 94 41.01 0 4
GridNo! 64.09 50 1 ridNo: 25.93 0 5 GridNo: 34.24 0 5
0 60.71 50 2 30 42.37 40 1 30 4175 40 1

Crop: 66.07 50 3 Crop: 41.88 40 2 Crop: 4493 40 2
WWHE 66.64 50 4 SBAR 39.46 40 3 SBAR 4533 40 3
Nmin: 72.00 100 1 min: 39.70 40 4 Nmin: 45.73 40 4
0.00 69.74 100 2 14.04 39.70 40 5 27.00 39.37 40 5
7426 100 3 53.64 80 1 54.48 80 1

72.56 100 4 53.15 80 2 50.50 80 2

73.31 150 1 49.98 80 3 54.48 80 3

72.18 150 2 53.64 80 4 54.48 80 4

77.26 150 3 51.69 80 5 5527 80 5

69.36 150 4 61.68 120 1 63.55 120 1

74.86 200 1 61.68 120 2 59.18 120 2

73.18 200 2 5827 120 3 65.14 120 3

78.51 200 3 59.97 120 4 58.78 120 4

81.87 200 4 58.76 120 5 57.99 120 5

79.63 250 1 63.97 160 1 69.11 160 1

71.78 250 2 59.84 160 2 62.36 160 2

7879 250 3 60,56 160 3 71.49 160 3

68.42 250 4 60.81 160 4 64.34 160 4

Trial: 4759 0 i] 62.27 160 5 61.56 160 5
38 51.08 0 2 66.80 200 k| 64.34 200 1

Year: 46.00 0 3 66.56 200 2 69.51 200 2
89 43.15 0 4 64.12 200 3 71.89 200 3
GridNo: 51.71 0 5 64.85 200 4 6275 200 4
0 64.24 50 1 62.17 200 5 52.82 200 5

Crop: 63.93 50 2 Trial: 2714 0 1 Trial: 26.92 0 T
WWHE 64.88 50 3 41 28.76 0 2 44 29.69 0 2
Nmin: 60.76 50 4 Year: 31.19 0 3 Year: 24,94 0 3
0.00 69.62 50 5 92 33.21 0 4 94 28.11 0 4
70.05 100 1 GridNo: 29.16 0 5 GridNo: 24.94 0 5

77.06 100 2 34 3229 40 1 34 4113 40 1

65.60 100 3 Crop: 33.10 40 2 Crop: 41.13 40 2

71.01 100 4 SBAR 38.35 40 3 SBAR 37.18 40 3

69.42 100 5 Nmin: 32.29 40 4 Nmin: 39.95 40 4

69.42 150 1 39.00 42.39 40 5 31.00 38.37 40 5

72.92 150 2 34.27 80 1 56.30 80 1

75.15 150 3 36.69 80 2 52.73 80 2

74.51 150 4 33.47 80 3 49.16 80 3

80.24 150 5 37.10 80 4 51.94 80 4

70.55 200 k| 4516 80 5 53.12 80 5

7470 200 2 34.16 120 1 62,38 120 1

7214 200 3 38.18 120 2 55.23 120 2

80.76 200 4 38.18 120 3 59.60 120 3

74.70 200 5 45.01 120 4 60.39 120 4

77.79 250 1 47.42 120 5 57.21 120 5

72.37 250 2 39.46 160 1 67.64 160 1

74.60 250 3 41.45 160 2 63.66 160 2

88.00 250 4 39.46 160 3 69.63 160 3

76.84 250 5 44.64 160 4 6525 160 4

Trial: 31.35 0 1 51.02 160 5 63.66 160 5
39 32.55 0 2 Trial: 3516 0 1 74.71 200 1

Year: 40.19 0 3 42 33.62 0 2 68.75 200 2
95 34.16 0 4 Year: 30.58 0 3 72.33 200 3

ridNo: 31.35 [¢] 5 93 32.53 0 4 73.12 200 4
30 32.95 0 6 GridNo: 34.34 0 5 66.76 200 5

Crop: 40.33 40 1 34 39.92 40 1 Trial: 3221 0 k|
SBAR 43.56 40 2 Crop: 39.25 40 2 45 30.25 0 2
Nmin: 46.78 40 3 SBAR 4361 40 3 Year: 33.00 0 3
31.00 40.73 40 4 min: 37.49 40 4 95 32.21 0 4
43.56 40 5 35.00 39.51 40 5 GridNo: 30.25 0 5

40.33 40 6 43.83 80 1 34 4443 40 1

57.33 80 k| 45.08 80 2 Crop. 44.43 40 2

53.30 80 2 46.89 80 3 SBAR 47.18 40 3

59.35 80 3 39.93 80 4 Nmin 48.75 40 4

53.30 80 4 45.95 80 5 19.59 46.00 40 5

62.99 80 5 49.03 120 1 61.34 80 1

49.26 80 6 46.64 120 2 60,95 80 2

73.10 120 1 49.35 120 3 59.77 80 3

64.98 120 2 52.27 120 4 60.56 80 4

68.23 120 3 47.41 120 5 62.13 80 5

69.04 120 4 49.32 160 1 64.17 120 1

68.23 120 5 49.59 160 2 64.96 120 2

69.85 120 6 54.24 160 3 66.92 120 3

74.78 160 1 48.37 160 4 69.29 120 4

80.85 160 2 53.07 160 5 67.32 120 5

70.34 160 3 71.90 160 1

72.76 160 4 71.51 160 2

77.61% 160 5 75.46 160 3

71.95 160 6 75.46 160 4

76.00 200 1 74.67 160 5

8529 200 2 71.03 200 1

70.34 200 3 73.00 200 2

81.66 200 4 72.21 200 3

7478 200 5 76.16 200 4

74.78 200 6 70.63 200 5
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ield Nappl RepliNo Yield Nappl RepliNo

Trial” 60.40 4] 1 Trial” 56.55 0 k|
66.80 0 2 63.01 4] 2
Year: 63.11 0 3 ear. 64.63 o} 3
98 62.10 0 4 93 55.90 0 4
GridNo: 58.07 o] 5 ridNo; 60.10 0 S
33 79.99 40 1 70.31 50 1
Crop: 77.97 40 2 Top: 76.49 50 2
SBAR 76.63 40 3 WBAR 74.86 50 3
Nmin. 65.20 40 4 Nmin: 71.28 50 4
72.36 70.58 40 5 49.00 76.49 50 5
85.03 80 1 87.99 100 1
85.36 80 2 86.36 100 2
84.02 80 3 88.97 100 3
78.64 80 4 86.36 100 4
77.97 80 5 87.99 100 5
86.94 120 1 95.14 150 1
83.92 120 2 103.91 150 2
83.59 120 3 92.22 1560 3
81.57 120 4 95.14 150 4
82.24 120 5 93.19 150 5
85.84 160 1 99.68 200 1
84.49 160 2 97.41 200 2
79.80 160 3 100.01 200 3
77.79 160 4 99.04 200 4
84.16 160 5 92.22 200 5
83.59 200 1 Trial 12.74 9] T
81.24 200 2 11.47 0 2
77.21 200 3 Year: 9.77 0 3
80.56 200 4 95 16.57 Q 4
80.90 200 5 TidNo. 8.92 0 5
Trial: 5877 0 7 33 28.36 50 1
563.53 Q 2 Crop: 25.82 50 2
Yeéar: 56.89 0 3 WBAR 28.36 50 3
96 51.85 0 4 Nmin: 29.63 50 4
GridNo: 49.03 0 5 9.8 27.51 50 5
34 70.79 40 1 45.40 100 1
Crop: 65.87 40 2 42.85 100 2
SBAR 71.54 40 3 45,82 100 3
Nmin. 69.27 40 4 44.55 100 4
56.16 66.24 40 5 44.55 100 5
75.42 80 1 54.12 150 1
75.80 80 2 52.85 160 2
75.80 80 3 57.08 150 3
75.42 80 4 54.96 150 4
72,77 80 5 53.69 150 5
82.42 120 1 60.10 200 1
82.42 120 2 61.37 200 2
83.55 120 3 60.10 200 3
83.17 120 4 59.68 200 4
80.53 120 5 60.10 200 5
79.69 160 1 Trial: 17.82 Y T
80.45 160 2 51 26.89 0 2
81.21 160 3 Year: 18.14 0 3
81.59 160 4 95 21.05 0 4
77.79 160 5 GridNo: 17.82 0 5
83.10 200 1 26 31.26 50 1
83.48 200 2 Crop: 34.28 50 2
82.35 200 3 WBAR 34.28 50 3
82.35 200 4 Nmin: 36.30 50 4
83.86 200 5 22.38 34.62 50 5
rial 5424 Y] 1 47.03 100 1
48 5561 0 2 46.01 100 2
Year: 48.22 0 3 48.39 100 3
97 52.11 0 4 52.14 100 4
GridNo: 51.72 0 5 52.82 100 5
34 66.12 41 1 50.88 150 1
Crop: 64.15 41 2 57.67 150 2
SBAR! 61.40 41 3 58.35 150 3
Nmin: 61.79 41 4 62.08 150 4
37.00 64.15 41 5 61.74 160 5
71.18 81 1 54.44 200 1
70.39 81 2 59.82 200 2
70.78 81 3 590.156 200 3
71.18 81 4 64.53 200 4
73.16 81 5 63.52 200 5

74.61 122 1

72.62 122 2

73.81 122 3

72.62 122 4

75.40 122 5

72.47 162 1

74.45 162 2

74.45 162 3

72.47 162 4

75.24 162 5

73.77 203 1

77.72 203 2

77.32 203 3

80.48 203 4

73.77 203 5

Yield Nappl RepliNg
Tral: 1489 0 T
52 2317 0 2
Year: 21.51 0 3
90 26.48 0 4
GridNo: 2317 0 5
34.84 50 1
Crop: 41.47 50 2
WBAR 34.84 50 3
Nmin. 49.76 50 4
17.00 44.79 50 5
51.61 100 1
58.26 100 2
53.27 100 3
61.59 100 4
59.93 100 5
66.67 150 1
86.67 150 2
58.33 150 3
61.67 150 4
68.33 150 5
59.93 200 1
63.26 200 2
68.25 200 3
59.93 200 4
69.92 200 5
[Tral; 2575 [Y] 1
53 21.18 0 2
Year: 2515 0 3
96 22.84 0 4
GridNo: 26.81 Q 5
33 29.47 50 1
Crop. 31.16 50 2
WBAR 35.50 50 3
Nmin: 33.49 50 4
44.28 36.50 50 5
37.93 100 1
41.96 100 2
48.34 100 3
48.32 100 4
47.00 100 5
49.40 150 1
49.74 150 2
54.44 150 3
55.79 150 4
52.76 150 5
56.87 200 1
53.52 200 2
62.89 200 3
64.56 200 4
59.54 200 5
Trial: 36.50 0 7
33.83 0 2
Year. 29.47 o} 4
97 29.47 0 5
GridNo: 51.24 50 1
33 47.22 50 2
Crop: 46.89 50 4
WBAR 51.24 50 5
Nmin: 62.22 100 1
21.60 58.87 100 2
60.21 100 4
62.89 100 5
68.65 160 1
61.62 150 2
57.27 150 4
69.32 1560 5
72.42 200 1
61,02 200 2
54.32 200 4
72,42 200 5
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Yield Nappl RepliNo Yield Nappl RepliNo

Trial: 30.21 0 k| Trial: 34730 0 1
55 40,28 [ 2 37.82 0 2

Year: 52.03 0 3 ear: 43.48 0 3
90 4532 0 4 95 43.28 0 4

ridNo: 55.39 0 5 GridNo: 57.64 50 1
55.39 50 1 42 60.37 50 2

Crop: 63.78 50 2 Crop: 65.04 50 3
WWHE 7217 50 3 WWHE 65.24 50 4
Nmin: 70.49 50 4 Nmin: 74.52 100 1
33.00 70.49 50 5 18.43 77.43 100 2
80.28 100 1 80.92 100 3

83.63 100 2 81.31 100 4

85.30 100 3 85.48 150 1

81.95 100 4 88.58 150 2

85.30 100 5 92.27 150 3

87.28 150 1 92.27 150 4

88.96 150 2 94.98 200 1

88.96 150 3 97.11 200 2

90.64 150 4 99.83 200 3

93.99 150 5 98.66 200 4

93.99 200 1 99.31 250 1

92.31 200 2 99.90 250 2

97.35 200 3 102.04 250 3

88.96 200 4 104.77 250 4

104.06 200 5 Trial: 40.99 [4] 1

93.77 250 1 44.40 0 2

100.47 250 2 Year: 34.84 0 3

100.47 250 3 95 39.62 0 4

97.12 250 4 GridNo: 38.94 0 5

103.82 250 5 33 65.58 50 1

Trial: 57.27 0 1 Crop: 65.92 50 2
57.60 0 2 WWHE 57.04 50 3

Year: 51.91 0 3 Nmin: 65.92 50 4
94 51.91 0 4 20.49 63.87 50 5
GridNo: 66.65 50 1 83.25 100 1
43 66.31 50 2 7813 100 2

Crop: 65.31 50 3 80.52 100 3
WWHE 62.63 50 4 82.56 100 4
Nmin: 75.19 100 1 83.59 100 5
30.00 70.16 100 2 89.59 150 k|
7147 100 3 83.10 150 2

71.84 100 4 88.57 150 3

71.67 150 1 92.33 150 4

70.66 150 2 93.01 150 5

76.04 150 3 92.93 200 1

73.35 150 4 8272 200 2

74.87 200 1 96.67 200 3

66.10 200 2 92.93 200 4

73.86 200 3 96.67 200 5

74.87 200 4 95.76 250 1

76.65 250 1 93.72 250 2

69.22 250 2 98.15 250 3

71.24 250 3 95.08 250 4

76.31 250 4 97.81 250 5

Trial: 36.84 0 T rial: 3172 0 i
34.83 0 2 60 33.17 0 2

Year: 41.86 0 3 Year: 37.49 0 3
95 44.54 0 4 95 34.61 o] 4
GridNo: 34.83 o} 5 GridNo: 31.72 0 5
43 60.02 50 1 26 52.09 50 k]

Crop: 54.32 50 2 Crop: 53.54 50 2
WWHE 64.71 50 3 Ww 54.99 50 3
min: 62.36 50 4 Nmin: 52.09 50 4
44.00 55.99 50 5 18.36 52.09 50 5
7243 100 1 66.80 100 1

72.76 100 2 68.25 100 2

78.15 100 3 68.25 100 3

78.15 100 4 69.70 100 4

70.74 100 5 69.70 100 5

86.00 150 1 77.05 150 1

81.62 150 2 75.60 150 2

89.71 150 3 81.41 150 3

82.29 150 4 77.05 150 4

87.35 150 5 77.05 150 5

88.80 200 1 77.23 200 1

86.10 200 2 83.06 200 2

88,46 200 3 80.14 200 3

88.46 200 4 83.06 200 4

88.13 200 5 78.69 200 5

90.02 250 1 81.79 250 1

88.33 250 2 86.17 250 2

90.70 250 3 89.09 250 3

86.98 250 4 86.17 250 4

89.35 250 5 81.79 250 5

Yield Nappl RepliNo
Trial: 32.59 0 k|
36.54 0 2
Year: 35.80 0 3
96 34.57 0 4
GridNo: 59.75 50 1
41 63.21 50 2
Crop: 61.23 50 3
WWHE 62.22 50 4
Nmin: 81.48 100 1
28.08 80.25 100 2
82.22 100 3
81.23 100 4
95.04 150 k|
93.31 150 2
92.32 160 3
92.81 150 4
100.48 200 1
97.76 200 2
100.24 200 3
98,50 200 4
102.96 250 1
100.98 250 2
101.72 250 3
101.72 250 4
Trial: £8.92 0 T
58.16 0 2
Year: 59.43 0 3
96 54.86 0 4
GridNo: 81.69 50 1
42 81.18 50 2
Crop: 82.96 50 3
WWHE 81.43 50 4
Nmin: 99.31 100 1
32.40 95.24 100 2
97.53 100 3
97.53 100 4
104.50 150 1
103.49 150 2
102.47 150 3
106.54 150 4
107.17 200 1
102.33 200 2
109.72 200 3
107.42 200 4
105.50 250 1
105.50 250 2
107.54 250 3
107.54 250 4
Trial: 37.40 0 il
40.46 0 2
Year: 31.96 0 4
97 38.76 0 5
GridNo: 57.87 50 1
33 59.56 50 2
Crop: 63.63 50 4
WWHE 61.93 50 5
Nmin: 69.88 100 1
27.00 74.29 100 2
67.50 100 4
67.84 100 5
80.39 150 1
74.97 150 2
83.11 150 4
71.57 150 5
85.48 200 1
84.46 200 2
83.45 200 4
78.02 200 5
89.55 250 1
78.36 250 2
91.25 250 4
79.38 250 5
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A.1. Danish Field Trials (continued)

Yield Nappl RepliNo Yield Nappl RepliNo Yield Napp! RepliNo
[Tial: 35.89 0 T hal: 3727 0 T [Tral: 60.28 0 i
64 34.47 0 2 87 38.18 4] 2 70 61.18 0 2
Year: 34.47 0 3 Year. 41.38 0 3 ear. 55.29 0 3
97 33.77 0 4 94 41.38 0 4 93 49.40 [ 4
GrdNo: 58.66 50 1 GndNo: 42.35 0 5 GridNo: 56.20 0 5
41 56.99 50 2 20 64.26 52 1 36 82.28 50 1
Crop: 56.75 50 3 10 60.42 52 2 Crop: 88.16 50 2
WWHE 55.07 50 4 WWHE 64.90 52 3 WWHE 82.73 50 3
Nmin: 76.98 100 1 Nmin: 64.58 52 4 Nmin: 79.12 50 4
17.28 76.03 100 2 33.00 58.51 52 5 38.00 77.76 50 5
75.32 100 3 69.89 97 1 96.99 100 1
74.61 100 4 74.04 97 2 93.36 100 2
88.94 150 1 73.40 a7 3 94.72 100 3
88.94 150 2 71.80 97 4 95.18 100 4
88.46 150 3 67.34 97 5 95.63 100 5
86.54 150 4 79.64 149 1 100.53 150 1
97.55 200 1 79.96 149 2 100.53 150 2
96.59 200 2 79.00 149 3 101.44 150 3
97.07 200 3 77.07 149 4 100.99 150 4
94.67 200 4 72.80 149 5 101.90 150 5
100.91 250 1 80.74 204 1 108.67 200 1
101.15 250 2 80.41 204 2 99.99 200 2
98.98 250 3 73.96 204 3 96.34 200 3
96.57 250 4 74.60 204 4 108.21 200 4
Tral: 4408 [4] 1 74.60 204 5 106.93 200 5
65 40.51 0 2 75.73 256 1 107.30 250 1
ear. 42.93 0 3 81.53 256 2 100.80 250 2
98 42.46 0 4 78.63 256 3 99.99 250 3
GrdNo: 44.31 0 5 75.08 256 4 107.75 250 4
42 57.63 50 1 74.11 256 5 110.95 250 5
Crop: 53.14 50 2 [Tral” 31.82 [ T Tral: 3575 [4] T
WWHE 56.52 50 3 68 37.46 0 2 71 39.46 0 2
Imin: 57.91 50 4 Year: 37.87 0 3 ear. 37.14 0 3
23.00 60.09 50 5 95 40.28 o] 4 94 39.46 0 4
68.30 100 1 GrdNo: 28.20 Q 5 Grdo: 61.99 50 1
67.54 100 2 34 31.42 0 6 4 59.61 50 2
67.26 100 3 Crop. 58.69 50 il Crop: 80.56 50 3
67.14 100 4 WWHE 53.06 50 2 WWHE 64.37 50 4
69.35 100 5 N 60.70 50 3 Nin: 75.61 100 1
81.69 150 1 16.10 56.27 50 4 45,00 71.78 100 2
86.50 150 2 55.87 50 5 76.57 100 3
81.93 150 3 53.86 50 6 77.08 100 4
84.30 150 4 72.36 100 1 82.85 160 1
84.08 150 5 72.85 100 2 90.16 150 2
89.50 200 1 71.16 100 3 80.41 150 3
87.85 200 2 77.19 100 4 88.21 150 4
87.61 200 3 72.36 100 5 83.13 200 1
89.70 200 4 71.16 100 6 89.42 200 2
83.31 200 5 76.13 150 1 96.67 200 3
98.10 250 1 82.58 150 2 96.67 200 4
95.87 250 2 75.73 150 3 99.29 250 1
103.06 250 3 91.84 150 4 98.32 250 2
97.78 250 4 79.36 150 5 94.45 250 3
94.21 250 5 81.77 150 6 96.87 250 4
[Tral 54.52 8] T 89.23 200 1 rial; 3227 9] k]
66 61.10 a 2 99.73 200 2 72 33.23 0 2
Year: 70.19 0 3 93.87 200 3 Yéar: 22.64 o] 3
93 56.40 0 4 90.44 200 4 94 27.45 o] 4
GrdNo:. 53.89 0 5 89.23 200 5 GridNo: 46.07 50 1
13 83.14 50 1 87.61 200 8 4 49.37 50 2
Crop. 88.14 50 2 98.93 250 1 Crop: 39.96 50 3
WWHE 80.95 50 3 94.49 250 2 WWHE! 52.66 50 4
Nmin: 77.82 50 4 104.99 250 3 min: 62.41 100 1
24.00 79.70 50 5 89.24 250 4 46.00 61.43 100 2
95.49 100 1 99.34 250 5 56.58 100 3
400.83 100 2 88.03 250 6 68.26 100 4
98.32 100 3 Tral: 22.80 0 1 84.16 150 1
96.75 100 4 69 22.80 0 2 60.75 150 2
99.89 100 5 ear. 21.38 0 3 58.32 150 3
91.55 150 1 91 34.21 0 4 71.45 150 4
103.86 150 2 GridNo: 29.45 0 5 67.36 200 1
97.23 150 3 0 49.35 50 1 63.43 200 2
97.86 150 4 Crop. 60.74 50 2 63.92 200 3
97.23 150 5 WWHE 59.31 50 3 76.21 200 4
104.38 200 1 Nmin. 62.64 50 4 71.39 250 1
98.98 200 2 26.00 59.79 50 5 61.68 250 2
93.91 200 3 69.26 100 1 67.99 250 3
92.96 200 4 79.15 100 2 75.28 250 4
92.00 200 5 76.80 100 3
99.37 250 1 80.10 100 4
103.17 250 2 76.33 100 5
93.68 250 3 88.31 150 1
96.52 250 4 89.73 150 2
100.64 250 5 91.15 150 3
90.20 150 4
88.31 150 5
92.42 200 1
99.06 200 2
97.16 200 3
99.06 200 4
98.11 200 5
100.47 250 1
100.95 250 2
100.95 250 3
100.47 250 4
102.36 250 5




A.1. Danish Field Trials (continued)
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Yield Nappl RepliNo Yieid Nappl RepliNo
Trial” 18.90 0 1 nial: 8.34 [8] T
18.90 0 2 78 41.58 0 2
Year: 12.33 o} 3 Year: 37.86 0 3
94 15.20 0 4 95 37.18 o} 4
GridNo: 15.62 0 5 GridNo: 39.21 ¢] 5
33 39.81 50 1 26 60.85 50 1
Crop. 43.92 50 2 Crop: 57.80 50 2
WWHE 32.02 50 3 WWHE 58.48 50 3
Nmin: 34.07 50 4 Nmin: 55.44 50 4
23.00 36.53 50 5 12.82 56.79 50 5
51.00 100 1 72.85 100 1
53.45 100 2 73.52 100 2
46.52 100 3 73.52 100 3
52.64 100 4 69.47 100 4
48.96 100 5 68.13 100 5
63.21 150 1 80.45 150 1
66.08 150 2 81.81 150 2
56.23 180 3 80.12 150 3
56.23 150 4 76.40 150 4
57.87 150 5 73.02 160 5
64.18 200 1 86.84 200 1
66.65 200 2 89,55 200 2
81.71 200 3 84.80 200 3
65.42 200 4 84.80 200 4
62.54 200 5 80.05 200 5
67.30 250 1 86.54 250 1
72.25 250 2 80.79 250 2
57.80 250 3 87.21 250 3
66.06 250 4 89.24 250 4
62.35 250 5 81.81 250 5
Trial: 30.46 0 T Tial 3787 0 T
23.40 Qg 2 77 32.53 0 2
Yéar: 23.72 o} 3 Year: 32.86 0 3
94 20.84 0 4 95 33.86 0 4
GridNo: 19.66 0 5 GridNo: 46.63 50 1
18 39.55 50 1 36 44.64 50 2
Crop: 38.91 50 2 Crop: 49,97 50 3
WWHE 38.91 50 3 WWHE 51.30 50 4
Nmin. 36.36 50 4 Nmin: 62.29 100 1
24.00 37.00 50 5 4212 56.96 100 2
51.48 100 1 62,62 100 3
44,45 100 2 61.96 100 4
43.49 100 3 65.44 150 1
44.45 100 4 61.77 160 2
45.40 100 5 68.78 150 3
54.12 150 1 7112 150 4
49.95 150 2 69.45 200 1
4579 150 3 66.11 200 2
44.83 150 4 73.45 200 3
50.59 150 5 74.79 200 4
54.57 200 1 72.28 250 1
49,43 200 2 66.62 250 2
43.33 200 3 74.28 250 3
43.98 200 4 74.28 250 4
52.00 200 5 Trial: 3871 [Y T
52.57 250 1 37.11 0 2
47.44 250 2 Year. 30.49 0 3
45.20 250 3 96 35.79 0 4
50.96 250 4 GrdNG: 34.79 0 5
50.32 250 5 25 55.21 50 1
Tral: 2888 [4) T Crop. 54.22 50 2
25.59 0 2 WWHE 51.90 50 3
Year: 24186 0 3 Nmin: 46.61 50 4
95 20.64 Q 4 61.34 49.59 50 5
GridNo: 17.39 8} 5 62.96 100 1
26 42.15 50 1 61.30 100 2
Crop: 35.00 50 2 56.66 100 3
WWHE 40.30 50 3 59.65 100 4
Nmin: 39.76 50 4 68.59 100 5
15.71 37.12 50 5 76.70 150 1
55.58 100 1 72.07 150 2
46.33 100 2 66.12 150 3
54.58 100 3 60.17 150 4
53.64 100 4 71.08 150 5
54.31 100 5 68.93 200 1
66.21 150 1 67.60 200 2
60.28 150 2 73.90 200 3
64.16 150 3 72.90 200 4
65.56 150 4 76.22 200 5
61.42 150 5 77.15 250 1
66.11 200 1 69.84 250 2
62.50 200 2 68.17 250 3
63.90 200 3 74.49 250 4
73.05 200 4 73.16 250 5
68.49 200 5
64.49 250 1
69.99 250 2
73.37 250 3
73.94 250 4
71.35 250 5

Yield Nappl RepliNo
Trial: 39.47 Y T
79 45.84 0 2
Year: 36.10 0 3
96 48.02 0 4
GridNo: 44.36 0 5
36 52.85 50 1
Crop: 51.65 50 2
WWHE 61.40 50 3
Nmin: 51.56 50 4
47.52 49.38 50 5
70.16 100 1
69.82 100 2
80.24 100 3
67.78 100 4
67.65 100 5
75.24 150 1
78.47 150 2
75.95 150 3
76.43 150 4
78.88 150 5
80.20 200 1
80.85 200 2
7522 200 3
7517 200 4
84.82 200 5
84.12 250 1
84.75 250 2
80.14 250 3
75.96 250 4
86.08 250 5
Trial: 63.00 [Y i
65.47 0 2
Year: 51.88 0 3
97 52,50 0 4
GridNo: 62.38 0 5
18 80.95 50 1
Crop: 81.88 50 2
WWHE 75.72 50 3
Nmin: 75.41 50 4
51.84 80.34 50 5
84.756 100 1
85.97 100 2
82.29 100 3
85.36 100 4
86,59 100 5
86.81 150 1
82.23 150 2
83.14 150 3
84.06 150 4
85.28 150 5
84.27 200 1
82.74 200 2
82.44 200 3
83.05 200 4
82.74 200 5
86.06 250 1
83.90 250 2
84.83 250 3
82.36 250 4
80.51 250 5
Trial” 30.92 0 k|
81 34.78 0 2
Year: 29.51 0 3
g7 26.70 0 4
GridNo: 30.92 0 5
30 57.05 50 1
Crop: 58.46 50 2
WWHE 53.88 50 3
Nmin: 51.41 50 4
17.28 51.41 50 5
74.39 100 1
76.15 100 2
73.33 100 3
71.92 100 4
7262 100 5
81.53 150 Kl
83,29 150 2
81.53 150 3
80.47 150 4
76.24 150 5
88.08 200 1
82.77 200 2
81.36 200 3
85.25 200 4
79.94 200 5
87.12 250 1
85.35 250 2
86.76 250 3
83.58 250 4
80.74 250 5
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A.1. Danish Field Trials (continued)
Yield Nappl RepliNo
o]

Trial: 56.37 k|
82 57.42 0 2

Year: 54.60 0 3
97 54.25 0 4
GridNo: 53.90 0 5
36 77.68 50 1

Crop: 81.89 50 2
WWHE 77.33 50 3
Nmin: 75.22 50 4
21.60! 76.97 50 5
92.44 100 1

91.38 100 2

91.03 100 3

88.92 100 4

90.33 100 5

102.28 150 1

99.12 150 2

97.71 150 3

99.12 150 4

97.71 160 5

104.86 200 1

103.81 200 2

102.05 200 3

99.23 200 4

100.99 200 5

108.61 250 1

107.55 280 2

104.04 250 3

105.44 250 4

103.33 250 5

Trial’ 37.45 0 1
83 32.01 0 2

Year: 42.22 0 3
97 48.35 0 4
GridNo: 37.79 0 5
33 51.76 50 1

Crop: 48.35 50 2
WWHE 58.56 50 3
Nmin: 62.31 50 4
27.00 52.09 50 5
67.08 100 1

69.12 100 2

74.91 100 3

77.63 100 4

66.39 100 5

71.66 150 1

74.74 150 2

78.15 150 3

81.90 150 4

68.25 150 5

79.26 200 1

80.63 200 2

84.73 200 3

86.78 200 4

75.50 200 5

77.21 250 1

80.97 250 2

83.70 250 3

86.44 250 4

77.55 250 5

Trnal: 49.06 0 T
84 54.26 0 2

Year: 50.80 0 3
97 46.76 0 4
GridNo: 73.14 50 1
Y] 69.68 50 2

Crop: 65.08 50 3
WWHE 69.11 50 4
Nmin: 84.28 100 1
27.00 87.74 100 2
75.62 100 3

81.97 100 4

92.78 150 1

95.10 150 2

81.18 150 3

81.76 150 4

89.51 200 1

101.13 200 2

82.53 200 3

88.93 200 4

85.16 250 1

94.43 250 2

85.16 250 3

82.26 250 4




A.2 Climate Data

Source: Landskontoret for Planteavl
Danish Farmers’ Union and Danish Family Farmers’ Association

A.2.4 Average of Weekly Climate Observations for Relevant Years and Grids, 1993-1998

First half of growing season

Whole growing season

Second half of growing season
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Analysis} Tempera- Radia- Water Tempera- Radia- Water Tempera- Radia- Water

Year  Grid No. No. ture tion balance ture tion balance ture tion balance

1995 30 39 11.91 123.73 -7.89 8.03 107.65 -3.45 16.23 141.60 -12.83
1997 30 40 11.65 121.13 -4.61 7.59 102.42 -1.20 16.17 141.91 -8.40
1993 34 42 12.27 121.55 -10.36 10.19 123.92 -17.22 14.57 118.92 -2.74
1994 30 43 13.06 124.93 -10.95 9.37 101.72 -6.98 17.15 150.72 -15.36
1994 34 44 13.16 129.18 -14.09 9.28 106.23 -6.12 17.47 154.68 -22.94
1995 34 45 12.20 126.19 -12.28 8.13 108.37 -6.00 16.72 145.99 -19.27
1996 33 46 10.89 117.52 -10.87 7.52 101.52 -5.83 14.63 135.30 -16.48
1996 34 47 10.73 115.10 -9.89 7.36 99.59 -5.15 14.47 132.33 -15.16
1997 34 48 11.63 119.73 -7.28 7.42 101.94 -5.87 16.31 139.50 -8.84
1993 7 49 11.39 121.01 -8.44 9.59 118.49 -11.52 13.38 123.80 -5.02
1995 33 50 12.29 129.00 -12.07 8.30 112.60 -6.34 16.72 147.22 -18.44
1995 26 51 12.22 126.59 -13.08 8.16 108.99 -6.88 16.74 146.14 -19.97
1996 33 53 10.89 117.52 -10.87 7.52 101.52 -5.83 14.63 135.30 -16.48
1997 33 54 11.70 123.44 -8.92 7.50 105.92 -5.98 16.36 142.90 -12.18
1994 43 56 13.31 133.30 -14.25 9.51 111.42 -7.12 17.52 157.61 -22.17
1995 43 57 12.21 133.37 -12.76 8.32 118.17 -7.09 16.53 150.27 -19.07
1995 42 58 12.25 133.25 -13.55 8.35 118.07 -8.17 16.58 150.11 +19.52
1995 33 59 12.29 129.00 -12.07 8.30 112.60 -6.34 16.72 147.22 -18.44
1995 26 60 12.22 126.59 -13.08 8.16 108.99 -6.88 16.74 146.14 -19.97
1996 41 61 11.11 119.24 -11.02 7.73 103.13 -6.08 14.86 137.13 -16.50
1996 42 62 11.11 119.32 -9.96 7.74 103.26 -5.36 14.86 137.16 -15.08
1997 33 63 11.70 123.44 -8.92 7.50 105.92 -5.98 16.36 142.90 -12.18
1997 41 64 11.87 128.09 -7.43 7.74 108.84 -3.81 16.46 149.48 -11.44
1998 42 45 12.18 115.57 5.1 9.60 104.73 -3.99 15.04 127.61 -6.34
1993 13 66 11.72 120.27 -9.86 9.76 120.14 -13.57 13.89 120.42 -5.73
1994 20 67 13.37 129.83 -13.48 9.46 107.77 -7.02 17.72 154.33 -20.67
1995 34 68 12.20 126.19 -12.28 8.13 108.37 -6.00 16.72 145.99 -19.27
1993 36 70 12.33 119.62 -8.33 10.39 116.48 -12.57 14.50 123.11 -3.62
1994 4 71 12.45 130.06 -12.03 8.90 110.76 -7.99 16.39 151.51 +16.51
1994 4 72 12.45 130.06 -12.03 8.90 110.76 -7.99 16.39 151.51 -16.51
1994 33 73 13.22 131.38 -13.27 9.37 108.80 -6.12 17.51 156.47 -21.21
1994 18 74 12.78 128.87 -14.66 9.00 105.43 -9.02 16.98 154.92 -20.92
1995 26 75 12.22 126.59 -13.08 8.16 108.99 -6.88 16.74 146.14 -19.97
1995 26 76 12.22 126.59 -13.08 8.16 108.99 -6.88 16.74 146.14 -19.97
1995 36 77 12.14 124.73 -8.21 8.28 109.26 -2.89 16.42 141.91 -14.11
1996 25 78 10.75 116.88 -11.66 7.35 98.95 -6.79 14,53 136.80 -17.07
1996 36 79 10.74 112.73 -8.80 7.55 101.70 -5.31 14.29 124.98 -12.68
1997 18 80 11.29 122.12 -4.14 7.11 100.85 -2.53 15.93 145.74 -5.92
1997 30 81 11.65 121.13 -4.61 7.59 102.42 -1.20 16.17 141.91 -8.40
1997 36 82 11.86 122.11 -3.65 7.82 103.70 -1.83 16.36 142.56 -5.68
1997 33 83 11.70 123.44 -8.92 7.50 105.92 -5.98 16.36 142.90 -12.18
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Appendix B

Comparison of Statistical Fit Between Functional Forms

B.1 Ranking of Functional Forms According to Statistical Fit (MSE)

The tables in Section B.1 show a frequency count for all fitted functions based on
the size of MSE. The figures illustrate how many times each functional form has the best
fit, second best fit etc. Tables B.1.1 through B.1.4 deal with all 84 trial data sets with a
break down by the three crops, spring barley, winter barley, and winter wheat. In Tables
B.1.5 through B.1.8 the procedure is repeated for all 46 trial data sets, for which
information about mineralized nitrogen (N1) at beginning of growing season is available.
Table B.1.9 relates to 27 winter wheat trials with information about both N1 and climate
factors. This sample is the basis for an extended model where all 27 trials are pooled in

one analysis.

B.2 Average MSE by Functional Forms and Trial Samples

This section compares the calculated average MSE by functional form and by
crops and trial samples as in Section B.1. A pairwise t-test is done for all functions.
Where differences between averages are not significantly different the pertinent functions

have been labeled with the same capital letter.

B.3 Average MSE by Change of Trial Design
The influence of trial design is illustrated in this section. Tables B.3.1 through

B.3.3 compare sub samples of spring barley. Out of a total 36 trial data sets 24 trials were
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treated with five levels of fertilizer nitrogen ranging from 0 to 160 kg per hectare with
increments of 40 kg. In 12 trials there were six levels of nitrogen application with a
maximum of 200 kg per hectare. A similar comparison is made in Table B.3.4 and B.3.5
for the 27 winter wheat trials. All 27 trials were treated with six levels of nitrogen
ranging from 0 to 250 kg per hectare with increments of 50 kg. The effect of changed
trial design is estimated by removing the highest N-application level and redoing the

fitting of the functions to the truncated data sets.

B.4 Residual Plots by Functional Forms and Field Trials

The graphs show residual plots for all functions fitted to all trials. The horizontal
axis has been normalized around the estimated optimal nitrogen application as calculated
on the basis of output and input prices in Scenario 2. If optimal nitrogen application

exceeds 120 per cent of highest nitrogen application observations are not included.



B.1 Ranking of Functional Forms According to Statistical Fit (MSE)

Frequency of Rank Scores by Functional Forms and Trial Samples

Table B.1.1 Response Functions Fitted to 84 Data Sets, All Crops
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Frequency of Scores - Functional Forms Ranked by Mean Square Error
Quad- | Cubic | Square ; Cobb- | Mitsch- Quadr./ Quadr/ | Cobb-D./ | Mitsch./ | Linear/
Rank | ratic root Dougl. erlich | Plateau 1 | Plateau2 : Plateau Plateau Plateau
1 15 11 11 3 13 16 5 5 7
2 14 10 12 5 8 18 10 2 1 3
3 6 12 8 2 8 14 15 6 6 6
4 8 15 7 1 14 9 9 11 6 5
5 6 11 7 4 14 12 7 11 9 4
6 4 13 6 5 12 4 12 12 11 3
7 3 5 12 2 10 45 8 16 19 4
8 8 15 10 3 6 8 8 16 5
9 16 6 23 8 8 11
10 4 29 2 8 36
1+2 27 21 23 8 21 34 15 7 1 10
9+10 20 2 6 52 2 10 13 16 47
When including the linear model it scores 77 of 84 in rank group #11
Table B.1.2 Response Functions Fitted to 36 Spring Barley Data Sets
Frequency of Scores — Functional Forms Ranked by Mean Square Error
Quad- | Cubic = Square | Cobb- = Mitsch- . Quadr/ | Quadr/ = Cobb-D./ Mitsch./ | Linear/
Rank | ratic root | Dougl erlich | Plateaul | Plateau2 | Plateau Plateau Plateau
1 8 6 7 2 3 5 2 3 1
2 4 5 7 3 4 7 4 2
3 2 3 3 1 4 6 9 3 1 3
4 5 3 5 1 5 4 3 7 1 3
5 3 3 3 1 8 8 1 4 4 2
6 1 7 7 4 3 i 5 4 5 2
7 4 4 7 2 4 6 7 2
8 2 3 3 4 3 4 4 10 3
9 9 2 2 9 2 4 3 1 4
10 2 i1 2 7 14
1+2 12 11 14 5 7 12 6 3 3
9+10 11 2 2 20 2 4 5 8 18

When including the linear model it scores 32 of 36 in rank group #11




Table B.1.3 Response Functions Fitted to 8 Winter Barley Data Sets

Frequency of Scores — Functional Forms Ranked by Mean Square Error
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Quad- : Cubic | Square | Cobb- : Mitsch- | Quadr/ Quadr./ | Cobb-D./ . Mitsch./ | Linear/
Rank | ratic root . Dougl. : erlich ; Plateaul | Plateau2 = Plateau Plateau | Plateau
1 1 1 2 4
2 4 3 1
3 1 3 2 2
4 1 3 2 1 I
5 2 1 1 1 1 I
6 1 2 2 2 1
7 1 1 1 1 2 2
8 2 4 1 1
9 1 2 1 4
10 3 3
1+2 4 4 1 2 1 4
9+10 1 5 4 4 2
When including the linear model it scores 7 of 8 in rank group #11
Table B.1.4 Response Functions Fitted to 40 Winter Wheat Data Sets
Frequency of Scores — Functional Forms Ranked by Mean Square Error
Quad-  Cubic | Square : Cobb- | Mitsch- : Quadr./ Quadr./ Cobb-D./ | Mitsch. | Linear/
Rank | ratic root | Dougl. i erlich | Plateaul ' Plateau 2 Plateau Plateau : Plateau
1 7 4 4 1 9 9 3 2 2
2 6 2 3 2 4 11 5 2 1 1
3 4 9 4 1 4 5 4 3 5 1
4 2 12 2 6 3 5 4 4 2
5 1 7 3 2 5 3 3 7 5 2
6 3 6 3 1 7 3 5 6 5 1
7 3 7 1 2 3 4 8 10 2
8 6 8 5 3 3 3 4 6 2
9 6 4 12 4 4 3 7
10 2 15 2 1 20
1+2 13 6 9 3 13 20 8 4 1 3
9+10 8 4 27 6 4 4 27

When including the linear model it scores 38 of 40 in rank group #11
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Table B.1.5 Response Functions Fitted to 46 Data Sets With N1 Data, All Crops

Frequency of Scores — Functional Forms Ranked by Mean Square Error

Quad- . Cubic | Square | Cobb- | Mitsch- Quadr./ Quadr./ : Cobb-D./ i Mitsch.,/ | Linear/
Rank | ratic root : Dougl. ! erlich i Plateaul | Plateau2 | Plateau Plateau @ Plateau
1 6 8 3 1 8 9 2 3 7
2 10 5 5 1 4 {1 7 1 1 1
3 3 7 3 1 2 9 10 2 5 3
4 4 11 2 8 5 5 7 3 2
5 5 5 3 2 8 5 6 6 4 2
6 2 6 5 2 8 3 4 8 7
7 3 1 7 1 5 1 4 8 13 3
8 5 3 12 6 2 3 3 3 6 3
9 5 6 14 1 3 5 4
10 3 18 2 3 3 17
1+2 16 13 8 2 12 20 9 4 1 8
9+10 8 6 32 1 5 8 7 25

When including the linear model it scores 43 of 46 in rank group #11

Table B.1.6 Response Functions Fitted to 10 Spring Barley Sets With N1 Data

Frequency of Scores — Functional Forms Ranked by Mean Square Error
Quad- | Cubic | Square | Cobb- | Mitsch- | Quadr./ Quadr./ | Cobb-D./ | Mitsch./ | Linear/
Rank | ratic root | Dougl. i erlich | Plateaul | Plateau2 | Plateau Plateau | Plateau
1 2 3 1 1 1 1 1
2 2 2 1 1 3 1 1
3 1 2 4 1 1
4 2 2 2 1 1 3
5 2 1 3 3 1
6 1 1 1 1 2 1 2
7 1 2 1 2 2 2
8 2 1 2 1 1 2 1
9 1 2 1 1 1 2 2
10 i 5 2 2
1+2 4 5 2 1 2 3 1 1 2
9+10 2 2 6 1 1 2 2 4

When including the linear model it scores 9 of 10 in rank group #11




Table B.1.7 Response Functions Fitted to 6 Winter Barley Sets With N1 Data

Frequency of Scores — Functional Forms Ranked by Mean Square Error

155

Quad- | Cubic | Square ; Cobb- Mitsch- | Quadr./ Quadr./ | Cobb-D./ | Mitsch./ | Linear/
Rank | ratic root : Dougl. i erlich | Plateaul : Plateau?2 ; Plateau Plateau | Plateau
1 1 1 4
2 3 2 1
3 3 2 1
4 1 2 2 1
5 2 1 1 1 1
6 1 2 2 1
7 1 1 1 1 2
8 1 4 1
9 2 1 3
10 2 3 1
1+2 3 3 1 i 4
9+10 4 4 3 1

When including the linear model it scores 5 of 6 in rank group #11

Table B.1.8 Response Functions Fitted to 30 Winter Wheat Sets With N1 Data

Frequency of Scores — Functional Forms Ranked by Mean Square Error
Quad- | Cubic ; Square : Cobb- | Mitsch- Quadr./ Quadr./ : Cobb-D./ : Mitsch./ | Linear/
Rank | ratic root : Dougl erlich i Plateau 1 | Plateau2 : Plateau Plateau Plateau
1 4 4 2 7 8 2 2 2
2 5 1 4 1 3 8 5 1 1
3 3 7 3 1 1 4 4 2 4 1
4 1 9 5 2 4 4 3 2
5 i 4 2 1 4 2 5 6 3 2
6 2 5 3 1 6 2 2 5 4
7 3 5 2 1 3 6 9 1
8 5 7 4 2 3 1 2 4 2
9 4 4 11 2 2 1 6
10 2 11 2 1 14
1+2 9 5 6 1 10 16 7 3 1 2
9+10 6 4 22 4 2 2 20

When including the linear model it scores 29 of 30 in rank group #11




Table B.1.9 Functions Fitted to 27 Wheat Sets With N1 and Climate Data

156

Frequency of Scores — Functional Forms Ranked by Mean Square Error
Quad- = Cubic : Square : Cobb- Mitsch- | Quadr./ Quadr/ | Cobb-D./ | Mitsch./ | Linear/
Rank | ratic root | Dougl. | erlich : Plateau | | Plateau2 | Plateau Plateau | Plateau
1 3 4 2 5 8 2 2 2
2 5 i 3 H 3 8 4 1
3 3 5 3 1 1 3 4 2 4 1
4 1 8 5 2 4 3 2 2
5 1 4 1 1 4 2 4 6 3 1
6 2 5 2 1 6 2 5 4
7 2 5 2 1 2 5 9 1
8 4 7 3 1 3 1 2 4 2
9 4 4 10 2 1 6
10 2 10 2 1 12
1+2 8 5 5 1 8 16 6 3 2
9+10 6 4 20 4 1 1 18

When including the linear model it scores 26 of 27 in rank group #11




B.2 Comparison of Average MSE by Functional Forms and Trial Samples

B.2.1 Average MSE, All 84 Trials, All Crops

Model Avg. MSE t-grouping *
Linear 35.53 A

LRP-Liebig 14.36 B
Cobb-Douglas 13.80 B C
Mitscherlich/plateau 12.70 B C
Square root polynomial 12.05 B C
Cobb-Douglas/plateau 11.96 B C
Quadratic polynomial 11.93 B C
Quadratic/plateau - top/left 11.72 B C
Mitscherlich 11.62 B C
Quadratic/plateau - top 11.35 C
Cubic polynomial 11.25 C

* Means with same letter are not significantly different (95% level)

B.2.2 Average MSE, 36 Spring Barley Trials

Model Avg. MSE t-grouping *
Linear 19.76 A
Mitscherlich/plateau 10.21 B
Cobb-Douglas 9.81 B
LRP-Liebig 9.58 B
Quadratic/plateau - top/left 8.53 B
Mitscherlich 8.49 B
Cobb-Douglas/plateau 8.48 B
Quadratic polynomial 8.47 B
Square root polynomial 8.47 B
Quadratic/plateau - top 8.31 B
Cubic polynomial 8.08 B

* Means with same letter are not significantly different (95% level)

B.2.3 Average MSE, 8 Winter Barley Trials

Model Avg. MSE t-grouping *
Linear 31.44 A
Cobb-Douglas 16.71 B
Cobb-Douglas/plateau 16.26 B
Square root polynomial 15.74 B
Mitscherlich/plateau 15.53 B
Mitscherlich 14.78 B
LRP-Liebig 14.42 B
Quadratic/plateau - top/left 14.21 B
Cubic polynomial 14.06 B
Quadratic polynomial 14.05 B
Quadratic/plateau - top 13.94 B

* Means with same letter are not significantly different (95% level)
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B.2.4 Average MSE, 40 Winter Wheat Trials

Model Avg. MSE t-grouping *
Linear 50.54 A

LRP-Liebig 18.65 B
Cobb-Douglas 16.80 B C
Quadratic polynomial 14.63 B C
Square root polynomial 14.53 B C
Mitscherlich/plateau 14.39 B C
Cobb-Douglas/plateau 14.22 C
Quadratic/plateau - top/left 14.11 C
Mitscherlich 13.80 C
Quadratic/plateau - top 13.56 C
Cubic polynomial 13.53 C

* Means with same letter are not significantly different (95% level)

B.2.5 Average MSE, All 46Trials with N1 Data

Model Avg. MSE | t-grouping *
Linear 43.49 A
LRP-Liebig 16.55 B
Cobb-Douglas 15.96 B
Square root polynom. 14.10 B
Mitsch./plateau 13.87 B
Quadratic polynom. 13.80 B
Cobb-Douglas/plateau 13.65 B
Quad./plat.- top/left 13.39 B
Mitscherlich 13.33 B
Quad./plateau - top 12.94 B
Cubic polynomial 12.83 B

* Means with same letter are not significantly different (95% level)

B.2.6 Average MSE, 10 Spring Barley Trials

Model Avg. MSE | t-grouping *
Linear 21.84 A
Cobb-Douglas 11.83 B
Square root polynom. 10.86 B
Mitsch./plateau 10.75 B
LRP-Liebig 10.64 B
Mitscherlich 10.53 B
Quad./plat.- top/left 10.25 B
Quadratic polynom. 10.16 B
Cobb-Douglas/platean 10.01 B
Quad./plateau - top 9.97 B
Cubic polynomial 9.56 B

* Means with same letter are not significantly different (95% level)
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B.2.7 Average MSE, 6 Winter Barley Trials

Model Avg, MSE t-grouping *
Linear 30.32 A
Cobb-Douglas 17.49 B
Cobb-Douglas/plateau 17.17 B
Square root polynom. 16.64 B
Mitsch./plateau 16.22 B
Mitscherlich 15.42 B
LRP-Liebig 14.56 B
Quad./plat.- top/left 14.51 B
Cubic polynomial 14.38 B
Quadratic polynom. 14.28 B
Quad./plateau - top 14.25 B

* Means with same letter are not significantly different (95% level)

B.2.8 Average MSE, 30 Winter Wheat Trials

Model Avg. MSE t-grouping *
Linear 53.34 A

LRP-Liebig 18.92 B
Cobb-Douglas 17.04 B C
Quadratic polynom. 14.92 B C
Square root polynom. 14.67 B C
Mitsch./plateau 14.45 B C
Quad./plat.- top/left 14.21 B C
Cobb-Douglas/plateau 14.17 B C
Mitscherlich 13.85 C
Quad./plateau - top 13.66 C
Cubic polynomial 13.61 C

* Means with same letter are not significantly different (95% level)

B.2.9 27 Winter Wheat Trials with Climate Information

Model Avg. MSE t-grouping *
Linear 50.53 A
LRP-Liebig 17.31 B
Cobb-Douglas 15.73 B
Quadratic polynom. 13.76 B
Square root polynom. 13.49 B
Mitsch./plateau 13.16 B
Quad./plat.- top/left 12.95 B
Cobb-Douglas/plateau 12.84 B
Mitscherlich 12.62 B
Cubic polynomial 12.36 B
Quad./plateau - top 12.34 B

* Means with same letter are not significantly different (95% level)
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B.3 Average MSE by Change of Trial Design

B.3.1 Average MSE, All 36 Spring Barley Trials

Model Avg. MSE t-grouping *
Linear 19.76 A
Mitsch./plateau 10.21 B
Cobb-Douglas 9.81 B
LRP-Liebig 9.58 B
Quad./plat.- top/left 8.53 B
Mitscherlich 8.49 B
Cobb-Douglas/plateau 8.48 B
Quadratic polynom. 8.47 B
Square root polynom. 8.47 B
Quad./plateau - top 8.31 B
Cubic polynomial 8.08 B

* Means with same letter are not significantly different (95% level)

B.3.2 24 Spring Barley Trials with 5 Levels of N-Application (Max 160 kg N/ha)

Model Avg. MSE t-grouping *
Linear 17.76 A
Mitsch./plateau 10.19 B
LRP-Liebig 9.40 B
Cobb-Douglas 8.99 B
Quadratic polynom. 8.07 B
Cobb-Douglas/plateau 8.06 B
Quad./plat.- top/left 8.02 B
Quad./plateau - top. 7.83 B
Mitscherlich 7.78 B
Cubic polynomial 7.76 B
Square root polynom. 7.74 B

* Means with same letter are not significantly different (95% level)

B.3.3 12 Spring Barley Trials with 6 Levels of N-Application (Max 200 kg N/ha)

Model Avg. MSE t-grouping *
Linear 23.76 A
Cobb-Douglas 11.46 B
Mitsch./plateau 10.24 B
LRP-Liebig 9.96 B
Square root polynom. 9.92 B
Mitscherlich 9.92 B
Quad./plat.- top/left 9.53 B
Cobb-Douglas/plateau 9.32 B
Quad./plateau - top. 9.29 B
Quadratic polynom. 9.28 B
Cubic polynomial 8.73 B

* Means with same letter are not significantly different (95% level)
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B.3.4 27 Winter Wheat Trials with Climate Information
6 Levels of N-Application (Max=250 Kg/Ha)

Model Avg, MSE t-grouping *
Linear 50.53 A
LRP-Liebig 17.31 B
Cobb-Douglas 15.73 B
Quadratic polynom. 13.76 B
Square root polynom. 13.49 B
Mitsch./plateau 13.16 B
Quad./plat.- top/left 12.95 B
Cobb-Douglas/plateau 12.84 B
Mitscherlich 12.62 B
Cubic polynomial 12.36 B
Quad./plateau - top 12.34 B

* Means with same letter are not significantly different (95% level)

B.3.5 27 Winter Wheat Trials With Climate Information
5 Levels of N-Application (250 Kg/Ha Cancelled)

Model Avg, MSE t-grouping *
Linear 37.64 A
LRP-Liebig 1532 B
Cobb-Douglas 14.41 B
Cobb-Douglas/plateau 14.35 B
Mitsch./plateau 13.29 B
Square root Polynom. 13.14 B
Mitscherlich 12.67 B
Quadratic polynom. 12.51 B
Quad./plat.- top/left 12.35 B
Cubic polynomial 12.34 B
Quad./plateau - top 12.27 B

* Means with same letter are not significantly different (95% level)
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B.4 Residual Plots by Functional Forms and Field Trials
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(B.4 continued)
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Appendix C

Estimated Averages of Optimal Nitrogen Application

C.1 Optimal Nitrogen Application at 4 Nitrogen/Cereals Price Ratios

Estimated optimal nitrogen applications are compared between functional forms
and four price scenarios as outlined in Chapter 4, Section 4.2.2. Calculations are made for
spring barley, winter barley, and winter wheat in all 84 field trials and in the sample of 46
trials with available information about mineralized nitrogen at the beginning of the
growing season. Averages have been corrected for outliers, i.e. trial estimates of optimal
nitrogen application that exceed 120 per cent of the highest nitrogen application level.

Cobb-Douglas, square root, and Mitscherlich with plateau are not included in the table.

C.2 Optimal Nitrogen Application, Price Scenario 2, 84 Trials

Calculated optimal nitrogen averages are compared between all the examined
functional forms applied to all 84 trials. Averages are corrected by omission of outliers as
explained in Section C.1. Data are shown for spring barley and winter wheat only, while
the small sample of winter barley trials has been omitted. The tables contain information

about the actual number of trials in each average calculation

C.3 Optimal Nitrogen Application, Price Scenario 2, 46 Trials

Calculated optimal nitrogen averages are compared between all the examined
functional forms. Averages are corrected by omission of outliers as explained in Section
C.1. Calculations refer to the sample of trials, in which each trial data set contains
information about N1 (plant available mineralized soil nitrogen at beginning of growing
season). Data are shown for spring barley and winter wheat only, while the small sample
of winter barley trials has been omitted. The tables contain information about the actual

number of trials in each average calculation.



C.1 Optimal Nitrogen Application at 4 Nitrogen/Cereals Price Ratios, Kg/Ha

Averages corrected for outliers

QUA CUB MIT QP1 QP2 CDP LRP
All 84 trials:
36 SBAR N-opt. 1| 1403 129.2 120.5 129.8 119.1 126.0 103.0
N-opt. 2| 138.7 121.3 1217 129.1 117.0 125.8 03.0
N-opt. 3| 1359 119.6 125.0 127.1 117.0 124.2 103.0
N-opt. 4 97.2 90.6 86.9 93.8 93.2 98.1 96.1
(Range of Std.dev.) | (34-41): (34-41) (46-53) (42 - 46) 1 (36-39) i (34-51) (32-39)
8§ WBAR  N-opt. 1| 183.3 181.1 197.8 178.3 150.6 154.4 1304
N-opt.2| 179.4 177.8 193.3 174.5 150.2 1544 130.4
N-opt. 3| 175.6 174.7 180.7 170.9 149.9 154.4 130.4
N-opt. 140.3 140.8 140.9 137.4 146.6 156.8 130.4
(Range of Std.dev.) | (22-30) : (26-29) (8-40) = (25- 34)  (26-29) @ (40-43) 24)
40 WWHE N-opt. 1| 202.5 192.4 218.8 188.6 179.8 173.5 130.8
N-opt. 2| 200.7 186.4 213.6 187.8 177.7 173.5 130.8
N-opt. 3| 196.5 183.4 210.9 184.2 175.5 173.5 130.8
N-opt. 4] 160.0 149.7 145.4 153.3 152.5 168.6 130.8
(Range of Std.dev.) | (27-36)  (42-46) (47-58)  (41- 43) (36-44) | (46 -49) (28)
All 46 trials with N2
10 SBAR N-opt. 1| 171.9 156.6 164.0 164.4 1454 141.3 123.7
N-opt. 2| 172.7 151.2 169.3 166.3 142.2 1413 123.7
N-opt. 3] 166.6 146.5 169.4 160.6 139.2 141.3 123.7
N-opt. 4| 110.8 109.8 109.1 108.0 107.5 114.9 109.0
(Range of Std.dev.) | (32-53) (27-51)  (49-64) (41 - 54) 1 (36-50) 1 (29-51) : (26-46)
6 WBAR  N-opt. 1| 191.6 183.2 189.2 189.2 156.4 171.7 136.9
N-opt. 2| 187.5 180.4 200.1 185.2 156.4 171.7 136.9
N-opt. 3 183.6 177.8 187.3 1814 156.4 171.7 136.9
N-opt. 4 [ 147.1 151.6 154.0 145.7 156.4 171.7 136.9
(Range of Std.dev.) | (23-32) i (25-28) | (36-41) (26 -35) 27N (37 -43) (26)
30 WWHE N-opt. 1| 2029 191.0 227.3 188.7 179.5 171.9 126.1
N-opt.2| 198.6 184.8 217.0 185.1 177.2 171.9 126.1
N-opt. 3| 1945 182.5 213.5 181.6 174.9 171.9 126.1
N-opt. 4| 160.6 150.2 143.8 153.4 151.6 169.1 126.1
(Range of Std.dev.) | (26-35) | (41-42) (42-58) (39 - 41) (34 -44) (46) [@2))]

Note: The actual number of trials represented in each average may vary due to correction for outliers.
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C.2 Optimal Nitrogen Application, Price Scenario 2, 84 Trials
Total Sample of Field Trials

Spring Barley., 36 Trials

Winter Wheat. 40 Trials

Function KgN/Ha t-Comp. |Function Kg N/Ha t-Comp.
Quadratic (34) 138.7 A Mitscherlich (29) 213.6 A
Quad./Plat. 1 (34) 129.1 AB Square Root (25) 212.8 A
Cobb-D./Plat. (35) 125.8 AB Mitsch./Plat. (29) 209.8 AB
Mitscherlich (24) 121.7 ABC | Quadratic (38) 200.7 ABC
Cubic (29) 1214 ABC | Quad./Plat. 1 (38) 187.8 ABC
Quad./Plat. 2 (35) 117.0 ABC | Cubic (28) 186.4 ABC
Square Root (21) 115.9 ABC |Quad./Plat. 2 (39) 177.7 BC
Mitsch./Plat. (24) 107.3 BC Cobb-D./Plat. (39) 173.5 C
LRP-Liebig (36) 103.0 BC Cobb-Douglas (7) 172.9 C
Cobb-Douglas (14) 95.4 C LRP-Liebig (40) 130.8 D
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Note: Numbers in brackets are lower than total number of trials due to omission of outliers or no solution.
Function averages with same letter are not significantly different.

C.3 Optimal Nitrogen Application, Price Scenario 2, 46 Trials
Field Trials with N1 Information

Spring Barley, 10 Trials Winter Wheat, 30 Trials
Function KgN/Ha t-Comp. |Function Kg N/Ha t-Comp.
Quadratic (10) 172.7 A Square Root (20) 219.0 A
Mitscherlich (6) 169.3 A Mitscherlich (23) 217.0 AB
Mitsch./Plat. (6) 166.7 A Mitsch./Plat. (23) 212.2 ABC
Quad./Plat. 1 (10) 166.3 A Quadratic (29) 198.6 ABCD
Cobb-Douglas (2) 155.1 A Quad./Plat. 1 (29) 185.1 ABCD
Cubic (8) 151.2 A Cubic (21) 184.8 ABCD
Square Root (4) 145.3 A Quad./Plat. 2 (30) 177.2 BCD
Quad./Plat. 2 (10) 142.2 A Cobb-D./Plat. (30) 171.9 CD
Cobb-D./Plat. (10) 141.3 A Cobb-Douglas (5) 165.7 DE
LRP-Liebig (10) 123.7 A LRP-Liebig (30) 126.2 E

Note: Numbers in brackets are lower than total number of trials due to omission of outliers or no solution.
Function averages with same letter are not significantly different.
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Appendix D

Estimates of Nitrogen Mineralization

D.1 Nitrogen Mineralization By Crops and Functions

Total availability of mineralized nitrogen (NS) is the sum of available nitrogen at
beginning of growing season (N1) and mineralization during the growing season (N2).
NS is estimated on the basis of fitted functions. In 46 trials N1 is measured in soil
samples and for these trials N2 can be derived as the difference, NS — N1. Averages of
calculated nitrogen mineralization are shown for all 84 trials and for the mentioned 46
trials by functional forms and crops. In all sub-samples a t-test has been applied to

compare all averages two by two.

D.2 Estimated NS andN2 in Individual Field Trials

In 41 out of the 46 trials mentioned in D.1, climate information is available.
Estimates of N2 in these trials are regressed on climate variables. To avoid impact of
differences between crops only data from the largest sub-sample, 27 individual winter
wheat trials, are used in the analysis. The table shows N2-estimates for each of the all 41

trials as calculated by fitting quadratic, quadratic with plateau from top of parabola, and

Mitscherlich.



D.1 Nitrogen Mineralization By Crops and Functions

D.1.1 Total Availability of Soil Nitrogen (N1 + N2) Kg/Ha, All 84 Trials
40 Winter Wheat Trials

36 Spring Barley Trials

8 Winter Barley Trials
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Funct. NS t-com. | Funct, NS t-com. Funct. NS t-com.
LRP 163.8 A LRP 116.0 A LRP 133.6 A
QUA 92.5 B QP2 80.9 AB QUA 90.9 B
QP2 90.6 B QUA 73.0 B QP2 86.6 BC
QP1 83.7 B QP1 71.0 BC QP1 82.5 BC
CUB 72.9 BC CUB 56.2 BCD CUB 72.3 CD
MIP 54.8 CD MIP 55.8 BCD MIP 574 D
MIT 54.6 CD MIT 55.8 BCD MIT 57.1 D
SQU 33.1 DE CDP 38.5 BCD CDP 30.5 E
CDP 29.5 E SQU 294 CD SQU 29.2 EF
C-D 12.3 E C-D 20.6 D C-D 13.2 F

D.1.2 Total Availability of Soil Nitrogen (N1 + N2) Kg/Ha, 46 Trials

10 Spring Barley Trials 6 Winter Barley Trials 30 Winter Wheat Trials
Funct. NS t-com. | Funct. NS t-com. | Funct. NS t-com,
LRP 191.3 A LRP 105.0 A LRP 121.4 A
QP2 121.1 B QPp2 77.1 AB QUA 84.5 B
QUA 109.6 B QUA 68.0 BC QP2 79.9 BC
QP1 103.2 BC QP1 67.3 BC QP1 75.7 BC
CUB 85.4 BCD MIP 56.0 BCD CUB 66.4 CD
MIP 83.1 BCD MIT 56.0 BCD MIP 52.2 D
MIT 74.1 BCD CUB 48.2 BCD MIT 51.7 D
CDP 54.9 CDE CDP 36.4 CD CDP 26.6 E
SQU 432 DE SQU 29.5 D SQU 25.6 E
C-D 21.9 E C-D 24.7 D C-D 10.4 E

D.1.3 Mineralization During Growing Season (N2) Kg/Ha, 46 Trials

10 Spring Barley Trials 6 Winter Barley Trials 30 Winter Wheat Trials
Funct. N1 t-com. | Funct.. N1 t-com. | Funct. N1 t-com,
LRP 155.0 A LRP 77.6 A LRP 91.6 A
QP2 84.9 B QP2 49.8 AB QUA 54.8 B
QUA 73.4 B QUA 40.6 BC QP2 50.2 B
QP1 66.9 BC QP1 39.9 BC QP1 46.0 B
CUB 473 BCD CUB 32.1 BCD CUB 36.7 BC
MIP 46.9 BCD MIP 28.7 BCDE MIP 22.4 C
MIT 37.9 BCD MIT 28.7 BCDE MIT 22.0 C
CDP 18.7 CDE CDP 9.1 CDE CDP -3.1 D
SQU 7.0 DE SQU 2.1 DE SQU -4.1 D
C-D -143 E C-D -2.7 E C-D -193 D

Note: Averages with same capital letter are not significantly different (95%).



D.2 Estimated Mineralization

169

D.2.1 Mineralization, Kg N/Ha, Quadratic, Quadratic with Plateau, and

Mitscherlich, 41 Trials with Climate Data

Quadratic Quadr./Plateau Mitscherlich
Trial No.  Crop NS N2 | NS N2 NS N2
39 SBAR 75.1 44.1 75.1 44.1 | 7036  39.36
40 SBAR 59.0 45.0 57.8 43.8 | 4245 2841
42 SBAR | 1437 108.7| 143.7 108.7| 114.81 79.81
43 SBAR 94.4 67.4 94.4 67.4 | 7851 51.51
44 SBAR 66.9 35.9 66.9 359 | 5639 2539
45 SBAR 59.3 39.7 59.6 40.0 | 4428 24.70
46 SBAR | 1428 70.4 | 118.5 46.2 | 57.06 -15.30
47 SBAR | 118.0 61.8 | 102.5 46.4 | 60.29 4.13
48 SBAR | 1404 1034 1164 79.4 | 69.63 32.63
49 WBAR | 126.5 7751 126.5 77.5| 98.58  49.58
50 WBAR 26.6 16.7 26.6 16.7 | 2437 1450
51 WBAR 46.7 243 46.7 243 | 4130 1893
53 WBAR | 100.0 55.7| 100.0 55.7| 97.63  53.35
54 WBAR 68.5 46.9 64.2 42.6 | 43.89 2229
56 WWHE | 181.8 151.8| 1351 105.1| 70.88  40.88
57 WWHE 71.6 27.6 69.2 252 49.05 5.05
58 WWHE 75.3 56.9 75.3 569 | 57.53 39.09
59 WWHE 70.1 49.6 63.4 429 | 4448 23.99
60 WWHE 70.6 52.2 69.0 50.6 | 49.84  31.48
61 WWHE 54.8 26.7 53.6 2551 3890 10.82
62 WWHE 96.0 63.6 85.6 532 | 53.63 2123
63 WWHE 82.7 55.7 78.7 51.7| 49.84 2284
64 WWHE 60.6 43.4 60.6 434 | 4790 30.62
65 WWHE | 1234 1004 | 1234 1004 | 112.87  89.87
66 WWHE | 106.5 82.5 74.0 50.0 | 43.57 1957
67 WWHE 85.2 52.2 67.8 34.8 | 39.98 6.98
68 WWHE 70.8 54.7 70.8 54.7| 5475  38.66
70 WWHE | 100.0 62.0 84.6 46.6 | 52.08 14.08
71 WWHE 77.7 32.7 77.7 327 5532 1032
72 WWHE 67.9 21.9 58.5 1251 39.59  -641
73 WWHE 35.8 12.8 34.6 11.6 | 24.82 1.82
74 WWHE 74.9 50.9 58.6 346 | 3639 1239
75 WWHE 56.0 40.3 56.0 403 | 44.62 28091
76 WWHE 90.7 77.8 90.5 777 64.60  51.78
77 WWHE 81.0 38.9 79.1 37.0 | 5555 1343
78 WWHE 87.6 26.3 84.4 23.0| 5720  -4.15
79 WWHE | 100.5 53.0 99.2 517 7475 27.23
80 WWHE | 143.4 91.6 76.3 245 | 3550 -16.34
81 WWHE 52.5 35.2 47.2 299 | 3296 15.68
82 WWHE | 106.3 84.7 98.9 773 64.87 4327
83 WWHE 87.9 60.9 86.8 5981 61.13 34.13
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