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To be added after last paragraph of page 31 and before the
first paragraph of page 32.

Dufur, Pendleton, and Madras Oregon, 1971

These experiments were reported by Ambler (1974) and
involved the comparison of five varieties of winter wheat
over several different rates of fertilizer at several
different sites in Oregon. Data from sites where climatic
data were incomple.e were rejected. The three remaining
sites differ in annual rainfall and altitude. Solar
radiation data from Klamath Falls were used for the Madras
data set. Few significant variety x N interactions were
recorded and so data from only two cultivars (Hyslop and
Nugaines) were utilized. At Madras four rates of N (0, 90,
180, and 270 kg N/ha) at planting with a second application
of 90 kg N/ha applied at the booting stage was investigated.
Initial levels of nitrate in the profile were high and the
response to N was small. The experiment was irrigated. At
the Dufur site, three rates of N (0, 17, and 34 kg N/ha) were
used and at the Pendleton site four rates of N (0, 34, 67,
and 101 kg N/ha) were used. No significant response to N was
recordad at either site.

Waite Inscitute, 1958

These data were reported by Barley and Naidu (1962). The
experiment examined the response to N of two varieties (Gabo
and Bencubbin). The rates of N used were (0, 33, 67, and 174
kg N/ha) as ammonium sulfate. Solar radiation data were
estimated from the recorded values of hours of sunshine. The
soil was reported as a red-brown earth (Alfisol).

Bozeman, Montana, 1977

These data were reported by Christianson and Killorn
(1981). This experiment examined differences in fertilizer
use efficiency for applications made at different times.
Nitrogen was applied as ammonium nitrate after seeding or
broadcast several hours prior te a sprinkler irrigation to
simulate application of fertilizer through the sprinkler
system. The study investigated the effects of four rates of
N applied at planting (0, 50, 100, and 150 kg N/ha) and five
split-application patterns with a total application rate of
either 100 or 125 kg N/ha. The soil was a deep silt loam and
N responses were very marked.
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For the independent data sets, an "index of agreement"
(d) was calculated according to the procedure of Willmott
(1982). This calculation was only performed on yield data.
All statistical computations were performed with the
statistical package SAS (1982).

The second and much more extensive part of the results
are graphics, showing the proximity of the time course of
model output and experimental measurements. Unfortunately,
most data sets provided no information available on the
variance of published measurements. This would be of certain
interest because observed values are not true values in a
statistical sense, but are mean values of a very small sample
with more or less large intrinsic error.

Results and Discussion

Summary Statistics. Tables 2 and 3 are summa zed
measures for the dates of anthesis and physiolog. cal
maturity, yield, ﬁrain weight, grain numbers per m2 (GPSM),
car numbers per m“, above ground dry matter, and leaf area
index (LAI). Observed and predicted means are listed to show
the difference between them. Standard deviations of observed
and predicted values are listed to be checked for similar
ranges. The intercept and slope of the regression equation
with 0 as an independent variable provides information about
the accuracy of predictions. Tables 4 and 5 contain the
difference measures for the same list of variables.

Difference Measures. While summary measures try to
describe the quality of simulation, difference measures cry
to locate and quantify errors. Difference measures for the
same variables as above are listed in Tables 4 and 5. The
mean bias error (MBE) is regularly considerably smaller than
the mean absolute error. The two values, beinz close,
indicate the prediction to be biased in one direction, as is
true for ear number and dry matter predictions with the
independent sets.

A negative MBE occurs when predictions are smaller in
value than observations. Considerable errors of this kind
are found with GPSM, ear number, and dry matter predictions
of the dependent data sets, and with grain weight and date of
anthesis of the independent sets. For all others,
predictions are larger than observed values.

X 1\
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Since the value of the MBE is related to the range of
values, it is not reasonable to compare across variables.
However, comparisons between the two groups of data sets
might show the necessity of requiring inde- -ndent data sets
if it could be shown that the MBE and MAE ot independent data
were always larger. Unfortunately, while true for yield, it
does not apply for all variables; maximum error in predicting
yields is smaller in the independent set.

Willmott (1982) indicated that the closer the root mean
square error (RMSE) to 0, the better the model. Certainly
this applies to the systematic error. The unsystematic RMSE
should approach RMSE in the system:

MSE = MSEg + MSEy

The tendency of RMSEg toward 0 is obvious, compared to RMSE.
Since the mean is involved in the computaticn of this
measure, comparisons across groups of data sets are not
advisatle.

The values of RMSEg and RMSE, computed to predict yields
for the dependent data set, are very similar: 25377 and
25424, respaccively. Thus, compared to RMSE,; of 1552, the
model meets the above requirement.

Willmott (1982) also suggests the computation of d, a
quality me --ure for models, or index of agreement:

n 2 B 2
d=1-[2(-0)% 2 (py| +10jD°], 0cax1
i=l i1

' - - 0 4 - - )
where Pi Pi 0 and 0i 01 0

For a good model, d should approach 1. For CERES-Wheat yield
predictions, d equals 0.8825. This quality measure is mainly
used to compare different models, but it provides additioral
useful information of model performance when used to evaluate
a single mocel.

Des~riptive Statistics. Descriptive statistics based on

the values shown in Tables 6 and 7 are reported separately
for the two groups of data sets.

Xit:
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Phasjc Development. The accuracy of simulating the
phasic development of a crop is crucjal fer the accurate

simulation of crop growth and yield. Therefore, this part of
the simulation received :onsiderable attention. Figures 2-7
show the scatter of predicted versus measured variables,
including the 1:1 iine +l1 standard deviation and the matching
regression.

Regression equations for anthesis and physiological
naturity show arn excellent fit with slopes close to 1 and
high regression coefficients. Observed means ar=
considerably different for the two groups of data sets, the
independent data sets reading anthesis and maturity 12 and 19
days, respectively, later. This reflects the fact that the
origin of this subset of the data base is relatively far
north, where the wheat crop season is extended into the
latter part of the year.

Difference measures ir Tables 4 and 5 indicate small
mean bias errors and mean absolute errors of five and seven
days, respectively. The maximum errors for the two dates in
the dependent subset occurred in the same run; therefore, the
time available for grain filling was correct. When the date
of anthesis was predicted too early, maturity came too early
also.

Yield, Grain Weight. and Crain Numbers/m?. The
independent data set is characterized by a higher mean yield
caused by higher grain weight and slightly bigger grain

numbers. This confirms that the data sets came from
different locations. High yields were mostly from northern
wheat growing areas. However, observed and predicted mean

yields are very close resulting in swmall mean bias errors.
The mean absolute error is in the range of 22 percent of the
observed mean yield and GPSM, but only 15 percent of the
observed grain weight.

Figures 2-4 demonstrate the scatter of predicted versus
measured data points around the regression line, the 1:1 line
and within the limits of +1 standard deviation of the
observed mean. The percentage of data points outside of
these limits is smail as to the total number of observations.
This demonstrates the model's reliability in simulating
yleld. Comparison of the regression to the 1:1 line proves
the good fit, especially for the independent data sets. The
regression coefficient, however, does not indicate a
significant superiority of yield predictinns over the rest of
the data base (0.633 compared to 0.617).
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It is interesting to note that measured and predicted
mean yields within a subset did not differ nearly as much as
between the two subsets.

umbe nal att and mum .
Additional variables to be checked are final ear number,
final dry matter, and maximum LAI observed during the growing
season. Since the average experiment had about five
measurements in the season, there is no guarantee that a
measurement was taken at the peak of leaf area development.
There are relatively few observations in total. Therefore,
observed maximum LAI has to be considered with precaution.

Despite these restrictions, the mean bias error is noc
very large. The mean absolute .rrors, however, amount to 40
percent and 95 percent of the observed mean. Also, the
regression coefficient is not very high (Figure 7). (Please
refer to the section where predicted and observed LAI are
compared over the course of time for particular experiments
to demonstrate the model’s capability to simulate the canopy
Jdevelopment.)

Leaves comprise most of the total amount of above ground
dry matter (Figure 6). Since final dry matter is highly
correlated to yield, it must be accurately simulated. The
model overpredicts dry matter (Table 4) by about 380 g/mz,
which is considerably less than 1 standard deviation (525.5
g/mz). In the regression, the model accounts for 4l.1
percent of the variation in the real world.

For the grecup of independent data, simulation of final
ear number (Figure 5) resulted in a very small sloge (0.1393)
and corresponding coefficient of determination (r< = 0.014).
The regression coefficient for the dependent data sets is
0.40 and thus is higher tharn for dry matter.

Measured and Model Estimates of Crop Growth. To ensure
accuracy, any simulation of plant parts should be checked
intensively against real world observations. The appendix
contains comparisons between model output with all available
experimental measurements. For some, real world data .ere
obtained by digitizing graphs in publications, which adds
uncertainty to the reliability of these data. These
comparisons should be viewed with a critical mind. Figures
in Appendix A are in the order of locations.
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One problem with the data is that often only a few
sampies were taken during the growing season and for typical
optimum curves like LAI or tiller number, the peak may be
missing (see tiller number for Rutherglen, Australia). The
experiment in Rutherglen is one of the few wher~ root
measurements were taken. It demonstrates good corresgundence
of compared data despite high variations in wmeasurements and
a slightly too high growth rate in the model run.
Partitioning was correct for this particular experiment as
shown through a large number of samplings of root, stem, and
ear weight. One discrepancy is that stem weight measurements
seem to include leaves or cheaths, whereas the graph of the
simulation shows stem weight only.

Five, well-timed samples during the growing season
demonstrated agreement with the tillering pattern at
Murumbateman, Australia, in 1977. Biomass and LAI were
simulated with high accuracy. The 1980 run at the same
location did not perform quite as well, although the same

ERRATA PB181483; Test d Validating t C - Diverse
Environments.
This page should be included at the beginning of page 12.
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TESTING AND VALIDATING THE
CERES-WHEAT MODEL IN DIVERSE ENVIRONMENTS

by

S. Otter-Nacke, D. C. Godwin and J. T. Ritchie d

INTRODUCTION

CERES-Wheatl is a computer simulation modei of the
growth, development, and yield of spring and winter wheat.
It was developed through the assistance of several scientists
from the United States and other countries. CERES, Crop
Estimation through Resource and Environment Synthesis, 1is
derived from the Latin word for cereal.

The model is written in FORTRAN 77, operates on a daily
time step, and runs on a range of computer systems from
micro-computers to mainframes (Ritchie and Otter 1985). Two
versions of the model were developed: one, CERES-Wheat,
assumes nitrogen to be nonlimiting; in the other, CERES-
Wheat-N, the effects of nitrogen deficiency are simulated.
Although the models had been intensively tested and
calibrated, they had not been validated. Before any model
can be used with confidence, adequate validation or assess-
ment of the magnitude of the errors that may result from its
use should be performed. Model validation in its simplest
form involves a comparison between simulated values and real
world values. This paper describes the validation of both
models and is presented in two sections. The first section
(pages 2-46) summarizes the data from all the experiments.
The last section (Appendix A and B) provides detailed
comparisons from individual experiments.

FEATURES OF CERES-WHEAT

CERES-Wheat was designed to be used in any location
throughout the world where wheat can be grown. It describes
the major envirommental and edaphic factors affecting yield
by way of s‘mulating the following processes:

- Phasic development or duration of growth stages on
a thermal time scale as related to plant genetics,
weather, and other environmental factors.

Ipocumentation of the CERES-Wheat model is currently in
review and will be published in the same series as CERES-
Maize, A Simulation Model of Maize Growth and Development,
C. A. Jones and J. R. Kiniry, Eds.

e e At At P S A e 48 5 8 5
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- Apical development as related to morphogenesis of
vegetative and reproductive structures.

- Extension growth of leaves and stems and
senescence of leaves.

- Assimilate accumulation and partitioning.

- Soil water status and its effect on growth and
development.

- Nitrogen status and its impact on growth and
development.

CERES-WHEAT (NON-NITROGEN VERSION)

Calibration, wvalidation, and sensitivity analysis are
three different ways of evaluating models. Logically,
validation is the last step in model testing. Although
impurtant to proper model evaluation, calibration cannot be
the only or last step. Penning de Vries (de Vries and van
laar 1982) stated that calibration is a "very restricted form
of evaluation,” an "adjustment of some parameters such that
model behavior matches one set of real world data,” and that
extensive calibration “degrades simulation into curve
fitting.”

Sensitivity analysis reflects the effects of perturbed
model pa~ aseters on model output, such as biomass and yield.
The information can be used to determine whether the model is
overly sensitive or not sensitive enough to certain processes
being simulated.

Final validation of a model can only be conducted after
a calibration and a sensitivity analysis. Validation
reqiires indenendent data sets to verify the behavior of the
mcd:2l undeir :eal world conditions. In its simplest form, it
is 1 comdarison between simulation and the real world.

vtatistical methods can provide some useful information
on model performance. The correlation coefficient (r) and
ta: coefficient of determination (r2) are of limited value.
dillmott (1982) contends that r and r2 are of little
priactical value in evaluating model performance, because
their magnitudes are not consistently related to the accuracy
of prediction. Better criteria are bias, mean bias error,
varianc: of the distribution of differences, root mean square
ervo~ (RMSE), and mean absolute error (MAE). He recommends,
a minimum, reporting predicted mean (P) and observed mean
(0), the standard deviation of the predicted (Sp) and
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observed (S,) variable, the intercept (a) and slope (b) of
the least-squares regression Py = a + b 05 (Willmott 1982).

Eight criteria were established by AgRISTARS for testing
and evaluating crop yield models: mean square error,
variance bias, proportion of years beyond a critical error
limit, worst and second to worst performance during the
testing period, range of accuracy, direction of change from
mean yields, and correlation coefficient between actual and
model predicted yields for a set of independent test yaars
(Wilson and Sebaugh 1981). Other criteria include mean
absolute difference and length of an 80% prediction interval
for an observation of the difference betweea observed and
calculated yield (Kornher and Torsell 1983). When defining
the 1limits of acceptance for model performance, McMahon
(1983) claims that 85% of the variance in crop yield should
be accounted for or the predicted mean should be within one
standard deviation of the observed mean.

A temptation when calibrating the model is to use some
of the information from data sets collected for validation.
Results of these tests are of limited value, because experi-
mental data may have been used to evaluate one particular
equation in the source code. For CERES-Wheat, other data
sets were run during the model’s development. Thus, model
weaknesses were based on more than one experiment, which
allowed improvements to be made, and the same data base could
be used for further validations. In the validation process
discussed in this paper, the data base is divided into (1)
independent data sets and (2) previously used data bases.

Data Base

A good data set should contain as much detail as
possible to describe the process of plant growth. However,
taking a sufficient number of measurements throughout the
season can make a simple experiment expensive and location-
specific. A universal model must be tested at many
locations.

To test the CERES-Wheat model in the northern and
southern hemisphere, a data base was assembled to represent a
diversity of environments, including short growing season
spring wheat crops, environments with limited water avail-
ability, subtropical wheat growing areas with little vermali-
zation, and regions with temperature extremes. The data base
of 283 data sets (collected between 1960 and 1983, from 25
different sites, includes published experimental data from
the United States as well as from other countries as far
south as Australia and as far north as West Germany, repre-
senting a range of latitudes from 36°S to 54°N (Figure 1).

3




Figure 1. Location of Experimental Sites.

Validation depends on the quality of data available. To
provide a high-quality data set for wheat model testing,
extensive crop measurements throughout the season are
required. As most research work is for purposes other than
collecting data for testing a model, published data are not
as comprehensive as desired. Thus, in many instances, some
compromises for model input were often necessary to fully
establish the data base. Minimum input included daily
weather data for the entire season, soil water information,
phenological observations, yield, and yield components
(Table 1).

Since several data sets in the data base had been used
to calibrate and validate former versions of the CERES model,
and statisticians emphasize that only truly independent data
should be used for validation, the data base was divided into
two groups:

1. Dependent data sets (i.e. data sets used during
model development) (130). Some data were used
to calibrate parts of a particular subroutine of
the model. Results of their testing will be
shown, however, because other parts of the model
may be unaffected despite some modifications
from that experiment.
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Table 1. Dsta Source for Model Testing.

Rumber of Measu Data *

Total Yield
Data Sow Sow Phasic + Yld DM Soil
Location Sets Vax-1 Date Den Ir:xrz Devel Comp Partg Water
ENGLAND
Rothamsted ’60% 4 4 - . waw
Rothamsted *75P 3 3 . v
Rothamsted ‘76° 3 3 12 Ly
Nottingham +75d 1 1 23 - Py
Nottingham *76% 1 1 e * -
Nottingham ’77f 1 1 [ 2] * 'S
Cambridge 778 2 2 L 2 _w
NETHERLANDS
Lelystad '77h 7 1 7 » ' -
Flavoland ‘76! 1 1 133 .“w 'S
Flevoland 784 1 1 12 23
Wageningen '77k 2 2 - ET 2 hw
WEST GERMANY
Ahrensburg 765-831 19 1 » .
Weihenstephan ‘83" 9 * .a (*nn)
FRANCE
Auzeville ‘76% 4 2 2 PR w
Auzeville 78" 2 2 L™ 2
Auzeville ‘79" 2 2 “nn n
Avignon ‘76® 6 3 2 PP e
Avignon r77® 2 1 2 ww '™
Avignon ‘78% [ & ™ aw
Avignon r798 2 2 ' "
Boigneville 76" & 2 2 whw W
Boigneville ‘77 2 1 waw ™
Boigneville ‘78" 6 3 Py w
Bolgneville ‘79" 3 3 www -
ISRAEL
Kibbutz Boker ‘78° & 1 & " » ' -
SOUTH AFRICA
loodeplaat +78P 5 1 5 " » " -
AUSTRALIA
Rutherglen ‘714 1 1 * » R
Murumbateman ‘79% 1 1 * " whr
Murumbazeman ‘80° 1 1 » " e
Wagga Wa_ga g1t 1 1 » 'Y r
5




Table 1. Con't.

e

Numbeg of Measu ata_jin *
Total Yield
Data Sow Sow Phasic + Yld DM Soil
Location Sets Varl Date Den Irrz Devel Comp Partg Watur

£2X1CO
Ciudad Obregon *73% & 1 4 "

Ciudad Obregon “74% & 1 [} " L
U.S.A.
North Dakotra '79% 5 S L "k L3
North Dakota ‘80% & 4 " * -
North Dakota '81°% 4 4 * » TS
Sidney MN ‘77Y 6 3 " *
Sidney MN “78Y 6 3 * we
Manhattan KS ‘82*% 2 1 2 o we .
Hutchinson KS ‘80% 1 1 - aw "
Hutchinson KS ‘81% 1 1 L1 " »
Garden City RS ’‘81* 2 1 2 L1 h “ww
Garden City KS ’82* 4 1 4 " ' 2T
Bozaman MT ‘777 1 1 1 * * *
Lind WA '77% 2 1 2 e " *
Pullman WA °73%* 2 1 * » **
Pullman WA ’74%* 2 1 N " *
Pendleton OR '77bb 2 2 *n * hn
Pendleton OR 'aobb 8 3 » 2 TS
Pendlston OR ‘81°% 1 1 » . o
Weston OR ’Blbb 3 3 * " *
Temple TX ‘77°¢ 21 7 3 "
Temple TX ‘8334 8 2 an .
Bushland TX "78%* 21 2 (2) 4 *e - *
; Bushland TX '79** 8 1 8 . o * "
: Bushland TX ‘8off 1
Bushland Tx ‘81ff 1 8 e -
Bushland TXx ‘82ff 2 s . waw
Phoenix AZ 7888 12 2 6 N "
Phoenix AZ '798B 19 1 5 s . *
Phoenix AZ ‘80il 17 1 s s w " w aww
Vernon TX ’79££ 1 1 i » " *
a * Number of asterisks reflects intensity of measurements.
% 1 Varieties in experiments; 2 Irrigation treatments.
Syatson et al. 1963; bP.ntnuu et al. 1978; <, dBnk.r 1979, 'Galla;h.r et al. 19%6;

f: $Brooking & Kirby 1981; hDatwlnkcl 1978; iSplo:tz & Ellen 1978: JEllen s Spiertz
1980 kSpicttz & v.d.Haaxr 1978; lncinhaucr, pers comm; n!crgormclc:, pers comay;
Rtorre & Delacolle 1983; °Hochman 1979; PMeyer 1978; Paltridge et al. 1972;
tAtmst:on;, pers comm; 'Sojka 1974; CBauer 1980; VAase 1978; YBlack & Asse 1982:

Xyagger 1983; 7; 2Johnson 1978; **Thill 1976; PP

Klepper et al. 1983; ““Monk et

al. 1979; ddOeto:; ®*®Musick & Dusek 1978: ffD\uqk, pers comm; L hh: 11.
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2. Independent data sets (153). These were run
only on the final version or, sometimes, on
previous verrions, but results of the run never
affected the coding of the model.

Methods

This report is divided into (1) a report of the descrip-
tive statistics to illustrate the general performance of
CERES-Wheat and (2) a graphical comparison of model output
with real world measurements of plant parts or growth factors
over the growing season. The descriptive statistics consist
of summary measures and diffsrence measures. Criteria were

selected by following the procedures recommended by Willmott
(1982):

- observed mean (0)
- predicted mean {P)
- standard deviation of the observed values (S,)

- standard deviation of the predicted values
(Sp)

- the intercept (a) and slope (b) of a simple
regression of the form P = a + b * 0. The closer
a to 0 and b to 1 the better the prediction

- the coefficient of determination of that regres-
sion, describing to what extent the prediction
accounted for variation of observed values (r2)

Difference measures resulted partly from the above and
included:

mean bias error (MBE)

mean absolute error (MAE)

maximum absolute error (MAXAE)

minimum absolute error (MINAE)
- root mean square error (RMSE)

All of these criteria are reported for the yield and
yield components as well as for the dates of anthesis and
physiological maturity, because matching of phenological
stages is crucial fur a valid run.
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For the independent data sets, an "index of agreement”
(d) was calculated according to the procedure of Willmot
(1982). This calculation was only performed on yield data.
All statistical computations were performed with the
statistical package SAS (1982).

The second and much more extensive part of the results
are graphics, showing the proximity of the time course of
model output and experimental measurements. Unfortunately,
most data sets provided no information available on the
variance of published measurements. This would be of certain
interest because observed values are not true values in a
statistical sense, but are mean values of a very small sample
with more or less large intrinsic error.

Results and Discussion

Descriptive Statistics. Descriptive statistics based on
the values shown in Tables 6 and 7 are reported separately
for the two groups of data sets. Tables 2 and 3 are
summarized measures for the dates of anthesis and physio-
logical maturity, yield, grain weight, grain numbers per m
(GPSM), ear numbers per m“, above ground dry matter, and leaf
area index (LAI). Observed and predicted means are listed to
show the difference between them. Standard deviations of
observed and predicted values are listed to be checked for
similar ranges. The intercept and slope of the regression
equation with O as an independent variable provides informa-
<ion about the accuracy of predictions. Tables 4 and 5
contain the -difference measures for the same 1list of
variables.

Phasic Development. The accuracy of simulating the
phasic development of a crop is crucial for the accurate
simulation of crop growth and yield. Therefore, this part of
the simulation received considerable attention. Figures 2-7
show the scatter of predicted versus measured variables,
including the 1:1 line +1 standard deviation and the matching
regression.

Regression equations for anthesis and physiological
maturity show an excellent fit with slopes close to 1 and
high regression coefficients. Observed means are consider-
ably different for the two groups of data sets, the indepen-
dent data sets reading anthesis and maturity 12 and 19 days,
respectively, later. This reflects the fact that the origin
of this subset of the data base is relatively far north,
where the wheat crop season is extended into the latter part
of the year.
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Difference measures in Tables 4 and 5 indicate small
mean bias errors and mean absolute errors of five and seven
days, respectively. The maximum errors for the two dates in
the dependent subset occurred in the same run; therefore, the
time available for grain filling was correct. When the date

of anthesis was predicted too early, maturity came too early
also.

Yield, Grain Wei and Grain Numbers/m?. The indepen-
dent data set is characterized by a higher mean yield caused
by higher grain weight and slightly bigger grain numbers.
This confirms that the data sets came from diZferent
locations. High yields were mostly from northern wheat
growing areas. However, observed and predicted mean yields
are very close resulting in small mean bias errors. The mean
absolute error is in the range of 22 percent of the observed

mean yield and GPSM, but only 15 percent of the observed
grain weight.

Figures 2-4 demonstrate the scatter of predicted versus
measured data points around the regression line, the 1:1 line
and within the 1limits of +1 standard deviation of the
observed mean. The percentage of data points outside of
these limits is small as to the total number of observaticns.
This demonstrates the model's reliability in simulating
yield. Comparison of the regression to the 1:1 line proves
the good fit, especially for the independent data sets. The
regression coefficient, however, does not indicate a signifi-
cant superiority of yield predictions over the rest of the
data base (0.633 compared to (.617).

It is interesting to note that measured and predicted
mean yields within a subset did not differ nearly as much as
between the two subsets.

F a umbe Final D atter, and Maximum I.
Additional variables to be checked are final ear number,
final dry matter, and maximum LAI observed during the growing
season. Since the average experiment had about five measure-
ments in the season, there is no guarantee that a measurement
was taken at the peak of leaf area development. There are
relatively few observations in total. Therefore, observed
maximum LAI has to be consjdered with precaution.

Despite these restrictions, the mean bias error is not
very large. The mean absolute errors, however, amount to 40%
and 95% of the observed mean. Also, thc regression
coefficient is not very high (Figure 7). (Please refer to
the section where predicted and observed LAI are compared
over the course of time for particular experiments to

demonstrate the model’'s capability to simulate the canopy
development. )

4
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Leaves comprise most of the total amount of above ground
dry matter (Figure 6). Since final dry matter is highly
correlated to yield, it must be accurately simulated. The
model overpredicts dry matter (Table 4) by about 380 g/m2,
which is considerably less than 1 standard deviation (525.5
g/mz). In the regression, the model accounts for 41.1
percent of the variation in the real world.

For the group of independent data, simulation of [inal
ear number (Figure 5) resulted in a very small slope (0.1398)
and corresponding coefficient of determination (r¢ = 0.014).
The regression coefficient for the dependent data sets is
0.40 and thus is higher than for dry matter.

Difference Measures. While sumnmary measures try tc
describe the quality of simulation, difference measures try
to locate and quantify errors. Difference measures for the
same variables as above are listed in Tablus 4 and 5. The
mean bias error (MBE) is regularly conriderably smaller th
the mean absolute error. The two values, being close,
indicate the prediction to be biased in one direction, as is
true for ear number and dry matter predictions with the
independent sets.

A negative MBE occurs when predictions are smaller in
value than observations. Considerable errors of this kind
are found with GPSM, ear number, and dry matter predictions
of the dependent data sets, and with grain weight and date of
anthesis of the independent sets. For all others, predic-
tions are larger than observed values.

Since the value of the MBE is related to the range of
values, it is not reasonable to compare across variables.
However, comparisons between the two groups of data sets
might show the necessity of requiring independent data sets
if it could be shown that the MBE and MAE of independent data
were always larger. Unfortunately, while true for yield, it
doesn’t apply for all variables; maximum error in predicting
yields is smaller in the independent set.

Willmott (1982) indicated that the closer the root mean
square error (RMSE) to O, the better the model. Certainly
this applies to the systematic error. The unsystematic RMSE
should approach RMSE in the system:

MSE = MSE_+ MSE
s u
The tendency of RMSE toward 0 is obvious, compared to RMSE.

Since the mean is °involved in the computation of this

measure, comparisons across groups of data sets are not
advisable.

10
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The values of RMSE_ and RMSE, computed to predict yields
for the dependent data set, are very similar: 25377 and
25424, respectively. Thus, compared to RMSEu of 1552, the
model meets the above requirement.

Willmott (1982) also suggests the computation of d, a
quality measure for models, or index of agreemer’:

n ) 2
d=1-[2 (Pi-Oi)/Z (IPlf_l+|0f1I)].0$dSl
=l i=1

where P! = P, - 0O and 0! = O, - O
i i i i

For a good model, d should approach 1. For CERES-Wheat yieiu
predictions, d equals 0.8825. This quality measure is mainly
used to compare different models, but it provides additional
useful information of model performance when used to evaluate
a single model.

Measured and Mode stimates of Crop Growth. To ensure
accuracy, any simulation of plant parts should be checked
intensively against real world observations. The appendix
contains comparisons between model output with all available
experimental measuiements. For some, real world data were
obtained by digitizing graphs in publicatiomns, which adas
uncertainty to the reliability of these data. These compari-
sons should be viewed with a critical mind. Figures in
Appendix A are in the order of locationms.

One problem with the data is that often only a few
samples were taken during the growing season and for typical
optimum curves like LAI or tiller number, the peak may be
missing (see tiller number for Rutherglen, Australia). The
experiment in Rutherglen is one of the few where root
measurements were taken. It demonstrates good correspondence
of compared data despite high variations in measurements and
a slightly too high growth rate in the model run. Partition-
ing was correct for this particular experiment as shown
through a large number of samplings of root, stem, and ecar
weight. One discrepancy is that stem weight measurements
seem to include leaves or sheaths, whereas the graph of the
simulation shows stem weight only.

Five, well-timed samples during the growing season
demonstrated agreement with the tillering pattern at
Murumbateman, Australia, in 1977. Biomass and LAI were
simulated with high accuracy. The 1980 run at the same
location did not perform quite as well, although the samc

11
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variety was grown. Data from Wagga Wagga, Australia, 1981,
also showed excellent fit.

The pattern of dry matter accumulation in response to
different irrigation treatments was generally correctly
simulated in Kibbutz Boker, Israel. The point of highest
water stress is equally marked in the observations and the
model simulations, although the differences between the two
tend tc increase toward the end of the growing period,
causing the simulated LAI to increase too early and too much.
Partitioning of assimilates to the ear, however, is very
close to observations for those crops wunder late water
stress.

An irrigation experiment in Roodeplaat, RSA, shows
considerable differer~es between the modelled and cbserved
LAI. Plots receiving higher amounts of water (Irr. 3 and 5)
produced much denser canopies which could be simulated well.
In the dryland run (Irr. 1), the modelled LAI was too high,
and it developed too late.

In Ciudad Obregon, Mexico, another site where wheat is
highly stressed by lack of water, the reverse effect was
observed: LAI was generally underestimated, except for the
plots experiencing the highest water stress where amount and
timing were correct.

In Bushland, Texas (1981 and 1982), several different
irrigation treatments for three varieties demonstrate
excellent simulation of wheat growth and development with
respect to dry matter, LAI, and tiller number. LAI shows th:
typical patcern for this area where wheat tillers wvary
greatly before winter due to warm fall temperatures, hence
producing more coverage than further north where frosts
usually kill many tillers and thus reduce leaf area.
Therefore, these curves have two peaks. Some of the outliers
in tiller number can te axplained by the counting techninue
used, which includes every initiated tiller, even if not
emerged yet.

An experiment in Temple, Texas, in 1984 focused on the
influence of sowing density on plant growth and tillering
under restricted water conditions. The biomass simulation
was excellent. LAI was sometimes larger than observed due to
some problems in measuring leaf area before tle leaves were
fully dried. The model maintained a higher tiller number
than observed in low sowing densitfes, but did not simulate
the peak in the highest sowi- - density (640 plants/mz). One
hundred sixty plants/w‘, a ..mmon population for the area,
gave excellent results.

12
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A comparison with a similar experiment in a 1location
with very different soil water availability in Lelystad,
Netherlands, reveals interesting facts. The polder area of
the Netherlands is characterized by almost unlimited water
availability. In the model, the simulated crop produced an
extremely high number of tillers, but were drastically
reduced about 180 days after emergence. In reality, this
decline in tiller number is in the same range, but it occurs
eariier with higher populations.

Other locations with the same climatic characteristics,
like Flevoland and Wageningen, The Netherlands, demonstrate
the excellent performance of CERES in cooler climates as
well, though several runs suggested that it might perform
better in the warm-to-subtropical climatic vange. All of the
biomass samples (5) taken at Flevoland in 1976, agree with
the model’s output. Biomass partitioning and LAI are
represented by late season samples only, making profound
comparison impossible, especially for LAI. Stem and ear
veights agree reasonably well. Unusually high differences
between simulated and measured leaf weights indicate a
problem either with the definition of plant parts or units or
something else.

The same phenomena occurs in an experiment conducted the
following year with the same variety, Lely, grown in
Wageningen, The Netherlands. All the other details of this
run show an excellent fit, as well as those with the variety,
Maris Hobbit. With both, LAl simulation agreed perfectly
with reality, including the timing of development, which is
of particular interest, because Maris Hobbit was used in a
series of experiments in France focusing on phenology. The
French series was conducted for four years, wi%\ five

varieties, at three locations’ The growth details showed
gooda fit with the model, vhich is a profound test of the
stability of the model’'s phenological predictions. This

confirms how valusble experiment series are for model
testing.

Phenological observations complete with detailed
measurements were taken in a three-year (1975-1977) series of
experiments in Nottingham, England. Root weight measurements
were considerably less than what the model had partitioned to
the root system. Since root measurements are very difficult
to take and therefore highly erratic, the model’s functions,
which work well for other locations, were not adjusted.
Total biomass and its fractions gave excellent agreement with
measurements. However, leaf weight was severely over-
estimated in 1975, and in 1977 the crop developed too early
and too fast in the model.

13
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The less recent data sets are from Rothamsted, England,
1960. The varieties Jufy and Atle are older, tall varieties;
Capelle Desprey and Squarehead Master are new releases with a
short culm. Therefore, only total dry matter and LAI could
be compared, but with good results. The observed decrease in
biomass at the end of the growing peried does not appear in
the simulaticns. The peak of LAI was generally wunder-
estimated, except for Atle.

The same tendency can be found in a:other highly
productive crop in Weihenstephan, Germany, in a record year:
1983. For most of the growing season, coincidence between
measured and modelled LAI prevailed, accompanied by excellent
simulation of above-ground dry matter and tiller number.

Several test runs were conducted with data from the main
U.S. wheat prcducing areas: the Midwest and the Pacific
Northwest. Experiments in Kansas (at Manhattan and at Garden
City) focused on nitrogen fertilization; the irrigation
aspect can also be checked with the non-nitrogen version of
the model. In the Manhattan 1982 runs, the model recognized
no water deficit for the non-irrigated crop. Therefore,
model output was identical with the field. Measurements of
details of the irrigated plots were slightly higher in the
model, but they did not exceed estimated measurement
variations. General agreesment and timing is acceptable.
Measured stem and leaf weights decreased more rapidly towards
the end of the season than what the model allowed. Total
measured biomass 1is larger, however, suggesting that a
fraction, probably senesced leaves, is lacking.

The 1981 Garden City experiment included two irrigation
treatments; 1982 four. The results with the mcdel are
encouraging; dry matter was only slightly overe:*imated, but
LAI and tiller development were on target. There were hardly
any differences between irrigation treatments two to four of
the 1982 experiment in the model as well as in reality. 1Im
the tillering pattern there was no difference at all.

The Sidney, Montana, series consists of two years of
data for three varieties of Russian origin plauted at two

densities. The initial development of biomass was ahead in
denser crops throughout winter and spring with the final
results being identical. The model crop had 50%-80% more

biomass, however, producing a much denser crop canopy than
observed. The typical two-peak curve of leaf area develop-
ment in the area with haavy winter-kill could not be checked,
because observations started only in spring. Despite this
lack of information, it is a very useful data set for testing
the winter-kill and cold-hardiness routines of the CERES
model.

14
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The test runs for Lind, Washington, 1977, with two crop
densities, produced a very unusual pattern of leaf area
development. Despite double the initial population, the
course of tiller development in the model was almost
identical to the low density crop where final tiller number
coincided with measurements. The high density crop produced
a considerably higher number of tillers than simulated.
Since few late measurements were taken, validation of the LAI
component is difficult. It seems the model was overesti-
mating LAI at this location, as winter temperatures killed
most of the leaf cover.

Similar results, although less pronounced, were found
for Pullman, Washington. With the 1973 data, CERES’
simulations coincided perfectly with observations for early
and late sowing; for 1974 the simulation was good only for
the late sowing data. There is some confusion, though, with
the data, as observed LAI and dry matter of the early sowing
were unusually high.

The Experiment Station at Pendleton, Oregon, furnished
valuable data from diverse experiments. Detailed measure-
ments from 1977 allowed us to check the correct simulation
for different plant parts. For unknown reason, however, ear
weight was far below the field-observations. Leaf area was
simulated to be twice as high as reality. The tiller number
comparison is impressive, although it is not certain that
plotted tiller counts represent the peak of tillering. The
final increase in tiller number is a very unusual phenomena.

Biomass weights from a 1980 experiment in Pendleton and
Weston (Oregon) with two sowing dates and three sowing
densities, though few, confirm the accuracy of simul.tion.
This was reinforced by ‘the 1981 Pendleton run. The

differences between the modelled and measured values are
acceptable.

The CERES model, developed from a :»il water balance
subroutine, had been tested and validated. This, few tests
were done with soil water measurements.

15
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Figure 2. Predicted Versus Measured Yield.
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Figure 4. Predicted Versus Measured Number of Grains.
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Figure 5. Predicted Versus Measured Number of Ears.
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Figure 6. Predicted Versus Measured Above Ground Ory
Matter.
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Table 2. Summary Measures for Independent Data Sets.
P = a+ b* Reg

Varliable Unit n (] P So SP a b Coeff
Anthesis days 82 144.6 144.2 30.3 28.4 l4.6 0.8960 . 912
Phys Mat days 76 176.0 176.¢ 28.4 28.5 4.7 0.9763 . 947
Yield kg/ha 157 5547.0 5646.8 2219.0 2578.2 582.2 0.9166 .633
Grain Wt mg/kernel 144 38.3 36.4 9.3 9.4 13.4 0.6234% . 448
GPSM # 138 14594.6 15161.2 5115.2 5811.9 5507.3 0.6715 .376
Ear # ? 122 524.0 648.7 152.9 190.2 600.3 0.1398 .014
Dry Matter ¢lm2 76 1179.2 1559.1 525.5 412.2 791.8 0.5052 411
LAI -- 54 LI ) 5.2 2.6 1.6 3.3 0.4342 .260
Table 3. Summary Measures for Dependent Data Sets.

Meas Pred P = a + b*0 Reg
Variable Unit n Mean Mean Sa SP a b Coeff
Anthesis days 113 132.9 135.7 62.1 62.8 2.46 1.0021 .9834
Phys Mac days 111 157.2 151.9 50.3 54.0 1.56 0.9735 .9416
Yiela kg/ha 130 4359.6 4376.0 1892.7 1892.9 950.7 0.7857 .6171
Grain Wt mg/kernel 91 31.9 33.1 6.2 8.4 8.3 0.7598 .3467
GPSM + 91 13837.9 1391°.8 4144.3 4477.1 5705.8 0.5596 .3167
Ears # 17 558.2 527.3 192.2 270.1 185.3 0.7818 .3998
Dry Matter 3lm2 85 1396.4 1359.6 529.9 418.4 1033.1 0.3296 .33'5
LAI - 37 4.0 4.9 1.9 2.4 8.26 -0.2957 .0395
Table 4. Difference Measures for Independent Data Sets.

Max Min
Variable Unic n MBE MAE Error Error RMSEu
Anthesis days 82 -0.4 5.67 32.0 0 8.5
Phys Mat days 76 0.6 5.1 18.0 0 6.6
Yield kg/ha 157 99.8 1272.8 3468.0 6. 1552.0
Grain Wt mg/kernel 144 -1.9 5.8 28.4 0. 6.5
GPSM #/a? 138 566.6  3k4s.1  17446.0 17. 4437.5
Ear # 'Im2 122 124.7 196.0 938.0 1. 179.6
Dry Matcter ;Imz 76 379.9 352.0 1324.0 2. 320.0
LAI - 54 0.8 1.8 5.7 0. 1.9
Table 5. Difference Measures for Dependent Datra Sets.
Max Min
Variable Unit n MBE MAE Error Error RMSE,,
Anthesis days 113 2.8 6.8 24.0 0 8.1
Phys Mat days 111 -5.4 7.7 24.0 [} 12.2
Yield kg/ha -3 16.4 948.3 4066.0 19. 1175.8
Grain We mg/kernel 91 1.2 5.1 22.2 0.1 6.5
GPSM llmz 91 ~-821.1 2907.1 11059.0 72. 3425.6
Ears #/o? 77 -30.9  150.4 563.0 1. 185.3
Dry Matter g/m2 85 -36.8  354.0 1314.0 1. 247.8
LAI -- 37 0.9 3.8 9.6 0 2.8
19
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Listing of Final Results of Independent Data Sets.
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YIELD GRAIN WT. GRAINS/SQM EARS/SQM MAX. LAI DRY MATTER
o) P o P o | 4 [} P o] P [o} P

1700. 1319. 23.3 20.5 7205. 6430. 275. 422. 1.1 2.0 448, 486,
3575. 36Q0. 32.0 34.2 11281. 1l0521. 357. 365. 4.0 2.1 7175. 826.
2110. 2994. 26.5 31.6 7945, 9479. 373. 348. 2.0 1.9 543. 752.
1826. 2803. 29.0 35.4 6169, 7914. 298. 443, 0.0 2.8 409, 850.
1180. 3068. 20.7 23.5 5636. 13056. 0. 463. 1.0 2.6 275. 845.
2933. 13550. 29.6 28.1 9946. 12623. 0. 513. 3.0 2.8 662. 891.
2564. 3879. 28.7 30.0 8995. 12935. 0. 461. 1.9 2.8 523. 935.
2484. 3464, 31.1 34.7 8017. 9989. 0. 402. 3.5 2.4 635. 845,
2239. 3799. 26.8 29.3 9145. 12945, 0. S517. 2.3 2.9 595. 1010.
3424. 3578, 26.5 29.3 12945. 12225. 0. 473. 3.6 2.6 599. 945.
2760. 4031. 23.6 31.7 11726. 12710. 6. 530. 2.8 3.4 611. 1053.
2330. 3111. 26.8 30.9 8689 10052. 0. 4&l4. 3.7 2.8 631. 908.
6960. 8762. 0.0 43.3 0. 20219. 518. 604. 0.0 5.5 0. 1892.
5670. 7679. .0 44.7 0. 17165. 480. 575. 0.0 5.2 0. 1690.
6540. 8755, .0 41.8 0. 20945, 0. 567. 0.0 5.6 0. 1945.
6340. 8404. 48.6 41.7 0. 20138. 0. 609. 0.0 5.2 0. 1920.
5620. 6660. 48.0 39.6 0. 16788. 485. 554. 0.0 4.7 0. 1505.
7080. 7369. 51.0 40.7 0. 1809s4. 425. 585. 0.0 4.7 0. 1568.
6990. 7966. 0.0 44.2 C. 18023. f23. 530. 0.0 4.5 0. 1678.
5810. 8054. 38.4 39.8 0. 20227. 474. 564. 0.0 4.8 0. 1756.
6500. 7872. 36.1 37.3 0. 21128, 646. 603. 0.0 5.4 0. 1799.
3300, 8969. 53.7 43.7 0. 20533. 467. 530. 0.0 5.4 0. 1932.
7810. 8042. 49.0 37.2 16138. 21597. 492. 642. 0.0 5.6 0. 1980.
8690. 7132. 44.3 35.9 19918. 19882. 574. 575. 0.0 5.0 0. 1743,
10760. 8203. 48.4 41.3 22784. 19862. 640 655. 0.0 6.1 0. 1988.
10900. 8930. 52.2 44.3 21164, 20157. 674. 539, 0.0 5.4 0. 1904.
9560. 7600. 54.3 46.5 17970. 16344. 599. 450. 0.0 3.8 0. 1526.
9540. 7836. 42.1 44.0 23004. 17818. 695. 595. 0.0 5.7 0. 1791.
9510. 7144, 48.5 44.7 15880. 15994. 568. 520. 0.0 4.7 0. 1642.
9960. 7455. 49.1 42.9 20376. 17384. 532. 508. 6.0 h.4 0. 1479.
9280. 7879. 40.8 41.3 22616. 19079. 574. 525. 0.0 5.6 0. 1856.
3361. 2403, .0 20.0 0. 12017. 264. 507. 5 2.8 773. 922.
4213. 1476. .0 20.0 0. 7381. 484. 626. 3.2 6.1 1576. 1197.
4474, 1427. .0 20.0 0. 7136. 515. 645. 4.2 9.1 1497. 1478.
4712. 1244. .0 20.0 Q. 6222. 711. 659. 9.6 0.2 2518. 1541.
0. 1170. .0 20.0 0. 5851. 374. 574 2.1 3.3 955 . 860.
3102. 659. .0 20.0 0. 3296. 560. 664. 4.0 6.9 1178. 1151.
2391. 637, .0 20.0 0. 3186. 960. 670. 4.5 10.1 1505. 1434,
3972. 595. .0 20.0 0. 2975. 295. 660. 2.2 11.3 1922. 1494
3116. 1745. 32.1 37.8 9707. 4620. 0. 593. 3.3 3.1 1008. 913.
4561, 4822, 32.3 37.8 14121. 12768. 0. 620. 3.6 3.1 1285. 1406.
2633, 153138. 31.0 33.3 8494, 4620. 0. 593. 3.3 3.1 957. 768.
5945. 4822. 36.9 37.8 16111. 12768. 0. 620. P 3.1 1184. 1406,
3102. 31s81. 26.9 24.5 11532, 12979. 0 802. 2.6 3.5 1217. 1203
4145, 4853. 21.3 23.6 19460. 20576. 0. 902. 3.9 6.% 1303. 1723,
2277. 1104. 23.7 22.0 9608, 5028. 0. 794, 2.1 3.5 687. 713.
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Table 6. Continued.

YIELD GRAIN WT. GRAINS/SQM EARS/SQM MAX. LAI DRY MATTER
[} P (o] P 1] P [o] P ] P [} P
5833. 5043, 25.6 24.5 22785. 20576. 0. 902. 3.9 6.6 1771. 1881.
2477. 704, 28.4 35.4 8721. 1990. 0. 726. 2.8 5.4 606. 751.
3752. 4095. 25.5 36.8 14713. 11119. 0. 826. 5.3 5.5 838. 1342,
4124. 2778. 31.8 4l1.1 12968. 6761. 0. 726. 5.3 5.4 762. 1136.
4009. 818. 29.3 41.1 13682. 1990. 0. 726. 5.3 5.4 700. 884,
4550. 5456. 31.4 4Al.1 14490. 13277. 0. 826. 5.3 5.5 796. 1569.
4337. 4569. 30.6 41.1 14173. 11119. 0. 826. 5.3 5.5 838. 1426.
3991. 2778. 31.1 s1.1 12832. 6761. 0. 726. 5.3 5.4 706. 1139.
5689. 5456. 34.7 41.1 16394. 13277. 0. 826. 3.9 5.5 746. 1569.
8967. 7662. 47.1 58.1 19042. 13197. 422 540. .0 4.6 0. 1772.
8351. 6406. 43.2 45.9 19350. 13981. 386. 425. .0 4.6 0. 1740.
7694. 7333, 25.5 39.9 30197. 18381. 466 561. .0 4.6 0. 1766.
4950. 4267. 38.0 41.7 11720. 10228. 0. 267. .0 3.8 0. 1345.
2920. 3963. 35.0 43.0 739%0. 9226. 0. 279. .0 3.7 0. 1255.
3720. 4267. 33.0 41.7 10180. 10228. 0. 267. N 3.8 0. 1292.
3830. 4219. 32.0 38.0 10760. 11110. 0. 277. .0 3.4 0. 1243.
5650. 2461. 53.3 24.9 10600. 9871. 0. 518. 0.0 5.5 1212. 1298.
6640. 3761. 47.6 26.2 13950. 14356. 0. 505. 0.0 5.8 1198. 1368.
5500. 7899. 43.0 54.4 12825. 14514. 475. 546. 10.2 7.1 1233, 2121.
6100. 9232, 44.0 239.6 13775. 23342, 475. 798. 11.6 5.9 1195. 2173.
5900. B8231. 4k0.0 45.5 14520. 18102. 440. 9013. 8.2 5.9 1151. 2100.
4062. 2428. 42.0 23.0 9672. 10578. 372. S45. 3.7 8.3 851. 1628.
4072. 4009. 42.3 20.7 9628. 19395. 332. 779. 3.4 7.2 802. 1720.
4250. 3750. 36.8 24.9 11550. 15041. 350. 523. 3.2 7.2 814. 1711.
6794. 7991, 33.0 40.6 20587. 19686. 673. 606. 0.0 6.1 2158. 1958.
6922. 8599. 40.5 38.5 17091. 22330. 794, 720. 0.0 6.1 1/40. 1994.
7050. 7834, 43.6 40.6 16170. 19292. 652. 694. 0.0 6.1 1834. 1948.
4865. 7783, 28.3 39.3 15106. 19811. 506. 609. 11.8 6.2 1415. 1951.
6000. 7996. 32.9 40.9 1821S5. 19539. 600. 720. 0.0 6.1 1602. 1950.
7886. 5886. 35.6 29.3 22102. 20070. 682. 661, 6.0 4.7 1891, 1428.
7088. 5722. 38.8 32.5 182706. 17605. 599. 635. 0.0 4.7 1739. 1405.
6930. 5722. 39.2 32.5 17661. 1760S5. 546. 635. 0.0 4.7 1460. 1405.
7991. 5890. 346.8 28.8 22995. 22422, 640. 635. 0.0 4.7 1772. 1428.
6570. 8067. 46.0 40.1 14900 20098. 429. 1387. 4.3 5.1 1682. 1789.
7590. 6835. 50.8 51.9 164C 13167. 462. 4&50. 5.2 5.1 1683. 1685.
8580. 6619, 42.1 27.2 20552. 24340. 538. 390. 0.0 5.4 1787. 1737.
8260. 9731. 41.4 48.7 19970. 20000. 635. 775. 0.0 5.7 1810. 2020.
9390. 9857. 56.3 47.2 16775. 20880. 510. S591. 5.0 5.5 1700. 2088.
4480. 7335. 52.3 58.1 8619. 13140. 650. 530. 3.3 5.0 940. 1516.
6310. 4492. 53.7 42.3 11761. 10611. 420. 574, 0.0 5.5 980. 1417.
7470. 8147. 49.2 139.0 15229. 20880. 490. 591. 0.0 5.5 1250. 1901.
7090, 8702. 38.8 35.1 18277. 24773. 518. 981. 0.0 7.8 0. 2320.
5560. 7963, 40.3 34.4 13810. 23163. 440, 946, 0.0 7.4 0. 2037.
6810. 8661. 49.7 43.9 13696. 19716. 391, 1308. 0.0 7.5 0. 2298.
5710. 7925. 50.5 &44.6 11313. 17762. 288. 1226. 0.0 7.4 0. 2038.
6440. 8008. 33.6 38.4 19163. 20878. 645. 808. 0.0 G.f 0. 2042.
6930. 7758. 41.8 .9.0 17431. 15844, 635. 792. 0.0 7.0 0. 2009.
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Table 6. Continued.
YIELD GRAIN WT. GRAINS/SQM EARS/SQM MAX. LAI DRY MATTER
(o] P o] P ] P o P 4 ¢} P
5920. 8049. 33.5 37.9 17668. 21242. 568. 786. 0.0 6.0 0. 1953.
5180. 7200. 40.8 44.2 12669. 16284. 543. 782. 0.0 5.9 0. 1874.
8740. 8594. 3%.1 33.9 24979. 25341. 760. 838. 0.0 6.7 0. 2159.
7720. 7995. 36.6 31.8 22304. 25158. 562. 828. 0.0 5.9 0. 2020.
6460. 5027. 28.8 20.0 22405. 25111. 737. 838. 0.0 6.7 0. 1757.
5010. 4474 26.0 20.0 20905. 22371. 534. 828. 0.0 5.9 0. 1626.
79106. 8671. 46.4 44,1 17039. 19667. 629. 1071. 0.0 6.3 0. 2117.
6850. 5190. 42.2 26.4 16241, 19665. 589. 1071. 0.0 6.3 0. 1758.
5191. B8448. 39.2 38.4 13100. 21999. 413. 858. 0.0 6.0 0. 2082.
5590. 8700. 38.1 39.5 14502. 21999. 433, 858. 0.0 6.0 0. 2107.
8890. 9021. 40.0 37.& 22225. 24093. 759. 870. 0.0 6.6 0. 2190.
8290. 8935, 52.1 48.7 15911. 18362. 499. 1143, 0.0 6.3 0. 2148.
8630. 8418. 48.5 46.6 17794. 18050. 603. 868. 0.0 6.9 0. 2143.
8530. 8221. 47.0 41.9 18149. 19630. 626. 1062. 0.0 6.6 0. 2111.
7546. 7559. 43.2 35.2 17467, 21A52. 683. 918. 0.0 6.7 0 2017.
6992. 6804. 51.1 43.% 13677. 15687. 614. 909. 0.0 6.8 0. 1968.
4810. 6632. 33.3 28.6 10589. 23223. 460. 849. 0.0 6.1 0. 1843.
4550. 5667, 34.2 26.0 9792. 21760. 401, 790. 0.0 5.1 0. 1503.
4420. 6725. 41.1 37.7 8423. 17862. 300. 1115. 0.0 5.9 0. 1833.
4010. 5697. 41.7 34.6 6715. 16453. 288. 997. 0.0 4.8 0. 1458.
5600. 8381. 36.5 36.3 1%263. 23117. 478, 766. 0.0 5.4 0. 1877.
5700. 7463. 36.0 35.% 15814. 21108. 548. 772. 0.0 5.1 0. 1724,
6780. 8795, 45.1 46.4 15013, 18961. 391. 655. 0.0 6.6 0. 2066.
6080. 866S. 45.5 46.3 13367. 18701. 377. 628. 0.0 5.1 0. 1770.
7710, 9064. 38.1 42.7 19922. 21208. 686. 755, 0.0 6.6 0. 2079.
7830. 8657. 38.1 42.6 18976. 20311. 606. 718. 0.0 5.1 0. 1794.
7090. 8495, 45.6 52.2 13553. 16260. 513. 740, 0.0 6./ 0. 2048.
6480. 8148, 40.5 50.8 15980. 16034. 664. 708. 0.0 5.1 0. 1744.
7360. 7999. 42.6 &4 3 17446. 18067. 494, 628. 0.0 5.2 0. 1674.
7010. 8058. 43.5 41.2 16168. 19571. 463. 686, 0.0 4.7 0. 1599.
7280. 7652, 47.0 49.5 15479. 15459. 484, 701. 0.0 5.1 0. 1626.
4910. 4356. 39.0 36.7 11190. 11880, 0. 326. 0.0 4.4 0. 1440.
4130. 4706. 33.0 40.8 11350. 11535. 0. z86. 0.0 3.5 0. 1363.
3730. 4356. 33.0 36.7 10210. 11880. 0. 326. 0.0 [ 0. 1409.
2710. 3574, 32.0 32.7 7570. 10946. 0. 295, 0.0 4.3 0. 1262.
1950. 2386. 39.1 34.9 4987. 6839, 148, 638. 0.0 3.5 0. 887.
1900. 2042, 37.9 34.9 5015. 5854 . 170. 644, 0.0 3.6 0. 892.
2372. 2366. 32.1 27.4 7390. 8637. 263, 639 0.0 3.5 0. 892.
2217. 2234, 31.3 29.7 7084. 7518. 308. 643, 0.0 3.6 0. 896.
2450. 2281. 28.3 29.4 8641. 7766. 370. 642. 0.0 3.4 0. 890.
2352. 1885. 27.9 29.4 8433, 6417. 499. 640. 0.0 3.8 0. 889.
3455. 4304, 32.1 35.6 10763. 12088. 379. 65S. 6.0 4.0 829. 1414,
3460. 4378. 33.3 35.6 10651. 12297. 433. 664, 0.0 4.7 842. 1520.
4277, 4848. 32.4 31.4 13200. 15451, 440. 656. 0.0 4.0 1044. 1439,
4147. 4953, 31.4 31.4 13209. 15786. 518. 667. 0.0 4.9 1024. 1566.
~ 3888. 4228, 30.3 30.0 12831. 14109. 578. 656, 0.0 4.0 1022. 1421.
3520. 4320. 29.7 30.0 31862. 14416, 674, 667, 0.0 4.9 986. 1553.
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Table 6. Contlinued.

YIELD GRAIN WT. GRAINS/SQM EARS/SQM MAX. LAI DRY MATTER

(] P [+] P o) P ] P 0 P [¢] P

4850. 2772. 40.1 28.0 12125. 9900. 548. 452. 0.0 2.2 883. 693.
2172. 1278. 32.0 20.0 10353. 6388. 1094. 740. 2.0 7.2 1279. 1309.
2032. 11316. 33.3 20.0 8008. 6579. 654. 742. 3.4 7.5 931. 130S5.
3738. 3763. 0.0 20.0 0. 18813. 621. 555. 5.5 5.5 1300. 1537.
4642. 4597, 0.0 20.0 0. 22985. 625. 509. 4.1 4.8 1400. 1426,
8778. 8339. 35.4 33.1 24520. 25161. 757. 575. 8.7 5.0 3389. 2065.
7109. 8163, 33.6 35.3 21038. 22866, 589. 504. 4.9 4.4 1778. 1766.
2420. 1070. 13.4 20.0 21270. 5351. 600. 814. 3.0 6.6 1361. 1228.
2250. 1087. 12.5 20.0 17900. 5436. 800. 814. 2.7 6.6 1215. 1227.
7649. 6315. 55.9 49.9 13683. 12662. 449. 508. 0.0 4.0 0. 1605.
6104. 6483. 54.1 49.9 11277. 12999. 467. S542. 0.0 5.1 0. 1761.
5897. 6523. 55.4 49.9 10648. 13078. 488. 545. 0.0 5.5 0. 1814
6900. 6639. 55.3 53.1 12485. 12502. 357. 459. 0.0 3.7 0. 1l462.
6259. 64la. $3.4 49.8 11718. 12879. 413. 518. 9.0 4.4 6. 1545,
5992. 6265. 55.0 48.1 10905. 12024, 454. 541. 0.u 4.7 0. 1596,
vh66. 5912, 45.9 43.4 14102. 13615. 362. &11. 0.0 4.4 0. 1530.
6472. 6564. 34.6 36.6 18835. 17939. &37. 537. 0.0 4.4 0. 1544,
9665. 6485, 51.9 54.1 18622. 11993. 632. 536. 0.0 5.0 0. 1781.
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Listing of Final Resulrs of Dependent Data Sets.

TR

YIELD GRAIN WT. GRAINS/SQM EARS/SQM MAX. LAI DRY MATTER
] P o] P 0 P [} P o} P o] P

4825. 7843, 45.4 64.5 10670. 12164, 485. 465, 7.7 6.1 1500. 1914
2320. 3002. 37.0 40.3 5867. T442. 402. 546. 7.9 7.1 1250. 1847,
4070. 4800. 43.2 45.5 9325. 10543. 374. 400, 5.1 4.0 1135. 1382.
2710. 3585. 32.3 36.4 8175. 9859. 415. 499, 4.8 5.0 1050. 1521.
6450. 6469. 0.0 32.2 0. 20064. 0. 701. 4.0 5.3 1252. 1725.
3400. 3594. 0.0 20.8 0. 17263. 0. 689, 0.0 6.5 0. 1543.
5030. 7961. 0.0 39.1 0. 20379. 413. 733, 8.0 5.3 0. 1909
2820. 5058. «0.3 38.3 6997. 13220. li18. 155. 0.0 1.6 707. 884.
6440. 7065. 41.7 39.2 15443. 18020. 272. 264, 0.0 3.2 1531. 1331
7200. 7574, 44.6 39.9 16143. 18996. 322, 311 0.0 4.0 1647. 1480.
8430. 7893, 44.1 40.4 19115. 19534. 430. 359. 0.0 4.7 1968. 1616.
8340. 8065. 42.3 40.8 19716. 19788. 490. 383. 0.0 5.2 2024, 1753.
8480. 8078. 41.0 40.8 20683. 19809. 582. 400, 0.0 5.2 2181. 1814,
8900. €180. 39.0 41.1 22820. 19898. 777. 800, 0.0 5.7 2376. 1870.
4440. 3125. 38.2 25.6 11642. 12227. 433, 564, 4.0 4.8 109«. 1196.
2580. 2349, 35.5 25.9 7319. 9060. 308. 587. 2.2 5.0 717. 1107.
3350. 1752. 21.3 20.0 15830. 8761. 581. 577. 4.9 4.9 1115. 1093.
4344, 4707, 34.0 39.1 12800. 12053. 466. 374, 6.5 5.0 1492. 1545,
8711. 6876. 44.0 43,2 19934. 15906. 511. 728, 0.0 5.6 0. 1692,
3537. 1992. 246.0 20.0 14738. 9960. 391. 714, 0.9 4.8 0. 1096.
2508. 1368. 20.6 20.0 12175. 6840. 372. 680, 0.0 5.2 0. 980.
3009. 1654. 23.0 20.0 10260. 8271. 510. 711. 0.0 5.3 0. 1112,
3414. 1470, 33.7 55.9 9987. 2629. 304. 549. 0.0 4.0 0. 732.
3800. 5516. 23.4 36.7 16239. 15043. 0. 829. 3.6 4.2 1657. 1396.
3823. 5516. 23.1 36.7 16549. 15243, 0. 829, 3.6 4.2 1716. 1396
2372, 3099. 20.4 28.7 11627. 10804. 220. 629. 0.0 4.3 979. 1095.
4098. 3933, 31.7 27.7 12927. 14379. 716. 961. 4.6 5.9 1211. 1490.
4012. 3431. 33 35.4 12012. 9754 . 1069. 1022, 0.0 5.4 1124, 1332,
4381, 6233. 35.0 35.4 12517. 17615, 1098. 982. 0.0 6.3 1329. 1835.
5400. 6403. 31.5 31.8 17142. 20128. 0. 942, 6.1 3.8 1215. 1502.
5440. 6784, 29.6 33.7 18378. 20128. 0. 942, 5.3 3.8 1312. 1599.
5948. 6784. 30.1 33.7 19760. 20128. 0. 942. 5.3 3.8 1308. 1599.
5353. 6784. 28.2 33.7 18982. 20128. 0. 942. 6.1 3.8 1304. 1599.
4417. 4332, 2/7.6 32.3 16026. 13427. 706. 616. 3.4 11.0 2449. 1894,
3387. 4323. 25.5 32.3 13278. 13399. 635. 614. 2.5 7.8 1474, 1607.
4749, 4110, 30.3 30.9 15672. 13297. 777. 624, 1.4 5.7 2067. 1394.
3789. 3652. 23.4 27.3 16216. 13383. 819. 713. 3.1 12.7 1393, 1976.
3134. 3651. 22.9 27.3 10804. 13378. 507. 713. 4.4 10.1 2628. ' 1740.
4208. 3644, 26.7 27.3 14992. 13352. 7¢5. 712, 3.7 7.8 1950. 1508.
4057, 4497, 26.2 32.3 15382. 13931. 836. 750. 2.3 11.4 1953. 1900.
4138, 4489. 30.0 32.3 13788. 13906. 743, 749, 3.0 8.0 2373. 1643.
4746. 4499. 29.4 32.5 16139. 13840. 777. 734, 4.5 6.1 1621, 1433.
3825. 3885. 31.3 35.0 12224, 11114, 640. 520. 3.1 12.5 2818. 1940.
2625. 3883. 33.8 35.0 7765. 11108. 472. 520. 2.4 9.3 1696. 1672.
3407. 3889. 32.7 35.3 10414, 11027. 556. S514. 3.7 7.3 1784. 1475.
4201. 4636. 36.4 44.7 11637. 10412. 619. 3510. 1.6 10.8 2264. 1882.
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Table 7. Continued.
YIELD GRAIN WT. GRAINS/SQM EARS/SQM MAX. LAI DRY MATTLR
o | 4 [0} P 0 P 0 P 0 P [] P
3236. 4452. 41.6 42.8 8250. 10408. 438. S522. 1.4 7.8 1312, 1617.
3602. 4388. 2.4 42.8 8493, 10259. 443, 517. 1.2 5.2 0. 1366.
5529. S282. 32.2 37.8 17270. 13975. 642. 510. 8.8 11.1 3245. 1931.
3793. 527s. 33.0 37.8 11493. 13953. 536. 510. 2.8 8.2 1662. 1663.
4397. 5005. 33.9 36.2 22609. 13834, 530. 518, 2.9 57 1019. 1436.
4399. 4306. 29.7 130.5 147%4. 15118, 804. 546. 4.8 12.0 1883. 1949.
3783. 4370. 28.9 29.1 13090. 15029. 605. 539. 2.3 9.0 1827. 1691.
3655. 4184. 31.3 29.1 11637. 14389. 531. 532. 2.0 6.0 990. 1432.
4992. 5741, 37.4 41.1 13349, 13969. ag3. 290. 0.0 5.1 1510. 1612.
3552. 5741, 29.3 41.1 12124. 13969 348. 290. 0.0 5.1 1420. 1556
6556. 5741. 43.2 41.1 15176. 13969. 364, 290, 0.0 5.1 1650. 1612.
5436, S741. 37.9 41.1 14344. 13969. 350. 290. 0.0 5.1 1300. 1612.
2676. 4418. 22.5 11.6 11893. 13969. 361. 290. 0.0 5.1 1100. 1397.
4709. 5741. 36.7 4l1.1 12831. 13969. 330. 290. 0.0 5.1 1690. 1593.
4437. 5278. 31.9 34.7 13908. 15229. 506. 321. 0.9 5.4 1140. 1645.
4386. 5278. 27.4 34.7 16007. 15228. 484. 321. g.¢c 5.4 620. 1594&.
5427. 5278. 32.3 34.7 16853. 15229. 511. 2321, 0.0 5.4 640. 1645.
4862, 5278. 31.1 34.7 15633. 15229, 492. 321. 0.0 5.4 710. 1645.
2682. 3982. 20.3 26.1 13210. 15228. 499. 321. 0.0 5.4 620. 1404,
4354. 5278. 30.8 34.7 14137, 15228. 462. 321. 0.0 ‘4 560. 1608.
9108. 6917. o.u 41.% 0. 16546. 0. 300. 0.0 4.2 0. 1582.
5389. 6720. 0.0 40.6 0. 16566. ¢. 303. 0.0 4.2 0. 1543.
6232. 7279. 0.0 44.0 0. 16556, 0. 301. 0.0 4.2 Y. 1602.
8777. 7286. 0.0 44.0 0. 16573. 0. 204. c.0 P2 G 1610.
3471. 1810. 0.0 20.0 0. 9048. 0. 265, 0.0 3.9 0. 857.
4893. 4418. 0.0 130.6 0. 14417. 0. 278. 0.0 4.1 c. 1281.
6100: 5077. 0.0 133.5 0. 15176. 0. 267. 0.0 4.0 0. 1348.
9158. 5092. 0.0 233.> 0. 15219. 0. 272. 0.0 4.0 0. 1379.
2810. 2682. 0.0 31.3 0. 8580. 0. 201. 0.0 2.9 0. 806.
5438. 3641. 0.0 33.9 0. 10756. 0. 207. 0.0 3.0 0. 941.
1389. 1595. 0.0 20.0 2. 7977. 6. 202. 0.0 2.9 0. 681 .
2281. 3483. 0.0 33.9 0. 10290. 0. 183. 0.0 2.7 0. 862.
2281. 2043, 0.9 30.2 0. 6760. 0. 133. 0.0 1.7 0. 550.
1422. 1713. 0.0 25.1 0. 6829. 0. 139. 0.0 1.7 0. 525.
1488. 1786. 0.0 28.9 0. 6179. 0. 118. 0.0 1.4 0. 481.
17. 316. 0.0 26.9 u. 1.76. 0. 85. g.0 0.5 0. 110.
149, 332. 0.0 26.° Q. 1237. 0. 92, 0.0 0.5 0. 116.
149, 273. 0.0 26.9 0. 1016. 0. 68. 0.0 0.4 0. 93.
364. 281. 0.0 26.9 Q. 1046. 0. 71. 0.0 G.4 Q. 96.
4774. 5818. 0.0 45.4 0. 128238. 0. 194. 0.0 2.5 0. 1099.
4695. 5978. 0.0 45.5 0. 13148. 0. 208. 0.0 2.7 0. 1143,
4496. 6162. 0.0 45.6 0. 13512. 0. 229. 0.0 2.9 0. 1198.
8133. 6503. 0.0 49.2 0. 13231. 0. 268. 0.0 4.0 0. 1467.
8926. 6483. 0.0 49.1 0. 13191. 0. 263. 0.0 3.9 0. 1l447.
7124. 6499. 0.0 49.1 0. 13223. 0. 266. 0.0 4.0 0. 1460.
3885. 6584. 0.0 4S.4 0. Ll&s87. 0. 269. 0.0 4.0 0. 1504.
6893. 6633, 0.0 45.4% 0. 14601. 0. 270. 0.0 4.3 0. 1602,
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Table 7. Continued.

YIELD GRAIN wT. GRAINS/SQM EARS/SQM MAX. LAIX DRY MATTER
o] P [+] P [+] P o [ 4 o P (4] P
3736. 6589. 0.0 5.4 0. 1&44a98. 0. 270. 0.0 4.0 0. 1511.
2992. 3223. 0.0 20.6 0. 13645, 0. 318. 0.0 &.6 9. 1307
6348. 6188. 0.0 136.6 0. 16906. 0. 318. 0.0 4 6 0. 162s.
S0S8. S&as. 0.0 32.3 0. 168733, 0. 318. ¢.0 4.6 O. 1544,
4853. 3224. 0.0 20.6 0. 15649, 0. 319. 0.0 4.6 Q. 1310.
3091. 1470. 0.0 20.0 0. 7350. 0. 285. 0.0 4.8 0. 949 .
7108. 4254, 0.0 137.0 0. 11493, 0. 283. 9.0 4.9 Q. 1276.
3554. 3391. 0.0 29.9 0. 11346. 0. 28s. 0.0 4.8 0. 1148.
5091. 3515. 0.0 32.8 0. 19720. o. 282. 0.0 4.8 0. 11177
2746. 28S3. 23.2 24.4 13310. 11698. £87. 930. 0.0 5.9 10<8. 1338
4886. 4733. 28.0 24.7 -7590. 19140. 800. 904. 0.0 5.9 1388. 1781
2746. 159a. 31.6 23.% 10360. 6822. 583. 959. c.0 4.1 858. 851.
3246. 3618. 23.4 24.7 13390. 1s632. 935. 957. 0.0 4.1 1029. 1322.
A6A9. 4738. 22.8 24.7 20576. 19160. 806. 906. 0.0 6.0 1531. 1803.
4991. 4738. 25.9 24.7 19060. 19160. 780. 906. 0.0 6.0 1590. 1803.
2554. 2613. 27.8 24.9 92:0. 10504, 390. 953. 0.0 4.4 71>, 1217.
1974. 2312. 26.1 24.9 7520. 9297. 497. 827. 0.0 2.1 530. 811.
3719. 4356. 27.3 24.9 13760. 17512. 535. 895. c.0 5.3 1028. 1536.
3719. 4Al13. 25.0 24.9 15140. 17743, 644. B9S5. 0.0 5.3 1052. 1543.
644. 148. 31.8  24.7 2090. 399. 0. 230. 0.0 0.1 0. 69.
AB95. 4733. 35.2 24.7 14040. 19140. 798. 904. 0.0 5.9 1424 1781.
3325. 1594, 34.3 23.4 10020. 6822. 516. 959. 0.0 4.1 844. 851.
3404. 3618. 35.64 24.7 9710. 14632. 756. 957. 0.0 4.1 1154, 1322.
4084, 4738. 35.6 24.7 13990. 19160. 867. 906. 0.0 6.0 1497. 1803.
A798. 4A738. 35.8 24.7 13510. 19160. 847. 906. 0.0 6.0 1571. 1803.
2684. 20613. 36.7 24.9 7300. 10504. 412. 953. 0.0 4.4 688. 1217.
2289. 2312. 30.8 24.9 75Co0. 9297. 531. 827. 0.0 2.1 693. 811.
3114, 4336. 34.5 24.9 9120. 17512. 513. 895. 0.0 5.3 966. 1536.
3632. AAl13. 32.9 24.9 11150. 17743, 617. 89S. Q.0 5.3 1144, 1543.
3793, 143 32.9 2..¢0 13252. 7169. 0. 650. 0.0 2.4 979. 817.
5359. 4066. 32.0 135.7 19250. 11401. 0. 650. 6.0 2.4 1286. 1166.
4367. 2961. 32.2 35.7 15590. 8301. 0. 650. 0.0 2.4 1258. 1067.
3985. 1756. 3.5 21.1 13275. 8301. C. 650. 0.0 2.4 1076. 849.
5672. 4066. 31.{ 35.7 20964. 11401. 0. 650. 0.0 2.4 1479. 1225.
5455. A066. 30.6 35.7 20490. 11401. 0. 650. 0.0 2.4 1462. 1225.
5002. 1961. 29.6 135.7 19360. 8301. 0. 650. 0.0 2.4 1228. 1071.
5664. 4066. 30.3 135.¢/ 21485. 11401. 0. 650. 0.0 2.4 1620. 1225.
26
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Summary

The enormous diversity of the data base used for testing
the CERES-Wheat model allowed us to compare every important
aspect of the model’s features. The most important are
phasic development and developing timing for which almest all
data sets could be used. The next most important data for
comparison between the model and experimental results are
above-ground dry matter production, leaf area development,
and tillering patcern. We found that measurements of
tillering were limited, perhaps because tillering occurs
shortly before or after winter. When more detailed measure-

ments were taken, they usually were for dry matter partition-
ing.

These were the most valuable data sets, because sub-
routines or parts of subroutines for CERES-Wheat can only be
validated when their specific output is compared with stem,
leaf, ear, and root weight measurements. More detailed
information from experiments would have been valuable.

Generally, agreement between model output and experi-
mental results was acceptable or excellent. When
discrepancies grew too large, usually a conflict could be
detected, such as heavy diseases or pests in the crops,
differing definitions of plant parts or units, etc.

Acceptance of a mudel’'s performance remains a perscnal
decision and a matter of defining limits. Models restricted
to certain locations can easily be more accurate when
regiona-.y applied. - CERES, however, was designed for
universal application--and it meets the requirements of being
able to simulate wheat growth and development at any site
where wheat can be grown.

CERES-WHEAT NITROGEN

Some of the important objectives in developing the
CERES-Wheat-N model were:

1. To predict response or nonresponse to N
fertilizer in a diversity of envircuments.

2. To predict crop N uptake and N utilization.

3. To account for the N balance components in
the soil-crop system.

4, To predict the time course of biomass
accumulation and N uptake by the crop.
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Since model development and testing is somewhat of an
iterative process in the early stages, most of the data sets
have been utilized during the development phase and are not
truly independent. Since development of CERES-Wheat-R has
necessarily lagged behind the development of CERES-Wheat, the
opportunity to rigorously test the model with a large base of
truly independent data sets has not yet arisen. Development
and testing of the CERES-Maize-N model (Jones and Kiniry
1986) has proceeded in parallel with the work on the wheat
model. Because the soil N transformation components of both
models are identical and since the basic structure of the
CERES-Wheat model dictates the nature of biomass production,
yield component determination, and water balance, the testing
data base can be inferred as having some degree of indepen-
dence from model development. Thus, in the analyses that
follow, no attempt has been made to separate truly indepen-
dent data sets from those used for model development.

In addition to those test criteria used for testing the
CERES model, several other procedures were examined:

1. An approach suggested by Dent and Blackie
(1979) testing the null hypothesis that the
intercept coefficients (a) and slope
coefficient (b) simultaneously are not
different from zero and unity, respec-
tively. An F statistic appropriate for
testing this hypothesis was calculated.

2. Upper and lower confidence intervals about
the slope and intercept were also
determined such that either slope or
intercept could be identified as signifi-
cantly departing from the 1:1 line.

3. A statistic to determine model accuracy as
defined by Freese (1960).

4. A 5% critical error as defined by Reynolds
(1984).

Data Base

Data sets of wheat production from several places in the
world were assembled for testing and improving the CERES-
Wheat-N model. Most of the data came from published sources
and some from unpublished Ph.D. dissertations and other
unpublished sources. As a complete minimum data set was
rarely available, the additional <climatic and soils
information was obtained from other reports or personal
communication. When a few key data were unavailable, certain
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model inputs were estimated using the best available local
information.

Comparisons of the predicted and observed time course of
biomass accumuiation of N uptake by the crop and N balance
components depicted where appropriate observed data were
available.

The test data base spans the wheat-growing environments
from 53 degrees N latitude in the United Kingdom and the
Netherlands with a 10-month growing season to the spring
wheat-growing areas of Canada and the northern United States
with growing seasons of 90-120 days to the winter-planted
spring wheat-growing areas of the Middle East and Australia.
A diversity of soil types and fertilizer apglication
patterns, sources, and timings is also represented in the
data base.

Individual Data Sets

Garden Cit Kansas, U.S.A. (1980 and 1981). The
experimental design was six N rates (0, 28, 56, 84, 112, and
140 kg N/ha) with four irrigation timing strategies (preplant
irrigation only, preplant + irrigation at jointing, preplant
+ irrigation at flowering, irrigation at all three times).
The soil was a clay loam (Aridic Argiustoll) and fertilizers
were applied broadcast at preplanting followed by incorpor-
ation. The variety was Newton. The experiment was conducted
by Dr. Mark Hooker; data were obtained by personal communi-
cation and are reported in Wagger (1983).

Manhattan, Kansa U.S.A.__(1981). The experimental
design was three N rates (0, 60, and 180 kg N/ha) and a plus
and minus irrigation treatment. The 180 kg N/ha rate was
divided; half was applied at planting and the other half at x
days after planting (Wagger 1983). Additional data were
obtained by personal communication (Drs. M. Wagger and D.
Kissel, Kansas State University).

Hutchinson Kansas U.S.A 1979 and 1980). The
experimental design was six N rates (0, 28, 56, 84, 112, and
140 kg N/ha) applied preplant followed by incorporation. In
1979, the variety was Centurk; in 1980, Newton was used.

wift Current Saskatchewan, _Canada 1975). The
experiment comprised seven N rates (0, 20.5, 41, 61.5, 82,
123, and 164 kg N/ha) with a plus and a minus irrigation
treatmerit (Campbell et al. 1977 a,b). Following planting, 15
cm diameter lysimeters were driven into the soil to &. depth
of 120 cm. Five harvests during the growing season were
made. The variety was Manitou. Climate and soils data were
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obtained from the authors. The instrument gathering solar
radiation data malfunctioned for three weeks during the early
grain filling stage. The missing data were estimated by
fitting a function to radiation of maximum and minimum
temperature, presence or absence of rainfall, and the day of
the year. The reliability of these estimates is not known.

Northwest Syria (1979 and 1980). Experiments were
conducted at four sites in Aleppo province by Dr. M. Stapper.
At three of the sites (Brida, Jindiress, and Kafr Antoon),
two N rates (0 and 60 k; N/ha) were applied. At each site,
three spring wheat varieties (Mexipak, Sonalika, and Novi
Sad) were compared. At the fourth site, additional
irrigation treatments were added. At Kafr Antoon, a late
frost was suspected, and at Jindiress, the variety Mexipak
suffered from rust (Dr. H. C. Harris, personal communication,
ICARDA). Data are reported in Stapper (1984).

Wongan Hills, Western Australia (1966). The experiment,

using the spring wheat variety Gamenya, was designed to
examine the fate of anhydrous ammonia and urea applied to a
loamy sand (Mason and Rowley 1969). Since the model
simulates both of these fertilizer materials as identical
ammoniacal sources, comparisons were made with the mean of
these two treatments. The experiment showed no significant
differences between the sources. The rates of N applied were
0 and 61 kg N/ha applied preplant. Solar radiation data were
estimated from recorded hours of sunshine.

Lancelin, Western Australia (1967). The experiment was

on a very coarse, siliceous sand and was designed to examine
the fate of urea applied at various intervals after planting
(Mason et al. 1972). Urea was applied at 77 kg N/ha either
at planting or at 2, 4, or 8 weeks after planting. Delaying
the application resulted in an almost threefold increase in
grain yield. Solar radiation for Ferth, 100 km distant, was
used as part of the climatic data.

Rothamsted, England (1975). The experiment compared

three varieties of winter wheat (Maris Huntsman, Capelle
Desprez, and Maris Fundin) over either rates of N (0, 30, 60,
90, 120, 150, 180, and 210 kg N/ha) (Pearman et al. 1978).
The fertilizer was applied 163 days after planting. Few
significant variety X N interactions were recorded. The
initial soil mineral N wvalues and soil water contents were
interpolated from estimates provided by the authors.

Flevopolder, The Netherlands (1975). The experiment was

designed to test the effects of late applications of N on
leaf area duration, assimilation nutrient uptake, and growth
of grains (Spiertz and Ellen 1978). A zero N treatment was
not included, thus comparisons of apparent fertilizer
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recovery were not made. The soil was a marine clay in a
reclaimed polder; the winter wheat variety was Lely. A water
table was present during the course of the growing season.
This was simulated by assuming that layers in the profile
below 1 m deep were filled to saturation. Without this
assumption, the model predicted considerable moisture stress.
Soil mineral N analyses were made after the crop was planted,
thus estimates based on these were used for the initial
mineral N input values supplied to the model.

Wageningen, The Netherlands (1977). These data are
reported by Ellen and Spiertz (1980). The experiment
examined various strategies of splitting fertilizer
applications on uptake and yield of grain. The variety used
was the winter wheat Donata. The soil was reported as a
river clay with 45% silt.

Carrington, North Dakota, U.S.A. (1969-73). These data
were reported by Bauer (1980). The experiments involved a
comparison of several varieties of hard, red spring wheats
over several rates of nitrogen and over five years. Half of
the experiment was irrigated and the remainder dryland.
Since this experiment yielded a massive data set, only
selected contrasting years were utilized in the testing data
base to avoid biasing the data base with to many points from
one location. Straw yields and straw N percent were not
reported in some instances and were estimated from the grain
ylelds and grain protein concentrations using the regression
procedures described in the publication. This may lead to
some errors in estimation of observed biomass and N uptake.

Wagga Wagga, N.S W., Australia (1962). The experiment,
reported by Storrier (1966), used four rates of N. Half of
the experiment was irrigated; the other half was dryland. As
a split plot treatment, a later application of 45 kg N/ha as
sodium nitrate was made to half of the plots. Storrier
(1966) reports a negative response to applied N, but
examination of the variation in the experiment indicates more
of a case of nonresponse to N. Some lodging was reported in
the high N plots, which the model would not have been able to
account for. The initial mineral N in this experiment was
very high. Several gaps existed in the weather record for
this experiment. Solar radiation was estimated from hours of
sunshine data recorded from the site or nearby. Where the
record was blank for both sites, mean values for that time of
year were used.
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Results znd Discussion
Validation: Difference Measures and Summary Statistics

Grain Yield. Simulated grain yields are tabulated
against observed counterparts (Table 10). The means and
standard error of predictions closely approached those of the
observations (Table 8). The degree of scatter around the 1:1
line (Figure 8a) is very small. Thirty yield predicticns
from 240 deviated more than one standard deviation from their
observed counterparts. Data sets, where predictions were
poor, were those from Carrington, Nerth Dakota, U.S.A.
(1969), Hutchinson, Kansas, U.S.A. (1980), Flevopolder, The
Netherlands (1975), Jindiress, Syria (1980), and some
individual treatments from some of the remaining data sets.

The regression line (Figure 8a) has a slope greater than
unity (1.033) which differs from unity by slightly more than
5% confidence interval (0.030). The F statistic for the
regression is significant at the 5% level due to the slope.
This slope of greater than unity and the small positive
intercept (145.6 kg/ha) implies that the model has some
tendency to overpredict yields across the range of
observations. This is further indicated by the small
positive MBE (Table 8). This finding is not surprising and
it is not sufficient cause to reject the model since the
assumption is made that all nutrients other than N were
present in nonlimiting quantities and that other factors not
accounted for by the model (pests and diseases, crop lodging
effects, frost induced sterility, etc.) had no influence on
yield. As mentioned in the description of the data sets,
these assumptions may not always have been entirely
fulfilled. No quantitative data were available to suggest
that some of the test data sets should have been eliminated
from the testing data base.

All other statistical criteria for model evaluation
(correlation coefficient, chi-square test, and modified
Freese statistic) indicated the model was acceptable. The
critical error term of Reynolds (1984) indicates that the
model will predict grain yield within an error of 1,865 kg.ha
with a 95% confidence.

Biomass. Simulated biomass is tabulated against its
observed counterparts (Table 10). Means and standard error
for predicted biomass closely resemble those from the
observed data (Table 8). More scatter about the 1l:1 1line
occurred for biomass predictions (Figure 8b) than for grain
yield. The greater spread is generally from a poorer
simulation of straw yield. Most of the 55 points falling
outside the bounds of the + 1.0 standard deviation were from
whole data sets rather than from individual treatments across
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a range of data sets. Data sets where simulation of biomass
was generally poor were Wageningen, 1977; the wvariety
Nugaines at Pendleton and Dufur, Oregon, 1971; wvarious
treatments within the Jindiress, 1980; Tel Hadya, 1980; Kafr
Antoon, 1980; and Garden City, 198l1. The simulated biomass
for the Hutchinson 1980 data set was consistently low.

The slope of the regression line significantly deviated
from the 1:1 line indicating a tendency of the model to
overpredict biomass particularly at the high end of the
range. This is also indicated by an MBE of 1,406 kg/ha. The
correlation coefficient, chi-square, and modified Freese
statistic all indicated model predictions were acceptable.

Total N Uptake, Grain N Uptake, and Grain Protein.
Performance of the model in predicting these parameters was

generally poorer than the simulation of grain yield. Forty-
four points from a total of 223 fell outside of the bounds of
+ standard deviation of the 1:1 line for total N uptake for
grain protein and grain N uptake: 31 from 215 and 60 from
215, respectively. The slope of the regression lire (1.042)
for total N uptake was just beyond the 5% interval for slope
(1.039). Similarly, the intercept (7.0) lies beyond the 5%
confidence interval for the intercept (6.34). There is a
tendency for the simulations to exceed the observations
although the correlation coefficient, chi-square test, - and
modified Freese procedure all indicate the simulations are
acceptable.

Total N uptake was consistently underpredicted for the
Swift Current, Canada, data, and consistently overpredicted
for the Waite Institute, Dufur, and Pendleton data sets.
Grain N uptake was simulated fairly closely (Figure B.l).
Much of the error involved in simulation of total N uptake
arose from poor simulation of the concentration of N in the
straw at harvest.

The range of simulation values was consistently less
than that observed (0.1 to 1.3%). Some of these differences
may occur due to differences in harvesting technique and time
of harvest. If significant amounts of chaff or 1leaf
materials, are not included in the sample, the reported straw
N concentration also will be low. The model makes no attempt
to account for losses of N from the vegetative material
through leaching of N compounds from harvest ripe straw or
via volatile losses from senescing leaves. Several data sets
had less N in plant top tissue at harvest than at anthesis,
indicating some losses.

The scatter of points around the 1:1 line (Figure 8) was
much higher for grain protein (grain N percent multiplied by
5.7) than for many other parameters. Both slope and
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intercept of the regression line are significantly different
from the 1:1 line. The chi-square test also indicates the
simulations are significantly different from the observ-
ations, but the modified Freese statistic indicates the model

is still acceptable.

The simulation of grain prctein concentration has been
to date one of the most difficult components in the whole
model to get working satisfactorily. In several of the data
sets, grain protein concentration was consistently overpre-
dicted or underpredicted. It was difficult to determin> if
in any of these cases a genotypic factor was involved.
Adding a further genetic coefficient to the model input data
requirements to help explain cultivaral differences in grzin
protein accumulation has so far been avoided. Further
investigation of this aspect of the model is warranted.

Dry Weight and N Uptake a% Anthesis. In many of the
studies, harvests were made at or near anthesis. The

simulated data used for the comparisons were the correspond-
ing values for N uptake and biomass on the date of harvest
(i.e., not necessarily on the simulated date of anthesis).
Biomass was generally overestimated at anthesis. The
regression line significantly deviates from the 1l:1 1line
(Figure 8g) and 72 points of the 161 fell outside the bounds
of + 1.0 standard deviation of the 1:1 line. The chi-square
test indicated the predicted biomass differed significantly
from that observed. The simulated N uptake at anthesis
showed much less scatter than the predictions for biomass.
The simulations were acceptable within all of the statisticel
criteria examined. The model substantially underestimated
the anthesis N uptake of several of the treatments from the
experiments at Wagga Wagga, 1962. The resulting slope of the
regression line thus is a little less than 1.0. Some
compensating errors in the simulation of plant N concen-
tration may occur if the simulated biomass is incorrect and
the simulated N uptake is correct. The MBE terms (Table 8)
also indicate a large overestimate of biomass at anthesis and
a slight underestimate of N uptake at anthesis.

Kernel Weight and Kernels Per Square Meter. Overall,
the model had a slight tendency to underestimate the number

of grains per square meter and overestimate the weight of
individual kernels. The model consistently overestimated
kernel weight for the variety Capelle Desprez in the
Rothamsted 1975 experiments. For the final determination of
grain yield, small errors in either of these components aire
of no consequence provided compensation occurs (i.e., low
kernel number is compensated by a high kernel weight). These
two yield components are, however, important indications to
timing of certain stresses, and for the model to be useful,
they should be reasonably correct. For both parameters, the
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slope of the regression line significantly differs from the
1:1 1line, but the intercepts were within the confidence
interval. There was a noticeable tendency for the model not
to display the same sensitivity in kernel weight to rates of
applied N as the observed data did.

Apparent Recovery. Apparent recovery (AR) 1is a
parameter often used in fertilizer research to indicate the
efficiency of fertilizer use. From a modelling standpoint,
it is a particularly challenging parameter on which to test
the model, since AR depends on the accurate simulation of two
treatments simultaneously. It is calculated:

Nup_. - NUP

£ o
Rate x 100

AR =

where NUPg = N uptake from a fertilized treatment
NUP,, = N uptake from an unfertilized treatment
Rate = rate of fertilizer applied.

Since AR depends on the N uptake from two different
treatments, small errors in the prediction of either can lead
to quite spurious values feor the calculated AR. This is
indicated in Table 9 where 10% errors in prediction of both
the fertilized and unfertilized treatment leads to errors in
the calculated AR of 33% and 38s%.

Table 9. Effect of Errors in N Uptake Simulation on Errors and
Apparent Recovery.

NUPf NUPu Rate AR Error (X)
Sample QObs 20 40 30 67 -
10X Erzror 1 66 36 3¢ 100 33
10X Error 2 54 &4 30 33 ~-34

The means and standard errors of the predictions closely
approximated those of the cbserved. Most of the statistical
parameters (Table 8) indicate a significant difference
between predicted and observed values. The modifiees to N in
both years at CGarden City, Kansas, were not apparent in any
of the irrigation treatments. The simulations reasonably
approximated the observations across the range of treatments.

Predicted N responses for the Syrian data sets were
generally very good. Yields for some of the varieties were
overestimated at Jindiress and Kafr Antoon, but the
simulations were consistent with the remarks noted in the
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above section ”"Description and Testing Data Base."” Yields
for the longe- duration variety Novi Sad were overestimated
at Tel Hadya, 1979, and small wunderestimates of yield
occurred for the zero N treatments at Brida.

Responses to N applied either at planting or in split
applications Jere not apparent at Madras, Oregon, or for
single applications at Dufur. Simulations for these treat-
ments were very close to the observations. The model
underestimated yields for the variety Hyslop at Pendleton,
but overestimated yields across the range of N rates for the
variety Nugaines.

The model underestimated the grain yield at low N rates
in the Swift Current, 1975, experiment, but simulations for
the remainder of the response curve were excellent.
Excellent yield simulations were also recorded for the
Rothamsted data sets.

The sensitivity of the model to differences in
fertilizer application pattern (timing) is well illustrated
by the data sets from Lancelin, Wageningen, and Bozeman,

Grain protein concentration generally was well simulated
across the range of N ratas, except for the cases noted above
(section “"Total N Uptake, Grain N Uptake, and Grain
Protein”). These exceptions rendered the simulation of grain
protein to be unacceptable statistically when all data se*s
were combined. Given the constraints noted above in model
development and the proximity of most of the simulations
depicted in Figure B.6, there is insufficient evidence to
reject the model for the applications for which 1t was
designed.

The model tended to overestimate total N uptake, but
there was no consistent pattern of overestimation or under-
estimation. Despite these problems, the model captures most
of the observed effects of N uptake for most of the data
sets. Come further study is required to elucidate the
problems with the North Dakota and Syrian data sets.

Seasonal Patterns of Biomass and N Uptake Accumulation

Across the range of data sets, predicted biomass was
slightly out of phase with observed biomass. The model
tended to predict higher biomass accumulations earlier in the
season than the observations would indicate. While there was
a noticeable trend, the errors were not large and were
consistent with those observed for the non-nitrogen version.
Errors were large, however, at tihe low N rates for the Swift
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Current data set and for some treatments in the Tel Hadya
1980 data set.

A similar pattern in seasonal N uptake to that of
biomass was observed (early overestimation of N uptake).
Seasonal patterns of N uptake were pooriy simulated at the
low N rates in the Swift Current data set, but reasonably
simulated in the Kansas data sets.

Seasonal Patterns of N Balance

When attempting the validation of the soil N components
of the model, it was originally intended to attempt a layer-
by-layer comnarison of each of the predicted nitrate and

ammonium concentrations with those observed. Analysis of the

observed data in most instances first indicated very large
standard errors and other seeming anomalies were soumetimes
apparent. In some of the data sets, uineral N concentrations
were low after fertilizer addition and increased as the crop
grew and withdrew N from the soil. While this may be
indicative of turnover occurring within the soil systems due
to microbial activity or ammonium adsorption/desorption on
clay surfaces, the anomalies in the individual layers were so
gross as to discard many of them. The errors associated with
the layer data for most data sets were such that the
simulations may have been in error by some 200% and yet still
be within the error bounds of the observatir s.

To provide some meaningful validation of these
components of the model, total mineral N in the soil at
various times was used as a test criterion. While many of
the error conditions noted above will still affect this total
soil pool, the values obtained were more consistent with what
could be reasonably expected.

Across the range of data sets studied, some within-
season differences in predicted and observed balances occur,
but given the magnitude of the errors cited, the N balance
simulations are plausible.
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Figure 8. Continued,
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Table 8. Summary Measures for &£l1 Data Sets.

Variable Units N 0 P S0 SP a

b R D F

Biomass kg/ha 222 10,313 11,719 3,375 3.897 189.3 1.118 0.82 0.86 15.807
Grain yield kg/ha 280 3,933 4,227 1,716 1,719 145.6 1.033 0.8 0.9 3.263
Total N uptake kg N/ha 223 110 121 47 45 7.0 1.062 0.72 0.83 7.8¢38
Grain N uptake kg N/ha 215 84 87 3 1 LN 0.996 0.74 0.85 1.298
Grain proctein 2 215 12.3 1.7 2.95 3.55 0.198 0.939 0.55 0.74¢ 2.933
Anthesis DW kg/ha 161 7,254 8,681 2,166 2,818 261.7 1.161 0.58 0.70 22.77%
Anthesis J uptake kg N/ha 151 118 116 57.1 38.31 11.66 0.887 2.67 0.78 23370
GPat NO 152 12,381 11,861 4,668 5.324 362 0.929 0.83 0.78 1.080
Kernel waight mg 134 33.6 37.8 7.02 8.40 0.99€ 1.096 0.3« 0.59 18.69
App recovery z 137 45.7 434 29.4 25.68 8.37 0.°°7 0.37 0.65 6.26

Variable Units N | 4 CIS'OP CIINT xz MAE . MBE RMSE RT Ew
Biomass kg/ha 222 0 0.028 423.6 136.01 2,248.1 1,405,590 2,648.19 1.6 430 8
Grain vield kg/ha 240 0.0400 0.030 1739 85.08 806.08 274.43 1,024.16 15.28 i36.5
Total N uptake kg N/ha 223 0.0005 0.0392 6.34 133.03 2855 11.538 36.27 22.43 5.9
Grain N uptake kg N/ha 215 0.2752 0.0354 4,344 10513 19.4 3.491 24,040 13.64 43.6
Grain protein 4 215 0.0554 0.0330 0.582 250.832 2.363 -0.550 3.192 18.€5 .3
Anthesis DW kg/ha 161 0 0.0509 533.22 259.72 2,159.6 1,426.76 2,759.73 18.26 484 €
Anthesis N uptake kg N/ha 151 0.1002 0.0467 8.239 82.46 3+.36 -1.660 42.352 23.62 ’s 7
GPSM NG 152 C€.3422 0.0516 362.30 131.43  3,462.3 -520.78 4,355.36 22.43 7°8.5
Kernel weight og 40 o 0.0452 2.1726 274.77 8.091 4.2286 9.8738 12.00 7.8
AFp recovery z 137 0.0026 0.0850 6.032 152.20 23.469 -2.281 31.177 69.48 5.8

N = Number of observations.

Q = Mean of observations.

P = Mean of prediztions.

SO = Standard deviation of cbservations.

SP = Standard deviation of predictions.

a = Intercept term from regress:ion of predicted on observed.

L = Slope term from regression of predicted on observed.

R = Regression coefficient.

D = Index of amreement (Willmott 1982).

F = F statistic calculated as per Dent and Black:e (1979).

P = Probak_iity of exceeding F.

CISLOP = 52 confidence interval about slope of regression line.
CIINT = 52 confidence interval about intercapt of regression line.
x~ = Chi-square

MAE = Mean absolute e.ror (Willmont 1982).

MBE = Mean bias error (f.illm~nt 1982).

RMSE = Root mean square error.

RT = Model accuracy (Freese 1960).

E* = 5% criticel error as defined by Reynolds (1984).
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Table 10. Listing of N-Madel Testing Data Base (¢ =~ Observed Value and P = Predicted Vilue).

GR#IN YIELD BIOMASS N UPTAKE GRAIN N NUPTAKE GRAIN PROTEIN ANTHESIS N UPTAKE
0 P ] | 4 0 P o | 4 ] P [s] P
4064 . 3727. 9230. 9s18. 72.9 102.7 61.3 78.5 8.6 12.0 58.6 106 1
5329. 3923. 11475. 10326. 122.1  123.0 98.2 82.6 10.5 12.0 97.3 6.7
5126. 4201. 11014, 11035. 127.8  142.9 104.3 88.4 11.6 12.0 92.5 147.0
3949. 5090. 8911. 12349. 63.3 135.1 51.3 107.2 4 12.0 62.4 138.9
5080. 5521. 11772. 13740. 104.3 164.2 83.8 116.2 4 12.0 84.8 169.2
5082 6011. 11916. 15384 . 127.5 218.8 103.4 126.5 11.6 12.¢0 116.3 224.9
4624 . 4118. 10338. 10402. 91.2 103.6 75.4 83.1 3.3 11.5 72.8  106.1
5018. 4360. 11084, 11295. 116.5 122.5 91.6 91.8 10.4 12.9 87.3 126 7
4948. 4575. 12127. 11981. 119.6 143.0 96.4 96.3 1.1 12.0 15.3 147 0
4175. 5090. 9386. 12349. 76.1 134.7 63.0 107.2 8.6 12.90 76.6 138.9
5211. 5521. 12187. 13740. 115.0 164.2 92.3 116.2 10.1 12.0 98.1 169.2
4988 . 6011. 1191€. 15386. 129.9 218.8 101.5 126.5 11.6 12.0 109.9 224 9
4585. 3799. 10005. 9776. 90.7 106.5 74.0 80.0 9.2 12.0 0.0 0.0
5185. 3935. 11216. 10284 . 123.8 121.6 99.2 82.8 10.9 12.0 0.0 0.0
5400. 4030. 12416. 10523. 138.9 129.2 111.8 84.8 11.8 12.0 0.0 0.0
5119. 5269. 11501. 12831. 97.7 144.6 80.8 110.9 9.0 12.0 0.9 0.0
5185. 5764. 12897. 14287. 125.7 183.9 95.5 121.3 10.5 12.0 0.0 0.0
5440. 5923. 13118. 14851. 135.9 202.5 110.7 124.7 11.6 12.0 0.6 0.0
A756. 4208. 10427. 10614. 103.4 106.2 84.3 84.9 10.1 11.5 0.0 0.0
5188. 4381. 11412, 11203. 124.5 121.0 100.1 92.2 11.0 12.0 g.0 0.0
5948. AA57. 13079. 11438, 148.4 129.2 117.9 93.8 11.3 12.0 0.0 Q.0
5079. 5269. 11904, 12831. 100.0 134.6 82.9 110.9 9.3 12.0 0.0 Q.0
5109. 5744, 12187. 14287. 122.6 183.9 96.8 121.3 10.8 12.0 0.0 0.0
5353. 5923. 13043, 14851. 137.7 202.5 108.9 124.7 1.6 12.0 0.0 0.0
2317. 2226. 5994. 4964 . 59.2 46.3 44,3 37.9 10.9 9.7 50.9 46.5
3330. 3011. 10178. 7245. 103.2 72.8 63.7 58.6 10.9 1.1 101.0 74.1
4521. 3717. 12649, 9088 . 166.6 112.8 99.9 74.3 12.6 11.4 175.0 115.7
1438. 1646. 3926. 3873. 31.7 31.1 26.7 24.5 10.6 8.5 45.5 32.9
3025. 2769. 9424, 6760. az.8 61.3 56.8 49.1 10.7 10.1 81.5 66.3
4695. 4168. 13064. 10689. 166.5 131.0 95.5 83.4 11.6 11.4 147.6 133.9
1828. 2075. 6347. 5215. 66.6 58.) 38.5 50.2 12.0 13.8 58.9 61.7
2224. 2379. 8918. 6165. 97.1 72.7 50.7 62.2 13.0 14.9 86.7 76.2
2378, 2577. 7483. 7095. 79.6 89.4 52.2 76.9 12.8 17.0 84.1 93.7
2164 . 2759. 837S. 8103. 98.3 111.6 50.5 89.5 13.3 18.5 112.8 117.6
2365. 2958. 9202. 9026 . 107.5 129.1 59.3 99.6 14.3 1v.2 122.2 136.2
2372. 3079. 9540. 9%440. 119.7 139.0 58.7 103.7 14.1 15.2 100.4 146.6
a7, 1584, 9376. 5513. 80.1 70.8 67.3 37.2 10.9 13.4 0.0 73.1
4060. 2021. 11225. 6430. 107.7 %1.3 86.9 47.5 12.2 13.4 115.1 84.0
3396. 2334, 8864 . 7086. 92.4 90.4 79.2 54.9 13.3 13.¢4 1171 92.5
3999. 2495. 11223. 7422. 119.3 96.3 6.7 58.7 13.5 13.4 134.0 98.6
3786. 2579. 10289. 7598. 117.1 95.9 93.7 60.6 14.1 13.4 133.8 102.3
3417. 2628. 9205. 7699. 105.4 101.7 86.9 61.8 14.5 13.4 114.8  104.2
3839. 2422. 10592. 6987 . 83.6 86.1 70.0 56.9 10.4 13.4 130.7 88.4
4140. 3201. 11451. 8643 95.3 103.5 78.4 75.3 10.8 13.4 123.9 106.1
4415. 3812. 12727. 100¢6. 103.2 122.0 89.1 89.6 11.5 13.4 147.9 124.8
4368. 4198. 13278. 10913, 121.0 134.3 94.3 98.7 12.3 13.4 152.2 137.1
"2RR 4355. 15634, 11298. 147.0 139.1 103.1 102.4 13.7 13.4 176.6 142.7
3819. 4445, 11694. 11525. 114.9  142.1 90.4 104.5 13.5 13.4 154.7 1A5.5
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Table 10. Continued.

o ¥ . -CARK 17 AN A S

GRAIN YIELD BIOMASS N UPTAKE GRAIN N NUPTAKE GRAIN PROTEIN ANTHESIS N UPTAKE
) | 4 ] 1 4 0 P 0 | 4 o | 4 (] P
3464, 1593. 9324. 53531. 80.9 70.8 67.5 37.4 1.1 13.4 132.2 73.3
3789. 2021. 10079. 6430. 101.3 81.4 82 & 47.5 12.4 13.4 115.1 84.0
3685. 2336. 9734, 7ni. 99.7 90.4 83.4 54.6 12.9 13.4 117.1 92.5
3819. 2497, 10815. 7480. 116.3 96.3 91.8 58.7 13.7 13.4 134.0 98.6
3886. 2583. 10501. 7685. 127.3 99.9 98.2 60.7 14,4 13.4 133.8 102.5
3678. 2629. 10148. 7798. 113.6 101.8 91.0 61.8 14.1 13.4 114.83 104.2
3946. 2424, 11047, 6991. 100.2 86.1 80.3 57.0 11.6 13.4 130.7 88.4
4221. 3201. 12837. 8644 . 115.0 103.5 87.4 75.3 11.8 13.4  123.9 106.1
4288. 3is12. 13448. 10006 . 117.3 122.0 92.5 89.6 12.3 13.4 147 9 124.8
3959. 4198. 4791. 10913. 132.1 134.3 91.0 98.7 13.1 13.4 152.2 137.1
4026. 4355. 1. .0. 11298. 134.5 139.1 99.6 102.4 16.1 13.4 176.6  142.7
3933. 4445, 13723. 11525. 131.4 142.1 95.2 104.5 13.8 13.4 154.7 145.5
1617. 788. 3781. 1398. 52.9 15.9 A& 0 14,4 15.5 10.4 5.8 11.8
1578. 1279. 3957. 2754 . 53.8 24.9 43.5 20.9 15.7 9.3 2.1 24.1
1754. 1528. 4603. 3903. 65.7 36.2 51.1 29.5 16.6 11.0 9.6 36.€
1732. 1832. 5016. 70.2 45.8 51.4 36.6 16.9 11.4 55.0 51.7
2028. 2067. 5842. 78.9 63.3 61.9 41.7 17.4 11.5 58.9 65.2
2192. 2332. 6497. 81.9 74.5 64.6 A7.0 16.8 11.5 65.6 77.1
2367. 2465. 6776. gR.7 80.9 70.6 49.7 17.0 11.5 60.1 83.6
2754. 602. 1096. 82.3 11.6 68.1 10.4 14,1 9.8 h6.4 9.5
3792. 1872. 3406. 116.7 36.0 96.5 32.2 14.5 9.8 50.6 32.2
4154, 2875. 5297. 134.6 55.5 110.0 49.4 15.1 9.8 70.5 50.4
4395 3906. 7295. 142.5 74.9 114.1 66.5 14.8 9.7 94.7 70.6
4395. 4583 . 8911. 148.5 91.0 116.% 80.4 15.1 10.0 105.3 90.0
5425. 5305. 10435. 170.5 111.3 l4a.7 97.7 15.2 10.5 108.2 113.3
4883 . 5523. 10794. 165.8 118.8 134.5 104.6 15.7 10.8 116.8 12&.2
1420. 949. 3853. 48.9 52.0 32.1 21.3 12.9 12.8 46.5 54.0
1430. 1327. 5768. 62.3 97.1 AQ. & 29.8 16.1 12.8 48.9 100.5
1940. 1223. 4463. 57.6 51.6 2.5 32,4 12.5 15.1 38.0 53.3
1910. 181i. 6723. 64.2 96.0 47.2 48.0 14.1 15.1 50.2 99.9
1360. 1100. 3898. AM.O 51.3 26.5 39.8 1.1 20.6 39.9 54.3
1340. 1434, 5730. 61.4 97.1 36.7 51.8 15.6 20.6 51.2 101.0
2510. 4735. 11537. 49.4 113.9 37.9 92.2 3.6 11.1 39.8 111.6
3950. 5511. 14101. 106.3 155.8 75.5 107.3 10.9 11.1 110.7 156.5
2840. 5291. 10495. 46.4 104.8 38.9 91.0 7.8 9.8 62.5 49.8
4330. 6270. 13806. 101.1 151.6 76.7 132.0 10.1 12.0 120.2 95.5
2070. 3617. 10970. 40.2 115.0 28.0 95.2 7.7 15.0 3.2 117.7
3890. 4258. 13586. 82.7 164.0 63.5 120.3 9.3 16.1 86.5 167.5
4410. 3151. 8241. 0.0 88.8 0.0 75.7 0.0 13.7 6.0 91.1
4090 . 4112. 11246. 0.0 133.1 a.0 102.4 0.0 14.2 0.0 136.9
4320. 3648. 9724. 0.0 82.4 0.0 65.9 0.0 10.3 8.0 91.1
4880. 4922. 13243. 0.0 132.8 0.0 wl.9 Q.0 11.8 0.0 136.9
4710. 4865. 9676. 0.0 86.4 0.0 73.4 0.0 8.6 0.0 89.8
4000. 5992. 12672. 0.0 130.5 0.0 112.5 0.0 10.7 0.0 13s.1
3760. 4865. 9710. 0.0 87.2 0.0 74.3 0.0 8.7 0.0 89.8
4960, 5992. 13023. 0.0 130.2 0.0 111.4 0.0 10.6 0.0 13n.1
3590. 2363. 7323. 0.0 89.5 0.0 77.1 0.0 18.6 0.0 91.6
3670. 2972. 10059. 0.0 134.3 0.0 112.6 0.0 21.6 0.0 138.3
42
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Table 10. Continued.

GRAI:{ YIELD BIOMASS N UPTAKE GRAIN N NUPTAKE GRAIN PROTEIN AN.""S"3 N UPTAKE
o | 4 [+] P (] P ] 4 o P ] P
4070. 2794. 110S80. 9196. .0 84.0 0.0 67.2 0.0 13.7 0.0 91.6
4440. 3728. 12170. 12667. 0.0 134.1 0.0 110.5 0.0 16.9 0.0 138.3
3220. 4415, 10700. 10036. 89.5 106.3 56.5 92.9 10.0 12.0 45.3  109.7
3940.  A835. 11701. 12443, 112.9 149.5 73.3 113.3 10.6 13.3 86.7 154.6
3940.  A963. 7905. 10480. 63.4 104.2 58.8 90.6 8.5 10.4 75.3  103.4
4840. 595A4. 1133S. 13761. 104.9 156.5 88.3 136.8 10.4 13.1 93.1 156.4
3840. 3348, 9600. 9a51. 83.7 111.0 67.4 95.2 13.0 16.2 70.7 110.a
4360. 3837. 10847. 12030. 104.3 152.9 83.4 131.9 10.9 19.6 98.7 187.&
5040.  4742. 12642. 12979. 118.9 14a4.1 92.8 96 . 10.5 1i.6 0.0 0.0
4030. 4742. 11060. 12979. 112.6 143.7 78.5 96.5 11.1 11.6 0.0 0.0
3420. 3934. 9790. 11247. 98.3 144.0 68.4 89.7 11.4 13.0 0.0 0.0
1920. 252s. 4950. 6366. 41.9 65.5 31.0 51.4 9.2 11.6 0.0 0.0
4930. 5620. 12900. 12059. 127.1 136.6 97.7 119.3 11.3 12.1 0.0 0.0
4080. 5620. 10124. 12010. 101.1 133.9 81.6 117.3 11.4 11.9 0.0 0.0
3470.  5288. 9582.  1162a. 90.6 128.8 68.2 112.3 11.2 121 0.0 0.0
1920. 2987. 4800. 6310. 39.7 64.6 31.7 56.1 9.4 10.7 0.0 0.0
4540. 3798. 1C3a&.  12764. 95.1 146.8 78.1  115.9 9.8 17.4 0.0 0.0
4280 . 3798. 9909. 12764. 94.4 146.4 77.3 115.9 10.3 17.4 0.0 0.0
3150. 3131. 8600. 10354. 85.9 143.9 62.4 98.3 11.3 17.9 0.0 0.0
1540. 1923. 3968. 5950. 33.4 65.9 25.9 55.3 9.6 16.4 0.0 0.0
7520. 5360. 16460. 11593. 179.6 123.6 143.8 107.2 10.9 11.4 166.5 132.8
8120. 5828. 18230. 13883. 198.6 178.3 156.7 157.5 11.0 15.4 212.6 184.5
7280. 5876. 17430. 13940. 237.6 185.1 178.8 161.8 14.0 15.7 0.0 184.5
7360. 6652. 16640. 15856. 218.0 223.1 169.2 196.1 13.1 16.8 225.6 229.6
6990. 7018. 16750. 16481. 258.6 244.3 182.7 206.8 14.9 16.8 247.7 252.2
6570. 5335. 15870. 11319. 152.4 125.1 118.7 110.& 10.3 11.8 139.7 125.4%
7750. 6588. 18180. 14314. 208.4 177.1 150.9 157.2 11.1 13.6 189.9 180.6
7650. 6614. 18180. 14330. 259.6 181.4 178.5 161.3 13.3 13.9 0.0 180.6
6910. 7247. 15380. 15286. 207.8 201.9 154.0 181.8 12.7 14.3 224.3 204.9
6340. 7317. 15380. 15425. 240.8 206.0 155.7 184.9 14.0 14.4 247.7 209.1
1100. 692. 2060. 1366. 27.5 14.4 25.5 12.7 13.2 10.5 0.0 0.0
2310. 2881. A540. 6049. 48.3 63.4 40.9 55.1 10.1 10.9 0.0 0.0
3890. 4221. 7170. 9365. 90.0 103.4 77.8 89.6 11.4 12.1 0.0 0.0
4850. 4332. 8830. 9790. 118.0 114.3 105.5 100.3 12.4 13.2 0.0 0.0
3530. 3rsl. 6730. 8182. 90.3 89.3 76.2 77.6 12.3 11.7 0.0 0.0
3550. 3781. 6690. 8155. 95.2 87.9 74.7 76.3 12.0 11.5 0.0 0.0
2960. 2990. 5800. 6137. 87.5 67.3 69.1 58.8 13.3 11.2 0.0 0.0
2990 . 2990. 5930. 6137. 92.5 67.4 77.6 59.3 14.8 11.3 0.0 0.0
4160. 4221. 7860. 9368. 105 9 103.8 84.7 90.3 11.6 12.2 0.0 0.0
6290. 8171. 15720. 16500. 147.0 186.4 108.1 166.3 9.8 11.6 90.0 187.¢
6910.  8228. 15710. 16578. 183.0 187.9 138.2 167.a% 11.4 11.6 100.0 187.7
8560. 8229. 18210. 16579. 226.0 187.9 171.2 167.5 11.4 11.6 130.0 188.9
8580. 8229. 17870. 16579. 248.0 187.9 192.7 167.5 12.8 11.6 142.0 188.9
4170.  6132. 9100.  11896. 71.0  114.7 54.1 100.0 7.4 9.3 0.0 0.0
5640.  7043. 12200. 13781. 105.0 140.9 81.1 123.6 8.2 10.0 0.0 0.0
6020. 7933. 13000. 15857. 126.0 175.5 94.0 153.1 8.9 11.0 0.0 0.0
6260 . 8297. 13000. 17169. 162.0 207.3 114.2 1K5.9 10.4 11.4 0.0 0.0
4620. 6943, 10500. 13363. 89.0 135.1 66.5 118.3 8.2 9.7 0.0 0.0
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T.%le 10. Continued.

GRAIN YIELD BIOMASS N UPTAKE GRAIN N NUPTAKE GRAIN PROTEIN ANTHESIS N UPTAKE
[+] P ] P (] | 4 ] P (-] P o P
5870. 7626 13000. 15188. 118.0 162.9 87.5 141.8 .5 10.6 .0 0.0
£230. 8167 13400. 16715. 147.0 195.1 104.9 161.9 .6 11.3 -0 .0
6360. 8511 1°.00. 17773. 166.0 224.9 121.6 170.2 10.9 11.4 -0 0.0
3400. 2975 8680. 9343. 74.3  12s.) 56.7 84.0 9.5 16.1 81.9 129.3
3730. 3022 9190. 9854 . 76.0 134.6 69.4 88.5 10.6 16.7 79.5 140.0
3460. 303 8910. 10206. 86.3 135.8 66.2 91.8 10.9 17.3 88.7 147.9
3410. 3417 7920. 10353. 68.4 123.4 60.4 106.5 10.1 15.5 70.6 128.3
3660. 3 97. 8690. 10857. 74.1 134.3 68.7 116.2 10.7 17.0 77.8 138.3
3650. 4L 0 8550. 11287. 92.2 141.8 69.8 122.6 10.9 17.3 70.5 146.9
5810. 426 14470. 13888. 121.7 211.0 97.9 161.5 9.6 21.5 129.7 220.6
5600. %377 14370. 14410. 133.2 222.8 101.2 165.1 10.3 21.5 141.8 237.9
5490. 4301. 14670. 14876. 158.7 238.8 121.4 169.0 12.6 22.4 185.1 254.2
5530. AL14 14770. 15406. 179.6 257.3 134.9 173.5 13.9 22.4 197.9 272.2
5190. 6532 12660. 16305. 111.5 213.3 89.2 186.8 9.8 16.3 124.8 221.4
5690. 6976. 14100. 17216. 137.9 232.0 107.8 203.2 10.8 16.6 139.5 240.7
5310. 6897 13780. 17835. 159.8 251.6 118.3 216.6 12.7 17.9 145.3 260.7
5190. 7117 13600. 18460. 158.1 271.2 122.0 224.7 13.4 18.0 161.0 280.8
2070. 2252. 5694. 3973. 71.0 46.6 50.8 42.3 14.0 10.7 0.0 0.0
3772. 4409 8412. 8349. 129.7 95.3 100.6 85.1 15.2 11.0 0.0 0.0
3450. 5057. 84AS59. 9469. 116.7 107.6 87.2 95.8 1le.4 10.8 0.0 0.0
3470. 4899. 8736. 9NV7&. 127.4 104.7 93.8 93.7 15.4 10.9 0.0 0.0
3631. 5069 9292. 9481, 136.9 109.1 100.0 96.9 15.7 10.9 0.0 .0
804. 313. 2821. 543. 32.8 6.6 20.7 6.0 14.7 11.0 0.0 0.0
992. 1141. 4£286. 1959. 50.5 24.6 25.8 22.4 14.8 11.2 0.0 0.0
1159. 1558. 8241. 2682. 77.5 3.8 31.5 30.6 15.5 11.2 0.0 0.0
1240. 1727. 8322. 2976. 90.8 3’7 34.2 34.2 15.7 11.3 9.0 0.0
1521. 777. 3829. 1449, 53.7 17.5 39.0 15.8 14.6 11.6 0.0 6.0
1307. 1067. 4086. 2001. 65.1 24.0 37.6 21.5 16.4 11.5 0.0 0.C
978. 1161. 3264. 2178. 58.3 26.1 28.3 23.4 16.5 11.5 0.0 0.0
1005. 1258. 34C3. 2270. 60.9 27.1 29.1 24.5 16.5 11.1 0.0 0.0
2352. 3437. 0. 9420, 48.2 88.9 35.5 62.7 8.6 10.4 0.0 90.6
3024. 4090. Q. 12657. 73.9 139.8 48.3 74.6 .1 10.4 0.0 143.5
369€. 4202, 0. 13874, 96.3 169.4 67.4 76.7 1C.4 10.4 0.0 174. 4
3584. 4375. 0. 14936. 132.2 204.3 91.2 79.8 14.5 10.4 0.0 209.7
2240. 2978 0. 10871. 50.4 131.0 33.8 56.4 .6 10.8 c.0 133.1
2800. 3145. 0. 12223. 65.0 163.4 447 59.6 .1 10.8 0.0 16<.3
2688. 3254 0. 13201. 67.2 184.8 49.0 61.7 10. 4 10.8 0.0 195.7
2352. 3375, 0. 14663, 118.7  235.9 59.8 63.9 14.5 10.8 0.0 243.2
670. 447 2016. 869. "14.6 9.6 0.0 8.5 0.0 10.9 0.0 0.0
1337. 2041 4256. 4140, 31.3 47.8 0.0 42.6 0.0 11.9 0.0 0.0
2866. 2101 10416. 10035. 154.5 178.7 95.5 53.4 19.0 14.5 222.9 186.3
2240. 2209 9744, 10996. 155.7 214.1 60.5 58.1 15.4 15.0 227.4 222.1
2128. 2281 9632. 11332, 150.1 234.% 57.9 60.0 15.5 15.0 198.2 242.6
2016. 2273 9408. 11313, 151.2 241.2 70.7 59.8 20.0 15.0 212.8 249.2
2800. 2619 10864. 11367. 154.5 178.6 94.3 66.6 19.2 14.5 222.9 190.2
2576. 2820. 10528. 12342, 155.7 214.3 85.0 71.7 18.8 4.5 227.4 223.2
2352. 2891. 10080. 12670. 150.1 234.6 78.4 73.5 19.0 14.5 198.2 243.4
2240. 2878. 10080, 12620. 151.1 241.3 78.6 73.2 20.0 14.5 212.8 251.1
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Table 10. Continued.

GRAIN YIELD BIOMASS N UPTAKE GRAIN N NUPTAKE GRAIN PROTEIN ANTHESIS N UPTAKE
0 P o P (o) P o P o] P 0o P
2866. 2108. 10416. 10087. 154.5 18A.6 95.5 53.6 19.0 164.5 222.9 192.3
2240. 2204 . 9744. 10997. 155.7 218.) 60.5 58.0 15.4 15.0 227.4 226.4
2128. 2275. 9632. 11318. 150.1 237.6 57.9 59.9 15.5 15.0 198.2 245.6
2016. 2265. 9408. 11297. 151.2 2831 70.7 59.6 20.0 15.0 212.8 251.5
2800. 2621. 10864 . 11406. 154.5 184.8 94.3 66.7 19.2 14.5 222.9 195.6
2576. 2815. 10528. 12327. 155.7 218.5 85.0 71.6 18.8 14.5 227.&4 227.4
23152. 2884 . 10080. 12647. 150.1 237.7 78.4 73.4 19.0 14.5 198.2 246.9
2240. 2869. 10080. 12605. 151.1 243.3 78.6 73.0 20.0 14.5 212.8 252.6
329. 139. 0. 265. 8.3 2.3 0.0 1.9 g.0 7.8 0.0 6.0
531. 1043. 0. 2077. 16.2 15.6 0.0 12.8 0.0 7.0 0.0 0.0
766. 888. 0. 1749. 25.2 13.2 0.0 10.9 0.0 7.0 0.0 0.0
1082. 1270. 0. 2492. 27.4 19.2 0.0 16.0 0.0 7.2 0.0 0.0
1344, 1425. 0. 2642. 30.8 20.8 0.0 17.8 0.0 7.1 0.0 0.0
3400. 3787. 5650. 7488. 49.0 60.0 7.1 50.5 7.9 7.6 40.0 65.9
4000. 4943, 7550. 9904 . 57.0 87.3 51.9 74.6 7.4 8.6 40.0 90.8
5400. 5803. 10000. 11845. 83.0 108.2 76.7 92.6 8.1 9.1 0.0 115.6
6400. 6398. 12430. 13576. 107.0 133.7 96.6 115.6 8.6 10.3 96.0 137.6
6600 . 7162. 13250. 15281. 123.0 160.0 110.0 138.2 9.5 11.0 96.0 163.8
7000. 7754, 14250. 16608 . 153.0 179.6 136.3 156.4 11.1 11.5 0.0 185.0
6600. 8018. 13000. 17629. 149.0 207.6 13&.3 177.2 11.6 12.6 172.0 211.8
7000. 8105. 14060. 17751. 197.0 220.7 158.4 182.0 12.9 12.8 172.0 225.2
3600. 37188. 7300. 8039. 62.0 60.6 59.4 &47.2 9.4 7.1 40.0 67.0
4200. 4739. 8950. 10355. 69.0 89.7 64.1 67.3 8.7 8.1 40.0 92.2
4800. 5409. 10000. 12066. 72.0 113.1 67.4 76.9 8.0 8.1 0.0 117.4
5800. 5821. 12700. 13314. 98.0 134.3 87.5 82.7 8.6 8.1 96.0 138.2
6100. 6209. 13000. 14457, 111.0 156.3 98.5 88.2 9.2 8.1 96.0 161.6
6800. 6610. 15050. 15564 . 153.0 181.9 126.5 93.9 10.6 8.1 0.0 186.6
6200. 6991. 14300. 16582. 150.0 207.& 121.8 99.3 11.2 8.1 172.0 212.1
6500. 7111. 14500. 17384. 172.¢ 230.& 138.0 103.5 12.1 8.3 172.0 236.0
3100. a549. 5500. 7572. 52.0 59.5 50.0 47.9 9.2 7.7 40.0 65.9
4600. 4482. 8800. 9808 . 71.0 81.9 67.0 66.1 8.3 8.4 40.0 90.8
5600. 5260. 20800. 11960. £€8.0 112.2 80.6 92.3 8.2 10.0 0.0 115.6
5900. 5798. 11300. 13473, 88.6 134.3 77.6 108.8 7.5 10.7 96.0 137.6
6400. 6371. 12300. 14904, 107.0 .160.2 98.8 122.9 8.8 11.0 96.0 163.8
7600. 6850. 13400. 16063. 151.0 179.7 134.7 132.2 10.1 11.0 0.0 185.0
7900. 7269 . 15400. 16918. 191.0 207.7 170.5 140.3 12.3 11.0 172.0 211.8
6800. 7146. 13300. 17016. 172.0 220.9 153.9 140.4 12.9 11.2 172.0 225.2
2358. 1515. 0. 2684 . 0.0 31.6 63.7 28.4 15.4 10.7 0.0 0.0
2935. 2560. 0. 4712. 0.0 53.5 82.4 48.1 15.9 10.7 0.0 0.0
3490. 3054, 0. 5618. 0.0 62.5 94.3 55.9 15.4 10.6 0.0 0.0
3538. 2815. 0. 5227. 0.0 59.3 98.1 53.3 15.8 10.8 0.0 0.0
3316. 3015. 0. 5638. 0.0 63.5 94.2 56.6 16.2 10.7 0.0 0.0
3774. 1293. 10330. 5982. 100.1 92.2 0.0 25.2 0.0 11.1 89.1 95.5
4075. 1334. 11740. 6100. 120.8 95.8 0.0 26.0 0.0 11,1  106.9 99.2
4056. 1448. 11632. 6410. 114.1  103.4 0.0 28.2 0.0 1.1 88.6 107.0
4098. 1509. 12190. 6682 . 127.9  112.7 0.0 29.4 0.0 11.1  116.4 116.4
3982. 1577. 11841. 6990. 124.4 123.0 0.0 30.7 0.0 11.1  107.1 127.1
3937. 1619. 12845. 7208. 127.0 131.3 0.0 31.5 0.0 11.1 119.0 135.6

45

Mk« dosdaats v

Satewm.



S

———

Summary

CERES-Wheat-N is designed to be used as a management-
oriented model for a diversity of applications in many
environments. To make the model useful for such a wide
audience, the inputs must be minimal and they must be
reasonably easy to attain or estimate from standard agricul-

tural experimental practice. Given these constraints, the
model simulates crop growth and response to fertilizer
reasonably reliably. The rigorous statistical analysis

indicated that some probiems have yet to be resolved with the
prediction of N uptake and grain protein concentration in
some data sets. Some tendency to overpredict biomass and N
uptake early in the season was also noted. Further testing
and refinement of this area of the model may be beneficial.
Further data sets are required to test more reliably the soil
N components of the model.
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APPENDIX A

CERES-WHEAT (non-nitrogen) MODEL VALIDATION
RESULTS FROM INDIVIDUAL EXPERIMENTS

PREDICTED VS. OBSERVED
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APPENDIX B
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Figure B.1l.
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Comparison of predicted and observed response to

the application pattern of N in individual data sets.
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Figure B.1.
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Figure B.1. Continued.
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Figure B.1. Continued.
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Figure B.2. Comparison of predicted and observed grain yield response to

differing fertilizer split application patterns.
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Figure B.4. Comparison of predicted
production for individual data sets.
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Figure B.4.
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Figure B.4. Continued. ¢
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Figure B.4.
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Figure B.5. Comparison of predicted and observed grain protein response
to applied N in individual data sets.
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Figure B.5. Continued.
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Figure B.5. Continued.
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Compariscn of predicted and observed N uptake response to

applied N in individual data sets.

Figure B.6.
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Figure B.6.

Continued.
Wongan Hills W. Australia 1966
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. Figure B.6. Continued.
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Figure B.6. Continued.
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Figure B.6.
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Figure B.6. Continued.
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Comparison of predicted and observed patterns in :easonal N

balance for individual data sets.

Figure B.7.
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Figure B.7. Continued.
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Figure B.8. Comparison of predicted and observed seasonal pattern of N
uptake for individual data sets.
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Figure B.8. Continued.
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Figure B.8.

Continued.
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