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Abstract

The current intensive agricultural production Systems in Germany have resulted in
increased amounts of nitrates in surface and ground water sources. It would be quite
useful to have available a model to quantify the fate of nitrates in the agricultural land-
scape. The CERES-Maize model was evaluated for use äs an environmental manage-
ment tool in southwest Germany. The model was calibrated during the 1988 growing
season at the Horkheim Insel test field site (5 km south of Heilbronn, Germany). Vali-
dation of the model began in 1989 at the Horkheim test site. Regional application of the
model began in 1991 at two locations (Ihinger Hof and Unterer Lindenhof) that are
environmentally different than Horkheim. Model inputs were obtained from the literature,
field measurements or estimated from algorithms in the CERES model. Dry matter (DM),
leaf area and soll water content were measured at regulär intervals for all years and
locations. Soil and plant samples were taken throughout each growing season for nitrogen
determination. Once CERES-Maize was calibrated (1988), the model simulated DM
production, grain yield, plant nitrogen uptake and soil water and nitrogen contents quite
satisfactorily at the three validation sites. The CERES-Maize model appears to have the
potential to predict grain yield and nitrogen leaching for different corn production Systems
on a regional basis.

Zusammenfassung

Die gestiegenen Gehalte an Nitrat im Boden und im Trinkwasser resultieren aus den
intensiven landwirtschaftlichen Produktionssystemen in Deutschland. Ein verfügbares
Modell zur Quantifizierung der Nitratbewegung in landwirtschaftlichen Gebieten wäre von
Nutzen. Das CERES-Maize Modell wurde als ein Umweltmanagement Tool in Südwest-
deutschland eingesetzt. Das Modell wurde in der Wachstumsperiode 1988 auf dem
"Naturmeßfeld Horkheimer Insel" (5 km südlich von Heilbronn, Deutschland) kalibriert. Die
Validierung begann 1989 in Horkheim. 1991 wurde mit der regionalen Anwendung in zwei
zum Standort Horkheim unterschiedlichen Maisanbaugebieten (Ihinger Hof und Unterer
Lindenhof) begonnen. Eingabedaten für das Modell wurden aus Literaturwerten, Feldmes-
sungen oder Algorithmen aus dem CERES-Handbuch erstellt. Pflanzentrockenmasse
(DM), Blattfläche und Bodenwassergehalte wurden in gleichmäßigen Abständen auf allen
Standorten und über alle Jahre durchgeführt. Boden- und Pflanzenanalysen wurden
während den Vegetationsperioden für den Stickstoffhaushalt bestimmt.
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Nach der Kalibrierung des CERES-Maize Modells (1988) simulierte das Modell Trocken-
masseentwicklung, Kornertrag, Pflanzenstickstoffaufnahme und Bodenwasser- und
nitratgehalte an den drei Standorten der Validierung zufriedenstellend.
Das CERES-Maize Modell scheint geeignet zu sein, Kornertrag und Nitratauswaschung
in unterschiedlichen Maisproduktionssystemen auf regionaler Basis zu simulieren.

1. Introductlon

The worldwide increase in the use of nitrogen (N) fertilizers since 1960 has been well
documented (Leach, 1976; Tivy and O'Hare, 1990; Harte, 1990). This has subsequently
resulted in an increased N load entering the hydrological cycle i.e. ground and surface
waters. Thus, human health has been directly affected, the cost to remove the excess N
has increased and the overall environmental quality has deteriorated (Pimentel and Hall,
1990). The European Community (EC) and Germany have not been exempt from the
increased amounts of N in the environment, particularily nitrates that have seeped to the
ground water or that have been transported by runoff to surface water sources (Harte,
1990).

The EC has restricted the maximum nitrate content in drinking water to 50 mg NO31"1; but
nevertheless, there are many areas in southwest Germany that currently have excess
nitrates in the ground water. The nitrates originate primarily from the intensive agricultural
production Systems. The national average application rate for N in 1970 was 80 kg ha"1;
this increased to 120 kg ha"1 in 1980 (Anonymous, 1987). The need to quantify the
interrelationships among N-fertilization, crop yield and nitrate leaching is apparent.

An interdisciplinary project, "Projekt Wasser-Abfall-Boden" in the southern German state
of Baden-Württemberg was initiated in 1987 in order to quantify the effect of crop produc-
tion management inputs on ground water and drink water quality and to develop/suggest
alternative production strategies to reduce ground water contamination. The objectives of
this reported research were to calibrate/validate the CERES-Maize model at the "Natur-
messfeld Horkheimer Insel" for conventional and alternative corn production Systems and
to investigate the use of the CERES model on a regional basis to predict corn yield and
N leaching potential.

2. Methods and materials

A location for the interdisciplinary research was identified and field research was initiated
in 1987. A detailed description of the soils, geology and climate of the environmentally
protected area, Horkheimer Insel test site was given by Teutsch and Kobus (1990),
Bartilla et al. (1990) and Entenmann (1993).
The CERES-Maize model was calibrated for two corn production Systems, conventional
and alternative during the 1988 growing season. A summary of the production inputs for
the two Systems is given in Table 1.
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Table 1. The production inputs for the conventional and alternative corn production
Systems at the Horkheim test site.

Cultivar

Soil Tillage

Fertilizer

Herbicides

Conventional

Carlos

Plow 30cm

200 kg N ha'1

1 -broadcast
appiication

Terbutylazine
980 g ha1

Alternative

Carlos

Reduced tillage

120 kg N ha'1

3-band
applications

Terbutylazine
245 g ha1

plus mechanical
weed tillage

A general flow diagram of the CERES-Maize model is given in Figure 1. The four main
subroutines are WATBAL (water balance), PHENOL (crop phenology), GROSUB (plant
growth) and NBAL (nitrogen balance). Complete documentation of the model was
published by Jones and Kiniry (eds.) (1986). Model inputs were either field determined,
obtained from the literature or estimated using algorithms available in the CERES model.
An automatic weather Station (Delta-T, DL2) was installed March, 1988 and average daily
values for solar radiation, photosynthetic active radiation, relative humidity, windspeed and
rainfall; and daily maximum and minimum air temperature were recorded. Weather model
inputs were solar radiation, maximum/minimum air temperature and rainfall.

Soil specific inputs included the Stage 1 evaporation coefficient, Saturation %, drained
upper limit (DUL), Iower limit (LL), drainage coefficient, "Runoff-Curve-Number" and root
distribution coefficient. The Stage 1 coefficient was estimated from Information summari-
zed by Ritchie (1972) and Jones and Kiniry (1986). Algorithms in the CERES model were
used to estimate the DUL, LL and Saturation %. The "Runoff-Curve-Number" (after the
United States Soil Conservation Service method) and the root distribution coefficient was
obtained from the CERES-Maize Handbook (Jones and Kiniry, 1986). Soil samples were
taken at the beginning of the growing season and were chemically analyzed. A detailed
list of the chemical and physical inputs required for the nitrogen version of the CERES-
Maize model is given in Jones and Kiniry (1986).

The five genetic coefficients required for the CERES model are defined in Table 2. P1
and P5 were determined by summing the growing degree days for the defined growing
periods. P5, G2 and G3 were obtained from the literature.
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Flgure 1. A general flow diagram of the CERES-Maize model.

Table 2. Cultivar specific variables in the CERES genetic input file.

P1 Growing Degree Days (DTT) from seedling emergence to end of the juveni-
le phase

P2 Photoperiod sensitivity

P5 DTT from silking to physiological maturity

G2 Potential kernal numbe

G3 Potential kernal growth rate
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Leaf area and number, crop phenology, dry matter and soil water content were measured
weekly during the 1988 growing season. Soil and plant nitrogen were determined at
regulär intervals. Harvested grain yield was completed on 27 October. These measu-
rements provided the data base for the calibration.
The validation of the model at the Horkheim test site began in 1989 and has continued
through 1992. Two additional validation sites (Ihinger Hof and Unterer Lindenhof) were
selected at the beginning of 1991. Model inputs for the new locations were determined
following the procedures outlined for the Horkheim test site.

3. Results

The data shown in Table 3 and Figures 2-4 summarize the model calibration results for
the conventional System. Selected simulated and measured crop phenology, growth and
yield data are summarized in Table 3 for the conventional cropping System. There was
good agreement between measured and simulated date of silking. Measured physiological
maturity occured four days earlier than simulated. Simulated grain yield and total dry bio-
mass was within 6% and 12% of measured values respectively. Simulated maximum leaf
area index (LAI) compared favorably with measured LAI.

Table 3. Selected simulated and measured crop growth, phenology and grain yield
data for the 1988 growing season, Horkheim test site.

Silking date

Physiological maturity

Grain yield kg ha"1

LAI at silking

Total DM kg ha1

Simulated

208

276

12405

4.8

22043

Measured

209

272

11700

4.5

19613

The growing season LAI and DM for the conventional System are shown in Figures 2 and
3 respectively. There was good agreement between simulated and measured LAI through
calendar day (CD) 200 (Fig.2). The plant canopy was not homogeneous which resulted
in over and underestimations after CD 200. However, the model tended to adequately
simulate maximum LAI and leaf senescence. The simulated DM agreed well with simula-
ted values throughout the growing season (Fig.3).
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Figure 2. The growing season LAI for the conventional pro-
duction System at the Horkheim test site, 1988.
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Figure 3. The growing season DM for the conventional pro-
duction System at the Horkheim test site, 1988.
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The simulated and measured growing season soil NO3-N contents in the conventional
System are shown in Figure 4. The model was sensitive to fertilizer application (CD 120)
and total N iosses i.e. leaching, plant uptake. There was good agreement between
measured and simulated N-NO3 at the end of the growing season and through the end of
the calendar year.
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Figure 4.
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The growing season soil NO3-N content in the conventional production
System at the Horkheim test site, 1988.

The CERES model was tested at two additional locations beginning 1991. Total DM and
grain DM validation results for the Horkheim test site, Ihinger Hof and Unterer Lindenhof
are shown in Figure 5. There was good agreement between simulated and measured
total DM (closed Symbols) and grain yield (open symbols) for all locations and years.
Nevertheless, during 1990 the total DM tended to be overestimated more in the alternati-
ve than in the conventional System. There were water stress periods during the growing
season and it appeared that the model was not sensitive to the water deficit conditions,
thus the DM was overestimated.

Production strategy analysis is possible with the CERES-Maize model using the Decision
Support System for Agrotechnology Transfer (DSSAT) data management Computer
package that is compatible with all CERES models (1990). The DSSAT package is
available and is supported by the International Benchmark Sites Network for Agrotech-
nology Transfer projects (IBSNAT, Universtiy of Hawaii).
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Figure 5. The relationship between measured and simulated total DM (closed Sym-
bols) and grain DM (open Symbols) for the three model validation sites,
Horkhelm, Ihinger Hof and Unterer Lindenhof.

The strategy analysls employs stochastic dominance theory. Different fertilizer strategles
were anaiyzed for the Horkheim test slte using 20 years of simulated weather data for the
test site. The five strategies are summarized in Table 6. Strategies 1 and 2 are the
conventional and alternative cropping Systems respectively. The remaining three are
additional strategies evaluated in this section of the analysis.

Table 6. Five fertilizer strategies for the Horkheim test site.

Strategy

104

Date
Fertilizer

Amount

1
2

3

4

5

(DAS)
1
1
38
1
38
59
1
38
59
1
38

(kg N
200
30
90
30
60
30
30
60
60
75
75

ha'1)
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Cumulative probabilities are plotted against grain yield and nitrogen leaching in Figures
6 and 7 respectively. Average yield (50 % cumulative probability) ranged from a Iow of 6.8
t ha"1 for strategies 2 and 3 to a high of 7.81 ha"1 for strategies 1 and 4 (Fig. 6). Average
N leaching that can be expected with strategies 1 and 5 was 67 t ha"1 and 54 t ha"1
respectively and with strategies 2, 3 and 4, N-leaching averaged 471 ha"1.
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Figure 6. Cumulative probabilities of corn grain yield for 5 fertilizer strategies at the
Horkheim test site.

4. Discussion

The results of the calibration of the CERES model clearly showed that simulated plant
growth, phenology, yield and soil N agreed well with the measured data. Entenmann
(1993) discussed in more detail the model calibration i.e. light interception, soil water
content, transpiration, photosynthesis and plant N uptake. Simulated results presented
here were primarily for 1988 (calibration year). Generally the simulated plant growth,
phenology, yield and soil nitrate content for the 1989 - 1992 growing season were äs
good äs those summarized for 1988.
A possible area that needs further investigation is the sensitivity of the model to water
deficit conditions. During 1990, there was water stress throughout the growing season.
Stress factors for temperature, N and water are considered in the CERES model. The
minimum of two stress factors is used to reduce potential dry matter production. In 1990,
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both water and N stress occured simultaneously, thus multiple stress factors possibly
were not adequately taken into account in the model. Additionally, water stress cycled
through periods of stress and no stress. This cycling effect also quite possibly affected the
Simulation results in 1990.

1.0-

0.8-

0.2-
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Figure 7.
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Cumulative probabilities of nitrogen leaching for 5 fertilizer strategies at the
Horkheim test site.

The regional application of the CERES model for yield prediction and N leaching potential
appears to be quite good. The three validation sites (Horkheim 1989-1991, Ihinger Hof
1991 and Unterer Lindenhof 1991) were all climatically different from one another and
each location had different soils. Generally the model simulated grain yield and total DM
quite satisfactorily at Horkheim, Ihinger Hof and Unterer Lindenhof (Fig.5). Simulated plant
nitrogen uptake and soil water and N contents at all locations agreed well with measured
data (data not shown). Lysimeter data is forthcoming at which time other subcomponents
of the CERES N-balance subroutine will be examined.

The DSSAT data management module was used to analyze five fertilizer Strategy
scenarios. The Strategy analysis indicated that the difference in average grain yield across
the five fertilizer strategies was approximately one t ha"1 (Fig.6). The difference in the
average amount of N that leached below the root zone was 20 kg ha"1 (Fig.7). Based only
on these results, it can be concluded that Strategy 4 was more environmentally sound
than the conventional production System (strategy 1). Potential long-term yield was
maintained, the amount of mineral fertilizer applied was reduced by 50 kg ha"1 and the
amount of N leached was reduced 20 kg ha"1 with strategy 4. Detailed comparison among
strategies 2, 3 and 4 will require additional economic and environmental impact analyses.
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5. Concluslons

The CERES-Maize model appears to have the potential to be used äs an environmental
management tool on a regional basis in southern Germany. The model was oalibrated in
1988 and validated over the next four years at three environmentally different locations.
The CERES model realistically simulated DM, LAI, yield, phenology and soil water and N
content at all locations. The CERES Simulation results will eventually be integrated with
research results from civil engineering, hydrogeology and chemistry at which time a more
hoiistic analysis of the fate of N in the landscape can be made. Two questions that will
ultimately need to be answered are:

- is strategy 4 sustainable?

- what is the total environmental impact of strategy 4?

The CERES model can provide some insight to those questions so intelligent decisions
concerning land use management can be made.
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