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Wheat yield functions for analysis of land-use change in China 
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CERES-Wheat, a dynamic process crop growth model, is specified and validated for eight sites in the major wheat-growing regions 
of Cbina. Crop model results are then used to test the Mitscherlich-Baule and the quadratic functional forms for yield response 
to nitrogen fertilizer, ilrigation water, temperature, and precipitation. The resulting functions are designed to be used in a linked 
biophysical-economic model of land-use and land-cover change in China. While both functions predict yield responses adequately, 
the Mitscherlich-Baule function is preferable to the quadratic function because its parameters are biologically and physically realistic. 
Variables explaining a significant proportion of simulated yield variance are nitrogen. irrigation water, and precipitation; temperature 
was a less significant component of yield variation within the range of observed year-to-year variability at the study sites. Crop model 
simulations with a generic soil with median characteristics of the eight sites compared to simulations with site-specific soils showed 
that agricultural soils in China have similar and, in general, low-to-moderate water-holding capacities and organic matter contents. The 
validated crop model is useful for simulating the range of conditions under which wheat is grown in China, and provides the means to 
estimate production functions when experimental field data are not available. 

Keywords: agriculture, land use, wheat production, simulation models, China 

1. Introduction 

China is undergoing rapid changes in economic struc­
ture and development, urban and rural lifestyles, demands 
on land and water resources, and pressures on the environ­
ment. Its population is predicted to continue to grow for at 
least another 30 years, and to reach a population level of 
about 1.4-1.5 billion people by the year 2030 [5]. Recog­
nizing Ihe need to project potential courses of agricultural 
development, the International Institute for Applied Sys­
tems Analysis (IIASA) Land-Use and Land-Cover Change 
(LUC) Project is assembling a set of databases and ana­
lytical tools relating to China [4,11]. These tools combine 
biophysical understanding of agro-ecosystem processes (22] 
and a compilation of land and water resources into a linked 
biophysical-economic model of land-use and land-cover 
change. 

The IIASA LUC China model combines welfare analy­
sis and the general equilibrium approach with a spatially 
explicit representation of land productivity and actor-based 
decisions [4]. The economic model maximizes intertempo­
ral social welfare at the national level with disaggregation 
into eight regions. Crop production functions are needed 
to represent revenue-maximizing decisions by the farmer at 
the regional level; such decisions, in turn, lead to projec­
tions of regional land-use change in the model [13]. 

Wheat is the third major grain crop in China, after rice 
and maize. It is currently grown in many regions with 
productivity levels that depend greatly on management in­
puts. In 1998, China produced about 1 JO million tons of 
wheat [6] . Here we utilize a calibrated and validated dy­
namic process crop growth model, CERES-Wheat (20]. and 
data from the IIASA-LUC Geographic Information Sys-
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tern (GIS) to test site-based crop responses to management, 
specifically nitrogen fertilizer and water for irrigation, for 
the observed range of interannual climate variability (see 
references for China data). 

Thompson (25], Baier [2]. Ramirez et al. (16], and Wag­
goner (26] are among those who have developed regression 
equations from observed data, finding that precipitation, 
temperature, and nitrogen fertilizer, and derived variables 
such as soil moisture, growing degree days, and potential 
evapotranspiration were key factors in wheat yield predic­
tion. Thompson [25] found that monthly precipitation and 
temperature in key growing season months and technol­
ogy trends (primarily nitrogen fertilization) accounted for 
80-92% of wheat yield variability in six important wheat­
growing states in the U.S. between 1945 and 1968. Crop 
yield responses to inputs, such as fertilizer and water, have 
often been specified as polynomial functions such as the 
quadratic or square root forms. 

Quadratic functions are relatively easy to estimate be­
cause they are linear in their parameters and exhibit dimin­
ishing marginal productivity and input substitution (15]. 
However, they have been shown to be unrealistic in that 
they force input substitution, do not allow for growth 
plateaus as do the von Liebig and Mitscherlich-Baule 
forms, and tend to overestimate the optimal fertilizer quan­
tity [1,7]. Ackello-Ogutu et al. [l] found that the von Liebig 
function was preferred to the square root and quadratic 
forms in representing fertilizer responses of corn, soybean, 
wheat, and hay in Indiana, as did Grimm et al. [JO] . 

Crop simulation models have been used to develop yield 
response functions to inputs where limited experimental 
data restrict further evaluation of functional forms (15]. 
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Sheierling et al. (23] tested the impact of irrigation timing 
using simulated water-crop production functions developed 
with the van Genuchten-Hanks model. 

Here we test two regression models utilizing simu­
lated crop yield responses as possible yield functions for 
the IIASA model of land-use and land-cover change: the 
quadratic and the Mitscherlich-Baule (MB). The quadratic 
function tested imposes non-zero elasticity of substitution 
among factors and diminishing marginal productivity: 

Yi = a1 + a2(N;) + a3(W;) + a4(N;)2 

+ as(W;)2 + a6(N; W;), 

where Y; is wheat yield (kgha- 1), N; is nitrogen applied 
(kg ha- 1 ), W; is total water amount (precipitation plus ir­
rigation) received by the crop (mm), the subscript i refers 
to year, and a1--a6 are parameters. 

The Mitscherlich-Baule function has been found to be 
preferable for use in an economic model because it allows 
for factor substitution and a growth plateau following von 
Liebig's "Law of the Minimum" (15]. The use and use­
fulness of the MB function in the IIASA LUC model is 
discussed in (13]. The MB function is of the form 

Yi= !31 (1 - exp(-f32(f33 + N;))) 

x (l -exp(-{34({35 + W;))), 

where the variables are as described above, and f31-f35 are 
parameters. {31 represents an asymptotic yield level plateau; 
{33 and {35 can be interpreted as the residual levels of nitro­
gen and water in the soil. 

The objective of this study is to determine the variables 
that explain a significant proportion of simulated yield vari­
ance at sites spanning the major wheat-growing region of 
China and to specify appropriate functional forms for use 
in the IIASA-LUC model. The crop model is used because 
experimental agronomic data are lacking across the large 
area where wheat is grown in China. The crop models fur­
ther provide testable results at sites for the more spatially 
generalized scale used in the land-use change model. 

2. Methods 

2.1. Sites 

CERES-Wheat is calibrated and validated across eight 
sites spanning the wheat-growing regions of China (figure 1 
and table I) . The sites represent the climate conditions un­
der which wheat is grown in China, ranging from the con­
tinental climate of the traditional wheat-growing regions in 
the North China Plain (Beijing and Liaocheng) to the mod­
erately warm subtropical zone in the center of the country 
(Chengdu). Yulin represents the marginal desert-transition 
zone of the loess plateau; Xi'an lies in the central reaches of 
the Yellow River basin; and Xuzhou, Suzhou and Nanjing 
are found in the fertile plain of the Yangtze River. Winter 
wheat is grown in the cooler areas; in the warmer areas, 

spring wheat is sown in the late fall and matures without 
vemalization. Both rainfed and irrrigated wheat areas are 
represented, as specified by the IIASA-LUC county-level 
data (see references for China data). 

2.2. Crop model 

Yield responses to climate and management were simu­
lated with CERES-Wheat [9,19,20], a process-based mech­
anistic model that simulates daily phenological develop­
ment and growth in response to environmental factors (soil 
and climate) and management (crop variety, planting con­
ditions, nitrogen fertilization, and irrigation). The model 
is designed to have applicability in diverse environments 
and to utilize a minimum data set of commonly available 
field and weather data as inputs . CERES-Wheat has been 
calibrated and validated over a wide range of agroclimatic 
regions [22] . 

In order to determine the aboveground crop response 
to water, CERES-Wheat calculates the soil water balance 
(infiltration and runoff, soil evaporation, crop transpiration, 
and drainage) [ 18]. Whenever crop extraction of soil wa­
ter falls below the potential transpiration rate calculated for 
the crop, the resulting water stress reduces dry matter pro­
duction rate below maximum, resulting in yield declines . 
Thus, the model may be used to evaluate yield reduction 
caused by soil and plant water deficits. Irrigation regimes 
may easily be tested through specification of timing and 
amount of water deliveries, or through the application of 
"automatic" irrigation water when soil moisture drops to a 
specified threshold level. 

Temperature is an important variable in the CERES­
Wheat model, because crop phenology (progression of the 
crop through its development stages) is calculated primarily 
through the accumulation of temperature above a base tem­
perature (growing degree days). Duration of grain-filling, 
a key determinant of yield , thus depends in part on tem­
perature. Dry matter production and number of grains per 
head are also temperature-dependent in the model. 

The response of the wheat crop to nitrogen deficits is 
also calculated in CERES-Wheat [8] . The model calcu­
lates a critical N concentration in the plant tissue below 
which growth will be reduced. These concentrations are 
determined as a function of crop development stage and 
are used within the model to simulate the effects of N defi­
ciency. Nitrogen dynamics in the model include mineraliza­
tion .and/or immobilization of N as&oci,,ted with the decay 
of crop residues, nitrification, denitrification, urea hydrol­
ysis, leaching of nitrate, and the uptake and use of N by 
the crop. The N model uses the layered soil-water balance 
model described by Ritchie [ 18] and the soil temperature 
component of the EPIC model (27] . The nitrogen formula­
tion in CERES-Wheat has been tested in diverse environ­
ments (see, e.g., [8,14,24)), and been found, in general, to 
provide reasonable predictions of N uptake by the above­
ground plant and the partitioning of this N into grain. 
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Case Studies in JIANGSU Province 
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Figure I. Wheat-growing areas and study sites in China. 

2.3. Inputs 

Climate. Daily climate variables (maximum and mm1-
mum temperature and precipitation) for the eight sites were 
provided by Dr. Roy Jenne of the U.S. National Center for 
Atmospheric Research. Time-series for the different sites 

ranged from 15 to 30 years. Daily solar radiation for each 
time-series was generated using the WGEN weather gener­
ator (17). 

Figure 2 shows average monthly temperature and precip­
itation for the sites and table I shows the length of record, 
the average annual temperature and precipitation, and the 
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Table I 
Site, province, latitude and longitude, length of daily climate record, mean annual temperature and precipitation, and mean wheat growing-period 

precipitation at crop-modeling sites. 

Site Province Lat.' Long.• 

Beijing Beijing 39.97 116.32 
Liaocheng Shandong 36.02 115.35 
Yulin Shaanxi 38.14 109.42 
Xi'an Shaanxi 34.25 108.90 
Nanjing Jiangsu 32.00 118.80 
Suzhou Jiangsu 31.16 120.37 
Xuzhou Jiangsu 34.32 117.37 
Chengdu Sichuan 30.67 104.07 

a Latitude north and longitude east in degrees and decimals . 
b Length of daily climate record. 
c Growing period is time between simulated sowing and maturity. 

growing period precipitation (defined as days between sim­
ulated sowing and maturity). The wheat growing period 
corresponds to the dry period of the year at all sites. In 
general, this period also shows large interannual variabil­
ity. At the drier sites (Beijing, Yulin, and Liaocheng), the 
growing season precipitation is less than 200 mm and its 
coefficient of variation varies from 21 to 55%, implying 
risk of dryland crop failures and the need for supplemental 
irrigation to meet crop water requirements. 

Soil. Characteristics of the soil at each site needed as crop 
model inputs include albedo and runoff curve number. For 
each soil layer, inputs include depth, texture, water-holding 
capacity at drained lower and upper limits, and at satura­
tion, bulk density, pH, and organic carbon. These character­
istics were specified for the crop model simulations at each 
site based on Jin et al. ([ 12] and personal communication), 
the Chinese Soil Taxonomic Classification System (1991 ), 
!SSAS and ISRIC (1995), and Zheng et al. (1994) (table 2). 
The agricultural soils across the range of sites are represen­
tative of the major areas where wheat is grown in China 
(see figure 1 ). They are fairly uniform across the sites 
tested , being primarily sandy and sandy loams of medium 
depth, with neutral pH and low-to-moderate levels of or­
ganic carbon. It is important to note that dynamic process 
crop growth models such as the one used in this work re­
quire layered soil-profile characteristics that are often not 
specified with adequate detail in currently published global 
or regional soils databases. 

In addition to the site-specific soils, a generic soil was 
created by selecting the median value of the soil ·character­
istics over all sites (table 2) . This was done so that crop 
model simulations with the generic soil could be compared 
to simulations with the site-specific soils, providing an ini­
tial test of the sensitivity of the results to soil specification. 

Management variables. Cultivars, planting dates, and 
plant population (200 plants/m2) were specified based on 
current practices and crop cultivar calibration and validation 
as described by Jin et al. ([ 12] and personal communication) 
(table 3). Nitrogen is assumed to be broadcast as ammo­
nium nitrate before planting (30 kgha-t), with the remain-

Years• Temp. (SD) Pree. (SD) GP' prec. (SD) 
(oC) (mm) (mm) 

58-77 12.6 (0.6) 636 (258) 152 (84) 
79-95 14.1 (0.3) 482 (126) 178 (68) 
79-95 9.7 (0.5) 324 (86) 169 (68) 
59-87 14.4 (0.4) 546 (118) 275 (58) 
59-89 15.9 (0.5) 1016 (198) 487 (102) 
79-95 16.0 (0.8) 971 (387) 504 (164) 
51-80 14.6 (0.5) 869 (200) 307 (II I) 
58-77 16.7 (0.3) 977 (210) 185 (56) 

der applied in the spring. Initial soil ammonium and nitrate 
concentrations are from the Chinese Academy of Agricul­
tural Sciences. Initial soil water was calculated for each site 
by running the model for the entire time-series of weather 
and averaging the soil moisture at planting time. The soil­
water component was initiated ten days before sowing date. 

2.4. Simulations 

Three sets of simulations were done: 

(I) Validation. The first set of simulations was run with ob­
served soils, cultivars, and management for comparison 
to observed wheat development stages and yields. Data 
on output and sown areas of wheat were available by 
county administrative level (Chinese State Land Ad­
ministration). These aggregated county-level data on 
wheat production were compared with province-level 
production reported by the State Statistical Bureau and 
were found to be in good agreement. For nitrogen 
and water applications, county-level data for 1989/1990 
from the IIASA-LUC database for total fertilizer appli­
cations (divided by the number of crops per year) and 
irrigated percentage of crop production were aggregated 
to prefecture level. Observed wheat yield data were 
also aggregated to the prefecture level and represent 
average wheat yield for all types of production within 
the administrative unit. 

(2) Potential yield. The second set utilized automatic ni­
trogen and irrigation applications according to the spec­
ifications shown in table 4. The results of these sim­
ulations provide the yield potential with non-limiting 
nitrogen and water conditions at each site, given cur­
rent climate and management conditions. Because sys­
tem efficiencies are set at I 00%, nitrogen and water 
results for these simulations represent net crop nitro­
gen demand and net irrigation water demand, not actual 
amounts applied in the field . These simulations were 
done both with the site-specific soils and the generic 
soil. 
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Figure 2. Observed temperature and precipitation at the study sites. 
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Table 2 
Soil inputs for crop model simulations. 

Site CSTCS soil group Depth Texture Top 30 cm soil layer 

(cm) Water content Bulk pH Organic 
Lower limit Drained upper Saturation density carbon 

(vol%) limit (vol%) (vol%) (%) 

Beijing Cinnamon 87 Sandy 7.1 19.7 47.S l.2S 8.3 1.47 
Liaocheng Yellow brown 124 Sandy-clay 8.3 21.0 42.3 1.32 8.3 0.52 
Yul in Yellow brown 7S Sandy 9.8 21.6 46.S 1.20 8.1 0.52 
Xi'an Heilu soil llS Sandy 2.1 15.4 44.9 l.2S 7.9 0.80 
Nanjing Yellow brown 75 Sandy-loam 9.8 21.6 46.S 1.20 6.5 1.70 
Suzhou Yellow brown 124 Sandy-clay 8.3 21.0 42.3 1.32 6.4 1.80 
Xuzhou Yellow brown 100 Sandy 2.6 12.2 34.6 l.S9 8.3 0.53 
Chengdu Purple 110 Silt-loam 16.S 29.6 34.9 I.SO 6.5 1.07 

All sites Generic soil 96 Sandy-loam 8.3 20.0 42.7 1.32 7.0 I.SO 

Sources: Chinese Soil Taxonomic Classification System (CSTCS (1991). in: !SSAS & ISRIC (199S)), Zheng et al . (1994). 

Table 3 
Planting date, wheat cultivars, and genetic coefficients [12). 

Site Planting date Cul ti var" 

Name PIV PID PS GI G2 G3 

Beijing Liaocheng Yulin 29 September F.K. 2 4.0 3.8 2.4 3.S 4.3 3.0 
Xi'an IO October Y.M. 2 6.S 4.2 S.S S.S S.5 3.0 
Nanjing Suzhou 2S October Yanmai S 6.0 4.0 2.0 S.S S.O 2.0 
Xuzhou IO October Jinan 13 4.0 4.8 4.0 4.S 4.2 2.0 
Chengdu 2 November M.Y.11 2.4 4 .4 5.0 7.3 4.8 S.O 

'Genetic coefficients that describe wheat cultivars in the CERES-Wheat model: PIV, vemalization; PID, photoperiod; PS, grain-filling duration; 
GI-G3. grain.filling coefficients. The phylochron interval (the thermal time (degree days) between successive leaf tip appearances) coefficient for all 
cultivars was 95. 

Table 4 
Automatic management of non-limiting nitrogen and water conditions. 

Irrigation 

Nitrogen 
fertilization 

Management depth 
Threshold 
End point of applications 
Applications 
Method 
Ammount per irrigation 
Irrigation efficiency 

Application depth 
Threshold 
Amount per application 
Material 
Applications 

(3) Nitrogen-water combinations. The third set was com­
prised of combinations of thirteen levels of nitrogen 
(0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 180, 
and 210 kg ha- 1) and twenty-one levels of irrigation 
(from 0 to 600 mm in 30 mm increments). For the 
irrigation treatments, one irrigation treatment was ap­
plied before planting; then , after winter dormancy, 
equal amounts of irrigation were scheduled at varying 
time intervals, taking into account the specific time­
dependent crop water demand at each site (figure 3). 
Irrigation intervals were longer during the early crop 
growth stages and shorter in the period from shortly 
before anthesis up to physiological maturity. This re-

SO cm 
80% of maximum available water in soil 
100% of maximum available water in soil 
All growth stages 
Pressure 
JO mm 
100% 

15 cm 
When crop shows 20% nitrogen stress 
JO kgha- 1 

Ammonium nitrate 
All growth stages when needed 

suited in 4095-8190 simulations per site, depending 
on length of climate time-series. These simulations 
were also done with both the site-specific soils and the 
generic soil. 

The CERES-Wheat ·model outputs analyzed were: dates 
of anthesis and maturity, grain yield, nitrogen fertilizer ap­
plied, and irrigation water amount. 

2.5. Statistical analysis and yield functions 

Because of the differences in response to nitrogen and 
irrigation due to climatic differences across the study sites, 
we calculated temperature and precipitation anomalies for 



500 

450 

400 

350 

'E 
E 
:; 300 
c .. 
E 
" v f 250 

:i: 
c 
0 
iii 200 

"' :§ 

150 

100 

50 

0 

0 30 60 90 120 150 180 210 

Days after sowing 

Figure 3. Irrigation water demand with optimal nitrogen fertili zation at each site. 

Uaocheng 

Beijing 

.· 

Xuzhou 

Xi 'an 

240 270 

Yulln 

f) 

r 
~ ... 
~ 

~ 

' ~ 
~ ..,.. 
~ 

i· 
~ 
S­
il. 
~ 

;:; 



122 C. Rosenzweig et al. I Wheat functions for land uu 

March, April, May, and June, and precipitation anomalies 
over the entire growing period for inclusion in the statistical 
analysis and yield response functions. 

The relationships between wheat yield, input variables, 
and temperature and precipitation anomalies taken singly 
were first analyzed using the Pearson product moment cor­
relation coefficient calculated by the SPSS statistical pro­
gram. This exploratory analysis served to identify variables 
explaining a significant proportion of the observed yield 
variance. 

Then the quadratic and Mitscherlich-Baule regression 
models were tested as possible yield functions. For each 
function, the agreement between the simulated "observed" 
yields (we now use "observed" to designate the results of 
the CERES-Wheat simulations) and yields predicted by the 
functions was measured using the adjusted R2, representing 
the fraction of variation in simulated yield explained by the 
fitted yield values. We also assessed the significance of the 
estimated models by screening the values obtained for the 
F-test. F values were less than 0.0001 at the 95% signif­
icance level. Function parameters, their significance, and 
predicted yields were calculated using the SPSS statistical 
program. 

3. Results and discussion 

3.1. Comparison of simulated and observed pheno/ogy 
and yields 

Table 5 shows a comparison of simulated and observed 
dates of sowing, anthesis and maturity for wheat at the eight 
sites. The selected sowing dates and observed phenology 
were derived from information published by the USDA For­
eign Agricultural Service [3]. In general, the crop model 
simulates anthesis and crop maturity somewhat earlier than 
observations. The crop model defines anthesis as the date 
when 50% of the crop is shedding pollen; observations in 
the field for this stage are often made slightly later. Phys­
iological maturity, simulated as the day that grain-filling 
ends, is rarely measured in the field; rather, observations of 
harvest dates may be made two or more weeks later. Since 
wheat crop nitrogen and water requirements in the latter 
part of the phenological cycle are usually small, the dis­
crepancy in maturity dates is not likely to affect the use of 
the model to determine nitrogen and water response func­
tions. 

Table 6 shows the fertilizer and irrigation manage­
ment used in the validation simulations and comparisons 

Table 5 
Observed and simulated dates of sowing, anthesis and maturity for wheat. 

Site Planting date Anthesis date Maturity date 

Selected for Observed Simulated Observed Simulated Observed 
simulations 

Beijing 29 Sept 15 Sept-15 Oct 23 May 15 May-15 Jun 22 Jun 1-15 July 
Liaocheng 29 Sept 15 Sept-15 Oct 16 May 15 May-15 Jun 15 Jun 1-15 July 
Yul in 29 Sept 15 Sept-15 Oct 2 Jun 15 May-15 Jun 4 July 1-15 July 
Xi'an IO Oct 15 Sept-15 Oct 18 May 15 May-15 Jun 19 Jun 15-30 Jun 
Nanjing 25 Oct 1-31 Oct 14 May 15 May-15 Jun 12 Jun 15-30 Jun 
Suzhou 25 Oct 1-31 Oct 15 May 15 May-15 Jun 13 Jun 1-15 Jun 
Xuzhou 10 Oct 15 Sept-15 Oct 20 May 15 May-15 Jun 18 Jun 15-30 Jun 
Chengdu 2 Nov 15 Oct-15 Nov 22 Apr 1-30 Apr 26 May 1-15 Jun 

Source of observations: [3] . Source of simulations: average of 15 years with the management described in tables 2 and 3. 

Site No. of 

counties 

Beijing 
Liaocheng 
Yulin 12 
Xi'an 
Nanjing 
Suzhou 
Xuzhou 
Chengdu 13 

Total fertiliz.er/ 
sown ha (kgha- 1) 

227 (38)' 
216 (27) 
27 (29) 

180 (58) 
183 (36) 
262 (73) 
276 (55) 
127 (29) 

Table 6 
Yield validation simulations and observations. 

Observations a 

Share of irrigation Wheat yield Nitrogen fertilizer 
(%) (kgha- 1) (kgha- 1) 

81 (I) 4,518 (43) 150 (0) 
85 (5) 4,546 (388) 150 (0) 
12 (13) 454 (370) 30 (0) 
70 (23) 2,955 (742) 100 (0) 
94 (5) 2,416 (807) 50 ·(0) 
99 (I) 2,940 (1,853) 75 (0) 
72 (15) 3,549 (399) 100 (0) 
85 (12) 3,852 (1,410) 75 (0) 

Simulationsb 

Wheat irrigation Wheat yield 
(%) (kgha- 1) 

80 (0) 4.715 (326) 
80 (0) 4,926 (664) 
10 (0) 578 (649) 
50 (0) 3,533 (534) 
50 (0) 5,511 (:560) 
50 (0) 3,783 (786) 
50 (0) 4,108 (975) 
50 (0) 4,251 (493) 

'For nitrogen and water applications, county-level data for 1989/1990 from the llASA-LUC database for total fertiliz.er applications (divided by the 
number of crops per year) and irrigated percentage of cultivated land were aggregated to prefecture level. Observed wheat yield data were also 
aggrega1ed to the prefecture level and represent average wheat yields for all types of production within the administrative unit. 

•The simulations are the average of the period specified in table I for each site with management shown in tables 2 and 3. Nitrogen and irrigation 
simulation inputs were derived from observed values, adjusted for wheat by the characteristics of the cropping system at each site. 

c Average (standard deviation). 
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Figure 4. Effect of nitrogen fertilizer and irrigation on wheat yields at Liaocheng and Nanjing. Yield (/ = 0): yield with 0 mm supplemental irrigation; 
Yield (/ = 420): yield with 420 mm supplemental irrigation (optimal irrigation level); Yield (N = 0): yield with 0 kg ha- t of nitrogen fertilizer; 

Yield (N = 180): yield with 180 kgha-t of nitrogen fertilizer (optimal fertilization level). 
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Table 7 
Simulated wheat yield, nitrogen fertilizer applied and irrigation amount. 

Site Site soil Generic soil 

Yield Nitrogen Irrigation Yield Nitrogen Irrigation 
(kgha- 1) (kgha- 1) (mm) (kgha- 1) (kgha- 1) (mm) 

Beijing 4,531 (329) 74 (10) 463 (69) 4,412 (428) 91 (57) 427 (72) 
Liaocheng 5,216 (405) 141 (48) 443 (56) 5,190 (463) 123 (21) 426 (81) 
Yul in 5,237 (256) 67 (10) 402 (38) 4,978 (284) 70 (10) 358 (39) 
Xi'an 5,158 (431) 92 (15) 277 (58) 5,077 (457) 108 (18) 271 (57) 
Nanjing 4,972 (406) 100 (ll) 153 (64) 4,852 (455) 109 (15) 125 (56) 
Suzhou 5,457 (678) 137 (22) 89 (61) 5,415 (737) 136 (23) 98 (67) 
Xuzhou 4,801 (531) 112 (21) 311 (71) 4,764 (522) 94 (17) 276 (75) 
Chengdu 5,240 (373) 57 (7) 136 (40) 5,463 (435) 74 (15) 139 (40) 

Table 8 
Correlation coefficients between wheat yields and management inputs (nitrogen fertilizer and irrigation amounts) and observed climate anomalies 

(temperature and precipitation) (a, b). Correlation coefficients between observed monthly temperature and precipitation (c). 

Factor Correlation coefficients 

Beijing Liaocheng Yul in Xi'an Nanjing Suzhou Xuzhou Chengdu 

(a) Input (nitrogen and water) limited yield 

Nitrogen 0.08 0.10 0.15 0.32 0.56 0.42 0.17 0.26 
Irrigation water 0.73 0.71 0.60 0.39 -0.05 -0.02 0.44 0.18 

PA3 0.36 0.50 0.12 -0.02 0.20 0.52 -0.03 0.49 
PA4 0.51 -0.02 0.29 0.25 0.39 0.47 0.45 0.56 
PA5 0.74 0.64 0.39 0.64 0.34 0.69 0.61 0.21 
PA6 0.12 0.16 0.39 0.25 0.28 0.33 -0.15 0.31 
PAGP 0.44 0.48 0.59 0.37 0.38 0.78 0.64 0.75 

TA3 -0.24 0.11 -0.23 -0.07 -0.09 0.53 0.16 -0.20 

TA4 -0.01 -0.30 0.11 0.16 -0.02 0.53 0.14 -0.12 

TA5 0.03 -0.31 -0.33 -0.47 -0.42 -0.29 -0.60 -0.54 
TA6 -0.06 0.06 -0.41 -0.52 -0.20 -0.07 -0.51 

(b) Water non-limited yield 

Nitrogen 0.86 0.86 0.90 0.84 0.86 0.79 0.79 0.76 

TA3 0.03 -0.10 -0.08 0.08 0.08 0.22 0.06 0.01 
TA4 0.18 -0.15 0.07 O.G7 0.07 0.32 0.16 0.08 
TA5 -0.22 -0.25 0.05 -0.04 -0.ll -0.28 -0.24 -0.23 
TA6 -0.13 -0.06 -0.20 0.05 0.08 0.07 -0.08 

(c) Observed weather 

January 0.04 -0.39 -0.70 -0.45 -0.05 0.13 -0.04 -0.33 

February 0.27 0.26 0.39 0.15 -0.02 0.27 -0.14 -0.52 

March -0.14 -0.03 0.50 0.03 0.07 0.10 0.10 -0.19 

April -0.31 -0.31 0.32 -0.41 0.16 0.23 0.11 0.26 
May -0.18 -0.29 -0.04 -0.44 -0.35 -0.18 -0.39 0.17 
June -0.34 -0.09 -0.32 -0.61 0.06 -0.09 0.05 0.16 
July -0.18 -0.04 -0.23 -0.75 -0.51 0.06 -0.30 0.12 
August -0.09 0.25 -0.36 -0.59 -0.48 -0.64 -0.41 -0.27 
September -0.IO -0.25 -0.43 -0.47 0.03 0.45 0.18 0.16 
October -0.06 -0.11 0.17 -0.39 -0.05 -0.13 -0.08 0.27 
November 0.27 -0.02 -0.20 -0.20 0.08 -0.22 -0.04 0.24 

December 0.26 0.35 -0.01 -0.38 0.36 -0.16 0.11 -0.03 

PA3-6 = precipitation anomaly of calendar months 3~; 'PAGP = precipitation anomaly during the entire growing period; TA3-6 = temperature 
anomaly of calendar months 3~. 

of observed and simulated wheat yields. Reported fer­
tilizer applications and percent of crop production that 
is irrigated for the prefecture in which the sites are lo­
cated are used to derive the input values used in the 
CERES-Wheat simulations. The high reported fertilizer ap­
plications at some sites were reduced to take account of 

multiple crops per year. Similarly, since the high re­
ported irrigation percentage in Xi'an, Nanjing, Suzhou, 
Xuzhou, and Chengdu reflects the use of irrigation for 
all crops (especially rice), we set the irrigation per­
centage for the validation simulations for these sites 
at 50%. 
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Figure 5. Effects of variation in the observed temperature during the anthesis period (month 5) and growing precipitation on simulated dryland and 
fully irrigated wheat yields at Chengdu. 

Table 9 
Simulated wheat yield response to nitrogen and inigation in Liaocheng. 

N fertilizer Irrigation (mm) 

(kgha- 1) 0 60 120 180 240 300 360 420 480 540 600 

0 930 1287 1627 1913 2170 2364 2481 2514 2502 2462 2374 
15 1067 1516 1946 2325 2671 2929 3116 3181 3181 3162 3085 
30 1126 1643 2145 2604 3045 3388 3612 3715 3746 3729 3682 
45 1150 1725 2299 2807 3313 3742 4015 4163 4199 4184 4137 
60 1172 1774 2385 2970 3510 3998 4339 4485 4549 4530 4509 
75 1179 1814 2459 3072 3631 4192 4500 4703 4764 4749 4730 
90 1199 1837 2508 3155 3731 4311 4674 4866 4951 4933 4929 

105 1202 1869 2544 3219 3830 4440 4810 5001 5065 5057 5047 
120 1209 1865 2579 3259 3908 4514 4891 5087 5161 5176 5149 
135 1213 1882 2615 3320 3972 4604 4967 5141 5247 5245 5240 
150 1220 1894 2643 3352 4011 4655 5095 5277 5361 5373 5365 
180 1235 1907 2615 3399 4099 4789 5217 5395 5472 5477 5485 
210 1238 1904 2635 3426 4148 4840 5270 5476 5551 5547 5566 

Simulated yields are generally higher than observed, but simulations are usually taken to represent an upper limit 
represent reported yields fairly well. The model simulates of crop production for the management systems and sites 
the yield of fully irrigated wheat better than that of less tested. 
well-watered wheat, since water stress, a major source of 
yield variation, is eliminated in those circumstances. Fi- 3.2. Potential yield 
nally, the models do not consider limitations due to nutrients 
other than nitrogen, nor possible yield reductions caused by Table 7 shows modeled wheat yields, nitrogen appli-
weeds, pests and diseases, and flooding ; thus crop model cations, and irrigation amount under non-limiting nitrogen 
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Figure 6. CERES-Wheat and predicted yields with quadratic non-linear regression models at Beijing. 

and water regimes . Potential yields give an indication of 
the maximum yield possible under current climate and man­
agement conditions and are fairly similar across the transect 
of sites. High N applications are related to low initial fer­
tility levels of the sites (Liaocheng and Suzhou), and water 
applications are highest in the dry sites (Beijing, Yulin, and 
Liaocheng). The large difference between potential and 
validated yield at Yulin demonstrates the ability of inten­
sive management to overcome water- and nitrogen-limited 
conditions. 

Differences between the site-specific soils and the 
generic soil have minor effects on potential yield, simulated 
nitrogen fertilizer applied, and irrigation amount. This is 
likely to be the case because agricultural soils in the study 
region of China as described by the LUC database have 
similar low water-oolding capacities and nitrogen-supplying 
abilities. The effect on yields of using a generic soil rather 
than a site-specific soil was within 5%. 

3.3. Nitrogen-water combinations 

Figure 4 shows the effect of nitrogen fertilizer and irri­
gation on simulated wheat yields at Liaocheng, a dry site, 
and Nanjing, a well-watered site. The points represent the 
simulated yield values for each year. At both wet and dry 

sites, the variation of yield for a particular nitrogen level is 
smaller if the crop is well-watered and larger in dry land set­
tings. Across nitrogen levels, more benefit is found to fertil­
izer application in irrigated rather than dryland crops, since 
nutrient uptake is limited under dry conditions. The dry 
site displays lower response to nitrogen and lower yields; 
the greatest response is seen at the dry site when irrigation 
is applied at high nitrogen fertilization . 

Crop responses at Beijing and Yulin are similar to the 
one at Liaocheng; those at Chengdu and Suzhou are similar 
to that of Nanjing; responses at Xi'an and Xuzhou are in­
termediate. At Chengdu, the response to nitrogen fertilizer 
is very similar in dryland and irrigated simulations because 
of the high precipitation regime. 

3.4. Statistical analysi& a"d yield functions 

Correlation coefficients. Table S(a) shows the correla­
tion coefficients at the eight sites between wheat yields, 
inputs (nitrogen and water) and variations in temperature 
and precipitation in the observed climate record. Climate 
anomalies are for March to June when the crop is actively 
growing. As expected, yields at drier sites are less well­
correlated with nitrogen fertilizer applications than yields at 
wetter sites; yields at drier sites are, of course, highly cor-
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Figure 7. CERES-Wheat and predicted yields with Mitscherl ich-Baule models at Beijing. 

Table 10 
Adjusted R2 values of the predicted yields with the Quadratic 2 and Mitscherlich-Baule 2 regression models. 

Site Site soil Generic soil 

Quadratic Mitscherlich- Baule Quadratic Mitscherlich-Baule 

Beijing 0.838 0.839 0.834 0.835 

Liaocheng 0.810 0.812 0.805 0 .870 

Yul in 0.858 0.856 0.867 0.862 

Xi'an 0.659 0.668 0.719 0.724 

Nanjing 0.564 0.560 0.741 0.728 

Suzhou 0.599 0.590 0.539 0.533 

Xuzhou 0.544 0.543 0.486 0.496 

Chengdu 0.598 0.657 0.623 0 .689 

Quadratic 2: Y, = 01 + 0 2(N;) + 03(!, + P,) + a.<Nd + asUi + P,)2 + a•(N,(l, + P,)) . 
Mitscherlich-Baule 2: Y, = /31(1 - exp(-/32(/33 + N,)))(I - exp(-/3,(/3i +(I,+ P,)))). 
All values a.re significant al the 95% level. 
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related with irrigation amounts. Yields at the different sites 
respond differently to precipitation anomalies in the indi­
vidual months of the growing period, due to differences in 
crop-climate interactions. In general, however, yields are 
positively correlated with precipitation anomalies in May 
and over the growing period. 

Yulin, Xi'an, Nanjing, Xuzhou, and Chengdu. However, 
temperature-yield correlations in general are lower than 
precipitation-yield correlations. Temperature effects are 
important at warmer sites where high temperatures limit 
an already short duration of grain-filling. 

Yields are negatively correlated with temperature anom· 
alies from March to June, especially in May and June at 

Table 8(b) shows correlations of non water-limited yields 
with nitrogen fertilizer applications and temperature anom­
alies in March, April , May, and June. Non-water-limited 
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Table II 
Estimated coefficients in the Quadratic 2 and Mitscherlich-Baule 2 models. 

Site Quadratic Mitscherlich-Baule 

Parameter Site soil Generic soil Parameter Site soil Generic soil 

Beijing a1 101.805 64.810 /31 6409.010 6266.932 
(5.6) (4.3) (154.8) (165.4) 

a2 10.504 12.201 /32 0.013 0.013 
(34.0) (36.5) (56.2) (65.4) 

a3 11.146 10.723 {33 55.569 45.610 
(35.2) (26.8) (24.6) (32.7) 

a. -0.047 -0.054 13. 0.003 0.004 
(26.7) (26.2) (46.5) (56.2) 

as -0.011 -0.012 /Js 24.900 25.470 
(22.4) (2 1.0) (36.7) (36.3) 

ao 0.021 0.025 
(4 5) (3.2) 

Liaocheng a1 380.117 396.532 /31 6259.596 6528.261 
(4.2) (3.6) (143.8) (136.5) 

ai 15.460 14.211 /32 0.018 0.018 
(42.0) (41.2) (67.0) (74.2) 

a3 11.792 10.633 {33 37.08 36.858 
(44. 1) (39 6) (21.4) (26.3) 

a, -0.066 -0.064 13, 0.004 0.003 
(31.2) (27.9) (46.9) (42.7) 

as -0.013 -0.011 {35 47.652 52.059 
(26.1) (27.0) (34.I) (37.2) 

ao 0.023 0.025 
(5.6) (5.6) 

Yulin a1 251.521 225.207 /31 6829.595 6671.819 
(8.9) (7.8) (158.2) (192.4) 

a2 14.880 19.874 /32 0.0 15 0.014 
(48.9) (47.2) (75.2) (73.4) 

a3 14.596 14.685 /31 47.317 36.491 
(45.0) (38.1) (46.7) (46.2) 

a, -0.066 -0.084 13, 0.004 0.006 
(25.3) (19.8) (46.4) (56.2) 

a5 -0.017 -0.019 {35 27.354 27.182 
(17.6) (19.0) (36.5) (42.3) 

ao 0.026 0.031 
(6.4) (5.7) 

Xi'an a1 1972.62 1 1450.836 /31 5863.469 5896.637 
(68) (4.3) (134.6) (143.2) 

a2 17.632 21.962 /32 0.014 0.014 
(34.6) (37.2) (45.6) (49.1) 

03 10.025 9.543 /33 63.950 45.825 
(42.1) (42.0) (262) (27.9) 

a, -0.059 -0.074 13, 0.010 0.009 
(24.9) (22.6) (14.7) (12.5) 

a, -0.014 -0014 {35 72.601 69.597 
(18 .2) (17.0) (27.3) (24.2) 

ao 0.0 11 0.017 
(7.6) (4.2) 

Nanjing a1 2989.912 2698.605 /31 5480.658 5473.280 
(4.3) (3.5) (113.2) (119.2) 

02 19.090 26.388 /32 0.013 0.013 
(32.2) (34.1) (45.7) (52.1) 

03 2.754 0.781 {33 66.621 43.477 
(16.3) (12.9) (22.6) (19.6) 

04 -0.059 -0.080 13, 0.016 0.032 
(19.2) (19.6) (32.5) (37.8) 

a, -0.005 -0.003 13, 110.087 79.695 
(8.9) (10.2) (23 .6) (26.6) 

ao 0.008 0.010 
(3.2) (3.5) 



C. Rosenzweig et al. I Wheat functions for land use 129 

Table II 
(Continued.) 

Site Quadratic Mitscherlich-Baule 

Parameter Site soil Generic soil Parameter Site soil Generic soil 

Suzhou Ot 3096.824 2921.747 f31 5912.683 5919.427 
(3.6) (2.7) (137.4) (135.1) 

02 26.107 26.016 f32 0.013 0.013 
(34.4) (36.3) (56.7) (62.0) 

OJ 0.407 1.186 f3J 48.799 48.825 
(19.5) (20.7) (22.6) (29.2) 

04 -0.077 -0.076 {34 0.045 0.027 
(20.1) (21.4) (19.5) (16.5) 

C<5 -0.003 -0.004 {35 63.229 86.139 
(11.2) (9.6) (13.2) (9.6) 

"'• 0.010 0.010 
(3.4) (2.6) 

Xuzhou "'' 1137.25 1 1568.308 f3t 5275.731 5390.450 
(6.9) (4.3) (144.2) (165.3) 

02 19.859 17.203 f32 0.013 0.015 
(34.5) (29.3) (62.6) (66.3) 

OJ 6.934 8.852 f3J 38.330 54.793 
(16.3) (14.0) (21.0) (34.2) 

Q4 -0.070 -0.058 {34 0.007 0.008 
(32.9) (34.2) (22.6) (21.9) 

<>s -0.010 -0.011 f3s 87.214 81.861 
(12.1) (I0.0) (12.7) (11.5) 

06 0.020 0.011 
(3.1) (2.8) 

Chengdu 01 3549.224 3234.610 f31 5801.356 5789.534 
(3.2) (2 .8) (126.4) (134.1) 

<>2 22.602 24.760 {3, 0.025 0.025 
(36.2) (38.1) (48.9) (44.2) 

OJ 4.420 5.006 {33 43.686 39.562 
(12.0) (10.6) (25.1) (22.0) 

"'' -0.083 -0.092 {34 0.030 0.026 
(38.9) (42.0) (16.1) (15.6) 

<>s -0.008 -0008 f3s 45.934 47.277 
(6.5) (4.2) (15.4) (12.3) 

06 0.007 0.008 
(2.1) (2.0) 

Note: Statistics in parentheses are t statistics, all significant at the I% level. 

wheat yields are highly correlated with nitrogen fertilizer 
levels at all sites. As with the yields in the nitrogen-water 
combinations, the effects of tempe'rature anomalies during 
March through April on yields in the non-limiting water 
simulations are generally small. 

From this analysis, it appears that nitrogen fertilization 
level, irrigation amount, and precipitation anomalies are 
important variables to include in the functional forms for 
these sites. Temperature, while displaying lower correla­
tion with yield at the study sites, is also important in ex­
plaining yield variation. However, since variation in tem­
perature was quite low within sites, and since tempera­
ture is often (negatively) correlated with precipitation (ta­
ble 8(c)), temperature was not included in the initial regres­
sion model. 

An example of the relationships of simulated wheat yield 
to temperature and precipitation anomalies is shown in fig­
ure 5. Dryland yields at Chengdu, a warm site, are nega­
tively correlated to temperature at anthesis over the range 

of observed anomalies; they are also negatively correlated 
to decreases in growing season precipitation. In contrast, 
irrigated yields at Chengdu are correlated to neither of these 
observed anomalies. 

Yield response functions. An example of the yield data 
from the crop model simulations is shown in table 9 for 
Liaocheng ; each value is the average of crop model simu­
lations for the years of climate record (in this case, 16 years 
of climate record) . At higher input levels (nitrogen applied 
greater than 120 kg ha- 1 and irrigation more than 400 mm), 
a yield plateau of approximately 5500 kg ha- 1 was reached, 
representing the biophysical crop yield limit given the 
specified management conditions. Similar data for each 
site were used to test the quadratic and MB functional 
forms. 

The functional forms were tested with the inclusion of 
management inputs (nitrogen fertilizer and irrigation water 
amounts); then functions including temperature and/or pre-
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Figure 8. Comparison of yields simulated with the CERES-Wheat model and predicted with the Mitscherlich-Baule 2 model. 
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cipitation anomalies during the growing season were tested. 
Precipitation anomalies were added to the irrigation water 
term, providing a term representing the overall water status 
of the crop during the growing season. The incorporation 
of temperature anomalies in the functions did not improve 
the adjustment between observed and predicted yields, and 
the function parameters in the temperature terms were not 
significant. This result is likely influenced by the rela­
tively low range of temperature variation and the correla­
tions between temperature and precipitation evident at most 
sites. 

Figures 6 and 7 show CERES-Wheat simulated yields 
and predicted yields with different specifications of quadrat­
ic and MB functions at Beijing. Quadratic I and Mitscher­
lich-Baule I (MB!) are the functions with management 
inputs alone; Quadratic 2 and Mitscherlich-Baule 2 (MB2) 
include precipitation anomalies. The inclusion of precipi­
tation anomalies in the water term allows for calculation of 
the effects of year-to-year variation in climate, a useful at­
tribute that allows for consideration of risk in the economic 
model. Table 10 shows that the adjusted R 2 values obtained 
with the Quadratic 2 and the MB2 forms are similar, with 
the R2 values obtained with MB2 being on average slightly 
higher. Table 11 shows the parameters in the functional 
forms (all significant at the 95% level); the MB parameters 
are more stable than those of the quadratic function. The {31 

parameter represents yield levels that would occur with un­
constrained availability of inputs at zero price; this is a hy­
pothetical value, in most cases, higher than the agronomic 
potential yield shown in table 7. Figure 8 shows a compar­
ison of observed and predicted yields for the site-specific 
soils with the MB2 function that includes the precipitation 
variation. 

When using the Mitscherlich-Baule function in the con­
text of an optimizing economic model, it is important to 
note that specifications with more than one input factor 
(e.g., nutrients and water) exhibit increasing returns to 
scale [13] . Keyzer [13] has developed a generalized MB 
function that provides for an even more flexible specifi­
cation that can be used to control returns-to-scale in esti­
mating agricultural production relations. The more flexible 
specification of the Mitscherlich-Baule function is 

Y; = f31 (I - exp(-f3i({33 + N;))) 8
' 

x (I - exp(-{34({35 + W;))) 8
' . 

The adjusted R 2 values are not very sensitive to the use 
of the generic soil with median characteristics across the 
main wheat region of China (tables 10 and 11). Thus, the 
functions may be considered representative of agriculturally 
productive regions in China under intensifying management 
conditions. Variation in soil characteristics is more impor­
tant at lower levels of nitrogen and water inputs than at 
higher levels. 

4. Conclusions 

This work links biophysical and economic models in 
a rigorous and testable methodology. The validated crop 
model is useful for simulating the range of conditions under 
which wheat is grown in China, and provides the means 
to estimate production functions when experimental field 
data are not available. The Mitscherlich-Baule functional 
form is preferable to the quadratic form for incorporation 
into a land-use change model due to its simulation of the 
growth plateau and input substitutability. Its role in the 
IIASA LUC model involves both the determination of input 
demand and output scale, and, through response functions 
for IDther crops besides wheat, the ditermination of product 
mix. 

Further work will involve pooling the data across sites 
and developing scaling techniques to utilize the estimated 
functions for wheat throughout the current agricultural re­
gion of China. With climate change, the zones where wheat 
may be grown will likely shift to the North, but the climatic 
conditions (i.e., a monsoon climate with a dry and cool 
winter) under which wheat can be grown may be nearly 
the same. Soils may differ however. Therefore, the crop 
models will be used to expand the range of the functions' 
applicability in regard to higher temperature, changed hy­
drological regimes, wider variation in soil characteristics, 
higher levels of atmospheric carbon dioxide, and sulfate 
aerosols, and thus allow for the use of the work for global 
environmental change projections. 
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