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The aim of this study was to evaluate the potential of the Decision Support System for Agrotechnology
Transfer — Cropping System Model (DSSAT-CSM) using the CENTURY-based soil module to simulate long-
term trends of grain yield, soil organic C (SOC) and soil organic N (SON) based upon 14-year data from
a spring maize (Zea mays L.) and winter wheat (Triticum aestivum L.) cropping system study conducted
in the Loess Plateau of Northwestern China. There were four treatments including no fertilizer (NO),
90 kg N ha! from urea (N90), 30 kg N ha! from straw plus 90 kg N ha! from urea (SN90), and 40 kg N ha!
from cattle manure plus 90 kg N ha' from urea (MN90) selected in this study. The DSSAT-CSM showed
a good to excellent agreement for simulating maize yields with normalized root mean square error
(nRMSE) < 19%, index of agreement (d) > 0.91 and modeling efficiency (EF) > 0.56, and a moderate to good
agreement for wheat yields with nRMSE < 22%, d >0.89 and EF > 0.46 for N90, SN90 and MN90 treat-
ments. The model simulated SOC in the 0-20 cm depth for both SN90 and MN90 very well with nRMSE < 13%
and d > 0.63 and moderately for N90 and NO. The simulated topsoil SON matched the measured data for
N90, SN90 and MN9O0 very well with nRMSE < 7%, d >0.77 and EF > 0.15, whereas the simulation for NO
was poor. Both maize wheat yields were found to be more sensitive to the fertilizer N rates in humid
than drought soil conditions. The sensitivity of grain yields for either maize or wheat to generated growing
season precipitation was affected by fertilizer N rate. The simulated soil nitrate-N (NOs-N) in soil profile
and the NOs-N leaching below 150 cm increased with the increased fertilizer N rates as expected. The
periods occurring high NOs-N leaching were along with drainage events mainly in the next fallow periods.
Therefore, this study found that the DSSAT-CSM has a large potential to assess the impacts of various
agricultural practices on crop growth, soil C and N dynamics in the semi-arid to semi-humid region of
the Loess Plateau, and could contribute to selecting the optimum management practices.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Interdisciplinary analysis using a systems approach is required
to better understand the complexity of agricultural systems and the
need to fulfill multiple objectives in sustainable agro-ecosystems
(Kropffetal.,2001). Model simulation is one of the specific techniques
used in a systems approach as it takes less time, is more cost effective
and does not have the space requirements associated with running
long-term field trials (Jones et al., 2003). Most importantly, the

Abbreviations: DSSAT, Decision Support System for Agrotechnology Transfer; CSM,
Cropping System Model; SOC, soil organic carbon; SON, soil organic nitrogen; NO3-
N, nitrate nitrogen.
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modeling study could help to interpret experiments and explain why
the observed results were achieved and what factors could be ma-
nipulated to change them (i.e., understand the processes within the
system). The APSIM (Agricultural Production Systems Simulator)
(Keating et al., 2003), STICS (Simulateur mulTIdisciplinaire pour les
Cultures Standard) (Brisson et al., 2003) and DSSAT (Decision Support
System for Agrotechnology Transfer) (Jones et al., 2003) models are
among the most popular and widely used process-based crop growth
simulation models. These three models can be used to simulate crop
biomass, grain yields, soil water and nitrogen balances in daily time
steps under different cropping systems, agricultural practices, and
climatic zones. The CENTURY model (Parton et al., 1987, 1988) was
found to be among the best models used to simulate soil organic
carbon, N and residue dynamics (Gijsman et al., 2002; Parton and
Rasmussen, 1994). The soil organic matter-residue module in the
CENTURY model was incorporated to the DSSAT model, and using
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experimental data, it was found to improve the simulations for low-
input cropping systems and for conducting long-term sustainability
analyses (Gijsman et al., 2002). The DSSAT model and the CENTURY-
based soil module option were selected for the present study as
described below.

The DSSAT model has been used worldwide to simulate crop
biomass and yield, and soil N leaching under different management
practices and various climatic conditions (Jones et al., 2003). It has
also proven to be a useful tool for selecting improved agricultural
practices (Sarkar, 2009). In terms of model structure, the DSSAT
model is a collection of independent programs (such as crop, weather,
soil and water modules) that operate together, with the cropping
system model (CSM) as the core of the DSSAT model which greatly
simplifies the simulation of crop rotations (Jones et al., 2003). The
Sequence Analysis program in DSSAT is used to simulate crop se-
quences over any number of years, such as would occur in crop
rotations and it is also used for studying the long-term effects of
different management practices on growth, development and yield
of a crop, as well as the soil water, carbon and nitrogen processes,
with emphasis on time trends and variability (Thornton et al., 1994,
1995; Tsuji et al., 1994).

If the DSSAT model could accurately predict responses using
observed data from long-term experiments, then it could also be
used to provide credible predictions of changes in management
practices under various site-specific conditions on crop yields and
soil quality (Timsina and Humphreys, 2006). In recent years, a few
studies have been conducted to evaluate the performance of the
DSSAT-CSM and CENTURY-based soil module using data from long-
term rotation or continuous cropping system experiments. For
example, Timsina and Humphreys (2006) reviewed the perfor-
mance of CERES-Rice and CERES-Wheat models for the long-term
rice-wheat rotation systems in Asia and Australia, and found that
both the models performed reasonably well in predicting the long-
term (20 year) trends in rice and wheat yields under no water and
N stress conditions. Thorp et al. (2007) simulated the long-term
effects of different N application rates on corn production and sub-
surface nitrate-N concentration in drainage water in lowa using
the DSSAT model. Liu et al. (2011) simulated the crop yield and
nitrogen dynamics under a 50 year continuous maize production
experiment in Canada using the DSSAT model. Tojo Soler et al. (2011)
evaluated the performances of the DSSAT-CSM and CENTURY-
based soil module in predicting crop yield and SOC dynamics for
different crop rotations and fertilizer levels using the observed data
set from an experiment conducted in a semi-arid region of West
Africa during 1993 to 2004, and found that the model performed
differently with different treatments.

In China, a network of long-term fertilizer experiments have been
established since the early 1980s across the main croplands of China
(Zhao et al., 2010), which could provide the data sources for evalu-
ating and improving a crop-soil simulation model, such as DSSAT.
Based on the yield data from agricultural experimental stations
(1998-2000) and county-scale census (1980-2000), Xiong et al.
(2008) evaluated the performance of the CERES-Wheat module of
DSSAT in simulating regional spatial and temporal patterns of wheat
production in China. Using the DSSAT and its CENTURY-based soil
module, Yang et al. (2013) simulated the effects of long-term fer-
tilization on maize yield and soil C, N dynamics from 1990 to 2007
under continuous maize system based on the experimental data in
northeastern China. However, in China, the evaluation of the DSSAT
model performance in predicting long-term trends in grain yields,
soil organic C (SOC) and soil organic N (SON) under two or more
crop rotation system has rarely been reported. A well maintained
long-term spring maize and winter wheat rotation experiment was
conducted in Gansu province of northwestern China (Fan et al., 2004,
2005a; Liu et al., 2013a), and this paper will describe the model-
ing of this experimental data.

Gansu province is geographically a part of the Loess Plateau located
in northern China (Shi and Shao, 2000), and it is among the most
ecologically fragile and vulnerable areas. In this region, the climate
varies from semi-arid to semi-humid. The soils were mainly de-
veloped from the Quaternary loess sediments (Liu, 1999) with low
soil fertility due to dry climate, sparse vegetation, long periods of
intensive farming and erosion (Fan et al., 2008). The main crops are
maize and wheat, and the maize-wheat rotation system is the dom-
inant cropping system producing about 40% of local food requirements
(Fan et al., 2005a). This region accounts for a larger portion of China’s
rural poor due to the low soil fertility and the high population density.
Therefore, investigating the optimum agricultural practices that can
enhance soil fertility and productivity through well designed long-
term experiment is crucial for enhancing local economic development,
and restoring ecological balance. Evaluating the performance of the
DSSAT model based on the long-term experiment is valuable for its
potential application in optimizing agricultural practices when con-
sidering the benefits of modeling compared with traditional research
methods (i.e., field studies). Thus, the objectives of the present study
were: (1) to evaluate the performances of the CERES-Maize and
-Wheat module of DSSAT-CSM using the CENTURY-based soil module
in simulating long-term trends in the grain yields, SOC and SON using
the dataset from a rotation experiment in the Loess Plateau of north-
western China; (2) to investigate the sensitivity of the simulated
grain yields to different fertilizer N application rates, and to various
weather data generated internally; and (3) to address the sensitiv-
ity of simulated nitrate-N leaching losses to different fertilizer N
application rates under various water stress conditions.

2. Materials and methods
2.1. Long-term experimental data

The data used in this study were collected from a long-term
fertilizer experiment which was conducted from April 1979 to
October 1992 at the Gaoping Agronomy Farm, Pingliang, Gansu prov-
ince, northwestern China (Fan et al., 2004, 2005a, 2005b, 2008; Liu
et al., 2010a, 2013a). The experimental field is located in the central
part of the Shizi highland plateau (35°16” N, 107°30" E, elevation
1254 m) (Fan et al., 2005a) which is located in the Loess Plateau.
In the Chinese soil classification system, the soil group of the ex-
perimental field is dark loessial soil with silty loam textured top
soil (0 to 20 cm) (Fan et al., 2005a). This dark loessial soil is devel-
oped from Quaternary loess sediments classified as Mollisols in USDA
soil taxonomy (Li et al., 2013).

The details of the experimental design and crop management
have been described by Fan et al. (2004; 2005a; 2008) and Liu et al.
(2013a), thus, only a review of information pertinent to this study
is presented. There were six treatments arranged in a randomized
complete block design with three replications (Fan et al., 2004,
2005a). For this study, four treatments were selected for comparison
with the DSSAT-CSM model: (1) no fertilizer (NO), (2) 90 kg N ha™
from urea (N90), (3) 30 kg N ha™! from maize or wheat straw plus
90 kg N ha™! from urea (SN90), (4) 40 kg N ha™' from cattle manure
plus 90 kg N ha™' from urea (MN90).

In this experiment, the cropping systems were a 2-year spring
maize (Zea mays L.) followed by a 4-year winter wheat (Triticum
aestivum L.) rotation, with only one crop each year from 1979 to
1992 (Table 1) (Fan et al., 2004). Maize was seeded around 20 April
each year with a density of around 5 plants m~2 and a 66.5 cm row
spacing. Winter wheat was seeded with a row spacing of 14.7 cm
at a 165 kg ha™! seeding rate, which equaled to a 471 plants m~
density using an average 1000-kernel weight of 35 g (Zhou et al.,
2007). The planting times were around 20 September each year
when wheat followed wheat, and in early October when wheat
followed maize. Crops were harvested manually and the plants were
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Table 1

Field management data for NO, N90, SN90 and MN90 treatments from 1979 to 1992 at Gaoping, Gansu, China.

Straw Farmyard

MN90 Start

SN90

N90
Start

NO

Harvest  Deep tillage
date

date

Row space

(cm)

Plant density
(plant m2)

Planting
date

Crop Cultivar

Year

fertilizer date  residue date  manure date
Farmyard
manure

Start

Straw

Start

Start

fertilizer  fertilizer  residue fertilizer

fertilizer

(kg N ha'!)

0
0

20-Apr
20-Apr
20-Sep
20-Sep
20-Sep
20-Sep
20-Apr
20-Apr
20-Sep
20-Sep
20-Sep
20-Sep
20-Apr
20-Apr

01-Oct
05-Oct
02-Jul
05-Jul
10-Jul
04-Jul

20-Apr
20-Apr
20-Sep
20-Sep
20-Sep
20-Sep
20-Apr
20-Apr
20-Sep
20-Sep
20-Sep
20-Sep
20-Apr
20-Apr

40
40
40

90

30
30
30
30
30
30
30
30

90
90
90
90
90
90
90
90
90
90
90
90
90
90

90
90
90
90
90
90
90
90
90
90
90
90
90
90

01-Oct
05-Oct
02-Jul
05-Jul

30-Sep
04-Oct
01-Jul

04-Jul

66.5

20-Apr
20-Apr
06-Oct
20-Sep
20-Sep
20-Sep
20-Apr
20-Apr
02-Oct
20-Sep
20-Sep
20-Sep
20-Apr
20-Apr

MZ1985

Maize

1979
1980
1981

90

66.5

MZ1985

Maize

90
90
90
90
90

14.7

471
471
471
471

WH1983
WH1983
WH1983
WH1983
MZ1985

Wheat

40

14.7

Wheat

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992

40

10-Jul
04-Jul

09-Jul

14.7

Wheat

40

03-Jul

4.7
66.5
6

Wheat

01-Oct
01-Oct
01-Jul
01-Jul
01-Jul
01-Jul

40
40

40

0
0

01-Oct
01-Oct
01-Jul
01-Jul
01-Jul
01-Jul

30-Sep
30-Sep
30-Jun
30-Jun
30-Jun
30-Jun

Maize

90

6.5

MZ1985

Maize

90
90
90
90
90

30
30
30
30
30
30

14.7
1
1

471
471
471
471

WH1988
WH1988
WH1988
WH1988
MZ1985

Wheat

40

4.7
4.7

Wheat
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40

Wheat

40

14.7
66.5

Wheat

01-Oct
17-Oct

40
40

0
0

01-Oct

30-Sep

Maize

90

17-Oct

16-Oct

66.5

MZ1985

Maize

cut close to the ground and all harvested biomass were removed
from the plots with the exception of SN90 treatment where wheat
or maize straw containing 30 kg N ha™! was returned.

In this experiment, the maize and wheat grain samples were col-
lected at harvest, oven-dried at 70 °C for 48 hours, and then weighed
for the period from 1979 to 1992 (Fan et al.,, 2004; Liu et al.,, 2013a).
Surface soil (0 to 20 cm) samples were also collected randomly during
1979 to 1991 fifteen days after harvest, and then soil organic C and
total soil N concentrations were measured (Fan et al., 2005a; Liu
et al.,, 2013a). The measured total soil N in the soil includes both
organic N as well as inorganic N. At harvest, due to crop uptake,
nitrate leaching, etc., the inorganic N concentrations were found to
be very low in this field and, as a result, the total soil N was assumed
to be primarily soil organic N (Wu et al., 2003).

2.2. Weather data

The weather data used in this study were from the Changwu
weather station (35°12" N, 107°48’ E, elevation 1207 m) which is
located 33 km away from the Gaoping experimental site. These
weather data were obtained from the China Meteorological Data
Sharing Service System (available at http://cdc.cma.gov.cn/
cdc_en/home.do; user login is required). The weather data varied
from temperate semi-arid to semi-humid with the average annual
temperature ranging from 8.6 to 10.3 °C (Fig. 1a), and the annual
precipitation ranging from 323 to 822 mm from 1979 to 1992, and
a majority of the precipitation occurring from June to September
(Fig. 1b, c). The precipitation for the spring maize growing seasons
(i.e., April to September) ranged from 300 to 506 mm (Fig. 1b), and
for the winter wheat growing seasons (i.e., previous September to
June) ranged from 190 to 500 mm (Fig. 1b). For 1981 and 1987, the
years in which wheat followed maize, the winter wheat growing
seasons were from previous October to June.

2.3. Crop simulation

2.3.1. Model input data

In this study, the CERES-Maize and CERES-Wheat modules and
the CENTURY-based soil module in DSSAT (version 4.5) (Hoogenboom
et al.,, 2010) were used to conduct simulations. The model re-
quired input data include crop management, daily weather data, soil
profile data, initial soil conditions and cultivar coefficients. The crop
management data contain crop planting date and density, row space,
tillage method and date, fertilization (inorganic and manure) dates
and rates, and harvest date, etc. These crop management data were
obtained from the published data for this field site as described by
Fan et al. (2004, 200543, 2005b, 2008) and Liu et al. (20104, 2013a),
and this information was summarized (Table 1). For the SN90
treatment, maize or wheat straw residue was cut to around 10 cm
in length and then was returned to the soil after harvest, whereas
the maize and wheat straw was removed from the plots for NO, N90O
and MN9O0 treatments (Fan et al., 2005a). The field was plowed to
23 cm depth in July after wheat harvest or in October after maize
harvest except for the years in which wheat followed maize. For these
years, i.e., 1980 and 1986, the fields were cultivated with a shallow
disk after maize harvest and wheat was subsequently seeded (Liu
et al., 2013a). The period between crop harvest and the next crop
planting was set as fallow in the study. In addition, an atmospheric
N deposition of 10 kg N ha™! were included as an annual available
N input for all the treatments at the beginning of each crop period
(Liu et al., 2010D). The initial soil conditions (i.e., soil water content,
NH4-N and NOs-N contents by layers) were set based on report by
Wau et al. (2003).

The minimum daily weather data required to run the DSSAT
model includes daily solar radiation (MJ m-2), daily maximum and
minimum temperatures (°C) and daily precipitation (mm). These
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Fig. 1. The weather data from 1979 to 1992: (a) annual average temperature with the maxmum and minimum values, (b) annual and growing season precipitation and (c)
monthly precipitation of each year (data available at http://cdc.cma.gov.cn/cdc_en/home.do; user login is required).

daily weather data were collected from 1979 to 1992. The daily
solar radiation was calculated from daily sunshine hours using the
Weatherman program in DSSAT model (Pickering et al., 1994).

The soil profile (0 to 150 cm) data were obtained from pub-
lished data measured in Changwu Loess plateau with the same
soil type by Zhang and Liu (2005). The profile data included soil
water lower limit, drained upper limit, saturation, saturated hy-
draulic conduct, bulk density, soil organic C, total N, soil clay, silt
contents, etc. (Table 2). These soil profile data were saved in DSSAT
soil file.

To simulate soil organic C and N, we need to initialize the program
with the field history (FLHST) and the C/N ratio parameters to
support the DSSAT Century-based soil module (Gijsman et al., 2002).
In this study, the initial field soil fertility might be depleted as very
little fertilizer was applied before the start of the experiment (Fan
et al., 2008). Therefore, the FH301 which corresponds to an initial-
ly degraded field was selected as the FLHST. The measured initial
topsoil SOC was 6.2 g kg™, total N was 0.95 g kg™! (Liu et al., 2013a)
and the topsoil mineral N was less than 0.01 g kg™! (Wu et al., 2003),

thus, the C/N ratio was around 6.6 in this experiment. Therefore,
the soil C/N ratio in the DSSAT standard data file (i.e., SOMFX045.SDA)
was initialized with the measured value 6.6 based on Gijsman et al.
(2002).

2.3.2. Cultivar calibration

The DSSAT crop cultivar coefficients control the crop growth
stages which can vary with different weather data (Jones et al., 2003).
Therefore they must be calibrated under the optimum conditions
(i.e., minimum stress in weather and nutrients) for the region (Boote,
1999; Liu et al.,, 2011). In this study, the default maize cultivar 990002
(in MZCERO045.CUL file), and default wheat cultivar IB1015 (in
WHCERO045.CUL file) were selected for calibrating new cultivars.
The calibration was made using a ‘Trial and Error’ method by setting
up a small change (i.e., £ 5%) of each parameter. The root mean square
error (RMSE) between the simulated and measured grain yields
was used to find the best matched coefficients. In addition to the
grain yield, the phonological stages were also taken into account
in the calibration of the cultivar coefficients. The simulated
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Table 2

Soil profile data? of the experimental field.

Cation exchange

pH

Total nitrogen
(gkg™)
0.95

Silt

Clay

Organic carbon
(gkg™)

6.2

Bulk density
(gcm)

141
1.41
138
1.31
1.26
1.40

Drained upper Saturation Saturated hydraulic

Lower limit

Soil depth

(cm)

capacity (cmol kg)
75

in water

8.2

(0.05-0.002 mm) (%)

57.2

(<0.002 mm) (%)

34.8

conductivity (cm h™')
0.3

(cm3 cm3)

0.468

limit (cm3 cm3)

0.305

(cm3cm3)
0.094
0.094
0.115

7

0-20
20-40
40-60

57.7

34.8

3.1

0.46
0.63

0.468

0.305

6.0
5.8
5.8
5.8

57.9
59.9

34.8

3.1

0.479

0.313

329

24
24

3.1

0.67

0.506
0.525
0.472

0.311

0.110

60-80

58.7

333

0.68

0.309

0.106
0.106

80-100
100-150

53.7

36.8

0.68

0.309
2 These data were obtained from the published literatures by Zhang and Liu (2005) and Fan et al. (2004; 2005a).
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Table 3
The calibrated cultivar coefficients of maize and wheat for the experimental field
using CERES-Maize and -Wheat in DSSAT-CSM (v4.5).

Cultivar Calibrated coefficients

Calibration year 1985 1983 1988
MZ1985 WH1983 WH1988

Cultivar name

Maize cultivar coefficients

P1 Time from seedling emergence to 222
the end of the Juvenile (degree
days >8 °C)

P2 Extent to which development 0.52
(expressed as days) is delayed for
each hour (increase in
photoperiod > the longest
photoperiod 12.5 h)

P5 Thermal time from silking to 820
physiological maturity

G2 Maximum possible number of 580
kernels per plant

G3 Kernel optimum filling rate 8.0
during the linear grain filling stage
(mg day™)

PHINT Phylochron interval between 389
successive leaf tip appearances
(degree days)

Wheat cultivar coefficients

P1V Days, optimum vernalizing 32 25
temperature, required for
vernalization

P1D Photoperiod response (% 83 52
reduction in rate/10 h drop in pp)

P5 Grain filling (excluding lag) phase 515 515
duration (degree days)

G1 Kernel number per unit canopy 15 17
weight at anthesis (#/g)

G2 Standard kernel size under 38.0 40
optimum conditions (mg)

G3 Standard, non-stressed mature 3.0 2.0
tiller wt (incl. grain) (g dwt)

PHINT Phylochron interval between 90 105
successive leaf tip appearances
(degree days)

phonological stages (e.g., emergence, grain fill and maturity days)
under the calibrated cultivar coefficients were roughly in the same
phonological stages as field crops in this region. The normal rain-
fall year 1985 was selected as the calibration year for the maize
cultivar. A wet year 1983 and a normal year 1988 were selected as
calibration years for the two wheat cultivars. All of the calibration
was conducted using the N90 treatment. One maize cultivar and
two wheat cultivars were calibrated, and the calibrated coeffi-
cients are listed in Table 3.

2.3.3. Model runs and outputs

The simulation was made under DSSAT Sequence Analysis
program so that the soil nutrient and water dynamics could be con-
tinuously transferred from the beginning to the end of the simulation
(Thornton et al., 1994, 1995). Four management files (i.e., .SQX) were
established for the respective four treatments based on the input
data described above. The outputs can be readily visualized and sta-
tistically evaluated using the EasyGrapher graphical program (Yang
and Huffman, 2004). In this study, we focus on evaluating the model
performance by comparing the simulated grain yields, SOC and SON
with respective measured values from the long-term experiment
from 1979 to 1992.

2.3.4. Model evaluation statistics

Different statistics address particular aspects of a model
performance. In order to carry out a comprehensive evaluation of
the DSSAT model performance, five deviation statistics were used
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Table 4
Statistical evaluation of simulated grain yields of spring maize and winter wheat against measured values.
Grain yield (kg ha™!) Treatments Measured Simulated Sample no. E RMSE nRMSE (%) d EF Paired -t (p)
Maize NO 2709 (1068)? 2744 (1416) 6 35 1288 47.6 0.63 -0.74 0.95
N90 5830 (1821) 6359 (2315) 6 529 1100 18.9 0.91 0.56 0.28
SN90 6192 (2544) 6413 (2408) 6 221 820 13.2 0.97 0.88 0.56
MN90 7126 (3125) 6588 (2521) 6 -538 1049 14.7 0.96 0.86 0.24
Wheat NO 2070 (749) 1956 (1024) 8 -114 751 36.3 0.76 -0.15 0.70
N90 4394 (1435) 4365 (1993) 8 -29 882 20.1 0.92 0.57 0.93
SN90 4481 (1413) 4311(1814) 8 -170 839 18.7 0.92 0.60 0.60
MN90 5216 (1640) 4671 (2121) 8 -545 1124 215 0.89 0.46 0.19

3 Values in brackets are the S.D. for each treatment.

in this study, including mean error (E), root mean square error
(RMSE), normalized RMSE (nRMSE), index of agreement (d)
(Willmott, 1982) and modeling efficiency (EF) (Loague and Freeze,
1985; Yang et al., 2000). In addition, a paired-t test was used to test
the significance of E. The regression between the simulated and
measured grain yields was also carried out. The five deviation
statistics were calculated using the equations below based on Yang
et al. (2014):

poZS=M) (1)
n
RMSE:,/M (2)
nRMSE = RI\ISE %100 (3)
D WG (4)

X015 MJ+|m; - w)

n 2
EF=1—M (5)

(M- Ry

where S; is the simulated value, M; is the measured value, n is the
number of values, and M is the average of the measured values.

The RMSE summarizes the average difference between observed
and predicted values (Willmott, 1982). The nRMSE shows the relative
size of the average difference without units and this statistic is
unbounded (Willmott, 1982). For small sample datasets (e.g., n=6,
8 or 13) that were used in this study, we consider nRMSE < 15% as
“good” agreement; 15-30% as “moderate” agreement; and > 30% as
“poor” agreement (Liu et al., 2013b; Yang et al., 2013).

The index of agreement (d) (0<d<1) is intended to be a
descriptive measure, and it is both a relative and bounded measure
(Willmott, 1982). As recommended by Liu et al. (2013b), when
d>0.9 this indicates “excellent” agreement; when 0.8 <d < 0.9, then
we consider this as “good” agreement; when 0.7 < d < 0.8, then there
is “moderate” agreement; and when d < 0.7 there is “poor”
agreement between measured and predicted values.

2.3.5. Model sensitivity analysis

Sensitivity analysis is a fundamental tool in the building, use and
understanding of simulation models as it could provide information
regarding the behavior of the model including the identification of
important model inputs (parameters or variables) (Confalonieri et al.,
2010). In this study, the sensitivity analysis of grain yields and soil
N dynamics to fertilizer N application levels was carried out by
varying fertilizer N from 0 to 210 kg ha™! with a 30 kg ha! interval
for each year using the DSSAT-Sequence Analysis program. This way,

the optimum N application rates for the maximum grain yields can
be investigated. The corresponding soil nitrate-N leaching loss below
crop rooting zone under different fertilizer N rates was also
predicted. In addition, the sensitivity of maize and wheat yields to
various weather conditions were investigated by creating a climate
file (i.e., .CLI) using the measured 14-year weather data from 1979
to 1992. Then, based on the climate file, different weather data were
generated using the internal weather generator by setting up 30
replications for 30 sequences. Thus, the simulated grain yields under
30 generated weather data sets for each sequence were analyzed
for the NO and N90 treatments.

3. Results and discussion
3.1. Grain yield evaluation

The measured maize and wheat grain yields changed dramati-
cally as a function of both years and fertilizer N levels (Fig. 2a-d).
The measured maize yields averages were 2709 + 1068 kg ha™!,
5830+ 1821 kg ha™',6192 + 2544 kg ha™' and 7126 + 3135 kg ha! for
the NO, N90, SN90 and MN90 treatments, respectively, in the 6 years
of 1979 to 1980, 1985 to 1986, and 1991 to 1992 (Table 4). The av-
erages of measured wheat yields were 2070 + 749 kg ha',
4394 + 1435 kg ha™',4481 + 1413 kg ha™', and 5216 + 1640 kg ha™' for
the NO, N90, SN90 and MN90 treatments, respectively, in the 8 years
between 1981 and 1984, and between 1987 and 1990 (Table 4). The
simulated grain yields of maize and wheat generally matched the
measured values well in most years (Fig. 2a-d), except that large
deviations were found for several years (e.g., the dry years of 1982
and 1987) (Fig. 2). During the model run, neither the simulated nor
measured maize yields showed obvious correlations with the growing
season precipitation (GSP), while both the simulated and mea-
sured wheat yields showed strong positive correlations with the GSP
for all respective treatments (R?=0.12-0.73).

There was a strong linear relationship between the simulated
and the measured grain yields with R?=0.84 and 0.81 for respective
maize and wheat of all treatment combination (Fig. 3a, b). Both
regression slopes of 0.89 (p > 0.10) for maize and 1.04 (p > 0.70) for
wheat were not statistically different from 1, and both respective
regression intercepts of 668 (p =0.20) and -357 (p =0.39) kg ha™!
were not statistically different from 0, indicating that the simulated
grain yields correlated with the measured dataset quite well for both
maize and wheat.

3.1.1. Maize yield evaluation

By comparing the simulated maize grain yields and the mea-
sured values, the mean error E value for respective N90, SN90 and
MN90 treatments was not statistically different from zero based
upon the paired ¢ test (p =0.24-0.56) (Table 4). The calculated nRMSE
values ranged 13-19%, d >0.91 and EF > 0.56 for N90, SN90 and MN90
treatments (Table 4), thus, the DSSAT model showed “good to
excellent” agreements in simulating the maize yield for the
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Fig. 2. Comparison of the simulated (line with markers) and the measured spring maize (blank bar) and winter wheat (black bar) grain yields under (a) NO, (b) N90, (¢)

SN90 and (d) MN9O treatments from 1979 to 1992 at Gaoping, Gansu, China.

treatments with fertilizer N application. However, the model showed
poor performance in simulating maize yields under NO with
nRMSE = 48%, EF=-0.74 and d = 0.63, whereas there were no sta-
tistical differences between the simulated and measured maize yields
for NO (p=0.95) (Table 4). A similar result was also reported by
Timsina and Humphreys (2006), Liu et al. (2011) and Yang et al.
(2013) that the DSSAT model showed poorer performance for zero
fertilizer N than with fertilizer N treatments. This might be due to
the DSSAT crop model being more sensitive to N stress than the
real crop growth under no fertilizer N conditions.

3.1.2. Wheat yield evaluation

The simulated wheat yields were not statistically different from
the measured values for all respective NO, N90, SN90 and MN90
treatments as indicated by the paired-t test (p =0.19-0.70) (Table 4).
The simulated wheat yields in the dry and hot year of 1987 were
significantly lower than measured wheat yields for N90, SN90 and
MNO9O treatments (Fig. 2). This might be because that the effects of
water stress on crop yields were over compensated in the crop
models (Eitzinger et al., 2013). The calculated nRMSE, d and EF ranged
from 20 to 22%, from 0.89 to 0.92, and from 0.46 to 0.60, respec-
tively, indicating an overall “good” agreement for N90, SN90 and
MNO9O0 treatments (Table 4). The model showed a “moderate” agree-
ment for the NO treatment as indicated by the nRMSE = 36%, d =0.76,
and EF=-0.15 (Table 4).

3.2. Soil organic C and N evaluation

The measured topsoil (20 cm) SOC concentration increased
obviously in N90, SN90 and MN90 treatments from 1979 to 1992
(Fig. 4b-d), while the SOC remained stable in NO treatment (Fig. 4a).
The simulated topsoil SOC showed the similar increasing trends with
measurements. However, the model tended to overestimate SOC from
the 5th until the 13th year (Fig. 4a-d), resulting in a significant mean
error E from 0.73 to 0.80 g kg™! (p < 0.05) for all treatments (Table 5).

The overall overestimation of SOC was partly associated with the
differences between the model soil C/N ratio and the measured C/N
ratio parameter. In this study, the experimental field was initially
degraded with a relative low topsoil C/N ratio (6.6). In the DSSAT
model parameter, the initial topsoil C/N ratio is fixed around 9.5.
Sensitivity analysis of SOC dynamics to initial soil C/N ratio showed
that the low initial topsoil C/N ratio resulted in the quick increase
in SOC during model run (data not shown). Although the topsoil C/N
ratio was initialized with the measured value 6.6, the C/N ratio could
be modified automatically during the model run. This might be the
part reason that the model captured the SOC dynamics in the first
5 years, whereas the model sequestrated more SOC than reality under
good agricultural practice.

Generally, the model performed moderately for N90, SN90 and
MN9O0 treatments with the nRMSE = 12-13%, d = 0.63-0.84, although
EF < 0. The simulated SOC did not match well with the measured
values for NO treatment with the d =0.39 and EF < 0, although the
nRMSE = 13% (Table 5).

From 1979 to 1992, the simulated topsoil (20 cm) SON concen-
tration showed a similar increasing trend with the measured values
for N90, SN90 and MN90 treatments (Fig. 5b—d), except for NO treat-
ment which had a slightly decreasing trend for both the simulated
and measured topsoil SON (Fig. 5a). The simulated SON showed a
“good” agreement with the measured values for N90 treatment with
the E of 0.02 g kg, nRMSE of 1.8%, d of 0.88, and EF of 0.50 (Table 5).
The model significantly underestimated the topsoil SON for both
SN90 and MN90 treatments with respective E values of -0.07 and
-0.05 g kg™! (p < 0.05). However, other statistics showed overall “mod-
erate” to “good” agreements for SN90 and MN90 treatments with
the nRMSE values of 6.6 and 6.0%, d values of 0.77 and 0.79, and EF
values of 0.15 and 0.36, respectively (Table 5). The simulated SON
for NO treatment showed good matches with the measured data vi-
sually (Fig. 5a), and a small nRMSE value of 3.5% (Table 5). However,
the calculated small d value (0.48) and negative EF value (-2.4) may
indicate a “poor” match. This was possibly due to small ranges of
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both the simulated and the measured SON dataset under NO
treatment. Thus, caution should be given to consider all statistics
together with graphic evaluation to draw final conclusion on the
model performance in SON simulation for NO treatment.

3.3. Soil water dynamics

The simulated soil water contents in the 0-150 cm profile fluc-
tuated greatly during the model run (Fig. 6a). Based upon the
simulated soil water content in 0-150 cm profile (Fig. 6a), the years
of 1979-1981, 1987 and 1991-1992 were referred as “drought year”,
and the rest years (i.e., 1982-1986 and 1988-1990) were referred
as “humid year” in this study. The soil water contents showed similar
dynamics under NO and N90, while the soil water contents were
obviously higher under NO than N90 in drought years of 1981, 1987,
1991 and 1992 (Fig. 6a). This might result from the lower water
uptake by crop under NO than N90 in drought years. The changing
trends in soil water contents were closely associated with the rain-
fall distribution pattern (Fig. 1b, c). For example, the soil water
contents were generally lower in drought years (i.e., 1979-1981, 1987
and 1991) than humid years (i.e., 1983-1985, 1988-1990) (Fig. 6a).
The soil water drainage events ocurred in the next fallow periods
when there was heavy rainfall (Fig. 6b). For example, the first drain-
age event happened in September of 1981 when the field was fallow
along with intensive rainfall of 200 mm. The effects of soil water
dynamics on the changing trends in soil NOs-N will be discussed
in section 3.4.3.

3.4. Model sensitivity analysis

3.4.1. Yield sensitivity to fertilizer N

The simulated maize and wheat yields responded to fertilizer
N application rates similarly under straw/farmyard manure appli-
cation or without straw/farmyard manure condition and in this paper,
we just showed the results for the treatments which did not receive
straw or farmyard manure. Both the maize and wheat grain yields
showed different responses to the increased fertilizer N levels under
different soil water conditions during growing season. The soil water
content generally depended on the rainfall distribution pattern. The
simulated maize and wheat grain yield response curves to fertil-
izer N rates were grouped to three types: (1) no response lines
(Fig. 7a, d), (2) linear plus plateau curves (Fig. 7b, e) and (3) typical
diminishing return curves (Fig. 7c, f). The type (1) response line oc-
curred in drought years, while the type (2) and (3) response curves
happened in humid years.

The simulated maize yields were not sensitive to fertilizer N
application rates in drought years of 1979, 1991 and 1992 (Fig. 7a)
in which the soil water content in 0-150 cm profile was lower
than 300 mm in growing season (Fig. 6a). In drought year of 1980
with even rainfall distribution, however, maize yield increased
dramatically from 1000 kg ha' to 7000 kg ha! when increasing
fertilizer N rates from 0 to 60 kg N ha™! then leveled off (Fig. 7b).
Our results suggested that the fertilizer N application rates for the
maximum maize yields should be adjusted to 60 kg N ha™ in drought
years.

However, in humid years of 1985 and 1986 with soil water con-
tents in 0-150 cm profile as high as 500 mm (Fig. 6a), the maize
yields increased greatly from 2000 kg ha™! to 10000 kg ha™' with the
increased fertilizer N rates from 0 to 150 kg N ha!, while the yield
showed diminishing return patterns to additional N fertilizer from
150 to 210 kg N ha™! (Fig. 7c). Therefore, to achieve the maximum
maize yield in a humid year, the maximum fertilizer N rate should
be increased to 150 kg N ha™! (Fig. 7¢) by topdressing in the middle
of the growing season. The variation in sensitivities of the simu-
lated maize yield to fertilizer N rates depended on both soil water
condition and rainfall distribution in this study, which was in agree-
ment with the experimental result reported by Liu et al. (2010c).
The sensitivity result was also supported by the finding that there
was a significant interaction between irrigation and N fertilization
rates for maize yield (Paolo and Rinaldi, 2008).

Similar trends were found for winter wheat. In the drought years
of 1981 and 1987 in which the total soil water content in 0-150 cm
was around 200 mm (Fig. 6a), the wheat grain yields were less than
2000 kg ha™' irrespective of fertilizer N rates (Fig. 7d) as affected by
soil water stress during early growing stages (spikelet initiation to
end ear growth). In humid 1988 and 1989, the wheat grain yield
showed slight sensitivity to fertilizer N (Fig. 7e), this might result
from the uneven rainfall distribution in these two years (Fig. 1c).
However, in the humid years of 1982-1984 and 1990, the wheat
yields increased in typical diminishing return curves with the fer-
tilizer N rates from 0 to 180 kg N ha™! (Fig. 7f). Our result was
consistent with the experimental results that the N fertilizer use
efficiency was affected by the rainfall level in the growing seasons
(Dang and Hao, 2000), and that the wheat yields were limited by
seasonal distribution of rainfall (Zhang et al., 2013). Dang et al. (2006)
also reported that the maximum fertilizer N rates to winter wheat
should be in the range of 100-150 kg N ha™! in the normal years from
a nearby experimental site. Thus, the fertilizer N should be increased
in humid years especially when the rainfall is evenly distributed
throughout the growing season, whereas N fertilizer should be de-
creased in drought years. This simulated result also agreed with the
observed results from Ali et al. (2005) that the wheat yield in-
creased with increasing rates of N under normal soil moisture
condition, whereas, under limited soil moisture conditions, water
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Fig. 4. Comparison of the simulated (line) and measured (marker) soil organic C (SOC) concentrations in the top 20 cm depth under: (a) NO, (b) N90, (c) SN90 and (d) MN90

treatments from April 1979 to October 1992 at Gaoping, Gansu, China.

stress was a more yield limiting factor than N fertilization for wheat
production in hot and dry environments.

The DSSAT-CSM model was shown to be able to predict the re-
sponses of the grain yields or biomass of maize and wheat crops
under different fertilizer N rates and other agricultural practices in
the semi-arid and semi-humid regions of China and it was also used
to select the optimum N management practices.

3.4.2. Yield sensitivity to generated weather data

The 30 weather data sets generated by the internal weather gen-
erator varied greatly among sequence years. The simulated grain
yields for both maize and wheat varied based upon the variations
in the generated weather data (Fig. 8). In general, the simulated
maize grain yields ranged from 300 to 7500 kg ha™! for NO treat-
ment and from 800 to 11000 kg ha™! for N90 treatment, while the
wheat yields ranged from 0 to 4000 kg ha™' for NO treatment and
from 0 to 7000 kg ha™' for N90 treatment. The overall higher grain
yields for either maize or wheat in N90 than NO treatments indi-
cated that there were significant positive interactions between
favorable weather conditions and fertilizer N rate in determining
grain yields.

The sensitivity of grain yields to the generated growing season
precipitation (GSP) was illustrated in Fig. 6 under NO and N90 treat-
ments, respectively. The simulated maize and wheat yields generally
showed strong positive correlations with the generated GSP, and
the overall response curves were fitted by the linear regression
(Fig. 8a-d). Under NO treatment, the simulated maize grain yields
increased slowly with the increased GSP from 250 to 800 mm
(R?=0.04, p <0.01, Fig. 8a), while the wheat grain yields increased
gradually with the increased GSP from 100 to 450 mm (R?=0.10,
p <0.01, Fig. 8c), indicating that nitrogen was the main limiting factor
for crop growth when no N fertilizer was applied, especially for
maize. Under N90 treatment, however, the simulated maize yield
increased rapidly with the increased GSP from 250 to 800 mm
(R?=0.14, p <0.01, Fig. 8b). The wheat grain yields also increased
obviously when GSP increased from 100 to 450 mm (R?=0.09,
p <0.01, Fig. 8d). These results indicated that the sensitivity of grain
yields for either maize or wheat to GSP could be enhanced by higher
fertilizer N rate.

Thus, it could be concluded that the generated weather data had
an overall obvious impact on the grain yields for both maize and
wheat. The different sensitivity of grain yields to generated weather

Table 5
Statistical evaluation of simulated soil organic C, N concentrations at the 0-20 cm soil depth against measured values.
Variables Treatments Measured Simulated Sample no. E RMSE nRMSE (%) d EF Paired-t (p)
Soil organic C (g Ckg™1) NO 6.12 6.86 13 0.73 0.79 12.9 0.39 -15.68 0.00
N90 6.77 7.51 13 0.75 0.91 134 0.63 -4.55 0.00
SN90 7.61 8.40 13 0.80 0.97 12.7 0.82 -0.34 0.00
MN90 7.35 8.10 13 0.75 0.87 11.8 0.84 -0.11 0.00
Soil organic N (g N kg™1) NO 0.89 0.92 13 0.03 0.03 3.5 0.48 -2.37 0.00
N90 0.96 0.97 13 0.01 0.02 1.8 0.88 0.50 0.01
SN90 110 1.03 13 -0.07 0.07 6.6 0.77 0.15 0.00
MN90 1.07 1.02 13 -0.05 0.06 6.0 0.79 0.36 0.00
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data between NO and N90 treatments was reasonable with prac- 3.4.3. Soil nitrate-N sensitivity to fertilizer N

tical experience. The DSSAT-CSM has a potential to investigate the The ammonium (NH4") in most soils is usually low due to the
effects of weather data generated internally on crop yields using Se- rapid conversion to nitrate (NOs~) which can be a problem as
quence Analysis program (i.e., simulation of long-term crop rotations). nitrate is the dominant form of N leached in temperate regions
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(Di and Cameron, 2002). Thus, in this study, we just showed the
simulated NOs-N concentration in soil profile and NOs-N leaching
loss as the NH4* concentrations were comparatively low.

The simulated soil NO3-N concentration in all soil layers (0-
150 cm) fluctuated greatly with time from April 1979 to 1992, while
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the NOs-N concentration in the period following N application
increased markedly with the increases of fertilizer N rates in top
soil layers (Fig. 9a—c). Our simulation results were consistent with
the experimental results by Liu et al. (2003) and Zhao et al. (2006).
The changes in the NOs-N levels in the 0-5 cm, 5-15 cm and
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Fig. 8. The responses of simulated maize and wheat grain yields to the generated growing season precipitation under NO (a, c) and N90 (b, d) treatments.
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N150 and N180 treatments from April 1979 to 1992.

15-30 cm depths were mainly affected by the time of fertilizer N
application and the crop growth stage (Fig. 9a-c). The soil NO3;-N
dynamics in 30-45 cm and 45-60 cm depths (data not shown) was
similar with that in 15-30 cm depth, and soil NOs-N dynamics in
60-90 cm (data not shown) was similar with that in 90-120 cm
depth.

The amount of residual NOs-N leaching into the deeper soil layers
depended on water flux values during each drainage event (Godwin
and Jones, 1991), which are obtained from the soil water module
of DSSAT-CSM (Jones et al., 2003). Thus, the NOs;-N dynamics in the

subsoil layers of 90-120 cm and 120-150 cm depths were mainly
related to soil water condition, rainfall distribution and fallow period
(Fig. 9d, e). In drought conditions (i.e., 1979-1981 and 1987), the
residual NOs-N was retained in the upper 0-45 cm soil depth, almost
no NOs-N leached to 60-150 cm depth (Fig. 9a—e). This residual
NOs-N in upper soil profile would benefit the following crop
production if it had favorable soil water condition (e.g., in 1982).
In the relative humid conditions (i.e., 1982-1986 and 1988-1992),
however, there were quite amount residual NOs3-N leaching to
60-150 cm soil depth (Fig. 9d, e). The periods with high NOs-N
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Fig. 10. The simulated NOs-N leaching below 150 cm soil depth under: (a) NO, (b) N60, (c) N90, (d) N120, (e) N150, and (f) N180 treatments from April 1979 to 1992.

downwards movement to subsoil layers demonstrated that there
was a high NOs-N leaching potential below 0-150 cm soil depth
(Fig. 10).

The simulated soil N leaching below 0-150 cm soil depth showed
similar trends among different fertilizer N treatments from April
1979 to 1992 (Fig. 8a-f), while the quantity of NOs-N leached
obviously increased with the fertilizer N application rates partic-
ularly when N rates exceeded 120 kg N ha™! (Fig. 10d-f). There
were five periods (as labeled in Fig. 10e) in which high NOs-N
leaching below 0-150 cm soil depth happened (Fig. 10) along
with the drainage events (Fig. 6b) over the 14-year simulation.
The five periods mostly occurred in fallow periods or when there
was heavy rainfall. Our simulation results were consistent with
the observed results reviewed by Di and Cameron (2002) and Fan
et al. (2010), as well as findings of many other studies (Liu et al.,
2003; Xue and Hao, 2011; Zhao et al., 2006, 2007).

Among the five peak leaching phases, nitrate-N leaching in the
2nd, 3rd and 4th events were more sensitive to the high fertilizer
N application rates compared with the other leaching events. For
example, the nitrate-N leaching in the 2nd, 3rd and 4th events were
more than 15-30 kg N ha™! in N150, and 20-50 kg N ha™! in N180
treatment while nitrate-N leaching losses in other peak leaching
phases were less than 5 and 10 kg N ha™! in N150 and N180,
respectively (Fig. 10e, f).

The 1st NOs-N leaching event occurred during fallow season (Sep.
3-19, 1981) (Fig. 10a-f) when there was high intensive rainfall
(Fig. 1c). In 1981, the grain yield of winter wheat was very low due

to the extremely dry weather during the growing seasons. This, in
consequence, might cause high residual N accumulation in soil profile
due to the low N uptake by crop. After harvest, however, heavy rain-
falls in July to September 1981 (Fig. 1c) may have resulted in the
downward movement of the high residual NOs-N into the lower
layers of the soil profile. In addition, large quantities of mineral-
ized N were reported to occur upon re-wetting following a dry
summer season (Di and Cameron, 2002). Similarly, the 5th leach-
ing event occurred in the fall fallow period from Aug. 19 to Sep. 19,
1988 (Fig. 10a-f) and this event occurred because of the heavy rain-
fall. The 2nd leaching event occurred in the humid years during the
fallow period from Sep. 8 to Sep. 19, 1983 and in the entire wheat
growing seasons from September 1983 to July 1984 (Fig. 10a-f).

The 3rd NOs-N leaching event occurred in the non-growing
season from September 1984 to April 1985 (Fig. 10). For this year,
the winter wheat was harvested in the late June of 1984, and maize
was grown in April 1985, leaving a long fallow period between these
two crops. These N leaching trends could be due to the leaching of
accumulated NOs in soil profile as evapotranspiration would be very
low during the autumn to winter period as no crops were growing
in this period (Di and Cameron, 2002). The 4th NOs-N leaching events
happened during the maize growing seasons in 1985, which was
probably due to frequent rainfall events.

In addition to the NOs-N leaching loss, the DSSAT model can also
generate other soil N data dynamically during each crop growth and
fallow period, including the amount of total soil inorganic N, the
soil organic N mineralization, denitrification, N immobilization and
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soil N uptake by crop. The information is important for improving
our understanding of the crop-soil N dynamic processes. There-
fore, the DSSAT model has a high potential to be used to simulate
a long term NO3-N dynamics in different soil layers, to estimate the
NOs-N leaching loss out of the crop root zone, and to calculate the
soil N balance during different biochemical processes.

4. Conclusions

Based on the data source from a 14-year experiment conducted
in the Loess Plateau of northwestern China from 1979 to 1992, the
DSSAT-CSM performed reasonably well in simulating grain yields
for both spring maize and winter wheat, and showed moderate to
good agreement for predicting topsoil SOC and SON, under regular
fertilizer application condition. The sensitivity analysis showed
credible responses of simulated grain yields to fertilizer N
application rates under various soil water conditions. The DSSAT-
CSM can also be used to investigate the effects of climate change
on crop yield using generated weather data conducted under
Sequence Analysis program. The DSSAT model successfully simulates
the soil NOs-N accumulation and leaching trends under a large range
of fertilizer N application rates, rainfall conditions and maize-
wheat-fallow cropping systems. Therefore, the results of this study
support the potential for the DSSAT model to be able to simulate
crop growth, soil N dynamics and NOs-N leaching under various
agricultural practices in the semi-arid and semi-humid region of the
Loess Plateau of China.
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