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a b s t r a c t

The timing of seedling emergence greatly affects growth and yield of wheat (Triticum aestivum L.) and
a good growth model should predict it accurately. The Cropping System Model of the Decision Support
System for Agrotechnology Transfer (DSSAT-CSM) is used worldwide for many different applications,
but its simulation of the timing of seedling emergence of wheat is not satisfactory under certain circum-
stances. In order to improve the prediction of seedling emergence, we incorporated a newly developed
non-linear model, the Beta model, into DSSAT-CSM. Simulation performances were tested using obser-
vations in spring wheat (cv. Thatcher) from 24 sites across North America over the period 1930–1954,
which totalled 244 site-years. Observed days from sowing to 50% seedling emergence (DSE) ranged from
5 to 39. The DSSAT-CSM model underestimated DSE in most cases. The Beta model using daily air tem-
perature markedly improved prediction of seedling emergence. When using hourly air temperature, the
Beta model generally resulted in predictions similar to when daily air temperature was used. However,
calculated hourly temperature improved the simulation when the daily air temperature was near the
base temperature for germination/emergence. When temperature was adjusted using a DSSAT-CSM-
calculated soil moisture factor for germination/emergence (WFGE), the prediction was not improved,
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which could be related to the inaccurate simulation of near-surface soil moisture and the calculation of
WFGE. The performance of the Beta model using soil temperature at sowing depth was not as good as
simulations using air temperature, suggesting that the simulated soil temperature might not have been
accurate. To further improve the prediction it is necessary to improve the simulation of near-surface soil
moisture and temperature and the calculation of WFGE. Further work could also be done to simulate the
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dynamics of seedling em
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. Introduction

The timing of seedling emergence is an important factor in
etermining phenological development, growth and grain yield
f wheat (Triticum aestivum L.) [1,2]. It is important for farmers
ho manage large areas of land to arrange field operations, such

s herbicide application. The accuracy of emergence prediction is
lso crucial for the performance of growth models. Although there
re many biotic and environmental factors affecting the time of
eedling emergence, temperature is the most important one [3–6].
he thermal time (TT; degree days – ◦C day) required for emergence
s often considered to be constant and many researchers [7–10]

hink that the rate of emergence increases linearly with an increase
n temperature between the base and optimum temperatures.
owever, some studies found that the response of the develop-
ent rate of plants to temperature is non-linear [11,12]. Various
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non-linear functions such as power-law [13], exponential [14],
quadratic [15], logistic [16], Weibull [15,17], Gompertz [2], double
Gompertz [18], monomolecular [19], and Chapman–Richards [20]
have been used to describe the environmental response of develop-
mental processes in plants. However, none of these functions can
describe the concave curvature of developmental processes near
the base temperature or the decline of development rate at supra-
optimal temperatures [21]. Some authors have used the Beta model
because of its ability to describe development rate over the full
range of temperatures, its flexibility to take different shapes and
its mathematical tractability [21–24]. Jame and Cutforth [3] used a
series of Beta functions to describe effects of temperature on germi-
nation, subcrown internode elongation and coleoptile elongation.
The parameterized model with data from previous studies pre-
dicted the time required for seedling emergence reasonably well
and agreed well with the observed times under several controlled

environments and field conditions [3].

The Decision Support System for Agrotechnology Transfer-
Cropping System Model (DSSAT-CSM) is used successfully
worldwide for many different applications [25]. We are currently
using DSSAT-CSM to predict impacts of climate change on the

s. Published by Elsevier B.V. All rights reserved.
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Table 1
Information on the Canada and USA sites used in this study.

Site Province/state Latitude (◦N) Longitude (◦E) Elevation (m) Soil classification

Fort Simpson North West Territories 61.9 121.4 169 Orthic Grey Luvisola

Beaverlodge Alberta 55.2 119.4 732 Gleyed Dark Grey Luvisola

Edmonton Alberta 53.6 113.4 671 Eluviated Black Chernozema

Melfort Saskatchewan 52.9 104.6 480 Orthic Black Chernozema

Lacombe Alberta 52.5 113.7 860 Eluviated Black Chernozema

Saskatoon Saskatchewan 52.2 106.8 501 Orthic Dark Brown Chernozema

Indian Head Saskatchewan 50.6 103.7 586 Orthic Black Chernozema

Regina Saskatchewan 50.5 104.6 577 Orthic Dark Brown Chernozema

Swift Current Saskatchewan 50.4 107.9 825 Orthic Brown Chernozema

Brandon Manitoba 49.9 100.0 363 Orthic Black Chernozema

Morden Manitoba 49.2 98.1 297 Orthic Black Chernozema

Langdon ND 48.8 98.4 492 Fine-loamy, mixed Leptic Natriborollb

Havre MT 48.6 109.7 796 Fine-loamy, mixed, superactive Aridic Argiborollb

Williston ND 48.2 103.6 595 Fine-loamy, mixed Typic Haploborollb

Moccasin MT 47.0 109.8 1311 Fine-loamy, carbonatic Typic Calciborollb

Fargo ND 46.9 96.8 291 Fine, smectitic, frigid, Typic Epiaquertb

Dickinson ND 46.9 102.8 750 Coarse-loamy, mixed, superactive, frigid, Typic Haplustollb

Mandon ND 46.8 100.9 533 Coarse-loamy, mixed, superactive Pachic Haploborollb

Bozeman MT 45.7 111.1 1480 Fine-silty, mixed, superactive, Typic Haploborollb

Sheridan WY 44.9 106.9 1143 Fine, smectic, mesic Ustollic Paleargidb

Brookings SD 44.3 96.8 736 Fine-silty, mixed Pachic Udic Haploborollb

Madison WI 43.1 89.5 250 Fine-silty, mixed, superactive mesic Typic Argiudollb

Alliance NE 42.2 102.9 1217 Fine-silty, mixed, superactive, mesic Pachic Argiustollb
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Lincoln NE 40.9 96.6

a Based on the Canadian System of Soil Classification.
b Based on the American System of Soil Classification.

roduction of cereal crops in Western Canada. Our preliminary
tudy showed that the simulation of the time of seedling emer-
ence in wheat by DSSAT-CSM was not satisfactory. The objective
f this study was to test the Beta model for its adequacy in pre-
icting the time to 50% seedling emergence for spring wheat under
arious environments in North America. The Beta model was incor-
orated into DSSAT-CSM and was run using observed daily air
emperature, calculated hourly temperature or simulated soil tem-
erature at sowing depth, with or without including the effect of the
SSAT-CSM-simulated moisture stress factor. Simulation results
ere compared with those simulated by the seedling emergence
odule of DSSAT-CSM. If the Beta model can better predict the time

o 50% seedling emergence in wheat, it will be used to replace the
eedling emergence module of DSSAT-CSM to improve the model’s
erformance.

. Material and methods

.1. Observations on seedling emergence

From 1930 to 1954, phenological development, including
eedling emergence, heading and maturity of a hard red spring
heat was observed at 32 sites across North America [26]. Among

hem were 24 sites where emergence was recorded for more than
year and weather data were available either on-site or within

00 km radius from the site. These 24 sites totalled 244 site-years
f wheat emergence observations that were used for this study
Table 1).

The wheat cultivar grown was Thatcher, which is one of the
rst cultivars specifically bred for stem rust resistance [27] and
as been widely used as a resistant parent in subsequent breed-

ng programmes in North America [28–30]. Other physiological
haracteristics of Thatcher are standard height [31], vernalization
nsensitive [32], photoperiod sensitive [33] and relatively short

reen flag leaf duration [34].

Because some important information related to modelling was
ot reported [12], the following assumptions were made: (1)
eedling emergence was defined to occur when 50% of the plant
opulation had emerged. This criterion has often been used by oth-
491 Fine-silty, mixed, superactive, mesic Cumulative Hapludollb

ers to determine the time of this phenological stage [35–38]; (2)
the management was a fallow–wheat rotation under conventional
tillage, where soil moisture was recharged during the fallow sea-
son to ensure adequate yields [39]; (3) the sowing depth was the
same on all sites; and (4) no fertilizer was applied as soil fertility
was thought to be adequate at that time.

2.2. Weather and soil data

Temperatures and precipitation for the United States of Amer-
ica were downloaded from the United States Historical Climatic
Network available on the National Climatic Data Centre website
[40] and Canadian meteorological data were downloaded from the
Agriculture and Agri-Food Canada (AAFC) Daily Climate Informa-
tion website [41]. Daily solar radiation was calculated using the
Mountain Climate Simulator [42,43]. Hourly air temperatures were
calculated from maximum and minimum air temperatures and day
length, using a model described by Parton and Logan [44]. This
model, which is implemented in the subroutine HTEMP of DSSAT-
CSM, uses a truncated sine wave to predict daytime temperature
changes and an exponential function to predict night tempera-
tures. Comparison of this model with other models showed that
it did a superior job of fitting the data with a smaller number of
parameters [44]. Soil physical and chemical properties required by
DSSAT-CSM were downloaded from the United States Department
of Agriculture Natural Resources Conservation Service soil survey
characterization data website [45] and the AAFC Soil Landscapes of
Canada website [46].

3. The DSSAT-CSM model

The DSSAT-CSM package (version 4.0) is a collection of indepen-
dent programmes including 16 crop models and a set of modules
for the simulation of soil temperature, water, carbon and nitrogen

balances. It also has tools and utility programmes for managing
data on soil, climate, genetics, crops, economics, and pests; and has
application and analysis programmes. The plant life cycle in the
wheat growth module of DSSAT-CSM is divided into several phases.
Rate of development is governed by thermal time and day length.
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aily plant growth was computed by converting daily intercepted
hotosynthetically active radiation into plant dry matter. Kernel
umbers were computed based on the cultivar’s genetic potential,
rowth and the environment. The grain growth rate was calculated
ased on the potential rate, assimilate availability and temperature.

The soil–plant–atmosphere module [47] brings together soil,
lant and atmospheric inputs and computes light interception
y the canopy, potential evapotranspiration, actual soil evapo-
ation and plant transpiration. The potential evapotranspiration
an be calculated by three different methods: Priestley–Taylor
48] modified by Ritchie [47,49], Penman–FAO24 [50,51] and the
enman–Monteith reference method (FAO56) [52,53]. The latter
as recently recommended by FAO and International Commis-

ion on Irrigation and Drainage working groups [54]. Many studies
ndicated that FAO56 was better than the other two modules
or calculating evapotranspiration and resulted in better simula-
ions on biomass and yield [55–61]. The soil moisture module
s a one-dimensional model that computes the daily changes in
oil moisture content by soil layer due to infiltration, drainage,
nsaturated flow and evapotranspiration [62,63]. Drainage is first
alculated based on a soil drainage parameter. The amount of water
assing through any layer is then compared with the saturated
ydraulic conductivity of that layer. If the saturated hydraulic con-
uctivity of any layer is less than the computed vertical drainage
hrough that layer, actual drainage is limited to the conductivity
alue, and water accumulates above that layer [64]. More details of
hese modules were described by Jones et al. [25].

The germination/emergence of wheat was simulated by
he CROPSIM-CERES subroutine, using cumulative germina-
ion/emergence units (GEU, ◦C day), which is calculated by the
ollowing equation:

EU = TT × WFGE (1)

here WFGE is the water factor for germination/emergence (0–1).
he thermal time (TT – degree days) is calculated by comparing the
ean daily air temperature (Ta) with the base (Tb), optimum (To)

nd maximum (Tm) temperatures for development:

TT = Ta if Tb < Ta < To

TT = 0 if Ta ≤ Tb or Ta ≥ Tm

TT = To if To ≤ Ta < Tm

(2)

he default values of Tb, To and Tm for wheat were 0, 26 and 50 ◦C,
espectively. The water factor for germination/emergence is calcu-
ated as:

WFGE = SWPSD/WFGEU
WFGE = 0 if (SWPSD/WFGEU) < 0
WFGE = 1 if (SWPSD/WFGEU) > 1

(3)

here SWPSD is the soil moisture status at sowing depth and
FGEU is the upper limit of the water factor for germina-

ion/emergence (0.5 for wheat). The soil moisture status at sowing
epth is calculated by:

SWPSD = (2W1 − W2) + SDEPTH × [W2 − (2W1 − W2)]
SWPSD = W2 if {(2W1 − W2) + SDEPTH × [W2 − (2W1 − W2)]}

and 0 ≤ (2W1 − W2) ≤ 1

here W1 and W2 are the relative soil moisture contents for the
oil layer in which the seeds are buried and the lower layer, respec-
ively, and SDEPTH is sowing depth (cm). The relative soil moisture
ontent is calculated by the following equation:
= SW − LL

DUL − LL
(5)

here SW, LL and DUL are volumetric moisture content, lower limit
nd drained upper limit, respectively.
2
(4)

Fig. 1. The Beta model describing the relationship between germination/emergence
rate and temperature.

Seedling emergence occurs when the cumulative GEU is greater
than

PEGD + PECM × SDEPTH (6)

where PEGD (10 ◦C day for wheat) and PECM (10 ◦C day per cm for
wheat) are required GEU for germination and emergence, respec-
tively.

4. The Beta model

Jame and Cutforth [3] separated the period between sowing and
emergence of wheat into three consecutive processes: (1) germina-
tion, (2) subcrown internode elongation if the sowing depth is more
than 2.5 cm, and (3) coleoptile elongation. Rates of germination and
coleoptile elongation (day−1) were described by a Beta function:

Rate = exp(�) × (T − Tb)˛ × (Tm − T)ˇ (7)

where T is the temperature and �, ˛ and ˇ are model parame-
ters (Fig. 1). The parameters ˛ and ˇ determine the curvatures of
the relationship for the temperature range between Tb and To and
between To and Tm, respectively.

By examining the data derived by Jame and Cutforth [3] and
de Jong and Best [5], we found that the Beta function described
very well the relationship of the rate of subcrown internode elonga-
tion with temperature at each sowing depth. The shape parameters
(˛ and ˇ) were independent of sowing depth, whereas values of
exp(�) decreased linearly with increasing sowing depth. There-
fore, we used the following equation to describe the effects of soil
temperature and sowing depth on the rate of subcrown internode
elongation:

Rate = [a + b × (SDEPTH − 2.5)] × (T − Tb)˛ × (Tm − T)ˇ (8)

where a and b are parameters.
Jame and Cutforth [3] used 0 and 42 ◦C as Tb and Tm, respec-
tively. Based on a Petri plate study for the cultivar Neepawa (H.
Wang and T. McCaig, unpublished data) we used 39 ◦C as Tm. Jame
and Cutforth [3] used data from studies under controlled environ-
ments to parameterize the equations describing the three processes
[5,65,66]. We used the same data excluding non-North American
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Table 2
Beta model parameters for germination, coleoptile elongation and subcrown internode elongation as derived by Jame and Cutforth [3] and in this study, and model assessments
using the Pearson correlation coefficient (r), concordance correlation coefficient (CCC), bias correction factor (BCF), root mean square error (RMSE), and mean difference (M).

Emergence process Model parameters Model assessments

� a b ˛ ˇ ra CCC BCF RMSE (day−1) M (day−1)

Germination (n = 10)
Jame and Cutforth [3] −5.52 – – 1.43 0.224 0.980 0.970 0.990 0.06 0.03
This study −5.32 – – 1.42 0.178 0.990 0.980 0.990 0.05 0.01

Coleoptile elongation (n = 4)
Jame and Cutforth [3] −2.0438 – – 1.0 0.4 0.980 0.768 0.784 0.27 0.08
This study −1.663 – – 0.9526 0.3335 0.998 0.997 0.999 0.24 −0.01

Subcrown internode elongation (n = 8)
Jame and Cutforth [3] – 0.056 −0.0004 1.6 0.64 0.997 0.995 0.999 0.27 0.86
This study – 0.0217 −0.0015 1.8075 0.7899 0.998 0.998 0.999 0.24 0.03

a All Pearson correlation coefficients are statistically significant at the 0.01 level.

Table 3
Comparing observed days from sowing to 50% seedling emergence with those simulated by DSSAT-CSM or by Beta models using daily air, hourly air or daily soil temperatures,
with or without including the soil moisture stress factor. Indicator variables used for comparison were: Pearson correlation coefficient (r), concordance correlation coefficient
(CCC), bias correction factor (BCF), root mean square error (RMSE), and mean difference (M) (n = 244). The sowing depth was assumed to be 5 cm.

Module Temperature Moisture stress factor ra CCC BCF RMSE (day−1) M (day−1)

DSSAT-CSM Daily air Yes 0.586 0.232 0.396 5.8 −4.8
Beta model Daily air No 0.643 0.637 0.991 3.4 −0.5
Beta model Daily air Yes 0.632 0.632 1.000 3.5 −0.0

Beta model Hourly air No 0.639 0.619 0.969 3.3 −0.7
Beta model Hourly air Yes 0.624 0.619 0.992 3.4 −0.3
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Beta model Daily soil No
Beta model Daily soil Yes

a All Pearson correlation coefficients are statistically significant at the 0.001 level

ultivars to parameterize �, ˛, ˇ, a, and b using non-linear regres-
ion analysis (PROC NLIN [67]). The data of Neepawa were used
o parameterize the germination equation [66] and the data of the
ultivar Canthatch [69] were used to parameterize the equations
escribing coleoptile elongation and subcrown internode elonga-
ion [5]. Both Neepawa [68] and Canthatch [69] are closely related
o Thatcher [70].

The algorithms of the Beta model were incorporated into the
SCER040 subroutine of DSSAT-CSM to simulate emergence time.
he models were run in sequence mode. For each site there were
wo sequence files, odd year wheat and even year wheat, which
llowed wheat to be simulated for each year under fallow–wheat
otations. Initial soil conditions were unknown in this study.
imulations using varying initial conditions of soil moisture and
emperature showed that after 2 years of simulation, simulated soil
emperature and moisture became independent of initial condi-
ions. Therefore, simulations started 2 years prior to the years with
mergence observations. The Beta model developed by Jame and
utforth [3] does not consider the effect of soil moisture. To test the
ffect of simulated soil moisture by DSSAT-CSM on seedling emer-
ence, the Beta model was run using hourly or daily temperatures
djusted by WFGE:

djusted temperature = Temperature × WFGE (9)

To test the effect of simulated soil temperature, the model was
lso run using DSSAT-CSM-simulated soil temperature at sowing
epth with or without the effect of the simulated soil moisture
actor.

The sowing depth was unknown. It was assumed to be at

–5 cm, as deeper than 5 cm is generally not recommended in North
merica [71–73]. Deep sowing may result in delayed and uneven
mergence, may increase the risk of disease and weed infestation
nd may reduce seedling vigour. Simulation was done using depths
rom 1 to 5 cm with an increment of 1 cm.
0.242 0.457 5.6 −4.4
0.276 0.540 5.4 −4.0

5. Model evaluation

Comparisons of seedling emergence simulations among the
various models mentioned above were assessed firstly by Pear-
son’s correlation (r) [74], which evaluates the association between
simulated and measured values (precision). Then, the concor-
dance correlation coefficient (CCC) and the bias correction factor
(BCF = CCC/r) were calculated [75]. Values of CCC close to 1 indi-
cate that there is good agreement between measurements and
simulations. The bias correction factor reflects simulation accu-
racy, i.e., the degree to which the regression line adheres to the
1:1 line through the origin (the concordance line). Thirdly, root
mean square errors (RMSE) were used to estimate prediction errors
(coincidences [76]). Finally, the mean difference (M) was calculated
to estimate the consistent error [74]. All analyses were conducted
with SAS [67].

6. Results and discussion

Compared with the parameters derived by Jame and Cutforth
[3], the re-parameterized Beta model only slightly improved curve
fitting for each of the three emergence processes in terms of the
various indicators, except that the new model had a considerably
higher CCC for coleoptile elongation simulation than the original
model (Table 2), indicating improved agreement between mea-
surements and simulations.

Over all years and locations of this study, the number of days
from sowing to 50% seedling emergence (DSE) ranged from 5
to 39 and averaged 12.2. Assuming sowing depth was 5 cm, the
DSSAT-CSM model underestimated DSE in 94% of the site-years and

averaged 4.8 days less than the observations (Table 3 and Fig. 2).
Although the correlation between measured and simulated DSE
was statistically significant (r = 0.59, p < 0.001, n = 244) the CCC was
quite low for DSSAT-CSM. Using daily air temperatures, the Beta
model markedly improved simulations (Table 3 and Fig. 2). Com-
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Fig. 2. Observed vs. simulated days from sowing to 50% seedling emergence (DSE)
of wheat at all Canadian and USA sites. Simulations were done using DSSAT-CSM
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Fig. 3. Observed vs. simulated days from sowing to 50% seedling emergence (DSE)
of wheat at Indian Head, Saskatchewan and Fargo, ND. Simulations were done using
DSSAT-CSM and DSSAT-CSM incorporated with the Beta model using hourly air
nd DSSAT-CSM incorporated with the Beta model using hourly air temperature,
ithout taking soil moisture stress into account. Sowing depth was assumed to be
cm.

aring the CCC, BCF and M indicators for the Beta model with those
or the DSSAT-CSM model, the Beta model improved simulation in
erms of both accuracy and precision.

The model predicted the time to 50% seedling emergence for
heat reasonably well under different weather and soil conditions.
elatively poor simulations were found, however, at two sites:

ndian Head, Saskatchewan and Fargo, ND; here temperature or
oil moisture probably were not the main factors controlling DSE
Fig. 3). Other factors not considered by DSSAT-CSM or the Beta

odel may have affected seedling emergence. For example, the
lay content at sowing depth was relatively high at those two sites
67% at Indian Head and 37% at Fargo), which may have caused
oil compaction [77] or crusting [78] under certain conditions; and
herefore, delayed seedling emergence.

When the models were run using shallower sowing depths
1–4 cm), the averaged DSEs simulated by the Beta model were
lmost unchanged (−0.1 day) and all indicators (r, CCC, BCF, RMSE
nd M) remained unchanged or slightly improved, whereas DSSAT-
SM predicted shorter DSEs (1–3 days) and all indicators were
oorer than when a sowing depth of 5 cm was used (data not
hown).

The Beta model using moisture-adjusted daily air temperature
id not improve predictions except for the M value, which was
lightly reduced (Table 3). Over the 244 site-years, calculated days
ith soil moisture stress (WFGE < 0) only occurred in 13% (379 days)
f the total observed DSEs (2975 days). Obviously, the calculated
FGE did not affect the prediction of DSE very much. This is in con-

rast to many findings that soil moisture is an important factor in
etermining wheat emergence [4,79]. A possible explanation for
temperature, without taking soil moisture stress into account. Sowing depth was
assumed to be 5 cm.

this is that the simulation of soil moisture at sowing depth may
not be very accurate. Casanova et al. [80] pointed out that sim-
ulations of near-surface soil moisture and temperature (0–5 cm)
using daily time steps (like DSSAT-CSM) were less realistic than
modelling hydrological processes using much shorter time steps.
Another reason could be related to the calculation of WFGE. It was
not clear why WFGE was calculated using Eqs. (3)–(5), and under
certain circumstances the calculation is questionable. For example,
if the sowing depth is 4 cm and W1 (0–5 cm) and W2 (5–15 cm)
are 0.46 and 0.57, respectively, WFGE = 1, meaning no water stress
for germination/emergence; if W1 is increased to 0.69, WFGE is
reduced to 0.23, meaning there is water stress; if W1 is further
increased to 0.92, WFGE becomes 0, meaning water stress com-
pletely inhibits germination/emergence. Clearly, the calculation of
WFGE needs to be revised.

The Beta model using hourly air temperature with or without
taking into account soil moisture stress resulted in predictions sim-
ilar to the model using daily air temperature (Table 3), because most
of the daily or hourly temperatures were in the near-linear por-
tion of the temperature response curve between Tb and To (Fig. 1).
When the daily temperatures are near Tb, however, the non-linear
response at low temperature can result in overestimation of days
to 50% seedling emergence compared with using hourly temper-
atures. For example, in 1936 the daily mean air temperature was
relatively low after sowing at Havre, MT (Fig. 4). The number of sim-
ulated days for germination and coleoptile elongation were higher
and resulted in increased DSE (15 days), which is 4 days more than

the observed DSE. Using simulated hourly temperatures, the Beta
model predicted a shorter DSE (12 days), which was only 1 day
more than the observed one.
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Fig. 4. Observed daily temperature, calculated hourly air temperature and simu-
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ated seedling emergence of wheat by the Beta model in 1936 at Havre, MT. The
owing date was 23 April (day 114). Simulated dates for germination, subcrown
nternode elongation, 50% seedling emergence and observed emergence are shown
y dotted, short-dash, long-dash and solid line arrows, respectively.

Estimations of the time to 50% seedling emergence using simu-
ated daily soil temperature, with or without taking into account
oil moisture stress were not as good as those using simulated
sing air temperatures (Table 3). This is surprising, considering that
oil temperature should better reflect the seed environment than
ir temperature [3,4,81]. The poorer results were likely caused by
naccurate simulation of near-surface soil temperatures [80].

In conclusion, improved prediction of the time to 50% seedling
mergence for wheat was achieved by incorporating the Beta model
nto DSSAT-CSM. Although using daily or calculated hourly air
emperature generally resulted in similar predictions, hourly tem-
erature could improve the simulation when the temperatures
ere near the base temperature. The predictions could be further

mproved if simulation of soil moisture and temperature at sow-
ng depth were improved and the effect of soil water stress was
roperly addressed by the model. Other factors impacting seedling
mergence such as soil surface properties could be incorporated
nto the model. Further work will also be done to simulate the
ynamics of seedling emergence [38,55] because the population
ynamics affect seedling uniformity and vigour and therefore the
nal yield.
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