OPEN @ ACCESS Freely available online @ PLOS ‘ ONE

How Early Can the Seeding Dates of Spring Wheat Be
under Current and Future Climate in Saskatchewan,
Canada?

Yong He'?, Hong Wang'*, Budong Qian®, Brian McConkey', Ron DePauw’

1 Semiarid Prairie Agricultural Research Centre, Agriculture and Agri-Food Canada, Swift Current, Saskatchewan, Canada, 2 Department of Soil and Water Sciences, China
Agricultural University, Beijing, China, 3 Eastern Cereal and Oilseed Research Centre, Agriculture and Agri-Food Canada, Ottawa, Ontario, Canada

Abstract

Background: Shorter growing season and water stress near wheat maturity are the main factors that presumably limit the
yield potential of spring wheat due to late seeding in Saskatchewan, Canada. Advancing seeding dates can be a strategy to
help producers mitigate the impact of climate change on spring wheat. It is unknown, however, how early farmers can seed
while minimizing the risk of spring frost damage and the soil and machinery constraints.

Methodology/principal findings: This paper explores early seeding dates of spring wheat on the Canadian Prairies under
current and projected future climate. To achieve this, (i) weather records from 1961 to 1990 were gathered at three sites
with different soil and climate conditions in Saskatchewan, Canada; (ii) four climate databases that included a baseline
(treated as historic weather climate during the period of 1961-1990) and three climate change scenarios (2040-2069)
developed by the Canadian global climate model (GCM) with the forcing of three greenhouse gas (GHG) emission scenarios
(A2, A1B and B1); (iii) seeding dates of spring wheat (Triticum aestivum L.) under baseline and projected future climate were
predicted. Compared with the historical record of seeding dates, the predicted seeding dates were advanced under baseline
climate for all sites using our seeding date model. Driven by the predicted temperature increase of the scenarios compared
with baseline climate, all climate change scenarios projected significantly earlier seeding dates than those currently used.
Compared to the baseline conditions, there is no reduction in grain yield because precipitation increases during sensitive
growth stages of wheat, suggesting that there is potential to shift seeding to an earlier date. The average advancement of
seeding dates varied among sites and chosen scenarios. The Swift Current (south-west) site has the highest potential for
earlier seeding (7 to 11 days) whereas such advancement was small in the Melfort (north-east, 2 to 4 days) region.

Conclusions/significance: The extent of projected climate change in Saskatchewan indicates that growers in this region
have the potential of earlier seeding. The results obtained in this study may be used for adaptation assessments of seeding
dates under possible climate change to mitigate the impact of potential warming.
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Introduction conditions, the soil conditions can also be a key factor for seeding
operations. In particular, soil water content and snow cover are
assumed to be the main factors affecting seeding date [2,3], as wet
soil may limit the access of seeding equipment to the field.

Using a four year seeding date trial, Gan et al. [4] found that
seeding 10 to 12 days earlier than normal could increase grain
yield of spring wheat near Swift Current Saskatchewan, Canada.
This may be due to lower water stress during anthesis period. By
using the concept of “seeding eras” classified by Major et al. [5]
and the recent adoption of no-till and continuous cropping, there
is a huge potential for early seeding under current and future
conditions. With equipment and acreages getting larger, the need
for earlier seeding becomes a necessity to ensure that all the land is
seeded in a timely manner. These studies offer an opportunity to

The date of seeding is an important decision for wheat (77riticum
aestivum L.) cultivation in Saskatchewan, Canada, since it has a
significant impact on the timing of certain stages of phenological
development, such as heading and ripening. This can have a
profound impact on the damage the plants experience from
adverse weather conditions during the growing season, or late
season events such as a killing frost (in fall). Khan et al. [1] pointed
out that the seeding date of spring wheat is more important than
seeding rate for achieving greatest yields. For achieve high yields,
therefore, growers must seed as early as possible during suitable
weather conditions in the spring when the whole crop is not at
sensitive stages when frost may occur. In addition to weather
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seek the potential of earlier seeding dates especially considering
climate change. However, it is still unknown how early the farmers
can seed with minimal risk of spring frost damage and have the
land still trafficable while maximizing yields. To confirm the
possibility of earlier seeding, long term analysis of a consistent
source of seeding dates is required. However, such a requirement
is hard to satisfy due to lack of consistency in data collection and
tabulation methods.

To obtain a feasible seeding period, many empirical models
were developed based on observed seeding dates. Bootsma and
Suzuki [6] built a single linear model using average daily mean
and mean maximum air temperature as variables to estimate the
optimum seeding period. Bootsma et al. [7] further refined the
model of Bootsma and Suzuki [6] to obtain a better regression
relationship between predicted and observed seeding dates. Major
et al. [5] provided a best-fit model of nonlinear relationships
through the use of neural networks to predict seeding dates more
close to the observed ones. These are very complex with numerous
inputs and little user control, making it too difficult to be widely
used. Another method of modelling seeding date, proposed by
Bootsma and De Jong [3] was to estimate seeding dates of spring
wheat with selected environmental criteria and then compare it
with observed data. This method considers five criteria and
requires that they all be met for 10 days (not necessarily
consecutive) prior to seeding: (DDaily precipitation <2.5 mmy;
@ The snow cover <10 mm for the day; @) (¥4 Tmax+"Tmin)
>7°C, where Tmax and Tmin are daily maximum and minimum
air temperature; @ The soil moisture at the top 5% of the soil
profile must not exceed 90% Available Water Holding Capacity
(AWHC) and (®) the next 7.5% of the profile must not exceed 95%
AWHC. McGinn et al. [8] found that the method developed by
Bootsma and DeJong [3] underpredicted the seeding dates at Swift
Current, Saskatchewan. In order to get closer to the observed
data, they adjusted the criteria such that the daily average
temperature (%2 Tmax+ % Tmin) must exceed 10°C and soil water
in the top two soil zones must be less than 90% AWC. The
adjusted air temperature and soil moisture criteria, combined with
the same daily precipitation and snow cover criteria as Bootsma
and DeJong [3] were to be met for 10 days for seeding to occur.

The cited studies all had similar conclusions, namely, that to
create a relationship between these criteria and seeding dates, air
temperature must exceed a certain value and precipitation and soil
moisture must be below certain values for a period of days before
seeding occurs. The predicted seeding dates of these models
provided considerable information on seeding practices. However,
those models aimed to match the observed seeding dates, not to
achieve higher yields. The recorded seeding dates only indicate
days when seeding occurred as other factors could affect the actual
seeding date in a farm. Emphasising a significant relationship
between actual and predicted seeding dates eliminates other earlier
days that may have been suitable for seeding. In addition, the
seeding dates estimated by these empirical models were not
connected with yield response.

Inability to control and manipulate other contributing factors in
the field makes using traditional field experiments and these
empirical models difficult to investigate the effects of earlier
seeding. Our previous field phenology study with the widely well-
used crop model DSSAT-CSM (Decision Support System for
Agrotechnology Transter - Cropping System Model) [9,10]
provided a basis in this study to model the early seeding dates in
different agricultural districts across Saskatchewan. Since previous
studies have shown that the DSSAT-CSM model could accurately
predict measurements of crop growth in the region, we expect that
this model can be used to investigate the effects of early seeding on
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crop growth and yield. Important attributes of this approach are
the ability to freely manipulate seeding periods as desired and to
observe the response, which can be difficult to measure
experimentally. The objective of this study is to estimate the
eariest seeding dates under baseline climate and projected future
climate in Saskatchewan, Canada.

Materials and Methods

Study sites and crop

Swift Current, Saskatoon and Melfort, were selected for this
study (Fig. 1) and are representative of the brown, dark brown and
grey-black soil zones of Saskatchewan, respectively. These sites
span an increasing moisture gradient from south-west to northeast,
with growing season (May to August) precipitation totals
increasing from 188 mm at Swift Current, 202 mm at Saskatoon
and 233 mm at Melfort [11]. The selection of these sites takes both
the soil and climate into consideration.

Because spring wheat is grown in all crop districts and also
because it accounts for almost 70% of the total wheat production
in this study area [12], it was selected as the reference crop.

The DSSAT-CSM Model

The DSSAT-CSM, a widely used process-based modelling
package [13], was selected for simulating a wheat production
system. This model simulates wheat grain and biomass yield
reasonably well in western Canada [10,14,15]. The model requires
input parameters describing crop and soil characteristics as well as
daily weather data. The latter include maximum and minimum
temperature, global solar radiation and precipitation, which in the
present case were obtained from Meteorological Service of
Canada (MSC) [11].

Genetic coefficients of Canadian Prairie Spring wheat class were
calibrated with the data collected by Jame and Cutforth [16] and
tested using data from the long term New Rotation experiment
near Swift Current [17]. In order to predict the long-term effect
we used the Sequence Analysis option in the DSSAT-CSM to run
the model. Soil property inputs for DSSAT-CSM (organic carbon,
clay and silt in percent, pH, soil lower limit of plant extractable soil
water, drained upper limit, saturated hydraulic conductivity,
saturated upper limit, and bulk density) were observed on site
(Table 1). The management used for the simulations was a
continuous wheat rotation under no-till with the seeding depth of
5 cm. Nitrogen fertilizer was applied at a rate of 0.1 t ha™'at
planting time.

Seeding dates modelling

Four selected environmental criteria (shown in Table 2) were
used to restrict the seeding date. The criterion of daily
precipitation, snow on ground and soil moisture (top 5 cm) was
kept the same as Bootsma and De Jong [3] and McGinn et al. [8].
However, a more practical temperature criterion for the Canadian
Prairies (Tmax>10°C) (Stewart Brandt, personal communication)
was selected instead of criteria that was used to fit observed seeding
dates. Only the top soil (5 cm) moisture was used as a restriction of
equipment access. This is not only because soil moisture in many
parts of the Prairies in early spring is well below field capacity [18]
but also because of better seeding equipment that can allow
seeding even if the soil moisture at the deeper depth is equal to
95% soil water capacity (Stewart Brandt, personal communica-
tion). Seeding was predicted when conditions met the entire
selected criterion simultaneously for four consecutive days.

The daily maximum air temperature and precipitation were
obtained from MSC. The soil moisture was simulated by DSSAT
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Figure 1. Map of Saskatchewan in Canada, showing major soil zones, and locations of the sites used in this study.
doi:10.1371/journal.pone.0045153.g001

model. Since historic soil water content at each site was unknown, to provide the model with sufficient time for the soil water values
the model was initialized to start five years prior to the period of to stabilize and not be affected by the initial input values. Through
analysis. A spin-up period of five years was found to be adequate

Table 1. Soil physical properties in the experimental field.
Depth Bulk density SSKS© Organic C
(cm) Particle size distribution (%) gcm 3 SLLL® SDULP eamd? SSAT (%) pH

Clay Silt Sand

0-15 18 50 31 1.15 0.09 0.28 1.42 0.30 1.8 6.5
15-30 24 49 26 1.25 0.09 0.28 143 0.30 1.5 6.6
30-45 23 52 24 135 0.09 0.28 276 0.32 13 7.0

Swift Current 45-60 25 33 41 1.4.0 0.10 0.27 432 0.34 0.9 7.7
60-90 32 28 40 1.45 0.10 0.27 5.61 0.34 0.5 7.8
90-120 33 26 41 1.55 0.10 0.25 3.04 0.34 0.3 8.1
120-150 33 28 40 1.65 0.10 0.25 3.04 0.34 0.1 8.5
0-15 60 29 11 1.30 0.11 037 7.40 0.59 29 7.0
15-45 60 28 12 1.40 0.11 037 7.68 0.57 1.0 7.3

Saskatoon 45-80 60 28 12 1.50 0.11 0.36 5.08 0.53 0.3 7.5
80-100 60 37 3 1.50 0.11 0.36 1.38 0.53 0.3 8.0
0-19 50 40 10 1.20 0.20 0.45 0.34 0.55 4.5 6.8

Melfort 19-58 49 44 7 1.30 0.20 0.46 0.29 0.51 13 7.0
58-100 52 45 3 1.30 0.20 0.46 0.25 0.51 0.5 8.0

2Lower limit of plant extractable soil water (cm® cm™3).

°Drained upper limit (cm® cm3).

“Saturated hydraulic conductivity cm d™".

dsaturated upper limit (cm® cm ™).

doi:10.1371/journal.pone.0045153.t001

PLOS ONE | www.plosone.org 3 October 2012 | Volume 7 | Issue 10 | e45153



Table 2. Criteria used in estimating seeding dates of spring
wheat.

Variable Criterion
Daily maximum air temperature >10°C
Daily precipitation <2 mm
Snow on ground <10 mm

Soil moisture <0.9 soil water capacity

doi:10.1371/journal.pone.0045153.t002

repeated wetting and drying of soils over time, the water content
becomes less dependent on the initial estimates [9].

To get the initial conditions (such as soil moisture and snow
cover) that are not available from observations, an initial (first) run
of the DSSAT model was conducted. It is possible to run only a
water balance sub-model with no crop, which is often the case
when there is a wheat-fallow rotation system. However, the
modelling result with a crop will produce more vivid initial
conditions that are closer to the true condition. For this initial run,
15, 20 and 25 March were chosen as a fixed seeding dates in Swift
Clurrent, Saskatoon and Melfort, respectively. While those fixed
days are a rough approximation of seeding dates, those dates are
not expected to have a significant effect on soil moisture during the
first few weeks of seedling emergence and early crop growth.
During this time, a crop in its very early stages will not influence
the water use amounts to any great extent since the main source of
water removal would be through evaporation from the soil surface
rather than transpiration from the crop. Following the initial
model run, the daily spring soil moisture contents were applied to
the seeding date criteria.

Before prediction of seeding date, the initial modelling day
should be set in advance of expected seeding since the criteria may
be met at a time (such as the beginning of March) where the spring
wheat can be killed by frost in the following days. To avoid such a
circumstance, Bootsma and DeJong [3] selected 15 April as initial
day of modelling. This may have been suitable for their study sites.
However, the initial day may vary from place to place and time to
time due to spatial and temporal variability of weather conditions.
A reasonable determination of the initial modelling data should be
set according to long term weather records, so the crop has a lower
probability of suffering a killing frost in spring. In our study, we set
—8°C as a standard of last killing frost in the spring based on
previous studies on spring wheat [19]. The lower and upper deciles
(10% and 90% probability) of last killing frost were calculated
according to the baseline and projected climate. According to the
qualitative description provided by the Intergovernmental Panel
on Climate Change (IPCC) [20], an event with a probability
<10% is very unlikely to occur. In addition, 10% risk is also used
as a criterion for crop insurance companies in western Canada
[21]. Therefore, this characteristic of probability distribution can
effectively describe the probability of killing frost, which is a key
characteristic to evaluate for avoidance of agroclimatic risk.
However, the temperature of killing frost may be higher or lower
depending on the hardening process. In the case of hardening, the
prior sequence of temperature events is important when deter-
mining the killing frost temperature, a complicated process beyond
the scope of this paper.

Baseline and Climate Change Scenarios

Thirty years of current climate data are normally used in
developing a baseline climate scenario [22]. A 30 year period is
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considered adequate to include a good representation of wet, dry,
warm, or cool periods. Selecting a recent 30 year period is
preferred because it not only represents the current climate, but
also, in most cases, has the most accurate data. In this study, the
climate database for these three sites were derived from historic
databases between 1961 and 1990 and consisted of daily
maximum and minimum air temperature, precipitation and solar
radiation. Daily maximum and minimum air temperatures and
precipitation were obtained from weather stations located on or
nearby the research sites [11]. Daily solar radiation was calculated
using the Mountain Climate Simulator [23].

Four climate databases that included a baseline (treated as
historic weather climate during the period of 1961-1990) and
three climate change scenarios in 2050s (2040-2069) were
developed by a Canadian global climate model (CGCMS3)
(|24,25] with the forcing of three greenhouse gas (GHG) emission
scenarios (i.e., [IPGC SRES A2, A1B and B1) [26]. Synthetic 300-
yr weather data were generated by AAFC Stochastic Weather
Generator (AAFC-WG) for the baseline period and for each
scenario [27]. The three commonly used emission scenarios A2,
AlB and Bl were used in order of greatest greenhouse gas
emissions to least emissions by the end of the century [20]. Qian et
al. [28] compared extremes between observed weather and
synthetic data. They found the AAFC-WG was capable of
reproducing extremes. Therefore, we used the synthetic baseline
data instead of real historical weather recording to represent
current climate because it only mimics observed weather data on
concerned statistical properties and the synthetic data may be
more matchable when compared with climate change scenarios
[28]. These generated data were used to predict the climate effect
on wheat production using the DSSAT-CSM model. Qian et al.
[28] found that crop model simulations with 30-yr observed and
300-yr synthetic weather data generated by AAFC-WG with
parameters calibrated from the same 30-yr observed data, in
general and without considering the effect of seeding dates, do not
show significant differences, with regard to timing of biomass
accumulation, crop maturity date, as well as final biomass and
grain yield at maturity.

Data Analysis and DSSAT model test

Statistical analyses were performed using SAS [29]. Means and
standard deviation of synthetic air temperature and precipitation
were calculated and compared among baseline and climate
change scenarios by PROC MEANS. Mean difference of
predicted and calculated variables were compared between
scenarios with PROC MIXED.

Two statistical procedures were used to assess the level of
agreement between the predicted value and observed data:

1. Root mean square error (RMSE):

n L )2
RMSE = Zw

i=1

where P; is the predicted value corresponding to the observed
value O;.

i. Index of agreement (d) [30]:

S (0i—P)’

d=1- - - —
o1 (10i1=1Pi)
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where O; =0,—0 and P; = P—P, Ois observed mean and Pis
predicted mean.

The closer the root mean square error (RMSE) is to 0, the more
accurate the model is. Index of agreement (d) is a measure of the
degree of deviation between observed and predicated. The value
of d is unity when there is a perfect agreement [31].

Results and Discussion

Model test

Before application of the DSSAT model, the performance of the
DSSAT model was evaluated. A ten year data set (1981-1990) in
Swift Current with seeding dates, maturity dates and grain yield
were used to test the DSSAT model. The variables tested included
maturity date and the final grain yield, as recommended by Hunt
et al. [32]. In general, the model gave good predictions of maturity
dates and the final grain yield except for the maturity dates in
years of 1983, 1986 and 1990 and grain yield in years of 1982 and
1987 (Table 3). Overall, the simulation of maturity dates and grain
yield were acceptable with an overall root mean squared error
(RMSE) value of 7.3 d and 0.86 t ha™", respectively. Bannayan et
al. [33] simulated wheat growth with DSSAT and the model
achieved root mean squared errors (RMSEs) of 10.0 d, for
maturity dates. Jamieson et al. [34] compared 5 different wheat
models in Australia, including CERES-Wheat, and found an
RMSE of 0.9 t ha™'. Considering that the model doesn’t account
for pest and disease incidence, the goodness of fit statistics of our
results compared favourably to the above reported studies.

Baseline and Climate Change Scenarios

Air temperature. The distribution of air temperature varied
among sites under baseline climate. That is, the maximum
temperature rose from about 20°C: at the beginning of June to
about 26°C by the end of July. Compared to the baseline climate,
air temperature in all climate scenarios would increase (Fig. 2).
The greatest differences in temperature occurred in the winter,
followed by summer, and relatively small differences occurred in
the spring and fall. Scenario A2 had the greatest increase in annual
mean temperature (3.9, 3.6 and 3.5°C for Swift Current,
Saskatoon and Melfort, respectively) (Table 4). Annual mean
temperature increased from south-west (Swift Current) to north-

Table 3. Index of agreement (d) of maturity dates and grain
yield.
d-index
Year Maturity Yield
1981 —1.37 0.674
1982 0.945 0.260
1983 0.276 0.662
1984 0.593 0.972
1985 0.960 0.796
1986 0.442 0.521
1987 0.748 0.001
1988 0.992 1.000
1989 0.950 0.959
1990 0.111 0.674
Note: both maturity and yield were measured only once each year.
doi:10.1371/journal.pone.0045153.t003
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east (Melfort). The change in pattern and difference between
scenarios in daily maximum and minimum air temperatures were
similar to that in daily mean temperature (data not shown).

Precipitation. Under baseline climate, the pattern of precip-
itation might be fortuitous for spring wheat, with more than 40%
falling during the growing season (May to August). The climate
change scenarios showed an increase in annual precipitation,
compared to the baseline period (Fig. 3 and Table 4) for all sites.
The increase in annual precipitation was greatest for A1B and
followed by A2 and B1. Total precipitation is predicted to increase
52% above the baseline climate while the precipitation in July and
August would decrease for all scenarios. Because precipitation was
projected to be less in July and Aug, negative impacts on spring
wheat. When precipitation declines, temperatures will increase
and negatively impact spring wheat [35]. Precipitation from the
A1B scenario was higher than the baseline in every month except
from June to August when less rain was projected than the baseline
for this period. Scenario A2 was similar to AIB in terms of
precipitation distribution except that it was markedly less than
AlB in June. Precipitation for scenario Bl was slightly less than
that of A1B, except in July and August when B1 had more rain
than AlIB. Scenario A2 had much more precipitation in Melfort
than Swift Current or Saskatoon.

Seeding dates

The initial dates used in the seeding date modelling (initial
modelling day) for Swift Current, Saskatoon and Melfort are
shown in Fig. 4A. The initial modelling day was estimated with a
less than 10% probability of experiencing a killing frost. Using 100
years of historic weather recording may provide more reliable
statistical results. However, due to the “smoothing” effect of long
term data, 100 years of data may not reflect the variety of current
weather conditions. Therefore, selection of recent 30 year historic
weather data may be more reasonable [36].

As shown in Fig. 4A, under a baseline climate, the initial day for
modelled seeding dates at Swift Current and Saskatoon were close
to each other due to similar annual mean temperature. The initial
modelling day for Melfort under the baseline scenario was 11 days
later because of its much lower temperature than either Swift
Clurrent or Saskatoon. Among the three scenarios, Scenario A1B
was closer to the baseline than Bl and A2, which coincides with
the temperature distribution pattern.

Simulated baseline seeding dates for spring wheat were
averaged for 30 years (IFig. 4B). The earliest averaged seeding
date occurred on 16 April (day 106) in Swift Current. Seeding
dates were delayed from Swift Current to Melfort, coinciding with
lower temperatures influenced by latitude (south-north). The last
average seeding occurred in Melfort after 3 May (day 123). The
seeding dates under baseline conditions were closer for Swift
Current and Saskatoon since their annual mean temperatures
were similar.

Due to the temperature increase in the climate change
scenarios, the seeding dates were advanced for all sites. For
Scenario A2, the earliest seeding date occurred on 5 April (day 95)
in Swift Current. For Scenario A1B, the seeding dates were also
earliest in Swift Current, and occurred on 9 April (day 99). Again,
because of having similar increases in annual mean temperature,
there was little difference in seeding dates between Swift Current
and Saskatoon in scenarios A1B and B1(Fig. 2 and Fig. 4B).

The results showed that the seeding dates for all sites advance
significantly in comparison with the future scenarios and the
baseline (Fig. 4B). The change in seeding date between the
scenarios and baseline exhibited a south-north trend with the
southern areas experiencing a larger increase. In Swift Current,
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doi:10.1371/journal.pone.0045153.g002

the seeding date was advanced by at least 7 days. Such
advancement, however, is possible because i) the seeding date
was predicted after the initial modelling day, which has <10%
probability of being killed by spring frost; ii) the earlier seeding as
recommended by Smith et al. [37] not only ensures a longer
growing season, it also reduces the incidence of drought and heat
stress during sensitive crop development stages and iii) an
acceptable early seeding date should be set based on its
corresponding yield, which will be discussed below.

In Melfort, the seeding dates under climate change were close to
the baseline seeding dates. Although the increase in annual mean
temperature at Melfort was higher, it still wasn’t large enough to
meet the temperature criterion (10°C), which may explain the
minor advance of seeding date at Melfort. Our results are similar
to McGinn et al. [8], who also modeled seeding date under climate
change scenarios on the Canadian Prairies.

Phasic Development and precipitation received during
critical period

Understanding phasic development of spring wheat is important
in matching management decisions and crop inputs with plant
development. Although the growth stages under current climate
can be recorded, the phenological development and growth in
response to environmental factors (soils, weather and manage-

ment) information is not available in future or projected climate.
This problem highlights the importance of using a crop model.

The predicted seeding dates under all climate change scenarios
were carlier than the prediction under the baseline climate for all
sites. Because of the earlier seeding and higher temperatures,
predicted dates of anthesis and early dough were 7 days earlier
than simulations based on baseline climate for all sites (Fig. 5A, B).
Crop maturity was advanced by more than 10 days (Fig. 5C). It is
noticeable that the RMSE for maturity dates of model evaluation
could be due to differences between sites or scenarios. This is
understandable since the seeding date, climate and other input
parameters are highly variable and thus affect the model output
similarly. However, caution is still required since using such
process-based crop models is not an error free technique.

The influence of water stress at various growth stages on spring
wheat was investigated by Sionit et al. [38] and Mogensen et al.
[39]. They found that the stage of anthesis was most sensitive to
water stress, followed by the early dough stage. As shown in
Table 4 and Fig. 3, although the total annual precipitation will be
increased under a projected climate, monthly precipitation in
June, July and August will decrease. Historically, average sceding
dates are May 9, May 14 and May 15, for Swift Current,
Saskatoon and Melfort, respectively. These dates are quite late
when compared with our predicted seeding dates. If spring wheat

Table 4. Mean annual temperature and precipitation total of baseline and three scenarios for 2050s.

Items Sites

Baseline A2 A1B B1
Annual mean temperature (°C) Swift Current 6.9 104 (3.5) 10.0 (3.1) 9.5 (2.7)
Saskatoon 5.6 9.2 (3.6) 8.7 (3.1) 8.4 (2.8)
Melfort 1.1 5.0 (3.9 4.5 (3.4) 4.1 (3.0)
Annual precipitation total (mm) Swift Current 332 371 (38.8) 387 (54.7) 369 (37.0)
Saskatoon 349 394 (44.3) 402 (53.2) 391 (42.0)
Melfort 431 482 (51.0) 483 (52.6) 469 (38.0)

Values in parentheses indicate the change from baseline values.
doi:10.1371/journal.pone.0045153.t004
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Figure 3. Monthly precipitation under baseline and three scenarios for 2050s, relative to period 1961-1990, and difference

between baseline and scenarios.
doi:10.1371/journal.pone.0045153.9g003

is not seeded earlier than it is currently, it will undergo a severe
water stress period under our climate change scenarios.

In order to compare the water stress experienced by spring
wheat under baseline climate and projected climate change, we
calculated the accumulated precipitation received between seeding
and the early dough stage. As shown in Table 5, all scenarios will
receive more precipitation during this period when compared with
baseline climate due to advanced seeding dates. The increase in
precipitation varied among scenarios, of which A1B has highest
precipitation in Swift Current and Saskatoon. Compared with
Melfort, Swift Current and Saskatoon will receive more precip-

17-Apr - (A)

07-Apr A
28-Mar -
18-Mar -

08-Mar -
Saskatoon

Swift Current

17-May 1
07-May - ®)
27-Apr A
17-Apr -
07-Apr -
28-Mar A
18-Mar -
08-Mar -

Swift Current Saskatoon

itation both for baseline and projected climate, which means these
two sites have higher yield potential in yield for increase.

The growth period can be obtained by calculating the difference
between seeding and maturity date. The average simulated growth
period for baseline, A1B, A2 and B1 in Swift Current is 102, 103,
104 and 106 days, respectively. This is 5 days longer than our
observed (97 days) in Swift Current (1981-1990). Based on a three
year cultivar Xenvironment test in a rainfed area, Anderson et al.
[40] reported that early seeded long-season cultivars tend to
outyielded mid-season cultivars with earlier or late seeding
treatment. In a short season environment, Kerr et al. [41] also

Melfort

® Baseline
AlB

mA2

mBl

Melfort

Figure 4. Initial modelling day of baseline and three scenarios for 2050s (A) and averaged seeding dates of baseline and three
scenarios for 2050s (B). Within each site, values followed by the same letter are not significantly different at the 0.05 level of probability. Vertical

bar indicate standard deviation (days).
doi:10.1371/journal.pone.0045153.9g004
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Figure 5. Effects of climate change on phasic development of wheat in (A) anthesis, (B) early dough and (C) maturity. Within each site,
values followed by the same letter are not significantly different at the 0.05 level of probability. Vertical bar indicate standard deviation (days).

doi:10.1371/journal.pone.0045153.9005

found that cultivars with longer growth period can achieve higher
yield if seeded early. Our results agree with these reports.

Grain Yield response to simulated seeding dates and
climate change

Compared with long-term observations (1961-1990) of maxi-
mum grain yield, the grain yield under baseline conditions at Swift
Current and Saskatoon were very close to observed values
(Table 6). This means the advancement of predicted seeding
dates were reasonable under current weather conditions. In
Melfort, the simulated grain yield under baseline conditions was
much higher than the observed value. The higher grain yield

Table 5. Precipitation received during growth stage from
seeding to early dough.

Scenarios Swift Current Saskatoon Melfort

Baseline 128 (45.3)dt 134 (48.5)c 142 (51.4)c
A1B 164 (57.5)a 163 (57.6)a 147 (52.3)b
A2 155 (51.8)b 162 (56.3)a 158 (54.8)a
B1 150 (49.7)c 151 (56.4)b 158 (54.7)a

fwithin columns, values followed by the same letter are not significantly
different at the 0.05 level of probability.
doi:10.1371/journal.pone.0045153.t005

PLOS ONE | www.plosone.org

simulated in Melfort was likely due to model insensitivity to disease
and pest damage. This site may experiences losses due to insects
such as grasshoppers, wheat stem maggots, leaf spots and wire-
worms [42,15].

Chipanshi et al. [15] modeled spring wheat grain yield at the
same sites as our study and found the most sensitive parameters
influencing grain yield were initial soil moisture, seeding date and
thermal condition. In our case initial soil moisture conditions were
obtained by 5 years of model training and the thermal condition
was determined by weather conditions. Therefore, the grain yield
might have been affected by combination of seeding dates and
weather condition. The effect of seeding dates in the short-term
may not obviously be due to its combination with weather
conditions. Through repeated wetting and drying or warm and
cold years, the long term effect of seeding date becomes obvious.

The model predicted that all three climate change scenarios had
a positive effect on grain yield compared to the baseline (Table 6).
The Al1B scenario showed the largest yield increases, with 40%,
32% and 25% for Swift Current, Saskatoon and Melfort,
respectively due to the projected highest precipitation, while
Scenario Bl had the smallest increase for all sites. McGinn et al.
[8] and Barklacich and Stewart [43] modeled spring wheat grain
yield under climate change scenarios on the Canadian Prairies
with similar increased annual mean temperature and total
precipitation. They also reported a similar increasing trend in
grain yield. Therefore, early seeding for farmers in these areas can
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Table 6. Effects of climate change on grain production of wheat.

Grain Yield t ha™'

Scenario Swift Current Saskatoon Melfort
Baseline 2.16 (0.141)c” 2.16 (0.223)b 3.42 (0.334)b
A1B 3.02 (0.239)a 2.85 (0.176)a 4.29 (0.267)a
A2 2.73 (0.180)b 2.83 (0.132)a 432 (0.150)a
B1 2.58 (0.223)b 2.79 (0.189)a 4.04 (0.346)a
Historic maximum recording (1960-1990)" 2.21 224 2.53

@From reference [15].
Values in parentheses are the standard deviation.
doi:10.1371/journal.pone.0045153.t006

benefit from increasing yield but also an employing an important
strategy to avoid drought stress in future climate.

Conclusions

The climatic scenarios in 20402069, projected by CGCM3,
were used to identify the potential of early seeding dates in
agricultural regions on the Canadian Prairies as an adaptation
strategy to projected climate change. We predicted earlier seeding
dates in a projected future climate for three representative sites
located at different latitudes with different soil and weather
conditions on the Canadian Prairies. These estimates seemed
appropriate as the anticipated yields with earlier seeding dates as
predicted by the crop model were similar to or higher than those
with actual seeding dates. The average advancement is dependent
on the site and the climate scenario. The Swift Current (south-
west) site has highest potential for earlier seeding whereas such
advancement was small in Melfort (north-east). Our results
demonstrated that advancing seeding dates could be helpful in
avoiding moisture stress during the sensitive wheat growth stages
and to extend the growth period of wheat.

This study was not intended to provide optimal seeding dates
but the potential of early ones. The optimum seeding date involves
not only reducing unfavorable risk factors (like frost) but also
favorable factors like optimum radiation, temperature and
moisture. Optimum seeding dates will be investigated in future
studies. Caution is required when using process-based crop models
to check the simulated seeding dates, since such modelling is not
an error free technique and the ability of the model to predict the
complicated trait Xenvironment interactions depends on the
assumptions made in the model. Nevertheless, such an approach
allows us to Investigate interactions among seeding date and other

References

1. Khan M, Donald WW, Prato T (1996) Spring Wheat (Triticum aestivum)
Management Can Substitute for Diclofop for Foxtail (Setaria spp.) Control.
Weed 44: 362-372.

2. Hassan AE, Broughton RS (1975) Soil moisture criteria for tractability.
Canadian Agricultural Engineering 17(2): 124-129.

3. Bootsma A, De Jong R (1988) Estimates of seeding dates of spring wheat on the
Canadian Prairies from climate data. Canadian Journal of Plant Science 68:
513-517.

4. Gan YT, Zentner B, McConkey B (2000) Wise seeding date decisions-discover
the hidden value. Research Letter (Semiarid Prairie Agricultural Research
Centre). April 14.

5. Major DJ, Hill BD, Toure A (1996) Prediction of seeding date in southern
Alberta. Canadian Journal of Plant Science 76: 59-75.

6. Bootsma A, Suzuki M (1986) Zonation of optimum seeding period of winter
wheat based on autumn temperatures. Canadian Journal of Plant Science 66:

789-793.

PLOS ONE | www.plosone.org

Dwithin columns, values followed by the same letter are not significantly different at the 0.05 level of probability.

environment factors in a way that is not easy in a field experiment.
One limitation of the seeding date model in our study is the
assumption that the future sowing techniques will be similar to the
current era, whereas the seeding date based on “real techniques”
in the future may be different. Caution also must be exercised
when interpreting the model-simulated results as the effect of heat
stress on wheat growth is not well described by the model. Heat
stress occurs often in wheat on the Canadian Prairies especially
during reproductive growth, which has markedly negative impacts
on yield [44]. Under climate change scenarios, the occurrence of
heat stress or heat shock may become more frequent. Adaptation
measures must be taken with regard to the projected high
temperature under climate change. One possible strategy is early
seeding. This would allow wheat to mature earlier, avoiding heat
shock, which will mostly occur in July (Fig. 2). In addition, the
impact of seeding dates in our study depends upon the GHG
scenarios used to generate the results. New revisions may produce
different impacts of the agroclimate on Prairie agriculture.

Acknowledgments

We are grateful to Stewart Brandt (Retired Agronomy Scientist- AAFC-
Scott, SK), who gave us constructive suggestions on selection criteria for
seeding dates. We also thank Kelsey Brandt and Chantal Hamel (AAFC-
Swift Current, SK) for their assistance on this paper.

Author Contributions

Conceived and designed the experiments: HW YH. Analyzed the data:
HW YH BQ), Contributed reagents/materials/analysis tools: HW YH BQ,
Wrote the paper: YH HW BQ RD. Gave advice and suggestions on
restrictions of seeding date of wheat in Saskatchewan, Canada: BM.

7. Bootsma A, Andrews C]J, Hoekstra Gl, Seaman WL, Smid AE (1992) Estimated
optimum seeding dates for winter wheat in Ontario. Canadian Journal of Plant
Science 73: 389-396.

8. McGinn SM, Touré A, Akinremi OO, Major DJ, Barr AG (1999) Agroclimatic
and crop response to climate change in Alberta. Canada. Outlook on
Agriculture 28: 19-28

9. Wang H, Cutforth H, McCaig T, McLeod G, Brandt K, et al. (2009) Predicting
the time to 50% seedling emergence in wheat using a Beta model. Wageningen
Journal of Life Sciences 57: 65-71.

10. Wang H, Flerchinger GN, Lemke R, Brandt K, Goddard T, et al. (2010)
Improving SHAW long-term soil moisture prediction for continuous wheat
rotations, Alberta, Canada. Canadian Journal of Plant Science 90: 37-53.

11. Environment Canada (1993) Canadian Climate Normals. Canadian Climate
Program, Ottawa, Canada.

October 2012 | Volume 7 | Issue 10 | e45153



20.

21.

22.

23.

. Quiring SM, Papakryiakou TN (2003) An evaluation of agricultural drought

indices for the Canadian Prairies. Agricultural and Forest Meteorology 118: 49—
62.

. Jones JW, Hoogenboom G, Porter CH, Boote KJ, Batchelor WD, et al. (2003)

The DSSAT cropping system model. European Journal of Agronomy 18: 235
265.

. Moulin AP, Beckie HJ (1993) Evaluation of the CERES and EPIC models for

predicting spring wheat grain yield. Canadian Journal of Plant Science 73: 713
719.

. Chipanshi AC, Ripley EA, Lawford RG (1999) Large—scale simulation of wheat

yields in a semi-arid environment using a crop—growth model. Agricultural

Systems 59: 57-66.

. Jame YW, Cutforth HW (2004) Simulating the effects of temperature and

seeding depth on germination and emergence of spring wheat. Agricultural and
Forest Meteorology 124: 207-218.

. Zentner RP, Campbell CA, Selles F, McConkey BG, Jefferson PG, et al. (2003)

Cropping frequency, wheat classes and flexible rotations: Effects on production,
nitrogen economy, and water use in a Brown Chernozem. Canadian Journal of
Plant Science 83: 667-680.

. De Jong R, Shields JA, Sly WK (1984) Estimated soil water reserves applicable

to a wheat-fallow rotation for general soil areas mapped in southern
Saskatchewan. Canadian Journal of Soil Science 64: 667-680.

. Macdowa FDH (1974) Growth kinetics of Marquis wheat. VI. Genetic

dependence and winter hardening. Canadian Journal of Botany 52: 151-157.
IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M.
Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.

Manitoba Agriculture, Food and Rural Initiatives. Available: http://www.gov.
mb.ca/agriculture/climate/waa50s00.html. Accessed 2012 July 1.

Alexandrov VA, Hoogenboom G (2000) Vulnerability and adaptation
assessments of agricultural crops under climate change in the Southeastern
USA. Theoretical and Applied Climatology 67: 45-63.

Thornton PE, Hasenauer H, White MA (2000) Simultaneous estimation of daily
solar radiation and humidity from observed temperature and precipitation: an
application over complex terrain in Austria. Agricultural and Forest Meteorol-
ogy 104: 255-271.

. Kim §J, Flato GM, Boer GJ, McFarlane NA (2002) A coupled climate model

simulation of the Last Glacial Maximum. I. Transient multi-decadal response.
Climate Dynamics 19: 515-537.

. Kim §J, Flato GM, Boer GJ (2003) A coupled climate model simulation on the

Last Glacial Maximum. II. Approach to equilibrium. Climate Dynamics 20:
636-661.

. Nakicenovic N, Swart R (2000) Emissions Scenarios IPCC Special Report, 2000.

Nebojsa Nakicenovic and Rob Swart (Eds.)
pp 570.

Cambridge University Press, UK,

. Qian BD, Gameda S, Hayhoe H, De Jong R, Bootsma A (2004) Comparison of

LARS-WG and AAFC-WG stochastic weather generators for diverse Canadian
climates. Climate Research 26: 175-191.

PLOS ONE | www.plosone.org

10

34.

36.

37.

38.

39.

40.

41.

42.

44.

Early Seeding Dates of Spring Wheat

Qian B, De Jong R, Yang J, Wang H, Gameda S (2011) Comparing simulated
crop yields with observed and synthetic weather data. Agricultural and Forest
Meteorology 151: 1781-1791.

SAS Institute, Inc (1999) SAS procedures guide. Version 8. SAS Institute, Inc.,
Cary, NC, USA.

. Willmott CJ (1981) On the validation of models. Physical Geography 2: 184

194.

. Nangia V, Gowda PH, Mulla DJ, Sands GR (2008) Water quality modeling of

fertilizer management impacts on nitrate losses in tile drains at the field scale.
Journal of Environmental Quality 37: 296-307.

. Hunt LA, Pararajasingham S, Jones JW, Hoogenboom G, Imamura DT, et al.

(1993) GENCALC-software to facilitate the use of crop models for analyzing
field experiments. Agronomy Journal 85: 1090-1094.

. Bannayan M, Crout NM]J, Hoogenboom G (2003) Application of the CERES-

Wheat model for within-season prediction of winter wheat yield in the United
Kingdom. Agronomy Journal 95: 114-125.

Jamieson PD, Porter JR, Goudriaan J, Ritchie JT, van Keulen H, et al. (1998) A
comparison of the models AFRCWHEAT?2, CERESWheat, Sirius, SUCROS2
and SWHEAT with measurements from wheat grown under drought. Field
Crops Research 55: 23-44.

. Prasad PVV, Pisipati SR, Momc¢ilovi¢ I, Ristic Z (2011) Independent and

combined effects of high temperature and drought stress during grain filling on
plant yield and chloroplast EFTu expression in spring wheat. Journal of
Agronomy and Crop Science 197: 430-441.

Bootsma A (1994) Long term (100 yr) climatic trends for agriculture at selected
in Canada. Climatic Change 26: 65-88.

Smith CW (1995) Crop production: evolution, history, and technology.
JohnWiley and Sons, New York.

Sionit N, Teare ID, Kramer PJ (1980) Effects of repeated application of water
stress on water status and growth of wheat. Physiologia Plantarum 50: 11-15.
Mogensen VO (1985) Growth rate of grains and grain yield of wheat in relation
to drought. Acta Agriculturae Scandinavica 35: 353-360.

Anderson WK, Heinrich A, Abbotts R (1996) Long-season wheats extend
sowing opportunities in the central wheat belt of Western Australia. Australian
Journal of Experimental Agriculture 36: 203-208.

Kerr NJ, Siddique KHM, Delane R]J (1992) Early sowing with wheat cultivars of
suitable maturity increases grain yield of spring wheat in a short season
environment. Australian Journal of Experimental Agriculture 32: 717-733.
Richards JH, Fung KI (1969) Atlas of Saskatchewan, Saskatoon: Modern Press,

Saskatoon, Canada.

. Barklacich M, Stewart RB (1995) Impacts of climate change on wheat yields in

the Canadian Prairies. In: Rosenzwieg C (ed) Climate change and agriculture:
analysis of potential international impacts, special publication No. 59, American
Society of Agronomy, Madison, WI, pp 147-162.

McCaig TN (1997) Temperature and precipitation effects on durum wheat
grown in southern Saskatchewan for fifty years. Canadian Journal of Plant

Science 77: 215-223.

October 2012 | Volume 7 | Issue 10 | e45153



