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REVIEW

Improvement of yield performance by examining the morphological aspects of a
leading winter wheat variety, ‘Kitahonami’, in Hokkaido, the northernmost
region of Japan
Shinya Kasajimaa and Hideharu Arakib

aFaculty of Bioindustry, Tokyo University of Agriculture, Abashiri, Japan; bAgricultural Technologies Dissemination Division, Department of
Agriculture, Hokkaido Government, Sapporo, Japan

ABSTRACT
Hokkaido is a major wheat production region in Japan and is located in the northernmost area of the
country. The winter wheat variety ‘Kitahonami’ is the most extensively grown variety in Hokkaido. We
established a novel cultivation method to achieve stable high yields of ‘Kitahonami’ following exam-
ination of themorphological aspects of wheat cultivated in Hokkaido, Japan. The leaves of ‘Kitahonami’
are highly erect and potentially absorb radiation more effectively than those of ‘Hokushin’, which is the
previous variety grown in Hokkaido, leading to a higher net assimilation rate in the later grain-filling
phase and higher dry matter production after the milk-ripe stage; thus, we consider ‘Kitahonami’ as an
ideotype. Furthermore, tracking tillering has been attempted using commercially available colored
rubber bands. In winter wheat varieties including ‘Kitahonami’ in Hokkaido, the productive capacity of
the tillers with >2 leaves before winter is high, leading to increased grain number and heavy spike
weight. A decrease in the sowing rate is critical for stable high yields of ‘Kitahonami’. We have
developed a novel nitrogen topdressing method that considers the plant type and tillering of
‘Kitahonami’. When the nitrogen topdressing is applied at the spike formation stage, maintaining
a higher net assimilation rate until later phases of grain filling is possible using improved plant types
with erect leaves. This paper summarizes the novel techniques for improving grain yield performance
based on findings of the tillering trends and a plant type of ‘Kitahonami’.
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Introduction

Wheat (Triticum aestivum L.) is one of the most important
cereal crops globally and can be grown in a wide range
of climatic conditions. The levels of wheat production
need to be increased to meet the increasing demand of
wheat that corresponds with the increasing global
human population. Therefore, agronomic studies on
the improvement of wheat grain yield per unit land
area remain essential for determining future strategies
of agricultural production.

In Japan, paddy rice (Oryza sativa L.) is mainly culti-
vated for consumption as a staple food. Conversely, the
self-sufficiency rate for wheat in Japan was 14% in 2017
(MAFF, 2019). A major production area of wheat in Japan
is Hokkaido, which is located in the northernmost region
of the country (Hokkaido Government, 2019). Especially,
in eastern Hokkaido, wheat is one of the most important
field crops, in addition to potato (Solanum tuberosum L.)
and sugar beet (Beta vulgaris L. var. rapa Dumort.). The
wheat production in Hokkaido has played a major role in
the domestic wheat production in Japan, so that
Hokkaido produces >60% of the wheat produced in
Japan (Hokkaido Government, 2019), and winter wheat
production accounts for approximately 90% of the total
wheat production in Hokkaido. The high-yielding ability
of winter wheat varieties in Hokkaido has been achieved
by expanding resistant varieties to diseases such as snow
mold and preharvest sprouting and by improving ferti-
lization to achieve appropriate protein content
(Yoshimura, 2013, 2014). Winter wheat varieties culti-
vated in Hokkaido over the recent years are highly
appreciated by food manufacturers based on both
yield and quality (Yoshimura, 2013). However, grain
yield per unit area varies considerably annually, and
stable supply to consumers has not been realized
(Araki, 2015a).

The winter wheat variety, ‘Kitahonami’, is the most
extensively cultivated wheat variety in Hokkaido.
Considering the wheat production in Hokkaido accounts
for over 60% of the entire wheat production in Japan,
‘Kitahonami’ is the most important variety for wheat
production in Japan. The variety was developed by the
Hokkaido Research Organization, Kitami Agricultural
Experiment Station, in 2006, as a high-yielding and high-
quality winter wheat variety (Yanagisawa et al., 2007a).
The yield capacity of ‘Kitahonami’ is high in agro-climatic
environments with long sunshine hours and moderate
temperature that offer appropriate ripening conditions
(Shimoda, Hamasaki, Hirota, Kanno & Nishio, 2016), lead-
ing to the production of the highest quality of flour for

Japanese wheat noodles. However, under poor condi-
tions with short sunshine hours and high temperatures
(Nishio et al., 2013; Shimoda et al., 2016), the number of
grains produced is very high, and immature grains
(grains that cannot pass through a 2.2-mm sieve) are
produced, which leads to a marked decline in the yield
(Kasajima & Araki, 2017). In the present paper, we
explore the factors that become immature grains after
examining the factors determining the high yield capa-
city of ‘Kitahonami’. We previously developed a novel
cultivation method for achieving high quality and high
yield by improving the sowing rate and the nitrogen
fertilization method. In addition, the method has been
adopted in major ‘Kitahonami’ production areas
(Tokachi and Okhotsk area) in Hokkaido. We also review
a series of studies that have achieved high-yielding
capacities of ‘Kitahonami’, the leading winter wheat
variety in Hokkaido, Japan.

Factors influencing the high-yielding capacity of
‘Kitahonami’

One of the characteristics of ‘Kitahonami’ is its plant
type. There are reports that consider ‘Kitahonami’ as
ideotype, since its leaves are highly erect, even though
the numbers of tillers and spikes in ‘Kitahonami’ after the
regrowing stage is larger than those in ‘Hokushin’, the
previous leading variety in Hokkaido (Yanagisawa et al.,
2007a; Yoshimura, 2010) (Figure 1). In paddy rice cultiva-
tion, crops with canopies consisting of plants with erect
leaves often have higher yields because they have
enhanced light-intercepting ability (Matsushima,
Tanaka & Hoshino, 1964; Tanaka, Matsushima, Kojyo &
Nitta, 1969). However, in the case of wheat, since flag
leaves and spikes on the upper sections of wheat cano-
pies have high photosynthetic capacity (Takahashi,
Shimauchi, Nakagawa, Shibata & Iiyama, 2002;
Tsunoda, 1984), the potential effects of light accessing
the lower sections of canopies have not been explored.
Therefore, instead of attempting to improve grain yield
by enhancing the light-interception capacity, higher
grain yield has been achieved by improving the harvest
index by shortening culm length (Goto, 1987). However,
the leaf blades of ‘Kitahonami’ are more erect than those
of ‘Hokushin’. Therefore, more light can penetrate into
the middle sections of the canopy in ‘Kitahonami’ so that
the leaves under the canopy may sustain photosynthetic
activity throughout the ripening period. Donald (1968)
proposed the concept of wheat ideotypes, which are
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plants with a uniculm habit, a short culm, and erect
leaves and spike. Ideotype breeding efforts have been
made in gramineous crops (Donald, 1979; Mock &
Pearce, 1975; Peng, Khush, Virk, Tang & Zou, 2008). In
addition, in wheat, the ideal cultivation technique based
on the rice plant type concept suggested by Matsushima
(1973) and summarized by Yoshida (1981) is not well
understood. Matsushima (1973) proposed the control
of plant type to increase rice crop yield.

Kasajima et al. (2016) identified the factors influen-
cing the high-yielding ability of ‘Kitahonami’ by com-
paring ‘Kitahonami’ with ‘Hokushin’. The grain yield of
‘Kitahonami’ was 8% higher than the grain yield of
‘Hokushin’. The variation was due to the higher number
of grains per spike and higher 1000-grain weight. The
high-yielding ability of ‘Kitahonami’ was attributed to
a large sink capacity. At maturity, the total dry weight
of ‘Kitahonami’ was 13% higher than that of ‘Hokushin’.
The increased total dry weight was due to an increase
in crop growth rate between the milk-ripe stage and
the maturity stage (Figure 2). A high source activity
during the later grain-filling phase also contributed to
the high-yielding ability of ‘Kitahonami’. The nitrogen
contents of the second and third leaves at the milk-ripe
and maturity stages were higher in ‘Kitahonami’ than in
‘Hokushin’. The erect green leaves of ‘Kitahonami’
potentially absorbed light energy more effectively com-
pared with the green leaves in ‘Hokushin’, leading to
a higher net assimilation rate in the later grain-filling
phase and a higher dry matter production after the
milk-ripe stage. Based on the findings above, since
‘Kitahonami’ exhibits increased grain numbers, securing
the number of spikes required to achieve high yield
capacity would increase the number of grains.
However, if the levels of dry matter production cannot
be maintained at high levels after the milk-ripe stage,
the sink capacity would become too high and imma-
ture grains might be observed.

The high number of grains per spike is a key charac-
teristic of ‘Kitahonami’ (Kasajima et al., 2016; Yanagisawa
et al., 2007b). It is derived from ‘Norman’, the English
variety, which is the parent plant of ‘Kitakei 1660ʹ, the
farther plant of ‘Kitahonami’ (Yoshimura, 2014). ‘Norman’
is a late maturing variety of wheat, which exhibits short
and strong culms with large spikes, in addition to being
highly tolerant to disease. In England, the selection of
short culm varieties increased the harvest index, and the
increased lodging and disease resistance resulted in
effective nitrogen fertilization, and, in turn, high-yielding
ability (Lupton, 1987). One of the reasons for the high
yield capacity of ‘Kitahonami’ is its inherited strong culms,
large spikes, and high disease tolerance from ‘Norman’,
and these traits support the numerous heavy grains on
the spikes. The heavy grains per spike may be attributed
to a heavy grain weight in the third and fourth florets as
well as in the first and second florets among each spikelet
on the spikes of ‘Kitahonami’ (Kasajima et al., 2018).
Recently, Sakuma et al. (2019) reported that floret fertility
of wheat was regulated by GNI1, leading to higher grain
number per spike. Future studies should explore not only

Figure 1. Plant types of winter wheat varieties ‘Kitahonami’ and ‘Hokushin’.
Photograph taken on 22 May 2012.
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Figure 2. Crop growth rates from flowering to milk-ripe stage
and from milk-ripe stage to maturity stage in winter wheat
varieties ‘Hokushin’ and ‘Kitahonami’ (Kasajima et al., 2016).
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the phenotypic but also the underlying genetic mechan-
isms influencing the higher grain number of ‘Kitahonami’.

At actual production sites, the high rates of increase of
tillers following winter to the spike formation stage lead
to over-luxuriant growth and result in lodging challenges
(Araki et al., 2011; Yoshimura, 2013). According to
Takahashi et al. (2004), removal of the leaves in the
bottom sections of wheat individuals resolves the over-
luxuriant growth effects while increasing net assimilation
rate and grain weight. Considering the findings of the
reports above, it might be critical to avoid source-limiting
conditions when increasing the sink size of ‘Kitahonami’
and targeting high crop yields. This should be achieved
by managing the tiller numbers appropriately using con-
trolled sowing and fertilization rates.

Determining factors influencing the number of
spikes as yield component based on studies on
tillering trends

The major cultivation techniques for the winter wheat
grown in Hokkaido focus on the sowing density and con-
sider tiller development and tiller number management, in
addition to fertilization control. Because the productive
tiller number, i.e. the number of tillers that produce spikes
and grains, is a key component of wheat grain yield
(Naruoka et al., 2011), understanding the tillering trends is
the basis for the development of the most appropriate
cultivation technique, and it is a key factor influencing
stable high yield. The tillering trends of rice and wheat
are discussed with a major focus on synchronously emer-
ging leaves and tillering models suggested by Katayama
(1951). Rice cultivation techniques that focus on tillering
numbermanagement based on studies byMatsuba (1987),
Yamamoto, Nouno and Nitta (1994), Goto (2003), and
Sasaki, Toriyama, Shibata and Sugimoto (2004) are consid-
ered to have been established at actual paddy rice produc-
tion fields. In wheat grown in the warm regions of Japan,
differences in productive and non-productive tillers
emerge after the internode elongation period (Chujo,
Benitani & Momoto, 1989; Hashimoto, Takiguchi & Isoda,
1956; Li & Yamazaki, 1994; Tokunaga, 1956) and there are
high production rates of lower-order and lower-position
tillers according to the synchronously emerging leaves and
tillering (Chujo et al., 1989; Fukushima, Kusuda & Furuhata,
2001; Li, Harada & Yamazaki, 1993). Attempts to optimize
productive tiller number and its physiological basis for the
productive capacity of tillers in wheat have been previously
described (Cai et al., 2014; Xu, Tie, Wang & He, 2015).
However, considering the extended, snowing season in
Hokkaido 4–5 months, it is a challenge to track the tillering
stages of winter wheat. Therefore, the tillering trends in
winter wheat have not been elucidated well in the past.

Araki (2015a) developed a simple method for tracking
tillering using commercially available colored rubber
bands (Figure 3). The method is highly practical and
could be used to track tillering trends in wheat in
Hokkaido and it addresses previous practicality and accu-
racy problems. The method has been used to study the
relationships between the starting time of tillering and
production rate or yield. The production rates of the tillers
(determined by dividing the number of spikes developed
from tillers by total tiller number) with more than two
leaves before winter were high, 75–100%. In addition, the
production rates of tillers developed after winter were
low, 0–4% (Figure 4). When we defined strong culm as
the tillers with more than two leaves before winter, the
number of grains per spike on the before-wintering
strong culm was high, and spike weight was heavy.
Indeed, 99% of the yield consisted of grains harvested
from the tillers developed before winter. Notably, the
observation is not only limited to ‘Kitahonami’ but has
also been observed in other winter wheat varieties culti-
vated in Hokkaido, which exhibit high production rate on
the before-wintering strong culm resulting in relatively
heavy spikes. Therefore, the number of spikes and sub-
sequent yield is influenced largely by tiller development
before wintering (Araki, 2015c, 2016). Xu et al. (2015)
reported that the greater productive capacity of tillers
was related to stronger leaf photosynthetic capacity,
more predominance in terms of grain filling, slower
senescence rate, and high yield. From these reports,
securing the strong tillers before winter plays an impor-
tant role in stable high yield, and further studies on the
physiological basis of productive tillers are needed.

Figure 3. Method of tracking tillering using commercially avail-
able colored rubber bands (Araki, 2015a). The different colored
rubber bands were used to distinguish between the different
starting times of tillering.
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Araki (2016) further investigated if there are any
differences in the number of spikes and grain weight
per spike based on differences in the number of
strong tillers. The author reported that higher propor-
tions of strong tillers formed larger numbers of spikes
and heavier grains per spike. In addition, there were
relationships between the number of strong tillers and
before-wintering leaf ages of the main stem. There
were three, four, and five strong tillers at 5.0, 5.5,
and 6.0 leaves leaf ages, respectively. In Hokkaido,
the optimum sowing date is the day when the cumu-
lative temperature until the number of leaves of the
main stem before wintering reaches five leaves is 470°
C (Yoshimura, 2010). The present results suggest that
the yield decline owing to delayed sowing attributed
to lesser number of strong tillers and spikes, resulting
in lighter grain weight per spike, in addition to more
younger leaf age of the main stem before wintering.

Management of tiller and spike number before
winter by controlling sowing rate

Increasing the number of tillers that emerge before winter
and develop into strong culms could increase spike num-
ber and yield. However, it may have a negative impact on
canopy structure and lower the net assimilation rate at
the later grain-ripening period. Therefore, it is critical to
manage the number of tillers that develop before winter,
and, in turn, the number of spikes. Araki (2015b) esti-
mated the appropriate sowing density based on before-
winter leaf age of the main stem, the number of strong
culms, and the production rate. The estimation was per-
formed by setting the target number of spikes at 700 per
square meter as previously reported (Yoshimura, 2010).
As a result, the sowing densities were 491, 312, 228, 167,
and 132 grains per square meter at 4.0, 4.5, 5.0, 5.5, 6.0
leaves leaf ages, respectively. The result demonstrated

that the plants with older leaves would have heavier
grains per spike and high yield levels. However, the sow-
ing rate should be decreased. Generally, machine sowers
such as grain drills are used in Hokkaido. The sowing
precision of machine sowers is significantly low when
the sowing density set to low. Therefore, decreased
yield due to missing hill has been indicated (Sawaguchi
et al., 2014). The farmers in the field mentioned that the
lowest level of precision that could be achieved was 150
grains per square meter. Consequently, the suggested
sowing density, 132 grains m−2, for the main stem leaf
age, six leaves, is lower than the lowest precision limit,
and; therefore it is difficult to achieve precisely. Therefore,
to avoid the risk of lowering yield, the target main stem
leaf age before winter should be set to approximately 5.5.

Improving plant type by altering nitrogen
topdressing method

A key challenge for achieving the high-yielding capacity
of ‘Kitahonami’ is how to maintain high net assimilation
rate until the later phase of grain filling (Kasajima et al.,
2016). We developed a novel nitrogen topdressing
method based on plant type and tillering characteristics
(Figure 5). Compared with previous varieties such as
‘Hokushin’, ‘Kitahonami’ often reveals excessive num-
bers of tillers at the regrowing stage after snow-melt,
when an adequate amount of basal fertilizer is applied.
Under such circumstances, the application of nitrogen
topdressing at the regrowing stage would lead to over-
luxuriant growth indicated by too many tillers and
spikes, and the creation of source-limiting conditions
due to unstable source–sink relationships. Source limita-
tion and excessive spikes are considered linked to a loss
of the erect characteristics of the leaves of ‘Kitahonami’,
and the increases in proportions of immature grains and
lodging, leading to low yield (Kasajima & Araki, 2017).
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Donald’s wheat ideotype concept has been applied by
breeders (Donald, 1968: Rasmusson, 1991), but its phy-
siological mechanism in relation to high-yielding ability
remains unclear. Therefore, we have previously pointed
out that the maintenance of high net assimilation rate
until the later phase of grain-filling period is possible in
improved plant types that have erect leaves when the
nitrogen topdressing is applied at the spike formation
stage after the tiller and leaf development is almost
completed (Araki, 2017; Kasajima & Araki, 2017).

Conclusion

The factors enhancing the high-yielding capacity in
‘Kitahonami’ have been explored in the present paper,
and dry matter production was maintained at high levels
until the later phase of grain filling. Such high-yielding
ability is considered due to the canopy consisting of
plants with strong erect leaves, i.e. an ideotype. In addi-
tion, tillering trends could be tracked using simple meth-
ods despite the challenges experienced in Hokkaido,
particularly prolonged snow. Based on the findings pre-
sent here, information regarding the novel cultivation
technique based on the sowing rate and nitrogen top-
dressing is accessible. To date, ideotype and productive
capacity of tillers are hardly focused on wheat breeding

programs. The information may facilitate our under-
standing of the high yield attributes of other wheat
varieties. Overall, the insights will facilitate agricultural
production by optimizing and enhancing the yield per-
formance of various wheat varieties.
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