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Monitoring greenhouse gas emissions in
rice production and accreditation with
block-chain technology

Yu-Pin Lin '*

Abstract

The Intergovernmental Panel on Climate Change (IPCC) released its Sixth Assessment
Report (AR6) in 2022, stating that global warming has reached 1.07 ° C. It emphasized that
global carbon emissions need to be halved to have a chance of achieving the 1.5° C target set
in the Paris Agreement. As a result, over 130 countries have committed to achieving net-zero
emissions by 2050, each setting their own reduction targets.

According to the Emissions Database for Global Atmospheric Research (EDGAR-FOOD),
greenhouse gas emissions (GHG, COz, CH4, N20, fluorinated gases) from the food system
accounted for 1.8 billion tons of CO2 equivalent annually between 1990 and 2015, constituting
34% of total GHG emissions. The agricultural activities and land use contributed the most to
these emissions (71%).

In response, our country has formulated an agricultural net-zero strategy focusing on
reduction, enhancement, circularity, and green trends. To address this, the present study utilizes
blockchain technology with features such as traceability, immutability, and decentralization.
It records activity logs of various agricultural cultivation systems, related agricultural GHG
emissions, soil carbon sequestration, and measurements of residual resources in the agricultural
cycle. This integration aims to establish a green knowledge blockchain ledger tracking system

characterized by transparency, completeness, accuracy, and consistency.

Keyword: Greenhouse gas, Net-zero, Traceability, Soil carbon sequestration,

Blockchain

1 Department of Bioenvironmental Systems Engineering, National Taiwan University, Taiwan.

*Corresponding author (yplin@ntu.edu.tw)
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Sustainable development of crop
production under the climate changes
in Asia
Eiji NAWATA '*

Abstract

For the future food security, the status of world crop production must be carefully
monitored. At present, the negative impacts of climate changes are anticipated to give adverse
influences on agricultural production. In this study, the present status of the crop production
in the world and tropics was studied in comparison to the recent past and the tendencies were
analyzed. The tropics have increased the importance in the world agricultural production and
special attentions were given to the production in the tropics. Recently, world 3 major cereals
production has been high and stable. Annual production in recent several years could feed
more than 10 billion people if all the harvested crops were delivered fairly and equally and
consumed for food only. This stably large production has been realized by the development of
agricultural technologies, farm management improvement, cropping systems optimization, etc.
General stability of the society in the world may have contributed too. Based on the agricultural
statistics of recent several decades, the causes of the present high crop productivities and future

prospect of world food production is discussed.

Keyword: Energy consumption, Major cereals, Positive impacts, Sugarcane, Tropics

1 Kyoto University ASEAN Center, Bangkok, Thailand

*Corresponding author (nawata.eiji.7c@kyoto-u.ac.jp)
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Introduction

The adaptation to the climate change, or global warming is one of the biggest challenges,
now we are facing. Global surface temperature at present was 1.09 °C higher than 1950-1900
period according to IPCC (2023) and this trend may continue unless appropriate measures
are taken. Global warming has caused many weather and climatic extremes in every region
across the world (IPCC, 2023), and may have given adverse effects on various aspects of our
activities, including agriculture. Recently, the occurrences of the climatic events have been
reported frequently in many areas in the world, such as drought and heat wave, torrential rain
and resulting flood, etc. These climatic events may have negative impacts on agricultural
production, and they are frequently reported recently (IPCC, 2023).

On the other hand, overall agricultural production has increased under such circumstances
as shown by world agricultural statistics (e.g. FAOSTAT). There are various factors, which
contribute to the present stable and high agricultural production of the world under the progress
of global warming, such as the development of agricultural technologies and stabilization of
the public order in many areas. One of them may be positive impacts of global warming on
agricultural production. In this paper, these factors are discussed later in details.

The studies on the impacts of global warming on agricultural production have been tended
to focus on the agricultural activities in the temperate areas, because the temperate areas are
major crop production sites in the world, even though many crops including rice, maize and
sugarcane are tropically originated. This is also because in the tropics air temperatures are
originally high and the increase in air temperatures may not have caused direct large influences.
Recently, however, the crop productivity in the tropics have been rapidly increased, as shown
later in this paper and the importance of crop production in this area is increasing. In addition,
the instability of rainfall, frequent occurrence of climatic events, such as drought and flood,
has been reported recently in the tropics (IPCC, 2023). It is prerequisite for more studies on the

impacts of climate changes on agricultural production in the tropics.
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This paper aims to describe the present status of world major crop production, analyze
the factors which contribute to the present stable and large crop production, and discuss the
future prospect of world crop production and measures to mitigate negative impacts of climate

changes. Major concerns are placed on those in the tropics.

Material and Methods

Statistical data on agricultural production and fertilizer use were collected from FAO
websites (FAOSTAT). Production (t), cultivated area (ha) and yield (t/ha) of 4 major crops,
i.e. bread wheat, rice, maize and sugarcane, in the world and tropics, were collected during
these 30 years. Three major cereals were selected due to its importance as staple food crops in
many parts of the world and it is very convenient for discussing world food security. Sugarcane
was selected for its importance in tropical areas. Collected data were analyzed for the long-
term changes, stability, comparison among areas. The contribution of the tropics to world
crop production was analyzed, and especially ASEAN areas were mainly focused on for the

analysis.

Results and Discussion

1. 3 major cereals

Recent trends of the production of major 3 cereals (rice, maize and bread wheat) in the
world are shown in Fig. 1. In these 3 decades, world 3 major cereals production has increased
from ca. 1.5 billion tons to ca. 2.7 tons, although the cultivating area did not show conspicuous
changes. The present world cereal production is huge. If the annual consumption of 3 major
cereals per capita is assumed to be ca. 200 kg, which is a rough estimate of the consumption
of 3 major cereals of Japanese for these 10 years, this amount could have feed more than 12
billion people. In addition, the world 3 major cereals production in recent years has been very
stable (Fig. 2), even though recent increase in climatic events, such as drought and flood,

probably due partly to the adverse influences of global warming. During the period from 2014
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to 2016, large scale El Nino phenomenon occurred and the agricultural damages caused by
drought and flood, or other environmental stresses were frequently reported in many areas in
the world (IPCC, 2023).

These recent high and stable cereal production may have been realized by the development
of agricultural science and technology, such as high yielding varieties, fertilizer application
technologies, plant protection technologies, irrigation & drainage technologies, agricultural
machineries, etc. Other factors, like economic development and general social stability in
many countries and regions may also contribute to these high and stable crop production. In
this regard, recent expansion of COVID-19 and its adverse impacts on economic activities may
have caused serious influences on world cereal production, although at least the production
in 2020 and 2021 was not much reduced. Russian invasion to Ukraine in early 2022 had very
serious impacts on the world food supply chain, and it is considered that the production may
also have been heavily influenced adversely, but at present, world agricultural statistics is not
available and its impacts on the world production of major cereals is not known yet.

Fig. 3 shows the production of maize and rice of the world, tropics and Southeast Asia
during these 3 decades. The world maize production increased by 2.4 times during this period,
but that of the tropics increased by 4.2 time and that of Southeast Asia by 3.2 time. The world
maize production increase was remarkable, but that of the tropics and Southeast Asia is even
more remarkable. The increase in the rice production was also observed, but the extent of the
increase was less than that in maize. The increase in the rice production in the tropics and
Southeast Asia was a little bit more appreciable. Anyway, these data suggested that the tropical
areas, including Southeast Asia, recently have increased the contribution to world cereal
production.

In Southeast Asian countries, what kind of trends were seen in major cereals production?
Table 1 shows the production of maize and rice in major producers in Southeast Asia during
these 3 decades. In maize production, all countries except for Thailand showed large increase

during these 3 decades. Thailand maintained already high maize production during this period.

6
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Major countries in Southeast Asia also increased rice production, although the extent of the
increase is smaller than that of maize. Thailand showed the increase, but the extent of the
increase is smaller than that of Vietnam, Myanmar and the Philippines. It is generally accepted
that Thailand has more producing potential of rice, and the production of rice in Thailand is
seriously affected by price and government policy (Poramacom, 2014).

To these large increases, the improvement of the productivities has contributed in both
crops (Table 2). In maize, all the countries showed large increases in the productivity. In rice,
the same trend was observed, but the extent of the increase was smaller than that in maize. It
is pointed out that rice productivity in Thailand is lower than that of the other countries. It may
be due to low rice yield in Northeast Thailand. Because of the lack of irrigation facility and
the prevailing sandy soils, which is characterized by their low water holding capacity and poor
nutrition, the productivity of rice in that area is generally low and unstable (Kono et al., 2001).
In addition, paddy fields in this area occupies 40% of total paddy fields of Thailand, causing
the reduction in the rice productivity of Thailand.

Just like the trend of the world production of maize and rice, the production of both crops
was stable during the period from 2015 to 2019, in which most countries show low C.V. (the
coefficient of variance) (Table 3). Only one exception with a high value of C.V. is the maize
production in Indonesia, but the large C.V. value was due to its increase with a large extent
and not caused by the fluctuation of the production. It can be concluded that the production of
2 major cereals in Southeast Asia is stably high recently and have contributed to world food
production in a relatively large extent. It can be also said that the presence of Southeast Asia
in the world maize and rice production is steadily larger and this trend may continue, unless

unexpected events occur.

2. Sugarcane
Fig. 4 shows the recent trends of the production of sugarcane in the world. In these 3
decades, world sugarcane production has increased from ca. 1 billion tons to ca. 2 billion tons,

by twice with the increase in the harvested area. In addition, sugarcane production in recent
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years has been very stable (Fig. 5), just like 3 major cereals, even though recent increase in
climatic events. As stated in the last section, during the period from 2014 to 2016, large scale
El Nino phenomenon occurred and the agricultural damages caused by drought and flood, or
other environmental stresses were frequently reported in many areas in the world.

These recent high and stable sugarcane production may have been realized by the
development of agricultural science and technology, such as breeding high yielding varieties,
fertilizer application technologies, plant protection technologies, irrigation & drainage
technologies, agricultural machineries, etc., just like 3 major cereals. In addition, sugarcane is
known to be very tolerant to various environmental stresses, such as drought, high temperature
and waterlogging (Ferreira et al., 2017). These traits may contribute to the stable production of
this crop during these several years. Of course, other factors, like economic development and
general social stability in many countries and regions may also contribute to these high and
stable production just like 3 major cereals shown in the previous section. Recent expansion of
COVID-19 and its adverse impacts were also expected to occur, but at least in 2020 and 2021,
the conspicuous changes of the production were not known. The influences of the Russian
invasion to Ukraine are also anticipated, but most of sugarcane producing countries are located
in tropical areas and the direct influences are considered to be limited, although the price
increase of fertilizers and fuels (for agricultural machineries and transportations) may have
given some adverse effects.

Fig. 6 shows the production of sugarcane of the world, tropics and Southeast Asia during
these 3 decades. The world production increased by 1.9 times during this period, and that of
the tropics by 2.2 times and that of Southeast Asia by 2.1 times. Considering the fact that most
of the sugarcane production is done in the tropics, it is not surprising that the increase rate
is not very different between that of world and tropics. Still, the increases in the sugarcane
production in these 30 years are large, and the contribution of the development of agricultural
technologies must be high.

Fig. 6 shows stable increase in sugarcane production in Southeast Asia, but in each
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country in this area what kind of trend was observed? Table 4 shows the production of
sugarcane in major producers in Southeast Asia during these 3 decades. All countries in
mainland Southeast Asia showed large increases in sugarcane production during these 3
decades. Thailand showed 3.6 times increase during this period and in 2019 the production
exceeded 130 million t per year. Although Myanmar showed 5.1 times increase, the production
was about 12 million t per year. Similarly, Vietnam showed 2.9 times increase, but the total
production was rather limited. Table 4 showed that Thailand is the leading producer of
sugarcane in this area and occupied more than 80% of the sugarcane production in mainland
Southeast Asia. In insular Southeast Asia, Indonesia and Philippines are major producers
of sugarcane. Indonesia showed a slight increase in these 30 years, and Philippines showed
a decrease. As a result, the sugarcane production in this area, which was similar to that of
mainland Southeast Asia 30 years ago, was much less than that in 2019. The causes of the lack
of increase in Indonesia and Philippines are not clear, but both countries are rice importers
and the demand of rice production is large. It is considered that the farmland allocation and/
or farmers intension to sugarcane cultivation is rather restricted, in comparison to rice. On the
contrary, Thailand is a large rice exporter and farmers may have options to select sugarcane
instead of rice or upland crops. Sugarcane is tolerant to wetland conditions to some extent, and
the conversion from paddy fields to sugarcane fields is not very difficult.

In Mainland Southeast Asia, to large increases of sugarcane production, the improvement
of the productivities may have contributed (Table 5). The productivity of sugarcane was 1.3 to
1.6 times larger than those of 30 years ago in this area, although the increases in the production
were much larger than that of the productivity, suggesting the production area increased in
these 30 years in this area. On the contrary, in Insular Southeast Asia, the productivity was
not improved or reduced. The reason is not clear, but agricultural investment to sugarcane
production may have been restricted to some extent.

Just like the trend of the world production of sugarcane, the production of sugarcane

was stable or stably increased during the period from 2015 to 2019, in which most countries
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showed low C.V. (the coefficient of variance) (Table 6), with the exceptions of Vietnam and
Philippines in 2019. Although a high value of C.V. was shown in the production in Thailand,
the large C.V. value was due to its increases of recent 2 years with a large extent and not
caused by the big fluctuations of the production during these 5 years. The causes of the abrupt
reductions in the production in 2019 in Vietnam and Philippines are not clear, and further
investigations are necessary. Recent increase in the production in Thailand may be caused by

the changes of the Government policy on sugarcane price, but the details are not known.

3. Future prospect

As shown in the former sections, the present world agricultural production is large and
stable, even though the influence of global warming is becoming apparent in recent years.
During this period, world population has increased by 1.45 times (from 5.24 billion in 1989
to 7.63 billion in 2019), whereas those of southeast Asia 1.52 times (0.432 billion to 0.656
billion). It seems that the improvement of world agricultural productivities satisfies the increase
in the world food demand at present. As previously stated, the development of agricultural
technologies may have largely contributed to the present high and stable agricultural
production. For example, Fig. 7 shows the changes of the world N fertilizer use during these
30 years. The world N fertilizer use has been increased from ca. 79 million t in 1989 to 105
million t in 2019 by 1.33 times. In the tropics and Southeast Asia, the increment was larger
than that, 2.49 and 2.34 times, respectively. Other fertilizers showed similar tendencies (data
not shown). Recently, crop cultivation management has been developed, with the optimization
of the cropping systems, adapting to local environment. The agricultural fields have been well
managed with the efforts of farmers, researchers and public or private agricultural extension
workers. The irrigation systems have been gradually developed, although in some areas,
full irrigation system development is still difficult. The recent developments of agricultural
machineries may have promoted the improvement of crop productivities in various areas

in the world. Effective plant breeding could have produced many new varieties by not only

10
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conventional methods, but also molecular breeding (Lenaerts et al., 2019).

As another factor, the stability of the world society and good public order in general
may have contributed to the present status of crop production. To apply the outcomes of the
improvement of agricultural research to actual production, the stability of the society are
indispensable. During recent 3 decades, the world is generally stable and peaceful, and this
is one of the important factors for the world high and stable agricultural production. In this
meaning, we need to carefully observe the effects of what happens in Ukraine at present.

In addition to the above factors, we need to consider the positive impacts of climate
changes. Although negative impacts of climate changes on agricultural production have
been emphasized, we should recognize that there are several positive influences of climate
changes. Within a certain range of the temperature, global warming accelerates photosynthetic
activities of crops in line with a rise of atmospheric CO:. As the respiration activities of crops
also increase, the net productivities reach the maximum at a certain threshold temperature,
depending on crop species. When the temperature is lower than this threshold, the higher
the temperature, the higher the net photosynthetic activity. Another positive impact is the
expansion of cultivated area to higher latitude or altitude. Recent increase in the cultivated
area of each crop is partly due to the expansion of cultivated area to higher latitude or altitude
areas. Global warming may have induced the extension of cropping season. Air and soil
temperature rise enables early planting and late harvest. The extension of cropping period may
allow farmers to use more productive late varieties and more flexible cropping systems.

Another important positive impact of global warming is the expansion of cultivation
of highly productive tropical crops (Cs plants) to higher latitude and altitude areas. Many
domesticated plants originated in tropical areas, such as maize and sugarcane, have Cs
photosynthetic pathway and are known to be highly productive, although their advantages
are decreasing due to the rise of atmospheric CO2 concentration. Recent increases in the
production of maize and sugarcane may be partly due to this factor.

Although we understand that recent crop production is high and stable, does this

11
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trend continue? Are there no worries about future food security? Unfortunately, answers to
these questions are “No” . There are many problems to threaten the present agricultural
productivities and production systems.

The first problem is direct negative impact of climate changes. At present, it seems
positive impacts exceed negative ones, but soon the negative impacts may overtake the
positive ones. Climatic events like drought, extreme heat and flooding are more frequent than
the recent past (IPCC, 2023) and this trend will continue. Rainfall is more instable, and the
crop season is more unstable together with more frequent climatic events and natural disasters.
If the temperature rise cannot be suppressed, the air temperature exceeds the threshold for
maximum net photosynthesis for many crops. The temperature rise causes not only the
reduction in quantitative productivities, but also adverse influences on crop growth, such as the
failure in flower bud initiations in some crops (Craufurd & Wheeler, 2009, Krishna Jagadish,
2020). It is rather difficult to predict when the negative impacts exceed the positive ones, but
it is not distant future unless further development of agricultural technologies and appropriate
measures to suppress the global warming are taken.

Another big issue is energy consumptions for the agricultural production. The present
high and stable productivities are highly dependent on the energy consumption. At actual
cultivation in the modern agriculture, it is prerequisite to use agricultural machines, which
consume much energy and the use of the machine is quickly extended including the tropics.
The production of agricultural chemicals, i.e. chemical fertilizers, pesticides and herbicides,
consume a lot of energy. Postharvest treatments essential for commercialized agriculture need
large amounts of energy. In some of horticultural production, tremendous energy is consumed
for the environmental control. Even, new variety development needs a large amount of energy.
Table 7 shows the ratio of input energy to the energy outputs in Japanese agriculture (Yoshimoto
& Ogimoto, 1994). This table shows that modern agriculture must consume energy with
concrete examples. But energy is not infinite.

Although the above issues are difficult challenges to be solved, we need to make efforts

12
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to deal with them and many researchers, farmers and related stakeholders are actually
accumulating efforts to do so. In order to adapt the agricultural technologies to the climate
changes, new cultivation systems are necessary, which include new variety development, new
cultivation management, and new cropping system development. As repeatedly stated, recently
the frequency of the climatic events like drought, extreme heat and flooding are increasing.
New varieties tolerant to these environmental stresses are necessary. In addition, cultivation
management to avoid damages from these stresses must be developed, such as technologies to
avoid sensitive stages of crop growth from high frequency period of climatic events. This can
be enabled by introducing new cropping systems and/or the adaptive genotypes together with
the weather simulation technologies. Smart agriculture can optimize the cultivation of crops
under new environment caused by the climate changes (Lipper et al., 2014). Smart agriculture
is also effective for the energy saving cultivation (Bandur et al., 2019). The development of
energy saving new varieties are also necessary.

Of course, population growth is a big problem for world future food security. Although
the world population growth is less worried than the past, due to the economic development
of some populated countries and resulting reduction in the rate of population growth, this
is still a big issue, especially in rapidly developing countries in the tropics. As described
previously, social stability and overall peaceful world is a necessary condition for the stable
agricultural production. At present, large-scale conflicts produces an instable world status and
the food systems are deeply and seriously damaged. Although the present crop production is
stably high, there are always some famines somewhere in the world, indicating the lack of
the appropriate distribution systems of food. These issues are also big challenges for future
food security, but they are multidisciplinary issues and cannot be solved by efforts of only
agricultural researchers and farmers. Dialogues among various stakeholders including policy

makers are indispensable.




Sustainable development of crop production under the climate changes in Asia $ ¥

Conclusion

In this study, based on the world agricultural statistics, the present status of world
important crop production was analyzed, and it was shown that the world crop production
at present is high and stable. Various factors may have contributed to the high and stable
productivity of crop production including agricultural technology development. There is a
possibility that the positive impacts of climate changes may have appeared at this stage of
global warming. Although the present 3 major cereal crop production can feed more than 10
billion people, present world food systems failed to feed all the people in the world. In the near
future, negative impacts of climate changes may overtake positive ones and we need to prepare
for that. The consumption of huge amount of energy for agricultural production is another big
issue for the future agricultural production. These issues are so-called grand challenges for all
of us, and multidisciplinary and multilateral collaborations are necessary for the future stable

agricultural production.
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Table 1 Crop production of Southeast Asia during these 30 years.

a) maize (million t, except “2019/1989” rows, whose values are unitless)

Year Mainland Insular
Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
1889 0.19 4.39 0.84 5.52 6.19 4.52 10.81
1999 0.34 4.29 1.75 6.57 9.20 4.58 13.92
2009 1.23 4.62 4.37 12.27 17.63 7.03 24.83
2019 1.99 431 4.76 13.18 30.69 7.98 38.80
2019/1989 10.25 0.98 5.68 2.39 4.96 1.76 3.59

b) rice (million t, except “2019/1989” rows, whose values are unitless)

Year Mainland Insular
Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
1889 13.81 20.60 19.00 57.48 44.73 9.46 55.97
1999 20.13 24.17 31.39 81.83 50.87 11.79 64.72
2009 32.17 32.40 38.95 114.24 59.01 16.27 77.91
2019 26.27 28.36 43.45 112.40 54.60 18.81 76.41
2019/1989 1.90 1.38 2.29 1.96 1.22 1.99 1.37

Table 2 Crop yield of Southeast Asia during these 30 years.

a) maize (t/ha, except “2019/1989” rows, whose values are unitless)

Year Mainland Insular
Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
1889 1.58 2.57 1.64 1.67 2.10 1.23 1.60
1999 3.55 2.53 2.35 2.66 1.74 1.95
2009 3.38 4.18 4.01 4.24 4.24 2.62 3.45
2019 3.85 4.50 4.80 4.64 5.44 3.17 4.81
2019/1989 2.44 1.75 2.92 2.78 2.59 2.59 3.01

b) rice (t/ha, except “2019/1989” rows, whose values are unitless)

Year Mainland Insular
Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
1889 2.92 2.09 3.21 2.40 4.25 2.70 2.88
1999 3.24 2.42 4.10 2.93 4.25 2.95 2.66
2009 3.99 291 5.24 3.76 5.01 3.59 3.19
2019 3.80 2.92 5.82 4.11 5.11 4.04 3.71
2019/1989 1.30 1.40 1.81 1.71 1.20 1.50 1.29
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Table 3 Crop production of Southeast Asia during these 5 years.

a) maize (million t, except “C. V.” rows)

v Mainland Insular

ear Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
2015 1.75 4.73 5.29 13.68 19.61 7.52 27.34
2016 1.83 4.39 5.24 13.68 23.58 7.22 30.96
2017 1.91 4.82 5.11 13.78 28.92 7.91 36.99
2018 1.98 5.07 4.87 14.14 30.25 7.77 38.18
2019 1.99 431 4.76 13.18 30.69 7.98 38.80
C.V.’ 5.4% 6.7% 4.6% 2.5% 18.2% 4.1% 14.7%

b) rice (million t, except “C. V.” rows)

Y Mainland Insular

ear Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
2015 26.21 27.70 45.09 112.44 61.03 18.15 82.00
2016 25.67 31.86 43.11 114.74 59.39 17.63 79.82
2017 26.55 32.90 42.76 116.77 59.43 19.28 81.34
2018 27.57 32.35 44.05 118.44 59.20 19.07 80.96
2019 26.27 28.36 43.45 112.40 54.60 18.81 76.41
CV.* 2.6% 7.9% 2.1% 2.3% 4.1% 3.7% 2.8%

* C. V. stands for coefficient of variance.

Table 4 Sugarcane production of Southeast Asia during these 30 years (million
t, except “2019/1989” rows, whose values are unitless).

v Mainland Insular
cat Myanmar Thailand  Vietnam Total Indonesia Philippines  Total
1989 2.35 36.67 5.34 44.36 26.81 25.26 52.08
1999 5.36 50.33 17.76 73.46 23.50 23.78 47.28
2009 9.56 66.82 15.61 91.99 26.40 22.93 49.33
2019 11.85 131.00 15.27 158.12 29.10 20.72 49.82
2019/1989 5.05 3.57 2.86 3.56 1.09 0.82 0.96

Table 5 Sugarcane yield of Southeast Asia during these 30 years (t/ha, except
“2019/1989” rows, whose values are unitless).

Year Mainland Insular
Myanmar Thailand Vietnam  Average Indonesia Philippines Average
1989 48.68 55.60 40.37 48.22 78.88 96.52 87.70
1999 42.75 54.86 51.60 49.73 60.09 58.85 59.47
2009 60.58 69.34 58.77 62.90 59.80 56.76 58.28
2019 65.03 71.39 65.43 67.28 70.97 54.63 62.80
2019/1989 1.34 1.28 1.62 1.40 0.90 0.57 0.72
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Table 6 Sugarcane production of Southeast Asia during these 30 years (million
t, except “C.V.” rows).

Year Mainland Insular

Myanmar Thailand Vietnam Total Indonesia Philippines  Total
2015 10.14 94.14 18.34 122.62 27.00 22.93 49.93
2016 10.44 94.14 16.31 120.89 28.00 22.37 50.37
2017 10.37 93.09 18.36 121.81 28.00 29.29 57.29
2018 11.40 135.07 17.95 164.42 29.50 24.73 54.23
2019 11.85 131.00 15.27 158.12 29.10 20.72 49.82
C.V. 6.8% 19.7% 8.0% 15.8% 3.5% 13.7% 6.3%

Table 7 The ratios of input energy against calorific value of food in Japan™

Ratio of input energy against calorific value

Food
Rice ~ Wheat Potato Legume  Fruit Ve';“;yble Spirit ~ Fish  Meat Egg  Milk Fat
0.89 0.66 0.18 0.8 2.93 3.85 0.51 3.25 2.38 1.75 1.9 1.3
* Adopted from Yoshimoto & Ogimoto (1994)
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Microbial based solutions to low
carbon sustainable crop management
~ Multifunctional Bacillus-based

probiotics

Tzu-Pi Huang!>4*  Jenn-Wen Huang??

Abstract

As global warming exacerbate the impact on crop cultivation, environmental
sustainability, and food security, all countries aim to meet the goal of "net zero emission"
by 2050. Here, we proposed a Microbial Based Solutions for reducing the use of chemical
fertilizers and pesticides, the increase of carbon sink, and the value-added application of
agriculture by-product. Our team discovered three Bacillus-based probiotics (Bacillus
licheniformis EC34-01, Bacillus subtilis 151B1, and Bacillus subtilis WMA1), and
demonstrated their high potential for application in crop health care and bioremediation of
agricultural pollutants. B. licheniformis EC34-01 and B. subtilis 151B1 were isolated from the
plant rhizosphere, and B. subtilis WMA1 was isolated from natural environment in Taiwan.
Our results indicated that both EC34-01 and 151B1 strains could promote growth of various
plants including strawberry, tea, and cucumber plants, and suppress plant diseases such as
Fusarium wilt, damping off downy mildew on cucumber seedlings. They also possessed
plant growth promoting traits including production of protease, amylase, cellulase, lipase

and TAA, and phosphorus-solubilizing activity. These two strains exhibited ability to induce
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the expression of plant defense genes such as PAL, POX and PR1a in cucumber seedlings.
B. subtilis 151B1 was found to produce C14- and C15- family surfactins and C14- and C15-
family iturin A to trigger apoptotic-like cell death, reduce mitochondrial membrane potential
and interfere with the energy metabolism of the pathogen. All three Bacillus strains were great
biofilm formers, and could colonize well on plant roots. Addition of agriculture by-product
in the culture could further enhance the biofilm formation by these strains. They also could
enhance the stress tolerance of plants to drought and flooding. Moreover, both EC34-01 and
151B1 strains exhibited activities in degradation of pesticides malathion and deltamethrin, and
a fungicide tricyclazole. The influence of introducing these Bacillus-based probiotics on the
microbiome of the plant rhizosphere were also assessed indicating the increase in beneficial
bacterial and fungal communities, but the reduction in pathogenic ones compared to the water
control. In conclusion, the Bacillus-based probiotics developed possessed multiple functions
and could be as solutions for low carbon sustainable crop management and achieving net zero

emission in agriculture.

Keyword: Bacillus, Biocontrol, Probiotics, Stress tolerance, Pesticide degradation
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Crop rotation: An effective system to
improve crop production efficiency and

minimize C footprints

Bao-Luo Ma '*

Abstract

Crop rotation has long been recognized as a beneficial management practice that increases
crop productivity, break disease and insect cycles, and reduces the seed bank of stubborn
weeds. However, its ecological services and environment benefits have not been systematically
measured and analyzed. In this presentation, I will use two case studies to demonstrate the
dual benefits of crop rotation for crop productivity and environmental carbon (C) footprint
in the Eastern Canadian Mixedwood Plains Ecozone. Case 1 is an on-going study testing a
maize-dominated cereal and legume crop rotation since 1992. It consists of three cropping
systems: maize-soybean (MS), maize-forage legume (MF), and continuous maize monoculture
(MM). Maize plots were fertilized with varying levels of nitrogen fertilizer and dairy manure
during the maize phase of crop rotation. Case 2 was a four-year, four-crop, canola-dominated
phase rotation and conducted over two cycles (2011-2018) at three sites in eastern Canada.
In each rotation type, both crops appeared each year. For example, MS and SM, soybean-
canola (SC) and CS, etc. occurred simultaneously at each site each year to account for the
annual environmental influence on crop rotation effects, thereby total greenhouse gas (GHG)
emissions and C footprint could be estimated annually. The following main points can be

drawn from these projects: 1. The continuous maize monoculture produced the lowest grain
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yield, while maize in rotation with forage-legume yielded the highest; 2. Repeated manure
application could provide up to 100% of the N required for the maximum maize yield; 3. N
replacement values (NRV) ranged from 40 to 120 kg ha-1 for maize-soybean, and from 130
to 180 kg ha-1 for maize-forage legume rotation systems; 4. The magnitude of C footprint
reduction varied with N fertilizer application rates, and maize treated with 100 kg N ha-1 in
MS rotation produced the greatest economic yield with relatively low GHG emissions and
C footprint; 5. Diversified cropping systems increased crop yields by an average of 32% and
reduced the C footprint by 33%; and 6. Planting soybeans as a previous crop to canola is a
promising strategy to increase canola crop productivity and N uptake, thereby reducing the
carbon footprint of canola production. Our findings suggest that increased maize yields and
reduced C footprints can be achieved through appropriate N application and crop rotation with
forage legumes or soybeans, and that planting canola after soybeans or wheat following canola

is a viable and sustainable strategy in eastern Canada.

Keywords: Cropping system, Carbon footprint, Sustainable production, Greenhouse

gas emission intensity, Nutrient use efficiency
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The opportunities and challenges of

circular agriculture in Taiwan

Pei-Tzu Kao!'*

Abstract

Changes from the consumer side towards a healthier and less-meat diet and from
the production side to reduce environmental pressures are urgently needed in response to
the continuous growing population and concerns of unsustainable agricultural practices.
Circular agriculture (CA) can be a technology measure for keeping the food system within
environmental limits. Although the concepts, definition and principles of CA are various
and might not be able to directly transfer from the concepts of circular economy (CE), some
principles and strategies from CE can be quite useful after adapted. Narrowing, closing
and regenerating are the three main strategy aspects, which aims for optimizing the use
of resources, reusing agricultural materials and preserving and enhancing natural capital,
respectively. However, all the existing indicators of evaluating the effect of the strategies have
their own strength and weakness. Therefore, the effect of a CA practice needs to be evaluated
using multiple indicators that cover different aspects. National meta-analyses summarizing
the existing CA experiments will be needed for evaluating and presenting the geographical,
climatical, and agronomical variances to allow policy makers to interpret and make relevant
decision easily. Within all the technical strategies to improve CA, the reuse of biomaterials
(food wastes, plant residuals, and animal manures), either as biofuel, biofertilizers or the

feedstock of biochar, has great potential to both closing the nutrient loop and enhancing soil
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health. However, as these biomaterials are not standardized, the nutrient balance (both macro-
and micro-nutrients), toxic element contents in the materials and their following effects on
soil properties, crop nutrition and environment highly depend on their sources, the processing
methods and the application methods, of which careful and comprehensive evolution is
required. In Taiwan, except for cereal crops, most of the vegetables, fruits, eggs and meat
are produced locally, which make the implementation of mixed crop-livestock strategy more
possible. The re-utilizing livestock manure can be therefore the most promising approach to
improve the sustainability and circularity of agriculture in Taiwan. However, evaluating and
tracking data of quantifying the reduced application of artificial fertilizers, especially those
dominantly imported, driven by the application of organic fertilizers from different sources,
and their further impact on soil and crop nutrition is currently lacking. This makes it difficult
to strategically evaluate the impact of the sources and types of organic fertilizers and, in turn,
difficult to adjust and improve the systems. Relevant investigation and national meta-analyses
of the effect of different approaches and the use of different biomaterials will be most required

and challenging.

Keywords: Sustainability, Circular agriculture strategies, Manure management,

Nutrient cycling
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How to maintain the sustainability of agriculture?
— we need to change

The global population is expected to grow by about a third and the global income is
expected to triple in 2050. Over this period of time, it is projected that about 2 billion people
are going to enter the global middle class with expected increased wealth and more resource-
intensive consumption, including eating more animal product (Grumbine et al., 2021).
However, in the 2023 UN summit, the United Nations reported that there were still above 30
percent of the world population moderately or severely food-insecure, lacking regular access to
adequate food. This implies that the current global food production and distribution system is
problematic and unsustainable.

The fourth goals of SDG2 by 2030 is “to ensure sustainable food production systems
and implement resilient agricultural practices that increase productivity and production, that
help maintain ecosystems, that strengthen capacity for adaptation to climate change, extreme
weather, drought, flooding and other disasters and that progressively improve land and soil
quality.” The global averaged agricultural land use per capita drastically dropped in 1910 and
has been decreasing in the last century from 1.56 ha in 1910 to 0.66 ha in 2016 (Our World
in Data, https://ourworldindata.org/land-use). This implies that the current land use efficiency
is actually increasing, which can be partly attributed to the use of artificial fertilizers and
agricultural mechanization that greatly increase the quantity of food production. However,

‘how long can we produce food like this?” has been questioned, especially in face of global
growing population and more extreme weather events. It is projected that within 60 years, all
of the world” s topsoil could become unproductive if the current agricultural practices and soil
degradation continue (Maximillian et al., 2019).

Springmann et al. (2018) published an article on Nature, in which they estimated that
the environmental pressure of the food system is going to increase by 50-92% for each

indicator in 2050 (GHG emissions 87%, cropland use 67%, blue water use 65%, phosphorus
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application 54%, nitrogen application 51%) in the absence of technological change and other
mitigation measures. They proposed some potential options for keeping the food system
within environmental limits. With regards to the effect on reducing environmental pressures,
compared to the projected pressures in 2050, dietary change contributed the most (29%:
change to a healthier diet, 56%: change to a plant-based diets) to the reduction of GHG
emissions. Technological changes that increase the efficiency of production, such as increasing
N use efficiency, P recycling, water management, improving manure management etc., can
reduce the most (by 3-30%) in other environmental pressures (including cropland use, blue-
water use, N application and P application) of food systems. However, they also reported that
no single measure is enough to keep the effect on reducing environmental pressures within
all planetary boundaries. The goal of keeping the environmental impacts within 15% or less
than the present impacts can only be achieved by combining all the measures. In other words,
to maintain the sustainability of agriculture, it is clear that we need a systematical change
from both the production side (for example, increasing nutrient and water use efficiency)
and the consumption side (reducing food waste and changing to a healthier or plant-based
diets) (Dobermann et al., 2022). It is deemed that the coming 10-20 years will be critical for
making transition to a global food system in which we produce and consume food in a more
sustainable way (Dobermann et al., 2022).

In terms of the dietary changes, Chen et al. (2019) studied the nutritional quality and
impacts on environment, economy (daily food expenditure) and human health of nine
alternative dietary scenarios (healthy Swiss diet, healthy global diet, vegetarian, vegan,
pescatarian, flexitarian, protein-oriented and meat-oriented diets and a food greenhouse gas
tax diet). They found that achieving a sustainable diet requires a high reduction in the intake of
meat and vegetable oils and a moderate reduction in cereals, roots and fish products and at the
same time increased intake of legumes, nuts, seeds, fruits and vegetables (Chen et al., 2019).
However, dietary choice of humans is highly depending on personal habits and preferences, of

which the alteration requires time, education and societal consensus.
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The technology measure in Springmann et al. (2018) include increasing N use efficiency
and P recycling, improving water use efficiency, adopting agricultural mitigation strategies,
changing manure management strategies etc. Since resource use efficiency and recycling is a
large part of circular agriculture (CA), the following discussion will be focusing on how the
design and concept of CA can serve the ultimate goal of agricultural sustainability, what are

the technologies and practices we can use, and what are the challenges we are faced with.

The concept, definition and principles of circular agriculture

The concept and definition of circular agriculture (CA) varies. Some describe it from the
technical side as a closed-loop system in which nothing is wasted, and some explain it as a
system that mimics the natural processes of regeneration (Marinova & Bogueva, 2022), and
some recognize it as a concept transferred from circular economy (CE) (Velasco-Muiloz et al.,
2021). One of the challenges of designing CA is related to debates about whether to narrowly
frame food systems as only about technological issues (increase crop yields, close nutrient
loops, re-couple crop-livestock links, etc.) or whether to include social and demand-side issues
(improve smallholder livelihoods, create sustainable supply chains, promote dietary shifts,
etc.)(Grumbine et al., 2021). For the convenience of discussion, this article is only focusing on
the discussion of technological design, of which the advances can reduce the environmental
pressure by 3-30% according to Springmann et al. (2018).

In regards to the boundaries of CA, Marinova & Bogueva (2022) argued that it is better
to differentiate CE and CA, with the latter only relates to the closed-loop cycle of food
production. Marinova and Bogueva (2022)" s argument makes sense since the concepts
and models of CE cannot be directly transferred and applied on CA, because CE focuses on
technical products and CA, biological products. For example, the idea of ‘repaired’ and

‘remanufactured’ of a technical product cannot be applied on biological product, such as

tomatoes, which cannot be repaired once it is damaged.
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Even though, Velasco-Mufoz et al. (2021) reviewed about 700 existing studies that have
tried to adapt the concept of CE to agriculture. In their literature review, some useful strategies
and indicators that we might be able to use in improving and monitoring the effect of CA were
proposed, which are presented in the next paragraph. Some main principles were also well
extracted from about 700 studies and summarized by Velasco-Muiioz et al. (2021), which
include three main principles:

(i) Resource efficiency ( &J5EH A ): adopting technological or economic practices to
ensure greater added value and maintain resources within the production system for as
long as possible. Methods include optimizing processes to minimize resource use and
avoid waste.

(ii) Sustainability ( 2875 « B2 55 B+ & 7k 45 M ): (1) economic sustainability: CA should
become a pillar of the economy rather than a subsidized sector (2) environmental
sustainability: ensure the conservation of biodiversity and productivity over time in its
agroecosystems (3) social sustainability: provide food security, eradicating poverty, and
improve health and living conditions.

(iii) Regenerative ( F 4= M4 ): agriculture must evolve to include regenerative systems that
close nutrient loops, minimize leakage, and maximize each loop’ s long-term value.
Based on the above principles, the authors defined CA as “the set of activities designed
to not only ensure economic, environmental and social sustainability in agriculture
through practices that pursue the efficient and effective use of resources in all phases of
the value chain, but also guarantee the regeneration of and biodiversity in agro-ecosystems

and the surrounding ecosystems”

Strategies, practices and indicators of circular agriculture

Some strategies, practices and relevant indicators of a CA system are extracted from

literature and summarized in Table 1. The listed three aspects of strategies: narrowing, closing
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and regenerating are adapted from CE, which aiming for optimizing the use of resources,
reusing agricultural products and regenerating, respectively. Practices that relate to each
strategy is extracted from studies and allocated to each column in Table 1. In the aspect of
narrowing, focuses have been lasered on the use efficiency of land (to produce crops, animal
feed or biofuel), water and fertilizers. In the aspect of closing, much attention is placed on
reducing and reusing agricultural wastes. In the aspect of regenerating, the maintenance of soil
health by means that reduce soil erosion and increase soil fertility and biodiversity has been
predominantly discussed. The indicators to assess the level of circularity of each practice is
strategically important. However, it should be noted that each indicator has its strength and
weakness, and no single indicator is able to reflect all the aspects of a CA system (Velasco-

Muiioz et al., 2021).

A good meta-analysis example

Studies of a farming practice conducted at different conditions, such as crop species,
soil properties, time frame, and regional climates, can have different effect and outcomes. To
provide comprehensive information for farmers and policy makers, a study that summarizes
the outcomes of different studies and delivers visualized and clear messages is required. A
good example of such study is presented by (Zhao et al., 2020). Using meta-analysis method,
they calculated the results extracted from 214 observations of 45 studies that involved ‘crop
rotation’ in China, which were filtered from 4392 English and 586 Chinese publication,
respectively, and excluded those reporting on the same trial. The effect of crop rotation was
well presented as confidential intervals (effect % on yield) compared to monoculture (0%).
They showed that crop rotation overall could improve about 20% on yield. However, the
effect varied by geographical location (the most in southwest and least in east), weather, soil
(such as soil texture, organic carbon and nitrogen contents), and crops. They also showed that

the rotation effects were greatest when legumes were the pre-crops; when the rotation was
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conducted over three cycles, the effect became insignificant.

Study like this, presenting variances between factors and the overall effect of a farming
practice (crop rotation here) in a visualized way, can help readers understand and interpret
the meaning of the data easily. More studies like this are required in Taiwan to summarize
the existing studies that evaluated the effect of different CA practices. Building on such
comprehensive analysis, researchers and government can have opportunities to allocate
resources and scientific power to those has not been investigated and can have stronger

scientific evidence for policy making.

Enhancing nutrient cycling with agricultural wastes

Within the strategies of ‘closing’ and ‘regenerating’ in a CA system, reusing
agricultural wastes, such as food wastes, plant residuals, and animal manures, as alternative
soil fertilizers has great potential of both closing the nutrient loops and improving the soil
quality. Additionally, animal manures can also be a source of biogas, which serves as a source
of renewable energy. However, farmed animals per se consumed more than one third of the
world’ s cereal grain, leading to low nutrient use efficiency in the whole food chain and
causing large GHG emissions (Dobermann et al., 2022). The current livestock production
system therefore needs to become more sustainable, which can involve shifting to pasture-
based systems and introducing mixed crop-livestock systems (Dobermann et al., 2022), in
which the plant residuals can be used as the feed for animals and animal manures can be used
as alternative source of fertilizers and soil organic matter.

Despite of the multiple functions of animal manures, some challenges still exist and need
further investigation. For example, by spreading manures on farmland based on the N content
of manure, farmers often end up applying onto soils 5-10 times the crop P requirement, because
of the low N:P ratio (3:1 or less) of stored manures compared to the ratio required by crops (close

to 5:1 or 6:1) (Rosemarin et al., 2020). The over-applied P from manures can accumulate in
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soil and becomes so-called legacy P, of which the accessibility to crops, the potential toxicity
driven by high concentrations, and the impact on the uptake of other nutrients need to be
carefully evaluated.

Another concern of applying those agricultural wastes in soil, especially animal
manures, is that for some micronutrients, their phyto-availability in soil can be reduced
by the application of animal manures. For example, Kao et al., (2023) reported decreased
concentration and accumulation of selenium (Se) in perennial ryegrass than the control when
the soil received sheep excreta (Fan et al., 2008) reported decreased Se concentrations in wheat
grains after farmyard manure application in a long-term experiment at Rothamsted Research,
UK. Wang et al. (2016) also reported lower Se accumulation in wheat and maize compared
to the control and the soil applied with inorganic N, P K fertilizers. This raised a concern that
although utilizing agricultural wastes can benefit the recycling of nutrients, such as N and P,
its long-term effect on nutrient balance and the recycling rate of some micronutrients may be
hindered.

Micronutrient deficiencies are a widespread and growing problem in both crop plants
and human populations worldwide (Assuncdo et al., 2022). Prof. Ismail Cakmak has raised
the concern of hinder hunger (micronutrient deficiency) in a FAO report (https://www.fao.org/
fsnforum/comment/9021), which may be driven by the current agricultural fertilizer practices.
Micronutrient deficiency can affect the tolerance of crops against pest, pathogens and other
environmental stress and, in turn, affect the crop production and nutritional quality. Assungdo
et al. (2022) called for awareness of the importance and relevance of micronutrients in crop
production and quality, of which science is relatively lacking. Although the deficiency of
micronutrients can be easily balanced by applying foliar fertilizers and synthetic chelators,
it was commented that some deficiency symptoms are often related to nutritional imbalance
rather than the lack of a single element per se (Assungdo et al., 2022). It therefore deserves
further research to understand the impact of applying different agricultural wastes, on the

ultimate nutrient recycling and crop nutrition from a more holistic point of view.
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Using biochar — benefits, risks and prospects

The application of biochar that derived from agricultural wastes has been thought to be a
potential solution of reducing wastes and increasing soil carbon sequestration simultaneously.
However, applying biochar in agricultural soils is still a highly controversial topic, because
there have been trade-offs between increasing soil C and improving crop growth and nutritional
quality. Furthermore, biochar application might be beneficial to some aspect, for example
increasing soil organic carbon, it can be harmful to other aspects, such as increasing soil heavy
metal concentrations (Jindo, Sdnchez-Monedero, et al., 2020). The effects of biochar on crop
growth and nutrient cycling highly depends on the feedstock types and the pyrolysis conditions,
and, sometimes, the soil application rates. For examples, biochar pyrolyzed at low temperature
can enhance denitrification and, in turn increase N20O emission, whilst biochar pyrolyzed
at high temperature was reported to decrease denitrification and N20O emissions; whether
or not the application of biochar can reduce soil NH3 emissions is determined by both the
adsorption capacity of NH4+ and the pH of a substrate, which depends on both physiochemical
properties of both soil and biochar; although more phosphorus (P) will be transformed into
orthophosphate (a plant-available P form) with increasing pyrolysis temperature, the ultimate P
availability to crops still highly depends on soil pH (in acidic soil, biochar application has more
positive effect on increasing plant-available P) (Jindo, Audette, et al., 2020).

Other than used as alternative soil fertilizer or soil amendment, biochar has also been
tested as growing media and composting additive. Huang & Gu (2019) reviewed 32 studies
and reported that the application rate of biochar under 25% generally resulted in similar or
higher plant growth compared to the commercial substrates. Nevertheless, there are still
concerns regarding the high salinity, high alkalinity and potentially high concentrations of
heavy metals and polycyclic aromatic hydrocarbons (PAHs) of biochar in comparison to peat,
which would require pre-washing, addition of natural acids, and a careful selection of the

appropriate feedstock and pyrolysis conditions, respectively (Jindo, Sdnchez-Monedero, et al.,
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2020). Adding biochar into composts is probably the most promising use of biochar. Studies
have shown that adding biochar in composts changed the bacterial communities, accelerating
composting rate, enhancing humification, and reducing losses of NH3 and N20O (Agyarko-
Mintah et al., 2017; Gong et al., 2023; Wu et al., 2017). Furthermore, the combination of
biochar and compost can significantly improve soil conditions and crop performance compared
to traditional agricultural practices or the single use of biochar (Jindo, Sdnchez-Monedero, et
al., 2020).

Overall, when it comes to using biochar in agriculture system, because biochar is not a
standardized material, the differences in the feedstock type and pyrolysis conditions should
be taken carefully into account, especially when used as alternative substrates, soil organic
fertilizers and soil amendment. Some possibly negative impact of biochar amendment to
soil, such as potential increase in P leaching and high salinity, should also be taken into
consideration (Jindo, Audette, et al., 2020). When used as soil fertilizers, due to the low N
content (generally less than 0.01%), it requires adding extra N fertilizers to ensure a good C-N
ratio for plant growth.

To evaluate the general impact and variance between different variables of using biochar,
national or global meta-analyses like (Zhao et al., 2020) is needed. It should be awarded that
there is still lacking experimental data regarding the effect of long term and repetitive additions
of biochar to the soil, and a proper combination among biochar type, the purpose of its use and

optimum application rate should be explored (Jindo, Sanchez-Monedero, et al., 2020).

The opportunities and challenges of circular agriculture

in Taiwan

A great part of a CA design is using the land efficiently. In 2022 in Taiwan, 8,139 and

78,000 hectares of land was used for animal husbandry and arable farming, respectively,
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which were approximately 0.225% and 2.16% of the national land, respectively. They overall
provided in average 31.3% of food (including 26.3% cereals, 84.3% vegetables, 86.0%
fruits, 100% eggs, and 76.5% meat, calculated by calories), with the rest imported. For those
imported, it is difficult to use their agricultural wastes to close the nutrient loop and benefit the
production land. Fortunately, most of our vegetables, fruits, eggs and meat are produced locally,
of their agricultural by-products and wastes have great potential to be used for the ‘closing’
and ‘regenerating’ strategies. However, as mentioned in the previous paragraphs, the use of
agricultural and/or urban wastes needs careful evaluation on their sources, contents of harmful
substances and their nutrient balances (including macro- and micro-nutrients).

The challenges of using animal manures as alternative fertilizers include social
acceptability, their proven and perceived risks for heavy metals and pathogens, and the
geographical mismatch between livestock farms and crop production systems, which hinders
the transportation from the manure production site to where it is needed (Rosemarin et al.,
2020). Fortunately, since 1999, Taiwan has started a series work related to reusing husbandry
resources, including setting up soil treatment standards, evaluating the potential pollutions in
soil and water bodies, and investigating different manure management techniques (Fig. 1).

The estimation of replaced quantity of artificial fertilizers by livestock manures is
currently lacking. The available statistical data from the Ministry of Agriculture in Taiwan
(Table 2) provided information of the quantities (by weight) of the imported and exported
fertilizers and the amount of production and use. Within the commonly-used artificial
fertilizers, only potassium sulfate and calcium superphosphate are produced locally, and the
production of calcium superphosphate requires phosphate rock powder which is imported.
Other artificial fertilizers, including calcium ammonium nitrate, calcium cyanamide,
phosphate rock powder, urea and potassium chloride are dominantly imported, meaning
that the agricultural land is still highly dependent on imported fertilizers. Furthermore, Fig.
2 shows that the use of chemical fertilizers (or artificial fertilizers), although is decreasing,

is still outweighing the use of organic fertilizers. It should be noted that the data of organic
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fertilizers shown in Table 2 and Fig. 2 only include oil meals with the data of animal manures
unavailable. Therefore, without the statistical data of the use of organic fertilizers derived from
animal manures and composts, the results of Fig. 2 might be misleading. Further investigation
and calculation of the replacement of inorganic fertilizers (quantified by total N, P and K)
replaced by organic fertilizers from difference sources are needed for the evaluation of the
improvement of agriculture circularity.

Finally, a national evaluation of the effect of the different CA strategies, such as
implementing cover crops and crop rotation to improve soil health, using meta-analysis
technique is important and required. Such meta-analysis, as mentioned previously, can help
estimate the geological, climatical, agronomical and other environmental variances, with
which the circularity of agriculture can be hopefully improved more precisely. Currently, the
government has built a data platform (https://agriinfo.tari.gov.tw/), from which some shared
data can be retrieved. However, it is still lacking relevant data extracted from individual field
experiments of CA practices in the past. The lack of adequate amount of local data and the
relevant meta-analysis will be another challenge for improving the sustainability and circularity

of agriculture.
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Table 1 The strategies, practices and indicators of CA systems

Strategies (adapted from CE, (Velasco-Muioz et al., 2021))

Narrowing ( fE4 )

Closing ( #F)

Regenerating ( F54F )

Aimed at reusing agricultural
materials, but for different

Aimed at preserving

Str'?ltegy Aimed at optimizing the use applications than the original, and enhancing natural
aims of resources . .
following the resource capital
cascading approach
- “Reducing meat - MReducing food loss and - 'No-till farming
consumption waste - ""'Using leguminous
- 'Smart land-use - 31Using residual biomass plants, animal
- Agroforestry as animal feed or bio- manure and other
- Urban agriculture fertilizers bio-wastes to replace
- Vertical farming - #1012 Jging urban wastes in synthetic fertilizers
- Drip irrigation agriculture (opposed to the - 'Or ganic farming
- Adopting drones for principle of 1) - 12Crop rotation
planting and monitoring - **Manure management - ’Planting of buffer
- Applying N-fixing techniques: zones that can help
Practices bacteria - Anaerobic digesters trap runoff water
- Floating vegetable - Biogas production containing N and P
gardens - Membrane filtration - "Planting cover crops
systems that can trap and fix
- Worm composting N
- Solid-liquid manure
separation
- Manure drying and
pyrolysis (biochar)
- Algal cultivation
- Fungal digestion
+ "The allocation an.d tenure °Circularity indicator of - *Soil quality
of land for new bioenergy S . .
. components - *Biological diversity
production 10 . . .
p - %Self-sufficiency index in the landscape
Alndicators | - ‘Food and feed autonomy

- "N use efficiency and
recycling index

- 80verall greenhouse gas
balance

- "Waste output index
- 'N use efficiency and
recycling index

- "Botanical species

richness

- *Consumption of

fossil-P fertilizers

'(Marinova & Bogueva, 2022); *(Zhao et al., 2020); *(Grumbine et al., 2021); *(Velasco-Mufioz et
al., 2021); °(Zabaniotou, 2018); °(Fernandez-Mena et al., 2020); ’(Tadesse et al., 2019); *(Casson
Moreno et al., 2020); °(Cobo et al., 2019); '°(De Kraker et al., 2019); "(Mosquera-Losada et al.,
2019); "*(Rosemarin et al., 2020)
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A Fig. 1 The concept of treating and reusing livestock excreta in farmland (retrieved
from the website of Husbandry Excrement Resources Web of Taiwan https://epafarm.
epa.gov.tw/EN/Default.aspx)

Table 2 Fertilizers production, export, import and use in Taiwan (year 2022)*

Fertilizers Production in

(Unit: tonnes) Taiwan Export Import Usage
Total chemical fertilizers 1274084 375546 424569 777380
Calcium ammonium nitrate ( 5% & $4#55 ) 1,151 N.D. N.D. 750
Ammonium sulfate ( ififi&$% ) 317,852 174,450 5,385 84,235
Potassium sulfate ( A FE 5 ) 206,185 188,267 228 5,281
Calcium Cyanamide ( & & (E55 ) N.D. N.D. 1,171 N.D.
Phosphate rock powder ( fHE) ) N.D. N.D. 89,627 1,151
Urea (JRZ) N.D. 304 48,937 30,513
Potassium chloride ( Z(LEF ) N.D. N.D. 180,078 11,112
Calcium Superphosphate ( #&EEHESS ) 68,270 N.D. N.D. 20,588
Compound fertilizers ( &5 AEE) 681,640 12,044 53,296 616,190
Other artificial fertilizers( EAt{EZH0k} ) 137 481 44,696 8,711
Organic fertilizers ( 515 ALk} ) 40,900 4,944 65,900 41,356

*Data is retrieved from the statistics of the Ministry of Agriculture of Taiwan (https://agrstat.

moa.gov.tw/sdweb/public/official/OfficialInformation.aspx). N.D.: No available data.
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Fertilizer uses in Taiwan
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A Fig. 2 The uses of chemical (orange bar) and organic (gray bars) fertilizers

in Taiwan. The organic fertilizers only include oil meals from animals and plants
(fertilizer number: 5-01). The organic fertilizers produced from the animal manures
are not included.
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T3
HI &5

RIEEBNVERT - 2EEEAETIRER -1 B ERE L BFEAE
Gt - NRGEBHEYEESRINEE T » DS HERESNEER K - Ht
SEHEY) A B AR A IS R S I SC L R%E A (Snowdon et al., 2021) = fR/KEZE/EY)
MR FUES - BIATEE Y 20 NER KSR B K & BB RDE D 35-75% (Saini
and Aspinall, 1981; Sheoran and Saini, 1996) 5 U5 FéE 5 % 40% (Garrity and O’ Toole,
1994) » K GAFHL R B P Bz T g 2 N & I RERC D S22 42% (Maleki et al., 2013) « HZ5
R T 2R R E AR R PR IR AT RE R MR N E B RO E) (e
SRS ) BEUR SR K R et fg 28 55 R R A ST Tk - RUEEE NFEERE R
—EREEEEL > (HERAVERRIMAES (LT - TR E K EE YRR
—%{ (Bonecke et al., 2020) - 141 » HEIRRER/INE FFH AT REEEWEYHE R E0EL &
T3 B IS BRI REE 20K 8 EEE KK A2 (Lian et al., 2020) © 82525055 2057
ST ER 2 - L& B YA iR B B SRS A S E B & IR
§I# 2 Rubisco HZHHIH » MBEEEYIZ LG - HEE 8 F RIEEAE(K (Raza et
al., 2019) -

SRR EZ RBEEBITE > 08 () ABEENSEEELRNERCE
DU (b) ZEIFLEE Y A R ARAVES TS - DR AL R MR BE (5 A\ Bl P 5 28
BEIE » HIEE A EY RS S R EHE R - I B A HE R EHYZE BT SR
(Thamo et al., 2017) - MWEAEVEA SRV H - BRERFEEYE &IV A MHIB
b » DA [F R e T IS iR (I (B (B LAY A B TR e R R
JERIE—HE - B—1EYh T » W50 oI RE LR T e E B AR - LR
S B E R 6 A FEE Y (F BB B B > v e H &/ NS R E (2 R
(RSB E2 22 (Bindi et al., 1996; Semenov et al., 1996) » B 327k A IS ( BT -
26 - WEEE - E22IRE ) RIZEBBEHEYE R ENRHER - THHEYIER
WNH AR FE AR RIS e - B A SCRER S R [EIS B R Y N T E 14 (Rotter et
al., 2012) > FCAREHY AT (Ewert et al., 2011) » K IR Rk Ml SR (50 52 B AL e
(Rotter et al., 2018) °
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ATHFERE B R F BRI S0 SR S FF 2.4 Decision Support System for Agro-
technology Transfer ( & #% DSSAT) {1y /K &g /£ ¥ % % #£ % CERES-RICE (Jones et al.,
2003) - f5fiE ‘EfE 9 5% (Taiken9) ~ ‘&Fg 115% (Tainanll) ~ ‘GFEF 165% (Tainanl6) -

HEE 3 9% (Taoyuan3) ~ “Hf2 71 5% (Tainung71) 55 7170 2208 1 BRI R b f A £
ERIEE TIER > LM =B A B S EH AR KRS0 B - AW EER T
S IREYIE ARG SR v R A & R AR 7 ) 2 B > TR R E R A BN K &I AE
FESR I RS BEE - MURRERM RS S A -

PR 5
— ~ DSSAT CERES-RICE{EPIRER 2 8%

DSSAT CERES-RICE {EY)f5 e A B R SRR (RSB 15 ) - ks
EMHEH (EaEE L - W EEEE - BEEERHIHHES ) AEEHE
afE N S £ HiR It EZ (EY 2% - VAWM ANRSZEEEEEH R ( C) ~ &K
i (CC) ~ IR (mm) ~ HEEH & (MI/m2) - KUFFEERA T 28 RSB 5 & B3
HIFR-FZ  (TCCIP) frE#dfY 2019 4F " 2B RAZEEZE R, (TReAD - https://tecip.
ncdr.nat.gov.tw/ds 03 mall.aspx) » Z5[H] KR 2 km (& 0 2022) - ARiEEEZ 515 B 00 /8
AR TIEN > &/ 0B ANER L TESH > BTREEREZEER T ESR
ME > ARHFTG T (2021) KF 220850 T I B & P 1A DSSAT 208 B 184 - B85
REHUE BRI 2 TIRER] i’ HIRELR GRS % T E1F 469 (=8 B Hh AL R -

R EHEIES %5 (2022) © fTEE 5 30 cm ~ FEME RS 5 22 % /m2 » (KB HE4AE
PR 4 EE E L H B - DR S EE S —IF i 20 RA TN - (¢ & in
(21.95"N) Z iz dbl (25.3° N) S2Ebf o7 By 7 (B & - 868 H B B 1/1 ~ 1/11 ~ 1721 »
2/1~2/11~ 221 ~ 3/1 5 HR - SAEMAHEERE R - NEE B & AHE 36 ATH
FHE -~ fEALR 30 HifE TR 54 A THVER ~ ik 45 BT &AHE 30 AT
AE 5 SRRy R (B RH ) KB ENERMAEE - BENERSEEHT1H (2022) 2
S8 E | IMDEP (ERVEEZEE ) = 30 cm ~ ITHRL ( fif# 5 SR A] FI/KE TR ) =
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50% ~ITHRU (GEBISERL.Z TFH/KE EIR ) =100% - fef% - "G95 - ‘G 119%
‘BE165Y - BKE3HE - ‘GR7IH FhEEEFIESEGEEY 28RS
F 5 (2022) 5%

o~ JaBgEER A

i%#5 DSSAT CERES-RICE {6 - 43 B3 E45 — [M48f& M0 (B RH) RE#E
AR RS > LA R sl BB SIS EREAR > WA ESE | (W49 EEY
FYERIZRE (Ri) » EFEW (1) :

Ri = max(0, [AUTOI - RAINiJ/Ai x 100%) (1)

AUTOI © 5 § [B48HS (B> 2 R BEE .
RAINi © 55 i (E4BHAEIEN (BRM ) 2 7 RSB R -

HiR B i

BT - ‘B llsY -~ ‘G lesY -~ HKE3HY - BRI
SRS ERIE SR B BRI T A E BB RS HEOR — - SR
EEESTHY 2,000 £ 9,000kg/ha - FEEEERE (BAH ) K EEERAVEBESR - WatHES
(EEAS R AR R Fis Fo(E Sn b oo (i B 4 1 - =22 469 [EAgFsRaT » 987
38% ZJRRE AT - BURIE LEBEE 2019 F55—HIfF A B IIRIMIE TN - WARERK
FeTJRkEE. © HoAtHRE A Rl EL B [EI R IR0 S > A [F] SR R SR S - RETA 50%
F IR A PR B 8 20% - AR JEE LRI B (R Ay b st [ 4Nl 2 - m] B 2 e e
rEREE R (75-100%) 5 o AE 8 R A = MERA B B SRS - T REJEBR (25-75%) Ayt Rl
CEAEEM - RN ZEMETERG -

4C#% DSSAT CERES-RICE /K H Eh7E I /K & - AIEEBUKIAE A B Z FKE
(1l 3) - 343 22FEH] (Panicle initiation) Fi/KE & A - FHEEEEFHA/KZ 50% - M7y
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521 (Juvenile-to-PanInit) K5k 728 ] (Grain filling) F/KE R Z  HE& infl R K EHEE
GEFATIL - MRIFEE (2022) £ 77 WG HIPRET IR b~ &5 2% BUR /KRS S R /KO e
R ER » Dl &y — H o N - RS SRR RIS A — H )
2= A PaI > ISR AL E SR K o BRI AR AR - R B rT 2 50%
DT » 3l OB 7K T8 38-73% -

T
=

M

AWTFELL 2019 SR ERET TR - E AR RACRIEE B IEE T HYAEERI -
BERF A EIARAKIB S MHRETNE R - H3RER - BRFEE I 2 EYIm s ES B A
DSSAT 881 > RARFAEI M st ] - F B B T SRS R TR - F Ry (%
BEAENSS > DIERKIRER I RRAHESR -

R

AT RETI RGNS R R e I A B S SR R s A AT - R R A
FERARACR AR T 2 2R ARRE S | (MOST 108-2621-M-002-021-MY3) 7 &E# 57 fF -

224 30k

34 |- » 2022 + $5E DSSAT KIS IS B M TR SLBUK > 7 BTGB « L
X o B B A L

WEHT - 2021 - DSSAT 0G5 & 406 MR FONKABEE & AT AT RERTAG - B3
X o B EITEE AL -

BEEI - 2022 - DSSAT R ERESEE S K FE S8 R MBI Y - B3 - Bt
B B AR 2 -

Bindi, M., Fibbi, L., Gozzini, B., Orlandini, S., Miglietta, F., 1996. Modelling the impact of
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# 1 TUREEE T B AR R BB BRE A 1 (kg/ha) 2GR

Table 1 Summary statistics of simulated yield (kg/ha) under automatic irrigation for

the five rice cultivars.

Summary Cultivar
Statistics Taiken9 Tainanl11 Tainan16 Taoyuan3 Tainung71
Minimum 2,871 2,178 2,054 2,025 2,391
Medium 7,299 5,899 4,973 6,318 7,490
Mean 7,114 5,754 4,851 6,140 7,297
Maximum 8,708 7,027 5,952 7,610 8,925
Taiken9 Tainan11 Tainan16

75 100 125 150 175
75 100 125 150 175

Frequency
Frequency

50

2
25

e T | e e TTHT

Frequency
75 100 125 150 175

e HH T

0

T T T T T T — T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70O 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Yield Loss Risk(%) Yield Loss Risk(%)

Tainung71 Taoyuan3

75 100 125 150 175
75 100 125 150 175

Frequency

Frequency

50

25

e T | e THTTL

1}

— 71— —— T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Yield Loss Risk(%) Yield Loss Risk(%)

T — T T T T T — T
0 10 20 30 40 50 &0 70 80 90 100
Yield Loss Risk(%)

[& 1 DSSAT CERES-RICE f5 st 71 1 2278 F SR AR An i 2019 455 — R 0t b

payiii

Fig. 1 The distributions of the simulated non-irrigation risks for the 5 rice cultivars in the 1st

cropping season on 2019 by DSSAT CERES-RICE.
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Fig. 2 The simulated non-irrigation risk maps for the 5 rice cultivars in the 1st cropping
season on 2019 by DSSAT CERES-RICE.
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Fig. 3 The amount of irrigation water for the 5 rice cultivars in the 1st cropping season on
2019 simulated by DSSAT CERES-RICE.
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Application of crop modeling in

developing rice irrigation strategies

Li-yu Daisy Liu'* Sheng-Feng Li!

Abstract

Impacted by the forces of climate change, Taiwan's annual rainfall has remained
relatively constant; however, there has been a discernible rise in the occurrence of intense
rainfall events. This heightened frequency of extreme precipitation renders crops increasingly
susceptible to the dual challenges of droughts and flooding. In light of these evolving climatic
influences, the agricultural sector in Taiwan must actively cultivate more resilient and
adaptable strategies to bolster both production and crop quality. This study employs the DSSAT
CERES-RICE crop model, coupled with gridded soil and meteorological data reconstruction.
Accounting for varying transplanting dates from south to north Taiwan, the study simulates
the yields of five rice cultivars, including Taiken 9, Tainan 11, Tainan 16, Taoyuan 3, and
Tainung 71, under non-irrigated conditions. The aim is to assess the risk of reduced rice yields
under drought stress. Furthermore, future endeavors could involve the refinement of irrigation
and water supply scheduling simulations under different scenarios, serving as a foundational

reference for agricultural cultivation adaptations.

Keyword: Rice, Irrigation, Crop model, Adaptation strategy

1 Department of Agronomy, National Taiwan University, Taiwan.

*Corresponding author (lyliu@ntu.edu.tw)

56



2023 MABBIERABIEHA G X8
Proceedings of International Conference on Cropping System for Sustainability

fE I DND CE B E Y A B Bl 2 R ae HEiL

BREED ' 825> &Rl BERES SFEEm
B

AR R RN N BUS B ELR ( ZBr RN - [ E0R = RS BRI LAY 2R
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Dz
Hl 5

Tt & B B R (5 28 (B B P9 22 B & (Intergovernmental Panel on Climate Change,
IPCC) J7* 2019 HiH T I~ 16 82 B 2 = HERUAE THR S s T R AR HVTERT > HLL 2006 Rk
BIERAFE - (RIBE - RERESTEINEA =M » J77A5— (Tierl) » famteft 2 Hzk 4
85 J37E (Tier2) » sl SEIR A AR ¢ J57A= (Tier3) - EMEAHATER - BBl
RtEmtkE R VRIS - £ —ERPESURAVET R EESRM A= 3RS H
AAE7KRSHEAE 73 Al (# F] Daycent ~ DNDC-rice {F Syt 5 o7l 42 EAY IRz PE(E

"NEMA | fI " STONE | #{7fEHETH -

B SEE PIH R = RASHEI AU ERERSHY 1.17% » (R TEBEREIRE T - (2R
P e B A EEE EHER o A 41.97% £ 28.08% » WA RHERYZERT - HpoKigfE
TEEL A T IRA R = RASHRR 2 AlG 18.0% Bl 36.8% (1T IR IRER » 2022) - s2%¢
KGN R B2 EE - AR - TR - KR - bR - S
FIE SR IE CRIE ) % (Nikolaisen et al., 2023) - fE/KFHRKAEH L - BT ERTEK
JKALAE 2-5 25716 > 7K Be R R IE R /KR ~ B R dean -

DNDC f££5{ (Denitrification-Decomposition) J2 &z & R (f F 2 1A HE ) ~ B3
i RAR R A SRR R R RABIREIRAT#RE (Li et al, 1992) - WHf
{5 A [F Y BB R TR AR ~ BRI EDRT > S i 2 (LS R UR
7 BB {8 M (Guest et al., 2017 5 Vogeler et al., 2013 ) = FEFIATEYILERTEM] « FfpE
RIFE ~ AKEIREH ~ TREURMMGEUR = REEHHIE  (RIBHEIRR Ay 2 ST L
IREE R SRR THFERY > 4 Forest-DNDC ~ Manure-DNDC Model + US-DNDC £1 DNDC-
Rice % (Gilhespy et. al., 2014) - A AR H Z RS ~ FYEME - TIEENSIRES
SHRT R CE COFEE ~ B ~ e ) > WAl RS H ZEYAR - HIRAWEEHEOR
FERAS (CO2, N20, CH4) HERY »

H AT A PERCE AT S TRV /KR RGP R #2515 Yang A (2009) %2
W HEATABNREZSTAE -+ Z5 ) DI st By f KR B s A e BN i
EHEGAFEFERNRFZERRTE(E - I 2001 £ - 2020 £ 2 /KR —JHF R AFHER
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LUBENN 18% ~ JHELY 44% » 35 DUKREGERS S WRE EEE Y 1 5T - R/ KiasE et
PRENEAN 18% PLE - fEPIRIE E - TREYAE | I - R RS INLIEAE 1.5-2.5
ppm ¥ - B RIREREHCPNE © BASRIEHYNE - (EERPKEFBUREES 1R
RAE o BEZR 2021 FHEE Z BURFRRBUE M > FREUARECE Rl o il (8 (HHELRTER
& ZKEHA REA AR -

A E FH HH TR 22 & e 0T DNDC ARk ~ P8 fCEA B2 Lhi#
AR T IR EGER - TS E R BRI N Tn = SR AR R 71k -

MRHEL 5
— ~ R EE
K E N E T EEER ES S Ba—ET METKEEREK S E

BT — MR EITERIE - BREHHARIS - 35 n] RE 4R /KEENLIRN B KRB AE
LT 10 HI&ETTEIKEREE » /£ 111 - HAEER 0-5 A B8 112 F—HAENI5R = -15
FSATRRHE - 111 £ 8 12 F—HfEREmis Mo s A8 H S HEL 2 H 23 1 » i
FEEAMCRE IR R - 111 5 HATERG & 53 A Ko & 185 kg ha-1 ~ WEET 58 kg ha-1 ~ &
{E#F 55 kg ha-1 > 112 F=—Hj 1 853 51 Ky & 265 kg ha-1 ~ BEEF 115 kg ha-1 ~ SFL#F 110
kg ha-1 °

eI BR TR E A P e R 2 R - A S 3 T AN > IR 0
40 ~ 80 kg-N ha-1 - & HH 3 B - IRog RMEMELET - 9/ 36 m2 - fEfEfCAEAnfE Ry 2
RLSE ~ Remidly "SHESE 1058 - BEHEE 1293 H 16 H - 775k #EfE
Al 1K~ fBTd1% 44 R 50% E > DURERIZ » SR St i s5 &L -
i FH 2 FyBslT 60 kg ha-1 ~ E(EFF 60 kg ha-1 » = E AR EEIE—ZORAT - $F 53 BT FEAR
BUBAEHEH] 50%

o L E R B R R AR
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28 KEEEEEN TR DR E R R - R GEBERRE ITEE » TR
% R AE R TE (CH4 ~ N20) 881k - E{bar g & a% f# Fy Picarro G2508 £ Face EB-3200 >
TR PAIR EE (14T 30 srdi e sl 10 4368 - HEaa &% H £ ABB GLA131-GGA - Licor li-
7810 o FKIETEME R & (K EtEASHE TR0 « R PARE R (E4Y 5-15 708 - RT3
EEEM -

A FHARE 7-10 KAEFTEREE - B/NEEEIRE Stk > 0 h%E - & 3G - Pl
AL PR E AR R HERZ 72 /NEE - HIERZE - FHE RSN TE L 0 BLUTE ST

EHER EUR -

=B

AT Z DNDC B3Ry 9.5 Fi > 1 i B 2240 B R SR 4 s - 44k fy https://
www.dnde.sr.unh.edu/ » FEAFTRAVE A BRI EERSE - L8 - BH > RRERHERE
BRI L2 T SR I AR SR - RIHEESEY T3 0R 1 Foms -

i A B i

=2 35 FH /K H R e HR I 2 45 SR U — RAPE I /K H AR e B & B B —
HAME ([l 1) » 2022 4F “HATEET /K HE BEBRRESY 410 kg-CH4 ha-1 ~ Ei/KEEH 276 ke-
CH4 ha-1 > 2023 F—HA{FFIELER - B T/KHF PR ESY 86 kg-CH4 ha-1 - Gi/KpzH
56 kg-CH4 ha-1 » WIfE/K > E " HAERY R befRi s A —IHAIERY 4.7 ~ 4.9 % « fiiE IPCC
STHEEE - ATHACEAE AR ARSI - /K BRI e A it - LR (i
HATE » —HAMRIEME O R EORIT A SR R ARG R - — B E e o) B i e R AT Y
HEFFIFE AT - BEURAWTZERI4S R 8L IPCC ST BRI - HEFAELEE - i
FZKRAE —FATE R BE MU /KI% » SRBRAAA e ez £ (18 1) —ERER R - Rt
TE/K A R GEBER R s TR AVEEE b R E e AR Baa e TROMIEHE T 5 > DURD
TEstE/K R GEHE EAFTER - MIERER I EAY S REURET ARSI e e E 1817
BRI 67% B 65% (3% 2) » BUR/KAEAE & RAR IR 7T ek b B e A HRI&Y 33-35% -
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DNDC #E#EEL > ZPEEKN B TREMEIR AL EFFHE EER
U I - FRIESAEDEE A SR HE R AR - RS TR E N R

— B SEA R HEKAER > {E DNDC #AKAIERHE - A EHEE -
AL EIFEA - BYEATER 10em ~ 5 2 -Sem FY/KALEGE » (RIEHEEERI T
4 fEROBVE B - FRRAT 10 22 20 1~ LR 10 H Ry 10em % ¢ fHfR 11 H 2EH
FeHEH % U FERT 5 2 10 H > ETH 10om @ E - §i7KER 5 £ -Sem /K ALE%
HEMRISE IR HEEHEE ST FHESHFEERE - HERR = F > R& 2L 2023
FERHETTELHR -

E#z DNDC R BRI (EHA F A [F] /K 0 B BT R e R L B PR ORI 2 s 251 L (1E]
1) > w[#£%] DNDC #ERESRUR A FIIIE ~ AEZKTEEER AR 2 5
EAEPREUCNH S SR HUR 2022 S IR T 2 £ AV PR > Rz 8 HJE
A - LR BT MGE AT (B 1) > ARSI PR 2 1
1o - BRgim s - HEUEGSE ZIERE K EE R E - iR — R KR
FRERRI 2 534 (£ 2) -

=R FEM A S 2 P& A S b EAHEAE 2 Fror - = FEi S EmE
HE[baE B F I R 2R E EE &3 IIeves - BERIARE - st BEAE
FHET] B ABBHAEYIAGSE - R HE Ay 2= R S b S R AR B
b G3Ah - ISR EER R A S bnl R EAVEL - RGN FEE R LAt slE
EHRHVEL PR - DNDC S n] DB RE B S I A S b S & HER
(A R IR /KA S8 b o SRR S -

DNDC HfFPis g & H 2R ~ 3~ B0 2 B A ERBIR 25 E (kg/ha)
FEAWTFER RICHZ B IR E - RSB LAV S EFRDIOREST R AR & - T81td
BUR G A A A SR BB o 4 e 3 BAlfE] S P - &EERS IR - R UiE
SR EERENI R e R B BB B R REAT - IEAMBERES TR A FHE R B A R kL &

2% - DNDC HEUEEYIH EERRVEZ MR - B UIE R R L EAIHEY) 4 R b
Hl > AHABRE ~ Eom - SRZAKEFYERAVIIE] (Li et al., 1994) > FEARBTFEH A] SR
BN BRI EN: - E58 B HARTESE L - DNDC #5202 DR R 2 1 1]
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R F0m EER R 0 2 1 AVTEY) 4R I51E (plant growth index) » BZE{EFEMHBEL (£ &
151 0) =& REUR R M I B0 (LRI D - EEYAERIGEE 0.5 BFRIRH
P ATZPVE 77 (Krobel et al., 2011) » FEARTFLE o - BEHERAFI AR 21050 (R3)
STERERLRE - U ERREENMEE A BRI RARULEE - SERBUNERHY
RIS UL N E RIS AT (18] 3 ~ & S) -

MRS SRACH IS 1A S il B A RAVEEES - AWFFCAVBI S 4E REBUREEER 4
REFEITATHABIE AR 1S ~ THARET R MR RAY S dhéR - AR EE A RAIHIR]
FEHGUEER > BT RE Krobel £ A (2011) 5 DNDC A 5 (HHA 5 Bl P B
TEIEAHDL - BEPAES2RE T AR R S LA R a2 B Y B - (B E
R A LB B BB ENE AT 2= - NIIERE P T2 8V - DNDC g FH
AEZPIER LR HAY > BIERNRESEGHEYRGHE E R T - S5 TIRRIEEE

i £ HHHE YR FUE B RUTEIRRZYIE - FEARE a2 %] DNDC fR(gEfe it A
SEMEHTEIE 8 &R

il
AW FERE A H R Z ZRHETT DNDC f52(EES > BURBAE st B R R S E B
fEft B al EERIEERE R > /KRB REUR - /KR B m] 8D i (S 1 33-
35% FGEHRE - Ehie DNDC S UL MY PR R - TR I AE SRR
AEBE ~ KO EEEFKHRRREHAZE - fbir S P E 20 & Uit &30
ARG - (BRI AR » EEAVIRER LR HEACSORETRE R - DNDC 1520l DUETRIEER
HE R AN E( L ST & -

# 3k

PRETES ~ BT  SAIETR  BRAEIE - MR 2565k - TR - IR - TEGE - 5RIR
° 2019 - P EUKREH PGP E AR - nBvr AREEE - 2ERMAE

O

62



bt

63

2023E A BRIFEABEBEH T em L E

Proceedings of International Conference on Cropping System for Sustainability

REbT7Ed - 2 EEET AR S °

IPCC. 2006. Good Practice Guidance and Uncertainty Management in National Greenhouse
Gas Inventories. Agriculture.

Italy - National Inventory Report (NIR), 2021.

Japan - National Inventory Report (NIR), 2021.

Krobel, R., Smith, W., Grant, B., Desjardins, R., Campbell, C. et al. 2011. Development
and evaluation of a new Canadian spring wheat sub-model for DNDC. Can. J. Soil. Sci.
91(4):503-520.

Nikolaisen, M., Cornulier, Y., Hillier, J., Smith, P., Albanito, F., Nayak, D. 2023. Methane
emmisions from rice paddies globally: A quantitative statistical review of controlling
variables and modelling of emission factors. J. Clean Prod. 409:137245.

Netherlands - National Inventory Report(NIR), 2021.

United States of America - National Inventory Report (NIR), 2021.

Li, C., Frolking, S., Harriss, R. C. 1994. Modeling carbon biogeochemistry in agricultural
soils. Global Biogeochem. Cycles 8:237-254.

Yang, S. S., Liu, C. M., Lai, C. M., Liu, Y. L. 2003. Estimation of methane and nitrous oxide
emission from paddy fields and uplands during 1990-2000 in Taiwan. Chemosphere
52:1295-1305.

Gilhespy, S. L., Anthony, S., Cardenas, L., Chadwick, D., del Prado, A., Li, C., Misselbrook,
T., Rees, R. M., Salas, W., Sanz-Cobena, A., Smith, P., Tilston, E. L., Topp, C. F. E., Vetter,
S., Yeluripati, J. B. 2014. First 20 years of DNDC (DeNitrification DeComposition): model
evolution. Ecol. Model. 292:51-62.



BRADNDCRRFh EREZRENK $ ¥

1 KR~ K EE A e I R

Table 1 The soil characteristic of paddy rice, soybean and peanuts farmland.

pH SOM (%) Soil Texture BD
EACEBIR FakElE 5.6 1.28 Loam 1.28
KigaEglE 7.6 2.08 Clay 1.33

%2 KT K EEHBITPFER R (kg CH4 ha-1) » F AR R & iR
ELEL]

Table 2 The methane emission (kg CH4 ha-1) of conventional and AWD paddy rice, the
monitoring period started from land preparation to harvest.

BT ffizK
H & DNDC 75t HH T A DNDC f55¢
2022 —HAME 410 286 276 202
2023 —HAME 86 86 56 66
2
T FF DF H 1T FF F H
18
£ 13
£ —Donpec
T
P oc
8 O AwD
----- DNDC-AWD
3
1/1/p022 3/2/2022 5/1/2022 6/30/2:;22 8/29/2022 10/28/2022 12/27/2p22

()

Date

1 KRR G & 45 SR B DNDC 5fE 2 EREL
Fig. 1 The field observed and DNDC model simulated methane emission of paddy rice
farmland.
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Fig. 2 The field observed and DNDC model simulated nitrous oxide emission from peanut
farmland of three nitrogen application treatments. The nitrogen treatments includes 0 ~ 40 ~

80 kg N ha-1, the upward arrows represent fertilization dates and downward arrows represent
irrigation dates.
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Date

@3 VEfoAslnE =it R E 2 YR (kg ha-1) FHELE R B DNDC BEELLET - T
FUEHE AR 0 ~ 40 ~ 80 kg N ha-1

Fig. 3 The field observed and DNDC model simulated plant biomass of peanut from three
nitrogen application treatment (0, 40, 80 kg N ha-1).
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Fig. 4 The field observed and DNDC model simulated nitrous oxide emission from soybean
farmland oflthree nitrogen application treatments. The nitrogen treatments includes 0 ~ 40 ~
80 kg N ha , the upward arrows represent fertilization dates and downward arrows represent
irrigation dates.
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Fig. 5 The field observed and DNDC model simulated plant biomass of soybean from three
nitrogen application treatment (0, 40, 80 kg N ha-1).
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Simulation of crop growth and

greenhouse emission with DNDC model

Chu-Chung Chen' Hung-Yu Dai?> Tzu-Shang Su' Chong-Yi Liao** Lung-Hsin Hsu*

Abstract

More and more evidence indicates the correlation between human activities and climate
change. Therefore, it is important to reduce greenhouse gas emissions to mitigate the pace
of global warming. The greenhouse gas emissions from farming systems are affected by
soil property, weather condition, farming system and field management activity. In views
of this, more and more countries use Tier 3 to calculate greenhouse gas emissions by actual
measurement or model for important items. DNDC model is one of the widely used agricultural
greenhouse gas emission simulation models. The purpose of this study is to establish local
parameter and test the DNDC model by using field observation data of rice, soybean and
peanut. The field experiment of rice was carried out in the 2022 second crop of and the 2023
first crop and the treatments included the conventional irrigation practice and alternate wetting
and drying (AWD). Methane emissions were monitored by close chamber method from soil
preparation to harvesting for both treatments. The soybean and peanut field experiment was
carried out in the 2023 spring crop, including three nitrogen treatments of 0, 40, and 80 kg N
ha-1. The crop growth parameter and the nitrous oxide emission were monitored during the
crop growth period. The rice experiment results show that the methane emission of the second
crop was higher than that of the first crop, and the AWD treatment can reduce the methane

emission by 33-35%. The DNDC model simulated methane emission in acceptable agreement
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with observed in different planting season and irrigation management, but it is also found the
model overestimated methane emission in first crop and underestimated in second crop. In the
crop simulation, the model simulated the yield of soybean and peanut from different nitrogen
application in reasonable results. Field nitrous oxide observations show that the main peak
occurs after fertilization or irrigation. The DNDC model can reflect the effects of irrigation and

nitrogen inputs on nitrous oxide emissions.

Keyword: Greenhouse gas, Mitigation strategy, DNDC
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2 Crop Science Division, Taiwan Agricultural Research Institute, MOA, Taiwan
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SR 2 R BPENEE . Fakeh ERARS

TP

KiEE e R EEARER(EY) > H A FS ISR g ACR 2 RAs PRI - MR
SIBEL A BRIRAL o NIL R HIHIER (L] 2050 5Tk Phey HARHETT - ZReiErT A= an I
SPHERIBRHFE SR - FHRE ey T ANEE | ETIERE > DUESIRASIRR - REoR A an ]
FIBSRTEEAERS - (L7 RSB ~ I THER IS B R P B - HEAREE IS BT - m]fE
FREECRERE ~ &M AT AT R IRy B R e B S b | PR I TR P B,
le] DLER RO R S MERZ RO 2R Bl RE BLR b S8 Bhik S B - RIm] DAFE AL AR B A
REEE AR - $ELLE - B T RERIR AR Z 51 (5% LR mA T

R ot B HAEE HC - DUERIRENRIRS S -
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Dz
Hl 5

I

S 2 A L R 2 T ST T B S A G 350 SO BTS20 4212400
SFRIR (LTS R T3 A A LTI P P B % O 2 A I T B
ST - ERORATHE - A3 A BN FIR (IPCC, 2022) - P35I s
ISR AT S P S AT RSt SR IR A IS TR - 3 B
F3H S ST S FR SR (L EE RSN (AT TE L - B S BUAR A4 (Food
and Agriculture Organization, FAO) A $E A » FL1E 2010 R H[IE 25 5 7 B R AL 2% (Climate
Smart Agriculture, CSA) » % B HLE 1. 58 136 /E FEBLRS ¢ 2. FTT AL R8T IR 2
FY A EELTRRE  3. M0G0 5 SRBSH HER RS IIEE R - T A 388388 (Adaptation) | B 38
¢ (Mitigation) , —J5 51 4CHE(T (FAO, 2010) » BLeft T Ja% | B kb iy 478 7 sRA 5 -
SRV SRR FHERN  DUSEIMAIR(LATECR « BRFEfs - ASJAE 2050 (E2BkiE
B RBH RN - bR PR A7 BT » A B R BRTBRINEIZE 1.50C 2
T (IPCC, 2022) » BRItk » 45 FESE F/RNIBMI (TR SEMS A ERE - 25T - JoRT e ot
X > FES IR T SRR » bR SR BT (Life Cycle
Assessment, LCA) | HEFTIRBEZEREETY - FRAHLBEE HETERTRIIRNS - SEA KBRS
EEE A IR - DU 2 5 - ACSCH LB B SR
FEABRRCPATE B - RIS DL R M S BRI T2 - (E R ARk A
5% °

W

i LSk BELRES K 242 2 I ik A2

"R RS RIRE TR VAR EREE A BN TR > (IR ISO 14040 AR -
A an E RS (G Fe A e fe R AR 2 - L ~ E4% - i DIEMREY B2R - IRE -
M U BRI R B S ArA @ e (BIEay B ) - BT R(E AR PN RRR &
S > SR EEEREN - NREFESARRE > FREHER - HE - FHE R
B R L A am i i IR 2 S BMS FREAHEY 0 (ISO, 2006) - i Ha Pty Er B
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Z— B Ryl = 572 (Global Warming Potential, GWP) » S 2 Ryfift 215 > H AT L)
AR A o ST R [ P At AR B T 7S 1SO 14067 © T2 iy IR Ay T EE AR
IS MR RRE - DU MGHEER - Biss s Bt B AR BE - SR
TR AR R P B (TR R T BGRE ) - BT AL I TERRSED B U B BE R B AR -

ROREEan FHA - (EREAER « By - Bt - L - HEPL - AT - TEEE - U - DL
ZEHRE - UERL - I~ B - EERE - BRSNS IR EE - B HATR A
BT 2 RAR TR - B0 > At Y B P A Y St R IRV RE TR A0 ~ %0
BT o MU ~ SR AP - FIERECR =R e — AV & bR - BB
B e MKTERSEAEET » IR =R R R ERY - 2REE/KZ MRYHE 138 - 34
FEKEREGRRE T > B R RRHY TR LB S (e (E A IR 6 e L R TS A
e - SERAEEER 28 & R bikE BHVREREES - 1IN R ELERYEIEIT
ToER - LERACRIER R R ARERREIR - THE L S AC RSN R 2 = R R
BEELTIEAHIA (Smil, 2004) - BT L2 EAEHY RS RERE L S 2 BRERERERY 1% (FAO,
2017) - i LR RAE BUEHVIBRE - HRE T 2K R ALBRAIBEI © MATACIE RS B R A o
FEAEDER T > R BRI R A S SRS - G0 hlEE SRR » TR AR E R
HSAIEIEEFERCIR (Maeda et al., 2013 ; Ge et al., 2016) = ¢ > FHREDR 2 5RAGHER > HEAL
BERENEEA R s E RE(LTEE - 2 298 S bhikE & - Hotis - BHES
AR ER E TR R EYIR R R 3% - (B A B i s ATAYREE - i
2 M - HIREOKE - eEYEN: - DORFREAR - AN AR > KAERYER
B EZAE FE ~ Sbn U S ALhRAY BB R - 2Rkt 3 TR = R ARHY R
HFA] RERBSHET T3m AL -

HRIF Be s

Bt RRFGEHRE LU 1 % AYERE BT B F 2 AR T AR
5 N e AR R (methanogen) 3T AEE - NIE EZARIF B4~ FEFEHVHIGS
HRIUR R SRR 1 AT ISR R (R 5 UG A R » G E e TR AR
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5 EtE TIEELEREARIRHE - BA BHaWENE - WRE R HEOREEE L
B b2 T RKERSE ) B T LA TR | B BRI E AT - PESEE
K KA ~ B &R ~ KSR E & s B e R R (Kesheng and Zhen, 1997
Aulakh et al., 2001) » & EFHFIEE ARG AL - RNST11 H EFEHE S HKESE
WD > MR A GEA AR (Huang et al, 2005) @ A AEAICHV A RIS/ KES
e > 7K R K2 H e B (Vibol and Towprayoon, 2010) ©

P FRGEREROR £ 2R R - fofd R TS B s E S A BAE 20 5 LART -
CAEE R HREE AR [E/KAE A Ay HH R B e PR & 2 A 7 52 (Shao and Li, 1997) » #14F
R E B R A 25 (Riya et al, 2012) > snfdispld FHGEHRCE 722 2 AR RE R Rk
HIPRE - EFEIRAVENE - IRAZE - KEZEH - MREERAESAR/N (FS - 2005 5 & >
2016) » PRI AT DAHER - AR ZIKOKT) ~ 1B RAHAR - ST T EAERA R Rk /K B2 B
R RS > FCHREA - PR KRR ~ % - SRS
PRAEE » (RIS A B b B AR R GG 55 A (KPS (Zhang et al., 2015) - EfE EAYH
BRI R A = REREDTTED » /KRS Ry K EHEURSES - RIS ST/ KERE - E K
B TG EREE R T RS - HoE EE RSO - BNEKRREKE MR
REKALRE 2+ HEKEETEYR - 25 TIRERSE - BARRERRAER (&%
2000 ; Cabangon et al., 2002 ; Islam et al., 2018 ; Rahman et al., 2019) » H{F =7 BEHA L
FRFIHETTRIBOERE > BORENIEEE (Yagi et al., 1997) > 51 > FEECERREAREEK
BFIFAEM ~ BEJRAEH ~ (B (LVES (8% (Gathorne-Hardy et al., 2016) » &L kbR
Was o AT EAEBIEAREDREFE S0 (IRRI) ~ 226 ~ @ iHUHISEE8E (R 1) - F£AHK
Fehr > TEZE AR 60 % ) GWP(Maneepitak et al., 2019 ; Islam et al., 2020) - ZAffi » &
FEHEATREIGIOERE » AP R TERE R I HECR 2B R UK E - EETRIEN
w2 S MK (Fertitta-Roberts et al., 2019) » 55— 751 » #F 2K & 18 HH /KRR
/L4 (Azolla J&/F/KHEY) ) - (EREEIEY) RAYIMERDE » R T4l AT 75 HAE /K R A
SRETTEC > R T BEFEL (Bharati et al., 2000 5 Al et al., 2015) © JERC 5T > —
fRleER > (EERAERTATRE & BEE > BUDATREREIRA » R AR ERY R - T
P B A BB - 2RI A TEAEHVREIEE % - BT Y)MEHERE ~ By (EHEAT ~ JRVERE -
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SRR~ (EVITRESE > ARV TEILR A R ERY R eI BRI 28 (2155 > 1999  Bacenetti
etal., 2016 : Fusi et al,, 2017) » [ 58 2EAAHACESH A A A (1FY58HS - 400 ) A
WA F EHERY (Yagi and Minami, 1990 ; Jeong et al., 2018) » H RN {F AR B LA
PR 23 FIE2S (Jeong et al., 2019) « FEMIF NAEFHERC A RE A (E HARA HERR ~ %
FUELRE > TR AR - FERFEER - 5—75H » LIRS A
FEHY pH {E ~ 48 &8 (B > 2007) » BRIGANGGALECR SN » S A0HY pH (B S 48] FE e
SALTEERVER - FE - — LAY EELLITE 20-30(Guo et al., 2012) » [l EA A6
FEERIZAE 10 BT (Rejis et al,, 2005) » JHEACAMERRELL - FHFEERH R4 (Li et al,
1997) - {HATAT RIS baE SRV FERUR S (Vallejo et al., 2006)

i ER | PN

RIS - EektEan 2 1% - B 1970 F L% » 555 20-30 [ - 2 ERAVARHE
M E2HR[BEHAVFE - 72 1990-2000 F£ M - SACAIEEFHEFEHE T 10 Mt 2% ;5 [F]
BERMEE 0 R EIEE KR Y E(BEE S - NOx B N2 JRFEH T 35 % (Desjardins et al.,
2007) - ZRIA DAHER S bas SAVBERE EITATREAR H G AV SR - B ABHIE RS
60 % HYEbod EIG 182 2K H R R AT EHE 7 FRH RS HA FE BEET (15 0 2008) - 4
W » ZEEANES(LEEPNE R 8.8 Kt » {18 M EHAYAR[E ( L H M
B o KA E 20 FLL EVHEE AR ($8% > 2010) 0 HEALm S EEE S
Jite FH & 58 AT _E T (Scheer et al., 2008) » £ Fk {4 < T B RFE HE HHRR (Weitz et al.,
2001) - 281 » EEELTIEF B HECEERNRIEFEARNSE - BUKTEHEEEK
RO - EAERE bun E D - 2R R (Nishimura et al., 2005) » K]H /KRG AR ZERFHY
SAbREE B - FEE RS P BB KIE I - DU B HOKEBII R (385
2010) -

FEA DL ERTAWTE » RE A 7] A AR S L an EHER (Cole et al., 1997 ; Freney,
1997) » B T MR & » HiAEEHE IR E S ban 8 AVEERE (Hao et al., 2001) » Fizitstnss
St ARV HER S A —RAE » B AEE R R o EAEER b R T
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A FEF TR B FORBRAYEHEIEAL - thobh - SARELZE R R A LI
MR R ALY (BREE(LLEE ) AR (Millar et al., 2010) » BRI/ D SHERGS BT
IF L2 SR FE 8 2 51 (Hasler et al., 2015) » /KFGHAEREACEIZRIERE - FR48 B AL 2 Rl
—(EJ73 (38 > 1997 5 Cai et al,, 1997) » B M HIBIREHEATRT - BRI IIEZERA]
PR S ANRR AL ST (Liu et al.,, 2006) - F# > 5T ZEISMEFI A Rt s R 5
MRS - FRAET g IR 2 R - TR AR HIR AR W AR R b e S AL (Mummey
et al., 1998) » HE A BN HIBAREERAY RAE - R S ALk i A GERY PRI (Alam et al.,
2019) - Ji A EAEEE B S L an S HFUE EAERE - BB KRS Y EAC A $ Rk
FRIRE ARSI, - REWS Z R LA EAL L & - S A 7o R 18 Ay b i
E ByE AR By (Tenuta and Beauchamp, 2003 ; Schellenberg et al., 2012) » F5{/5 25 R
# o AUATTERR 22 oA o PR ZEBE IR s ¥ (LR - R AT R%% S bae EHEIT (Mosier et
al., 1996) > [LAh > Sofdm BEFFRCR AL E » B3 LE H SRR - &
FALLEEUREFHA B (Yan et al,, 2000) - EHFRIEREEREVERER > #FY)
WU EEER R - RIFR RS 2R (L AR AT B8 (Snyder et al., 2007) -

4

i JE1 39— SR A Lk i

R T - EBERFYAERITCSFHERIL AR - BRI EYES
& LRI FH BRI R Bl AR, SRR Y E DR ERIID S E (405E L
SRR ~ AH ~ BEREE) > FIEELUEST S (bR F B BRBREE > R — i FH R
PEESAVIEY) R LB 2 S AEbREFIT » RobRIEERAY—E Y - H A et AR REhR 2 BRI FERT
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Table 1 Benefits of carbon decreasing of alternative wetting and drying irrigation in
tropical Asian countries.

IRRI* ZR[E AL ¢

Bt MECER BOURR SRR EOURR  MECER

st BT 2.89 1.59 5.51 4.01 8.86 5.74

HERR Y A 8.90 2.80 - - - -

g BT 041 0.24 1.53 0.96 1.56 1.05
KEE H 161 0.49 - - - -

BRIAE - 2Islam et al., 2020a ; PManeepitak et al., 2019 ; ¢Islam et al., 2020b

d BZ {7 ton CO2 eq/ ha
¢ Bz kg CO2 eq / kg 3K
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Strategies of rice production for carbon

emission reduction

Yi-Chien Wu'?*  Chong-Yi Liao?> Chi-Yong Deng? Chen-Hong Lee?> Huu-Sheng Lur®*

Abstract

Rice is the most important food crop in Taiwan, and its life cycle will bring about
greenhouse gas emissions, exacerbating climate change and global warming. Therefore, in
order to curb global warming and move towards the goal of net zero carbon emissions by 2050,
it is necessary to establish life cycle assessment carbon emission information first, and then
adjust according to the "hot spots" in order to achieve overall carbon reduction. The carbon
emission hotspots in the rice life cycle are in the field cultivation stage, rice processing and
milling stage, and transportation stage. In the field cultivation stage, alternative wetting and
drying irrigation, rationale fertilization or selection of fertilizer types can be applied to reduce
methane and nitrous oxide emissions. In the rice processing and milling stage, rice husk mixed
drying technology can be used to save energy and reduce carbon dioxide. In the transportation
stage, local production or shipped in bulk to reduce carbon emissions. To sum up the above, in
addition to the application of technology to reduce carbon emissions, market transactions at the
economic level and food distribution at the social level should still be considered to achieve the

best carbon reduction benefits.

Keyword: Rice, Life cycle assessment, Methane, Nitrous oxide, Alternative wetting

and drying, Rationale fertilization
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Improvement of water-use efficiency of
crops using symbiotic microorganisms:
A potential sustainable approach to
water management in cropping systems

Hyungmin Rho!?*  Sharon Lafferty Doty?> Soo-Hyung Kim?

Abstract

This study focuses on a collection of endophytes comprising plant-living bacteria and
yeast isolated from native Salicaceae trees in Washington State of the United States. The
article demonstrates the agricultural potential of these endophyte isolates through laboratory
and greenhouse experiments conducted under abiotic stress conditions, highlighting their
capacity for biological nitrogen fixation (BNF) and other growth-promoting traits. Among the
various benefits observed, this article discusses explicitly the enhanced water use efficiency
(WUE) observed in host plants that could be utilized in agricultural water management in
cropping systems. Elite endophyte strains were carefully selected based on their growth-
promoting characteristics, BNF capacity, and in vitro phytohormone production profiling,
confirming their ability to synthesize ABA and other hormones. Furthermore, a consortium of
these endophytes successfully colonized rice plants and significantly increased biomass under
N-limited conditions. In a subsequent study on leaf physiology, rice leaves inoculated with
the endophytes exhibited reduced stomatal conductance during the daytime and decreased
stomatal density. These responses were likely attributed to increased ABA content in the

inoculated plants, resulting in reduced transpiration and improved WUE without compromising
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photosynthetic capacity. Even with less opening stomata the inoculated rice plants were able
to maintain photosynthetic capacity. This may due to re-assimilation of respiratory CO2 from
the endophytes. Additionally, the endophytes facilitated electron transfer and CO2 diffusion
in rice leaves, particularly under elevated CO2 conditions. These findings suggest that the
enhanced WUE conferred by endophytes is closely related to stomatal responses in the host
plant. The effects were particularly pronounced under N-limited, drought stress, and elevated
CO2 conditions. However, the specific contribution of increased ABA synthesis, CO2 re-

assimilation, or both remains unclear, necessitating further mechanistic investigation.

Keyword: Plant-endophyte symbiosis, Water relations, Photosynthesis, Respiration,

Water-use efficiency
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Introduction

Climate change poses a significant challenge to agriculture, affecting crop yields and
increasing the demand for food production due to the growing global population (Cai et
al., 2015). Sustainable methods are needed to enhance crop resiliency and improve yield
while reducing the reliance on chemical inputs and irrigation. Water usage, mainly through
irrigation, is a significant concern, and innovative approaches to water use efficiency (WUE)
are necessary due to unpredictable precipitation patterns and extreme weather events (Flexas,
2016).

To achieve higher crop sustainability, efforts include increasing plant water use efficiency
through genetic manipulation (Franks et al., 2015), drought-tolerant genotype selection
(Condon et al., 2004), and canopy structure optimization (Drewry et al., 2014). However, these
techniques still need to be developed and may not be practical for large-scale implementation.

Endophytes, microorganisms living within plants, have been found to enhance plant
fitness and performance under stressful conditions (Ddbereiner, 1992). They offer a promising
avenue to increase crop WUE and yields. Previous studies have demonstrated the benefits
of endophytes in improving plant fitness under low water availability, including water stress
tolerance (Gagne-Bourque et al., 2016 ; Khan et al., 2015 ; Khan et al., 2016). The use of
endophytic symbioses in agriculture has the potential to supplant current methods and enhance
crop resilience.

Endophytic bacteria and yeast were isolated from Salicaceae plants and have shown
potential symbiotic traits, such as phytohormone production and N fixation (Doty et al., 2009).
Previous studies demonstrated increased biomass and yield potential in rice when inoculated
with endophytes (Kandel et al., 2015). However, the physiological benefits and mechanisms
underlying these effects have yet to be fully explored.

Some endophytes produce abscisic acid (ABA), a hormone in stomatal control and

development. Studies have shown that endophytes producing ABA can trigger stomatal closure
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and affect stomatal development, potentially contributing to drought tolerance in host plants
(Khan et al., 2016).

Rice is an isohydric species sensitive to water demand during the daytime (Parent et
al., 2010). The control of stomatal openings is crucial for managing water resources and
photosynthesis. The effects of endophytes on stomatal control have shown conflicting results
in different plant species.

A series of greenhouse experiments were conducted using rice to understand endophyte
effects on host-plant water relations comprehensively (Rho et al., 2018b). The study
investigated physiological attributes such as stomatal responses, water use, and biomass gain
upon endophyte inoculation. The effects of different endophyte strains and environmental
conditions, such as water deficits, elevated CO2, and light levels, were also examined.

The study also explored the potential role of endophytes in mitigating the down-regulation
of photosynthesis under elevated CO2 conditions(Rho et al., 2020). Like rhizobium bacteria in
legumes (Ainsworth and Rogers, 2007 ; Rogers A. et al., 2009), endophytes may help alleviate
down-regulation by facilitating carbon (C) and nitrogen (N) metabolic processes.

The respiratory activity of endophytes contributes to their energy requirements, derived
from carbohydrates provided by the host plant (Rho et al., 2018a). The release of CO2 during
respiration can be re-assimilated by the host plant for photosynthesis (Bloemen et al., 2013),
potentially reducing the need for stomatal openings to take up atmospheric CO2. The re-
assimilation of respiratory CO2 can benefit plants by providing an additional source of CO2
for photosynthesis.

Further investigations are needed to understand the respiratory behaviors of endophyte-
symbiotic plants and the metabolic costs and benefits associated with endophytic symbiosis.

Overall, the study provides insights into the mechanistic impacts of endophyte symbiosis
on water relations and photosynthesis in rice plants, offering valuable knowledge for enhancing

crop sustainability and water management in agriculture.
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Material and Methods

Experiment 1: A greenhouse study using multiple endophyte strains
1.1 Origins and inoculation preparation of endophytes

Nine strains of diazotrophic endophytic bacteria and yeast used in this study were
previously characterized by Doty et al. (2009). These strains (WP1, WP5, WP9, WP19, WPB,
WWS5, WW6, WW7C, and PTD1) were isolated from wild black cottonwood and willow trees
at the Snoqualmie River, Western Washington, while PTD1 was isolated from hybrid poplar
(Doty et al., 2005). These strains have shown potential diazotrophic activity and positive
effects on biomass increase in host plants (Doty et al., 2009 ; Kandel et al., 2015 ; Khan et
al., 2015 ; Khan et al., 2016 ; Knoth et al., 2013 ; Knoth et al., 2014). We used the same
inoculation method developed in prior studies.

The selected endophytes were grown on a N-limited combined carbon medium (NL-
CCM) to maintain their N fixation ability. After confirming growth, cell suspension cultures
were initiated in flasks with NL-CCM broth. The optical density of the bacterial culture
was measured after 3-5 days using a spectrophotometer (UV-1700, Shimazu America Inc.,
Columbia, MD, USA). The final inoculation concentration was adjusted to OD600 = 0.1 (~1
x 107 cells) using sterile deionized water and N-free liquid media (Doty et al., 2009). A mock

inoculum was prepared as a control. All procedures were conducted using sterile techniques.

1.2 Preparation of plant and microbial materials

Three bacterial strains (WP5, WPB, and PTD1) were selected to study host plants' water
relations, particularly stomatal behaviors. Experiment 1 was conducted from October 15th,
2014, to March 28th, 2015.

The M-206 rice variety (Oryza sativa subsp. japonica M-206, very-early to early-maturing
variety) was chosen and surface-sterilized using 3% NaOCI. Seeds were rinsed with sterilized

deionized water to eliminate the remaining NaOCI. Although this technique may not remove
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all internal microorganisms, it ensures surface cleanliness for studying endophyte effects.
Seeds were planted in 1-gallon pots with horticultural root media (Sunshine Mix #2 Sun
Gro Horticulture, Agawam, MA, USA). Four treatment groups (WP5, WPB, PTD1, and CTRL)
with ten replicates each were arranged in a randomized complete block design. The greenhouse
had controlled temperature, relative humidity (RH), and lighting conditions. After inoculation,

plants received a N-free liquid nutrient solution and water.

1.3 Measurement of stomatal conductance

On the 163rd day after germination, at approximately the R3-4 growth stage, diurnal
changes in stomatal conductance (gs) were measured at 3-hour intervals from 9 am to 6 pm
using steady-state leaf porometers (SC-1, Decagon Devices, Inc., Pullman, WA, USA). The

instruments were calibrated on-site before the initial measurements taken at 9 am.

Experiment 2: Growth chamber study with endophyte consortia

To gain mechanistic insights into stomatal conductance responses, we repeated
Experiment 1 in the same greenhouse facility from March 23rd to July 20th, 2017. The
objective was to test the hypothesis that endophyte consortia producing ABA would increase in

vivo ABA concentrations in host plants.

2.1 Plant material preparation and inoculation

We followed the protocols from Experiment 1 for preparing the plant and microbial
samples and conducting the inoculation process. In summary, 32 rice plants were grown in
3-gallon pots in four sunlit chambers. Half of the surface-sterilized plants were inoculated with
the nifH endophyte consortium seven days after germination. The plants were cultivated under
well-watered and N-limited conditions, and measurements and sampling were carried out
over 104 days. The average air temperature, recorded using a data logger (CR1000, Campbell
Scientific, Logan, UT, USA), was 21/17 ° C (day/night). The average daily light integral

(DLI) was 10.8 mol m—2 d—1 of photosynthetically active radiation (PAR) with a 16/8-hour
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photoperiod of supplemental lighting. Air temperature and light intensity were recorded every

15 minutes. The average relative humidity (RH) was 57% during the day and 59% at night.

2.2 Measurement of stomatal conductance
At 66 days after germination, around the V6-7 growth stage, gs of the youngest fully
expanded leaves was measured at 12 pm and 6 pm using steady-state leaf porometers (SC-1).

The measurement procedure described in Experiments 1 and 2 was applied.

2.3 In vivo ABA assay

Diurnal changes in in vivo ABA content were determined biochemically using the
Phytodetek enzyme-linked immunosorbent assay (ELISA) kit (PDK 09347/0096, Agdia,
Elkhardt, IN, USA). At 96 days after germination, rice leaf samples were harvested around
the R3-4 growth stage at 12 pm and 6 pm. The fully expanded youngest leaves were frozen
in liquid N in centrifuge tubes and stored at —80 ° C until further analysis. The samples were
ground into a fine powder, and approximately 100 mg of each powder was transferred to a
microtube. ABA was extracted using 1 mL of 80% methanol at 4 ° C overnight. The mixture
was centrifuged at 10,000 rpm for 5 minutes, and the supernatant was collected. The pellet
was resuspended, and the extraction process was repeated with 1 mL of fresh 80% methanol at
4° C overnight. After centrifugation, the supernatant was combined with the previous day’ s
extracts. The pooled supernatant was dried using a vacuum concentrator until approximately
50 ¢ L of liquid remained. The dried extract was diluted with TBS buffer (25 mM Tris-HCl
pH 7.5, 100 mM NaCl, 1 mM MgCl2, 3 mM NaNO3) to a final volume of 500 ¢ L. The
diluted sample was further analyzed for ABA using the Phytodetek ELISA assay kit, and ABA
concentrations were measured using a multichannel spectrophotometer (Multiskan FC, Thermo
Fisher Scientific, Waltham, MA, USA). Each sample (CTRL/MIX) at each time point had eight

replicates.
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Experiment 3: Water deficit study with endophyte consortia

Experiment 3 aimed to assess endophyte effects on long-term water use efficiency
(WUE) under well-watered and water deficit conditions. The trial was conducted from July
14th to October 6th, 2015, using M-206 rice. Differences from previous experiments included
endophyte treatment and fertilization/irrigation conditions outlined below. Measured metrics

were weekly pot-based transpiration and biomass allocation at harvest.

3.1 Plant material preparation and inoculation/water deficit treatments

The average air temperature (day/night) was 29/20 ° C. The average DLI was 35.8 mol
m—2 d—1 of PAR with a 16/8-hour photoperiod. The average RH was 57%/71% (day/night).

Following seed surface sterilization, four rice seeds were planted in 1-gallon pots with
horticultural root media (Sunshine Mix #4). Thirty-two pots were prepared and placed in
plastic buckets. Half of the samples were inoculated seven days after germination with an
endophyte consortium. Each plant received a 2-mL inoculum of the consortium (MIX) using
the described technique. The other half received a mock inoculum (CTRL).

Similar to Experiment 1, a randomized complete block design was used. Six pots without
plants were used to measure weekly soil evaporation rates. Every week, 200 mL of full-
strength N Hoagland solution was supplied, and pots were fully irrigated. After six weeks, half
of the pots experienced water deficit (S), while the other half remained non-stressed (NS). The
design included non-stressed control (NS_CTRL), non-stressed inoculated (NS_MIX), stressed
control (S_CTRL), and stressed inoculated (S_MIX) groups, each with eight replications. Soil

water potential was measured using a psychrometer (SC-10).

3.2 Calculation of water use efficiency

Weekly transpiration was recorded until harvest after four weeks of induced water deficits.
Total transpiration was calculated. Measured dry weights were divided by total transpiration
after 72-hour drying at 70 ° C. Pot-based total transpiration and dry weights were used to
calculate WUE.



Improvement of Water-Use Efficiency of Crops using Symbiotic Microorganisms: A Potential
Sustainable Approach to Water Management in Cropping Systems $ ¥

WUE of productivity = total biomass gain (g)/total transpiration (L/pot).

Experiment 4: CO2 enrichment study with a single endophyte strain
In this experiment, we aimed to investigate the stomatal responses influenced by

endophytes under two different atmospheric CO2 concentrations.

4.1 Preparation of plant material and inoculation with endophytes

The host plant species chosen was M-206 rice. Seeds were surface-sterilized with
3% NaOCl solution and incubated in sealed Petri dishes on water agar. After germination,
seedlings were transferred to pots filled with horticultural media. Endophyte-inoculated
treatment (E+) received 2 mL of the endophyte inoculum applied to the crown of the seedlings,
while the mock-inoculated control (E—) received an equal volume of endophyte-free solution.
The pots were placed in plastic buckets for easy water and fertilizer supply. Each chamber
accommodated both E— and E+ pots and an empty pot for monitoring soil evaporation. Weekly

fertilizer supply and full irrigation were maintained.

4.2 CO2 treatment and inoculation

The experiment followed a 2 x 2 factorial design, with two atmospheric CO2
concentrations (ambient CO2, AMB, and elevated CO2, ELE) and two inoculation statuses
(E— and E+). Four chambers were used, two for AMB and two for ELE. CO2 concentrations
were controlled using air ducts and flowmeters. Each chamber accommodated eight pots and
an empty pot for evaporation monitoring. Temperature, humidity, light intensity, and CO2
concentration were recorded. The average temperature was 23/19 ° C, RH was 60/66% (day/

night), and the DLI was 9.1 mol m—2 d-1 of PAR.

4.3 Stomatal conductance measurements

At 128 days after germination, gs of the youngest fully expanded leaves was measured at
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3-hour intervals using leaf porometers (SC-1). The measurement procedure was consistent with

Experiment 1.

4.4 Simultaneous leaf gas exchange and chlorophyll fluorescence measurements

Leaf gas exchange and chlorophyll fluorescence parameters were measured on the
second youngest fully expanded leaves. Parameters such as net CO2 assimilation rate (A),
gs, transpiration rate (E), and electron transport rate (ETR) were recorded using portable gas
analyzers equipped with leaf chamber fluorometers. Intrinsic and extrinsic water-use efficiencies
(IWUE and eWUE) were calculated. CO2-response curves (A/Ci curves) were constructed
under ambient and low oxygen conditions to estimate photosynthetic parameters. The low-[O2]

method was used to estimate leaves’ mesophyll conductance (gm)(Bunce, 2009).

Experiment 5: A controlled environment in vitro and in vivo study using a single
endophyte strain for respiration measurement
5.1 Leaf respiration measurements

Leaf samples were collected to measure CO2 release and O2 consumption to
determine rice plants' respiration rates. One plant was randomly selected per pot 100 days
after germination (DAG). The total leaf area of each plant was measured using a leaf area
meter. The leaves were then placed in Petri dishes covered with aluminum foil to promote
respiration. After dark adaptation, the Petri dishes were inserted into a soil flux chamber of a
gas exchange measurement system to measure CO2 efflux. The CO2 release data was divided
by leaf area measurements to estimate the area-based respiration rate. Immediately after the
CO2 measurements, leaf samples were excised to obtain two leaf disks. The leaf disks were
incubated in a chamber of an O2 electrode to measure O2 consumption. The leaf disks were
collected, dried, and weighed to calculate a mass-adjusted respiration rate. This rate was then

used to adjust the area-based rate by multiplying it by the specific leaf area.
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5.2 Quantification of endophytic bacteria in planta

A separate experiment was conducted to quantify endophytic bacteria in rice plants.
Surface-sterilized seeds were grown in pots under the same conditions as the main experiment.
Half of the seedlings were mock-inoculated, while the other half were inoculated with WP5.
The plants were grown under fully irrigated conditions until the panicle initiation stage.
Bacterial extraction was performed on 100 DAG. Leaf, stem, and root tissues were separated
and surface sterilized. Samples were homogenized and spread on agar plates for bacterial

counting.

5.3 Estimation of microbial respiratory CO?2 in planta

The assumption that rice provides sufficient carbohydrates for endophytic respiration was
supported by measuring the soluble sugar content in the rice sap. The microbial respiratory
CO2 release in planta (Rmic) was estimated by multiplying the bacterial density (CFU), the
respiration rate (R), and the fresh weight (FW) of each tissue. Using a portable gas exchange
measurement system, these estimates were compared to A measured by gas exchange
measurements. Combined with the in vitro bacterial respiration survey data set, the estimates
of microbial respiratory CO2 release in planta (Rmic) was determined using the following

equation.

R,ic(umol g71s™) = CFU (cells FW g™') X R (umol s™1g™1) x FW(g)

Statistical analysis

Statistical analysis was conducted using R version 3.2.2 for all experiments. The specific
procedures varied depending on the design of each experiment. Experiment 1 used a contrast
matrix to compare control plants with three single-strain inoculated plants, with a blocking
effect included in the model. For Experiment 2, a simple t-test procedure was applied at each

time point to identify significant differences between control and inoculated plants. Experiment
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3 employed a 2 x 2 factorial design with blocking effects on the experimental plot. Two-way
ANOVA was used to analyze the response variables. In Experiment 4, a split-plotted CO2
treatment design was used. The chamber effect was found to be non-significant, and therefore,
a two-way ANOVA was applied to the variables corresponding to the factorial design.
The number of replications for Experiments 1, 2, 3, and 4 were eight, ten, eight, and eight,
respectively.

Experiment 4 used a mixed-effect model due to the split-plot design and random effects.
The N treatment was set as a random effect, and the inoculation treatment and CO2 treatment
were considered fixed effects. The chamber effect was tested as a random effect in Experiment
4-2 and was determined to be insignificant. Two-way ANOVA was performed using a linear
mixed-effect model regression, and Tukey' s HSD method was used for within-group
separation.

In Experiment 5, a standard two-sample t-test procedure was employed to test the
statistical significance of differences in all measures. Blocking effects were removed in the
analysis.

All statistical analyses were conducted using R version 3.2.2 (R Core Team, 2020).

Results and Discussion

Decreases in stomatal conductance during daytime by endophytes

The daytime decreases in gs were observed in E+ plants inoculated with multiple strains
of bacteria (PTD1/WP5/WPB). These strains resulted in an average 27% decrease in gs at 12,
3, and 6 pm in Experiment 1 (Fig. 1), with significance levels of P = 0.124, 0.005, and <0.001,
respectively. At noon, there were no significant differences in gs and in vivo ABA content
between E— and E+ rice leaves (Fig. 2). However, at 6 pm, there was a significant decrease
in gs (P = 0.043) and an increase in in vivo ABA concentrations (P = 0.006) in E+ rice leaves

(Fig. 2). Overall, endophyte inoculation caused a nearly three-fold increase in in vivo ABA
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concentrations in rice leaves.

Similarly, in Experiment 4, inoculating a single strain endophyte resulted in a significant
daytime decrease in gs. There was an average 18% decrease in gs at 12, 3, and 6 pm (Fig. 4)
with significance levels of P = 0.037, 0.013, and 0.081, respectively. No statistical differences
were found in other time points between AMB and ELE conditions. At 9 am, there were
no differences in measurements between E— and E+ plants (P = 0.195, Fig. 4). During the
peak time of the photosynthetic gas exchange (12-3 pm), the differences in gs became more
pronounced, showing 20 to 21% decreases in E+ plants. High CO2 levels reduced gs by 29%
across both E— and E+ treatments (Fig. 4).

Consistent patterns of afternoon decrease in gs were observed in Experiments 1, 2, and
4 (Fig. 1, Fig. 2A, and Fig. 4). These experiments, conducted under different environmental
conditions, showed similar patterns of decreased gs in the afternoon.

Two potential mechanisms explain the afternoon reduction in stomatal conductance.
Firstly, it could be attributed to the effects of endophyte ABA production. ABA is a critical
hormone in stomatal control, and the inoculated plants may have had higher ABA levels
due to the additional ABA provided by the endophytes, leading to faster stomatal closure.
Additionally, endophytes may induce faster circadian clock responses to environmental cues,
enabling more efficient water use by the host plants. The two-fold increase in WUE observed
in Experiment 3 under water deficit conditions supports this hypothesis (Fig. 3C).

The second explanation involves microbial respiration and the recycling of CO2 by plants.
As gs decreased in the afternoon, CO2 supply from the atmosphere would drop in E+ plants.
However, the increases in WUE suggest that E+ plants could maintain photosynthetic CO2
assimilation with less CO2 through stomata. It is possible that respired CO2 by endophytes
in the intercellular spaces of leaves could be readily available for the Calvin cycle, avoiding
the need for diffusion over longer distances. Previous studies have shown the re-assimilation
of respired CO2 by plant tissues, highlighting the significance of respired CO2 sources in the

assimilation process.
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In contrast to our findings with bacterial and yeast endophytes, a meta-analysis by
Auge et al. (2015) reported an average 24% increase in gs by mycorrhizae under water-
stressed conditions. The mechanisms underlying these two symbiotic interactions differ, with
mycorrhizae aiding in water absorption from the rhizosphere to enhance drought tolerance. At
the same time, endophytes, as observed in this study, contribute to water conservation mainly

by reducing gs.

Increases in WUE of hosts

We observed increases in biomass and WUE in rice plants under both non-stress (NS) and
water deficit stress (S) conditions (Fig. 3). The water deficit treatment significantly affected
all three measures: a 62% decrease in biomass (P< 0.001, Fig. 3A), an 85% decrease in total
transpiration (P< 0.001, Fig. 3B), and a 221% increase in WUE of productivity (P = 0.002, Fig.
3C) for all plants (CTRL and MIX combined). E+ plants exhibited a 16% increase in biomass
compared to E— plants under water deficit treatments (P = 0.039, MIX in Fig. 3A). The effect
of endophytes in reducing total transpiration was more pronounced under the S treatment
compared to the NS treatment (P = 0.009, interaction effect — INT — in Fig. 3B), with decreases
0f 30% and 22% in S and NS, respectively (P = 0.096 and <0.001).

The endophyte treatment significantly increased the WUE of the combined NS and S
plants (84% increase, P = 0.047, Fig. 3C), primarily due to decreases in total transpiration
(26% decrease, P< 0.001, Fig. 3B) rather than increases in biomass (16% increase, P = 0.039,
Fig. 3A). The effectiveness of endophyte treatment was more pronounced under S, with WUE
increases more than two-fold compared to NS (116% vs. 52% in Fig. 3C).

The alterations in stomatal development and diurnal behaviors, accompanied by plasticity
in cell water relations, give host plants an advantage in water conservation during the daytime,
particularly under high light and warmer conditions when evapotranspiration demand is high.
Although stomata were closed and the supply of atmospheric CO2 to the intercellular spaces

was reduced, photosynthetic CO2 assimilation was not affected by endophyte inoculation. This
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advantage will likely accumulate over the entire growth period, indicating that it can have a
more significant impact if there are more sunny days than cloudy and overcast days.

The decreases in cumulative total transpiration of the inoculated plants were more
significant under water deficit conditions (Fig. 3B). The beneficial effects of endophytes
on host plants under stress conditions have been reported in numerous studies. These
microorganisms appear to activate the defense mechanisms of plants by signaling stress
response pathways even before the stress is imposed, thereby enhancing the host's ability to

cope with various stress conditions (Pandey et al., 2012).

Alleviation of photosynthetic down-regulation by endophytes under elevated CO2
conditions

The A/Ci curve analysis revealed that the ELE treatment led to photosynthetic down-
regulation at the panicle initiation stage in E— plants under both high N (HN) and low N
(LN) conditions (Fig. 5). However, the A/Ci curves of E+ plants showed higher asymptotes
compared to E— plants.

In E— plants, the FvCB photosynthetic biochemistry parameters (Vc¢,max, Jmax, and TPU)
of the A/Ci curves were decreased by the ELE treatment compared to E+ plants under ambient
(AMB) conditions (Table 1). Under HN conditions, E— plants exhibited decreases of 10% in
Ve,max, 3% in Jmax, and 21% in TPU in response to the ELE treatment. Under LN conditions,
E- plants showed a 16% decrease in Jmax and a 2% decrease in TPU. In contrast, E+ plants did
not show reductions in these parameters. Under ELE conditions, E+ plants had increases of 5%
in Vc,maxand 14% in Jmax compared to E— plants under HN conditions. The increases were
more pronounced under LN conditions, with E+ plants showing a 33% increase in Vc¢,max, a
7% increase in Jmax, and a 22% increase in TPU. These increases in parameters in response to
endophyte inoculation were all significant (Table 1, P< 0.01). Significant interaction effects of
INOCxCO2 were observed for Jmax and TPU (P =0.031 and P =0.010, respectively).

The down-regulation of C3 photosynthesis typically involves decreases in the initial slope
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(Ve,max) and the asymptote (Jmax) of the A/Ci curve, as observed in our results (Fig. 5). This
down-regulation starts with the accumulation of non-structural carbohydrates (NSCs) and
starch in chloroplasts of source tissues exposed to long-term elevated CO2. This accumulation
leads to a reduction in Rubisco turnover rates and ultimately decreases the content and activity
of Rubisco and associated enzymes involved in CO2 assimilation in the Calvin-Benson cycle
as a negative feedback response (Drake et al., 1997). Interestingly, E+ plants showed higher
FvCB C3 photosynthetic parameters values, with higher V¢,max, Jmax, and TPU than E—
plants under ELE conditions, regardless of N levels (Table 1). This pattern of A/Ci curves
resembles the photosynthetic responses of legumes to ELE conditions reported by Ainsworth
and Rogers (2007). They found that legumes showed fewer down-regulation symptoms
compared to other C3 crop species in studies using FACE facilities worldwide, as evident from
A/Ci curves and parameterizations. This phenomenon was attributed to the ability of legumes
to utilize N derived from BNF to sustain Rubisco content and capacity under ELE conditions,
as well as the increased sink strength provided by nodules formed by symbiotic rhizobium
bacteria in legume roots. Ainsworth et al. (2004) experimentally demonstrated the source-
sink relationship between plant hosts and symbiotic bacteria under elevated CO2 levels by
manipulating the sink strength of the plant. They found that a decrease in sink capacity due to
the absence of nodules resulted in significant down-regulation of photosynthesis. Furthermore,
endophytes can fix N, which can be utilized for creating sink tissues and promoting biomass
production (Kim et al., 2003).

In this context, a possible explanation for mitigating down-regulation in plants inoculated
with N-fixing endophytes can be drawn from the legume-rhizobium symbiosis analogy. First,
the BNF by endophytes is a well-established trait of plant-endophyte interactions, as supported
by our previous study with Salicaceae endophytes (Knoth et al., 2014). Although we did not
estimate the amount of N in the leaves originating from endophytes in the present study, the
higher chlorophyll content in E+ plants compared to E- plants indicates an increase in leaf

N status (Table 1). Leaf chlorophyll content is strongly correlated with leaf N content in
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rice. SPAD units are commonly used as indicators of leaf N status. Therefore, the increase in
chlorophyll content may explain the overall improvement in photosynthetic performance in the
presence of N-fixing endophytes. Second, although the biological sink strength of endophytes
has not been quantified, they actively consume carbohydrates provided by the plant host.
Considering that other symbiotic associations (such as rhizobium bacteria and mycorrhizal
fungi) can cost the host plant 5-20% of total carbohydrates, it is likely that endophytes also
drain a significant amount of carbohydrates from the host, serving as active biological sinks.
Host plants can allocate more extensive carbon reserves when abundant environmental

substrates are available, particularly under ELE conditions.

Increases in ETR and gm under elevated CO2 with endophyte inoculation

The ETR was higher in E+ plants compared to E— plants only under the ELE treatment,
and endophyte inoculation increased ETR by 20% and 28% in HN and LN conditions,
respectively (Table 1). No changes in ETR were observed under AMB conditions in either N
regime. The INOCxCO?2 interaction effect was significant.

Although the specific mechanisms underlying the increases in ETR in response to
endophyte inoculation under ELE conditions are challenging to determine with our data,
the response was consistent under both N-sufficient and N-limited conditions. Woodward
et al. (2012) found that symbiotic tomato plants with fungal endophytes exhibited increased
photochemical efficiency (O PSII) compared to non-symbiotic plants. The increase in @ PSII
can explain the increased ETR since the relationship between the two is positively linear
(Baker, 2008). This suggests that more ATP and NADPH were produced in the light reaction
of photosynthesis per unit of absorbed light energy in symbiotic plants compared to non-
symbiotic plants, and these energy-rich molecules are consumed in the process of CO2
fixation, as seen in the increases in Amax (Table 1, Fig. 5).

Considering that plants under elevated CO2 will experience limitations in photosynthesis

due to decreased regeneration of RuBP (Ainsworth and Rogers, 2007), the increases in ETR

102



bt

103

2023E A BRIFEABEBEH T em L E

Proceedings of International Conference on Cropping System for Sustainability

resulting from endophyte inoculation, along with other relevant PSII activities, are promising
results.

Mesophyll conductance (gm) showed contrasting responses to endophyte inoculation
depending on CO2 levels (Table 1), and the INOCxCO?2 interaction effect was marginally
significant (P = 0.053). Under ELE conditions, E— plants exhibited significant reductions
in gm, with decreases of 29% and 70% under HN and LN conditions, respectively, while
E+ plants showed an 18% increase with HN and a 27% decrease with LN. In response to
endophyte inoculation under ELE conditions, plants showed increases in gm of 39% and
142% under HN and LN conditions, respectively. This was associated with increases in the
ratio of intercellular to ambient CO2 concentration (Cc/Ci) of 4% and 58% under HN and LN
conditions, respectively (Table 2).

Higher gm facilitates the diffusion of CO2 through the chloroplast walls and other layers
along the pathway from the atmosphere to the site of carboxylation, allowing for a better
supply of CO2 to the photosynthetic machinery (Flexas et al., 2008).

Increases in gm were observed only under ELE conditions, coinciding with ETR increases
(Table 1). The coordinated mechanisms of photosynthetic electron transport in PSII, together
with the supply of bicarbonate to the thylakoid space, have been described and reviewed by
Govindjee et al. (1993) and van Rensen and Klimov (2005). Under ELE conditions, plants
produce more carbohydrates due to increased carboxylation substrate supply. Microorganisms
residing in the intercellular spaces of host plants consume photoassimilates through respiration,
releasing CO2 that can readily dissolve into bicarbonate ions (Rho et al., 2018a). This may
enhance the light-harvesting process in PSII, leading to an increase in ETR. Upregulating
the activities of the PSII complex can also suppress stomatal opening without affecting CO2
assimilation, resulting in increased WUE, as observed in our results (Table 1). With more CO2
and NSCs under ELE conditions and, consequently, more microbial release of respiratory CO2,
symbiotic plants have a better chance of having more internal CO2 available for assimilation.

As a consequence, gm could be increased by this signal and further stimulate the entire
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assimilation process, as indicated by the increases in Amax in our data.

Further increases in WUE with endophyte inoculation under elevated CO2 and
low-N conditions

Overall, there were no significant changes in intrinsic water use efficiency iIWUE) in E+
plants in response to the endophyte inoculation. However, a significant increase was observed
in the effective water use efficiency (eWUE) (P = 0.028, Table 1). The 58% increase in the
ratio of intercellular to ambient CO2 concentration (Cc/Ci) is consistent with this increase in
eWUE (P =0.096).

Under HN conditions, the endophyte inoculation did not change eWUE in plants.
However, under LN conditions, a significant 20% increase in eWUE was observed in E+ plants
(P=0.045).

Furthermore, we found that the response of WUE in E+ plants was influenced by N
supply, with more significant increases observed under LN conditions compared to HN (Table
1). In contrast, Rho et al. (2018b) showed that Salicaceae endophytes increased WUE by
reducing stomatal aperture during the afternoon while maintaining photosynthetic capacity
under AMB conditions. Under ELE conditions, endophytes appear to modulate internal leaf
components in the presence of abundant resources, such as carbohydrates. More fundamental
approaches at the molecular scale are required to gain a mechanistic understanding of these
responses.

Endophyte inoculation under AMB conditions did not significantly alter physiological
characteristics at the leaf level (Table 1). This aligns with the findings of Rogers Alistair et al.
(2012), who observed increased biomass. However, no effects on photosynthetic parameters
such as A, gs, and photosynthetic WUE (i.e., either iWUE or eWUE) in Enterobacter-
inoculated Populusdeltoides cuttings. The authors suggested that the productivity increases
were more related to increases in leaf area at the whole-plant physiological scale. Although

some parameters showed varying effects, E+ plants in our study displayed similar responses to
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E— plants under AMB conditions.

Nevertheless, several photosynthetic parameters showed significant INOCxCO2
interactions, includingAmax, ETR, Jmax, TPU, gm, and Cc/Ci (Table 1). This indicates that
endophyte inoculation enhanced these photosynthetic properties, which may be more efficient

under ELE conditions.

Estimating microbial respiratory CO2 from endophytic bacteria in rice

A series of in planta and in vitro assays were conducted to estimate the effects of the
bacterial endophyte strain WP5 on rice plants. WP5, isolated initially from native poplar trees
in Washington State, was identified as Rahnella sp. through 16S rRNA sequence analysis. In
planta assays were performed using rice as a C3 model crop, while pure cultures of WP5 were
grown in MG/L media plates for in vitro assays.

Results from in planta respiration measurements showed that E+ plants exhibited higher
rates of CO2 release (Rc) and O2 consumption (Ro) compared to E— plants, as measured by a
gas exchange measurement system and a Clark-type electrode, respectively (Fig. 6). However,
there was a significant difference between the two methods of measurement (P< 0.001). The
Ro method detected a significant 159% increase in respiration rate in endophyte-inoculated
plants (P = 0.004), while the 24% increase observed using the Rc method was insignificant (P
=0.215).

Estimates of microbial respiratory CO2 release demonstrated that endophytic microbes,
such as WP5, can contribute a substantial amount of CO2 to the system (Fig. 7). The total
respiration estimate for WP5 was 0.143 g mol CO2 g—1 s—1, which was similar to the actual
photosynthetic assimilation rate of 0.127 g mol CO2 g—1 s—1.

The hypothesis for this study was derived from previous research indicating plants’  re-
assimilation of respired CO2. Bloemen et al. (2013) demonstrated that the upper leaf tissues
can re-assimilate a portion of CO2 respired by root tissues. Similarly, Busch (2020) showed

that photorespired CO2 in C3 plants can be incorporated into photosynthetic assimilation
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processes. These findings provided the foundation for the prediction made in this study.

The estimated density of bacterial microbiota population on leaf surfaces is typically
around 1 x 106-107 cells cm-2. Our microbial count information showed a similar range of
microorganisms in the host plants. Based on our results, we estimated the bacterial respiration
in rice plants to be 0.143 g mol CO2 g—1 s—1, which could contribute significantly to the
plants' CO2 assimilation/production cycle. Although some respired CO2 is lost during
mass transport in root and stem tissues, approximately 20% of transported CO2 could be
re-assimilated. This suggests that an additional 0.071 1 mol CO2 g—1 s—1 from microbial
respiration could potentially be available for photosynthesis in leaves, accounting for
approximately 57% of the total assimilation (Fig. 7). The difference in in planta respiration
rates between E— and E+ plants observed by the Rc method (24%) was not as pronounced as
that observed by the Ro method (159%). This indicates that some portion of the respiratory
CO2 may reenter the photosynthetic assimilatory pathways and be incorporated into the plant
before release, resulting in decreased detectable CO2 release in E+ plants measured by the Rc
method.

Further empirical evidence, such as employing the 13CO2 method to differentiate photo-

assimilates, is needed to verify this hypothesis.

Conclusion

In summary, our research aimed to assess the symbiotic impacts of Salicaceae
endophytes on the eco-physiology of rice plants and evaluate the potential of using symbiotic
microorganisms to enhance crop WUE for building sustainable cropping systems. Our focus
was on carbon metabolism and water relations. The experiments were designed based on
current knowledge of plant-microbe interactions.

The water relations study (Rho et al., 2018b) revealed that endophyte inoculations led

to alterations in water relations and improved WUE in rice plants. Previous characterization
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of Salicaceae endophytes demonstrated their potential to produce ABA, a phytohormone that
regulates stomatal responses. We observed decreased stomatal conductance and density in
endophyte-inoculated rice plants, reducing transpiration and water consumption. Despite these
changes, the photosynthetic capacity and biomass of the inoculated plants remained unaffected,
leading to a significant enhancement in WUE.

In the photosynthesis study (Rho et al., 2020), we investigated the effects of endophyte
inoculations on photosynthetic performance under elevated CO2 conditions. C3 plants
typically experience down-regulation of photosynthesis in response to long-term exposure
to elevated CO2, resulting in reduced biomass gain. With their ability to fix atmospheric N,
we hypothesized that Salicaceae endophytes would mitigate this down-regulation. Indeed,
endophyte-inoculated rice plants displayed improved photosynthetic enzyme activities,
increased Rubisco capacity, and enhanced internal CO2 diffusion for carboxylation,
particularly under N-limited conditions. Consequently, these improvements increased WUE in
the inoculated plants, especially under elevated CO2.

Furthermore, our respiration study (Rho et al., 2018a)explored the possibility of re-
assimilation of endophytic microbial respiratory CO2. We found that endophyte inoculations
increased the respiration rates of the host plants. In vitro, characterization of microbial
respiration revealed a positive correlation between microbial respiration rates, microbial cell
numbers, and carbohydrate supplies. The density of endophytic bacteria in plant tissues was
significantly higher in the inoculated plants. Based on these findings, we estimated that around
57% of the CO2 assimilated by photosynthesis was re-assimilated from microbial respiratory
CO2. This re-assimilation could compensate for the reduced uptake of atmospheric CO2 due to
stomatal closure induced by endophytes.

Overall, our study provides insights into the physiological mechanisms underlying the
symbiotic impacts of Salicaceae endophytes on rice plants (Fig. 8). The findings highlight
the potential of harnessing endophytic symbioses to improve crop WUE and contribute to

sustainable cropping systems.
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Table 1 Descriptive and inferential statistics of photosynthetic parameters at the
operational points of the CO2 response curves (Fig. 5). The means of four and eight
replicated responses are provided with the standard errors of the means in parentheses.
F-statistics of two-way ANOVA test results for inoculation effect (INOC), [CO2] effect
(CO2), and their interaction effects on various photosynthesis characteristics are
presented with statistical significance codes. The corresponding P-values of the F-statistics
are presented in parentheses. Adapted from Rho et al. (2020).

Amax ETR Vemax Jmax TPU
(. mol (. mol (. mol 1 mol (. mol
N co2 INOC 1 CO2 m-2 CO2 m-2 CO2 m-2 CO2 m-2 CO2 m-2
s-1 s-1 s-1 s-1 s-1
25.46 128.1 103.3 135.6 11.77
E- 4
(0.476) (5.2406) (2.570) (10.94) (0.851)
AMB
25.17 127.8 113.9 149.9 10.75
E+ 4
(0.029) (5.017) (7.645) (5.545) (0.321)
HN
26.36 103.8 93.11 131.5 9.308
E—- 4
(0.481) (2.431) (3.539) (3.155) (0.364)
ELE
32.23 124.9 108.12 155.2 11.35
E+ 4
(2.437) (9.380) (6.902) (10.90) (0.816)
10.85 84.66 35.65 89.90 5.979
E- 8
(0.797) (7.882) (3.059) (4.460) (0.326)
AMB
11.14 85.53 43.96 86.40 6.525
E+ 8
(0.940) (5.339) (5.147) (5.405) (0.362)
LN
14.23 91.77 36.50 75.50 5.854
E- 8
(0.663) (6.745) (2.529) (2.553) (0.162)
ELE
17.71 117.3 47.58 96.13 7.284
E+ 8
(1.348) (7.909) (5.825) (5.819) (0.392)
INOC 9.441%** 4910% 9.780** 8.923%* 6.989*
df=1 (0.004) (0.032) (0.003) (0.005) (0.011)
CcO2 34.29% %% 2.308 0.118 0.060 0.101
df=1 (<0.001) (0.136) (0.733) (0.807) (0.752)
INOC x CO2 6.310% 4.518* 0.233 5.022%* 6.562%
df=1 (0.016) (0.039) (0.632) (0.030) (0.014)
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gs gm Ci/Ca Cc/Ci E iWUE eWUE SPAD
mol CO2 mol CO2
mol H20 mol CO2 mmol H20
unitless unitless mol-1 mol-1 unitless
m-2 s-1 m-2 s-1 m-2 s-1
H20 H20

0.593 0.190 0.783 0.543 6.517 0.0046 0.393 41.57
(0.091) (0.023) (0.032) (0.028) (0.329) (0.0007) (0.017) (1.157)
0.636 0.160 0.799 0.461 7.143 0.0042 0.369 42.77
(0.047) (0.007) (0.016) (0.028) (0.335) (0.0004) (0.018) (0.510)
0.612 0.135 0.883 0.713 5.851 0.0047 0.473 40.75
(0.095) (0.009) (0.020) (0.020) (0.702) (0.0009) (0.061) (1.016)
0.627 0.188 0.873 0.742 5.783 0.0052 0.558 43.35
(0.041) (0.027) (0.009) (0.013) (0.044) (0.0004) (0.044) (1.187)
0.191 0.166 0.744 0.732 2.259 0.0058 0.484 38.42
(0.016) (0.031) (0.014) (0.066) (0.191) (0.0003) (0.022) (1.465)
0.177 0.150 0.717 0.642 2.069 0.0065 0.540 38.62
(0.021) (0.049) (0.011) (0.056) (0.139) (0.0003) (0.028) (1.071)
0.164 0.050 0.784 0.433 1.709 0.0097 0.844 37.36
(0.026) (0.014) (0.022) (0.076) (0.116) (0.0011) (0.033) (1.515)
0.155 0.121 0.736 0.684 1.815 0.0121 1.013 41.85
(0.018) (0.022) (0.020) (0.069) (0.204) (0.0010) (0.070) (2.562)
0.006 1.134 2.898° 1.006 0.133 2.627 5.176* 3.294°
(0.939) (0.294) (0.096) (0.323) (0.717) (0.112) (0.028) (0.076)
0.315 5.456* 12.09%* 0.032 11.63** 20.25% %% 74.17%** 0.315
(0.577) (0.025) (0.001) (0.857) (0.001) (<0.001) (<0.001) (0.577)
0.012 3.988° 0.664 5.594* 0.009 1.254 2.325 1.928
(0.912) (0.053) (0.420) (0.024) (0.9 26) (0.269) (0.135) (0.172)

Statistical significance codes: o, *, **, and *** for P < (0.10, 0.05, 0.01, and 0.001 levels,
respectively.
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Fig. 1 Diurnal patterns of stomatal conductance (gs) of rice leaves on 163 days after

germination in a greenhouse bench experiment (Experiment 1). Open symbols indicate mean
gs of control groups, whereas closed symbols indicate mean gs of single strain-inoculated
groups (square/circle/triangle = PTD1/WP5/WPB, individually). Error bars of the means
represent £ 1 S.E. of replicated samples (n = 10). Single strain endophyte inoculation effect
(INOC) is provided at P< 0.05 (*), 0.01 (**) levels. Contrast matrix was used to test CTRL vs.
INOC (PTD1/WP5/WPB nested) comparison. Dotted and solid lines highlight mean responses
of CTRL and INOC plants over time. Adapted from Rho et al. (2018b).
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Fig. 2 Stomatal conductance of rice leaves at round V7-8 stage (top panel, A) and in
vivo ABA concentrations (bottom panel, B) of rice leaves harvested at around R3-R4 stage in
a greenhouse sunlit chamber experiment (Experiment 4). Open and closed bars indicate mean
responses of mock-inoculated controls (CTRL) and endophyte consortium-inoculated (MIX)
plants, respectively, provided with error bars as £ 1 S.E. of the means (n = 7-8). Endophyte
inoculation treatment effect (INOC) is provided at P< 0.05 (*) and 0.01 (**) levels at each time

point. Adapted from Rho et al. (2018D).
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Fig. 3 Total biomass (top panels, A), total transpiration over time (middle panels, B),
and water use efficiency (WUE) of productivity (bottom panels, C) of rice without
(left panels, NS) and with (right panels, S) water deficits at harvest in a greenhouse
bench experiment (Experiment 3). Open and closed bars indicate means of mock-
inoculated controls (CTRL) and endophyte consortium-inoculated (MIX) plants,
provided with error bars as £ 1 S.E. of the means (n = 8). Two-way ANOVA test results
of the treatment effects are placed on each panel. Water deficit treatment effect (DRT),
endophyte inoculation treatment effect (INOC), and interaction effect (INT = DRT x
INOC) are provided at P< 0.05 (*), 0.01 (**), 0.001 (***) levels. Adapted from Rho et
al. (2018b).
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Fig. 4 Diurnal patterns of stomatal conductance (gs) of rice leaves grown under two
atmospheric CO2 conditions: ambient (AMB, app. 400 ppm on the left panel) and elevated
(ELE, app. 800 ppm on the right panel) in a sunlit chamber experiment (Experiment 2). Open
symbols indicate mean gs of control groups (E—), whereas closed symbols indicate mean gs of
WPS5 inoculated groups (E+). Error bars of the means represent * 1 S.E. of replicated samples (n
= 8). Two-way ANOVA test results are indicated at each time point. CO2 treatment effect (CO2)
and endophyte inoculation treatment effect (INOC) are provided at P< 0.10 (o), 0.05 (*), 0.01
(**), 0.001 (***) levels. Adapted from Rho et al. (2018b).
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Fig. 5 CO2 response (A/Ci) curves of rice leaves at the panicle initiation stage
following growth under ambient (AMB, ~400 ppm) and elevated [CO2] (ELE, ~800
ppm). The top panels show the responses of plants grown under high-N conditions (HN,
n = 4) and the bottom panels show plants grown under low-N conditions (LN, n = 8).
E—, mock-inoculated control plants; E+, endophyte-inoculated plants. Data are means
(* SE). The solid horizontal lines indicate the asymptotes of the curves for E— plants

under AMB conditions. Adapted from Rho et al. (2020).
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Fig. 6 In planta respiration rates of rice leaves at the panicle initiation stage.
Respiration rates were determined by measuring the consumption of O2 (Ro) and the
release of CO2 (Rc). Bars present the mean responses of mock-inoculated control (E—,
open) and endophyte-inoculated (E+, closed) plants. WP5 (Rahnella sp.) was used
to inoculate the plant samples. Error bars show = 1 S.E.M. (n = 15). Using a 2-way
ANOVA test, highly significant differences by method and by method x inoculation
interaction were found at P< 0.001. Within each method, a t-test was used to detect a
statistical significance in the differences between E- and E+ plants. Asterisks indicate
significant difference between E— and E+ plants at the P< 0.01 level. Adapted from
Rho et al. (2018a).
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Fig. 7 Estimates of endophytic microbial respiratory CO2 release in planta separated
by tissue (Leaf, Stem, Root, and Total, black bars). The estimated total possible
microbial respiratory CO2 for re-assimilation is provided (Estimate, gray bar). The
data are compared with photosynthetic CO2 assimilation of the leaves (Photo, white
bar). Bars indicate the mean responses of WP5 (Rahnella sp.) endophyte-inoculated
rice plants. Error bars indicate = 1 S.E.M. (n = 4). Adapted from Rho et al. (2018a).
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Fig. 8 A hypothetical model to explain the underlying mechanisms centered on leaf
level transpiration, photosynthesis, and respiration of the host plant with endophyte
inoculated. The microscopic image on the background is adapted and edited from

Flexas et al. (2008).
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BRER > R

12

SR B R BRI K SR R (st AR AE B S IR A ARG & ETPA st i s
(closed soilless cultivation) fiz B & 7K 53 FIFZE (water use efficiency, WUE) 4f » 7R Al
BHITE YR i KR - HKEBIRZIZR (zero emission) HHIFFIEE S © (1) T
HEFEAKNE B8R FE/KER EC<0.25 ms.cm-1 ~ Na+ <0.1 mmol.L-1 » Z ] K A
fi#/K &2 800 L.m-2 SR = HIfE  (2) UK K EWERKERE - A2gRE(t - B - &
R RE S ~ P50 ~ B RGN — R FHRIE © (3) ek & M /KIEA R
ERUKEEIEIER () FIEEYI/Ky A8 2 BREE > RS IGERF A T 5 5 s 1
PRSI . &G Bl (5) B S /KERIR R L4 - BRI —(E
SEAVIREIREE - (e EBEPERUE -

BRG] « BMEAEE ~ F2TR ~ KO MARER ~ KERHE ~ $hR - 2835

1 BEHNZEFEEENS
*IHEIVER (chenwl@tcdares.gov.tw)
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Dz
Hl 5

It & Bk & 40 4% (Food and Agriculture Organization, FAO) £ {8 & Bl 2 2[5 24 (The
State of Food and Agriculture, SOFA) #7535 H » 4Bk 70% 7K &5 B 22 5 4 8l 72 25 1) F
(FAO, 2020) - fE&/KETRAVREHAFIES K (fresh water) FEREVHE I > 7K I3 FIFHSER (water
use efficiency, WUE) #z B4 « Sl Ress s/ KAIHRHE FI S ARV AR E 24 - & (T B
HIHE RS BRIEFR/KEIRSL - FURAIFEY)ORaEE i (plant protection products, PPPs) R[]
I KPR FEEIAEI DA Rt oK - S B ER K @M - R E K e R L AE F )
MBFBOKEE R R R - 3B &R 2 B A s /K0 FI R (18 1)(van Kooten
et al., 2008) FI4E EE K G -

I 5% 52 ~ 5%t ] 8 [ i o /K RS A

H 1994 4 DUATHT B8 35 AR 55 R 25 0 I 7K B R ER R Y 25K > 2000 AEBR R K
HEZZ (EU Water Framework) 77 $17E £2 = /K30y B A7 A BERI > 2013 FERERRE R FI PRI
5 (Ministry of Infrastructure and Environment) /-5 7 S BUREAE PR A 2 A2 2 i 6 A A
F1 PPPs HYFEfX (Beerling et al., 2014) » 2018 FHIFRHLR EHFBUK AL BEEAE - AIFRE
95% HJ PPPs » 78 B RFE /BRI HERUH & > HEZRAEZP/KE AR - Gl EC s -
SHTE R (>6-8 mmol.L-1 » FIFEMEY)FAX > 1 mmol.L-1 Na+ B E iSRG Z 5 ) ~ BEAR
St~ R E R AERINGIYES - SRR B R E R - ISR AEK (flush
water) ~ ZTAEIRSRE G HEUKETFILRIR] PPPs HE -

BORT A5 Fi Hst /KA 7KHY R LEEFIAE R& A8 (good chemical and ecological
quality of surface water and groundwater) &> 2027 FE5RHIFTT » TR EFIREEEEATHEI
HEHZE » Dadhiii REEYIEIARE © HRIFEEHFESY 75 kg N-ha-1-year-1 ZHFH KfE
FEEFZEAR. » PRI /K 7% fe B2 22 [l %5 77 & (Land-en Tuinbouw Organisatie, LTO) 2R i -
ST 2027 FE T2 HZEFDR = BIRZHEI (zero-emission) HAFE » HEEEEEZNEE
£ 2040 FEEH 5T 2= A (BTN (CO2-neutral) » Fy T AERIIANBERIE TR > LEH
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R hnEEAE R /K E P EHERUK (drainage water) » DU & & BTHYHEBUREAE - RIEL(E6E
g A E B =04 13552 (closed soilless cultivation) 5, (Beerling et al., 2017) -

I ZIKEIN BN Zero-emission Mg

FyEER /K& S WUE ZE 2 zero-emission » 7 HF AR 1 f i = N H RIS &
a0 () BT HEENKE - Q) /KERHE - Q) EREH - @) TFEalEYmE K O &
7K Z:4% ([B 2)(Van Os et. al., 2020 ; van der Salm et al., 2020) » ZFAHEREAA0T -

(—) ZTHEEIKIE
7K E a8 > AT 73 Fy P EE 1% (physical) ~ (b5 (chemical) K2 4z %) 7% (biological)
=Eby o MIEER R A VKOR - BORERE - AR E - AVMEREE - BEAEY
AEYES ) MLEMEEER LR ESNIEE - BafiEE (pH) ~ & (electric
conductivity, EC) ~ E& X (salinity) ~ [&[5 & 1= = (cations and anions) ~ 48 0] A M E Y
i (total dissolved solids, TDS) ~ 4k [f>% (sodium adsorption rate, SAR) ~ & /LB &L
(oxidation-reduction potential, ORP) ~ 1 [& (hardness) ~ A% & (dissolved oxygen, DO) ~ 4=
{EFFE & (biochemical oxygen demand, BOD)---55 » JFUKHY/KE AI{E K EE/RARC ~ K
"B R KRR RS T 2 MR -
1. St B RS FH 7K 4]
RREM A KMOKEFEER > EEZFH T 0 K S EEHR (R D - HHRAE
RS SRS B BRI RAOKE 2/ 0 FEE SR B ESH - EC<0.5 mS/em ~ pH=5.5-
7.5~ % <150 ppm CaCO3 ~ H A <5 ppm ~ A & >3 ppm » ESHET = 8T
M fF BZRE S (NO3-N) ~ & AR & (NH4-N) ~ Bl BE AR (SO42-) ~ B EZ iR (PO4-) K #if
(K+)<5ppm > fi% % f (CO3-)<10ppm - § (Mg2+)<20ppm > #i§ (Na+) ~ &, (Cl-)<30
ppm > §% (Ca2+)< 40ppm ; & T ZE i@k T (Fe3+)<lppm » §¥ (Zn2+) ~ §ii (Cu2+) ~
#% (Mn2+)<0.5ppm > i (B+)<0.3ppm( % 2)(De Pascale et al., 2013; =; » 2017) »
RHI T P 2R R A AR R /KK > Hodfr EC (0.3-1.2 mS/em) ~ pH(5.9-8.9) ~
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Ca2+(50-120 ppm) ~ Na+(20-50 ppm) ~ Cl- (30-50 ppm) * Mg2+(40-70 ppm) K Fe3+(3-
12 ppm) FiE K E#E (3£ 2)( 15, 2017) - pH EKR 5.5 it 7.5 AIEET
ZA AR RS R R AR S AU S - BRAR G T /KSS 8k 182 231
BEZKHREE » &K P53 < R BE B NaCl #/K 28348 8 1%t T BE B RN EE T X Sk T

1=}

2.

2. K

JEFEE K Z T EE ARG ZK ~ JRJIZK ~ R K ~ K~ BAK -~ BooK--&EZE
EWNSIFEKE - TR R AOKE ROl R 2 G i E % A R - SRR
A KA’ T K ~ B2RKRREK » % PLEC il pH #8 - FiZK R B ARKKZ K
B R IRIE - T K Bt R 7K 2 /KB 72 H &AW R Y AT REMEECR (Van Os et.
al., 2019)( % 3) -

PR K R AR5 5T ERE (LI 4250 == VK - Tef R H = il & SR A
PRZK BETFRE D /D RN B 500 7 75K I7K » KRS BUREF A EHE HE A
500-1,000 m3 - ZEF AR AHBEZE: - i 2 FEEETF IR SRR E - AT
W BRI A DABE R P - IS SRR — (82 800L /K& /m2 ) Z= AR 2 DA
SRS 240 AR = BRI HA U E B HKFTRE (Speetjens et al,

2012) -

(=) 7KEpmH

JFAKKE R S S R A RS N R UR ~ FERVE SRIHZE SR e B R
HrEEIL R - M RKERAREA B RIEEREEMN A O - 23 5
(B /K& EFUK T (7AW B (Phytophthora spp.) ~ G R & (Pythium spp.) ~ HHEE
(Fusarium oxysporum) ~ 17 fi44##% & (Rhizoctonia solani) 25 E B K & (Pectobacterium
spp. and Dickeya spp.) ~ Ffiifi (Ralstonia solanacearum) Z4HE » fEEE R LS HEE S
IR R -

KERRFRITEAEA LR MEE LEERASAIL 3HIE (filtration) ~RARE %L 8L (5
PET-ACHA ) ~ [2BET-ACH ~ 2EET{b (deionization) K2 35i74%7% (reverse osmosis) & (Pardossi
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et al., 2004)( % 4) » TEAEYIMERIRE B SRR - 02 BRI (disinfection) » 5 FRAE 77
EAIAEL - UV RN - SRE(LH] (AR EE W ) RACREERIR > HPLL UV g
B L A i (Sarah et al., 2019) o
1. SRR
F/RESA#EH GRS  — RSB RE(L IR - RHEIEAY T AE R -
FPRAERAEL - FIFBRE - BR - FTRIEEIESEERIR - F2ER
AR EELRI BT TR - BRATIE UK PR EESS - BT AR
T {ESEHET (Fe2+) F1{HEE (Mn2+) EALRIERA 5 a#% - 2R ERERIRAY =(H
8 (Fe3+) ECUfEER (Mnd+) (L&) (41 Fe(OH)3 A1 MnO2) » & #E T LISIE
2. )8
fie— R AR (1,000-10 wm) ~ fAETE (10-0.1 m) ~ #BHEJE (0.1-0.005 pm) ~ 5%
SRAHJE (0.05-0.001 2 m) F723% (0.005-0.0001 1 m) » ZEJEFLICHLA - Bz plcAEL
AR S (B 3) o BRE IR AR K E R B 2 PR — A8 - LAZEER 10-1,000 12 m #i[E
s - HEAA P ER (bow screen) ~ 534 (rotation drum filter) ~ /DJ (sand
filter) ~ A28 (flat bed filter) FIEFAGHE 5 48 JE (screen filter) » Hort DL/D R A1 EH4Y
iE R ER E R  WFREARE EEAE - AR A RIRCRESORTE
HeH (BRELSE - 2022) -
3. [ SR (R1E)
BT ARG A AR A K R By S TR 5T - 0PGBS HUE RS R A H B
Na+ HE{T A HA - 1] B2 BT 5 # kst is AR ] OH- B Cl- #7755 - 2B T /K&
Ca2+ ~ Mg2+ & % i S FREAGIREE » B pH = RS iU ENE R 5500 » FoBEiR
WP REC TR - EEEaES - $E » JRIKFEAC EH 5 SRR (bR B
( PBRELGR » 2022) o H ot Na B EE5EET-SCHAMI S Ry b i (0 RV R B 720 |
P i SRS HE R K HR Y Ca2+ ~ M2+ S5 (5~ AR (LK B > SRR PR I i 8
M FASHARR RSB G I T 22 - KB Al3+>Ca2+>Mg2+ » Cu2+ ~ Mn2+>K+ -
NH4+>Na+>H+ ¢
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4. e
A. UV ZHMRIRGT

100-280 nm 17 UV-C EA M 2 A HE AR - oTH73 DNA J RNA §#45 - &
EUESEE » (IR AEIEEGE T - Hd i (] 2 R B R By 254nm < FirfiE
(B 53 Ryt BE (HD-UV - 383& 200-280nm JJ7 82 B AT fiE S /MR ) BHEBER R
HMEERE (LD-UV > 347 254nm 7 & 2 R4ME ) » B RTDMEBRE B (
4A) + REESCREUAT GRS R IR 2at > I (mW.em-2)x TBEFEERT (s)=
ZRENE (mJ.om-2) » FRSSIFRT ] /K B8RO 2428 > 100m).em-2 & 72 ELE A
A BN ERCR » 160 MJ.om-2 FI B A RSLEF FLARES > 5 AU SE ki ((EFE4R
# MR EE ) TR D02 250 mJ.em-2( #5840 » 1998) -
B. &(LHl

HF @A H H4 (OHe) ~ HHZRRE (0°) ~ NEM (HCIO) FinE(bhrlt - ¢
BRI KR AR L AERE - D HISIAHNAL ) DNA B RNA - [HEM# 2
o EFIIRIRIERESR - B RKERANSRAERS - BEE - &1k
SRR AREES - BEEI T 548 50-80 1 m M8 /K DB BT R Mg o > 7
RREFTA - [FERFINIIAG BE S5 pH &£ 4.0-4.5 - FHEF/KIIA 10 ¢ RERE—
NI 5 R a2 i EROK - HIFR s I 2 B — /N ([ 4B) 5 & L& H202
RS 2 EALK] > 5 ppm H202 H] [73E S E R B ~ 100 ppm A% 56 K &L 73 EE
500ppm ¥HFHFEARL > HARIEEFFLERERTR LA 400 ppm FREE 24 /NEFDLE - {EREAE
500 ppm P _ERISEVIREN SR G E - &S LSRR T {E BRAE ([H 4C) » R
KA A 10 ppm CLERHE - ERARECEREE RS AT LA 2 ppm ~ 45 1-2 {8 5 1T —JGEE >
IR CLREREME 2.4ppm JIl 5 SRR Z2 {5 (Raudales et al., 2014) -

b2 B A AR EET » Wageningen UR B4 F S HERUK
ISR > FFLL 40 1 m microfiter B¢ flatboard filter 2878 » & HEH (2.1
mg.L-1.min-1.0zone during 0.5 min at ORP-value at 600 mV) #¥ & » Bk KGR & 7

BIRACE © HPFBUK Z /KA EAEAWHEWAE - ASEIA S (2.1 mgL-1.min-1.
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ozone during 1 min at ORP-value at 700 mV) > &L, UV(300 mJ.cm-2 UV 254 nm) #%
A 5= PPPs A BEHEH (Beerling et al., 2017) ©
5. MR

TR AR I G T P P B R R - BRI K 2 Y - BBE - ARE
Gh o TRE R EAEELRE T (B S)  HEAEUE AR 2 &',y - BIKRAEFRE -
KEEAK - HERSERNE - AP REEEE GRESERRARE - #85
EERERK 2 B R PPPs » o] F S FHEER A /K Z 835 SRR Ai B © Poseidon
F—ARBUFLZ%5 ([ 6) - Rl B8R IEER (i S R e T 2 EE = E IR A -
Z RSB B HRTE ~ SRIERDE M SR - EME R E 40 PPPs » JRECHE T
NRBIE R FURMER BRI K » (e 80% HYKE -

(=) EEUKEHIREH

1. eHEs 2 e

FEREE R GRS BAPTAESR - DSt/ M ERET A R - WEREUER
SEIKEEER 2-3 mlI-1(FETHRER 30% Z2IRmEHE T (& S) > 2,000 J.em-2.d-1 HIfE
45T 4-6 L.m-2 JEEE/K 5 AERAT CEEST & 200 ~ 400 ~ 600 K 800 W.m-2 BF4&E—/\HE
STV ERE 0-1 ~ 1-2 ~ 2-3 K¢ 3-4 X (3% 6) - JREBRRFEIESE H (AT 1-2 /NEF R a2 H
V&I 1-2 /Ny > EH 2/ 0VERE 10 RELE -
2. Fi7KEfbE=C

Van Tuyll £ A (2022) FI] ] Waterstreams 5% (Voogt et al., 2012) | fi& {57 fEl & i
KSR (B 7) - HAoR AR s 2 B A E PO E - SR A HEYSMNEEK
JRAORE - K ~ #T K ~ BEROKRIRK > AT RS S AR VAR ERE R H Y
R R - RN B (RERRNE ) DUGIKEET - RILEEKFEIFKEEF
H e N E i ENDR = RS AR E - AR s B RS A 80% FEIH 2
BEK ~ 30% 2RKFEER - #HR RN ERE) - TR - EAVUE/KFESFEE T B R
683 L.m—2 ~ 128 L.m—2 ~ 43 L.m—2 f{10 L.m—2 > 4F4&5{ 854 L.m—2 - {if f E A A5
AV s EnEs T 44FE /K& (Raaphorst and Benninga, 2019; van Woerden, 2005) » FFI7K
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B #IE AT 750 £ 950 L.m—2 7 fif o

(M) FFEatEYIRR R

L /EVIFRKE

{EP) 75 55 iU & (Evapotranspiration, ETcrop) /RE{EYIFE /K& > HI{EY) L RIVIES
BARRREZE AN E R DIV E R E M - SERIRE T A /KR E (vapor flux) %
G EE B R R AR RS 2 B B R FTETRL VB EN (latent heat) - &K EAT R RIS AE
VIEE& 072 2555 BE (Scott et al. 2003) » HEYIEMIZERLE ETC MR SE RS
2 BB REZEHLE (ETo) WYELE K N EMAEL (crop coefficient, ke) » & FEIEY) 2 1F
YA BEMAE R G EIEFAE - R ke @ BB EVIRIERIFT R IR T ss 2
FH AR BEER LI AE I 2 28384 » RIATEISHEMG TR/KE - St P A RIHIRE S
Fi> T FERTIGATION ; 551 » 2R EEY) ETe By RIFRIGT R - WA 7%
BT OKAMEE (Voogt et al., 2000) » 1F5 {6k 2 A4 2 o FE FH HR RS K ek 7K R AE
BRI & - I8 E B BB 2 2 (Voogt et al.,2006) « 2Rz AIH T R R IR =
HYE BRI B R P S 8 > AIRES ~ RS - (REVEE - (TR - DUREARR
TR EYE SR EY A DL FOR = ER RIS -

2. BRI A2 M

EEREEREEN R R S AE VIR RSN - A Na iy IR
& - BAETEERKEN T Na fi1 B2 5 — Al - ER AEERE Ik
JRIERF - Nat ~ Cl- HERYEEIR R » B2 EC {HIs - BRSERFENETHE
IREFEY) & R EAGTFH AR ZRAK R - HEESmEEEARZE (R T)
(Kong et al., 2017) = [t} - fRR A ER SRR HEPUEYE EMEEw R - Bk
Na 1 K @A LEEE L - S HR S EORVHTIEER - 78 Na 28 » 59
HEE T BRI AT S R T K US4 - D4R 78 @ U972 & (Munns and
Tester, 2008) °

Na U (mmol.L-1) JE & Fs 48 Na WU FR DAAE /KIS » 28R Y Na Bifg
VIR AR 4R MEAERR M (Vooght and Van Os, 2010) - {E¥J$f Na WSO AT 72
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H— 25 Na RERVE ARG ERGH  WREEBRBEERFRE - B - w1t
KR ICETARURY > Fhi SRR 52 (3% 8) » RIABIIEACE » Fh04E 20 mmol.
L-1 Na #EINEAER - ERNAELEEAMEELE AT ERRE
RIFKEN & & <0.1 mmol.L-1 » E/REAERE MK 6 mmol.L-1 - LAF; IEEY)Z 5
(Beerling et al., 2017) = 43#E Z.4% (split-root System, SRS) Jf& FH 1] 72 i 2% RE » FlI /A
{EA[E B R EERY RS - IEFE R DL — e - RS TIEREECER &
Jii ‘Livento' #xEZHAMH 722K EC {H 5-6 mS.cm-1 ~ Na JEfE 17 6-36 mmol.L-1 >
It SRS B2 N Na & AZ 8 RETTHY 5.5 & > bt 2 %0 Na WUYCRIE NS » (5
Fy 4.48 mmol.L-1 > X817 2.84 mmol.L-1 5t 1.6 i ( [ EL Vooght, 2019 ; Barbagli
et al., 2021)

(1) EEHKEREEREN RS

SRR _EILEA: - FooKis WUE Z B PHZUR =K ERZHHENE - — B8 BIKER
Z e S P /K R ~ 2R E U e~ BEK R - KRS ~ KEREHE - #RICES
BRAL ([ 8) » H.Fy 7 AEREIERIMREN & oK ERIE I A MBS — M H BB E Ky
28 WCHI EC - LUREH dripper fyfE » LLEEIIAI =R > BHAIH A E R 3Lhr-1 - 1
FEEENEIE LR « B R RIS ET RN R EE > B AAS — R ERER
B (M EIRE PR -

225 30k

= TEEF - 2007 o JRACHC T E R tER AT < I ELE FH B o St 52 B 158 2 i
SEFVET &R T - pp.189-205 &AL « EHIEEREN RS -

FHEEFS ~ Voogt, W. » 2019 - Sodium uptake and crop response of tomato grown under a split-
root system in closed soilless cultivation - 2 & [E £k 64(4):286 -

PREEES ~ 5RETT © 2022 o SEhE R K E mE (— ) o 23R 5T 468:30-34 -

Ve ~ JeEE - 1998 < SEBOE R /K Z B F Rl o 8 2T 36 http://140.112.183.23/
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Table 1 Permissible limits for classes of irrigation water.

Quality SARz B

EC (ms/cm) TDS (mg/L) SAR (%)
Level (v meg/l) (ppm)
Excellent <0.25 <175 0~2 < 20 < 0.33
Good 0.25~0.5 175~525 2~10 20 ~ 40 0.33 ~ 0.67
Permissible 0.5~1.0 525~1400 10~18 40 ~ 60 0.67 ~ 1
Poor 1.0~1.5 1400~2100 18~26 60 ~ 80 1 ~1.25
Unsuitable >1.5 >2100 >26 > 80 > 1.25

] |[met|

SARz (fmeg/l)%:éé}fﬁ: J{Caz' +[ae ] - {[cg?*mgu]}{ Mgz‘mgu_ﬂ 5

2 20.04 12,15

1

2

SAR(%)=[Na]/([Ca] + [Mg])x100%

X2 PRI IE ROKE

Table 2 Recommended water quality for nutrient solution preparation.

Item Standard value Analytical sample value
EC <0.5 mS/cm 1.2~0.3 mS/cm

pH 6~8 5.9~8.9

Hardness <150 CaCO3

Organic matter <5 ppm

Dissolved oxygen  >5 ppm
NO-N * NH-N <5 ppm

CO32- <10 ppm

SO4-S ~ PO4-P <5 ppm

Ca2+ <40 ppm 120~55 ppm
Na+ <30 ppm 20~50 ppm
Mg2+ <20 ppm 43~73 ppm
K+ ion <5 ppm

Fe3+ <1 ppm 3~12 ppm

Mn, Zn, Cu cation  <0.5 ppm

B anions <0.3 ppm
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Table 3 Water sources, risks, and their quality for fertigation.

Source Pathogen Nutrients pH EC(ms/cm)
Rainwater + -- 3.5-7.8 0.05-0.4
Tap water -- + 6.4-7.4 0.2-0.4
Surface water ++ ++ 5.9-8.2 0.2-1.2
Underground ++ ++ 5-8 0.3-1.4
Reverse osmosis - -- 0.00005-0.2

Condensation water - -

%4 KEREEY; RIS

Table 4 Water purification methods and their applications.

Total Bicarbonate Calcium Dissolved Oxidized
Method dissaved and and iron and iron and Borate  Fluoride
solids carbonate =~ magnesium  manganese = manganese
Reverse osmosis A% A% A% A% v v
Deionization \% \% \'% \Y \Y \%
Anion exchange \Y v A%
Water softening \% \Y
Activated carbon A%
Activated alumina A%
Oxidation/Filtration \%
Chelation A%
Filtration A%
Acid injection \Y

x5 At EZRBR R RK R
Table 5 Calculated transpiration and required water amount of substrate
cultivated tomato under greenhouse.

Global radiation ~ 24h average temp  Calculated transpiration ~ Water required for 30%

(J.cm-2) (°C) (L.m?2) drainage
300 17 0.53 0.76 L.m-2 2.5 ml.J-1
1000 18 2.14 3.05 L.m-22.5 ml.J-1
1200 21 3.56 5.09 L.m-22.5 ml.J-1
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Table 6 Irrigation volumes and their frequency.

Global Global Irg%?éfd Irrigated V\(X?ltge Joules
radiation radiation amount frequency (ml/ per
(J.cm-2) (J.cm-2.h-1) our (/hour) Lo irrigation
(ml.m-2) irrigation)
200 72 216 0.5 400 135
400 144 432 1.1 380 128
600 216 648 1.9 340 113
800 288 864 3.0 290 98
1000 360 1080 4.1 260 84

%7 WGV E YR T I e 32

Table 7 Irrigation nutrient salinity tolerances for different vegetable crops.

0% Yield loss 10% Yield loss 25% Yield loss
crop EC (ms.cm-1) EC (ms.cm-1) EC (ms.cm-1)
Cantaloupe 1.7 2.6 5.5
Capsicum 1.0 1.5 2.2
Cucumber 1.7 2.2 2.6
Lettuce 0.9 1.2 2.1
Tomato 0.5 2.3 4.4

%8 AIEIEYrA R E N & Bt 52 Tk

Table 8 Irrigation nutrient Na tolerances for different crops.

Crop Limit Na (mmol.L-1) Uptake Na (mmol.L-1)
Tomato 10 2 20 1
Cucumber 8 1.2

Sweet pepper — Vegetative 8>14 0.8

Sweet pepper — Vegetative &8>15 0.3
Lettuce 8 1.5
Chrysanthemum 6 0.3
Gerbera 10 0.4
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Fig. 3 Types and sizes of substances excluded by different grades of filtration.
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Fig. 4 UV (A), oxidation (B), and chlorination (C) disinfection machine.
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Sustainable greenhouse production ~
strategy to efficient water utilization

with zero emission

Wei-Ling Chen'*  Chang-Shen Chien'

Abstract

Climate change and the environmentally sustainable issue have prompted producers
to improve existing cultivation systems. Closed soilless greenhouse cultivation, in addition
to having a high water use efficiency (WUE), also avoids the discharge of fertilizers and
plant protection products through water. The management strategies for water zero-emission
included the following: (1) Diverse and high-quality water sources with EC<0.25 ms.cm-1
and Na+<0.1 mmol.L-1, and making efficient use of rainwater and storing up to 800L.
m-2 of greenhouse area; (2) Water treatment procedures for both source water and recycled
nutrient solution, incorporating a serious of processes such as aeration oxidation, filtration, pH
regulation, cation exchange, reverse osmosis, and sterilization; (3) Irrigated amount based on
radiation and water-use models estimated; (4) Fertigation management in accordance with crop
water and stress physiology then preventing sodium accumulation under circulating conditions;
(5)Implementation of a comprehensive practicing and monitoring system for water-nutrient
system. It aimed to create a stable root zone environment, thereby achieving zero-emission

cultivation.

Keyword: Greenhouse cultivation, Evapotranspiration, Sodium accumulation, Water

treatment, Water use efficiency, Zero-emission

1 Taichung District Agricultural Research and Extension Station, MOA., Taiwan
*Corresponding author (chenwl@tcdares.gov.tw)
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Ipkales B Ryl - Rk e A = 2 7800 kg/ha > BUEHUKREMVEE LT - RKHNE
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# 1 bl = AR PR G S R A (BT )

Table 1 Average yearly revenue of different crop rotation systems from 2018 to 2020.

i {EYHIE 5 * #1b EEVN
2018 % 2020 4% 3 4F 4 7K - 7K 37.2%1.7 37.2%1.2
MR ERA A R #*
2018 2 2020 4F 3 ik BHEK - Kig - K= 64.7+12.1

i EYIHIE * B
BHER-KiE-&HERK  82.11103

KE(F)- Kig - hNE 56.3114.3

#:2018-2020 £ KRB x| 20N & B 1 I K ez 20
*: B TEK 20 JT /kg; /KR 25 T /kg; BHHHE 30 IT /ke; /N 25 T /kg

X2 ADBAEHEAE R E R SR 140 kg N/ha (EA R RIEY B 2 =
K

Table 2 Yield and nitrogen balance of different previous crops under the
nitrogen application rate of 140 kg N/ha in spring cropping with conservation
tillage for different varieties of corn.

& e BT [
i ) R gfﬁ%ﬁ LR ;fif sl
S — GnfE FIEY) #(tha) % (1}g ) k| *ikg ) AR
ha) (kg/ha) ha) EWAEaY
HoE == eV /
A5b - ) 24, .
AE i K 10.5 137 24.2 20.8 st
EEGYN - . REL I
e L4b  FEhush  KdE 17.6 67 -13.4 592 .
N . N EESH
?Z?gm% Tsa  so2fs  KE 197 120 45T 654
# S T R EE B B
* BOETE = ICEE R L EEE - R E - TIESGE (FEERTR IR 1%
BEMHESE)
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# 3 2021 FEAAE TR ARG % AT R 7 5

Table 3 Differences in soil organic matter before and after planting in the 2021

spring
] BESEE TR =PRI
RIS g/kg
TR 0-15 13.0 18.5 9.3
15-30 8.4 12.6 7.6
ELERES 0-15 13.2 18.4 14.1
15-30 9.8 15.0 9.8

crop corn test plot.

4 VEVIR KA E RNk , kg C/halyr
Table 4 Carbon amount for maximum crop biomass production, kg C/ha/yr.

oL = %< S E+ IR
Tk # 4123.6 2267.9 2267.9 1649.4 6185.2
K # 1229.2 772.6 772.6 702.4 2247.7
K * 3750 1675.5 1675.5 877.7 4228.7
Total(A) 3229.5 12661.6
RHATE KRS * 7500 3351 3351 1755.4 8457.4
Total(B) 1755.4 8457.4
A-B 1474.1 4204.2

#: BRI E DNDC {EY) A RIFAIEYI 28
CERPRE T, 2012

*
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Fig. 1 5 test areas centered on the second-phase wet field direct-seeding rice cropping
system in 2018.

PREMZE (C)  wan— AREIRI(O)  nn ey WE (M)
& 2 COM &&= BHERIEHYEEE

Fig.2 COM complex multi cropping management.

IKFE

3 EMEVHEIERIRESE 0L #A AR

Fig. 3 The cropping system increases the efficiency of land use in Chang-Yun area.
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Cropping pattern design in
southwestern coastal agricultural areas

in response to climate change

Chih-Feng Chiang (1)*

Abstract

A land stability validation of a new cultivation system designed for single-phase field
water supply area is conducted to promote new cropping model upgrading production value
by efficient use of agro-ecological resources and better selection of crops, cultivars, cultivation
methods and tillage for the design of new cropping system with best income (compared to
existing system). During 2018-2021, a rotation system of three-crops per year (spring non -
tillage fresh use corn - direct seeded rice - autumn non - tillage soybean) combined with less
chemical material input are introduced in Southwestern coastal agricultural areas of poor
productivity. The benefits observed from rotation among mutual complementary (paddy-
upland) crops are co-sharing resources greatly enhance water/nutrient use and avoid water/
nutrient efficiency of neighboring or subsequent next crop. The cropping order arranged for
high N requirement crop can be after previous N-fixing legumes (soybean-corn), and that of
tillage requiring crop can be after previous non-tillage upland crop (corn-paddy), which would
strengthen water retention capacity of deep layer soil structure, reducing irrigation demand of
current crop and hence, increasing soil available (supplying) water depth (corn-paddy). After a
rotation cycle, when soil fertility at least level. Low fertility required crop should be select to

plant for inheriting uptake of remaining residue soil moisture of last crops. The new cultivation
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models of conservation tillage of spring corn or soybean—2nd direct seeded rice and autumn
non-tillage soybean-- fresh use corn/wheat (row planting) have resulted in not only increasing

field productivity potential up to 30% but upgrade gross income 51~121% of two crops of rice.

Keyword: Rotation system, Cropping pattern, Agricultural resources management,

Crop succession

Agricultural Chemistry Division, Taiwan Agricultural Research Institute, MOA, Taiwan
*Corresponding author (cfchiang@tari.gov.tw)
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Fig. 9 A multi-sensor system in
organic soybean production

“

A [B 2 BT E AL - EEESIHEREE
Fig. 10 The diameter of the main stem has been significantly reduced after the
introduction of the dense planting technology of pigeon peas by the HDARES.
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Harvesting pigeon peas with a combine harvester.

Fig. 12 Illustration of buckwheat sowing by the drone.
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Introduction to organic cultivation of

upland crops in Hualien

Wei-Chen Chen'*  Chia-Hsing Huang! Wei-Han Chen! Yu-Che Yeh!

Abstract

Hualien is the county with the most prosperous organic agriculture development in
Taiwan. In recent years, the policies such as "Green Environment Payment Policy" and the
"Big Granary Program" have led to a sharp increase in the cultivation area of organic upland
crops in the county. Among them, organic soybean has the largest planting area, and buckwheat
has shown the fastest growth in cultivation area. Additionally, due to a high proportion of
indigenous peoples residing in the region, pigeon pea is also a commonly cultivated and
distinctive upland crop. However, the production of these crops faces challenges such as
labor shortages, high production costs, and difficulties in field management. To address these
issues, we have developed low-cost specialized agricultural machinery and an intelligent
management system for organic soybean production, introduced drone-based sowing
technology in buckwheat production, and developed mechanized production techniques for
pigeon peas, aiming to transform the traditional labor-intensive cultivation mode. We hope that
the application of such technologies will instill confidence in farmers to expand their organic

cultivation areas and encourage more of them to engage in sustainable production.

Keyword: Organic farming, Soybean, Buckwheat, Pigeon pea, Mechanization

1 Hualian District Agricultural Research and Extension Station, MOA, Taiwan

*Corresponding author (weichen@hdares.gov.tw)
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