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ABSTRACT

Several quantitative studies have concluded that climate change would negatively affect
the Asian rice supply. Recently, as temperatures in Asia have approached the temperature
threshold for rice growth, the Asian rice supply has become vulnerable to climate change in the
near future. To complement quantitative studies' projections of the negative impacts of climate
change on rice supply, this paper offers a qualitative analysis using system archetypes to
understand the impacts of climate change on rice production. Two structures of the system
archetypes are identified including Limits to Growth and Success to Successful. Both
archetypes explain that rice production is hampered by high minimum temperature, as
photosynthesis output is decreased by an increasing respiration. This paper shows that using
this simple tool, system archetypes, we can describe the impacts of climate change on rice
production. The outputs of this study, such as the causal loop diagram and system archetypes,
can be the basis for the development of a simulation model used for understanding the impacts
of climate change on major crops.

Keywords: Asian rice; Climate change; Global rice production; Rice production; System
archetypes; System dynamics

1. Introduction

Assessing the impacts of climate
change on crop production has attracted the
interest of several scholars [1-5]. Worldwide,
rice is arguably the most important crop, as it
is the primary food source in Asia, where
more than half of the world’s population is
located [6-8]. Rice is also a main source of
employment and economic activity, as Asia

also accounts for about 90% of the world’s
rice production and total rice farming areas.
Despite its importance, farmed rice is
considered highly wvulnerable to climate
change [6-8] as elevated temperatures and
changing rainfall patterns are associated with
climate change. As our society grows more
concerned about the elevated CO, levels
leading to climate change, the impacts on rice
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should be seen as a critical issue.

Rice should be sown in areas with
temperatures within its optimum temperature
range [9-11]. As temperature increases
beyond its optimum temperature, rice yield
tends to decline [10-12]. This means that rice
yield tends to increase as temperature
increases, but over its temperature threshold,
yield tends to decrease [9-13]. Since rice
farming areas in Asia have experienced
temperatures of about 33°C [6, 10-11],
climate change is likely to affect global rice
production.

Furthermore, other studies [7, 10-11]
have explained that rice is vulnerable to
climate change since the recent maximum
temperature and  recent minimum
temperature in regions of Asia are close to
and higher than the temperature thresholds of
rice, respectively. [11, 14].

Existing studies [11-12] have
confirmed the negative impacts of climate
change on Asian rice. Unfortunately, to the
best of the author's knowledge, there is no
study that offers a qualitative explanation of
the impacts of climate change on rice. Thus,
this study uses system archetypes for
understanding the negative impacts of
climate change on rice. This study would
help policymakers in developing countries to
understand the impacts of climate change on
rice, through a concise qualitative analysis.

As this study aims to provide a
qualitative analysis of the impacts of climate
change on rice, it uses system archetypes to
explain the impacts of change.

The system archetypes firstly were
named by Senge [15] in his book “The Fifth
Discipline: The Art and Practice of the
Learning Organization”. At the time this
paper was written, there were about 10
archetypes such as Limits to Growth,
Success to Successful, Shifting Burden, and
Escalation.

System archetypes are recurring or
regular patterns of complex systems that give
insights into the system structures [15-16].
Moreover, system archetypes have been used
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to analyze multiple types of observed
systems, such as the water resource system

[17], agriculture [18], the Australian
electricity market [19], and the construction
industry [20].

This suggests that system archetypes
can be applied across a diverse range of
subjects, scenarios, and contexts. In other
words, system archetypes are generic
patterns of systems or templates that
represent usual practices in our world.
Furthermore, Senge [15] points out that
system archetypes enable us to identify
leverage points which in turn can improve
system performance. Further discussion of
system archetypes can be found in many
studies [17-19].

Since system archetypes are generic
structures of systems that describe dynamic
systems, system archetypes are a useful tool
for analyzing dynamic and complex systems,
such as the impacts of climate change on rice.
Hence, system archetypes are a suitable tool
for analyzing the impacts of climate change
on rice production.

2. Methods

In the first step, causal links between
two influential variables are defined. If a loop
of causal links self-amplifies, then the loop is
called a reinforcing loop (R). Otherwise, a
loop of causal links is called a balancing loop
(B). For convenience, all balancing and
reinforcing loops in this study will be
numbered.

In the following steps, all causal links
consisting of influential variables are
summarized as a causal loop diagram (CLD).
Afterwards, from the CLD, identified system
archetypes will be identified and explained.
Based on identified system archetypes, how
climate change influences rice production
and the proposed solution in tackling the
negative impacts of climate change will be
explained.

To capture a deeper understanding of
the underlying structures of the impacts of
climate change on rice, system archetype
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structures are identified as seen in the next
section.

This study used Vensim Plus® to
translate a conceptual model into a CLD.
Then, system archetypes were identified
based on the identified CLD.

3. Results and Discussion
3.1 A causal loop diagram of rice
production

Rice growth is the product of the
dynamic interaction between important
variables such as carbon dioxide,
precipitation, and temperature [3, 10, 21].
Crops absorb CO. to develop organic
compounds supporting rice growth [10, 21].
Besides carbon dioxide, precipitation and
temperature are important for rice
production. Less precipitation leads to lower
yield [21] previous studies [3, 10, 21] have
also pointed out that climate change
negatively impacts crops, as it relates to high
minimum temperatures and high maximum
temperatures.

The dynamic relationships between
carbon  dioxide, precipitation, and
temperature are shown in Fig. 1. As climate
change is associated with  higher
temperatures [2-3, 22], connecting lines
between climate change and temperature
[minimum and maximum temperature] have
a “+” sign.

Opposite to this, the relationship
between climate change and precipitation has
a “-” sign, designating it a so-called
balancing loop. This is supported by existing
studies [22-23] that have projected Asia will
experience lower seasonal precipitation.
Climate change also has connecting lines
with land-use change and fossil fuel burning
[22], so fossil fuel burning and land-use
change each have a “+” sign with “climate
change”.
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Fig. 1. Relationships among COz, climate change,
temperatures, and precipitation.

Chemical substances containing
phosphorus and nitrogen are important for
rice growth [21, 24]. The main sources of
these elements are fertilizers and water (from
reservoirs or rainfall). Photosynthesis
combines chemical substances and carbon
dioxide to form the assimilation pool [21,
24]. The assimilation pool is important for
supporting rice biomass, such as in leaves.
Fig. 2 summarizes dynamic interactions
between water, photosynthesis, and fertilizer.

rice biomas
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The engine ofgrowth to increase
leaf vice biomass through photosynthesis assimilation pool

* photosynthesis. /
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chemical
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soil

water (irrigated
water)
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Fig. 2. Photosynthesis.

Compounds within the assimilation
pool are also converted to form roots, stems,
leaves, and rice panicle, as seen in Fig. 3 [21,
24]. Rice panicle is important in supporting
rice spikelet growth. More rice panicles lead
to more rice spikelets on the top of the
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panicles. As rice panicles will affect the
volume of rice spikelets, the number of
panicles per farming area can affect rice
grain per panicle [21, 24].

Fig. 3 is a combination of Figs. 1-2.
So, Fig. 3 combines the negative impacts of
high minimum temperatures on rice yield
(B1) and the growth engines that support
photosynthesis and respiration (R1-R3).
While R2 leads to increasing carbon dioxide
owing to climate change, R3 supports more
photosynthesis after fertilizer and carbon
dioxide. As reinforcing loops, such as R2 and
R3, lead to more resources, reinforcing loops
are known as engine growths.

It should be acknowledged that two
types of rice farming are practiced: rainfed
rice and irrigated rice. While irrigated rice is
supported by irrigation facilities, rainfed rice
depends solely on rainfall. To accommodate
the two types of rice farming, a link between
precipitation and chemical substances is
embedded in Fig. 3 to represent rainfed rice,
while another link of precipitation-irrigated
water-chemical  substances  represents
irrigated rice.

This study also accommodates two
types of rice varieties: japonica and indica.
Although earlier studies [25-26] have
acknowledged the different sensitivities of
the two rice varieties to high temperature,
recent studies [14, 25, 27] have confirmed
the negative impacts of high temperature on
both japonica and indica rice. With this point
in mind, Fig. 3 applies to all rice regardless
of variety.
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Besides photosynthesis, crops such as
rice also need respiration. Through
respiration, rice can maintain  ion
concentration and lipid and protein turnover
[21, 27]. If the minimum temperature
exceeds a critical level, it tends to induce
excessive respiration [14, 27]. Hence, excess
respiration tends to decrease the size of the
assimilation pool, leading to lower rice
biomass and lower rice yield [27].

In general, there are two mechanisms
by which higher temperatures negatively
influence rice yield [28-29]. The first
mechanism is by decreasing spikelet sterility,
thus reducing rice yield [28-29]. However,
transpirational cooling (more irrigated water)
can negate this negative impact [28-29]. The
second mechanism is by increasing
respiration, thus reducing the assimilation
pool size [27]. Dynamic relationships
between transpirational cooling, high
temperature, and assimilation pool can be
seen in Fig. 4.

Fig. 5 is a CLD that shows the
relationships between climate factors, non-
climate factors, and rice growth. Fig. 5 also
consists of some loops — both reinforcing and
balancing loops.

The first reinforcing loop (R1) is a
reinforcing loop that explains the dynamic
interaction between photosynthesis, rice
biomass, and assimilation pool
[photosynthesis — assimilation pool — rice
biomass — leaf — photosynthesis]. This loop
(R1) is the growth engine supporting rice
biomass development and the assimilation
pool.
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The second reinforcing loop (R2) is
the growth engine of respiration, as high
minimum temperature associated with
climate change tends to induce excessive
respiration (respiration — CO, — climate
change minimum  temperature
respiration). The other growth engine is the
third reinforcing loop (R3), describing the
continuous  photosynthesis  upon  the
interaction between water and chemical
substances (photosynthesis — CO, — climate
change — precipitation — irrigated water —
chemical substances — photosynthesis).

The first balancing loop (B1)
explains an important relationship between
respiration and rice biomass (rice biomass —
respiration— assimilation pool rice
biomass). This means that more respiration
leads to less rice biomass or lower rice yield.
Another balancing loop (B2) is a “clearing
mechanism”  where CO, supports
photosynthesis and in turn, photosynthesis
decreases CO; availability.

It should be noted that rice-farming
areas are an important emitter of methane
(CHa,), associated with climate change [7-8].
The last balancing loop (B3) shows that less
precipitation leads to decreased methane.
Sustainable rice practices such as manure
application and intermittent irrigated water
also lead to reduced methane emission [7-8].
For simplification, the latter is not shown in
Figure 5.

3.2 System Archetypes

3.2.1 The limits to growth

Based on the CLD, two system
archetypes are identified. The structure of the
limits to growth is the first system archetype
as seen in Fig. 6. As seen in Figs. 7-8, the
second type of system archetype present is
the success to successful.

The structure of the limits to growth
enhances photosynthesis to produce an
assimilation pool and rice biomass (R1),
leading to higher rice yield. Unfortunately,
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the growth engine is negated by a balancing
loop (B1). The balancing loop (B1) induces
more respiration or decreases rice biomass,
owing to the negative impacts of high
minimum temperature. As a high minimum
temperature is associated with climate
change, changing climate tends to increase
respiration, threatening rice yield.

]eafj'\
rice biomas
Ry O

respiration
the negative impacts of
The enginc ofgrowth to ‘high minimum temperature +
rice biomass through photosynthesis
assimilation pool ¢ minimum
! tur
/+ emperature
+ .
photosynthesis.
Fig. 6. The limits to growth #1
Several studies [15-16] suggest

possible leverage points to cope with
negative impacts detected in the limits to
growth structure. Heat-tolerant rice varieties
are one leverage point to minimize the
negative impacts of climate change on rice
production. As heat-tolerant rice varieties
may negate excess respiration, heat-tolerant
varieties are likely to reduce the negative
impacts of high minimum temperature.
Mitigation of climate change, leading to low
minimum temperature, may be another
leverage point.

3.2.2 The success to successful

The success to successful structure is
the second archetype, seen in Figs. 7-8. In
this structure, one more successful activity
will consequently gain more support, so the
other activity ends with less support [15-16].

Fig. 7 shows two growth engines. The
first growth engine (R3), photosynthesis,
increases rice biomass, leading to higher rice
production. The second growth engine (R2),
high minimum temperature, leads to more
respiration.
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Fig. 7. Success to successful #1.

As the high minimum temperature is
the cause of increased respiration, heat-
tolerant rice varieties and the mitigation of
climate change can be solutions. Cultivating
heat-tolerant rice or mitigating climate
change will negate the reinforcing loop (R2).

The other success to successful
structure is illustrated in Figure 8. In this
archetype structure, two reinforcing loops,
R1 and R3, compete to support
photosynthesis. This reinforcing loop (R1)
elucidates that the conversion of rice biomass
to leaf will increase photosynthesis. This
archetype structure also describes that more
irrigated water and chemical substances lead
to more photosynthesis (R3). This archetype
structure implies that decreased carbon
dioxide and increased rice biomass are
supported by photosynthesis. This means
that more photosynthesis or more cultivated
rice should be available to support rice
biomass and to decrease carbon dioxide
associated with climate change.
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Fig. 8. Success to successful #2.
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3.3 Comparing solutions

This study discusses the impacts of
climate change on rice production and
possible solutions qualitatively, rather than
quantitatively. Hopefully, this qualitative
study can broaden our perspectives in
sustaining rice production under a changing
climate. This study, as it is a qualitative
study, can increase the whole of society's
awareness of the impacts of climate change
on rice supply, especially policymakers,
despite  possibly  having  educational
backgrounds unrelated to this topic.

3.3.1 Irrigation negates the negative
impacts of high temperature

Transpirational cooling due to
increased irrigated water has been reported
on [12, 29]. Those studies claimed that
irrigated water can decrease the ambient
temperature, so the negative impacts of high
temperature can be reduced. Unfortunately,
the role of irrigated water in minimizing the
negative impacts of high minimum
temperature is limited [29].

In reality, more irrigated water can
increase rice production through lengthening
growing seasons. In terms of climate change
impacts, irrigation facilities should be seen as
a short-term solution for coping with the
negative impacts of climate change on rice
yield.

3.3.2 Developing heat-tolerant rice
varieties and the benefit of increased CO;

Possible higher rice yield was reported
by some studies [30-32] as higher CO, leads
to an increase in spikelet numbers. It is thus
important to realize the positive impacts of
elevated CO, on rice yield. Moreover,
another study [33] suggested developing
heat-tolerant rice varieties before realizing
the positive impacts of elevated CO, on rice
yield. This suggestion is owed to an
experiment [33] showing that the negative
impacts of high temperature are likely to
negate the positive impacts of elevated COs.
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Developing heat-tolerant rice varieties
is making promising progress, especially
after some studies [34-36] confirmed the
development of heat-tolerant genes.

4. Conclusion

Asian rice production, as a
representation of global rice production, is
threatened by climate change. The rising
temperatures associated with climate change
negatively affect rice production. At the
same time, the benefit of elevated CO; is
negated by the negative impacts of high

minimum temperatures on respiration,
ultimately leading to lower biomass and rice
production.

The application of system archetypes
as seen in this study can be used to
understand the impacts of climate change on
rice production and identify possible
solutions. With the causal loop diagram,
depicting interactions between climate and
non-climate factors, archetype structures can
be identified and explained. These archetype
structures explain the dynamic interactions
between the regulation of photosynthesis and
the respiration process during rice growth.
The negative impacts of climate change and
the role of growth engines are described to
capture the system archetype structures.

Through system archetype analysis,
promising solutions under a changing
climate are explained. While irrigation
facilities offer a short-term solution, heat-
tolerant rice varieties can be seen as a
sustainable, long-term solution to balance the
supply and demand of rice, as well as to
increase rice production under a changing
climate.

A quantitative model based on the
causal loop diagram can be developed further
to simulate the impacts of climate change on
rice production as seen in another study [37].
The quantitative model may capture the
dynamics of rice growth as well as the
negative impacts of climate change on rice
production. Moreover, possible solutions
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can be derived from the system archetype
structures explained in this study.

Another possible benefit taken from
this study is that the information herein can
serve as a basis to qualitatively explain the
negative impacts of climate change on other
major crops, such as wheat and corn. In the
future, possible quantitative models can be
developed for other major crops.

References
[1] Green M, Weatherhead EK. Coping with
climate change uncertainty for adaptation
planning: An improved criterion for
decision making under uncertainty using
UKCP09. Climate Risk Management.
2014; 1:63-75.
[2] Lobell DB, Burke MB, Tebaldi C,
Mastrandrea MD, Falcon WP, Naylor RL.
Prioritizing climate change adaptation
needs for food security in 2030. Science.
2008;319[5863]:607-10.
[3]  Lobell DB, Schlenker W, Costa-Roberts J.
Climate trends and global crop production
since 1980. Science. 2011;
333[6042]:616-20.
[4] Lobell D, Gourdji S. The Influence of
Climate Change on Global Crop
Productivity. Plant Physiology.
2012;160(4):1686-97.
[5] Quiroga S, Iglesias A. A comparison of
the climate risks of cereal, citrus,
grapevine and olive production in Spain.
Agric Syst. 2009; 101(1-2):91-100.
[6] Chauhan BS, Jabran K, Mahajan G,
editors. Rice Production Worldwide.
Cham, Switzerland: Springer International
Publishing; 2018.
[7]  Rice and its importance to human life
Gnanamanickam SS. Biological Control
of Rice Diseases, 2009.
[8] Maclean J, Hardy B, Hettel G. Rice
Almanac: Source book for one of the most
important economic activities on earth.
IRRI; 2013.



M. Bahri | Science & Technology Asia | Vol.27 No.1 January - March 2022

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Shekhawat K, Rathore SS, Chauhan BS.
Weed Management in Dry Direct-Seeded
Rice: A Review on Challenges and
Opportunities for Sustainable Rice
Production. Agronomy. 2020; 10[9]:1264.

Wassmann R, Jagadish SV, Sumfleth K,
Pathak H, Howell G, Ismail A, Serraj R,
Redona E, Singh RK, Heuer S. Regional
vulnerability of climate change impacts on
Asian rice production and scope for
adaptation. Advances in agronomy. 2009;
102:91-133.

Welch JR, Vincent JR, Auffhammer M,
Moya PF, Dobermann A, Dawe D. Rice
yields in tropical/subtropical Asia exhibit
large but opposing sensitivities to
minimum and maximum temperatures.
Proceedings of the National Academy of
Sciences. 2010; 107[33]:14562-7.

Wang J, Hasegawa T, Li L, Lam SK,
Zhang X, Liu X, Pan G. Changes in grain
protein and amino acids composition of
wheat and rice under short-term increased
[CO2] and temperature of canopy air in a
paddy from East China. New Phytologist.
2019; 222[2]:726-34.

Boonwichai S, Shrestha S, Babel MS,
Weesakul S, Datta A. Evaluation of
climate change impacts and adaptation
strategies on rainfed rice production in
Songkhram River Basin, Thailand.
Science of the Total Environment. 2019;
652:189-201.

Peng S, Huang J, Sheehy JE, Laza RC,
Visperas RM, Zhong X, Centeno GS,
Khush GS, Cassman KG. Rice yields
decline with higher night temperature
from global warming. Proceedings of the
National Academy of Sciences. 2004;
101[27]:9971-5.

Senge PM. The fifth discipline fieldbook:
Strategies and tools for building a learning
organization. Currency; 2014.

Maani KE, Cavana RY. Systems thinking
and modelling: Understanding change and
complexity. Prentice Hall; 2000.

178

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

Mirchi A, Watkins Jr D. A systems
approach to holistic total maximum daily
load policy: case of Lake Allegan,
Michigan. Journal of Water Resources
Planning and Management. 2013;
139[5]:544-53

Nguyen NC, Bosch OJ. A system thinking
approach to identify leverage points for
sustainability: a case study in the Cat Ba
Biosphere Reserve, Vietnam. Systems
Research and Behavioral Science. 2013;
30[2]:104-15.

Newell B, Marsh DM, Sharma D.
Enhancing the resilience of the Australian
national electricity market: Taking a
systems approach in policy development.
Ecology and Society. 2011; 16[2].

Guo BH, Yiu TW, Gonzilez VA.

Identifying  behaviour  patterns  of
construction  safety using  system
archetypes.  Accident  Analysis &

Prevention. 2015; 80:125-41.

Yoshida S. Fundamentals of rice crop
science. Int. Rice Res. Inst.; 1981.

Field CB, Barros V, Stocker TF, Dahe Q,
editors. Managing the risks of extreme
events and disasters to advance climate
change adaptation: special report of the
intergovernmental panel on climate
change. Cambridge University Press;
2012.

Levermann A, Schewe J, Petoukhov V,
Held H. Basic mechanism for abrupt
monsoon transitions. Proceedings of the
National Academy of Sciences. 2009;
106(49):20572-7.

Li T, Angeles O, Marcaida III M, Manalo
E, Manalili MP, Radanielson A, Mohanty
S. From ORYZA2000 to ORYZA [Vv3]:
An improved simulation model for rice in
drought and nitrogen-deficient
environments. Agricultural and forest
meteorology. 2017; 237:246-56.

Prasad, P. V. V., et al. Species, ecotype
and cultivar differences in spikelet fertility



M. Bahri | Science & Technology Asia | Vol.27 No.1 January - March 2022

[26]

[27]

(28]

and harvest index of rice in response to
high temperature stress. Field crops
research, 2006, 95.2-3: 398-411.

Yoshida, Shouichi; Hara, Tetsuo. Effects
of air temperature and light on grain filling
of an indica and a japonica rice (Oryza
sativa L.) under controlled environmental
conditions. Soil  Science and  Plant
Nutrition, 1977, 23.1: 93-107.

Mohammed AR, Tarpley L. Impact of
high nighttime temperature on respiration,
membrane stability, antioxidant capacity,
and yield of rice plants. Crop Science.
2009; 49[1]:313-22.

Wassmann R, Dobermann A. Climate
change adaptation through rice production
in regions with high poverty levels. J
Semi-Arid Tropical Agric Res. 2007; 4(1)

[29] Jagadish SV, Sumfleth K, Howell G, Redofia

[30]

[31]

E, Wassmann R, Heuer S. Temperature
effects on rice: significance and possible
adaptation. Advanced technologies of rice
production for coping with climate
change:‘no regret’options for adaptation
and mitigation and their potential uptake.
2010:19-25.

Kim HY, Lieffering M, Kobayashi K,
Okada M, Mitchell MW, Gumpertz M.
Effects of free-air CO2 enrichment and
nitrogen supply on the yield of temperate
paddy rice crops. Field Crops Research.
2003; 83(3):261-70.

Yang L, Huang J, Yang H, Zhu J, Liu H,
Dong G, Liu G, Han Y, Wang Y. The
impact of free-air CO2 enrichment
(FACE) and N supply on yield formation
of rice crops with large panicle. Field
Crops Research. 2006; 98(2-3):141-50.

179

[32]

[33]

[34]

[35]

[36]

[37]

Zhang G, Sakai H, Tokida T, Usui Y, Zhu
C, Nakamura H, Yoshimoto M, Fukuoka
M, Kobayashi K, Hasegawa T. The effects
of free-air CO2 enrichment (FACE) on
carbon and nitrogen accumulation in
grains of rice (Oryza sativa L.). Journal of
experimental botany. 2013; 64(11):3179-
88.

Zhang Y, Tang Q, Peng S, Zou Y, Chen S,
Shi W, Qin J, Laza MR. Effects of high
night temperature on yield and agronomic
traits of irrigated rice under field chamber
system condition. Australian Journal of
Crop Science. 2013; 7(1):7.

Kilasi NL, Singh J, Vallejos CE, Ye C,
Jagadish SV, Kusolwa P,
Rathinasabapathi B. Heat stress tolerance
in rice (Oryza sativa L.): Identification of
quantitative trait loci and candidate genes
for seedling growth under heat stress.
Frontiers in plant science. 2018; 9:1578.

Tenorio FA, Ye C, Redona E, Sierra S,
Laza M, Argayoso MA. Screening rice
genetic resources for heat
tolerance. SABRAO Journal of Breeding
and Genetics, 2013, 45.3: 371-81.

Ye C, Tenorio FA, Argayoso MA, Laza
MA, Koh HJ, Redofia ED, Jagadish KS,
Gregorio GB. Identifying and confirming
quantitative trait loci associated with heat
tolerance at flowering stage in different
rice  populations. BMC  genetics.
2015;16(1):41.

Bahri M. Integrating Statistical and
System Dynamics Modelling to Analyse
the Impacts of Climate Change on Rice
Production in West Nusa Tenggara,
Indonesia. 2017. Unpublished thesis.
Victoria University of Wellington



