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ABSTRACT
Climate projections show that southern Indonesia such as West Nusa Tenggara is

projected to experience a lower precipitation and higher temperatures. To date, research
on climate change impact on Indonesian rice production yield is limited. As climate
change is projected to decrease rainfall and to increase temperatures, this paper offers a
qualitative analysis using system archetypes to understand the impacts of climate
change on rice production. Two 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
increasing respiration. This paper shows that using a simple tool, system archetypes, we
can describe the impacts of climate change on rice production. The outputs of this study
such as a causal loop diagram and system archetypes can be a basis to develop a

simulation model in understanding the impacts of climate change on main crops.
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1. Introduction

Rice farming is an important sector for economic development, particularly in
developing countries (FAO, 2003; GRIsP, 2013; IFRRI, 2009). The importance of rice
farming attracts developing countries to support rice production through some facilities.
In Indonesia, the government has induced some programs to enhance rice production,
achieving rice self-sufficiency. For example, the aid program for farmers has
continuously provided subsidies such as fertilizers, pesticides and high-quality seeds
(Hadi, & Susilowati, 2010). As a result, Indonesian rice production has increased
gradually by 3 % a year since 2007 (Maulana et al., 2010; Iswari, 2013).

Figure 1 shows that rice is planted in across the world. However, rice is mostly
planted in developing countries, i.e. low and middle-income countries (GRIsP, 2013),
especially in Asian regions which make up approximately 90% of total rice production
(GRIsP, 2013). It is stated that rice is consumed by about 3 billion people, confirming
that a significant proportion of the world population will depend on rice by 2035 (IRRI,

2015).
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Figure 1. Major rice-growing areas across the world (GRIsP, 2013)

In general, rice grows well within its optimum temperature (e.g. Yoshida, 1981).
Beyond its optimum temperature, the high temperature tends to negatively influence
rice yield (e.g. Yoshida, 1981). In other words, rice yields gradually increase up to their
temperature thresholds, but rice yield tends to decrease above rice’s temperature
thresholds (Ackerman & Stanton, 2012; Yoshida, 1981).

Despite its importance to the economy, rice is relatively vulnerable to climate change
as climate change is manifested as high temperature and rainfall change. An existing
study (Devkota, 2011; Welch et al., 2010) explains that the recent maximum
temperature in Asian regions is close to the maximum temperature threshold of rice.
This is exacerbated by the negative impacts of high minimum temperature on rice as
observed minimum temperature higher than the threshold of minimum temperature

(Peng et al., 2004; Welch et al., 2010).
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1.1 Previous research and a research gap

Rice production in almost all Indonesian province is highly affected by precipitation
(Naylor et al., 2001, 2002; Roberts et al., 2004). Water sources for rice farming such as
reservoirs and rivers highly depend on precipitation so that a lower rainfall because of
climate change could directly affect rice production in Indonesia (Sumarno et al., 2008).

As Indonesia is vulnerable to ENSO (EI Nino Southern Oscillation), many scholars
explore the impacts of ENSO on Indonesian rice production. For example, using
statistical models, existing studies conclude that Indonesian rice is vulnerable to ENSO
(EI-Nino Southern Oscillation) as ENSO could significantly reduce rainfall and delay
rice planting seasons (Naylor et al., 2001, 2002; Roberts et al., 2004; Naylor &
Mastrandrea, 2009).

In addition, several studies try to explain the impacts of climate change on
Indonesian rice production (Naylor et al., 2007). Naylor et al. (2007) claim that
Indonesia is projected to be vulnerable to climate change as the country would
experience a lower precipitation in the future. To anticipate impacts of climate change,
that study (Naylor et al., 2007) suggests that Indonesia should prepare some adaptations
to climate change such as better irrigation facilities, drought-tolerant rice varieties, and
alternative staple foods.

Although there are existing studies that explore the impacts of climate variability on
Indonesian rice production, those studies have limitations. The first limitation is existing
studies focused only either on the impacts of ENSO or the impacts of precipitation
change on rice production. This paper intends to fill this gap by explaining the negative

impacts of precipitation and temperature change on rice production.
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Furthermore, because developing countries have limited resources to tackle the
negative impacts of climate change, understanding the negative impacts of climate
change on rice production is important (GRIsP, 2013, IFRRI, 2009). Thus, this paper
aims to describe the negative impacts of climate change on rice production, especially in
developing countries. Possible solutions in coping the impacts of climate change will be

also explained.

2. A case study: Rice production in West Nusa Tenggara

Figure 2 shows the geographical location of West Nusa Tenggara (WNT). Figure 2a
shows that all Indonesia provinces (33 provinces), from Aceh in western Indonesia to
Papua in eastern Indonesia and West Nusa Tenggara is located in southern Indonesia
and surrounded by Bali in West and East Nusa Tenggara (ENT) in East.

WNT consists of two main islands, Lombok and Sumbawa as seen in figure 2b.
Again, WNT is located in eastern Indonesia at 115° 46 - 119° 5° East Longitude and 8°
10 - 9° 5° South Latitude (BPS NTB, 2010). The average maximum temperature ranges
from 30°C to 32°C (the highest temperature is in November), while the minimum
temperature varies on average between 21°C and 25°C (the lowest temperature is in
June or July). The maximum temperature in the rainy seasons is about 31°C, whereas
the minimum temperature in the rainy seasons is about 22°C. The relative humidity is
between 74% and 81% with the annual rainfall about 1,600 mm. A summary of

observed climate is given in table 1.
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a. Indonesia (source: http://www.indojesiamatters.com/86/indonesian-provinces-map/)
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b. West Nusa Tenggara (source: http://indonesianlombokernas.com/west-nusa-tenggara/)
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Figure 2. Indonesia and West Nusa Tenggara

Data Distribution Seasonal Seasonal Minimum Seasonal Maximum
Rainfall Temperature Temperature
Mean 1,658 22.9 31.1
Standard deviation 318 0.4 0.5
Percentile 25% 1,412 22.6 30.8
Percentile 50% 1,571 22.9 31.0
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Percentile 75% 1,839 23.1 314

Ranges (min-max) (1,000-1,850) (22-24) (30-32)

Table 1. Data distribution of climate (BMKG NTB, 1971-2012)

It is important in this study to explain the importance of rice. Figure 3 shows that rice
Is the most consumed food in WNT (about 25% of total food consumption), following
by prepared food and beverages (about 20% of total food consumption). This also
means that rice is the main source of energy and protein for people in WNT (Pemerintah

Nusa Tenggara Barat, 2011).
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Figure 3. The percentage of food consumption in WNT (BPS NTB, 2013)

The importance of rice in WNT also founded in terms of Gross Domestic Product
(GDP) and employment as seen in figure 4a and figure 4b respectively. As shown in
figure 5, agriculture has the highest GDP contribution (29% of GDP) and the highest
total employment contribution in WNT (about 45%). Likewise, agriculture contributed

between 44% and 47% to employment in the period 2007-2013 (BPS NTB, 2014). This
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evidence shows that agriculture is a highly important sector for West Nusa Tenggara.
Please bear in mind that rice covers almost 65% of agriculture activity in WNT (BPS

NTB, 2014).
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Figure 4. The percentage of gross domestic product (GDP) and employment in WNT

(BPS NTB, 2014)

A possibility of the negative impacts of climate change on rice production in
southern Indonesia, especially in WNT is supported by climate projections (IPCC,
2013). IPCC (2013) projects that mean temperature is likely to increase by about 0.3°C
(by 2035) and 1.6 °C (by 2100)! as seen in figure 5. IPCC (2013) also explains that
Indonesia is projected to experience rainfall change. Figure 6 shows that northern and
southern Indonesia is projected to have a different change on future rainfall. While
northern Indonesia is projected to experience a higher precipitation about 10% (by
2046) and 20% (by 2100). Southern Indonesia regions such as WNT is projected to

experience a lower rainfall between -10% (by 2046) and -20% (by 2100).

! relative to the period 1986-2005 and based on RCP 4.5 scenario
2 relative to the period 1986-2005 and based on RCP 4.5 scenario.

8|Page


https://doi.org/10.20944/preprints202004.0499.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2020

3. Methodology

In this study, we advocate applying the system dynamics approach to detect systemic
patterns in rice growth. System dynamics is renowned as a useful approach to explore
and manage dynamic complex problem structures. The system dynamics (SD) approach
offers qualitative (a causal loop diagram and system archetypes) and quantitative tools
(stock-flow model i.e. computer-based simulation model). To capture systemic patterns,
the SD approach handles feedback loops, non-linearity, delays, and system
accumulation. More information about the SD approach can be found in a lot of
handbooks (e.g. Sterman, 2000; Maani & Cavana, 2007).

A lot of studies have proved that qualitative system dynamics tools is useful to
analyze observed systems such as the water resource system (Mirchi, & Watkins, 2012)
and the agriculture (Nguyen, & Bosch, 2013). Other studies also found that the
qualitative system dynamics is useful in analyzing the Australia electricity market
(Newell, Marsh, & Sharma, 2011) and construction industry (Guo et al., 2015). This
paper explains the application of the causal loop diagram and the system archetypes to
identify (1) feedback loops; (2) system archetypes, and (3) possible solution to cope the
negative impacts of climate change on rice production.

There are two types of the feedback loops including a reinforcing loop (R) and a
balancing loop (B). Reinforcing loops represent growing in the observed system while
balancing loops represent a self-correcting mechanism (Maani & Cavana, 2007;
Sterman, 2000). This study uses Vensim Plus® to translate a conceptual model into a
causal loop diagram (CLD). Afterward, the system archetypes were identified based on

an identified CLD.
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Figure 5. Projected temperature change in December-February (top) and June-August
(bottom) relative to the period 1986-2005 for scenario RCP 4.5 with a median 50% of

CMIP5 models. From left to right is the period 2016-2035, 2046-2065 and 2081-2100.
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Figure 6. Projected rainfall change in October-March (top) and April-September relative
to the period 1986-2005 for scenario RCP 4.5 with a median 50% of CMIP5 models.
From left to right is the period 2016-2035, 2046-2065 and 2081-2100.

The system archetypes are generic patterns of systems or templates that represent
usual practices in our world. The system archetypes firstly were named by Senge (1991)
in his book “The Fifth Discipline: The Art and Practice of the Learning Organization”.
Until this paper was written, there are about 10 archetypes such as Limits to Growth,
Success to Successful, Shifting Burden and Escalation. The application of the system
archetypes is very useful because they provide a simple insight of the system structures.
A further discussion of the system archetypes can be seen in a lot of studies (e.g. Maani
& Cavana, 2007). Senge (2014) point outs that the system archetypes enable us to

identify leverage points which in turn can improve the system performance.

4. Results and discussion

4.1 A causal loop diagram of rice production

It is widely known that three important variables such as carbon dioxide,
precipitation and temperature could influence rice production (Ackerman & Stanton,

2013; Lobell et al., 2011; Slingo et al., 2005). In general, a rising concentration of CO>
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could enhance rice output because carbon dioxide is needed to synthesize organic
compound supporting rice growth (Ackerman & Stanton, 2013; Peng et al., 2004;
Yoshida, 1981). Moreover, Falcon et al. (2004) affirm that precipitation is important for
Indonesian rice production. In turn, rainfall variability could determine Indonesia rice
production. Existing studies also (Ackerman & Stanton, 2013; Lobell et al., 2011;
Slingo et al., 2005) point out that the negative impacts of climate change on crops as
climate change relates to high minimum temperature and high maximum temperature.
Figure 7 displays relationships among carbon dioxide (CO.), precipitation,
temperature and climate change. As noted previously, climate change associated with
higher temperatures (IPCC, 2013), so a relationship between climate change and
temperature (minimum and maximum temperature) has a “+” sign. As IPCC (2013),
West Nusa Tenggara is projected to experience a lower precipitation so that a
relationship between climate change and precipitation a “-” sign. Moreover, an increase
in carbon dioxide is mainly caused by some factors such as land-use change and fossil
fuel burning (IPCC, 2012), so fossil fuel burning and land-use change have a “+” sign

with “climate change” respectively.

land-use change precipitation

\‘ N N /A
CO2 climate cha@_\. .
+ minimum
/ temperature
+

fossil fuel burning _
maximum

temperature

Figure 7. Relationships among COg, climate change, temperatures, and precipitation
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Rice needs some chemical substances such as phosphorus, and nitrogen to grow
properly (Li et al., 2012; Yoshida, 1981). Fertilizers and water (from reservoirs or
rainfall) are main sources of these chemical elements. These chemical elements are
important to increase photosynthesis rate (Yoshida, 1981). Together with chemical
substances, carbon dioxide forms the assimilation pool through photosynthesis
(Yoshida, 1981; Li et al., 2012). The assimilation then is converted to rice biomass such
as a leaf. The relationships among water, photosynthesis, and fertilizer can be displayed

in figure 8.
rice blomas

OB

The engine ofgrowth to increase

leaf rlce biomass through photosynthesis assimilation pOOI

+ photosynthesis.
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+ chemical
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30|I o
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Figure 8. Photosynthesis
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As explained earlier, through photosynthesis, chemical substances are converted into
assimilation pool to compose rice biomass (Yoshida, 1981). Afterward, rice biomass is
converted to roots, stems, leave and panicle (Yoshida, 1981; Ministry of Science

Technology & Ministry of Environment & Forest, 201; Li et al., 2012).
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Figure 9. Photosynthesis and respiration mechanisms

Rice panicle is the main pillar for the spikelet growth. As panicles grow, spikelets
occur on the top of the panicles. Rice panicle development is critical because it will
affect the amount of panicle per farming area and rice grain per panicle (Ministry of
Science Technology & Ministry of Environment & Forest, 2011).

To grow properly, rice also needs respiration. Rice respiration aims to sustain the ion
concentration in crop cells and to turn over lipids and proteins (Mohammed & Tarpley,
2009; Yoshida, 1981). The high minimum temperature could induce respiration,
particularly if the minimum temperature exceeds a critical stage of 22°C (Peng et al.,
2004; Mohammed & Tarpley, 2009). However, respiration tends to decrease the amount
of the assimilation pool so that there is less available assimilation pool to produce rice
biomass (Mohammed & Tarpley, 2009).

In addition to the impacts of temperature on rice, there are two ways of how higher
temperatures could influence rice yield (Wassmann & Doberman, 2007; Jagadish et al.
2010). The first is the maximum temperature higher than the maximum temperature
threshold leads to spikelet sterility, decreasing rice yield (Jagadish et al. 2010;
Wassmann & Doberman, 2007). However, the negative impact of high maximum
temperature can be negated by transpirational cooling through irrigated water (Jagadish
et al., 2010; Wassmann & Doberman, 2007). Secondly, the high minimum temperature
is likely to increase respiration, decreasing the assimilation pool (Mohammed &
Tarpley, 2009). Figure 10 summarizes relationships between high minimum

temperature, high maximum temperature and assimilation pool.
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Figure 10. Respiration and temperature relationships
All figures between figure 7 and figure 10 can be combined into a complete causal
loop diagram that reflects relationships among rainfall, high temperature, and rice
production. Figure 11 shows a causal loop diagram of rice growth. The first reinforcing
loop (R1) is a reinforcing loop that explains the accumulation of assimilation pool
(photosynthesis — assimilation pool — rice biomass — leaf — photosynthesis). This loop

(R1) asserts that photosynthesis continuously actives to increase rice biomass.
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Figure 11. A complete causal loop relationship between climate change and rice
production

The second reinforcing loop (R2) explains that high minimum temperature, owing to
climate change, encourages respiration (respiration — CO. — climate change — minimum

temperature - respiration). The third reinforcing loop (R3) explains that photosynthesis

17 |Page


https://doi.org/10.20944/preprints202004.0499.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2020

continuously runs upon the availability of water and chemical substances
(photosynthesis — CO> — climate change — precipitation — irrigated water — chemical
substances — photosynthesis).

The first balancing loop (B1) is a balancing loop that describes a respiration mechanism
(rice biomass — respiration— assimilation pool — rice biomass). This balancing loop (B1)
explains that respiration would decrease rice biomass through the respiration
mechanism. The other balancing loop (B2) is “a clearing mechanism” where CO>

supports photosynthesis and in return, photosynthesis decreases CO> availability.

4.2 System Archetypes

The limits to growth

After summarizing the causal loop diagram in figure 11, the author concludes two
system archetypes. The first one is the limits to growth archetype and the second one is
the success to successful. The limits to growth describe a process in which a period of
accelerating growth is followed by a period of deceleration (Senge, 2006).

An increase in an assimilation pool through photosynthesis increases rice biomass
(R1), leading to a higher rice production. This means that photosynthesis is the engine
growth of rice production. However, a balancing loop (B1) negatively threatens rice
production as a higher minimum temperature tends to increase respiration, decreasing
an assimilation pool. Please keep in mind that under no climate change, respiration still
occurs besides photosynthesis. However, the high minimum temperature increases

respiration, leading to a lower rice production.
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Figure 12. The limits to growth #1

A lot of existing studies suggest finding leverage points that removing constraints to
cope with negative impacts detected in the system archetypes (Nguyen, & Bosch, 2013;
Senge, 1991; 2014). One possible leverage point is to produce heat-tolerant rice
varieties. Planting heat-tolerant varieties will likely to reduce the negative impacts of
the high minimum temperature i.e. increasing respiration. Another leverage point is the

mitigation of climate change, leading to low minimum temperature.

The success to successful

The second archetype detected is the success to successful as seen in figure 13. One
activity has relatively greater success than the others, and consequently gains more
support, while the poorer performer receives less support (Senge, 1991; 2014). The
second reinforcing loop (R2) supports photosynthesis to increase rice biomass, leading a
higher rice production. While the third reinforcing loop (R3) tends to support

respiration, leading a lower rice production.

19| Page

do0i:10.20944/preprints202004.0499.v1


https://doi.org/10.20944/preprints202004.0499.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2020

fertilizer
+ respiration+
+/‘? hotosynthesis.
chemical
substances R 2
50|I
water (Irrlgated The engine ofgrowth to support respiration
CO2
Water) The engine ofgrowth to increase
+ rice biomass through photosynthesis . -
minimum
temperature

recipitation . +
precip w\_Hcllmate change \_/\\/:

Figure 13. Success to successful #1

Because the R3’s growth engine is high minimum temperature, then solutions to
support of increasing rice biomass is similar to the aforementioned solutions. That are,
heat-tolerant rice varieties and the mitigation of climate change. If, for example, heat-
tolerant rice varieties are already realized or mitigation of climate change is successful,
then R2 will not exist. Please note that the engine of growth in R3 is irrigated water and
chemical substances. Whereas the engine of growth in R2 is climate change i.e. elevated
minimum temperature.

This study also captures another similar archetype as shown in figure 14. In this
archetype, there is a competition to support photosynthesis between R1 and R3. This
archetype explains that photosynthesis is supported upon the conversion of rice biomass
to leaf (R1). This archetype also states that photosynthesis needs irrigated water and
chemical substances (R3). In other words, photosynthesis requires chemical substances

and water through the farm management (R3) and leaf (R1).
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Figure 14. Success to successful #2

4.3 Comparing solutions

A deep and throughout analysis of the possible solution is beyond the scope of this
study. Nevertheless, this study discuss some updates on aforementioned solutions under
a changing climate such as irrigation facilities and heat-tolerant rice varieties.
Hopefully, this short analysis can broaden our perspectives in comparing possible
solutions under a changing climate.

Irrigation can decrease the negative impacts of high temperature

Existing studies (Jagadish et al., 2010; Wang et al., 2012) suggest that irrigated water
can decrease the ambient temperature, so the negative impacts of high temperature can
be compromised. However, the positive impacts of irrigation facilities in minimizing the
negative of high temperature is limited (Jagadish et al., 2010).

Irrigation facilities are, of course, important to expand and to guarantee rice
production. Even better, reservoirs can increase rice growing seasons. Nevertheless, in

the term of climate change impacts i.e. the negative impacts of high temperature,

21| Page

do0i:10.20944/preprints202004.0499.v1


https://doi.org/10.20944/preprints202004.0499.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2020

irrigation facilities can be seen as a short solution in minimizing the negative impacts of
climate change on rice yield.
Finding heat-tolerant rice varieties and the benefit of elevated CO2

Some studies confirm the positive impacts of elevated CO> emission on rice yield as
elevated CO» emission leads to increase in spikelet numbers (Kim et al., 2003; Yang et
al., 2006; Zhang et al., 2013a). Those studies also urge us to realize the positive impacts
of elevated CO; on rice yield. However, other existing studies (Ainsworth, 2008; Zhang
et al., 2013b) suggest finding heat-tolerant rice varieties before realizing the positive
impacts of elevated CO,. This suggestion is owing to an experiment (Zhang et al.,
2013b) showing that the negative impacts of high temperature will likely to negate the
positive impacts of elevated CO,.
Heat-tolerant rice varieties are in high demand. This solution should be considered as a
promising solution, especially after some studies (Kilasi et al., 2018; Tenorio et al.,
2013; Ye et al., 2015) confirms that they successfully found genes or traits relate to heat
tolerance. Moreover, finding heat-tolerant rice varieties is one-step ahead as trial
experiments have been conducted to realize heat-tolerant rice varieties

(https://www.philrice.qgov.ph/heat-tolerant-rice-research-wins-outstanding-paper-award/

- accessed on August 9™, 2019).

5. Conclusion

This study uses a simple tool, system archetypes, to identify the impacts of climate
change on rice production. Using a causal loop diagram some interactions between
climate and non-climate factors are described. The interaction among these factors
regulates photosynthesis and respiration process during the rice growth. These

interactions also capture the impacts of high temperature and rainfall change on rice
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production. Afterwards, identified system archetypes have been discussed to identify
the impacts of climate change on rice production.

It seems that climate change could negatively affect rice production in the West Nusa
Tenggara province. Climate change could negatively affect rice production through
higher temperatures and decreasing precipitation. Meanwhile, the positive effect of CO>
is limited as its effect can be negated by the negative impacts of high minimum
temperatures through respiration, leading to a lower biomass and rice production.

This study also provides a short analysis to identify a promising solution under a
changing climate. While irrigation facilities can be a short-term solution, the mitigation
policy needs a proper time to achieve. Owing to findings of genes relate to heat
tolerance and on-going field experiments, heat-tolerant rice varieties is a promising
solution to increase rice production under a changing climate.

Two main approaches in evaluating the impacts of climate change on crop
production are crop models and statistical models (Lobell & Burke, 2010; Lobell &
Asseng, 2017). While statistical models require less data, crop models require a lot of
data such as daily temperature and daily rainfall. Please kindly note that statistical
models can use monthly or seasonal climate to assess the impacts of climate change on
crop production (Bahri, 2017; Lobell & Burke, 2010). At one hand, crop models offer
insights to the impacts of climate change during the crop growth (Lobell & Burke,
2010).

The CLD in this study can be used as a starting point to develop a simulation model
I.e. stock-flow model that accommodate strengths of crop and statistical models. This
compromised model can enhance important processes during the rice growth as well as

evaluating the impacts of climate change with fewer data than the crop models.
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Moreover, system archetypes explained in this study can be a basis to develop
possible options or strategies to overcome the negative impacts of climate change on
rice.

The last but not the least, considering that other main crops including wheat and corn
have similar processes during their growth to the rice growth, this study offers two
insights. The first, this study can be a basis to understand the impacts of climate change
on other main crops and the second is this study also can be a basis to develop the

simulation model for other crops.
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