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ABSTRACT

The overarching question of this study is how a typical rice cultivation system in Gimje,
Korea was keeping up with the triple-win challenge of climate-smart agriculture (CSA). To
answer this question, we have employed (1) quantitative data from direct measurement of
energy, water, carbon and information flows in and out of a rice cultivation system and (2)
appropriate metrics to assess production, efficiency, GHG fluxes, and resilience. The study
site. was one of the Korean Network of Flux measurement (KoFlux) sites (i.e., GRK) located
at Gimje, Korea, managed by National Academy of Agricultural Science, Rural Development
Administration. Fluxes of energy, water, carbon dioxide (CO;) and methane (CH,) were
directly measured using eddy-covariance technique during the growing seasons of 2011, 2012
and 2014. The production indicators include gross primary productivity (GPP), grain yield,
light use efficiency (LUE), water use efficiency (WUE), and carbon uptake efficiency (CUE).
The GHG mitigation was assessed with indicators such as fluxes of carbon dioxide (Fco2),
methane (Fcpy), and nitrous oxide (Fnzo). Resilience was assessed in terms of
self-organization (S), using information-theoretic approach. Overall, the results demonstrated
that the rice cultivation system at GRK was climate-smart in 2011 in a relative sense but
failed to maintain in the following years. Resilience was high and changed little for three
year. However, the apparent competing goals or trade-offs between productivity and GHG
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mitigation were found within individual years as well as between the years, causing
difficulties in achieving the triple-win scenario. The pursuit of CSA requires for stakeholders
to prioritize their goals (i.e., governance) and to practice opportune interventions (i.e.,
management) based on the feedback from real-time assessment of the CSA indicators (i.e.,
monitoring) - i.e., a purpose-driven visioneering.

Key words: Climate-smart agriculture, Rice, GHG mitigation, Resilience, Eddy covariance flux

I. Introduction

The increasing concerns on the role of agriculture
in ensuring food security, coping with climate
change, and preserving natural resources have given
a birth to the ‘climate-smart agriculture (CSA)’ vision
in 2010 by the United Nations Food and Agriculture
Organization (FAO) (http://www.fao.org). CSA is a
triple-win challenge to transforming and reorienting
agricultural systems to support food security under
the new realities of climate change through (1)
sustainably increasing agricultural productivity and
small-holders’ income, (2) reducing and/or removing
greenhouse gas (GHG) emission, where possible, and
(3) adapting and building resilience to climate change.
The CSA

practitioners, and policy-makers to identify synergies

initiative helps scientists, engineers,
and trade-offs among the above triad goals (e.g.,
Lipper et al., 2014). To further the understanding of
how the implementation of CSA works in different
ecological-societal systems, recent progress reviews
have stressed the necessities of urgent actions such
as building scientific evidence and more appropriate
assessment tools (e.g., Rosenstock et al., 2016). In
order to ascertain the synergies and/or trade-offs
among the three-fold objectives of CSA, the
of holistic

scientifically credible and relevantly integrated are

development indicators that are
essential. However, the paucity of holistic indicators
and quantitative measurement data hinders farmers,
researchers, and policy makers from making
measurable assessment of the progress and the impact
of CSA (e.g, Neufeldt et al, 2013; Kim et al., 2018).

Rice is a leading food crop in the world (Ricepedia,

n.d.). Usually, rice paddies act as carbon sink by

sequestering CO, (Diaz et al., 2019). On the contrary,
they are also one of the major sources of CH4 whose
100-year global warming potential (GWP) is 28 x
CO; (e.g., Miyata et al., 2000; Forster et al., 2007,
Shindell et al., 2009). CH4 emission from rice paddies
is expected to increase in the future due to growing
demand for food, warming effect with increasing
temperature, and fertilization effect with increasing
CO; concentration (e.g., Smith et al., 2007; Pereira
et al., 2013; Van Groenigen et al., 2013). In addition,
rice paddies are also minor sources of nitrous oxide
(N20) which has 298 times greater GWP than that
of CO, (Forster et al, 2007; Sun et al., 2016).
Strategic and quantitative monitoring of rice paddy
ecosystem is the prerequisite to finding out whether
the current setting of rice cultivation is a proper
configuration toward sustainable management in terms
of productivity, GHG mitigation, and system
resilience to climate change. Micrometeorological
eddy covariance (EC)-based time series data are
valuable resources to develop CSA metrics (e.g.,
Indrawati et al., 2018). They can be used directly and
effectively to provide quantitative and integrative
indicators at ecosystem scale needed for the
assessment of ftriple objectives of CSA. It is
particularly challenging to assess resilience which is
associated with functionality, directionality and
consequence of interaction (Nielsen and Jergensen,
2013). Based on complex systems theory, self-
organizing capacity of a system has been proposed as
an indicator for system’s resilience (e.g., Prokopenko
et al., 2009). Information-theoretic approaches gain
more recognition for evaluating self-organizing
capacity (Zaccarelli et al., 2013; Zurlini et al., 2013).

Alternatively, thermodynamics indicators also have
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been proposed such as energy capture, energy
dissipation (Lin et al., 2009, 2011), and thermodynamic
entropy budget (Svirezhev, 2010; Brunsell et al.,
2011; Cochran et al., 2016; Yang et al., 2020).
In this study, we question, “how is a rice
cultivation system in Gimje, Korea keeping up with
the triple-challenge of CSA?” We hypothesized that
Gimje rice cultivation system is ‘climate-smart’, i.e.,
the triad goals are not only achieved in tandem in
each individual years but also maintained in the
following years at Gimje site. To make a relative
sense of evaluation, we also compared these results
with those reported in the literature from other rice
cultivation sites. For the assessment of CSA metrics,
fluxes of energy, water, CO, and CH; were monitored
using eddy-covariance technique during the growing
seasons of 2011, 2012 and 2014. The production
efficiency was evaluated by examining the indicators
such as gross primary productivity (GPP), ecosystem
respiration (RE), grain yield, light use efficiency
(LUE), water use efficiency (WUE), and carbon
uptake efficiency (CUE). The GHG mitigation was
assessed with directly measured fluxes of CO, (Fco2)
and CHs (Fcmy), along with indirectly estimated flux
of nitrous oxide (Fi20) following the IPCC guideline.
For the resilience indicator, self-organizing capacity
was quantified for three most comprehensive
processes that represent overall state of the rice
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cultivation system (i.e., GPP, CH4 exchange, and
evapotranspiration for biochemical, biogeochemical
and biophysical processes, respectively).

II. Materials and Methods

2.1. Study Site

The study site with the flux tower was located in
Gimje, South Korea (35°44°42.4"N, 126°51°8.8"E,
and 4.2 m above m.s.l) (Fig. 1). The dominant land
use was cropland characterized by relatively wide
plains with a moderate oceanic climate. Seasonal
monsoon was characterized by persistent and
intensive rainy periods during the summer (i.e.,
‘Changma’) and frequent passes of typhoons. Soil
texture was silt loam and the porosity was~0.52. At
the study site, rice (Oryza sativa) - winter barley
(Hordeum vulgare) double crop rotation was
practiced. The growing season of rice was typically
from mid-June to early-October. Maximum leaf area
index (LAI) was 4.4, 3.9, and 4.7 m* m? in 2011,
2012, and 2014, respectively with the maximum
canopy height of~1.05 m (Min et al., 2013).

The dates of transplanting, mid-season drainage
(MSD), and harvesting along with the growing season
length (GSL) are summarized in Table 1. Thirty-day
old seedlings were transplanted (5-6 seedling per hill)
mechanically at a density of 0.30 x 0.15 m with

Fig. 1. The map of the study site and the eddy covariance flux measurement tower in the rice paddy in Gimje,

South Korea.
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Table 1. Transplanting, mid-season drainage, and harvesting dates (in day of year, DOY) and growing season
length for Gimje rice paddy in 2011, 2012 and 2014

Activity 2011

2012 2014

Transplanting 19 June (170)
25 July (206)
16 October (289)

119 days

Mid-season drainage
Harvesting

Growing season length

21 June (173) 9 June (160)

21 July (203) 16 July (197)
20 October (294) 12 October (285)
121 days 125 days

east-west planting direction. ‘Sindongjin’ hybrid
variety, a medium-late japonica rice cultivar, was
selected mainly for their high yield potential based
on performance in local yield trials (Kang et al.,
2015). The nitrogen fertilizer management was barely
changed. Fertilizers were applied at a rate of 110 kg
N ha'l, 45 kg P,Os ha'! and 57 kg K,O ha! in total.
As a basal application, 50% of N, all of P,Os and
70% of K,O were broadcasted just prior to
transplanting. The 40% of the remaining N was
applied at the tillering stage and 60% shortly after
the panicle initiation stage as top dressing along with
the remaining 30% of K,O. Flooded irrigation was
carried out from early-June to mid-July, and then the
field was fully drained from mid-July to mid-August
(i.e., mid-season drainage, MSD). Intermittent
irrigation practice was applied from mid-August to
mid-September (Kim et al., 2016).

2.2. Biometeorological Measurements

2.2.1, Field measurement

The EC flux measurement tower was located at
the center of the paddy field to monitor energy, water
vapor, CO, and CH, fluxes. The LI-7700 open-path
CH4 analyzer (LI-COR Biosciences, USA), the
LI-7500 open-path H,O/CO, analyzer (LI-COR
USA), and the CSAT3 three-

dimensional sonic anemometers (Campbell Scientific

Biosciences,

Inc., USA) were installed at 5.2 m above the ground
(see Fig. 1). There was no vertical separation between
these instruments. The horizontal separation between
the LI-7700 and the CSAT3 was 0.52 m, and that
between the LI-7500 and the CSAT3 was 0.43 m.

The wind vectors and gas concentrations were

recorded at a sampling rate of 10 Hz. A rain gauge
(52203 Tipping Bucket Rain Gauge, RM Young
Company, USA) was located 1 m above the ground,
and a four-compnent net radiometer (CNR1, Kipp &
Zonen B.V., Netherlands) was installed 2.7 m above
the ground. Soil temperature and soil moisture
contents at 0.05 m depth were measured with
thermometers (TCAV, Campbell Scientific Inc. USA)
and tensiometers (CS616, Campbell Scientific Inc.
USA) at 2 locations, respectively. Soil heat flux was
measured with soil heat flux plates (HFPOI,
Hukseflux Thermal Sensors, Netherlands) which
were buried at 0.05 m depth at 2 locations. The burial
locations of these soil sensors were near the flux
tower, which are far from a drainage channel and at
a relatively lower level. Such a placement led to
slower drainage around the measurement area than
the overall conditions of the entire paddy field. A
data logger (CR5000, Campbell Scientific Inc. USA)
was used to store and compile both turbulence and

biometeorological data.

2.2,2, Meteorological Data Processing

For the slow-response meteorological variables,
the data logger outputs (i.e., the 30-minute averaged
raw data without quality control) were categorized
as the level 0 (LO) data. Then, following the KoFlux
data processing protocol (Hong et al., 2009, Kang
et al, 2018), the LO data were processed with quality
control to produce L1 dataset. In order to provide
seamless dataset (i.e., L2 data), the combination
approach (including interpolation, mean diurnal
variation, and linear regression) using data from the
automated weather stations operated by the Korea
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Meteorological Administration was applied for the
gap filling of missing data. Then, L2 dataset was used
for the gap-filling of flux data.

2.2.3, Flux Data Processing

The collected flux data were processed and quality
controlled following the KoFlux data processing
protocol (Hong et al., 2009, Kang et al, 2017). Gap-
filling was applied to the processed half-hourly fluxes
using the standardized KoFlux protocol (Hong ef al.,
2009). CO, and CH,4 fluxes were gap-filled using the
marginal distribution sampling (MDS) methods,
following Kang et al. (2018). In case of CO, flux,
three different nighttime CO, flux correction (i.e.,
filtering and replacing) methods were applied: 1) the
friction velocity filtering method, 2) light response
curve method, and 3) modified van Gorsel method
(Kang et al, 2014; Van Gorsel et al, 2009). The daily
net ecosystem exchange (NEE) of CO,, gross primary
productivity (GPP) and ecosystem respiration (RE)
used in this study are the averaged values from these
three methods. The flux and biometeorological data
from 2011, 2012 and 2014 were used for further
analysis (with the exclusion of 2013 when the data
availability after quality control was < 50% during
the growing season).

2.3. Assessment of the CSA Metrics

2.3.1, Indicators for productivity and efficiency

2.3.1.1. Gross primary productivity (GPP) and

grain yield

Gross primary productivity is the total amount of
organic matter produced through photosynthesis in a
defined area per unit time, which represents
vegetation productivity (e.g., Gitelson et al., 2006).
GPP was calculated from NEE and RE (extrapolated
from the nighttime temperature-response equation
with daytime temperature) as:

GPP - RE = -NEE, (Eq. 1)

where -NEE is equal (but opposite in sign) to net

ecosystem productivity (NEP).

The grain yield is related to net primary
productivity (NPP) which is roughly 50% of GPP
(e.g. Zhang et al, 2009). In this study, the actual
grain yields and GPP were used as productivity
indicator. During the study period from 2011 to 2014,
the rice varieties at GRK were the same, i.e.,

‘Sindongjin’.

2.3.1.2. Water use efficiency (WUE)
Water use efficiency (WUE) at ecosystem level is
defined as:

GPP
WOHE =" (Eq. 2)

where GPP and ET are the daily sums of
half-hourly fluxes from the EC measurement (e.g.
Reichstein et al., 2007; Yu et al., 2008). ET was
calculated by dividing the latent heat flux (AE) by
the latent heat of vaporization. The unit of daily GPP
is in g C m?, ET in mm, and WUE in g C kg H,O™".

2.3.1.3. Light use efficiency (LUE)

Dry matter yield can be expressed as a function
of the amount of intercepted solar radiation and the
efficiency with which that radiation is converted to
biomass (Monteith and Moss, 1977). The carbon
exchange between the crop canopy and the
atmosphere is controlled by the amount of absorbed
photosynthetically active radiation (APAR) and light
use efficiency (LUE). In this study, LUE is calculated
as (e.g., Gitelson and Gamon, 2015):

GPP

LEE = APAR (Eq. 3)

where APAR is calculated from the fraction of
PAR (fPAR) collected from MODIS collection 6
product from a single pixel (1x1 km) around the EC
tower at GRK and estimation of PAR.

2.3.2, Indicators for GHG mitigation
2.3.2.1. Direct measurement of CO, and CH, fluxes
Measurement of GHG mitigation was assessed by
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the growing season-long monitoring of fluxes of CO,
and CHy4 at GRK during 2011, 2012 and 2014. The
time series of CO, and CH4 fluxes were directly
measured by eddy covariance techniques as described

in the section 2.2.

2.3.2.2. Estimation of N,O emission

Nitrous oxide emission from Gimje site was
estimated using the revised 1996 IPCC guidelines for
National Greenhouse gas inventories as (IPCC, 1997;
Mosier et al.,1998) as.

N,O emissions = Direct emissions (N.Oprecr) +
indirect emissions (N2Owprecr), (Eq. 4
NoOpreer = [(Fsy + Fer) x EF ] x 44/28, and
(Eq. 5)
NoOmpireer = [(N20@) + (N2O@y)] > 44/28,
(Eq. 6)

where (i) Fsy is the nitrogen (N) fertilizer applied
annually to soils adjusted to account for the amount
that volatilizes as NH; and NOx [kg N ha’'], and
calculated as Fsy = N inputs x (1 - Fracgasr) where
Fracgasr (volatilization factor) is 0.1 kg NH3-N/kg
N2O-N; (ii) Fer is N in crop residues returned to soils
[kg N ha'], and calculated as Frz = weight of below
ground part of the rice paddy (kg ha™”) x N content
of the residues (0.0067 kg N kg™ of dry biomass)
where the weight of below ground part of the rice
paddy was given as 87% of rice grain yield; (iii)
EFrz 1s the direct emission factor for N,O emissions
from N inputs to flooded rice field [kg N,O-N/kg
N inputs], and the country-specific coefficient is
0.003 kg N,O-N/kg N; (iv) NoO is the indirect N,O
emissions by atmospheric vaporization and estimated
as NoOwy = (Fsv x Fraccusr) X EF; where EF; is
the emission factor for N,O emissions from N
volatilization and re-deposition [kg N,O-N/kg
NH;-N] and default value is 0.01 kg N>O-N/kg N;
and (v) N,Og, is the indirect N,O emissions by the
outlet water and estimated as NoOqy = [(Fsy+Fcz)
x Fracipacn] x EFs. where Fracppicn (default value

= 0.3) is the fraction of N inputs losses by leaching

and runoff and EF’ is the emission factor for N,O
from N leaching and runoff [kg N,O-N / kg N], and
the country-specific coefficient is 0.0135 kg N>O-N /
kg N.

2.3.2.3. Carbon uptake efficiency

Carbon uptake efficiency (CUE) is defined as the
ratio of GPP and ecosystem respiration (RE)
(Indrawati et al., 2018):

GPP
CUE =S (Eq. 7)

where RE (in g C m?) was estimated from EC
measurement of nighttime CO, flux with temperature
response function. CUE describes how efficiently an
ecosystem manages the carbon uptake for growth and
development relative to the maintenance (e.g., Odum,
1969). CUE also represents the strength of net
ecosystem carbon uptake (when CUE > 1) or release
(when CUE <1). When CUE = 1, the ecosystem is
CO; neutral.

2.3.3. Resilience Indicator

Resilience is associated with ‘self-organizing
capacity’ which produces a global order out of the
local interactions of the system components. Such
systems increase their organization in time from their
own internal dynamics (Gershenson and Fernamdez,
2012). Here, information theory can be used to
measure such organization (Shannon, 1948). For
example, ordered/organized time series has less
uncertainty (i.e., low information entropy) than
chaotic, disorganized time series. In other words, if
information entropy is reduced when self-organization
occurs, whereas self-disorganization results in an
increase of information entropy.

Complex systems are known to be equipped with
stability and flexibility in harmony. From an
information-theoretic point of view, ‘regularity’
ensures that useful information is maintained while
‘change’ enables the systems to be flexible to explore

new possibilities that are essential for adaptation and
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evolution. Following Lopez-Ruiz et al. (1995),
complexity can be defined as the balance between
change (disorder) and stability (order), for which
emergence (E) and self-organization (S) can be its
measure, respectively. Here, E describes emergent
(new) global patterns that are not present in the
system’s  components, which measures the
indeterminacy a process produces as a consequence
of changes in process dynamics or scale.

For continuos distributions, E interpretation is
constrained to the average uncertainty a process
produces under a specific set of the distribution
parameters (e.g., the standard deviation value for a
Gaussian distributions). Formally, the continuous E
is defined, following Santamaria-Bonfil et al. (2016)
as:

E=-K(limy_o H(XY) +log, (4)) (Eq. 8)

which is a quantized version of the differential
entropy, where X' Acorresponds to discretized version
of random variable X, and A is the integration step.
Here, K is a normalizing constant that constrains E
within the range 0 <E < 1, and is estimated as

s 1j30.92(b] (Eq. 9)

where b corresponds to the states that satisfy P(x;)
> 0. Hence, log,(b) corresponds to the maximum
entropy for a distribution function with number b of
possible states that a system can take.

Now, as resilience indicator, self-organization (S)
can be seen as a reduction of entropy. Thus, S is
considered as the compliment of E, that is:

(Eq. 10)

such that 0 < § < 1. S is related to order and
regularity due changes in the process dynamics and
scale. Hence, an entirely random process (e.g.,
uniform distribution) has the lowest S (= 0) whereas

a completely deterministic process has the highest S

=D.

Finally, S, as an indicator for system’s resilience,
was quantified for the three most comprehensive
processes in rice cultivation system: 1) gross primary
production (biochemical), 2) methane production/
oxidation and transport (biogeochemical), and 3)
evapotranspiration  (biophysical).  Using  the
MATLAB code of Santamaria-Bonfil et al. (2017),
computations and analyses were done in two ways
by using (1) the time series data with half-hourly
interval and (2) the time series data with daily
interval. Then, the composite values (i.e., Evg, Sava)
were calculated by taking the average of the
individual indicator’s values for the above-mentioned
three processes (i.e., GPP, Fcpys, and ET). Finally,
Suvg was considered as an overall resilience indicator
for the rice cultivation systems at GRK site for the
growing seasons of 2011, 2012 and 2014.

II1. Results

3.1. Climatic Conditions

As summarized in Table 2, the growing season
temperature (7) was 22.7+4.4°C,
22.5+4.8°C and 22.1£2.9°C during 2011, 2012 and
2014, respectively, all comparable with the 30-year

mean  air

(growing season) normal (22.7+3.8°C). For the
growing season total P, 2011 and 2012 were above
normal (i.e., 804+278 mm) whereas 2014 was much
below normal. As expected from the observed
differences in P among the three growing seasons,
incoming solar radiation (Rs) was highest in 2014.
Such an interannual variability in P and Ry provided
a broad range of conditions needed for the
examination of CSA indicators among the three years

under study.

3.2 Assessment of Climate-Smart Agriculture (CSA)

3.2.1, Indicators for productivity

3.2.1.1. Gross primary productivity (GPP)

For the three growing seasons, GPP averaged to
be 889 (35) g C m? with an averaged growing
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Table 2. Climatic conditions, phenology, and indicators for the triad goals (i.e., productivity, GHG mitigation,
and resilience) of climate-smart agriculture (CSA) during the three growing seasons in 2011, 2012
and 2014 at the GRK rice cultivation site

Parameters (Unit) 2011 2012 2014
Climatic conditions
T (°C) 22.7 22.5 22.1
P (mm) 893 976 620
Solar radiation, Rgy (MJ m?) 1703 1894 1958
Phenology
Growing season length, GSL (days) 119 121 125
Productivity indicators
Gross primary production, GPP (g C m™) 938 860 868
Grain yield (g grain m?) 649 513 603
Light use efficiency, LUE (g C MJ ™) 2.09 1.93 1.80
Water use efficiency, WUE (g C kg H,0™") 1.91 2.06 1.95
Evapotranspiration, E7 (mm) 514 440 494
GHG mitigation indicators
Net CO, uptake, Feor (g CO, m?) -1,349 -931 -1,280
CH, emission, Fepy (g CHy m™) 25.5 24.0 34.7
(CO, equivalent Feyy in g COe m?) (2,142) (2,016) (2,912)
N>O emission, Fyzo (mg N,O m‘z) 1.39 1.32 1.36
(CO, equivalent Fyy in g COe m?) 0.41) (0.39) 0.41)
Total CO, equivalent emission of CO,, CHsy & N,O 1.22 2.12 2.83
per grain yield (g COse / g grain yield)
Carbon uptake efficiency, CUE 1.65 1.42 1.67
Ecosystem respiration, RE (g CO, m?) 570 607 519
Resilience indicators using half-hourly (daily) time series
Self-organization of GPP (Scrp) 0.97 (0.93) 0.96 (0.93) 0.97 (0.93)
Self-organization of Fepy (Srcus) 0.95 (0.93) 0.97 (0.95) 0.96 (0.94)
Self-organization of ET (Sgr) 0.95 (0.93) 0.95 (0.94) 0.95 (0.94)
Composite self-organization (Surc) 0.95 (0.93) 0.96 (0.94) 0.96 (0.93)

season length (GSL) of~122 days. In 2011, despite
being the year with the lowest Rs, GPP was 938 g
C m?, higher than those in 2012 and 2014. GPP was
lowest in 2012. The growing season-integrated RE
was on average 565 (£36) g C m™ with interannaul
variation of ~6%. Among the three growing seasons,
RE was highest in 2012 which showed the lowest
GPP.

3.2.1.2. Evapotranspiration (ET)
As summarized in Table 2, evapotranspiration (E£7)

from the three growing seasons was different and the
daily rate ranged from 3.6 to 4.3 mm day’'. The
maximum E7 was 8.78 mm d', 6.6 mm d! and 7.2
mm d' in 2011, 2012 and 2014, respectively. As
noted earlier, the energy source for ET (i.e., Rs) was
lowest in 2011, and yet ET was highest among the

three growing seasons.

3.2.1.3. Water use efficiency (WUE)
Water use efficiency is simply the ratio of GPP
to ET, therefore it can be intuitively guessed from
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the above values of GPP and ET. As shown in Table
2, mean daily WUFE in 2012 was highest despite the
lowest GPP because the relative amount of reduction
in ET was much greater than that in GPP. On the
contrary, GPP was highest in 2011 but WUE was
lowest because of greater increase in ET (likely due
to more frequent occurrence of sensible heat

advection).

3.3.1.4. Light use efficiency (LUE)

The growing season-integrated photosynthetically
active radiation (PAR) was on average 807+44 MJ
m? with the absorbed fraction of PAR (fPAR) varying
from 0.54 to 0.60. For the three growing seasons,
the daily LUE ranged from 1.80 to 2.09 g C MJ'd"
with an average of 1.94+0.12 g C MJ'd' As
expected, 2011 showed the highest LUE with the
highest GPP and the lowest APAR. The opposite was
the case in 2014 when lower GPP with the highest
APAR produced the lowest LUE.

3.3.2, Indicators for Greenhouse Gas (GHG)
mitigation

3.3.2.1. Carbon dioxide (CO,) uptake

The growing season-integrated CO, uptake was on
average 1,118 (£183) g CO, m? (equivalent to a daily
rate, Fco, of~9.9 g CO, m? d"). The highest net
uptake rate of Frp, (~11.0 g CO, m? d') was
observed in 2011, corresponding with the highest
GPP and grain yield. The lowest Frp, was observed
in 2012 when RE was highest, resulting lowest carbon
uptake efficiency (Table 2). More efficient carbon
uptake was observed in 2011 and 2014. In Table 2,
Fco, was given with negative sign, indicating that
negative flux means absorption by rice paddy and

positive flux means emission into the atmosphere.

3.3.2.2. Methane (CH,) emission

The growing season-accumulated methane
emission, Fcpy was on average 28.1+4.7 g CH,y m?
(equivalent to a daily rate of 231 mg CHy m? d™).
In Table 2, the values of Fpy are also given in CO,

equivalent (g CO,e m™). For this conversion, instead

of using the 100-year global warming potential
(GWP), we used the 20-year GWP of 84 x CO,
because of relatively short (less than 20 years)
residence time of methane in the atmosphere. Despite
the lowest P in 2014, methane emission was highest.
Furthermore, for the years with ample precipitation
(2011 and 2012), methane emission was much lower.
As pointed out later in the discussion, the proper
timing of mid-season drainage played more important
role than total amount of season-long P in methane

emission.

3.3.2.3. Nitrous Oxide (N,O) emission

For the three growing seasons (with an averaged
GSL of~122 days), the total emission of N,O was
on average 0.165+0.004 g N,O m™ (equivalent to
1.36 mg N,O m? d"). The difference in Fy;o among
the three growing season was small (< 2%) and
negligible when considering the uncertainties
associated with indirect estimation based on the IPCC
guideline. In terms of its CO, equivalent (using the
GWP of 298 x CO,), the contribution of Fy,o was
negligibly small (see Table 2).

3.3.3, Indicators for Resilience

Table 2 also presents the results of S (self-
organization, a resilience indicator) for the three
growing seasons. It would be useful to recall the
definition of S which is the compliment of E (i.e.,
S =1 - E) where E measures the uncertainty (hence,
an increase of entropy) a process produces as a
consequence of changes in process dynamics or scale.
S is related to order and regularity due changes
(hence, a reduction of entropy). The time series of
GPP, Fcpy, and ET were analyzed with two different
sampling rates (i.e., half-hourly and daily) but the
results were not much different as shown in Table
2. All the values of Sgpp, Srcry, and Sgr for the three
growing seasons were between 0.93 to 0.97,
suggesting the rice cultivation system had high level
of resilience with little interannual variability.
However, further test of this approach is needed with

different parameter settings and assumptions.
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Fig. 2. Radial plot showing the relative changes (from
-40 to 40%) in CSA indicators that are normalized
against the mean values. Fo;, is uptake whereas Fcyy
Fxzo, and RE are all emission.

IV. Discussion

As shown in Table 2, a variety of conditions
encountered for the three year’s growing season
period provided an opportunity to examine the CSA
indicators under different constraints as well as from
different perspectives.

In order to distinguish the observed conflict and/or
tradeoff between the triad goals of CSA, all the
indicators were normalized based on their mean
values for the three growing seasons. Their relative
changes are presented in a radial plot in Fig. 2. It
is clearly demonstrated that all the indicators were
varying during the three growing seasons except the
resilience indicator, S and nitrous oxide emission,
E’VZO-

In 2011, despite having the lowest Rs, more
efficient use of light resulted in higher productivity
(thus, higher CUE) than in other two years. However,
it was at the expense of using more water (i.e., lower

WUE) while the system resilience remained with little

change. In 2012, despite receiving the greatest
amount of P, the mid-season drainage was effective
because of the absence of P during the MSD period
with greater Rs (not shown). The resulting aerobic
soil conditions produced better mitigation of overall
CHy4 emission as indicated in Fig. 2. The increase
in RE (hence, reduced Frp;) resulted in the lowest
productivity. Despite all these changes, S remained
with little change. In 2014, higher Ry and lower P
than other two years resulted in intermediate level
of GPP as well as grain yield, which are reflected
in the lowest LUE. However, rainfalls during the
MSD period maintained the soil moisture near
saturation (not shown) and nullified the drainage
effect, thereby resulting in significantly more CHy
emission than in other years.

Table 3 represents a qualitative comparison of the
relative achievement of triad goals among the three
growing seasons at Gimje site using a simplified
three-level categorization (i.e., high, intermediate,
low) based on Table 2 and Fig. 2. Several features
are worth noting: (1) the rice cultivation in 2011 was
‘climate-smart’ by achieving the ‘high’ level in all
three goals of CSA, but the reason for such a success
is unclear and deserves further investigation, (2)
neither 2012 nor 2014 maintained ‘climate-smart’
cultivation due to reduced productivity and increased
GHG emission, and (3) there appears to be trade-offs
between productivity and GHG mitigation within a
growing season as well as between different growing
seasons.

In terms of productivity, the range of GPP at GRK
site was comparable to those reported from other sites
in Korea as well as those from Japan and the
Philippines (e.g., Hwang et al., 2020; Alberto et al.,

Table 3. Qualitative comparison of the triad goals (productivity, GHG mitigation, resilience) of climate-smart
agriculture (CSA) at GRK rice cultivation site for the growing seasons of 2011, 2012 and 2014

CSA ftriad goal 2011 2012 2014
Productivity High Low Intermediate

GHG mitigation High Intermediate Low
Resilience High High High
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2011), but higher than those reported from China and
Bangladesh (e.g., Wang et al., 2017; Hossen et al.,
2011; 2012). Productivity is dependent on the
efficiency of light use, among other factors. The LUE
at GRK site was higher than those reported from a
few rice paddy sites in Japan (Indrawati et al., 2018;
Ikawa et al. 2017). In terms of water use, the range
of WUE at GRK was in the middle to upper range
of those reported from other rice paddy studies (e.g.,
Hossen et al., 2011; 2012 ; Alberto et al., 2009; 2011;
Diaz et al., 2019).

In terms of GHG, Fco, at GRK was within low
range of those reported in the literature for rice
paddies under various practices and climate
conditions (e.g., Alberto et al., 2012; Miyata et al.,
2005; Diaz et al., 2019). Carbon uptake efficiency
at GRK was similar to CUE in a rice paddy at
Cherwon in central Korea (1.62; Indrawati et al.,
2018) but lower than those in Japan and Philippines
(1.76 ~2.25; Alberto et al., 2011; Ikawa et al., 2017).
Methane emission at GRK was significant, which was
in the mid to upper range of Fcpyy reported in the
literature (e.g., Knox et al., 2016, Miyata et al., 2005;
Meijidae et al., 2011; Chun et al., 2015). Nitrous
oxide emission also was in the upper range of the
Fzo reported in the literature (e.g., Knox et al., 2016;
Miyata et al., 2005; Meijidae et al., 2011; Chun et
al., 2015).

V. Summary and Conclusions

This study is the first attempt to examining a
typical rice cultivation system in Gimje, Korea under
the framework of CSA. The ultimate purpose is to
mobilize people and nation toward healthy and
sustainable agriculture through the engineering of the
CSA vision. Main objectives were (1) to select an
archetypal rice cultivation system, (2) to monitor the
flows of energy, H,O, CO,, CHs, N>;O, and information
in and out of system, (3) to evaluate the indicators
for productivity, resilience, and GHG mitigation, and
finally (4) to assess how the progress is achieved on
the triad goals of CSA.

The data obtained from the three growing seasons
provided a unique and wide range of environmental
conditions to scrutinize the state of rice cultivation
system in the context of CSA. The main results of
the assessment of a suite of indicators for the triad
goals of CSA can be summarized as: (1) productivity
was within the middle to upper ranges of those
reported in the literature; (2) GHG mitigation was
substandard because of low Fcp, (i.e., lower CO,
uptake) and moderate to high Fcny and Fyzo (ice.,
higher emission) than those reported from other
studies; and (3) resilience was high but unable to
assess due to the lack of quantitative data in the
literature, (4) only one of the three growing seasons
examined in this study achieved the CSA’s triple win
whereas other two growing seasons failed to become
climate-smart due to reduced productivity as well as
increased GHG emission, and (5) overall, the rice
cultivation system at GRK was not fulfilling the CSA’s
triad goals, particularly in the challenge of GHG
mitigation which requires substantial improvement in
all three gases (i.e., CO,, CHy4, N,O).

The apparent competing goals and trade-offs
(between increasing productivity and mitigating GHG
emission) within individual years as well as between
years would hinder farmers from achieving seamless
harmony under the triple-win scenarios. Therefore,
the pursuit of CSA requires for stakeholders to
prioritize their goals (i.e., governance) and to practice
opportune interventions (i.e., management) based on
the feedback from real-time assessment of the CSA
indicators (i.e., monitoring) - i.e., a purpose-driven
visioneering. On one hand for example, developing
countries require an intensification of agricultural
production to close yield gaps and meet sharply rising
food demands. In this context, there are fewer
possibilities to reduce GHG emissions, and it makes
sense to target efforts to food security and resilience.
On the other hand, for developed countries with
intensive agriculture, it may not be a priority to
increase production, but to reduce emissions while

enhancing resilience to climate change.
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