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ABSTRACT

Assessment of climate suitability for a crop would provide information to
develop adaptation options to climate change in a region. A climate
suitability index at a site of interest can be determined using a fuzzy logic
system, which makes use of expert knowledge or existing data to develop a
model. The hierachical fuzzy logic system that depends on rule statements
and logical operation between them has been developed to assess climate
suitability of forage crops. In the present study, alternative operators and
rules for the fuzzy logic system were explored to improve reliability of the
climate suitability assessment model. Annual yield data of Italian ryegrass
were compared with climate suitability index under the assumption that
climate suitability index would represent potential yield. The fuzzy logic
system was modified applying standard union, standard intersection,
bounded sum, and bounded difference to the logical operation that combines
suitability of temperature and precipitation. A simple form of the fuzzy logic
system was also developed using the rule statements that characterize
suitability of temperature and precipitation based on the duration of
optimum temperature condition and precipitation amount under a favorable
temperature condition, respectively. It was found that the use of standard
union resulted in greater coefficient of determination (0.68) between yield
and the climate suitability index for given seasons than the original model
(0.53), which suggested that application of an alternative logical operator
could improve reliability of the model. Application of an alternative rule
statement also resulted in a reasonable assessment of climate suitability. In
particular, application of a boundary regression analysis indicated that the
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climate suitability index obtained from the simple form of the fuzzy logic
system could be compared with the potential yield at a given site. For
example, the root mean square error of the simple model was relatively small
for Italian ryegrass when the climate suitability index was compared with
yields near the boundary line, e.g., within 95% confidence limit, which
would represent the potential yield at a site. The climate suitability model
based on the fuzzy logic system explained a large variation (70.3 %) of
average yield for an extended period. The alternative model was also useful
to identify countries where climate suitability was gerater for alfalfa in
Europe. This suggested that the variants of fuzzy logic system would be
useful to assess climate suitability of a production area, which would provide
information on decision making and adaptation planning under a given
climate condition. These models can be applied to climate change scenario
data in a region, which would provide reliable information for small scale
farmers who attempt to introduce crops to their farms under a future climate
condition.

Keywords: Species distribution model, fuzzy logic, uncertainty, minor
crop, climate change adaptation

INTRODUCTION

Changes in a cropping system have been suggested as an adaptation option
to minimize the negative impact of climate change on crop production (Butt
et al., 2005; Chen et al., 2012; de Jong et al., 2001; Howden et al., 2007;
Lobell et al., 2008; Robert et al., 2003). For example, cropping practices
such as planting date could be shifted depending on future climate conditions
(Alexandrov et al., 2002; Tubiello et al., 2002). New cultivars that have
more tolerance to environmental stress could be used in the future (Beebe et
al., 2011; Nyabako ef al., 2012). Practices in tillage, irrigation, and fertilizer
application could also be used as an option for climate change adaptation.
Forage crops can be introduced into a cropping system as an additional
option for climate change adaptation (Howden et al., 2007). Cultivation of
forage crops would have various effects on ecosystem services including a
negative impact on soil erosion, reduction of greenhouse gas emission
through enhancement of the biogeochemical cycle (Cavigelli et al., 2013;
Davis et al., 2012; Lugnot and Martin, 2013; Lemaire et al., 2014). Forage
crops would be less affected by environmental stress (Olesen et al., 2011),
which would help stable primary production under changing climate
conditions. Still, assessment of climatic suitability for a forage crop would be
desirable before it is introduced into a cropping system in a region.
Considerable efforts have been made to develop a model to predict the
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productivity of forages. For example, Johnson et al. (2003, 2008) developed
a model to support decision-making on pasture management, such as
DairyMod and SGS Pasture models. Models that determine the daily growth
of crop have also been used to predict yields of forage crops (Kiniry et al.,
1995; Ojeda et al., 2016) and to assess climate change impacts on pasture
systems (Cullen et al., 2009). Such models are often dependent on local
management information, e.g., variety, fertilizer application rate, and
irrigation, which is often limited to specific sites (Abraha and Savage, 2008).

Alternatively, a climate suitability model can be used to assess the
environmental feasibility of forage and minor grain crops in a region
(Ramirez-Villegas et al., 2013). In particular, a fuzzy logic system would
facilitate development of a climate suitability model for forage crops of
which exact or specific information is limited (Okeke and Karnieli, 2006;
Zadeh, 1965). Center and Verma (1998) suggested that fuzzy logic would be
useful for modeling in biological and agricultural systems. Kim et al. (2018)
developed a fuzzy logic system to predict climate suitability of three forage
Crops.

A fuzzy logic system is often implemented using rules derived from
current knowledge. This would help prediction of climate suitability for a
forage crop in a region with minimum sets of data, e.g., monthly temperature
and precipitation. Still, rules can be modified to determine the values of
climate suitability index for greater efficiency. For example, a simple form of
rules can be used to calculate climate suitability index without penalty in
reliability.

The objectives of this study were to develop and to evaluate the variants
of a climate suitability model for Italian ryegrass, which is an important
forage crops in Korea and Japan (Koizumi et al., 1993; Sugawara et al., 2006;
Valan et al., 2014). Evaluation of such models would provide an insight to
make the best use of fuzzy logic system for reliable assessment of climate
suitability in a region. This would help identify crop production areas under
a given climate condition, which would aid the climate smart agriculture.

MATERIALS AND METHODS

Yield and climate data

Yield data of Italian ryegrass were used to compare the climate suitability
index obtained from different types of fuzzy logic systems. The yield dataset
includes annual yield data at 18 sites in three countries including the USA,
Belgium, and Australia. Daily weather data including daily minimum and
maximum temperatures, and precipitation were collected at those sites from
weather databases. For example, weather data at the sites in the US and
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Belgium  were  obtained from the Utah  Climate  Center
(https://climate.usurf.usu.edu/). Daily weather data at Australian sites were
collected from the Bureau of Meteorology, Australia
(http://www.bom.gov.au/). Daily weather data were summarized by month to
prepare input data to the fuzzy logic system for calculation of climate
suitability index. Detailed description of these data sets can be found in Kim
et al. (2018).

A fuzzy logic system to assess climate suitability of Italian ryegrass

Kim et al. (2018) developed the hierarchical fuzzy logic system that
evaluates rules associated with climate conditions for growth and survival of
a crop (Fig. 1). The fuzzy logic system consists of a fuzzy set and logical
operation between fuzzy sets. The fuzzy set converts a crisp value of a
variable into a degree of membership using its membership function. For
example, a given precipitation, e.g., 200 mm, is translated into a degree of
membership, e.g., 0.2, using a fuzzy set of “suitable” for precipitation. A
detailed description of fuzzy sets can be found in Ahamed et al. (2000).

The membership function of a fuzzy set is defined using parameter
values that can be determined using experimental data. The parameter values
can also be determined using existing knowledge. For example, Kim et al.
(2018) used the EcoCrop database to determine those values (Table 1). This
approach would require no calibration process to identify parameter values
that result in the least difference between observation and prediction through
iteration. In particular, it would be challenging to calibrate a climate
suitability model beacause only a small set of data would be available for
minor crops such as forage crops.

Alternative logical operation to the fuzzy logic system

The hierarchical fuzzy logic system has been designed to evaluate the rule
statements of suitability of temperature and precipitation for a crop,
respectively (Fig. 1). The rule statement is combination of sub-rule
statements such as “temperature is suitable” and “precipitation is suitable”.
The sub-rule statement takes into account detailed conditions for temperature
and precipitation such as the range of temperature and precipitation, which
would affect survival and growth of a crop.

160


https://climate.usurf.usu.edu/
https://climate.usurf.usu.edu/
http://www.bom.gov.au/
http://www.bom.gov.au/

EVALUATION OF FUZZY LOGIC SYSTEMS TO ASSESS CLIMATE SUITABILITY OF ITALIAN RYEGRASS

Tfavorable

Xom > hr Om AND,,

S Input data Interface function
© Fuzzy set D product/t-norm
Fuzzified value D sum/t-conorm

Fig. 1. The structure of the hierarchical fuzzy logic system to assess climate
suitability of a crop in a month. The operator in gradient color indicates
a logical operator used to combine the outcome of rule statements. P,
Nm and X, indicate precipitation, minimum temperature and maximum
temperature in a month m, respectively. Psuitabie, Ttavorable, aNd Tsyitable are
fuzzy sets of precipitation and temperature, respectively. Bm and O,
represent suitability index of precipitation and temperature,
respectively. OR,, and AND, are climate suitability index in a given
month using t-conorm and t-norm, respectively. The symbols in a
gradient color represent the logical operator between fuzzy values.

The rules of temperature and precipitation can be connected using logical
operations including OR and AND, which are called t-conorm and t-norm,
respectively. In the orginal model, the logical operation of rule statements
including t-conorm and t-norm were defined using algebraic sum and
algebraic product as follows (Klir and Yuan, 1995):

R orR,= R,+ R,— R,* R, and (Eq. 1)
Ryand Ry, = Ry R,. (Eq. 2)

In fuzzy logic, alternative operator can be used to define t-conorm and
t-norm. For example, bounded sum and bounded difference can be used to
quantify the logical connection between two statements. These alternative
operators are defined as follows (Klir and Yuan, 1995):

Ry or R, = min(1, R, + R,) and (Eq. 3)
Ry and R, = max(0,R, + R, — 1). (Eq. 4)
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Table 1. Climate and management conditions for Italian ryegrass

Abbreviation Description Value®
Gmin minimum growing period (d) 20
Grax maximum growing period (d) 270
T killing temperature (°C) -4b
Tmin Minimum absolute temperature (°C) 2
Tmax maximum absolute temperature (°C) 38
Topmin minimum optimal temperature (°C) 14
Topmax maximum optimal temperature (°C) 30
Rmin minimum absolute rainfall (°C) 200
Rmax maximum absolute rainfall (°C) 1800
Ropmin minimum optimal rainfall (°C) 500
Ropmax maximum optimal rainfall (°C) 900

*The values of crop parameters were obtained from the EcoCrop database (http://ecocrop.fao.org), which is
operated by Food and Agriculture Organization (FAO).
°The hierarchical fuzzy logic system was dependent on the parameter values of -11°C for Tii.

It is possible to make use of standard union and standard intersection to
determine the values of t-conorm and t-norm, respectively, which are defined
as follows (Klir and Yuan, 1995):

R, or R, = max( R, R,) and (Eq. 5)
R, and R, = min(R,,R,). (Eq. 6)

No calibration process would be needed for logical operators because
they require no parameter, which would minimize the need for the
observation data. However, these logical operators would cause variation in
the values of climate suitability index. Evaluation of alternative operators
would provide a hint to develop a reliable climate suitability model.

Climate suitability indices derived from each logical operator were
examined if they could represent variation of yield by site. Egs. 3-6 were
used to determine the values of climate suitability index. These values were
compared with yield data at site-years as well as those of the original model.
A climate suitability index would be an indirect indicator for crop yield.
Thus, the coefficient of determination was calculated between the climate
suitability index and crop yield at sites of interest to examine reliability of
climate suitability index obtained from the variants of the fuzzy logic
system.
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Alternative rule to the fuzzy logic system

In the present study, it was attempted to calculate climate suitability index
using alternative rules. For example, the original model had the rule
statements to evaluate a moisture condition for a prolonged period.
Assessment of extreme conditions was also applied to determine the values
of climate suitability index. These terms would be useful to evaluate
conditions that would occur infrequently. Still, monthly data were used as
inputs to the model to determine the climate suitability index, which would
have limitation to represent such an extreme condition.

A simple form of rule statements was used to focus more on ordinary
climate conditions for growth of crops. The rule statement for temperature
suitability was defined to take into account the length of time during which
the optimum temperature occurred. Amount of precipitation and temperature
condition during the given period were included in the rule statement to
determine suitability of precipitation. The climate suitability in a given month
m was determined using alternative rules as follows:

Om = Tsuit Xm, Nyp) and (Eq.7)
Bm = Psuit(Pm) ' Tfav(Xmﬂ Nm)' (Eqg. 8)

where Gy and fn represent the degree of suitability for temperature and
precipitation in m, respectively. Monthly suitability index can also be
determined as follows:

OR,, = ©,, + By — ©,, - B, and (Eq.9)
AND,, = ©,, * Bp. (Eq.10)

where ORmand ANDn, are suitability index in m using t-conorm and t-norm,
respectively.

For the given planting date at each site-year, the seasonal suitability
index was determined from a group of suitability indices by a potential
growing season. Because the length of a growing season would differ by
region, it was assumed that a crop would be grown during one of the
potential growing seasons. In the EcoCrop database, there is a record such
that growing periods for Italian ryegrass would range from 3 - 9 months. In
each potential growing season, seasonal suitability index Gs was calculated
as follows:

Gs = XmMm /1, (Eq.11)
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where My and Is indicate monthly suitability index, e.g., ORm or ANDy, and
the number of month in a potential growing season s, respectively. To
determine the seasonal suitability index, the median of the Gs values was
used.

Comparison between yield and climate suitability index

The distribution of yield and climate suitability index obtained from the
variants of the fuzzy logic system was examined with visual inspection. The
outcomes of fuzzy logic system using the alternative logical operator were
also compared with yield data at sites where no disease risk was reported.
Sites where diseases have caused problems in forage production were
excluded in the analysis to take into account potential yields under a given
climate condition. For example, crown rust (Puccinia coronate) is the most
serious foliar disease of ryegrass species (Takahashi et al., 2005; Reheul and
Ghequiere, 1996). White and Lemus (2014) suggested that crown rust would
occasionally occur at sites near the coastal regions in the US including
Poplarville and Beaumont.

For the variants derived from alternative rules, the distribution of yield
and climate suitability index was examined with a boundary line analysis. A
climate suitability index would represent the impact of climate conditions on
crop yield. Thus, climate suitability would indicate the potential yield rather
than an actual yield (Watsons, 1963), which would be affected by crop
management and soil conditions as well as climate conditions. In particular,
yield data obtained under field conditions would be affected by biotic and
abiotic stresses, e.g., diseases or a spell of extreme weather, which can not be
assessed using monthly climate data. A boundary line would be a reasonable
approach to examine the reliability of climate suitability indices for the
potential yield instead of a conventional regression analysis, e.g., linear
regression (Cade and Noon, 2003; Vaz et al., 2008). A quantile regression
analysis was performed to obtain a boundary line between climate suitability
index and yield at site-years. To minimize the impact of an outlier from yield
data, the 0.95 quantile was applied to obtain boundary lines. SAS 9.3 (SAS
Institute Inc., Cary, NC, USA) was used to perform the quantile regression
analysis.

The degree of agreement between observed and estimated yields was
analyzed for site-years at which yields were near the boundary line. A
reliable climate suitability model would have a small variation of yields
along the boundary line obtained from quantile regression analysis because
such a model would be able to predict the potential yield accurately under
different conditions, e.g., at different sites. As a result, it is likely that the
degree of agreement statistics between observed and estimated yields near
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the boundary line, e.g., within a confidence interval at 95%, would be greater
for a reliable model compared with the other models. Site-years at which
observed yields were within the confidence interval of the boundary line at
95% were selected by models. Then, the coefficient of determination and
root mean square error (RMSE) were determined using estimates of yield for
climate suitability index values and observed yields at those site-years.

Averages of yield reported for an extended period were compared with
those of climate suitability index by site. Climate suitability in a region
would be associated with a long-term yield rather than an annual yield. It
was assumed that periods more than or equal to three years would represent
an extended period. Yield averages and climate suitability index were
calculated for the sites where yield data were available at least for three
years.

Assessment of climate suitability of alfafa using the alternative rule

The model with alternative rule was applied to assess climate suitability of
Medicago sativa L. in Europe. Yield data of alfalfa in European countries
were obtained from the Eurostat website (http://ec.europa.cu/eurostat).
Countries where yield data were available for more than or equal to three
years were included in the further analysis. To identify locality where M.
sativa L. would be grown, occurrence data of M. sativa were obtained from
Global Biodiversity Information Facility (GBIF) database
(http://www.gbif.org). The parameters for M. sativa were obtained from the
FAO-EcoCrop database.

Climate suitability index for alfalfa was calculated by cell using gridded
climate data. Because yield data available by country, it was necessary to
calculate climate suitability index within the boundary of countries. Climate
conditions would differ by region even in a small country, a gridded
calculation of climate suitability index was needed. In the present study, the
E-OBS gridded datasets were used as inputs to the model (Haylock et al.,
2008).

In gridded calculation, the starting date for a growing season was
unknown. Thus, climate suitability index was calculated for each day in a
season. The maximum value of climate suitability index was chosen as the
final suitability index in the given season. The values of final suitability
index were determined for the periods from 2000 to 2014 at each cell.
Climate suitability index at occurrence site was averaged within the
administrative boundary of countries in Europe.
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RESULTS

Application of alternative logical operation

Reliability of the fuzzy logic systems differed by the logical operator (Fig. 2).
Application of standard union to the logical operation between rule
statements for suitability of temperature and precipitation explained the
greater variation of yield using the climate suitability index. In contrast,
combination of these rule statements using the standard intersection had the
lower coefficient of determination. Overall, t-conorm resulted in higher
values of R? than t-norm for combination of rules to evaluate suitability of
temperature and precipitation.

Application of alternative rule to the existing model

The scattering patterns between climate suitability indices and yield at given
site-years were similar to a triangular shape for the fuzzy logic system based
on t-conorm (Fig. 3A). Yield tended to increase with increasing climate
suitability index obtained from the fuzzy logic system with the alternative
rule, which was similar to that of the original model. For example, yields at
Gatton in 1994 were lower than 1985. The climate suitability indices from
the fuzzy logic system were 0.64 and 0.92 in 1994 and 1985, respectively.
Climate suitability index was relatively high at Beaumont in 2005 (0.92)
when the yield was considerably low (6,054 kg ha'). As a result, a clear
boundary line was obtained between climate suitability for the fuzzy logic
system based on t-conorm and yield at site-years. In contrast, such a trend
was less evident in the distribution of yield for climate suitability index
obtained from t-norm (Fig. 3B).
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Fig. 2. Distribution of observed yields at site-year for climate suitability index
values obtained using (A) standard union t-conorm, (B) bounded sum
t-conorm, (C) standard intersection t-norm, and (D) bounded difference
t-norm.The names of t-conorm and t-norm were used after Klir and Yuan
(1995).

The degree of agreement between yield data estimated and reported at
site-years of which yield were near boundary line was considerably high for
the fuzzy logic system based on t-conorm (Fig. 4). For example, the R? value
for the fuzzy logic system was 0.95. The root mean square error (RMSE) for
the model was relatively small (1,297 kg ha™'), which was about 11% of
average yield at sites of interest. However, the fuzzy logic system based on
t-norm had climate suitability index values that clustered together for a
certain range of yield.
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Fig. 3. Distribution of observed site-year yield for climate suitability index of the
fuzzy logic system based on the alternative rule using (A) t-conorm and
(B) t-norm. A line in each plot represents boundary lines at 0.95
quantile for corresponding models. Individual site-year was denoted by
the first letter of site name and a season.
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Fig. 4. The relationship between reported and estimated yields at site-years of
which yields were within the 95% confidence limit of the boundary line
for the alternative fuzzy logic system using (A) t-conorm and (B) t-norm.
Individual site-year was denoted by the first letter of the site name and
a season.The line in the plot indicates 1:1 line.
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Averages of climate suitability index for an extended period explained a
large variation (70%) in those of reported yield at sites where no disease risk
was reported (Fig. 5). The fuzzy logic system that depends on alternative
rules had a highly significant correlation between averages of yields and
climate suitability (p = 0.0098) when t-conorm was used to combine the rule
statements. In contrast, no significant correlation between averages of yield
and climate suitability index obtained from the fuzzy logic system based on
t-norm was found.
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Fig. 5. The relationship between averages of yield and climate suitability index
for the fuzzy logic system based on (A) t-conorm and (B) t-norm,
respectively. A line in each plot represents a regression lines for
corresponding models.Yields and climate suitability index for an
extended period, e.g., = three years, were averaged for a given site. The
individual site was denoted by the first letter of site name.

Application of alternative model to alfalfa

When the regression coefficient obtained from the analysis of annual
ryegrass was used as the slope of a regression line between climate
suitability index and average yields of countries, it appeared that these yields
were aligned with two regression lines (Fig. 6). There was a group of
countries where the yield of alfalfa was considerably higher than other
countries for a given climate suitability index. Those countries include
Poland, Italy, Denmark, Estonia, Spain, and Croatia. For the second group of
countries, the intercept of a regression line between climate suitability index
and alfalfa yield was considerably low, e.g., 7,268 kg ha™'. Although climate
suitability index was considerably high, e.g., > 0.78, in Serbia and Bosnia
and Herzegovina, yield of alfalfa was relatively low, e.g., <4500 kg ha™'.
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Fig. 6. Distribution of alfalfa yields for climate suitability index during extended
periods in European countries. After the slope of the line was fixed to
be 18,900, the intercept of lines were obtained from regression analysis
for two groups of countries where yields of alfalfa was considerably
different for given climate suitability index.Yield data in Bosnia and
Herzegovina (Bosnia&Herz) and Serbia were excluded from the
analysis. The formerYugoslav republic of Macedonia was denoted by
Yugoslav.Yields and climate suitability index were averaged for the
period during which yield records were available = three years.

DISCUSSION

This study illustrated that the climate suitability index obtained from the
variants of the fuzzy logic system would be useful to estimate the potential
yield of Italian ryegrass. Climate suitability would represent the potential
yield at a site under given climate condition when the impact of extreme
weather events and non-climate factors, e.g., soil and disease, would be
minimal. The potential yield based on climate suitability would be greater
than or equal to actual yield, which would result in a triangular distribution
between actual yield and climate suitability index (Greenberg et al., 2015;
Maller, 1990; Vaz et al, 2008). Using the fuzzy logic system, such a
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distribution was obtained for individual seasons. The fuzzy logic system also
had a significant relationship between yields and climate suitability for an
extended period at sites with relatively low disease risks.

It appeared that the type of logical operator such as standard union over
standard intersection would have a considerable impact on reliability of
climate suitability index because the rules of suitability for temperature and
precipitation are combined in a different way. For example, the R? value of
the fuzzy logic system with standard intersection was considerably lower
than that of the fuzzy logic system with standard union although difference
between these systems was the logical operator between the rule statements.
This suggested that an optimum set of logical operator can be found. For
example, Genesis and Jonas (2014) used a complex function to combine
multiple terms for prediction of yield. Thus, it would be merited to explore
additional set of logical operators, which could improve the reliability of
climate suitability assessment.

Although the choice of logical operators affected the reliability of the
fuzzy logic system to determine climate suitability index, the rule statement
of the fuzzy logic system would also have considerable impact on reliability
of climate suitability index. In the present study, it was shown that t-norm
would be inferior to t-conorm for evaluation of two rule statements on
temperature and precipitation. Nevertheless, application of simple rule did
not decrease the reliability of climate suitability assessment, which suggested
that the simple form of fuzzy logic system would be useful to reduce the
computation time. In particular, gridded assessment of climate suitability
would help individual farmers who plan to introduce a new crop in their farm
in a given region (Zabel et al., 2014).

Climate suitability of a crop has been used to evaluate suitable areas to
cultivate certain crop in the future with projected climate scenarios
(Ramirez-Villegas et al., 2013). In those studies, long-term averages of
climate data have been used as inputs to determine climate suitability indices.
For example, the time resolution of climate surfaces is usually limited to
monthly averages for normal years, e.g., 30 years. Thus, it would be
worthwhile to compare the outcomes of climate suitability assessment using
long-term averages of climate data as inputs to the model and averages of
climate suitability index values for the period. Spatial averages of climate
suitability index could also be used for reliable assessment of climate
suitability. Thus, further studies would be merited to examine the impact of
spatial and temporal characteristics of climate data on the reliability of
climate suitability index. Still, spatial assessment of climate suitability index
would help growers identify crop production areas with suitable climate
conditions, which would aid climate smart agriculture.
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CONCLUSION

The fuzzy logic system into which knowledge of ecological envelope for a
crop can be formulated has been implemented using a diverse set of options
including logical operators and rules. Evaluation of these variations would
help reliable assessment of climate suitability for a crop. In particular, forage
crops including Italian ryegrass can be benefit from the climate suitability
model because few crop models are available for these minor crops. Further
studies would be merited to examine climate suitability of other minor crops
such as vegetables. Such studies would provide information for small
farmers who try to implement the climate smart agriculture.

ACKNOWLEDGEMENT

This study was supported by the Korea Ministry of Environment (MOE) as
“Climate  Change  Correspondence  Program”  (Project  Number
2014001310008)

REFERENCES

Abraha, M.G. and M.J. Savage. 2008. The soil water balance of rainfed and
irrigated oats, Italian ryegrass and rye using the CropSyst model.
Irrigation Science 26(3): 203-212.

Ahamed, T.R.N., K.G. Rao, and J.S.R. Murthy. 2000. GIS-based fuzzy
membership model for crop-land suitability analysis. Agricultural
Systems 63(2): 75-95.

Alexandrov, V., J. Eitzinger, V. Cajic, and M. Oberforster. 2002. Potential
impact of climate change on selected agricultural crops in north-eastern
Austria. Global Change Biology 8(4): 372-389.

Beebe, S., J. Ramirez, A. Jarvis, I.M. Rao, G. Mosquera, J.M. Bueno, and
M.W. Blair. 2011. Genetic Improvement of common beans and the
challenges of climate change. In: Yadav SS, Redden RJ, Hatfield JL,
Lotze-Campen J, Hall AE, editors. Crop adaptation to climate change.
Oxford: Wiley-Blackwell Publishing. pp. 356-369.

Butt, T.A., B.A. McCarl, J. Angerer, P.T. Dyke, and J.W. Stuth. 2005. The
economic and food security implications of climate change in Mali.
Climatic change 68(3): 355-378.

Cade, B.S. and B.R. Noon. 2003. A gentle introduction to quantile regression
for ecologists. Frontiers in Ecology and the Environment 1(8): 412-420.

172



EVALUATION OF FUZZY LOGIC SYSTEMS TO ASSESS CLIMATE SUITABILITY OF ITALIAN RYEGRASS

Cavigelli, M.A., S.B. Mirsky, J.R. Teasdale, J.T. Spargo, and J. Doran. 2013.
Organic grain cropping systems to enhance ecosystem services.
Renewable Agriculture and Food Systems 28(2): 145-159.

Center, B. and B.P. Verma. 1998. Fuzzy logic for biological and
agricultural systems. In Artificial Intelligence for Biology and
Agriculture pp. 213-225. Springer, Dordrecht.

Chen, C., C. Qian, A. Deng, and W. Zhang. 2012. Progressive and active
adaptations of cropping system to climate change in Northeast China.
European Journal of Agronomy 38: 94-103.

Cullen, B.R., L.LR. Johnson, R.J. Eckard, G.M. Lodge, R.G. Walker, R.P.
Rawnsley, and M.R. McCaskill. 2009. Climate change effects on pasture
systems in south-eastern Australia. Crop and Pasture Science 60(10):
933-942.

Davis, A.S., J.D. Hill, C.A. Chase, A.M. Johanns, and M. Liebman. 2012.
Increasing cropping system diversity balances productivity, profitability
and environmental health. PloS One 7(10): e47149.

de Jong, R., K.Y. Li, A. Bootsma, T. Huffman, G. Roloff, and S. Gameda.
2001. Crop vyield variability under climate change and adaptive crop
management scenarios. Final report for climate change action fund
project A080. Eastern Cereal and Oilseed Research Centre (ECORC).
Agriculture and Agri-Food Canada, 49pp.

Genesis, T.Y. and A. Jonas. 2014. Crop yield gaps in Cameroon. Ambio
43(2): 175-190.

Greenberg, J.A., M.J. Santos, S.Z. Dobrowski, V.C. Vanderbilt, and S.L.
Ustin. 2015. Quantifying environmental limiting factors on tree cover
using geospatial data. PloS One 10(2): e0114648.

Haylock, M.R., N. Hofstra, KleinTank, A.M.G., E.J. Klok, P.D. Jones, and
M. New. 2008. A European daily high-resolution gridded dataset of
surface temperature and precipitation for 1950-2006. Journal of
Geophysical Research 113(D20).

Howden, S.M., J. Soussana, F. Tubiello, N. Chhetri, Dunlop, and H. Meinke.
2007. Adapting agriculture to climate change. Proceeding of the National
Academy of Sciences 104: 19691-19696.

Johnson, L.R., D.F. Chapman, V.O. Snow, R.J. Eckard, A.J. Parsons, M.G.
Lambert, and B.R. Cullen. 2008. DairyMod and EcoMod: biophysical
pasture-simulation models for Australia and New Zealand. Australian
Journal of Experimental Agriculture 48(5): 621-631.

Johnson, I.R., G.M. Lodge, and R.E. White. 2003. The sustainable grazing
systems pasture model: description, philosophy and application to the
SGS National Experiment. Australian Journal of Experimental
Agriculture 43(8): 711-728.

173



EVALUATION OF FUZZY LOGIC SYSTEMS TO ASSESS CLIMATE SUITABILITY OF ITALIAN RYEGRASS

Kim, H., S.W. Hyun, G. Hoogenboom, C.H. Porter, K.S. Kim. 2018. Fuzzy
Union to Assess Climate Suitability of Annual Ryegrass (Lolium
multiflorum), Alfalfa (Medicago sativa) and Sorghum (Sorghum bicolor).
Scientific Reports 8:https://doi.org/10.1038/s41598-018-28291-3.

Kiniry, J.R., D.J. Major, R.C. lzaurralde, J.R. Williams, P.W. Gassman, M.
Morrison, R. Bergentine, and R.P. Zentner. 1995. EPIC model
parameters for cereal, oilseed, and forage crops in the northern Great
Plains region. Canadian Journal of Plant Science 75(3): 679-688.

Klir, G.J. and B. Yuan. 1995. Fuzzy Sets and Fuzzy logic. Englewood Cliffs,
NJ: Prentice-Hall.

Koizumi, H., Y. Usami, and M. Satoh. 1993. Carbon dynamics and budgets
in three upland double-cropping agro-ecosystems in Japan. Agriculture,
Ecosystems & Environment 43(3): 235-244.

Lemaire, G., A. Franzluebbers, P.C. de Faccio Carvalho, and B. Dedieu.
2014. Integrated crop-livestock systems: Strategies to achieve synergy
between agricultural production and environmental quality. Agriculture,
Ecosystems and Environment 190: 4-8.

Lobell, D.B., M.B. Burke, C. Tebaldi, M.D. Mastrandrea, W.P. Falcon, and
R.L. Naylor. 2008. Prioritizing climate change adaptation needs for food
security in 2030. Science 319: 607-610.

Lugnot, M.G. and G. Martin. 2013. Biodiversity provides ecosystem services:
scientific  results versus  stakeholders” knowledge. Regional
Environmental Change 13(6): 1145-1155.

Maller, R.A. 1990. Some aspects of a mixture model for estimating the
boundary of a set of data. ICES Journal of Marine Science 46(2):
140-147.

Nyabako, T. 2012. An assessment of the adaptability to climate change of
commercially available maize varieties in Zimbabwe. Environment and
Natural Resources Research 2(1): 32.

Ojeda, J.J., K.G. Pembletonc, M.R. Islame, M.G. Agnusdei, and S.C. Garcia.
2016. Evaluation of the agricultural production systems simulator
simulating Lucerne and annual ryegrass dry matter yield in the Argentine
Pampas and south-eastern Australia. Agricultural Systems 143: 61-75.

Okeke, F. and A. Karnieli. 2006. Methods for fuzzy classification and
accuracy assessment of historical aerial photographs for vegetation
change analyses. Part I : Algorithm development. International Journal
of Remote Sensing 27(1): 153-176.

Olesen, J.E., M. Trnka, K.C. Kersebaum, A.O. Skjelvag, B. Seguin, P.
Peltonen-Sainio, F. Rossi, J. Kozyra, and F. Micale. 2011. Impacts and
adaptation of European crop production systems to climate change.
European Journal of Agronomy 34(2): 96-112.

174


https://doi.org/10.1038/s41598-018-28291-3
https://doi.org/10.1038/s41598-018-28291-3

EVALUATION OF FUZZY LOGIC SYSTEMS TO ASSESS CLIMATE SUITABILITY OF ITALIAN RYEGRASS

Ramirez-Villegas, J., A. Jarvis, and P. Laderach. 2013. Empirical approaches
for assessing impacts of climate change on agriculture: The EcoCrop
model and a case study with grain sorghum. Agricultural and Forest
Meteorology 170: 67-78.

Reheul, D. and A. Ghequiere. 1996. Breeding perennial ryegrass with better
crown rust resistance. Plant Breeding 115(6): 465-469.

Robert, K.D., S. Joe, and G. Sandra. 2003. Life on the edge: vulnerability
and adaptation of African ecosystems to global climate change.
Mitigation and Adaptation Strategies for Global Change 8: 93-113.

Sugawara, K., T. Inoue, M, Yamashita, and H. Ohkubo. 2006. Distribution
of the endophytic fungus, Neotyphodium occultans in naturalized Italian
ryegrass in western Japan and its production of bioactive alkaloids
known to repel insect pests. Grassland Science 52(4): 147-154.

Takahashi, W., M. Fujimori, Y. Miura, T. Komatsu, Y. Nishizawa, T. Hibi,
and T. Takamizo. 2005. Increased resistance to crown rust disease in
transgenic Italian ryegrass (Lolium multiflorum Lam.) expressing the rice
chitinase gene. Plant Cell Reports 23(12): 811-818.

Tubiello, F.N., C. Rosenzweig, R.A. Goldberg, S. Jagtap, and J.W. Jones.
2002. Effects of climate change on US crop production: simulation
results using two different GCM scenarios. Part I: Wheat, potato, maize,
and citrus. Climate Research 20(3): 259-270.

Valan Arasu, M., S. llavenil, D.H. Kim, S. Gun Roh, J.-C. Lee, and K.C.
Choi. 2014. In Vitro and In Vivo Enhancement of Adipogenesis by
Italian Ryegrass (Lolium multiflorum) in 3T3-L1 Cells and Mice. PL0oS
ONE 9: e85297.

Vaz, S., C.S. Martin, P.D. Eastwood, B. Ernande, A. Carpentier, G.J.
Meaden, and F. Coppin. 2008. Modelling species distributions using
regression quantiles. Journal of Applied Ecology 45(1): 204-217.

Watsons, D.J. 1963. Climate, weather, and plant yield. In: Evans LT, editors.
Environmental control of plant growth. New York: Academic Press. pp.
337-350.

White, JA. and R. Lemus. 2014. Long-Term Summary of Ryegrass
Varieties and Ploidy Types in Mississippi. American Journal of Plant
Sciences 5(21): 3151-3158.

Zabel, F., B. Putzenlechner, and W. Mauser. 2014. Global agricultural land
resources-a high resolution sutability evaluation and its perspectives until
2100 under climate change conditons. PloS ONE 9(9): e107522.

Zadeh, L.A. 1965. Fuzzy sets. Information and Control 8(3): 338-353.

175





