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Abstract: In recent years, evidence of recent climate change has been identified in South America,
affecting agricultural production negatively. In response to this, our study employs a crop modelling
approach to estimate the effects of recent climate change on maize yield in four provinces of Ecuador.
One of them belongs to a semi-arid area. The trend analysis of maximum temperature, minimum
temperature, precipitation, wind speed, and solar radiation was done for 36 years (from 1984 to
2019) using the Mann–Kendall test. Furthermore, we simulated (using the LINTUL5 model) the
counterfactual maize yield under current crop management in the same time-span. During the
crop growing period, results show an increasing trend in the temperature in all the four studied
provinces. Los Rios and Manabi showed a decreasing trend in radiation, whereas the semi-arid Loja
depicted a decreasing precipitation trend. Regarding the effects of climate change on maize yield,
the semi-arid province Loja showed a more significant negative impact, followed by Manabi. The
yield losses were roughly 40 kg ha−1 and 10 kg ha−1 per year, respectively, when 250 kg N ha−1 is
applied. The simulation results showed no effect in Guayas and Los Rios. The length of the crop
growing period was significantly different in the period before and after 2002 in all provinces. In
conclusion, the recent climate change impact on maize yield differs spatially and is more significant
in the semi-arid regions.

Keywords: LINTUL5; climate change; crop model; maize yield; ecuador; semi-arid

1. Introduction

Agriculture is an important sector of the Ecuadorian economy with a gross domestic
product (GDP) share of 9.2% [1]. The sector specially offers several employment oppor-
tunities in the rural area, boosting food security and promoting exports. Maize occupies
the fourth place by production area among all crops in Ecuador and is the second most-
consumed item by the population after rice [2].

According to the fifth report of the Intergovernmental Panel on Climate Change (IPCC),
the last three decades have been the warmest period of the last 1400 years, particularly
in the North Hemisphere. The mean global temperature increased by 0.65 to 1.06 ◦C in
the period from 1880 to 2012 [3]. Particularly, an increasing trend in temperature has been
observed in South America since roughly 1975. The increment in the last four decades has
been about 0.7–1 ◦C. Whereas, the precipitation has shown a spatial variability, increasing
in some parts of southeastern South America and decreasing in other places around Central
America. Furthermore, anomalies such as droughts and floods have been identified more
frequently [3]. In Ecuador, authors have reported a warming trend in temperature from the
mid-1940s to the mid-2000s, based on the observations of meteorological stations of the
Ecuadorian Institute of Meteorology and Hydrology [4–6]. Moreover, semi-arid regions
located in the southern part of Ecuador, where agriculture remains to be the main economic
activity, characterized by low rainwater availability, are more prone to climate change
effects [7–9].
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The impact of recent climate change on specific crops in Ecuador has been marginally
investigated. However, a study demonstrated that some maize farmers moved their culti-
vation areas to higher altitudes due to the temperature increase in low-altitude areas [10].
Another work reported that banana yield losses are correlated with decreasing rainfall.
The temperature increment could potentially contribute to the expansion of production
areas [11]. There is no work studying the effects of recent climate change on the maize
yield in the most important production regions in Ecuador, including semi-arid areas, to
the best of our knowledge.

However, it is not possible to assess the impact of climate change on the historical
maize yield in Ecuador by analyzing the statistical yields of the Ecuadorian Ministry of
Agriculture because the yield changes in the last 50 years are affected by both climate
change and increasing N application rates. According to the Ecuadorian Ministry of
Agriculture’s annual statistical report, the maize yield in Ecuador has risen by more than
100% in the last decade. A significant part of this improvement could be attributed to
the subsidized certified seeds, fertilizers, and pesticides by the local government [12].
Nonetheless, the increase in the maize yield shown by these Ecuadorian institutions is not
consistent with the observed impact of recent climatic change at the global scale, where the
maize yield decline was estimated to 3.8% compared with its counterfactual scenario of
no climate change [13]. For that reason, in this study, we investigate whether the recent
climate change has affected maize yields and its growing period length in four provinces
of Ecuador, and we try to quantify the climate change impact. A crop model approach was
required to build the counterfactual yield.

2. Materials and Methods
2.1. Study Area and Simulation Units

This crop model-based study was conducted across four administrative zones (called
provinces) of Ecuador, a South-American country located between the Pacific Ocean and
the Amazon rainforest. The geographical locations subject to the study are depicted in
Figure 1. Due to its tropical location, Ecuador is characterized by two seasons: the wet
season or winter, and the dry season or summer.

Furthermore, the duration of each season varies regionally. For instance, in the coastal
region, the wet season lasts from December to May, and the dry season from June until
November. Besides the corresponding climate patterns, in this study, we analyzed the
effects of recent climate change on maize yield for the provinces of Guayas, Manabi, Los
Rios, and the semi-arid province Loja.

Guayas is an administrative zone of 15,430 km2 [14] located on the coast of Ecuador
between the longitudes 79◦05′ W and 80◦33′ W and latitudes between 0◦50′ S and 3◦04′ S.
The altitude varies between 0 and 100 MASL, which comprises mainly a flat relief. The
average temperature lies between 24 ◦C to 27 ◦C. The mean monthly precipitation in the
rainy season is between 100 and 500 mm, and during the dry season is between 4 and
30 mm [15]. Guayas has alluvial and fluvial-marine plains with a diverse range of soils
derived from alluvial sands, silts, and clays [16].

Manabi is also located on the Ecuadorian coast and lies between longitudes 79◦26′ W
and 80◦56′ W, and latitudes between 0◦22′ S and 1◦56′ S. It has a surface area of 18,940 km2

and is bordered to the north by Esmeraldas, south by Santa Elena, east by Los Rios and
Guayas, and west by the Pacific Ocean. Its altitude lies between 0 and 500 MASL, and
the average daily temperature varies from 24 ◦C to 26 ◦C. The mean monthly rainfall in
the wet season lies between 80 and 190 mm, and during the dry season is from 9 mm to
60 mm [17]. Geographically, Manabi has hills, plateaus, and gentle slope hills with vertic
soils composed of silty clay to clay texture [18].

Los Rios, with a surface area of 7205 km2 and altitude between 0 and 500 MASL, lies
between the latitudes 0◦31′ S and 2◦08′ S and longitudes from 79◦14′ W and 79◦53′ W.
Its border lies directly at the foot of the Andean Mountains, which produces particular
climate conditions. During the wet season, the mean monthly precipitation stays between
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150 and 460 mm, and during the dry season between 12 and 54 mm. The daily average
temperature ranges from 24 ◦C to 26.5 ◦C [19]. This province is highly productive for
agriculture because of its fertile soils such as andisols, which have high humus content [18].

Loja is located in the south Andean region of Ecuador and borders Peru. It is character-
ized by its semi-arid conditions [8]. Geographically, its territory comprises highlands and
lowlands. It lies between the latitudes 3◦19′ S and 4◦44′ S and longitudes from 79◦05′ W
and 80◦29′ W. Its altitude ranges from 100 MASL to 2000 MASL, and the total surface area
is 11,063 km2 [14]. The mean monthly precipitation during the wet season is between
90 and 190 mm, and during the dry season ranges from 12 to 70 mm. The daily average
temperature lies between 20 ◦C and 21 ◦C [20]. Due to its topography, Loja has diverse
soils such as non-colluvial black, silty andosols with high humus content, and ferralitic
soils [18].
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Figure 1. Four provinces of Ecuador where maize yield was simulated: Guayas, Los Rios, Loja, and
Manabi. Each dot represents a simulation unit, in grid cells at 0.05◦ × 0.05◦.
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2.2. Climate and Soil Data

For this study, we used climate data from the publicly available repository Nasa
Power [21]. These data are available at a spatial resolution of 0.5◦ latitude by 0.5◦ longitude.
The dataset is based on a single assimilation model from Goddard’s Global Modelling and
Assimilation Office (GMAO). The meteorological data comes from the GMAO Modern-Era
Retrospective-Analysis for Research and Applications (MERRA-2) assimilation model
products [22]. The used data in this study spans the period from 1984 to 2019 on a daily
scale. The following parameters were considered: maximum and minimum air temperature
at 2 m (◦C), wind speed at 10 m (m s−1), precipitation (mm), and solar radiation on the
horizontal surface (MJ m−2).

For soil input data, we leveraged the soil property worldwide maps of the Soil-
Grids database available in the ISRIC Data Hub [23], which have an original resolution
of 250 × 250 m. However, we extracted the soil parameters at the resolution of our sim-
ulation units (0.05◦ × 0.05◦). Specifically, the parameters extracted from the dataset are
sand, silt, clay, organic carbon, and bulk density at six distinct depths (0.5, 0.15, 0.30, 0.60,
1.0, 2.0 m). Based on these parameters, we computed the soil water content at field capac-
ity, wilting point and saturation point using the Van-Genuchten parameters according to
Rawls et al. (1993) [24].

Finally, the model simulations were carried out for each simulation unit (refer Figure 1),
which is a combination of climate data at 0.5◦ resolution and the soil data at 0.05◦ resolution.
It implies that we ran the simulation at each 0.05◦ grid point and aggregated the final
simulation outputs to the province level.

2.3. Climate Change Analysis

Our work analyzes a time-series of climate parameters for each simulation unit in
Ecuador (see Figure 1) for each year from 1984 to 2019. Specifically, the parameters under
study are maximum temperature, minimum temperature, precipitation, wind speed, and
radiation at a daily time scale. Solar radiation was assessed only from 1984 to 2007 since
Nasa Power used different data sets to get a long time series of radiation (until 2019) and it
is not recommended to assess trends across the breaks in the data source.

The average of each parameter was plotted and analyzed on a monthly basis, full-year
basis, and during the maize crop growing period (January to May). For our study, the crop
growing period is the time-span when the maize is cultivated in Ecuador that belongs to
the wet season (higher precipitation) from January to May.

To assess the existence of climate change, we used the Mann–Kendall trend test (see
Appendix A for more details). This statistical test is one of the most frequently used
non-parametric test for non-normal distributed data. Since Ecuador is commonly affected
by ENSO phenomenon, climate data is prone to contain anomalies, further referred to as
outliers by the statistical test. It is another powerful reason to rely on the robustness of the
Mann–Kendall test, as it allows effective treatment of outliers [25,26].

For our study, we considered a yearly temporal resolution of the time series from 1984
to 2019. The evaluated time series was the average of each climate parameter over the
full-year and maize crop growing period (January to June). Regarding the spatial reference,
each grid cell’s means were aggregated over each province to have a unique value per year
and calculate the delta.

Furthermore, the Seasonal Mann–Kendall was applied in the monthly time series. It is
a particular case of the general Mann–Kendall, which runs the test on each of n seasons
separately, where n is the number of seasons. In our case, the Seasonal Mann–Kendall was
set up to compare each parameter for the same month every year (e.g., January value of
one year compared with the following year’s January value).

In our study, the null hypothesis (H0) indicates no trend in the historical climate
records, and the alternative hypothesis (H1) is a strong indication for a positive or negative
trend. The level of significance to accept or reject the H0 was α = 0.05. Based on the



Atmosphere 2021, 12, 299 5 of 30

Mann–Kendall test results, all the regions with at least one significant trend in any of the
climate parameters are considered a location with the presence of climate change.

To assess the trend magnitude, we computed the Sen’s slope over the analyzed
parameters’ data series. It allows us to quantitatively assess the climate change expressed
as the rate of variation of the corresponding slope. This value is computed for a data series
as the median of the output dk of Equation (1).

dk =
xj − xi

j− i
(1)

2.4. Crop Model Description

The crop simulations were carried out through the LINTUL5 model within the SIM-
PLACE (Scientific Impact Assessment and Modelling Platform for Advanced Crop and
Ecosystem Management). This model mimics the plant growth and calculates the biomass
production depending on the photosynthetically active radiation (PAR) and the radiation
use efficiency (RUE). In LINTUL5, each phenological development stage depends on the
heat units (temperature sum), which is the cumulative daily effective temperature specific
for each crop [27].

Additionally, LINTUL5 model simulates water and nutrient-limited crop production.
Water stress is exhibited when the available soil water exceeds the field capacity or between
the critical and wilting points. It is expressed via a growth reduction factor, which limits
the growth and biomass production. A reduction factor can also express the limitation of
nutrients, so in case of sub-optimal nitrogen availability for the crop, the model applies a
stress factor that reduces the rate of biomass production [28].

The climate parameters (precipitation, minimum and maximum temperature, wind
speed, radiation, CO2 concentration), applied nutrients (N, P, K), and soil properties
(texture, organic carbon, bulk density, field capacity, wilting point) are the input for the
model. They will also define biomass’s daily production, leaf area index development,
root growth, and yield. The biomass is partitioned within various organs (leaves, stems,
roots, and grains), and its allocation works as a function of a fraction dependent on the
development stage.

LINTUL5 model has been widely used to assess the cropping systems, determine
yield gaps and, evaluate the effects of climate change. For example, a study investigated
the impact of grid-based time series of climate variables assembled from the same data
source and several sources on maize yield in Ghana, Ethiopia, and Nigeria [29]. Another
study evaluated heat stress responses on maize crops in Argentina, and Spain [30]. Srivas-
tava et al. studied the effects of climate variables on potential maize productivity, and an
assessment of future climate scenarios (RCP 4.5 and RCP 8.5) in central Ghana [31].

Furthermore, two components, SlimWater and SoilCN, were coupled to LINTUL5.
The former enables the soil-water balance, and the latter simulates the soil organic matter
dynamics and works for transferring the crop residues to the soil. We denote the resulting
framework with all the components as SIMPLACE<LINTUL5-SlimWater-SoilCN>.

SlimWater applies the water balance of multiple layer soil profiles instead of the
two-layer provided by default in LINTUL 5. The changes in soil waters depend on the
uptake by the crop, evaporation, surface run-off, and seepage below the root zone [32].
Meanwhile, SoilCN is in charge of soil organic carbon and nitrogen’s turnover process after
the multiple-layer soil depth harvest [33].

We also included a precipitation dependent rule-based planting and re-sowing man-
agement in the modelling solution. It determines the sowing or re-sowing date based on
the precipitation of the previous days. We establish 40 days after the start where (re)sowing
is possible, 7 days of accumulation of precipitation to decide to sow, 20 mm of cumulative
precipitation during the last days, 7 days of drought as the maximum allowed to decide
re-sowing, and a drought day when the precipitation is below 0.1 mm.
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2.5. Crop Model Calibration

According to the Ministry of Agriculture of Ecuador, the variety of maize widely
used in Guayas and Los Rios is a hybrid called EMBLEMA. In Loja, the variety DK7088
is predominant. Lastly, the variety TRUENO is the most widely used in Manabi. Thus,
the calibration model of our study considered these three hybrid maize varieties. For
the calibration, we employed observed experimental data produced on-site in Ecuador.
However, due to the lack of information at the specific resolution, the soil properties,
and weather data during the experiment were retrieved from ISRIC and Nasa Power,
respectively, ref. [22].

To calibrate the data corresponding to the EMBLEMA variety, we used the observed
data presented in the study conducted by Campuzano (2019) [34]. They correspond to
the wet season of 2019 at the village of Pichilingue (Los Rios) and Tosagua (Manabi). The
maize cultivation was made under rainfed conditions only, that is, without irrigation. For
both locations, 8 kg N ha−1 was used at sowing, and three more doses of 46 kg N ha−1

were applied at 15, 30, and 45 days after sowing (DAS). Moreover, 8.8 kg P ha−1 and
29 kg K ha−1 were applied at sowing. Anthesis was reached at 55 DAS in Pichilingue and
54 DAS in Tosagua. The physiological maturity was reached at 120 DAS for both locations.
In Pichilingue, the reported yield was 6.5 Mg ha−1, and in Tosagua was 6.49 Mg ha−1.

For the TRUENO variety, we leverage the observed data presented in the study of
Toledo (2017) [35]. This work refers to the wet season of 2017 in Jipijapa (Manabi). Without
irrigation, a nitrogen level of 69 kg N ha−1 was applied at 21 and 40 DAS. Anthesis occurred
at 54 DAS, the physiological maturity at 120 DAS, and the reported yield was 6.5 Mg ha−1.

The set of values presented by Silva (2014) [36] and Campuzano (2019) [34] were used
to calibrate the simulation for the DK7088 variety. The study took place in Babahoyo (Los
Rios) during the wet season of 2014 under rainfall conditions. Three doses of 53 kg N ha−1

were applied at sowing at 40 and 45 DAS. At seeding, 5 kg P ha−1 and 16 kg K ha−1 were
applied. The anthesis was reached at 56 DAS and maturity at 120 DAS. The reported yield
was 7.4 Mg ha−1. As an additional reference for further calibration, we used the data
provided for the EMBLEMA variety [34]. In this case, anthesis was reached at 54 DAS and
physiological maturity at 121 DAS. The reported yield was 6.2 Mg ha−1.

As a starting point, all varieties’ crop parameters were configured according to the
default parameters for maize (Zea mays L.) of LINTUL5. Then, we adjusted all parameters
using the observed references and the WOFOST [37] model. Through systematic evalua-
tions, we carefully selected the parameters that resulted in the minor mean residual error
as the final calibrated values.

2.6. Crop Model Validation at Regional Scale

After calibrating, we assess how well the crop model calibrated at field scale performs
at a regional scale. To this end, we run the model in each province for the wet season from
2002 to 2018. The climate and soil data from Nasa Power and ISRIC, respectively, were
used on each simulation. For the management practices, the nitrogen application data
provided in the study of Borbor-Cordova et al. [38] was considered from 2002 to 2011. For
the time-span 2012–2018, the data of the Ministry of Agriculture [39] was used. Table 1
shows the nitrogen fertilization rate in kg N ha−1 per year and province.

Finally, to conclude our model’s validation, the simulation results were compared
with the yields of wet season reported by the Ministry of Agriculture for each province
and each year [40]. We assumed that the extension of irrigated maize production in the
studied period (from January to May) does not impact our results because the share of
rainfed production is 97%, whereas the irrigated cropland is 3% at national level [12].
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Table 1. Nitrogen application rate kg ha−1 used in the model from 2002 to 2018 by province. The
simulated yield was compared with the observed yield to validate the solution model.

Year Guayas Los Rios Loja Manabi

2002 46 46 46 46
2003 46 46 46 46
2004 46 46 46 46
2005 46 46 46 46
2006 46 46 46 46
2007 46 46 46 46
2008 46 46 46 46
2009 46 46 46 46
2010 46 46 46 46
2011 46 46 46 46
2012 110 150 80 100
2013 110 150 80 100
2014 120 120 80 70
2015 110 150 100 90
2016 110 130 140 110
2017 100 190 130 130
2018 100 140 110 120

2.7. Simulations at Different Nitrogen Application Levels

To assess the climate change impact over time, we run the model between 1984 and
2019 for several nitrogen application levels in the four studied regions. The levels of N
application were biased-randomly selected between (0 kg N ha−1) and (250 kg N ha−1),
and always in ascending order. The beginning of the growing period was between January
and February until reaching maturity between May and July. The time of sowing and
maturity was variable across the years due to the sowing rule introduced in the model.

2.8. Statistical Tools Used

To assess the model performance, the evidence of climate change, and the magnitude
of phenology variations, we use R and Phyton’s statistical and visualization packages, and
we rely on the following statistical indicators.

2.8.1. Accuracy of the Model

To measure the accuracy of the model, the simulated and observed data were com-
pared through the mean relative error (MRE) described in Equation (2), the mean absolute
error (MAE) described in Equation (3), and the root mean square error (RMSE) describe in
Equation (4).

MRE =
1
n

n

∑
i=1

(yi − xi)

xi
(2)

MAE =
1
n

n

∑
i=1

(yi − xi) (3)

RMSE =

√
1
n

n

∑
i=1

(yi − xi)2 (4)

For all equations, n is the sample size, x is the observed value, and y is the simulated
value.

A close-to-zero MAE value means that the model is robust and no visible bias is
present. The MRE represents the magnitude of the error based on the observed values. In
this case, values close to zero give more accuracy between the simulated and observed
data. For RMSE, the lower, the better, i.e., the model’s prediction ability is more accurate if
the RMSE is closer to zero.
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2.8.2. Analysis of the Trend of Simulated Yields

The linear regression of the simulated yields was calculated to analyze the simulated
yields’ trend under different nitrogen rates. The regressions’ slopes were plotted, which
show either a systematic increase or decrease of the time series data. The trend is considered
a combined effect of soil fertility loss and climate change at a lower nitrogen application
rate, whereas the slope at a high rate of nitrogen application may be considered mainly an
effect of climate change.

2.8.3. Effects on the Growing Period Length

Using the simulated data, we analyzed the values in two time periods: before 2001
and after 2002. We compared the results of those two-time intervals through a Paired
Samples Wilcoxon Test, as the difference was not normally distributed, thereby requiring a
non-parametric method. The resulting difference was considered statistically significant
when p was smaller than 0.05.

3. Results
3.1. Climate Change Evaluation
3.1.1. Guayas

Figure 2 shows the historical minimum temperature in Guayas. Whilst in the ap-
pendix section, Figures A1–A4 show the fluctuation in the climate parameters: maximum
temperature, precipitation, wind speed and radiation, correspondingly, in Guayas province
from 1984 to 2019.

The Tmax fluctuated between 26 ◦C and over 33 ◦C, and the highest values occur
during the dry season (June to November) of each year, similar to the other provinces.
Notably, we note a significant increase in Tmax in Guayas from 2009; meanwhile, the lowest
annual Tmax values were reported in 1997, 1998, and 1999. Moreover, an unusual warm
growing period was observed in 2005 and 2007. Tmin shows a general increase. However,
this change is greater during the wet season between January and May. The mean daily
precipitation (mm) reaches the highest values during the wet season (January to May); the
rest of the year, this province presents arid conditions (see Figure 2). The driest years were
between 2005 and 2007. Concerning wind speed, the highest values are reported during
the dry season in the second semester of each year, but they do not show any noticeable
trend. Finally, the daily radiation values lie between 11.5 and 19.0 MJ m−2, noticing the
higher values during the growing period.

The Mann–Kendall test identified a significant upward trend in Tmin during the full-
year, crop growing period, and seasonal approach. Meanwhile, the Tmax has a significantly
increasing trend in the full-year and seasonal analysis. Precipitation and wind speed do not
have a significant trend and, the radiation (evaluated only until 2007) has a significantly
negative trend in the seasonal Mann–Kendall test.

3.1.2. Los Rios

Maximum temperature records in Los Rios are shown in Figure 3. A similar analysis
of the other climate parameters can be observed in Figures A5–A8.



Atmosphere 2021, 12, 299 9 of 30

Ja
nu

ar
y

Fe
br

ua
ry

M
ar

ch

Ap
ril

M
ay

Ju
ne Ju
ly

Au
gu

st

Se
pt

em
be

r

Oc
to

be
r

No
ve

m
be

r

De
ce

m
be

r

1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

18

19

20

21

22

23

(a) Tmin (◦C) per month/year

●

●

●

●

●
●

●

● ● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

19.0

19.5

20.0

20.5

21.0

1990 2000 2010 2020
Year

Te
m

pe
ra

tu
re

_m
in

 (
°C

)

(b) Tmin (◦C) - full year

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

20

21

22

1990 2000 2010 2020
Year

Te
m

pe
ra

tu
re

_m
in

 (
°C

)

(c) Tmin (◦C) - crop growing period

Figure 2. Time series of average minimum temperature (◦C) in Guayas from 1984 to 2019. (a) Heat-map of Tmin (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmin (◦C) averaged during the full year. (c) Tmin

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure 3. Time series of average maximum temperature (◦C) in Los Rios from 1984 to 2019. (a) Heat-map of Tmax (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmax (◦C) averaged during the full year. (c) Tmax

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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According to the Mann–Kendall test, Los Rios has an upward trend in Tmax and Tmin
in the full-year, crop growing period and seasonal approach. Moreover, during the year
1997, 1998, 2005, 2007, 2014, and 2015, an unusual temperature pattern was observed
(see Figure 3 for minimum temperature). However, there is no significant trend for the
precipitation and wind speed. Only stochastic changes can be noticed. On the other hand,
the radiation showed a decreasing trend during the crop growing period, including the
Mann–Kendall test’s seasonal approach.

3.1.3. Loja

The climate parameters fluctuations in Loja are shown in Figures A9–A12. An increas-
ing trend in the Tmax values for the full year and growing period in Loja can be observed.
This province shows lower Tmax and Tmin values than Guayas and Los Rios. Additionally,
there are visible temperature anomalies for 2005, 2010 (high), and 1984, 1989 (low). In the
last 15 years, Loja reported overall warmer Tmin than before 2005.

As for all studied provinces, the Loja precipitation has a high temporal variation (e.g.,
the wet period occurs during the earliest periods of record). Loja is the driest province
between all provinces considered in this study, showing the lowest point in 2005 and 2007,
and the higher before 2000 (see Figure 4).
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Figure 4. Time series of daily average precipitation (mm) in Loja from 1984 to 2019. (a) Heat-map of daily precipitation
(mm) per each month and year. The color scale represents the precipitation in mm. (b) Daily precipitation averaged during
the full year. (c) Daily precipitation averaged during the maize crop growing period in Ecuador (January–May). Each dot
represents one record, the blue line shows the smoothed time series and the shaded area represents the 95% confidence
interval.

The Mann–Kendall test depicts Loja as the province with the most substantial evi-
dence of climate change. During all the assessed periods (full-year, growing season, and
seasonal), Tmin and Tmax values had a significant upward trend, while the precipitation
had a downward trend. According to the seasonal Mann–Kendall, the wind speed had a
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drastic increasing trend, and the radiation values did not show any trend (between 1984
and 2007).

3.1.4. Manabi

A warmer period according to the climate variables Tmax and Tmin over the recent
years is observed in Manabi (see Figure 5 for minimum temperature records). This change
is more intensive during the dry season (June to December). Furthermore, unusual high
values of Tmax occurred in 2005, 2007 and, of Tmin during 1997 and 1998. The precipitation
was exceptionally high during 1997 and 1998. Regarding the wind speed, the fluctua-
tion between the highest and lowest value, especially during the growing period, is low.
Plots of the other climate parameters in Manabi are shown in the appendix section in
Figures A13–A16.
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Figure 5. Time series of average minimum temperature (◦C) in Manabi from 1984 to 2019. (a) Heat-map of Tmin (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmin (◦C) averaged during the full year. (c) Tmin

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.

The Mann–Kendall test showed a significant monotonic upward trend in Tmin in all
studied periods. Meanwhile, the Tmax had a significantly increasing trend in the full-year
and seasonally, but not in the growing period. The radiation shows a significant downward
trend in the full-year and seasonal approach. Moreover, the precipitation and wind speed
did not present any significant trend.

3.1.5. Spatial Variability

We applied the Sen’s slope technique over our data series to know the magnitude
of the trend previously calculated by the Mann–Kendall test. This analysis was done
for the significant trend during the full-year period and during the crop growing period,
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summarized in Table 2. The magnitude of the significant trends during the crop growing
period is essential because this will directly affect the maize yield, as shown in Section 3.3.

Table 2. Summary of the Sen’s Slope test. The values represent the magnitude of the variation of each parameter per year.
The sign + means a increasing trend, whereas − means a decreasing trend. The ns means “not significant” and refers to the
lack of significant trend for that climate parameter. FY refers to the full year approach and GP refers to the crop growing
period approach.

T max T min Precipitation Wind Speed Radiation
◦C year−1 ◦C year−1 mm year−1 m s−1 year−1 MJ m−2 year−1

FY GP FY GP FY GP FY GP FY GP

Guayas +0.04 ns +0.03 +0.03 ns ns ns ns ns ns
Los Rios +0.04 +0.03 +0.03 +0.03 ns ns ns ns ns −0.05

Loja +0.04 +0.05 +0.03 +0.03 −0.02 −0.05 ns ns ns ns
Manabi +0.03 ns +0.03 +0.03 ns ns ns ns −0.06 ns

3.2. Calibration and Validation of the Model

The calibration was done for three of the most grown variety in Ecuador. Specifically,
EMBLEMA is the most used in Guayas and Los Rios, DK7088 is widely grown in Loja, and
TRIUNFO is largely used in Manabi. As a starting point for the calibration, we used the
dataset for maize provide by the LINTUL5 model, and then, they were changed accordingly.
Table 3 shows the final parameters configured for our calibration.

Table 3. Adjusted values for crop parameters calibration of the model. The variety EMBLEMA was used in Guayas (G) and
Los Rios (LR), DK7088 was used in Loja (L), and TRUENO was used in Manabi (M).

Crop Parameters Description Unit EMBLEMAG,LR DK7088L TRUENOM

TSUM1 T sum from emergence to anthesis C day−1 1010 720 990
TSUM2 T sum from anthesis to maturity C day−1 1280 910 1370

TBASEM Lower threshold T for emergence C 8.0 8.0 8.0
TEFFMX Max effective T for emergence C 30.0 30.0 30.0
TSUMEM T sum from sowing to emergence C 56.0 56.0 56.0
RUE-0.0 Rad use efficiency at DS 0 g MJ−1 3.7 3.4 3.4
RUE-1.0 Rad use efficiency at DS 1.25 g MJ−1 3.4 3.1 3.2
RUE-1.5 Rad use efficiency at DS 1.50 g MJ−1 2.9 2.8 2.9
RUE-2.0 Rad use efficiency at DS 2.0 g MJ−1 1.4 1.4 1.4

SLATB-0.0 Specific leaf area at DS 0 m2 g−1 0.024 0.022 0.024
SLATB-1.0 Specific leaf area at DS 1.0 m2 g−1 0.035 0.033 0.033
SLATB-2.0 Specific leaf area at DS 2.0 m2 g−1 0.02 0.02 0.02
LAI critical Critical LA beyond leaves die m2 m−1 4.0 4.0 4.0

RGRLAI Max relative increase in LAI ha ha−1 day−1 0.04 0.02 0.04
ROOTDI Initial rooting depth m 0.1 0.1 0.1

ROOTDM Max rooting depth m 2.0 2.0 2.0
RRDMAX Max increase rate depth m 0.012 0.012 0.012

TDWI Initial total dry weight kg ha−1 6.0 5.0 6.0

For validating the model, we simulate maize yield in the four provinces using the
management data provided by literature references and the Ministry of Agriculture data
since 2012. The simulation was done from 2002 to 2018 to compare the simulated yield
with observed yield reported for the Ministry of Agriculture of Ecuador [38,39].

Figure 6 shows the simulated yields against the observed yield in Guayas (a) and
Los Rios (b), Loja (a) and Manabi (b). The relative mean error (MR) of the averaged
simulated yield in relation with the averaged observed yield from 2002 to 2018 was of
2.6% (Obs = 3.5 Mg ha−1, Sim = 3.6 Mg ha−1) in Guayas, −1.9% (Obs = 4.3 Mg ha−1,
Sim = 4.2 Mg ha−1) in Los Rios, 16.4% (Obs = 3.3 Mg ha−1, Sim = 3.9 Mg ha−1) in
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Loja and, −6.7% (Obs = 2.9 Mg ha−1, Sim = 2.7 Mg ha−1) in Manabi. However, for the
evaluation of the model it is better to look at the standard deviation of the residuals.
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Figure 6. Observed vs. Simulated Yields (Mg ha−1) from 2002 to 2018 in (a) Guayas, (b) Los Rios, (c) Loja and, (d) Manabi.

3.3. Climate Change Effects over Maize Yield

After the calibration of the model, we ran simulations on the four studied provinces.
We used different amounts of nitrogen in our simulations to realistically represent the yield
under rainfed and fertilizer conditions.

We applied the linear regression analysis in all the simulated yields to obtain the
corresponding fitted values (trend) and each one’s slope. The slope is considered a com-
bined effect of soil fertility and climate change at a lower rate of nitrogen application
(<150 kg N ha−1), whereas the slope at a high rate of nitrogen application (>150 kg N ha−1)
may be considered mainly an effect of climate change.

Figure 7 shows, for Guayas (a), Los Rios (b), Loja (c), and Manabi (d), the slopes
of the trends of the simulated yields under different scenarios of Nitrogen application
(a). We can see that in Guayas and Los Rios (Figure 7a,b) at lower rates of nitrogen
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application, the trend is negative. On the other hand, while more nitrogen is applied, the
slope becomes zero.
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(a) Guayas
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(d) Manabi
Figure 7. The slopes of the simulated yield trends under different rates of Nitrogen application for (a) Guayas, (b) Los
Rios, (c) Loja and (d) Manabi. Each dot represents the value of the slope (Mg ha−1 year−1) of each scenario of nitrogen
application. At lower rates of nitrogen application (<150), the effect is due to the loss of soil fertility and climate change and,
at higher rates of nitrogen application (>150), the effect is mainly due to climate change.

As shown in Figure 7c, the negative impact increases in the semi-arid province Loja
for more significant amounts of nitrogen application. At 100 kg N ha−1, the long-term
decreased effect is roughly 0.02 Mg ha−1 per year, and it is about 0.04 Mg ha−1 (negative)
per year, when 250 kg N ha−1 is applied.

Figure 7d shows the contrasting effects in Manabi province. Results show more
significant negative effects at lower levels of Nitrogen application. For a higher N ratio, the
effects become smaller (in magnitude) but are still negative. It shows a decreasing effect
of N application and climate change on maize yield. Low R2 values in Manabi are due to
substantial yield underestimation by the model in 2016 and 2017.
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3.4. Climate Change Effects on the Phenology

The effects of climate change on the length of the growing period were assessed in
the simulated yields. The period 1984 to 2001 was taken as a baseline to compare with the
period after 2002 until 2019. The non-parametric test Wilcox was used to find whether the
difference in the median was significant or not. The results of each simulation unit were
paired for these two periods.

Figure 8 shows the boxplots of the length of the growing period before 2001 and after
2002 in Guayas (a) and Los Rios (b), Loja (a), and Manabi (b). In Guayas, the median before
2001 was 128 days, and 125 days after 2002 (3 days less). The interquartile range (IQR) was
11.8 days before 2001 and 10.2 days after 2002. In Los Rios, the median before 2001 was
170 days (IQR = 45.7), and in the period after 2002 was 162 days (IQR = 42.7). In Loja, the
median was 117 days (IQR = 48.9) before 2001 and 109 days (IQR = 40.9) after 2002. In
Manabi, the median of the period before 2001 was 129 days (IQR = 7.9), while the period
after 2002 had a median of 126 days (IQR = 6.4). The Wilcox text for the difference in the
length of the growing period in all four provinces was highly significant (p < 0.05).
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Figure 8. Boxplot of the simulated length of crop growing period (days)—period from
sowing to maturity—of each simulation unit in (a) Guayas, (b) Los Rios, (c) Loja and (d)
Manabi. The red column shows the average from 1984 to 2001 of each simulation unit
and the green column shows the average from 2002 to 2019 of each simulation unit for (a)
Guayas, (b) Los Rios, (c) Loja and (d) Manabi.
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4. Discussion

This study aims to assess recent climate change effects on the maize yield in different
Ecuador provinces. One of them belongs to a semi-arid region. Our first hypothesis is the
existence of climate change in the provinces of primary maize production.

4.1. Climate Change

Our results show that provinces in spatial proximity do not necessarily exhibit similar
climate behavior, showing that location-specific climate data must be examined case by case.
However, there are some similarities, such as the pattern in the precipitation concentrated
between January and May. Previous works also confirm this finding [41]. A reason for this
seasonality variation may be the Hadley circulation effect (Ecuador is part of the South
Hadley cell). These cells are the low-latitude overturning circulations, where the air rises
at the equator and sinks at approximately 30◦ latitude. It has seasonal variability, and it
is dynamic [42]. All these seasonality variations cause a greater rainfall in the wet season.
Therefore, farmers choose this season as they do not have access to an irrigation system to
grow short term crops like maize [12].

The climate parameters in the coastal provinces (Guayas, Los Rios, and Manabi) are
characterized by high temperatures and enough precipitation and radiation to grow maize.
However, some unusual patterns were found during the years 1997, 1998. In this period,
high temperatures, high precipitation (from November 1997 to June 1998), low wind speed
and, high radiation were reported. Some of the described effects are characteristics of the
el Niño phenomena [43].

Institutions in charge of monitoring the climate reported peaks in the rainfall patterns
in 1997 and 1998 and classified them as an El Niño phenomenon. Furthermore, other
works [44,45] used the ICEN index (Coastal El Niño Index, Indice Costero El Niño) and
ONI index (Oceanic Niño Index), respectively, to confirm the presence of this phenomenon
in the years 1997 and 1998. The United Nations Office for the Coordination of Humanitarian
Affairs reports some negative impacts in agriculture due to this increase in rainfall. Thus,
El Niño directly affected provinces in Ecuador’s coastal plain like Guayas, Los Rios, and
Manabi [46].

Meanwhile, the La Niña phenomenon, which is characterized by frigid ocean tem-
peratures in the Equatorial Pacific, tends to have an opposite impact than El Niño. It has
been observed that La Niña had a strong impact during 1988–1989 and, with moderate
effects during 1999, 2000, 2007, 2010 [47]. However, our results only show an impact on the
precipitation (notably less) in 2007 for all provinces and anomalies in Loja temperature in
1988–1989. Nevertheless, a study [48] found that the drought in the Amazon basin caused
the dry period in 2005 in Loja.

Our results also showed considerable differences in the climate patterns among the
studied provinces. A possible explanation for this is the elevation gradients, which control
the spatial and temporal variability of climate and greatly influence atmospheric circula-
tion mechanisms among the country. These topographic differences could cause notable
precipitation variability among the provinces even within a short distance [48].

The results of this study show a significant upward trend in temperature in all the
provinces. These results are consistent with the findings in previous studies [4]. The
authors used some data from meteorological stations of National Institute of Meteorology
and Hydrology of Ecuador (INHAMI) to determine the temperature and precipitation
trend of Ecuador from 1966 to 2011. They concluded that the minimum temperature had
a strong trend of increase in the coastal provinces. The trends in maximum temperature
showed a spatial variability, and the precipitation did not show a trend in the coastal region,
but there were different effects in the precipitation among the whole country. However,
in the provinces of the Highlands, they found an increasing trend in precipitation. That
result differs from our findings in Loja, which belongs to the Highlands provinces. This
difference could be due to the studied period and also due to the different considered
locations. Contrary to us, their study is biased to stations located to the north, and Loja is
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indeed placed more to the south. Nevertheless, other authors found a declining trend in
precipitation in the coast [49] and in some meteorological stations of the highlands [50].

The evidence of climate change in Ecuador was also mentioned by the Working Group
II into the Fourth Assessment Report-WGII AR4 [3]. They found unusual extreme weather
events in Latin America, and the mean increasing temperature trend was about 0.1 ◦C per
decade. They also predicted more prominent rainfall anomalies (upward or downward)
and more frequent climate extremes events for the 21st century. Our results also show an
increasing trend in temperature of about 0.3 ◦C per decade, but during the growing period.

There is a lack of studies about the trend in radiation and wind speed. Therefore,
further research is required to show the actual trend in these critical parameters for crop
development. However, at a global scale, some studies showed a decreasing trend in solar
radiation of about 1.4–2.7% per decade [51].

4.2. Effects of Climate Change over Maize Yield

Once the existence of recent climatic change has been proved, the impact on maize
yields were investigated. This study’s results show significant effects on maize yield in
Loja and Manabi, but not in Guayas and Los Rios. The effects of the recent climate change
on maize yield in Ecuador have not been widely studied. An available study [10] showed
that the changes in climate and environment had caused a shift in the establishment of
maize croplands. Some maize farmers have started cultivating maize at higher altitudes in
the Andes to compensate for the increase in temperature in the lower regions.

Our results concerning the yield changes in Guayas are shown in Figure 7. We can
observe that at the lower amount of fertilizer application, the yield decreased from 1984 to
2019. Contrary, at greater rates of nitrogen, the trend became roughly zero. This unexpected
result is plausible since Guayas is the less affected province by climate change (only the
Tmin has a significant decrease). The decreased trend of the yields at lower rates of nitrogen
could be due to loss of nutrients (mainly nitrogen) and a loss of soil fertility. This lack
of nutrient availability affects crop growth. Our findings were also found in the study
conducted by Chen et al. (2017) [52], who has found that at zero nitrogen application, the
maize yield reduces in the long-term.

A similar scenario is shown in Los Rios province (Figure 7). However, those results
were unforeseen because this province showed a significant warming climate in both Tmin,
Tmax and a downward trend in radiation. One explanation may be that these temperatures
were not critical in the critical stages of development (e.g., near to anthesis). Additionally,
the range of temperatures has never exceeded 30 ◦C, set as maximum temperature for the
emergence and as optimum temperature for crop growth in the model. Other authors also
found this value as the upper maximum of the optimum temperature [53,54].

Regarding the radiation, it is well known that this parameter is a driver for photosyn-
thesis and biomass growth in plant organs. Therefore, we could expect a decrease in the
yield in Los Rios due to the downward trend in radiation, like some studies, previously
reported [51,55]. However, the genotype could play a crucial role in decreasing radiation-
sensitive [51], such as shading conditions and light use efficiency characteristics for each
crop. The variety properties may explain the non-existing effect of the decreasing trend in
radiation on yield in Los Rios since the variety used in Guayas and Los Rios (EMBLEMA)
was calibrated at high radiation use efficiency values. This is different from other maize
varieties used in Nigeria [56], and Etiophia [57], in which a lower radiation use efficiency in
all the development stages was set up. Since the variety simulated was the same for Guayas
and Los Rios, further research can be done taking into account this condition to have a
more profound knowledge of the adaptability of this variety to the decrease of radiation.

The climate change effect in Manabi can be seen in Figure 7. Despite the increasing
of Nitrogen application the yield trend still remains negative (−0.012 Mg ha−1 per year
at 250 kg N ha−1). It can confirm the hypothesis of the evidence of climate change on
maize yield in Manabi. This province showed an increasing trend in the temperature,
decreasing trend in radiation, and a greater Tmin compared to the other provinces. Although
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the temperature range in Manabi does not exceed the critical temperature, the mixture
of temperature and radiation could explain the yield changes. On the one hand, the
increase in the temperature reduces the length of the growing period. On the other hand,
decreasing radiation affects the growth rate. This finding agrees with the study conducted
by Shi et al. (2014) [58] who investigated maize yield’s vulnerability to climate change in
Africa during 1961–2010. They found that each 1 ◦C of mean temperature increase resulted
in yield losses of over 10% in eight countries and 5–10% in 10 countries of Africa.

An even more interesting finding is the impact of climate change in the semi-arid
province Loja. Here, at high rates of applied nitrogen, the yield shows a clear downward
trend, as can be seen in Figure 7. In this province, not only the Tmin , Tmax had an increasing
trend during the growing period, but the precipitation also decreased due to climate change.
Furthermore, this province is the driest compared with all the studied provinces. The water
stress could explain the decrease in the yield in recent years that the maize suffered. These
events are more frequent after 2005. According to the simulated yield results, the water
stress was particularly critical in the phase of anthesis. Moreover, this more substantial
decrease at high nitrogen application rates could be explained by the higher potential
transpiration demand caused by higher temperatures and higher LAI levels [59,60]. At
lower levels of nitrogen application, the LAI decreased due to nutrient deficiency, and
the potential crop water demand is lower than at higher which occurs at higher levels
of nitrogen application (LAI). A greater LAI needs more water, and the potential crop
transpiration increases. It caused water stress and corresponding yield reduction that
can be noticed clearly at large amounts of nitrogen. The combined trends in precipitation
(decreasing) and temperature (increasing) might have caused a more substantial reduction
of the yield due to a shorted crop growing period [61], which was about eight days less in
the period after 2002, according to our results.

Additionally, the changes mentioned above in Loja (more temperature and less precip-
itation) could affect the soil moisture available for the crop uptake due to an increase in soil
evaporation. Parry et al. (1990) [61] reported that at mid-latitudes, evaporation increases
roughly 5% for each ◦C of mean annual temperature. A strongly positive relationship
between lack of water availability and temperature can be seen in the results. It is also
mentioned in Reddy (2015) [62], in a dry zone of the Volga Basin, where an increasing
change of 0.5–1 ◦C without a change in precipitation had little effect on spring-wheat yield,
while a decrease of 20% in precipitation (with the exact change in temperature) reduce
yields by approximately 10%.

4.3. Climate Change Effects on Phenology

We found a significantly longer length of crop growing period in all provinces from
1984 to 2001 compared with the period from 2002 to 2019. This change may be explained
by the significant increase in temperature that all the provinces showed. Each development
stage’s length is a function of the cumulative daily effective temperature, which is the
average temperature above a crop-specific base temperature. In our study, the base tem-
perature was set to 8 ◦C. Thus, when the temperature increases, this heat sum is achieved
in less time, and the maturity is reached faster. Furthermore, a study [61] mentions that
temperature increase shortens the reproductive phase, limiting the canopy’s duration and
consequently, the period for the interception of light (with the canopy) to produce biomass
reduces, as well.

However, our study shows that the length of the crop growing period differs across
each province. The variability of this duration in Los Rios and Loja is greater than in Guayas
and Manabi. It may be explained by the differences in elevation and mean temperature
over the growing period in these provinces.

Spatial variability in length of growing period (LGP) was also found by
Vrieling et al. (2013) [63], who studied this parameter from 1981 to 2011 in Africa. They
found high variability in LGP in arid and semi-arid zones. Significant negative trends in
LGP were also depicted in Tanzania, north of Mozambique, and North of the Sahel. In
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our study, Loja, considered a province with a predominantly semi-arid climate, showed
significant variability.

4.4. Uncertainties of the Methodology

In simulation studies, some uncertainties may cause differences between reality and
simulation output. We use inputs such as climate data, soil properties, crop variety
properties, and management information. The radiation was not taken from the same
source in the total time-span by Nasa Power, which could cause a relevant break in the
time series.

In our study, the field observations used to calibrate the model contained only phenol-
ogy and final grain yield observations. There was a lack of information about sequential
measurements of biomass, leaf area index, and observed soil properties. This limitation
in the calibration could be one reason for the values of RMSE shown in Figure 6 for the
validation of the model at province scale.

Finally, the decrease of the yield in a particular year could be due to pests or diseases,
but LINTUL5 cannot include them in the final simulated yield.

5. Conclusions

Our study’s objective was to assess whereas the recent climate change had an impact
on the historical maize yields in four provinces of Ecuador using a crop modelling approach.
The results showed that the crop model LINTUL5 performed better in Guayas, Los Rios,
and Loja, but it did not fit Manabi accurately (RMSE = 1.49 Mg ha−1). The accuracy of the
model performance may be enhanced using more precise information of the soil, weather,
and management practices during the calibration. Regarding the climate change impact
on maize yield, our counterfactual yield results showed a lack of effects in Guayas and
Los Rios, but a loss yield in the semi-arid province Loja. The crop growing period length
was shortened in all provinces. Our study has evaluated the applicability of the model
LINTUL5 (embedded into the SIMPLACE modelling framework) using high-resolution
climate data for estimating the effect of climate change on maize yield in the provinces
of primary maize production of Ecuador. Further studies are necessary to investigate the
impact of climate change in future scenarios
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Appendix A. Mann–Kendall Trend Test

The Mann–Kendall trend test is based on the correlation between the values of an
ordered time series, and it is conducted as follows [64]:
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• The data must be sorted in the order in which they were collected over time, x1, x2, ..., xn,
which denote the measurements obtained at times 1, 2, ..., n, respectively.

• Determine the sign of all n(n− 1)/2 possible differences xj − xk, where j > k. These
differences are x2 − x1, x3 − x1, ..., xn − x1, x3 − x2, x4 − x2, ..., xn − xn−2, xn − xn−1.

• Let sgn(xj − xk) be an indicator function that takes on the values 1, 0, or −1 according
to the sign of (xj − xk), that is,

sgn(xj − xk) =


1 if xj − xk > 0
0 if xj − xk = 0
−1 if xj − xk < 0

(A1)

Then the Mann–Kendall Score (S) is compute as Equation (A2) shows.

S =
n−1

∑
k−1

n

∑
j−k+1

sgn(xj − xk) (A2)

If S is a positive number, observations obtained later in time tend to be larger than
observations made earlier. If S is a negative number, then observations made later in time
tend to be smaller than observations made earlier [64].

Appendix B. Climate Parameters in Guayas, Los Rios, Loja and Manabi

Appendix B.1. Guayas
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Figure A1. Time series of average maximum temperature (◦C) in Guayas from 1984 to 2019. (a) Heat-map of Tmax (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmax (◦C) averaged during the full year. (c) Tmax

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A2. Time series of daily average precipitation (mm) in Guayas from 1984 to 2019. (a) Heat-map of daily precipitation (mm)
per each month and year. The color scale represents the precipitation in mm. (b) Daily precipitation averaged during the full year.
(c) Daily precipitation averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record,
the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A3. Time series of average wind speed (m s−1) in Guayas from 1984 to 2019. (a) Heat-map of wind speed (m s−1)
per each month and year. The color scale represents the wind speed in m s−1. (b) Wind speed averaged during the full year.
(c) Wind speed averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record,
the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A4. Time series of average radiation (MJ m−2) in Guayas. (a) Heat-map of radiation (MJ m−2) per each month and year
from 1984 to 2019. The color scale represents the radiation (MJ m−2). (b) Radiation averaged during the full year from 1984 to 2007.
(c) Radiation averaged during the maize crop growing period in Ecuador (January–May) from 1984 to 2007. Each dot represents
one record, the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A5. Time series of average minimum temperature (◦C) in Los Rios from 1984 to 2019. (a) Heat-map of Tmin (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmin (◦C) averaged during the full year. (c) Tmin

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A6. Time series of daily average precipitation (mm) in Los Rios from 1984 to 2019. (a) Heat-map of daily precipitation
(mm) per each month and year. The color scale represents the precipitation in mm. (b) Daily precipitation averaged during
the full year. (c) Daily precipitation averaged during the maize crop growing period in Ecuador (January–May). Each dot
represents one record, the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.

Ja
nu

ar
y

Fe
br

ua
ry

M
ar

ch

Ap
ril

M
ay

Ju
ne Ju
ly

Au
gu

st

Se
pt

em
be

r

Oc
to

be
r

No
ve

m
be

r

De
ce

m
be

r

1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

1.25

1.50

1.75

2.00

2.25

(a) Wind speed (m s−1) per month/year

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
● ●

●

●
●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

1.6

1.7

1.8

1.9

2.0

1990 2000 2010 2020
Year

W
in

d 
sp

ee
d 

(m
 s

−
1)

(b) Wind speed (m s−1) - full year

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

1.4

1.6

1.8

2.0

1990 2000 2010 2020
Year

W
in

d 
sp

ee
d 

(m
 s

−
1)

(c) Wind speed (m s−1) - crop growing period

Figure A7. Time series of average wind speed (m s−1) in Los Rios from 1984 to 2019. (a) Heat-map of wind speed (m s−1)
per each month and year. The color scale represents the wind speed in m s−1. (b) Wind speed averaged during the full year.
(c) Wind speed averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record,
the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A8. Time series of average radiation (MJ m−2) in Los Rios. (a) Heat-map of radiation (MJ m−2) per each month and
year from 1984 to 2019. The color scale represents the radiation (MJ m−2). (b) Radiation averaged during the full year from 1984
to 2007. (c) Radiation averaged during the maize crop growing period in Ecuador (January–May) from 1984 to 2007. Each dot
represents one record, the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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(c) Tmax (◦C) - crop growing period

Figure A9. Time series of average maximum temperature (◦C) in Loja from 1984 to 2019. (a) Heat-map of Tmax (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmax (◦C) averaged during the full year. (c) Tmax

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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(c) Tmin (◦C) - crop growing period

Figure A10. Time series of average minimum temperature (◦C) in Loja from 1984 to 2019. (a) Heat-map of Tmin (◦C) per
each month and year. The color scale represents the temperature in ◦C. (b) Tmin (◦C) averaged during the full year. (c) Tmin

(◦C) averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue
line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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(c) Wind speed (m s−1) - crop growing period

Figure A11. Time series of average wind speed (m s−1) in Loja from 1984 to 2019. (a) Heat-map of wind speed (m s−1) per
each month and year. The color scale represents the wind speed in m s−1. (b) Wind speed averaged during the full year. (c)
Wind speed averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the
blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.



Atmosphere 2021, 12, 299 26 of 30

Ja
nu

ar
y

Fe
br

ua
ry

M
ar

ch

Ap
ril

M
ay

Ju
ne Ju
ly

Au
gu

st

Se
pt

em
be

r

Oc
to

be
r

No
ve

m
be

r

De
ce

m
be

r

1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019 14

16

18

20

22

(a) Radiation (MJ m−2) per month/year

●

●

●
●

●

●

●

●

● ●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

18

19

20

1990 2000
Year

R
ad

ia
tio

n 
(M

J 
m

−
2)

(b) Radiation (MJ m−2) - full year

●

●

●

● ●
●

● ●

● ●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

17

18

19

20

1990 2000
Year

R
ad

ia
tio

n 
(M

J 
m

−
2)

(c) Radiation (MJ m−2) - crop growing period

Figure A12. Time series of average radiation (MJ m−2) in Loja. (a) Heat-map of radiation (MJ m−2) per each month and
year from 1984 to 2019. The color scale represents the radiation (MJ m−2). (b) Radiation averaged during the full year
from 1984 to 2007. (c) Radiation averaged during the maize crop growing period in Ecuador (January–May) from 1984 to
2007. Each dot represents one record, the blue line shows the smoothed time series and the shaded area represents the 95%
confidence interval.
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Figure A13. Time series of average maximum temperature (◦C) in Manabi from 1984 to 2019. (a) Heat-map of Tmax (◦C) per each
month and year. The color scale represents the temperature in ◦C. (b) Tmax (◦C) averaged during the full year. (c) Tmax (◦C) averaged
during the maize crop growing period in Ecuador (January–May). Each dot represents one record, the blue line shows the smoothed
time series and the shaded area represents the 95% confidence interval.
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(c) Precipitation (mm) - crop growing period

Figure A14. Time series of daily average precipitation (mm) in Manabi from 1984 to 2019. (a) Heat-map of daily precipitation
(mm) per each month and year. The color scale represents the precipitation in mm. (b) Daily precipitation averaged during
the full year. (c) Daily precipitation averaged during the maize crop growing period in Ecuador (January–May). Each dot
represents one record, the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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Figure A15. Time series of average wind speed (m s−1) in Manabi from 1984 to 2019. (a) Heat-map of wind speed (m s−1)
per each month and year. The color scale represents the wind speed in m s−1. (b) Wind speed averaged during the full year.
(c) Wind speed averaged during the maize crop growing period in Ecuador (January–May). Each dot represents one record,
the blue line shows the smoothed time series and the shaded area represents the 95% confidence interval.
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(b) Radiation (MJ m−2) - full year

●

●
●

● ●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

17

18

19

20

1990 2000
Year

R
ad

ia
tio

n 
(M

J 
m

−
2)

(c) Radiation (MJ m−2) - crop growing period

Figure A16. Time series of average radiation (MJ m−2) in Manabi. (a) Heat-map of radiation (MJ m−2) per each month
and year from 1984 to 2019. The color scale represents the radiation (MJ m−2). (b) Radiation averaged during the full year
from 1984 to 2007. (c) Radiation averaged during the maize crop growing period in Ecuador (January–May) from 1984 to
2007. Each dot represents one record, the blue line shows the smoothed time series and the shaded area represents the 95%
confidence interval.
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