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RESUMEN

Se analizaron los efectos de la sequia sobre los rendimientos del maiz de temporal en el Atlantico colombia-
no y en el Pacifico nicaragiiense, en el marco de ENOS. Se calcul¢ el indice de precipitacion estandarizado
(SPI-12m) de 2000 a 2024 y se correlaciono con los rendimientos. En el Pacifico se obtuvo un coeficiente de
determinacion (R?) de 0.52 entre rendimientos y SPI; una correlacién moderada (R = 0.66) entre rendimientos
con valores absolutos y sin correlacion tras eliminar la tendencia; y una fuerte correlacion (R = 0.80) entre
valores de SPI. ENOS afectd los patrones de precipitacion de manera diferente. En el Atlantico se registraron
mas valores del SPI fuera del rango normal (10), 60% de ellos por sequia, en dos ocasiones consecutivas
(2001-2002 y 2014-2015). En el Pacifico, 30% de los nueve afios con valores fuera del rango normal se de-
bieron a la sequia y 6 a la humedad, comparados con cuatro en el Atlantico. En ambas regiones se registraron
ciclos anormalmente himedos consecutivos entre 2010 y 2011, con mayor intensidad en el Atlantico (1.94 y
1.32 vs. 1.64 y 1.13 en el Pacifico), siendo 2022 un afio extremadamente humedo (2.02 y 2.09). A pesar de
una tendencia creciente de rendimientos, la productividad del maiz de temporal fue vulnerable a condiciones
climaticas extremas, causadas por sequia en el Pacifico, con las mayores disminuciones en 2009 y 2015 (—0.47
y —0.22), y por lluvias excesivas en el Atlantico en 2021 (-0,42). El Atlantico mostré mayor variabilidad en
los rendimientos (var = 0.097 frente a 0.03 en el Pacifico), donde fenomenos prolongados de ENOS tienen
un mayor impacto en los patrones de precipitacion y rendimientos.

ABSTRACT

The effects of drought on non-irrigated maize yields in the Colombian Atlantic and in the Pacific of Nicaragua
were analyzed within the scope of ENSO. The Standardized Precipitation Index (SPI-12m) was calculated for
2000-2024 and correlated with crop yields, resulting in a coefficient of determination (R?) of 0.52 between
yields and SPI in the Pacific, a moderate correlation (R = 0.66) between regional yields (abs values)—although
no correlation after removing series trend—, and a strong correlation (R = 0.80) between SPI values. ENSO
affected rainfall regional patterns differently. In the Atlantic, more annual SPI values (10) were outside the
normal range than in the Pacific, 60% due to drought, occurring twice consecutively (2001-2002 and 2014-
2015). In the Pacific, three of the nine years outside the normal range were due to drought, while the other
six were due to abnormally wet conditions, compared to four in the Atlantic. In both regions, abnormally
wet conditions occurred consecutively from 2010-2011, although with greater intensity in the Atlantic (1.94,
1.32) than in the Pacific (1.64, 1.13), with 2022 being an extremely wet year (2.02 and 2.09). Even with an
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upward yield trend, rainfed maize productivity was vulnerable to extreme weather conditions, caused by
drought in the Pacific, with the greatest decreases in 2009 and 2015 (—0.47 and —0.22), as well as excessive
rainfall in the Atlantic in 2021 (—0.42). The Atlantic showed greater variability in yields (var =0.097 vs. 0.03
for the Pacific), where prolonged ENSO of any intensity has a greater impact on rainfall patterns and yields.

Keywords: Standardized Precipitation Index, ENSO, maize yields, Nicaragua, Colombia.

1. Introduction

According to the UN (2020), climate change (re-
ferring to “long-term changes in temperatures and
weather patterns”) represents one of the most sig-
nificant challenges for global agriculture (Altieri and
Nicholls, 2009). These changes can be natural, such
as variations in the solar cycle, or human-induced,
such as greenhouse gas emissions, and affect the
ability to produce food, our health, housing, safety,
and jobs. Climatic factors such as altitude, latitude,
prevailing winds, ocean currents, distance from the
sea, and relief can accentuate, prevent, modify, or
limit the presence and intensity of climatic phenom-
ena, with the populations of small island nations and
developing countries being the most vulnerable to
their impacts (UN, 2020).

The challenges to global food security posed by
climate change affect food production, distribution,
and quality. One of the consequences is the reduction
in agricultural yields due to the presence of droughts,
higher temperatures, and erratic precipitation patterns
(Zhu et al., 2022). Droughts are more frequent and
prolonged, while rainfall is more intense, negatively
affecting essential crops such as wheat, maize, and
rice, reducing their productivity (Nelson et al. 2009)
and causing rising global concern (Altieri and Nich-
olls, 2009).

Given that maize is a globally important crop for
food security (Shiferaw et al. 2011), it is essential to
analyze the effects of climate change on its yields at
a regional or subregional scale, as these effects vary
(Guajardo-Panes et al. 2018; Zhang et al. 2022; Cruz-
Gonzalez et al. 2024) depending on the geographic and
climatic context. While predictions of a 10% reduction
in rainfed maize yields by 2055 prevail (Jones and
Thornton, 2003), studies in monsoon regions have also
shown that the disruption of rainfall patterns, which
increases during winter, accompanied by temperature
increases, reduces the likelihood of negative impacts
on this crop (Senthilnathan et al., 2025).

Therefore, this study aims to assess changes
in rainfall patterns across the Pacific region of
Nicaragua and the Atlantic region of Colombia,
as expressed by drought/humidity levels using the
Standardized Precipitation Index (SPI), and their
effects on rainfed maize yields. This study adopts a
primarily climate-focused approach that incorporates
the effects of El Nifio Southern Oscillation (ENSO)
on the regions and temperature increases over time
into the analysis of rainfed maize yield behavior.

2. Study area

2.1 The Pacific region of Nicaragua

The Pacific region of Nicaragua has warm sub-hu-
mid climates (Aw0, Awl, and Aw2), according to
Koppen, with average temperatures between 26 and
29 °C and a bimodal rainfall pattern, with the most
pronounced peak occurring from May to June and
the second from September to November, resulting
in a rainy season that covers 60% of the year (Var-
gas-Ulate, 2004). Its annual rainfall is among the
lowest in Nicaragua, ranging from 1000 to 1800 mm,
according to the Instituto Nicaragiiense de Estudios
Territoriales (Nicaraguan Institute of Territorial
Studies) (INETER, 2025).

In the Pacific region of Nicaragua, municipalities
in the Central American Dry Corridor, along with
parts of Guatemala, El Salvador, and Honduras, expe-
rience varying degrees of drought, ranging from mild
to severe (Gonzalez-Figueroa, 2012). This corridor is
characterized by high environmental and socioeco-
nomic vulnerability to climate change and is at high
risk of meteorological drought due to the combined
effects of low precipitation and high evaporation,
leading to hydrological drought (van der Zee et al.,
2012). The rainfall regime has recorded accumulated
rainfall decreases of up to 40%, according to the IN-
ETER (2023), while crop losses have reached 50%
for maize and 100% for beans (ACF, 2010), showing



Rainfall patterns and yields of rainfed maize in tropical American regions 111

the vulnerability of food security and the economy to
the effects of climate change (Gotlieb et al., 2019).
This represents a major challenge for the country’s
food sovereignty.

However, throughout Nicaragua, maize forms
the basis of the national diet and therefore rep-
resents food and nutritional security for the popu-
lation(Garcia-Zeledon and Plata-Suncing, 2015). It
accounts for 29% of the dietary energy consumed
by its inhabitants (Castillo-Cajina and Bird-Moreno,
2013). The cultural relevance of this crop is also
evident in the gastronomic diversity based on maize,
with dishes such as giiirila, yoltamal, tamal, tortilla,
and indio viejo, as well as beverages such as fiste,
chicha de maiz, pozol, and pinolillo. Nevertheless,
80% of maize producers nationwide are small farm-
ers who do not have access to irrigation systems,
and thus rely directly on rainfall (MIFIC, 2007), in
scenarios of low yields of between 2 and 3 t ha ! per
cycle (INIDE, 2025).

2.2 The Atlantic region of Colombia

According to the Climatological Atlas of Colombia
(IDEAM, 2017), the convergence of various macro-
and meso-scale meteorological processes across the
country is the main cause of the pronounced diversity
of rainfall among its different regions. Annual rainfall
exceeds 9000 mm in some extremely humid areas
near the Pacific coast. Conversely, the driest regions
are in the north-central strip of Colombia, which
includes the Caribbean region. The study area for
this work, known as the Departamento del Atlantico
(Atlantic Department), is located in the southwestern
portion of this region.

The average annual rainfall in the Atlantic region
ranges from 1000 to 1500 mm, with a bimodal pat-
tern characterized by two dry seasons (December
to April and mid-year) and two rainy seasons. The
rainy season from September to November is wetter
than the mid-year season. The presence of tropical
anticyclones, which generate high-pressure systems,
is the predominant meteorological factor influencing
rainfall patterns in these latitudes (IDEAM, 2017).
According to the same source, 92.4% of the Atlantic
region’s territory has a hot and semi-arid climate,
with the remainder classified as arid. Based on the
Koppen climate classification, this corresponds to a
savanna climate (Aw/As), representing the transition

from humid tropical to hot and semi-arid. The av-
erage annual temperature of the Atlantic is among
the highest in Colombia, ranging from 27 to 30° C,
according to the temperature normals for the period
1991-2020 (IDEAM, 2025).

Colombia is considered a country highly vulner-
able to climate change due to its physical, geograph-
ical, socioeconomic, and biodiversity conditions
(DNP, 2012). One of the most concerning physical
risks associated with increasing temperatures is the
rise in sea level and the change in the coastline along
both the Pacific Ocean and the Caribbean coasts,
where sea level could increase by up to 90 mm by
2040 (Mendoza, 2016).

Rainfed agriculture is particularly affected by
these climatic variations. White maize for human
consumption is the grain with the third-largest planted
area in Colombia (Carvajal, 2024). Approximately
half of this area (more than 57000 ha) is rainfed
and traditionally produced, meaning its production
depends largely on climatic conditions. The Atlantic
region is a key agricultural area in Colombia with an
agricultural frontier of 277 192 ha, making it one of
the departments with the largest agricultural area in
the country (Minagricultura, 2023). However, it is
the region with the lowest production of this grain
(Minagricultura, 2021). There, traditional manage-
ment (non-irrigated) prevails in more than 80% of
the area dedicated to growing maize.

The objective is to compare regions in the In-
tertropical Convergence Zone (ITCZ) that border
the Atlantic and Pacific oceans and have different
territorial configurations. Given the cultural and
nutritional importance of the maize crop, this aims
to achieve a deeper understanding of the factors
affecting non-irrigated maize yield, as well as the
limited local research on the subject in these regions.

3. Materials and methods

3.1 Yields data

The period with available data on rainfed maize
yields in the Pacific region of Nicaragua spans the
years 2000 to 2023. Data were available from the
statistical yearbooks of the National Institute of
Development Information (INIDE, 2025) for the
period 2000-2022. The 2023 data were obtained from
the 2024 Macroeconomic Statistics Yearbook of the
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Central Bank of Nicaragua (BCN, 2024). The annual
data available from these sources provide only nation-
al values, along with the regional proportions of area
and production volume contributed by each region,
which serve as the basis for calculating yields for the
Pacific region. Recorded values were converted from
quintales por manzana (qq mz ") to tons per hectare
(tha™). For Colombia, the non-irrigated yield infor-
mation was obtained directly from the Colombian
government’s agricultural statistics (Agronet, n.d.),
which records data at the municipal and departmental
levels for the years 2007 to 2023. The trend of the
yield series was removed (Y”) in order to subsequent-
ly correlate them with SPI values (Table I).

Table I. Non-irrigated maize crop yields in the Atlantic
region (Y A) and the Pacific region (Y _P) in tons per
hectare.

Year Y A Y P Y 4 Y P
(tha!)  (thal)
2007 0.87 2.6 0.090 0.277
2008 0.81 2.53 ~0.030  0.153
2009 0.78 2.11 ~0.120  —0.321
2010 0.85 2.3 ~0.110  -0.185
2011 0.95 262  -0.070  0.080
2012 1.18 2.61 0.100 0.016
2013 0.99 2.72 ~0.150  0.072
2014 1.03 266  -0.169  —0.042
2015 1.09 249  -0.169  —0.266
2016 1.41 2.68 0.091  -0.131
2017 1.70 2.94 0.321 0.075
2018 1.46 3.21 0.021 0.291
2019 2.48 3.04 0.981 0.067
2020 1.73 2.86 0171  -0.168
2021 1.37 3.6 -0249  0.078
2022 1.30 3.04  —0379  —0.09
2023 1.41 329 -0329  0.100
SD 0.434 0.325 0.311 0.175
Var 0.188 0.105 0.097 0.030

Y’: yield values of the detrended series for each region.

3.2 Climate data

For the calculation of the SPI, the monthly precipi-
tation values utilized were those recorded by mete-
orological stations that spatially covered the study
areas and could provide the longest recorded periods

of time, ideally 30 years (Fig. 1). In Nicaragua, pre-
cipitation data were only available for the years 2000
to 2024, compiled until 2022 from the Statistical
Yearbooks of the National Institute of Development
Information (INIDE, 2025). Since precipitation data
for 2023 and 2024 have not yet been included in the
yearbooks, they were obtained from the monthly
climate bulletins for the year, which document this
variable at the regional level. In the Pacific region of
Nicaragua, data from three meteorological stations
were utilized: Chinandega, Managua, and Rivas
(Fig. 1b).

In the case of Colombia, climate data were more
readily available, and monthly precipitation for the
period 1993-2023 was collected from the Information
System for the Management of Hydrological and
Meteorological Data (DHIME). This information
came from seven meteorological stations: Casa de
Bombas, Loma Grande, La Pintada, Normal Manati,
Pioj6, Campo de la Cruz, and Candelaria (Fig. 1c¢).

Average annual temperatures were calculated by
averaging the monthly values of the meteorological
stations listed above. For Nicaragua, it was obtained
from the same weather stations from 2000 to 2022.
The values for 2023, as with precipitation, were
retrieved from the monthly climate bulletins issued
by the Nicaraguan Institute of Territorial Studies
(INETER, n.d.). The average temperature data for the
Atlantic coast of Colombia were also obtained from
DHIME (n.d.), using two of the three stations in the
region with monthly data available (Normal Manati
and Juan Acosta) from 2000 to 2023.

The few missing precipitation and temperature
values were estimated using the historical averages
analyzed for the corresponding months. The annual
values obtained in the Atlantic region of Colombia
were compared with the 1991-2020 temperature and
precipitation normals published by IDEAM (2025).
In the Pacific region of Nicaragua, the values obtained
from the stations were compared with the 1971-2010
climate variability maps from INETER (2025) and
were found to be consistent and reliable for use in
this research.

3.3 ENSO information

While ENSO is a global phenomenon, the start and
end dates of the oscillations vary slightly across
regions. The information for the Atlantic region was
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Weather stations

' Chinandega

' Managua
' Rivas

FuRd;

Weather stations
' Campo de la Cruz ' Loma Grande
' Candelaria ' Piojo

' Normal Manati ' La Pintada

' Cassa de Bombas ' Juan de Acosta

Fig. 1. Study regions and weather stations. (a) Location, (b) Pacific region of Nicaragua, (c) Atlantic region of Colombia.

obtained entirely from the monetary policy report
of the Central Bank of Colombia (Caicedo-Garcia
and Bonilla-Pérez, 2023). Data for the Pacific region
were obtained from various official sources over
several years and cross-referenced with the historical
cold and warm episodes by season records from the
Climate Prediction Center (NOAA, 2025) (Table II).

3.4 SPI calculation method

The SPI proposed by McKee et al. (1993) was cho-
sen for its flexibility in analyzing drought/humidity
across different time scales, its ability to compare
regions with different climates, and its ease of cal-
culation, since it requires only precipitation data.
Precipitation data series were accumulated annually
to calculate the 12-month SPI, given the lack of
disaggregated agricultural cycle data for Nicaragua.
Based on the available climate information, the SPI
was calculated for Nicaragua from 2000 to 2024, and
for Colombia from 1993 to 2024.

The specific calculation of the SPI was carried out
according to the methodology of Mckee et al. (1993)
modified by Rathore (2011) of the National Institute
of Hydrology in Roorkee, using the theoretical gam-
ma probability distribution function (Eq. [1]), which
has two parameters, namely o (shape factor), and 8

(scale factor). The parameters are estimated using the
maximum likelihood estimator (Egs. [2]-[4]). Finally,
the cumulative probability distribution function is
defined in Eq. (5).

=G e ()
g (1y1-50) @
b= 3
4= In(®)-2 10 @)
G, = I:gxdx = ,B“Fl(a)o j 0 X! & dy )

The gamma distribution ranges from 0 to 1, with
1 representing a 100% probability of rain. This in-
dex allows drought and humidity conditions to be
measured and monitored, providing both an accurate
and standardized assessment of climate conditions. It
was calculated for the average annual precipitation
of all stations.
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Table I1. ENSO episodes in the study areas from 1998 to 2024

Pacific region

Atlantic region

Periods Episode Intensity Periods Episode Intensity
Oct 98-Jun 99 Nifa Moderate Jul 98-Feb 01 Nifla Moderate
Jun 02-Mar 03 Niflo Moderate Jun 02-Feb 03 Nifio Moderate
Oct 04-Mar 05 Niflo Weak Jul 04-Feb 05 Niflo Weak
Sep 05-Mar 06 Nifia Weak Nov 05-Mar 06 Nifia Weak
Jun 06-May 07 Nifo Weak Sep 06-Jan 07 Nifo Weak
Aug 07-Mar 08 Nifia Moderate Jun 07-Jun 08 Nifia Moderate
Nov 08-Mar 09 Nifa
Jun 09-Mar 10 Niflo Moderate Jul 09-Mar 10 Niflo Strong
Jun 10-May 11 Nifia Strong Jun 10-May 11 Nifia Strong
Jan 12-Jun 12 Nina Strong Jul 11-Apr 12 Nina Strong
Jul 14-Apr 16 Niflo Very strong  Oct 14-Apr 16 Niflo Very strong
Aug 16-Dec 16 Nifa Moderate
Sep 17-Feb 18 Nifa Moderate Oct 17-Apr 18 Nifa Moderate
Sep 18-Jun 19 Nifo Moderate
Nov 20-Apr 2021 Nifia Strong Aug 20-May 21 Nifia Strong
Aug 22-Oct 22 Nifia Strong Aug 21-Jan 23 Nifia Very strong
Dec 23-May 24 Nifio Strong

Coefficients o and P were calculated for each
region. All assessments were performed in a Google
spreadsheet (https://docs.google.com/spreadsheets/).
SPI values range from 3 to —3, according to the clas-
sification presented in Table III.

Table III. Drought/humidity conditions according to the
Standard Precipitation Index (SPI).

SPI values Condition

2 and more Extremely wet

1.5t0 1.99 Very wet

1.0 to 1.49 Moderately wet
—0.99 to 0.99 Near normal
—1.0 to —1.49 Moderately dry
-1.5t0—1.99 Very dry

—2 and less Extremely dry

Source: McKee et al. (1993).

3.5 Correlation methods

Parametric statistics of Pearson correlation and
polynomial regression models were implemented,
as the normality of the distribution of SPI data and
non-irrigated maize yields (¥ and Y’) was verified

through the Shapiro-Wilk (W) and Lilliefors (L) tests.
To assess the correlation between regional yields,
Pearson’s correlation coefficient (Eq. 6) was used
for the period with data available for both regions
(2007-2023) to determine whether the direction and
magnitude of changes were similar across the study
areas. The time series of yields for each region was
used with absolute values (Y) to observe the long-
term pattern, along with detrended values (Y”), to
understand the cycles within the data. This statistic
was also used to correlate the regions’ SPI values
over the period 2000-2024.

L0
VY ) Vo) ©)

Furthermore, a regression model was implement-
ed to determine whether Y’ depends statistically on
drought-humidity conditions (SPI), ultimately finding
the best fit function.

The t- and F-tests were used for correlation and
regression, respectively, to verify the validity of the
results using the critical values and their non-ran-
domness. All statistical analyses were performed
using the free software PAST4.13 (Hammer et al.,
2001).
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4. Results

4.1 SPI-12m results

SPI values for the Atlantic region of Colombia were
calculated from 1993 to 2024, with a maximum
value of 2.48 in 1997 (extremely wet) and a min-
imum value of —1.81 in 2015 (very dry) (Fig. 2).
With precipitation data from 2000 to 2024, the
Pacific region of Nicaragua had the lowest SPI
values in 2015, the same as in the Atlantic (—1.81),
making it the driest year in both regions. Other
years when drought conditions fell outside the
near-normal range in the Atlantic were 2002,
2009, and 2012, with values of —1.61, —1.01, and
—1.47, respectively. The first was classified as very
dry, and the last two as moderately dry. Similarly,
these three years also recorded negative values
for the Pacific region of Nicaragua (with —0.48,
—1.11, and —0.73). However, only 2009 fell outside
of the near-normal range, reaching a moderately

dry condition (see the supplementary material at
https://www.revistascca.unam.mx/atm/Supplemen-
taryMaterial/53527-Azuara-SupMat.xlIsx).
Regarding humidity, the years 2010, 2011, 2022,
and 2024 recorded SPI values outside the near-normal
range, with 1.94, 1.32,2.02, and 1.01 in the Atlantic
region, respectively, and 1.64, 1.13, 2.09, and 1.54
in Nicaragua. For both regions, 2022 was classified
as extremely wet and 2010 as moderately wet. In the
Pacific region, 2005 and 2007 were also classified as
moderately wet, with SPIs of 1.06 and 1.31, respec-
tively. In the Atlantic region, the rainfall regime fell
outside the near-normal SPI range in 40% of the years
recorded, compared to 22% in the Pacific region.

4.2. Results of the normality tests

The results of the normality test of variables are
given in Table I'V. The normality of the Y data was
confirmed by the Lilliefors (L) test for both regions.

E SPI_A _Col
B SPI_P_Nic

Extremely
Wet

Very Wet

Moderately
Wet

Near normal

Moderately
| Dry
Very Dry

Table I'V. Normality tests for annual Standard Precipitation Index (SPI) and yields.

Type of test YA YP YA Y P SPLA SPLP
N 17 17 17 17 25 25

Shapiro-Wilk W 0.880 0969 0822 0957 0966  0.925
p(normal) > 0.05 0.031 0798  0.004 0576  0.544  0.066
Lilliefors L 0.133  0.146  0.197 0178  0.095  0.197
p(normal) > 0.05 0579 0432 0075 0157 0813  0.014

Characters in bold highlight p-values where the normal distribution was not confirmed.
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The normal distribution of the yields from the Pacific
region was also confirmed using the Shapiro-Wilk
test (W). The SPI values were confirmed as normal-
ly distributed by the W test in both regions; those
obtained in the Atlantic were also normal according
to the L test.

Regarding rainfed maize yields, a long-term in-
creasing trend was observed in both study areas, as
shown in Figure 3, which also shows Y’ values. In
the Atlantic region of Colombia (Fig. 3a), yields of
0.87 t ha ! were obtained in 2007, and the year 2023
ended with yields of 1.41 t ha'. In the Pacific region
of Nicaragua (Fig. 3b), with higher values, yields
were 2.6 t ha™! in the first year of the series and 3.29
tha™! towards 2023.

The negative variations of ¥’ for the Atlantic
were more significant in the later years of the period
2020-2023, despite an anomalous increase in 2019.
In the Pacific, the largest decreases were observed in
2009-2010, even greater than those recorded during
the longer drought of 2014-2015, and the largest
increase was in 2018.

4.3 Mean annual air temperature (MAAT)
The yearly average temperatures in each region are
shown in Figure 4. The average temperature for the
period 1993-2023 was 27.94 °C in Colombia (Fig. 4a)
and 27.38 °C in Nicaragua over the period 2000-2024
(Fig. 4b).

Increasing temperature trends were observed in
both regions. In Colombia, the 5-year moving aver-
age was 27.45 °C in the first five-year period, while
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in the last five-year period, it was 0.76 °C higher. In
Nicaragua, the moving average of the first five years
of the period was 27.23 °C, and for the last five-year
period, it was 0.3 °C higher. The regional anomalies
showed that, in line with the increasing temperature
trend, the Atlantic region remained consistently
above average, a trend that has not reversed since
2012. In the Pacific region, 2017-2018 and 2022
registered below-average temperatures.

4.4. Statistical results

Figure 5 presents the results of correlations, along
with model regression-variate correlations. Uni-
variate correlations indicated a strong correlation
between the SPI values of the regions (0.80) (Fig. 5a)
and a moderate to strong correlation (0.66) between
regional Y values (Fig. 5b). No correlation was found
between the Y’ values. The relationship between the
SPI and yields was analyzed for Y’ to determine how
changes in inter-annual cycles relate to drought/hu-
midity conditions. In the Pacific region, a moderate
dependence (R?=0.52) was observed using a 4th-or-
der polynomial regression, with the values fitted to
the model (Fig. 5c).

The validity of the correlations was confirmed
using the hypothesis t-test. The SPI index obtained
[t| > CV (6.3415 > 2.0106), for o = 0.025, while ¥
recorded [t| > CV (3.3779 > 2.0369) for a. = 0.05, as
shown in Table V.

The validity of the relationship between the
SPI and Y’ variables for the period 2000-2023 was
confirmed using Fisher’s exact test, where F > CV

m Y _Atlantic a)| L. || = Y_Paciic b)
2.59 | m v'_Atlantic = Y'_Pacific
3.0 1
2.5
2.0 1
1.5 -
1.0
0.5
0.0
0'0_\/\/\/\/\/
—0.5 1 054
~1.0 -1.0
N OW O O+~ N M TW OMNOWOOO T—ANM N0 O O —~ N M T W OO O — AN M
OO0 O F«¥“ " T v v v v « « — N NN N OO0 O F¥F "+ %+ v v v v« « «— N N N N
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Atlantic of Colombia, (b) Pacific of Nicaragua.
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Table V. T hypothesis tests for correlations.

SPI A-SPLP Y A-Y P

R 0.79759 0.6573
R? 0.63616 0.43204
t 6.3415 3.3779
Critical t-value (p = 0.025) 2.0106 2.0369
p (uncorrected) 1.80E-06 0.0041412
Permutation p 0.0001 0.0035

(5.1105>2.3116), according to Table VI. For the At-
lantic region, no statistical correlation or dependence
between the SPI and Y’ was found.

Table VI. F hypothesis tests for the model regression
between SPI and Y’in the Pacific region.

SPI_Pacif - Y’ Pacif

Chi? 1.1427
Akaike ICc 14.476
Akaike IC 11.143
R? 0.51828
F 5.1105
Critical F value (p = 0.05): 2.3116
P 0.0057432

5. Discussion

The inter-annual changes in drought/humidity con-
ditions from 2000 to 2024 generally followed the
same direction across the regions, with a strong 80%
correlation in their SPI values. However, the Atlantic
region experienced more years with values outside
the near-normal range under drought conditions than
the Pacific region of Nicaragua (six vs. three, respec-
tively) as well as fewer annual cycles with humidity
outside the normal range (four vs. six), two of which
were consecutive (in 2010 and 2011) and of greater
intensity than those recorded in the Pacific region
of Nicaragua. In addition to the higher number of
moderately or very dry years in the Atlantic, there
were also cycles that, while considered near nor-
mal, exhibited negative SPI values, forming longer
sub-periods of lower humidity in the region, such as
2004-2006 and 2018-2019, as well as sub-periods
with greater drought intensity, such as 2000-2002
and 2012-2016, compared to the Pacific region. A
similar situation with wet years is observed in the

Atlantic region, where a long rainy sub-period was
recorded from 2020 to 2024, with greater intensity
than that observed in the Pacific region from 2010
to 2011. Under these drought/humidity conditions,
greater variability in non-irrigated maize yields is
observed in the Atlantic (variance of 0.097) than in
the Pacific region (0.03).

Although drought is not solely caused by ENSO
(Gutiérrez et al., 2005), its effects are evident in the
study area. In the Pacific region of Nicaragua, sea
surface temperature (SST) anomalies are largely
synchronized with SPI values, as expected given the
region’s proximity to the ocean, where the Southern
Oscillation originates. This finding coincides with
assessments by INETER (Gutiérrez et al., 2005),
which indicate a close link between meteorological
drought and ENSO. A graphical illustration of this
synchronicity between the direction and intensity of
variations in the Oceanic Nifio Index (ONI) (NOAA,
2025) and the SPI in the Pacific region is shown in
Figure 6, which does not aim to establish a statistical
correlation since the ONI values are quarterly and
the SPI values are annual, aligned with the scope of
this study. For comparison, the values on the SPI axis
have been inverted.

The influence of other complex atmospheric in-
teractions in the Atlantic region produces a high hy-
droclimatic variability (Ruiz-Vasquez et al., 2024). In
this region, temperature increases are more sustained
than in the Pacific, as they have not fallen below the
average since 2012 (Fig. 7a), according to surface
air temperature (SAT) anomalies for the periods and
stations available for each region. Even in 2022, with
an extremely wet SPI value, temperatures remained
above average in the Atlantic, while in the Nicaraguan
Pacific, the average temperature was 0.35 °C lower
than its average (Fig. 7b).

However, the lower synchronization of SPI vari-
ations with the ONI index does not mean that the
Atlantic region and its agriculture are unaffected by
ENSO. On the contrary, according to IDEAM (2017)
records, the Colombian Atlantic region is one of the
areas most affected by the Southern Oscillation,
whose intensity does not influence the magnitude of
the climatic effect or human activities in a linear man-
ner. During a warm phase of ENSO, the Atlantic and
Andean regions of Colombia experience the great-
est overall decrease in precipitation in the country,



a) ONI Index

3
—==-SPI_A_Col
2.5
2
’N /
1.5 , 'o-“ ,I
Fé ,'\,/
YV L R T H\ \
‘\\‘ \HHH\ ) “‘ "" '\H‘ ,II.‘\H } H\ pal h\l ‘\ ||
M“‘ S S e
05 :
\
-1
15 Vo ‘|l
-1. \,' (W]
-2 W W
OO\—N(")VlDlO(OI\ODCDOO:N(")ﬂ‘LOlD@l\GDCDOOFNO’)ﬂ'
2838888888383 88c5cococ5co50o5000888888
N N AN ANNNNNNNNNNNNNNNNNNNNNNNNNNN
3b) ONI Index
—==-SPI_P_Nic
25
2

-
(S}
-~
-

"\

0s W WMM /|

Sy
Voo

~—.

erjmwmw

Sa

I \
\ \
\ \

v/ L

-1.5 \ L]

i

2 .
OO T ANMITOVID OMNODNDOO-NMNMITOILON®DBDDOO — N ™
S 00009000000 AOFrr T s> aNNNNN
SO0 0000000000090 00000O000O0O0O0O0 OO
NANJAANNANAANNANANNANAANAANAANANAQ

Fig. 6. Comparison of SPI and ONI in: (a) Atlantic region of Colombia, (b)
Pacific region of Nicaragua.

SAT Anomalies_Atlantic

0.80

0.30 II II II
“EEEEER Inn
_0.20IIIII. I - - -

-0.70
-1.20
O T W ONDDNDO = NDITWONDDNDO =~ ANMITWONDBDO — N ®
DD DNDDHNDDNDD O OO QD000 T T =T - == - = NNNN
D DDODDHDDDDDNDOOO0OO0OO0O0O0O0O0O00QQO0000 00000 OO0 O
R S SRS VA S S SR S VAR S VAR VAR Y SR S SR S S SV S VAR SR S SR SV SO S oY)
SAT Anomalies_Pacific
0.80

0.30 I II
EREEEEEE | | [
_o_zol- [ | | -I II- N = l

-0.70

-1.20

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024

Fig. 7. Surface air temperature (SAT) anomalies in: (a) Atlantic region of Colombia (1993-
2023), and (b) Pacific region of Nicaragua (2000-2024).



120 G. Azuara-Garcia et al.

whereas during La Nifia, these same regions have
recorded the greatest rainfall surpluses, according to
the same specialized source (IDEAM, 2017).

The most significant adverse effects on agriculture
in the Atlantic region occur when any of the ENSO
events extend into the third and fourth quarters of the
year due to the bimodal semi-annual rainfall patterns
that govern the cycles of rainfed agriculture (IDE-
AM, 2017). If drought prevails during the second
rainy season (September to November), it favors
the proliferation of pests and diseases; if rainfall is
excessive, flooding leads to fungal diseases, among
others (Broders et al., 2022; Maldonado-Archila et
al., 2022).

The repercussions of the warm phase of ENSO
in 2009, 2014, 2015, and 2018 included decreased
yields of major cereals in Colombia at the national
level, as reported by Fenalce (2024), with the Atlantic
being no exception. According to the chronology in
Table I1, during 2009, El Nifio was present in the first,
third, and fourth quarters with strong intensity, and
in the region, rainfed maize yields were the lowest
of the period (0.78 t ha™!). From 2013, the Atlantic
region faced a dry year that coincided with the lon-
ger and more intense El Nifio event of 2014-2015,
maintaining negative variations in Y~ for all three
years. In 2018, despite a rainy first quarter, the third
and fourth quarters were dry, causing a significant
decrease in crop yields.

Regarding cold oscillations, the prolonged pres-
ence of La Nifia in the last quarters of 2008, 2010,
2011, and from 2020 to 2023 also led to decreased
maize yields in the Atlantic region. Two consecutive
La Nifia episodes had already been recorded in 2008,
which, although weak and with a near-normal SPI
value, still led to reduced crop productivity in the
second half of the year. The years 2010 and 2011 also
saw two extreme La Nifa events with a very destruc-
tive impact on human activities, including agriculture
USDA, 2010; Cayon-Salinas and Pachon-Ariza,
2015; Garcia-Romero and Molina, 2015). Excessive
humidity in consecutive years, flooding, and soil
saturation, coupled with high temperatures, impeded
the proper crop development.

The last three years of the analyzed period saw
the greatest yield losses in the Atlantic, encompassing
two consecutive La Nifia episodes that began in the
third quarter of 2020 and ended in the first quarter

0f 2023. In 2022, La Nifa triggered the highest SPI
value of the analyzed period (2.02, extremely wet)
and the lowest negative yield variation. The potential
impacts of the COVID-19 pandemic on agriculture
should be considered during this period.

The years with significant increases in Y’ in the
Atlantic were 2012, 2017, and 2019, with the re-
sulting humidity moisture characteristics. In 2012,
ENSO conditions remained neutral, with only the first
quarter being rainy. This benefited the first planting
period in the Atlantic, despite the annual SPI being at
amoderately dry level. In 2017, most of the year was
neutral, while the onset of La Nifia, lasting until the
fourth quarter, was beneficial for the second planting
period. The year 2019 recorded exceptionally high
yields (2.48 t ha™!). The first quarters were marked
by El Nifo, but the oscillation became neutral in the
second half of the year, favoring good harvests, with
an SPI value close to normal. This was an atypical
yield in the Atlantic region, as it increased by more
than 1 t compared to the previous value, but it ap-
proached yields in nearby regions (Fenalce, 2024).
It may also have reflected the effects of the launch of
the Sustainable Colombia Agri-Food project of the
International Maize and Wheat Improvement Centre
(CIMMYT) (Carvajal, 2024).

Regarding the effects of the rainfall regime on
maize yields in the Pacific of Nicaragua, the mod-
erate correlation obtained (0.52) indicates a greater
dependence between variables, a greater coincidence
of the SPI value with the surface temperature anom-
alies of the Pacific Ocean, and therefore with the
SAT anomalies.

The largest SPI declines observed in the Nicara-
guan region in 2009 and 2015 reached the moder-
ately dry and very dry conditions, and showed the
largest decreases in rainfed maize yields, from 2.53
to 2.11 t ha™' in 2009, and from 2.66 to 2.49 t ha'
in 2015, being this the year with the biggest SAT
warm anomaly (1 °C above the average). In both
years, the presence of El Nifio events was recorded,
with moderate intensity in 2009 and strong in 2015.
This is consistent with the findings of Barrios et al.
(2022), who described the decrease in maize yields
as an effect of extreme El Niflo episodes in the
periods 1982-1983 and 1997-1998 in the specific
case of Ciudad Dario, located in the northeast of the
Nicaraguan Pacific region.



Rainfall patterns and yields of rainfed maize in tropical American regions 121

The United Nations Development Programme
(UNDP, 2013) also reported a decrease in the produc-
tion of basic foodstuffs of more than 50% in 2009,
and in 2015 losses of 50% in crops (Calvo-Solano et
al., 2018), which was reflected in a decrease in yields
at the national level of —16.5% in 2009 and —6.5%
in 2015, according to data from the Central Bank of
Nicaragua (BCN, 2009, 2015).

The strong La Nifia events of 2010 and 2011,
with SPI values outside the normal range (1.64 and
1.13, respectively), did not negatively affect maize
yields. Instead, yields recovered slightly, compared
to 2009 levels. However, the year with the highest
SPI value (2022, at 2.09) did reflect a slight decrease
in yield (from 3.16 to 3.04 t ha™!). Yields in 2020
were also impacted by the COVID-19 pandemic.
Despite a normal wet SPI (0.94), yields decreased in
the region. Other direct effects on agriculture caused
by excessive rainfall or increased temperatures and
droughts include the emergence of diseases and
pests (INTA, 2000; Jiménez, 2017), which reduce
crop yields.

The largest increases in Y in the Pacific of Nica-
ragua occurred in 2017 and 2018, under conditions
close to the normal SPI values (0.86 and —0.042,
respectively), where production reached 2.94 t ha™!
and 3.21 t ha! in the same order.

Regional differences in inter-annual variations
in maize yields are a response to their climatic con-
texts, and their increasingly erratic rainfall patterns,
although a correlation or dependence of Y on the
SPI is not necessarily evident. Both the presence of
ENSO and the average temperature increase add com-
plexity to the ITCZ, where both regions are located.
Extreme drought or humidity conditions associated
with El Nifio or La Nifia ultimately have a negative
impact on yields and agricultural activity in general,
as noted by Caicedo-Garcia (2007), with a decrease
in agricultural yields of around —5% in Colombia,
or by Ramirez et al. (2010), with losses of —4% of
GDP in crop production between 2006 and 2020 in
Nicaragua.

Therefore, the trend of increased yields for rainfed
maize in the Atlantic region, which is much more
vulnerable, seems paradoxical given the rise in av-
erage temperatures and greater variability in rainfall
patterns. However, at the national level, rainfed maize
in Colombia declined by 3.7% from 2011 to 2021,

according to the Colombian Mercantile Exchange
(BMC, 2023). According to the same report, Co-
lombia is among the world’s leading corn importers
(eighth in 2022), purchasing approximately 70% of
its total corn consumption (both white and yellow)
amidst a decrease in planted area and production vol-
ume during that period. Rainfed maize has been the
most affected, as irrigated maize has seen increases
in planting area, production, and yields. Additionally,
Colombia is experiencing a drastic decrease in pro-
duction and planted area of other cereals (Fenalce,
2024), putting its agrobiodiversity and food security
atrisk (Govaerts et al., 2019). Within this framework,
the differentiated behavior of non-irrigated maize
yields in the Atlantic region is fragile yet encouraging
in the face of climate change and the annual increase
in the frequency of more intense hurricanes (Ortiz
and Conde, 2022).

In the Pacific region of Nicaragua, increases in
rainfed maize yields are more sustained throughout
this period. Nationally, rainfed agriculture is the
predominant water management method, and the
improved results are associated with a policy focused
on the use of improved seeds that are more resistant
to drought and pests, improvements in planting den-
sity, ongoing training and veterinary assistance, the
creation of cooperatives to improve productivity, a
microcredit program for small rural businesses, and
regular agroclimatic information that has helped
producers make decisions about their crops (INIDE,
2003, 2005). Drought, the major regional risk in
Nicaragua, appears to be receiving attention from
the sector’s policymakers.

6. Conclusions

Univariate correlations showed a strong correla-
tion (0.80) between the regions’ SPI values. Their
proximity and location within the ITCZ make their
rainfall patterns similar, though with different tim-
ing and intensity. These differences affected rainfed
maize yields unevenly, as evidenced by a moderate
correlation (0.66) between regional Y. That pos-
itive correlation expresses an increasing trend of
non-irrigated maize yields throughout the period in
both regions; however, their inter-annual behavior
observed through Y’ was not statistically correlated,
highlighting the differences in precipitation.
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The variations in SPI in the Pacific of Nicaragua
were more synchronized with the measured SST
anomalies, and in turn showed their influence on
the yields of rainfed maize, according to the results
obtained from the regression between SPI and Y,
with R? = 0.52.

In the Atlantic region of Colombia, the rainfall
pattern, also influenced by other atmospheric in-
teractions in the Caribbean, altered the onset and
duration of El Nifio and La Nifia events. This region
is considered one of the most affected by ENSO in
Colombia, especially when these events extend into
the third and fourth quarters of the year, as they im-
pact the second rainy season, which is the period of
highest precipitation. One consequence of this in the
Atlantic region is the greater variability in non-irri-
gated maize yields, which showed a higher variance
of 0.097 compared to 0.030 in the Pacific region.
Furthermore, there was no correlation between the
SPI and Y” in this region, although rainfall patterns
remain a key driver of agricultural production.

The Atlantic region accumulated more annual
SPI values outside the near-normal range (10 vs. 9
for the Pacific), six of which occurred under drought
conditions and twice consecutively (2001-2002 and
2014-2015). Although drought is the most significant
risk in the Pacific region of Nicaragua, it never ac-
cumulated consecutive SPI values below —0.99 and
only registered three cycles under abnormally dry
conditions during the period (2006 with —1.08, 2009
with —1.11, and 2015 with —1.81).

Wet cycles outside the near-normal range were
more frequent in Nicaragua’s Pacific region (six)
than in its Atlantic region (four). In both regions, they
were consecutive in 2010-2011, but less intense in the
Pacific (1.64 and 1.13) than in the Atlantic (1.94 and
1.32, respectively). The record of positive SPI values
between 2020 and 2024 in the Atlantic constituted a
sub-period of humidity with SPI values that, while
within or outside the near normal range, influenced
the interannual decreases in Y, which were the lowest
and most prolonged of the study period.

The most intense SPI values in the study areas,
whether due to rainfall, in which case extremely wet
conditions were reached in 2022 (with an SPI 0f20.2
in the Atlantic and 2.09 in the Pacific), or to drought,
which led to a very dry classification (-1.81 in 2015
in both regions), negatively impacted yields in both

regions. The worst yield loss in Nicaragua occurred
in 2009 due to drought, while the worst loss in the
Atlantic occurred in 2022 due to excessive humidity.

Crop yields in both study regions are increasing;
however, the intensity of the southern oscillations
undermines the consolidation of a substantial and
sustained improvement in rainfed maize produc-
tivity, mainly in the Atlantic region. National
agricultural and climate change policies need to
be strengthened with a specific regional perspec-
tive, as climate change impacts vary even across
neighboring regions. Sustainably increasing maize
yields contributes significantly to ensuring food
security, as it is a strategic crop in countries with
high climate vulnerability in scenarios of further
temperature increases.

Acknowledgments

To the Programa Delfin (Summer Research, 2024)
for the facilities provided to D. Garcia-Medrano and
Y. Alvarino-Daza, and to the Centro de Investigacion
en Biodiversidad, Alimentacion y Cambio Climatico
of the Instituto de Ciencias, Benemérita Universidad
Auténoma de Puebla, Mexico.

References

ACEF. 2010. Situacién alimentaria y nutricional en el corre-
dor seco de Centroamérica. Action Against Hunger.
Available at: https://bvssan.incap.int/local/cambio-cli-
matico/corredor-seco.pdf (accessed on July 5, 2025).

Agronet. n.d. Area, produccion, rendimiento y partic-
ipacion municipal en el departamento por cultivo.
Ministerio de Agricultura, Gobierno de Colombia.
Available at: https://agronet.gov.co/estadisticas/agri-
cola (accessed on June 20, 2024).

Altieri MA, Nicholls CI. 2009. Cambio climatico y agri-
cultura campesina: impactos y respuestas adaptativas.
LEISA Revista de Agroecologia: Respuestas al Cambio
Climatico 24: 5-8.

Barrios Bell WA, Rodriguez Espinoza CJ, Vega Ruiz JM,
Salazar Centeno DJ. 2022. Agro-environmental and
socioeconomic consequens of el nifio very strong:
adaptation and mitigation alternatives for rainfood
maize (Zea mays L.) farming families in Ciudad
Dario. Nexo Revista Cientifica 35: 909-923. https://
doi.org/10.5377/nex0.v35104.15528


https://bvssan.incap.int/local/cambio-climatico/corredor-seco.pdf
https://bvssan.incap.int/local/cambio-climatico/corredor-seco.pdf
https://agronet.gov.co/estadisticas/agricola
https://agronet.gov.co/estadisticas/agricola
https://doi.org/10.5377/nexo.v35i04.15528
https://doi.org/10.5377/nexo.v35i04.15528

Rainfall patterns and yields of rainfed maize in tropical American regions 123

BCN. 2009. Informe anual. Banco Central de Nicaragua.
Available at: https://www.bcn.gob.ni/informe-anual
(accessed on June 16, 2024).

BCN. 2015. Informe anual. Banco Central de Nicaragua.
Available at: https://www.bcn.gob.ni/informe-anual
(accessed on June 16, 2024).

BCN. 2024. Anuario de estadisticas macroeconomicas
2024. Banco Central de Nicaragua. Available at:
https://www.bcn.gob.ni/sites/default/files/2025-11/
Anuario_de_ Estadisticas_Macroecondémicas_2024.
pdf (accessed on October 15, 2025).

BMC. 2023. Maiz. Analisis de producto. Gerencia corporativa
de analitica e inteligencia de negocios. Bolsa Mercantil
de Colombia. Available at: https://www.bolsamercantil.
com.co/sites/default/files/2023-12/Analisis_de produc-
to_Maiz_2023.pdf (accessed on October 15, 2025).

Broders K, Iriarte-Broders G, Bergstrom GC, Byamu-
kama E, Chilvers M, Cruz C, Dalla-Lana F, Duray
7., Malvick D, Mueller D, Paul P, Plewa D, Raid R,
Robertson AE, Salgado-Salazar C, Smith D, Telenko
D, VanEtten K, Kleczewski NM. 2022. Phyllachora
species infecting maize and other grass species in
the Americas represents a complex of closely related
species. Ecology and Evolution 12: e8832. https://doi.
org/10.1002/ece3.8832

Caicedo-Garcia E. 2007. El fenémeno de El Nifio y su
posible impacto en Colombia. Reportes del Emisor. In-
vestigacion e Informacién Economica 92: 1-4. https:/
publicaciones.banrepcultural.org/index.php/emisor/
article/view/7797/8177 (accessed on July 9, 2025).

Caicedo-Garcia E, Bonilla-Pérez JD. 2023. Recuadro
2: caracterizacion del fenomeno El Nifio en Colom-
bia. Informe de Politica Monetaria, October, 44-48.
Available at: https://www.banrep.gov.co/es/publica-
ciones-investigaciones/informe-politica-monetaria/
recuadro2-octubre-2023 (accessed on July 23, 2025).

Calvo-Solano OD, Quesada-Hernandez LE, Hidalgo H,
Gotlieb Y. 2018. Impacts of drought in the primary sec-
tor of the Central American Dry Corridor. Agronomia
Mesoamericana 29: 695-709 https://doi.org/10.15517/
ma.v29i3.30828

Carvajal A. 2024. Maiz, cultivo clave para el éxito del
Proyecto Colombia Agroalimentaria Sostenible. Cen-
tro Internacional de Mejoramiento de Maiz y Trigo
(CIMMYT). Available at: https://www.cimmyt.org/es/
noticias/maiz-cultivo-clave-para-el-exito-del-proyec-
to-colombia-agroalimentaria-sostenible/ (accessed on
July 10, 2025).

Castillo-Cajina R, Bird-Moreno R. 2013. Caracterizacion
del cultivo de maiz en Nicaragua: un analisis de vari-
anza de los determinantes del rendimiento. Documento
de Trabajo 033. Banco Central de Nicaragua. https://
www.bcn.gob.ni/sites/default/files/documentos/DT-
33 Documento final Caracterizacion del maiz.pdf
(accessed on July 9, 2025).

Cayon-Salinas DG, Pachon-Ariza FA. 2015. Impact of
increased rain from 2010-2011 in the agricultural Co-
lombian sector. In: Proceedings of the 11th Internation-
al Conference on Environmental, Cultural, Economic
and Social Sustainability. Copenhague. https:/www.
researchgate.net/publication/278848226 Impact_of
increased rain_from 2010-2011 in_the agricultur-
al colombian_sector (accessed on July 12, 2025).

Cruz-Gonzalez A, Arteaga-Ramirez R, Sanchez-Cohen I,
Soria-Ruiz J, Monterroso-Rivas Al. 2024. Impactos
del cambio climatico en la produccion de maiz en
Meéxico. Revista Mexicana de Ciencias Agricolas 15:
€3327. https://doi.org/10.29312/remexca.v15i1.3327

DHIME. n.d. Sistema de Informacién para la Gestion de
Datos Hidroloégicos y Meteorologicos. Instituto de
Hidrologia, Meteorologia y Estudios Ambientales,
Colombia. Available at: https://www.ideam.gov.co/
dhime (accessed on October 15, 2025)

DNP. 2012. Plan Nacional de Adaptacion al Cambio
Climatico. ABC: adaptacion, bases conceptuales.
Departamento Nacional de Planeacion, Colombia.
Available at: https://www.minambiente.gov.co/
wp-content/uploads/2022/01/1. Plan Nacional de
Adaptacion_al Cambio Climatico.pdf (accessed on
October 14, 2025).

Fenalce. 2024. Datos al grano 2024B. Federacion Nacional
de Cultivadores de Cereales, Leguminosas y Soya.
Available at: https://www.fenalce.co/areas-estrategi-
cas/centro-de-informacion-economica-y-estadistica/
(accessed on October 12, 2025).

Garcia-Romero H, Molina A. 2015. Agriculture and adap-
tation to climate change. The role of insurance in risk
management: The case of Colombia. Technical Note
IDB-TN-731. Inter-American Development Bank.
Available at: https://www.uncclearn.org/wp-content/
uploads/library/idb30052016_agriculture adaptation
climate change the case of colombia.pdf (accessed
on July 9, 2025).

Garcia-Zeledon AJ, Plata-Suncing VdR. 2015. Estruc-
tura, Evolucion y Transformacion Productiva del
Maiz en Nicaragua para el Periodo 2009-2013.


https://www.bcn.gob.ni/informe-anual
https://www.bcn.gob.ni/informe-anual
https://www.bcn.gob.ni/sites/default/files/2025-11
https://www.bolsamercantil.com.co/sites/default/files/2023-12/Analisis_de_producto_Maiz_2023.pdf
https://www.bolsamercantil.com.co/sites/default/files/2023-12/Analisis_de_producto_Maiz_2023.pdf
https://www.bolsamercantil.com.co/sites/default/files/2023-12/Analisis_de_producto_Maiz_2023.pdf
https://doi.org/10.1002/ece3.8832
https://doi.org/10.1002/ece3.8832
https://publicaciones.banrepcultural.org/index.php/emisor/article/view/7797/8177
https://publicaciones.banrepcultural.org/index.php/emisor/article/view/7797/8177
https://publicaciones.banrepcultural.org/index.php/emisor/article/view/7797/8177
https://www.banrep.gov.co/es/publicaciones-investigaciones/informe-politica-monetaria/recuadro2-octubre-2023
https://www.banrep.gov.co/es/publicaciones-investigaciones/informe-politica-monetaria/recuadro2-octubre-2023
https://www.banrep.gov.co/es/publicaciones-investigaciones/informe-politica-monetaria/recuadro2-octubre-2023
https://doi.org/10.15517/ma.v29i3.30828
https://doi.org/10.15517/ma.v29i3.30828
https://www.cimmyt.org/es/noticias/maiz-cultivo-clave-para-el-exito-del-proyecto-colombia-agroalimentaria-sostenible/
https://www.cimmyt.org/es/noticias/maiz-cultivo-clave-para-el-exito-del-proyecto-colombia-agroalimentaria-sostenible/
https://www.cimmyt.org/es/noticias/maiz-cultivo-clave-para-el-exito-del-proyecto-colombia-agroalimentaria-sostenible/
https://www.bcn.gob.ni/sites/default/files/documentos/DT-33_Documento_final_Caracterizacion_del_maiz.pdf
https://www.bcn.gob.ni/sites/default/files/documentos/DT-33_Documento_final_Caracterizacion_del_maiz.pdf
https://www.bcn.gob.ni/sites/default/files/documentos/DT-33_Documento_final_Caracterizacion_del_maiz.pdf
https://www.researchgate.net/publication/278848226_Impact_of_increased_rain_from_2010-2011_in_the_agricultural_colombian_sector
https://www.researchgate.net/publication/278848226_Impact_of_increased_rain_from_2010-2011_in_the_agricultural_colombian_sector
https://www.researchgate.net/publication/278848226_Impact_of_increased_rain_from_2010-2011_in_the_agricultural_colombian_sector
https://www.researchgate.net/publication/278848226_Impact_of_increased_rain_from_2010-2011_in_the_agricultural_colombian_sector
https://doi.org/10.29312/remexca.v15i1.3327
https://www.ideam.gov.co/dhime
https://www.ideam.gov.co/dhime
https://www.minambiente.gov.co/wp-content/uploads/2022/01/1._Plan_Nacional_de_Adaptacion_al_Cambio_Climatico.pdf
https://www.minambiente.gov.co/wp-content/uploads/2022/01/1._Plan_Nacional_de_Adaptacion_al_Cambio_Climatico.pdf
https://www.minambiente.gov.co/wp-content/uploads/2022/01/1._Plan_Nacional_de_Adaptacion_al_Cambio_Climatico.pdf
https://www.fenalce.co/areas-estrategicas/centro-de-informacion-economica-y-estadistica/
https://www.fenalce.co/areas-estrategicas/centro-de-informacion-economica-y-estadistica/
https://www.uncclearn.org/wp-content/uploads/library/idb30052016_agriculture_adaptation_climate_change_the_case_of_colombia.pdf
https://www.uncclearn.org/wp-content/uploads/library/idb30052016_agriculture_adaptation_climate_change_the_case_of_colombia.pdf
https://www.uncclearn.org/wp-content/uploads/library/idb30052016_agriculture_adaptation_climate_change_the_case_of_colombia.pdf

124 G. Azuara-Garcia et al.

B.Sc. thesis. Universidad Nacional Auténoma de
Nicaragua (UNAN). https://repositorio.unan.edu.
ni/3900/12/7999.pdf (accessed on June 15, 2025).

Gonzalez-Figueroa A. 2012. Marco estratégico regional
para la gestion de riesgos climaticos en el sector
agricola del Corredor Seco Centroamericano. Food
and Agriculture Organization of the United Nations.
Available at: https://coin.fao.org/coin-static/cms/
media/14/13590441298720/marco_estratgico corre-
dor_seco-.pdf (accessed 2025 July 9)

Gotlieb Y, Pérez-Briceiio PM, Hidalgo H, Alfaro E. 2019.
The Central American Dry Corridor: a concensus
statement and its backgroud. Yu’am, Revista Meso-
americana de Biodiversidad y Cambio Climatico 3:
42-51. Available at: https://www.revistayuam.com/
wp-content/uploads/2019/02/Corredor-seco-250219.
pdf

Govaerts B, Vega D, Chavez X, Narro LA, San Vi-
cent-Garcia FM, Palacios-Rojas N, Pérez M, Gonzalez
G, Ortega P, Carvajal A, Arcos AL, Bolafos J, Romero
N, Bolafios J, Vanegas YF, Echeverria RG, Jarvis A,
Jiménez D, Ramirez-Villegas J, Kropff W, Gonzélez C,
Navarro-Racines CE, Ordofiez L, Prager SD, Tapasco
J. 2019. Maiz para Colombia. Vision 2030. Centro
Internacional de Mejoramiento de Maiz y Trigo (CIM-
MYT)-Centro Internacional de Agricultura Tropical
(CIAT). https://hdl.handle.net/10883/20218 (accessed
on October 30, 2025).

Guajardo-Panes RA, Granados-Ramirez GR, San-
chez-Cohen I. Barradas-Miranda VL, Gomez-Rojas
JC, Diaz-Padilla G. 2018. Rendimientos de maiz (Zea
mays L.) en escenarios de cambio climatico en la
region de La Antigua, Veracruz, México. Agrociencia
52:725-739.

Gutiérrez M, Baca M, Rosales M, Bonilla G, Espinales
E, Martinez O, Gutiérrez MA, Rivas D, Rodriguez
I. 2005. Sequia meteoroldgica. Mapas de amenazas:
recomendaciones técnicas para la elaboracion. Instituto
Nicaragiiense de Estudios Territoriales-Swiss Agency
for Development and Cooperation (INETER-COS-
UDE). Available at: https://web-geofisica.ineter.gob.
ni/proyectos/metalarn/sequia.pdf (accessed on October
15, 2025).

Hammer @, Harper DAT, Ryan PD. 2001. PAST: Paleon-
tological Statistics Software Package for Education
and Data Analysis [software]. Available at: https://
palaeo-electronica.org/2001 1/past/issuel 01.htm
(accessed on October 05, 2025).

IDEAM. 2017. Atlas climatolégico de Colombia. Instituto
de Hidrologia, Meteorologia y Estudios Ambientales,
Bogota, Colombia. Available at: http://archivo.ideam.
gov.co/web/guest (accessed on October 19, 2025).

IDEAM. 2025. Normales climatologicas estandar periodo
1991-2020. Instituto de Hidrologia, Meteorologia y
Estudios Ambientales, Bogota, Colombia. Available
at: https://www.ideam.gov.co/sala-de-prensa/informes/
Normales%20clim%C3%A 1ticas%20est%C3%A 1n-
dar (accessed on October 19, 2025).

INETER. (n.d.) Boletines climaticos mensuales 2023-
2025. Instituto Nicaragiiense de Estudios Territoriales.
Available at: https://www.ineter.gob.ni/boletincam-
bioclimaticomensual.html (accessed on October 08,
2025).

INETER. 2023. Boletin agrometeoroldgico, del 11 al 20 de
mayo 2023. Instituto Nicaragiiense de Estudios Territo-
riales. Available at: https://www.ineter.gob.ni/boletina-
grometeorologico/2023/BOLETIN _AGROMETEO-
ROLOGICO_SEGUNDA DECENA MAYO 2023.
pdf (accessed on June 12, 2024).

INETER. 2025. Variabilidad climatica (1971-2010). Insti-
tuto Nicaragiiense de Estudios Territoriales. Available
at: https://www.ineter.gob.ni/geoportales/variabilidad-
climatica/index.html (accessed on October 08, 2025).

INIDE 2003. Compendio estadistico 2000-2002. Instituto
Nacional de Informaciéon de Desarrollo, Nicaragua.
Available at: https://www.inide.gob.ni/docs/biblio/
Compendio2000-02.pdf (accessed on October 03,
2025).

INIDE. 2005. Compendio estadistico 2003-2004. Instituto
Nacional de Informacion de Desarrollo, Nicaragua.
Available at: https://www.inide.gob.ni/docs/biblio/
Compendio0304.pdf (accessed on October 03, 2025).

INIDE. 2025. Anuarios estadisticos. Instituto Nacional de
Informacion de Desarrollo, Nicaragua. Available at:
https://www.inide.gob.ni/Home/Anuarios (accessed
on June 6, 2025).

INTA. 2000. Manejo integrado del cultivo del maiz.
Instituto Nicaragiiense de Tecnologia Agropecuaria.
Available at: http://www.bio-nica.info/biblioteca/
INTA-OPSNicaragua2000MIPmaiz.pdf (accessed on
October 12, 2025).

Jiménez E. 2017. Manejo agroecologico de los principales
insectos plagas de cultivos alimenticios de Nicaragua.
Universidad Nacional Agraria, Managua, Nicaragua.
Available at: https://repositorio.una.edu.ni/3578/1/
NH10J61a.pdf (accessed on October 15, 2025).


https://repositorio.unan.edu.ni/3900/12/7999.pdf
https://repositorio.unan.edu.ni/3900/12/7999.pdf
https://coin.fao.org/coin-static/cms/media/14/13590441298720/marco_estratgico_corredor_seco-.pdf
https://coin.fao.org/coin-static/cms/media/14/13590441298720/marco_estratgico_corredor_seco-.pdf
https://coin.fao.org/coin-static/cms/media/14/13590441298720/marco_estratgico_corredor_seco-.pdf
https://www.revistayuam.com/wp-content/uploads/2019/02/Corredor-seco-250219.pdf
https://www.revistayuam.com/wp-content/uploads/2019/02/Corredor-seco-250219.pdf
https://www.revistayuam.com/wp-content/uploads/2019/02/Corredor-seco-250219.pdf
https://hdl.handle.net/10883/20218
https://web-geofisica.ineter.gob.ni/proyectos/metalarn/sequia.pdf
https://web-geofisica.ineter.gob.ni/proyectos/metalarn/sequia.pdf
https://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://archivo.ideam.gov.co/web/guest
http://archivo.ideam.gov.co/web/guest
https://www.ideam.gov.co/sala-de-prensa/informes/Normales%20clim%C3%A1ticas%20est%C3%A1ndar
https://www.ideam.gov.co/sala-de-prensa/informes/Normales%20clim%C3%A1ticas%20est%C3%A1ndar
https://www.ideam.gov.co/sala-de-prensa/informes/Normales%20clim%C3%A1ticas%20est%C3%A1ndar
https://www.ineter.gob.ni/boletincambioclimaticomensual.html
https://www.ineter.gob.ni/boletincambioclimaticomensual.html
https://www.ineter.gob.ni/boletinagrometeorologico/2023/BOLETIN_AGROMETEOROLOGICO_SEGUNDA_DECENA_MAYO_2023.pdf
https://www.ineter.gob.ni/boletinagrometeorologico/2023/BOLETIN_AGROMETEOROLOGICO_SEGUNDA_DECENA_MAYO_2023.pdf
https://www.ineter.gob.ni/boletinagrometeorologico/2023/BOLETIN_AGROMETEOROLOGICO_SEGUNDA_DECENA_MAYO_2023.pdf
https://www.ineter.gob.ni/boletinagrometeorologico/2023/BOLETIN_AGROMETEOROLOGICO_SEGUNDA_DECENA_MAYO_2023.pdf
https://www.ineter.gob.ni/geoportales/variabilidadclimatica/index.html
https://www.ineter.gob.ni/geoportales/variabilidadclimatica/index.html
https://www.inide.gob.ni/docs/biblio/Compendio2000-02.pdf
https://www.inide.gob.ni/docs/biblio/Compendio2000-02.pdf
https://www.inide.gob.ni/docs/biblio/Compendio0304.pdf
https://www.inide.gob.ni/docs/biblio/Compendio0304.pdf
https://www.inide.gob.ni/Home/Anuarios
http://www.bio-nica.info/biblioteca/INTA-OPSNicaragua2000MIPmaiz.pdf
http://www.bio-nica.info/biblioteca/INTA-OPSNicaragua2000MIPmaiz.pdf
https://repositorio.una.edu.ni/3578/1/NH10J61a.pdf
https://repositorio.una.edu.ni/3578/1/NH10J61a.pdf

Rainfall patterns and yields of rainfed maize in tropical American regions 125

Jones PG, Thornton PK 2003. The potential impacts
of climate change on maize production in Africa
and Latin America in 2055. Global Environmental
Change 13: 51-59. https://doi.org/10.1016/S0959-
3780(02)00090-0

Maldonado-Archila G, Ligarreto-Moreno G, Gomez-Ca-
ro S. 2022. Fusarium species that cause corn stalk
rot in the Ubaté valley of Cundinamarca, Colombia.
Agronomia Colombiana, 40: 237-248. https://doi.
org/10.15446/agron.colomb.v40n2.102465

McKee TB, Doesken NJ, Kleist J. 1993. The relationship
of drought frequency and duration to time scale. In:
Proceedings of the Eighth Conference on Applied
Climatology, Anaheim, California. Available at:
https://www.droughtmanagement.info/literature/
AMS Relationship_Drought Frequency_ Dura-
tion_Time Scales 1993.pdf (accessed on October
16, 2025).

Mendoza J. 2016. Analisis por riesgo al cambio climatico
en Colombia. United Nations Framework Convention
on Climate Change (UNFCCC)-Gobierno de Colom-
bia. Available at: https://www.cepal.org/sites/default/
files/presentations/analisis_por riesgo al cambio cli-
matico en colombia - javier mendoza.pdf(accessed
on June 12, 2025).

MIFIC. 2007. Maiz blanco Nicaragua. Ministerio de Fo-
mento, Industria y Comercio, Managua, Nicaragua.
Available at: https://cenida.una.edu.ni/relectronicos/
NE7IN583m.pdf (accessed on June 7, 2024).

Minagricultura. 2021. Maiz. Direccion de cadenas agrico-
las y forestales 2021. Ministerio de Agricultura, Colom-
bia. Available at: https://sioc.minagricultura.gov.co/
AlimentosBalanceados/Documentos/2021-03-31%20
Cifras%20Sectoriales%20ma%C3%ADz.pdf (ac-
cessed on June 7, 2024).

Minagricultura. 2023. Plan departamental de extension
agropecuaria 2020-2023. Ministerio de Agricultura.
Gobernacion del Atlantico, Colombia. Available at:
https://www.minagricultura.gov.co/ministerio/direc-
ciones/Publishinglmages/Paginas/PDEA/Atlantico.
pdf (accessed on June 7, 2024).

Nelson GC, Rosegrant MW, Koo J, Robertson R, Sulser
T, Zhu T, Ringler C, Msangi S, Palazzo A, Batka M,
Magalhaes M, Valmonte-Santos R, Ewing M, Lee D.
2009. Climate change: Impact on agriculture and costs
of adaptation. Food Policy Report 21. International
Food Policy Research Institute (IFPRI), Washington,
DC. Available at: https://www.fao.org/fileadmin/

user_upload/rome2007/docs/Impact_on_ Agricul-
ture_and Costs_of Adaptation.pdf (accessed on June
5,2024).

NOAA. 2025. Cold and warm episodes by season.
Oceanic Nifio Index (ONI): Historical El Nifio/La
Nifa episodes (1950-present). National Oceanic and
Atmospheric Administration. Available at: https://
www.cpe.ncep.noaa.gov/products/analysis_monitor-
ing/ensostuff/ONI_v5.php (accessed on September
29, 2025).

Ortiz JC, Conde M. 2022. El huracén que paso sobre la
Isla de San Andrés en 1911. Revista de la Academia
Colombiana de Ciencias Exactas, Fisicas y Naturales
46: 795-806. https://doi.org/10.18257/raccefyn.1743

Ramirez D, Ordaz JL, Mora J, Acosta A, Serna B. 2010.
Nicaragua. efectos del cambio climatico sobre la ag-
ricultura. Comision Econdémica para América Latina
y el Caribe (CEPAL), Ciudad de México. Available
at: https://repositorio.cepal.org/server/api/core/bit-
streams/3db22365-b69a-4ce2-bbeb-ffbf10b2{888/
content (accessed on October 02, 2025).

Rathore DS. 2011. Manual on the Standardized Precip-
itation Index (SPI). National Institute of Hydrology,
Roorkee, India. Available at: https://nihroorkee.gov.
in/sites/default/files/uploadfiles/SPINov2011.pdf (ac-
cessed on June 5, 2024).

Ruiz-Vésquez M, Arias PA, Martinez JA. 2024. ENSO
influence on water vapor transport and thermody-
namics over northwestern South America. Theoretical
and Applied Climatology 155: 3771-3789. https://doi.
org/10.1007/s00704-024-04848-3

Senthilnathan S, Benson D, Prasanna V, Mallick T, Thi-
yagarajan A, Ramasamy M, Sundaram S. 2025. Impact
of climate variability on maize yield under different
climate change scenarios in southern India: A panel
data approach. Earth 6: 16. https://doi.org/10.3390/
earth6010016

Shiferaw B, Prasanna BM, Hellin J, Bizinger M. 2011.
Crops that feed the world 6. Past successes and future
challenges to the role played by maize in global food
security. In: Food Security. The Science, Sociology
and Economics of Food Production and Access to
Food (Savary S, Ed.), vol. 3, 307-327. https://doi.
org/10.1007/s12571-011-0140-5

UN. 2020. What is climate change? Climate Action,
United Nations. Available at: https://www.un.org/es/
climatechange/what-is-climate-change (accessed on
June 16, 2024).


https://doi.org/10.1016/S0959-3780(02)00090-0
https://doi.org/10.1016/S0959-3780(02)00090-0
https://doi.org/10.15446/agron.colomb.v40n2.102465
https://doi.org/10.15446/agron.colomb.v40n2.102465
https://www.droughtmanagement.info/literature/AMS_Relationship_Drought_Frequency_Duration_Time_Scales_1993.pdf
https://www.droughtmanagement.info/literature/AMS_Relationship_Drought_Frequency_Duration_Time_Scales_1993.pdf
https://www.droughtmanagement.info/literature/AMS_Relationship_Drought_Frequency_Duration_Time_Scales_1993.pdf
https://www.cepal.org/sites/default/files/presentations/analisis_por_riesgo_al_cambio_climatico_en_colombia_-_javier_mendoza.pdf
https://www.cepal.org/sites/default/files/presentations/analisis_por_riesgo_al_cambio_climatico_en_colombia_-_javier_mendoza.pdf
https://www.cepal.org/sites/default/files/presentations/analisis_por_riesgo_al_cambio_climatico_en_colombia_-_javier_mendoza.pdf
https://cenida.una.edu.ni/relectronicos/NE71N583m.pdf
https://cenida.una.edu.ni/relectronicos/NE71N583m.pdf
https://sioc.minagricultura.gov.co/AlimentosBalanceados/Documentos/2021-03-31%20Cifras%20Sectoriales%20ma%C3%ADz.pdf
https://sioc.minagricultura.gov.co/AlimentosBalanceados/Documentos/2021-03-31%20Cifras%20Sectoriales%20ma%C3%ADz.pdf
https://sioc.minagricultura.gov.co/AlimentosBalanceados/Documentos/2021-03-31%20Cifras%20Sectoriales%20ma%C3%ADz.pdf
https://www.minagricultura.gov.co/ministerio/direcciones/PublishingImages/Paginas/PDEA/Atlantico.pdf
https://www.minagricultura.gov.co/ministerio/direcciones/PublishingImages/Paginas/PDEA/Atlantico.pdf
https://www.minagricultura.gov.co/ministerio/direcciones/PublishingImages/Paginas/PDEA/Atlantico.pdf
https://www.fao.org/fileadmin/user_upload/rome2007/docs/Impact_on_Agriculture_and_Costs_of_Adaptation.pdf
https://www.fao.org/fileadmin/user_upload/rome2007/docs/Impact_on_Agriculture_and_Costs_of_Adaptation.pdf
https://www.fao.org/fileadmin/user_upload/rome2007/docs/Impact_on_Agriculture_and_Costs_of_Adaptation.pdf
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
https://doi.org/10.18257/raccefyn.1743
https://repositorio.cepal.org/server/api/core/bitstreams/3db22365-b69a-4ce2-bbcb-ffbf10b2f888/content
https://repositorio.cepal.org/server/api/core/bitstreams/3db22365-b69a-4ce2-bbcb-ffbf10b2f888/content
https://repositorio.cepal.org/server/api/core/bitstreams/3db22365-b69a-4ce2-bbcb-ffbf10b2f888/content
https://nihroorkee.gov.in/sites/default/files/uploadfiles/SPINov2011.pdf
https://nihroorkee.gov.in/sites/default/files/uploadfiles/SPINov2011.pdf
https://doi.org/10.1007/s00704-024-04848-3
https://doi.org/10.1007/s00704-024-04848-3
https://doi.org/10.3390/earth6010016
https://doi.org/10.3390/earth6010016
https://doi.org/10.1007/s12571-011-0140-5
https://doi.org/10.1007/s12571-011-0140-5
https://www.un.org/es/climatechange/what-is-climate-change
https://www.un.org/es/climatechange/what-is-climate-change

126 G. Azuara-Garcia et al.

UNDP. 2013. Climate risk management for the health
sector in Nicaragua. United Nations Development Pro-
gramme (UNDP)-Bureau for Crisis Prevention and Re-
covery (BCPR), New York. Available at: https://www.
iisd.org/system/files/publications/crm_nicaragua.
pdf#:~:text=A%202009%20drought%20caused %20
staple%2Dfood%20production%?20in,territory%20
include%?20heat%20waves%20and%20forest%20fires
(accessed on October 06, 2025).

USDA. 2010. Catastrophic rainy season causes more dam-
age in Colombia. Foreign Agricultural Service GAIN
Report, United States Department of Agriculture.
Available at: https://apps.fas.usda.gov/newgainapi/
api/report/downloadreportbyfilename?filename=Cat-
astrophic%20Rainy%20Season%20Causes%20
More%20Damage%20in%20Colombia%20 Bogota
Colombia 4-28-2011.pdf (accessed on July 10, 2025).

Van der Zee A, van del Zee J, Meyrat A, Poveda C, Picado
L.2012. Estudio de caracterizacion del Corredor Seco

Centroamericano (paises CA-4). Food and Agriculture
Organization of the United Nations (FAO), Honduras.
Available at: https://reliefweb.int/report/guatemala/
estudio-de-caracterizaci%C3%B3n-del-corredor-se-
co-centroamericano (accessed on July 7, 2025).

Vargas-Ulate G. 2004. La escala zonal, regional y local en
el analisis pluviométrico del Istmo Centroamericano.
Revista Reflexiones 83: 31-56.

Zhang Z, Wei J, Li J, Jia Y, Wang W, Li J, Lei Z, Gao
M. 2022. The impact of climate change on maize
production: Empirical findings and implications
for sustainable agricultural development. Frontiers
in Environmental Sciences 10: 954940. https://doi.
org/10.3389/fenvs.2022.954940

Zhu X, Liu T, Xu K, Chen C. 2022. The impact of high
temperature and drought stress on the yield of major
staple crops in northern China. Journal of Environmen-
tal Management 314: 115092 https://doi.org/10.1016/j.
jenvman.2022.115092


https://www.iisd.org/system/files/publications/crm_nicaragua.pdf#:~:text=A%202009%20drought%20caused%20staple%2Dfood%20production%20in,territory%20include%20heat%20waves%20and%20forest%20fires
https://www.iisd.org/system/files/publications/crm_nicaragua.pdf#:~:text=A%202009%20drought%20caused%20staple%2Dfood%20production%20in,territory%20include%20heat%20waves%20and%20forest%20fires
https://www.iisd.org/system/files/publications/crm_nicaragua.pdf#:~:text=A%202009%20drought%20caused%20staple%2Dfood%20production%20in,territory%20include%20heat%20waves%20and%20forest%20fires
https://www.iisd.org/system/files/publications/crm_nicaragua.pdf#:~:text=A%202009%20drought%20caused%20staple%2Dfood%20production%20in,territory%20include%20heat%20waves%20and%20forest%20fires
https://www.iisd.org/system/files/publications/crm_nicaragua.pdf#:~:text=A%202009%20drought%20caused%20staple%2Dfood%20production%20in,territory%20include%20heat%20waves%20and%20forest%20fires
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Catastrophic%20Rainy%20Season%20Causes%20More%20Damage%20in%20Colombia%20_Bogota_Colombia_4-28-2011.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Catastrophic%20Rainy%20Season%20Causes%20More%20Damage%20in%20Colombia%20_Bogota_Colombia_4-28-2011.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Catastrophic%20Rainy%20Season%20Causes%20More%20Damage%20in%20Colombia%20_Bogota_Colombia_4-28-2011.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Catastrophic%20Rainy%20Season%20Causes%20More%20Damage%20in%20Colombia%20_Bogota_Colombia_4-28-2011.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Catastrophic%20Rainy%20Season%20Causes%20More%20Damage%20in%20Colombia%20_Bogota_Colombia_4-28-2011.pdf
https://reliefweb.int/report/guatemala/estudio-de-caracterizaci%C3%B3n-del-corredor-seco-centroamericano
https://reliefweb.int/report/guatemala/estudio-de-caracterizaci%C3%B3n-del-corredor-seco-centroamericano
https://reliefweb.int/report/guatemala/estudio-de-caracterizaci%C3%B3n-del-corredor-seco-centroamericano
https://doi.org/10.3389/fenvs.2022.954940
https://doi.org/10.3389/fenvs.2022.954940
https://doi.org/10.1016/j.jenvman.2022.115092
https://doi.org/10.1016/j.jenvman.2022.115092

