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ABSTRACT

Crop yield variations in the Orinoquia region — Colombia, are primarily associated with extreme precipitation
events. Therefore, studying crop water supplies under naturally variable climate conditions is fundamental in an
actual climatic change context. Rainfall data collected in the Quenane sub-basin were analyzed to understand
the soil water dynamics in the Orinoco catchment. The basin covers 179 km? and consists of the piedmont land-
scape (Eastern Mountain Range) of the Villavicencio Municipality, Department of Meta. This study analyzes the
rainfall variability using Pearson correlation analysis, the Mann-Kendall trend analysis, and soil water balance to
determine the implications of these factors in crop performance at the basin scale. The results indicated that the
spatial distribution of rainfall in the basin responds to a longitudinal average variation of precipitation and that this
response is more accentuated (i.e., greater rainfall) toward the west of the basin. Despite the basin being located
in the tropical zone, no evidence was found regarding the effect of the El Nifio Southern Oscillation on rainfall
patterns. Yet, the temporal analysis revealed some years with extreme rainfall values and high-uncertainty levels
during transitions between wet and dry periods. During these transition periods, a greater potential for effects
on farm yields exists due to the variable cumulative rainfall observed during recent years. The time series trend
analysis revealed changes in rainfall patterns at different scales (weekly and yearly) and distribution based on the
decrease of rainy days per week and year. This trend is much more accentuated during the second half of the year,
generating uncertainty and reducing farm yields throughout the basin.

Keywords: soil moisture, savanna, water balance, climatic change, tropic environments.

INTRODUCTION

The Intergovernmental Panel on Climate
Change (IPCC) proposed scenarios in which
global droughts are expected to directly affect the
global quality and availability of water resulting
in considerable challenges and impacts on soci-
ety, environments, ecosystems, and plants growth
and development (Hoogenboom, 2000; Qiu et
al., 2023). Therefore, understanding the relation-
ship between weather variables, and crop yields
and production, is crucial to prepare for climate
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variations. Presently, the challenge of the climate
change threat is to identify the coming threats to
agroecosystems and food systems (IPCC, 2020).
Following threat identification, it will be possible
to determine the best adaptation strategies, a top-
ic that several authors identify as critical in the
next few years (Cui, 2020; Pathak, 2023; Qiu et
al., 2023). In current high-uncertainty scenarios,
adaptation to climatic variations is more neces-
sary than strategy development (Cui, 2020; Eger-
er et al., 2021; Ibrahim and Johansson, 2021).
The need for adaptation should be considered a
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milestone in the pathway toward increased food
production (food security) and reduced environ-
mental impact. This begins with the reduction of
greenhouse gas emissions through the implemen-
tation of the climate-smart agriculture (CSA) ap-
proach (Mahlengule Zwane, 2019; Ross, 2016).

In the Colombian context, Orinoquia region is
renowned as the last agricultural frontier (UPRA,
2018), and their products supply most of the cities
in the country. Furthermore, this region has the
challenge of producing cereals, fibers, bioenergy,
meat, and milk within the CSA context (Ramirez-
Contreras et al., 2022). The primary climate fea-
ture of the Orinoco basin is the abundant rainfall,
characterized by a monomodal rainfall regime
with more than 2000 mm per year (Bustamante,
2019). This allows two annual crop cycles and
considerable forage production (Fontanilla-Diaz
et al., 2021). However, despite the large volume
of precipitation per area unit, it is insufficient to
guarantee annual crop water requirements, and
water scarcity, associated with soil characteris-
tics and rainfall distribution, has been reported by
Galvis Quintero et al. (2018).

Varying regional rainfall patterns, related to
fluctuations in annual accumulated precipitation
determine crop production success or failure (Das
et al., 2024). The effect of rainfall pattern vari-
ability on crop productivity is associated with
the prevalence of rainfed agricultural systems.
For example, rice produced under rainfed condi-
tions is highly susceptible to soil water deficits,
especially during certain phenological stages, and
is therefore severely affected by water scarcity
(Pardo et al., 2020; Zhu et al., 2023). In addi-
tion to the direct effect of precipitation on plants,
there is also an indirect effect on the dynamic
population of pests and diseases, such as bacterial
panicle blight (BPB) in rice, a disorder caused by
Burkholderia glumae and Burkholderia gladioli
(Hoyos et al., 2013). The presence of BPB in the
region has reportedly been associated with the
increase in air temperature and humidity, as well
as high rainfall, a climatic phenomenon associ-
ated with the negative phase of El Nifio Southern
Oscillation (ENSO) — La Nifla. Another indirect
effect of climate change on crops is the damage to
the native savanna and grasslands associated with
increases in the Rhammatocerus schistocercoides
(langosta llanera) population during dry years
(Leon et al., 2018).

Fires are common in savannas during the dry
season and propagate easily in grasslands. They

consume forest patch borders, affecting their
stability, shape, and spatial distribution at eco-
logical and geomorphological scales (Hébert-
Dufresne et al., 2018). Under climate change
scenarios, the number of fires could increase,
associated with rainfall pattern changes and pro-
longed dry seasons. This favors the frequency
and severity of fires, and by extension, trans-
forms forest areas into savannas (Armenteras et
al., 2021; de Oliveira-Junior et al., 2021).

Worldwide, understanding of climate change
and its relationship with agriculture has increased.
However, the information generated in tropical
zones is poorly understood, and new informa-
tion is useful for decision-making in agri-food
systems. This work analyzes the effects of tem-
poral variation in rainfall on the soil water con-
tent and its availability for semiannual crops and
grassland in the Cafio Quenane sub-basin of the
Orinoco catchment. The results of these analyses
will support crop planning based on water needs
in these tropical savannas.

MATERIALS AND METHODS

Site description

This study was conducted in the Quenane
River sub-basin, which has a total area of 185
km?. Tt is located in the foothills of the Colombian
Orinoquia region (Colombian Eastern Plains) in
the department of Meta in the municipality of Vil-
lavicencio (Figure 1). The length of the sub-basin
is 54 km and the altitude ranges from 199 to 375
m.a.s.l. The slope oscillates between 0% and 3%,
which is typical of plain areas in eastern Colom-
bian (Lozano, 2014). According to Soil Survey
Staff (2022), the soils are Typic Hapludox (75%),
with inclusions of Oxic Dystropepts (15%) and
Typic Kandiudults (10%). The soil usages con-
sist of extensive cattle ranching in natural and
introduced pastures, along with several areas of
cereals, citrus, oil palm, mandioca, and banana
plantations.

The average annual rainfall of the Quenane
River sub-basin is 2917 mm, distributed through-
out the year following a monomodal pattern with
the dry season between December and March and
the rainy season from March to November. The
mean annual air temperature is 25.8 °C, while
the mean minimum and maximum air tempera-
tures are 21.7 °C to 30.8 °C, respectively. The
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Figure 1. Location of the study area

relative humidity of the air oscillates between
68% to 85% in the dry and rainy seasons, re-
spectively; with mean wind speed lower than 2
m/s (Bernal et al., 2013). The climate in the ba-
sin is classified as tropical rain forest (monsoon)
in the Koppen system, warm humid climate in
the Caldas-Lang classification system, and super
humid according to Thorthwaite.

Sampling

Daily rainfall data (mm) were registered in
the weather stations located in the basin (Table
1). The information is available in the DHIME
database (http://dhime.ideam.gov.co/atencionciu-
dadano/), administered by the Colombian Weath-
er Service (IDEAM). Data quality control was
conducted (Mesri et al., 2013) and the calculation
of daily time series was based on Markov chains
(Chica et al., 2014). In addition to precipitation,
data on other weather phenomena, such as air
temperature (°C), relative air humidity (%),
wind speed (m/s), and sunshine (h/day), were
provided by La Libertad AGROSAVIA weather

Table 1. Weather stations in the Cafio Quenane basin

station. These data were used for the analysis.
The daily reference evapotranspiration (ET)
was calculated using the Penman-Monteith
method (Allen et al., 1998), based on data from
other weather variables using FAO’s ETo Cal-
culator, version 3.1 (The Food and Agriculture
Organization, Rome, Italy).

Precipitation analysis

The spatial rainfall variability in the ba-
sin was characterized using data from the pe-
riod 1995 to 2021. After analyzing six stations,
the three stations of Unillanos, La Libertad, and
Pompeya were selected for use in the analyses.
Several statistical tests were conducted using
the average annual precipitation data to evaluate
normality, homogeneity, and repeated data. The
Shapiro-Wilk test was used to evaluate normality,
homogeneity with Levene’s test (p value = 0.51)
and means comparison using a t-test. The Wil-
coxon test was used for repeated data with the
two-tailed test, and the Bonferroni correction for
contrasts using the open-source Pingouin 0.5.3

Station Code* Type* Data period
Unillanos 35035070 Main Climatic 1983-2020
Base Aerea Apiay* 35035010 Secondary Synoptic 1968-2016
La Libertad 35025020 Main Climatic 1972-2023
Ojo De Agua 35030050 Rain Gauge 1978-2019
Pompeya 35020060 Rain Gauge 1978-2020
Los Salados* 35020070 Rain Gauge 1968-1994

Note: suspended, +according to IDEAM classification.
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for Python 3 package (Vallat 2018).Temporal
precipitation variability within the basin was de-
scribed using the La Libertad station data series.
The monthly analysis (temporarily established
for the ENSO) of the variation of the interannual
patterns of rainfall and anomalies was conducted
through a comparison of annual anomalies with
the Oceanic Nifio index (ONI), the multivariate
ENSO index (MEI), the southern oscillation index
(SOI), and the sea surface temperature in the East-
ern Pacific (SST1 + 2), all according to Pefia et
al. (2011). A simple linear regression was applied
to the monthly values of the indices and the accu-
mulated precipitation, rainy days, mean sunshine,
mean temperature, mean maximum temperature,
and mean minimum temperature data (Ramirez
et al.,, 2018). A causality test was performed to
determine which data series provided the best
prediction. In this case, the probability criterion
was used to identify significance (Attanasio et
al., 2013). The rainfall characterization was per-
formed using a weekly scale (Alan et al., 2014).
The distribution of rainfall was analyzed using
heat map graphs (Praveen et al., 2020) to describe
the weekly accumulated precipitation from 1972
to 2020. The precipitation and evapotranspiration
reference values for dry, average, and wet years
were plotted and the historical precipitation record
data from 25, 50, and 75% quantiles were selected
(Lopez et al., 2019).

Rainfall trend analysis

The weekly and annual trend analysis was
performed for the precipitation series (La Lib-
ertad station) considering accumulated rainfall
dependence on stationarity (mean and variabil-
ity remaining constant) or autocorrelation of the
rainfall series. Correlograms containing bands
with 95% confidence intervals were generated us-
ing the methodology of Gao et al., (2020); thus,
defining if there were any levels of autocorrela-
tion associated with certain lags. To determine
whether the series did not exhibit autocorrelation
or stationarity, the non-parametric Mann—Kendall
test was conducted (Bera et al., 2021). This test
has been widely used in equatorial conditions by
(Bernal et al., 2013; Pefia et al., 2011). When au-
tocorrelation was identified in the series, the mod-
ified Mann—Kendall test with the pre-whitening
method was conducted (Yue and Wang, 2002).
Two significance levels were used to define the
trend: highly significant (5% significance level)

and significant (10% significance level)(Gao et
al., 2020). To analyze the magnitude of the trend,
the Sen slope (Z) was estimated; with positive
and negative “Z” values being associated with in-
creasing and decreasing trends, respectively (Chi-
sanga et al., 2023)

Water supply at ground level

The agricultural water balance was used to de-
termine the soil moisture content available for cul-
tivation at daily scales. A simplification of the bal-
ance is shown in Equation 1 (Allen et al., 1998).

SMC; = SMC;_, + EPi — ETaq; €))
where: SMCi is the soil moisture content on the
current day, SMCi — 1 is the soil moisture
content on the previous day, EPi is the
current effective precipitation, and E7ai is

the current actual evapotranspiration.

The EP is the fraction of rain that reaches the
root zone and is calculated based on net rainfall
(de Boer-Euser et al., 2016) and the average ca-
pacity of the water to reach deep layers in the soil
as reported by USDA-SCS (Dastane, 1978). It is
noteworthy that CHi (soil water storage) acquires
values that range between 0% and the maximum
water storage capacity (MWSC) in the soil. For
calculating MWSC, local field capacity (FC), per-
manent wilting point (PWP), and soil depth val-
ues were used (Soil Survey Staff, 2022)

The crops used in this study were rice (Oryza
sativa L.), corn (Zea mays L.), soy (Glycine max
L.), and pasture grass (Brachiaria decumbens syn.
Urochloa decumbens). The establishment of the
semiannual crops occurred on April 15 and Au-
gust 15. The grassland is a permanent cover with
a 30-day rotational grazing system. The ET and
crop coefficients (Kc) were used to calculate actual
evapotranspiration (ETa) (Allen et al., 1998; da
Silva et al., 2019). The crop coefficient values (Kc)
for each developmental stage are shown in Table 2.

Based on the soil water balance, each day of
the crop cycle was classified as either: (a) days
with sufficient moisture levels for crop develop-
ment (0 < CHi < MWSC), (b) days with excess
moisture (CHi > MWSC), and (c) days with defi-
cient moisture (MWSC = 0). The amount of wa-
ter (mm) in excess or deficient was determined
according to soil water availability.
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Table 2. Crop coefficient (Kc) and days of duration of life cycle stages

Crop ' Kc Kc Kc Kc

initial development mean end
Rice (120) * 0.40 (20) 1.05 (60) 1.20 (25) 0.60 (15)
Corn (130) * 0.40 (15) 0.80 (41) 1.20 (54) 0.40 (20)
Soybean (110) * 0.35 (20) 0.75 (22) 1.15 (43) 0.60 (25)

Pasture (30) * NA 0.40 (15) 1.05 (15) NA

Note: ( )* days of duration of life cycle, () days of duration of stages.

RESULTS

Precipitation variability

The average annual precipitation measured at
the six weather stations in the Quenane sub-basin
was 2752 mm. However, there were zones where
the rainfall was higher than 3477 mm/year (7%
basin) and others where it was lower than 2472
mm/year (11% basin). The basin’s precipitation
gradient lies in an east-west direction, with humid
zones toward the mountain range (west) repre-
sented by Unillanos station (highest rainfall). The
Los Salados station recorded the lowest rainfall
values and represented the pattern in the less hu-
mid plains (east), Figure 2.

The annual rainfall difference between sta-
tions was approximately 1000 mm year™', and the
greatest spatial distance was 54 km between sta-
tions. There were significant differences in mean
annual precipitation among the stations located
in the middle zone (La Libertad and Pompeya),
and those in the basin extremes which were 11

km away (Table 3). The regression coefficients
associated with ENSO indices (ONI, MEI, SOI,
and TSMI + 2) and climate elements at month-
ly scales were not significant, Table 4. Unlike
in most of Colombia, the temporal variations in
monthly rainfall values were unrelated to ENSO
(Ramirez et al., 2018). Yet, positive, and negative
rainfall anomalies are possible during “El Nino”
or “La Nifa” events. For example, during nega-
tive ENSO phases in 1998 and 2015, rainfall ex-
hibited positive anomalies (excess), and during
positive ENSO phases in 2010 and 2013, rainfall
exhibited negative anomalies (dry), the primary
pattern reported for Colombia. However, between
2016 and 2020, rainfall anomalies (both positive
and negative) in the catchment did not match with
the ENSO phase occurrences (Figure 3).

Rainfall implications in temporary
crops and grasslands

The rainy season lasts approximately 36
weeks, and from week 13 to week 48 (Figure
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Figure 2. Box plot of annual precipitation in the Cailo Quenane sub-
basin (numbers in blue: number of years analyzed)
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Table 3. Difference in precipitation between selected stations

Contrast A B T p-unc p-corr BF10 Effect size
Station La Libertad Pompeya 2.593 0.015 0.015 3.246 0.452
Station La Libertad Unillanos -13.033 0 0 1.16E+10 -1.789
Station Pompeya Unillanos -9.934 0 0 42610000 -2.112

Table 4. Correlation of climatic elements with ENSO indices on a monthly scale
Weather elements ONI MEI SOl TSM+2
Precipitation (mm) 0.04 0.03 -0.04 0.06
N° days precipitation -0.01 0.00 0.00 0.02
Maximum temperature 0.10 0.09 -0.06 0.08
Medium temperature 0.12 0.1 -0.08 0.1
Sunshine 0.02 0.01 -0.01 -0.01
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Figure 3. Annual precipitation anomalies and EN

4), rainfall behavior is related to the Intertropi-
cal Confluence Zone (ITCZ) (Poveda et al., 2020;
Waliser and Jiang, 2015). The rainy season has
two short rainy periods related to ITCZ phenom-
ena. The first rainy period occurs between weeks

SO indices in the Cafio Quenane sub-basin

13 to 33, with rainfall reaching maximum values
between weeks 17 to 26. The second rainy period
(between weeks 34 to 48) has a lower water vol-
ume than the first season and reaches its maxi-
mum values between weeks 38 to 46.
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The periods determining the change in rain-
fall quantity are known as transitional seasons
and the proportion of precipitation during these
periods varies according to the year (i.e., rainy
years). Some periods mark the change between
two seasons (i.e., from the dry to the wet sea-
son and vice versa) or between two sub-seasons,
see Figure 3. The first transitional season occurs
between weeks 9 to 13 and was associated with
the approach of the ITCZ from southern lati-
tudes (Leon et al., 2018) and the start of the rainy
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Year

season. A second transitional change occurs in the
rainy sub-seasons between weeks 34 to 38, due to
the displacement of the ITCZ toward the northern
latitudes of the country and a subsequent return
toward southern latitudes.

According to 50 years of historical series
data, during week 13 the rainy season begins
and is characterized by more precipitation than
evapotranspiration. This period can sometimes
be anticipated, as in 2004, 2006, and 2010, or
delayed like in 2001, 2008, and 2015 (Figure
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Figure 5. Accumulated annual precipitation on a weekly scale
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4). The historical distribution of weekly rainfall
shows that short periods without rainfall may oc-
cur during the rainy season, as well as isolated
rains during the dry season, Figure 5.

The frequency of dry weeks during the rainy
sub-season B (Figure 6) is notable. During sub-
season B, soil water availability decreases, with
water scarcity negatively impacting the pheno-
logical stages of annual crops (germination, flow-
ering, and seedling filling) which are highly vul-
nerable to water deficits (Fahad et al., 2017).

Rainfall trends

The correlation analysis revealed non-auto-
correlated and non-stationary behavior associated
with annual precipitation and the annual number
of rainy days. It provides evidence of oscillations
within two years (Figure 7) in the annual precipi-
tation plot and is confirmed by the strip with alter-
nating positive and negative values for the annual
rainfall series. However, the annual number of
rainy days was found to have a ten-year oscilla-
tion period (Figure 7a and 7b).

The Mann—Kendall test did not identify sig-
nificance in the annual precipitation trend as
shown in Table 5. The series “Number of days
with rain per year” showed (p < 0.05), with a de-
creasing precipitation trend.

The previous results (Table 5) illustrate a
change in rainfall patterns. The trend has been
negativing with a reduction equivalent to 17 days
of annual rain during the past 48 years (Figure 8).
Sen’s estimated slope allowed the identification
of the trend’s magnitude in the series “number of
days with rain per year” with a value of 0.40.

The results indicate that annual precipita-
tion values were maintained, but that the annual
number of days with rainfall decreased between
1972 to 2021 (Table 5, Figure 8). The rainfall
pattern described reveals an increase in rainfall
intensity, and precipitation events increased from
14.8 to 16.2 mm/day over the 49-year period. The
extreme (greater) rain values of the annual rainy
days tend to appear with a 20-year frequency;
and the minimum value frequencies occurred ap-
proximately 6, 26, and 46 years apart. Like an-
nual precipitation, weekly precipitation did not
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Figure 7. (a) Annual precipitation correlogram and (b) number of days with annual rain

present autocorrelations as shown in Table 6. The
Mann—Kendall test revealed significant trends in
5 of the 52 weeks annually. Three periods of the
year revealed significant trends; the first was dur-
ing the dry season in week 3 (January), the sec-
ond was at the beginning of the rainy season dur-
ing weeks 15, 19, and 20 (April), the third was
during the end of the rainy season during week

122

45 (November). The analysis demonstrates a de-
creasing trend (i.e., becoming drier) during week
20 each year between 1972 to 2021. This was a
form of weekly scale equilibrium, and this be-
havior was the opposite of the non-significance
of the annual scale, as shown in Table 2. Never-
theless, despite the recurrence of dry periods dur-
ing weeks 3, 15, 19, and 45; these weeks became
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Table 5. Trends in annual precipitation and number of days with rain per year

MK test P Earring Trend
Annual rainfall 0.50 0.6637 3.03 None
Annual rainy days 0.01 -2.5103 0.40 Decreasing

Note: very significant, NS: not significant.
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Figure 8. Trend of number of days with rain per year

wetter during the last 50 years (Table 6). The in-
creasing trend during week 3 had positive effects
on livestock systems. This positive effect was
associated with water use during the dry season
which allowed for the increase in the forage sup-
ply. The rainy-season-associated water increase
could affect annual crops and pastures due to the
greater frequency of soil saturation which affects
the root development and production of plants
and generates greater volumes of runoff and ero-
sion (Mohamadi and Kavian, 2015). The trend of
the number of days with rain on a weekly scale
was significant in 9 of the 52 weeks of the year;
with only 5 weeks evidencing autocorrelation,
and the weeks between July and December show-
ing a decreasing trend. This is shown in Table 7.
Within the annual series, the decreasing trend
observed in the number of rainy days was < 17
days during the second half of the year. This
tendency increased the likelihood of drought af-
fecting corps due to the low available water sup-
ply during this period. The modified MK test
with pre-bleaching confirmed the significance of
trends during weeks 35, 41, 47, and 49; with no
significance for week 40. More detailed informa-
tion can be found in Table 8. The trend of decreas-
ing rainy days during weeks 33, 35, 38, and 49
evidenced the change in rainfall patterns which

reduced soil moisture availability and generated
water stress and low crop yields.

Water supply dynamics

The first half of the year proved favorable for
sowing annual crops under rainfed conditions due
to high soil water availability. The rainfall dur-
ing this part of the year (April to July) favored
an optimal soil moisture condition with fluctuat-
ing FC values and sometimes experienced days
with water deficits (with a maximum of 29 days).
Detailed information is shown in Table 9. The
weather conditions of the second half of the year
(August to December) were unsuitable for the
crop systems because they experienced 5 to 30
days of water deficits. This wide range of defi-
cits generated uncertainty in the region. Despite
this, the grasslands can support up to 36 days of
water deficits with reduced biomass production.
Urochloa decumbens, the most cultivated grass in
the zone, is adapted to prolonged droughts, recov-
ers very well, and protects the soil from rainfall
(Beloni et al., 2018). The actual evapotranspira-
tion values reflected water requirements per semi-
annual cycle of between 265 to 400 mm (Table
10). The highest evapotranspiration values were
observed in the grasslands, corn, and rice during
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Table 6. Weekly precipitation trends (Traditional MK)

Week Autocorrelation Trend P-value Z-value
3 NO Increasing 0.07** 1.80
15 NO Increasing 0.10** 1.66
19 NO Increasing 0.05* 1.92
20 NO Decreasing 0.09** -1.70
45 NO Increasing 0.02* 2.32
Other weeks NO NS (> 0.1)
Note: * very significant, ** significant, NS: not significant.
Table 7. Trends in number of days with weekly rain
Week Autocorrelation Trend P-value Z-value Earring
3 NO Increasing 0.08** 1.72 0.00
27 NO Decreasing 0.03* -2.11 0.00
33 NO Decreasing 0.02* -2.36 -0.02
35 YES Decreasing 0.00* -3.92 -0.04
38 NO Decreasing 0.01* -2.65 -0.04
40 YES Decreasing 0.03* -2.18 -0.02
41 YES Increasing 0.08** 1.75 0.00
47 YES Decreasing 0.07** -1.81 0.00
49 YES Decreasing 0.01* -2.54 -0.04
Other weeks NO NS (> 0.1)
Note: * significance of 0.05, ** significance of 0.1, NS: not significant.
Table 8. Modified MK test with prebleach
Week Trend P_value Z_value Earring
35 Decreasing 0.00* -2,875 -0.04
40 NO 0.15 -1.44 -0.02
41 Growing 0.06™* 1,854 0.05
47 Decreasing 0.02¢ -2,270 0.00
49 Decreasing 0.07** -1,826 -0.04
Note: * significance of 0.05, ** significance of 0.1, NS: not significant.
Table 9. Days with crop water deficit and excess during the years 2010, 2016 and 2020
Vear Crop Semester A Semester B
Deficit (days) Excess (days) Deficit (days) Excess (days)
Rice 12 53 15 3.4
2010 Soybean 0 52 5 38
Corn 6 57 10 43
Grass 17 66 20 49
Rice 9 48 28 28
2016 Soybean 4 48 19 30
Corn 2 54 21 28
Grass 23 53 36 43
Rice 12 42 30 25
2020 Soybean 4 48 15 25
Corn 16 48 27 30
Grass 29 61 36 31
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Table 10. Crop deficits and excesses in productive cycle in millimeters

Year Request crop water® Semester A Semester 8
Deficit (mm) Excess (mm) Deficit (mm) Excess (mm)
Rice (342-374 mm) 27 1037 37 726
2010 Soybean (275-301 mm) 0 1039 17 605
Corn (354-381 mm) 18 1092 3.4 803
Grass (372-383 mm) 47 1361 45 976
Rice (337-408 mm) 21 899 94 439
2016 Soybean (265-328 mm) 13 808 73 485
Corn (345-383 mm) 3 909 85 451
Grass (360-421 mm) 47 1047 116 654
Rice (340-384 mm) 21 781 97 399
2020 Soybean (275-308 mm) 4 833 43 393
Corn (354-395 mm) 24 806 78 410
Grass (364-399 mm) 82 1076 123 448
Note: * hydric requirement of semester A and B.
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Figure 9. Agroclimatic balance in relation to the phenology of semi-
annual crops in rotation during the years 2010 and 2020
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the second half of the year. Detailed information
is shown in Table 10. During the study period, the
first semiannual period is noteworthy due to ex-
cessive water, with 781 to 1361 mm of rainfall.

The daily dynamics of the water supply asso-
ciated with annual crops in semiannual rotation in
the context of different phenological stages over
two years were characterized by extreme annual
precipitation and are illustrated in Figure 9. The
year 2010 stands out as the year with the high-
est annual rainfall in the study series and resulted
from the negative phase of ENSO. In 2010 there
was a change in the rainfall distribution pattern,
and this increased the water supply volume and
number of rainy days during the crop cycle.

In comparison to historical values, 2020 had a
different rainfall distribution pattern. Sub-season
an experienced successive precipitation which
generated soil water excesses, and sub-season B
produced a soil water deficit, as shown in Figure
9. This alternation of rainfall excesses and deficits
generates conditions unfavorable to achieving
competitive crop yields. Studies report that soil
water deficits during corn’s vegetative stage (be-
tween emergence and flowering) affect produc-
tion levels (Sah et al., 2020; Shao et al., 2021).
Previous research has indicated that when two pe-
riods with water deficits occur between flowering
(R1) and physiological maturity (R6), unfavor-
able conditions for grain formation generate low
yields (Zhang et al., 2019). Short drought period
was possible during the rainy season from August
to December 2020. This is illustrated in Figure 9.

DISCUSSION

The spatial precipitation variability in the an-
nual rainfall for the basin, decreased in the tran-
sect Villavicencio - Puerto Lopez (Bernal et al.,
2013). This finding is related to wind direction,
where topography influences convective activity
(Poveda et al., 2020). The dry season was charac-
terized by low rainfall and increased wind speeds,
which are influenced by the low-level jet of the
Orinoco phenomenon (Jiménez-Sanchez et al.,
2019). The movement of clouds loaded with mois-
ture rising toward the mountain are responsible
for the most significant precipitation in the upper
part of the basin (Poveda et al., 2020), and wind
behavior explains the direction of windward con-
vective rains. Standard deviation values revealed
significant annual precipitation variations in the
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extreme east of the basin, the effect of humidity
toward the mountains, and the variation in precip-
itation affected by external topographical factors.
Under these conditions, the threat of extreme pre-
cipitation increases. The observed precipitation
variability of approximately 1000 mm (Figure 2)
can be interpreted based on crop yields. Climatic
factors explain 6% to 60% of space-time variabil-
ity in rice crops yields in the departments of Meta
and Tolima, Colombia (Delerce et al., 2016)

The results confirm that the evaluated ENSO
indices do not define the interannual variability of
rainfall in the study area, and do not always coin-
cide with drought years associated with El Nifio
and La Nifia (stormy years). Arango et al. (2015)
reported similar results for the same analysis at the
national scale, and these also proved unreliable in
predicting precipitation patterns in the Orinoquia
region based on the presence of the ENSO phe-
nomenon. Other studies by Esquivel et al. (2018)
found low predictability toward the Eastern Plains
region (department of Casanare) using traditional
indices. Esquivel et al. results suggested prioritiz-
ing research on this topic and considered improv-
ing the quality and density of the Orinoco basin’s
weather station network. The results to the pres-
ent study differ from Colombian Andean research,
where the ONI and BEST indices were adequate
predictors of monthly precipitation with up to 3
months of delay, becoming a useful tool in the
planning of coffee crops (Ramirez et al., 2018). al-
though it has been reported that ONI has a greater
relationship with the anomalies signaled in other
study area (Cali, Colombia), it is not necessarily
the most accurate for signaling the Nifio and Nifia
years of the ENSO phenomenon, it’s probably due
to the fact that this index is a macro-climatic order
(Pérez-Ortiz et al., 2022)

Climatic analysis on a weekly scale reveals
a monomodal rainfall regimen for the Colom-
bian Orinoquia. This tends toward an intermedi-
ate or mixed regimen (Urrea et al., 2019). Addi-
tionally, decreasing rainfall between August and
September is explained by the low influence of
the ITCZ (Leon et al., 2018). During this period,
trade winds from the southeast transport clouds
from the Amazon basin to the Orinoquia, favor-
ing the wettest conditions compared with those
in the Andean zone (Espinoza et al., 2020; Orte-
ga, 2021). Ultimately, the behavior of rainfall in
the tropics tends to be unpredictable (Hartshorn,
2013). The results in this study show climatologi-
cal analysis allows for defining the rainfall pattern
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in equatorial zones on a weekly scale (Figure 4).
The analysis will be used for land use planning
based on the amount of water precipitation and
crop demand according to their production cycles
and phenology (Chica Ramirez et al., 2021).

The distribution of weekly rainfall in the his-
torical record identifies intra-annual variability.
This variability generates moments of water stress
in crops (Osakabe et al., 2014) and the physical
conditions of Orinoquia region soils aggravate
this situation. The soil in the region has poor pore
distribution characterized by a high proportion of
micropores and low amounts of macro and meso-
pores. Given this situation, the implementation
of agroforestry systems mitigates soil physical
impacts, improving soil aggregation and porosity
processes (Duran-Bautista et al., 2023). In the agri-
cultural holdings in the amazon basin, the addition
of organic matter, carbon inputs and management
practices than residues incorporation, harvest past
management combined with vegetation manage-
ment providing abundant soil mulch and little soil
disturbance, improvement soil physic hydrologi-
cal properties, water availability, bulk density, soil
porosity and root developed (de Oliveira et al.,
2022; Reichert et al., 2016). Other authors recom-
mend improving the production capacity of the
soil than; a strategy to increase soil water reten-
tion (Gallo et al., 2013). It’s necessary consider-
ing the periodic monitoring of ecosystem services
indicators, for make the management decisions in
local level to maintain and preserve the balance of
production systems (Moreno-Conn et al., 2022).

The “annual precipitation” in this study
displayed no trend, but other studies have sug-
gested a slight increase in Orinoquia region pre-
cipitation related to climate change (Hurtado and
Mesa, 2016). in the other way, Arrieta-Pastrana
et al. (2023), using the same data source found
that the annual precipitation series were homo-
geneous and with no significant trend. In the
series consisting of the annual number of rainy
days, this study finds very significant results
with a decreasing trend (Figure 8).

The Annual rainy days trends (Table 5 and
Figure 8), found in this work, agree with the
RCP 4.5 climate change scenarios for the year
2040, reported in the Regional Comprehensive
Climate Change Plan for the Orinoquia region -
PRICCO (2017a) and the global and regional cli-
mate change report (IPCC, 2022), It is important
to mention that the results obtained in this study
and PRICCO show with a low level of certainty,

the increase in annual precipitation. However,
according to the results described in Table 5, the
drastic changes in precipitation are given by the
trend of reduction in the number of rainy days per
year. This reduction is associated with two threat-
ening factors for agricultural production, the in-
crease in the intensity of rainfall events and the
reduction of precipitation in the transition season
from rainy to dry periods (October — November)
(Table 7), as reported in Arias et al (2021). The
weather in the basin showed variations approxi-
mately every 10 years (Figure 8), coinciding with
reports of the influences of decadal climatic phe-
nomena by IDEAM and UNAL (2018).

Results applying global climate models
(GCM) from CMIPS5, A negative signal with
respect to changes in precipitation, evapotrans-
piration, and runoff is observed on most of the
continent. Consequently, important decreases in
the average annual discharge are expected for the
Orinoco basin, which would be around 8-14% at
least — RCP4.5 and RCP8.5, respectively (Bréda
et al., 2020). It is important to emphasize that the
global climate models of the CMIP5 and CMIP6
generation have difficulty in representing the In-
tertropical Convergence Zone (B. Tian and Dong,
2020), the main determinant of intra-annual rain-
fall behavior, as well as rain formation processes
associated with the drastic change in relief (Sierra
etal., 2015), as is the case of the zones of the east-
ern plains located in the piedmont. As reported
by Littmann (2008) surface properties such as as-
pect, slope angle, surface albedo and roughness
determine boundary conditions for specific mi-
cro and topoclimates which, in turn, will coun-
teract on the associated micro-habitats. On the
other hand, the spatial and temporal resolution of
global models, the main determinants of the intra-
annual behavior of climate elements at the time
of generating future scenarios, do not allow a fair
comparison with the local analysis (weekly scale)
performed in this study (Figure 4 and 5).

The observed weekly precipitation tendency
coincides with forecast reports for the compre-
hensive regional climate change plan in the Ori-
noquia region (PRICCO 2017) , report precipita-
tion increases during the dry season (December to
January) and slight increases during the rainiest
months (May to August), researchs abort tends sub
— monthly are not available in this zone, and the
monthly results have less seasonal variability than
weekly (Torres-Pineda and Pabon-Caicedo, 2017).
The growth trend during week 3 had positive
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effects on the livestock systems associated with the
use of water in the dry season and allows it to in-
crease the forage supply. The soil water increases
during the rainy season were found to negatively
impact in annual crops and grasslands, and the fre-
quency of saturated soils in the last years affected
the root development and production of plants,
thereby generating more runoff and soil erosion.

The decreasing trends of rainy days in weeks
33, 35, 38, and 49 (second half of the year) were
related to the changes in rainfall patterns evi-
denced by changes in soil moisture (e.g., drought).
These resulted in consequences for soil-mediated
processes (Robinson et al., 2016) and generated
water stress and low crop yields. Drought was
one of the causes of the decrease in the planted
area during the second half period in the Orino-
quia region (PRICCO 2017)

Water supply analyses showed excess water
(781-1361 mm) during the first half of the year
(April to July). This response was associated with
soil nature characterized by low infiltration ca-
pacity (Rivera and Amézquita, 2013) which gen-
erated surface runoff and waterlogging in poorly
drained soils. Research by Rhine et al., (2010) in-
dicated that soybean crop yields were affected by
soil water saturation for several consecutive days.
In Colombian Orinoquia soils, the same action
has been observed under high humidity condi-
tions, affecting the effectiveness of nitrogen-fix-
ing bacteria, delaying the crop cycle, and neces-
sitating additional nitrogen applications.

During the second half of the year (August to
December), short periods of water deficit occur
and are defined as an agricultural drought (Tian et
al., 2022). This refers to an abnormal drop in rain-
fall during the suitable crop growth period. These
conditions have been analyzed in the country at
a 1:9,000,000 scale and identify meteorological
and agricultural drought as a major problem in the
Colombian agricultural sector. The IDEAM study
revealed the presence of droughts intervals dur-
ing the rainy season, especially during the second
semiannual crop period in the Orinoquia region
(August to December). Research estimated water
consumption for soybean at 4.5 mm/day (Anda
et al., 2020); thus, exhausting soil water reserves
in 4 days is making necessary to use irrigation
systems to guarantee production. These results
revealed 20 days of soil drought conditions, so,
during this period, soil requires additional irriga-
tion, especially during the eight critical weeks
of the 2020b cycle. The savanna grasslands’
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advantage its adaptability to extreme drought and
wet conditions in the soils because the genotypes
temporarily tolerate the extreme conditions (Zi et
al., 2023). The frequency or amplitude of extreme
events reduces forage supply, but the 2010 rainy
season increased the productivity of forage crops
and grasslands (Beloni et al., 2018).

CONCLUSIONS

ENSO was found to have no effect on annual
rainfall within the study catchment area. The cor-
relation between ENSO periods and changes in
weather conditions was found to be an inappro-
priate parameter for use as a tool for agricultural
planning in the study zone.

The use of weekly analysis for crop water
supplies allowed the identification of an interme-
diate rainfall regime occurring between mono-
modal and bimodal, giving a realistic scenario of
precipitation dynamics during the rainy season at
the Orinoquia savanna sub-basins scale. This re-
search demonstrates the importance of meteoro-
logical information as an instrument to properly
plan for planting season production. The decrease
in annual rainy days indicates variations in the
frequency and intensity of precipitation, increas-
ing the probability of both extreme drought and
wet events influencing water supply variability
for crops in the sub-basin. This trend is higher
during the second half of the year. Short dry peri-
ods during the rainy season or isolated rains dur-
ing the dry season affect water management at the
individual farmer level as well as irrigation usage.

Intra-annual variability of precipitation in
the sub-basin shows a high-water supply (i.e.,
water excess) during the rainy sub-season of
April to July, but from August to November
(i.e., second rainy sub-season), rainfall more of-
ten reduces the risk of soil moisture deficits. The
present scenario prioritizes the implementation
of water availability strategies associated with
climate change or rainfall changes, supported by
meteorological and soil moisture information at
the individual farm level.

The implementation of a meteorological
network in the Llanos Orientales piedmont sub-
basins (similar to the Cafio Quenane sub-basin)
using rainfall gauges separated by 11 km allows
the identification of the spatial variability of annu-
al precipitation, thus reducing the climatological
risk for farmers and growers. This information is
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relevant for decision-makers at the Orinoquia re-
gion level and diminishes the risk associated with
drought periods. For the future research is conve-
nient to use permanent meteorological instrumen-
tation and the comparison with other methodolo-
gies such as ERAS and ERAS-Land Reanalysis,
CMIP5, CMIP6 and CORDEX climatological
projections, CHIRPS database, IMERG data. Gen-
eral Circulation Models (GCM), Coupled Models.
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