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Abstract: The impacts of climate change will not be homogeneous in all countries or between re-
gions within each country. Mapping projected changes in temperature and precipitation is crucial
for formulating region-specific agricultural adaptation measures. The spatial variation of projected
changes in temperature and annual precipitation for 1970-2000 and 2041-2060 in Venezuela was
analyzed using the WorldClim 2.1 data. Both variables have been analyzed in fourteen physio-
graphic regions that differ in climate, geology, geomorphology, soils, and land use. The results re-
veal that western regions experience higher temperature increases, while the regions located in the
east and center of the country are projected to experience greater decreases in rainfall. Likewise,
temperature and precipitation will increase from north to south. Thus, there are differences in how
different regions will be affected by variations in temperature and annual precipitation associated
with climate change. It is concluded that physiographic regions can be used as large spatial units to
plan future land use and design agricultural adaptation measures to climate change at the national
scale.

Keywords: agriculture; global climate models; precipitation change; temperature change; water
deficit; drought

1. Introduction

Climate change is one of the most pressing global challenges of our time. Some of the
principal repercussions of climate change in Venezuela are the rise of the air temperature
and the alteration of the country’s hydrological cycle, leading to more frequent and in-
tense droughts. Recent studies show that drought is a natural hazard that can cause severe
water shortages and can have a significant impact on agriculture [1-4], water resources
[5-7], and energy production [8]. Climate change impacts will differ throughout the Ven-
ezuelan territory [9-12]. The intensity and temporality of the effects will depend on the
current local climate [13,14]. However, information on the geographic distribution of cli-
mate change impacts in Venezuela is vague. There is no published information more
precise than a reference made to three broad regions (east, center-west, and west) to de-
scribe the potential impact of the change in the water regime on agriculture [9]. Knowing
the spatial distribution of the changes in temperature and precipitation associated with
climate change is crucial to determine the vulnerability of different regions of this country,
as well as to identify research needs and formulate geographically specific adaptation
measures. Fulfilling this need for information has two requirements. First, to map with
greater precision the geographic distribution of the projected impacts of climate change
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in Venezuela. Second, to associate these impacts to zones with particular physiographic
and geographic characteristics, which can be used to design specific adaptation policies
for each region.

Mapping the spatial distribution of the potential impacts of climate change in Vene-
zuela is hampered by the lack of reliable climate data, as the available meteorological net-
works have low spatial coverage, a high proportion of missing data, and records of short
duration [15-17]. On the other hand, current computing capabilities have allowed the cre-
ation of high-resolution (1 km) climate grids, such as the WorldClim model, over most of
the planet. These grids offer new options for climate mapping in data-deficient countries
such as Venezuela. They have been used to project climate change impacts on species of
agricultural and forestry interest [18-23]. However, there are doubts about the reliability
of the information provided by such grids, as spatial climate features supposedly unim-
portant at a 50 km scale are very important at a 1 km scale. For example, the importance
of coastal and relief effects on spatial climate patterns is low at 100 km scales but increases
below 10 km. Therefore, areas with significant terrain features and substantial coastal in-
fluence are difficult to map accurately [24]. The uncertainty of WorldClim data can be high
in mountainous regions and areas with a low density of weather stations due to short-
comings in the interpolation process [25,26]. That is why it is necessary to validate this
model before its application. However, many studies lack information on the validity of
the WorldClim data used as independent variables [27].

Based on a prior validation of WorldClim 2.1 for Venezuela [27], this study uses data
from this model to explore the spatial variation of the changes in annual temperature and
annual precipitation between 1970-2000 and 2041-2060. It then compares the results with
broad geographic units, called physiographic regions, to see if these can be useful as
frameworks for implementing adaptation measures to climate change. The results of this
study present an overview of the potential impacts of climate change across the country.

2. Materials and Methods
2.1. Study Area

Venezuela is between 73.4-59.8° W and 0.7-12.2° N in the north of South America
(Figure 1a). It has an extension of 916,445 square kilometers, of which approximately 44%
corresponds to mountains. Nearly 50% of the Venezuelan territory is under forest, 20%
under permanent pastures, 3% under temporary crops, and 1% under permanent crops.
Of the total national cultivated area, about 94% is rain-fed and 6% is irrigated. More than
90% of the population lives north of the Orinoco River, where there is most of the coun-
try’s productive development (Figure 1b). The country has a tropical climate, with a
rainier and warmer season from April to September and a cooler and drier season from
October to March. The intertropical convergence zone controls the precipitation regime,
except in the coastal region affected by tropical disturbances that occur off the coast of
northwest Africa. Likewise, subtropical fronts and tropical temperate troughs can favor
the occurrence of heavy rains inland at any time of the year [28,29]. Rainfall variability of
Venezuelan is a consequence of the country’s location in the intertropical zone, north of
the equator, with warm waters to the north and northeast (Caribbean Sea and Atlantic
Ocean), extensive humid-tropical forests to the south, and large mountain ranges to the
west and north [30,31]. In addition, the rainfall regime is also affected by the El Nifio-
Southern Oscillation (ENSO) phenomenon, whose cold phase (Nifia) is associated with
humid conditions above average. In comparison, its warm phase (Nifio) is related to drier
conditions [31,32]. Consequently, precipitation shows a high spatial and temporal varia-
bility, while air temperature is a slightly variable factor, characterized by horizontal ther-
mal gradients of small value and vertical gradients described in the climatic literature [27].



Hydrology 2023, 10, 96

3 of 18

Caribbean Sea d

Gulf of

Venezuela ‘ Atlantic

Ocean

Gulf of
Paria

(b)

Figure 1. Study area: (a) Geographical location, (b) Elevation range with brown denoting higher
terrain levels. Sources: (a) https://ia.wikipedia.org/wiki/Venezuela. (b) https://alearningfam-
ily.com/main/venezuela-physical-map. Colors in Figure 1b are as follows: blue = rivers and water
bodies; green = 0-500 meters above sea level (masl); light brown = 500-1000 masl; medium brown =
1000-2000 masl; dark brown =2000-5000 masl (accessed on 25 March 2023).

2.2. Climatic Data

This research compares climatic data of daily maximum and minimum temperatures,
annual maximum and minimum temperatures, annual mean temperature, and average
annual precipitation from the late 20th century (1970-2000) to the middle (2041-2060) of
the 21st century. These data were obtained from WorldClim 2.1 [23] in raster format (Ge-
oTiff files) with a spatial resolution of 30” (~1 km?).

This research used annual precipitation and temperature estimates instead of
monthly values, based on a previous evaluation of historical precipitation data generated
by WorldClim 2.1. This evaluation statistically compared the WorldClim estimates with
data from 185 weather stations and concluded that the monthly precipitation estimates do
not reflect Venezuelan conditions. However, the annual precipitation estimates showed a
low error rate and high efficiency, so they can be used as independent variables in envi-
ronmental studies [27].

WorldClim 2.1 includes surfaces of historical data from 1970 to 2000 [33]. These data
have been produced by interpolation between weather stations, and adjusted with
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information from satellite images and other sources [18]. It also contains future climate
data projected by different general circulation models from the CMIP6 (Coupled Model
Intercomparison Project Phase 6). Such future data have been grouped into annual aver-
ages, for 20-year periods, from 2021 to 2100 [34].

This study used data with a spatial resolution of 30”(~1 km?) because this spatial res-
olution is more appropriate to show the spatial variation of the climatic variables in a
country of the dimensions of Venezuela. However, the original data have a coarser reso-
lution that has been transformed by means of a downscaling process. Consequently, the
finer resolution does not imply greater realism of the data. The procedure used to
downscale the data is explained in [35].

The future data used in this study are climatic projections produced by the general
circulation model MPI-ESM1.2-LR (Max Planck Institute Earth System Model) [36] with
the SSP3-7.0 scenario. This model is the version of the MPI-ESM model in the Coupled
Model Intercomparison Project Phase 6 (CMIP6). The MPI-ESM-LR was one of the four
CMIP5 models that showed the best fit for temperature and precipitation in Venezuela
[36]. Rainfall and temperature data from this model were utilized to study the oceanic
influence on precipitation in Venezuela [37]. In addition, an exploratory evaluation in
some locations in Venezuela placed the quality of the estimates of the MPI-ESM-LR in first
place among those of nine general circulation models [38].

CMIP conducts periodic comparisons of model climate projections produced by dif-
ferent climate modeling groups around the world. To this aim, it considers alternative
scenarios of future emissions and land-use changes. Scenarios included in CMIP6 embody
distinct shared socioeconomic trajectories (SSP) and additional radiative forcing due to
atmospheric concentrations of greenhouse gases for the 21st century. The SSP3-7.0 sce-
nario supposes a societal development pathway in which policies increasingly focus on
national and regional security issues. Nationalism and regional conflicts relegate global
matters to the background. Investment in education and technological development de-
creases and inequality increases. This scenario assumes an additional radiative forcing of
7 W/m? by the year 2100 [39,40].

2.3. Regionalization

This study attempts to map the changes in annual temperature and precipitation,
between 1970-2000 and 2041-2060, by grids with a spatial resolution of approximately 1
km?. In addition, it aims to establish whether the spatial variation of these changes can be
related to broad geographic units, which could serve as frameworks for planning climate
change adaptation strategies. For this purpose, we compared the spatial variation of the
predicted changes in these climatic variables with the map of physiographic regions pro-
posed by Elizalde et al. [41] (Figure 2). However, the “Coastal Plains” region was excluded
because it consists of a set of small polygons, often smaller than the minimum mappable
area with the spatial resolution of this study. Tables A1-A3 briefly describe the physio-
graphic regions used in this study.
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Figure 2. Physiographic regions of Venezuela modified from Elizalde et al. [41].

2.4. Data Analysis

The study used QGIS 3.22.5 [42] and R Studio 2022.12.0 [43] for data management
and analysis. We used the entire population of pixels to compare the projected tempera-
ture and precipitation variations between physiographic regions. For this purpose, we ap-
plied a spatial analysis procedure known as zonal statistics, which included all the pixels
in every region.

In addition, we extracted a random sample of 2100 pixels (150 per region) to deter-
mine whether differences between physiographic units were statistically significant at
95% probability. For this purpose, we applied the non-parametric Kruskal-Wallis test [44]
because the sampled values did not meet the assumptions of a Gaussian distribution and
homogeneity of variances.

The Kruskal-Wallis test is a non-parametric hypothesis test that ranks all physio-
graphic regions separately. If the null hypothesis is rejected (not all ranks are significantly
different), we perform a post hoc analysis using the Nemenyi pairwise comparison test to
identify which physiographic regions differ. The Nemenyi test calculates a mean rank for
each physiographic region. If the rank difference between a pair of physiographic regions
is greater than or equal to a critical distance (CD), these two regions are significantly dif-
ferent from each other [45, 46]. The critical distance is calculated as follows:

k(k + 1)

CD =
a“ 6n

where n represents the total number of compared pixels, k represents the number of phys-
iographic regions, and qa is a critical value based on a Studentized range statistic foe a =
0.05.

3. Results
3.1. Temperature

Results in Table 1 show that the MPI-ESM1-2-LR model, with the SSP3-7.0 scenario,
projects an increase of 0.9 °C on average in annual mean temperature in Venezuela be-
tween 1970-2000 and 2041-2060. This temperature increment will vary from 0.1 °C in the
Falcon-Lara mountains (region 8) and the Eastern-coastal range (region 10) in the extreme
north of the country to 2.4 °C in the Casiquiare shield (region 14) in the extreme south.



Hydrology 2023, 10, 96

6 of 18

Figure 3a shows that the mean annual temperature will gradually increase from about 1%
in the country’s north to 9% in the south, with an intermediate fringe where the tempera-
ture will augment 4% to 5% (Figure 3a). Consequently, the physiographic regions in the
middle and west of the country tend to be internally more heterogenous (Figure 3b and
Table 1). However, the variation within these regions is not entirely random; instead, it
appears to conform to predictable spatial patterns that can help to divide those regions
into more homogeneous units.

In addition to the spatial variation related to latitude and longitude, the projected
increment of the mean annual temperature will tend to be higher on the top of the moun-
tain ridges than in the lower lands, as can be seen in Figure 3b (see, for instance, the phys-
iographic unit 7: Andes and Perij4).

The Kruskal-Wallis non-parametric test confirms that, from a statistical point of
view, the projected rises in mean annual temperature differ significantly (p = 0.05) between
physiographic regions. Moreover, Table 2 presents the results of the Nemenyi test for com-
parison between pairs of these regions. This test transformed temperature values into
mean ranks and determined a critical distance between them according to the probability
level chosen (1.62 at p = 0.05). Physiographic regions are significantly different if the dis-
parity between their mean ranks is greater than the critical distance [46]. Based on the
results of this test, the physiographic regions can be grouped into five sets (region a to
region e). Some physiographic units are transitional between adjacent groups. These re-
sults confirm that the projected elevation in mean annual temperature in the southern
section of the country (physiographic regions 14, 11, 13, and 12) and the western (region
2) and central plains (region 3) will be significantly greater than in the rest of the country.

Table 1. Projected variation of annual mean temperature (°C) between 1970-2000 and 20412060
by physiographic regions.

. o Number 1970-2000  2041-2060 Variation Variation
Physiographic Regions of Pixels O (%)
°C °C Mean stdv Mean stdv

1 Lake-Maracaibo depression 38,110 28.0 28.5 0.5 0.26 1.7 1.0
2 Western plains 148,880 27.2 28.9 1.6 0.38 6.0 1.3
3 Central plains 74,328 27.0 28.2 1.2 0.29 44 1.0
4 Unare depression 24,143 26.4 27.2 0.8 0.21 3.0 0.8
5 Eastern plains 63,172 26.7 27.2 0.5 0.35 1.9 1.2
6 Orinoco-deltaic region 36,131 26.4 26.7 0.3 0.18 1.0 0.7
7 Andes and Perija 50,289 20.3 21.0 0.7 0.31 3.4 3.9
8 Falcdn-Lara mountains 50,913 25.2 25.4 0.1 0.31 0.5 14
9 Central-coastal range 43,244 24.0 24.5 04 0.38 1.7 2.0
10 Eastern-coastal range 15,880 23.7 24.1 0.1 0.23 0.5 1.6
11 Infrusive Amazonian 137,974 25.7 27.7 2.0 045 79 2.0
shield
12 Guiana shield 170,477 25.8 26.8 1.1 0.53 4.1 2.2
13 Ancient Roraima basin 69,978 23.4 248 1.4 0.39 6.0 1.8
14 Casiquiare shield 131,622 26.2 28.5 24 0.24 9.2 1.0
Mean 25.4 26.4 0.9 3.7
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Figure 3. Map of percent of variation of the mean annual temperature between 1970-2000 and 2041—
2060 in Venezuela, with the boundaries of the physiographic regions numbered as in Table 1.

The projected percentage increase in daily minimum and maximum temperature var-
ies between near 0% and 75% (Figures 4 and 5). This range of variation is considerably
higher than for the average annual temperature (0.5% to 9%). Changes in minimum and
maximum temperatures show different patterns of spatial variation (Figure 4). On the one
hand, the minimum daily temperature will increase in the south of the country but will
decrease in the north, particularly in some mountainous areas (Figure 4). On the other
hand, the projected maximum daily temperature will increase in more than half of the
country, including the south, the western plains, the western central plains, the Andes and
Perija, and part of the Cordillera de la central coast (Figure 5).

Table 2. Mean ranks (MR) computed by the Nemenyi test to the projected increases in annual mean
temperature for the different physiographic regions.

Physiographic Regions MR MR + CD Label
1 Lake-Maracaibo depression 2.41 4.03 a
2 Western plains 2.55 417 a
3 Central plains 3.17 4.79 ab
4 Unare depression 4.68 6.3 b
5 Eastern plains 4.77 6.39 b
6 Orinoco-deltaic region 6.31 7.93 bc
7 Andes and Perija 7.32 8.94

8 Falcon-Lara mountains 7.32 8.94

9 Central-coastal range 8.33 9.95 cd
10 Eastern-coastal range 9.43 11.05 d
11 Intrusive Amazonian shield 10.74 12.36 de
12 Guiana shield 11.57 13.19 e
13 Ancient Roraima basin 12.74 14.36 ef
14 Casiquiare shield 13.55 15.17 f

Note: Critical distance (CD) = 1.62, for a significance level of 5%. Differences are statistically signifi-

cant only between physiographic regions labeled with different letters.
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The projected percentage increase in daily minimum and maximum temperature var-
ies between near 0% and 75%. This range of variation is considerably higher than for the
average annual temperature (0.5% to 9%). Changes in minimum and maximum tempera-
tures show different patterns of spatial variation (Figures 4 and 5). On the one hand, the
minimum daily temperature will increase in the south of the country but will decrease in
the north, particularly in some mountainous areas (Figure 4. On the other hand, the pro-
jected maximum daily temperature will increase in more than half of the country, includ-
ing the south, the western plains, the western central plains, the Andes and Perija, and
part of the Cordillera de la central coast (Figure 5).

Daily Minimum
Temperature Variation

75%
-5%

N

A

0 100 200 300 km
T

Figure 4. Maps of projected changes in daily minimum temperature between 1970-2000 and 2041—
2060 in Venezuela, with the boundaries of the physiographic regions numbered as in Table 3.

Table 3. Projected variation of annual precipitation by physiographic region between 1970-2000 and
2041-2060.

. o Number 19702000 2041-2060 Variation Variation

Physiographic Regions of Pixels mm %
mm mm Mean stdv Mean stdv
1 Lake-Maracaibo depression 38,612 1429 1398 =31 18.1 -3 1.6
2 Western plains 148,959 1790 1758 -32 77.5 -2 4.1
3 Central plains 74,328 1278 1157 -121 23.3 -10 1.8
4 Unare depression 24,143 1070 961 -109 42.5 -10 1.9
5 Eastern plains 63,172 1174 1045 -129 54.3 -11 2.7
6 Orinoco-deltaic region 36,652 1705 1511 -194 70.5 -12 3.6
7 Andes and Perija 50,554 1357 1294 -63 274 -5 2.1
8 Falcén-Lara mountains 51,209 845 784 -61 19.1 -7 24
9 Central-coastal range 43,665 1137 1027 -110 20.7 -10 1.1
10 Eastern-coastal range 17,439 1141 1078 -63 76.6 -5 3.8
11 Intrusive Amazonian shield 140,028 2435 2359 76 67.2 -3 25
12 Guiana shield 172,857 2021 1828 -193 76.5 -10 2.8
13 Ancient Roraima basin 70,482 2307 2076 -231 100.1 -10 3.2
14 Casiquiare shield 134,848 2956 2970 14 61.5 0 2.0
Mean 1618 1518 -100 -3
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Figure 5. Maps of projected changes in daily maximum temperature between 1970-2000 and 2041—
2060 in Venezuela, with the boundaries of the physiographic regions numbered as in Table 3.

3.2. Precipitation

According to the MPI-ESM1-2-LR model with the SSP3-7.0 scenario, the annual mean
precipitation in Venezuela will decrease by 100 mm on average between 1970-2000 and
2041-2060 (Table 3). The rainfall reduction will vary across the country from around 200
mm in the physiographic regions 6 (Orinoco-deltaic region), 12 (Guiana shield), and 13
(Ancient Roraima basin) to less than zero in the physiographic unit 14 (Casiquiare shield),
where the model projects a slight increment of 14 mm.

Figure 6 and Table 3 reveal that the annual rainfall will decline by around 10% in
most of the east and north of the country, while in the west and south, it will drop by 2%
to 6%. The figure also shows that the physiographic regions reasonably describe the spa-
tial variation in the projected changes in annual mean precipitation. Moreover, the Krus-
kal-Wallis non-parametric test verifies that the projected precipitation decline differs sig-
nificantly (p = 0.05) between physiographic regions. However, as the spatial variation is
gradual, the rainfall reduction changes between and within regions. Thus, the internal
differences in rainfall shrinkage between pixels in the same physiographic unit range from
8% to 20%, but Figure 6 shows spatial trends that can help model this within-region vari-
ation.
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Figure 6. Map of projected changes in annual mean precipitation (mm) between 1970-2000 and
2041-2060in Venezuela, with the boundaries of the physiographic regions numbered as in Table 4.

The results of the Nemenyi test (Table 4) reveal the existence of five groups of physi-
ographic regions significantly different from each other (p =0.05), concerning the projected
reduction in precipitation. The first group includes regions 13 (Ancient Roraima basin), 6
(Orinoco-deltaic region), and 12 (Guiana shield), which will suffer the most considerable
reduction in precipitation. The second group includes regions 5 (Eastern plains), 3 (Cen-
tral plains), 9 (Central-coastal range), and 4 (Unare depression), which will experience an
intermediate reduction. Finally, the third group includes all other physiographic regions
in which the decrease in precipitation will be smaller.

Table 4. Mean ranks (MR) computed by the Nemenyi test to the projected decreases in annual mean
precipitation for the different physiographic regions.

Physiographic Regions MR MR + CD Label
1 Lake-Maracaibo depression 2.93 4.55 a
2 Western plains 3.21 4.83 a
3 Central plains 3.49 511 a
4 Unare depression 5.43 7.05 b
5 Eastern plains 5.77 7.39 b
6 Orinoco-deltaic region 6.14 7.76 b
7 Andes and Perija 6.56 8.18 b
8 Falcon-Lara mountains 8.63 10.25 c
9 Central-coastal range 8.71 10.33 c
10 Eastern-coastal range 9.54 11.16 cd
11 Intrusive Amazonian shield 9.76 11.38 cd
12 Guiana shield 10.7 12.32 de
13 Ancient Roraima basin 11.87  13.49 ef
14 Casiquiare shield 1246  14.08 f

Note: Critical distance (CD) for a significance level of 5%. = 1.62. Differences are statistically signifi-
cant only between physiographic regions labeled with different letters.
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4. Discussion

This study models the spatial variation of the projected changes in annual tempera-
ture and annual precipitation between 1970-2000 and 2041-2060 in Venezuela as continu-
ous surfaces of one square kilometer cells. Such models show that the projected changes
in precipitation and temperature will vary throughout the Venezuelan territory, which
confirms observations by other authors [1,6,7,9-11] regarding the spatial variation of cli-
mate change impacts in this country. According to the MPI-ESM1-2-LR model projections
with the SSP3-7.0 scenario, between 1970-2000 and 2041-2060, the mean annual tempera-
ture will increase by a relatively small proportion (about 1%) in northern Venezuela. This
increase will grow progressively in a north-south and east-west direction to reach about
9%. The projected increase in mean annual temperature will also tend to be greater at the
top of the mountain ranges than in the lowlands. The temperature increase will be more
uniform in the north and south physiographic units than in the central and western re-
gions. Among the latter, the central plains (region 3), the western plains (region 2), and
the Andes (region 7) stand out for their agricultural importance. The mean annual precip-
itation will decrease by 10% to 12% (100 to 200 mm per year) in the east and north of
Venezuela and 3% or less in the south, west, and northwest. According to the model, there
could be a slight increase in average annual precipitation in the Casiquiare shield (region
14) in the extreme south. The spatial variability of the projected annual precipitation
changes will be greater in some regions than others. Among the regions with considerable
internal variability, it is worth mentioning the eastern plains (region 5), the central plains
(region 3), the western plains (region 2), and the Andes (region 7). A large part of the
country’s agricultural production occurs in these regions.

The study’s results reveal that there are spatial relationships between the projected
changes in precipitation and temperature throughout the country and the physiographic
regions proposed by Elizalde et al. [41]. These regions delimit areas based on solid com-
ponents of the landscape (rocks, regolith, sediments, and soils) that are less variable in
time and space than climate, biota, and the results of human activities [41]. Therefore, such
regions are potentially stable frameworks for decision-making on climate change adapta-
tion measures at a national level tailored to geographic specificities. However, the contin-
uous surfaces of cells show some variation in the projected precipitation and temperature
changes within the physiographic regions. Consequently, the physiographic regions will
require further division for designing climate change adaptation measures at more de-
tailed geographic levels. The within-region variation shows spatial patterns that can help
to model it for such a purpose.

The increase in temperature in Venezuela could cause damage to biodiversity and
agricultural production, as well as hurt human health, due to an increase in heat-related
diseases [47,48]. Likewise, rising temperatures can increase heat waves’ frequency and
severity, leading to crop loss or reduced yields [49-51]. The impact of temperature change
in the western and central plains on crops, cattle, and field workers is a matter of concern
for the agricultural importance of these regions. In extensive areas of these plains, the pro-
jected values for daily maximum temperature (34 °C) are higher than the critical limits for
some commuon species cultivated in Venezuela, such as maize (Zea mays L.), the common
bean (Phaseolus vulgaris L.), and cocoa (Theobroma cacao L.) [50].

On the other hand, the alteration of the country’s hydrological cycle could have a
significant impact on agriculture, as well as on water resources and energy production
[8,46]. In addition, changes in rainfall patterns can also lead to increased pest and disease
pressure, damaging crops and reducing yields [51]. Our results project that the mean an-
nual rainfall will decrease by more than 100 mm in the physiographic regions Orinoco-
deltaic region, Eastern plains, Unare depression, and the east of the central plains. These
results coincide with the findings reported on meteorological droughts in agricultural ter-
ritories of the central plains [52-54]. This precipitation reduction will probably be associ-
ated with a higher risk of sequences of dry days during the rainy season, which is already
a limitation for rain-fed crops in these regions.
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Thus, in the north half of the country, the eastern plains will experience more precip-
itation decreases but less temperature increases than the western plains. Moreover, the
Lake Maracaibo depression, in the country’s northwest, will also be affected by tempera-
ture increases and precipitation decreases, but with fewer changes than the other plains.
Consequently, each region needs different specific measures to adapt to climate change.

The increment in annual mean temperature in the Andes and Central coast ranges will
be greater than in the Eastern-coastal range and the Falcdn-Lara mountains. Daily minimum
and maximum temperature changes will be similar in the different mountain ranges north
of the Orinoco River. Likewise, a greater decrease in annual precipitation is projected in the
Central-coastal range than in the other mountain ranges. However, it should be kept in mind
that the uncertainty in precipitation data in WorldClim is larger in mountainous areas due
to spatial variability and imperfections in the interpolation [18,55].

In the southern part of the country, the intrusive Amazonian shield and the Casiqui-
are shield will experience higher temperature increases than in the rest of the country.
Likewise, the precipitation in the Guiana Shield and the Ancient Roraima basin will de-
crease to a greater extent than in the rest of the country. The area potentially affected by
this decrease in precipitation covers an extensive sector of the Caroni River basin, which
could impact the endemic species of this region and trigger forest fires. It could also seri-
ously impact the water inflow to the Bajo (Lower) Caroni hydroelectric reservoirs, includ-
ing the Guri one, which supplies about 70% of the national electricity demand [56,57].

The projected temperature and precipitation changes will likely modify agroclimatic
conditions and land-use suitability in some of the regions analyzed [58-60]. This, in turn,
will lead to transformations in Venezuela’s agricultural production systems and in the use
of rural spaces. Climate change may also have important economic and social implica-
tions. The impacts on agriculture could increase food insecurity, the loss of biodiversity
could affect the tourism industry, and the increase in temperature could generate higher
energy consumption [61]. Venezuela’s vulnerability to climate change impacts is high. The
country has a high level of poverty and part of its population is engaged in agriculture and
fisheries [62], which are sectors particularly vulnerable to climate change impacts [63-65].
For these reasons, it is important to consider projected variations in temperature and pre-
cipitation due to climate change when making decisions about economic and social devel-
opment and environmental protection in Venezuela.

This study’s findings have significant academic, scientific, and technical potential, as
they provide valuable information that can be used to inform decision-making around
climate change adaptation and mitigation in Venezuela. Here, it is necessary to insist on
the exploratory nature of these results given the uncertainty of the data, especially in
mountainous and near-coastal areas. Further research is needed to understand the full
implications of the study, as well as to identify potential solutions and strategies for manag-
ing climate change in the country. The novelty and originality of this research lie in its com-
prehensive approach to the issue, which provides a detailed overview of the expected tem-
perature and precipitation changes across the country. Additionally, the results of the re-
search have the potential to have a major impact on the lives of Venezuelans, as the findings
can inform strategies for adapting to and mitigating the impacts of climate change.

5. Conclusions

Geospatial data analysis made it possible to represent the spatial variation of the
changes in annual precipitation and temperature projected for 2041-2060, as continuous
surfaces of one square kilometer cells. This analysis also revealed spatial relationships be-
tween a vectorial model of physiographic regions and the projected changes in annual
temperature and precipitation throughout the country. These regions delimit potentially
useful areas as stable frameworks for national decision-making on geographically specific
climate change adaptation measures.

The temperature increases in the western lowlands (Western plains and west of the
Central plains) will be higher than in the eastern lowlands (Orinoco-deltaic region, Eastern



Hydrology 2023, 10, 96

13 of 18

plains, Unare depression, and east of the Central plains). In contrast, the eastern lowlands
will suffer a greater reduction in precipitation than the western lowlands. On the other
hand, the Lake Maracaibo depression will suffer a minor increase in temperature and a
smaller decrease in precipitation than the other plains located north of the Orinoco River.

Among the mountain ranges north of the Orinoco River, the Andes will experience
the most significant increases in annual minimum and maximum temperatures. In con-
trast, the Central-coastal range will suffer the most significant decreases in total annual
rainfall. In addition, the increase in annual mean temperature in the Andes and the Cen-
tral-coastal range will be higher than in the Eastern-coastal range and the Falcon-Lara
mountains. Nationwide, the intrusive Amazonian shield and the Casiquiare shield will
experience the highest temperature increases, while the Guiana shield and the Ancient
Roraima basin will experience the largest precipitation decreases.

The described differences between the physiographic regions corroborate that each
region needs different specific measures to adapt to climate change. However, this study’s
results are subject to uncertainties in the input data, especially in mountainous and near-
coastal areas. Therefore, they are working hypotheses that should be tested locally.

Climate change is expected to have significant impacts on biodiversity and water re-
sources in the south of the state of Bolivar and Amazonas in Venezuela. One potential
impact of climate change on biodiversity is the loss of habitat. As temperatures increase,
many species may be forced to migrate to find suitable habitat, while others may not be
able to adapt to the changing conditions and may face extinction. This could have ripple
effects throughout the ecosystem, disrupting food webs and altering the composition of
species in the region.

Overall, Venezuela is particularly vulnerable to changes in temperature and precipi-
tation patterns associated with climate change. However, it is essential to ensure that the
factors responsible for environmental changes in different regions are accurately identi-
fied to implement the appropriate interventions. Therefore, it is crucial to conduct more
in-depth regional scientific studies to determine whether climate change is the sole cause
of environmental changes or if other factors are contributing. Conducting detailed studies
can provide valuable insights into the specific causes of environmental changes, enabling
policymakers and stakeholders to implement targeted interventions that address the root
causes of the problem. Ultimately, regional scientific studies are essential for developing
comprehensive strategies to combat climate change and ensure the sustainable use of nat-
ural resources.
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Appendix A

Table A1. Physiographic regions of the plains north of the Orinoco River according to Elizalde et al.
[43].

Physiographic Regions Description
It is a tectonic subsidence filled by sedimentary rocks and Quaternary sediments with altitudes
ranging from 0 to 500 m above sea level (masl). The predominant relief configurations are the

Lake Maracaibo Maracaibo plateau and alluvial plains. Precipitation increases from <500 mm/yr in the north to

depression 3550 mm/yr in the southwest. The distribution of the vegetation responds to the precipitation
pattern. The variability of climate, relief, parent materials, and age determine a wide diversity
of soils.

These flat and low areas encompass different combinations of fluvial plains and some eolian
plains of the Holocene and Upper Pleistocene. The dominant elevation is 100 masl but can vary
between 500 and <50 masl. Drainage routes flow south—southeast or eastward. Part of the re-
gion is well-drained. Drainage is poor towards the center and southeast of the region, with fre-
quent flooding. Precipitation rises from east to west and from north to south. Vertical and hori-
zontal variability of soils is significant.
They correspond to undulating erosion plains of low hills with gently sloping convex tops, sep-
arated by very open inter-collinear depressions. The difference in elevation between the tops
and the bases of the hills ranges between 50 and 80 m. The average altitude of the region is <250
Central plains masl. The predominant rocks are sedimentary, aged between the Upper Cenozoic and Pleisto-
cene. Stony, shallow, acidic soils predominate in the hills, while deep, fine, acidic soils predomi-
nate in the valleys. In the south, there is an area of sandy dunes alternating with poorly drained
depressions.
They have a topography of low mesa, with flat or undulating tops and heights less than 350
masl, formed on horizontal sedimentary layers of the Mesa Formation (Pleistocene). Boxed val-
leys of variable width and less than 50 m depth are between the mesas. Well-drained sandy
soils dominate the mesas with increasing clay content at depth and low moisture retention, as
well as being acidic with deficient nutrient and organic matter content. In the valleys, the soils
are more fertile and have high spatial variability, with poor drainage in some areas.
It resulted from the erosion of Tertiary clayey sedimentary rocks alternating with sandstones.
The topography consists of hills, with denudation surfaces and accumulations of sediments
from the slopes between the hills. The average altitude is about 150 masl. The soils are predomi-
nantly deep, well-drained, clayey, and cracked when dry.
It includes the Orinoco Delta and the plain of the San Juan River in the country’s extreme east.
The topography is flat and low (<15 masl). Drainage is poor, conditioned by topography, rain-
fall, the rivers that cross the region, and the Atlantic Ocean and the Caribbean Sea tides. On the
Orinoco-deltaic surface, there are recent mineral sediments rich in clay, silt, and organic matter, alternating
region with organic sediments (peat) that are not very decomposed. The predominant vegetation is
mangroves, and swamps in the areas are influenced by the tides, while forests and grasslands
dominate where fresh water accumulates. The soil is recent and rich in organic matter, and
those affected by tides contain iron sulfide (pyrite).

Western plains

Eastern plains

Unare depression

Table A2. Physiographic regions of the mountain range north of the Orinoco River according to
Elizalde et al. [43].

Physiographic Regions Description
Its predominant configuration comprises medium and high mountains and deep valleys, with
narrow or wide bottoms filled with sediments arranged in terraces. The average altitudes are
2000 to 3000 masl, with maximum altitudes close to 5000 masl. It presents a folded geological

Andes and structure. The central core consists of metamorphic rocks (gneisses and schists) and granites of

Perija the Precambrian and Paleozoic; the flanks are composed of Tertiary rocks. Annual precipitation
varies from less than 400 mm to more than 2000 mm, and annual mean temperature varies from
#0° C at the highest peaks to +24° C at the lowest sites in the region. Due to the variability of the
factors described above, there is a great diversity of soils.

Falcén-Lara These are low and medium mountains, with narrow V-shaped or wide intra- and inter-mountain

mountains valleys filled with alluvial and colluvial sediments arranged in terraces. The average heights of




Hydrology 2023, 10, 96 15 of 18

the mountains vary between 1000 and 1500 masl and the valley bottoms are between 600 and 900
masl. The oldest rocks in the region are metamorphic and belong to the Mesozoic, but those that
cover more extension are Cenozoic rocks with folded, fractured structures, and incipient meta-
morphism.

They are mountain ranges of medium and low altitudes, separated by intra- and inter-mountain
V-shaped valleys with narrow bottoms and valleys with wide bottoms filled with sediments often
arranged in terraces. In addition, it contains tectonic depressions filled with sediments, such as

Central-coastal the Lake Valencia depression and Barlovento. It extends approximately 300 km east-west and 100
range km north-south. The average altitude is between 1000 and 1200 masl and the maximum altitude

Eastern-coastal

is higher than 2700 masl. There are Paleozoic rocks in the region, but the most extensive and rep-
resentative units consist of Mesozoic metamorphic rocks. There is a wide diversity of soil prod-
ucts from variations in climate, vegetation, relief, parent materials, and time of evolution.

It corresponds to the mountainous and hilly reliefs found in the northeastern portion of the coun-
try, made up of low- and medium-altitude mountain ranges, intra- and inter-montane V-shaped
valleys with narrow bottoms and tectonic depressions filled with sediments. It extends for about
300 km in an east-west direction and approximately 100 km in a north—south direction. The aver-

range age altitudes range between 1200 and 1400 masl above sea level and the maximum altitudes reach
2500 to 2600 masl. Metamorphic and sedimentary rocks from the Mesozoic are predominant, and,
as in the other mountainous areas, there is a wide diversity of soils.
Table A3. Physiographic regions south of the Orinoco River according to Elizalde et al. [43].
Physiographic Regions Description

Intrusive Amazonian shield

Guiana shield

Its physiography is variable, including mountains, plateaus, and erosion plains. Acid intrusive
rocks of Precambrian age (>2000 million years old), such as granite and granodiorite, are predom-
inant. The dominant vegetation covers are evergreen forests and wooded savannas. Soils are
strongly acidic with poor fertility.

It consists of peneplains formed by hills and hillocks, whose predominant rocks are gneisses and
granites of the Precambrian age. The vegetation cover varies from wooded savannas and decidu-
ous forests to evergreen forests. Prevalent are strongly weathered soils that are acidic, poorly fer-
tile, and well-drained.

It comprises various discontinuous highlands, including the “Gran Sabana”, and some elevated

Ancient Roraima plateaus or tepuis of a tabular and practically horizontal structure formed by sedimentary rocks
basin of the Roraima Group. They are remnants of an ancient Precambrian basin. Predominant soils

have low humidity retention and scarce nutrient availability.
It is south of the 4th parallel. It consists predominantly of plains and peneplains of erosion or al-

Casiquiare shield teration derived from Precambrian migmatites, gneisses, and granites. The soils are strongly

weathered, acidic, and poorly fertile.
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