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ARTICLE INFO ABSTRACT

Keywords: Climate change is a global concern, and its impact on environmental variables such as temper-
Sechura desert ature and annual precipitation is unknown spatially in the desert, andes, and rainforest ecor-
Paramo

egions of Peru, Ecuador, and Colombia. In this study, we conducted a general review of climate
drivers for South America (SA) and explored climate data using the GCM compareR package
(General Circulation Models) and average ensembles for temperature and precipitation. Our re-
sults showed that all GCMs demonstrated increases in the annual mean temperature (BIO1) and in
the mean temperature of the driest quarter (BIO9) for Peru, Ecuador, and Colombia for 2050 in
three RCPs (2.6, 4.5, and 8.5). Also, most of the GCMs showed increases in the annual precipi-
tation (BIO12) and the precipitation in the driest quarter (BIO17). We conducted non-parametric
tests (Kruskal-Wallis Test) to assess if the medians of temperature and precipitation in the three
ecoregions are equal for both the baseline and the climate change scenarios. We rejected the null
hypothesis that the medians are equal for both temperatures and precipitation in the baseline vs.
2050 RCPs (2.6, 4.5, and 8.5). A spatial analysis was conducted to visualize the variations in
temperature and precipitation between the RCPs versus the baseline, and the spatial variation at
the country or ecoregion level can be observed. The annual mean temperature (°C) or annual
precipitation (mm) divided by its standard deviation for each ecoregion (M metric) was analyzed
to see how much the average temperature or the annual precipitation is relatively large compared
to the variability or dispersion of temperatures or precipitation respectively; the average tem-
perature and the annual precipitation for the baseline and the three RCPs are relatively large and
associated with the variability or dispersion of their temperatures in the Napo moist forest
compared to the other ecoregions. Our study provides important insights into the potential im-
pacts of climate change on these ecosystems. Prospects in the Napo moist forest ecoregion, where
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significant changes in temperature and humidity have already occurred, and new species have
invaded or evolved in the western Amazon rainforest, are particularly highlighted and reflected in
terms of risk mitigation, ecosystem restoration, surveillance, and monitoring.

1. Introduction

The Earth’s climate has warmed, and precipitation regimes have changed over the last 100 years [1]. Alarming consequences of
climate change on biodiversity have been suggested. It was mentioned that in the next century, many plants and animals will become
extinct [2]. Climate change may have effects on different levels of Biodiversity, such as Genetics, Physiology, Phenology, Dynamics,
Distribution, Interspecific Relationships, Community Productivity, Ecosystem Services, and Biome Integrity [3].

Latin America is home to a large concentration of plant and animal species and is estimated to be home to one-third of the world’s
terrestrial biodiversity [4]; it was also found that 43 % of all tree species on Earth are found in South America (SA) and that 40 % of the
world’s undiscovered tree species are found there [5].

The greatest risks of species extinction because of climate change are in South America, Australia, and New Zealand [6]. and the
risks of species extinction due to climate change are not only expected to increase but to accelerate as global temperatures rise and
changes in rainfall patterns [7]. Climate change is a statistically significant variation in the average state of the climate or its vari-
ability, which persists for a prolonged period (decades or more), and its origin may be due to internal natural processes or external
factors, such as persistent changes in the atmosphere or land use [8,9]. These changes have been observed over the past 30 years,
patterns of temperature, precipitation, humidity, and other environmental variables influencing flora, fauna, ecosystems, ecoregions,
and biomes [9-11]. Research has reported the interaction of vegetation dynamics, sea surface temperature anomalies, and climate over
time, making it important to understand these changes in the ecoregions of South America [12], and the use of remote sensing can
complement temperature and precipitation data obtained from meteorological stations. For example, one study analyzed vegetation
and climate dynamics in Italy between 2000 and 2021 using NDVI, LST, land cover, and precipitation data from MODIS [13]. Similarly,
spatiotemporal changes in land surface temperature were analyzed in ecoregions of South Asia using MODIS data (2000-2021),
revealing more intense diurnal cooling, nocturnal warming, and the influence of atmospheric oscillations [14].

Thus, in 1988, the Intergovernmental Panel on Climate Change (IPCC) was created to facilitate comprehensive assessments of
climate change, its causes, potential impacts, and response strategies [15]. The first Assessment Report of the IPCC was completed in
1990. It provided the basis for the United Nations Framework Convention on Climate Change (UNFCCC), which included the 1990
IPCC Scenario A (SA90) and the 1992 IPCC Scenarios (IS92) were used in the Special Report on Emissions Scenarios (SRES) in 2000, in
the Third Assessment Report (TAR) in 2001, and in the Fourth Assessment Report (AR4) in 2007 [16].

Then, the Fifth Assessment Report (AR5) on Climate Change was published between 2013 and 2014 where the IPCC chose to use
scenarios developed by the scientific community, and four scenarios were elaborated, called Representative Concentration Pathways
(RCPs), these represent different GHG emissions trajectories and are named according to the forced radiation they are expected to
cause in the atmosphere in 2100 and are measured in W/m? and these are RCPs 2.6. 4.5, 6.0, and 8.5 [17,18], and the lowest trajectory
represents 2 °C above pre-industrial levels, and the highest trajectory is 8.5, which corresponds to a global warming of 4.5 °C or more
above pre-industrial levels. In 2016, the first publications on Shared Socioeconomic Pathways (SSPs) were launched, and thanks to
these, the IPCC’s Sixth Assessment Report (AR6) on climate change was published in 2021 [19].

As computational systems have advanced, more regional or local analyses are now possible. For example, there are IPCC climate
reference regions for subcontinental analysis of climate model data for South America, where they indicate that for RCP 8.5
(2081-2100), a temperature increase of greater than 4 °C is expected compared to 1986-2005 [11]. The proportion of extremely warm
DJF days was observed to have at least doubled in recent decades in northern South America; less significant increases were observed
in southern South America [20] Also, in future projections for 2010-2040 and 2070-2100, general warming is indicated throughout
South America and in all its seasons, as well as more intense precipitation is estimated, but annual precipitation (mm) decreases, as
well as delays in rainy seasons are expected throughout SA compared to the 1960-1990 baseline [21].

Warming is projected over South America and is of greater amplitude in the ETA Scenario forced by HadGEM2-ES RCP 8.5
(2011-2040, 2041-2070, and 2071-2100), warming begins in central and southeastern Brazil and progresses strongly toward the
northern part of the SA and more intense precipitation is expected, but annual precipitation is decreasing compared to the 1961-1990
baseline [22].

Ideally, we should have monthly observed temperature and precipitation data for minimum periods of 30 years for Peru, Ecuador,
and Colombia and with a resolution of greater than 1 km, but for now, we have annual meteorological data > 1 km standardized for
these areas, which can help us to understand the effects of the variation of these variables in ecoregions and/or vertebrate species for
the areas under study. For instance, the spatiotemporal variability of precipitation and temperature trends (minimum, maximum, and
average) was analyzed in 47 stations in the Brazilian Amazon for the period 1973-2013, the results showed that these had an
increasing trend of approximately 0.04 °C per year and precipitation did not show a marked trend [23]. Other research helps to
understand how oceanic conditions influence regional climate variability in Brazil. Extreme precipitation in the Brazilian Savanna,
Pantanal, and Atlantic Forest presented no clear trend but suggested fewer intense rainfall days, while in the Amazon, Equatorial
Pacific and Atlantic Sea Surface Temperature Anomalies (SSTAs) (Tropical North Atlantic Index - TNAI and Tropical South Atlantic
Index - TSAI) correlated negatively with precipitation extremes and positively with air temperature [12].

In two climate change scenarios (RCPs 4.5 and 8.5), a reduction in precipitation of 2.4-11 % by 2050 and 2070, respectively, and an
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increase in average annual temperature from 1.7 °C (HadGEM2-ES 2041-2060) and 3.7 °C (GFDL-CM3 2061-2080) in the Uribia-
Guajira area compared to the baseline from 1976 to 2005 (IDEAM) are expected [24].

Evaluating climate data for Peru, Ecuador, and Colombia is difficult because of different interpolation methods, different periods
for baselines, the selection of different global circulation models for climate change studies, and the lack of meteorological stations in
their territories. The National Meteorological and Hydrological Services of Peru, Ecuador, and Colombia have few meteorological and
hydrological stations in high-altitude areas as well as in Amazonian areas [25-27].

Also, analyzing minimum temperatures in the Andes is very complex in terms of error and uncertainty concerning maximum
temperatures because of the altitude variation [27], and before using the SDMs, bioclimatic variables from different databases such as
WorldClim must be analyzed. For example, variables derived from temperature and precipitation in our area of interest can provide
preliminary information on the ecology of the species under study [28]. By having temperature (°C) and annual precipitation (mm)
data, we could infer dry or rainy scenarios as well as analyze ensembles for different scenarios from published climate databases such
as WorldClim, CHELSA, or CGIAR [29-32].

Within the NASA-sponsored Life on Land Project (2019-2023), one of the objectives was to review standardized climate data for a
baseline and the year 2050 for Peru, Ecuador, and Colombia and generate information for the modeling of priority species to support its
SDG 15. For this reason, we explored different databases for bioclimatic variables such as “ccafs” (Climate Change, Agriculture, and
Food Security) with 10 min resolution and WorldClim (Global Climate Data) with 30 s resolution because they are standardized for the
three countries [27,31]; in terms of Coordinate Reference Systems (CRS), resolution, and spatial extent.

A literature review and exploratory analysis of changes for two variables, temperature (°C) and annual precipitation (mm) for a
baseline (1970-2000) and Climate Change Scenarios for 2050 (RCPs 2.6, 4.5, and 8.5) in three countries (Peru, Ecuador, and
Colombia) and ecoregions (Sechura Desert, Paramos, and Napo Tropical Forest) were carried out. Then, statistical analyses of these
environmental variables were conducted for these representative ecoregions: one from the Coast, one from the Andes, and one from the
Tropical Rainforest. The purpose of this analysis was to investigate whether there is any significant difference between the means or
medians of temperature and precipitation in the baseline and the 2050-RCPs (2.6, 4.5, and 8.5) within these ecoregions. The main
contributions of this work are:
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Fig. 1. a. Peru, Ecuador, and Colombia have 42 ecoregions b. Ecoregions under study Sechura Desert, Paramos, and Napo Tropical For-
est ecoregions.
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e Investigate how the annual mean temperature (°C) and annual precipitation (mm) will change between a baseline and the three
RCP scenarios (2.6, 4.5, and 8.5) in 2050 in these three countries and ecoregions.
e Provide insights into the potential impact of climate change on these regions.

2. Methods
2.1. Study area

In this research, an analysis of climate change at the level of three countries, Peru, Ecuador, and Colombia (Fig. 1a), and in three
ecoregions, Sechura Desert, Paramo, and Napo Tropical Forest (Fig. 1b) will be carried out. The Peruvian territory is located between
the coordinates 0° and 18° 20’ of South Latitude and 68° 30" and 81° 25’ of West Longitude, covering an area of 1,285,215 km?. Much of
the territory comprises the Andes Mountains, which extend from South to North along the South American Continent. The Cordillera
de Los Andes determines different geomorphological units typical of a continental environment and a marine environment [33].

Then, Ecuador is Located on the west coast and straddles the equator. Ecuador has a total area of about 280,000 km?. Ecuador has a
wide range of natural formations and climates, from the desert-like southern coast to the snowcapped peaks of the Andes Mountains to
the plains of the Amazon River Basin. After that, Ecuador is bounded on the west by the Pacific Ocean, on the north by Colombia, and
the east and south by Peru [34].

Lastly, Colombia is located between latitudes 12° 24’ north and 4° 17’ south and longitudes 66° 7' and 79° west, and it has an area of
1,141,748 km?. Colombia’s topography has four general elements: the Andes Mountain system, which is united in a single knot at the
border with Ecuador and then divides into three major mountain ranges that extend in a north-south direction and are known as the
Cordillera Oriental, the Cordillera Central, and the Cordillera Occidental. The group of high mountains in the northeast of the country,
between the Guajira peninsula and the Magdalena River valley, is known as the Sierra Nevada. The Bogota Sabana is in the central-
eastern part of the country, on the western side of the Eastern Cordillera. Finally, the great plains in the country’s southeastern part
extend from the Eastern Cordillera to the basins of the Orinoco and Amazon rivers in the east and southeast, this area is much larger
than the mountainous and inhabited sector of the country. The great plains of the Orinoco and Amazon are uninhabited except for the
tribes [35].

In addition, these countries have 47 ecoregions according to Resolve 2017, but for climate change studies, we used the Sechura
Desert, Paramos like Santa Marta, Northern Andean, Cordillera Central and Cordillera de Mérida (Part of Venezuela) and Napo
Tropical Forest ecoregions. The three ecoregions under study are described below (Fig. 1a and b) [36,37].

The Sechura Desert is in the western subtropical part of South America, bordering the Pacific Ocean to the west and extending
between 20 and 100 km towards the Andean zone, and it is characterized by open shrub and tree stands [38,39]. The climate of the
ecoregion is warm in summer and humid in winter, with average annual temperatures of 22 °C [39]. Precipitation in this ecoregion
varies with altitude, from 0 mm/year to 250 mm/year, and this ecoregion is characterized by little vegetation cover, but it can be
affected by the El Nino phenomenon [38-41].

The Paramo has the richest high mountain flora in the world and has a high degree of endemism [42]; for example, this region is
home to the spectacled bear and the Andean tapir, both of which are endangered. The descriptions for the types of paramos used in this
research are shown below.

First, the paramos of Santa Marta are the northernmost occurrence of this type of habitat in South America and are in the Sierra
Nevada de Santa Marta, an isolated mountain massif that breaks away from the Andes and rises to 5775 m.a.s.1 along the shores of the
Caribbean Ocean in northern Colombia. The climate is influenced by northeasterly trade winds and rising humid air currents. Most of
the rainfall occurs from May to September, with an estimated rainfall of less than 1800 mm/year; the average annual temperature is
6 °C. The northern part is more rugged and receives more precipitation than the southern part.

Second, the Northern Andean Paramo has a temperature range that goes from below freezing to 30 °C, the upper zone of the
ecoregion receives more than 2000 mm/year of precipitation, and it has an average humidity of 80 % because it is in the Intertropical
Convergence Zone (ITCZ), this slows tree growth and gives way to a tropical alpine grassland environment.

Third, the Cordillera Central Paramo extends in the vicinity of the Maranén Valley, from the extreme south of Ecuador to the
northwest of Peru, and ranges in altitude from 3200 m to about 4500 m. The climate is cold and humid, and temperatures can drop
below 0 °C. The typical landscape is that of treeless vegetation dominated by grass, and the shrubby alpine grassland is surrounded by
montane cloud forest like the Polylepis transition forest.

In the end, the Cordillera de Merida Paramo’s altitude ranges from 3000 m to approximately 4000 m, and these mountains are the
highest peaks of the Andes in northwestern Venezuela. Precipitation ranges between 500 and 1000 mm/year, and in the dry season
(December—-March), less than 80 mm is accumulated. Snowfall is frequent in the highlands, especially during the wet season, although
accumulation is unusual. The mean annual temperature at 4000 m is 2.8 °C with a daily fluctuation of 6 °C. At lower altitudes, daytime
temperatures reach 21 °C but can drop to 0 °C at night.

In the Napo Moist Forests, its topography varies between lowlands and undulating also, it has swampy lands by the river systems
[43]. The climate is humid and tropical, with a subtle dry season. The average annual temperature is 26 °C and can range from 12 to
38 °C. This ecoregion receives the highest annual rainfall in the Amazon, with up to 4000 mm in the west and 2500-3000 mm in the
east. Three main vegetation types occur in this rainforest ecoregion: terra firme forest, varzea forest, and igap6 swamp forest, but they
are tall, evergreen tropical rainforests. These forests are among the richest in biodiversity of species in the entire Amazon basin and are
among the most diverse in the world, with 219 species of mammals and 649 bird species recorded. This ecoregion is also an evolu-
tionary and dispersal center for neotropical butterflies with high endemism.
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2.2. Summary of the GCMs for climate change

The R package called GCM compareR and “ccafs” were used [27,29,] to access the Global Circulation Models (GCMs) of the Coupled
Model Intercomparison Project Phase 5 (CMIP5) for the RCPs 2.6, 4.5, and 8.5 - 2050 [29]. Also, different climate change studies were
analyzed for the three countries, especially changes in temperature (°C) and annual precipitation (mm) for different climate change
scenarios up to 2050, as well as their effects on ecoregions. From some research, temperature and precipitation maps for climate
change RCP scenarios for 2050 were rebuilt using ArcGIS ver. 10.7 georeferencing tools in the three countries [44]. In this way, more
detailed climate information was extracted based on their coordinate system, and an overlay of our study areas with the rebuilt maps
was then performed to have a clearer spatial interpretation.

2.3. Exploratory analysis for temperature and precipitation analysis

For the analysis of temperature (°C) and annual precipitation (mm) for 2050 under the RCP 2.6, 4.5, and 8.5 scenarios, 25 GCMs
were used at the country level, and 26, 24, and 25 GCMs were used for ecoregions such as the Sechura Desert, PAramo, and Napo Moist
Forest, respectively. The ensembles for the RCPs (2.6, 4.5, and 8.5) were made different GCMs for each RCP from the GCM Downscaled
Data Portal of “ccafs: (CCAFS-CLIMATE) (http://ccafs-climate.org/data_spatial downscaling/). Also, it should be noted that the
number of GCMs varies depending on their availability for each country or ecoregion, and its resolution is 10 min ~ 18.5 km at the
equator.

2.4. Statistical analysis: comparison medians at the ecoregion level

First, exploratory analyses of the temperature (°C) and annual precipitation (mm) medians were performed using the R package
“ggridges” [45]. This package allows us to analyze the normality of temperature (°C) and annual precipitation (mm) in the three
ecoregions under study.

The evaluation of the normal or non-normal distribution of the data for these variables for the baseline and RCPs allowed us to
select the appropriate parametric and nonparametric tests for the comparison of means or medians, respectively [46]. The R package
called “nor.test” was also used to analyze the normality analyses of the temperature and precipitation data for the baseline and the
three climate change scenarios. The Anderson-Darling test, QQ plots, and histograms were used from this package [47].

The statistical analysis of medians comparisons for temperature (C°) and precipitation (mm) for the baseline (1970-2000) and the
RCPs 2050 climate change scenarios ensembles (2.6, 4.5, and 8.5) was performed using the Kruskal-Wallis Nonparametric Test using
the R Package ‘palmerpenguins’ in the software R-4.2.1 [48,49] in the Sechura Desert, Paramo, and Napo Moist Forest ecoregions.

The ensembles for the RCPs (2.6, 4.5, and 8.5) were made using 14 GCMs for each RCP from the WorldClim Database (https://
www.WorldClim.org/data/v1.4/cmip5_30s.html) with a resolution of 30 s ~ 1 km at the equator. These GCMs were BCC-CSM1-1,
CCSM4, CNRM-CM5, GFDL-CM3, GISS-E2-R, HadGEM2-AO, HadGEM2-ES, IPSL-CM5A-LR, MIROC5, MIROC-ESM, MIROC-ESM-
CHEM, MRI-CGCM3, MPI-ESM-LR and NorESM1-M (For their names and origin, see Table 52). The Kruskal-Wallis is a nonparametric
statistical test that assesses the differences among three or more independently sampled groups on a single, non-normally distributed
continuous variable for non-normally distributed data [50,51].

3. Results
3.1. Drivers of Climate in South America

To comprehend the climate, we must define meteorology and climatology. Meteorology is the study of the atmosphere and the
phenomena within it on scales ranging from minutes to weeks, and it focuses on atmospheric variables; otherwise, Climatology is the
study of climates or long-term average atmospheric conditions over a place [52,53].

The weather is essentially the behavior of the atmosphere during the present time [,52,54]. The variables to characterize the
weather for a particular place and time are usually temperature, precipitation, relative humidity (RH), cloud cover, wind speed, wind
direction, and atmospheric pressure, and climate is the state of the atmosphere based on the record of observation and internationally
accepted 30-year averages or climate in a wider sense is the state, including a statistical description, of the climate system [9,52,55].

Also, the climate of South America is very complex beyond the elements and factors of climate. The Andes Mountain range is the
longest in the world [56-58] and extends from 11°N to 53°S. This mountain range crosses seven countries and is characterized by a
great variety of ecosystems, and they are related to the climatic contrast on its east and west sides, as well as throughout its latitudinal
extent [57].

The Sechura Desert, or the Atacama-Sechura Desert, is one of the driest and oldest deserts on Earth [41]. The formation of deserts
such as the Sechura and Atacama (hyperarid) is due to these factors [41,59]: a. subtropical atmospheric subsidence; b. the Humboldt
current, which runs from south to north and is cold, preventing precipitation in the coastal regions; and (3) the rain shadow effect of
the Andes Mountains, which stops moist air from reaching the Pacific coast. A classification of aridity was made according to annual
precipitation and is as follows: mesic > 250 mm/y, semiarid < 250 mm/y, arid < 50 mm/y, and hyperarid < 5 mm/y [41]. But we
could not analyze the climate drivers of these deserts on their own because they are also due to the relationship they have with other
ecoregions.

The hydroclimatic relationship between the Coast, Andes, and tropical forests has these factors [57]:
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a) The atmospheric circulation in the Andes features a key trans-Andean flow at 5°S, influencing rainfall in northern Peru, Ecuador,
and Colombia. During austral summer, the South American Monsoon System peaks, with the southern tropical Andes (8-27°S)
blocking humid Amazon flows crucial for regional moisture. However, land use changes in the southeastern Amazon have reduced
the flow’s ability to regulate low flows.

b) The precipitation in the Andes is influenced by the ITCZ, westerly winds, Andean orography, local circulations, and temperature
gradients. Low-Level Jets (LLJs) on both sides of the mountains, driven by flow blocking and mountain heating, play a key role in
transporting moisture, except in subtropical regions west of the Andes.

Changes in atmospheric pressure or altitude cause changes in wind direction, and this also influences the climate of South America
according to Ref. [57,60], additionally, moisture advection from the Amazon region is predominant during the austral summer.
However, at latitudes of 5°S, where the altitude of the mountains is lower, trans-Andean flows are predominant throughout the year,
producing a complex rainfall regime over this region. One of the rainiest places on Earth (Lloré; 5°30'N, 76°32'W) is located along the
Pacific coast of Colombia, with an annual precipitation of 13,000 mm due to the dynamics of the low-level Chocd jet enhanced by
atmosphere-ocean-land surface interactions [57,61,62].

3.2. Climate change review, exploration, and statistical analysis

General Circulation Models (GCMs) help to understand the impacts of climate change on our planet. This section presents two parts:
the first is a review of the literature on the expected effects of climate change in our study areas, and the second is an exploratory
review of GCMs at 10 min resolution and statistical analysis of temperature (°C) and annual precipitation (mm) for the RCPs 2.6, 4.5
and 8.5 for the Sechura Desert, Paramo, and Napo Moist Forest at 30 s resolution.

3.3. Climate change and its scenarios

In the history of our planet, it has been demonstrated that climate change could have natural as well as anthropogenic origins, so
this research will analyze climate change events during the Anthropocene, using a baseline from 1970 to 2000, as well as its projections
for the RCPs 2050 scenarios (Representative Concentration Pathways).

Climate change refers to a statistically significant variation in the mean state of the climate or in its variability that persists over an
extended period, usually decades or longer [8]. Furthermore, climate change may be due to internal natural processes or external
forcings or to persistent anthropogenic changes in the composition of the atmosphere or land use. Article 1 of the United Nations
Framework Convention on Climate Change (UNFCCC) defines climate change as “a change of climate which is attributed directly or
indirectly to human activity that changes the composition of the global atmosphere and which is in addition to natural climate
variability observed over comparable periods” [8,63-65].

According to Ref. [66], the climate on our planet is a dynamic system, and in different millennia, we have had glacial periods and
sea level changes caused mainly by the distribution of solar energy and atmospheric composition. In other ways, continental drift,
mountain formation, and erosion have modified atmospheric and oceanic circulation patterns over longer time scales. Solar radiation
has increased by 30 % over the last four billion years as the sun matured, but there are also predictable variations in the earth’s orbit
that influence the amount of solar radiation our planet receives at different times and latitudes, such as eccentricity, tilt, and pre-
cession. The periodicities of these orbital parameters are approximately 100,000, 41,000, and 23,000 years. The interactions between
these Milankovitch cycles of solar input correlate with glacial and interglacial cycles. Analysis of these cycles indicates that the Earth
would not naturally enter another ice age for at least 30,000 years, so natural cycles of solar input will not substantially compensate for
human-induced climate warming.

The Anthropocene began around 1750 with the onset of the Industrial Revolution and is characterized by human domination of the
biosphere [66]. Anthropogenic emissions of greenhouse gases have increased since the pre-industrial era, largely because of economic
and population growth [66,67]. As a result, atmospheric concentrations of carbon dioxide, methane, and nitrous oxide have reached
levels unparalleled in at least the last 800,000 years. The effects of emissions, as well as other anthropogenic factors, have been
detected throughout the climate system and are likely to have been the dominant cause of the warming observed since the second half
of the 20th century [68,69].

The estimated human contribution to global warming was estimated by the IPCC [68] for the period 1951-2010, the land tem-
perature has increased by about 0.6 °C seen in the black bar whiskers with an uncertainty interval of 5 %95 %, due to greenhouse
gases or homogeneously mixed, other anthropogenic forcings (including the cooling effect of aerosols and the effect of land use
changes), combined anthropogenic forcings, natural forcings, and natural internal variability (which is the element of climate vari-
ability that arises spontaneously in the climate system, even in the absence of forcings).

Climate scientists mentioned that global mean temperature and atmospheric carbon concentrations began to take on importance
between the 1970s and 1980s, which gave climate change a global object to be studied on a global scale as well as its periodic as-
sessments; thus, in 1990 the Intergovernmental Panel on Climate Change (IPCC) has been fundamental to the construction of a global
ontology of climate change [70]. The IPCC was established by the World Meteorological Organization (WMO) and the United Nations
Environment Programme (UNEP-UN) to assess scientific, technical, and socio-economic information for understanding the risk of
human-induced climate change [68,71]. The 1994 IPCC assessment of the IS92 scenarios concluded that the scenarios were innovative
and groundbreaking for that date, both regionally and globally; however, improvements should be made due to new global meteo-
rological data, greenhouse gas data, as well as changing clean air policies adopted by some countries were having an effect [72]. The



J. Veneros et al. Heliyon 11 (2025) e42459

IPCC has produced four generations of emissions scenarios [73]. Three were developed under its leadership: the 1990 Scientific
Assessment (SA90), the 1992 IPCC Scenarios (IS92), and the Special Report on Emission Scenarios (SRES). The fourth comprises the
Representative Concentration Pathways (RCPs) and the Shared Socioeconomic Pathways (SSPs), which served as the basis for Phases 5
and 6 of the Climate Model Intercomparison Project (CMIP5/CMIP6). The RCPs have been used in the scenario-based literature
informing the IPCC Fifth Assessment Report (ARS5), while the SSP/RCP combination will be used for the IPCC Sixth Assessment Report
(AR6). CMIP6 selected the SSP/RCP combinations to be highlighted in AR6 [19].

On the other hand, as mentioned above, in this research, we will analyze and use the RCP scenarios in South America. The RCPs are
a set of four pathways developed by the IPCC and published in 2014 (AR5), and they were developed based on the concentration
trajectory of greenhouse gases in the atmosphere [68]. The four RCPs cover the range of radiative forcing values for the year 2100, and
they are 2.6, 4.5, 6.0, and 8.5 W/m? [22,68,73].

For the development of the RCPs, seven steps were considered seven steps within three groups; for example: Integrated Assessment
Models (IAMs), Processing and Completion, and RCP repository, where the RCPs are based on scenarios published in the existing
literature in terms of emissions and concentrations, they provide information on all components of radiative forcing that are needed as
input for climate and atmospheric chemistry modeling such as greenhouse gas emissions and land use, and this data was harmonized
over the base year for emissions and land use for historical and future period analyses (2100) [74].

The RCPs should not be interpreted as forecasts or absolute limits, nor should they be viewed as prescriptive policies [74,75]. The
RCPs describe a set of possible developments in emissions and land use based on consistent scenarios representative of the current
literature [74]. The RCPs scenarios encompass a time series of emissions and concentrations of the full range of greenhouse gases and,
aerosols and chemically active gases, as well as land use and land cover. The word “representative” means that each concentration
trajectory provides one of many possible scenarios that would lead to specific radiative forcing characteristics. The word trajectory
emphasizes that only long-term concentration levels are of interest but also indicates the path followed over time to arrive at the
outcome in question [18,76]. Representative concentration trajectories generally refer to the part of the concentration trajectory up to
the year 2100, for which models have been used to model the concentration trajectory 2100, for which the integrated assessment
models have generated the corresponding emissions scenarios [68,74].

i. RCP 2.6: Trajectory in which radiative forcing peaks at about 3 W/m? before 2100 and then decreases (the corresponding
extended concentration trajectory under the assumption of constant emissions after 2100).

ii. RCP 4.5 and RCP6.0: Two intermediate stabilization trajectories in which radiative forcing stabilizes at about 4.5 W/m? and 6.0
W/m? after 2100 (the corresponding extended concentration trajectory under the assumption that concentrations are constant
after 2150).

iii. RCP 8.5: High trajectory for which radiative forcing reaches values > 8.5 W/m? in 2100 and continues to increase for a time lag
(the corresponding extended concentration trajectory assuming constant emissions after 2100 and constant concentrations after
2250).

3.4. Climate change review in ecoregions

In South America (SA), the effects of climate change on temperature and precipitation for 2050-2080 were analyzed with a baseline
from 1980 to 2005; the results showed that for the austral summer (DJF) and winter (JJA), there will be an increase in the frequency
and intensity of extreme daily rainfall events over the southeast and extreme north of South America; furthermore, in the Amazon
during DJF, there is a statistically significant increase in the number of consecutive dry days and a decrease in the number of
consecutive wet days [53]. In addition, deforestation, fires, and deaths associated with extreme weather conditions, such as droughts,
have generated the Amazon forests to become savannah [77]; as a result, studies of climate change in this type of Biome are urgently
needed.

Some dynamic vegetation models have been used, and the results of the projections show that some areas of tropical rainforest in
the Amazon region are replaced by deciduous forests and grasslands in the RCP 4.5 scenario and only by grasslands in the RCP 8.5
scenario at the end of this century; however, a reduction of the Amazon biome can generate a positive feedback of the temperature
increase and affect the regional hydrological cycle [78]. Also, warming is projected throughout South America, with greater amplitude
in the Eta scenario forced by HadGEM2-ES RCP 8.5 based on the baseline period, 1961-1990, and three-time slices 2011-2040,
2041-2070, and 2071-2100, and for the two emission scenarios RCP 4.5 and RCP 8.5 and precipitation in DJF, there will be the
greatest reduction from NO to CS regions, an area generally occupied by the South Atlantic Convergence Zone (SACZ) [22]. Other
research related to the formation of savannas for future climates (RCP 8.5) in the Amazon and Northern Brazil where it is stated that
there is a possible increase in the aridity of 33.8 % and 36.9 % (UNEP index) and 4.6 % and 13.9 % (Budyko index) respectively, by the
end of the 21st century [79]. Otherwise, preserving the Amazon is of great importance for the hydrological cycle, for example, the
fraction of the mean annual precipitation that has been transpired by trees in the Amazon basin can be as high as 50 % [57,80]. More
studies are needed to understand the hydrological relationship between the Andes and the Amazon rainforest in the context of climate
change.

In general, climate change studies and analyses of temperature and precipitation for the Sechura, Paramo, and Napo ecoregions are
very scarce (Table S1), and studies are usually presented for all of South America.

In scenarios of climate change (2035-2065 RCP 8.5 - 1 km of resolution), the Sechura desert is expected in most of the zones; there
will be no changes that will affect its biome, however, in some zones, there may be an increase in vertical structure as well as in
humidity compared to 1981-2010 climate data (Table S1) [81]. Also, in the northern zone of the Sechura Desert by 2100 (26 GCMs
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from CMIPS5 in the four RCPs scenarios with a resolution of 1° x 1°), the temperature is expected to increase by over 1.5 °C and the
annual precipitation from 50 to over 150 mm/year relative to the pre-industrial period (1861-1890) [82].

In Peru, Ecuador, Colombia, and Venezuela for the A1B 2010-2039 and A1B 2040-2069 scenarios, the paramo shows a loss of
potential and remaining area concerning the year 2000 [83]. In potential areas, part of the paramo will be replaced by forest biomes,
but the paramo appears to be more affected by land use change than by climate change. Projections suggest that the paramo shows an
upward shift, and an average loss of 31.4 % is projected for the potential distribution but only 25 % for the remnant areas (AlB,
2010-2039) (Table S1) [83,84]. In this way, Paramos, located at the highest elevations, are the most at risk due to the lack of upland
areas for migration [83]. Also, Paramos have soils with high organic matter content as well as high humidity, which conditions their
presence [83,85].

Then, the Tropical forests are threatened by deforestation, fragmentation, land use change, and climate change in South America
[86]. However, vegetation also regulates climate, so it was found that exposure to heat stress due to deforestation was comparable to
the effect of climate change under RCP 8.5 (2073-2100) compared to a historical period (1980-2010) in the Napo ecoregion [87] and
increases in its mean annual temperature and annual precipitation for 2030, 2050 and 2080; for example, the RCP 8.5 (5 km reso-
lution) for 2080 shows an increase in average temperature for this ecoregion of 4.2 °C and 349 mm in annual precipitation compared to
a 1981 to 2010 baseline (Table S1) [88].

3.5. Temperature and precipitation: exploratory and statistical analysis

For the analysis of temperature and precipitation for 2050 under the RCP 2.6, 4.5, and 8.5 scenarios, 25 GCMs were used at the
country level, and 26, 24, and 25 GCMs (10 min of resolution) were used for ecoregions such as the Sechura Desert, Paramo, and Napo
Moist Forest, respectively; it should be noted that the number of GCMs varies depending on their availability for each country or
ecoregion. For details of the GCMs, such as the average temperature and precipitation values for the baseline and their names and
origins, see these tables in the supplementary data (Tables S2, S3, 54, S5, S6).

Table 1 shows the changes in average annual temperatures (°C) for the three countries and three ecoregions. The second column
shows annual average temperatures for the baseline (1970-2000) for these areas. The temperature variations for RCPs 2.6, 4.5, and 8.5
are shown below, where the minimum and maximum values of the differences between the mean temperatures of the set of GCMs for
2050 of the three RCPs relative to the baseline were selected. These differences in minimum values, maximum values, and ensembles
all have positive signs, so it is expected that the annual mean temperature will increase in all study areas and all scenarios.

In addition, Table 2 below shows the changes in annual precipitation (mm) for the three countries and the three ecoregions. The
second column shows the average annual precipitation from 1970 to 2000 for these zones. The annual precipitation changes for RCPs
2.6, 4.5, and 8.5 are shown below, where the differences between the annual precipitation of the 2050 RCPs with the baseline indicate
that annual precipitation will increase (where the sign is positive) in all study zones and all scenarios; however, some GCMs have
negative signs, which indicate that there is a reduction in the annual precipitation by 2050 in the three RCPs. Then, the GCMs
indicating the greatest reduction in precipitation (negative sign), as well as the GCMs indicating the greatest increase in precipitation
(positive sign), were selected for these RCPs. Finally, all ensembles for the three RCPs indicated that annual precipitation would in-
crease by 2050.

The spatial variation of the differences of the 25 GCMs (10 min resolution) for the temperature (°C) vs. annual precipitation (mm)
variables for the three countries for the three RCPs vs. the baseline are shown in Figs. 2-7. Figures S2.1, §2.2, and S2.3 show the annual
precipitation (mm) versus temperature (°C) variables in the three countries for the three RCPs 2050. These figures help us to identify
the GCMs with low annual precipitation and low temperature or high annual precipitation and high temperature or low annual
precipitation and high temperature or high annual precipitation and low temperature, as well as their proximity to the ensembles. Also,
the spatial variation of the differences of different GCMs (10 min resolution) for the Mean Temperature of Driest Quarter bio9 (°C) vs.
Precipitation of Driest Quarter biol7 (mm) in the three countries for the three RCPs (2.6-26 GCMs, 4.5-31 GCMs and 8.5-32 GCMs) vs.
the baseline are shown in Figs. 8-13.

All GCMs (26 GCMs RCP-2.6, 31 GCMs RCP-4.5, and 32 GCMs RCP-8.5) show temperature increases for the Mean Temperature of
Driest Quarter bio9 (°C) when the difference between the RCPs-2050 minus the baseline was made. For example, the following shows
how much temperatures will increase in the driest quarter for the three RCPs-2050 in the three countries in the driest quarter: 3.17 °C

Table 1
Average annual temperature (°C) differences for 2050 RCPs and baseline (1970-2000) (10 min) at the country and ecoregion level.
Countries and ecoregions Baseline T RCP2.6 RCP 4.5 RCP 8.5
¢ Min Max Ensemble  Min Max Ensemble  Min Max Ensemble
value value value value value value
Peru, Ecuador, and Colombia 21.7 1.0 2.8 1.6 1.0 3.4 1.9 1.5 4.2 2.7
Sechura Desert (Deserts & Xeric 15.0 1.0 2.4 1.6 0.9 3.0 1.9 2.1 3.7 2.7
Shrublands)
Paramo (Montane Grasslands & 7.5 0.9 2.4 1.5 1.1 3.0 1.8 1.7 3.8 2.6
Shrublands)
Napo moist forests (Tropical & 25.7 0.9 3.3 1.6 1.0 4.0 2.0 1.7 4.9 2.8
Subtropical Moist Broadleaf
Forests)
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Table 2
Annual precipitation (mm) differences for 2050 RCPs and baseline (1970-2000) (10 min) at the country and ecoregion level.
Countries and ecoregions Baseline RCP2.6 RCP 4.5 RCP 8.5
mm , , ,
Min Max Ensemble  Min Max Ensemble  Min Max Ensemble
value value value value value value
Peru, Ecuador, and Colombia 2068.7 -117.5 144.9 48.5 —160.6 219.0 64.5 —210.4 279.2 71.4
Sechura Desert (Deserts & Xeric 190.3 -11.6 196.1 49.1 —-13.2 237.3 64.3 -3.5 286.3 81.8
Shrublands)
Paramo (Montane Grasslands & 1206.5 —98.8 241.0 73.9 —87.0 70.9 93.3 —50.2 165.2 96.2
Shrublands)
Napo moist forests (Tropical & 2825.1 —233.7 195.3 5.0 —415.2 381.9 30.7 —487.7 472.7 40.5
Subtropical Moist Broadleaf
Forests)

(RCP-2.6), 3.95 °C (RCP-4.5) and 4.72 °C (RCP-8.5) compared to the baseline (Tables S4, S5, and S6). Otherwise, most of the GCMs for
the three RCPs in 2050 for the three countries indicate that there is an increase in precipitation of Driest Quarter biol7 (mm) with
maximum values of 26.66 mm (RCP-2.6), 47.47 mm (RCP 4.5) and 47.04 mm (RCP 8.5) (Tables S4, S5, and S6).

Four tables are shown below: two for temperature (°C) ensembles (Tables 3 and 4) and the others for precipitation (mm) (Tables 4
and 5) for the baseline and the 2050-RCPs in the three ecoregions (1 km resolution). These ensembles were constructed from 14 GCMs.

The minimum temperatures of the Sechura Desert are below zero degrees and are at a higher altitude. Likewise, their minimum
temperatures remain below zero for all three RCPs in 2050 concerning the baseline. On the other hand, for maximum temperatures,
there is an increase from 1.82 °C, 2.17 °C, and 2.55 °C for RCPs 2.6, 4.5, and 8.5 in 2050 concerning the baseline. Furthermore, the
minimum temperatures in the Paramo decrease only for RCP 2.6 by 0.31 °C but not for RCPs 4.5 and 8.5 compared to the baseline.
Otherwise, maximum temperatures increase from 1.21 °C to 1.93 °C in 2050 at the baseline. Average temperatures increase from
1.24 °C, 1.63 °C, and 2.11 °C for RCPs 2.6, 4.5, and 8.5 in 2050 from 1970 to 2000. Lastly, the minimum temperatures of the Napo
increased for the three RCPs by 0.73 °C, 1.16 °C, and 1.65 °C compared to the baseline. Otherwise, maximum temperatures increase
from 1.44 °C to 2.44 °C in 2050 compared to the baseline. Average temperatures increase from 1.59 °C, 2.02 °C, and 2.56 °C for RCPs
2.6, 4.5, and 8.5 in 2050 compared to 1970-2000.

The standard deviations for the temperature values for the baseline and the three climate change scenarios 2050 RCPs were also
analyzed for each ecoregion, where the Sechura Desert has the highest deviations compared to the Paramo and Napo (Tables 3 and 4),
possibly due to the large variation in altitude of this ecoregion.

The annual precipitation was also analyzed for the 1970-2000 and the three 2050 RCPs in the three ecoregions (Tables 5 and 6).
The Sechura desert presented the lowest annual precipitation with 183.72 mm (minimum precipitation of 0 and maximum of 1194
mm). For the three climate change scenarios, there will also be zero precipitation values, but there will be an increase in the maximum
annual precipitation compared to 1970-2000. The paramo has an annual precipitation of 1151.41 mm with a minimum of 262.00 mm
and a maximum of 3169.00 mm for 1970-2000. The climate change scenarios for 2050-RCPs show increases in both the average
annual precipitation and its minimum and maximum values concerning the baseline. Ultimately, Napo has an annual precipitation of
2977.45 mm with a minimum precipitation of 1630.00 mm and a maximum of 4778.00 mm. The annual precipitation for this
ecoregion does not increase for the scenario 2.6, but it does for scenarios 4.5 and 8.5. On the other hand, the minimum and maximum
precipitation for the three climate change scenarios increase, the maximum precipitation presents an increase of over 469.5 mm per
year. On the other hand, the minimum and maximum precipitation for the three climate change scenarios (RCPs 2.6, 4.5, and 8.5)
increased, the minimum precipitation presented an increase of over 210.21 mm, and the maximum precipitation presented an increase
of over 469.5 mm per year.

The standard deviation for annual precipitation in the Sechura desert for 1970-2000 is 225.50 and the standard deviations for RCPs
2.6, 4.5, and 8.5 in 2050 are above this value. For the Paramo, the standard deviation is 329.50 in its baseline, and for the three RCPs,
their standard deviations are above this value. Lastly, the standard deviation of the Napo for the baseline is 493.47, and this decreases
for RCPs 2.6, 4.5, and 8.5 in 2050, and these are their values of 471.72, 476.07, and 479.75, respectively.

The spatial variation of the differences of the ensembles made for temperature (°C) and annual precipitation (mm) for RCPs 2.6,
4.5, and 8.5 by 2050 from the 14 GCMs vs. the baseline (1 km resolution) for the three ecoregions are shown in Figs. 14-16. For the
Sechura desert in the three RCPs, temperatures with maximums of over 6.10 (°C) were observed for the central-southern part, while
annual precipitation (mm) decreases for the coastal part but increases for the areas near the Andes Mountains. Also, in the Paramo
ecoregion for the three RCPs, increases in mean annual temperature with maximums of over 10 (°C) were noted; in terms of pre-
cipitation, a decrease in annual precipitation is observed for the paramos of Peru, Ecuador, and Venezuela in most areas. In the Napo,
there are pronounced temperature increases in the eastern part (maximum temperatures above 2.71 °C) and a decrease in temperature
in the western part, and for annual precipitation, there is a decrease in the central part of this ecoregion and an increase in the northern
and southwestern part.

Finally, the average temperature (°C) or annual precipitation (mm) divided by its standard deviation for each ecoregion (M metric)
was analyzed to see how much the average temperature or the annual precipitation is relatively large compared to the variability or
dispersion of temperatures or precipitation respectively (From Tables 3-6). For example, the temperature (°C) in the Napo moist
forests obtained a higher value for the M metric in the baseline, and the three RCPs-2050 (2.6, 4.5, and 8.5) and these values were
34.19, 37.30, 35.92, and 36.15 respectively. Also, in this ecoregion, the precipitation (mm) obtained higher values for the M metric in
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Fig. 7. Differences for annual precipitation (mm) for the RCP 8.5-2050 and the baseline (1970-2000). Where red indicates an increase in tem-
perature, while gray indicates a decrease.

the baseline and the three RCPs-2050 (2.6, 4.5, and 8.5), and these values were 6.03, 6.05, 6.17 and 6.13 respectively, suggesting that
the average temperature and the annual precipitation for the baseline and the three RCPs are relatively large associated to the vari-
ability or dispersion of their temperatures compared to the other two ecoregions such as Sechura Desert and Paramo.
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3.5.1. Sechura Ecoregion

The distribution of temperature (°C) and precipitation (mm) for 1970-2000 and three climate change scenarios for the Sechura
(Desert) ecoregion, respectively, are shown in Figs. 17 and 18, showing the non-normal distribution of the data. In the case of tem-
perature, there is a bimodal distribution (Fig. 17), and in the case of precipitation, there is a skewed right distribution (mean > median)
(Fig. 18). Q-Q plots, histograms, and boxplots for temperature and precipitation for the baseline (1970-2000) and the three RCPs 2.6,
4.5, and 8.5 for 2050 in the Sechura ecoregion were analyzed and suggest that there are serious violations of normality assumptions
(Skewed) and several atypical values for low temperatures and high precipitation (Figures S4, S5 and S6).

The Anderson-Darling normality test was performed for the temperature (°C) (Table S10) and precipitation data (mm) (Table S11)
for this ecoregion; there is very strong evidence to reject the null hypothesis that the data follow a normal distribution for the baseline
and the three RCPs in 2050. Therefore, the alternative hypothesis that temperature (p-value = 3.7 x 10~2%) and precipitation (p-value
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= 3.7 x 102" for the Sechura ecoregion that is not following a normal distribution is accepted.

In Fig. S6, the median temperature (°C) obtained for this ecoregion in the baseline period (1970-2000) was 17.22 °C. After that, the
medians of temperature (°C) for the RCPs 2050 (2.6, 4.5, and 8.5) were calculated, showing an increase in units; these medians were
18.22°C, 18.69 °C, and 19.17 °C, respectively. On the other hand, precipitation (mm) medians were calculated for the baseline and the
RCPs (2.6, 4.5, and 8.5) for 2050 (Fig. S6). These medians were 64 mm; 56.93 mm; 57.71 mm, and 58.57 mm, respectively. The three
RCPs medians for precipitation are lower than the median precipitation for the baseline.

3.5.1.1. Kruskal-Wallis test for temperature (°C) in the Sechura Ecoregion. In Figs. 19 and 20, pairwise comparisons were made for

temperature (°C) and precipitation (mm) for the baseline and the three climate change scenarios for 2050 in this ecoregion.
The Kruskal-Wallis test (Table S16) and Fig. 19 showed that there is very strong (or convincing) (p-value < 0.001) evidence against
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the null hypothesis that the median for temperature (C°) between the baseline and the three RCPs 2050 (2.6; 4.5 and 8.5) are equal and
in favor that there is at least one pair of differences among the four medians in the Sechura Ecoregion.

That is, we reject Hp: M1970.2000 = M2 = M4s = Mgs in favor of H;: M; # M for some i # j where , j represent the temperature (C°) for
the baseline and the three RCPs scenarios 1970-2000, 26, 45 and 8.5.

3.5.1.2. Kruskal-Wallis test for precipitation (mm) in the Sechura Ecoregion. The Kruskal-Wallis test and Fig. 20 and Table S17 showed
that there is very strong (or convincing) (p-value < 0.001) evidence against the null hypothesis that the median for precipitation (mm)
between the baseline and the three RCPs 2050 (2.6; 4.5 and 8.5) are equal and in favor that there is at least one pair of differences
among the four medians in the Sechura Ecoregion. That is, we reject Hp: M1970-2000 = M26 = M45 = Mgs in favor of H;: M; # M; for some i
# j where i, j represent the precipitation (mm) for the baseline and the three RCPs scenarios 1970-2000, 26, 45 and 8.5.

3.5.2. Paramo Ecoregion

The distribution of temperature (°C) and precipitation for 1970-2000 and three climate change scenarios for the Paramo ecoregion
respectively are shown in Figs. 21 and 22. In the case of temperature, there is a normal distribution (Fig. 21) for the baseline and the
three RCPs, and in the case of precipitation, there is a Skewed Right distribution of the data for the baseline and bimodal distribution
for the RCPs 2.6, 4.5 and 8.5 (Fig. 22).
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Q-Q plots, histograms, and boxplots for temperature (°C) and precipitation (mm) for the baseline (1970-2000), and the three RCPs
2.6, 4.5, and 8.5 for 2050 in the Paramo ecoregion were analyzed and suggest that there are serious violations of normality as-
sumptions (Skewed) and several atypical values for low and high temperatures (Baseline and RCPs). These atypical values are also
observed for annual precipitation, for example, in the baseline, we have these values for both low and high precipitation, and in the
RCPs, only for high precipitation (Figs. S7, S8, and S9).

The Anderson-Darling normality test was performed for the temperature (°C) (Table S12) and annual precipitation (mm)
(Table S13) for this ecoregion. There is very strong evidence to reject that the data for temperature (p-value = 3.7 x 10~2*) and annual
precipitation (p-value = 3.7 x 10~2%) follow a normal distribution for the baseline and the three RCPs in 2050. So, the alternative
hypothesis is accepted that the temperature and precipitation for the Paramo ecoregion that is not following a normal distribution.

The median temperature (°C) obtained for this ecoregion in the baseline period (1970-2000) was 7.80 °C. After that, the tem-
perature medians (°C) for the RCPs in 2050 (2.6, 4.5, and 8.5) were calculated (Fig. S9), showing an increase in each case. The median
values were 9.01 °C, 9.39 °C, and 9.88 °C, respectively. On the other hand, precipitation (mm) medians were calculated for the baseline
and the RCPs (2.6, 4.5, and 8.5) for 2050, these medians were 1073.00 mm; 1153.50 mm; 1166.53 mm, and 1176.64 mm respectively
(Fig. S9). The three RCPs medians for precipitation are lower than the median precipitation for the baseline.

3.5.2.1. Kruskal-Wallis test for temperature (°C) in the Paramo Ecoregion. In Figs. 23 and 24, pairwise comparisons were made for
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an increase in temperature, while gray indicates a decrease.

temperature (°C) and precipitation (mm) for the baseline and the three climate change scenarios for 2050 in this ecoregion.

The Kruskal-Wallis test and Fig. 23 and Table S18 showed that there is very strong (or convincing) (p-value < 0.001) evidence
against the null hypothesis that the median for temperature (C°) between the baseline and the three RCPs 2050 (2.6; 4.5 and 8.5) are
equal and in favor that there is at least one pair of differences among the four medians in the Paramo Ecoregion.

That is, we reject Hp: M1970.2000 = M2 = M4s = Mgs in favor of H;: M; # M for some i # j where i, j represent the temperature (C°) for
the baseline and the three RCPs scenarios 1970-2000, 26, 45 and 8.5.

3.5.2.2. Kruskal-Wallis test for precipitation (mmy) in the Paramo Ecoregion. The Kruskal-Wallis test and Fig. 24 and Table S19 showed
that there is very strong (or convincing) (p-value < 0.001) evidence against the null hypothesis that the median for precipitation (mm)
between the baseline and the three RCPs 2050 (2.6; 4.5 and 8.5) are equal and in favor that there is at least one pair of differences
among the four medians in the Sechura Ecoregion.

That is, we reject Hop: M1970-2000 = M26 = M45 = Mgs in favor of Hy: M; # M; for some i # j where i, j represent the precipitation (mm)
for the baseline and the three RCPs scenarios 1970-2000, 26, 45 and 8.5.

3.5.3. Napo Ecoregion
The distribution of temperature (°C) and precipitation for 1970-2000 and three climate change scenarios for the Napo ecoregion
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Table 3
Average annual temperature (°C) for the baseline (1970-2000) and 2050 RCP 2.6 (1 km).
Ecoregions Baseline (1970-2000) RCP2.6
X Min Max Std (9% M X Min Max Std Ccv M
value value Dev. value value Dev.
Sechura Desert (Deserts & Xeric 15.22 —3.47 23.11 5.36 35.22 2.84 16.35 —3.46 24.93 5.35 32.72 3.06
Shrublands)
Paramo (Montane Grasslands & 8 —4.35 24.58 2.68 33.50 2.99 9.24 —4.66 25.79 2.82 30.52 3.28
Shrublands)
Napo moist forests (Tropical & 25.64 17.88 27.13 0.75 2.93 34.19 27.23 18.61 28.53 0.73 2.68 37.30

Subtropical Moist Broadleaf
Forests)

respectively are shown in Figs. 25 and 26. In the case of temperature, there is a Skewed Left distribution (Fig. 25) for the baseline and
the three RCPs, and in the case of precipitation, there is a Multimodal distribution of the data for the baseline, and for the RCPs 2.6, 4.5

and 8.5 (Fig. 26).
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Table 4
Average annual temperature (°C) for the 2050 RCPs 4.5 and 8.5 (1 km).
Ecoregions RCP 4.5 RCP 8.5
X Min Max Std Ccv M X Min Max Std Ccv M
value value Dev. value value Dev.
Sechura Desert (Deserts & Xeric 16.81 —2.89 25.28 5.32 31.65 316 17.3 -2.39 25.66 5.31 30.69 3.26
Shrublands)
Paramo (Montane Grasslands & 9.63 —4.25 26.13 2.82 29.28 3.41 10.11 —-3.86 26.51 2.84 28.09 3.56
Shrublands)
Napo moist forests (Tropical & 27.66 19.04 28.99 0.77 2.78 3592  28.2 19.53 29.57 0.78 2.77  36.15
Subtropical Moist Broadleaf
Forests)
Table 5
Annual precipitation (mm) for the baseline (1970-2000) and RCP 2.6 (1 km).
Ecoregions Baseline (1970-2000) RCP2.6
Annual Min Max Std Ccv M Annual Min Max Std Ccv M
pp value value Dev. pp value value Dev.
Sechura Desert (Deserts & 183.72 0 1194 225.5 122.74 0.81 207.12 0 1773.36 279.42 134.91 0.74
Xeric Shrublands)
Paramo (Montane 1151.4 262 3169 329.5 28.62 3.49 1301.34 302.93 3645.21 495.85 38.10 2.62
Grasslands &
Shrublands)
Napo moist forests 2977.5 1630 4778 493.47 16.57 6.03 2854.4 1840.2 5247.5 471.72 16.53  6.05

(Tropical &
Subtropical Moist
Broadleaf Forests)

Q-Q plots, histograms, and boxplots for temperature and precipitation for the baseline (1970-2000) and the three RCPs 2.6, 4.5,
and 8.5 for 2050 in the Sechura ecoregion were analyzed and suggest that there are serious violations of normality assumptions
(Skewed) and several atypical values for low temperatures and high precipitation (Figures S10, S11 and S12).

The Anderson-Darling normality test was performed for the temperature (Table S14) and precipitation data (Table S15) for this
ecoregion, there is very strong evidence to reject that the data follow a normal distribution for the baseline and the three RCPs in 2050.
Therefore, the alternative hypothesis is accepted that temperature (p-value = 3.7 x 1072% and precipitation (p-value = 3.7 x 10724 for
the Napo ecoregion that is not following a normal distribution.

The median temperature (°C) obtained for this ecoregion in the baseline period (1970-2000) was 25.66 °C. After that, the tem-
perature medians (°C) for the RCPs 2050 (2.6, 4.5, and 8.5) were calculated, showing an increase in units; these medians were
27.35 °C, 27.29 °C, and 28.34 °C, respectively (Fig. S12). On the other hand, precipitation (mm) medians were calculated for the
baseline and the RCPs (2.6, 4.5, and 8.5) for 2050, these medians were 2972.00 mm; 2823.14 mm; 2901.29 mm, and 2905.21 mm
respectively (Fig. S12). The three RCPs medians for precipitation are lower than the median precipitation for the baseline.

3.5.3.1. Kruskal-Wallis test for temperature (°C) in the Napo Ecoregion. In Figs. 27 and 28, pairwise comparisons were made for
temperature (°C) and precipitation (mm) for the baseline and the three climate change scenarios for 2050 in this ecoregion.

The Kruskal-Wallis test and Fig. 27 showed that there is very strong (or convincing) (p-value < 0.001) evidence against the null
hypothesis that the median for temperature (C°) between the baseline and the three RCPs 2050 (2.6; 4.5 and 8.5) are equal and in favor
that there is at least one pair of differences among the four medians in the Napo Ecoregion (Table S20). That is, we reject Hy. M1970-2000
= M6 = Mys = Mgs in favor of H;: M; # M; for some i # j where i, j represent the temperature (C°) for the baseline and the three RCPs
scenarios 1970-2000, 26, 45 and 8.5.

3.5.3.2. Kruskal-Wallis test for precipitation (mm) in the Napo Ecoregion. The Kruskal-Wallis test and Fig. 28 and Table S21 showed that
there is very strong (or convincing) (p-value < 0.001) evidence against the null hypothesis that the median for precipitation (mm)
between the baseline and the three RCPs 2050 (2.6; 4.5 and 8.5) are equal and in favor that there is at least one pair of differences
among the four medians in the Napo Ecoregion.

That is, we reject Ho. M1970-2000 = M26 = M4s = Mgs in favor of Hy: M; # M; for some i # j where i, j represent the precipitation (mm)
for the baseline and the three RCPs scenarios 1970-2000, 26, 45 and 8.5.

Lastly, we have the density plots that indicate where the data are most dense or likely, i.e., these plots allow us to visualize where
the average annual temperature and annual precipitation data for the baseline (1970-2000) and the three RCPs for 2050 (2.6, 4.5 and
8.5) are most dense (Figures S13, S14 and S15).

In general, the temperature density curves for the three RCPs in the three ecoregions compared to the baseline are shifted to the
right, which means that they show increases in mean annual temperatures, and the low temperatures and high temperatures increase
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Table 6
Annual precipitation (mm) for the RCPs 4.5 and 8.5 (1 km).

Ecoregions

RCP 4.5

RCP 8.5

Annual pp

Annual pp

Sechura Desert (Deserts & Xeric Shrublands)
Paramo (Montane Grasslands & Shrublands)
Napo moist forests (Tropical & Subtropical Moist Broadleaf Forests)

209.95
1307.97
2938.57

214.50

1311.11
2940.21

0.74
2.71
6.13
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Fig. 14. Differences for temperature (°C) (on the left) and annual precipitation (mm) (on the right) for the RCPs 2.6, 4.5, and 8.5 for 2050 (en-
sembles from 14 GCMs) vs the baseline (1970-2000) in the Sechura ecoregion (1 km).

their value. On the other hand, in the case of precipitation, there is a slight increase in annual precipitation for high values for the
Sechura desert in the three RCPs compared to the baseline (Fig. S13). Also, for the Paramo ecoregion, there is a decrease in density or
probability for annual precipitation near or at 1000 mm for RCPs 2.6, 4.5, and 8.5 in 2050 compared to the baseline, but a slight
increase in the density or probability of precipitation near or at 2500 mm is observed (Fig. S14). Then, for the Napo ecoregion for the
three RCPs in 2050 compared to the baseline, there is a decrease in precipitation density near or at values of 2300 mm and 3200 mm,
but there is an increase for precipitation density at values of 2700 mm up to 2900 mm (Fig. S15).

4. Discussion

The analysis of changes in temperature and precipitation for the baseline (1970-200) and for the 2050 RCPs (2.6, 4.5, and 8.5) are
important before using SDM models for species or ecoregions in the three countries, as mentioned by Ref. [28].

Analyzing climate change using variables such as temperature (C°) and annual precipitation (mm) in three bordering countries
from official data published by their National Meteorological and Hydrological Services is a bit complex. The Andean and Amazonian
zones are poorly instrumented, and the number of stations varies greatly from one country to another [25,89,90], making it very
difficult to make climate change projections jointly for the three countries. In tropical areas such as Brazil, weather stations help to
establish baselines for the analysis of environmental variables such as precipitation. Annual rainfall remained constant (1979-2019),
but extreme rainfall events were more concentrated in shorter periods [12].

For regional Climate Change studies, standardized climate data is needed in terms of temporal and spatial resolution (extent,
resolution, and Coordinate Reference Systems), for which data from Climate Change, Agriculture, and Food Security (“ccafs”) and
WorldClim (CMIP5) were used [27,31].

Some evidence considered overwhelming of climate change estimates that global temperature is projected to increase by up to 4 °C
by 2100 [1], with alterations in precipitation patterns. However, in our research, some GCMs (10 min resolution) (Tables S3 and S6.),
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Fig. 15. Differences for temperature (°C) (on the left) and annual precipitation (mm) (on the right) for the RCPs 2.6, 4.5, and 8.5 for 2050 (en-
sembles from 14 GCMs) vs the baseline (1970-2000) in the Paramo ecoregion (1 km).

such as GFDL.CM3 shows already an increase in the average temperature for Peru, Ecuador, and Colombia above 4 °C for RCPs 4.5 and
8.5 in 2050, and the GCM is named IPSL.CM5A.LR also shows an increase in the average temperature above 4 °C in the NAPO
ecoregion for the RCP 8.5-2050. Although our analyses of climate change scenarios extend to 2050, other research showed that
temperature warming accelerated in some South American ecoregions during 2010-2019 compared to the long-term average [12].

Also, investigations show a reduction in precipitation under SRES (Special Report on Emissions Scenarios) climate change scenarios
in the tropics and an increase in precipitation in the southeastern part of South America [22], but this research provides an analysis at
the ecoregion level as well as the spatial distribution of precipitation for a baseline (1970-2000) and for three RCPs in 2050. It is also
necessary to further investigate the change in rainfall intensities in scenarios of climate change and to see what effects these have on
the changes in the annual precipitation value for each study zone.

Understanding changes in climate variability and extremes is challenged by the interactions between changes in mean and vari-
ability [91]. The IPCC presents three assumptions for temperature changes in climate change environments with a normal distribution
[92-98]. An increase in the mean leads to new temperature records, but a change in the mean implies no change in variability, and the
range between the warmest and coldest temperatures does not change. An increase in variability without a change in the mean implies
an increase in the probability of hot and cold extremes, as well as in the absolute value of the extremes, and finally, an increase in the
mean and variability is also possible, which affects the probability of hot and cold extremes, with more frequent hot events with more
extreme high temperatures and fewer cold events. In contrast, in our research, we have temperature data without normal distribution,
but when analyzing the temperature density plots for the baseline and the three RCPs in 2050 for the three ecoregions. A shift to the
right is observed for the RCPs, which implies that we will have warmer temperatures concerning the baseline (Figs. 513, S14, and S15).

In the case of annual precipitation, it is more complex to analyze in terms of density plots because in no ecoregion do we have a
normal distribution for this variable. In the Paramo Ecoregion (Fig. S14), there is a decrease in annual precipitation close to 1000 mm
and an increase in annual precipitation to values close to 2000 and 2300 mm. So, in the case of precipitation, for example, changes in
total mean precipitation may be accompanied by other changes such as the frequency of precipitation or the shape of the distribution,
including its variability, i.e., more in-depth studies such as Intensity-Duration-Frequency of rainfall in climate change environments
should be done [99-101]. Nonetheless, in our research, we at least have minimum, maximum, and average values of annual
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Fig. 16. Differences for temperature (°C) (on the left) and annual precipitation (mm) (on the right) for the RCPs 2.6, 4.5, and 8.5 for 2050 (en-
sembles from 14 GCMs) vs the baseline (1970-2000) in the Napo ecoregion (1 km).

Fig. 17. Distribution of temperature (°C) for 1970-2000 and three climate change scenarios for the Sechura (Desert) ecoregion. The data shows a
non-normal distribution, shifting right as global temperature increases in each scenario.
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Fig. 18. Distribution of precipitation (mm) for 1970-2000 and three climate change scenarios for the Sechura (Desert) ecoregion. The precipitation

data has a non-normal distribution, shifting slightly right as global temperature increases in each scenario.
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Fig. 19. Comparison of temperature medians (°C) for 1970-2000 and three climate change scenarios for the Sechura (Desert) ecoregion.
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Fig. 20. Comparison of precipitation medians (mm) for 1970-2000 and three climate change scenarios for the Sechura (Desert) ecoregion.
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normal distribution, shifting right as global temperature increases in each scenario.
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Fig. 22. Distribution of precipitation (mm) for 1970-2000 and three climate change scenarios for the Paramo ecoregion. The precipitation data has

a non-normal distribution, shifting slightly right as global temperature increases in each scenario.
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Fig. 23. Comparison of temperature medians (°C) for 1970-2000 and three climate change scenarios for the Paramo ecoregion.
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Fig. 24. Comparison of precipitation medians (mm) for 1970-2000 and three climate change scenarios for the Paramo ecoregion.
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Fig. 25. Distribution of temperature (°C) for 1970-2000 and three climate change scenarios for the Napo ecoregion. The data shows a non-normal

distribution, shifting right as global temperature increases in each scenario.
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Fig. 26. Distribution of precipitation (mm) for 1970-2000 and three climate change scenarios for the Napo ecoregion. Precipitation data show a
non-normal distribution, shifting slightly right and left as global temperature increases in each scenario.
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Fig. 27. Comparison of temperature medians (°C) for 1970-2000 and three climate change scenarios for the Napo ecoregion.
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Fig. 28. Comparison of precipitation medians (mm) for 1970-2000 and three climate change scenarios for the Napo ecoregion.

precipitation, which helps us to infer the change in cumulative precipitation for the baseline and the three climate change scenarios at
the ecoregion or country level.

Uncertainty in climate modeling refers to the variability and possible inaccuracies in the prediction of future climate conditions,
originating from model limitations, emissions scenarios, and internal climate variability, these uncertainties vary according to region,
climate variable, and time horizon, analyzing each type can better understand and interpret climate predictions [102].

A technical evaluation of the bias correction method using a “perfect sibling” framework was also carried out, and we showed that it
reduces the bias of the climate models by 50-70 % [27]. However, a recommended way to understand the effects of the different GCMs
is to use the climate assemblies of these GCMs [103]. This research reviewed published studies and examined spatial changes in
temperature and precipitation between the baseline and GCMs for 2050 to better understand these uncertainties in the results, as
shown in supplementary tables S1 through S9 to find the differences between the GCMs as well as their differences in values of their
estimates, this can help us to analyze GCMs for 2050 with increased temperature and increased precipitation or increased temperature
and low precipitation. However, it is suggested to analyze El Nino and La Nina events in South America, as they are increasingly
recurrent and could alter temperature and precipitation patterns on an annual basis [12].

Finally, no transformation of the data was performed to achieve a normal distribution for the following reason: the transformation
of the data must be done carefully so that the transformed data continues to represent the same physical processes as the original data
[8]. Likewise, our research question was to keep the original temperature (°C) and annual precipitation (mm) data for interpretation,
both for the baseline and for the climate change scenarios.

5. Conclusions
A general review of changes in temperature (°C) and annual precipitation (mm) at the country and ecoregion level was made, which

will help us to understand the variables derived from these, such as Bioclim variables, and to understand the possible effects of these
variables on the distribution of species and ecoregions in environments of climate change.
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The findings of this study reveal a consistent trend across all General Circulation Models (GCMs) used, indicating a projected rise in
annual average temperatures by 2050 at both the country and ecoregion levels. Additionally, a majority of the GCMs suggest an in-
crease in annual precipitation during the same period, but a more local and intensity-duration-frequency (IDF) analysis is needed.

Also, the comparison of medians was important in the statistical analysis part because it allowed us to compare the central ten-
dencies of two or more data sets. The median is a measure of central tendency that represents the average value of a set of data when
ordered in ascending or descending order [46,104]. In many cases, the mean is used as a measure of central tendency, however, the
extreme values of the data set strongly influence the mean [46]. In contrast, the median is not affected by outliers, making it a more
robust measure of central tendency. Comparing medians helped us to establish whether there are significant differences between two
or more data sets. In the context of climate change, comparing the median of temperature (°C) or annual precipitation (mm) values
over two different periods can help us assess whether a significant change has occurred. Finally, the mean temperature (°C) and the
annual precipitation (mm) in the Napo Moist Forest, as represented by the baseline and three Representative Concentration Pathways
(RCPs) for 2050, display a relatively large degree of variability compared to the Sechura Desert and Paramo ecoregions. This vari-
ability, possibly indicated by a larger range or standard deviation, suggests a more dynamic climatic pattern in the Napo Moist Forest.
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