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Abstract: The objective of this work was to evaluate the influence of land use and occupation dynamics in the Caatinga biome on
precipitation and temperature. The Google Earth Engine platform was used to determine the temperature, precipitation, number of days
without rain and of the areas occupied by the classes. Precipitation variability was assessed by the Rainfall Anomaly Index. Trend
analyzes were performed using the Mann-Kendall test. Pearson’s Correlation Coefficient was calculated between climate variables and
land use and land cover classes. The land use and occupation dynamics between 1991 and 2020 demonstrated an advance in anthropized
areas. The number of consecutive days without rain, which between 1981 and 1990 had its highest value in September, was observed in
October in subsequent decades. An upward trend was observed for temperature between 1991 and 2020. It was not possible to establish
a relationship between land use and occupation and precipitation. The reduction in the area occupied by larger formations (forest and
savanna) increases the temperature in the region. The change in land use and occupation did not affect precipitation in the region, but
had a direct impact on air temperature.

Keywords: Climate change; Steppe-savanna; Semi-arid.

Resumo: O objetivo deste trabalho foi avaliar a existéncia de influéncia da dindmica do uso e ocupacdo da terra na Caatinga sobre a
precipitagdo e temperatura. Para a determinagdo da temperatura, precipitacdo, numero de dias sem chuva e areas das classes, foi utilizada
a plataforma Google Earth Engine. A precipitagio foi avaliada pelo indice de Anomalia de Chuva. As anélises de tendéncia foram
realizadas pelo teste de Mann-Kendall. Foi calculado o Coeficiente de Correlagdo de Pearson entre as variaveis climaticas e as classes
de uso e cobertura da terra. A dindmica do uso e ocupagdo da terra entre 1991 ¢ 2020 demonstrou um avango das areas antropizadas. O
numero de dias consecutivos sem chuva, que entre 1981 ¢ 1990 tinha seu maior valor em setembro, nas décadas posteriores foi observado
em outubro. Para a temperatura foi observada uma tendéncia de aumento entre 1991 e 2020. Nao foi possivel estabelecer uma relago
entre 0 uso e ocupacdo da terra e a precipitagdo. A redugdo da area ocupada pelas formagdes de maior porte (florestal e savanica) aumenta
a temperatura na regido. A mudanga do uso e ocupacdo da terra ndo afetou a precipitagdo na regido, mas teve impacto direto na
temperatura do ar.
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1. Introduction

The major topic of current global discussions is climate change caused by industrialization and changes in land use and
coverage (MIRZABAEYV et al., 2022). Within this context, replacing natural areas for developing human activities is one
of the main points to be observed. Advanced human activities can be devastating for any biome if it is not based on the
rational use of natural resources, in addition to being preceded by planning and supported by environmental legislation.
However, depending on the characteristics of the biome, this process can be even more damaging.

The Caatinga is among the unique biomes in the world, which makes it extremely fragile to human impacts solely due
to this characteristic (FREIRE et al., 2018; SOUZA; ARTIGAS; LIMA, 2015). Furthermore, its vulnerability comes from
its singularities, such as drought (predominant in the Northeast region of Brazil), combined with poor rainfall distribution
(SILVA et al., 2017), and high population density (IBGE, 2013). Approximately 57% of the semi-arid area of the Brazilian
Northeast is severely degraded due to its intensive use (MARENGO; TORRES; ALVES, 2017). The effects of degradation
and/or desertification can already be observed in 62% of its area (OLIVEIRA et al., 2018).

When compared to humid biomes, the Caatinga is generally associated with low floristic richness and reduced
productive capacity, mainly due to the deciduousness of its leaves in the dry season. However, this is one of the areas with
the greatest richness among seasonally dry tropical forests (QUEIROZ et al., 2018). At least 3,347 species (526 endemic)
are known in the Caatinga, distributed in 962 genera (29 endemic) and 153 families (FERNANDES; CARDOSO;
QUEIROZ, 2020). Another relevant fact is the species/area ratio observed, which was almost twice as high (4.0 x 107
species/km?) when compared to the Amazon rainforest (2.5 x 10~ species/km?).

Another issue that deserves to be highlighted is its potential for providing ecosystem services. Its biodiversity of native
species has several uses, whether for food, homogeneous planting for wood production or medicinal purposes, such as:
angico - Anadenanthera colubrina (Vell.) Brenan (SILVA; AGUIAR; FREITAS, 2020); umbu - Spondias tuberosa Arruda
(DIAS et al., 2019); and imburana-de-cambao - Commiphora leptophloeos (Mart.) J.B.Gillett (MEDEIROS et al., 2022).

The importance of the Caatinga biome is also related to its maintenance of the populations that live in the region and
use its natural resources for subsistence and as a means of production (ALBUQUERQUE et al., 2017, CUNHA et al.,
2018; MARENGO; TORRES; ALVES, 2017). However, this use is not always done with adequate management, so the
effects of the predatory use of the Caatinga can not only interfere in conservation of the biome, but also in climate variables,
with a relevant emphasis on temperature and precipitation. Projections of climate change would cause, among other
changes, multi-year drought events above the historical average by 2050 in arid areas of the world. The indication for
Brazil is an increase in the frequency, intensity, average duration of drought events (it would increase by 30 months), and
in the magnitude of drought, with events that could last up to seven years (JENKINS and WARREN, 2015).

There is an effort by the scientific community to understand the effects of land use and coverage dynamics on climate
variables, generally in specific sites in the Brazilian semi-arid region (CUNHA; ALVALA; OLIVEIRA, 2013; MARIANO
et al., 2018; OLIVEIRA JUNIOR; PEREIRA; SILVA, 2022; RITO et al., 2017; SOUSA JUNIOR et al., 2022). Another
focus has been given to the relationship between the effect of climate change on dry forests (ALLEN et al., 2017; COSTA
et al., 2020b; HASNAT, 2022; ROTENBERG and YAKIR, 2010; SANTOS et al., 2014).

Other factors and positions should be taken into account when analyzing the relationship between climate and land use
and land cover. Several authors consider that the variability observed in rainfall in Northeastern Brazil occurs in part due
to the action of El Nifio and La Nifia, while other drought events are attributed to an abnormally northern position of the
Intertropical Convergence Zone (ITCZ) (CUNHA et al., 2018; HASTENRATH, 2006; MARENGO; TORRES; ALVES,
2017; SILVA et al., 2017; SPARACINO; ARGIBAY; ESPINDOLA, 2021). Another relevant factor is that the greatest
contribution to precipitation comes from evaporation from the oceans, since continental evaporation is responsible for
approximately 14% of the total (LIMA, 2008).

Therefore, understanding the influence that changes in land use and land cover in large areas, such as the Caatinga
biome, have on climate variables is essential for human activities to be environmentally sustainable and carried out within
the carrying capacity of ecosystems. In view of the above, the objective of this study was to evaluate how the land use and
occupation dynamics in the Caatinga biome influence precipitation and temperature. To this end, the existence of a
tendency for increased or decreased precipitation and temperature was analyzed and a correlation was established with the
areas of the main land use and land cover classes in the Caatinga.
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2. Method

The study covered the entire Caatinga domain area, which was delimited according to IBGE (2004). The biome
occupies an area of 844,453 km?, equivalent to 9.9% of the national territory (MAPA and SFB, 2019), being present in a
large part of the Northeast and north of Minas Gerais (Figure 1).
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Figure 1 — Location map of the Caatinga biome, Brazil.
Source: Authors (2024).

The climate classification for most of the biome is hot semi-arid (BSh) according to the Koppen climate classification,
with high temperatures, scarcity and irregular distribution of rainfall, with its highest concentration in the summer. The
plant types which predominate in the region are Savannah-Steppe (Caatinga) and Savannah (Cerrado), with their respective
subgroups (forested, wooded, park and grassy-woody). The term Savannah-Steppe was created by Trochain in 1955, who
described a physiognomy formed by trees, shrubs and herbs, without the predominance of trees. The concept of Savannah
was introduced by Fernandez de Oviedo y Valdes (1851-1855), defining it as xerophytic vegetation, which occurs in
different types of climate and in leached soils with the presence of aluminum (IBGE, 2012).

The Google Earth Engine platform was used to determine the mean, maximum and minimum temperature (°C)
variables of the air near the surface (2 m) (MUNOZ-SABATER, 2021), total annual precipitation, rainy and dry seasons
(mm), number of days without rain (DWR) (< 1 mm) and the number of consecutive days without rain (CDWR) (FUNK
et al., 2015), in addition to image processing.

The MapBiomas Project — Collection 7 of the Annual Series of Land Cover and Use Maps of Brazil (SOUZA JUNIOR
et al., 2020) was used to determine the forest fragmentation dynamics. The areas occupied by the following classes were
calculated from 1991 to 2020: forest formation, savanna formation, grassland formation, pasture, mosaic of uses, urbanized
area, other crops and other perennial crops.

The Rainfall Anomaly Index (RAI) (VAN ROOY, 1965), adapted by Freitas (2005), was adopted to analyze
precipitation variability:

RAI =3 [(g;_f_])], for positive anomalies

RAI = -3 [(z%g)], for negative anomalies

In which:
— N =annual precipitation (mm);



De PAULA, A. et al., Northeast Geosciences Journal, Caicd, v.11, n.1, (Jan-Jun) p.12-27, 2025. 15

— N = mean precipitation for the period (mm);

— M =mean of the 10 highest rainfalls of the period (mm);

— X =mean of the 10 lowest rainfalls of the period (mm);

— positive anomalies are precipitation (mm) above average; and
— negative anomalies are precipitation (mm) below average.

Intensity classes were determined according to Table 1.

Table 1 — Rainfall Anomaly Index (RAI) Intensity Classes).

RAI Intensity class

>4 Extremely rainy
=2and <4 Very rainy
>0and <2 Rainy

0 Neutral

<0and>-2 Dry
<-2and>-4 Very dry

<-4 Extremely dry

Source: Araujo; Moraes Neto, Sousa (2009).

The Mann-Kendall test (a = 0.05) was used to analyze the trend in total precipitation, DWR, CDWR and temperature
(mean, maximum and minimum), which, according to Bombardi and Carvalho (2017), is a method considered robust
because it is non-parametric and therefore does not depend on a normal distribution.

In order to assess the existence of trends prior to the period from 1991 to 2020, the previous decade (1981-1990) was
also analyzed for DWR and CDWR, and data from 1961 to 1990 for air temperature. The test was performed using the
Past 4.02 software (HAMMER; HARPER; RYAN, 2001).

Pearson’s Linear Correlation Coefficient (r) was calculated using the “metan” add-on (OLIVOTO and LUCIO, 2020)
of the R software (R CORE TEAM, 2021), between the climate variables and the land use and land cover classes that
showed a significant trend according to the Mann-Kendall test (a = 0.05).

3. Results and discussion

The results showed changes in land use and land cover for the biome between 1991 and 2020 (Figures 2 and 3), with
an increase in the pasture areas (4.1%), urbanized area (0.3%), other temporary crop (1.5%) and other perennial crop
classes in 2020 (0.5%). This growth was reflected by a reduction of the forest formation (0.1%) and savannah areas (3.8%).
The only natural formation which had an increase in its occupied area was the grassland (0.3%).
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Figure 2 — Land use and occupation classification in 1991 and 2020 for the Caatinga biome, Brazil.
Source: Authors (2024).
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Figure 3 — Area (km?) by class from 1991 to 2020 for the Caatinga biome, Brazil.

Source: Authors (2024).
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The areas affected by anthropogenic activity (pasture, mosaic of uses, urbanized areas, other temporary crops and other
perennial crops) which represented 28.9% in 1991 (244,200 km?), and occupied 32.4% in 2020 (273,229 km?).

The mean annual air temperature was 25.6°C, with a maximum average of 27.0°C in November. The rainy season
occurred between November and May, concentrating approximately 80% of the annual precipitation (Figure 4). The dry
season occurred between June and October, with precipitation below 40 mm. The month with the highest average total
precipitation for the period was March with 138.7 mm, with September being the driest month with 7.2 mm..
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Figure 4 — Average monthly precipitation and temperature from 1991 to 2020 for the Caatinga biome, Brazil. The error
bar represents the standard deviation
Source: Authors (2024).

When analyzing the data seasonally, it was noted that the first and second quarters concentrated the highest percentages
of precipitation, with 49.1 and 27.0%, respectively. The third quarter had the lowest precipitation, with only 5.6%, and the
fourth quarter showed a recovery, with 18.3%.

The mean annual precipitation in the period was 701.6 mm with a standard deviation of 130.1 mm. The highest
precipitation was 963.8 in 2009 and the lowest was in 2012 (406.9 mm). It should also be noted that the total precipitation
in 2004, 2008, 2009 and 2020 was above the upper limit of the standard deviation, and these values were therefore
considered anomalous due to the large volumes. Four other years were below the lower limit of the standard deviation
(1993, 1998, 2012 and 2015); in this case, anomalous due to the low precipitation presented (Figure 5). The averages found
in relation to the rainy and dry periods were 606.8 mm and 87.8 mm, with standard deviations of 125.6 and 19.7 mm,
respectively.



De PAULA, A. et al., Northeast Geosciences Journal, Caicd, v.11, n.1, (Jan-Jun) p.12-27, 2025.

19

Precipitation (mm)

1000

800

600

400

200

1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001

002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
2019
2020

[o e i o\ I o\ I o I o I o Nie e\ lie\ e\ I o I o N e Hie NNe NNal

Figure 5 — Precipitation from 1991 to 2020 for the Caatinga biome, Brazil, in which: solid line = total precipitation,
dashed line = mean precipitation, +o = positive standard deviation, and -c = negative standard deviation.

Source: Authors (2023).

Figure 6 shows that the RAI was positive in 15 years, negative in 14 and neutral in one. When analyzing the intensity
class (Table 1), two years were classified as extremely rainy, four as very rainy, nine as rainy, one as neutral, eight as dry,
three as very dry and three as extremely dry. A period with consecutive negative RAIs can be observed between 2012 and

2017.
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Figure 6 — Rainfall Anomaly Index (RAI) for the annual total precipitation series from 1991 to 2020 for the Caatinga

biome, Brazil.
Source: Authors (2024).

The DWR per year was 208.8 + 18.1, with no difference in monthly data between the decades analyzed. When checking
the CDWR, it is clear that the highest average value in the decade 1981 to 1990 occurred in September (38.3 days).
However, there was a shift in the following decades, with the highest values being observed in October. It is worth
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highlighting a gradual change between 1991 and 2000 with very similar values, in which 40.1 consecutive days without
rain were found in September and 41.8 days in October (Figure 7).
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Figure 7 — Number of days without rain and number of consecutive days without rain (< 1 mm) for the monthly total
precipitation series from 1981 to 2020 for the Caatinga biome, Brazil.
Source: Authors (2024).

In Table 2, it is possible to see that there is no statistically significant trend for precipitation (annual total, rainy period
and dry period), DWR and CDWR.

Table 2 — Analysis of the trend of total annual precipitation, rainy season (November to May), dry season (June to
October) and temperature (°C), by the Mann-Kendall test (o. = 0.05), for the Caatinga biome, Brazil. Z-value of the
Mann-Kendall test.

Variables Period Y4 p
annual 0.0714 0.9431
Total precipitation (mm) rainy 1991 -2020 0.2498 0.8028
dry 0.1784 0.8584
No. of days without rain (< 1 mm) 1991 — 2020 0.0179 0.9858
No. of consecutive days without rain (< 1 mm) 0.3750 0.7077
mean 0.8921 0.3724
maximum 1961 — 1990 0.8207 04118
o minimum 0.7850 0.4325
Temperature (°C) mean 2319 | 0.0204*
maximum 1991 — 2020 31.273 0.0018*
minimum 21.076 0.0351*

Source: Authors (2024).

The values found regarding the annual mean, maximum and minimum temperatures were 25.6°C, 26.5°C and 25.0°C,
respectively. The mean annual temperature in 14 years (46.7%) was higher than the mean for the analyzed period (Figure
8). The lowest mean temperatures were mostly (62.5%) found between 1991 and 2005.
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Figure 8 — Mean annual temperature from 1990 to 2020 for the Caatinga biome, Brazil, where: solid line = temperature,
dashed line = mean temperature and dotted line = linear regression.
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Source: Authors (2024).

An upward trend of 0.6°C in mean temperature, 0.7°C in maximum temperature and 0.4°C in minimum temperature
was observed in the period from 1991 to 2020 (Table 2). Thus, data from the period from 1961 to 1990 were also analyzed
in order to verify whether this trend already existed previously, and no statistically significant trend was found.

Figure 9 shows the correlations between temperature and land use and occupation classes. A negative correlation is
observed when analyzing the relationship between temperatures (mean, maximum and minimum), forest formation and
savanna formation, meaning that the increase in the areas of these natural physiognomies is associated with a reduction in
temperature. It is worth noting that the correlation did not present statistical significance for mean and minimum
temperature and forest formation. The opposite was observed for grassland formation, a natural physiognomy with a
predominance of herbaceous species, where the larger occupied area resulted in a higher mean, maximum and minimum
temperature. There was also no statistical significance for the minimum temperature.
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t mean t max t min ff sf gf ua mu opc otc p

c - - - -
g 0.45 -0.38 035 043 0.46
E 0.51 -0.47 0.44 0.49 0.54
. ; ; ;
E 0.41 029 030 0.39 0.38

-0.74 | 0.85 | -0.84 | -0.77 | -0.81
-0.97| 0.92 |-0.93 |-0.96 | -0.96
0.76 | -0.90 | 0.76 | 073" | 0.91
-0.86 | 0.92 | 0.99 | 0.89
-0.86 | -0.99
SO e et SN LT TS 0.91 | 0.92
Figure 9 — Pearson’s® Linear Correlation between temperature and land use and land cover classes in the period 1991
to 2020 for the Caatinga biome, Brazil, being: t mean — mean temperature, t max — maximum temperature, t min —

minimum temperature, ff — forest formation, sf — savanna formation, gf - grassland formation, ua - urbanized area, mu -
mosaic of uses, opc - other perennial crops, otc - other temporary crops, p - pasture, * - statistical significance at 95%

probability, ** - statistical significance at 99% probability, and *** - statistical significance at 99.9% probability.
Source: Authors (2024).
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Anthropogenic areas, as well as grassland formations, also have a positive correlation, in which the increase in their
area is correlated with higher temperatures. No significance was observed with the minimum temperature (Figure 9). This
can be verified for both the urbanized area class and for the agricultural classes, such as other perennial crops, other
temporary crops and pasture. The mean and minimum temperatures and other perennial crops did not present statistical
significance. The exception was the mosaic of uses, which had a negative correlation. This class is defined as “areas of
agricultural use where it was not possible to distinguish between pasture and agriculture” or “urban vegetation areas,
including cultivated vegetation and natural forest and non-forest vegetation”, and it is not possible to determine the
characteristics that could explain this behavior, such as its size and density.

This study indicates that changes in land use and coverage in Caatinga should be understood as a concern for the
adequate management of this biome (FERNANDES et al., 2015; SILVA et al., 2013; SOUSA JUNIOR et al., 2022), with
the reduction of native forest cover being one of the most important changes in this biome. This reduction was more
associated with the advance of agriculture and livestock farming in different Caatinga areas over time (1991-2020)
(ALBUQUERQUE et al., 2017; BARBOSA; ANDRADE; ALMEIDA, 2009; COELHO et al., 2014; FERNANDES et al.,
2015; SILVA et al., 2009; SOUSA JUNIOR et al., 2022; SOUSA et al., 2008).

A large oscillation in annual precipitation was observed during the analyzed period, with most events occurring within
the standard deviation, indicating few extreme events. However, a drought period was observed between 2012 and 2017.
This can be considered the most severe drought in decades, as it had significant impacts on agriculture, industrial
production, and the availability of drinking water in wells in rural homes, reducing the level of reservoirs (BRITO ef al.,
2018; MARENGO; TORRES; ALVES, 2017). In turn, this period negatively affected Caatinga vegetation productivity,
as observed through the study of the normalized difference vegetation index (NDVI) (BARBOSA et al., 2019). The
existence of these long drought periods can be very critical for plant physiology (SANTOS et al., 2014), which even for
Caatinga species (that are mostly adapted to go through severe drought periods) could not withstand. As an example of
adaptation, we can mention the greater capacity of deciduous species that have low-density wood (< 0.5 g cm™) to store
water in trunks (up to 250% of dry weight) than those with high density (> 0.5 g cm) (LIMA et al., 2012).
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Among the extremely dry events (Figure 6), those of 1993 and 1998 are related to the occurrence of El Nifio, unlike
2012, when the event was not observed (CUNHA et al., 2018). According to the authors, the drought in the latter case was
caused by the migration to the north of the ITCZ.

The finding of the lack of a trend for precipitation, DWR and CDWR demonstrates an absence of a relationship between
these variables and the reduced native vegetation area. This statement is in agreement with authors who consider that the
variation in annual precipitation in the Northeast is mainly related to atmospheric and oceanic characteristics, such as the
existence of events such as El Nifio, La Nifia and ITCZ (RODRIGUES and MCPHADEN, 2014; SPARACINO;
ARGIBAY; ESPINDOLA, 2021).

On the other hand, the trend of increasing average temperatures in the period for Northeast Brazil has already been
reported by other authors (COSTA et al., 2020a; MARENGO and BERNASCONI, 2015; MARENGO; TORRES; ALVES,
2017). Marengo and Bernasconi (2015) also projected an increase in temperature for the Brazilian semi-arid region of 2°C
by 2040 compared to the period from 1961 to 1990, constituting a result close to that found in the present study (1.6°C).

The negative correlation between temperatures (average, maximum and minimum) and forest and savanna formations
can be explained by the fact that these are physiognomies of greater size (larger basal area per hectare of forest), and
therefore have a greater capacity for shading and reducing thermal amplitude. In constrast is the grassland formation, which,
due to the predominance of low vegetation, does not have a high shading capacity. Thus, the larger area occupied by this
physiognomy can naturally result in a higher temperature. The results observed corroborate those obtained by Gotardo et
al. (2019), who found a mean daily air temperature which was 9.5% lower in areas with the presence of a forest canopy
compared to open areas (without the presence of a canopy and covered by grasses).

4. Final considerations

The land use and occupation dynamics in the Caatinga between 1991 and 2020 demonstrated an increase in anthropized
areas and a consequent reduction in natural plant areas.

The number of consecutive days without rain shifted from September between 1981 and 1990, to October in subsequent
decades. Precipitation (annual, rainy season and dry season) showed no tendency to change.

The mean, maximum and minimum temperature showed no tendency to change between 1961 and 1990, but an
increasing tendency was observed between 1991 and 2020.

Negative correlations were observed between the size of the area of the largest physiognomies (forest and savanna)
and the temperature, meaning that the reduction in the area occupied by these formations increases the temperature of the
environment. The opposite behavior was observed for anthropic areas, where their increase raises the temperature. Given
the above, it can be concluded that changes in land use and occupation do not directly affect precipitation in the Caatinga,
but have a significant impact on the increase in temperature in this biome.
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