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Abstract. Global changes in climatic factors
are generating significant impacts on agricul-
tural systems, especially in equatorial regions
where agriculture is a predominant activity.
In this context, the present study analyzed the
influence of ambient temperature on three
types of agricultural soils with different types
of cover: bare soil, dry cover (mulch), and live
cover (grass). A climate dataset recorded over
six consecutive years, from 2015 to 2020, was
used, with measurements taken at a depth of
20 cm in humid tropical agricultural soils.
The research combined descriptive statistical
analyses with linear regression models and
Pearson correlation coefficients to establish
relationships between ambient and soil tem-
peratures. In addition, the non-parametric
Mann-Kendall and Sen’s slope methods were
applied to detect and quantify trends in the
temperature time series. The results showed
statistically significant correlations between
ambient and soil temperatures, with greater
thermal stability observed in soils with live
and dry vegetative cover. The trends identified
indicate a decrease in ambient temperature
(-23.22%) and a stronger negative trend in
soils covered with grass (-32.63%) and mul-
ch (-28.54%), compared to bare soils. These
patterns were consistent at both annual and
monthly levels. It is concluded that vegetati-
ve cover acts as a thermal regulator for soil,
mitigating extreme temperature fluctuations.
Continuous monitoring of these variables is
essential to anticipate the effects of climate
change on tropical agricultural systems and to
propose adaptive strategies that support the
sustainability of production.

Keywords: soil temperature, agricultural soil,
climate change, vegetative cover.

INTRODUCTION

In the context of climate change, a sustai-
ned increase in thermal variability has been
documented, directly affecting the dynamics
of terrestrial ecosystems (Del Rio et al., 2012;
Bhutiyani et al., 2007). At a regional scale
(mesoscale), particularly in equatorial coun-
tries such as Ecuador, these thermal changes
have direct repercussions on agricultural pro-
duction and food security, with soil being one
of the most vulnerable and climate-sensitive
components (Sabando-Garcia et al., 2024). In
this regard, soil temperature emerges as a key
environmental parameter, inﬂuencing micro-
bial activity, nutrient availability, root deve-
lopment, and plant productivity (Feng et al.,
2019; Mall et al., 2021). At the local scale (mi-
croscale), the type of vegetation cover subs-
tantially alters soil temperature, with notable
differences observed between bare soils and
those protected by live or dead covers (Lin-
gxue et al., 2022; Maiken et al., 2024).

Recent studies have shown that the rela-
tionship between air and soil temperature is
not strictly linear, and may be mediated by
factors such as solar radiation, soil moistu-
re, vegetation cover, and topography (Bayat-
varkeshi et al., 2021; Oluwaseyi et al., 2022).
In fact, it has been observed that vegetation
restoration has a mitigating effect on both air
and soil temperatures, with the latter being
more sensitive to changes in vegetative co-
ver (Dorau et al., 2022; Garcia-Garcia et al.,
2023). Understanding these thermal patterns
is essential for sustainable agricultural adapta-
tion, particularly in coastal areas of Ecuador,
where agricultural soils face thermal stress
conditions at certain times of the year (Ga-
dedjisso-Tossou et al., 2021).

To evaluate these thermal dynamics, va-
rious authors have employed robust, non-pa-
rametric statistical tools such as the Mann-
-Kendall (MK) test and Sen’s slope estimator
(SS), due to their ability to detect monotonic

T —— ) |-



trends in time series without requiring the as-
sumption of a normal distribution (Wang et
al., 2020; Gocic & Trajkovic, 2013). These me-
thods have been successfully applied in mul-
tiple regions to analyse trends in maximum
and minimum temperatures, precipitation,
and runoff, revealing significant variations
associated with climate change (Frimpong et
al., 2022; Atta-ur-Rahman & Dawood, 2017;
Gupta & Verma, 2023). In specific studies on
soil temperature, it has been confirmed that
Sen’s slope effectively estimates the magnitu-
de of thermal change, even in the presence
of noisy or outlier data (Manoj et al., 2018;
Roshani et al., 2023).

Likewise, the use of regression and correla-
tion models between air temperature and soil
temperature has been reported as an effective
approach for assessing their degree of inte-
raction, with important implications for the
design of mitigation strategies (Li et al., 2023;
Brown et al., 2000). However, there remains a
need for local studies that incorporate vege-
tation cover variables, multi-year data series,
and reliable statistical methodologies to bet-
ter understand thermal trends in agricultural
soils.

In this context, the present study aims to
analyse soil temperature trends under diffe-
rent types of vegetative cover (bare soil, mul-
ch, and grass), and their relationship with
ambient temperature in the coastal region of
Ecuador over the period 2015-2020. To this
end, the Mann-Kendall and Sen’s slope tests
were applied, following the pre-whitening of
the time series (Frimpong et al., 2022), whi-
ch allowed the identification of both the di-
rection and magnitude of thermal trends in a
real agricultural setting. This approach seeks
to contribute scientific evidence applicable to
agronomic planning and climate monitoring
in equatorial regions.

MATERIALS AND METHODS

STUDY AREA

This research was conducted at the mete-
orological station of the Escuela Superior Po-
litécnica Agropecuaria de Manabi (ESPAM),
located on the university campus at the geo-
graphical coordinates: latitude 0° 49" 10” sou-
th, longitude 80° 10" 40” west, and an altitude
of 15 metres above sea level. The study covered
the period from the beginning of 2015 to the
end of 2020. This area presents agroclimatic
conditions typical of the Ecuadorian coastal
region, with an average annual temperature
of 26 °C, average annual precipitation of 1027
mm, relative humidity of 82%, and an appro-
ximate sunshine duration of 1113.3 hours/
year (Sabando et al., 2020).

The predominant crops in the surroun-
dings of the agrometeorological station in-
clude fine-flavour national cocoa, plantain,
pitahaya, cotton, maize, peanut, watermelon,
and melon, as well as minor crops such as cas-
sava and various vegetables. The data collec-
ted at this station provides strategic climatic
information to support agronomic decision-
-making for thousands of farmers in the can-
tons of Junin, Bolivar, Tosagua, and Chone.

DATA COLLECTION

Ambient temperature measurements were
obtained from ESPAM’ meteorological sta-
tion records during the 2015-2020 period.
Data were collected in three daily time slots:
morning, afternoon, and evening, recording
maximum, minimum, and average tempera-
tures in degrees Celsius (°C). Simultaneously,
thermal instrumentation was installed at a
depth of 20 cm to measure soil temperature
under three conditions: bare soil (no cover),
soil with dry vegetative cover (mulch), and
soil covered with grass. This depth was chosen
due to its high biological activity, ion exchan-
ge, and root concentration (Feng et al., 2019).
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In total, 13,140 raw data points were col-
lected and subsequently averaged, resulting in
2,193 consolidated observations for the mean
temperature in each soil type, as well as the
same number for ambient temperature.

TREND ANALYSIS

The analysis of trends in climatic variables
allows for the assessment of potential clima-
te change effects on agriculture and other
human activities. In this study, the trends in
ambient and soil temperature under diffe-
rent vegetative covers were examined using
the non-parametric Mann-Kendall and Sen’s
Slope methods (Kumar et al., 2023). These
methods have proven suitable for time series
analysis without the assumption of normality,
making them especially useful in variable and
heterogeneous climatic contexts (Chakrabor-
ty & Joshi, 2016).

The Mann-Kendall test detects the presen-
ce of a monotonic trend (increasing or decre-
asing), while Sen’s slope estimator quantifies
the magnitude of the trend. Both procedures
were complemented with statistical signifi-
cance testing at the 5% level to validate the re-
sults (Roshani et al., 2023), providing a robust
basis for interpreting the observed thermal
changes.

MANN-KENDALL TEST (MK)

The analysis of climate trends in time series
requires statistical techniques that do not rely
on strict assumptions such as data normality.
For this reason, the Mann-Kendall test (MK),
a non-parametric method ideal for detecting
monotonic trends (increasing or decreasing)
in variables such as air and soil temperature
without the need for data transformation, was
employed in this research (Zhiqgiang et al.,
2021; Wang et al.,, 2020). This approach has
been widely validated in hydrometeorologi-
cal and climate studies due to its robustness
against skewed distributions and its sensiti-

vity to gradual changes (Alencar et al., 2017;
Mann, 1945; Kendall, 1975).

The MK test is based on the comparison
of all possible pairs of values within the time
series, assigning a positive or negative sign de-
pending on the direction of the change. The S
statistic is calculated using equation (1):
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where x, and x_represent values of the va-
riable in years b and c, respectively, and # is
the total number of observations. A positive S
indicates an upward trend, whereas a negative
S suggests a downward trend.

To evaluate the statistical significance of
this trend, the variance of S is calculated using
equation (2), which accounts for ties in the
data.

mnshé nin-1|(2 r!+5'-§ folf,-1)(2f,+5) (2)

where f is the number of tied values
in group p, and g is the total number of tie
groups. Subsequently, the Z statistic is calcu-
lated to test the null hypothesis of no trend,
using equation (3).
l(s-1)/sr, ifs>0

0, ifs=0 (3)
I5-1)f5r, ifs=0
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SEN’S SLOPE ESTIMATOR

Sen’s slope test, also known as the Theil-
-Sen estimator, was used in this study to cal-
culate the magnitude of the trend in both air
and soil mean temperatures across different
ground covers. This non-parametric tech-
nique is based on the median of all possible
slopes between data pairs, making it resistant
to outliers and noise in time series (Gupta &
Verma, 2023; Sen, 1968; Theil, 1992).

Each slope between two observations is
calculated using equation (4).
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where X, and x, are observed values at times
jand k. The full set of slopes T is then sorted,
and Sen’s slope (Q) is defined as the median of
this set, as per equation (5).
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This test has become a standard in climate
change studies, as it enables the quantification
of variation rates with precision and without
biases from extreme values. Its use has been ex-
tended to the analysis of hydrological variables,
air temperature, humidity, and, in this study,
soil temperature under different vegetative co-
vers (Agarwal et al., 2021; Malik et al., 2020).

Sen’s slope has proven to be an effective
tool for assessing warming or cooling rates in
agricultural ecosystems, providing an objecti-
ve numerical value that complements the sig-
nificance analysis performed using the Man-
n-Kendall test (Ray et al., 2021; Worku et al.,
2019). In this work, it was employed to identi-
fy not only the presence of a thermal trend but
also its intensity according to soil type: bare,
mulched, or grass covered.

COEFFICIENT OF VARIATION (CV)

In this study, the coeflicient of variation
(CV) was used as a statistical measure to as-
sess the degree of dispersion of temperature
values in relation to their mean. This metric
quantifies relative variability, where a higher
CV indicates greater instability in the data
(Sarkar et al., 2021). Spatial and temporal pat-
terns in temperature standard deviation were
also identified, highlighting the importance of
considering both daily and monthly averages
in thermal variability analyses (Volodin & Yu-
rova, 2013).

According to the classification proposed by
Asfaw et al. (2018), CV magnitude can be ca-
tegorised as very high (CV > 40%), high (CV
> 30%), moderate (20% < CV < 30%), and low
(CV < 20%). This classification is useful for
interpreting thermal stability across different
soil types and times of day. The coefficient is
calculated using equation (6).

CV=§* 100
T

(6)

where S represents the standard deviation
and y the mean temperature. As a proportio-
nal measure, it is expressed as a percentage.
This tool is widely used in experimental stu-
dies due to its effectiveness in comparing va-
riability between treatments.

STATISTICAL ANALYSIS

Data processing was carried out using the
RStudio statistical environment, version 4.1.2,
due to its open-source programming fra-
mework and applicability in climate studies
(Sabando-Garcia et al., 2024). Temperature
trends for both air and soil were evaluated
using the Mann-Kendall and Sen’s Slope tests,
through the installation of the trend package,
applying the functions mk.test() and sens.slo-
pe().

These functions provide key statistical ou-
tputs such as the Gaussian Z-statistic, sample
size (n), p-value, confidence intervals, varian-
ce, standard deviation, Kendall’s tau (1) cor-
relation coefficient, and Sen’s slope estimator.
The modelling of the effect of air temperature
on soil temperature, differentiated by type of
vegetative cover, was performed through line-
ar regression using packages such as tidyverse,
colourpicker, psych, GGally, xts, and ggplot2.
This enabled the extraction of relevant indi-
cators including model estimators, Student’s ¢
statistic, p-values, correlation and determina-
tion coefficients (R?), and Fisher’s test applied
to the residuals (Elsayed et al., 2023).
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RESULTS

This section presents the analysis of ther-
mal behavior in the coastal region of Ecua-
dor, considering both air temperature and soil
temperature under different coverage condi-
tions (bare soil, mulch, and grass) during the
period 2015-2020. Linear regression analyses
and significance tests were employed to de-
termine the relationships between variables,
while non-parametric tests (Mann-Kendall
and Sen’s Slope) were used to evaluate trends.

Figure 1 illustrates the evolution of air and
soil temperatures by vegetation cover. It can
be observed that the lowest temperatures cor-
respond to air, while bare soil exhibited the
highest thermal values. In contrast, soils co-
vered with mulch and grass recorded more
stable temperatures, with reduced variability
and thermal amplitude, evidencing their atte-
nuating effect against environmental changes.
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Figure 1. Dynamics of air and soil tempera-
ture.

Figure 2 analyses the impact of air tem-
perature on bare soil. The linear model re-
vealed a positive, albeit weak, relationship
(R? = 3.78%), yet statistically significant. The
regression coeflicient was 0.159 °C for every
one-degree increase in air temperature (p <
0.001), with an F value of 86.11 and a ¢ statis-
tic of 9.28, indicating a moderately increasing
and consistent trend.

| Year
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Ambient temperature (°C)

Figure 2. Impact of air temperature on bare
soil temperature.

For soil covered with dry vegetative mat-
ter (mulch), Figure 3 shows a stronger re-
lationship. The regression coefficient was
0.341 °C per degree of ambient temperature,
with an explained variance of 26.57% (ad-
justed R* = 26.54%). The results were highly
significant (p < 0.001), with F = 792.9 and ¢
= 28.16. This suggests that such coverage ena-
bles a more direct soil response to environ-
mental changes, while still providing a buffe-
ring effect.

Year
2020

2019
2018
2017
2016
2015

Mulch-covered soil temperature (°C)

24 2 20
Ambient temperature (°C)

Figure 3. Influence of air temperature on soil
covered with mulch.

Lastly, Figure 4 represents the effect of air
temperature on grass-covered soil. A positive
correlation was observed with a coefficient of
0.386 °C per degree of ambient temperature,
and an explained variance of 27.64% (adjus-
ted R* = 27.61%). The model was statistically
significant across all tests (p < 0.001), inclu-
ding F = 837.1 and ¢t = 28.93. This type of live
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coverage maintained more stable temperatu-
res but demonstrated higher sensitivity to cli-
mate change than mulch.

Year
2020

2019
. 2018
2017
2016
2015

Grass-covered soil temperature (°C)

Ambient temperature (°C)

Figure 4. Incidence of air temperature on
grass-covered soil.

These results highlight the moderating ef-
fect of vegetation cover on soil temperature.
As interaction with the environment incre-
ases—as observed in bare soil—thermal va-
riability tends to rise, whereas vegetative co-
vers, particularly grass, stabilise temperature
fluctuations and exhibit a more homogeneous
response to ambient warming.

TRENDS IN AIR AND SOIL
TEMPERATURE

The descriptive and trend analyses for the
2015-2020 period are presented in Table 1.
Overall, bare soil exhibited the highest tempe-
rature values (M = 29.50 °C), exceeding those
recorded under dry mulch (M =28.11 °C) and
live grass cover (M = 28.25 °C). In contrast, air
temperature showed the lowest average value
(M = 26.35 °C).

Regarding variability, both the standard
deviation and the coefficient of variation (CV)
indicate greater thermal stability in soils with
vegetation cover, with CV values below 3.5%,
suggesting low data dispersion. This reduced
variability reflects the buffering effect of vege-
tative layers against external thermal fluctua-
tions.

With respect to trend analysis, the Man-
n-Kendall (Zc) and Sen’s Slope coefficients
confirmed a statistically significant negati-
ve trend across all variables. The strongest
downward trends were found in grass-cove-
red (Tau = -32.63%) and mulch-covered soils
(Tau = -28.54%), while bare soil and ambient
air temperature showed less marked declines
(Tau = -3.76% and -23.22%, respectively).
This suggests that protected soils have res-
ponded more noticeably to regional climatic
changes during the study period.

The monthly trend analysis of bare soil
temperature is summarised in Table 2, asses-
sing the significance of changes through the
Mann-Kendall and Sen’s slope tests. A signifi-
cant negative trend was observed in six mon-
ths of the year, January, June, July, October,
and December with Tau coeflicients ranging
from -13.2% to -29.1%. These findings reflect
a progressive thermal decline during those
months, which may be linked to local seaso-
nal variations.

On the other hand, the months of March,
April, and November did not exhibit statisti-
cally significant trends, while February, May,
August, and September showed slight but
non-significant negative trends. This indica-
tes a certain degree of thermal stability during
these months, possibly influenced by micro-
climatic factors, interannual variability, and
local edaphoclimatic characteristics.

Table 3 presents the trend analysis of soil
temperature under dry vegetative cover (mul-
ch). In contrast to bare soil, this condition
exhibited a negative trend throughout all
months of the year, although only the months
from May to December showed statistically
significant results. These months coincide
with the dry season across various agricultu-
ral areas of the Ecuadorian coast, which may
explain the more pronounced thermal decline
observed.
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Temperature type I\E[f/?)n (?)]2) CcvV Zc P-value Z;:; sslf)?)’:: Description

Ambient 26.35 131 497 -16.153  <0.001 -23.22  -0.0007  Significant negative trend
Bare soil 29.50 1.08  3.66 -26243  0.009  -3.76  -0.0001  Significant negative trend
Mulch-covered soil 28.11 0.87  3.09 -19.856 <0.001 -28.54 -0.0006  Significant negative trend
Grass-covered soil 2825 096 340 -22.780 <0.001 -32.63 -0.0008  Significant negative trend

Table 1. Trends in air and soil temperature using the Mann-Kendall and Sen’s slope tests.

Notes: p-values were calculated using the Mann-Kendall test; p < 0.01 denotes statistical significance; Zc:
Mann-Kendall standardized test statistic; Tau: Kendall’s Tau correlation coefficient; Sen’s slope: Median

slope of the trend.

Month I\Elf/[a)n (%2) Cv Zc P-value ’(1;21; sSiZI;Z Description
January 28.81 0.90 3.14  -2.655 0.007 -13.20  -0.003 Significant negative trend
February 2849  0.66 232 -0.865 0.387 -4.50 -0.000 Non-significant negative trend
March 29.39 0.94 3.20 0.305 0.760 1.50 0.000 No trend
April 29.70 0.79 2.66 1.606 0.108 8.00 0.002 No trend
May 29.61 0.95 3.20 -0.379 0.704 -1.80 -0.000 Non-significant negative trend
June 29.11 1.06 3.65 -4.243 <0.001 -21.46  -0.006 Significant negative trend
July 2868  0.85 298  -5847 <0.001  -29.11  -0.006 Significant negative trend
August 29.61 0.83 2.79 -0.991 0.322 -4.94 -0.001 No trend
September 30.05 0.95 3.15  -1.202 0.229 -6.07 -0.001 No trend
October 30.39 0.78 2.56  -2.838 0.005 -14.18  -0.003 Significant negative trend
November 3057  0.75 246 0529 0.596 2.68 0.000 No trend
December 29.59 1.03 347  -2.754  0.006 -13.69  -0.004 Significant negative trend

Table 2. Behaviour of bare soil temperature based on Mann-Kendall and Sen’s slope tests.
Month I\Elf/?)n (%]2) CvV Zc P-value '(1;21)1 SSIZI;Z Description
January 28.00 0.54 1.93 -2.690 <0.01 -13.45 -0.001 Significant negative trend
February 28.14  0.52 1.85 1.109 0.267 5.83 0.000 Non-significant positive trend
March 28.65 0.56 1.96 -0.607 0.544 -3.05 0.000 Non-significant negative trend
April 28.71 0.53 1.84 0.852 0.394 4.35 0.000 Non-significant positive trend
May 28.63 0.61 2.12 -2.735 <0.01 -13.67  -0.002 Significant negative trend
June 2782 0.76 275  -8251  <0.001 -41.84  -0.007 Significant negative trend
July 27.34  0.86 3.16 -10.145 <0.001 -50.75  -0.011 Significant negative trend
August 27.60 091 3.28 -9.412  <0.001  -46.88  -0.011 Significant negative trend
September 28.02 1.05 376 -8984  <0.001  -4546  -0.012 Significant negative trend
October 28.26 1.08 3.83 -9.140  <0.001  -45.65  -0.014 Significant negative trend
November 2825  0.78 276 -4533  <0.001  -22.99  -0.005 Significant negative trend
December 27.88  0.70 2.51 -6.043  <0.001  -30.13  -0.006 Significant negative trend

Table 3. Monthly trend of soil temperature under dry vegetative cover (mulch).




Month I\EI;/?)n (%Dt) CV Zc P-value 2:]21; sslf)r;l;se Description

January 28.10  0.68 242 -1.745 0.081 -8.70 -0.001 Non-significant negative trend
February 2827  0.65 228  -1.374  0.169 -7.22 -0.000 Non-significant negative trend
March 28.89  0.72 2,51 -1.201 0.229 -6.02 -0.001 Non-significant negative trend
April 28.99 0.61 2.09  -1.891 0.058 -9.63 -0.001 Non-significant negative trend
May 28.87 0.70 2.43 -4.700  <0.001 -23.55 -0.005 Significant negative trend
June 2826  0.97 345 -7.776  <0.001 -3940  -0.008 Significant negative trend
July 2789  0.92 330 -8279  <0.001  -4127  -0.009 Significant negative trend
August 28.06 1.13 4.01 -7.464  <0.001  -37.16  -0.012 Significant negative trend
September 27.80 099 355  -9.087  <0.001  -4593  -0.011 Significant negative trend
October 28.03 1.17 417  -8.131  <0.001 -40.51  -0.014 Significant negative trend
November 2798  0.78 279  -6.731  <0.001  -34.09  -0.008 Significant negative trend
December 2786 091 327  -4794  <0.001 -2387  -0.008 Significant negative trend

Table 4. Soil temperature dynamics under grass cover using the Mann-Kendall and Sen’s slope tests.

Month I\EI;BH (?)Dt) Cv Zc P-value 212]21; sslf)rljz Description

January 2640  0.96 3.66  -0.069 0.944 -0.53 -0.000 Non-significant negative trend
February 2693 0.95 352 -0.069 0.945 -0.36 -0.000 Non-significant negative trend
March 27.42 0.85 3.10  -2.883 0.003 -14.47  -0.003 Significant negative trend
April 27.49 0.88 319 -0.189 0.849 -0.97 -0.000 Non-significant negative trend
May 27.09 0.91 3.38 -5.414  <0.001 -27.06 -0.006 Significant negative trend
June 26.10 1.25 477  -8533  <0.001 -4324  -0.015 Significant negative trend
July 25.43 1.23 483  -7.255 <0.001  -36.15  -0.012 Significant negative trend
August 25.67 1.30 5.05 -6.468  <0.001 -32.24 -0.010 Significant negative trend
September 25.85 1.32 510 -6.667 <0.001  -33.72  -0.012 Significant negative trend
October 25.81 1.31 5.06  -3.180 0.001 -15.88  -0.005 Significant negative trend
November 25.87 1.21 469  -5308 <0.001 -2691  -0.009 Significant negative trend
December 26.17 1.19 455  -5896  <0.001  -29.40  -0.009 Significant negative trend

Table 5. Air temperature behaviour based on the Mann-Kendall and Sen’s slope tests.

Additionally, during this period, there was
a slight increase in both standard deviation
and coeflicient of variation, indicating a bro-
ader thermal fluctuation range under mulch
cover in the second half of the year. This pat-
tern may result from the interaction between
dry cover and direct solar radiation during
the warmer months, generating greater ther-
mal amplitude at the soil surface.

Regarding the soil covered with live vege-
tation (grass), the monthly trend analysis re-
vealed a consistent decreasing pattern throu-
ghout the year, as shown in Table 4. The most
significant negative trends were concentrated
between May and December, with Tau coef-

ficients reaching -45.93% (September) and
Sen’s slope values of up to -0.014 °C per mon-
th (October). These results reflect a sustained
decline in soil temperature under grass cover
during the coastal dry season in Ecuador,
typically extending from May to December.
During the same period, a progressive in-
crease in standard deviation and coefficient
of variation (CV) was observed, peaking at
4.17% in October. This suggests a greater ther-
mal variability under live cover, indicating
that although grass helps reduce soil tempera-
ture, it may also amplify temperature fluctua-
tions under certain local climatic conditions.




Regarding air temperature, the main causal
variable in this study, Table 5 shows a general
negative trend throughout the year, though
statistically significant only from March and
from May to December. During this inter-
val, Tau coeflicients reached —-43.24% (June),
and Sen’s slope values ranged from -0.003 to
-0.015 °C per month.

Although monthly mean air temperatu-
res remained relatively stable, ranging from
25.4 °Cto 27.5 °C, the standard deviation and
coefficient of variation revealed increasing
thermal variability during the drier months,
with CV values of up to 5.10% in September.
This confirms that despite relatively stable
average thermal conditions, significant fluc-
tuations occurred during the second half of
the year, potentially associated with regional
climatic phenomena such as El Nifo or intra-
-seasonal variability in the equatorial zone.

DISCUSSION

The results obtained in this study reve-
al a statistically significant negative trend in
soil temperature under live vegetative cover
(grass), particularly between May and De-
cember, according to the non-parametric
Mann-Kendall test and Sen’s slope estimator.
This decreasing pattern is consistent with
findings from various international studies
that have employed similar methodologies to
analyse long-term thermal changes in terres-
trial ecosystems. For instance, Frimpong et al.
(2022) and Manoj et al. (2018) applied these
tests to detect persistent trends in soil tempe-
rature, thereby validating their usefulness in
climate change research.

The progressive temperature reduction
observed in grass-covered soils may be attri-
buted to the synergistic interaction between
vegetative cover and atmospheric conditions.
This aligns with the findings of Genxu et al.
(2012), who highlighted the buffering role of
vegetation in modulating soil thermal dyna-

mics. Lingxue et al. (2022) further demons-
trated that vegetation restoration not only re-
duces air temperature but has an even more
pronounced effect on soil temperature, con-
firming the relevance of vegetative structure
in regulating microclimatic conditions.

Regarding air temperature, a significant
downward trend was also observed in most
months, especially from March onwards. The-
se results contrast with those reported by Gup-
ta and Verma (2023) and Atta-ur-Rahman
and Dawood (2017), who documented ri-
sing trends in annual maximum temperatu-
res across Asian regions. Such discrepancies
underscore the high dependency of thermal
patterns on geographic, altitudinal, and land
cover characteristics.

Although air temperature is commonly
considered a predictor of soil temperature
(Brown et al., 2000; Dorau et al., 2022), the fin-
dings of this study suggest that the relationship
is neither strictly linear nor proportional. This
supports the observations of Bayatvarkeshi
et al. (2021), who argued that additional fac-
tors—such as soil moisture, solar exposure,
physico-chemical soil properties, and agricul-
tural management practices—can influence
soil thermal dynamics (Oluwaseyi et al., 2022;
Garcia-Garcia et al., 2023). In this context,
the relatively stable air temperature means
contrasted with greater thermal fluctuations
in the soil further illustrate the complexity of
thermal responses in agroecosystems.

A critical aspect identified in this study
is the increase in the coeflicient of variation
(CV) during the warmest months, indicating
greater thermal volatility. This may be linked
to the broader impacts of climate change. Ac-
cording to Sabando et al. (2024), thermal va-
riability could become a key driver of global
warming in the long term, aligning with mo-
dels that project sustained temperature incre-
ases under scenarios such as SSP5-8.5 (Iyaka-
remye et al., 2021).
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On the other hand, while regions such as
northern Pakistan have recorded rising ma-
ximum temperatures alongside falling mini-
mum values (Atta-ur-Rahman & Dawood,
2017), the present study observed a uniformly
decreasing trend. This could be explained by
the continuous presence of vegetative cover
and more stable orographic conditions, as
similarly reported by Maiken et al. (2024) in
valley environments characterised by greater
humidity and shade.

Finally, the findings of this research con-
firm the relevance of applying the Mann-Ken-
dall test and Sen’s slope estimator to environ-
mental time series, provided their sensitivity
to white noise and sample size is considered
(Wang et al., 2020). This study contributes to
a better understanding of soil thermal dyna-
mics in tropical contexts and offers empirical
evidence to inform agricultural adaptation
strategies and soil management practices in
the face of climate variability, as suggested by
Gadedjisso-Tossou et al. (2021) and Hamal et
al. (2021).

CONCLUSIONS

This study analysed the effect of ambient
temperature on agricultural soil temperature
at 20 cm depth, differentiating among bare
soil, soil with live vegetative cover (grass), and
soil covered with dry organic matter (mulch),
over the period 2015-2020 in a coastal agri-
cultural zone. The results show that bare soils
exhibit higher and more variable temperatu-
res, while soils with live or dry cover maintain
more stable thermal conditions that are favou-
rable for root development, microbial activity,
and nutrient exchange processes. Ambient
temperature acted as a thermal moderator in
protected soils—particularly those with grass
cover—highlighting a complex but significant
relationship between these variables.

Furthermore, the Mann-Kendall and Sen’s
slope tests revealed significant negative trends

in soil temperature under live cover, especially
during the dry season months. This may in-
dicate a soil-level response to environmental
changes or specific agricultural management
practices.

Among the main limitations of this study is
its focus on a single agroecological zone, whi-
ch restricts the generalisability of the results
to other regions with different climatic, alti-
tudinal, or land-use conditions. Additionally,
other relevant environmental variables—such
as soil moisture, precipitation, and solar ra-
diation—were not included, which could have
enriched the analysis of thermal dynamics.

For future studies, it is recommended to
expand the research to different regions along
the Ecuadorian coast and highlands, consi-
der longer time periods, and incorporate ad-
ditional variables to more accurately model
soil-climate interactions. It is also suggested
to explore the combined effects of tempera-
ture and humidity on specific crops, to pro-
pose sustainable management strategies that
enhance agricultural resilience in the face of
climate variability.
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