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Abstract: Livestock systems have been identified as major emitters of greenhouse gases due to the
use of extensive areas with degraded pastures. The objective of this study was to analyze carbon
(CO2) and methane (CH4) fluxes in the atmosphere as indicators of environmental sustainability
in silvopastoral systems. CO2 and CH4 fluxes from soil to the atmosphere were monitored in a
degraded pasture (predominant species: Panicum maximum cv. Mombaça) grown in full sun and
compared with areas with tree species (Bertholletia excelsa, Dipteryx odorata, and Khaya grandifoliola)
and productive pasture (Panicum maximum cv. Mombaça) grown in full sun. The study area was in
Mojuí dos Campos, western Pará state, Eastern Amazon, Brazil. The evaluations were conducted in
a Technological Reference Unit with a silvopastoral system, where animals used the shade of trees
during high-temperature periods. The fluxes were measured using an ultraportable greenhouse gas
analyzer coupled with static polyvinyl chloride ring chambers installed at the soil–air interface. In
conclusion, areas with integrated systems (B. excelsa + pasture and K. grandifoliola + pasture) were
better mitigators of CO2 emissions; the highest emissions occurred in the degraded pasture area
during the rainiest months. The CH4 fluxes were more intense in the areas with degraded pasture and
K. grandifoliola + pasture. Converting degraded pasture areas into integrated crop–livestock–forest
systems reduced greenhouse gas emissions in the Amazon over 10 years of implementation. The
implementation of integrated crop–livestock–forest systems in long-deforested areas with degraded
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pastures and a low production capacity showed high potential for changes focused on developing
sustainable agriculture in the Amazon.

Keywords: forages; Bertholletia excelsa; Dipteryx odorata; Khaya grandifoliola; greenhouse gases

1. Introduction

The increase in greenhouse gas concentrations in the atmosphere denotes a strong
anthropogenic effect that compromises the balance of natural ecosystems due to potential
climate changes [1]. Concerns about climate change are relevant when considering the
agricultural sector, which is responsible for 33.6% of greenhouse gas emissions in Brazil [2].

In 2009, the Brazilian government established a national strategic plan for mitigation
and adaptation to climate change, the ABC Plan, for the consolidation of a low-carbon
economy in agriculture, in accordance with the National Policy on Climate Change, as
part of Brazil’s actions to mitigate greenhouse gas emissions and global warming [3].
It is currently called the ABC+ Plan (plan for adaptation and low-carbon emissions in
agriculture 2020–2030) [4].

Furthermore, Brazil joined the Global Methane Pledge [5], whose main objective is to
take voluntary actions to contribute to the collective effort and reduce global CH4 emissions
by at least 30% by 2030, based on 2020 levels, with the potential to reduce global warming
by more than 0.2 ◦C by 2050 [6].

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are the most important
greenhouse gases in the context of agricultural activity. Although CH4 concentrations in
the atmosphere are lower than those of CO2, its warming potential is 27.2 times higher
than that of CO2 [7]. CH4 can be classified as a short-lived climate pollutant because it has
a relatively short life in the atmosphere (8–12 years) when compared to CO2, which can
remain for up to 10,000 years before returning to the global carbon cycle [8].

One of the main challenges of agricultural activity is the need for increasing food
production to meet the growing world population [9] while adapting to environmental
and economic changes and improving animal performance in more sustainable production
systems [10].

The increase in the use and degradation of natural resources is among the issues
involving the growth of the agricultural sector. This increase directly contributes to the
aggravation of global climate change due to greenhouse gas emissions, depleting water
resources, causing soil erosion, and harming natural habitats [7].

Deforestation in tropical regions is another important factor for global warming.
Deforestation in the Brazilian Amazon is mainly connected to the conversion of forests
into pastures [11,12]. The yield of forage species grown in this region decreases after a few
years when the pasture is not recovered; this can lead to the abandonment of fallow areas,
which are transformed into secondary forests over time [13].

Changes in land use alter the chemical, physical, and biological properties of the soil,
modifying greenhouse gas fluxes [14]. Mitigating these effects requires the use of conserva-
tion practices, such as no-tillage systems, and the adoption of integrated systems [15,16].
These practices increase soil porosity by adding organic matter [17,18] and, consequently,
increase its aeration and pH, reduce weed infestations, and incorporate N into the system
when growing legumes [19,20].

Crop–livestock–forest integration systems have multiple benefits, such as improve-
ment in nutrient cycling and nutrient use efficiency, diversified production, and lower
environmental impact; this explains the expansion of areas with this integrated production
arrangement [21–23]. In addition, crop–livestock–forest integration systems have been
among the strategies for food production with low greenhouse gas emissions [24,25].

According to Nair et al. [26] and Peters et al. [27], agrosilvopastoral and silvopastoral
systems are types of crop–livestock–forest integration systems that can reduce and compen-
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sate for greenhouse gas emissions in the agricultural sector in Brazil by integrating livestock
with the forest. These systems reduce animal emission levels [26], mitigate CH4 emissions
from enteric fermentation [28], and improve animal digestion efficiency [29]. Additionally,
these systems can mitigate greenhouse gas emissions through carbon sequestration by
increasing above- and below-ground biomasses [30–32].

Currently, there are no flux measurements in integrated systems in the Eastern Amazon.
The calculation of emissions due to each component of land use supports managers focused
on achieving targets of greenhouse gas emission reduction in production systems at the
regional, national, and global levels. Emission estimates are generally based on simplified
models and estimated data due to the lack of field monitoring data.

Therefore, the objective of this study was to analyze carbon (CO2) and methane (CH4)
fluxes to the atmosphere as indicators of environmental sustainability using silvopastoral
systems in the Eastern Amazon.

2. Material and Methods
2.1. Study Area

The data were obtained from collections at Nossa Senhora Aparecida Farm, a private
property (02◦38′11′′ S, 54◦56′13′′ W, and altitude of 152 m). The area is in the municipalities
of Belterra and Mojuí dos Campos, Pará, Brazil. Field samplings were carried out at a
Technological Reference Unit under an integrated crop–livestock–forest system, character-
ized as silvopastoral, where animals use forested areas as shelter, mainly during periods of
high solar incidence. The Brazilian Agricultural Research Corporation (EMBRAPA Eastern
Amazon) implemented this Technological Reference Unit in 2010, in partnership with the
farmer, to introduce an integrated livestock production system in Western Pará, considering
the context of low-carbon emission actions in the Amazon under the scope of the ABC
Program [3].

The climate in the region is classified as Am3, according to the Köppen methodology
adapted by Martorano et al. [33], with rainfall depths in the least rainy month below 60 mm,
annual rainfall depths between 2000 and 2500 mm, and a mean temperature of 25.2 ◦C, with
maximum of 29.4 ◦C to 29.9 ◦C and minimum of 20.6 to 21.2 ◦C [34]. The area is monitored
by the Belterra meteorological station (Brazilian National Institute of Meteorology—Code
82246) (Figure 1). The soil of the area was classified as Typic Hapludox of clay texture
(Latossolo Amarelo) [35].
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2.2. Experimental Plot

The experiment was conducted in six contiguous areas of 0.92 ha with integrated sys-
tems (Figure 2) containing the following silvopastoral arrangements: (1) Khaya grandifoliola
C. DC + pasture; (2) Dipteryx odorata (Aubl.) Willd + pasture; and (3) Bertholletia excelsa
H.B.K + pasture. The area was kept only with pasture before the implementation of the
systems. The implementation of the crop–livestock–forest integration system was carried
out after soil analysis, focused on characterizing the area for creating a Technological
Reference Unit.
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Figure 2. Distribution of study areas, 1. degraded pasture; 2. productive pasture; 3. Khaya grandifoliola
+ pasture; 4. Bertholletia excelsa + pasture; 5. Dipteryx odorata + pasture; and 6. agroforestry system.
Image of the Technological Reference Unit, captured with a drone in 2019.

The soil presented the following characteristics: pH = 5.26, organic matter = 30.66 g kg−1,
Al3+ = 0.43 cmolc dm−3, Ca2+ = 2.96 cmolc dm−3, Mg+ = 0.93 cmolc dm−3, potassium
0.13 cmolc dm−3, phosphorus 2.17 mg dm−3, sum of bases = 4.08 cmolc dm−3, cation exchange
capacity = 4.51 mmolc dm−3, and base saturation = 37%, according to the methodology
described by Embrapa (2011). In the first year, the forest species were intercropped with
agricultural crops in a spacing of 7 × 5 m, using 280 plants of each forest species. Detailed
information on the history of the experimental area and the implementation of experimental
units was described by Cândido et al. [36] and Silva et al. [37].

The surroundings of the area were composed of fallow areas with spontaneous vegeta-
tion and fruit tree species, termed an agroforestry system, mainly with remnant mango trees
(Mangifera indica L.) and Brazil nut trees (Bertholletia excelsa H.B.K). The intercalated areas
were composed of productive pasture (Panicum maximum cv. Mombaça) and pasture with
evidence of degradation, low yield, and excessive presence of weeds (>40%), characterized
as degradation level 3 (strong), and low amounts of forage, called degraded pasture, accord-
ing to the classification of Dias Filho [38], predominantly comprising Panicum maximum
cv. Mombaça.

2.3. Characteristics of the Areas

Silva et al. [37] evaluated the soil in these integrated tree systems with an emphasis
on aggregate stability, soil density, particle density, and total porosity. Additionally, total
carbon and nitrogen contents and stocks were analyzed, and the results of the parcels were
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compared with those found for the native forest and adjacent agricultural area. This study
indicated that the native forest had the highest percentage of macroaggregates, similar
to the parcel with K. grandifoliola. Carbon stocks in the soil surface layer (0–0.10 m) were
more significant in the agricultural area and in the D. odorata + pasture area. Nitrogen
stocks in the native forest were more significant, followed by the areas with K. grandifoliola
and D. odorata. The pasture area had greater carbon contents in the layers of 0–0.10 and
0.10–0.20 m compared to the other integrated systems. They also reported a significant
effect of the different vegetation covers on nutrient dynamics and soil structure, providing
indicators that integrated systems are sustainable management strategies in production
systems with low-carbon emissions in the Amazon.

Although no other management practices were carried out in the parcels with tree
components after the conclusion of the project with an integrated crop–livestock–forest
system, D. odorata trees showed a significant growth in diameter and height in the area,
with straight trunk lengths, efficient natural branch fall, and satisfactory phytosanitary
conditions, without compromising the overall stand structure [39]. These results indicate
that, despite the absence of forestry practices, D. odorata trees exhibited developmental re-
sponses, denoting the high performance of this species and its robustness and productivity,
which add potential benefits for sustainable management and long-term yield.

Dos Santos et al. [40] compared carbon contents in leaves, branches, and trunks of
B. excelsa, D. odorata, and K. grandifoliola and found that D. odorata had the highest carbon
contents in leaves (52.14%), similar to that found for B. excelsa leaves (50.68%). Additionally,
they found that K. grandifoliola stores a greater carbon content in the trunk, reaching 49.01%.
These results denote significant variations in carbon contents among different components
that compose a silvopastoral system.

Cândido et al. [36] evaluated the microclimatic conditions in this silvopastoral system
and compared it with a full-sun pasture (open field). The results showed that the silvopas-
toral system that had an exotic forest species, i.e., K. grandifoliola, significantly reduced
the ambient temperature due to its canopy. This reduction was attributed to the shading
of trees, which results in a microclimate more suitable for animal thermal comfort and
may explain the absence of grass species in the parcel with K. grandifoliola. The choice
of forest species can affect not only thermal conditions but also provide other benefits
and environmental services, highlighting the multifunctionality of the system, combining
animal production and environmental conservation.

2.4. Sampling, Concentrations, and Fluxes of CO2 and CH4

The sampling design in this research was based on the following question: What is
the effect of vegetation cover on CO2 and CH4 fluxes and concentrations at the biosphere–
atmosphere interface? Figure 3 shows a schematic diagram of how the field actions were
established. All soil cover types were evaluated in April, June, August, and October 2020.
The collections in these months were carried out considering the seasonality of climate
conditions, focusing on evaluating the responses associated with the effects of weather and
climate conditions on CO2 and CH4 fluxes and concentrations in this region.

Gases emitted from the soil were measured for analysis of concentration, as conducted
by Furtado Neto [41], and for determination of CO2 and CH4 emission/absorption rates at
the soil–atmosphere interface at five randomly chosen points in each area, using polyvinyl
chloride (PVC) rings. A flux chamber was coupled to these rings, and the CO2 and CH4
emissions from the soil were measured for 240 s in each reading (Figure 4). Each of the five
points was composed of three readings, and the device was calibrated facing the atmosphere
at each reading interval. The four meters from the edge of each area were not evaluated to
exclude the edge effect. In August, the device did not collect CH4 concentration and flux
data in the degraded pasture area.
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Figure 4. (A) Silvopastoral system with D. odorata in October, (B) ultraportable greenhouse gas
analyzer in the area with Bertholletia excelsa in October, (C) soil collection for moisture determination
in the area with B. excelsa in June, (D) calibration of the ultraportable greenhouse gas analyzer between
readings in the area with B. excelsa in June.

The ultraportable greenhouse gas analyzer used to measure the gases (915–0011; Los
Gatos Research, Mountain View, CA, USA) had a nominal measurement range of 1 to
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20,000 ppm for CO2, 0.01 to 100 ppm for CH4, and 500 to 70,000 ppm for water vapor, accord-
ing to the manufacturer, with accuracies of ±300 ppb (CO2), ±2 ppb (CH4), and ±100 ppm
(H2O), and a maximum data recording frequency of 1 Hz. The main components of the
device’s internal gas circuit are the laser chamber, the circulation pump, and the vacuum
regulator. The pump has a nominal flow rate of 0.5 L min−1. The gas circuit includes a particle
filter to protect the mirrors. The partial vacuum (18.7 kPa) in the laser chamber is maintained
by a flow regulator combined with a one-way valve. The real-time output of the device can be
viewed on a laptop, tablet, or smartphone via a wireless connection, or on a monitor screen via
direct connection. The data are stored internally and can be transferred to a portable storage
device [42]. There was no intercalibration of concentrations in the device.

Environmental variables were measured using a portable anemometer (TS-301- man-
ufacturer: TOPTES, USA) for wind speed and air temperature, and a thermometer (TP101
ZH90—manufacturer: Smart Kits—Fortaleza, Brazil) for soil temperature. Undisturbed
soil samples were collected at each reading point using a Dutch auger (manufacturer: MM
Inox—Piracicaba, Brazil) for determining soil moisture. The soil fresh weight was measured
and, then, the soil was dried in a forced air circulation oven at 105 ◦C until a constant weight
was reached to obtain the dry weight and calculate the soil moisture using Equation (1).

Moisture (%) =
f resh weight − dry weight

f resh weight
× 100 (1)

2.5. Analysis of CO2 and CH4 Flux Measurements

The results of the measurements with the ultraportable greenhouse gas analyzer and the
chamber geometry were used to calculate the diffusive flux at the soil surface through the ideal
gas law (Equation (2)) adapted from Goldenfum [43], estimating CO2 and CH4 fluxes in the area.

F =
V
A

.
δC
δt

.
P

R(T + 273)
(2)

where F is the CH4 flux (mmol m−2 h−1), A is the basal area of the chamber (m2), V is the
volume of the chamber (m3), δC

δt is the slope of the line (mL m−3h−1), P is the atmospheric
pressure (atm), R is the ideal gas constant (atm L mol K−1), and T is the air temperature (◦C).

The data were arranged in LibreOffice Calc (Version 7.6) and exported as text (txt);
the RStudio (Version 4.1.2) tool, a language R compilator (Version 4.4.4), was used for flux
calculations. The program R is interactive, thus allowing for the insertion of information
about collections, such as time, location, and area of the data collection. Then, the data for
compilation, i.e., the information related to Equation (2), were then entered.

The lines are demarcated according to the reading time of each measurement after
all the information is entered into the program, as shown in Figure 5; Equation (2) is then
applied to calculate the mean concentrations and fluxes of CO2 and CH4.
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2.6. Statistical Analysis

The data were tested for the assumptions of analysis of variance (ANOVA). The
normality of residues was assessed using the B-Wilk test [44], and the homogeneity of
the variance of the residuals was assessed using the Bartlett test [45] for each source of
variation. Since none of the variables simultaneously met the assumptions of the ANOVA,
non-parametric analysis was used.

The Kruskal–Wallis test [46] was used as a substitute for one-way ANOVA to assess
whether treatment groups shared the same distribution, i.e., the null hypothesis (h0) tested
was that the k populations tend to have similar values for a variable. The alternative
hypothesis of the test (ha) is that at least two k populations have different values for a
variable. In this step, individual analyses were performed for each source of variation: area,
month, and the interaction between area and month (area × month).

Subsequently, Dunn’s test [47] was applied; it is commonly used after the Kruskal–
Wallis test when its result is significant. The objective was to identify which groups
shared the same distribution. The p-value was calculated based on the standard normal
distribution and adjusted using the Bonferroni correction. The significance level was
α = 0.05 for all variables.

Principal component analysis (PCA) was also performed to investigate correlations
between variables. All variables were standardized to unit variance for preventing the
magnitude of one variable from affecting the analysis. The result of the analysis was
represented in a biplot graph [48].

All analyses were conducted in the program R; the rstatix package (version 1.0.7) [49]
was used for the Kruskal–Wallis test; the PMCMRplus package (version 1.9.6) [50] was used
for Dunn’s test; and the graphs were developed using the ggplot2 package (version 3.5.0) [51].

3. Results
3.1. Area Effect on CO2 and CH4 Concentrations and Fluxes

The mean, standard deviation, median, minimum, and maximum values comparing
the areas are shown in Table 1. The highest mean CO2 concentration and CO2 flux were
found in the degraded pasture area and the lowest in the B. excelsa + pasture area.

Table 1. Mean, median, minimum, and maximum, and standard deviation (SD) values for CO2 and
CH4 concentrations and fluxes in areas with different uses. Mojuí dos Campos, Pará, Brazil, 2020.

CO2 Concentration (ppm)

Area Mean Median Minimum Maximum SD

Degraded pasture 568.87 561.32 455.39 792.67 71.04
Productive pasture 512.27 491.06 422.07 889.53 88.23
Khaya grandifoliola 512.47 484.51 442.96 853.26 89.39
Bertholletia excelsa 473.38 469.28 414.30 573.61 35.51
Dipteryx odorata 529.58 508.56 465.71 831.37 60.18
Agroforestry system 520.86 499.72 421.46 754.84 78.76

CO2 Flux (mmol/m−2h−1)

Mean Median Minimum Maximum SD

Degraded pasture 29.77 27.35 15.25 83.44 13.04
Productive pasture 21.59 16.40 6.70 97.17 17.52
K. grandifoliola 19.39 13.69 5.43 93.14 18.24
B. excelsa 11.28 10.07 5.15 22.12 4.48
D. odorata 23.01 21.98 11.17 48.68 7.35
Agroforestry system 22.43 17.82 3.48 60.81 13.60

CH4 Concentration (ppm)

Mean Median Minimum Maximum Standard
Deviation

Degraded pasture 1.840 1.830 1.758 1.985 0.064
Productive pasture 1.793 1.783 1.726 1.878 0.041
K. grandifoliola 1.849 1.842 1.751 1.995 0.065
B. excelsa 1.823 1.818 1.736 1.953 0.061
D. odorata 1.796 1.793 1.708 1.880 0.047
Agroforestry system 1.828 1.800 1.754 2.123 0.092
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Table 1. Cont.

CH4 Flux (mmol/m−2h−1)

Mean Median Minimum Maximum Standard
Deviation

Degraded pasture 0.000 0.000 −0.012 0.011 0.007
Productive pasture 0.001 0.002 −0.014 0.014 0.006
K. grandifoliola 0.000 −0.001 −0.004 0.028 0.006
B. excelsa −0.001 −0.001 −0.006 0.014 0.003
D. odorata 0.000 −0.001 −0.007 0.009 0.005
Agroforestry system 0.003 0.000 −0.011 0.053 0.014

The highest mean CH4 concentration was found in the K. grandifoliola + pasture
area, followed by the degraded pasture area. The species K. grandifoliola has a different
development cycle to the other species due to its rapid growth and size. The pasture and
weed species in the K. grandifoliola + pasture area had less development compared to the
D. odorata + pasture area and even to the B. excelsa + pasture area, which has the largest
canopy area compared to the other integrated species and, consequently, has the lowest
entry of sunlight into the system [36].

The highest mean CH4 flux was found in the agroforestry area and the lowest in the B.
excelsa + pasture area, denoting CH4 capture from the atmosphere in this area.

Figure 6 shows the boxplots with significant differences between the areas evaluated.
The CO2 concentrations are shown in Figure 6A and the CO2 fluxes are in Figure 6B. The
lowest CO2 concentration and flux were found for the B. excelsa + pasture area, with no
significant difference from the K. grandifoliola + pasture area, but differed significantly
from the other areas. The highest CO2 concentration and flux was found for the degraded
pasture area, with no significant difference from the D. odorata + pasture area. The areas with
agroforestry, productive pasture, and D. odorata + pasture did not differ significantly from
each other; the areas with agroforestry, productive pasture, and K. grandifoliola + pasture
did not differ significantly from each other.
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Figure 6. Comparison of CO2 concentrations (A) and CO2 fluxes (B) among integrated systems with
Bertholletia excelsa, Dipteryx odorata, and Khaya grandifoliola, agroforestry system (AFS), productive
pasture, and degraded pasture. Systems with the same letter are not significantly different from each
other according to Dunn’s test at a 5% significance level. Each colored point represents one reading
by an ultraportable greenhouse gas analyzer.

Figure 7 shows the significant differences in CH4 among the areas evaluated. The
CH4 concentrations and fluxes are shown in Figures 7A and 7B, respectively. Regard-
ing CH4 concentrations, the B. excelsa + pasture, agroforestry system (AFS), productive
pasture, and D. odorata + pasture areas were not significantly different from each other;
the B. excelsa + pasture, AFS, degraded pasture, and K. grandifoliola + pasture areas had
no significant difference in CH4 concentration. The productive pasture and D. odorata +
pasture areas were significantly different from the degraded pasture and K. grandifoliola +
pasture areas, the latter presenting the highest CH4 concentrations. The CH4 fluxes from
the areas were not significantly different.
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Figure 7. Comparison of CH4 concentrations (A) and CH4 fluxes (B) among integrated systems with
Bertholletia excelsa, Dipteryx odorata, and Khaya grandifoliola, agroforestry system (AFS), productive
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other according to Dunn’s test at a 5% significance level. Each colored point represents one reading
by an ultraportable greenhouse gas analyzer.

3.2. Evaluation Time Effect on CO2 and CH4 Concentrations and Fluxes

The mean, median, minimum, maximum, and standard deviation values for CO2 and
CH4 concentrations and fluxes in the different evaluated months are shown in Table 2. CO2
and CH4 concentrations and fluxes showed a general decreasing trend over the evaluated
months, with the highest CO2 and CH4 concentrations and fluxes found in April and June
and the lowest values in October 2020.

Table 2. Mean, median, minimum, maximum, and standard deviation (SD) values for CO2 and CH4

concentrations and fluxes in the different evaluated months. Mojuí dos Campos, Pará, Brazil, 2020.

CO2 Concentration (ppm)

Months Mean Median Minimum Maximum SD

April 525.95 504.25 414.30 853.26 93.06
June 535.58 510.06 451.35 831.37 71.11
August 513.21 498.46 433.46 889.53 74.08
October 501.53 492.92 421.46 792.67 65.30

CO2 Flux (mmol/m−2h−1)

April Median Minimum Maximum SD

April 21.46 16.76 6.70 93.14 15.82
June 22.06 20.01 5.15 60.81 11.31
August 22.51 19.40 7.08 97.17 15.14
October 18.74 16.85 3.48 83.44 14.28

CH4 Concentration (ppm)

Mean Median Minimum Maximum SD

April 1.863 1.833 1.753 2.123 0.085
June 1.826 1.819 1.751 1.956 0.055
August 1.816 1.779 1.708 1.950 0.075
October 1.795 1.790 1.736 1.864 0.031
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Table 2. Cont.

CH4 Flux (mmol/m−2h−1)

Mean Median Minimum Maximum SD

April 0.008 0.002 −0.001 0.053 0.012
June 0.001 0.002 −0.003 0.011 0.003
August −0.001 −0.002 −0.014 0.014 0.004
October −0.003 −0.003 −0.012 0.006 0.003

CO2 concentrations and fluxes showed significant differences among groups according
to the Kruskal–Wallis test (p < 0.005). Thus, the null hypothesis (h0) was rejected, as the
results showed that at least one group was different from the others. The Dunn test showed
significant differences in CO2 concentrations and fluxes between June and October.

Figure 8 shows the boxplots with these significant differences among the evaluation
months. CO2 concentrations and fluxes are shown in Figure 8A,B, respectively. Despite a
decreasing trend over the evaluated months, the CO2 concentrations and fluxes in April,
June, and August were not significantly different from each other, and in April, August,
and October, they did not differ significantly from each other.
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Figure 9 shows the significant differences in CH4 between the evaluated months. CH4
concentrations and fluxes are shown in Figure 9A,B, respectively. The Dunn test showed
significant differences between April, August, and October. June and October were also
significantly different from each other. The CH4 concentrations and fluxes reduced over
the evaluated months. August and October presented no emissions, as there were CH4
captures from the atmosphere during this period.
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3.3. Interaction between Area and Evaluation Months for CO2 and CH4 Concentrations and Fluxes

Figure 10 shows the differences in the CO2 concentrations (Figure 10A) and fluxes
(Figure 10B) according to the interaction between the areas and months evaluated.

Figure 11 shows the differences in the CH4 concentrations (Figure 11A) and fluxes
(Figure 11B) according to the interaction between the areas and months evaluated.
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3.4. Principal Component Analysis (PCA)

The first values of the principal component analysis (PCA) for the CO2 concentration
and flux in the areas and months evaluated are shown in Figure 12A.

The number of principal components (PCs) was determined considering the first two
PCs generated by the analyses that had a variance percentage > 70%, as, according to the
assumptions of Rencher [52], at least 70% of the total variance should be explained by the
first (PC1) and second PC (PC2).

The PCA identified associations between variables and established common factors
among them. PC1 and PC2 explained 75.1% of the total variance (Figure 12A), with PC1
accounting for 44.5% and PC2 for 30.6%, denoting that they effectively explained the
standard variance of the variable set.

The interaction between the areas and months showed that the points at the center are
close to the overall mean, the rightmost points are above the overall mean, and the leftmost
points are below the overall mean. The CO2 concentration and flux are strongly correlated.
Environmental variables (soil moisture, wind speed, air temperature, and soil temperature)
are weakly correlated with the CO2 concentration and flux.

The results of the second PCA (PCA2), comparing data from the interaction be-
tween the area and month, showed a correlation with environmental variables for CH4
(Figure 12B). The first two PCs of PCA2 explained 73.0% of the total variance, with PC1
accounting for 51.8% and PC2 for 21.2% of the data variance.

The CH4 concentration and flux are positively correlated with soil moisture and
weakly correlated with the other environmental variables (wind speed, air temperature,
and soil temperature).

Regarding CO2 (Biplot A), in the first quadrant, the productive pasture-Aug, degraded
pasture-Oct, and degraded pasture-Aug groups had high CO2 fluxes and concentrations.
In the second quadrant, the degraded pasture-Jun, K.grandifoliola-Apr, AFS-Apr, D. odorata-
Apr, AFS-Jun, degraded pasture-Apr, D.odorata-Jun, and K.grandifoliola-Jun groups had a
high soil moisture and low wind speed, air temperature, and soil temperature. In the third
quadrant, the productive pasture-Jun, K.grandifoliola-Aug, B. excelsa-Apr, B. excelsa-Aug,
K. grandifoliola-Oct, and productive pasture-Apr groups had low CO2 concentrations and
fluxes. In the fourth quadrant, the D. odorata-Aug, D. odorata-Oct, productive pasture-
Oct, AFS-Oct, and B.excelsa-Oct groups had a high wind speed, air temperature, and soil



Sustainability 2024, 16, 2547 16 of 22

temperature, and low soil moisture. The B. excelsa-Jun group presented characteristics of
both quadrants II and III.

Sustainability 2024, 16, x FOR PEER REVIEW 17 of 24 
 

 
(A) CO2 

 
(B) CH4 

Figure 12. Biplot (PC1 and PC2) for CO2 concentration and flux (A), CH4 concentration and flux (B), 
and environmental variables (soil temperature, air temperature, wind speed, and soil moisture) in 
the interaction between area and month in silvopastoral (Bertholletia excelsa, Dipteryx odorata, and 
Khaya grandifoliola), pasture (productive pasture and degraded pasture), and agroforestry (AFS) sys-
tems in April, June, August, and October 2020. Confidence ellipse = 95%. 

The interaction between the areas and months showed that the points at the center 
are close to the overall mean, the rightmost points are above the overall mean, and the 
leftmost points are below the overall mean. The CO2 concentration and flux are strongly 
correlated. Environmental variables (soil moisture, wind speed, air temperature, and soil 
temperature) are weakly correlated with the CO2 concentration and flux. 

Figure 12. Biplot (PC1 and PC2) for CO2 concentration and flux (A), CH4 concentration and flux (B),
and environmental variables (soil temperature, air temperature, wind speed, and soil moisture) in the
interaction between area and month in silvopastoral (Bertholletia excelsa, Dipteryx odorata, and Khaya
grandifoliola), pasture (productive pasture and degraded pasture), and agroforestry (AFS) systems in
April, June, August, and October 2020. Confidence ellipse = 95%.

Regarding CH4 (Biplot B), in the first quadrant, the AFS-Apr, degraded pasture-
Apr, degraded pasture-Jun, D. odorata-Apr, and K. grandifoliola-Apr groups presented
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high CH4 fluxes and concentrations, soil temperature, and soil moisture. In the second
quadrant, the productive pasture-Apr, productive pasture-Aug, productive pasture-Oct,
productive pasture-Jun, D. odorata-Oct, and D. odorata-Aug groups had a high wind speed,
air temperature, and soil temperature. In the third quadrant, the AFS-Oct, K. grandifoliola-
Oct, degraded pasture-Oct, B.excelsa-Oct, and AFS-Aug groups had low CH4 fluxes and
concentrations, soil temperature, and soil moisture. In the fourth quadrant, the D odorata-
Jun, K. grandifoliola-Aug, AFS-Jun, B. excelsa-Apr, B excelsa-Jun, and K. grandifoliola-Jun
groups had a low wind speed, air temperature, and soil temperature. The productive
pasture-Aug group presented characteristics of both quadrants II and III.

4. Discussion
4.1. Area Effect on CO2 and CH4 Concentrations and Fluxes

Emissions due to changes in land use are highly heterogeneous in Brazil and across
different soil uses. They are generally higher in the Amazon biome due to deforestation [53].

The B. excelsa and K. grandifoliola areas were the best mitigators of CO2 emissions.
Torres et al. [54] evaluated agroforestry systems in southeastern Brazil and found that these
systems can sequester CO2 from the atmosphere and help reduce greenhouse gas emissions.
Silva et al. [55] evaluated agroforestry systems in the Eastern Amazon and concluded that
more diversified systems present a better environmental quality.

In addition to the capacity of the tree species B. excelsa and K. grandifoliola in the sil-
vopastoral system to mitigate the CO2 concentration and flux in the soil–atmosphere system,
carbon is fixed throughout the development of the trees, which were 10 years old when the
collections were carried out. Oliveira et al. [6] evaluated the growth period of eucalyptus trees
in a silvopastoral system (8 years) and found that the carbon fixed in tree trunks neutralized
CO2 emissions of 9.4 AU ha−1 [1 AU (animal unit) = 450 kg]; considering only the carbon in
the wood resulting from wood processing, eight-year-old eucalyptus trees (165 trees ha−1)
neutralized CO2e emissions of 2.3 AU ha−1 in the silvopastoral system.

According to Ramos [56], conservation management systems, such as silvopastoral
with productive pastures, have soil attributes favorable to the maintenance of soil carbon
due to their low CO2 fluxes; thus, these systems are indicated for carbon capture and
storage and, consequently, the mitigation of the greenhouse effect.

The mean soil CH4 production found was within the global mean for this gas in
the atmosphere, which is 1.800 ppm [57] and 1.813 [58]. It was also below that found in
studies conducted in the Tapajós National Forest, which is a federal conservation unit in
the Amazon, in Belterra, PA, Brazil. The mean soil CH4 production in the Tapajós National
Forest was 2.291 ± 0.340 ppm [41]. Oliveira Junior [59] found values 39% and 59% higher
than the concentration of 2 ppm in this area in the dry and wet seasons, respectively, at the
depth of 5 cm.

The CH4 production found in the present study was higher in areas with degraded
pasture and K. grandifoliola + pasture, however with no significant differences in CH4 fluxes
(Figure 7). The K. grandifoliola + pasture area produces less litterfall compared to the other
integration areas, explaining its higher CH4 concentration (Figure 4).

Removing CO2 from the atmosphere is as important as reducing emissions. In this
case, productive pastures are important for the stock of atmosphere carbon in the soil
through the photosynthesis of tropical grasses, which are very efficient at this function. The
K. grandifoliola + pasture area stores carbon due to the rapid plant growth. Despite being an
exotic species, K. grandifoliola has high production potential in the Amazon and a favorable
balance of greenhouse gas emissions due to its good adaptation to the edaphoclimatic
conditions of the region.

4.2. Evaluation Time Effect on CO2 and CH4 Concentrations and Fluxes

The decreasing trend in CO2 concentration and flux over the study period showed
greater emissions in the rainiest months. Silva et al. [55] evaluated the temporal variation
in the CO2 flux from the soil in agroforestry systems with oil palm in the Eastern Amazon
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and found that the CO2 flux was affected by the rainfall seasonality and was greater in the
rainy season.

According to Zanchi et al. [60], the highest soil respiration rate in the rainy season in
the Amazon region may be due to increased productivity during this period, which can
positively affect the respiration of roots and soil microorganisms, which find favorable
conditions for the decomposition of organic matter; this contributes to litterfall accumu-
lation on the soil during the dry season and to the increase in soil moisture during the
rainy season.

The CH4 concentration and flux decreased over the study period (April to Octo-
ber). The CH4 flux was affected by the rainfall dynamics in the region, as April has the
highest rainfall depths and October the lowest within this period. The CH4 emissions
decreased with decreasing rainfall depths. According to Saggar et al. [61], CH4 emissions
are connected to soil moisture, rainfall, and air and soil temperatures.

Siqueira Neto et al. [62] found a positive correlation between the soil moisture and CH4
emissions in a no-tillage system. According to Mazzetto et al. [63], rainfall tends to result
in an increase in soil pores filled with water, limiting the O2 diffusion in the soil profile.
This increase can provide sites of anaerobiosis due to increased soil moisture, which,
combined with an increased soil density, reduces O2 diffusion; additionally, microbial
activity increases under high temperatures and, consequently, CH4 fluxes increase [64].

4.3. Interaction between Area and Evaluation Time on CO2 and CH4 Concentrations and Fluxes

The analysis of the interaction between the concentrations and fluxes of CO2 and
CH4 showed the dynamics of these gases in each area and period evaluated. Despite the
effects of the areas and months of the year, the interaction did not show a decreasing trend.
This is also due to the complex dynamics of the system. For example, although the trees
contributed to reductions in emissions, they resulted in environments that retain moisture,
which are correlated to high emissions, as shown in the present study.

4.4. Principal Component Analysis (PCA)

The CH4 concentrations and fluxes were more sensitive to soil moisture than the CO2
concentrations and fluxes. Siqueira Neto et al. [62] found a significant correlation between
the soil moisture and increased methane fluxes in a no-tillage system and in Cerrado
vegetation, but not for pasture areas (Brachiaria sp.). However, they found a higher soil
moisture in the no-tillage system and Cerrado vegetation than in pasture and conventional
tillage areas; they attributed this result to the presence of plant residues on the soil surface,
which act as a physical barrier to soil moisture loss during the dry season.

The conversion of degraded pasture areas into integrated crop–livestock–forest sys-
tems has decreased greenhouse gas emissions in the Amazon over 10 years of implementa-
tion. The implementation of integrated crop–livestock–forest systems in long-deforested
areas with degraded pastures and low production capacity has shown a high potential for
changes focused on developing sustainable agriculture in the Amazon.

This research provides support for decision making on the implementation of con-
servation agriculture systems in the Amazon and the production of high-value-added
natural products in the market, such as Brazil nuts (B. excelsa) and tonka beans (D. odorata),
which cause a low impact on greenhouse gas emissions and can improve the local economy.
Further research is recommended in this context for this region, mainly with the purpose of
investigating strategies for the rational use of natural resources for agricultural production,
considering the current climate crisis scenario.

5. Conclusions

Areas with Bertholletia excelsa and Khaya grandifoliola were better mitigators of CO2
emissions, as the highest emissions were found for the degraded pasture area. Regarding
the study period, the highest emissions were found in the rainiest months.
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The CH4 production was higher in the degraded pasture and K. grandifoliola + pasture
areas, however with no significant differences in the CH4 fluxes. The CH4 concentrations
and fluxes decreased over the study period (April to October 2020), indicating that the CH4
emissions were affected by rainfall dynamics in the region.

The CH4 concentrations and fluxes were more sensitive to soil moisture than the CO2
concentrations and fluxes. Removing CO2 from the atmosphere is as important as reducing
emissions. Thus, productive pastures are important for the stock of atmosphere carbon in
the soil through the photosynthesis of tropical grasses, which are significantly efficient at
this function.

K. grandifoliola is an exotic species with rapid growth and good adaptation to the
edaphoclimatic conditions of the Amazon region and has high production potential in
the Western Amazon. Degraded pasture soils have high CO2 and CH4 emissions and can
be converted into sustainable agricultural areas in the Amazon with environmental and
economic advantages.
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