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Abstract: There is a great need to identify interactions among silvopastoral systems and microclimatic
indicators that describe the effect of trees compared to conventional pasture systems without trees.
The objective of this study was to evaluate thermal conditions in a silvopastoral system and a pasture
area exposed to full sunlight in the eastern Amazon, Brazil. The silvopastoral system was composed of
the forest tree species Bertholletia excelsa H.B.K., Dipteryx odorata (Aubl.) Willd, and Khaya grandifoliola
C.DC.. During the monitoring period, a forest inventory was carried out that included 30 trees from
each species for which thermal profiles were created using a high-precision thermographic camera.
Near-infrared thermography showed a positive and direct correlation with dendrometric variables.
Silvopastoral systems with K. grandifoliola reduced the heat profile the most compared to conditions
in a pasture fully exposed to sunlight, which demonstrates the ecosystem service provided by trees
for thermal regulation in these systems. The microclimatic conditions explain the greater presence of
bovines in the silvopastoral system as they were most likely in search of the thermal comfort provided
by the trees during the period of the highest daytime temperatures. The silvopastoral system benefits
the caloric balance and thermal comfort of pasture animals.

Keywords: sustainable cattle ranching; forage; thermogram; thermal comfort; Bertholletia excelsa;
Dipteryx odorata; Khaya grandifoliola; Khaya ivorensis; Panicum maximum; dendrometry

1. Introduction

Food production systems that incorporate trees can generate indicators that can be
used to evaluate the benefits of these systems. These indicators can range from economic,
due to the low cost associated with soil recuperation, to ecological, due to an ample offering
of environmental goods and services and the mitigation of greenhouse gas emissions that
affect the dynamics of the global climate [1].
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The adoption of agroforest systems includes the combination of tree species with
grasses, providing environmental goods and services which are clearly perceivable and
easily measured and expressing dynamic processes that are integrated and correlated in
space and time [2,3]. During the establishment of the agroforest, the trees in these systems
possess different capacities for the transport of mass and energy, thus creating varied
microclimates through soil-plant-atmosphere interactions [4,5].

In this context, the adoption of sustainable strategies such as silvopastoral systems in
pastures undergoing degradation is an example of animal production systems that satisfy
the Sustainable Development Objectives suggested by the United Nations [6].

By directly intercepting solar radiation, trees disperse it and reduce the amount
of radiation that reaches other plants in the immediate environment, thus cooling the
area through evapotranspiration and shade [2,7,8]. In typical tropical and subtropical
environments, micrometeorological measurements using sensors can help to explain the
effects of the measured variables on animal production and development in pastures
based on thermal indicators such as temperature amplitudes, averages, and extremes, for
example [2,3,9-11].

Measurements of tree crown temperatures in the canopies of trees planted in pastures
can help explain animal behavior at different times during the day. Thermal variations can
promote physical and biological interactions that are functions of foliar anatomy, stomatal
response, albedo, tree position, solar radiation, wind speed, rainfall regime, and soil water
content, and these are conditioned by the local and regional climate [4,12-14].

Among the technologies used for monitoring micrometeorological variables is near-
infrared thermography (NIT), which has been used to analyze thermal patterns of surfaces
in a wide variety of scientific fields. The high resolution of thermographic equipment, the
simplicity of operation, and the improvements in computational capacity and data storage
explain the increase in the use of this technology [5,10,11,15].

The application of this technology to the fields of plant physiology and agrometeo-
rology can demonstrate the effects of temperature on stomatal conduction and exchanges
of water vapor and carbon dioxide and can help to explain relationships in the soil-plant-
atmosphere continuum [4,12-14]. Infrared thermography enables a detailed description
of the patterns of thermal variation in leaves and their relationships with microclimatic
variables resulting from different arrangements of agroforest systems [16].

In a study carried out in Eucalyptus plantations (Eucalyptus grandis e E. urophylla)
and native trees in the Brazilian savanna, Karvatte Jr et al. [16] concluded that near-
infrared thermography can identify temporal thermal variations in agroforest systems
and recommended it as a tool for studies of microclimatic variation. Thermographic
patterns are positively and directly correlated with variables such as radiation, temperature,
and thermal comfort indices, thus allowing for non-invasive, rapid, and easy prediction
and monitoring in different rural environments [17].

Analyses of animal well-being and thermal comfort in cattle production systems be-
come more important when considering the relationships between sustainable production
and practices that cause climate change as a result of global warming. This is especially true
in tropical and subtropical environments in which cattle production occurs in pastures [18]
where there is a high incidence of solar radiation and intense heating of the surroundings,
which has a strong influence on animal thermal stress [2,19].

Since bovines are homeothermic animals, their internal body temperatures are main-
tained at relatively constant levels, independent of climatic variations, due to physiological,
behavioral, and metabolic adjustments [20]. Therefore, the energy spent to maintain thermal
equilibrium can cause productivity losses [10].

The high incidence of solar radiation that occurs where bovines are raised in full-sun
pastures can cause thermal discomfort, leading to physiological and behavioral alter-
ations [21]. The megathermic environment reduces the efficiency of caloric dissipation,
which is dependent on a thermal gradient between the body surface of the animal and the
surrounding environment [10].
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According to Karvatte at al. [2], integrated production systems that include trees
promote beneficial microclimatic changes for pasture animals in the Brazilian Central-
West region, and tropical tree species that can be used in silvopastoral systems need to be
identified and studied.

Among native species, the Brazil nut tree (Bertholletia excelsa H.B.K) of the Lecythi-
daceae family is a large, emergent tree that stands out due to its circular crown format
and occurs across the Amazon basin [22]. This species produces edible seeds that obtain
high values in national and international markets and is a source of income for many agro-
extractivists from communities in the lower Amazon mesoregion [23]. The high quality
of its wood makes it highly sought after for use in the construction of boats, houses, and
pillars. Adult specimens can reach 60 m in height and 4 m in diameter [24], meaning that
this species is highly impacted by the illegal harvesting of timber in the region. B. excelsa is
protected by law and is recommended for multiple uses such as on plantations, since only
trees harvested from reforestation programs can be legally harvested according to the law
no. ° 12.651 of 2012 [25].

The species Dipteryx odorata (Aubl.) Willd., popularly known as cumaru, is a large tree
with a wide distribution across the Amazon [26]. The wood has a very high density and the
seeds are rich in coumarin [27], which is widely used in the production of pharmaceutical
products, cosmetics, herbicides, fungicides, and drinks, among other applications, which
justifies the high demand for this species in national and international markets [28].

Another important species is African mahogany, belonging to the family Meliaceae [29-31],
which is frequently used to create products of high commercial value such as luxury
furniture, naval construction, and interior finishing, among other uses [32-34]. In Brazil,
this species was erroneously called Khaya ivorensis [35]; however, recognizing this error,
researchers corrected it to reflect the proper name, Khaya grandifoliola [36]. Very commonly,
however, its seeds and seedlings are still marketed as K. ivorensis, but with the continual
development of research and scientific publications, it is expected that soon the correct
nomenclature will be exclusively employed [37].

Species of the genus Khaya, such as Khaya grandifoliola, Khaya anthotheca, Khaya and
Khaya senegalensis, are the most frequently used species in the production of sawn wood
due to the high quality of their wood [38]. The aforementioned species occur in the tropical
region of Africa, where large volumes of wood have been extracted from native forests
since the 18th century [39,40]. The production of Khaya spp., together with other annual
or perennial species in agroforest systems, can generate short-, medium-, and long-term
returns [41,42].

It is important to identify the interactions that occur in silvopastoral systems associated
with microclimatic conditions in the understory, especially the influence of tree species in
integrated systems on temperature. The measurement of dendrometric variables will aid in
the estimation of forest production and the comparison of production between different
localities, in addition to defining norms for management of timber harvest goals [43].

The questions that guided this study were (1) whether there are correlations between
dendrometric variables and thermographic patterns, (2) if African mahogany is the species
that provides the highest degree of shading due to its rapid growth compared to the two
native Amazonian species, and (3) if these aspects are able to reduce the temperatures of
thermographic targets. The objective of this study was to evaluate the thermal conditions
in pastures with trees and without trees in full-sun conditions in the western region of the
state of Par4, in the eastern Amazon, Brazil.

2. Materials and Methods
2.1. Field Site

This study was carried out on the Nossa Senhora Aparecida farm, Mojui dos Campos,
State of Para, Brazil. The technological reference unit (TRU) is in the west of Pard, at
an altitude of 152 m at the geographic coordinates 2°38'11” S latitude and 54°56'13"
W longitude (Figure 1). The study area is in climate typology Am4 according to the



Forests 2023, 14, 1463

40f21

methodology adapted by Martorano et al. [44], with less than 60 mm of rainfall in the driest
month and an annual rainfall varying between 1500 and 2000 mm.

AIR TEMPERATURE (AVERAGE AND EXTREME) IN THE STUDY AREA AND SURROUNDINGS, IN THE WEST OF STATE OF PARA
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Figure 1. Location of the study area indicating the three plots with three tree species in a silvopastoral
system and a full-sun pasture on the Fazenda Nossa Senhora Aparecida farm, Mojui dos Campos,
State of Para, Brazil. Photo credits: the authors.

Figure 1 shows that the mean air temperature at the TRU is between 25.5 and 26.0 °C,
and average temperatures in the surrounding area can vary between 25.5 and 27.0 °C. The
minimum temperatures, which occur during the first hours of the day, oscillate between
21.0 and 22.5 °C, and maximum temperatures vary between 30.5 and 32.0 °C, indicating
that during the hottest parts of the day, livestock can be under thermal stress, principally in
pastures under full sun. The climate variables air temperature and humidity and animal
temperature aid in evaluating animal thermal comfort conditions at this site. According
to [45], on average, the air humidity at this site varies between 84 and 86%.

Pedological conditions, as reported by the Brazilian Agricultural Research Corporation
(EMBRAPA) [46], are dominated by a yellow Oxisol with a heavy clay texture, and prior
to the installation of the silvopasture, the site was occupied by vegetation typical of the
Amazon biome.

EMBRAPA installed this TRU in an integrated crop—forest-livestock (ICFL) system
in 2010. The forest tree species were planted in three separate plots, and these included
the Brazil nut tree (Bertholletia excelsa H.B.K), Cumaru (Dipteryx odorata (Aubl.) Willd.),
and African mahogany (Khaya grandifoliola C. DC). The areas without trees between the
plots were used to plant grains and Brachiaria ruzizienses forage as a cover crop over four
successive years. Subsequently, a pasture with Panicum maximum Jacq. cv. Mombaga was
planted after the trees had already developed, with the goal of reducing damage to the
trees from the cattle. The areas with trees serve to provide shade to the cattle after grazing
in areas exposed to full sunlight.

2.2. Field Site History

The native vegetation was removed from the study site in 1996, and the cattle pasture
was implanted immediately afterward [47] and maintained as such until 2009 [48].
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The silvopastoral system was implanted in 2010. A soil analysis carried out before the
installation of this system yielded a pH of 5.26, 30.66 g kg ! for organic matter, aluminum
0.43 cmol. dm—3, calcium 2.96 cmol. dm 3, magnesium 0.93 cmol, dm3, potassium
0.13 cmol. dm—3, phosphorus 2.17 mg dm3, exchangeable bases 4.08, cation exchange
capacity 4.51 mmol,. dm—3, and base saturation 37%, according to Silva et al. [49]. At the
moment of installation of the silvopastoral system, the pH was corrected with the use of
dolomitic calcium, fertilizer was applied, and the soil was subsoiled, plowed, and harrowed.

The areas with grains planted between the tree rows were rotated with soybeans, corn,
and rice. The forage Brachiaria ruzizienses was used as a cover crop and seeded at 20 kg ha™!
in succession after the grains (Figure 2).

A

Figure 2. B. excelsa plantation in 2010 (A); plantation of D. odorata in 2010 (B); B. excelsa plot in 2012
(C) K. grandifoliola plot in 2012 (D).

Seedlings were replanted to replace seedling mortality, and crowning and branch
pruning were conducted during the first four years [50]. Grain cultivation occurred using a
no-till method, and crop rotation occurred until 2015, followed by pasture planting with
Panicum maximum cv. Mombaga, which has been planted in all subsequent years.

2.3. Experimental Design

The trees were planted in three plots, and each plot is composed of eight rows of one
of the species (B. excelsa, K. grandifoliola, or D. odorata), with a spacing of 7 x 5 m and a total
of 280 plants in 0.92 hectares. The plots are approximately 166 m distant from a Nellore
cattle pasture planted with P. maximum.

2.4. Sampling of the Study Sites

Field campaigns were carried out to conduct a forest inventory and take thermographic
images (Figure 3).
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Figure 3. Sampling of the study sites.

A total of 30 (thirty) trees from each species were used for data collection. The two
final rows and area between rows at each end of the plot were not sampled to eliminate
edge effects. The trees were randomly chosen for measurements of dendrometric variables.

The thermograms were captured between the rows of the sampled trees, with the
thermographic camera positioned in the middle of the area between rows at 3.5 m from the
row to the right and 3.5 m from the left row. Figure 2 shows how the plots were planned
and planted in this experimental area.

Six (6) images were taken in each area, and five surface temperature points were
chosen in each thermogram for a total of 30 (thirty) readings in each plot.

2.5. Dendrometric Measurements

Stem with bark circumference measurements were obtained at 1.30 m above the soil
using a metric measuring tape, and subsequently, the diameter was calculated (DHC).
Additionally, measurements were obtained for the total height (m) between the soil surface
and the highest branch using a telescopic ruler and for the canopy area (m) via two
measurements, one in the north-to-south direction and one in the east-to-west direction, as
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in Harder et al. [51]. The canopy area was calculated according to Silva et al. [52], using
the equation:
[Ll +Lo } 2
2
Canopy area = 7 1

where Canopy area (m?); L1 represents the length in the north-to-south direction (m); and
L, represents the length in the east-to-west direction (m).

The canopies of the tree plots were photographed to evaluate their interception of
light. The gap light model was then used to evaluate the light levels in the forest. These
measurements serve to characterize the growth and morphology of the trees [53], which
affects the temperature of the canopy. The degree of canopy closure was measured using the
program Gap Light Analyzer, according to Kim et al. [54] (Version 2.0, Copyright, Canada,
and USA) (Figure 4). A total of 30 images were taken of the canopies at the same points
where the thermographic images were taken in the central rows of each area, excluding the
rows and the areas between the rows of the two lateral margins to eliminate edge effects.

Figure 4. Image in visible light and the treated image in the program Gap Light Analyzer. Species: K.
grandifoliola ((A,A1)), D. odorata ((B,B1)), and B. excelsa ((C,C1)).
2.6. Near-Infrared Thermography

Data were collected using an infrared thermographic camera (FLIR T650sc, Wilsonville,
OR, USA, 2015) with emissivity set at 0.95. The thermograms were analyzed using the pro-
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gram Flir Tools, 6.3v (FLIR Systems, Inc., Wilsonville, OR, USA, 2015), as shown in Figure 5.
The camera was always used by the same operator and was used at eye height without
aid of a tripod, perpendicularly focused on the target, according to the methodological
recommendations in Barreto et al. [17].

Figure 5. Image in the plot with K. grandifoliola (A) and its respective thermographic image of the
crown (B) and the soil surface (C), processed in the Flir Tools program.

For each evaluated area, six thermograms were analyzed for the temperatures of the
soil, tree species, and exposed pasture, and the images were taken between 11 h 00 min
and 13 h 00 min. These images are denominated the surface temperature (TS) images of the
targets.

The images were taken in the months of August (Aug_temp) and October (Oct_temp)
2018, which is the dry season in the region. August is the month in which soil water deficits
begin to appear. According to Martorano et al. [45], even in area with greater rainfall
(climate typology Af2) such as Belém, August is the month in which soil water deficits
begin, and this period extends through November, with October being the month with the
highest soil water deficits. For this reason, thermographic images taken in October were
used to monitor thermal responses in dry soil.

2.7. Statistical Analysis

The data were tested for the homogeneity of variance of residuals using the Bartlett
test and for the normality of residuals using the Shapiro-Wilk test. The data were analyzed
using the Kruskal-Wallis test via the RSTATIX package to test whether the samples came
from the same distribution. The Wilcoxon test, adjusted using the Bonferroni test, was used
to compare samples using the GGPUBR package.

With the objective of evaluating the surface temperatures of the targets for each tree
variable in the silvopastoral system, a principal components analysis (PCA) was carried out.
The PCA is a multivariate analysis technique that allows for the study of simultaneous rela-
tionships between several variables. The objective of this analysis is to analyze p variables
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X1, X2, ..., Xp to find new variables resulting from the linear combinations Zy,Z, ..., Zy,
labelled indicator variables or principal components, which are not correlated and retain
most of the variance of the dataset. This means that these variables can express most of the
variance in the data while eliminating the noise:

Zl = a11X1 + 312X2 +...+ a1PXp
Zy = ap Xy +apXp+...+ azPXp

Zp = ap1X1 +apXo+... + aprp

where ajj represents the elements corresponding to the respective autovector related to the
component Z;. The autovalues (A;) are the variances of the principal components of the
matrix of the variances and covariances of the original data, where Ay > Ay > --- > 7\p > 0.

The autovectors and autovalues are obtained through a singular value decompo-
sition (SVD) from the matrix of the variances and covariances generated by the orig-
inal data. The first components are those that capture the most variation in the data
Var(Z,)> Var(Z,)> ---> Var(Zp ), retaining, therefore, most of the variation. Success is
achieved in this analysis when the existing variation in the final components is so small
that it can be ignored [55,56].

All tests were performed using R software [57]. The packages used were FactoMineR [58]
for the PCA and factoextra [59] for the graphical representations (Biplot). The following
variables were used in this analysis: (1) arboreal, the diameter at breast height (DBH), total
height (Ht), canopy area, and light gaps; and (2) thermography, the temperatures in August
(Aug_temp) and October (Oct_temp). The analysis was performed using standardized data
to maintain a standard variance in order to avoid the magnitude of one variable dominating
the remainder.

First, a PCA was performed for the gap light and thermography data for the three
tree plots in the silvopastoral system and for the full-sunlight pasture, which provided an
overview of the relationship between the solar radiation and microclimate in each system.
Then, a PCA was performed for the thermography and dendrometric data for the three tree
plots in the silvopastoral system to observe the relationship between the morphometric
characteristics of each species and the microclimate, as modified by each of them.

3. Results
3.1. Results from PCA 1—Gap Light and Thermographic Data

The extreme thermal values (minimum and maximum), mean temperature, and the
amplitude of TS in each plot are presented in Table 1. The averages for the highest tempera-
tures were found in the full-sun pasture (P. maximum cv. Mombagca) in August and October
2018. The lowest average temperatures were found in the K. grandifoliola plot. The greatest
amplitudes were found in the B. excelsa plot in August and in the pasture in October.

Table 1. Minimum, maximum, and mean surface temperatures with standard deviations and varia-
tions in temperature, Mojui dos Campos, 2018.

Surface Temperature (°C)

Species August 2018 October 2018

Min Mean Max SD AT Min Mean Max SD AT
B. excelsa 30.3 31.5 325 0.7 2.2 36.4 36.9 37.3 0.2 0.9
D. odorata 30.9 31.3 31.8 0.3 0.9 35.8 36.5 37.3 0.3 1.5
K. grandifoliola 29.2 30.0 30.7 0.5 15 35.8 36.3 36.7 0.2 0.9
P. Maximum 32.7 33.2 33.6 0.2 0.9 38.6 39.5 40.7 0.6 21

Min: minimum, Max: maximum, SD: standard deviation, AT: temperature variation.
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The mean for gap light in the canopy (n = 30) was 30.19% for B. excelsa, with a standard
deviation (SD) of 22.23. For D. odorata, the mean was 55.27%, with SD = 19.14. For K.
grandifoliola, the mean was 36.21%, with SD = 9.38 and 100% of the mean for gap light in
full-sun pasture (P. maximum cv. Mombaga) explained by the absence of trees.

During the data collection period, the cattle were observed heading toward the area
shaded by the trees, principally during the hottest hours of the day, although these data
were not quantified.

In Figure 6, the box plots show significant differences between the evaluated plots. For
August (Figure 6A) and October (Figure 6B), the TS was superior in the full-sun pasture
(P. maximum cv. Mombaga) compared to the silvopastoral plots (B. excelsa, D. odorata, and
K. grandifoliola). The lowest TS was observed in the silvopastoral plot with K. grandifoliola,
which was significantly different than the other plots in August 2018 and lower than in the
K. grandifoliola and D. odorata plots in October 2018.
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Figure 6. Temperature comparison for August 2018 (A) and October 2018 (B) and gap light (October
2018) (C) in the silvopastoral integrated systems (B. excelsa, D. odorata, and K. grandifoliola) and in the
full-sun pasture (P. maximum). Equal letters are not indicated to be different by the Dunn test at a
0.05% significance level. Each dot color represents a species as already described in the figures (B.
excelsa, D. odorata, K. grandifoliola and P. maximum).
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Figure 6C shows that among the silvopastoral areas, D. odorata and K. grandifoliola
allow for greater light penetration. D. odorata is smaller than the other two species and
has small leaves which allow for more light to pass through the canopy. K. grandifoliola
grew very quickly during the first years and was therefore much taller than the other two
species, but the size and format of its leaves is the same as that of D. odorata (Figure 4).

The first PCA values regarding the gap light and thermal responses in the tree plots
and full-sun pasture are expressed in PCA1 (Figure 7).

OCT.TEMP
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Ok ececcca\meccc e e
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Figure 7. Biplot (CP1 and CP2) with the variables temperatures in August (AUG.TEMP) and October
(OCT.TEMP) 2018, and the gap light in the silvopastoral plots (B. excelsa, D. odorata, and K. grandifoliola)
and full-sun pasture (P. maximum cv. Mombaga). Confidence ellipses are 95%.

For the determination of the number of principal components, the first two PCs for
analyses should have variations greater than 70%, and according to Rencher [60], 70% of
the total variance should be explained by the first and second principal components.

Using the PCA, associations between the variables were observed which established
common factors between them. The first two PCs were responsible for 94.8% of the
total variation compared to gap light and temperature in the silvopastoral and full-sun
treatments, wherein PC1 was responsible for 84.0% and PC2 for 10.8% of the variation in
the data (Figure 7). Therefore, the first two principal components effectively account for
the total variance and can be used to study the entire dataset.

The variables that are positively correlated are grouped in the same quadrant, while
the negatively correlated variables are grouped in opposing quadrants, and an angle of 90°
between variables indicates that there is no correlation.

In the Biplot CP1 x CP2 (Figure 7), the gap light in the plots and the average tem-
peratures, as measured by thermography, show that the pasture had higher temperatures,
principally in October. In the silvopastoral plots, K. grandifoliola was the species that had
the lowest values for gap light and temperature during both months.

The species B. excelsa had values that were between the other two species for gap
light and temperature in August and October, while D. odorata had the lowest values for
temperature and gap light. The full-sun pasture (P. maximum) had values that were distant
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from those of the other treatments, and gap light and temperature in August and October
were positively correlated.

3.2. Results from ACP 2—Dendrometric Variables and Temperature

The means for the dendrometric variables for the 9-year-old trees in the silvopastoral
treatment are shown in Table 2.

Table 2. Means for dendrometric variables by species after nine years of development in Mojui dos
Campos, 2018.

Species DBH SD DHC Ht SD Ht AC SD AC MAI DHC MAI Ht
(cm) (cm) (m) (m) (mz) (mz) (cm yearfl) (m yearfl)

B. excelsa 15.63 52 10.62 2.77 41.20 18,34 1.74 1.18

D. odorata 13.04 2.72 8.89 1.24 19.68 9.58 1.45 0.99

K. grandifoliola 26.35 4.05 18.40 2.42 37.80 14.37 2.93 2.04

DBH: diameter measured at 1.30 m above the soil, SD: standard deviation, Ht: total height, AC: canopy area and
MALI mean annual increment.

The species that had the best performance with respect to DBH and height was K.
grandifoliola. After 9 years in the system, K. grandifoliola had mean height of 18.40 m and
26.35 cm of DBH. Consequently, the largest mean annual increments (MAIs) for DBH and
height were observed for K. grandifoliola (Table 2).

The species with the greatest mean canopy area was B. excelsa (41.20 m?), followed
by K. grandifoliola (37.80 m?). Variables such as canopy area and gap light are inherent to
each species as a function of canopy openness and format, branch dimensions, and the
superposition of leaves and branches, among others.

The box plot shows that for the species K. grandifoliola, the DBH and height were
the greatest and were significantly different than the values for B. excelsa and D. odorata
(Figure 8A,B). With respect to canopy area, B. excelsa and K. grandifoliola were significantly
different than D. odorata, which had the smallest canopy area (Figure 8C). With a smaller
canopy, D. odorata allows more light to enter into the system, as measured by gap light,
which is different from the other two species (Figure 8D).

With respect to temperature, for August (Figure 8E) and October (Figure 8F), the plot
with K. grandifoliola had significantly lower TS values than the other two plots so that the
plot with B. excelsa and the plot with D. odorata were not different for August, and D. odorata
had a lower temperature in October 2018 compared to B. excelsa.

The results for the second PCA compare the thermographic and dendrometric data
for the three plots in the silvopastoral system, labelled ACP2 (Figure 9). The first two PCs
for PCA2 were responsible for 73.68% of the total variation, of which PC1 was responsible
for 51.0% and the second, PC2, was responsible for 22.68% of the total variation in the data.

The Biplot CP1 x CP2 in Figure 8, with the variables diameter, total height, gap light
in the plot, canopy area and thermographic temperatures, shows that K. grandifoliola had
the greatest heights and DBH values, and that this plot had the lowest temperatures in
August and October. Among these silvopastoral systems, the highest temperatures were
found in the plot with B. excelsa, followed by the plot with D. odorata. B. excelsa had the
lowest values for DBH and total height.

The plot that had the greatest penetration of light was D. odorata, while the plot with
the most shade was B. excelsa, followed by the plot with K. grandifoliola.
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4. Discussion
4.1. ACP 1—Gap Light and Temperature of the Analyzed Targets

The temperatures registered in this study are not within the range considered by Baeta
and Souza [61] as being among the most favorable climate conditions for cattle, which are
temperatures between 10 and 27 °C, due to the intense heat in this tropical region.

The results from this study add to an increasing body of knowledge about silvopastoral
systems, and the thermographic analyses reinforce the importance of shading with trees as
a mechanism to attenuate the effects of heat and improve animal thermal comfort during
the hottest periods of the day. This study also included, for the first time in a silvopastoral
system in the western region of the state of Par4, the use of near-infrared thermography.
This study reinforces the necessity of adopting integrated agricultural systems, such as
silvopasture and/or crop-livestock—forest systems, as part of a general migration from full-
sun pastures. These types of integrated production systems will provide better conditions
that promote animal thermal comfort by providing shaded areas under trees.

The correlations in this study demonstrate the existence of positive relationships
between surface temperature and the penetration of light in silvopastoral systems. In the
month of August, there was an increase of 10.67% in the temperature in the P. maximum
pasture compared to the silvopastoral treatment K. grandifoliola, and increases of 6.07% and
5.40% in temperature compared to the B. excelsa and D. odorata treatments, respectively.

However, there are other relationships that should be analyzed because despite the
minimal thermal increase between B. excelsa and D. odorata (0.67%), in the D. odorata
treatment, there was a greater penetration of solar radiation of 25.08%. This can be explained
by the fact that the effect of shade on the microclimate of the shaded area does not depend
only on the shade but also on the quantity of it, which will vary as a function of the
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density and color of leaves and the number of branches, among other characteristics that
are inherent to tree species [17].

Several studies have demonstrated relationships between microclimatic variables and
the thermal states of canopies in forests and pastures [8,15,62,63]. If these interactions
are not taken into account, then substantial error could be introduced into microclimate
measurements due to temperature differences established between the soil surface and air
masses that are positioned above the tree canopy [13].

In the month of October, there was also an increase of 10.67% in the temperature in the
P. maximum pasture compared to the silvopastoral K. grandifoliola treatment, and increases
of 8.23% and 7.05% compared to the B. excelsa and D. odorata treatments, respectively.
The relationship between surface temperature and gap light was expected, since infrared
temperature is a measurement related to the long wave radiation emitted by the surfaces of
tree canopies [4] or any other surface. The higher the temperature, the greater the thermal
load imposed upon the environment, and therefore the greater the intensity of the infrared
radiation emitted [16].

The temperature reductions found in the present study were greater compared to
those from Barreto et al. [17], in which the maximum reduction was 3.7% in the treatment
with trees in a pasture.

According to Silva [64], the presence of trees in pastures directly affects the energy
balance of a system as they can intercept up to 80% of the incident solar radiation, which
corresponds to a 30% reduction in the radiative thermal load. Barreto et al. [17], studying
in Campo Grande, Mato Grosso do Sul, Brazil, in a stand of native trees, related that the
trees reduced the thermal load by 24.0% in July, 16.3% in August, and 29.6% in September,
and these authors also reported reductions of 15.2% in July, 5.3% in August, and 8.5% in
September in a Eucalyptus stand with a low stand density compared to a system with
no shade. In the same study, in an integrated system planted with Eucalyptus, the trees
reduced the thermal load by 17.0% in July, 4.6% in August, and 7.5% in September. In the
state of Parana, Brazil, Baliscei et al. [65] reported that at 12h00 there was a reduction of
17.8% in the thermal load in a silvopastoral system compared to a treatment with no shade.

The two dimensions in which the variance was explained summarize the significance
of the set of variables they are associated with, and they establish linear associations
between them and the original variables [66]. The shaded areas were efficient at reducing
solar radiation, as also reported by Lopes et al. [9] and Oliveira et al. [3], who related that
thermal comfort indices improved in ICLF systems due to reductions in solar radiation that
were caused by the trees. The density and spatial arrangement of the trees used in integrated
pasture production systems create microclimatic modifications that are significant even at
50 m away from the trees [2,3,67,68].

It is important to emphasize that the three tree species in this study created a microcli-
mate near to what has been suggested as ideal for animal thermal comfort, with the pasture
with no trees offering an example of the highest thermographic thermal values.

The effect of shade on the behavior of bovines has been related by several authors [9,10,69-71].
In general, these animals search for shade during the hours when they are most susceptible
to thermal stress and during seasons with more intense solar radiation. The incorporation
of trees into pastures could be a sustainable alternative [72] that promotes greater thermal
comfort for cattle in tropical regions [73].

In addition to providing shade to the animals, silvopastoral systems can contribute
to the mitigation of greenhouse gas emissions by removing carbon from the atmosphere
and storing biomass in the soil [74], and the trees can also provide a landowner with an
additional source of income [75]. In a study of buffaloes [76], the authors related that the
incorporation of trees in tropical pastures provided greater thermal comfort to the animals.

In this context, the trees incorporated in cattle ranching systems provide greater
thermal comfort due to microclimate changes provided by shading. However, integrated
systems ave strong interdependence between their components (soil, trees, forage, and
animals), and therefore, other factors should be considered, principally the shade tolerance
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of the forage plants used. The challenge is to create adequate shade intensity in order to
favor the development of each component as much as possible.

Although the temperatures are still high for cattle, possibly demonstrating thermal
discomfort for animals raised in tropical silvopastoral systems, the results show that the
presence of trees is fundamental to the improvement of this production system.

4.2. ACP 2—Dendrometric Variables and Thermography Data

K. grandifoliola demonstrated faster development than the native tree species in this
study (B. excelsa and D. odorata), with MAISs of 2.93 cm year~! for DBH and 2.04 m year~!
para for total height. In Paragominas, also in the north region of Brazil (annual precipitation
of 1743 mm year~!), Silva et al. [77] evaluated the growth of K. grandifoliola in monocultures
(spacing 5 m x 5m) and in silvopastoral systems (spacing 5 m x 5 m, with 20 m between
the tree plots where corn and Congo grass (Brachiaria ruziziensis) were planted together)
on a heavy clay yellow Oxisol. The increments in DBH and total height were equivalent
at 2.0 cm year ! and 1.5 m year ™!, respectively, for K. grandifoliola in the silvopastoral
system. In the monoculture system, K. grandifoliola had increments in DBH and total height
of 1.7 cm year ! and 1.3 m year~!, respectively. These results demonstrate the potential
of this species to be used in integrated production systems. In the present study, the
increments in DBH and the total height of K. grandifoliola were greater than those in the
silvopastoral system in the Paragominas study [77].

The average canopy area provided by B. excelsa (41.20 m?), which is circular in shape,
did not differ from that of D. odorata, which had a globular-shaped canopy. It is important
to emphasize that the planting format and spacing between trees and between rows will
affect heat exchange in a forested plot. According to Oliveira et al. [78], the differences and
respective efficiencies of tree species in altering a microclimate are due to canopy structure
and format. When the canopy is denser and larger, there will be less thermal load from
solar radiation in these systems. However, in the current study, it was observed that even
though the species B. excelsa had a larger canopy area, the rapid growth of K. grandifoliola
was more effective at attenuating heat.

B. excelsa and D. odorata, despite showing lower capacities for attenuating heat com-
pared to K. grandifoliola, are still excellent options to incorporate into integrated systems in
the region because they are native species and therefore have adequate development in this
environment, and there is demand for their fruits. B. excelsa, for example, is physiologically
adapted to grow across 2.3 million km? of the Amazon [79]. Additionally, it is important to
mention that other species have potential to be incorporated in integrated silvopastoral
systems. Martinez et al. [80] and Tonini et al. [81], suggested the native species Schizolobium
amazonicum and exotic ones such as Eucalyptus grandis and Eucalyptus urophylla as solid
options for integrated production systems. In a study by Tonini et al. [82] in a silvopastoral
system in the Center-West region of Brazil, E. grandis and E. urophylla at 3 years of age had
an average DBH of 10.4 cm and total height of 10.5 m at a spacing of 3.5 x 3 m. Maneschy
et al. [80], evaluating the growth of S. amazonicum spaced at 5 x 3 m in a silvopastoral
system in the Amazon, reported average results of 17.81 and 19.25 m for total height and
DBH values of 16.83 and 19.72 cm, which were measured in different years.

In livestock behavioral studies, shade availability and tree density were also associ-
ated with differences in reductions in body temperature in pasture animals under heat
stress [68,83-86]. According to studies by Giro et al. [10], Oliveira et. al. [78], and Domi-
ciano et al. [87], bovines prefer to use shade for rumination, although they can be observed
resting under full sunlight in the morning. This period of rest is principally associated with
an endogenous reduction in heat [10,88] as well as animal body position, which promotes a
greater thermal exchange with the environment [9,86].

The PCA showed that DBH and total height are highly correlated with K. grandifoliola
and are inversely correlated with temperature in August and October, meaning that this
species is capable of efficiently reducing the temperature in the tree plot due to its rapid de-
velopment. The near-infrared thermography results were positively and directly correlated
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with the dendrometric variables. These results suggest that near-infrared thermography
should be utilized for rapid thermal evaluations in rural environments.

It is a well-known fact that it is difficult to maintain long-term ecological experiments
that can establish indicators in low carbon-emission production systems in the Brazilian
Amazon, a region where livestock raising operations are currently seeking to become
more efficient in order to avoid advancing into areas of native forest. This study area
went through a time lapse without investigation; however, from the 10 years of planting,
many research studies have been carried out and in the near future, new results for other
sustainability bioindicators will be disseminated.

5. Conclusions

Integrated silvopastoral systems, principally those formed using K. grandifoliola in
the eastern Amazon, reduce pasture temperatures and create a microclimate that is more
favorable for the thermal comfort of livestock due to shading by trees, which benefits
caloric exchange and the maintenance of the thermal comfort of the animals.

This study demonstrated the benefits of the use of infrared thermography to rapidly
and efficiently diagnose thermal conditions in integrated systems in western Para. The
presence of trees in the silvopastoral system can contribute to the improvement of the
environment of livestock as well as provide an important ecosystem service by helping to
mitigate the negative effects of cattle production systems on the global climate. This study
also contributes by improving the understanding of how trees modify the environment and
provide other goods and services, depending on the species used in an integrated system.

This dendroclimatic study presents novel results that describe thermal patterns wherein
the arrangement of trees can explain a diversity of factors that affect microclimatic condi-
tions, in this case, in an integrated system.
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