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Abstract

Purpose This study aimed to verify the effects of the application of carnauba waste on the biological attributes,
organic carbon content, and hydrothermal regime of soil.

Method The experiment was performed in randomized blocks with six treatments and four replicates. The treat-
ments were as follows: (1) NPK (recommended dose of synthetic fertilizers: 100:180:86 kg ha* NPK); (2) surface
application of 10 t ha* carnauba waste; (3) incorporation of 10 t ha carnauba waste; (4) surface application of 10
t ha! carnauba waste + NPK; (5) incorporation of 10 t ha™* carnauba waste + NPK; and (6) bare and unfertilized
soil (control).

Results Treatments that received carnauba waste showed higher amounts of organic carbon, carbon accumulation,
microbial biomass, and CO; in the surface layer of the soil, from 0.0 to 0.10 m, compared to control treatments.
Although there was no difference in the respiration rates between the treatments, the metabolic quotient tended to
decrease in the treatments that received carnauba waste. Treatment with carnauba waste resulted in a decreased
soil bulk density in the surface layer. Soil covered with carnauba waste maintained higher soil moisture and lower
temperatures. Multivariate analysis showed that applying carnauba waste with NPK to the soil surface significantly
affected soil quality attributes.

Conclusion The use of carnauba residue combined with fertilizer can improve the microbiological attributes of the
soil, increase the organic carbon content in the soil, and reduce thermal amplitude, which can help maintain higher

levels of moisture in the soil.

Keywords Agro-industrial waste, Carnauba palm, Organic fertilization, Soil temperature and moisture
Introduction the leaves of this palm. This material demonstrates
great potential as a mulch for use in radiation, reflect-
ing up to 3000 hours of sunlight per year (Jetter and
Kunst 2008).

The short-term benefits of using plant waste material

Carnauba (Copernicia prunifera) waste is an agro-in-

dustrial waste generated by the extraction of wax from

< R S de Sousa ricardoss@ufpi.edu.br

1 Federal University of Piaui, Teresina, Piaui, Brazil

2 Technical College of Teresina, Teresina, Piaui, Brazil

3 Federal Institute of Maranhdo, Caxias, Maranhéo, Brazil

4 Department of Agricultural Engineering and Soil Science,
Federal University of Piaui, Teresina, Brazil

as mulch can be observed through changes in the ther-
mal and water regimes of the soil. This is because
mulch creates a favorable microclimate for crops by
maintaining humidity and reducing soil temperature
fluctuations (Zwirtes et al. 2017; Zribi et al. 2015).
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Sousa et al. (2017) stated that when carnauba straw is
used as ground cover, it reflects part of the solar en-
ergy received by the soil. This considerably reduces
gas exchange between the soil and atmosphere,
thereby decreasing soil moisture loss and maximizing
water use by plants.

Increased soil organic matter content is an additional
important benefit gained from utilizing carnauba
waste. This subsequently elevates soil fertility and im-
proves its physical properties (i.e., moisture retention,
greater porosity, and greater aeration), favoring root
system development (Gongalves et al. 2019). The in-
corporation of organic matter on the soil surface from
plant material, under different treatment and manipu-
lation processes, helps to create and maintain favora-
ble microclimate conditions to establish and support a
healthy microbial community in the soil (Yan et al.
2020).

Despite low representation, carnauba waste is cur-
rently being used to improve soil temperature and
moisture conditions (Souza et al. 2016), increase or-
ganic matter content, and enhance soil fertility (Al-
bano et al. 2017).

The objective of this study was to verify the effect of
three years of successive application of carnauba
waste on the chemical, physical, and biological attrib-

utes of a sandy loam, Yellow-Red Oxisol.

Material and methods

The experiment was carried out under field conditions
of the Technical College of Teresina at the Federal
University of Piaui in Piaui, Brazil (5°2'58,48"S;
42°46'57,13"W; 86 m of altitude). The Koppen cli-
mate classification characterizes the regional climate
of this area as dry tropical with two distinct seasons:
rainy summers and dry winters. The annual average
temperature is 30 °C and the annual average rainfall is
1200 mm. The Brazilian System of Soil Classification

categorizes the soil of the area as a Yellow-Red Oxisol

with 90 g kg* clay, 110 g kg silt, and 800 g kg™ sand
at a depth of 0-20 cm.

The experiment was carried out from 2018 to 2020
with an annual application of 10 t ha' of carnauba
waste [Left on the surface of the ground or incorpo-
rated into the ground layer of 10 cm with the help of a
hoe, and in isolation or combined with NPK (recom-
mended dose of synthetic fertilizers; 100:180:86 kg ha
1 NPK)], in which there were six experimental treat-
ments: 1) NPK; (2) surface application of 10 t ha'* car-
nauba waste; (3) incorporation of 10 t ha' carnauba
waste; (4) surface application of 10 t ha? carnauba
waste + NPK; (5) incorporation of 10 t ha™ carnauba
waste + NPK; and (6) bare and unfertilized soil (the
control). The carnauba waste used in this study was
manually homogenized to obtain a uniform and repre-
sentative composite sample. Subsequently, the mate-
rial was dried in a forced ventilation oven (Fig. 1) at
65 °C for 48 hours and analyzed to determine its chem-

ical composition (Table 1).

Fig. 1 Carnauba waste dried in a forced ventilation

oven

For each experimental plot (2.0 m x 5.0 m, Fig. 2), the
temperature and soil moisture were measured at depths
of 0.0-0.1 m and 0.1-0.2 m. To measure temperature,
a digital thermometer with a measurement range of -
50°C to +300°C and a precision of +1°C was used and

inserted in the center of the plot. Soil moisture (%) was
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calculated from samples collected at five points within

the plot. After soil sampling, the samples were

® Soil temperature
Soil moisture

Table 1 Chemical composition of carnauba waste

Components  Unit Carnauba
waste
¢ (%) 515
N gkg™ 126
j gkg™ 0.8
« gkg™ 38
ca gkg* 1.9
Mo gkg* 23
> gkg* 22
Zn mg kg 8.0
Mn mg kg * 172.0
e mg kg * 126.0
c mg kg * 28.0
8 mg kg * 6.0
pH CaCl; - -
Relation
CIN ) 40.8

From 2018 to 2020, the cultivation of cowpea was car-

ried out in all experimental plots. Following the har-

weighed and dried at 105°C for 24 h to determine the

soil moisture level according to Teixeira et al. (2017).

Fig. 2 Experimental area
showing experiment plots
with carnauba waste (ap-
plied on the soil surface or
incorporated into the soil,
alone or combined with
NPK) in reference to un-
covered and unfertilized
soil (control) and use of
mineral  fertilizer  with
NPK

vest of the cowpea plants, four soil samples were col-
lected from each plot at depths of 0.0-0.1 m and 0.1—
0.2 m, sieved through a 2 mm mesh, stored at 4 °C for
soil biological analysis, and air-dried for chemical
analysis. Undisturbed soil samples were also collected
to determine bulk density using the volumetric ring
method. Total organic carbon (TOC) was determined
using the wet combustion method which used a mix-
ture of 5 mL of 0.167 mol L™ potassium dichromate
and 7.5 mL of concentrated sulfuric acid under heat
(170 °C for 30 min). The carbon stock in each evalu-
ated soil layer was estimated according to the expres-
sion proposed by Freixo et al. (2002).

Soil microbial biomass carbon (MBC) was determined
using the microwave irradiation extraction method (Is-
lam and Weil 1998). Soil respiration (SR) was moni-
tored with measurement of CO; evolution under aero-
bic incubation at 25 °C for 7 days (Alef and Nannipieri
1995). The metabolic quotient (qCO2; mg CO; kg?
MBC d) was calculated from the SR/MBC ratio, and
the microbial quotient (qMic; %) was calculated from
the MBC/TOC ratio (Anderson and Domsch 1993).
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Data normality was analyzed using the Shapiro-Wilk
test, while data homoscedasticity was verified using
Leven’s test. After the data underwent analysis of var-
iance, and significance was verified by the F test, the
Scott-Knott test was conducted at a level of 5% prob-
ability (p<0.05). The data were subjected to multivar-
iate analysis using Principal Component Analysis
(PCA). PCA was performed using the Vegan package
(Oksanen et al. 2021), and R software, version 4.1.0
(R Core Team 2021) was used to perform statistical

tests and prepare the graphics.

Results and discussion

Analysis of the chemical composition of the carnauba

waste showed that its nutrient content made it suitable
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for use as a soil conditioner according to the Brazilian
Ministry of Agriculture, Livestock, and Food Supply
Normative Instruction 25/2009 (Table 1). The high
levels of macronutrients and organic carbon in car-
nauba waste highlight its ability to contribute to plant
nutrition and restore fertility in degraded soils.
Oliveira et al. (2018) also conducted a chemical com-
position analysis of carnauba waste and found that it
had a high organic carbon content (161.6 g kg™).

Treatments that included carnauba waste alone or in
combination with NPK contributed to increased TOC
content in the soil at both analyzed depths (Fig. 3A).
Thus, a positive correlation was observed between the
deposition of plant waste materials, such as straw and
other types of mulch, and an increase in soil organic

carbon content (Santos et al. 2012).

Depth (m)
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B
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Fig. 3 Plot of the total organic carbon (A) and bulk density (B) in soil cultivated under carnauba waste (applied on

the soil surface or incorporated into the soil, and in isolation or combined with NPK) in reference to bare and

unfertilized soil (control) and use of mineral fertilizer with NPK

BCINC: carnauba waste incorporated into the soil; BCSS: carnauba waste applied to the soil surface; all treatments with waste

received 10 t ha. Values followed by different lowercase letters or capital letters in plot indicate significant differences ac-

cording to Scott-Knott test (p <0.05)
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Carnauba waste is rich in high-density carbon frac-
tions (e.g., ligninic compounds and polyphenols),
which have complex carbon chains; this means car-
nauba waste is a material with a high C/N ratio (>40),
based on the analysis carried out in this research. This
high C/N ratio implies a delay in decomposition, re-
gardless of whether this material is applied to the soil
surface or incorporated into the soil column. Santoja
etal. (2015) showed that when the C/N ratio in organic
waste exceeded 30, nutrient immobilization was the
predominant process and decomposition only intensi-
fied after 60 d. Souza et al. (2018) concluded that
mulching with sorghum straw, characterized by a high
C/N ratio, was an effective means of increasing the soil
organic carbon content during the four months of the
crop cycle. The results of this study show an incremen-
tal increase in SOC content during the second year of
carnauba waste utilization. However, carnauba waste
should generally be applied in combination with NPK.
This is probably because straw has a low nitrogen con-
centration, which means that many of the straw C/N
decomposers are internal C/N decomposers that ini-
tially immobilize the existing nitrogen in the straw and
soil solution to adjust this relationship (Santos et al.
2012). The high C/N ratio of carnauba waste results in
the persistence of waste in the soil during the primary
stage of decomposition for a longer period than that
observed under normal conditions (C/N <30) (Jin et al.
2020) when mineralization is almost null. As such, a
significant increase in TOC would only be observed in
2-5 years, when the N needs of some of the microbial
communities were met and maintained, and the miner-
alization process became predominant (Guo et al.
2019). A study integrating straw and fertilizer plots
showed that this combination contributed to increase
soil organic carbon, dissolved carbon, and labile or-
ganic carbon content by approximately 1.2-2.9 times
compared to that of the control plot (Akhtar et al.

2019). They also observed an increase of 28% in avail-

able nitrogen, 45% in phosphorus, and 55% in potas-
sium. These improvements in soil fertility and carbon
indices increased soybean biomass and grain yield by
67% and 75%, respectively, over the 3-year study pe-
riod. Treatment with carnauba waste resulted in a re-
duced bulk density (Fig. 3B). The control treatment
had a bulk density exceeding the critical limit (1.53-
1.72 Mg m3) for sandy soils, as recommended by
Reichert et al. (2003). Yang et al. (2018) reported that
the combined application of corn waste and chemical
fertilizer improved soil structure, reduced soil density,
and enhanced water storage to a greater extent. The
highest carbon stock values occurred in treatments
subjected to carnauba waste application on the soil
surface, alone or in combination with NPK in the sur-
face layer (i.e., treatments 2 and 4; Table 2). In terms
of treatments receiving subsurface application of car-
nauba waste (i.e., treatments 3 and 5), treatment 4 had

the highest carbon stock values.

Table 2 Soil organic carbon stocks (SOC stocks) un-
der carnauba waste (applied on the soil surface or in-
corporated into the soil, and in isolation or combined
with NPK) in reference to bare and unfertilized soil

(control) and use of mineral fertilizer with NPK

Total carbon
Carbon stock

stock
(Mg C ha?)
Treatments* (Mg C ha't)
0.0-0.1 0.1-0.2
0.0-0.2m
m m
BCSS 45382 31.41%2 76.80
BCINC 39.74% 28.09" 67.83
BCSS+ NPK 47.13% 32262 79.39
BCINC+NPK 38.48P 30.57@ 69.05
NPK 32.57¢ 28.05° 60.63
Control 29.25¢ 24.53° 53.78

* BCINC: carnauba waste incorporated into the soil; BCSS:
carnauba waste applied to the soil surface; all treatments
with waste received 10 t ha*. Values followed by different
letters in columns indicate significant differences according
to Scott-Knott test (p <0.05).
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However, the control and NPK treatments (i.e., treat-
ments 1 and 6) had carbon stock values well below this
variable, particularly in the soil surface layer. Using
the control and NPK treatments as a reference, there
was an increase of approximately 15 Mg ha™* of carbon
stock in the soil in treatments 2 and 4. These treat-
ments exhibited the highest values of this variable,
particularly in the 0-0.10 m layer. These results
demonstrate the effectiveness of carnauba waste in
regulating the entry and exit of carbon in soil and, thus,
increasing the carbon stock in intensively cultivated
soils over a short period. Prior to this type of soil man-
agement, this area had been managed using conven-
tional techniques for approximately 20 years with the
use of agricultural implements and annual crops. This

type of management contributes to the breakdown of

soil aggregates and exposure of organic matter, which
accelerates oxidation and culminates in lower TOC
levels, particularly in sandy-textured soils (Freitas et
al. 2018).

In general, there were increases in MBC values when
carnauba waste was added alone or in combination
with NPK in the 0.0-0.1 m layer. In the subsurface
layer, the treatments receiving the surface application
of carnauba waste had higher MBC values (Fig. 4A).
The deposition of plant residues in soil stimulates mi-
crobial biomass, prompting an increase in microbial
abundance and activity. In addition to increasing sub-
strate availability, these residues provide adequate soil
conditions for microorganisms. Specifically, residues
lower soil temperature and enhance soil moisture con-

servation (Moreira and Siqueira 2006).
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Fig. 4 Boxplot of the microbial biomass carbon (A), soil respiration (B), metabolic quotient (C) and microbial

quotient (D) in soil cultivated under carnauba waste (applied on the soil surface or incorporated into the soil, and

in isolation or combined with NPK) in reference to bare and unfertilized soil (control) and use of mineral fertilizer

with NPK

BCINC: carnauba waste incorporated into the soil; BCSS: carnauba waste applied to the soil surface; all treatments with waste

received 10 t hal. Values followed by different lowercase letters or capital letters in box’s indicate significant differences

according to Scott-Knott test (p <0.05).
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MBC is recognized as a key indicator of soil quality
and is generally associated with the quantity and qual-
ity of carbon sources. The results verify that the appli-
cation of carnauba waste in combination with NPK fa-
cilitates the availability of organic matter to soil mi-
crobes following the continuous and successive appli-
cations of this material.

At a depth of 0.1-0.2 m, only treatments receiving car-
nauba waste combined with NPK (i.e., treatments 4
and 5) caused an increase in MBC. Materials with a
high C/N ratio undergo slower decomposition because
low nitrogen availability may harm the development
of the incoming soil microbial community via compe-
tition between microbial biomass and plant roots (As-
sis et al. 2003).

It is postulated that this occurred because the nitrogen
present in this waste was insufficient for the straw to
decompose; thus, it became a limiting factor. Despite
the short period during which microbial immobiliza-
tion of nitrogen and other nutrients occurs in the soil,
this process renders these nutrients unavailable to
plants. Therefore, nitrogen application may reduce this
effect during the microbial decomposition of wastes
with a high C/N ratio because when nitrogen is applied
together with straw, it assumes the role of a nutritional
supplement, which increases microbial decomposition
(Wang et al. 2020).

In this study, there was no difference in gMic between
treatments for the two soil layers (Fig. 4C); however,
gMic in all treatments receiving carnauba waste was
>1%, demonstrating the extent of environmental sta-
bility. Silva et al. (2012) reported that gMic values of
<1% occur because of possible limiting factors related
to microbial activity.

The respiration values for treatments receiving car-
nauba waste (i.e., treatments 2-5) did not statistically
differ from those of the control, at both depths (i.e.,
0.0-0.1 mand 0.1-0.2 m; Fig. 4B). However, respira-

tory activity must be carefully interpreted, as these val-
ues may result from the accumulation of organic mat-
ter concentrated in the labile fractions (i.e., carbohy-
drates, nitrogen compounds, and microbial biomass
and its metabolites) of the soil surface, which are sus-
ceptible to decomposition.

However, microbial respiration may also reflect the in-
tense consumption of oxidizable carbon by the micro-
bial community for maintenance, particularly when
this community is under stress. Therefore, it is im-
portant to consider the respiration rate per unit of bio-
mass (i.e., qCO2) when investigating soil quality, be-
cause differences between various soil management
types may not be detected when microbial respiration
alone is evaluated.

The qCO; values obtained for the treatments receiving
carnauba waste (i.e., treatments 2-5) at the two depths
were significantly lower (Fig. 4D). This shows an en-
vironment experiencing a lower degree of disturbance
or stress when there is a surplus of organic production
in relation to respiration, according to the theory of
“Bioenergetic Development of Ecosystems” proposed
by Odum (1969). This theory emphasizes that mi-
crobes may vary greatly in their rate of replacement
metabolism depending on environmental conditions.
In contrast, microbial communities experiencing unfa-
vorable conditions tend to have higher qCO; values,
reflecting a greater influx of energy (carbon) through
soil microbial biomass (Lacerda et al. 2013).

In terms of soil moisture, which was evaluated in the
surface layer during the experiment, the treatments
that received carnauba waste (i.e., treatments 2-5)
showed higher soil moisture levels throughout the ex-
periment (Fig. 5). Conversely, treatments without car-
nauba waste (treatments 1 and 6) had lower soil mois-
ture levels. This is likely a result of the sandy texture
of the soil and the absence of waste, which attenuates

the effects of solar radiation on water evaporation.



Int. J. Recycl. Org. Waste Agric Special Issue: 1-13, Summer 2023

A 10-FEV™™

" 17-FEV

"02-MAR

Coatrol ® NPK

B. 10-FEV™"”

™ 20-FEV

"02-MAR

®BCINC @ BCSS ®BCINCNPK @ BCSS-NPK

Fig. 5 Average soil moisture at depths of 0.0-0.1 m (A) and 0.1-0.2 m (B) in soil cultivated under carnauba waste

(applied on the soil surface or incorporated into the soil, and in isolation or combined with NPK) in reference to

bare and unfertilized soil (control) and use of mineral fertilizer with NPK

BCINC: carnauba waste incorporated into the soil; BCSS: carnauba waste applied to the soil surface; all treatments with waste

received 10 t hal. The light gray line shows the average variation scale of the variables. ns, not significant; *, p < 0.05; **, p

<0.01; ***, p<0.001.

In general, soil moisture content increased with depth.
In the layer between 0.0 m and 0.1 m (Fig. 5A), the
soil moisture levels remained below 8% in most ob-
servations, while between 0.01 m and 0.02 m depths
(Fig. 5B), moisture levels were approximately 10%.
The effect of carnauba waste on soil moisture was
more significant in the surface layer.

The treatments receiving the surface application of
carnauba waste (i.e., treatments 2 and 4) exhibited the
highest moisture values, likely because of the greater
soil protection provided by this material. This shows
that such waste absorbs rays from the sun, attenuating
gas exchange between the soil surface and the atmos-
phere, thus promoting a reduction in water vapor loss.
This is consistent with the findings of Oliveira et al.
(2002). In their evaluation of the fruit production sys-
tem in northeast Brazil, they advocated the use of car-
nauba waste as a covering material because of its abil-
ity to cool the soil and minimize gas exchange between
the soil and the atmosphere. Sousa et al. (2017) con-

ducted research using sandy loam soil and carnauba

waste mulch and concluded that this material im-
proved the water retention capacity by maintaining
soil moisture for a longer duration. Souza et al. (2016)
showed that the ground covered with carnauba waste
was effective in retaining water in the soil and inhibit-
ing the emergence of weeds. The moisture values for
the 0.1-0.2 m layer also differed between treatments
for a smaller number of observations and at the begin-
ning of the experiment. This may have occurred be-
cause the leaf area index during the initial cultivation
stages of the bean crop was low; as such, the soil re-
ceived more direct solar energy, leading to increased
water evaporation, which was elevated because of the
sandy texture of the soil. At the end of the experiment,
there was no difference in soil moisture content be-
cause of the higher average temperature and lower
rainfall quantities recorded during this period (Fig. 5).
As previously verified, when carnauba waste is placed
on the soil surface, it acts as a barrier that preserves a
greater amount of available water up to a depth of 0.2

m. This indicates that this material is similar to other
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straws in that it creates favorable microclimate condi-
tions such that the available water may be used more
efficiently and over a longer duration when compared
to the soil in which this material was incorporated or
not used at all. The use of wheat straw mulch and ni-
trogen fertilizer increased soil moisture by 23% and
decreased soil temperature by 8% compared to the
control at 0-0.2 m depths (Akhtar et al. 2019). The
surface application and incorporation of carnauba
waste significantly reduced (p<0.001) the thermal am-
plitude of soil up to a depth of 0.2 m (Fig. 6). This is

(A) 10-FEV

10-MAR

"02-MAR

Control ® NPK

O BCINC @ BCSS

attributed to a change in the radiation balance caused
by soil management. Because soil temperature is a dy-
namic property, how it is positively or negatively af-
fected by air temperature fluctuations over several
days is strongly correlated with the type of manage-
ment adopted within a given area (Awe et al. 2015). In
this study, carnauba waste contributed positively to the
attenuation of radiation absorbed by the soil. This en-
abled the creation of microclimatic conditions favora-
ble for the growth of microbes and plant development

throughout the experimental period.

(8) 10-Fev"”

13-ABR

10-MAR™”

“02-MAR

S BCINCHNPK @ BCSS*NPK

Fig. 6 Average temperature at depths of 0.0-0.1 m (A) and 0.1-0.2 m (B) in soil cultivated under carnauba waste

(applied on the soil surface or incorporated into the soil, and in isolation or combined with NPK) in reference to

bare and unfertilized soil (control) and use of mineral fertilizer with NPK

BCINC: carnauba waste incorporated into the soil; BCSS: carnauba waste applied to the soil surface; all treatments with waste

received 10 t ha*. The light gray line shows the average variation scale of the variables. ns, not significant; **, p < 0.01; ***,

p < 0.001.

At depths of 0.0-0.1 m (Fig. 6A), there was a reduc-
tion in soil temperature of up to 3 °C. The lowest tem-
perature observed at this depth (30.6 °C) was recorded
in treatments receiving only surface applications of
carnauba waste (i.e., treatments 2 and 4), whereas the
highest temperature (33.6 °C) was associated with the
control and NPK treatments (i.e., treatments 1 and 6).
This result is in agreement with those of Liu et al.

(2014) who evaluated temperature fluctuations in soil

subject to coverage using rice straw and wheat in a cit-
rus orchard over 2 years. They concluded that such
coverage resulted in a soil temperature reduction of 1.5
°C. Carnauba waste reflects part of the solar radiation
that it receives and possesses low thermal conductivity
owing to the porous spaces formed between the piles
of straw deposited on the soil. This explains the effi-
ciency of this material as a thermal insulator. Further-
more, soils that did not receive any type of cover (i.e.,

treatments 1 and 6) or those in which carnauba waste
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was incorporated (i.e., treatments 3 and 5) absorbed a
greater amount of solar radiation throughout the day,
leading to higher soil temperatures. At depths between
0.1 mand 0.2 m (Fig. 6B), the soil temperature reduc-
tion observed for treatments 2 and 5, compared to
treatments 1 and 6, was 1.5 °C. However, the maxi-
mum temperature reduction recorded at these depths
was 2 °C lower (32 °C) than that recorded at depths of
0.0-0.1 m (34 °C). Soil temperature was higher at the
surface, mainly in the first 5 cm, which was the cause
of the reductions in soil temperature averages in the

subsurface layer. Similar to that observed at 0.0-0.1

m, treatments 2 and 4 recorded the lowest tempera-
tures, followed by the treatments incorporating car-
nauba waste (i.e., treatments 3 and 5), and the NPK
and control treatments (i.e., treatments 1 and 6).The
PCA was performed on a data matrix consisting of
seven variables for both depth ranges (Fig. 7). The per-
centage of variance explained by the principal compo-
nents showed that, in the surface layer, the first two
principal components were responsible for 71.7% of
the original variability, with CP1 and CP2 contributing
53% and 18.7%, respectively.

L}
)
]
: A \SOC Stocks
1 ' / A_TOC
] / &, |
' AN
: / / =
| J &£ !
- ] | (..‘
O | /)
SR - B -] [ ] \
Temp BO_ N W A/ J
= GC02 e Sh— \ V' ¥ /
~ = /] /
© ..._.._._....--_-..__-..-..--..___:_\;s.%._;_:_:_._:_.::./.-_-f .......
~ v\ —————y——>Moisture
o (NN /% 7>MBC
a 1 I d
' \ :
1
* L}
Treatment ' \
» BCINC . \
A BCINC + NPK ]
S5 ' .
. ®WBCss ' N
- BCSS + NPK 1 gMIC
Controf :
< NPK I
' . ! :
‘. U -l
PC1 (53%)

Fig. 7 Microbial biomass carbon (MBC), soil respiration (SR), bulk density (BD), total organic carbon (TOC), soil

organic carbon stocks (SOC stocks), metabolic quotient (qCO), microbial quotient (qMic) and temperature

(Temp) and soil moisture, collected at a depth of 0.0-0.1 m, and cultivated under carnauba waste (applied on the

soil surface or incorporated into the soil, and in isolation or combined with NPK) in reference to bare and unferti-

lized soil (control) and use of mineral fertilizer with NPK

BCINC: carnauba waste incorporated into the soil; BCSS: carnauba waste applied to the soil surface; all treatments with waste

received 10 t ha™.

All treatments with carnauba waste were associated
with organic and microbial carbon, respiration, gMic,
and soil moisture.

This is due to the wax present in this material that can

reflect solar energy when applied on the soil surface,
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thereby preventing water loss by evaporation. In addi-
tion, the maintenance of organic material on the soil
surface serves as a source of energy for microbes, pro-
moting an increase in MBC (Moreira and Siqueira

2006). In contrast, the control and NPK treatments
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(i.e., treatments 1 and 6), which did not receive any
additional carbon source, showed a relationship with
qCO,, temperature, and soil density. The high values
of these variables are indicative of poor soil quality. At
depths of 0.1-0.2 m, the percentage of variance was
68.8% of the original variability, with CP1 and CP2
contributing 48.8% and 21%, respectively (Fig. 8).

Treatment
} BCINC
BCINC + NPK
B8CSS
BCSS + NPK
Control
NPK

PC2 (21%)

PC1 (48.8%)

At this depth, only treatment 4 was more closely re-
lated to MBC, TOC, and soil moisture, which were po-
sitioned in the upper-right quadrant. Treatments 2 and
3 were associated with SR. It was also verified that all
treatments receiving carnauba waste were associated
with respiration, gMic, and carbon stock. Treatments
1 and 6 exhibited the same behavior in the surface
layer.
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Fig. 8 Microbial biomass carbon (MBC), soil respiration (SR), bulk density (BD), total organic carbon (TOC), soil
organic carbon stocks (SOC stocks), metabolic quotient (qCO), microbial quotient (gMic) and temperature
(Temp) and soil moisture, collected at a depth of 0.1-0.2 m, and cultivated under carnauba waste (applied on the

soil surface or incorporated into the soil, and in isolation or combined with NPK) in reference to bare and unferti-

lized soil (control) and use of mineral fertilizer with NPK

BCINC: carnauba waste incorporated into the soil; BCSS: carnauba waste applied to the soil surface; all treatments with waste

received 10 t hal.

A third group was formed by the NPK and control
treatments (i.e., treatments 1 and 6), which had a rela-
tionship with temperature, CO,, and soil density.

This is because these treatments experienced an in-
crease in soil temperature and a decrease in soil mois-

ture levels.
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The absence of organic cover reduced energy sources
for microbial activity, in turn affecting the formation
of soil aggregates.

This has a direct impact on soil density (Qui et al.
2020). Furthermore, aggregate surfaces in soils not
covered by carnauba waste were readily dispersed un-

der the erosive forces of raindrops.
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Conclusion

This study concluded that the use of carnauba residue
combined with fertilizer can improve the microbiolog-
ical attributes of the soil, increase the organic carbon
content in the soil, and reduce the thermal amplitude,
which can help maintain higher levels of moisture in
the soil. The use of carnauba residue as a fertilizer is a
sustainable practice because it utilizes waste that
might otherwise be discarded. Moreover, this study
suggests that it may be possible to reduce the amount
of synthetic fertilizer required by combining it with
carnauba residue, which could have positive environ-
mental implications. However, further research is re-
quired to confirm these findings and determine the

long-term effects of this approach.
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