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Abstract: The priming effect is a strong short-term change of organic matter decomposition that can
accelerate or slow residue decomposition, and release or immobilize a large amount of carbon (C) and
nitrogen (N) in soil. Our goal here was to (i) monitor the influence of residue additions in stocks of C
and N in residues and soil (ii) and identify the main routes of C stabilization and the priming effect in
soil. An incubation study was run with residue additions of high C:N (brachiaria and sugarcane) and
low C:N (soybean) in soil. CO2 emissions, stocks of C (humic substance; labile C and C mic) and N
(soil and residues) were monitored for 50 days, and the priming effect and route of C were calculated.
Results showed that after incubation the final stocks of humin increased (31%), while there were
reductions of humic (54%) and fulvic acids (42%). The stocks of soil total C and N were constant,
while the residue C was decreased. The residues with high C:N immobilized N, while there was a
decrease of N in residues with low C:N. There was a positive priming effect and a C stabilization
route concentrated from C mic to humic substances with the addition of low C:N, while inputs of
high C:N diversified the C stabilization routes from C mic or labile C to humic substances. The C
routes were intense because the study was run in control conditions with a loam soil and adequate
conditions of water, oxygen, and temperature.

Keywords: sugarcane; soybean; CO2 emission; C:N ratio; C dynamics

1. Introduction

The no-tillage system is an agricultural technique that avoids disturbing the soil and
the integration of crops and pastures [1,2]. Brazil has more than 50% of its annual crop
area in conservation systems [3], with a mean of 25.5 million hectares in the no-tillage
system [4]. In the world, there are about 157 million hectares in conservation systems,
corresponding to about 11% of all cropland [5]. The adoption of conservation agriculture
systems is based on principles of sustainability, with a balance of social, economic, and
environmental factors [3]. The balance of these three dimensions is the base for achieving a
circular economy [6,7].

In Brazil, the main crops used in conservation systems are sugarcane (Saccharum officinarum),
soybean (Glycine max), Brachiaria (Brachiaria sp.), and corn (Zea mays), with a mean residue
accumulation of 10–15 Mg ha−1 year−1 [8,9], 2–6 Mg ha−1 crop−1, 2–5 Mg ha−1 year−1,
and 6–14 Mg ha−1 crop−1, respectively [10–12]. Residues present different characteristics
and proportions of free sugars, fructus, pectin, hemicellulose, cellulose, starch, lignin [13],
and contents of carbon (C) and nitrogen (N) [14–16].

The diversity of cropping systems with the accumulation of residues improves crop
yields, especially under water-stress conditions [17]. The residue accumulation increases the
carbon sequestration in soil, avoiding erosion and improving nutrient cycling, aggregation,
and water retention [18–20]. The gains of soil carbon sequestration are obtained by the use
of cover crops, root biomass, and crop residues, while carbon losses are associated with
erosion, leaching, and decomposition [21–24]. The stocks of soil organic carbon depend
on the balance between these C inputs and losses [25–27]. Soil organic carbon storage is
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strongly linked to organic residue inputs, but soil geochemistry (e.g., type and quantity of
clay) also plays a critical role [28,29].

Soil organic carbon can be divided into humic substances (humic acid: HA; fulvic acid:
FA; and humin: HU), labile fractions (labile C), and microorganisms (C mic) [30–32]. The
humic substances are organic polymers with relatively high-molecular weight resulting
from the decomposition of organic residues by microorganisms and enzymes. The humic
substances represent approximately 70–80% of total soil organic carbon [32,33] and play an
important role in the formation and stability of soil aggregates [32,34,35]. On the other hand,
the C in microbial biomass represents a lower fraction of soil organic matter, approximately
3–4%, with low stability [36,37]. The stocks of C mic have a close relationship with the
cycling of C, N, and phosphorus, as well as pH and temperature in soil [38–41].

The strong short-term change of organic matter decomposition is described as a
priming effect that can accelerate or slow residue decomposition and release or immobilize
a large amount of C, N, and other nutrients in the soil in a very short time [42–44]. Residues
of low C:N accelerate the decomposition of residues, while high C:N suppresses it. The
impact of residue addition in C stocks is important, due to the C pool in the soil being
much larger than in the atmosphere, where the increase in atmospheric CO2 concentrations
promotes negative climate feedback [45]. Thus, it is necessary to clarify the impact of
residue inputs in C stocks (humic substances, labile C, and C mic) and N available in the
soil; their associations with the priming effect, therefore, justify this study.

The hypothesis raised herein was that the addition of residues with low C:N promotes
the positive priming effect with a release of N in the soil, and a change in the routes of C
stabilization and stocks. Our goal here was to (i) monitor the influence of residue additions
in stocks of C and N in residues and soil (humic and labile fractions), (ii) and to identify
the main routes of C stabilization and the priming effect in soil.

2. Materials and Methods
2.1. Experimental Characterization

An incubation was run with residue additions of high C:N (brachiaria and sugarcane)
and low C:N (soybean) in soil using three replications. Soil without residue input was
monitored as a control. The residue inputs were separated into low and high C:N to explain
the priming effect and the routes of C in soil.

Before the incubation, the soil was collected in the 0.0–20.0 cm layer from areas culti-
vated with brachiaria, located between the cities of Uberlândia and Uberaba/Triângulo
Mineiro (latitude 19◦13′00.22”S and longitude 48◦08′24.80” W). The soil was character-
ized using chemical [46] and texture analysis [47]. Soil samples showed the following
contents of phosphorus: 2.47 mg dm−3 (Mehlich I); potassium: 208.08 cmolc dm−3; cal-
cium: 2.20 cmolc dm−3; and magnesium: 0.56 cmolc dm−3. Soil presented a loam texture
with 230, 140, and 630 g kg−1 of clay, silt, and sand, respectively; and it was classified as
a Latossolo Amarelo [48], corresponding to an Oxisol [49]. The contents of C and N in
the soil and residues were characterized using the digestion of the soil with an acidified
dichromate [50–52] and their digestion in sulfuric acid, respectively (Kjeldahl method). The
total C and N in soil were 7.40 and 0.69 g kg−1, respectively.

Residues were collected from areas cultivated with sugarcane, brachiaria, and
soybean—also located between the cities of Uberlândia and Uberaba/Triângulo Mineiro.
Residues presented leaves and stems, which were cut into a size of 2 cm. The total C and
N in residues was 120.00 and 1.44 g kg−1 (sugarcane); 122.40 and 1.68 g kg−1 (Brachiaria);
and 142.12 and 2.49 g kg−1 (soybean), respectively.

Soil and residues were incubated in a column with a total volume of 1298.8 cm3 (height
of 13 cm, diameter of 10.5 cm, and base of 15 cm), fixed on a styrofoam base properly
isolated to prevent soil water loss. A soil sample of 700 g (disturbed with size < 2 mm) was
added in a column with a residue mean rate of 8 Mg ha−1 of soybean (low C:N), sugarcane,
and brachiaria (high C:N). Each column shows soil with one type of residue (sugarcane,
soybean, or brachiaria).
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The setup was left in an open laboratory environment at a controlled temperature of
25 ◦C, at 60% field capacity. To keep the water content constant, the weight of the pots was
monitored daily to assure optimum microbial activity.

2.2. C and N Stocks in Soil

Daily emissions of CO2 were monitored on the 1st, 3rd, 6th, 12th, and 50th day of
incubation using LI 8100 (Li-Cor Inc., Lincoln, NE, USA). The system for CO2 collecting
consisted of a closed chamber with 854.2 cm3 internal volume, and 83.7 cm2 ground
contact area. The CO2 was determined by optical absorption spectroscopy in the infrared
spectral region.

After collecting daily CO2 emissions, soil samples were collected to determine the
C in humin, fulvic acid, humic acid, labile C, and C mic—also on the 1st, 3rd, 6th, 12th,
and 50th day of incubation. The C fractionation in humic substances was determined
using the differential solubility according to the International Humic Substances Society.
The labile C was determined by the oxidation potassium permanganate (0.033 mol L−1)
according to [53]. The C mic was determined using a microwave oven for irradiation in
soil [54,55]. The total carbon and nitrogen in soil and residues were also monitored using
the digestion of the soil with an acidified dichromate [50], and the digestion with sulfuric
acid (Kjeldahl method).

2.3. Data Processing and Statistical Analysis

The descriptive statistics, assumptions of normality (Shapiro–Wilk test), and homo-
geneity of variance (Bartlett test) were evaluated using a p of 0.05. When present, the
outliers were identified and excluded by the Grubbs test.

The daily stocks of humin, fulvic acid, humic acid, labile C, C mic, and CO2 emissions
were graphically represented, and the mean of the 50-day curves was calculated to show
the daily variability. The routes of C in the fractions of humin, fulvic acid, humic acid,
labile C, and C mic during the incubation period (Initial: 1–10 days and Final: 11–50 days)
were tested using a linear correlation to explain the C stabilization in stocks (Pearson’s
correlation; p ≤ 0.05).

The stock balance of humin, fulvic acid, humic acid, labile C, C mic, and CO2 emissions
was calculated according to the difference of C contents at 50 days and the initial soil C
(day 0). The priming effect was calculated according to the release of CO2 during the
incubation time using an Exponential Decay equation (Equation (1)), where C(t) is the
release dynamics of CO2; CS is the maximum CO2 release possible in the curve; k is the
CO2 rate of the substrate; and t: is the period of maximum CO2 release (10-days):

Ct = Cs (1 − exp(−kt)) (1)

The effect of residues with high and low C:N were compared using the t-test (residues)
and the LSD test (residues and control) with a p ≤ 0.05. The results of brachiaria and
sugarcane inputs were associated with high C:N due to similar results, as well demonstrated
in previous studies of residue incubations developed by our research group [16,33]. All
statistical analysis was performed using R Statistical Software (version 4.0.0; R Foundation
for Statistical Computing), and graphically represented using Sigmaplot Software (version
11.0; SYSTAT Software Inc., San Jose, CA, USA).

3. Results
3.1. Daily C and N in Soil and Residues

Final stocks of C had 31% increased levels of humin, but there was a decrease of 54%
and 42% of humic and fulvic acid after 50 days of incubation. There was a peak of C mic
and CO2 emissions in the first days of incubation, following a reduction of 26 and 41%,
respectively. Interestingly, there was no variation in stocks of labile C, with a general mean
of 5.21 g kg−1 (Figure 1).
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Figure 1. Daily humin (g kg−1), fulvic acid (g kg−1), humic acid (g kg−1), labile C (g kg−1), microbial
biomass carbon (C mic, µg g−1ha−1), and CO2 emission (g CO2 m−2 h−1) during 50 days of incuba-
tion. Ns: no difference; * difference between residue additions (high and low C:N) and control. In
CO2 emissions, the mean of the residues and the control were compared by the LSD test (p < 0.05).
The variables were monitored on the 1st, 3rd, 6th, 12th, and 50th day of incubation.
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There was a clear difference between residue inputs in CO2 emissions during the
incubation. The low C:N presented with higher CO2 emissions, followed by high C:N and
the control. There was no difference between the residue inputs in the C mic, but there was
a higher mean of C mic in the residue additions compared to the control (Figure 1).

Regarding the incubation means, low C:N increased CO2 emissions and fulvic acid by
40% and 10% compared with high C:N, respectively. In contrast, there were no effects of
the residues in stocks of humin, humic acid, labile C, and C mic, with a small difference of
0.5; 0.1 and 0.0 g kg−1; and 8.2 µg g−1 ha−1 and 3.7 g CO2 m−2 h−1, respectively (Table 1).

Table 1. Means of humin, fulvic acid, humic acid, labile carbon, microbial biomass carbon (C mic),
CO2 emissions, and total organic carbon and nitrogen in soil and residues.

Stocks of C and N - Residues

Control Low C:N High C:N

Humin, g kg−1, Ns 14.2 ± 0.2 15.0 ± 0.2 14.5 ± 0.2
Humic acid, g kg−1, Ns 1.7 ± 0.1 1.8 ± 0.1 1.7 ± 0.1
Fulvic acid, g kg−1 3.0 ± 0.1 3.2 ± 0.1 A 2.9 ± 0.1B
Labile carbon, g kg−1, Ns 5.2 ± 0.0 5.2 ± 0.0 5.2 ± 0.0
C mic, µg g−1 ha−1, Ns 1718.0 ± 50.3 2048.9 ± 132.1 2057.1 ± 97.5
CO2 emission, g CO2 m−2 h−1 1.0 ± 0.1 9.4 ± 1.0A 5.7 ± 0.4 B
Soil C, g kg−1, Ns - 22.9 ± 1.0 22.5 ± 0.6
Residue C, g kg−1 - 76.3 ± 16.1 B 86.2 ± 11.1 A
Soil N, g kg−1, Ns - 1.6 ± 0.1 1.5 ± 0.09
Residue N, g kg−1 - 11.5 ± 1.5 A 8.3 ± 0.5 B

Means of low and high C:N were compared by the t test (p < 0.05), and represented by uppercase letters in rows.
In control, total C and N in soil were not monitored. Ns: there was no difference.

Daily contents of C and N in soil were constant during the incubation time, with a
general mean of 22.9 ± 1.0 and 22.5 ± 0.6 g kg−1, and 1.6 ± 0.1 and 1.5 ± 0.09 g kg−1,
respectively, with low and high C:N (Table 1; Figure 2). Interestingly, we expected to detect
an increase of N in soil with additions of low C:N, but there was no differences during the
50 days of incubation. On the other hand, the daily contents of C and N in residues were
changed in soil with residue additions.
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Figure 2. Daily total organic carbon and nitrogen in residue and soil (g kg−1) during 50 days of
incubation. The mean of high and low C:N was compared by the t test (p < 0.05); * and Ns mean
significant difference and no difference between residues, respectively. The variables were monitored
on the 1st, 3rd, 6th, 12th, and 50th day of incubation.

In low C:N, the increase in residue C was correlated negatively with residue N (r: 0.49;
p < 0.05), indicating that the higher N content increased the C decomposition of the residue
(C losses). The was no correlation between C and N in high C:N (Figure 3).
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Figure 3. Correlation of carbon and nitrogen in the residue (g kg−1) with additions of high and low
C:N after 50 days of incubation. The mean of C and N in the residues was correlated by Pearson
correlation (p < 0.05).
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3.2. Priming Effect and Route of C Stocks

Values of humin, C mic, and CO2 emission increased with additions of both residues,
with a mean increase of 0.7 g kg−1, 336.3 µg g−1 ha−1, and 6.0 g CO2 m−2 h−1, respectively.
These results indicate that the residue additions increased the biological activity and
accumulation of stabilized C in soil. In contrast, there was a negative effect on humic acid
in both residues. In addition, high C:N promoted a negative effect on fulvic acid and labile
C, while low C:N promoted increases in the other C stocks (Figure 4).
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Figure 4. Stock balance of humin (g kg−1), fulvic acid (g kg−1), humic acid (g kg−1), labile carbon
(g kg−1), microbial biomass carbon (C mic, µg g−1 ha−1), and CO2 emissions (g CO2 m−2 h−1). The
stock was calculated according to the difference in C contents in 50-day and initial soil C (day 0).
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The input of low C:N concentrated the route of humic substances from C mic during
the incubation time due to the increase of biological activities in soil. Specifically, the C
stabilization route occurred from C mic to humic acid (positive flux; r: 0.58), C mic to humin
acid (inverse flux; r: −0.55), and C mic to fulvic acid (inverse flux; r: −0.55; Figure 5).
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Figure 5. Routes of humin (g kg−1), fulvic acid (g kg−1), humic acid (g kg−1), labile carbon (g kg−1),
and microbial biomass carbon (C mic, µg g−1 ha−1) between the initial (1–6th day of incubation) and
final period (7–50th day of incubation). Negative and positive routes are demonstrated by red and
blue arrows, respectively.

On the other hand, with the input of high C:N, the route of humic substances diversi-
fied, with a C stabilization route from C mic to humin (inverse flux; r: −0,38), fulvic acid to
humin (inverse flux; r: −0.65), labile C to fulvic acid (positive flux; r: 0.34), and labile C to
humin (positive flux; r: 0.62; Figure 5).

The addition of low C:N promoted a positive priming effect, around 85% higher
than high C:N after 50 days of incubation. Interestingly, the priming effect was negative
with inputs of high C:N, with a mean of -0.10 CO2 10-day−1 demonstrating a lower soil
biological activity (Figure 6).
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Figure 6. Priming effect (positive and negative) in soil with residue additions with high and low C:N.
Means were compared by t test (p < 0.05).
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4. Discussion
4.1. Daily C and N in Soil and Residues

The peak of C mic and CO2 emission in the first days of incubation, followed by a
reduction, follows previous studies [16,51,56]. Both C mic and CO2 emissions increased
due to the residue additions of soybean, sugarcane, and brachiaria, with a CO2 emission
mean 86% higher than that of the control.

The CO2 emissions are a result of organic matter microbial degradation, as well as root
and faunal respiration in soil [57–59]. Similar results for CO2 emissions were also reported
from field studies [26,58,60,61]. Our study was conducted in laboratory conditions, and
the data might not correlate with field conditions due to the diversity and heterogeneity
of the latter environment. In both conditions (field and laboratory), the input of residues
and other soil conditions impacted soil CO2 evolution, i.e., temperature, volumetric water
content, and the oxygen available in soil [26,51,57,58,60].

The input of low C:N promoted higher CO2 emissions due to the higher total N content
(2.49 g kg−1) and low C, compared with residues of sugarcane and brachiaria, which
presented with lower available N (sugarcane, 1.44 g kg−1; and brachiaria, 1.68 g kg−1).
Applications of other residues in soil (e.g., rice straw, rice root, cow dung, and poultry
manure) with a high amount of total nitrogen and low C:N ratio also contributed to
rapid microbial decomposition. This result is corroborated by the negative correlation
between the total contents of C and N in the residue, indicating that the higher N content
increased the C decomposition (C losses) of residue. The addition of inorganic N promotes
the rapid activity of microbial communities under favorable temperature and moisture
regimes [31,56,62]. Generally, organic residues from legumes (i.e., soybean) also often
rapidly decompose due to high soil biological activity [63]. With the rapid proliferation
of microbial communities, substrate for the proliferation and growth of microorganisms
is requested in a short time, following a natural reduction in CO2 emissions and state
equilibrium, explained by the reduction of residues in the soil [57].

The low CO2 emissions with high C:N residues are explained by a high percentage
of cellulose, hemicellulose, and lignin in brachiaria and sugarcane straw that can nega-
tively impact residue decomposition [13,64]. In residues with high C concentrations, the
microorganisms need several cycles and extra time to decompose it. In addition, during
the breakdown process, microorganisms use C substrate to build their cells, and as a source
of energy [56].

The daily contents of C and N in soil were constant during the incubation. Interestingly,
we expected to detect an increase of N in soil with additions of low C:N residues, but there
was no difference during the 50 days of incubation. An increase of N in soil with the
rotation of legumes has been demonstrated in previous studies [65,66]. Probably, in our
study, the low increment of N in the soil can be associated with a residue sample of soybean
that presents with leaves and shoots, which present with a lower N content. A higher
concentration of N is found in nodules > shoots > roots. Previous studies have already
demonstrated the potential of N immobilization in residues with high C:N, i.e., sugarcane
and bachiaria [27,58].

4.2. Priming Effect and Route of C Stocks

Here, we explored C balance and stabilization routes with inputs of low and high C:N
in soil. To our knowledge, this is the first study related to C stabilization routes associated
with the priming effect in soil. We found that there was a positive balance of humin, C
mic, and CO2 emissions with additions of both residues, while the balance was negative in
humic acid.

The addition of high C:N promoted a decrease in fulvic acid and labile C; and low
C:N created an increase in these C stocks. There was a higher C concentration in humin
(17.7 ± 2.2) > humic acid (2.0 ± 0.3) > fulvic acid (17.7 ± 2.2) stocks. This influence of soil
management in stocks of humic substances is in agreement with previous studies [67,68].
The C stabilization routes went from less stable C fractions to humin in all residue inputs.
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The higher concentration of humin was due to high molecular size and its greater degree
of stability, while fulvic acid and humic acid are less stable and can be polymerized or
mineralized faster by soil microbial activity [69].

The mechanisms of the priming effect play different roles, along with the residue
inputs in the soil. Low C:N input created a positive priming effect, and concentrated the C
stabilization route from C mic to humic substances, while inputs of high C:N diversified
the C stabilization route from C mic, labile C, and fulvic acid to humic substances, and
created a negative priming effect. The flux between the humic substances was due to the
polymerization of humic compounds [68]. Probably, the addition of high C:N created a
diversity of C routes due to low biological activity and slow soil carbon cycling that occurs
with N immobilization in residues. Negative priming can be explained by the competition
for energy and nutrient acquisition between the microorganisms [70,71]. Therefore, the
priming effect is strongly enhanced by high C:N labile inputs, but slowed by low C:N
labile inputs [44]. These divergent responses to the C stabilization routes and priming
effects indicated that the mechanisms of the priming effect are explained by the input of
residues in soil with the acceleration of biological activity (positive priming) or deceleration
due to N immobilization (negative priming). The hypothesis raised that the addition of
residues with low C:N promotes the positive priming effect was accepted and explained by
higher N inputs in soil being associated with the C route being concentrated from C mic to
humic substances.

5. Conclusions

The addition of residues with high and low C:N in the soil increases the stocks of
humin and decreases humic and fulvic acid, but the total organic carbon and nitrogen in
the soil are not changed. High C:N increases the residue N as a result of N immobilization
causing a negative priming effect in soil. There is a positive effect on humin, C mic, and
CO2 emissions with additions of both residues, while the effect was negative on humic
acid levels. There was a higher C concentration in humin > humic acid > fulvic acid.
Under laboratory conditions, the C stabilization routes and priming effect indicated that
mechanisms for the priming effect are explained by the input of residues in the soil with
the acceleration of biological activity (positive priming) and a concentrated C stabilization
route with low C:N inputs. Meanwhile, there is a slowing down of biological activity due
to N immobilization (negative priming) and a diversified C stabilization route with low
C:N inputs. The C routes were intensified because the study was run in control conditions
with loam soil and adequate conditions of water, oxygen, and temperature.
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