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Abstract 

Background:  A field study with the same crop rotations was conducted to test the hypothesis that the soil Carbon 
fluxes and balances could vary according to the crop species and also mitigate carbon dioxide (CO2) emission. This 
study aimed to assess the CO2 emission from crop rotations according to C and N inputs from crop residue, the influ-
ences on soil organic carbon (SOC) and total soil nitrogen (TN) stocks, identifying the soybean production systems 
with positive C balance. Triticale (x Triticosecale) or sunflower (Helianthus annuus) are grown in the fall/winter; sunn 
hemp (Crotalaria juncea), forage sorghum (Sorghum bicolor), pearl millet (Pennisetum glaucum), or fallow are the spring 
treatments, and soybean as a main crop in summer.

Results:  We found that high C inputs from crop residues modify the C dynamics in crop rotations by reducing the 
C output (CO2) and increasing C sequestration in the soil. In general, the higher SOC, C stocks, and TN in soil surface 
were due to higher C and N inputs from sunn hemp or forage sorghum crop residues in spring. These crops also 
produced lower accumulated CO2 emissions and, when rotating with triticale in the fall-winter season resulted in a 
positive C balance, making these soybean crop rotations more efficient.

Conclusion:  Our study suggests the ideal crop species choice in a rotation can mitigate the CO2 emissions by 
increasing C and N input from crop residues and consequently SOC and C stocks. In particular, crop rotation com-
prises an important tool to achieve a positive C balance, mitigate CO2 emissions and provide an additional ecosystem 
service to soybean cultivation option.
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Background
Soil comprises one of the largest reserves of Carbon (C) 
in the biosphere, and depending on the soil manage-
ment used, it can be considered an important sink and 
act directly in reducing carbon dioxide (CO2) emissions 
to the atmosphere [1], mitigating the impact of current 
and future climate change [2–4].

In Brazil, the agricultural sector is currently the largest 
source of global greenhouse gas (GHG) emissions, with 
a 34% share [5]. However, the potential for agricultural 
mitigation is often ignored [6]. Thus, soil conservation 

management such as no-till and crop rotations, mainly 
adding cover crops, are some strategies when combined 
can increase soil organic carbon (SOC) [7], nutrient 
cycling and mitigate GHG emission in agricultural sys-
tems [8–10].

Carbon dioxide emissions, as well as SOC increases, 
also depend on the crop rotations used in the agricultural 
system, which are affected by the quality of crop residue 
left on the soil and the amount of easily mineralizable C 
[11, 12]. However, it varies according to weather condi-
tions, soil texture [13], crop rotation species [14]. Recog-
nizing this complexity, recent studies have included crop 
rotations as a factor that directly affects soil CO2 emis-
sions [14–16].
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Quality parameters of crop residues such as nitro-
gen (N) content, lignin and polyphenols could alter the 
dynamics of soil C and N, and microbial activity [17, 18], 
and the rate of mineralization and consequently CO2 
emitted to the atmosphere [14].

In general, legumes as cover crops increase N input, 
and consequently, the total soil nitrogen (TN) on the 
soil surface and could be considered a key factor in C 
sequestration in tropical soils [7, 19]. Moreover, grasses 
have higher biomass production and levels of recalcitrant 
compounds in crop residues, allowing slower miner-
alization covering the soil surface [20, 21]. Such charac-
teristics affect CO2 emissions and soil C sequestration 
depending on crop rotation species.

Knowledge of the relationship between crop residue 
input and C cycle dynamics related to crop rotation spe-
cies is still lacking, particularly under no-till. To fill this 
gap in the literature on the dynamics of the carbon cycle, 
the goal of this study was to determine CO2 emissions 
from crop rotations according to C and N inputs from 
crop residue, the influence on SOC and TN stocks, iden-
tifying the soybean production systems with positive C 
balance. This allowed for testing several specific hypoth-
eses: (i) the C and N inputs from crop rotation impact 
positively on SOC and C stocks; (ii) a legume as a cover 
crop offset the CO2 emissions by a positive C balance 
from soybean cropping systems; (iii) higher C inputs of 
crop rotations sequester C and mitigate CO2 emission.

Materials and methods
Site description
The field experiment was conducted in Botucatu, SP, Bra-
zil (22°49′ S;48°25′ W at an altitude of 780 m), on a Typic 
Rhodudalf (Soil Survey Staff, 2014). The climate is meso-
thermal with a dry austral winter and a well-defined dry 
season from May to September, with mean annual rain-
fall of 1450 mm (Fig. 1). The soil chemical [22] and physi-
cal [23] characteristics are shown in Table 1.

Experimental design
The experiment was laid out as a split-plot in a rand-
omized complete block design with eight treatments and 
four replications. The main plots consisted of species cul-
tivated in the fall and winter, and subplots of crops grown 
in spring for green manure. The experiment began in 
2003 with triticale [X Triticosecale (Wittmack)] or sun-
flower [Helianthus annuus (L.)] grown in fall-winter in 
32  m × 5  m plots, followed by pearl millet [Pennisetum 
glaucum (L.)], sunn hemp [Crotalaria juncea (L.)], and 
sorghum [Sorghum bicolor (L.)] or fallow soil during the 
spring, in 8 m × 5 m subplots, with soybean grown [Gly-
cine max (L.) Merrill] over the entire area in the summer 
(Additional file 1: Table S1). The species cultivated in the 

Fig. 1  Accumulated precipitation, and mean monthly temperature 
between March 2013 and June 2015 (a), and March 2003 to June 
2015 (b)

Table 1  Selected chemical, physical and  granulometric 
properties of the soil in August 2013

a  pH determined in CaCl2 0.01 mmol L−1

b  Available P and Ca2+, Mg2+, K+ were extracted using a cation and anion 
exchange resin
c  Clay, silt and sand contents determined by pipet method [24]

Soil attribute Soil profile (m)

0–0.1 0.1–0.2 0.2–0.4 0.4–0.6

pHa 5.1 4.5 4.5 4.5

Al (mmolc dm−3) 0.2 0.7 0.6 0.8

Cab (mmolc dm−3) 41 19 20 21

Mgb (mmolc dm−3) 33 13 13 12

Kb (mmolc dm−3) 1.9 1.5 0.6 0.6

Pb (mg dm−3) 33 17 9 8

Sandc (g kg−1) 108 100 84 66

Siltc (g kg−1) 237 245 211 204

Clayc (g kg−1) 655 655 705 730

Microporosity (m3m−3) 0.42 0.41 0.39 0.41

Macroporosity (m3m−3) 0.12 0.09 0.09 0.09

Bulk density (Mg m−3) 1.32 1.37 1.29 1.26
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fall-winter, spring and summer seasons were repeated 
annually from 2003 to the 2015 season.

Crop rotations management since 2003 to 2015
Fall‑winter crops
The sunflower and triticale were sown on April annu-
ally under row spacing of 0.34 m and 0.17 m, and seeding 
rate of 8 and 165 kg ha−1, respectively, to sunflower and 
triticale. No fertilizers were used in winter crops since 
2003 to 2015. Grain harvest was carried out on ending of 
Augusto or initial of September, and on the next days, the 
chemical management of the cultural remains was car-
ried out.

Spring cover crop seasons
After fall-winter harvest, the following spring cover crops 
were sown, around second half of September, except 
for fallow treatment, at 0.17 m spacing, with 15, 25 and 
30 kg ha−1 rate of seeds of forage sorghum, pearl millet, 
and sunn hemp, respectively. The fallow plots were chisel 
plowed in 2003, 2009, and 2013 before soybean plant-
ing. Also, no fertilizers were used in spring crops. At the 
pre-flowering stage, (end of November or beginning of 
December), cover crops were chemically desiccated with 
glyphosate, and residues were left on the soil surface.

Soybean crop seasons
The No-till sowing of soybean was performed in end of 
November or beginning of December under row spac-
ing of 0.45  m. The soybean cultivars varied since 2003 
to 2015, and the population was targeting according to 
recommendations, and fertilized with 50 kg ha−1 of K2O 
and 50 kg ha−1 of P2O5 as potassium chloride and triple 
superphosphate respectively, being the same fertilizers 
rate used since 2003 to 2015. Desiccation were chosen to 
accelerate harvesting in R7.3. The soybean harvest were 
carried out normally on April, with three 5 m long cen-
tral lines of each subplot being used with a plot harvester. 
Soybean yield was calculated by correcting grain yield 
moisture to 13%.

Sampling
C and N inputs of crop residues
Two crop residue samples (0.25 m2 each) were randomly 
collected in each subplot after the respective crop man-
agement: (i) spring crops 2013; (ii) soybean 2013/2014; 
(iii) fall-winter 2014; (iv) spring crops 2014; (v) soybean 
2014/2015. The samples were dried at 60 °C for 48 h and 
weighed. Then the samples were ground, homogenized, 
and a subsample was used to determine the biochemical 
characteristics (van Soest and Wine, 1968), determined 
in an Ankom 220 fiber analyser (acid detergent fibre). 
The other part of the samples was used for analyzing C 

and N crop residue contents, as well as soybean and triti-
cale grain C content, by elemental analyzer (LECO-TruS-
pec® CHNS).

SOC and TN
Three soil subsamples (April, 2013) were sampled from 
each experimental unit at 0–0.1  m soil depth using a 
probe auger. The samples were air-dried, ball-milled, and 
SOC and TN content were determined in an elemental 
analyzer (LECO-TruSpec® CHNS). Undisturbed soil 
samples were collected by the volumetric ring method 
[25]. The C and N stocks were calculated according to 
Eq. 1 [26]:

where SOC is the soil organic carbon (g kg−1); TN is the 
total soil nitrogen (g  kg−1); SD is the soil bulk density 
(Mg m−3); SL is the soil layer (10 cm).

Assessments of soil CO2 emission, soil temperature, and soil 
moisture
Polyvinyl chloride (PVC) collars (12 cm high and 20 cm 
wide) with thin-walled were installed in the crop rows, 
with the lower edge buried 5  cm in the soil where they 
remained until the respective crop management seasons. 
CO2 emissions were performed using a portable infrared 
gas analyzer (IRGA, LI-8100A, Li-Cor®), between 8:00 
am and 11:00 am, configured with a reading of 120  s, 
with 15  s pre-purging and 15  s for post-purging, with 
automatic regression of CO2 flux in µmol m−2 s−1, trans-
formed into g m−2 h−1. Soil temperature and volumetric 
moisture at 5  cm depth (Time Domain Reflectometry) 
5TM® (Decagon Devices) were determined together 
adjacent to the PVC collars. The determinations were 
performed at 1, 3, 8, 15, 30, 60, 90, and 120 d after sow-
ing (DAS) of 2013/2014 soybean; fall-winter 2014 crops; 
and soybean of 2014/2015, and at 1, 3, 8, 15, and 30 DAS 
of spring crops 2014.

Data analysis
Cumulative CO2 emissions were calculated by trapezoi-
dal integration of daily emissions using Origin 8 software 
(OriginLab, Ltd., Northampton, MA, USA). Data were 
converted to carbon equivalent (C-CO2). The relative 
C-CO2 emission of soybean grain yield was calculated 
according to Eq. 2:

where: soybean C–CO2 is the cumulative emission dur-
ing soybean season (t C–CO2 ha−1), soybean yield is the 

(1)C or N stock =
SOC or TN × SD × SL

10

(2)Relative emission =
soybean C − CO2

soybean yield
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soybean grain yield (t ha−1), in kg C–CO2 kg−1. In each 
crop season, the C inputs from the roots of each crop 
rotation species were estimated based on the C of the 
crop residues [27]. The shoot: root ratios used to winter 
crops at harvest time were 2.8 to triticale and 5.1 to sun-
flower. For spring crops at the pre-flowering stage, the 
shoot: root ratios were 10.5, 14.2, and 4.4 respectively 
to sunn hemp, pearl millet, and forage sorghum. The C 
balance of each crop season was calculated according to 
Eq. 3 for the spring crops, and for Eq. 4, for the soybean 
seasons 2013/2014 and 2014/2015 and winter crops of 
2014. The accumulated balance was obtained by sum-
ming the C balance of each crop for each treatment. The 
crop rotations under long-term NT influence soil organic 
C mainly at 0–0.1 m soil depth [7], and the C balance was 
calculated by accounting the 0.0–1 m soil depth for the 
C stocks in reference to the C fallow treatment stock by 
Eq. 5.

where C input is from crop residues on soil surface of 
each crop (Kg  ha−1)  C root is the estimated cumulative 
C for each crop species (Kg C ha−1); C grain yield is the 
export of C of grains at harvesting (Kg C ha−1); C–CO2 is 
the accumulated emission in each crop. Homoscedastic-
ity and normality of the data were tested using a rand-
omized complete block design with four replicates. Data 
were subjected to analysis of variance (p < 0.05) by SAS 
version 9.2 [28], and the pairwise contrasts were per-
formed using least significant differences (LSD, p < 0.05).

Results
C and N input by crop rotation
The crop residue characteristics on soil surface differed 
(p < 0.05) between fall-winter and mainly spring crops, 
but no interaction was observed between them. Across 
the five crop seasons analyzed, the cumulative amount 
of crop residue and C inputs on soil surface with triti-
cale in fall-winter were, respectively, 2.34 and 1.2 t ha−1 
higher (p < 0.05) than sunflower crop residue (Fig.  2a, 
b). In spring treatments, maintaining soil uncovered 

(3)C balance =
C input by crop residue + C input by previous crop ∗ 0.5+ C root

C − CO2 emission

(4)C balance =
C by crop residue + C input by previou crop ∗ 0.5+ C root + C in grain yield

C − CO2 emission

(5)Net C budget = Accumulated balance + C stock 2013− C stock 2013 fallow

(fallow treatment), even for only about 60  days, the 
cumulative crop residue amount and the C and N 
inputs were noticeably lower (p < 0.05), compared to 
the treatments that had cover crops in the spring sea-
son. Regardless of spring species, crop rotations accu-
mulated similar cumulative amounts of crop residue 
(p < 0.05; average 19.1  t  ha−1). On the other hand, the 
accumulated contributions of C and N differed between 
species, ranging from 7.81 to 8.95  t  C  ha−1 and from 
250 to 301 kg N ha−1, representing between a 15 to 30% 
increase in C input, and 35 to 63% in N input with the 
use of cover crops in the spring to the detriment of fal-
low treatment. Overall, across the seasons, the sunn 
hemp stood out with the highest N inputs (p < 0.05), 
independent of fall-winter crops (Fig. 2b, c).

Besides the amount of crop residue, the quality also 
differs between crop rotations. The quality of crop 
residue was impacted by spring treatments in spring 

seasons (Fig.  3a, d) and by winter crops in soybean 
2013/2014 and winter crops (Fig.  3b, c). The lignin 
content from fallow treatment was higher, on average, 
from 18 to 23% for spring crop species, and a greater 
cellulose content in 2014 season, as well in 2013, no dif-
fering from sunn hemp. Concerning the winter crops, 
the hemicellulose, cellulose, and lignin contents were at 
least 24 and 14% higher, and 12% lower with triticale 
residue, respectively, compared to sunflower (Fig.  3b, 
c). Neither winter crop nor spring cover crop affected 
the crop residues in soybean 2014/2015.

Crop rotations under long-term NT were influenced 
mainly by spring treatments, the SOC, TN, and C stock at 
the soil surface (0–0.1 m) (Additional file 2: Table S2). Sunn 
hemp as cover crop in spring increase (p < 0.05) around 10 
and 12% of SOC and C stock compared to fallow treatment. 
Similar behavior occurred between these treatments in TN 
contents and N stock, with values of 8% and 11% higher 
with the legume cropping compared to the fallow. In the soil 
profile analyzed (0–0.6  m, data no shown), C stocks were 
around 5 t ha−1 higher (p < 0.05) when triticale was cropped 
in fall-winter compared to sunflower (data not shown).
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CO2 emission
The climatic conditions during the experiment were 
typical of the region, with concentrated rainfall between 
spring and summer seasons (Fig. 1). Specifically between 
December 2013 and January 2014, the decrease in rain-
fall was associated with high temperatures (Fig. 1a), com-
pared to the averages since the implementation of the 
experiment in 2003 (Fig. 1b).

The highest average of CO2 flux (0.76, 0.58, 0.48, and 
0.29  g  CO2  m2  days−1) were observed during the sum-
mer seasons of 2013/2014 and 2014/2015, and spring and 
fall-winter, respectively. Overall, the CO2 emission fol-
lowed the behavior of average soil temperatures between 
crop seasons (28.9; 27.5; 25.1 and 21.1 °C), as well as soil 

moisture (0.138; 0.176 0.125, 0.141  m3  m−3), respec-
tively, for the soybean 2013/2014 (Fig.  4a, e), soybean 
2014/2015 (Fig. 4d, h), spring (Fig. 4c, g), and fall-winter 
seasons (Fig.  4b, f ). Except for the soil moisture of the 
soybean 2013/2014, the CO2 emissions were associated 
with soil temperature (Fig. 4a, d) and humidity (Fig. 4e, 
h), with no distinctions between crop rotations.

CO2 emission peaks were observed in the first assess-
ments after sowing their own crops in all seasons. In 
both soybean seasons (2013/2014 and 2014/2015), 
the fallow treatment was highlighted by variation in 
CO2 emissions. In the first assessments after soy-
bean sowing (2013/2014), CO2 emissions from fallow 
at 1,  3 and 8 DAS were lower [(p < 0.05) 0.14; 0.16 and 
0.12  g  CO2  m2  h−1, respectively], compared to spring 
crops (averaged 0.51; 0.41 and 0.3 g CO2 m2 h−1, respec-
tively). Interestingly, at 60 DAS of soybean (2013/2014), 

Fig. 2  Amount of crop residue (a), Carbon (b), and Nitrogen (c) 
inputs from crop rotations in spring 2013, soybean 2013/2014, 
fall-winter 2014, spring 2014, and soybean 2014/2015. Error bars 
represent standard deviation of data. *Means followed by different 
letters, lower-case letters within spring treatments and upper-case 
letters within winter crops differ from each other by the paired t test 
(LSD, p < 0.05)

Fig. 3  Hemicellulose, cellulose and lignin content (%) of crop residue 
according to crop rotations in spring 2013 (a), soybean 2013/2014 
(b), fall-winter 2014 (c), spring 2014 (d), and soybean 2014/2015 (e). 
Error bars represent standard deviation of data *Means followed 
by different letters, lower-case letters within spring treatments and 
upper-case letters within winter crops differ from each other by the 
paired t-test (LSD, p < 0.05). §n.s. no significative
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Fig. 4  Soil temperature (a–d), moisture (e–h), CO2 emission of crop rotations: Sunflower/spring treatments (i–l), and CO2 emission of crop rotations: 
triticale/spring treatments (m–p). Vertical bars represent the LSD of the t-test (p < 0.05)
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the highest average CO2 emission among crop rota-
tions was observed (1.72  g  CO2  m2  h−1), and the fal-
low treatment had the largest (p < 0.05) peak (average 
2.4  g  CO2  m2  h−1) independent of fall-winter crops. At 
120 DAS, some CO2 emission peaks were observed 
through crop rotations sunflower/forage sorghum and 
triticale/sunn hemp (around 2 g CO2 m2 h−1).

The lowest CO2 emission (p < 0.05) by fallow treatment 
was also observed at 1, 3, and 8 DAS soybean 2014/2015 
season (0.18; 0.18 and 0.5  g  CO2  m2  h−1, respectively), 
compared to spring crops (average of 0.51; 0.49 and 
0.8 g CO2 m2 h−1 respectively). Whereas at 60 DAS soy-
bean, the fallow treatment when triticale was cropped in 
fall-winter had the highest CO2 emission (p < 0.05) com-
pared to spring crop species (Fig. 4p). In general, for the 
other evaluations, there was no significant dispersion in 
CO2 emission between crop rotations.

Cumulative and relative CO2 emissions
The average cumulative emissions were higher in soybean 
seasons, mainly in 2013/2014, with 56% higher than soy-
bean 2014/2015 season (Additional file 2: Table S2). Both 
soybean seasons accounted for 47% and 31% of the total 
cumulative C–CO2 emissions (16.3 Mg C–CO2 ha−1) in 
2013/2014 and 2014/2015, respectively. While in fall-
winter and spring crops comprised only 15% and 6% of 
total cumulative emissions, respectively.

In the spring season (p < 0.05), as well as the total 
cumulative value (Additional file  2: Table  S2), the accu-
mulated C–CO2 emissions varied according to the treat-
ments. The fallow treatment resulted in the highest 
overall cumulative CO2 emission (p < 0.05), about 1.4 
t C–CO2 ha−1 higher than the average for spring cover 
crops. This result was higher than even accumulated in 
the spring crop (1.05 Mg C–CO2 ha −1). In the soybean 
2013/2014 season, the CO2 emissions were 23% higher 
(p = 0.08) from fallow compared to the average cover 
crop species. However, it is noteworthy that during the 
spring season, when soil was uncovered (fallow treat-
ment), the cumulative emission was 45% lower (p < 0.05) 
compared to the average from cover crop species.

Relative emission was also affected by spring treat-
ments (p < 0.05). Throughout the soybean seasons, to 
achieve a similar soybean yield under the fallow rota-
tion, there was 30% higher emission (4.43 kg C–CO2 kg−1 
of grains), compared to the average cover crop species 
(Additional file 2: Table S2).

Carbon balance
The C balances during spring and fall-winter crops were 
positive. However, in both soybean seasons, the C bal-
ances were negative (Fig.  5a). Considering the over-
all balances, it is possible to observe distinct behaviors 

between crop rotations at different levels. Triticale had 
a better C balance compared to sunflower (p < 0.05); i.e., 
no one crop rotation with sunflower resulted in a posi-
tive C balance. Among spring treatments, the fallow had 
a higher negative C balance (p < 0.05), about − 6 t C ha−1, 
followed by pearl millet [(p < 0.05), − 4.3 t C ha−1]. While 
C balances were similar (p < 0.05) under rotations with 
forage sorghum and sunn hemp as spring crops, chang-
ing to negative when sunflower was cropped (− 2.9 and 
2.4 t C ha−1, respectively), closer to neutral with triticale 
(− 0.1 and 0.2  t  C  ha−1, respectively). When account-
ing for the differences between 2013 C stocks (0–0.1 m) 
between spring treatments, setting fallow as a reference, 
we observed a better Net C balance among all spring spe-
cies (Fig. 5b). In addition, the C balance became positive 

Fig. 5  Carbon Balance in soybean 2013/2014, spring 2014, fall-winter 
2014, and soybean 2014/2015 seasons, and the accumulate C 
balance (a), and Net C budget accounting the soil C stocks (b). 
Error bars represent standard deviation of data. *Means followed 
by different letters, lower-case letters within spring treatments and 
upper-case letters within winter crops differ from each other by the 
paired t-test (LSD, p < 0.05)
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in sunn hemp and forage sorghum when cropped after 
triticale (6.0 and 2.6 t C ha−1, respectively).

Discussion
C and N in crop residue and soil
The adequate choice of crop rotation species is essen-
tial for the conservation and sustainability of production 
systems, especially for the amount and quality of crop 
residue left in soil surface under NT [7]. This condition 
is even more pronounced in tropical regions, whereas 
maintaining the soil surface covered during the dry 
winter is a challenge [29]. Thus, the high amount and C 
input during the dry winter by triticale residue (Fig.  2), 
with high ratios of lignin/N and C/N (Fig.  3), allowed 
the soil cover, in addition to the grain yield, of around of 
1.4 Mg ha−1 (data not shown). In contrast, cropping sun-
flower has been inefficient for grain yield production, as 
observed in previous years [14, 30], even though sunflow-
ers are considered drought tolerant [31]. Typically, grass 
species have greater potential to produce biomass mainly 
under water deficit conditions and the residue compo-
sition with esterified acetylated lignin complexes [32], 
which implies slower decomposition. Besides the amount 
of crop residue on soil surface, it is important to highlight 
the quality of crop residues, characterized by biochemical 
composition and C/N ratios, which stimulates the miner-
alization or persistence on soil surface [7, 14, 30]. There-
fore, C losses must be offset compensated by an increase 
in the amount of crop residues on the soil surface, either 
by cover crops as well as by cash crops.

The quality condition of crop residue to maintain soil 
covered during fall-winter is replaced by the high N 
inputs in the spring, the rain season, to stimulate residue 
mineralization. In this sense, the higher N input from 
sunn hemp is explained by it being among the legumi-
nous species with the highest capacity to fix atmospheric 
N [33]. It is noteworthy that the N input from sunn hemp 
was almost twice as much as the fallow treatment, which 
is relevant in cropping systems with the absence of N fer-
tilization. Also, according to the crop residue biochemi-
cal composition, sunn hemp is classified as high quality, 
or class I, different from other species in our soybean 
cropping systems considered medium quality, or class III 
[34].

Larger C and N inputs from sunn hemp and forage sor-
ghum in spring, coupled with the high-quality residues of 
this legume, explain the larger C stock and SOC and TN 
contents on soil surface, especially with the legume culti-
vation compared to fallow in the spring. The crop residue 
characteristics are essential for increasing soil surface 
SOC, and TN retention under NT [35, 36], and confirm 
the importance of N supply for soil C sequestration [37]. 

Our results are in agreement with several studies in dif-
ferent soil and climatic conditions, in which the largest 
C inputs are associated with the largest soil C stocks [38, 
39]. According to [38], cover crops in production sys-
tems are considered a key element in the reduction of 
C footprints due to the positive effect on SOC, being a 
potential CO2 mitigation strategy. Similarly, the limited 
SOC and TN content, generally observed at fallow, could 
be explained by the lower crop residue inputs (Fig.  2). 
According to [40] the intensification of cropping systems 
with the elimination of fallow periods under NT may 
restore SOC and improve soil structural properties. The 
fallow soil has lower microbial diversity, which is consid-
ered essential for the cycling of C and N nutrients [41]. 
Another feature is the fast mineralization of soybean 
residues in succession with the fallow treatment, which 
stimulates SOC loss rates and erosion [42].

CO2 emissions
The climate conditions were typical of the region across 
the crop seasons, with typically mild temperatures and 
low rainfall during fall-winter (Fig. 1). The soil tempera-
ture (Tsoil) and moisture (Msoil) helps explain the lower 
CO2 emission during fall-winter (Fig. 4j, n), as well in the 
spring, the rainfall events associated with the increase of 
temperature and consequently the CO2 emission (Fig. 4). 
The CO2 emissions in agro-ecosystems is a result of the 
integration of crop-root respiration and microbial respi-
ration, and soil C dynamics [43]. Tsoil and Msoil regulate 
the microbial activity and SOM mineralization [44, 45], 
and are recognized as the main factors driving soil CO2 
fluxes [43].

Higher CO2 flux was expected at the beginning of 
soybean seasons, as it coincides with the high residue 
mineralization rates [14, 46, 47]. However, the lower 
rainfall events associated with high Tsoil, mainly in 2013 
[(between December 2013 to January 2014), Fig.  1a], 
limited the initial CO2 fluxes. In tropical conditions, low 
Msoil associated with high Tsoil may restrict the flow of 
CO2, possibly due to moderate soil microbial activity [14]. 
Furthermore, with the increase in Msoil [(~ 0.2 m3 m−3), 
Fig. 4e], the CO2 emission increased (Fig. 4i, j). According 
to [48], microbial activity is reestablished with soil rewet-
ting, increasing CO2 flux, and substrate mineralization.

Among the crop rotations, spring treatments were 
conditioning factors in CO2 fluxes across the seasons, 
when we analyzed the sunflower and triticale. In the firsts 
assessments in both soybean seasons (Fig.  4i, l, m, p), 
lower CO2 emissions were observed by fallow treatment 
compared to cover crops, as already expected [49], due to 
the absence of substrate. Hence, crop residues left on soil 
surface influences CO2 dynamics under NT. Comparing 
our results with emission from other studies, it is noted 
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that the CO2 emission in soybean seasons from our study 
were similar to the soybean under NT in a gray Luvisol 
with crop residue on soil surface [50]. In an Oxisol with 
soybean-maize rotations under NT with winter crops 
(1.29 to 1.53 Mg ha−1 of residue), a slight lower CO2 flux 
were observed [51]. According to the authors the crop 
residue affects soil temperature and moisture and conse-
quently the CO2 emission. The CO2 emission differences 
could be attributed to the climate conditions, especially 
soil moisture and temperature, and microbial activity, as 
well as the crop species, soil type, and its management. 
Cropping systems increase the microbial community 
dynamics compared to bare fallow soil [52]. The contri-
bution of labile C from cover crop residue and their qual-
ity are the main factors influencing the microbial biomass 
and community structure [53, 54], and according to the 
mineralization rate may stimulate the CO2 flux [14].

Interestingly, CO2 emission peaks of fallow treatment 
differed from crop species (p < 0.05), especially at 60 DAS 
soybean (2013/2014). The breakdown of aggregates and 
exposure of previously protected C to microbial activity 
[3], combined with chiseling (spring 2013), stimulates 
CO2 emissions with soil rewetting and consequently, the 
microbial activity [55]. Probably the fallow management 
leads to high soil respiration on arable lands [56], at least 
with soil moisture re-establishment.

Cumulative and relative CO2 emission
Root respiration contributes around 50% of total soil res-
piration [49], which helps explain the lower accumulated 
emission in spring by fallow treatment. However, when 
observing the impact throughout the crop seasons, there 
was a higher accumulated emission by fallow treatment. 
Typically, cropping cover crops improve the net C bal-
ance of the ecosystem by replacing fallow periods (car-
bon source) with an additional period of C assimilation 
[3, 57, 58]. Our results agree with a review that empha-
sizes the potential that cover crops have to mitigate cli-
mate change, especially sequestering C, reducing the 
inorganic fertilizer and soil erosion [10].

Our results demonstrate that cover crops increased 
soybean production efficiency, and the relative CO2 emis-
sion values were similar to other studies with this main 
crop under NT [14, 45, 50]. The cumulative emission in 
soybean (2014/2015 season) from our experiment (on 
averaged of 4.9  Mg  C–CO2  ha−1) was extremely close 
to the estimation on soybean growing (on averaged 
of 4.5  Mg  C–CO2  ha−1), cropping the rotation wheat-
soybean under NT in a Gray Luvisol [50]. Similarly, the 
authors observed a greater CO2 emission in treatments 
with crop residue left in soil surface than under no resi-
due plots. In addition, also a lower relative CO2 emis-
sion per unit soybean grain. Likewise, although the crop 

residues increased CO2 emission, the soybean yield was 
enhanced, as also observed by [59] in rice in a Gleyic 
Luvisol. Therefore, the conservation agriculture could 
improve resource-use efficiency in terms of crop yield 
according to crop rotations. According to [60], enhancing 
agricultural productivity per unit area is a viable option 
for mitigating GHG emissions. However, the sustainable 
management of natural resources with the intensification 
of agricultural production is also essential.

Even though the fallow treatment momentarily resulted 
in lower CO2 emissions, throughout the crop seasons, 
higher accumulated emissions reduced the soybean pro-
duction efficiency. For this reason, fallow-based crop suc-
cessions, in the long-term tend to be less efficient [61]. 
This suggests that the inclusion of cover crops contribute 
significantly to mitigating CO2 emissions.

C balance
Several studies have also observed a negative C balance 
in soybean cropping systems [56, 62–64], acting as a C 
source rather than a sink. Between both soybean crop 
seasons, the negative balance in 2013/2014 stands out, 
associated with the water deficit related to high tempera-
ture. These climatic conditions limit the crop yields and 
hence, the C balance [64]. In the next decades, accord-
ing to climate change projections, these events could be 
more typical [2]. Allied to the fact that cropping soy-
bean has lower C accumulation than maize, for example, 
mainly under water stress and temperature increase [64]. 
Hence, the efficiency of cropping production systems 
should be considered in a long-term crop rotations.

The grain yield and C exportation from triticale (aver-
age 0.64  Mg  ha−1, data not shown), makes it possible 
to equalize the C balance and its balance in crop rota-
tions with the cereal, mainly when cropped before sunn 
hemp or forage sorghum in the spring season, confirm-
ing partially our hypothesis. On the other hand, the typi-
cal water deficit on fall-winter limits the sunflower yield, 
making the C negative balance independent of spring 
crop rotations.

Negative C balance from bare soil/fallow in succession 
to soybean crop was also observed [63]. On the other 
hand, cropping in spring season is essential to increase 
SOC, TN, as seen in previous years, and C stocks at 
0–0.1 m soil depth, as well as improving the C balance of 
soybean cropping systems under NT. According to [65], 
the C balance is favored according to the amount of crop 
residues on soil surface, allowing the agricultural systems 
to act as CO2 sink. Therefore, the CO2 mitigation may be 
an additional ecosystem service provided by a few cover 
crops in rotation in tropical conditions.
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Conclusion
Long-term studies are essential for better understand-
ing crop influences on C-scale ecosystem dynamics. 
The C and N inputs from crop residues left on soil sur-
face under NT influenced the CO2 emissions, SOC and 
TN, and C stocks at 0–0.1 m depth, the relative soybean 
emission, and C balance. In general, the largest C and 
N inputs from sunn hemp or forage sorghum in spring 
season increased SOC and C stocks, and resulted in posi-
tive C balances when cropped in succession to triticale in 
fall-winter.

Our results indicate that the crop rotation species 
can contribute to mitigating the CO2 emissions, both 
by increasing the C input from crop residues as well as 
C sequestration. The adequate crop rotation species 
makes the soybean cropping systems more efficient, with 
a positive C balance. Thus, the crop rotation species in 
tropical conditions comprising an important tool in miti-
gating global warming potential. Our data provide sup-
port for further studies about crop sequence to assess 
the C sequestration. Additional impacts on C balance are 
hypothesized, assuming specifically the results from the 
legume in cover crops following the maize as the main 
crop in rotation.
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