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Abstract: The decomposition of fresh crop residues added to soil for agricultural purposes is
complex. This is due to different factors that influence the decomposition process. In field conditions,
the incorporation of crop residues into soil does not always have a positive effect on aggregate stability.
The aim of this study was to investigate the decomposition effects of residues from two different cover
crops (Brassica napus var. oleifera and Secale cereale) and one main crop (wheat straw) on soil aggregate
stability. A 105-day incubation experiment was conducted in which crop residues were mixed with
sandy loam soil at a rate of 6 g C kg−1 of soil. During the incubation, there were five water additions.
The decomposition effects of organic matter on soil conditions during incubation were evaluated by
determining the soil functional groups; carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4)
emissions; soil microbial biomass carbon (MBC); and water-stable aggregates (WSA). The functional
groups of the plant residues and the soil were analyzed using Fourier transform infrared spectroscopy
(FTIR) and a double exponential model was used to estimate the decomposition rates. The results
show that the decomposition rate of fresh organic materials was correlated with the soil functional
groups and the C/N ratio. Oilseed rape and rye, with lower C/N ratios than wheat straw residues,
had faster decomposition rates and higher CO2 and N2O emissions than wheat straw. The CO2 and
N2O flush at the start of the experiment corresponded to a decrease of soil aggregate stability (from
Day 3 to Day 10 for CO2 and from Day 19 to Day 28 for N2O emissions), which was linked to higher
decomposition rates of the labile fraction. The lower decomposition rates contributed to higher
remaining C (carbon) and higher soil aggregate stability. The results also show that changes in the soil
functional groups due to crop residue incorporation did not significantly influence aggregate stability.
Soil moisture (SM) negatively influenced the aggregate stability and greenhouse gas emissions (GHG)
in all treatments (oilseed rape, rye, wheat straw, and control). Irrespective of the water addition
procedure, rye and wheat straw residues had a positive effect on water-stable aggregates more
frequently than oilseed rape during the incubation period. The results presented here may contribute
to a better understanding of decomposition processes after the incorporation of fresh crop residues
from cover crops. A future field study investigating the influence of incorporation rates of different
crop residues on soil aggregate stability would be of great interest.
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1. Introduction

Crop residue incorporation in the soil such as cover crops and cash crops can improve soil quality
in organic farming and conservation agriculture. A previous study observed that freshly added
organic matter (crop residues) has a temporary effect on soil aggregate stability [1]. Abiven et al. [2]
found that the efficiency of crop residue applications on soil aggregate stability depended on their
initial chemical (carbon to nitrogen ratio (C/N)) and biochemical composition. Liu et al. [3] also showed
that the effectiveness of the crop residues on soil aggregate stability depended on the addition
rates, composition, and decomposability. In terms of the biochemical composition of crop residues,
Angst et al. [4] observed that crop residues with a higher concentration of recalcitrant (lignin, lipids,
cellulose, etc.) material had lower decomposition rates and longer-term effects on the aggregate stability.
Apart from these examples, Abiven et al. [5] noted that few studies have linked soil aggregate stability
with the biochemical composition of crop residues. A recent study showed that with the incorporation
of fresh crop residues in the soil, the microorganisms concentrate their energy on the decomposition
of easily decomposable compounds (sugars, proteins, etc.) [6]. In exchange, soil aggregate-binding
agents are liberated from microorganisms (fungal hyphae and polysaccharides). Thus, crop residues
improve the soil aggregate stability during their decomposition by soil bacteria and fungi. However,
the more advanced the decomposition stage, the lower the microbial activity and aggregate stability [7].
The decomposition study of Mizuta et al. [8] showed that decomposition rates of pure compounds
such as starch and cellulose influence aggregate formation but not soil aggregate stability.

The decomposition rates of the crop residues are influenced by the type of incorporated
crop residues, soil water content, aeration regime and plant water content [9,10]. The results of
Cosentino et al. [11] showed that crop residues could increase the microbial biomass and soil aggregate
stability, but these effects were diminished by frequent soil drying and wetting cycles. Additionally,
another past study observed that not all crop residues incorporated in the soil increased the soil
aggregate stability [12] and that the effect of crop residues on soil aggregate stability is influenced by
the soil type, climate zone, and agricultural management. A meta-analysis by Blanco-Canqui et al. [13]
also found that not all studies that involved cover crops as crop residues affect the soil aggregate
stability. Previous and recent studies have found that the location of crop residues (crop residues
left on the surface or incorporated into the soil) can influence decomposition rates as well as soil
biological properties and soil aggregate stability [14–16]. Thus, the crop residues left on the surface will
decompose much more slowly than incorporated crop residues. Another study based on two years of
data from a humid temperate zone showed a decrease in soil aggregate stability after crop residue
incorporation by tillage [17]. Balesdent et al. [18] reported that in conventional tillage, the amount of
decomposed fresh organic matter was much higher than in a no-till system. The incorporation of crop
residues by tillage increases the access of microorganisms to fresh organic materials, leading to fast
decomposition and creating a transient effect on soil aggregate stability.

At present, the literature still does not fully cover the extent of the beneficial effects of the
decomposition rate of incorporated crop residues on soil aggregate stability since many interfering
factors can influence crop residue decomposition. Additionally, in most previous studies of aggregate
stability, the experiments conducted in a laboratory studied the effects using only oven-dried material
from crop residues or post-harvest crop residues with a high content of dry matter [2,7,19]. The focus
of our paper was to study the effect of the decomposition rate on soil aggregate stability when
incorporating fresh crop residues from two cover crops widely used in Nordic climate conditions and
wheat straw. We suppose that by incorporating cover crop residues into the soil, the destabilizing effect
on soil structural stability is related to unstable and rapid decomposition rates associated with ‘young’
organic matter. In this case, the ‘young’ organic matter refers to freshly incorporated crop residues.
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2. Materials and Methods

2.1. Soil and Crop Residue Preparation

The incubation experiment comprised four treatments, each containing four replications. Three of
the treatments consisted of soil mixed with either fresh green crop residues of oilseed rape (OR),
fresh green residues of rye (Rye), or dry wheat straw (WS). Pots filled with soil without any added
organic matter comprised a control treatment (Control). The field soil used for the pot experiment
was sampled from the top 0–20 cm layer, dried at room temperature, and sieved through a 10 mm
sieve. The soil had a sandy loam texture with the following characteristics: 57.4% sand, 32.3% silt,
and 10.3% clay. According to the World Reference Base for Soil Resources (IUSS Working Group WRB
2006), the soil can be described as an Albic Stagnic Luvisol. The dry soil was placed in 4000 mL pots
(Ø = 21 cm, h = 19.3 cm) at a rate of 3000 g per pot. The chemical characteristics of the soil are shown
in Table 1.

Table 1. Initial physicochemical properties of the soil used in the incubation experiment.

pHKCl
TC TN P K Mg Ca CEC Particles Content, %

g kg−1 meq 100 g−1 >0.063 <0.002 0.002–0.063

5.7 14.8 1.2 30.1 27.6 43.1 191.3 9.5 57.4 10.3 32.3

Two of the most common cover crop residues in the Nordic region were selected, oilseed rape
(Brassica napus var. oleifera) and cereal rye (Secale cereale) as well as wheat straw residue. The shoots and
leaves of oilseed rape and rye were collected from the field at the tillering stage. From the collected
plant material, a subsample was used to determine the initial total carbon (TC) and total nitrogen (TN)
(Table 2). The TC and TN were determined in a total elemental analyzer (VarioMAX CNS, elementar
Analysensysteme GmbH, Langenselbold, Germany). Plant functional groups were analyzed using
FTIR according to the procedure described below (Section 2.3.4).

Table 2. Initial chemical properties of plant residues.

Crop Residues Total C, g C kg−1 Total N, g N kg−1 C/N Dry Matter, g kg−1

Oilseed rape 424 41 10 153
Wheat straw 451 5 98 796

Rye 429 36 12 194

2.2. Experiment Design

Fresh crop residues were chopped into small pieces (about 4 cm long) and evenly incorporated
into the dry soil in the pots at a rate of 6 g C kg−1 of soil before water addition (considered as Day 0).
This quantity is equivalent to 22.5 Mg C ha−1 in field conditions, given a 25 cm soil depth and a
bulk density of 1500 kg m−3. All four treatments were brought up to the field capacity for water
(24% gravimetric) by adding distilled water 24 h after mixing dry soil with crop residues; in total,
five wetting procedures were applied at 1, 11, 26, 46, and 75 days. The treatments were incubated for
105 days at a room temperature of 23 ◦C (±0.8) and covered with a dark plastic film to allow some gas
exchange. The experiment was conducted in two phases: the oilseed rape, wheat straw, and control
treatments first, followed by rye.

2.3. Sampling and Analysis

2.3.1. Water-Stable Aggregates

The sampling for water-stable aggregates, FTIR analyses, and soil total carbon and nitrogen was
done at Day 0 before residue addition, then again at 3, 10, 13, 19, 25, 28, 45, 48, 74, 77, and 105 days.
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The soil was sampled from every pot at a 0–5 cm depth. The sampled soil was dried at room temperature
and sieved through a 2 mm sieve. The aggregate stability was determined based on the method of
Kemper and Rosenau [20]. Firstly, 4 g of dry soil from each sample (aggregates ≤ 2 mm) were placed
in a set of sieves with 0.25 mm openings and shaken in cans with 100 mL of distilled water for 3 min
on the wet sieving apparatus (Eijkelkamp, Giesbeek, The Netherlands). The distilled water cans were
replaced by cans with a 0.4% NaOH solution and then shaken in continuous mode until all aggregates
were dissolved. Finally, both types of cans were dried in a water bath at 95 ◦C for 12 h and then in
a drying oven at 105 ◦C for 1 h. The percentage of stable aggregates was obtained by dividing the
weight of soil remaining in the NaOH solution cans by the sum of the soil weight from the distilled
water can and the weight of the soil from the NaOH solution can. Each sample from every single pot
was measured with four repetitions (n = 16).

2.3.2. Gas Emissions Analysis

Gas emissions were measured using the closed chamber method [21]. Gas samples from each
treatment were taken at Day 0, on the first day after residue incorporation, and then at Days 3, 5, 10,
13, 19, 25, 28, 45, 48, 74, 77, and 105. Three-liter pots were used as chambers, each with a diameter
of 17 cm and height of 15.6 cm. The pots were inserted upside down into the soil pots to a depth of
approximately 1 cm, achieving hermetic closing of the neck. Two holes were made in each chamber,
one for a gas collection pipe and the other for a temperature sensor. Gas samples were taken over a
one-hour period, at regular intervals of 20 min (i.e., at 0, 20, 40, and 60 min), using 12 mL pre-evacuated
(0.3 mbar) bottles [22]. The CO2, N2O, and CH4 concentrations of samples were determined using
a GC-2014 gas chromatography system (Shimadzu Corporation, Kyoto, Japan equipped with ECD,
TCD, and FID sensors as described by Loftfield et al. [23]. Soil conditions, such as soil temperature,
electrical conductivity (EC), and soil moisture (SM), were simultaneously measured using an electronic
tensiometer sensor (Procheck GS3, Decagon Devices, MeterGroup, Pullman, WA, USA).

2.3.3. Microbial Biomass Carbon

Sampling for microbial biomass was performed separately at Days 3, 10, 13, 19, 25, 28, 45, 48, 74,
77, and 105. Samples were taken from every pot, and analyses immediately performed once for each
sample. Microbial biomass carbon was determined according to the modified method of Flieβbach and
Mäder [24]. Each analysis was performed with a 20 g chloroform-fumigated and unfumigated fresh
soil sample over 24 h. Extraction was performed using 80 mL of a 0.01 M CaCl2 solution. To determine
C in the fumigated and non-fumigated samples, a total elemental analyzer was used (VarioMAX CNS,
Elementar Analysensysteme GmbH, Langenselbold, Germany). The concentration was displayed as
mg C kg−1 of dry soil.

2.3.4. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

After drying, the soil samples were crushed by hand between 1 and 5 min in an agate mortar.
The soil functional groups were determined by Thermo-Nicolet iS10 Fourier Transform Infrared
Spectrophotometer (FTIR, Thermo Fisher Scientific, Waltham, MA, USA). The data was collected at a
4 cm−1 resolution over a range of 4000 to 400 cm−1. For each sample, 32 scans were performed in three
repetitions. Spectra replicates were corrected against the spectrum for ambient air as background,
and the automatic baseline correction was applied. Peak heights were obtained using OMNIC
software (Nicolet Instruments Corp., Madison, WI, USA). Relative absorbance was measured following
the procedure described in Gerzabek et al. [25]. The parameters (base1/peak/base2) chosen for each
peak were as follows: 3000/2920/2800, 1740/1630/1495, 1495/1410/1320, and 1320/1005/825. The relative
absorbance was calculated by dividing the height of a distinct peak by the total sum of all peak heights.
The soil spectra from the FTIR analyses are represented in Figure 1. The results show two peaks,
at 3694 and 3617 cm−1, which are associated with O–H stretching in kaolinite [26]. The same O–H
bond specific for carboxyl and hydroxyl groups was also found in this region, at 3400 cm−1 [27].
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The peak at 2920 cm−1 is due to the asymmetric C–H vibration of aliphatic compounds, also known
as the hydrophobic component [28]. Further along the soil spectra, the hydrophilic component at
1630 cm−1 can be seen, which represents the aromatic C = C and C = O vibrations of amide I groups [29].
The next band, at 1410 cm−1, is characteristic of C–O bond vibrations as well as vibrations in C–N
(amide III) [30,31]. The sharp peak at 1005 cm−1 corresponds to the Si–O–Si stretching of silicates and
clay minerals as well as the C–O–C stretching of polysaccharides [32]. Three other peaks in the soil
samples were found at 795, 775, and 695 cm−1, which are due to Si–O bonds in quartz material [26].

Figure 1. Average FTIR spectra obtained from analyses of the soil in each of four treatment conditions
over a 105-day incubation period: soil only (Control), soil mixed with oilseed rape residues (OR),
soil mixed with rye residues (Rye), and soil mixed with wheat straw (WS).

2.4. Decomposition Rates

The C decomposition of crop residues was estimated based on the initial input of carbon into the
soil [33] and expressed as:

netCevolved = Camended − Ccontrol (1)

In Equation (1), netCevolved is the difference between amended carbon (Camended) as plant residues
and carbon flushed from the control treatment (Ccontrol). The percentage of remaining C (%Cremaining)
was estimated as a function of:

%Cremaining = ((Cinitial −Cevolved)/Cinitial) × 100 (2)

Cinitial is the C concentration of the added residue, and Cevolved is the C emitted as CO2 during
incubation. A double exponential model was used to calculate the decomposition rate:

Ct = Ca
(
e−kat
)
+ Cp(e−kpt). (3)

The model divides the incorporated fresh organic matter from oilseed rape, wheat straw, and rye
treatments into two pools of rapidly decomposing Ca and slow decomposing Cp. In the model, Ct is
the percentage of remaining C from the residue at time t, ka is the decomposition rate of the rapidly
decomposing pool, and kp is the decomposition rate of the stable fraction Cp. The percentage of
remaining C should be between 0 and 100. The model does not consider the transformation of labile
material into more recalcitrant material, which can occur during microbial activity.

2.5. Statistical Analysis

Two-way ANOVA was used to estimate the variation across all parameters using time and
treatment factors as well as their interaction. One-way ANOVA was applied to determine the treatment
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effect for each parameter on a specific day. One-way ANOVA followed by post hoc Tukey’s HSD was
used to study the differences between treatments for the final cumulative gas fluxes. The daily gas
emissions between measurement points were estimated by linear interpolation [34]. The interpolation
was performed to obtain a more realistic value of the percentage of remaining C in the soil, which was
calculated from the cumulative CO2. Pearson correlation and stepwise regression analysis was
performed for all data to identify the relationships between parameters. R programming language
(R core team, Vienna, Austria, 2019) was used for all statistical analyses. To fit the double exponential
model, the ‘nlxb’ function from the ‘nlsr’ package was used.

3. Results

3.1. Soil Aggregate Stability

Dry soil at Day 0, before crop residue addition and wetting, had high aggregate stability across
all treatments: there were no significant differences between them (Figure 2). However, after water
addition on Day 3, the stability decreased significantly with reductions of 25% in the control and rye
treatments, 19% in the oilseed rape treatment, and 29% in the wheat straw treatment. Until Day 19,
aggregate stability only significantly increased within wheat straw and rye treatments compared to Day
3, reaching a value of 39.36% (±1.35) and 32.26% (±0.72) stable aggregates, respectively. Nevertheless,
this growth was 10% and 15% lower in wheat straw and rye, respectively, compared to Day 0. In both
treatments, aggregate stability further decreased between Days 19 and 28. Afterwards, aggregate
stability did not change significantly in wheat straw treatment. In the rye treatment, stability increased
continuously between Days 28 and 77. In the oilseed rape treatment, aggregate stability decreased
progressively until Day 28. Oilseed rape treatment resulted in a significant increase in aggregate
stability at Day 45, and at the end of incubation at Day 105. In the control treatment, a significant
decrease also happened on Day 74, followed by an increase at Day 105.

Figure 2. The evolution of water-stable aggregates in each of four treatment conditions over a 105-day
incubation period: soil only (Control), soil mixed with oilseed rape residues (OR), soil mixed with
rye residues (Rye), and soil mixed with wheat straw (WS). Arrows indicate the water addition events.
Stars indicate significant differences between treatments within the same day according to one-way
ANOVA (* p < 0.05, ** p < 0.01, and *** p < 0.001).

Comparing the percentage of water-stable aggregates (WSA) on Day 3 of the experiment and after
Day 105, there was a higher overall rate of stable aggregates in the rye (>21%) and wheat straw (>14%)
treatments. The WSA showed significant variability between and within the treatments during the
incubation period (Table 3).
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Table 3. Results of two-way ANOVA for the effect of treatment, days, and the interaction of treatment
by days for each parameter: soil moisture (SM), soil temperature (Temp.), electrical conductivity
(EC), water-stable aggregates (WSA), microbial biomass carbon (MBC), total nitrogen (TN), and total
carbon (TC); P1005: relative absorbance of the FTIR peak for silicates and clay minerals as well as
C–O–C stretching in polysaccharides; P1410: relative absorbance of the FTIR peak for C–O bond
vibrations and also the vibrations in C–N (amide III); P1630: relative absorbance of the FTIR peak for
the aromatic C = C and C = O vibrations of amide I groups; P2920: relative absorbance of the FTIR
peak for asymmetric C–H vibration of aliphatic compounds.

Parameters
Treatment Days Treatment × Days

F Value P F Value P F Value P

N2O (µg m−2 h−1) 264.239 0.000 *** 76.997 0.000 *** 33.715 0.000 ***
CO2 (mg m−2 h−1) 660.949 0.000 *** 237.662 0.000 *** 89.538 0.000 ***
CH4 (µg m−2 h−1) 3.936 0.005 ** 3.172 0.000 *** 0.873 0.708

SM (m−3 m−3) 442.689 0.000 *** 103.543 0.000 *** 6.866 0.000 ***
Temp. (◦C) 149.701 0.000 *** 1859.010 0.000 *** 78.681 0.000 ***

EC (mS cm−1) 918.884 0.000 *** 98.949 0.000 *** 30.498 0.000 ***
WSA (%) 13.325 0.000 *** 10.291 0.000 *** 3.555 0.000 ***

MBC (mg C kg−1) 99.688 0.000 *** 12.786 0.000 *** 4.564 0.000 ***
TN (%) 1547.048 0.000 *** 2.832 0.000 *** 1.414 0.036 *
TC (%) 2158.979 0.000 *** 0.725 0.758 1.003 0.477

P2920 (%) 2.151 0.095 2.657 0.104 0.598 0.617
P1630 (%) 3.549 0.015 * 20.296 0.000 *** 5.640 0.001 **
P1410 (%) 55.169 0.000 *** 4.534 0.034 * 3.163 0.025 *
P1005 (%) 14.694 0.000 *** 8.601 0.003 ** 2.614 0.052

* p < 0.05, ** p < 0.01, and *** p < 0.001.

There were significant differences between the control and other treatments on Day 10 of the
incubation (Figure 2). On Days 10 and 19, a significant increase occurred in wheat straw as compared
to other treatments. A significant growth of aggregate stability with respect to other treatments was
found in the rye and wheat straw treatments on Days 74 and 77.

3.2. Gas Emissions

The treatments had a significant effect on the evolution of greenhouse gases (Table 3). Oilseed rape
and rye treatments had significantly higher CO2 emissions than other treatments (p < 0.05). In both cases,
the emissions were highest in the first 25 days of the incubation, after which the emissions stabilized
(Figure 3A). The highest peak of emissions in oilseed rape treatment was observed immediately after
the addition of the residue, at Day 0, until Day 3, in which there was a decrease from 827.2 (±30.27) mg
to 795.08 (±59.98) mg C m−2 h−1, respectively. For the rye treatment, the maximum CO2 emissions
value was reached on the third day, at 927.06 (±35.41) mg C m−2 h−1. Wheat straw-treated soil yielded
lower emissions than soil with fresh residues, but significantly higher emissions than those of the
control treatment. In the oilseed rape and rye treatments, the CO2 fluxes stabilized after Day 45,
whereas in the wheat straw treatment, CO2 emissions were significantly higher in the last 60 days of
the experiment. The cumulative CO2 emissions in the oilseed rape treatment were 8% higher than in
the rye treatment (Figure 3D), 76% higher than in the wheat straw treatment, and 95% higher than in
the control treatment.

During the incubation, oilseed rape and rye treatments showed significantly higher N2O emissions
(Figure 3B) than the other treatments. The emissions in oilseed rape and rye began to increase three
days after the addition of water, reaching 1.65 (±0.22) mg N m−2 h−1 in the rye treatment and
0.41 (±0.05) mg N m−2 h−1 in the oilseed rape treatment. Whilst the N2O emissions continued to
rise in the oilseed rape treatment, for rye treatment, the emissions decreased on Days 5 and 10.
After the second water addition, the emissions in both rye and oilseed rape treatments increased
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and only stabilized after Day 74. Rye emissions peaked between Days 25 and 28 at a maximum of
5.15 (±0.42) mg N m−2 h−1.

Figure 3. Evolution of CO2 (A), N2O (B), and CH4 (C) flux (mean ± standard error) and average final
cumulative flux in each of four treatment conditions over a 105-day incubation period (D), (E), (F):
soil only (Control), soil mixed with oilseed rape residues (OR), soil mixed with rye residues (Rye),
and soil mixed with wheat straw (WS). Stars indicate significant differences between treatments within
the same day according to one-way ANOVA (* p < 0.05, ** p < 0.01, and *** p < 0.001). The different
letters represent significant differences between treatments according to Tukey’s HSD test.

By contrast, oilseed rape peak N2O emissions values were maintained for a more extended
period, although the maximum value was significantly lower than for the rye treatment at
2.97 (±0.2) mg N m−2 h−1. The highest cumulative N2O emissions were registered in the rye treatment,
at 18.79 (±0.48) mg N m−2 h−1 (Figure 3E). The oilseed rape treatment showed 19% lower cumulative
emissions as compared with rye treatment, and 98% higher as compared with control and wheat straw
treatments. In both control and wheat straw treatments, the N2O emissions were not significantly
different from each other after 105 days of incubation.

Methane (CH4) fluxes varied significantly throughout the incubation experiment across all
treatments (Figure 3C). Negative CH4 fluxes were detected in all treatments at specific sampling dates
during the experiment. Notably, in the control treatment, negative emissions were registered on 71% of
the measured days, and on 80%, 28%, and 35% of the measured days in the wheat straw, oil rapeseed,
and rye treatments, respectively. Positive cumulative fluxes were only observed in the rye treatment
(11.04 µg C m−2 h−1, ±4.38) (Figure 3F). In all other treatments, cumulative fluxes were negative.
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3.3. Microbial Biomass Carbon

The plant residues incorporated into the soil influenced the microbial biomass carbon (MBC)
in different ways (Figure 4). The concentration of MBC varied significantly for time (days) and
treatment (Table 3), although higher variability was noted between the treatments. In the rye and
oilseed rape treatments, MBC was significantly increased on the third day after the first water addition,
at 982.7 (±49.73) and 415.98 (±84.16) mg C kg−1 of dry soil, respectively (Figure 4). In both treatments
with fresh residues, MBC dropped significantly on Day 10. After that, it remained relatively stable
until Day 25. Between Days 28 and 48, the MBC decreased substantially in the oilseed rape treatment.
By contrast, the rye treatment recorded a gradual increase in MBC, starting after 48 days and continuing
until the end of the experiment. The wheat straw soil treatment reached its peak more gradually, and
only after Day 25. With every water addition, the MBC in the wheat straw decreased until Day 77,
which was followed by an increase.

Figure 4. The microbial biomass carbon (MBC) evolution in each of four treatment conditions over a
105-day incubation period: soil only (Control), soil mixed with oilseed rape residues (OR), soil mixed
with rye residues (Rye), and soil mixed with wheat straw (WS). Stars indicate significant differences
between treatments within the same day according to one-way ANOVA (* p < 0.05, ** p < 0.01,
and *** p < 0.001).

3.4. Soil Functional Groups

The treatment and incubation period did not have a significant effect on all identified peaks from
the FTIR spectra (Table 3). Overall, the addition of rye plant residues had the greatest effect on the
relative absorbance of the aromatic (1630 cm−1) and C–O compounds (1410 cm−1) (Table 4). At Day 105,
the rye treatment showed a 25% and a 63% increase in relative absorbance at the peaks of 1630 cm−1

and 1410 cm−1, respectively. The mineral compound at the 1005 cm−1 peak decreased by 2% in relative
absorbance at Day 105 compared to Day 0. The initial biochemical state of the wheat straw treatment
did not change significantly after 105 days of incubation, nor were significant changes recorded in the
control treatment after Day 105. In the oilseed rape treatment, a 44% increase in relative absorbance
was observed at the 1410 cm−1 peak (corresponding to C–O and amide (III) compounds). None of the
aliphatic compounds in any of the treatments underwent significant changes as reflected in their peak
at 2920 cm−1 (Table 4).
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Table 4. Differences in relative absorbance (%) from the FTIR spectra (mean ± standard error) in
different treatment conditions: Control, OR (soil mixed with oilseed rape residues), Rye (soil mixed with
rye residues), and WS (soil mixed with wheat straw residues), at Day 0 (before residue incorporation)
and at Day 105.

Treatment 2920 1630 1410 1005

Day 0
Control 0.00 (±0.00) a * 2.55 (±0.08) a 0.55 (±0.04) a 96.91 (±0.10) a

Rye 0.00 (±0.00) a 2.68 (±0.07) a 0.27 (±0.07) c 97.06 (±0.12) a
WS 0.16 (±0.07) a 2.61 (±0.10) a 0.43 (±0.04) ac 96.80 (±0.17) a
OR 0.16 (±0.09) a 2.78 (±0.08) a 0.45 (±0.01) a 96.61 (±0.11) a

105 days
Control 0.20 (±0.06) a 2.78 (±0. 05) a 0.51 (±0.05) a 96.52 (±0.11) a

Rye 0.20 (±0.06) a 3.59 (±0. 08) b ** ↑ 0.74 (±0.06) c ↑ 95.47 (±0.15) c ↓
WS 0.14 (±0.06) a 2.77 (±0. 05) a 0.42 (±0.01) a 96.67 (±0.06) a
OR 0.14 (±0.06) a 2.63 (±0.05) a 0.80 (±0.03) c ↑ 96.43 (±0.08) a

* The different letters indicate the significant difference between the treatments on specific days, according to Tukey’s
comparison test. ** Arrows indicate a significant decrease or increase in relative absorbance within each treatment
as compared to the initial values at Day 0 according to Tukey’s comparison test.

4. Discussion

After 105 days of incubation, there was a total of 58.04% and 60.77% remaining C in the oilseed
rape and rye treatments, respectively, and 71.19% in the wheat straw treatment (Table 5). Based on the
percentage of remaining C, the double exponential model was applied, which divides the incorporated
organic material into labile and stable fractions. Ca, which is initial labile C content in the crop residues,
was between 38% and 40% in the rye and oilseed rape treatments, respectively.

Table 5. Observed remaining carbon (C) in soil with added crop residues after 105 days of incubation,
and kinetic coefficients calculated from the double exponential model (Equation (3)). Values in the
brackets are standard errors of the mean (n = 3). Soil mixed with wheat straw (WS), soil mixed with
fresh green oilseed rape residues (OR), and soil mixed with fresh green rye residues (Rye).

Treatment
Observed

Remaining C Ca * Cp * ka * kp *

% % % %C d−1 × 102 %C d−1 × 104

WS 71.19 (±4.73) 27.03 (±6.67) 72.97 (±6.67) 0.7 (±0.00) −32.9 (±0.00)
OR 58.04 (±0.95) 38.38 (±0.26) 61.62 (±0.26) 13.2 (±0.00) 5.7 (±0.00)
Rye 60.77 (±2.18) 39.23 (±2.39) 60.77 (±2.39) 12.7 (±0.00) 4.3 (±0.00)

* Ca: initial %C in the rapidly decomposing organic material; Cp: initial %C in the slow decomposing organic
material; ka: decomposition rate of Ca; kp: decomposition rate of Cp.

The decomposition rates for the labile fraction ka in the rye and oilseed rape treatments were
12.7 × 102 and 13.7 × 102 %C d−1, respectively. The stable fraction kp registered a slower decomposition
rate in rye residues, of 4.3 × 104 %C d−1, compared to oilseed rape, at 5.7 × 104 %C d−1. However, in the
case of wheat straw, a negative result was observed for the decomposition rate of stable fraction kp

(−32.9 × 104, %C d−1). The negative decomposition rate is the result of compounds in the labile fraction
that are less readily decomposed, taking a longer time to decompose and delaying the start of the
decomposition of the stable fraction. Furthermore, in terms of the labile fraction, wheat straw had a
much lower positive decomposition rate of the labile fraction ka compared to other residues (0.7 × 102,
%C d−1). Generally, these findings are consistent with the findings of Johnson et al. [33] and Barel et
al. [35], who found that crop residues with lower C/N have higher decomposition rates. Jama and
Nair [36] also found, in a decomposition study, that the decomposition speed of the labile fraction
is more strongly correlated to the C/N ratio than that of the stable fraction. Additionally, Ajwa and
Tabatai [37] noticed that decomposition rates increase with the higher total N of crop residues. It is
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worth noting that the dry matter in crop residues decreases in the following order: wheat straw > rye >

oilseed rape. Consequently, the decomposition rates were inversely proportional to the dry matter
content in the crop residues. This means that at lower dry matter content, the decomposition rates are
higher (oilseed rape < rye < wheat straw).

In this study, it was hypothesized that low aggregate stability is related to the high decomposition
rates of ‘young’ organic matter. Both rye and oilseed rape had high decomposition rates at the
beginning of incubation, which resulted in a flush of CO2 and N2O emission, even before water
addition (on the first day) (Figure 3A,B). The high CO2 emissions and decomposition rates in rye and
oilseed rape treatments are in agreement with Ghimire et al. [38], who showed that crop residues with
a higher labile fraction generate a higher CO2 efflux. The period of the highest CO2 emissions rate
occurred during the first 10 days of incubation (Figure 3A). After Day 10, the CO2 emissions started to
slow down in all the treatments with crop residues. Thus, starting from Day 10, the aggregate stability
in the rye and wheat straw treatments increased for a short period. In the oilseed rape treatment,
the aggregate stability declined after 10 days. Furthermore, wheat straw with a lower decomposition
rate and CO2 emissions had higher aggregate stability from Day 10 to 19 compared with rye and
oilseed rape treatments. In this study, no significant correlation between the soil aggregate stability and
CO2 emissions was found. However, other studies suggest that the higher the aggregate stability is,
the higher the CO2 emissions might be [39,40]. That can happen due to higher C concentrations inside
the stable aggregates. The increase in N2O emissions was significantly influenced by the decrease in
aggregate stability (Table 6). The result is in line with previous literature [41] showing that aggregates
disruption can serve as spots of N2O emissions. In the rye treatment, the highest N2O fluxes were
observed from Day 19 to Day 28 of the incubation period (Figure 3B).

Meanwhile, the aggregate stability in this treatment decreased starting from Day 25 (Figure 2).
In the oilseed rape treatment, the highest N2O emissions correspond to the period between Days 13
and 28 (Figure 3B). By contrast, aggregate stability for this period, compared with Day 10, decreased to
even lower values (Figure 2). The more advanced the decomposition stage, the more organic matter
is decomposed, which makes the organic matter become more porous and retain more water [42].
During the 28 days of incubation, three water additions were made according to the gravimetric
field capacity of the soil and the weight of the pots after the first water addition. The decomposed
organic matter increased the retention capacity of the soil mass. Additionally, this influenced the high
amount of N2O emissions because conditions favorable for the denitrification process were created
by increasing the water content. Kravchenko et al. [43] confirmed that crop residues tend to increase
water content by absorbing water from the soil and increasing N2O emissions.

Overall, the observed remaining C in the soil proved to have a significant positive influence on
soil aggregate stability (Table 6). After 28 days of incubation, the decomposition rates slowed down;
consequently, less carbon was flushed from the soil leaving, in turn, a more stable fraction in the soil,
which resulted in an increase in aggregate stability after 28 days of incubation for the rye and wheat
straw treatments.

Slower decomposition rates generate slower microbial activity which, in the long term, stabilizes
the soil organic matter inside the aggregates [44]. At the same time, a slower decomposition rate
occurs with less decomposable compounds (cellulose, lignin, lipids, etc.). This could explain the
increase in MBC (Figure 4) and aggregate stability (Figure 2) after 48 days of rye and wheat straw
treatment. Besides the chemical composition of crop residues, which influences the decomposition
rates, the soil moisture and temperature are two important factors that can speed up decomposition [45].
Soil moisture positively influenced the N2O emissions and CH4. The present finding also supports
Schaufler et al. [46], who concluded that soil moisture positively influences nitrous oxide and methane
emissions. In our research, the link between soil moisture and CO2 emissions was negative.
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Table 6. Correlation matrix between different parameters for all data (CO2: carbon dioxide emissions; N2O: nitrous oxide emissions; CH4: methane emissions;
SM: soil moisture; Temp.: soil temperature; EC: electrical conductivity; WSA: water-stable aggregates; MBC: microbial biomass carbon; TN: total nitrogen;
TC: total carbon; P1005: relative absorbance of the FTIR peak for silicates and clay minerals as well as C–O–C stretching in polysaccharides; P1410: relative absorbance
of the FTIR peak for C–O bond vibrations and also the vibrations in C–N (amide III); P1630: relative absorbance of the FTIR peak for the aromatic C=C and C=O
vibrations of amide I groups; P2920: relative absorbance of the FTIR peak for asymmetric C–H vibration of aliphatic compounds; Cremain: observed remaining carbon
from crop residues in the soil after 105 days).

N2O CO2 CH4 SM Temp EC MBC WSA TN TC P1005 P1410 P1630

CO2 NS
CH4 NS NS
SM 0.3 *** −0.2 * 0.2 *

Temp NS 0.2 * NS −0.6 ***
EC 0.7 *** NS 0.3 *** 0.2 ** −0.2 ***

MBC 0.3 *** 0.5 *** 0.2 ** NS −0.2 * NS
WSA −0.3 ** NS −0.2 ** −0.5 *** 0.2 *** −0.3 *** NS
TN 0.4 *** NS 0.2 * NS NS 0.7 *** 0.2 ** NS
TC 0.4 *** 0.2 * 0.2 ** NS NS 0.4 *** 0.4 *** NS 0.7 ***

P1005 −0.3 ** NS NS −0.2 ** 0.4 ** −0.3 *** −0.3 *** NS −0.4 *** −0.4 ***
P1410 0.4 ** NS NS NS NS 0.6 *** 0.3 *** NS 0.6 *** 0.4 *** −0.7 ***
P1630 NS NS NS 0.2 ** NS −0.2 ** NS NS 0.2 * 0.2 *** −0.8 *** 0.2 ***
P2920 0.3 * NS NS 0.2 * −0.3 * 0.3 * 0.3 *** NS NS 0.2 * −0.6 *** 0.3 *** NS

Cremain −0.5 *** NS −0.3 *** −0.3 ** NS −0.8 *** NS 0.4 *** −0.8 *** −0.5 *** 0.5 *** −0.8 *** NS

NS: not significant, * p < 0.05, ** p < 0.01, and *** p < 0.001.



Agriculture 2020, 10, 527 13 of 17

Schaufler et al. found that CO2 emissions are higher at an intermediate soil moisture content,
which is in agreement with our findings showing that CO2 emissions are lower at higher moisture
contents and lower temperatures. Regarding methane emissions, only the rye treatment had
positive cumulative emissions, which could be explained by the creation of anaerobic hotspots
by microorganisms that consume oxygen during intense activity.

In this study, soil moisture served as a trigger for the decrease in soil aggregate stability
(Table 6). The disruption of aggregates occurs as a result of the water addition procedure. The results
from stepwise regression analysis show that soil moisture or soil electric conductivity can serve as
significant predictor variables for soil aggregate stability in all treatments. Both rye and oilseed rape
treatments had higher soil electric conductivity (see Figure S1) and higher crop residue TN (Table 2).
Soil electric conductivity was also positively correlated with N2O emissions and soil moisture (Table 6).
Thus, it can be concluded that a higher soil moisture content increases the soil electrical conductivity
and N2O emissions, and indirectly influences soil aggregate stability. The negative correlation between
aggregate stability and soil moisture was previously confirmed by Perfect et al. [47]. The decrease of
aggregate stability after wetting may be related to the presence of entrapped air inside the aggregates,
which triggers aggregate slaking [48].

The incorporation of crop residues had a significant effect on the soil functional groups (Table 3).
This is the result of differences in the functional groups of crop residues analyzed by FTIR (see Figure S2).
Thus, the incorporation of crop residues in soil increased the levels of amide I group or protein
compounds (1630 cm−1) in the soil mixed with rye residues (Table 4). The peak responsible for
carbohydrates and the amide III group at 1410 cm−1 also showed an increase due to the incorporation
of rye and oilseed rape residues. Only wheat straw treatment did not have a significant effect on soil
functional groups. This was probably due to the duration of the experiment, since the biochemical
compounds in the wheat require a longer time to decompose.

The small changes in the relative absorbance of peaks at 1630 and 1410 cm−1 in the rye and oilseed
rape treatments did not appear to have any effect on aggregate stability as no significant correlation
was found (Table 6). Stepwise regression analysis identified two treatments (rye and wheat straw)
in which soil functional group changes influenced aggregate stability (Table 7). In the wheat straw
treatment, the aliphatic group (2920 cm−1) had a positive influence on the soil aggregate stability.
This can be directly correlated with the decomposition of the labile fraction from wheat straw at the
beginning of the experiment and the high total carbon content of the crop residue. Demyan et al. [27]
specified that the aliphatic group could result from the increase in labile organic matter.

Table 7. Results of stepwise multiple regression analysis showing the influence of different factors
(N2O: nitrous oxide emissions; SM: soil moisture; Temp.: soil temperature; EC: electrical conductivity;
MBC: microbial biomass carbon; TN: total nitrogen; TC: total carbon; P1005: relative absorbance of
the FTIR peak for silicates and clay minerals as well as C–O–C stretching in polysaccharides; P1410:
relative absorbance of the FTIR peak for C–O bond vibrations and also the vibrations in C–N (amide III);
P2920: relative absorbance of the FTIR peak for asymmetric C–H vibration of aliphatic compounds)
on water-stable aggregates within different treatments after 105 days.

Partial R2 Model R2 F-Value P > F

Control
SM 0.069 0.062 10.202 0.057
EC 0.112 0.099 8.616 0.0091 **
TC 0.229 0.212 13.441 0.000 ***

N2O 0.246 0.222 10.362 0.0832
Rye
SM 0.268 0.245 11.371 0.0048 **
TN 0.390 0.349 9.584 0.0002 ***

Temp 0.525 0.476 10.701 0.2437
P1410 0.584 0.525 9.835 0.0101 *
P1005 0.631 0.563 9.249 0.0739
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Table 7. Cont.

Partial R2 Model R2 F-Value P > F

WS
P2920 0.209 0.183 8.182 0.0009 ***
MBC 0.313 0.268 6.845 0.0201 *
EC 0.408 0.347 6.668 0.0395 *
OR
EC 0.274 0.250 11.674 0.0006 ***
TC 0.509 0.476 15.563 0.0002 ***

* p < 0.05, ** p < 0.01, and *** p < 0.001.

Meanwhile, in the rye treatment, the aggregate stability was significantly influenced by
the carbohydrates/amide III group represented by the 1410 cm−1 peak (Table 7). This is based
on the significantly higher relative absorbance of this peak (Table 4) in the rye treatment.
However, this compound is also influenced considerably by the TN and TC content in soil (Table 6),
which proved to be significantly higher in the rye treatment compared to other treatments.

5. Conclusions

This study examined the short-term effects of cover crop residue addition on water-stable
aggregates in soil. The chemical composition of organic matter was demonstrated to play an essential
role in increasing the levels of water-stable aggregates. The decomposition rates of different types of
organic matter were highly dependent on their C/N ratio. The lower C/N ratio in rye and oilseed rape
residues resulted in higher decomposition rates. Residues with a low C/N ratio were associated with
higher CO2 and N2O emissions. The high decomposition rates of crop residues and water addition in
the early stages of incubation each led to a significant decrease in aggregate stability. The addition
of the crop residues had a short transient effect on the soil aggregate stability. The degree of soil
moisture negatively affected aggregate stability in untreated field soil as well as in soil with added rye,
oilseed rape, or wheat straw. The results also show that a higher amount of remaining C in the soil
can positively influence soil aggregate stability. General correlation analysis between soil biochemical
compounds and soil aggregate stability did not show any significant relationships, although stepwise
regression analysis showed that aliphatic compounds (2920 cm−1) and the carbohydrates/amide III
group (1410 cm−1) from the wheat straw and rye treatments, respectively, can significantly influence
the aggregate stability.

Further study is needed to fully understand the relationship between soil moisture and the water
retention capacity of crop residues and influence on aggregate stability. However, it is also essential
that future studies characterize the addition rates of crop residue that can improve aggregate stability,
irrespective of soil moisture content and decomposition rates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/11/527/s1,
Figure S1: The evolution of soil moisture (a), electrical conductivity (b) and soil temperature (c) (mean and
± standard error) in each of four treatment conditions: soil only (Control), soil mixed with oilseed rape residues
(OR), soil mixed with rye residues (Rye), soil mixed with wheat straw (WS), over a 105-day incubation period.
Stars indicate significant differences between treatments within the same day according to one-way ANOVA
(* p < 0.05, ** p < 0.01, and *** p < 0.001), Figure S2: FT-IR spectra of the crop residues incorporated in the soil.
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