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Carbon dioxide emissions and
nitrogen and phosphorus
mineralization patterns
from soil amended with
shoot and root residues of
different wheat genotypes
Nozibusiso Mbava*, Rebecca Zengeni
and Pardon Muchaonyerwa

University of KwaZulu-Natal, School of Agricultural, Earth and Environmental Sciences,
Pietermaritzburg, South Africa
Crop residue incorporation into soil is one strategy for improving soil quality.

While several studies have investigated the decomposition of different crop

species, little is known about mineralization patterns amongst genotypes of

the same crop. This study assessed the mineralization patterns of shoot (ST) and

root (RT) residues from five wheat genotypes (LM70, LM75, BW140, BW152, and

BW162), which were obtained from a drought-stress field trial. The ST/RT residue

was mixed with 100 g of soil in airtight PVC containers and incubated for 120

days. Carbon dioxide (CO2) released during decomposition was trapped,

whereas soil from each pot was analyzed for NH4
+, NO3

−, and extractable P

throughout the incubation. The initial biochemical composition varied amongst

genotypes and plant parts, with shoots exhibiting lower C:N and lignin content,

and higher N and P concentrations, whereas the opposite was observed for roots.

The STs also emitted higher net CO2 and mineralized higher net mineral N and P

compared with RTs. LM70RT emitted the lowest CO2 (2.49 mg g−1 C), whereas

BW140ST (11.3 mg g−1 C) and BW162ST (11.0mg g−1 C) had the highest emissions.

Net N mineralization initially increased before stabilizing by end of incubation,

with BW152RT releasing the lowest (4.91 mg g−1 N), whereas BW162ST and

BW140ST had the highest amounts (22.3 and 21.8 mg g−1, respectively).

BW140RT also mineralized the lowest extractable P (0.98 mg g−1 P), whereas

BW152ST had the highest (4.39 mg g−1 P). These results suggest that residue

decomposition and nutrient release were influenced by the initial biochemical

composition of wheat residues, which reflected the effects of drought stress

during plant growth.
KEYWORDS

carbon sequestration, decomposition, nutrient mineralization, soil fertility,
wheat residues
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1 Introduction

Declining soil quality remains one of the key factors

contributing to reduced crop yields globally (Agegnehu et al.,

2014). Amongst various indicators of soil quality, soil organic

carbon (SOC) is particularly important because it plays a central

role in nutrient cycling, supports biological activity, and improves

soil physicochemical properties (Lal et al., 2003). However,

unsustainable agricultural practices such as continuous

cultivation, intensive tillage, overgrazing, and frequent burning

have led to the depletion of soil organic matter (SOM) (Mills and

Fey, 2003), which is further exacerbated by the indiscriminate use of

inorganic fertilizers (Feizienė and Kadžienė, 2008). This

deterioration contributes not only to soil degradation but also to

increased carbon dioxide (CO2) emissions from soil, thereby

enhancing agriculture’s role in global greenhouse gas (GHG)

emissions (Ussiri and Lal, 2008).

According to IPCC (2021), agricultural activities are estimated

to contribute approximately 30%-40% of annual GHG emissions,

making them one of the main drivers of global warming.

Furthermore, Davis (2017) reported that atmospheric CO2

concentrations have been rising by 1–2 parts per million by

volume (ppmv) annually, with 20% of this increase attributed to

agriculture (Lal, 2001). Therefore, strong, rapid, and sustained

reductions in emissions are needed to mitigate global warming

(IPCC, 2022). Soils can act as either a source or sink of GHGs

depending on their properties, land use, and management (Kopittke

et al., 2024). As such, sustainable agricultural practices that

minimize emissions while improving soil fertility through

enhanced carbon sequestration are essential (Carlson et al., 2017).

These practices include conservation tillage and the application of

organic amendments such as manure, compost, and crop residues

(Crystal-Ornelas et al., 2021). Amongst them, crop residues are

particularly promising as they are locally available and can reduce

the need for chemical fertilizers (Jat et al., 2018).

Globally, crop residues are produced in large quantities, with

estimates reaching 3.8 billion tons annually, 74% of which comes

from cereals (Lal, 2005). Their incorporation improves SOM content,

nutrient cycling, and crop productivity (Sarkar et al., 2020). As

residues decompose, they release essential nutrients including

nitrogen (N), phosphorus (P), and sulfur (S), while simultaneously

emitting CO2 depending on their biochemical composition (Li et al.,

2024). The decomposition and nutrient release patterns of residues

are mainly controlled by their quality, particularly C:N ratio and N

and lignin content (Kaleeem-Abbasi et al., 2015; Ntonta et al., 2024)

with the C:N ratio identified as a major determinant of mineralization

dynamics. Residues with wide C:N ratios tend to immobilize

nitrogen, whereas those with narrow C:N ratios decompose more

rapidly, releasing nutrients (Lynch et al., 2016). However, residues

with wider C:N ratios may reduce CO2 emissions, whereas narrow C:

N ratios tend to promote greater CO2 release due to rapid microbial

degradation (Garcıá-Ruiz et al., 2019).

While the importance of residue quality in decomposition and

nutrient cycling has been studied, most previous studies have

focused on comparing decomposition and nutrient cycling
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potential of crop residues from different crops such as wheat,

maize, soybean, and rice (Hadas et al., 2004; Marıń et al., 2011;

Nicolardot et al., 2001; Sandhu et al., 2022). Fewer studies have

investigated the variation in residue composition within a single

crop species. Genotypes of the same crop, especially those bred

under contrasting environmental conditions, can differ significantly

in their tissue composition particularly in C:N ratios, lignin, and

nutrient content (Ntonta et al., 2024; Petrović et al., 2024). These

biochemical differences may influence residue decomposition rates

and associated soil nutrient dynamics (Bhandari et al., 2023). As

reported by Garcıá-Ruiz et al. (2019), varietal differences in tissue

quality and nutrient content can affect soil carbon and nutrient

cycling, even within the same crop species.

Wheat (Triticum aestivum L.) is a globally important cereal

crop, used for food products, seed, and animal feed (DAFF

(Department of Agriculture Forestry and Fisheries), 2015).

However, in Sub-Saharan Africa (SSA), wheat yields remain low

due to climate change-induced stresses such as rising temperatures

and erratic rainfall (Amoak et al., 2023). In response, plant breeding

programs have successfully developed drought-tolerant, high-

yielding wheat genotypes (Anwaar et al., 2020; Mathew et al.,

2019; Mzileni, 2023). These genotypes are adapted to a wide

range of agroecological conditions (Goldringer et al., 2019) and

differ in their biomass allocation patterns and residue chemistry,

especially under drought stress (Xu et al., 2023). As a result, farmers

now have access to wheat cultivars that not only withstand drought

but also may vary in their potential to improve soil fertility or

contribute to carbon sequestration when residues are incorporated

into the soil.

Despite these developments, little is known about how residue

quality amongst drought-tolerant wheat genotypes particularly

between shoots and roots affects CO2 emissions and nutrient

cycling. Understanding this variability can guide farmers in

selecting genotypes that not only produce higher yields but also

improve soil fertility and reduce reliance on mineral fertilizers. Some

genotypes may release higher amounts of nutrients when

decomposed, whereas others with recalcitrant biochemical

properties may be more suitable for long-term carbon sequestration.

Therefore, this study aimed to assess the biochemical

characteristics of shoot and root residues from five drought-

tolerant wheat genotypes and evaluate their effects on CO2

emissions, nitrogen, and phosphorus mineralization during

laboratory incubation. It was hypothesized that wheat genotypes

differ significantly in their shoot and root biochemical composition

particularly in C:N ratio and lignin and nutrient content and that

these differences lead to distinct patterns of CO2 emissions and

nutrient mineralization following residue incorporation into soil.
2 Materials and methods

A wheat residue incubation experiment was conducted in a

laboratory at the University of Kwa-Zulu Natal (UKZN) (29.6263°

S, 30.4034° E), Pietermaritzburg, South Africa, from May to

September 2018.
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2.1 Soil sampling and preparation

The soil used in the study was collected from an arable field at

Ukulinga Research Farm of the UKZN, South Africa. The soil was

loam and classified as Chromic Luvisols (IUSS Working Group

WRB, 2015). Soil samples were collected at a 0-15-cm depth

randomly using an auger and then mixed thoroughly to form a

composite sample. This was then air dried, ground, and passed

through a 2-mm sieve. A 0.5-kg subsample was then taken for

determination of physicochemical properties shown in Table 1.
2.2 Wheat residues selection and
biochemical characteristics

Shoot (ST) and root (RT) residues of five wheat (Triticum

aestivum L.) genotypes were used in this study. The residues were

obtained from a drought-stress field experiment conducted at the

University of KwaZulu-Natal, Pietermaritzburg, South Africa, as

described by Mathew et al. (2019). In that study, 100 wheat

genotypes were grown under both well-watered and water-limited

conditions to evaluate their performance under drought stress.

Based on their adaptability and physiological performance under

drought, 10 genotypes were selected for further evaluation. From

these, five genotypes (BW140, BW152, BW162, LM70, and LM75)

were selected for the current study due to their wide variation in

residue biochemical composition, particularly in C:N ratio. These

biochemical differences were as a result of the distinct genotypic

responses to drought stress. Due to their genetic backgrounds, the

selected genotypes exhibited varying abilities to cope with water

limitation, which led to significant differences in biomass allocation

and nutrient partitioning between shoot and root tissues. This in

turn caused variation in biochemical composition of residues.

Specifically, two genotypes (BW140 and BW162) exhibited low C:

N ratios, two (BW152 and LM75) showed high C:N ratios, and one

(LM70) had a moderate C:N ratio, making them ideal candidates for

comparing decomposition and nutrient mineralization patterns.
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After harvest, residues were separated into shoots and roots,

oven-dried at 70°C for 48 h, and ground to pass through a 1-mm

sieve. Subsamples were analyzed in triplicates for total carbon (TC),

nitrogen (TN), phosphorus (TP), and lignin content. Total C and N

were determined using a LECO TruMac CNS Auto Analyzer

(LECO Corporation, 2012). Lignin content was measured using

the Van Soest method (Van Soest et al., 1991), and total P was

measured by acid digestion followed by ascorbic acid colorimetry

(Okalebo et al., 2002).

Biochemical characteristics varied across the selected genotypes

and residue types. Total C ranged from 23.9% to 36.2%, with lower

values observed in LM70 roots. Total N ranged from 0.34% to

1.64%, with higher values found in shoot residues of BW140 and

BW162. Phosphorus content ranged from 0.13% to 0.35%, and

lignin content was generally higher in roots than in shoots.

Calculated C:N ratios ranged from 19.7:1 to 89.4:1, C:P ratios

from 98.6:1 to 217:1, and lignin:N ratios from 8.85:1 to 75.0:1.

The full biochemical properties of the wheat residues are presented

in Table 2.
2.3 Incubation experiment

2.3.1 CO2-emission determination
The experiment was arranged in a completely randomized

design with 11 treatments replicated three times. Treatments

included a control (soil only), and either shoot (ST) or root (RT)

residues of five wheat genotypes. Ground residues (0.25 g) were

mixed with 100 g of soil in 100-mL plastic containers. Each

container was placed into a 500-mL airtight plastic incubation jar

with a vial containing 25 mL of 1 M NaOH to trap CO2. The soil

was moistened to 50% of its water-holding capacity. The jars were

sealed and incubated in the dark at 25°C in a constant-temperature

laboratory room for 120 days. Separate jars were prepared for

destructive sampling on each sampling day. This resulted in a

total of 429 pots incubated with 33 pots being removed from the

incubation room for each sampling day for analysis. The CO2-C

emitted was measured at the 0, 7, 15, 23, 31, 39, 47, 55, 63, 77, 91,

105, and 120th days of incubation, where NaOH was titrated with

0.5 M HCl, using phenolphthalein as an indicator, after

precipitating carbonates with BaCl2. The amount of CO2-C

emitted was calculated from the volume of 1 M NaOH that

reacted with CO2, determined by titration with 0.5 M HCl after

BaCl2 precipitation (Anderson, 1982). CO2-C was calculated using

Equation 1 below:

CO2 − C(mg kg−1)

= ½(VNaOH − VHCI)� N � 12� 1000�=W (1)

where VNaOH and VHCl are volumes (mL) of NaOH and HCl,

respectively, N is the normality of the acid/base (mol L-¹), 12 is the

molar mass of C (g mol-¹), and W is the weight of dry soil (kg).

The net CO2-C emitted was obtained by calculating the

differences in the values of the biomass treated soil and control,

whereas cumulative mineralized CO2-C was calculated as the sum
TABLE 1 Selected physicochemical properties of the soil used in the
incubation study.

Soil property Values ± SD

Bulk density (g cm−3) 1.24 ± 0.006

Sand (%) 30.0 ± 0.061

Silt (%) 34.9 ± 0.058

Clay (%) 24.4 ± 0.015

Texture Loam

pH (KCl) 4.73 ± 0.015

P (mg L−1) 11 ± 0.051

Exch. acidity (cmol L−1) 0.047 ± 0.001

TC % 1.9 ± 0.067

TN% 0.17 ± 0.01
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of all previous measurements. Carbon dioxide emitted was

expressed per gram of C present in the residues to account for

differences in C content amongst the wheat residues.

2.3.2 Mineral nitrogen and phosphorus
determination

At each sampling interval, the soil from of each incubation pot

was emptied and thoroughly homogenized using a sterile spatula.

Subsamples of the moist soil were then immediately collected for

nutrient analysis. Ammonium (NH4
+-N) and nitrate (NO3

−-N)

were extracted using 2 M KCl. Specifically, 2.0 g of moist soil was

suspended in 20 mL of 2 M KCl in a 100-mL extraction bottle and

shaken at 180 cycles per minute for 30 min using a reciprocal shaker

(Model E5850, Thomas Scientific, Swedesboro, NJ, USA). The

mixture was filtered through Whatman No. 1 filter paper, and the

filtrates were analyzed for NH4
+-N and NO3

−-N concentrations

using a Thermo Scientific Gallery Discrete Autoanalyzer (Rayment

and Lyons, 2011).

Extractable phosphorus was determined calorimetrically

following the AMBIC-2 extraction method (Non-Affiliated Soil

Analysis Work Committee, 1990). A 2.5-g sample of moist soil

was placed in a 100-cm3 centrifuge tube and extracted with 25 mL

of AMBIC-2 solution (containing 0.25 M NH4CO3, 0.01 M EDTA,

0.01 MNH4F, and 0.05 g L
−1 SuperFLOCN100, adjusted to pH 8.0).

The suspension was shaken at 180 cycles per minute for 30 min and

then filtered through Whatman No. 41 filter paper. A 2-mL aliquot

of the extract was diluted with 8 mL of distilled water, followed by

the slow addition of 10 mL of color reagent (Murphy and Riley,

1962) with continuous mixing. The mixture was allowed to stand

for 45 min before measuring absorbance at 670 nm using a UV/

VIS spectrophotometer.
2.4 Statistical analysis

An analysis of variance (ANOVA) was conducted using

GenStat (Payne et al., 2017) to test the effects of residue type

(shoot, root), genotype, and incubation period on nitrogen and
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phosphorus mineralization, and CO2 emissions. The root

treatments were analyzed separately from shoot treatments.

Differences between treatment means were further separated by

least significant differences (at p = 0.05). Pearson’s correlation

analysis was also performed to assess relationships between CO2-

C emissions, mineral N, extractable P, and the biochemical

composition of the residues.
3 Results

3.1 Variation of CO2 emission amongst
different wheat residues

The net CO2-C emission significantly differed amongst residue

treatments and incubation times (p<0.001). It was higher for shoots

compared with root residues throughout the incubation period

(Figure 1; Tables 3A, B). It increased in the first two for shoots

(Figure 1B) to three for roots (Figure 1A) weeks of incubation and

decreased thereafter. Peaks were reached between days 7 and 23 for

roots and between days 7 and 15 for shoot residues (Figure 1).

Greater variation of net CO2-C emission amongst the shoot

residues of different wheat genotypes was observed. The

maximum net CO2-C emitted by shoot residues on day 15 were

15.54 = 15.14>12.53>10.61>8.87 mg CO2-C g−1 C added for shoot

residues of BW140, BW162, BW152, LM70, and LM75,

respectively, whereas the maximum net CO2-C emitted by root

residues on day 23 were 6.52, 6.33, 5.73, 5.15, and 4.68 mg CO2-C

g−1 C added for BW162, BW140, LM75, BW152, and LM70,

respectively. Amongst the root treatments, LM70 emitted the

lowest net CO2-C of 2.49 mg CO2-C g−1 C added, whereas the

other four treatments did not significantly differ (Table 3A). In

shoot-treated soils, genotypes LM70 and LM75 emitted lowest net

CO2-C with average values of 7.13 and 6.82 mg CO2-C g−1 C,

respectively, whereas BW162 and BW140 emitted highest net CO2-

C of 11.05 and 11.26 mg CO2-C g−1 C, respectively (Table 3B).

Net cumulative CO2-C emission differed amongst all treatments

(p<0.001), by increasing with incubation period, and was highest in
TABLE 2 Initial biochemical properties of shoot and root residues of five wheat genotypes used in the incubation study.

Treatment Genotype Total C% Total N% Total P % Lignin% C: N C: P Lignin: N

Root LM70 23.9 0.45 0.20 28.4 53.0 119 63.1

Root BW162 33.1 0.64 0.21 29.3 51.8 158 45.8

Root BW152 30.4 0.34 0.16 25.5 89.4 191 75.0

Root LM75 33.4 0.41 0.17 29.8 81.5 197 72.6

Root BW140 28.2 0.83 0.13 30.1 34.0 217 36.3

Shoot LM70 34.0 0.65 0.26 15.2 52.4 131 23.4

Shoot BW162 31.6 1.60 0.27 14.2 19.7 117 8.85

Shoot BW152 34.5 0.88 0.35 10.7 39.2 98.6 12.2

Shoot LM75 36.2 0.57 0.30 17.4 63.5 121 30.4

Shoot BW140 34.9 1.64 0.25 16.3 21.3 139 9.91
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shoot compared with root residues (Figure 2; Table 3). In root

treatments, it was lowest in LM70 (19.6 mg CO2-C g−1 C added),

which did not significantly differ from with BW152 and LM75

(Table 3A). Amongst shoots, it was highest in BW162 (81.7 mg

CO2-C g−1 C added) and BW140 (82.6 mg CO2-C g−1 C added)

(Table 3B), but lowest in LM75 (48.0 mg CO2-C g−1 C added) and

LM70 (53.0 mg CO2-C g−1 C added), (Table 3B).
3.2 Variation of N mineralization amongst
different wheat residues

Net mineral N (NH4
+-N + NO3

−-N) significantly differed

amongst all treatments (p<0.001). It increased with increasing

incubation period for most treatments and then showed a general

steading after day 60 of incubation (Figure 3A). The peak net N was

mineralized between days 39 and 63 for most treatments (Figure 3).

Amongst the root residues, BW152 mineralized the lowest net N

with an average value of 4.91 mg N g−1 N added, whereas roots of

BW140 mineralized the highest net N of 20.1 mg N g−1 N added

(Table 3A). In shoots, LM70 (15.1 mg N g−1 N added) and LM75
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(13.8 mg N g−1 N added) mineralized lower net N whereas BW162

(22.3 mg N g−1 N added) and BW140 (21.8 mg N g−1 N added)

mineralized highest net N (Table 3B) (Figure 3B).
3.3 Variation of P mineralization amongst
different wheat residues

Net extractable P mineralization significantly differed amongst

all treatments at all incubation times (p<0.001). Root residues

resulted in lower extractable P than shoots for each incubation

period (Figure 4). They showed a slow increase in P up to day 31

with a rapid increase observed between days 47 and 55 and then no

further increase thereafter (Figure 4A). In shoot treatments, rapid

increases were observed between days 31 and 39 and also between

days 47 and 55 becoming steady thereafter (Figure 4B). Amongst

the roots, BW140 residues mineralized lowest net extractable P

(average of 0.98 mg P g-1 P added), whereas the other four

genotypes did not significantly differ (Table 3A). There were no

significant differences in net extractable P in most shoot

treatments (Table 3B).
FIGURE 1

Net CO2-C emissions (mg CO2-C g−1 added) over 120 days from root (RT) (A) and shoot (ST) (B) residues of five wheat genotypes previously grown
under drought stress conditions. Residues were incubated under controlled laboratory conditions. Vertical bars represent least significant difference
(LSD) at p < 0.05.
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3.4 Relationship between CO2-C emission
and N and P mineralization with residue
quality

Table 4 shows that net CO2-C correlated positively (p < 0.05)

with total C (r= 0.793) and negatively with C: P (r=−0.35) and lignin

(r= −0.69) content. Net mineral N was positively correlated (p <

0.05) with total N (r=0.707), and negatively with C: N (r= −0.803),

lignin (r= −0.684), and lignin: N (r= −0.588) (Table 4). Net

extractable P also positively correlated with total P (r= 0.587

p<0.05) and negatively with C: P (r= −0.603, p<0.05).
4 Discussion

The incorporation of wheat residues significantly enhanced net

CO2-C emissions compared with the control, due to the increased

availability of labile carbon substrates. The initial peak in CO2-C

emission during the early incubation phase likely reflects rapid

microbial colonization and activity, stimulated by the readily

available carbon under controlled moisture and temperature

conditions. This response is consistent with observations by de
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Almeida et al. (2014) who noted that decomposition rates are higher

in the beginning and decline over time due to the gradual depletion

of labile compounds and accumulation of recalcitrant substances

such as lignin.

While the findings of this study are consistent with observations

by Patel et al. (2024) and Lenka et al. (2022), the magnitude and

timing of CO2-C emissions were influenced by differences in residue

biochemical composition amongst genotypes. These differences

likely reflect both inherent genotypic variation and genotype-

specific responses to drought stress during wheat growth, as

previously reported by Mathew et al. (2019). Shoot residues from

BW140 and BW162 exhibited markedly higher CO2-C emissions,

likely due to their lower C:N and lignin:N ratios, which facilitated

faster microbial decomposition. These biochemical traits enhance

carbon availability and reduce physical barriers to microbial access,

thereby accelerating respiration processes. In contrast, root

residues, especially from LM70 and BW152, showed significantly

lower CO2-C emissions. These genotypes had higher lignin content,

and wider C:N and lignin:N ratios, which are known to inhibit

microbial activity due to the recalcitrance of the material, and the

need for microbes to scavenge nitrogen for biomass synthesis

(Shaaban et al., 2016).
TABLE 3A Average net CO2-C emissions (mg CO2-C g−1 C added) and mineral nitrogen (mg N g−1 N added) and phosphorus (mg P g−1 P added)
released from root residues of different wheat genotypes incubated for 120 days.

Treatment Net CO2-C Net Cum CO2-C Net mineral N Net extractable P

—————–mg g-1 added—————————————————————

LM70 RT 2.49a 19.56a 13.24b 2.34c

LM75 RT 3.62b 26.55ab 12.56b 2.12bc

BW152 RT 3.76bc 24.70ab 4.91a 1.8b

BW162 RT 4.36bc 32.51b 13.42b 2.56c

BW140 RT 4.39c 30.58b 20.05c 0.98a

LSD (p<0.05) 0.5383 6.89 2.323 0.3375
Different letters in each column show significant differences amongst treatments at (p <0.001). Net CO2-C= net CO2-C emitted by wheat residues over 120 days of incubation (mg CO2-C g−1 C
added), Net cum CO2-C= net cumulative CO2-C emitted by wheat residues over 120 days of incubation (mg CO2-C g−1 C added), Net mineral N= net N mineralized by wheat residues over 120
days of incubation (mg CO2-C g−1 C added), Net Extractable P= net P mineralized by wheat residues over 120 days of incubation (mg CO2-C g−1 C added).
TABLE 3B Average net CO2-C emissions (mg CO2-C g−1 C added) and mineral nitrogen (mg N g−1 N added) and phosphorus (mg P g−1 P added)
released from shoot residues of different wheat genotypes incubated for 120 days.

Treatment Net CO2-C Net Cum CO2-C Net mineral N Net extractable P

—————————-mg g-1 added————————————————-

LM70 ST 7.13a 53.00a 15.14a 3.43ab

LM75 ST 6.82a 48.02a 13.76a 3.76ab

BW152 ST 9.53b 66.37ab 18.13ab 4.39b

BW162 ST 11.05c 81.68b 22.30b 3.48ab

BW140 ST 11.26c 82.60b 21.77b 2.95a

LSD (p<0.05) 0.795 15.80 3.457 0.781
Different letters in each column show significant differences amongst treatments at (p <0.001). Net CO2-C= net CO2-C emitted by wheat residues over 120 days of incubation (mg CO2-C g−1 C
added), Net cum CO2-C= net cumulative CO2-C emitted by wheat residues over 120 days of incubation (mg CO2-C g−1 C added), Net mineral N= net N mineralized by wheat residues over 120
days of incubation (mg CO2-C g−1 C added), Net Extractable P= net P mineralized by wheat residues over 120 days of incubation (mg CO2-C g−1 C added).
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These findings not only reaffirm the role of residue quality in

decomposition but also highlight that genotypic differences

particularly under drought-induced physiological stress can lead

to significant variations in decomposition dynamics even within a

single crop species. Similar findings were reported by Garcıá-Ruiz

et al. (2019) in their incubation study using residues from different

wheat genotypes. The C:N ratio had a significant effect on CO2-C

emissions amongst the wheat genotypes with the lowest CO2-C

emissions found on wheat genotypes with a wide C:N ratio whereas

those with a narrow C:N ratio emitted higher CO2-C emissions.

This further confirms earlier findings byMacias-Corral et al. (2019),

who noted that residues with low C:N ratios promote greater carbon

mineralization and CO2-C release.

Although wheat is not typically bred for residue quality traits,

our results show that genotypes responded differently to drought

stress, leading to notable variations in residue composition that can

significantly influence carbon turnover. Such differences, especially

when residues are retained in conservation agriculture systems,

could inform decisions about genotype use where long-term soil

organic carbon dynamics are a concern (Stella et al., 2019). Nitrogen
Frontiers in Agronomy 07
mineralization was also strongly influenced by genotype as BW140

ST and BW162 ST released more mineral N, attributed to their

higher initial N content and narrower C:N and lignin:N ratios.

These findings align with strong correlations between mineral N

and total residue N (r= 0.707), and a negative relationship with C:N

ratio (r= −0.803). Notably, BW152 RT, with the widest C:N ratio

(89.4:1), immobilized the most nitrogen, reflecting microbial

demand during decomposition consistent with the microbial N

mineralization pattern (Jung et al., 2014; Kaleeem-Abbasi et al.,

2015; Hou et al., 2020).

Similarly, phosphorus mineralization was higher in shoot

residues, particularly BW152 ST, which contained the highest total

P and the lowest C:P ratio. Residues with P >0.2% and C:P <200:1

have been shown to favor net mineralization (Damon et al., 2014).

Correlation analysis confirmed this, with extractable soil P positively

related to residue total P (r= 0.587) and negatively related to C:P ratio

(r = −0.603). The lowest P mineralization was observed in BW140

RT, which had a C:P ratio >200:1. This likely reflects P

immobilization under conditions of microbial P demand and

potential effects of localized low pH, which may limit P availability
frontiersin.or
FIGURE 2

Net cumulative CO2-C emissions (mg CO2-C g−1 added) over 120 days from root (RT) (A) and shoot (ST) (B) residues of five wheat genotypes
previously grown under drought stress conditions. Residues were incubated under controlled laboratory conditions. Vertical bars represent the least
significant difference (LSD) at p < 0.05.
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(Ara et al., 2018; Alamgir and Marschner, 2016). These findings

demonstrate that, under drought stress, wheat genotypes exhibited

substantial differences in both above- and belowground residue

composition, which in turn influenced decomposition and nutrient

cycling in soil.

Importantly, this work reveals that genotypes selected for

agronomic performance under drought stress also differ in their

potential to influence biogeochemical processes in the soil. By

examining both shoot and root residues, this study provides a

more comprehensive view of how whole-plant residue quality can

shape soil carbon and nutrient dynamics during decomposition.

These findings further confirm that CO2-C emissions (measured as

an indicator of carbon mineralization), as well as nitrogen and

phosphorus release, are closely linked to genotype-specific

biochemical composition, highlighting the need to consider

genotypic variation not only for yield but also for post-harvest

soil impacts.
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5 Conclusion

This study confirmed that wheat genotypes differ in the

biochemical composition of their shoot and root residues induced

by drought stress, and these differences significantly influence CO2

emissions, nitrogen, and phosphorus mineralization in soil.

Genotypes with narrower C:N and lignin:N ratios promoted

faster decomposition and nutrient release, whereas those with

wider ratios decomposed more slowly, contributing to potential

carbon stabilization in soil. These findings highlight that the

interaction between genetic background and environmental

conditions such as drought influence residue quality and its

subsequent impact on soil nutrient cycling. While residue quality

is not a typical breeding target, the variation observed in the present

study suggests that wheat residues can be managed in ways that

enhance their benefits. Instead of applying all residues uniformly,

nutrient-rich shoot residues may be used to improve soil fertility,
FIGURE 3

Net nitrogen (N) mineralized (sum of NH4
+-N and NO3

−-N) over 120 days from root (A) (RT) and shoot (ST) (B) residues of five wheat genotypes
previously grown under drought stress conditions. Residues were incubated under controlled laboratory conditions. Vertical bars represent the least
significant difference (LSD) at p < 0.05.
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TABLE 4 Pearson’s correlation coefficients (r) between selected initial biochemical properties of wheat residues and different incubation variables
after 120 days of incubation under controlled laboratory conditions.

Parameter Total C C: N C:P
Net Cum
CO2-C

Lignin Lignin: N TN
Net
mineral N

TP
Net
extractable P

Total C –

C: N −0.020 –

C:P −0.227* 0.398* –

Net Cum CO2-
C

0.596* −0.130 0.346 –

Lignin −0.569* 0.460* 0.757* −0.069 –

Lignin: N −0.465* 0.845* 0.586* −0.213* 0.812* –

TN 0.243 −0.827** −0.329* 0.160 −0.557* −0.805* –

Net mineral N 0.426* −0.803* 0.575 −0.142 −0.684* −0.588* 0.707* –

TP 0.583* −0.367* −0.891** −0.119 −0.892** −0.715* 0.364* 0.444* –

Net extractable
P

−0.329 0.166 −0.603* −0.281 0.523 0.455 −0.116 0.314 0.587* –

Net CO2-C 0.793* −0.130 −0.346* 1.000** −0.690* −0.213* 0.160* 0.142* 0.119* −0.281
F
rontiers in Agron
omy
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Significant at p<0.05= *, significant a p<0.001=**: TN, total nitrogen in residue tissues (%); TC, total nitrogen in residue tissues (%); C:N, C:N ratio of wheat residues; C:P, C:P ratio of wheat residues; CO2-C,
net CO2-C evolved by wheat residue (mg CO2-C g−1 C added); Net CumCO2-C, net cumulative CO2-C evolved by wheat residue (mgCO2-C g−1 C added; Lignin, lignin content of wheat residues (%), Lignin:
N, lignin:N ratio of wheat residues; Net Mineral N, net N mineralized by wheat residues (mg N g−1 N added); Net Extractable P, net P mineralized by wheat residues (mg P g−1 P added).
Values in bold represent significant correlations of CO2 emissions and mineral nutrients with initial biochemical properties.
FIGURE 4

Net phosphorus (P) mineralized over 120 days from root (RT) (A) and shoot (ST) (B) residues of five wheat genotypes previously grown under drought stress
conditions. Residues were incubated under controlled laboratory conditions. Vertical bars represent the least significant difference (LSD) at p < 0.05.
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whereas carbon-rich roots can support long-term carbon

sequestration. Although farmers primarily select varieties for their

yield potential, considering residue characteristics in post-harvest

practices could support soil fertility and climate resilience goals.
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nutritional value of diverse wheat genotypes. Agronomy 14, 311. doi: 10.3390/
agronomy14020311

Rayment, G. E., and Lyons, D. J. (2011). Soil chemical methods: Australasia
(Collingwood VIC 3066 Australia: CSIRO publishing), 495.

Sandhu, O. S., Jat, M. L., Gupta, R. K., Thind, H. S., Sidhu, H. S., and Singh, Y. (2022).
Influence of residue type and method of placement on dynamics of decomposition and
nitrogen release in maize-wheat-mungbean cropping on permanent raised beds: A
litterbag study. Sustainability 14, 864. doi: 10.3390/su14020864

Sarkar, S., Skalicky, M., Hossain, A., Brestic, M., Saha, S., Garai, S., et al. (2020).
Management of crop residues for improving input use efficiency and agricultural
sustainability. Sustainability 12, 9808. doi: 10.3390/su12239808

Shaaban,M., Peng, Q., Hu, R., Lin, S., and Zhao, J. (2016). Soil nitrous oxide and carbon
dioxide emissions following incorporation of above-and below-ground biomass of green
bean. Int. J. Environ. Sci. Technol. 13, 179–186. doi: 10.1007/s13762-015-0843-9

Stella, T., Mouratiadou, I., Gaiser, T., Berg-Mohnicke, M., Wallor, E., Ewert, F., et al.
(2019). Estimating the contribution of crop residues to soil organic carbon
conservation. Environ. Res. Lett. 14, 094008. doi: 10.1088/1748-9326/ab395c

Ussiri, D. A., and Lal, R. (2008). Method for determining coal carbon in the
reclaimed minesoils contaminated with coal. Soil Sci. Soc. America J. 72, 231–237.
doi: 10.2136/sssaj2007.0047

Van Soest, P. V., Robertson, J. B., and Lewis, B. A. (1991). Methods for dietary fiber,
neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J.
Dairy Sci. 74, 3583–3597. doi: 10.3168/jds.S0022-0302(91)78551-2

Xu, Z., Lai, X., Ren, Y., Yang, H., Wang, H., Wang, C., et al. (2023). Impact of drought
stress on yield-related agronomic traits of different genotypes in spring wheat.
Agronomy 13, 2968. doi: 10.3390/agronomy13122968
frontiersin.org

https://doi.org/10.1016/j.jclepro.2020.120302
https://doi.org/10.1016/j.jclepro.2020.120302
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.1080/03650340.2017.1359415
https://doi.org/10.1016/j.ecoleng.2013.12.037
https://doi.org/10.5194/se-6-197-2015
https://doi.org/10.5194/soil-10-873-2024
https://doi.org/10.1016/j.envint.2004.09.005
https://doi.org/10.1097/01.ss.0000106407.84926.6b
https://doi.org/10.1097/01.ss.0000106407.84926.6b
https://doi.org/10.3389/fenvs.2022.857233
https://doi.org/10.3390/agronomy14040698
https://doi.org/10.1186/s40064-016-2651-1
https://doi.org/10.1186/s40064-016-2651-1
https://doi.org/10.1007/s40093-019-00308-5
https://doi.org/10.1007/s40093-019-00308-5
https://doi.org/10.5897/AJAR11.530
https://doi.org/10.1111/jac.2019.205.issue-4
https://doi.org/10.1080/02571862.2004.10635071
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1023/A:1004813801728
https://doi.org/10.1016/j.rhisph.2024.100850
https://doi.org/10.1080/00103624.2024.2305839
https://doi.org/10.1080/00103624.2024.2305839
https://doi.org/10.3390/agronomy14020311
https://doi.org/10.3390/agronomy14020311
https://doi.org/10.3390/su14020864
https://doi.org/10.3390/su12239808
https://doi.org/10.1007/s13762-015-0843-9
https://doi.org/10.1088/1748-9326/ab395c
https://doi.org/10.2136/sssaj2007.0047
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3390/agronomy13122968
https://doi.org/10.3389/fagro.2025.1576878
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

	Carbon dioxide emissions and nitrogen and phosphorus mineralization patterns from soil amended with shoot and root residues of different wheat genotypes
	1 Introduction
	2 Materials and methods
	2.1 Soil sampling and preparation
	2.2 Wheat residues selection and biochemical characteristics
	2.3 Incubation experiment
	2.3.1 CO2-emission determination
	2.3.2 Mineral nitrogen and phosphorus determination

	2.4 Statistical analysis

	3 Results
	3.1 Variation of CO2 emission amongst different wheat residues
	3.2 Variation of N mineralization amongst different wheat residues
	3.3 Variation of P mineralization amongst different wheat residues
	3.4 Relationship between CO2-C emission and N and P mineralization with residue quality

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




