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ABSTRACT
Burning has commonly been used to increase forage production and nutrients cycling
in grasslands. However, its long-term effects on soil organic carbon (SOC) and nitrogen (N) pools within the aggregates and the relation between aggregates-associated
SOC and soil CO2 emissions need further appraisal. This study evaluated the effects
of 64 years of annual burning on SOC and N dynamics compared to annual mowing and undisturbed treatments in a grassland experiment established in 1950. Soils
were sampled from four depths representing the upper 30 cm layer and fractionated
into macroaggregates, microaggregates and silt + clay fractions. The macroaggregates
were further fractionated into three occluded fractions. The SOC in the bulk soil and
aggregates were correlated to soil CO2 effluxes measured under field conditions.
Compared to the undisturbed treatment, annual burning decreased aggregates stabil-
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ity, SOC and N in the upper 30 cm layer by 8%, 5% and 12%, respectively. Grassland
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to mowing and the undisturbed grasslands but proportionally increased the micro-
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turbed and mowing, respectively. The combustion of fresh C and soil organic matter

mowing induced greater aggregates stability than burning only in the upper 5 cm.
Burning also decreased SOC in the large macroaggregates (e.g., 0–5 cm) compared
aggregates and their associated SOC. Soil N associated with aggregates decreased
largely following grassland burning, for example, by 8.8-fold in the microaggregates
within the large macroaggregates at 20–30 cm compared to the undisturbed grassland. Burning also increased soil CO2 emissions by 33 and 16% compared to undisby fire is likely responsible for the low soil aggregation, high SOC and N losses under
burned grassland. These results suggested a direct link between grass burning and
SOC losses, a key component for escalating climate change severity. Therefore, less
frequent burning or a rotation of burning and mowing should be investigated for sustainable grasslands management.
KEYWORDS

annual mowing, climate change, grassland sustainability, soil aggregates, soil respiration, South
Africa
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accumulation depends on it is frequency, for example, mowing every
1 or 2 years significantly enhanced the SOM accumulation and sta-

Grasslands occupy ̴ 40% of the global land surface, represent up to

bilization compared to twice a year in a semiarid grassland in China

70% of the agricultural area, and store about 20% of the total terres-

(Li et al., 2017). However, Nüsse et al. (2018) found that five cuts per

trial carbon (C) (Blair et al., 2014; Conant, 2010; Ramankutty et al.,

year increased the C and N stocks in the soil and the proportion of

2008), and are thus crucial for climate change mitigation. However,

macroaggregates fractions at the 0–10 cm soil depths in Germany,

the aggravating climate change risk associated with inappropriate

an effect explained by the high roots concentration and exudates

management practices significantly influences the mitigation po-

related to Lolium perenne under mowing. Several other studies

tential of grasslands (Chang et al., 2021; Nandintsetseg et al., 2021).

(e.g., Benning & Seastedt, 1997; Kitchen et al., 2009; Shimoda &

Therefore, there is an urgent need to adopt strategic grassland man-

Takahashi, 2009) also reported greater roots biomass and fine roots

agement practices to offset greenhouse gas emissions by increasing

distribution in upper soil depths (i.e., 0–5, 0–10 cm) under mowed

soil organic matter (SOM), a key component for grassland sustain-

compared to burned grasslands. These studies only looked at the

ability. The interaction of management practices, soil properties and

effect of mowing on soil aggregates and their associated SOC and N

climatic conditions can determine the long-term fate of SOM. Several

in the upper 5 cm depth, while burning grasslands or leaving them

improved grassland management practices were found to increase C

undisturbed could promote C in the deeper soil layers.

inputs and it is stabilized in soils (Chaplot et al., 2016; Chen et al.,

Despite the clear evidence that burning and mowing alter soil ag-

2015; Whitehead, 2020). The C is mainly stabilized in the soil aggre-

gregation globally, few studies have simultaneously addressed their

gates, with the level of stabilization depending on the soil aggregation

effect on the fate of C and N content in soils. However, their im-

controlled, mainly by the management practices (Egan et al., 2018; Six

pact on soil C and N within the aggregates particularly that occluded

et al., 2002). Management practices such as grassland burning and

within the macroaggregates after 64 years of a continuous annual

mowing can strongly affect soil aggregation and soil CO2 emissions,

application is yet to be investigated. The lack of such studies not only

thus alter the soil C stocks of managed grasslands (Abdalla et al.,

in the Southern African countries but rather the whole sub-Saharan

2016; Shimoda & Takahashi, 2009; Soong & Cotrufo, 2015).

African region makes the current research important to both local

Burning has long been used as traditional management to en-

and international scientific communities. Therefore, the present

hance grassland productivity and prevent bush encroachments into

study investigated the proportion of aggregate fractions and the

pastures worldwide (Hall & Scurlock, 1991; Montané et al., 2007;

SOC and N content associated with these fractions in a long-term

Trollope, 1980). Frequent burning directly reduces fresh C inputs

grassland experiment established in 1950 at the Ukulinga research

to the soils by aboveground biomass and surface litter combustion

farm in South Africa. The obtained SOC data were correlated to soil

(Pellegrini et al., 2020). A small proportion (about 4%) of the bio-

CO2 emissions measured at the same site by Abdalla et al. (2016) to

mass returned to the soil as a pyogenic organic matter (also called

address the potential effect of SOC in different aggregate fractions

black carbon and charcoal) alters C and nitrogen (N) cycles (Forbes

on soil CO2 emissions. The study hypothesized that first, long-term

et al., 2006; Knicker et al., 2012; Soong & Cotrufo, 2015). Another

annual burning would decrease aggregate stability, and C and N pools

indirect effect is induced by fire severity on the soil properties, that

in the soils compared to annual mowing and undisturbed grassland

is, soil aggregates stability, C and N pools (Araya et al., 2016, 2017;

because the combustion of aboveground biomass and litter reduces

Grogan et al., 2000; Harris et al., 2008). In a laboratory incubation,

fresh C input to soils. Second, long-term annual burning would re-

Araya et al. (2016), Araya et al. (2017) identified a fire temperature

duce the proportion of macroaggregates and their associated SOC

threshold of 350–450°C to cause a significant decline in aggregate

and N content but increase the proportion of microaggregates in the

stability associated closely with a loss of C and N from macro- and

bulk soil and the occluded aggregates compared to mowing and un-

microaggregate fractions in the Sierra Nevada, Spain. High flaming

disturbed treatments. Mainly because of the disaggregation caused

temperature combusts the SOM that binds soil aggregates, leading

by the combustion of SOM, a binding agent for soil aggregates due

to aggregates collapse (DeBano, 1981), thus exposes the initial pro-

to fire effects. Third, an increase in soil CO2 emissions is expected to

tected SOM to microbial mineralization (Six et al., 2002; Zhao et al.,

be related to the reduction of aggregate stability, that is, more mac-

2012) and soil erosion (Fox et al., 2007; O’Dea & Guertin, 2003),

roaggregates due to the reduced physical protection of SOC.

resulting in SOC and N losses. However, most studies on the effect
of fire on soil aggregates and the associated C and N under field conditions have been limited to the top 10 cm depths (Armas-Herrera
et al., 2016; Fynn et al., 2003; Shimoda & Takahashi, 2009).
Mowing is another commonly used grassland management prac-
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2.1 | Study site

tice, also affects soil aggregation, and the C and N turnover within
the aggregates either directly by increasing return C to the soils

The experimental site is located at Ukulinga training and research

or indirectly by stimulating species richness, grass productivity,

farm of the University of KwaZulu-Natal, Pietermaritzburg campus,

roots biomass and exudates (Cong et al., 2014; Fynn et al., 2005;

South Africa (24° 24′E, 30° 24′S; Figure 1). The experiment is suited

Li et al., 2017; Socher et al., 2012). The effect of mowing on SOM

on top of a small sloping plateau with an altitude ranging from 847 to
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grassland diversity and productivity (Tainton et al., 1978). The experiment consists of different burning frequencies, that is, annual and
biennial burning at different times of the year (e.g., winter and spring)
and annual mowing (e.g., winter and spring), replicated three times
and laid out in a complete randomized block design, with 18.3 m *
13.7 m plots separated by 4 m sidewalks (Abdalla et al., 2016; Fynn
et al., 2003; Tainton et al., 1978). Hence, annual burning and mowing
of grasslands at the beginning of the spring season (i.e., early August)
are common grasslands management practices across the South
African grasslands (Joubert et al., 2014; Morris et al., 2021; Oluwole
et al., 2008). The current study focused on annual burning and mowing in early spring, that is, 1st week of August, since 1950 compared
to an undisturbed control that was neither burned nor mowed. The
same treatments were utilized previously by Abdalla et al. (2016) to
investigate the seasonal dynamics of soil CO2 emissions. The annual
burning plots were dominated by sparse kangaroo grass (Themeda
triandra) at the time of the study. The fire was usually applied on the
grasses by initiating a high intensity back burn using point source
ignition on the downwind side of the plots forming a line that spread
slowly with a flame height of 1–1.5 m in the wind direction. Burning
eliminates all the aboveground biomass and litter, leaving only partially burned grass crowns, white ashes and charred materials, hence
classified as severe prescribed burning (Keeley, 2009).
In the annual mowing plots, the grass was cut mechanically,
and the clipped grass material was removed from the plots, leaving
F I G U R E 1 The study site location; Pietermaritzburg, KwaZulu-
Natal province, South Africa [Colour figure can be viewed at
wileyonlinelibrary.com]

a 5–8 cm stubble layer with a partially disturbed litter layer. In the

838 m (Fynn et al., 2004). The soils are derived from colluvium shale

nated by spread trees, mainly Acacia sieberiana species, which cover

with dolerite intrusions and are classified as Plinthic Acrisols (IIUS-

about 50% of the plot sizes. The experimental site is surrounded

WRB, 2014). Soil depth is shallow, ranging from 5 cm in the upslope

by a 1.5 m chain-linked wire fence to prevent the field from animal

to a maximum of 60 cm depth in the downslope (Abdalla et al., 2016).

grazing.

undisturbed plots, there has been neither burning nor mowing since
1950. At the time of this study, the undisturbed plots were domi-

The soil in the upper 20 cm is acidic (pHKCl = 5.5), with a silty clay
loam texture (37% clay, 43% silt and 20% sand), and an average of
SOC and N content of 27.8 and 1.9 g kg soil−1, respectively (Abdalla

2.3 | Soil samples collection and preparation

et al., 2016).
The area has a humid subtropical climate with a mean annual

Soil samples for bulk density, aggregates fractionation and chemi-

precipitation of 694 mm, about 73% of it occurs between October

cal analysis were collected in May 2014 from three randomly dug

and March (Fynn et al., 2005; Mengistu et al., 2016). The mean an-

pits (0.5 * 0.5 * 0.3 m) in each plot from four soil depths; 0–5, 5–

nual temperature is 18.4°C, with monthly minimum and maximum

10, 10–20 and 20–30 cm. Bulk density soil samples were collected

temperatures of 1.5°C in July and 30°C in January, respectively

from each soil depth using a metallic cylinder (7.5 cm diameter and

(Mengistu et al., 2016). The native vegetation type is described as

5 cm height), which was oven-dried at 105°C, and the ratio of dry

dense close grass (0.5 and 0.75 m tall) dominated by southern tall

soil mass to the volume of the cylinder was used to compute soil

grassveld (Fynn et al., 2004). In the absence of burning, the vegeta-

bulk density (Grossman & Reinsch, 2002). Another undisturbed soil

tion had some scattered trees, that is, Acacia sieberiana. The native

samples of around 500 g were collected in a cardboard box from

grass species are Themeda triandra and Tristachya leucothrix, which

each depth using a knife and spade and reserved for the analysis

use the C4 photosynthetic path (Fynn et al., 2004, 2005).

and aggregate fractions. Subsamples for aggregate fractionation
were sieved through 8 mm sieve by gently breaking the soil clods

2.2 | Experimental design and treatments

before air-drying for 72 h. For C and N analyses, representative subsamples of 20 g of the whole soil sample were taken and stored at
room temperature. The rest of the samples were returned to the

The experimental site was established in 1950 in a virgin Tall

same cardboard box and reserved for aggregate separations. Due

Grassveld to investigate the effect of burning and mowing on

to depth variations between the plots, the 10–20 cm depths were

|
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sampled in two blocks (2 and 3) and 20–30 cm soil depth was only

where MWD is the mean weight diameter, xi is the mean diameter for

available in the downslope area (block 3).

each fraction size, wi is the proportional weight of the fraction from
the total dry weight of the bulk soil and n is the number of aggregate
classes separated.

2.4 | Soil fractionation
2.4.1 | Part–I

2.4.2 | Part–II

Four water-stable aggregate fractions, large macroaggregates

The large and small macroaggregates fractions were further sepa-

(>2 mm), small macroaggregates (2–0.25 mm), microaggregates (0.25–

rated into three occluded fractions: coarse particulate organic mat-

0.053 mm) and silt + clay (>0.053 mm), were separated by the wet

ter (cPOM, >0.25 mm), microaggregates (mM, 0.25–0.053 mm) and

sieving method as described by Elliott (1986) (Figure 2). A subsam-

silt + clay (s + cM, <0.053 mm) within the macroaggregates as outlined

ple of 80 g was soaked in 100 ml deionized water for 5 min in a glass

by Six et al. (2000). In brief, a 5 g subsample of the large macroaggre-

beaker and poured on top of 2 mm sieve positioned inside a dishpan

gates was soaked overnight in 50 ml deionized water. The suspension

half-covered with deionized water. The wet sieving process includes

was then transferred to a top of a 0.25 mm sieve screen along with

moving the sieve up-down (50 times) in the water with a slight angle,

50 metal beads (4 mm diameter). The sieve was mechanically shaken

ensuring that the water and small particles go through the mesh. The

for 5 min at 250 rpm with continuous water flow to immediately wash

materials that remained on the top of the 2 mm sieve, representing

the microaggregates and the silt + clay into a 0.025 mm sieve. The

the large macroaggregates, were collected by backwashing the sieve

material that remains on the top of the 0.25 mm sieve represents the

into a pre-weighted aluminum–drying pan. The soil material and water

cPOM (Six et al., 2000). Thereafter, the 0.053 mm sieve was moved

passed through the 2 mm sieve, poured into a 0.25 mm sieve, and the

up and down in the same way as in Part–I to ensure all the silt + clay

above sieving procedure was repeated two times to separate the small

passed through the 0.053 mm sieve while the material remained on

macroaggregates and microaggregates fractions. Eventually, the ma-

the top of the 0.053 mm, sieve represents the microaggregates. The

terial passed through the 0.053 mm sieve represents the silt + clay

procedure was conducted separately for the large and small macro-

fraction. The four separated aggregates fractions plus the water were

aggregates, yielding three occluded fractions from each. All the ob-

oven-dried at 60°C until a constant weight was achieved. Hereafter,

tained fractions (Part–I and II) were oven-dried at 60°C until constant

the dry weight of each aggregate fraction was used to calculate the

weight achieved and stored for C and N analyses.

proportion of these aggregates in the bulk soils, expressed as a percentage of the dry soil. The mean weight diameter (a proxy of soil
water aggregates stability) for each treatment and soil depth was cal-

2.5 | C and N analyses and stocks calculations

culated using the following equation (Kemper & Rosenau, 1986):
MWD =

n
∑
i=0

xi wi

(1)

Subsamples from bulk soils and aggregate fractions were air-dried,
sieved through 2 mm, grounded and analyzed for total C and N

F I G U R E 2 Aggregates fractionation diagram. Part–I; fractionating bulk soil into four aggregate sizes (large macroaggregates [LM; >2 mm],
small macroaggregates [sM; 2–0.25 mm], microaggregates [m; 0.25–0.053 mm] and silt + clay [s + c; <0.053 mm]). Part II; fractionating
the macroaggregates (Lm and sM) from part I into three fractions (coarse sand and particulate organic matter [cPOM; >0.25 mm],
microaggregates [mM; 0.25–0.053 mm] and silt + clay [s + cM; <0.053 mm]) [Colour figure can be viewed at wileyonlinelibrary.com]
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using Leco CNS–2000 Dumas dry matter combustion analyzer

depth were tested. Due to the lack of replications at 20–30 cm soil

(LECO Corp.) as described by Kowalenko (2001). In brief, the Leco

depth, the data were analyzed using pseudoreplicates (N = 3) with

CNS–2000 used the dry combustion of the solid samples in a hori-

the treatments representing the main effect on soil properties, ag-

zontal oven that can be heated up to 1450°C. As recommended by

gregates sizes, and C and N associated with the aggregates fractions

Kowalenko (2001), 0.2 g soil was weighted in the automatic sampler

and the pseudoreplicates representing the random effects. All the

and mixed with 1 g catalyst, that is, Leco compact material. The oven

means were compared using Tukey corrections for multiple compari-

temperature was adjusted to 1350°C based on the manufacturer's

sons, with a significant threshold at p ≤ .05, unless specified other-

recommendation. Replicated samples from each treatment and soil

wise, and the variations were documents using the standard error

depth were measured, and the C and N were determined using an

of the means. Pearson correlation coefficients (r) to determine the

infrared detector cell. Hence, no reaction occurred when drops of

relationship between soil CO2 emissions and SOC in the bulk soils,

HCl (1 M) were added to the soil samples, the C measured were con-

aggregates fractions, and the occluded aggregates were conducted.

sidered as SOC. The SOC and N stocks (SOCs and Ns) were calcu-

All the statistical analysis was carried out using the GENSTAT 14th

lated using the SOC content, and soil bulk density in each soil depth

Edition (VSN International), and the figures were produced using

following the equation by Batjes (1996):

SigmaPlot version 12 (Systat Software, Inc.).

(
)
PF
b
SOCs = SOCc × ρb × T 1 −
100

(2)

where SOCs is soil organic carbon stocks (kg C m−2), SOCc is soil or-

3
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3.1 | Soil properties

ganic carbon content in the ≤2 mm soil material (g C kg soil−1), ρb is
the bulk density of the soil (kg m−3), T is the thickness of the soil layer

After 64 years of continuous annual burning and mowing of grass-

(m), PF is the proportion (%) of fragments of >2 mm and b is a constant

lands, aggregates stability (expressed as a mean weight diameter),

equal to 0.001.

bulk density, SOCc and Nc varied greatly compared to the undis-

The nitrogen stocks (Ns) were calculated using the same equa-

turbed treatment (Figure 3). Long-term grassland burning decreased

tion by replacing SOCs and SOCc with soil Ns and N content (Nc),

mean weight diameter by an average of 8% in the studied soil depths

respectively.

compared to the undisturbed (Figure 3a). Compared to burning, annual mowing induced a greater mean weight diameter in the upper

2.6 | Soil CO2 measurements

5 cm layer, with no significant differences observed at 5–10 and 10–
20 cm soil depths. However, at the 20–30 cm depth, burning was
associated with a 35% greater mean weight diameter than mowing

Soil CO2 emissions were measured from 10 random points per plot

treatment. Soil bulk density at the 0–5, 5–10 cm depths increased in

once a month from March 2013 to March 2015. The measurements

the following order: undisturbed < burning < mowing (Figure 3b). At

were done using LI–COR 6400 gas exchange system (LI–COR) fit-

the 10–20 cm depth, the undisturbed treatment increased soil bulk

ted with the LI–COR 6400–09 soil respiration chamber. The sea-

density by 7.5% compared to the average of burning and mowing but

sonal variations in the soil CO2 emission between the treatments

decreased by 11% compared to burning at 20–30 cm depth.

were published by Abdalla et al. (2016). In the current study, the daily

The SOCc and SOCs decreased with soil depth in all treatments,

average of the soil CO2 emissions measured in 2014 from the treat-

with always greater values in the undisturbed than burning and

ments was correlated to SOC in the bulk soil and aggregates frac-

mowing treatments (Figure 3c,d). The more pronounced differences

tions. This was done using linear correlation coefficients based on

of SOCc were observed at the top 5 cm depth. In this depth, the

the computed average value of the plots (n = 9) for each parameter,

undisturbed treatment has a greater SOCc by 6 and 16% compared

that is, soil CO2, total SOC and SOC associated with the different

to burning and mowing, respectively (Figure 3c). A similar trend with

aggregates fractions.

less variations was observed at the 5–10 cm depth. At 10–20 cm,
SOCc did not differ significantly between burning and the undis-

2.7 | Statistical analysis

turbed treatments, but they were significantly higher than mowing.
Likewise, SOCs in the 0–5 and 5–10 cm depths were the highest in
the undisturbed and the lowest under mowing (Figure 3d). While

The experimental data were found to be normally distributed

SOCs showed no significant differences between the treatments at

(p > .05) using the Shapiro–Wilk normality test. Variations in soil

the 10–20 cm, the undisturbed treatment had 8% greater SOC than

properties caused by grassland management as main effects were

mowing at the 20–30 cm depth.

tested with one-way analysis of variance (one-way ANOVA) in the

Soil Nc and Ns also decreased with the soil depths in all the treat-

0 LI–5, 5 LI–10, 10 LI–20 cm soil depths (N = 9). Similarly, aggre-

ments (Figure 3e,f). In the upper 5 cm, Nc was significantly greater

gate size fractions in the whole soil, large macroaggregates, small

in the undisturbed by 15% than the average of both burning and

macroaggregates and their associated C and N content in each soil

mowing. At 5–10 cm, Nc was also greater in the undisturbed by 11%

ABDALLA et al.
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F I G U R E 3 Mean ± standard errors of soil properties ([a] mean weight diameter; [b] soil bulk density; [c] soil organic carbon content; [d]
soil organic carbon stocks; [e] soil nitrogen content and [f] soil nitrogen stocks) in the four soil depths under annually burned, mowed and
undisturbed grasslands. Different letters are significantly different among treatments within a soil layer and aggregate class (n = 9, p ≤ .05)
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and 19% than to the burning and mowing, respectively. While Nc

in the upper 5 cm depth. However, the undisturbed grassland in-

did not differ significantly between the treatments at the 10–20 cm

duced significantly greater SOCc associated with silt + clay fraction

depth, the undisturbed and mowing treatments have greater Nc

in the 10–20 and 20–30 cm soil depths than the other treatments

than burning. Regarding the Ns (Figure 3f), burning had the lowest,

(Figure 4f,h).

and mowing had the highest in the upper 5 cm depth. At the 5–10 cm
−2

depth, the highest Ns of 0.12 ± 0.01 kg N m

was observed under

Soil Nc associated with large macroaggregates was largely lower
in burning than the undisturbed, with the greatest differences

the undisturbed treatment. The Ns was significantly lowest in burn-

observed at the 10–20 cm (by 73%) and the 20–30 cm (by 161%)

ing at 10–20 and 20–30 cm depths than the undisturbed and mowed

depths (Figure 4i–l). The undisturbed treatment also increased Nc

grasslands. C:N ratio ranged between 12.39 ± 0.3 observed at 10–

associated with the small macroaggregates in the upper 10 cm depth

20 cm depth under the undisturbed treatment and 19.18 ± 0.32,

compared to burning and mowing (Figure 4i,j). While grassland burn-

recorded under burning at 0–5 cm depth, with burning being the

ing produced the lowest Nc associated with microaggregates in the

highest in the upper 5 cm (Figure S1).

upper 5 cm, it promotes the highest in the 10–20 and 20–30 cm, with
the undisturbed being the lowest (Figure 4l). The C:N ratio in the

3.2 | Aggregate size distribution, SOC and N
content in the bulk soil fractions
Across the treatments and soil depths, aggregate size distribution
(% dry soil) was dominated mainly by macroaggregates (81%), with
the large and small macroaggregates representing an average of 39

whole soil fractions decreased with the increased soil depth in the
treatments, with the greatest ratio observed under mowing in the
silt + clay and microaggregates below 10 cm depth (Figure S2a–d).

3.3 | Aggregate size distribution, SOC and N
content in the large macroaggregates fractions

and 41% dry soil, respectively (Figure 4). The undisturbed treatment
promotes the highest proportion of large macroaggregates across

Within the large macroaggregates, the proportion of aggregates

soil depths, with burning being intermediate and mowing being

fractions, that is, coarse particulate organic matter (cPOM), micro-

the lowest, except for the upper 5 cm depth (Figure 4a–d). At the

aggregates, silt + clay fractions and their associated SOCc and Nc,

upper 5 cm depth, the undisturbed treatment had 12% greater large

differed among the treatments and soil depths (Figure 5). The pro-

macroaggregates than burning and 7.5% than mowing (Figure 4a).

portions of aggregates fractions distribution across the treatments

In terms of small macroaggregates, burning had the lowest aggre-

were nearly equally distributed between microaggregates (38%),

gate size distribution only in the upper 5 cm depth compared to the

cPOM (30%) and silt + clay (32%) fractions (Figure 5a–d). Grassland

undisturbed and mowed grasslands. However, below 5 cm depth,

burning and mowing induced greater proportions of cPOM within

burning produced proportionally similar small macroaggregates

the large macroaggregates than the undisturbed in all soil depths,

to the undisturbed and significantly greater than mowing treat-

except for the 10–20 cm layer (Figure 5c). However, mowing in-

ment. Burning had the greatest proportion of microaggregates and

duced greater cPOM than burning in the upper 5 cm, but similar

silt + clay fractions than the undisturbed and mowed grassland

values at 5–10 cm and lower proportions below 10 cm depth. The

in the upper 5 cm depth. The proportion of microaggregates and

greatest proportion of microaggregates within the large macro-

silt + clay fractions below 5 cm depth decreased in the following

aggregates was observed under the undisturbed across the soil

order: mowing > burning > undisturbed.

depths. The largest variation in the proportion of silt + clay frac-

The SOCc in the aggregate fractions was primarily associated

tion within the large macroaggregates was observed at 5–10 cm

with large and small macroaggregates across the treatments and soil

depth, where burning decreased the proportion of silt + clay by

depths, with the lowest and highest SOCc associated with the large

51% and 30% compared to the undisturbed and mowed grasses,

macroaggregates across the four soil depths in burning and the un-

respectively.

disturbed treatment, respectively (Figure 4e–h). For example, burn-

SOCc associated with cPOM fraction occluded in the large mac-

ing reduced SOCc in the large macroaggregates by 23% compared

roaggregates was constantly greatest in the undisturbed compared

to the undisturbed in the upper 5 cm, and this reduction reached

to burning and mowing except at the 5–10 cm layer (Figure 5e–

44% at the 20–30 cm depth (Figure 4e). On the other hand, the un-

h). For example, at 10–20 cm depth, the undisturbed has a higher

disturbed treatment had a higher SOCc associated with small mac-

SOCc associated with cPOM by 100% (2.76 ± 0.67 g C kg soil−1 vs.

roaggregates than mowing, except for the 20–30 cm depth where

5.51 ± 1.09 g C kg soil−1) to mowing and by as much as 203% to

mowing produced 22% greater SOCc in large macroaggregates than

burning (1.82 ± 0.71 g C kg soil−1). The SOCc associated with the

the undisturbed grassland (Figure 4h). In contrast to the macroag-

microaggregates occluded within the large macroaggregates at the

gregates, grassland burning increased SOCc associated with the mi-

upper 5 cm depth showed an opposite trend to that associated with

croaggregates in the studied depths compared to the undisturbed

cPOM (Figure 5e). While at the 5–10 cm, burning induced similar

plots, that is, by 65 and 107% observed in the upper 5 cm and 20–

SOCc in the microaggregates within the large macroaggregates to

30 cm depths, respectively (Figure 4e,h). The SOCc associated with

the undisturbed (Figure 5f); it significantly increased the SOCc as-

silt + clay was greater in the undisturbed than burning and mowing

sociated with microaggregates at 10–20 and 20–30 cm compared

ABDALLA et al.
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F I G U R E 4 Mean ± standard error of the whole soil aggregate fractions (s + c, silt + clay; m, microaggregates, sM, small macroaggregates
and LM, large macroaggregates); (a–d) aggregates size distribution; (e–h) soil organic carbon content and (i–l) nitrogen content associated
with the fractions in the four soil depths under annually burned, mowed and undisturbed grasslands. Different letters are significantly
different among treatments within a soil layer and aggregate class (n = 9, p ≤ .05)
to the undisturbed and mowed grass (Figure 5g,h). Significant vari-

Continuous annual burning caused a considerable reduction

ation in the SOCc associated with the silt + clay within the large

in Nc associated with cPOM occluded within the large macroag-

macroaggregates observed below 10 cm depth, with burning and

gregates in the four soil depths compared to the undisturbed and

the undisturbed grassland being the highest at 10–20 ad 20–30 cm,

mowed grassland (Figure 5i–l). For instance, grassland burning

respectively.

caused 5.6 and 8.8 fold reduction in Nc associated with cPOM

6444
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F I G U R E 5 Mean ± standard error of the fractions (s + cM, silt + clay; mM, microaggregates; cPOM coarse particulate organic matter)
occluded within the large macroaggregates; (a–d) aggregates size distribution, (e–h) organic carbon content and (i–l) nitrogen content
associated with the fractions in the four soil depths under annually burned, mowed and undisturbed grasslands. Different letters are
significantly different among treatments within a soil layer and aggregate class (n = 9, p ≤ .05)

occluded in the large macroaggregates at the 10–20 and 20–30 cm

amount below 10 cm depth than the undisturbed. However, burning

compared to the undisturbed, respectively (Figure 5j,k). In contrast,

increased Nc associated with the microaggregates occluded within

grassland mowing produced greater Nc associated with cPOM in

the large macroaggregates at 0–5 cm, but the lowest N content in

the large macroaggregates at the 5–10 cm and significantly lower

the other soil depths compared to the undisturbed with mowing

|
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being intermediate. Burning also caused a significant reduction in Nc
associated with microaggregates below 10 cm depth. The Nc associ-
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3.5 | Relationship between soil CO2 fluxes and
SOC in the aggregate fractions

ated with silt + clay in the large macroaggregates was the highest in
burning and lowest in mowing at 0–5 cm. However, the undisturbed

Overall, average daily soil CO2 fluxes in 2014 were significantly

grassland induced the highest Nc associated with silt + clay fraction

greater in burning and mowing by 33 and 16% than the undisturbed

occluded in the large macroaggregates at 5–10 and 10-–20 cm. At

treatment, respectively (Figure 7). Soil CO2 fluxes decreased sig-

20–30 cm, the undisturbed treatment had the lowest Nc associated

nificantly (r = −.68, p < .001) with the increase in the stability of

with silt + clay compared to the other treatments (Figure 5l).

soil aggregates and SOCc in the bulk soil (Table 1). However, soil
CO2 fluxes increased significantly with the increase in Nc in the bulk

3.4 | Aggregate size distribution, SOC and N
content in the small macroaggregates fractions

soil. Soil CO2 fluxes increased with the increased SOCc associated
with the large macroaggregates and decreased with the SOCc associated with the silt + clay fractions. Soil CO2 correlated negatively
to cPOM and silt + clay occluded within the large and small macroag-

Aggregate size distributions within the small macroaggregates were

gregates, respectively.

slightly similar to those in the large macroaggregates above the
20 cm depth, with a relatively greater proportion of microaggregates,
except for the undisturbed grassland at 20–30 cm (Figure 6). Among

4
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DISCUSSION

the treatments and soil depths, undisturbed treatment induced the
greatest proportion of cPOM in the small macroaggregates, with

Overall, investigation of SOC, N content in the soil and aggregate

the most considerable differences observed at the 20–30 cm depth

fractions, soil CO2 emissions, field observation and previous study

(Figure 6a–d). Compared to burning, mowing induced a greater pro-

findings allowed comprehensive illustration of grassland burning ef-

portion of cPOM within the small macroaggregates at 0–5 cm but

fects on SOC dynamics and physical stabilization (Figure 8). Three

lower in the following soil depths. Grassland burning caused the

major mechanisms emerged of the impact of long-term grassland

greatest proportion of microaggregates occluded in the small macro-

burning on SOC stabilization in the upper 30 cm layer. First, the di-

aggregates jointly with the undisturbed at the 0–5 cm and with mow-

rect effect of fire on soil surface causing aggregates breakdown and

ing at the 20–30 cm depth. The proportion of silt + clay fractions

associated C losses (Araya et al., 2017; Mataix-Solera et al., 2011).

occluded in the small macroaggregates below 5 cm decreased sig-

Second, changing the C input quality and quantity with immediate

nificantly in the following order; mowing > burning > undisturbed.

input after the fire as pyrogenic organic matter alters C and N in the

Across the treatments and soil depths, SOCc is associated mostly

aggregates fractions (Maestrini et al., 2015; Soong & Cotrufo, 2015).

with the cPOM and microaggregates occluded within the small mac-

Third, the opposite effect of roots and microbial recovery, which

roaggregates (Figure 6e–h). Generally, the undisturbed treatment in-

enhance new aggregates formation and, at the same time, contrib-

duced the greatest SOCc in cPOM within the small macroaggregates

ute significantly to the total soil respiration (Pourreza et al., 2014).

except for 10–20 cm, where mowing had the greatest SOCc. Burning

Worth noting that between the aggregates breakdown and new ag-

surpassed mowing treatment in SOCc associated with cPOM in the

gregates formation, substantial C loess might occur by leaching and

small macroaggregates at 0–5 cm and 20–30 cm (Figure 6e,h); how-

soil erosion with effect varies depending on soil type, climatic condi-

ever, opposite trends were observed in the other two layers. The

tions, and fire intensity and frequency.

SOCc associated with the microaggregates occluded within the

Sixty-four years of the continuous annual burning of grasslands

small macroaggregates varied significantly above the 20 cm depths.

decreased soil aggregates stability, SOC and N content compared

Similar to SOCc, Nc in the occluded microaggregates within the

to the undisturbed grassland (Figure 3), suggesting a negative ef-

small macroaggregates associated greatly with the cPOM and micro-

fect of persistent grass burning on soil C and N pools. The trend

aggregates fractions in the treatments and soil depths (Figure 6i–l).

observed in this study is confirmed by other field and laboratory

The undisturbed treatment had the greatest Nc associated with the

studies (Girona-García et al., 2018; Jian et al., 2018; Jordán et al.,

cPOM within the small macroaggregates, except for the 10–20 cm

2011). For example, Jordán et al. (2011) found that high fire sever-

depth. Compared to mowing, annual burning induced high Nc as-

ity reduced soil aggregate stability and SOM in volcanic soils under

sociated with the cPOM below 5 cm (Figure 6i). Nc associated with

mixed fir and pine forests in Mexico. As hypothesized (first hypoth-

microaggregates occluded in the small macroaggregates at 0–5 cm

esis), long-term annual burning involves removing aboveground

was the highest in the undisturbed and lowest in mowing treatment.

biomass and litter, thus reducing fresh C input to the soil compared

However, burning induced greater Nc in the microaggregates below

to unburned grassland. While fire combusted all the aboveground

5 cm than the undisturbed, and mowing being the lowest at 5–10

biomass and litter, mowing does not include removing the surface

and 10–20 cm (Figure 6j,k). The Nc associated with the silt + clay

litter and lower stem leaves (below 5 cm), thus explaining the greater

occluded in the small macroaggregates differs significantly only at

aggregates stability in the upper 5 cm than burning observed in this

0–5 cm, with a greater amount observed in the burning than the

study (Figure 3a). Surprisingly, the increase in aggregates stability

other treatments.

by mowing in the upper 5 cm did not increase SOC and N content
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F I G U R E 6 Mean ± standard error of the fractions (s + c, silt + clay; mM, microaggregates; cPOM, coarse particulate organic matter)
occluded within small macroaggregate; (a–d) aggregates size distribution, (e–h) organic carbon content and (i–l) nitrogen content associated
with the fractions in the four soil depths under annually burned, mowed and undisturbed grasslands. Different letters are significantly
different among treatments within a soil layer and aggregate class (n = 9, p ≤ .05)
compared to burning, given the fact that aggregates stability is as-

distribution in upper 5 cm depth in mowing than burning of grass-

sociated with an increase in SOC and N content in most cases (Goh,

land soil managed for 17 years in Japan. The current study found

2004; Six et al., 2000; Zhou et al., 2020).

greater SOC below 5 cm under annual burning than annual mowing

The greater aggregates stability induced by mowing in the

(Figure 3c), suggesting a high impact of both C allocation by roots and

upper 5 cm depth than burning might be due to greater root bio-

the accumulation of pyogenic organic matter on SOC. Unexpectedly,

mass, exudates and turnover under mowing in this layer. Shimoda

N content and stocks in the annual mowing at 20–30 cm layer were

and Takahashi (2009) reported greater roots biomass and fine roots

greater than annual burning (Figure 3e,f), suggesting an enrichment
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F I G U R E 7 Means ± standard
error of the average daily soil CO2
emissions in 2014 from soil under
long-term annually burned, mowed and
undisturbed grasslands. Different letters
are significantly different among the
treatments (n = 36, p < .05)

TA B L E 1 Pearson's correlation coefficients (r) between soil CO2 emissions, soil properties (MWD, mean weight diameter; ρb, soil bulk
density; Nc, nitrogen content and SOCc, soil organic carbon content), SOC associated with the whole soil fractions and with the occluded
fractions within the large and small macroaggregates in the upper 10 cm layer (n = 9)
Bulk soil
MWD
CO2

−0.68

*

SOC in whole soil fractions
ρb
0.31

Nc
0.68

SOCc
*

LM
*

−0.35

0.42

sM
*

−0.05

m
−0.11

s+c
−0.42

*

SOC in LM fractions

SOC in sM fractions

cPOM
*

−0.61

mM

s + cM

cPOM

mM

s + cM

0.00

−0.01

−0.06

0.18

−0.35*

*Statistically significant at p < .05 level. Whole soil fractions (LM, large macroaggregates; sM, small macroaggregates; m, microaggregates; s + c,
silt + clay) and the occluded fractions within the large and small macroaggregates (cPOM, course particulate organic matter; mM, microaggregates;
s + cM, silt + clay fractions).

of N relative to SOC by mowing. However, these results were based

the undisturbed (Figure 4), with similar implications on SOC and

on pseudo-replication (i.e., one block) due to the shallow soil in the

N in these aggregates indicating a high fire disaggregation effect,

other two blocks.

thus confirming the second hypothesis of this study. This effect ex-

The undisturbed treatment has the greatest litter retention

tended to the small macroaggregates only for the upper 5 cm depth,

associated with less to no soil disturbance, thus highly facilitat-

implying a lower fire effect on the smaller aggregates. Such results

ing soil aggregation and accumulation of SOC and N compared

suggested a high degradative fire effect by combusting the organic

to burning. In this experimental site, Fynn et al. (2003) found

matter that binds the large macroaggregates yielding smaller aggre-

that surface litter is largely greater in the undisturbed plots by

gates size fractions. These findings agreed with other studies from

850% (190 g litter m−2 vs. 20 g litter m−2) than the burned plots.

different regions, vegetation types and fire severity (Andreu et al.,

Grassland burning is repeated annually in August, thus not allow-

2001; Araya et al., 2016, 2017; Garcı́a-Oliva et al., 1999) and dis-

ing substantial litter incorporation into the soil by fungal and other

agreeing with others (Mataix-Solera et al., 2002; Thomaz, 2017).

microbial activities. Additionally, fire highly reduces soil microbes

Agreeing with current study findings, Andreu et al. (2002) observed

and fungal activities, which require enough time to recover. In a

intensive destruction of large macroaggregates (>2 mm) to microag-

meta-analysis study, Dooley and Treseder (2012) found that fire

gregates (<0.1 mm) in the upper 5 cm depth affected by the high fire

decreased total microbial biomass and fungal abundance by 33.2,

intensity in Mediterranean calcareous soils, Spain. Araya et al. (2017)

47.6%, respectively. While soil microbes recovery time after fire

reported that the C and N concentrations in the larger aggregate size

still a controversial issue, some studies showed rapid bacterial and

fractions (2–0.25mm) decreased with an increase in temperature so

slow fungal biomass recovery (Hart et al., 2005; Pourreza et al.,

that at 450°C, the remaining C and N were entirely associated with

2014). Pourreza et al. (2014) found that fungal recovery time might

the smaller aggregate size fractions (<0.25 mm) for forest soils in

be extended to more than 1 year after a moderate and severe fire

California, USA. However, Mataix-Solera et al. (2002) found that mi-

in Zagros oak forest, Iran.
Long-term annual burning decreased the proportion of large
macroaggregates and increased the microaggregates compared to

croaggregates (<0.2 mm) were more affected by fire using scanning
electron microscopy for soil collected from the Mediterranean environment, Spain.
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F I G U R E 8 Conceptual framework of the effects of grassland burning on soil organic carbon (C) and nitrogen (N) pools and soil-associated
processes. The aggregates breakdown, occlusion/stabilization and soil respiration directions observed in the current study, and the other
mechanisms, such as C inputs, recovery and translocation, were inferred from previous publications. Whole soil fractions (s + c, silt + clay;
m, microaggregates, sM, small macroaggregates and LM, large macroaggregates) and occluded fractions within the macroaggregates (s + cM,
silt + clay; mM, microaggregates and cPOM, coarse particulate organic matter) [Colour figure can be viewed at wileyonlinelibrary.com]

Annual burning also reduced the proportion of microaggregates

associated with microaggregates and silt + clay observed under

occluded within large macroaggregates but still increased the asso-

burning than mowing and the undisturbed treatments in deeper soil

ciated SOC across the soil depths (except for the 5–10 cm) compared

depths (below 10 cm) in the whole soil fractions and those occluded

to the undisturbed treatment (Figure 5), a result found to contra-

within the large and small macroaggregates.

dict the second hypothesis expectation. These findings could be ex-

The larger particles (2–0.25 mm) of the pyrogenic organic matter

plained by the input of the pyrogenic organic matter as a by-product

might be included in the occluded fractions within the large mac-

of aboveground biomass burning that partially compensates for the

roaggregates and explain, for example, the greater proportion of

organic matter lost by fire (Mastrolonardo et al., 2015). The partially

the cPOM in the large macroaggregates under burning compared

or totally burned pyrogenic organic matter input may not enhance

to the undisturbed (Figure 5a–d). In addition, the greatest C:N ratio

soil aggregation of previously formed aggregates. Nevertheless, it

in the occluded fractions within the large macroaggregates (e.g., as

might increase the SOC within the aggregates due to the fine re-

much as 37 in the occluded microaggregates) under burning than

calcitrant pyrogenic organic matter accumulation over time and

mowing and undisturbed grasslands (Figure S2) supports such an ex-

translocation in the aggregates delicate pores. The pyrogenic or-

planation. In fact, the greatest C:N in the annual burning below the

ganic matter has a high aromatic chemical structure and hence is

20 cm depth could primarily be resulting from the accumulation of

largely resistant to microbial decomposition (Hammes et al., 2006;

pyrogenic organic matter as it showed C:N ratio of 33.82 in previous

Hilscher & Knicker, 2011; Soong & Cotrufo, 2015). Therefore, the

studies (Soong & Cotrufo, 2015). In general, the pyrogenic organic

main loss of the pyrogenic organic matter is caused by transloca-

matter found to be added to the soil as particles <2 mm, and mainly

tion inside the soil pore or the transportation to deeper soil horizon

(88%) be associated with silt + clay particles (<0.053 mm) in differ-

or into aquatic systems (Hilscher & Knicker, 2011; Hockaday et al.,

ent soil types, Australia (Skjemstad et al., 1996). Brodowski et al.

2006). The above argument also explains the greater SOC content

(2006) reported that while the two macroaggregates fractions (large
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and small) stored 26% of pyrogenic organic matter (black C), the mi-

soil microbial respiration (Chen et al., 2014). The current results also

croaggregates and silt + clay stored almost double this amount (46%)

showed that soil CO2 emissions correlated positively to SOC asso-

in grassland soils, Germany. It is unknown that the pyrogenic organic

ciated with the large macroaggregates and negatively to the one

matter is preferentially incorporated within the microaggregates

associated with the silt + clay, suggesting that the SOC associated

or these fractions selectively become enriched with it by specific

with silt + clay is mainly adsorbed with the clay particles at the min-

soil microbes that live inside the microaggregates. Regardless of the

eral phase and therefore resistant to microbial decomposition (Rabbi

mechanisms, the pyrogenic organic matter increases soil aggrega-

et al., 2014).

tion stability, particularly by incorporating C in the microaggregates
fractions (Rumpel et al., 2006; Six et al., 2006).

Hence, this study found no correlation between SOC associated with the microaggregates and soil CO2 emissions; a question

Compared to the undisturbed, burning decreased N content in

might still be raised whether the greater soil CO2 under burning

the cPOM and microaggregates (except at 0–5 cm) fractions oc-

than the undisturbed emitted due to SOM mineralization or the

cluded within the large macroaggregates fractions (Figure 5), indi-

root respiration. Several studies (e.g Dooley & Treseder, 2012;

cating a similar effect of fire on both protected and unprotected soil

Smith et al., 2008; Soong & Cotrufo, 2015) reported that fire could

N. Grassland burning can change N pools in the soil and aggregate

inhibit soil microbial activity and growth. However, roots respira-

fractions, for example, directly by volatilization, pyrolysis and ash

tion post-f ire increased significantly due to the rapid roots and

deposition process or indirectly through altering soil biotic and abi-

vegetation recovery (Czimczik et al., 2006; Singh et al., 2008). The

otic environments (Grogan et al., 2000; Hu et al., 2019; Soong &

current results on soil respiration are similar to those reported by

Cotrufo, 2015). Pathak et al. (2017) found an increase of total N im-

Muñoz-Rojas et al. (2016) in Western Australia and by Smith et al.

mediately after fire events but a regressive decrease over time in

(2010) in Canada under different vegetation types. However, both

N content within both micro and macroaggregates fractions in de-

studies indicated that future research should consider separating

graded Indian grasslands. The immediate increase in N content after

autotrophic and heterotrophic respiration to fully understand the

the fire was explained by ash deposition (Alexis et al., 2012), while

mechanisms by which fire increases soil respiration. Therefore,

the decrease over time was attributed to soil erosion, surface run-

being unable to separate the autotrophic and heterotrophic respi-

off and leaching (Bodí et al., 2014; Rumpel et al., 2009). In support,

ration in the current study would be considered one of the study

Rumpel et al. (2009), in cultivated soil subjected to fire in Senegal,

limitations.

found that 7–55% and 23–46% of initial deposited pyrogenic organic

Overall, the study results suggested direct links between grass-

carbon were subjected to horizontal and vertical transport, respec-

land burning and global warming because of the high C losses from

tively. On the other hand, the greater N content in both cPOM and

the soil and other greenhouse gases, that is, COx, NxO and CH4

microaggregates occluded in the large macroaggregates under the

produced during the anthropogenic biomass burning (Abdalla et al.,

undisturbed and mowed grass could primarily be explained by the

2016; Prosperi et al., 2020). According to a recent estimation that

continuous fresh C inputs (i.e., litter and roots turnover) associated

considered the small burned areas (<100 ha) for the first time, Ramo

with non to low soil disturbance. The absence of disturbance under

et al. (2021) reported that the total burned area in sub-Saharan

the reference “undisturbed” treatment and the relatively lower dis-

Africa represents about 70% of the global burned area and is respon-

turbance in mowing than burning allows the formulation of macro

sible for CO2 emissions of 1.44 PgC, which is counted for 14% of the

and microaggregates (Six et al., 2004). Such a trend was observed

global CO2 emitted from fossil fuel burning. In addition to green-

only in the cPOM within the small macroaggregates (Figure 6), where

house gases, the high nutrients loss shown by the current study

burning produced lower cPOM size distribution, SOC and N content

might directly affect grassland productivity leading to land degra-

in most cases than the undisturbed, suggesting different responses

dation that is also found to contributes highly to the greenhouse gas

of large and small macroaggregates due to the fire, perhaps based on

concentration in the atmosphere (Abdalla et al., 2018; Chang et al.,

the exposed surface area.

2021). Therefore, the negative implication of annual burning on

Grassland burning and mowing resulted in higher soil CO2 fluxes

grassland sustainability and environmental conservation are enor-

by 33% and 16% compared to the undisturbed, respectively

mous not only in sub-Saharan Africa but also on the global scale.

(Figure 7), which was previously assumed to be due to less physical

Some studies, for example, Neary and Leonard (2020), reported that

protection of soil C caused by the soil disturbance in these manage-

wild and prescribed fires do not significantly affect soil organic C

ments (Abdalla et al., 2016). This explanation is confirmed by the

in Mollsol soils because of the large belowground biomass of C in

current study as the mean weight diameter correlated negatively

grasslands, savannas and tundras. These effects vary depending on

(r = −.68) to the soil CO2 emissions (Table 1), confirming the third

fire frequency, application period, climate, soil and vegetation condi-

hypothesis of this study. A similar correlation was observed in a

tions. However, alternative grassland management such as improved

positive direction between soil CO2 emissions and N content, im-

grazing, that is, controlled rotational grazing to limit the negative ef-

plying a greater effect of N content on soil CO2 emissions. This is a

fect of fire on climate change, is required. Specifically, annual burn-

surprising result since the low N availability in the soil can facilitate

ing did not show potential for grassland rehabilitation compared to

SOM decomposition by "N–mining" where soil microbes obtain their

high-density short-duration grazing after 2 years of application in a

N demand leading to a high priming effect, which, in turn, increases

degraded grassland site in the study area (Chaplot et al., 2016).

|

6450

5

|

ABDALLA et al.

CO N C LU S I O N

ORCID
https://orcid.org/0000-0003-2513-8826

Khatab Abdalla
This study investigated soil organic carbon (SOC) and nitrogen (N) dy-

Pauline Chivenge

namics within the soil aggregates after 64 years of continuous annual

Philippe Ciais

burning and mowing of grassland site in South Africa. Three main con-

Vincent Chaplot

https://orcid.org/0000-0002-4138-8158

https://orcid.org/0000-0001-8560-4943
https://orcid.org/0000-0001-5430-362X

clusions were drawn from the study results. First, 64 years of the annual burning of grassland reduced soil aggregation and the associated

REFERENCES

SOC and N within the bulk soil and large macroaggregate fractions

Abdalla, K., Chivenge, P., Everson, C., Mathieu, O., Thevenot, M., &
Chaplot, V. (2016). Long-term annual burning of grassland increases CO2 emissions from soils. Geoderma, 282, 80–86. https://
doi.org/10.1016/j.geoderma.2016.07.009
Abdalla, K., Mutema, M., Chivenge, P., Everson, C., & Chaplot, V.
(2018). Grassland degradation significantly enhances soil CO2
emission. Catena, 167, 284–292. https://doi.org/10.1016/j.
catena.2018.05.010
Alexis, M. A., Rasse, D. P., Knicker, H., Anquetil, C., & Rumpel, C. (2012).
Evolution of soil organic matter after prescribed fire: A 20-
year chronosequence. Geoderma, 189–190, 98–107. https://doi.
org/10.1016/j.geoderma.2012.05.003
Andreu, V., Imeson, A. C., & Rubio, J. L. (2001). Temporal changes in soil
aggregates and water erosion after a wildfire in a Mediterranean
pine forest. Catena, 44(1), 69–8 4. https://doi.org/10.1016/S0341
-8162(00)00177-6
Araya, S. N., Fogel, M. L., & Berhe, A. A. (2017). Thermal alteration of soil
organic matter properties: A systematic study to infer response of
Sierra Nevada climosequence soils to forest fires. SOIL, 3(1), 31–4 4.
https://doi.org/10.5194/soil-3-31-2017
Araya, S. N., Meding, M., & Berhe, A. A. (2016). Thermal alteration of soil
physico-chemical properties: A systematic study to infer response
of Sierra Nevada climosequence soils to forest fires. SOIL, 2(3),
351–366. https://doi.org/10.5194/soil-2-351-2016
Armas-Herrera, C. M., Martí, C., Badía, D., Ortiz-Perpiñá, O., Girona-
García, A., & Porta, J. (2016). Immediate effects of prescribed burning in the Central Pyrenees on the amount and stability of topsoil
organic matter. Catena, 147, 238–244. https://doi.org/10.1016/j.
catena.2016.07.016
Batjes, N. H. (1996). Total carbon and nitrogen in the soils of the world.
European Journal of Soil Science, 47(2), 151–163. https://doi.
org/10.1111/j.1365-2389.1996.tb01386.x
Benning, T. L., & Seastedt, T. R. (1997). Effects of fire, mowing and nitrogen addition on root characteristics in tall-grass prairie. Journal of
Vegetation Science, 8(4), 541–546. https://doi.org/10.2307/3237205
Blair, J., Nippert, J., & Briggs, J. (2014). Grassland ecology. In R. Monson
(Ed.), Ecology and the Environment. The Plant Sciences (Vol. 8, pp. 389–
423). Springer. https://doi.org/10.1007/978-1-4614-7501-9_14
Bodí, M. B., Martin, D. A., Balfour, V. N., Santín, C., Doerr, S. H.,
Pereira, P., Cerdà, A., & Mataix-Solera, J. (2014). Wildland fire ash:
Production, composition and eco-hydro-geomorphic effects. Earth-
Science Reviews, 130, 103–127. https://doi.org/10.1016/j.earsc
irev.2013.12.007
Brodowski, S., John, B., Flessa, H., & Amelung, W. (2006). Aggregate-
occluded black carbon in soil. European Journal of Soil Science, 57(4),
539–546. https://doi.org/10.1111/j.1365-2389.2006.00807.x
Chang, J., Ciais, P., Gasser, T., Smith, P., Herrero, M., Havlík, P., Obersteiner,
M., Guenet, B., Goll, D. S., Li, W., Naipal, V., Peng, S., Qiu, C., Tian,
H., Viovy, N., Yue, C., & Zhu, D. (2021). Climate warming from
managed grasslands cancels the cooling effect of carbon sinks in
sparsely grazed and natural grasslands. Nature Communications,
12(1), 118. https://doi.org/10.1038/s41467-020-20406-7
Chaplot, V., Dlamini, P., & Chivenge, P. (2016). Potential of grassland
rehabilitation through high density-short duration grazing to sequester atmospheric carbon. Geoderma, 271, 10–17. https://doi.
org/10.1016/j.geoderma.2016.02.010

compared to the undisturbed grassland encroached with scattered
trees. Second, annual mowing decreased soil C losses (e.g., CO2 emissions) and increased aggregation and the associated C and N content
in the soil compared to the annual burning. Third, the non-disturbance
of grasslands may offer a strategy to increase grassland potential for C
sequestration due to a greater balance between organic matter inputs
(i.e., litter and roots turnover) and C outputs. However, the high risk
of trees encroachment under undisturbed grasslands, which covered
about 50% of the experimental plots in 2014 (filed observation), might
cause a total loss of grasslands in the near future.
Based on the current study results, mowing can be proposed as a
beneficial practice to increase soil C and N content under grassland in the
study area. However, it is still not a substitute for burning, particularly in
terms of forage quality and quantity (Vermeire et al., 2020). Therefore,
future studies need to investigate a combination of burning, mowing
and a rest period in one practice to enhance C and N stocks in the soil,
increase forage quality and quantity, and protect grasslands from bush
encroachment. Another option would be investigating the longer-term
performance of rotational grazing, that is, high-density short-duration
grazing under different soil conditions, a cost-effective technique that
smallholder farmers could easily adopt. Future studies are also required
to separate the autotrophic (root-derived CO2) and heterotrophic (SOC-
derived CO2) respiration using advanced techniques, that is, field isotope
labeling approach, under different grassland management, is essential
for designing management plans that simultaneously enhance grassland
sustainability and environmental conservation.
AC K N OW L E D G M E N T S
We would like to thank the Water Research Commission, South
Africa, for funding the fieldwork and laboratory analysis for this
research (project number K5/2266). We also would like to thank
Alexander von Humboldt Foundation for financially supporting the
first author during the data analysis and manuscript writing. Special
thanks to the University of KwaZulu-Natal, the Institut de Recherche
pour le Développement (IRD), University of Bayreuth for providing
facilities and support. Open Access funding enabled and organized
by Projekt DEAL. [Correction added on 29 October 2021, after first
online publication: Projekt Deal funding statement has been added.]
C O N FL I C T O F I N T E R E S T
The authors declare no conflict of interest.
DATA AVA I L A B I L I T Y S TAT E M E N T
The data that support the findings of this study are available upon
request from the corresponding author.

ABDALLA et al.

Chen, R., Senbayram, M., Blagodatsky, S., Myachina, O., Dittert, K., Lin,
X., Blagodatskaya, E., & Kuzyakov, Y. (2014). Soil C and N availability determine the priming effect: Microbial N mining and stoichiometric decomposition theories. Global Change Biology, 20(7), 2356–
2367. https://doi.org/10.1111/gcb.12475
Chen, W., Huang, D., Liu, N., Zhang, Y., Badgery, W. B., Wang, X., & Shen,
Y. (2015). Improved grazing management may increase soil carbon
sequestration in temperate steppe. Scientific Reports, 5(1), 10892.
https://doi.org/10.1038/srep10 892
Conant, R. T. (Ed.). (2010). Challenges and opportunities for carbon sequestration in grassland systems: A technical report on grassland
management and climate change mitigation. Food and Agriculture
Organization of the United Nations.
Cong, W.-F., van Ruijven, J., Mommer, L., Deyn, G. B. D., Berendse, F.,
& Hoffland, E. (2014). Plant species richness promotes soil carbon and nitrogen stocks in grasslands without legumes. Journal of
Ecology, 102(5), 1163–1170. https://doi.org/10.1111/1365-2745.
12280
Czimczik, C. I., Trumbore, S. E., Carbone, M. S., & Winston, G. C. (2006).
Changing sources of soil respiration with time since fire in a boreal forest. Global Change Biology, 12(6), 957–971. https://doi.
org/10.1111/j.1365-2486.2006.01107.x
DeBano, L. F. (1981). Water Repellent Soils: A State-
of-
the-
art. U.S.
Department of Agriculture, Forest Service, Pacific Southwest
Forest and Range Experiment Station.
Dooley, S. R., & Treseder, K. K. (2012). The effect of fire on microbial
biomass: A meta-analysis of field studies. Biogeochemistry, 109(1),
49–61. https://doi.org/10.1007/s10533-011-9633-8
Egan, G., Crawley, M. J., & Fornara, D. A. (2018). Effects of long-term
grassland management on the carbon and nitrogen pools of different
soil aggregate fractions. The Science of the Total Environment, 613–
614, 810–819. https://doi.org/10.1016/j.scitotenv.2017.09.165
Elliott, E. T. (1986). Aggregate structure and carbon, nitrogen, and phosphorus in native and cultivated soils. Soil Science Society of America
Journal, 50(3), 627–633. https://doi.org/10.2136/sssaj1986.03615
99500500003 0017x
Forbes, M. S., Raison, R. J., & Skjemstad, J. O. (2006). Formation, transformation and transport of black carbon (charcoal) in terrestrial and
aquatic ecosystems. Science of the Total Environment, 370(1), 190–
206. https://doi.org/10.1016/j.scitotenv.2006.06.007
Fox, D. M., Darboux, F., & Carrega, P. (2007). Effects of fire-induced water
repellency on soil aggregate stability, splash erosion, and saturated
hydraulic conductivity for different size fractions. Hydrological
Processes, 21(17), 2377–2384. https://doi.org/10.1002/hyp.6758
Fynn, R. W. S., Haynes, R. J., & O’Connor, T. G. (2003). Burning causes
long-term changes in soil organic matter content of a South African
grassland. Soil Biology and Biochemistry, 35(5), 677–687. https://doi.
org/10.1016/S0038- 0717(03)00054-3
Fynn, R. W. S., Morris, C. D., & Edwards, T. J. (2004). Effect of burning and mowing on grass and forb diversity in a long-term grassland experiment. Applied Vegetation Science, 7(1), 1–10. https://doi.
org/10.1111/j.1654-109X.2004.tb00589.x
Fynn, R. W. S., Morris, C. D., & Edwards, T. J. (2005). Long-term compositional responses of a South African mesic grassland to burning and mowing. Applied Vegetation Science, 8(1), 5–12. https://doi.
org/10.1111/j.1654-109X.2005.tb00623.x
Garcı́a-Oliva, F., Sanford, R. L., & Kelly, E. (1999). Effects of slash-and-
burn management on soil aggregate organic C and N in a tropical deciduous forest. Geoderma, 88(1–2), 1–12. https://doi.org/10.1016/
S0016-7061(98)00063-9
Girona-García, A., Badía-V illas, D., Martí-Dalmau, C., Ortiz-Perpiñá, O.,
Mora, J. L., & Armas-Herrera, C. M. (2018). Effects of prescribed
fire for pasture management on soil organic matter and biological
properties: A 1-year study case in the Central Pyrenees. Science of
the Total Environment, 618, 1079–1087. https://doi.org/10.1016/j.
scitotenv.2017.09.127

|

6451

Goh, K. M. (2004). Carbon sequestration and stabilization in soils:
Implications for soil productivity and climate change. Soil Science
and Plant Nutrition, 50(4), 467–476. https://doi.org/10.1080/00380
768.2004.10408502
Grogan, P., Burns, T. D., & Chapin, F. S. III (2000). Fire effects on ecosystem nitrogen cycling in a Californian bishop pine forest. Oecologia,
122(4), 537–544. https://doi.org/10.1007/s004420050977
Grossman, R. B., & Reinsch, T. G. (2002). Bulk density and linear extensibility. In J. H. Dane, & G. C. Topp (Eds.), Methods of soil analysis: Part
4. Physical methods (pp. 201–225). Soil Science Society of America
Inc.
Hall, D. O., & Scurlock, J. M. O. (1991). Climate change and productivity of natural grasslands. Annals of Botany, 67, 49–55. https://www.
jstor.org/stable/42758390.
https://doi.org/10.1093/oxfordjour
nals.aob.a088208
Hammes, K., Smernik, R. J., Skjemstad, J. O., Herzog, A., Vogt, U. F.,
& Schmidt, M. W. I. (2006). Synthesis and characterisation of
laboratory-charred grass straw (Oryza sativa) and chestnut wood
(Castanea sativa) as reference materials for black carbon quantification. Organic Geochemistry, 37(11), 1629–1633. https://doi.
org/10.1016/j.orggeochem.2006.07.003
Harris, W. N., Boutton, T. W., & Ansley, R. J. (2008). Plant community and
soil microbial carbon and nitrogen responses to fire and clipping in a
southern mixed grassland. Rangeland Ecology & Management, 61(6),
580–587. https://doi.org/10.2111/07-0 47.1
Hart, S. C., DeLuca, T. H., Newman, G. S., MacKenzie, M. D., & Boyle,
S. I. (2005). Post-fire vegetative dynamics as drivers of microbial
community structure and function in forest soils. Forest Ecology
and Management, 220(1), 166–184. https://doi.org/10.1016/j.
foreco.2005.08.012
Hilscher, A., & Knicker, H. (2011). Degradation of grass-derived pyrogenic organic material, transport of the residues within a soil column and distribution in soil organic matter fractions during a 28
month microcosm experiment. Organic Geochemistry, 42(1), 42–54.
https://doi.org/10.1016/j.orggeochem.2010.10.005
Hockaday, W. C., Grannas, A. M., Kim, S., & Hatcher, P. G. (2006). Direct
molecular evidence for the degradation and mobility of black carbon in soils from ultrahigh-resolution mass spectral analysis of
dissolved organic matter from a fire-impacted forest soil. Organic
Geochemistry, 37(4), 501–510. https://doi.org/10.1016/j.orgge
ochem.2005.11.003
Hu, T., Hu, H., Li, F., Zhao, B., Wu, S., Zhu, G., & Sun, L. (2019). Long-term
effects of post-fire restoration types on nitrogen mineralisation in
a Dahurian larch (Larix gmelinii) forest in boreal China. Science of
the Total Environment, 679, 237–247. https://doi.org/10.1016/j.scito
tenv.2019.05.008
IIUS-WRB. (2014). World reference base for soil resources 2014:
International soil classification system for naming soils and creating
legends for soil maps. FAO.
Jian, M., Berhe, A. A., Berli, M., & Ghezzehei, T. A. (2018). Vulnerability
of physically protected soil organic carbon to loss under low severity fires. Frontiers in Environmental Science, 6, 66. https://doi.
org/10.3389/fenvs.2018.00066
Jordán, A., Zavala, L. M., Mataix-Solera, J., Nava, A. L., & Alanís, N. (2011).
Effect of fire severity on water repellency and aggregate stability
on Mexican volcanic soils. Catena, 84(3), 136–147. https://doi.
org/10.1016/j.catena.2010.10.007
Joubert, L., Pryke, J. S., & Samways, M. J. (2014). Annual burning drives
plant communities in remnant grassland ecological networks in an
afforested landscape. South African Journal of Botany, 92, 126–133.
https://doi.org/10.1016/j.sajb.2014.02.009
Keeley, J. (2009). Fire intensity, fire severity and burn severity: a brief
review and suggested usage. International Journal of Wildland Fire,
18(1), 116–126. https://doi.org/10.1071/WF07049
Kemper, W. D., & Rosenau, R. C. (1986). Aggregate stability and size distribution. In A. Klute (Ed.), Methods of soil analysis: Part I-physical and

6452

|

mineralogical methods (2nd ed.). https://acsess.onlinelibrary.wiley.
com/doi/abs/10.2136/sssabookser5.1.2ed.c17
Kitchen, D. J., Blair, J. M., & Callaham, M. A. (2009). Annual fire and mowing alter biomass, depth distribution, and C and N content of roots
and soil in tallgrass prairie. Plant and Soil, 323(1), 235–247. https://
doi.org/10.1007/s11104-0 09-9931-2
Knicker, H., Nikolova, R., Dick, D. P., & Dalmolin, R. S. D. (2012).
Alteration of quality and stability of organic matter in grassland
soils of Southern Brazil highlands after ceasing biannual burning. Geoderma, 181–182, 11–21. https://doi.org/10.1016/j.geode
rma.2012.03.001
Kowalenko, C. G. (2001). Assessment of Leco CNS-2000 analyzer for simultaneously measuring total carbon, nitrogen, and sulphur in soil.
Communications in Soil Science and Plant Analysis, 32(13–14), 2065–
2078. https://doi.org/10.1081/CSS-120000269
Li, J., Zhang, Q., Li, Y., Liu, Y., Xu, J., & Di, H. (2017). Effects of long-term
mowing on the fractions and chemical composition of soil organic
matter in a semiarid grassland. Biogeosciences, 14(10), 2685–2696.
https://doi.org/10.5194/bg-14-2685-2017
Maestrini, B., Nannipieri, P., & Abiven, S. (2015). A meta-analysis on pyrogenic organic matter induced priming effect. GCB Bioenergy, 7(4),
577–590. https://doi.org/10.1111/gcbb.12194
Mastrolonardo, G., Rumpel, C., Forte, C., Doerr, S. H., & Certini, G.
(2015). Abundance and composition of free and aggregate-
occluded carbohydrates and lignin in two forest soils as affected by
wildfires of different severity. Geoderma, 245–246, 40–51. https://
doi.org/10.1016/j.geoderma.2015.01.006
Mataix-Solera, J., Cerdà, A., Arcenegui, V., Jordán, A., & Zavala, L. M. (2011).
Fire effects on soil aggregation: A review. Earth-Science Reviews,
109(1–2), 44–60. https://doi.org/10.1016/j.earscirev.2011.08.002
Mataix-Solera, J., Gómez, I., Navarro-Pedreño, J., Guerrero, C., & Moral,
R. (2002). Soil organic matter and aggregates affected by wildfire in a Pinus halepensis forest in a Mediterranean environment.
International Journal of Wildland Fire, 11(2), 107–114. https://doi.
org/10.1071/wf02020
Mengistu, M. G., Steyn, J. M., Kunz, R. P., Doidge, I., Hlophe, H. B.,
Everson, C. S., Jewitt, G. P. W., & Clulow, A. D. (2016). A preliminary investigation of the water use efficiency of sweet sorghum
for biofuel in South Africa. Water SA, 42(1), 152–160. https://doi.
org/10.4314/wsa.v42i1.15
Montané, F., Rovira, P., & Casals, P. (2007). Shrub encroachment into mesic
mountain grasslands in the Iberian peninsula: Effects of plant quality and temperature on soil C and N stocks. Global Biogeochemical
Cycles, 21(4), GB4016. https://doi.org/10.1029/2006GB 002853
Morris, C. D., Everson, C. S., Everson, T. M., & Gordijn, P. J. (2021).
Frequent burning maintained a stable grassland over four decades in the Drakensberg, South Africa. African Journal of Range
& Forage Science, 38(1), 39–52. https://doi.org/10.2989/10220
119.2020.1825120
Muñoz-Rojas, M., Lewandrowski, W., Erickson, T. E., Dixon, K. W., &
Merritt, D. J. (2016). Soil respiration dynamics in fire affected semi-
arid ecosystems: Effects of vegetation type and environmental factors. Science of the Total Environment, 572, 1385–1394. https://doi.
org/10.1016/j.scitotenv.2016.02.086
Nandintsetseg, B., Boldgiv, B., Chang, J., Ciais, P., Enkhbaatar, D.,
Altangerel, B., Tserenpurev, B.-O., & Stenseth, N. C. (2021). Risk
and vulnerability of Mongolian grasslands under climate change.
Environmental Research Letters, 16(3), 034035. https://doi.org/
10.1088/1748-9326/abdb5b
Neary, D. G., & Leonard, J. M. (2020). Effects of fire on grassland soils
and water: A review. In Grasses and grassland aspects. IntechOpen.
https://doi.org/10.5772/intechopen.90747
Nüsse, A., Linsler, D., Loges, R., Reinsch, T., Taube, F., & Ludwig, B.
(2018). Effect of grassland harvesting frequency and N-fertilization
on stocks and dynamics of soil organic matter in the temperate

ABDALLA et al.

climate. Archives of Agronomy and Soil Science, 64(14), 1925–1931.
https://doi.org/10.1080/036503 40.2018.1468561
O’Dea, M. E., & Guertin, D. P. (2003). Prescribed fire effects on erosion parameters in a perennial grassland. Rangeland Ecology & Management
/ Journal of Range Management Archives, 56(1), 27–32. https://journ
als.uair.arizona.edu/index.php/jrm/article/view/9768. https://doi.
org/10.2307/4003877
Oluwole, F. A., Sambo, J. M. & Sikhalazo, D. (2008). Long-term effects
of different burning frequencies on the dry savannah grassland in
South Africa. African Journal of Agricultural Research, 3(2), 147-153.
http://www.academicjournals.org/AJAR.
Pathak, K., Nath, A. J., Sileshi, G. W., Lal, R., & Das, A. K. (2017). Annual
burning enhances biomass production and nutrient cycling in degraded imperata grasslands. Land Degradation & Development,
28(5), 1763–1771. https://doi.org/10.1002/ldr.2707
Pellegrini, A. F. A., Hobbie, S. E., Reich, P. B., Jumpponen, A., Brookshire,
E. N. J., Caprio, A. C., Coetsee, C., & Jackson, R. B. (2020). Repeated
fire shifts carbon and nitrogen cycling by changing plant inputs
and soil decomposition across ecosystems. Ecological Monographs,
90(4), e01409. https://doi.org/10.1002/ecm.1409
Pourreza, M., Hosseini, S. M., Safari Sinegani, A. A., Matinizadeh, M.,
& Dick, W. A. (2014). Soil microbial activity in response to fire
severity in Zagros oak (Quercus brantii Lindl.) forests, Iran, after
one year. Geoderma, 213, 95–102. https://doi.org/10.1016/j.geode
rma.2013.07.024
Prosperi, P., Bloise, M., Tubiello, F. N., Conchedda, G., Rossi, S., Boschetti,
L., Salvatore, M., & Bernoux, M. (2020). New estimates of greenhouse gas emissions from biomass burning and peat fires using
MODIS Collection 6 burned areas. Climatic Change, 161(3), 415–
432. https://doi.org/10.1007/s10584-020-02654- 0
Rabbi, S. M. F., Wilson, B. R., Lockwood, P. V., Daniel, H., & Young, I.
M. (2014). Soil organic carbon mineralization rates in aggregates
under contrasting land uses. Geoderma, 216, 10–18. https://doi.
org/10.1016/j.geoderma.2013.10.023
Ramankutty, N., Evan, A. T., Monfreda, C., & Foley, J. A. (2008). Farming
the planet: 1. Geographic distribution of global agricultural lands
in the year 2000. Global Biogeochemical Cycles, 22(1), GB1003.
https://doi.org/10.1029/2007GB 002952
Ramo, R., Roteta, E., Bistinas, I., van Wees, D., Bastarrika, A., Chuvieco,
E., & van der Werf, G. R. (2021). African burned area and fire carbon emissions are strongly impacted by small fires undetected by
coarse resolution satellite data. Proceedings of the National Academy
of Sciences of the United States of America, 118(9), e2011160118.
https://doi.org/10.1073/pnas.2011160118
Rumpel, C., Alexis, M., Chabbi, A., Chaplot, V., Rasse, D. P., Valentin, C., &
Mariotti, A. (2006). Black carbon contribution to soil organic matter composition in tropical sloping land under slash and burn agriculture. Geoderma, 130(1), 35–46. https://doi.org/10.1016/j.geode
rma.2005.01.007
Rumpel, C., Ba, A., Darboux, F., Chaplot, V., & Planchon, O. (2009).
Erosion budget and process selectivity of black carbon at meter
scale. Geoderma, 154(1), 131–137. https://doi.org/10.1016/j.geode
rma.2009.10.006
Shimoda, S., & Takahashi, Y. (2009). Differences in soil carbon storage due
to mowing, burning and uncontrolled management practices of a
grassland at the foot of Mount Sanbe, Japan. Grassland Science, 55(4),
175–180. https://doi.org/10.1111/j.1744-697X.2009.00156.x
Singh, S. S., Amiro, B. D. A. D., & Quideau, S. A. Q. A. (2008). Effects of
forest floor organic layer and root biomass on soil respiration following boreal forest fire. Canadian Journal of Forest Research, 38(4),
647–655. https://doi.org/10.1139/X07-200
Six, J., Bossuyt, H., Degryze, S., & Denef, K. (2004). A history of research
on the link between (micro)aggregates, soil biota, and soil organic
matter dynamics. Soil and Tillage Research, 79(1), 7–31. https://doi.
org/10.1016/j.still.2004.03.008

|

ABDALLA et al.

Six, J., Conant, R. T., Paul, E. A., & Paustian, K. (2002). Stabilization mechanisms of soil organic matter: Implications for C-saturation of soils.
Plant and Soil, 241(2), 155–176. http://www.casmgs.colost ate.edu/
pubs/files/282_file.pdf
Six, J., Elliott, E. T., & Paustian, K. (2000). Soil macroaggregate turnover and microaggregate formation: A mechanism for C sequestration under no-tillage agriculture. Soil Biology and Bioche
mistry, 32(14), 2099–2103. https://doi.org/10.1016/S0038-0717(00)
00179-6
Six, J., Frey, S. D., Thiet, R. K., & Batten, K. M. (2006). Bacterial and
fungal contributions to carbon sequestration in agroecosystems.
Soil Science Society of America Journal, 70(2), 555–569. https://doi.
org/10.2136/sssaj2004.0347
Skjemstad, J., Clarke, P., Taylor, J., Oades, J., & Mcclure, S. (1996). The
chemistry and nature of protected carbon in soil. Soil Research,
34(2), 251. https://doi.org/10.1071/SR9960251
Smith, D. R., Kaduk, J. D., Balzter, H., Wooster, M. J., Mottram, G. N.,
Hartley, G., Lynham, T. J., Studens, J., Curry, J., & Stocks, B. J. (2010).
Soil surface CO2 flux increases with successional time in a fire scar
chronosequence of Canadian boreal jack pine forest. Biogeosciences,
7(5), 1375–1381. https://doi.org/10.5194/bg-7-1375-2010
Smith, N. R., Kishchuk, B. E., & Mohn, W. W. (2008). Effects of wildfire and harvest disturbances on forest soil bacterial communities.
Applied and Environmental Microbiology, 74(1), 216–224. https://doi.
org/10.1128/AEM.01355- 07
Socher, S. A., Prati, D., Boch, S., Müller, J., Klaus, V. H., Hölzel, N., &
Fischer, M. (2012). Direct and productivity-mediated indirect
effects of fertilization, mowing and grazing on grassland species richness. Journal of Ecology, 100(6), 1391–1399. https://doi.
org/10.1111/j.1365-2745.2012.02020.x
Soong, J. L., & Cotrufo, M. F. (2015). Annual burning of a tallgrass prairie inhibits C and N cycling in soil, increasing recalcitrant pyrogenic organic matter storage while reducing N availability. Global
Change Biology, 21(6), 2321–2333. https://doi.org/10.1111/gcb.
12832
Tainton, N. M., Booysen, P. D. V., Bransby, D. I., & Nash, R. C. (1978).
Long term effects of burning and mowing on tall grassveld in natal:
Dry matter production. Proceedings of the Annual Congresses of
the Grassland Society of Southern Africa, 13(1), 41–4 4. https://doi.
org/10.1080/00725560.1978.9648831

6453

Thomaz, E. L. (2017). Fire changes the larger aggregate size classes in
slash-and-burn agricultural systems. Soil and Tillage Research, 165,
210–217. https://doi.org/10.1016/j.still.2016.08.018
Trollope, W. S. W. (1980). Controlling bush encroachment with fire in the
savanna areas of South Africa. Proceedings of the Annual Congresses
of the Grassland Society of Southern Africa, 15(1), 173–177. https://
doi.org/10.1080/00725560.1980.9648907
Vermeire, L. T., Strong, D. J., Gates, E. A., Marlow, C. B., & Waterman,
R. C. (2020). Can mowing substitute for fire in semiarid grassland? Rangeland Ecology & Management, 73(1), 97–103. https://doi.
org/10.1016/j.rama.2019.08.006
Whitehead, D. (2020). Management of grazed landscapes to increase
soil carbon stocks in temperate, dryland grasslands. Frontiers in
Sustainable Food Systems, 4, 585913. https://doi.org/10.3389/
fsufs.2020.585913
Zhao, H., Tong, D. Q., Lin, Q., Lu, X., & Wang, G. (2012). Effect of fires on
soil organic carbon pool and mineralization in a Northeastern China
wetland. Geoderma, 189–190, 532–539. https://doi.org/10.1016/j.
geoderma.2012.05.013
Zhou, M., Liu, C., Wang, J., Meng, Q., Yuan, Y., Ma, X., Liu, X., Zhu, Y.,
Ding, G., Zhang, J., Zeng, X., & Du, W. (2020). Soil aggregates stability and storage of soil organic carbon respond to cropping systems
on Black Soils of Northeast China. Scientific Reports, 10(1), 265.
https://doi.org/10.1038/s41598-019-57193-1

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found in the online version of the article at the publisher’s website.

How to cite this article: Abdalla, K., Chivenge, P., Ciais, P., &
Chaplot, V. (2021). Long-term (64 years) annual burning
lessened soil organic carbon and nitrogen content in a humid
subtropical grassland. Global Change Biology, 27, 6436–6453.
https://doi.org/10.1111/gcb.15918

