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ARTICLE INFO ABSTRACT
Handling Editor: Cornelia Rumpel Given the importance of soil organic carbon (SOC) stocks and their dynamics in the regulation of climate change,
understanding the mechanisms of SOC protection from decomposition is crucial. It is recognized that soil ag-
Keywords: gregates can provide effective protection of organic carbon from microbial decomposition. Currently, there is no
irgamc carbon systematic method for estimating the amount of protected carbon within aggregates. However, differences be-
ggregates

tween CO; emissions from incubation of intact versus crushed aggregates have been widely used as a proxy for
SOC physical protection within aggregates. There is no global analysis on this type of experiment yet, nor on the
drivers of the amount of SOC physically protected in soils. Using a meta-analysis including 165 pairs of obser-
vations from 22 studies encompassing a variety of ecosystems, climate and soil types, we investigated the
crushing effects on cumulative carbon mineralization from laboratory incubation experiments. The aggregates
were initially separated by either wet sieving or dry sieving before dry crushing. Our results indicated that
aggregate crushing led on average to +31 % stimulation of carbon mineralization compared with intact ag-
gregates, which represented 0.65 to 1.01 % of total SOC. This result suggests the mineralization of a previously
protected pool of labile organic carbon. The linear regression analysis showed that the crushing effect on carbon
mineralization depended on soil characteristics (carbon content, clay content and pH) as well as on aggregate
size. Crushing aggregates stimulated carbon mineralization relative to control, up to +63 % in large aggregates
(>10 mm), +38 % in large macro-aggregates (2-8 mm), +14 % in small macro-aggregates (0.25-2 mm) and
+54 % in micro-aggregates (<0.25 mm). Within each aggregate size-class, the crushing effect depended on the
crushing intensity. The destruction of aggregates to <0.05 mm size had a greater effect on carbon mineralization
(+130-133 %) than the destruction of aggregates to >2 mm (+3 to 40 %), < 2 mm (+58 to 62 %) and < 0.25
mm (+32 to 62 %) sizes regardless of the initial aggregate size. These results suggest that macroaggregates
(>0.25 mm) are less protective than microaggregates (<0.25 mm). Our dataset also show that soil physico-
chemical characteristics and experimental conditions influenced more the amount of protected SOC than land
use and management. Contrary to our expectations the crushing effect was not affected by tillage practices nor
land use. Standardizing the experimental conditions of aggregate crushing and subsequent incubation is needed
to assess and compare the amount of physically protected SOC in diverse soils, and then to better understand the
processes and drivers of SOC protection inside aggregates.

Physical protection
Crushing
Carbon mineralization

1. Introduction organic carbon decomposition is affected by its biochemical composi-

tion and it can be stabilized against decomposition by its association

Given the importance of soil organic carbon (SOC) stocks and their with minerals and by its physical protection in the soil structure (Sollins

dynamics in the regulation of climate change, understanding the et al., 1996; Baldock and Skjemstad, 2000; Six et al., 2002; von Liitzow
mechanisms of SOC protection from decomposition is crucial. Soil et al., 2006).
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The observed increase in SOC mineralization following the crushing
of soil aggregates was early interpreted (Rovira and Greacen, 1957) as
an expression of SOC physical protection, i.e. that the spatial arrange-
ment of soil particles can hinder biodegradation. Indeed, biodegradation
requires direct contact between microbial decomposers or their exo-
enzymes and the organic substrate, and the low density of microor-
ganisms on the one hand and the complex three-dimensional
arrangement of soil particles and voids on the other hand cause a spatial
disconnection at the microscale (Chenu and Stotzky, 2002; Dungait
et al., 2012). In addition, the availability of oxygen to microbial de-
composers may be limiting in some locations within the soil structure as
it was demonstrated by directly measuring oxygen concentration in soil
aggregates using needle type optodes (e.g. Sexstone et al., 1985; Parry
et al.,, 1999). Spatial disconnection and oxygen limitation, are both
alleviated when crushing soil aggregates (Balesdent et al., 2000).

Research on the physical protection of soil organic carbon has his-
torically focused on soil aggregates, i.e., small volumes of soil within
which the cohesion between particles is larger than that with the adja-
cent aggregates, so that they can be easily separated and organic carbon
quantified therein. Water-stable aggregates were assumed to represent
sites of physical protection of SOC because the life-expectancy of water-
stable aggregates is expected to be longer than that of water-unstable
ones (Plante and McGill, 2002). Hence, any spatial arrangement of
soil particles physically protecting organic carbon from biodegradation
should persist longer in water-stable aggregates than in unstable ones
(Balesdent et al., 2000, Plante and McGill, 2002). The distribution of
organic carbon in soil aggregates has been extensively studied (Tisdall
and Oades, 1982; Elliott, 1986; Gupta and Germida, 1988; Angers, 1992;
Beare et al., 1994b). Combining aggregates fractionation with 1C nat-
ural abundance showed that the turnover of soil organic carbon differed
between aggregate sizes (Puget et al., 1995; Angers and Giroux, 1996;
Puget et al., 2000; Six et al., 2000; Six et al., 2004) and that organic
carbon located within or outside soil aggregates exhibited contrasted
dynamics (Golchin et al., 1994; Besnard et al., 1996; Six et al., 2000).
Particulate organic matter (POM) inside aggregates turned over more
slowly (40-49 years) compared to POM outside aggregates (19-27
years) (Golchin et al., 1995). The primary site of SOC protection appears
to be particularly located in microaggregates (<0.25 mm) with a SOC
turnover of 209 + 95 years compared to a SOC turnover in macroag-
gregates (>0.25 mm) of 42 + 18 years (Six and Jastrow, 2002).

While physical protection of SOC was demonstrated in situ by
comparing the turnover rate of SOC with different locations in the soil
structure, there is no widely agreed method to assess the amount of
organic carbon physically protected in soils. Physically protected SOC
pools are often estimated from the amount of particulate organic carbon
or SOC located in aggregate fractions (von Liitzow et al., 2006). Incu-
bation experiments of intact versus crushed aggregates have also been
widely used as a proxy for physical protection within aggregates, with
contrasted results (Crasswell and Waring, 1972; Elliott, 1986, Gupta and
Germida, 1988; Gregorich et al., 1989; Beare et al., 1994a, Balesdent
et al., 2000; Chevallier et al., 2004; Chevallier et al., 2011). Analyzing
the results of such experiments should bring information on the drivers
of the amount of physically protected SOC.

According to the model of Tisdall and Oades (1982), micro-
aggregates provide the greatest protection, whereas macroaggregates
which are built up of microaggregates are less effective. Therefore, we
can assume that the initial size of the aggregates and the crushing in-
tensity must influence the amount of deprotected carbon. Indeed,
several studies showed that the crushing effect increased as the crushing
was more intense, i.e., resulted in finer aggregate sizes (Balesdent et al.,
2000). Soil texture and soil organic matter content are considered as a
major drivers of the extent of physical protection of organic matter in
soils in soils (Balesdent et al., 2000). Indeed, soil organic matter and
clay-sized particles are the main binding agents in the formation and
stabilization of aggregates, along with Fe and Al oxides and hydroxides
in particular in oxisols and with carbonates in carbonated soils (Tisdall
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and Oades, 1982; Amézketa, 1999; Chenu et al., 2000; Duchicela et al.,
2012; Portella et al., 2012). We expect hence that crushing the aggre-
gates of a fine-textured soil would lead to a greater response than a
coarse-textured soil, while opposite effects were also found (Raza-
fimbelo et al., 2013), as aggregation was likely provided by Al-
containing crystalline sesquioxide in the studied soils.

Land use and agricultural practices are known to largely influence
SOC stocks and dynamics, as a result of either or both increased organic
carbon inputs to soil and organic carbon outputs by mineralization
(Chenu et al., 2019). More physical protection in grassland soils
compared to cropland soils and in no-till soils compared to conven-
tionally tilled soils is generally considered to explain larger SOC stocks
in the former (Six et al., 2000). Six et al. (1999) as well as Puget et al.
(1995) observed higher SOC contents in aggregates in no-till soils than
in conventionally tilled soils. No tillage improves macroaggregate sta-
bility and microaggregate formation, which better protects carbon from
microbial decomposition (Jastrow et al., 1996; Six et al., 2000).
Therefore, we expect to observe a larger crushing effect on soil from
undisturbed systems (forest, grassland, no-till) compared to regularly
tilled ones.

The incubation experiments of intact versus crushed aggregates is
the method often used to estimate the amount of organic carbon phys-
ically protected in soils. This approach has been applied in a substantial
number of publications making relevant to analyze this corpus of liter-
ature jointly in a meta-analysis. The objectives of this meta-analysis were
on the one hand to assess whether and to which extent crushing soil
aggregates caused a flush of mineralization and on the other hand to
establish possible relationships between the crushing effect and factors
expected to increase physical protection. We hypothesized that the
crushing effect would be more important: (i) when finer sized aggregates
are disrupted, (ii) as clay and SOC content increases, and (iii) in un-
disturbed systems (forest, grassland, no tillage) compared to frequently
disturbed ones (conventional tillage). We used a meta-analytical
approach with a random effects model accounting for the non-
independence of multiple observations extracted from the same study
(Curtis and Queenborough, 2012) to test our hypotheses and evaluate
how soil characteristics modulate the effect of crushing on SOC
mineralization.

2. Materials and methods
2.1. Data acquisition and selection

We searched for relevant articles in Web of Science, Google Scholar
and Scopus using the following search terms: “crush”, “grinding”,
“ground“, “aggregate“, intact“, “carbon mineralization“, “organic
matter”, “physical protection“, and a combination of these terms. We
also searched for articles that were cited in the publications we found.
We focused the analysis on aggregates of different sizes. The aggregate
size has been classified according to the ranking commonly found in the
literature (Cambardella and Elliott, 1992; Six et al., 2000; Marquez
etal., 2004) into large aggregate (>10 mm), large macro aggregate (2-8
mm), small macroaggregate (0.25-2 mm) and microaggregate (<0.25
mm). All articles used from these studies met the following criteria: (i)
experiments had a control treatment with “intact aggregates“ of
different sizes; (ii) aggregates were dry crushed with mortar or me-
chanical mill, and then passed to different sieve sizes (Fig. 1). The initial
separation of the aggregates was performed either by wet sieving or by
dry sieving (Table 1). According to these criteria, a total of 22 studies
from 22 sites were included (Fig. 2), providing 165 coupled observations
(intact aggregates vs crushed aggregates) of cumulative carbon miner-
alization. Data from the figures were extracted using the WebPlotDigi-
tizer (Huwaldt, 2013; Burda et al., 2017) digitizing software to convert
the data points into numerical values.

For each study site, we collected information on ecosystems type
(forest soil, grassland, cropland or fallow soil), soil management (no-
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Fig. 1. Illustration of the selection criteria (control and treatment) of retrieved studies, showing soil aggregates types and experiment protocols.

tillage vs tillage), crop management, climate (temperate, tropical,
Mediterranean and boreal) and soil texture expressed in percentage of
clay, silt and sand. Soil texture classes were then grouped into three
categories: coarse texture (sand and loamy sand soils), medium texture
(loam, silty loam and clay loam) and fine texture (sandy clay loam, silty
clay loam, clay loam, clay), according to the soil survey manual of the
USDA (Canarini et al., 2017). The SOC contents of intact and crushed
aggregates were considered to calculate the specific cumulative carbon
mineralization. We also collected soil pH data within each study.

Information about incubation conditions were collected: incubation
length expressed in days, incubation temperatures in degrees Celsius
(°C) and soil moisture data. Soil moisture data were mostly expressed in
gravimetric water content, but also as volumetric water content, per-
centage of water holding capacity (%WHC), percentage of water filled
pore space (%WEFPS) or matric potential (MPa).

2.2. Data analysis

To evaluate the effects of aggregate crushing between different
studies, the response was normalized, expressing the effect relative to
the control (mineralization of intact (not crushed) aggregates). When
only the daily mineralization rate was available, we calculated the cu-
mulative mineralization using the following formula:

Rj +R/‘+l

G = B

X (1 — 1) +C (€))
(Lin et al., 2015; Zhang et al., 2020) where C; is the cumulative amount
of mineralized carbon from the start of the incubation to the day of
measurement “j” expressed in mg C kg ! soil; Rj is the rate of mineral-
ization in mg C kg*1 soil d'}; “t” is the incubation time in days (d). If j =
0,Rj=0,Cj=0.

To assess physical protection, we used the relative increase in
mineralization, rather than the difference of mineralized carbon be-
tween the crushed and intact treatment. This choice allowed us to ho-
mogenize all the data and to express the results in response ratio (RR).
The RR is defined as: RR = (X1/X¢) (Gurevitch et al., 2001; Canarini
et al., 2017; Zhang et al., 2020) where Xt and X are the mean cumu-
lative carbon mineralization values of the crushed treatment (T) and the
control (intact) group (C). For each experiment, the crushing effect
(LnRR) was calculated as the natural logarithm (Ln) of the response ratio
(RR). There are two reasons for using the natural logarithm. The first is
that the logarithm linearizes the data by giving equal weight to the
numerator and denominator of the RR which will therefore have the
same influence on the deviation of the results. The second reason is that
LnRR values are more normally distributed than RR values for small

samples (Hedges et al., 1999). If RR < 1, a negative crushing effect on
carbon mineralization was observed and if RR > 1 the crushing led to an
increased carbon mineralization. Therefore, a negative LnRR indicates
that aggregates crushing reduces the carbon mineralization relative to
the intact aggregates (control), whereas a positive LnRR indicates that
crushing increases the carbon mineralization relative to the intact ag-
gregates. Assuming that crushed treatment and control were indepen-
dent, the variance of LnRR was calculated as:
SDZ  SD3

+
ncX nTX

(2)

Var(InRR) = Var(InC — InT) =

(Hedges et al., 1999) where SD is the standard deviation and “n” is the
sample size of the mean response values. Mean effect (LnRR) was
calculated using random-effects model because there is true variation in
effect sizes among studies (Lajeunesse, 2013; Zhang et al., 2020). The
within variance (Var) and between-study variance (t 2) were used in the
random-effect model to calculate the weighting factor [1/(Var + t 2)].
Between-study variance (t 2y was calculated using restricted maximum
likelihood (REML) estimator as it is better for continuous data (Veroniki
et al., 2016, Zhang et al., 2020). We used these estimates to calculate ?
indicating the proportion of total variance due to true heterogeneity
among effect sizes (Higgins and Thompson, 2002) and identifying low
(25 %), medium (50 %) and high (>75 %) heterogeneity (Huedo-Medina
et al., 2006). In simple terms, a low I? indicates that variability among
effect sizes is mainly due to sampling error within studies, while a high I?
indicates that variability is caused by true heterogeneity among studies
(Canarini et al., 2017). Multiple imputation was used to derive standard
deviations for observations not reporting this (70 in total among all
variables). First, coefficients of variation were calculated for each
observation with reported standard deviations, dividing the standard
deviation by the reported mean for LnRR. Missing coefficients of vari-
ation were then imputed by random sampling with replacement, either
from the total data set. Finally, each imputed value was converted to
standard deviation by multiplying with the reported mean of the
imputed observation, allowing all observations to be included in the
following meta-analysis. This procedure was repeated 1000 times, and
final parameter estimates were obtained as the average across runs. The
95 % confidence interval (CI) was calculated by variance weighted
bootstrapping (999 iterations) (Huo et al., 2017). Heterogeneity was
explained with different moderators (including categorical variables) by
Q statistics, and the subgroup analysis was used for categorical
variables.

In order to show the crushing effects more clearly, LnRR was trans-
form back to the percentage change (% Change) relative to control by
the formula (e'® ®®).1) *100 % (Canarini et al., 2017; Zhang et al.,



Table 1

Comparison of the effect of aggregate crushing on C mineralization in different studies corresponding to different site and soil characteristics and experimental conditions. SOC: Soil Organic Carbon; WHC: Water Holding
Capacity; WFPS: Water Free Pore Space.

Publications Climatic Land use Practices Soil pH Clay Soil  SOC Method of Initial Crushing Crushed With Moisture Tempera- Time Carbon Crushing % Change
information depth content texture (%) initial aggregate operation to (mm) inert ture (°C) (days) mineralization effect in carbon
(cm) (%) aggregate size (mm) sand Crushed/Intact  (LnRR) Mineraliza-
size or no (RR) tion
separation sand
Aoyama Temperate Cropland  Tillage 0-10 6.2 24 Loam 2.60 Wet sieving 0.25-2 Mortar <0.25 Sand —50 KPa 25 21 1.27 0.24 27
et al.,1999 crushed +
sieving
Beare et al., Mediterranean Cropland  Tillage 0-5 6.78 21 Sandy 1.23 Wet sieving >2 Mortar <2 Sand 55 % 24 20 1.11 0.11 11
1994a Clay crushed + WEFPS
Loam sieving
Mediterranean Cropland No Tillage 0-5 7.05 21 Sandy 1.76 Wet sieving >2 Mortar <2 Sand 55 % 24 20 1.24 0.22 24
Clay crushed + WEFPS
Loam sieving
Mediterranean Cropland  Tillage 0-5 6.78 21 Sandy 1.23 Wet sieving 0.25-2 Mortar <0.25 Sand 55 % 24 20 1.18 0.17 18
Clay crushed + WEFPS
Loam sieving
Mediterranean Cropland No Tillage 0-5 7.05 21 Sandy 1.76 Wet sieving 0.25-2 Mortar <0.25 Sand 55 % 24 20 1.29 0.25 29
Clay crushed + WEFPS
Loam sieving
Bischoff et al., Boreal Cropland  Fodder 0-10 7.6 36.3 Silt 4.29 Dry sieving 0.25-2 Mortar <0.25  Sand 60 % 20 28 1,04 0.03 4
2017 crops Loam crushed + WHC
sieving
Boreal Cropland  Tillage 0-10 7.1 23.6 Loam 1.57 Dry sieving 0.25-2 Mortar <0.25 Sand 60 % 20 28 0.95 —0.05 -5
crushed + WHC
sieving
Boreal Grassland Extensive 0-10 7.6 36.3 Silt 3.81 Dry sieving 0.25-2 Mortar <0.25 Sand 60 % 20 28 1.03 0.03 3
pasture Loam crushed + WHC
sieving
Bossuyt et al., Temperate Cropland  Tillage 0-2.25 7.1 21 Sandy 1.64 Wetsieving 0.053-0.25  Mortar <0.053 No 55 % 30 21 1.40 0.34 40
2002 Clay crushed + Sand WFPS
Loam sieving
Temperate Cropland No Tillage 2.5-5 6.8 21 Sandy 1.39 Wetsieving 0.053-0.25  Mortar <0.053 No 55 % 30 21 1.58 0.46 58
Clay crushed + Sand WFPS
Loam sieving
Temperate Cropland  Tillage 5-15 6.8 21 Sandy 0.75 Wetsieving 0.053-0.25  Mortar <0.053 No 55 % 30 21 2.40 0.80 124
Clay crushed + Sand WEFPS
Loam sieving
Temperate Cropland  Tillage 0-2.25 7.1 21 Sandy 0.93 Wet sieving >0.25 Mortar <0.25 No 55 % 30 21 1.17 0.16 17
Clay crushed + Sand WEFPS
Loam sieving
Temperate Cropland No Tillage 0-2.25 7.1 21 Sandy 1.58 Wet sieving >0.25 Mortar <0.25 No 55 % 30 21 1.19 0.18 19
Clay crushed + Sand WEFPS
Loam sieving
Chevallier Tropical Grassland Restored 0-30 6.5 56 Clay 2.36 Dry sieving 10-20 Mortar <5 No 75 % 28 21 1.44 0.35 42
et al., 2004 pasture crushed + Sand WHC
sieving
Chevallier Tropical Cropland  Tillage 0-30 7 54 Clay  2.05 Dry sieving <2 Mortar <0.2 No —10KPa 28 28 1.40 0.34 40
etal., 2011 crushed + Sand
sieving
Curtin et al., Temperate Cropland  Tillage 5-10 6 40 Clay  3.14 Dry sieving >4 Sieving <4 No —10KPa 25 15 1.00 0.00 0
2014 Loam Sand
Temperate Cropland  Tillage 5-10 6 40 Clay  2.30 Dry sieving 2-4 <0.25 Sand —10KPa 25 30 1.59 0.46 59
Loam

(continued on next page)

‘D 32 pnowady T'd'L

680911 (2Z0Z) LT PULIDPOID



Table 1 (continued)

Publications Climatic Land use Practices Soil pH Clay Soil  SOC Method of Initial Crushing Crushed With Moisture Tempera- Time Carbon Crushing % Change
information depth content texture (%) initial aggregate operation to (mm) inert ture (°C) (days) mineralization effect in carbon
(cm) (%) aggregate size (mm) sand Crushed/Intact (LnRR) Mineraliza-
size or no (RR) tion
separation sand
Mortar
crushed +
sieving
Temperate Cropland Minimum 0-15 6 16 Silt 2.57 Dry sieving >4 Sieving <4 No —10KPa 25 14 1.05 0.04 4
Tillage Loam Sand
Temperate  Grassland  Pasture 0-15 6 16 Silt 3.09 Dry sieving >4 Sieving <4 No —10KPa 25 14 1.04 0.04 4
Loam Sand
D’Angelo Tropical Cropland  Tillage 0-5 5.5 20 Silt 2.99 Dry sieving 2-9 Sieving <2 No 21 % 25 28 1.53 0.42 53
et al., 2009 Loam Sand
Elliott, 1986 Temperate Cropland  Tillage 0-30 7 20 Silt 2.09 Wet sieving >0.3 Sieving <0.3 No 28 % 25 20 1.11 0.10 11
Loam Sand
Garcia-Oliva Tropical Forest Forest 0-5 6.9 5.2 Sandy 3.34 Wet sieving >0.25 Mortar <0.25 No N/A 25 22 0.65 —0.44 -35
et al., 2004 Loam crushed + Sand
sieving
Gijsman and Tropical Cropland  Tillage 0-75 5.3 5.2 Sandy 5.69 Wet sieving >2 Mortar <0.25 Sand 66 % 24 41 1.18 0.16 17
Sanz, 1998 Loam crushed + WHC
sieving
Tropical Fallow Fallow 0-75 5.3 5.2 Sandy 4.95 Wet sieving >2 Mortar <0.25 Sand 66 % 24 41 1.28 0.24 27
land Loam crushed + WHC
sieving
Tropical Cropland  Tillage 0-7.5 5.3 5.2 Sandy 5.53 Wet sieving 0.25-2 Mortar <0.25 Sand 66 % 24 41 1.09 0.09 9
Loam crushed + WHC
sieving
Tropical Fallow Fallow 0-75 5.3 5.2 Sandy 4.79 Wet sieving 0.25-2 Mortar <0.25 Sand 66 % 24 41 1.13 0.12 13
land Loam crushed + WHC
sieving
Gupta and Temperate Fallow Fallow 0-15 6.5 10 Sandy 2.95 Dry sieving >0.25 Mortar <0.25 No N/A 25 14 1.10 0.09 10
Germida, Loam crushed + Sand
1988 sieving
Jacobs et al., Temperate Cropland No Tillage 0-5 7 15.1 Silt 1.25 Wet sieving 2-10 Mortar <0.25 No 50 % 22 28 1.20 0.13 14
2010 Loam crushed + Sand WHC
sieving
Temperate Cropland  Tillage 0-5 15.1 Silt 0.94 Wet sieving 2-10 Mortar <0.25 No 50 % 22 28 1.27 0.24 27
Loam crushed + Sand WHC
sieving
Nyamadzawo Tropical Fallow Tillage 0-5 438 22 Sandy 0.69 Wet sieving 0.25-2 Mortar <0.25 Sand 55 % 20 21 1.10 0.10 10
et al., 2009 Loam crushed + WEFPS
sieving
Tropical Fallow No Tillage 0-5 4.8 22 Sandy 0.80 Wet sieving 0.25-2 Mortar <0.25 Sand 55 % 20 21 1.15 0.13 14
Loam crushed + WEFPS
sieving
Tropical Cropland  Tillage 0-5 48 22 Sandy 0.59 Wet sieving 0.25-2 Mortar <0.25 Sand 55 % 20 21 1.06 0.06 6
Loam crushed + WEFPS
sieving
Tropical Cropland No Tillage 0-5 4.8 22 Sandy 0.60 Wet sieving 0.25-2 Mortar <0.25 Sand 55 % 20 21 1.07 0.06 7
Loam crushed + WEFPS
sieving
Oorts et al., Temperate Cropland  Tillage 0-20 6.1 221 Silt 1.10 Dry sieving >12 Sieving <0.05 No —63KPa 15 40 2.03 0.71 103
2006 Loam Sand
Temperate Cropland  Tillage 0-20 6.1 21.6 Silt 1.10 Dry sieving >12 Sieving <2 No  —63KPa 15 40 1.31 0.27 31
Loam Sand

(continued on next page)
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Table 1 (continued)
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Publications Climatic Land use Practices Soil pH Clay Soil  SOC Method of Initial Crushing Crushed With Moisture Tempera- Time Carbon Crushing % Change
information depth content texture (%) initial aggregate operation to (mm) inert ture (°C) (days) mineralization effect in carbon
(cm) (%) aggregate size (mm) sand Crushed/Intact (LnRR) Mineraliza-
size or no (RR) tion
separation sand
Temperate Cropland  Tillage 0-20 6.1 21.6 Silt 1.10 Dry sieving >12 Sieving <0.25 No —63KPa 15 40 1.34 0.29 34
Loam Sand
Temperate Cropland No Tillage 5-20 6.1 20.8 Silt 1.61 Dry sieving >12 Sieving <2 No —63KPa 15 40 1.40 0.27 31
Loam Sand
Temperate Cropland No Tillage 5-20 6.1 20.8 Silt 1.61 Dry sieving >12 Sieving <0.05 No —63KPa 15 40 2.03 0.71 103
Loam Sand
Temperate Cropland No Tillage 0-5 4.8 18.8 Silt 1.61 Dry sieving >12 Sieving <0.25 No  —63KPa 15 40 1.62 0.37 45
Loam Sand
Powlson, Temperate Fallow Fallow 0-20 7.7 55 Clay  2.01 Dry sieving <6.35 Mortar <1 No 55 % 25 20 0.24 0.22 25
1980 crushed + Sand WHC
sieving
Pulleman and Temperate Cropland  Tillage 5-20 85 22 Loam 1.10 Dry sieving >8 Mortar <0.05 No —10KPa 20 35 2.01 0.70 101
Marinissen, crushed + Sand
2004 sieving
Temperate Cropland  Tillage 0-10 8.6 22 Loam 1.10 Dry sieving >8 Mortar <0.25 No —10KPa 20 35 1.72 0.54 72
crushed + Sand
sieving
Temperate Grassland ~ Pasture 0-10 8.1 22 Loam 3.60 Dry sieving >8 Mortar <0.05 No —10 KPa 20 35 2.10 0.74 109
crushed + Sand
sieving
Razafimbelo Tropical Cropland  Tillage 0-5 5.72 62 Clay 4.21 Wet sieving <2 Mortar <0.2 Sand 80 % 28 28 1.11 0.10 11
et al., 2006 crushed + WHC
sieving
Razafimbelo Tropical Cropland  Tillage 0-5 5.72 62 Clay 3.21 Wet sieving 0.2-2 Mortar <0.05 Sand 80 % 28 28 1.13 0.13 13
et al., 2008 crushed + WHC
sieving
Tropical Cropland No Tillage 0-5 5.72 62 Clay 4.61 Wet sieving 0.2-2 Mortar <0.05 Sand 80 % 28 28 1.10 0.09 10
crushed + WHC
sieving
Razafimbelo Tropical Cropland  Tillage 0-5 - 59 Sandy 2.41 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.14 0.13 14
etal., 2013 Clay crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 59 Sandy 1.28 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.15 0.14 15
Clay crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 20 Sandy 2.21 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.15 0.14 15
Clay crushed + Sand
Loam sieving
Tropical Cropland  Tillage 0-5 - 23 Sandy 1.16 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.09 0.08 8
Clay crushed + Sand
Loam sieving
Tropical Cropland  Tillage 0-5 - 12.5 Silt 2.3 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.08 0.08 8
Loam crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 39 Sandy 2.13 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.14 0.13 14
Clay crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 39 Sandy 1.77 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.15 0.14 15
Clay crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 72.3 Clay 3.4 Dry sieving >0.2 <0.2 —10 KPa 28 28 1.10 0.09 10

(continued on next page)
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Table 1 (continued)

Publications Climatic Land use Practices Soil pH Clay Soil SOC Method of Initial Crushing Crushed With Moisture Tempera- Time Carbon Crushing % Change
information depth content texture (%) initial aggregate operation to (mm) inert ture (°C) (days) mineralization effect in carbon
(cm) (%) aggregate size (mm) sand Crushed/Intact (LnRR) Mineraliza-
size or no (RR) tion
separation sand
Mortar No
crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 72.3 Clay 5.02 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.13 0.12 13
crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 53.9 Sandy 2.9 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.33 0.29 33
Clay crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 45.9 Sandy 1.72 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.09 0.08 8
Clay crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 23.5 Sandy 1.42 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.07 0.07 7
Clay crushed + Sand
Loam sieving
Tropical Cropland  Tillage 0-5 - 25.7 Sandy 1.76 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.07 0.07 7
Clay crushed + Sand
Loam sieving
Tropical Cropland  Tillage 0-5 - 18.5 Silt 0.73 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.02 0.02 2
Loam crushed + Sand
sieving
Tropical Cropland  Tillage 0-5 - 27.3 Sandy 1.03 Dry sieving >0.2 Mortar <0.2 No —10KPa 28 28 1.02 0.02 2
Clay crushed + Sand
Loam sieving
Wang et al., Temperate Cropland  Tillage 5-10 6.7 15 Silt 0.67 Dry sieving 8-16 Mortar <0.125 No —10 KPa 20 52 1.28 0.23 26
2014 Loam crushed + Sand
sieving
Yang et al., Tropical Grassland  Pasture 0-30 5 5.8 Sandy 5.40 Dry sieving 0.25-2 Mortar <0.125 No —10 KPa 20 28 0,92 —0.08 -8
2020 Loam crushed + Sand
sieving
Tropical Grassland  Pasture  30-50 6.5 40.6 Silt 2.14 Dry sieving 0.25-2 Mortar <0.125 No —10KPa 20 28 1.03 0.03 3
Clay crushed + Sand
sieving
Tropical Grassland ~ Pasture 0-30 6 19.5 Silt 6.32 Dry sieving 0.25-2 Mortar <0.125 No —10KPa 20 28 1.14 0.13 13
Loam crushed + Sand
sieving
Tropical Grassland ~ Pasture 0-30 5 5.8 Sandy 4.62 Dry sieving >2 Mortar <0.125 No —10KPa 20 28 1.19 0.17 18
Loam crushed + Sand
sieving
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Fig. 2. Global distribution of the sites used in this meta-analysis. The world map was taken from a map database in R using packages ("maps" and "mapdata"). The
points represent the geographical location of the sites based on the longitudes and latitudes collected in the studies.

2020). To investigate the relationships between soil characteristics and
parameters of incubation experiments (clay content, carbon content, pH
and incubation length) and the crushing effect (LnRR), we used linear
regression models. To validate the significance tests of these models, we
verified the residuals normality using the Shapiro-wilk test, the residuals
homogeneity with the “residuals vs fitted plot” test, completed by a
Breush-Pagan test and the residuals independence with the Durbin-
Watson test. All statistical analyses were completed in R (version
4.0.2) and the “metafor” package used to random effect model
(Viechtbauer, 2010, Harrer et al., 2019).

2.3. Publication bias

Kendall’s rank correlation provides a distribution free test of inde-
pendence and a measure of the strength of dependence between two
variables. Kendall's rank correlation tests showed there were no sig-
nificant relationships between the standardized crushing effect (LnRR)
and their corresponding sample sizes (p > 0.05). Egger’s test of the
intercept (Egger et al., 1997) quantifies the funnel plot asymmetry and
performs a statistical test. The function uses regression to test the rela-
tionship between the observed effect sizes and the standard error of the
effect sizes. If this relationship is significant, that might indicate publi-
cation bias. However, asymmetry could have been caused by other
reasons than publication bias. We see from the plot that in the case of our
meta-analysis (see supplementary data Fig. S1), the plot is not asym-
metrical. Eggers’ test does not indicate the presence of funnel plot
asymmetry (p > 0.05), which means that there is substantial symmetry
in the Funnel plot. For all studies included in this meta-analysis, meta-
estimation is not associated with significant publication bias.

3. Results
3.1. Data description

We found 22 studies, corresponding to 165 coupled observations that
met our criteria. Some studies also reported crushing and incubation
tests but were not included in this meta-analysis, because the incubation
length was shorter than 2 weeks or the metric used did not allow to
homogenize the data base. Experimental conditions, temperature, soil
moisture, incubation length, and aggregate size differed among studies
(Table 1). The size of the intact and crushed aggregates was systemati-
cally recorded and classified into: large aggregates (>10 mm), large
macro-aggregates (2-8 mm), small macro-aggregates (0.25-2 mm) and
micro-aggregates (<0.25 mm). The majority of the studies included in
this meta-analysis were published between 1980 and 2009 and very few
studies were conducted in the period 2010-2020. The studies included
in this meta-analysis were conducted on a large variety of soils, climates

and ecosystems (Fig. 2, Table 1). About half of the data originated from
tropical regions, 40 % from temperate regions and 5 % from Mediter-
ranean and 5 % from boreal regions. Concerning land use patterns, we
found more data in cropland (64 %) than in grassland (19 %) and fallow
land (16 %). Unfortunately, very few experiments have been carried out
on forest soils (1 %). In cropland, we distinguished between studies that
compared conventional and no-tillage practices and those that did not
(Table 1). Published studies mainly focused on topsoils (0-30 cm).

All studies performed soil incubations under controlled conditions in
the laboratory with fixed temperature and soil moisture. The aggregates
on which the crushing test was performed had been obtained either by
dry sieving for 12 studies, or by wet sieving for 20 studies (see Table 1).
To evaluate the amount of carbon protected within aggregates, the au-
thors systematically monitored the carbon mineralization from the soil
with the intact versus crushed aggregates. The crushing of the aggre-
gates was not done under the same conditions in all studies. The
crushing was done either by hand in a mortar or mechanically. After
crushing, the soil was sieved through a smaller size sieve than the initial
size of the aggregates. A large number of data focused on crushing large
macro-aggregates (n = 44) and small macro-aggregates (n = 85). Very
little data has been collected on large aggregates (n = 28) and micro
aggregates (n = 8). The incubation temperatures ranged between 15 and
30 °C (Table 1). The soil moisture was expressed either as gravimetric
water content, volumetric water content, percentage of water holding
capacity (%WHC), percentage of water-filled pore space (%WFPS) or
pressure units (Table 1). Unfortunately, these different units of soil
moisture did not allow us to homogenize the data and thus to establish a
relationship between soil moisture and the crushing effect (LnRR) on
carbon mineralization. The incubation length ranged from a few days to
more than one year. Crushed aggregates were incubated either with or
without inert sand. Sand was used to enhance soil aeration and to pre-
vent new aggregates formation. From the 22 studies included in this
meta-analysis, only 2 studies reported pH values > 7 (i.e., Bischoff et al.,
2017; Pulleman and Marinissen, 2004), which corresponded to only 6
soils out of 165. The higher pH was due to the presence of carbonate in
these soils (Bischoff et al., 2017; Pulleman and Marinissen, 2004).

3.2. Crushing effect on cumulative carbon mineralization

The meta-estimation of the mean crushing effect on carbon miner-
alization showed a large heterogeneity between the studies (I > 75 %).
A high 1? indicates that variability is caused by true heterogeneity
among studies. The mean crushing effect of cumulative carbon miner-
alization was 0.27 (95 % CI from 0.22 to 0.32; p < 0.0001; Fig. 4c),
suggesting that crushing aggregates stimulated significantly the carbon
mineralization by + 31 % relative to intact aggregates (control). This
extra mineralization following aggregate crushing represented on
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average 0.83 % (95 % CI from 0.65 to 1.01 %; p < 0.0001; Table S2) of
total SOC.

3.3. Experimental conditions affect the crushing effect on carbon
mineralization

3.3.1. Incubation length

We have established a linear relationship between crushing effect
and incubation length with all aggregate sizes and crushing intensities
combined. The results reported in Fig. 3a, show a very scattered though
significant negative correlation trend R? = 0,037, p = 0,023). We also
examined the correlation by data pair within the same study, when it
was possible to obtain the cumulative mineralization over a short-term
and long-term incubations. We observed the same tendencies as with
the global data (results not presented). All means slopes measured be-
tween two dates in the same study were negative indicating that the
crushing effect tends to decline with incubation length (Table 2). It was
difficult to find data with identical incubation lengths in the articles
obtained in our literature search. To reduce the possible effect of the
incubation length on crushing effect (LnRR), we focused the meta-
analysis on the data obtained with incubation lengths ranging from 2
weeks to one month. We chose this time range because most minerali-
zation assays to determine the amount of carbon protected within ag-
gregates were conducted at these time scales (e.g., Balesdent et al., 2000;
Bossuyt et al., 2002; Chevallier et al., 2004, Chevallier et al., 2011).

3.3.2. Aggregates size and crushing intensity

We investigated first whether the wet or dry separation of the initial
aggregates would affect the crushing effect, and compared similar initial
aggregate sizes and crushing intensities. The results indicated a higher

Geoderma 427 (2022) 116089

crushing effect when the large macro-aggregates obtained by dry sieving
were crushed into micro-aggregates (0.33 + 0.11 CI 95 %) compared to
the crushing of large macro-aggregates obtained by wet sieving (0.22 +
0.13 CI 95 %). However, opposite results were obtained with small-
macro-aggregates crushed into micro-aggregates (0.03 + 0.05 CI 95 %
and 0.13 + 0.02 CI 95 % respectively for dry and wet sieving separation)
(See Fig. S5). This result suggests that the effect of the initial aggregate
separation method is not constant.

The crushing effect depended on the initial size of the aggregates.
After crushing large aggregates (>10 mm), large macro-aggregates (2-8
mm), small macro-aggregates (0.25-2 mm) and micro-aggregates
(<0.25 mm), the crushing effects were 0.50 (95 % CI from 0.37 to
0.63), 0.32 (95 % CI from 0.21 to 0.43), 0.13 (95 % CI from 0.10 to 0.15)
and 0.43 (95 % CI from 0.15 to 0.71), respectively (Table 3 and Fig. 4b).
Thus, aggregates crushing stimulated carbon mineralization relative to
control, up to + 63 % in large aggregates, +38 % in large macro-
aggregates, +14 % in small macro-aggregates and +54 % in micro-
aggregates (Table 3).

Relative to large aggregates, the crushing intensity showed a sig-
nificant difference between sieving sizes after crushing (p < 0.0001,
Table 3a). The mean crushing effect on carbon mineralization when
large aggregates (>10 mm) were reduced to sizes > 2 mm, <2 mm,
<0.25 mm and < 0.05 mm were 0.34 (95 % CI from 0.17 to 0.51), 0.46
(95 % CI from —0.08 to 1.01), 0.48 (95 % CI from 0.31 to 0.65) and 0.83
(95 % CI from 0.09 to 1.58) respectively (Table 3a), suggesting that
intense crushing allowed further deprotection and carbon mineraliza-
tion. Similar results were obtained with large macro-aggregates (2-8
mm), where mean crushing effect on carbon mineralization after
crushing them to > 2 mm, <2 mm, <0.25 mm and < 0.05 mm were 0.03
(95 % CI from —0.03 to 0.09), 0.48 (95 % CI from 0.06 to 0.89), 0.28 (95
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Fig. 3. Relationship between crushing effect (LnRR) of cumulative CO, emission and (a) incubation length; (b) Carbon content; (¢) pH and (d) Clay content, by linear
regression, all aggregate sizes combined. Each symbol represents an observation. The grey area represents the 95% confidence interval of the linear regression. A
significant p- value (<0.05) indicates that part of the total heterogeneity can be explained by these variables. Dots below the dashed line correspond to a negative
crushing effect (LnRR<0) and above the dashed line correspond to a positive crushing effect (LnRR>0). The red, green and blue dots represent cropland, fallow land

and grassland respectively.
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Fig. 4. Mean crushing effect (LnRR) of cumulative CO, emission (mean + 95% CI, CI is confidence interval) as affected by: (a) soil texture (Fine, Medium, Coarse);
(b) aggregate type (LA: Large Aggregates, LM: Large Macro-aggregates, SM: Small Macro-aggregates, m: micro-aggregates); (c¢) Ecosystems (Cropland, Grassland,
Fallow); (d) tillage modality (No-tillage vs Tillage). The sample sizes for each group are given on the left y-axis in brackets. The crushing effect is statistically
significant if the 95% CI of the effect size does not overlap with the zero line (P < 0.05), and vice versa. LnRR > O represents a positive effect, while LnRR <

0 indicates a negative effect.

% CI from 0.20 to 0.36) and 0.85 (95 % CI from 0.38 to 1.31) respec-
tively (Table 3b). However, it can be noted that the results were highly
dispersed and sometimes the number of measurement points were low
for some aggregate class sizes.

Overall, the studies that crushed soil to a size > 0.25 mm were
considered to assess SOC protection within macroaggregates whereas
studies that crushed soil to sizes much smaller than 0.25 mm were
considered as assessments of microaggregate SOC protection (Six et al.,
2002). The large aggregates (>10 mm) crushed to > 0.25 mm diameters
induced less % change in soil carbon mineralization (40 — 58 %) than the
same aggregates crushed to < 0.25 mm diameter (62 %) and < 0.05 mm
diameter (130 %) (Table 3a). The same tendency was observed for the
large macro-aggregates (Table 3b), but the only difference was that the
crushing effect was greater when these large macro-aggregates were
crushed to < 2 mm than to < 0.25 mm. Crushing small macro-aggregates
(0.25-2 mm) to a size < 0.25 mm had a smaller effect than crushing
large macro-aggregates (2-8 mm) to < 0.25 mm, which also had a
smaller effect than crushing large aggregates (>10 mm) to < 0.25 mm

(Table 3). The same trends were observed when aggregates of different
sizes were ground to < 0.05 mm.

3.4. Relationship between crushing effect and soil characteristics

3.4.1. Soil pH, carbon and clay content

We explored whether the variation in the crushing effect could be
explained by soil characteristics, for all aggregates sizes and crushing
intensities combined. There were significant correlations between the
crushing effect and organic carbon content, clay content and soil pH (p
< 0.05, Fig. 3): positive correlations with soil pH (R®>=0.14; p=0.023)
and clay content (R? = 0.032; p = 0.028), while soil organic carbon
content (R? = 0.043; p = 0.011) was negatively correlated. However,
each variable explained a very small proportion of the variance of the
crushing effect. These relationships were similar for temperate and
tropical soils with a large dispersion of data along the regression line
(Supplementary data Fig. S2). Furthermore, we were unable to establish
a relationship for Mediterranean and boreal soils because we had very

10
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Table 2

Mean slopes of linear regression by data pair depending on incubation time. RR
is the ratio of crushed aggregate cumulative mineralization relative to intact
aggregates. Values are means =+ standard error.

Publications Timel  Time 2 RR- RR- Slope
(Days)  (Days) Timel Time 2

Chevallier et al., 21 325 1.62 + 1.28 + —0.0013 +
2004 0.33 0.28 0.0034

Yang et al., 2020 28 76 1.1+ 1.06 + —0.0011 +

0.16 0.17 0.002

Bischoff et al., 28 401 1.01 + 0.95 + —0.00013 +
2017 0.07 0.09 0.0002

Curtin et al., 15 100 1.03 + 1.02 + — 0.00014 +
2014 0.11 0.07 0.07

Curtin et al., 14 68 1.03 + 0.98 + —0.001 +
2014 0.03 0.04 0.0002

Qorts et al., 40 168 1.66 + 1.28 + —0.0026 +
2006 0.65 0.44 0.0021

D’Angelo et al., 28 75 1.53 + 1.47 £ —0.0012 +
2009 0.09 0.18 0.002

few data that came from the same study (Table 1).

We investigated the interaction of these different soil characteristics
with the crushing effect. The interaction was only significant between
soil pH and soil clay content (p < 0.05, see supplementary data Fig. S3
and Table S1).

3.4.2. Soil texture classes

Soil texture classes affected significantly the crushing effect on car-
bon mineralization (p < 0.0001, Fig. 4a). Coarse textured showed a
lower crushing effect (0.13 & 0.04 CI 95 %) than medium textured soils
(0.31 4+ 0.09 CI 95 %) and fine textured soils (0.34 + 0.08 CI 95 %).
Aggregate crushing stimulated + 40 %, +36 % and + 14 % carbon
mineralization on fine, medium and coarse textured soils respectively.

3.5. Land use and tillage practices

Crushing effect (LnRR) on carbon mineralization was not signifi-
cantly affected by land use (p > 0.05, Fig. 4c). The mean crushing effect

Table 3
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of cropland, grassland, fallow soil was 0.28 (95 % CI from 0.21 to 0.34),
0.31 (95 % CI from 0.19 to 0.43), 0.19 (95 % CI from 0.10 to 0.29)
respectively (Fig. 4b). Crushing aggregates stimulated carbon mineral-
ization of cropland, grassland and fallow land by + 32 + 7 %, +36 + 13
% and + 21 + 11 % respectively.

The meta-estimation of mean crushing effect on carbon mineraliza-
tion relative to tillage practices, were 0.27 (95 % CI from 0.16 to 0.38)
for tilled soils and 0.22 (95 % CI from 0.13 to 0.31) for no-till. Crushing
aggregates stimulated carbon mineralization by + 30 + 11 % relative to
intact aggregates in conventionally tilled soils, and + 25 + 9 % carbon
mineralization in no-till soils. No-tillage did not induce significantly
greater crushing effect in the aggregates than conventional tillage (p >
0.05; Qy = 0.54; Fig. 4d).

4. Discussion
4.1. Crushing soil aggregates stimulates carbon mineralization

We observed that crushing aggregates increased cumulative carbon
mineralization independent of their initial size. The differences between
cumulative amount of CO; evolved from intact and crushed aggregates
can be interpreted as the result of the mineralization of a previously
protected pool of labile organic carbon (Hassink et al., 1993). This
physically protected SOC represented an average of 31 % of total
mineralized SOC after crushing (varying from 25 to 38 % of total
mineralized SOC). Balesdent et al. (2000), earlier showed that the
crushing macroaggregates to micro-aggregates (<0.15 + 0.30 mm)
generally causes an increase in C and N mineralization in soil. However,
some studies showed no such effect of crushing (Goebel et al., 2009;
Plante et al., 2009). Plante et al. (2009) suspected that the disruption
treatments used in their experiments (crushing of 2-4 mm aggregates to
< 0.5 mm) was insufficient to release large amounts of physically pro-
tected soil organic carbon for decomposition, and that SOC was pref-
erentially protected in micro-aggregates which were not destroyed in
their treatment.

Our hypothesis that crushing aggregates stimulates carbon miner-
alization relative to intact aggregates was therefore confirmed.

Meta-estimates of the crushing effect according to initial aggregate size and crushing intensity: a) large aggregates (>10 mm), b) large macro-aggregates (2-8 mm), c)
small macro-aggregates (0.25-2 mm) and d) micro-aggregates (0.25-0.05 mm). Sample size is indicated by "N’, meta-estimates of crushing effect (LnRR) are also
reported as percentage change in carbon mineralization (% Change) with 95% confidence intervals (CI) (lower and upper). P-values are bolded when significant and

the I? represents the level of heterogeneity between studies.

a) Large Aggregates (>10 mm)

Variables Size (mm) N LnRR % Change Low CI Uper CI ? (%) P-value
Studies 26 0.50 65 0.37 0.62 98.2 <0.0001
> 2 6 0.34 40 0.17 0.51 93.7
<2 4 0.46 58 —0.08 1.01 99.7
Crushed to < 0.25 14 0.48 62 0.06 0.65 99.1 <0.0001
< 0.05 4 0.83 130 0.09 1.58 99.7
b) Large Macro-aggregates (2-8 mm)
Variables Size (mm) N LnRR % Low CI Uper CI 2 (%) P-value
Change
Studies 43 0.32 38 0.22 0.43 99 <0.0001
> 2 9 0.03 3 —0.03 0.09 94.1
Crushed to <2 7 0.48 62 0.06 0.89 99.1 <0.0001
<0.25 23 0.28 32 0.20 0.36 99.0
< 0.05 5 0.85 133 0.38 1.32 98.8
¢) Small Macro-aggregates (0.25-2 mm)
Variables Size (mm) N LnRR % Low CI Uper CI 12 (%) P-value
Change
Studies <0.25 85 0.13 14 0.10 0.15 87.8 <0.01
d) Micro-aggregates (<0.25 mm)
Variables Size (mm) N LnRR % Low CI Uper CI 12 (%) P-value
Change
Crushed to <0.05 mm 8 0.43 54 0.15 0.71 98.8 0.052
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However, it may be noted that after crushing, the mineralization is most
often measured within a few weeks. Indeed, in this study, we presented
results obtained between 2 and 4 weeks. Crushing tests cannot quantify
all the organic carbon physically protected but only its very labile part.
This physically protected SOC represented in average 0.83 % total SOC
(95 % CI from 0.65 to 1.01 % SOC; p < 0.0001; Table S2) in the studies
analyzed here. Physically protected SOC is usually estimated from
fractionation of soil aggregates. For example, the organic carbon local-
ized in microaggregates within stable macroaggregates represented in
average 31 % of total SOC for three soils under different tillage regimes
(Denef et al., 2004). The organic carbon localized within stable silt-size
microaggregates represented 44 % of total SOC (Virto et al., 2008). The
amount of protected SOC estimated by the crushing test is hence much
less than the amount of SOC measured inside the aggregates by aggre-
gate fractionation methods. The rather short incubations associated with
crushing tests do not allow the mineralization of all the SOC situated
inside aggregates.

4.2. Aggregates size and crushing intensity affect carbon mineralization

We hypothesized that both initial aggregate size and crushing in-
tensity would affect the crushing effect. It is known that different
aggregate sizes contain organic carbon with different residence times:
the larger the aggregate size the smaller the residence time of carbon
(Six and Jastrow, 2002). This may be due to both the differing nature
and intrinsic decomposability of the organic carbon contained in ag-
gregates of different sizes (large aggregates contain larger particulate
organic matter, which is more decomposable) and to the extent of pro-
tection of SOC in the different aggregate size classes (both the extent of
physical protection and protection by interaction with minerals being
considered to be more important as aggregate sizes decrease). On
average, crushing large aggregates (>10 mm) stimulated soil carbon
mineralization by + 65 %, whereas crushing large macro-aggregates
(2-8 mm), small macro-aggregates (0.25-2 mm) and micro-aggregates
(<0.25 mm) stimulated soil carbon mineralization by + 38 %, +14 %
and + 54 % respectively. We infer that large aggregates contained more
labile and protected SOC than macro and micro-aggregates. It has been
demonstrated, in a number of studies, that the larger the aggregates the
younger is the organic matter it contains (Puget et al., 1995; Angers and
Giroux, 1996; Six et al. 2006). Large aggregates compared to smaller
aggregates could contain coarser POM. Crushing reduces the size of the
POM included in the large aggregates (Chevallier et al. 2011). This
reduction of POM size could increase their accessibility and decompo-
sition (Angers and Recous, 1997). Crushing large aggregates, which
contain both macro and micro-aggregates, to fine sizes could also
deprotect the carbon in both macro and micro-aggregates.

However, crushing microaggregates tended to stimulate carbon
mineralization more than crushing macroaggregates (large and small).
The strong stimulation of carbon mineralization after micro-aggregates
crushing could be explained by a high concentration of carbon and
microorganisms in the microaggregates compared to macroaggregates
(Rabbi et al. 2016). Crushing the micro-aggregates removes the physical
barriers between the bacteria and the carbon substrates and also im-
proves oxygenation in the micro-aggregates allowing decomposers to be
more active (Young and Ritz, 2000). Angers and Recous (1997); Six and
Jastrow (2002) and Besnard et al. (1996) demonstrated the stronger
protection of organic carbon by micro-aggregates in comparison to
macro-aggregates, that supports our results.

In this meta-analysis we also found that for defined initial aggregate
size, the crushing effect depended on the final aggregate size after
crushing, i.e. on the crushing intensity as shown for large aggregates
(Table 3a) and large macro aggregates (Table 3b). In general, the
destruction of aggregates to < 0.05 mm had a greater crushing effect
than the destruction of aggregates to > 2 mm, <2 mm and < 0.25 mm
regardless of the initial aggregate size (Table 3). These results confirm
that macroaggregates (>0.25 mm) are less protective of organic carbon
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than microaggregates (<0.25 mm). Some studies have shown that finely
ground aggregates induced higher carbon mineralization (Powlson,
1980; Sgrensen, 1983). There are some reasons that explain the effect of
fine crushing on increasing carbon mineralization.

One hypothesis is that crushing the aggregates finely could lead to a
physical breakdown of the particulate organic matter (POM) contained
in the soil. This breakdown would increase the surface area of contact
between the substrate, i.e. POM, and the soil microorganisms and then
promote carbon mineralization during the incubation as shown by An-
gers and Recous (1997). This effect is especially important on large
aggregates which probably contain more POM than macro and micro-
aggregates.

The POM breakdown may not be the only factor explaining these
results. Chevallier et al. (2011) have shown that adding plant residues
increased the cumulative carbon mineralization, but grinding these
plant residues to 200 ym did not increase the amounts of cumulative
carbon mineralized. However, their study did not precisely assess the
effect of residue grinding to finer sizes than 200 ym on carbon miner-
alization. Furthermore, the effect of reducing plant residues size prob-
ably depends on the residue quality, nitrogen availability and soil
texture, as shown by Bossuyt et al. (2002).

Finally, the increase in carbon mineralization by finely crushing
aggregates could also be explained by increased oxygen aeration
(McLaren and Cameron, 1996).

4.3. Relationship between soil characteristics and crushing effect on
carbon mineralization

The crushing effect was significantly but only weakly correlated to
the investigated soil characteristics. It was positively correlated with the
soil texture, the crushing effect being higher for fine and medium
textured soils compared to coarse textured soils (Fig. 4a). Fine and
medium textured soils are richer in clay (20-60 %) compared to coarse
textured soils (2-5 %) (USDA). Some studies (Degens and Sparling,
1995; Goebel et al., 2009, Zhang et al., 2020) have suggested that clay-
rich soils have a greater potential to release substrates after physical
disturbance than coarser textured soils. Hassink (1992) observed that
the increase in carbon and nitrogen mineralization after fine sieving was
generally larger in loams and clays than in sandy soils which supports
our results. Two reasons may explain that soils with fine texture phys-
ically protect more organic matter: the volume of fine-sized pores in
which organic matter can be located and inaccessible to microorganisms
or not well aerated increases with clay content (Hassink, 1992) and
aggregate stability determining the life expectancy of protective sites.
Indeed, sandy soils tend to have low aggregate stability compared with
clayey ones, as sand particles interact much less with mineral and
organic particles than clays (Bazzoffi et al., 1995).

Soil pH was weakly and positively correlated with the crushing effect
(LnRR). A higher pH usually indicates the presence of Ca2* ions on the
exchange complex and above pH 7, possibly of CaCOs. It is widely
accepted that Ca®* and the presence of carbonates have a significant
positive effect on aggregation and soil structural stability and therefore,
indirectly influence the occlusion of SOC within stable aggregates and
the persistence of these aggregates (Peterson, 1947; Martin et al., 1955;
Bazzoffi et al., 1995; Fernandez-Ugalde et al., 2014; Rowley et al.,
2016). Other drivers influence aggregation and likely the SOC protec-
tion inside aggregates. For example, aggregation in tropical soils is
mainly related to iron and aluminium oxides (Barthes et al., 2008).
However, the information provided on soils in the collected articles did
not allow to examine whether there was a correlation between iron and
aluminium oxides and the crushing effect.

Carbon content was weakly and negatively linearly correlated with
the crushing effect on carbon mineralization, but this correlation was
significant only in temperate soils (Fig. S2). This result indicates that as
soil organic carbon contents increase, the crushing effect is reduced.
This result contradicts our hypothesis. Indeed, as high SOC content
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promotes aggregation and aggregate stability, we expected that the
crushing effect would increase with SOC content as observed for
example by Razafimbelo et al. (2013) for macro-aggregates from Mal-
agasy clay-rich tropical soils. Our finding may indicate that soils richer
in SOC are in particular richer in free POM, i.e. a fraction that is not
physically protected, or richer in mineral associated SOC, i.e. that is
stabilized by another process than physical protection. (Cambardella
and Elliot, 1992; Elliot et al., 1994; Bayer et al., 2001; Solvo et al., 2010).

Land use and tillage did not significantly affect carbon mineraliza-
tion within aggregates.

Contrary to our hypothesis and previous results by Balesdent et al.
(2000), the crushing effect was not significantly affected by the land use
(Fig. 4c). Contrary to our expectations, the crushing effect was also not
influenced by tillage practices (Fig. 4d). Indeed, we hypothesized the
crushing effect to be higher in no-till soils that are considered to phys-
ically protect higher amounts of SOC compared to tilled soils, and Beare
et al. (1994a) found that more C was released from a no-till soil upon a
crushing test, compared to its tilled counterpart. There are a few possible
explanations for this absence of effects: (i) only a limited number of
studies compared tillage and no-tillage or (ii) the soil physico-chemical
characteristics (carbonate content, clay content, Fe-Al minerals content)
are factors that influence the process of aggregation more than land use,
or (iii) the physical protection is removed during sample preparation
(preparation by dry or wet sieving), or (iv) the additional SOC in no-till
compared to tillage is not protected in the aggregates, but rather cor-
responds to free POM (Salvo et al., 2010), or (v) the additional SOC in
no-till compared to tilled or in forest and grassland compared to crop-
land can only mineralize very slowly even if freed from aggregates
because of other stabilization processes, so that the duration of the in-
cubations is too short to target it, as previously mentioned.

5. Conclusion

While crushing tests have been used for decades to demonstrate or
quantify the occurrence of physical protection in soils, no synthesis was
available on their outputs. Through this meta-analysis, we evaluated the
impact of aggregate crushing on carbon mineralization in incubation
experiments. We found that, on average, soil aggregates crushing
increased soil carbon mineralization compared to intact aggregates. This
confirmed the role of soil structure in protecting SOC from biodegra-
dation, since carbon mineralization was enhanced when soil structure is
disrupted, and confirmed that physical protection is more important at
fine scales of soil organization, i.e within microaggregates. Crushing
tests are commonly used to quantify the importance of physical pro-
tection of soil organic matter. Indeed, it is relatively easy to implement
in the laboratory, and our study confirms that the results of crushing
tests are influenced by expected drivers of physical protection (soil
texture, pH), which sustains their use. However, contrary to our ex-
pectations that more organic carbon would be being physically pro-
tected in situations associated with little soil disturbance (no-till,
permanent grasslands and forest) than in situations with soil distur-
bance, our meta-analysis revealed no difference. This lack of difference
remains to be explained. Furthermore, as most of crushing tests are
associated with short incubations, crushing tests are limited to quantify
physically protected labile organic carbon, i.e. decomposable in a few
weeks. Organic carbon that has longer residence times because of other
processes will not be detected. Even if this simple crushing method was
successfully used to estimate physically protected SOC, this meta-anal-
ysis showed that the size of the intact and crushed aggregates varied
considerably across studies, as well as incubation conditions. These
diverse experimental protocols led to contrasting results and indicate the
need to standardize the aggregate destruction and incubation procedure
(aggregate size, moisture, incubation length etc.) in order to be able to
compare results and to understand the drivers of SOC physical protec-
tion better.

13

Geoderma 427 (2022) 116089
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This research has been supported by the French Agence Nationale de
la Recherche (StoreSoilC project, grant ANR- 17-CE32-0005). C. Chenu
also thanks the CLand programme (ANR-16-CONV-0003). T. P. I. Kpe-
moua acknowledges the support of ADEME.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geoderma.2022.116089.

References

Amézketa, E., 1999. Soil Aggregate Stability: A Review. J. Sustain. Agric. 14, 83-151.
https://doi.org/10.1300/J064v14n02_08.

Angers, D.A., 1992. Changes in soil aggregation and organic carbon under corn and
alfalfa. Soil Sci. Soc. Am. J. 56, 1244-1249. https://doi.org/10.2136/
$s5a2j1992.03615995005600040039x.

Angers, D.A., Giroux, M., 1996. Recently deposited organic matter in soil water-stable
aggregates. Soil Sci. Soc. Am. J. 60, 1547-1551. https://doi.org/10.2136/
$552j1996.03615995006000050037x.

Angers, D.A., Recous, S., 1997. Decomposition of wheat straw and rye residues as
affected by particle size. Plant Soil 189, 197-203. https://doi.org/10.1023/A:
1004207219678.

Aoyama, M., Angers, D.A., N'Dayegamiye, A., Bissonnette, N., 1999. Protected organic
matter in water stable aggregates as affected by mineral fertilizer and manure
applications. Can. J. Soil Sci. 79, 419-425. https://doi.org/10.4141/598-061.

Baldock, J.A., Skjemstad, J.O., 2000. Role of the soil matrix and minerals in protecting
natural organic materials against biological attack. Org Geochem. 31, 697-710.
https://doi.org/10.1016/50146-6380(00)00049-8.

Balesdent, J., Chenu, C., Balabane, M., 2000. Relationship of soil organic matter
dynamics to physical protection and tillage. Soil Tillage Res. 53, 215-230. https://
doi.org/10.1016/S0167-1987(99)00107-5.

Barthes, B.G., Kouakoua, E., Larré-Larrouy, M.-C., Razafimbelo, T.M., de Luca, E.F.,
Azontonde, A., Neves, C.S.V.J., de Freitas, P.L., Feller, C.L., 2008. Texture and
sesquioxide effects on water-stable aggregates and organic matter in some tropical
soils. Geoderma 143, 14-25. https://doi.org/10.1016/j.geoderma.2007.10.003.

Bayer, C., Martin-Neto, L., Mielniczuk, J., Pillon, C.N., Sangoi, L., 2001. Changes in Soil
Organic Matter Fractions under Subtropical No-Till Cropping Systems. Soil Sci. Soc.
Am. J. 65, 1473-1478. https://doi.org/10.2136/ss52j2001.6551473x.

Beare, M.H., Hendrix, P.F., Cabrera, M.L., Coleman, D.C., 1994a. Aggregate-protected
and unprotected organic matter pools in conventional and no-tillage soils. Soil
Science Society of America Journal 58, 787-795. https://doi.org/10.2136/
$552j1994.03615995005800030021x.

Beare, M.H., Hendrix, P.F., Coleman, D.C., 1994b. Water-stable aggregates and organic
matter fractions in conventional and no-tillage soils. Soil Science Society of America
Journal 58, 777-786.

Besnard, E., Chenu, C., Balesdent, J., Puget, P., Arrouays, D., 1996. Fate of particulate
organic matter in soil aggregates during cultivation. Eur. J. Soil Sci. 47, 495-503.
https://doi.org/10.1111/j.1365-2389.1996.tb01849.x.

Bischoff, N., Mikutta, R., Shibistova, O., Puzanov, A., Silanteva, M., Grebennikova, A.,
FuB, R., Guggenberger, G., 2017. Limited protection of macro-aggregate-occluded
organic carbon in Siberian steppe soils. Biogeosciences 14, 2627-2640. https://doi.
org/10.5194/bg-14-2627-2017.

Bossuyt, H., Six, J., Hendrix, P.F., 2002. Aggregate-protected carbon in no-tillage and
conventional tillage agroecosystems using carbon-14 labeled plant residue. Soil Sci.
Soc. Am. J. 66, 1965-1973. https://doi.org/10.2136/ss5aj2002.1965.

Burda, B.U., O’Connor, E.A., Webber, E.M., Redmond, N., Perdue, L.A., 2017. Estimating
data from figures with a Web-based program: Considerations for a systematic review.
Res. Synth. Methods 8, 258-262. https://doi.org/10.1002/jrsm.1232.

Cambardella, C.A., Elliott, E.T., 1992. Particulate soil organic-matter changes across a
grassland cultivation sequence. Soil Sci. Soc. Am. J. 56, 777-783. https://doi.org/
10.2136/5552j1992.03615995005600030017x.

Canarini, A., Kier, L.P., Dijkstra, F.A., 2017. Soil carbon loss regulated by drought
intensity and available substrate: A meta-analysis. Soil Biol. Biochem. 112, 90-99.
https://doi.org/10.1016/j.s0ilbio.2017.04.020.


https://doi.org/10.1016/j.geoderma.2022.116089
https://doi.org/10.1016/j.geoderma.2022.116089
https://doi.org/10.1300/J064v14n02_08
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1996.03615995006000030017x
https://doi.org/10.2136/sssaj1996.03615995006000030017x
https://doi.org/10.1023/A:1004207219678
https://doi.org/10.1023/A:1004207219678
https://doi.org/10.4141/S98-061
https://doi.org/10.1016/S0146-6380(00)00049-8
https://doi.org/10.1016/S0167-1987(99)00107-5
https://doi.org/10.1016/S0167-1987(99)00107-5
https://doi.org/10.2136/sssaj2001.6551473x
https://doi.org/10.1111/j.1365-2389.1996.tb01849.x
https://doi.org/10.5194/bg-14-2627-2017
https://doi.org/10.5194/bg-14-2627-2017
https://doi.org/10.2136/sssaj2002.1965
https://doi.org/10.1002/jrsm.1232
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.1016/j.soilbio.2017.04.020

T.P.I. Kpemoua et al.

Chenu, C., Le Bissonnais, Y., Arrouays, D., 2000. Organic matter influence on clay
wettability and soil aggregate stability. Soil Sci. Soc. Am. J. 64, 1479-1486. https://
doi.org/10.2136/ss5aj2000.6441479x.

Chenu, C., Stotzky, G., 2002. — Interactions between microorganisms and soil particles:
An overview. In: Huang, P.M., Bollag, J.M., Senesi, N. (Eds.), Interactions Between
Soil Particles and Microorganisms. Wiley and Sons, New York, pp. 3-40.

Chenu, C., Angers, D.A., Barré, P., Derrien, D., Arrouays, D., Balesdent, J., 2019.
Increasing organic stocks in agricultural soils: Knowledge gaps and potential
innovations. Soil Tillage Res. 188, 41-52. https://doi.org/10.1016/j.
still.2018.04.011.

Chevallier, T., Blanchart, E., Albrecht, A., Feller, C., 2004. The physical protection of soil
organic carbon in aggregates: a mechanism of carbon storage in a vertisol under
pasture and market gardening (Martinique, West Indies). Agric. Ecosyst. Environ.
103, 375-387. https://doi.org/10.1016/j.agee.2003.12.009.

Chevallier, T., Blanchart, E., Toucet, J., Bernoux, M., 2011. Methods to estimate
aggregate protected soil organic carbon, 2: does the grinding of the plant residues
affect the estimations of the aggregate protected soil organic carbon? Commun. Soil
Sci. Plant Anal. 42, 1537-1543. https://doi.org/10.1080/00103624.2011.581722.

Curtin, D., Beare, M.H., Scott, C.L., Hernandez-Ramirez, G., Meenken, E.D., 2014.
Mineralization of soil carbon and nitrogen following physical disturbance: a
laboratory assessment. Soil Sci. Soc. Am. J. 78, 925-935. https://doi.org/10.2136/
sssaj2013.12.0510.

Curtis, P.S., Queenborough, S.A., 2012. Raising the standards for ecological meta-
analyses. New Phytol. 195, 279-281. https://doi.org/10.1111/j.1469-
8137.2012.04207.x.

D’Angelo, E.M., Kovzelove, C.A., Karathanasis, A.D., 2009. Carbon sequestration
processes in temperate soils with different chemical properties and management
histories. Soil Sci. 174, 45-55. https://doi.org/10.1097/5S.0b013e318195b7f8.

Degens, B.P., Sparling, G.P., 1995. Repeated wet-dry cycles do not accelerate the
mineralization of organic C involved in the macro-aggregation of a sandy loam soil.
Plant Soil 175, 197-203. https://doi.org/10.1007/BF00011355.

Denef, K., Six, J., Merckx, R., Paustian, K., 2004. Carbon Sequestration in
Microaggregates of No-Tillage Soils with Different Clay Mineralogy. Soil Sci. Soc.
Am. J. 68, 1935-1944. https://doi.org/10.2136/ss5aj2004.1935.

Duchicela, J., Vogelsang, K.M., Schultz, P.A., Kaonongbua, W., Middleton, E.L., Bever, J.
D., 2012. Non-native plants and soil microbes: potential contributors to the
consistent reduction in soil aggregate stability caused by the disturbance of North
American grasslands. New Phytol. 196, 212-222. https://doi.org/10.1111/j.1469-
8137.2012.04233.x.

Dungait, J.A.J., Hopkins, D.W., Gregory, A.S., Whitmore, A.P., 2012. Soil organic matter
turnover is governed by accessibility not recalcitrance. Glob Change Biol 18,
1781-1796. https://doi.org/10.1111/j.1365-2486.2012.02665.x.

Egger, M., Smith, G.D., Schneider, M., Minder, C., 1997. Bias in meta-analysis detected
by a simple, graphical test. BMJ 315, 629-634. https://doi.org/10.1136/
bmj.315.7109.629.

Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen, and phosphorus in native
and cultivated soils. Soil Sci. Soc. Am. J. 50, 627-633. https://doi.org/10.2136/
$ssa2j1986.03615995005000030017x.

Fernandez-Ugalde, O., Virto, 1., Barré, P., Apesteguia, M., Enrique, A., Imaz, M.J.,
Bescansa, P., 2014. Mechanisms of macroaggregate stabilisation by carbonates:
implications for organic matter protection in semi-arid calcareous soils. Soil
Research 52, 180. https://doi.org/10.1071/SR13234.

Garcia-Oliva, F., Oliva, M., Sveshtarova, B., 2004. Effect of soil macroaggregates
crushing on C mineralization in a tropical deciduous forest ecosystem. Plant Soil
259, 297-305. https://doi.org/10.1023/B:PLS0.0000020978.38282.dc.

Gijsman, A.J., Sanz, J.I., 1998. Soil organic matter pools in a volcanic-ash soil under
fallow or cultivation with applied chicken manure. Eur. J. Soil Sci. 49, 427-436.
https://doi.org/10.1046/j.1365-2389.1998.4930427 .x.

Goebel, M.-0., Woche, S.K., Bachmann, J., 2009. Do soil aggregates really protect
encapsulated organic matter against microbial decomposition? Biologia 64,
443-448. https://doi.org/10.2478/s11756-009-0065-z.

Golchin, A., Oades, J., Skjemstad, J., Clarke, P., 1994. Study of free and occluded
particulate organic matter in soils by solid state 13C Cp/MAS NMR spectroscopy and
scanning electron microscopy. Soil Res. 32, 285. https://doi.org/10.1071/
SR9940285.

Golchin, A., Clarke, P., Oades, J., Skjemstad, J., 1995. The effects of cultivation on the
composition of organic-matter and structural stability of soils. Soil Res. 33, 975.
https://doi.org/10.1071/SR9950975.

Gupta, V.V.S.R., Germida, J.J., 1988. Distribution of microbial biomass and its activity in
different soil aggregate size classes as affected by cultivation. Soil Biol. Biochem. 20,
777-786. https://doi.org/10.1016,/0038-0717(88)90082-X.

Hassink, J., 1992. Effects of soil texture and structure on carbon and nitrogen
mineralization in grassland soils. Biol Fertil Soils 14, 126-134. https://doi.org/
10.1007/BF00336262.

Hassink, J., Bouwman, L.A., Zwart, K.B., Bloem, J., Brussaard, L., 1993. Relationships
between soil texture, physical protection of organic matter, soil biota, and C and N
mineralization in grassland soils. Geoderma 57, 105-128. https://doi.org/10.1016/
0016-7061(93)90150-J.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The meta-analysis of response ratios in
experimental ecology. Ecology 80, 1150-1156. https://doi.org/10.1890/0012-9658
(1999)080[1150:TMAORR]2.0.CO;2.

Higgins, J.P.T., Thompson, S.G., 2002. Quantifying heterogeneity in a meta-analysis.
Stat. Med. 21, 1539-1558. https://doi.org/10.1002/sim.1186.

Huo, C., Luo, Y., Cheng, W., 2017. Rhizosphere priming effect: A meta-analysis. Soil Biol.
Biochem. 111, 78-84. https://doi.org/10.1016/j.s0ilbio.2017.04.003.

14

Geoderma 427 (2022) 116089

Jacobs, A., Helfrich, M., Hanisch, S., Quendt, U., Rauber, R., Ludwig, B., 2010. Effect of
conventional and minimum tillage on physical and biochemical stabilization of soil
organic matter. Biol. Fertil. Soils 46, 671-680. https://doi.org/10.1007/s00374-
010-0472-x.

Jastrow, J.D., Miller, R.M., Boutton, T.W., 1996. Carbon dynamics of aggregate-
associated organic matter estimated by carbon-13 natural abundance. Soil Sci. Soc.
Am. J. 60, 801-807. https://doi.org/10.2136/ss52j1996.03615995006000030017x.

Lin, J., Zhu, B., Cheng, W., 2015. Decadally cycling soil carbon is more sensitive to
warming than faster-cycling soil carbon. Glob. Change Biol. 21, 4602-4612. https://
doi.org/10.1111/gcb.13071.

Liitzow, M.v., Kogel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger, G.,
Marschner, B., Flessa, H., 2006. Stabilization of organic matter in temperate soils:
mechanisms and their relevance under different soil conditions - a review:
Mechanisms for organic matter stabilization in soils. Eur. J. Soil Sci. 57 (4), 426-445.

Marquez, C.O., Garcia, V.J., Cambardella, C.A., Schultz, R.C., Isenhart, T.M., 2004.
Aggregate-size stability distribution and soil stability. Soil Sci. Soc. Am. J. 68,
725-735. https://doi.org/10.2136/ss5aj2004.7250.

Martin, J.P., Martin, W.P., Page, J.B., Raney, W.A., de Ment, J.D., 1955. Soil aggregation,
in: Advances in Agronomy. Elsevier, pp. 1-37. https://doi.org/10.1016/50065-2113
(08)60333-8.

McLaren, R.G., Cameron, K.C., 1996. Soil science: Sustainable production and
environmental protection, 2nd ed. Oxford Univ. Press, New York.

Nyamadzawo, G., Nyamangara, J., Nyamugafata, P., Muzulu, A., 2009. Soil microbial
biomass and mineralization of aggregate protected carbon in fallow-maize systems
under conventional and no-tillage in Central Zimbabwe. Soil Tillage Res. 102,
151-157. https://doi.org/10.1016/j.still.2008.08.007.

Oorts, K., Nicolardot, B., Merckx, R., Richard, G., Boizard, H., 2006. C and N
mineralization of undisrupted and disrupted soil from different structural zones of
conventional tillage and no-tillage systems in northern France. Soil Biol. Biochem.
38, 2576-2586. https://doi.org/10.1016/j.50ilbio.2006.03.013.

Parry, S., Renault, P., Chenu, C., Lensi, R., 1999. Denitrification in pasture and cropped
soil clods as affected by pore space structure. Soil Biol. Biochem. 31, 493-501.
https://doi.org/10.1016/5S0038-0717(98)00101-1.

Peterson, J.B., 1948. Calcium linkage, a mechanism in soil granulation. Soil Sci Soc Am J
12 (C), 29-34.

Plante, A.F., McGill, W.B., 2002. Intraseasonal soil macroaggregate dynamics in two
contrasting field soils using labeled tracer spheres. Soil Sci. Soc. Am. J. 66,
1285-1295. https://doi.org/10.2136/sssaj2002.1285.

Plante, A.F., Six, J., Paul, E.A., Conant, R.T., 2009. Does Physical Protection of Soil
Organic Matter Attenuate Temperature Sensitivity? Soil Sci. Soc. Am. J. 73,
1168-1172. https://doi.org/10.2136/sssaj2008.0351.

Portella, C.M.R., Guimaraes, M.d.F., Feller, C., Fonseca, 1.C.d.B., Tavares Filho, J., 2012.
Soil aggregation under different management systems. Rev. Bras. Ciénc. Solo 36 (6),
1868-1877.

Powlson, D.S., 1980. The effects of grinding on microbial and non-microbial organic
matter in soil. J. Soil Sci. 31, 77-85. https://doi.org/10.1111/7.1365-2389.1980.
tb02066.x.

Puget, P., Chenu, C., Balesdent, J., 1995. Total and young organic matter distributions in
aggregates of silty cultivated soils. Eur. J. Soil Sci. 46, 449-459. https://doi.org/
10.1111/j.1365-2389.1995.tb01341.x.

Puget, P., Chenu, C., Balesdent, J., 2000. Dynamics of soil organic matter associated with
particle-size fractions of water-stable aggregates: Dynamics of soil organic matter in
water-stable aggregates. Eur. J. Soil Sci. 51, 595-605. https://doi.org/10.1111/
j.1365-2389.2000.00353.x.

Pulleman, M.M., Marinissen, J.C.Y., 2004. Physical protection of mineralizable C in
aggregates from long-term pasture and arable soil. Geoderma 120, 273-282. https://
doi.org/10.1016/j.geoderma.2003.09.009.

Rabbi, S.M.F., Daniel, H., Lockwood, P.V., Macdonald, C., Pereg, L., Tighe, M., Wilson, B.
R., Young, I.M., 2016. Physical soil architectural traits are functionally linked to
carbon decomposition and bacterial diversity. Sci Rep 6, 33012. https://doi.org/
10.1038/srep33012.

Razafimbelo, T., Albrecht, A., Basile, I., Borschneck, D., Bourgeon, G., Feller, C.,
Ferrer, H., Michellon, R., Moussa, N., Muller, B., Oliver, R., Razanamparany, C.,
Seguy, L., Swarc, M., 2006. Effet de différents systemes de culture & couverture
végétale sur le stockage du carbone dans un sol argileux des Hautes Terres de
Madagascar. Etude et Gestion des Sols 13, 113-127. https://www.afes.fr/wp-content
/uploads/2017/10/EGS_13_2_razafimbelo.pdf.

Razafimbelo, T.M., Albrecht, A., Oliver, R., Chevallier, T., Chapuis-Lardy, L., Feller, C.,
2008. Aggregate associated-C and physical protection in a tropical clayey soil under
Malagasy conventional and no-tillage systems. Soil Tillage Res. 98, 140-149.
https://doi.org/10.1016/j.still.2007.10.012.

Razafimbelo, T., Chevallier, T., Albrecht, A., Chapuis-Lardy, L., Rakotondrasolo, F.N.,
Michellon, R., Rabeharisoa, L., Bernoux, M., 2013. Texture and organic carbon
contents do not impact amount of carbon protected in Malagasy soils. Sci. agric.
(Piracicaba, Braz.) 70 (3), 204-208.

Rovira, A., Greacen, E., 1957. The effect of aggregate disruption on the activity of
microorganisms in the soil. Aust. J. Agric. Res. 8, 659. https://doi.org/10.1071/
AR9570659.

Rowley, M.C., Estrada-Medina, H., Tzec-Gamboa, M., Rozin, A., Cailleau, G.,
Verrecchia, E.P., Green, I., 2017. Moving carbon between spheres, the potential
oxalate-carbonate pathway of Brosimum alicastrum Sw.; Moraceae. Plant Soil 412,
465-479. https://doi.org/10.1007/511104-016-3135-3.

Salvo, L., Hernandez, J., Ernst, O., 2010. Distribution of soil organic carbon in different
size fractions, under pasture and crop rotations with conventional tillage and no-till
systems. Soil Tillage Res. 109, 116-122. https://doi.org/10.1016/j.
still.2010.05.008.


https://doi.org/10.2136/sssaj2000.6441479x
https://doi.org/10.2136/sssaj2000.6441479x
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0095
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0095
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0095
https://doi.org/10.1016/j.still.2018.04.011
https://doi.org/10.1016/j.still.2018.04.011
https://doi.org/10.1016/j.agee.2003.12.009
https://doi.org/10.1080/00103624.2011.581722
https://doi.org/10.2136/sssaj2013.12.0510
https://doi.org/10.2136/sssaj2013.12.0510
https://doi.org/10.1111/j.1469-8137.2012.04207.x
https://doi.org/10.1111/j.1469-8137.2012.04207.x
https://doi.org/10.1097/SS.0b013e318195b7f8
https://doi.org/10.1007/BF00011355
https://doi.org/10.2136/sssaj2004.1935
https://doi.org/10.1111/j.1469-8137.2012.04233.x
https://doi.org/10.1111/j.1469-8137.2012.04233.x
https://doi.org/10.1111/j.1365-2486.2012.02665.x
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.1023/B:PLSO.0000020978.38282.dc
https://doi.org/10.1046/j.1365-2389.1998.4930427.x
https://doi.org/10.2478/s11756-009-0065-z
https://doi.org/10.1071/SR9940285
https://doi.org/10.1071/SR9940285
https://doi.org/10.1071/SR9950975
https://doi.org/10.1016/0038-0717(88)90082-X
https://doi.org/10.1007/BF00336262
https://doi.org/10.1007/BF00336262
https://doi.org/10.1016/0016-7061(93)90150-J
https://doi.org/10.1016/0016-7061(93)90150-J
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1002/sim.1186
https://doi.org/10.1016/j.soilbio.2017.04.003
https://doi.org/10.1007/s00374-010-0472-x
https://doi.org/10.1007/s00374-010-0472-x
https://doi.org/10.2136/sssaj1996.03615995006000030017x
https://doi.org/10.1111/gcb.13071
https://doi.org/10.1111/gcb.13071
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0250
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0250
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0250
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0250
https://doi.org/10.2136/sssaj2004.7250
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0265
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0265
https://doi.org/10.1016/j.still.2008.08.007
https://doi.org/10.1016/j.soilbio.2006.03.013
https://doi.org/10.1016/S0038-0717(98)00101-1
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0285
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0285
https://doi.org/10.2136/sssaj2002.1285
https://doi.org/10.2136/sssaj2008.0351
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0300
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0300
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0300
https://doi.org/10.1111/j.1365-2389.1980.tb02066.x
https://doi.org/10.1111/j.1365-2389.1980.tb02066.x
https://doi.org/10.1111/j.1365-2389.1995.tb01341.x
https://doi.org/10.1111/j.1365-2389.1995.tb01341.x
https://doi.org/10.1111/j.1365-2389.2000.00353.x
https://doi.org/10.1111/j.1365-2389.2000.00353.x
https://doi.org/10.1016/j.geoderma.2003.09.009
https://doi.org/10.1016/j.geoderma.2003.09.009
https://doi.org/10.1038/srep33012
https://doi.org/10.1038/srep33012
https://www.afes.fr/wp-content/uploads/2017/10/EGS_13_2_razafimbelo.pdf
https://www.afes.fr/wp-content/uploads/2017/10/EGS_13_2_razafimbelo.pdf
https://doi.org/10.1016/j.still.2007.10.012
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0340
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0340
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0340
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0340
https://doi.org/10.1071/AR9570659
https://doi.org/10.1071/AR9570659
https://doi.org/10.1007/s11104-016-3135-3
https://doi.org/10.1016/j.still.2010.05.008
https://doi.org/10.1016/j.still.2010.05.008

T.P.I. Kpemoua et al.

Sexstone, A.J., Revsbech, N.P., Parkin, T.B., Tiedje, J.M., 1985. Direct measurement of
oxygen profiles and denitrification rates in soil aggregates. Soil Sci. Soc. Am. J. 49,
645-651. https://doi.org/10.2136/ss5aj1985.03615995004900030024x.

Six, J., Elliott, E.T., Paustian, K., 1999. Aggregate and Soil Organic Matter Dynamics
under Conventional and No-Tillage Systems. Soil Sci. Soc. Am. J. 63, 1350-1358.
https://doi.org/10.2136/ss5aj1999.6351350x.

Six, J., Feller, C., Denef, K., Ogle, S.M., de Moraes, J.C., Albrecht, A., 2002. Soil organic
matter, biota and aggregation in temperate and tropical soils - Effects of no-tillage.
Agronomie 22 (7-8), 755-775.

Six, J., Jastrow, J.D., 2002. 2002 “Organic Matter Turnover”. In: Lal, R. (Ed.),
Encyclopedia of Soil Science. Marcel Dekker, New York, pp. 936-942.

Six, J., Elliott, E.T., Paustian, K., 2000. Soil macroaggregate turnover and microaggregate
formation: a mechanism for C sequestration under no-tillage agriculture. Soil Biol.
Biochem. 32, 2099-2103. https://doi.org/10.1016/50038-0717(00)00179-6.

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 Tillage
Res. 79, 7-31. https://doi.org/10.1016/j.still.2004.03.008.

Six, J., Frey, S.D., Thiet, R.K., Batten, K.M., 2006. Bacterial and Fungal Contributions to
Carbon Sequestration in Agroecosystems. Soil Sci. Soc. Am. J. 70, 555-569. https://
doi.org/10.2136/ss5aj2004.0347.

Sollins, P., Homann, P., Caldwell, B.A., 1996. Stabilization and destabilization of soil
organic matter: mechanisms and controls. Geoderma 74, 65-105. https://doi.org/
10.1016/50016-7061(96)00036-5.

15

Geoderma 427 (2022) 116089

Sgrensen, L.H., 1983. The influence of stress treatments on the microbial biomass and the
rate of decomposition of humified matter in soils containing different amounts of
clay. Plant Soil 75, 107-119. https://doi.org/10.1007/BF02178618.

Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils.
J. Soil Sci. 33, 141-163. https://doi.org/10.1111/j.1365-2389.1982.tb01755.x.
Veroniki, A.A., Jackson, D., Viechtbauer, W., Bender, R., Bowden, J., Knapp, G., Kuss, O.,
Higgins, J.P., Langan, D., Salanti, G., 2016. Methods to estimate the between-study
variance and its uncertainty in meta-analysis. Research Synthesis Methods. 7, 55-79.

https://doi.org/10.1002/jrsm.1164.

Virto, I, Barré, P., Chenu, C., 2008. Microaggregation and organic matter storage at the
silt-size scale. Geoderma 146, 326-335. https://doi.org/10.1016/j.
geoderma.2008.05.021.

Wang, X., Cammeraat, E.L.H., Cerli, C., Kalbitz, K., 2014. Soil aggregation and the
stabilization of organic carbon as affected by erosion and deposition. Soil Biol.
Biochem. 72, 55-65. https://doi.org/10.1016/j.s0ilbio.2014.01.018.

Yang, S., Jansen, B., Absalah, S., van Hall, R.L., Kalbitz, K., Cammeraat, E.L.H., 2020.
Lithology- and climate-controlled soil aggregate-size distribution and organic carbon
stability in the Peruvian Andes. SOIL 6, 1-15. https://doi.org/10.5194/50il-6-1-
2020.

Young, I.M., Ritz, K., 2000. Tillage, habitat space and function of soil microbes. Soil
Tillage Res. 53, 201-213. https://doi.org/10.1016/50167-1987(99)00106-3.

Zhang, S., Yu, Z., Lin, J., Zhu, B., 2020. Responses of soil carbon decomposition to
drying-rewetting cycles: A meta-analysis. Geoderma 361, 114069. https://doi.org/
10.1016/j.geoderma.2019.114069.


https://doi.org/10.2136/sssaj1985.03615995004900030024x
https://doi.org/10.2136/sssaj1999.6351350x
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0370
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0370
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0370
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0375
http://refhub.elsevier.com/S0016-7061(22)00396-2/h0375
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1016/S0016-7061(96)00036-5
https://doi.org/10.1016/S0016-7061(96)00036-5
https://doi.org/10.1007/BF02178618
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1002/jrsm.1164
https://doi.org/10.1016/j.geoderma.2008.05.021
https://doi.org/10.1016/j.geoderma.2008.05.021
https://doi.org/10.1016/j.soilbio.2014.01.018
https://doi.org/10.5194/soil-6-1-2020
https://doi.org/10.5194/soil-6-1-2020
https://doi.org/10.1016/S0167-1987(99)00106-3
https://doi.org/10.1016/j.geoderma.2019.114069
https://doi.org/10.1016/j.geoderma.2019.114069

	Drivers of the amount of organic carbon protected inside soil aggregates estimated by crushing: A meta-analysis
	1 Introduction
	2 Materials and methods
	2.1 Data acquisition and selection
	2.2 Data analysis
	2.3 Publication bias

	3 Results
	3.1 Data description
	3.2 Crushing effect on cumulative carbon mineralization
	3.3 Experimental conditions affect the crushing effect on carbon mineralization
	3.3.1 Incubation length
	3.3.2 Aggregates size and crushing intensity

	3.4 Relationship between crushing effect and soil characteristics
	3.4.1 Soil pH, carbon and clay content
	3.4.2 Soil texture classes

	3.5 Land use and tillage practices

	4 Discussion
	4.1 Crushing soil aggregates stimulates carbon mineralization
	4.2 Aggregates size and crushing intensity affect carbon mineralization
	4.3 Relationship between soil characteristics and crushing effect on carbon mineralization

	5 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


