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Abstract

Cover crops may improve soil health and increase soil carbon sequestration, thus
contributing to both the adaptation to and mitigation of climate change. Despite these
potential benefits, there currently lacks a global synthesis of the impacts of cover crops
on soil organic carbon (SOC) fractions. We conducted a global meta-analysis of 93
peer-reviewed studies to quantify the effect of cover crops on changes in SOC fractions
and the influence of environmental and management factors. Compared to bare soil
management, cover crops increased SOC by 12% and increased seven SOC fractions,
including microbial biomass carbon (MBC) by 33%, dissolved organic carbon (DOC)
by 18%, particulate organic carbon (POC) by 15%, light-fraction organic carbon
(LFOC) by 14%, permanganate oxidizable carbon (POXC) by 13%, short-term
mineralizable carbon (SMC) by 10%, and mineral-associated organic carbon (MAOC)
by 7%. The effect size of SOC was positively correlated with the effect sizes of MBC,
POC, LFOC, and MAOC, but negatively correlated with the effect size of DOC. Soil
taxonomic order and experimental duration were key factors affecting the beneficial
effect of cover crops on the SOC fractions. Greater increases in SOC fractions due to
cover crops were found in Entisols and Ultisols in comparison with other soil orders.
The effect size of MAOC increased with experimental duration. Our study suggests that
cover crops can significantly increase various SOC fractions, which likely serves as a

building block for SOC sequestration and improvement of many aspects of soil health.
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Introduction

Cover crops are generally grown at times when soil would otherwise be bare,
typically in the period after a crop is harvested and the next crop is planted (Lal, 2015).
They may be cultivated into the soil prior to sowing the subsequent crop or terminated
with herbicide. In some situations, they may be grazed by animals during their period
of growth, but generally, they have no direct economic benefit to the farmer (Ruis and
Blanco-Canqui, 2017); instead, they are grown for environmental reasons or to
contribute to the gradual improvement of soil conditions, with the expectation that this
will benefit future crops (Blanco-Canqui et al., 2020). Another use of cover crops is
their growth at locations where soil would otherwise be bare, such as the area between
rows of perennial plants in orchards or vineyards (Repullo-Ruibérriz de Torres et al.,
2021). Cover crops have the potential to confer numerous benefits to the soil, including
enhancing soil nutrients, promoting soil organic carbon (SOC) sequestration, and
improving soil health. However, the degree to which these benefits materialize may
vary depending on the specific agronomic situation and location.

Studies have shown that cover crops enhance soil physicochemical properties,
leading to improved soil health (Blanco-Canqui and Ruis, 2020; Stewart et al., 2018).
These include the following: a) Increasing nitrogen inputs to agricultural systems if
legumes are included in the mixture of plants, with the aim that biologically fixed
nitrogen will be released to the subsequent crop (Abdalla et al., 2019). b) Improving

soil physical properties through the input of organic matter from cover crop roots and
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foliage (Blanco-Canqui and Ruis, 2020). Impacts also include improved aggregate
stability and the formation of pores through the production of polysaccharides by the
decomposition of organic inputs by soil microbes (Garcia-Franco et al., 2015). ¢)
Improved soil biological properties, including earthworm and microbial activity (Lal,
2015). d) Increased SOC stocks and contribution to climate change mitigation through
carbon sequestration (Seitz et al., 2022). The positive effect of cover crops on inhibiting
SOC loss by erosion and promoting SOC content has been reported by numerous
studies and meta-analyses (Bai et al., 2019; Ball et al., 2020; Garcia-Franco et al., 2015;
Das et al., 2022; Poeplau and Don, 2015). However, examining total SOC alone may
not wholly account for the effects of cover crop on SOC sequestration, especially in the
early years after cover crop introduction (Fulton-Smith and Cotrufo, 2019). SOC
fractions, determined through physical, chemical, and biological fractionation, are
considered to be transitory or early responders to management practices (Von Liitzow
et al., 2007; Sequeira et al., 2011; Thomas et al., 2016). Therefore, information on SOC
fractions may provide a more comprehensive understating of the potential benefits of
cover crops on SOC (Plaza-Bonilla et al., 2014).

Based on differences related to their formation, persistence, and function, SOC is
classified into different fractions such as particulate organic carbon (POC), light-
fraction organic carbon (LFOC), mineral-associated organic carbon (MAOC),
dissolved organic carbon (DOC), microbial biomass carbon (MBC), short-term

mineralizable carbon (SMC), and permanganate oxidizable carbon (POXC) (Bongiorno
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et al., 2019; Li et al., 2021; Plaza-Bonilla et al., 2014; Singh et al., 2020). Combining
changes in SOC fractions with the SOC formation concepts can aid in understand the
process of SOC sequestration (Li et al., 2021). Recent concepts of SOC formation
support that SOC formation is a continuous process whereby soil fauna and microbes
gradually transform large plant residues into small molecules that bind to mineral
surfaces or enter the soil aggregates and become stabilized (Cotrufo and Lavallee, 2022;
Lehmann and Kleber, 2015; Liang et al., 2017). While delineating clear stages for these
processes can be difficult, exploring the different SOC fractions can reveal the
mechanisms of SOC formation (Li et al., 2021). According to SOC formation concepts
and previous studies (Cotrufo and Lavallee, 2022; Lehmann and Kleber, 2015; Liang
et al., 2017; Li et al., 2021), the above SOC fractions can be broadly classified into
different groups, including plant-associated (POC and LFOC), water/salt-soluble
(DOC), microbial-associated (MBC, SMC and POXC), and mineral-associated
(MAOC) fractions. Understanding changes in SOC fractions can uncover the
mechanisms of SOC formation under cover crops. There is a need to further investigate
the response of SOC fractions with different origins, formation mechanisms and
functions to cover crops and the environmental factors influencing them.

The effect of cover crops on SOC fractions depends on several factors, such as
climatic, edaphic, management conditions, and cover crop types (Wiesmeier et al.,
2019). First, climate has a direct effect on plant growth and the soil microbial activity

(Cavicchioli et al., 2019), so cover crops may have a more favourable effect on SOC in
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warmer and wetter areas (Bai et al., 2019). Second, changes in SOC fractions as
affected by cover crops may be modified by soil order and properties (Stockmann et al.,
2015). For instance, soils with a lower initial SOC content may have a higher potential
for SOC sequestration (Zhao et al., 2018). In contrast, in high-productivity soils, cover
crops did not affect SOC but increased POC and SMC (Cates et al., 2019). Furthermore,
the impact of cover crops on SOC fractions can vary depending on the soil depth. For
example, introduction of winter cover crops in cropping systems can increase SOC in
the topsoil layer (0-30 cm) but decrease it in deeper soil layers (30-200 cm) (Tautges et
al. 2019). Additionally, the type of cover crop may significantly influence SOC
fractions. Legume cover crops have generally been reported to have a greater potential
to increase SOC fractions than non-legume cover crops (Ladoni et al., 2016; Veloso et
al., 2019), but this remains debatable (Ball et al., 2020). Studies have found that non-
legume cover crops more significantly contribute to SOC fractions such as DOC (Kauer
et al., 2019) and MBC (Muhammad et al., 2021) than legume cover crops. However,
the complex mechanisms and interactions among cover crop types and environmental
factors constrain our understanding of how SOC fractions respond to cover crops. There
is a need to explore the origins and causes of heterogeneity within the various SOC
fractions under cover crops.

This study focuses on the changes in SOC fractions under cover crops and their
relative contribution to SOC changes. We report results from a global meta-analysis of

cover crops on SOC fractions. The results are categorized according to soil order,
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climate and agronomic factors, including the duration of the experiment, cover crop
types, and tillage intensity. The hypothesis of our study was that cover crops would
increase SOC fractions, particularly microbial-associated fractions, with the magnitude
of the effect size modulated by environmental and agronomic factors. We aim to a)
quantify the extent to which SOC fractions respond to cover crops at the global scale

and b) clarify SOC responses to cover crops by examining the change of SOC fractions.

2. Materials and methods

2.1. Literature search and database generation

Data were collected from peer-reviewed publications between June 1980 and
December 2021 using five databases: Web of Science, Springer, Elsevier’s Scopus,
Wiley, and China National Knowledge Infrastructure. Search terms included “cover
crop” or “green manure” or “catch crop" and “soil organic carbon” or “soil organic
matter” or “soil carbon fraction” or “soil carbon component”. After duplicates were
deleted and the titles and abstracts reviewed, 395 articles were selected (Fig. S1). We
then compiled data from 93 peer-reviewed publications that met the following criteria:
1) the targeted studies included at least one comparison across treatments, that is, cover
crops (treatment group) and bare soil managed without cover crops (control group), ii)
reported experimental durations and cover crop types, iii) reported at least one SOC

fraction, and provided enough information for us to classify the fractions into distinct
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categories based on their composition and functionality, iv) only field studies were
included, and v) the mean value and sample size could be extracted.

In this study, we collected data for seven SOC fractions. The POC and LFOC are
primarily derived from plant residues, whereas MAOC is mainly of microbes origin
(Lavallee et al., 2020; Sokol et al., 2019). DOC is produced by soil microorganisms
consuming soluble organic matter produced by root secretions and plant material
leachate (Cotrufo and Lavallee, 2022; Wu et al., 2021). Microbial-associated SOC
fractions (MBC, POXC, and SMC) are commonly used to describe microbial carbon
use efficiency (CUE; Liptzin et al.,, 2022; Wang et al., 2021). To ensure the
comparability and validity of the data, we manually validated the classification of each
SOC fraction according to the measurement method. The MBC was determined by the
Chloroform fumigation method. The POC (> 0.053 mm) and MAOC (< 0.053 mm)
were distinguished by size fractionation following dispersion with 5.0 g L' sodium
hexametaphosphate solution, while LFOC was separated by density fractionation and
dispersed using 1.8 g cm™ solution of Sodium iodide. The POXC and SMC were
determined by permanganate oxidation and incubation method, respectively. Notably,
our data comprises both water-extracted and salt-extracted methods of DOC, with the
majority being water-extracted. This is because these are the two most common and
widely used methods in the literature.

We collected the data through manual extraction from tables and texts in published

literature or indirect extraction from figures using the Engauge Digitizer 12.1 software
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(Free Software Foundation, Inc., Boston, USA), followed by manual verification. These
criteria were followed when extracting data: i) for the same study, data for various
experimental durations, cover crop types, and soil layers were recorded independently,
and i1) when the test was constantly sampled over a short period (less than a year), the
data from the last sampling were recorded. The final dataset included 1113 pairs of data
for SOC and SOC fractions, with 340 for SOC, 138 for DOC, 141 for MBC, 120 for
MAOC, 255 for POC, 44 for LFOC, 47 for POXC, and 28 for SMC. The geographical
distribution of the studies is shown in Fig. 1.

The standard deviation (SD) or standard error (SE) was recorded together with
the mean value, which was used to calculate the effect size. The SD value was assigned
as 1/10th of the corresponding mean value in certain cases where no SD or SE was
provided (Han et al., 2020; Shakoor et al., 2021). The SD value was calculated by the

following Eq. (1) when SE and sample size (n) was reported:

SD = SE x+/n (D

For each observation, the following climatic, edaphic, and management
information was collected in the database: mean annual temperature (MAT) (cold,
MAT < 10 °C; warm, MAT >10 °C), mean annual precipitation (MAP) (arid/semiarid,
MAP <450 mm; semi-humid, MAP between 450 mm and 600 mm; humid, MAP > 600
mm) (Wang et al., 2019), land use type (arable, orchard, vegetable, and other), soil
order (USDA soil taxonomic orders: Ultisols, Anthrosols, Oxisols, etc.), soil layer (<

30 cm, and 30—120 cm), cover crop types (legume cover crops, non-legume cover crops



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

and a mix of legume cover crops and non-legume cover crops), experimental duration
(< 5, 5-10, 10-20 and > 20 years), tillage intensity (conventional, i.e., common
agricultural practices used by farmers; conservation, i.e., reduced tillage, and no-till),
utilization methods of cover crop (incorporation and surface mulching). Each factor
was considered to be a moderator, and a subgroup analysis was performed to determine

the mean effect size and sources of heterogeneity across subgroups (Kim et al., 2020).
2.2. Data analysis

Meta-analysis was conducted in OpenMEE software (Inc., Boston, USA; Wallace
et al., 2017). The effect sizes of the SOC fractions in response to cover crops were
determined using the In-response ratio (/nRR), which is commonly employed in ecology

(McDaniel et al., 2014). For each observation, the /nRR was calculated using Eq. (2):
— Xt
InRR = In (X—) )

where X;and X, represent the mean values of the cover crops and bare soil managed
without cover crops, respectively. The InRR and 95% bootstrap confidence interval (CI)
were calculated using OpenMEE software (Deng et al., 2021). A restricted maximum
likelihood (REML) random effects model was calculated with 999 iterations to
determine the /nRR for the effects of cover crops on each SOC fraction. Significant
responses (p < 0.05) were determined if the bootstrap CI did not overlap with zero
(Koricheva et al., 2013).

The variance (v) of each individual /nRR is then estimated as Eq. (3):
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st Y

p=St 4 % (3)

neXxt NeXe

where s; and s. represent the SD of treatment and control groups, respectively; n;
and n. were the sample sizes for the treatment and control groups, respectively. For
each research study, the weighting factor (w) was measured as the inverse of the pooled

variance (1 / v). Then, the weighted /nRR were calculated by using Eq. (4):

Y.(InRRi xwi)

InRR = > o

4

where wi and /nRRi were the weight and effect size from the ith comparison,
respectively. If the CI of the weighted /nRR does not cross zero, the difference between
treatment and control is significant. A positive value shows that cover crops
significantly increase the SOC fraction, whereas a negative value suggests the reverse.
The total between-study heterogeneity (%) was used to describe the percent variation,
with high or moderate heterogeneity indicated by 1* values > 75% or 50%.

For the convenience of description, Eq. (5) was used to convert weighted /nRR into

effect size:

Effect size(%) = (e!™R — 1) x 100% (5)

2.3. Publication bias test

Publication bias may occur when statistically significant results are more likely to
be published than statistically insignificant results (Borenstein et al., 2009). To ensure
the most robust and credible results, we evaluated publication bias using the following

approach. Only data that passed the bias tests were included in the calculation of the
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effect size. First, we used OpenMEE software to conduct sensitivity analysis and fail-
safe numbers. We excluded one pair of data at a time to check the impact of each pair’s
exclusion on the overall results. We removed any data that significantly altered the
meta-analysis results until further elimination of data no longer impacted the results of
the standard meta-analysis. Next, the fail-safe number, which usually indicates the
magnitude of publication bias in a meta-analysis, was tested. A fail-safe value greater
than 5 n + 10 (where n is the number of studies included in the meta-analysis summary)
suggests a small publication bias (Rosenberg, 2005). Finally, funnel plots and normal
distribution plots were plotted in OpenMEE and SPSS software (version 25.0, SPSS
Inc., Chicago, USA). All of the aforementioned tests indicated that the results of the

meta-analysis were reliable (for details, see Table S1 and Figs. S2 and S3).

2.4. Statistical analysis

To investigate the effect of different groups in each factor on the effect sizes of
SOC fractions, we conducted a subgroup analysis using OpenMEE. Statistical
significance was considered when p < 0.05 for each group in the factor. Then, we used
the Permuted Meta-regression in OpenMEE. Specifically, we used the factor as a
covariate and /nRR as the dependent variable in the meta-regression using the REML
mixed-effects model with 999 iterations. The total heterogeneity (Q) was divided into
total heterogeneity among covariate levels explained by the model (Qm) and residual

error not explained by the models (Qr) (Albert et al., 2021). The relationship is
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significant if p < 0.05. A significant Qm means that differences exist among the effect
size of factor levels. Additionally, the relative variance contribution rate (RC) for each
factor, which describes the response of each factor to the SOC fractions, was calculated
by dividing the Qm of each factor by the sum of the Qn, of all factors (Deng et al., 2021).

To better illustrate the relationship between SOC and SOC fractions, a linear
regression of the effect sizes of SOC and SOC fractions was performed and polar plot
was produced based on the R? values using paired SOC and SOC fractions data from
each study. The linearity of the effect sizes of SOC and SOC fractions in relation to
MAP, MAT, and experimental duration was used to assess variation in SOC fractions
in response to cover crops. We used the package maps and ggplot2 in R (version 3.5.3;
R Foundation for Statistical Computing, Vienna, Austria) to generate the site spatial

distribution.

3. Results

3.1. Overall effects of cover crops on soil organic carbon fractions

Cover crops had a significantly positive impact on the effect sizes of SOC fractions.
Averaged across all data, cover crops increased total SOC by 12%, and increases were
observed for DOC (18%), MBC (33%), MAOC (7%), POC (15%), LFOC (14%),
POXC (13%), and SMC (10%), compared to control bare soil management (Fig. 2a).
A linear regression was conducted to investigate the relationship between SOC and the

SOC fractions (Fig. 2b). Regression analysis revealed that the effect sizes of MBC (R?
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=0.186, p <0.001), MAOC (R? = 0.666, p < 0.001), POC (R?> = 0.208, p < 0.001) and
LFOC (R?=0.401, p < 0.001) exhibited significant positive correlations with the effect
size of SOC (Fig. 2b). The effect size of DOC was inversely associated with the effect

size of SOC (R2=0.041, p < 0.05).

3.2. Effects of cover crops on soil organic carbon fractions with various environmental

and edaphic conditions

The cover crops led to greater effect sizes on SOC fractions in warmer and wetter
areas (MAT > 10 °C, MAP > 600 mm; Fig. 3). In warmer areas (MAT > 10 °C), cover
crops lead to effect sizes of SOC, DOC and POC that were 1.45, 5.03, and 1.64 times
that, respectively, of those observed in colder areas (MAT < 10 °C) (p < 0.05). The
responses of SOC, DOC and MBC to cover crops were significantly influenced by
different MAPs (p < 0.05), but the observed pattern was inconsistent (Fig. 3a—c).
Regression analysis showed a significant increase in the effect sizes of SOC, MAOC
and LFOC with increasing MAP (Fig. S4). Conversely, there were limited linear
correlations between MAT and the effect sizes of SOC fractions.

Furthermore, cover crops had a significant impact on SOC, MBC, and LFOC
across various land use types (Fig. 3). The positive effects of cover crops on SOC
fractions were most pronounced in orchards than in other land use types. Specifically,
the effect sizes of SOC, MBC, and LFOC were 1.77, 1.29, and 5.98 times that in

orchards than in arable land, respectively.
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The impact of cover crops on the effect sizes of SOC fractions differed significantly
with respect to soil order, while exhibiting comparatively lower sensitivity to soil layer
in comparison to other factors (Fig. 4). Cover crops increased SOC fractions more in
the Entisols and Ultisols than in the other soil orders. For instance, Entisols had a larger
effect size with respect to SOC (23%; Fig. 4a), DOC (35%; Fig. 4b), MBC (46%; Fig.
4c), and LFOC (52%; Fig. 4f). Cover crops also significantly increased the effect sizes
of MBC, POC, and MAOC in Alfisols and Mollisols (p < 0.05, Fig. 4c to e). Oxisols
showed a negative effect on the effect size of LFOC (—14%; Fig. 4f). Additionally,
Oxisols showed a weak negative effect on the effect sizes of DOC (Fig. 4b), and MBC
(Fig. 4c), although this effect was not significant. The soil layer had a significant effect

only on the effect sizes of SOC and LFOC (p < 0.05, Figs. 4a and 4f).

3.3. Effects of cover crops on SOC fractions with respect to various agronomic factors

Among the different cover crop types, legume cover crops showed a greater
increase in the effect sizes of SOC fractions, especially MBC (37%) and LFOC (29%),
compared to other cover crop types (p < 0.01, Figs. 5c and 5f). The experimental
duration was found to significantly impact the effect sizes of DOC and MAOC (p <
0.05, Fig. 5). The effect size of MAOC showed a significantly positive response across
all experimental durations, with the greatest effect occurring in the long-term (10-20
years; Fig. 5d). Only in the short-term (<5 years and 5—10 years) did cover crop duration

have a positive effect on the effect size of DOC (Fig. 5b). Regression analysis showed
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that experimental duration was positively associated with the effect size of SOC (R? =
0.043, p < 0.05; Fig. S5a) and the effect size of MAOC (R? = 0.119, p < 0.001; Fig.
S5d), but negatively associated with the effect size of DOC (R? = 0.056, p < 0.05; Fig.
S5b).

Furthermore, tillage intensity had a minor influence on the response of SOC
fractions to cover crops (Fig. 5). Conservation tillage exhibited a greater effect size of
LFOC in comparison to conventional tillage (p < 0.001; Fig. 5f). In addition, the
incorporation of cover crops significantly increased the effect sizes of DOC (Fig. 5b),

MBC (Fig. 5¢), and POC (Fig. 5e), compared to mulched soil surface.

3.4. Relative variance contribution rate of factors to SOC fractions

The impact of cover crops on various SOC fractions was assessed in relation to
several factors in this study. Soil order and experimental duration were the two most
important factors that controlled the effect of cover crops on SOC fractions (Fig. 6;
Table S2). The effect size of cover crops with respect to SOC, MBC, POC, LFOC,
SMC, and POXC was significantly influenced by soil order. The experimental duration
had the largest influence on the effect sizes of DOC and MAOC, followed by soil order.
Land use type was observed to significantly affect the responses of SOC, MBC, MAOC,
and LFOC to cover crops. The cover crop utilization method significantly impacted the
effect sizes of SOC, DOC, MBC, MAOC, and POC. The responses of MBC and LFOC

to cover crops were also significantly affected by cover crop types. In contrast, soil
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layer and tillage intensity had little influence on the effect sizes of SOC fractions under

cover Crops.

4. Discussion

4.1 Cover crops increase soil organic carbon sequestration by building its fractions

When broadly considering the evidence that cover crops positively effect SOC
fractions, we propose a mechanism whereby in the short term, cover crops drive
increases in DOC content by increasing translocation of carbon to soil from
aboveground residue and root exudates. In the short term, the microbial biomass
responds by consuming the additional DOC, but as the MBC fraction increases it draws
down the DOC as CUE improves with the growing microbial biomass (Cotrufo et al.,
2013). This may be why the effect size of SOC and DOC were weakly negatively
correlated in this meta-analysis (Fig. 2b). As the MBC fraction increases in size, it
increases the production of microbial by-products, such as amino sugars, amino acids,
and polysaccharides, that may become stabilized in MAOC (DOC-microbial path) and
this explains why there is an apparent lag between cover crop implementation and
MAOC accumulation since it takes longer time horizons to build MAOC (Cotrufo and
Lavallee, 2022; Liang et al., 2017). With increased plant residues entering the soil, the
plant-associated SOC fractions derived from incompletely decomposed plant residues
or other labile organic matter also increases (physical transfer path), as they are mainly

transferred through fragmentation (Lavallee et al., 2020; Sequeira et al., 2011).
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Microorganisms play an important role in both the DOC-microbial path and the
physical transfer path of plant-associated fractions (Cotrufo and Lavallee, 2022; Liang
etal., 2017).

Previous studies showed microorganisms accelerated changes in SOC dynamic by
facilitating organic matter turnover (Kim et al., 2020; Frasier et al., 2016; Muhammad
et al., 2021). In this study, microbial-associated fractions, especially MBC, showed the
greatest increase, up to 2—3 times more than other fractions, indicating that MBC is the
most sensitive fraction to cover crops. This is due to microbial biomass playing a central
role in SOC decomposition and formation processes (Bhattacharyya et al., 2012).
Furthermore, the increase in microbial-associated SOC fractions under cover crops
implies an increase in microbial CUE (Li et al., 2021; Liang et al., 2017). Since cover
crops, especially legumes, supply litter with relatively low carbon to nitrogen ratio and
significantly increase DOC, soil carbon and nitrogen availability become more
synchronized with microbial demand (Frasier et al., 2016; Cotrufo et al., 2013).

This study found that cover crops increase MAOC, which can be attributed to the
increase in DOC and microbial-associated SOC fractions (Cotrufo and Lavallee, 2022;
Lavallee et al., 2020). Microorganisms transform DOC, which subsequently binds to
mineral surfaces, leading to the formation of MAOC (DOC-microbial path) (Kleber et
al., 2015; Liang et al., 2017). The MAOC is usually attached to clay and silt surfaces
or encapsulated by small aggregates (Lavallee et al., 2020; Sokol et al., 2019), forming

a resistant structure with a long turnover time that makes it less sensitive to shorter-
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term environmental changes (Conant et al., 2011). This is particularly important for
SOC sequestration, and is why the strongest positive correlation was between the effect
sizes of SOC and MAOC (Fig. 2b). However, the slow rate that MAOC changes and
the fact that 89% of the experiments in our database were shorter than 10 years, resulted
in the smallest response of MAOC to cover crops among the seven SOC fractions.
Longer-term studies are necessary to adequately assess this, especially for the
accumulation of MAOC and the transformations that build this SOC fraction. In
summary, SOC formation and sequestration are complex, and the interconversion of
SOC fractions may collectively contribute to the increase in SOC (e.g. DOC to MBC

to MAOC).

4.2. Soil organic carbon fractions in response to environmental factors under cover

cropping system

4.2.1. Soil order regulates the response of soil organic carbon fractions to cover

crops

The formation and loss of SOC fractions are controlled by environmental and
management factors (Von Liitzow et al., 2007). Soil orders were found to be the most
important factor affecting the impact of cover crops on SOC fractions (Fig. 6). First,
we observed a smaller increase in effect size of SOC caused by cover crops in Alfisols
and Mollisols, which are mainly found in highly productive agricultural areas in the
Americas and China (Kim et al., 2020). This result supports the previous finding that

planting cover crops in productive soils may have limited effect on the enhancement of
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total SOC (Cates et al., 2019; Kauer et al., 2019; Kim et al., 2020). Notably, we found
that cover crops significantly increased the effect sizes of MBC, POC, and MAOC in
Alfisols and Mollisols (Fig. 4). Thus, these SOC fractions should be the focus of future
studies exploring the effect of cover crops on SOC in highly productive soils. Second,
we showed that the effect sizes of SOC fractions were greater in less productive soil
orders (e.g. Entisols and Ultisols; Fig. 4). In this study, orchards were the main land use
type for these two orders, comprising 73% of our database. Orchards are typically
located on slopes with fragile soil structure and low SOC content, which makes them
highly suitable for SOC sequestration (Garcia-Diaz et al., 2018; Zhao et al., 2018). This
could explain the large increase in the effect size of SOC fractions observed in Entisols,
Ultisols, and orchards (Figs. 3 and 4). Moreover, cover crops significantly reduced the
effect size of LFOC in Oxisols (Fig. 4f). Oxisols are usually developed in tropical or
subtropical lowlands, and their characteristics are accompanied by strong weathering
and leaching (Wang et al., 2019). In such soil conditions, LFOC, mainly derived from
plant residues, may be easily lost. Conversely, soils with higher oxide content may
reduce DOC leaching from the soil solution (Gmach et al., 2020). By reducing LFOC
with cover crops in Oxisols, it could have reduced the soluble carbon for the DOC pool
and limited carbon availability to microbes, explaining the weak negative (not

significant) or lack of, effect of cover crops on DOC and MBC in the Oxisols.
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4.2.2. Climatic conditions regulate the response of SOC fractions to cover crops

Temperature and precipitation have been identified as prominent predictors of
SOC change on a global scale (Wiesmeier et al., 2019). According to a recent meta-
analysis, warmer sites exhibited a negative effect on POC (Rocci et al., 2021). To the
contrary, our results indicated that cover crops caused significantly greater increases in
the effect size of POC in warmer sites than in colder sites (Fig. 3e). This may be
attributed to increased carbon inputs that exceeded carbon decay rates, as suggested by
Yuan et al. (2021). In addition, this study indicated that cover crops had a larger effect
on the SOC, DOC, and MBC in sites with higher MAP (Fig. 3). The possible impact of
a wetter environment on the SOC fractions may be explained in two principal ways: a)
wetter sites generally have higher net primary carbon input rates than arid sites,
implying that well-grown cover crops will promote carbon input and increase microbial
carbon use (Bai et al, 2019; Crowther et al.,, 2019); b) the high-precipitation
environment accelerates the formation of clay minerals and oxides, which favors DOC
accumulation (Singh et al., 2020; Jeewani et al., 2021). Interestingly, the results of this
study also revealed a positive effect of cover crops on SOC in arid sites (MAP < 450
mm; Fig. 3a). This could be related to the distribution of arid areas in this study, which
were mainly located in orchards in Brazil, Spain, and Australia (accounting for 62% of
the SOC database). The low carbon sequestration potential of orchards resulted in a
significant enhancement of SOC (Garcia-Diaz et al., 2018). On the other hand,

irrigation compensates for the use of water by cover crops (19% of SOC database).
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Rationalizing the balance between water use and cover crop growth remains a
continuing challenge when cover crops are grown in arid sites (Blanco-Canqui et al.,

2021).

4.3. Soil organic carbon fractions in response to agronomic factors under cover

cropping systems

4.3.1. Experimental duration regulates the response soil organic carbon to cover crops

The experimental duration was identified as the second most important factor,
after soil order, that affected the response of SOC fractions to cover crops (Figs. 5 and
6). The results showed that the response of SOC fractions to cover crops varied
depending on the short-term or long-term duration of the experiment, which was likely
related to the turnover and persistence of different SOC fractions (Plaza-Bonilla et al.,
2014). The effect sizes of DOC and MAOC were observed to be sensitive to the
experimental duration (Fig. S5). A positive correlation was found between experiment
duration and the effect size of MAOC (Fig. S5), indicating that SOC stability increased
with increasing experiment duration. Specifically, cover crops accumulated more
MAOOC in the long-term duration (> 10 years) than the short-term duration (< 10 years)
(Fig. 5d). Observing large changes in slow-cycling MAOC may require a longer
duration, as some studies have suggested (Kleber et al., 2015; Lavallee et al., 2020).
Furthermore, a decreasing trend in the effect size of DOC was observed as the

experimental duration (Fig. 6b). However, caution is advised when drawing
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conclusions based on this observation, because of the small amount of data collected
over a period longer than 10 years accounted for only 20% of the database. Notably,
cover crops had a significant impact on the effect sizes of POC and MBC, regardless
of the experiment duration (Fig. 5c and e). It is a characteristic of POC that it does not
become saturated (Castellano et al., 2015). The constant input of organic matter from
cover crops may lead to a continuous supply of POC (Lavallee et al., 2020). Similarly,
the high turnover and metabolism of microorganisms under cover crops result in
significant MBC growth (Kim et al., 2020), which contributes to MAOC formation

(Cotrufo and Lavallee, 2022; Kleber et al., 2015).

4.3.2. Cover crop types influence the response of soil organic carbon fractions

In addition to the experimental duration, cover crop types have different effects on
the SOC fractions due to differences in carbon to nitrogen ratio, biomass, and root
activity (Santos et al., 2011). The types of cover crops used in this study included
legumes, non-legumes, or a mix of legume and non-legume. However, the results
showed that most SOC fractions were not significantly affected by the different cover
crop types (Fig. 5c and f). A possible explanation for this is that global data averages
might not have changed significantly due to differences in climate and soils across
studies (Ruis and Blanco-Canqui, 2017). Interestingly, legume cover crops resulted in
37% and 29% increases in the effect sizes of MBC and LFOC, respectively, which were

0.42 and 5.47 times higher than those of the non-legume cover crops (p < 0.05; Fig. 5c
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and f). Furthermore, the effect sizes of SOC, DOC, and POXC were also highest under
legume cover crops, but the differences were not significant (Fig. 5). These findings
suggest that legume cover crops more effective than other cover crop types in enhancing
some SOC fractions. Legume cover crops residues have a lower carbon to nitrogen ratio
because they can fix atmospheric nitrogen via root nodules (Dabney et al., 2001).
Therefore, they are more susceptible to microbial assimilation and the activation of
microbial functional activity, species, and abundance, thus facilitating SOC turnover
(Castellano et al., 2015; Karl et al., 2016). This study suggests that legume cover crops

may be a preferable alternative for increasing SOC fractions.

4.3.3. Cover crop management practices influence soil organic carbon fractions

The impact of cover crops management practices, such as tillage intensity and
utilization methods, can influence their effect on SOC fractions (Figs. 5 and 6).
Conservation tillage resulted in a significantly larger effect on LFOC (p < 0.001) and
other SOC fractions (e.g., MBC, MAOC, POC, POXC; p > 0.05) compared to
conventional tillage (Fig. 5). This indicates that combining cover crops with
conservation tillage tend to promote SOC accumulation (Veloso et al., 2019). The
slower decomposition rate of cover crops residue under conservation tillage may
explain this finding, as it allows for easier detection of changes in SOC fractions
(Blanco-Canqui et al., 2015). In addition, the results showed that cover crops

incorporation significantly increased the effect sizes of DOC (Fig. 5b), MBC (Fig. 5c)
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and POC (Fig. 5e) more than mulching. These effects are related to the cycling and
turnover among SOC fractions. With incorporation, POC increases because of the
physically fragmentation of plant residues, resulting in greater surface area in direct
contact with the soil. This, allow for greater enzymatic and microbial accessibility, thus
leading to the easy release of biodegradable organic matter and an increase in DOC
(Kauer et al., 2019). Targeted investigations of the direct effects of cover crop
management methods on SOC fractions are necessary to elucidate specific mechanisms

of changes in SOC.

4.4. Limitations and implications

We discussed three limitations to our meta-analysis that highlight gaps in research
on SOC fractions in response to cover crops. First, in the present study, case studies of
the effects of cover crops on SOC fractions were unevenly distributed, with three
primary focal areas in the USA, China, and Europe. In contrast, other regions have been
less thoroughly investigated. The majority of the studies were conducted in subtropical
and temperate regions, limiting the results offered in this study at a worldwide scale
most to those climate types. Second, since most of the samples studied were topsoil (<
30 cm), our study was unable to determine the effects of cover crops on SOC at deeper
soil layers. Studies indicate that there is a substantial potential for SOC sequestration
in deeper soil layers (Tautges et al., 2019). However, the changes in SOC fractions in

soil layers below 30 cm have been less studied, and there are even fewer studies related
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to cover crops. More attention needs to be paid to the effects of cover crops on SOC
dynamics in soil layers below 30 cm. Furthermore, although the link between POC and
MAOC remains unresolved (Cotrufo and Lavallee, 2022), it is generally accepted that
POC is dominated by plant-derived compounds and MAOC by microbial-derived
compounds (Grandy and Neff, 2008). There is a clear need for more studies to trace the
plant or microbial origin of POC and MAOC to improve mechanistic knowledge of

how these two principal SOC fractions form and transform under cover crops.
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5. Conclusion

This study reveals the influence of cover crops on SOC fractions. Our findings
demonstrate that cover crops caused an accumulation of POC and LFOC, probably by
increasing crop residue levels. This increase was also associated with an increase in
DOC and microbial-associated SOC fractions, which likely contributed to the
formation of MAOC. The effect size of MAOC was strongly correlated with the effect
size of SOC, indicating its significant influence on SOC changes. The increase in SOC
fractions with different sources and functions, under cover crops, collectively
contributed to the sequestration of SOC. In addition, soil order and experiment duration
were critical factors regulating changes in SOC fractions. The effect of soil order on
SOC fractions varied depending on fertility level and physicochemical properties. The
effect size of MAOC increased with the duration of the experiment. More research on
the response of SOC fractions to cover crops, especially over long-term (> 10 years)
durations, is needed to better understand how cover crops affect accumulation and

transformation of SOC fractions as building blocks for SOC sequestration.
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Fig. 1. Global distribution of data points included in the present study. Ninety-three

data points with geographical coordinates are shown on the map.
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Fig. 2. Impact of cover crops on SOC fractions and linear relationship between the
effect sizes of SOC and SOC fractions. (a) The red dot and black line segments in the
graph represent the mean and 95% confidence interval, respectively, with confidence
intervals excluding 0 indicating a significant response. The dashed lines represent effect
size = 0. Asterisks represent p < 0.05. The number in parentheses represents the number
of included studies. (b) The numbers in parentheses are the R? values. The R? values of
0.300, 0.600, and 0.900 are represented by the concentric circles. The red and blue
colours represent a significant positive or negative linear correlation between the effect
sizes of SOC and SOC fractions, respectively, and the orange colour indicates no
significant linear relationship between the effect sizes of SOC and SOC fractions.
Abbreviations: SOC, soil organic carbon; POC, particulate organic carbon; LFOC,
light-fraction organic carbon; MAOC, mineral-associated organic carbon; DOC,
dissolved organic carbon; MBC, microbial biomass carbon; POXC, permanganate

oxidizable carbon; SMC, short-term mineralizable carbon.
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Fig. 3. Influence of different environmental factors on the effect sizes of SOC fractions.
Asterisks indicate a significant response of SOC fractions to cover crops (*, p < 0.05;
¥ p<0.01; #** p<0.001). The dashed lines represent effect size = 0. Qm represents
total heterogeneity among covariate levels explained by the meta-regression model; p
< 0.05 indicates that there are differences in effect size among factor levels; p > 0.05
indicates there are no significant differences in effect size among factor levels. The
number in parentheses represents the number of included studies. Abbreviations: SOC,
soil organic carbon; POC, particulate organic carbon; LFOC, light-fraction organic
carbon; MAOC, mineral-associated organic carbon; DOC, dissolved organic carbon;
MBC, microbial biomass carbon; POXC, permanganate oxidizable carbon; SMC,
short-term mineralizable carbon; MAT, mean annual temperature; MAP, mean annual

precipitation; LUT, land use type.
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Fig. 4. Influence of different edaphic factors (soil order and layer) on the effect sizes of
SOC fractions under cover crops. Asterisks indicate a significant response of SOC
fractions to cover crops (*, p < 0.05; **, p <0.01; *** p <0.001). The dashed lines
represent effect size = 0. Qm represents total heterogeneity among covariate levels
explained by the meta-regression model; p < 0.05 indicates that there are differences in
effect size among factor levels; p > 0.05 indicates there are no significant differences
in effect size among factor levels. The number in parentheses represents the number of
included studies. Abbreviations: SOC, soil organic carbon; POC, particulate organic
carbon; LFOC, light-fraction organic carbon; MAOC, mineral-associated organic
carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon; POXC,

permanganate oxidizable carbon; SMC, short-term mineralizable carbon.
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Fig. 5. Influence of different agronomic factors on the effect sizes of SOC fractions

under cover crops. Asterisks indicate a significant response of SOC fractions to cover

crops (*, p <0.05; ** p <0.01; *** p <0.001). The dashed lines represent effect size

= 0. Qm represents total heterogeneity among covariate levels explained by the meta-

regression model; p < 0.05 indicates that there are differences in effect size among

factor levels; p > 0.05 indicates there are no significant differences in effect size among

factor levels. The number in parentheses represents the number of included studies.

Abbreviations: SOC, soil organic carbon; POC, particulate organic carbon; LFOC,

light-fraction organic carbon; MAOC, mineral-associated organic carbon; DOC,

dissolved organic carbon; MBC, microbial biomass carbon; POXC, permanganate

oxidizable carbon.
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Fig. 6. Relative variance contribute (RC) of environment and agronomic factors to SOC
fractions under cover crops. The higher the RC, the greater the influence of this factor
on the effect sizes of the SOC fractions under cover crops. Asterisks indicate a
significant difference in SOC fractions in response to cover crops (¥, p < 0.05; **, p <
0.01; *** p < 0.001). Abbreviations: SOC, soil organic carbon; POC, particulate
organic carbon; LFOC, light-fraction organic carbon; MAOC, mineral-associated
organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon;
POXC, permanganate oxidizable carbon; SMC, short-term mineralizable carbon; MAT,

mean annual temperature; MAP, mean annual precipitation.



