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Abstract

By influencing soil organic carbon (SOC), cover crops play a key role in shaping
soil health and hence the system’s long-term sustainability. However, the magnitude
by which cover crops impacts SOC depends on multiple factors, including soil type,
climate, crop rotation, tillage type, cover crop growth, and years under management.
To elucidate how these multiple factors influence the relative impact of cover crops
on SOC, we conducted a meta-analysis on the impacts of cover crops within rotations
that included corn (Zea mays L..) on SOC accumulation. Information on climatic con-
ditions, soil characteristics, management, and cover crop performance was extracted,
resulting in 198 paired comparisons from 61 peer-reviewed studies. Over the course
of each study, cover crops on average increased SOC by 7.3% (95% CI, 4.9%-9.6%).
Furthermore, the impact of cover crop—induced increases in percent change SOC was
evaluated across soil textures, cover crop types, crop rotations, biomass amounts,
cover crop durations, tillage practices, and climatic zones. Our results suggest that
current cover crop—based corn production systems are sequestering 5.5 million Mg
of SOC per year in the United States and have the potential to sequester 175 million
Mg SOC per year globally. These findings can be used to improve carbon footprint
calculations and develop science-based policy recommendations. Taken altogether,
cover cropping is a promising strategy to sequester atmospheric C and hence make

corn production systems more resilient to changing climates.

Abbreviations: X cc» mean SOC stock for the cover crop treatment; X nce» mean SOC stock for no cover crop treatment; CO,,, carbon dioxide equivalence;
GHG, greenhouse gas; In(R), natural log of response ratios; Nc, number of replications for the cover crop treatment; Nycc, number of replications for no
cover crop treatment; SD, standard deviation; SOC, soil organic carbon; SOM, soil organic matter.
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1 | INTRODUCTION

In 2020, 1162 million metric tons of corn (Zea mays L.) grain
was produced globally on 202 million hectares of land (FAO-
STAT, 2022). Corn grain is used to produce many products
including human food, animal feed, energy products, plastics,
cosmetics, diapers, and baby powder (Erenstein et al., 2021;
Grote et al., 2021). However, because growing corn can con-
tribute to greenhouse gas (GHG) emissions, it is important
to minimize corn’s carbon footprint (Chaplot & Smith, 2022;
Leeetal.,2021). It has been hypothesized that the carbon foot-
print can be reduced by growing cover crops within the corn
production system (Joshi et al., 2022).

Cover crops are plants that typically are not intended to
be harvested and are used to reduce erosion by covering the
soil between two cash crops. Farmers have many management
options when growing cover crops including what, when,
and where to plant (Reese et al., 2014). Interactions among
management, climate, and soil conditions dictate cover crops
performance, which ultimately impacts cash crop yields and
the carbon dioxide equivalence (CO,.) (Abdalla et al., 2019;
Jian et al., 2020; Joshi et al., 2022; McClelland et al., 2021;
Poeplau & Don, 2015). For example, in arid and semiarid cli-
mates, water used by the cover crop can reduce cash crop
yields, whereas in temperate environments cover crops can
improve soil and plant health (Reese et al., 2014).

The CO, equivalent (CO,,) is used to reduce the complex-
ity of GHG emissions from multiple gases into a single value
(Joshi et al., 2022). In crop production, the dominant GHG
considered in CO,, calculations are N,O, CO,, and CH,.
This paper considers only one of those gases, CO,, because
it is directly related to SOC. Carbon dioxide emissions can
be assessed by several approaches including direct emission
measurement, the prediction of emissions with models, the
measurement of temporal changes in SOC, or by some com-
bination of all three (Joshi et al., 2022). This meta-analysis
is based on the reported temporal changes in SOC stocks in
field experiments that contained cover crop and no cover crop
treatments.

Cover crops have been reported to have a mixed effect on
the amount of carbon sequestered in the soil (Blanco-Canqui,
2022). In areview of US studies, Blanco-Canqui (2022) found
that only 29% of the total 77 paired comparisons reported
higher SOC stocks in cover crops as compared to no cover
crop treatments. The positive effect of cover crops on SOC
was attributed to soils with low initial SOC, higher cover crop
biomass production, and the use of cover crops for many years.
In 71% of the total comparisons included in his study, cover
crops had no effect on SOC stocks. Blanco-Canqui (2022)
attributed this lack of impact to many factors including tillage,
cover crop species, fertilization, irrigation, initial SOC, soil
texture, and climate. Blanco-Canqui (2022) did not conduct a
quantitative synthesis because most studies do not provide the

Core Ideas

* In the 61 studies that contained cover crops, the
average SOC increase over each project was 7.3%.

* The amount of SOC stored was influenced by crop
rotation, cover crop type and biomass, soil texture,
and climate.

* Average cover crops increased SOC storage in the
surface 30 cm was 0.88 Mg SOC (ha X per year).

* Globally, cover crop-based corn production sys-
tems have the potential to sequester 175 million Mg
SOC per year.

required information (variances). Fortunately, techniques are
available to overcome this barrier (Adams et al., 1997; Basche
& DeLong, 2017; Hedges et al., 1999).

Previous meta-analytic studies determined cover crop
effects on SOC including a wide range of crop rotations
(Abdallaetal., 2019; Jian et al., 2020; McClelland et al., 2021;
Poeplau & Don, 2015). However, our current study is unique
in that it focuses on corn cropping systems and it considers
studies within and outside the United States. The objective of
this paper was to determine the impact of cover crops on SOC
accumulation within rotations that included corn crops.

2 | MATERIALS AND METHODS

2.1 | Literature search and data extraction

This meta-analysis was conducted by searching for digital
online peer-reviewed articles that were published prior to
May 2022 (Figure 1). In a search of the Web of Science and
Google Scholar, relevant articles were collected followed by
data extracted, an assessment of data quality, and statistical
analysis and interpretation. The keywords used in the Web of
Science and Google Scholar search were soil organic matter,
soil organic carbon, soil carbon, soil C, corn, maize, Zea mays,
cover crop, green manure, rye, oat, vetch, and catch crop. This
search resulted in 3856 published articles, which were pub-
lished prior to May 2022. In addition to the publication date,
the articles had to meet the following inclusion criteria: (1)
corn had to be included in the rotation; (2) changes in soil
organic carbon (SOC) had to be reported; (3) the study had to
contain cover crop and no cover crop treatments; (4) the cover
crop was not harvested, but was terminated or incorporated,
and (5) the replicated field experiment had to be completed
for at least 2 years. Because many studies were missing criti-
cal information that could not be obtained elsewhere, only 61
were selected for data extraction (Supporting Information).
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FIGURE 1 Workflow diagram for peer-reviewed papers selection during meta-analysis.

During data extraction, information on crop rotation, tillage
type, cover crop type and biomass produced, method and
timing of cover crop termination, fertilizer application, crop
yield, location (latitude and longitude), annual temperature
and precipitation, soil organic carbon (SOC) and depth of
sampling, soil pH, texture, bulk density (bd), when the study
was initiated and completed, number of replications, and irri-
gation were extracted. Whenever total carbon in soil was
reported as soil organic matter (SOM), it was converted to
soil organic carbon by assuming that organic matter contained
58% carbon (Xu et al., 2019).

Bulk density was used in the model building, as well as to
convert gravimetric values to volumetric amounts using the
following equations as reported by Xu et al. (2019):

SOC (Mg ha_l) = SOC (%) X soil increment (cm)

xbd (gcm'3) 9]

SOC (Mg ha_l) = SOC (g kg_l) X soil increment (cm)

xbd (gem™) x 0.1 )

Questions and gaps in the databases were filled by contact-
ing the authors, extracting soil information from the Web Soil
Survey for US studies and ISRIC SoilGrids for non-US stud-
ies. Missing climate information was obtained from NOAA
(2022). Where possible, soil information was standardized to
three soil depths (0-15, 0-30, and 0-60 cm). In the case of

multiple soil depth measurements at the same site, SOC for
the whole soil profile, that is, from surface to deepest layer,
was used in this meta-analysis. This was done to avoid pseu-
doreplication that may result when data from multiple soil
depths are included in the analysis.

Whenever initial SOC amounts were not provided, it was
assumed that the initial SOC stocks were identical for the
cover crop and no cover treatments. If there was a differ-
ence in the initial SOC stocks between treatments, we either
added or subtracted the difference in the final SOC stocks
as explained by Xu et al. (2019). Moreover, the SOC stocks
were standardized to the 0-15, 0-30, and 0-60 cm depths.
For example, if a particular study reported data differently
than our standardized soil depth increments, such as 0-10,
10-20, and 20-30 cm, then bulk density along with the depth
increments were used, as explained in Equation (1) and (2),
to first calculate SOC stock for the respective depth incre-
ments, which were afterward added together to determine the
SOC stock for the whole soil profile. Moreover, if the depth
increment reported in a study did not align with our standard
depth categories, we followed the approach of Xu et al. (2019)
and adjusted reported values based on if the site was tilled.
For tilled sites, the vertical distribution of SOC stocks was
assumed to be homogeneous for the first 30 cm. Therefore,
for all tilled 0-30 cm depth increments, SOC stock was deter-
mined from the surface SOC stock value reported in the study.
For no-tillage sites, a conversion factor of 1.35 was used to
convert SOC stock provided for the 0-20 cm depth to the 0-
30 cm depth (Puget and Lal, 2005; Xu et al., 2019; Yang &
Wander, 1999).
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2.2 | Statistical analysis

The statistical analysis was separated into multiple categories
that included exploratory data analysis, cumulative meta-
analysis and sensitivity/publication bias analysis, and model
building. In exploratory data analysis, the distribution of the
study site location was graphically presented using ArcMap.
In addition, the type and amount of information collected for
each category was determined using frequency plots.

2.2.1 | Cumulative meta-analysis: Overall
cover crop effects

The cumulative meta-analysis determined the overall effect of
the treatments (i.e., effect sizes) on the measured parameters.
In this analysis, the effect size was determined as the natural
log of the response ratio using the equation,

In(R) =In (Xcc/Xnce) =In (Xec) —In (Xnee)  3)

where In(R) is the natural log of response ratios, X is the
mean SOC stock or corn yield values for the cover crop treat-
ment, and Xycc is the mean SOC stock or corn yield values
for the no cover crop treatment (Hedges et al., 1999). In a
meta-analysis, individual effect sizes are usually weighted by
the inverse of sample variances to increase the weights of
studies with lower variances (Philibert et al., 2012). However,
because many studies do not report sample variances, stan-
dard deviation (SD), standard errors (SE), or the coefficient
of variability (CV), weighting factors (w;) for the ith obser-
vation (i.e., individual effect sizes) were determined based on
Adams et al. (1997). This approach is based on the number
of replications used in each study (N) and it was determined
with the following equation:

w; = (Nee * Nnee) / (Nee + Nee) 4

where N-c and Nycc were the number of replications for the
cover crop and no cover crop treatments, respectively. Never-
theless, meta-analysis employing sample variances (SD, SE,
or CV) as weighting factors is regarded as a more rigor-
ous methodology; thus, additional research is necessary to
compare the reported and estimated approaches.

To account for various sources of dependencies between
effect sizes within and across studies, we created a multi-
level mixed-effects meta-analytic model utilizing the “nlme”
package in R (Pinheiro et al., 2017; R Core Team, 2017; Van
den Noortgate et al., 2013). In this model, effect sizes were
assigned as a fixed effect, study/site/common controls were
nested as random effects, and w; as weighting factors (Thapa,
Mirsky, et al., 2018, Thapa, Poffenbarger, et al., 2018). In the

end, we estimated the robust standard error for the mean effect
size by utilizing the “clubSandwich” package in R, which is
cluster-based technique for robust variance estimation (Puste-
jovsky & Tipton, 2022; Thapa, Mirsky, et al., 2018). Using
robust standard errors, the 95% confidence intervals (CIs)
were calculated for the weighted mean effect sizes, that is, the
natural log means [In(R)]. The mean effect sizes and their 95%
CIs were back-transformed to percent change in the response
using the equation

% change in response = (em - 1) X 100% )

where m is the mean effect sizes. If the 95% Cls did not
contain zero, the overall cover crop effect on the response vari-
able was considered significantly different from the controls
(p < 0.05). The C sequestration rate, that is, the rate of change
in SOC (Mg SOC [ha X year]™!) was determined with the
equation

SOCrate = (SOCCC,TI - SOCCC,TO) /T (6)

where SOC, 11 and SOC, 1 refer to the final (T1) and ini-
tial (TO) SOC amounts for the cover crop treatment after 7
years.

2.2.2 | Moderator analysis: Effect of soil,
climate, and management on the overall effects

Moderator or subgroup analysis was conducted to determine
if the overall cover crop effects on percent change in SOC
were affected by potential co-variates. Co-variates considered
in this study include soil texture, climatic zone, crop rotation,
tillage type, cover crop biomass, and years under cover crop
management. To perform this analysis, separate means and
their 95% Cls for each of the moderators were determined by
assigning each one as a sole co-variate in the original multi-
level meta-analytic mixed-effects model described above. The
mean cover crop effect for each moderator was considered
significant if their 95% Cls did not contain zero (p < 0.05)
and the treatment was considered different if the 95% ClIs did
not overlap. Moderator analysis on cover crop SOC responses
was conducted by grouping the metadata into the following
categories:

1. Cover crop performance by the amount of cover crop
biomass produced (< 3, 3-7 and > 7 Mg biomass ha~! ),

2. The tillage type (cultivated [CT] and no-tillage [NT]),

3. Crop rotation types (corn-corn, corn-soybean, and corn-
other). Here corn-other includes corn rotation with any
other crops such as rice (Oryza sativa), sunflower
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(Helianthus annuus L.), groundnut (Arachis hypogaea),
tomato (Solanum lycopersicum), etc.

4. The cover crop type (legume, non-legume, and mixed).
The most common legume cover crops were Hairy
vetch (Vicia villosa), lupin (Lupinus polyphyllus), Mucuna
(Mucuna pruriens), Sesbania (Sesbania sesban), and
mungbean (Vigna radiata). The most common non-
legumes were cereal rye (Secale cereale), canola (Brassica
napus), radish (Raphanus sativus), and oat (Avena sativa).
Cover crop mixtures contained two or more species. For
example, cereal rye + hairy vetch, winter lentil (Lens
culinaris) + wheatgrass (Triticum), and oat + hairy vetch.

5. Years under cover crop management. It was categorized
into three different categories: <5 years, 5-10 years,
and >10 years.

6. The soil textures at the study site. These textures were cat-
egorized into fine (clay, silty clay loam, clay loam, and
sandy clay), medium (silt loam and loam), and coarse
(sandy loam and sandy).

7. The Kdoppen climate zone of the study sites were tropi-
cal, temperate, and cold categories. The tropical region
included: Af (tropical rainforest climate), Aw (tropical wet
and dry climate), BSh (hot semi-arid climate), BSk (cold
semi-arid climate), and BWh (hot desert climate) Kop-
pen climate zones. The temperate region included Cfa
(humid subtropical climate), Csa (hot summer Mediter-
ranean climate), Cfb (temperate oceanic climate), Csb
(warm summer Mediterranean climate), Cwa (monsoon
subtropical climate), and Cwb (subtropical highland cli-
mate) and lastly the cold climatic region included Dfa (hot
summer humid continental climate), Dfb (warm summer
humid continental climate) and Dwa (monsoon-influenced
hot summer humid continental climate) Koppen climate
zones. The mean annual temperature for the cold, tem-
perate, and tropical climates were 10, 16, and 22°C,
respectively, and the mean annual precipitation for the
cold, temperate, and tropical climates were 883, 1116, and
1184 mm, respectively.

223 |
analysis

Publication bias and sensitivity

The publication bias is classically conducted using a fun-
nel plot analysis, but many studies did not provide sam-
ple variance information required to create meaningful
funnel plots. Therefore, a histogram was constructed to
check the distribution of all individual effect sizes in the
dataset to test for evidence of publication bias (Basche
& DeLonge, 2017; Gurevitch et al., 2001; Thapa, Mirsky,
et al., 2018). We also conducted a Jacknife sensitivity anal-
ysis to determine the sensitivity to any given study and
hence, the robustness of the analysis (Philibert et al., 2012;
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Thapa, Mirsky, et al., 2018). During Jacknife analysis, each
study was assigned a unique study ID and data from one
of the studies was excluded from the database in each
calculation.

2.2.4 | Stepwise multiple linear regression
Stepwise regression involves recursively adding and remov-
ing predictors in the predictive model to find a subset
of variables that provides the best precision and accuracy
(Iduseri & Osemwenkhae, 2015). A combination of forward
and backward regression models was constructed by using
bulk density, clay percent, sand percent, silt percent, annual
temperature, annual rainfall, initial SOC stock, N fertilizer
application rate, and cover crop biomass to predict the cover
crop effects on SOC stocks, that is, the natural log of the
response ratios (Equation 3). However, only studies that pro-
vided both cover crop biomass and initial SOC stock were
included in the regression modeling. The “stepAIC” function,
from the “MASS” package in R studio was used that had a
combination of both forward and backward regression during
model building.

3 | RESULTS AND DISCUSSION

3.1 | Database description

A total of 61 articles met the criteria for inclusion in the meta-
analysis. These studies resulted in 198 pairwise comparisons
from 67 sites located on 5 different continents (Figure 2).
North America (62.8%) had the highest number of sites fol-
lowed by Asia (11.4%), Africa (10%), South America (8.5%),
and Europe (7.14%). Sixteen different countries included in
the analysis were the United States, Brazil, China, India,
Argentina, Bangladesh, Benin, Italy, Kenya, Mexico, Pak-
istan, Poland, South Africa, Spain, Sweden, and Ethiopia
(Figure 2). In the United States, most of the studies were in
the Cfa, Dfa, and DFb Koppen climate zones. These climate
zones are partially aligned with what is referred to as the Corn
Belt. Among all studies, nine were published between 2021
and 2022, 38 were published between 2011 and 2020, 11 were
published between 2001 and 2010, and three were published
between 1990 and 2000. (Figure 3a).

The number of years under cover crop management varied
among studies with 41, 14, 9, and 6 studies having durations
of between 2 and 5, 6 and 10, 11 and 15, and 16 and 20
years, respectively (Figure 3b). The most common soil texture
was medium (44.3%) followed by coarse (30%) (Figure 3c).
The studies were conducted in tropical, temperate, and cold
climate zones. Of these, most studies were conducted in the
temperate (38.5%) and cold (45.7%) zones (Figure 3d).
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FIGURE 2 Location of all study sites (green dots) in the world map.
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Of 198 observations assessed in our analysis, cover crops had
a negative effect on SOC in 25% of the comparisons and a
positive effect on SOC in 75%. When weighted across all
observations, cover crops when compared with the no-cover
crop treatment increased the percent change in SOC by 7.3%
(95% CI, 4.9%-9.6%; Figure 4). These findings were con-
sistent with other meta-analysis studies and confirmed the
positive impact of cover crops on SOC sequestration (Abdalla
et al., 2019; Jian et al., 2020; McClelland et al., 2021; Poe-
plau & Don, 2015). The strong positive impact on the percent
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change in SOC is attributed to greater C inputs via root exu-
dates from living cover crops during growth as well as the
stabilization of shoot and root biomass C from decaying cover
crops following its termination (Crystal-Ornelas et al., 2021;
Janzen et al., 2022).

The net effect of cover crops on SOC is impacted by what,
where, how much, and how long the cover crop is grown
(Figure 4). In the reported studies, increasing the amount
of cover crop biomass increased SOC storage. For example,
cover crops in the moderate (3—7 Mg ha~! per year~!) and
high (>7 Mg ha™! per year™!) biomass categories increased
the percent SOC gains by 10.9% (95% CI, 6.1%-16.1%) and
12.4% (95% CI, 5.6%—-19.6%), respectively. Whereas a low
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means. The percent change in SOC change was considered significant when the 95% confidence intervals (CIs) (shown as bars) did not overlap with

zero. The vertical dashed line passing through zero represents no effect of cover crops.

cover crop biomass <3 Mg ha™! per year~! the cover crop did
not increase percent SOC gains (95% CI, —0.5%-7.6%). These
results suggest that to increase SOC, cover crop biomass may
need to be >3 Mg ha~! per year. A systemic review con-
ducted by Blanco-Canqui (2022) also reported that cover crop
biomass less than 2 Mg ha~! per year may have no effect on
SOC stocks and that SOC gains increase with greater biomass
production. McClelland et al. (2021) also found that SOC
stocks increased substantially with greater cover crop biomass
production (>7 Mg ha~! per year).

Our meta-regression analysis further corroborates these
previous studies by showing a positive relationship between

individual mean effect sizes of cover crops on SOC and
above-ground cover crop biomass (p < 0.01; Figure 5a). This
observed effect suggests that degradation follows first-order
kinetics (Joshi et al., 2020; Sainju & Singh, 1997). Although
none of the studies assessed provided information on cover
crop root biomass, a higher above-ground shoot biomass is
typically associated with a higher below-ground root biomass.
From a SOC perspective, cover crop root biomass may be
more critical than shoot biomass as studies have pointed out
that crop root contribution to SOC can be very high (Bales-
dent & Balabane, 1996; Gale et al., 2000; Wilhelm et al.,
2004; Wilts et al., 2004). To address the relative contribution
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line passing through zero represents the line between SOC gains (>0) and losses (<0).

of shoots and roots future studies should quantify both cover
crop shoot and root biomass to better elucidate SOC responses
to cover crop performance.

All cover crop types increased SOC when compared to
no cover crops (Figure 4). For instance, legume cover crops
increased SOC by 8.7% (95% Cl, 5.5%—12.0%), whereas the
SOC gains due to multi-species cover crop mixtures and
non-legumes were 6.6% (95% CI, 2.6%—10.9%) and 6.7%
(95% CI, 4.1%—-9.4%) respectively. The % change in SOC did
not differ among cover crop types. This finding is consistent
with previous studies that also observe a lack of SOC response
to cover crop species (Abdalla et al., 2019; Poeplau & Don,
2015).

The length of time that cover crops were utilized had
a mixed impact on SOC gains, which were 7.7% (95%
Cl, 4.3%-11.14%), 6.0% (95% CI, 2.1%-10.1%), and 8.4%
(95% CI, 2.8%—14.2%) for systems that had contained cover
crops for <5 years, 5-10 years, and >10 years, respectively
(Figure 4). Our lack of difference between SOC gains and
cover crop duration is attributed to the large variation in the
data set (Figure 5b). These results were aligned with the anal-
ysis that showed that the length of time that cover crops were
adopted did not impact SOC gains (p = 0.926, Figure 5b).
McClelland et al. (2021) had similar results. However, few
others have reported that SOC gains increase with time. For
example, Das et al. (2022), reported that short-term studies
had a smaller impact on SOC gains than mid-term and long-
term studies. Blanco-Canqui (2022) reported higher SOC
gains were observed when cover crops had been adopted for
at least 5 years, Crystal-Ornelas et al. (2021) observed that

the soil health benefits from adopting cover crops accrue over
time, and Poeplau and Don (2015) reported that cover crops
increased SOC at the rate of 0.32 Mg ha~! per year. A com-
parison across studies indicates that cover crop—induced SOC
gains most likely increase with time.

In the 0-15 cm depth, cover crops increased the % increase
in SOC by 7.7% (95% CI, 3.5%-12.0%; Figure 5). When
averaged over 0-30 cm depth, the percent SOC increase was
7.8% (95% CI, 4.3%—11.3%). These results suggest that cover
crops increased the percent change in SOC stocks on the sur-
face by 30 cm. Across soil textures, cover crops also had a
positive impact on SOC, with increases of 6.5% (95% CI,
2.1%-10.6%), 71.6% (95% CI, 4.1%—11.2%), and 7.9% (95%
CI, 3.3%—12.7%) in fine, medium, and coarse-textured soils,
respectively (Figure 4). A meta-analysis conducted by Bai
etal. (2019) also reported a greater increase in SOC in coarse
and medium-textured soils than in fine-textured soils. The
large percent SOC change in the coarse-textured soils may be
attributed to the soils having relatively low initial SOC levels
(Augustin & Cihacek, 2016; Vieira et al., 2009).

In the corn followed by corn rotation, cover crops increased
the percent SOC gain by 7.9% (95% CI, 4.5%-11.5%),
whereas in the corn followed by soybean rotation, the cover
crops increase was 4.6% (95% CI, 0.9%-8.4%; Figure 4).
This apparent crop rotation effect could be caused by the
surface corn residue covering the soil which slowed min-
eralization and/or the addition of low C/N ratio soybean
residue that stimulated mineralization. Clearly, additional
research is needed to better define differences between these
rotations.
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FIGURE 6 Percent change in soil organic carbon (SOC) due to
cover crops in conventional (CT) and no-tillage (NT) systems at 0-15,
0-30, and 0-60 cm depths. Total number of pairwise comparisons are
presented in parenthesis. Error bars are 95% confidence intervals (Cls)
and percent SOC change were considered significant only when 95%
ClIs did not overlap with zero. The vertical dashed line passing through
zero represents no effect of cover crops.

Averaged across all depths, cover crops increased SOC
by 7.5% (95% CI, 4.0%-11.2%) and 7.1% (95% CI, 4.2%—
10.0%) in conventional (CT) and no-tillage (NT) systems,
respectively (Figure 4). These results suggest that tillage did
not influence the potential for cover crops to increase SOC.
The lack of differences was surprising because no-tillage
generally has lower mineralization rates than conventionally
tilled soils. However, when the data was analyzed by soil
depths, an apparent tillage effect was observed (Figure 6). For
example, in the 0—15 cm soil depth, the 95% confidence inter-
val in cover crops percent SOC gain ranged from 8.6% to
33.7%, whereas in the NT the confidence interval ranged
from 0.3% to 10.5%. This apparent difference was attributed
to the low number of comparisons (n = 7) in the tilled
treatment.

Cover crops increased SOC in all climate zones (Figure 4).
The SOC percent increases by cover crops in cold, temperate,
and tropical climates were 6.1% (95% CI, 2.6%-9.8%), 9.2%
(95% CI, 2.7%-16.1%), 7.6% (95% CI, 4.1%—-11.2%), respec-
tively. The large confident intervals for the climate zones
indicate that the climate zone did not affect C storage. The
apparent lack of difference may be attributed to more rapid
cover crop growth and more rapid cover crop decomposition
in the tropical than the cold and temperate zones (McClelland
et al., 2021; Snapp et al., 2005; Thapa, Poffenbarger et al.,
2018). Taken together, climate can influence SOC storage by
affecting both the production and decomposition of the cover
crop biomass.

Agronomy Journal 1551

3.3 | Soil carbon sequestration potential of
cover crops

The SOC rate of change for the 0—15 and 0-30 cm depths
were 0.44 (95% CI, 0.15-0.72), and 0.88 (95% CI, 0.56-1.2)
Mg SOC (ha x year)~!, respectively. By subtracting these two
depths from each other, SOC sequestration rate in the 15—
30 cm depth was calculated. This calculation suggests that
almost the same amount of carbon was stored in the 0—15 cm
depth (0.44 Mg SOC (ha x year)™!) and 15-30 cm (0.44 Mg
SOC (ha x year)~!) depth. The lack of differences between the
0-15 and 15-30 cm depths may be attributed to higher SOC
mineralization rates in the 0—15 than the 15-30 cm soil depth
(Clay et al., 2015). The annual amount of carbon sequestered
was comparable to others. Poeplau and Don (2015) reported
that for the 0-22 cm soil depth, SOC was sequestered at a
rate of 0.32 Mg SOC (ha X year)~!, whereas Blanco-Canqui
(2022) reported that SOC sequestration rates ranged from 0.2
to 0.9 Mg SOC (ha X year)~! for the 0-30 cm soil depth.

Based on the amount of US cover crop cultivated land
seeded to corn (~6.2 million ha; Cruthfield, 2016), ~5.5 (95%
CI, 3.1-7.4) million Mg of SOC per year are being sequestered
annually. If all US corn fields (36.4 million ha) used cover
crops, 32.0 million Mg SOC per year might be sequestered
annually, which would result in a CO,, value of 107 million
metric tons. When extended over the globe, the 200 million
ha of soil seeded to corn has the potential to sequester ~175
(95% CI, 112-240) million Mg SOC per year. Sieverding et al.
(2020) used data provided by Pelton (2019) to determine that
the CO,,, for corn grown in the United States was ~3309 kg
CO,, ha™!. Liu et al. (2020) reported that the CO,, could be
reduced by 4453 kg CO,, ha™! for corn with cover crops that
are grown in Nebraska.

3.4 | Modeling cover crop—induced changes
in SOC stocks

To predict the change in SOC stocks caused by cover crops,
10 factors were utilized as variables in a stepwise multiple
linear regression model, with In(R) as the response variable.
The In(R) value ranged from negative to zero, which indicates
a reduction to no change in SOC due to cover crop culti-
vation, whereas positive In(R) indicates an increase in SOC
under cover crops. Out of 10 different variables, cover crop—
induced changes in SOC stocks were best predicted by bulk
density, clay percent, cover crop biomass temperature, and
initial SOC. The resulting equation was,

In (R) = —0.44 + 0.26 X bulk density — 0.0025 x Clay
+0.004 X cover crop biomass + 0.02 X temperature

—0.001 x Initial SOC, R* = 0.61,n = 48,
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considered significant only when 95% Cls did not overlap with zero.

p — value < 0.001 (6)

where clay was in percent, cover crop biomass was in Mg
ha~! per year, and annual temperature was in °C. This result
suggests that increases in SOC with cover crops decrease
with increasing SOC and clay content and increase with
cover crop biomass production. This interpretation is con-
sistent with Blanco-Canqui (2022) and Poeplau and Don
(2015). Another potential factor affecting In(R) may be years
under cover crop management. However, dataset used in
the model (n = 48) was dominated with studies that had
cover crop management for 5 years or less, hence it was not
included as model input. The exclusion of years of cover
crop from the model suggests that more long-term studies are
needed.

3.5 | Cover crop impact on corn yield
Contrasting results have been recorded globally about the
impact of cover crops on the yield of the main crop. For
example, cover crops can reduce corn yields (Eckert, 1991;
Olson et al., 2014; Ruis et al., 2017), not influence yields
(Bich et al., 2014), and increase crop yields (Astier et al.,
2006; Calegari et al., 2008; Fronning et al., 2008; Reese et al.,
2014). Mixed findings for cover crops impact on corn yields
may be attributed to cover crops and main crops compet-
ing for water, nutrients, and light (Munawar et al., 1990) and
improving nutrient and water use efficiency (Thapa, Poffen-
barger, et al., 2018; Thorup-Kristensen et al., 2003). Despite
the multiple agroecosystem benefits from cover crops includ-
ing SOC sequestration, uncertainties in the yield impacts of
cover crops most likely have slowed farmer adoption of cover
crops (Singer et al., 2007).

In our meta-analysis, only 27 studies provided corn yield
information resulting in a total of 93 pair-wise comparisons.
Due to the relatively small sample size that had high variabil-
ity, care must be used in interpreting this information. When
the data were pooled across all cropping systems, legume
cover crops increased corn yields by 34.9% (95% CI,11.6%—
63.3%; Figure 7). This large yield increase was not expected
and may be attributed to the small number of comparisons
included in the analysis, low yields in the studies that provided
yield data, and/or that the cash crop did not have an ade-
quate amount of N. Legume cover crops can fix atmospheric
N which may be made available to the cash crop following
mineralization (Daryanto et al., 2018; Marcillo & Miguez,
2017; Thapa, Tully et al., 2022a, Thapa, Cabrera, et al., 2022;
Thorup-Kristensen et al., 2003). Planting cover crops not only
adds N to the crop that follows, but also provides other ecosys-
tem services that have a positive effect on subsequent crop
yields. For instance, cover crops can improve soil properties,
conserve soil moisture, and suppress weeds (Joshi et al., 2022;
Thorup-Kristensen et al., 2003). By preserving soil moisture,
cover crop residues help main crops use water more effec-
tively, resulting in high N uptake even at low soil inorganic
N conditions (Frye et al., 1988).

4 | PUBLICATION BIAS AND
SENSITIVITY ANALYSIS

The distribution of individual effect sizes indicating cover
crop effects on SOC was presented in Figure 8b. The his-
togram showed that the observations were close to normal
distribution, and that the meta-analysis was not subject to pub-
lication bias. Moreover, Jacknife sensitivity analysis showed
that no one study appeared to have a disproportionate impact
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FIGURE 8 The (a) distribution of natural log of response ratios and (b) normally distributed histogram showing no evidence for publication

bias for cover crops effects on soil organic carbon (SOC) stocks across the 198 observations. Sensitivity analysis (c) was conducted using the

Jacknife technique. The overall percent change in SOC stocks is shown by the solid red line, and the lower and higher 95% confidence intervals are

also provided as dashed red lines. The removal of any single study had no effect on the results.

on the results and that the cover crops’ overall effect size
estimates for SOC obtained in this meta-analysis was robust
(Figure 8c).

S | LIMITATIONS AND FUTURE STUDY
CONSIDERATIONS

Many of the papers failed to report important information
used in the meta-analysis. For example, initial SOC, changes
in SOC over the entire rooting zone, cover crop biomass pro-
duced, cash crop yields, pH, bulk densities, soil texture, and
nutrient concentrations were often not reported. Moreover,
many studies did not report the measured sample variance
values such as standard deviation, standard errors, or the
coefficient of variability. Therefore, providing such infor-
mation in future studies will be helpful for a more robust
meta-analysis. Also not reporting important information, such
as yields of the cash crop, or the amount of cover crop
biomass reduces the ability to evaluate important interac-
tions. Others have noted similar data gaps with which data
are reported (Abdalla et al., 2019; Jian et al., 2020; Poe-
plau & Don, 2015). To improve global predictive models,

these database gaps need to be minimized. Overall, our
study found that cover crops have a positive effect on SOC
sequestration. However, we did not consider different green-
house gas (NO, and CH,) emission during the growth and
decomposition to determine the full carbon footprint of cover
crop. Therefore, assessing SOC stocks along with greenhouse
gases in response to cover crops should be considered in the
future to increase our understanding of the corn cover crop
system.

6 | CONCLUSION

In this meta-analysis, data from 61 publications were used
to determine the effects of cover crops on SOC stocks and
corn yields within a corn cropping system. A database was
created by extracting information provided by individual stud-
ies along with soils, climate, management, and cover crop
information. Overall, integrating cover crops in corn pro-
duction systems increased SOC stocks by 7.3% (95% CI,
4.9%-9.6%). The SOC stock responses for cover crops var-
ied by location depending on soil (texture and initial SOC),
climate, management (cover crop types, tillage, and crop
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rotations), and cover crop biomass production. The SOC gains
from cover crop adoption are more likely to be observed
in low-C and coarse-textured soils. Similarly, cover crop
biomass production had a strong positive effect on the magni-
tude of SOC accumulation. Cover crop performance depends
on soil nutrient status, climate, management (cover crop
types, cover crop planting, and termination dates/methods),
and growing window depending on main crop rotations.

Warmer growing conditions and more rainfall in temperate
and tropical climatic zones support higher cover crop biomass
production and return rates. However, higher temperatures
also help to accelerate cover crop decomposition. The net
SOC gains were similar across climate zones. Based on these
results, we can conclude that soil, climate, and management
influence both cover crop performance and its ability for SOC
sequestration.

At an average SOC sequestration rate of 0.88 Mg ha™! per
year at 0-30 cm, current corn fields with cover crops are
potentially sequestering 5.5 million Mg of SOC-C per year in
the United States and 160 million Mg SOC per year globally.
If all US corn fields used cover crops, 32.1 million Mg SOC
per year could be sequestered annually in the United States,
which would result in a CO,,, value of 107 million metric tons.

These findings imply that cover crop—induced increases in
SOC can improve soil health and soils’ ability to adapt to
changing climates while also mitigating it. In the long term,
improved SOC under cover crops will lead to better soil func-
tions and productivity. Findings from this study can be used to
identify areas that may have the greatest potential to sequester
carbon and also shape management decisions for optimiz-
ing SOC storage under cover crops. Taken altogether, we
conclude that growing cover crops on croplands rather than
leaving them in a fallow phase can be one of the strategies to
sequester atmospheric C and mitigate greenhouse gas emis-
sions, thereby potentially enhancing the sustainability of corn
production systems worldwide.
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