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Abstract

Crop biomass is the reservoir of carbon (C), a valuable input to the soil, thus support-
ing the soil fauna and enhancing soil health. There are limited studies that compared
the major cereal crops for C storage for regenerative agriculture and to optimize C
sequestration strategies. The objective of this study was to quantify the extent of vari-
ation in biomass allocation and C storage between maize (Zea mays L.), sorghum
(Sorghum bicolor [L.] Moench), and wheat (Triticum aestivum L.) for crop produc-
tion, and C sequestration potential. The study used metadata from 40 global studies
that reported on the allocation of plant biomass and C between roots and shoots of
the major cereal crops. Key statistics were computed to determine the variability
between genotypes for total plant biomass (Pb), shoot biomass (Sb), root biomass
(RD), root-to-shoot biomass ratio (Rb/Sb), total plant carbon content, shoot carbon
content, root carbon content, total plant carbon stock (PCs), shoot carbon stock, root
carbon stock, and root-to-shoot carbon stock ratio (RCs/SCs). Maize exhibited the
highest variability for Pb (with a coefficient of variation [CV] of 31.2% and a mean
of 42 + 1.3 Mg ha™! year™!), followed by wheat (CV of 24.2% and a mean of
1.5 + 0.4 Mg ha~! year™!) and sorghum (CV of 16.8% and a mean of 2.0 + 0.8
Mg ha~! year™!), respectively. A similar trend was observed for PCs, with maize
(CV of 40.1% and mean of 1.6 + 0.7 Mg ha~! year™!) showing the highest total
plant C stock variability, followed by wheat (24.4% and 0.2 + 0.1 Mg ha~! year™!)
and sorghum (16.3% and 0.9 + 0.3 Mg ha~! year™!), respectively. Maize (with a CV
of 24.4% and mean of 0.1 + 0.03 Mg ha~! year™!) exhibited the highest variabil-
ity for Rb/Sb, while wheat (30.92% and 0.2 + 0.05 Mg ha~! year™!) exhibited the
highest variability for RCs/SCs. Correlation analysis revealed the following signifi-
cant associations: Pb and mean annual temperature (MAT) (r = —0.47), and Sb and

Abbreviations: MAP, mean annual precipitation; MAT, mean annual temperature; OC, organic carbon; OM, organic matter; Pb, total plant biomass; PCc,

total plant carbon content; PCs, total plant carbon stock; R/S, root-to-shoot ratio; Rb, root biomass; Rb/Sb, root-to-shoot biomass ratio; RCc, root carbon

content; RCs, root carbon stock; RCs/SCs, root-to-shoot carbon stock ratio; Sb, shoot biomass; SCc, shoot carbon content; SCs, shoot carbon stock; SOC, soil
organic carbon.
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1 | INTRODUCTION

Crop biomass is the main reservoir of organic carbon (OC)
that supports soil fauna and enhances soil health while
sequestrating atmospheric carbon. Soils constitute the greatest
terrestrial pool of carbon (C) and store two to three times the
C found in the atmosphere (Minasny et al., 2017). Soil carbon,
which is found as part of organic matter (OM) within the soil,
provides energy and nutrients for soil micro-organisms and is
vital for ecosystem functioning, such as food production and
climate regulation. However, due to the conversion of natu-
ral ecosystems to agricultural production, most of the original
soil C has been lost to the atmosphere. Harvested crops export
enormous amounts of nutrients from soils, thus leading to OM
depletion (Chaplot & Smith, 2023). Abbas et al. (2020) esti-
mated the total amount of C lost to the atmosphere during the
5 and 50 years in the tropical to amount to 20 Mg C ha~!
and 50 Mg C ha™! for tropical and temperate regions, respec-
tively. Therefore, C replacement and soil enrichment appear
to be a credible strategy for rehabilitating denuded croplands
and reducing the carbon buildup in the atmosphere (Daba &
Dejene, 2018).

The atmosphere—plant—soil system is the most crucial part
of the global C cycle, with about 17% of the 720 Gt atmo-
spheric C stock flowing through it yearly (Jaradat, 2013). The
assumption is that increasing soil C stocks would only require
a slight increase in the flux of C from the atmosphere to plants
and from plants to soils (Mathew et al., 2017). Plants capture
atmospheric C through photosynthesis for assimilation and
release OC into the soil through rhizodeposition and decom-
position of plant residues such as leaves, stems, and roots
(Abbas et al., 2020). Balesdent and Balabane (1996) indicated
that most of the C released into the soil by plants comes from
roots rather than shoots. Evidence from other studies (Cardi-
nael et al., 2018; Hirte et al., 2021; Katterer et al., 2011) show
that crops with higher root-to-shoot ratios (R/S) have up to
20% higher capacity to sequester carbon in soils than crops
with low R/S. Furthermore, Lorenz and Lal (2014) observed
that root-derived soil organic carbon (SOC) is 1.5-3.0 times
higher than shoot-derived carbon. The reason for higher soil
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MAT (r = —0.43), and Pb and mean annual precipitation (MAP) (»r = —0.34), and Sb
and MAP (r = —0.30). Rb had a strong, significant positive correlation with MAT
(r = 0.72) and MAP (r = 0.85). The meta-analysis revealed that maize and sorghum
have the highest variability for Pb and plant carbon stocks, while wheat exhibited the
highest variability for the below-ground biomass and carbon stocks. The data aided
in crop selection and suggested that the best cultivars could be developed and iden-
tified for production and C sequestration potential for cultivation by farmers, land

rehabilitation, and climate change mitigation.

C sequestration by crops with high R/S is that roots are physi-
cally embedded in the soil, providing them with a more stable
and secure environment while providing soil fauna with a high
variety of sugars that feed soil micro-fauna whole cells, ulti-
mately turning into soil organic matter (Kramer et al., 2012).
In addition, soil provides a buffer against environmental fac-
tors, such as temperature fluctuations, moisture changes, and
exposure to light, which enhances the decomposition of fresh
above-ground OM (Buytaert et al., 2011).

Variation in total biomass and C and their allocation
between roots and shoots have been observed among crop
species in several studies (Gonzalez-Sanchez et al., 2012;
Mathew et al., 2017). In a global meta-analysis, Mathew
et al. (2017) reported that maize (Zea mays L.) had 11%
and 32% higher shoot biomass (Sb) and shoot C stocks
than sorghum (Sorghum bicolor [L.] Moench). Conversely,
in Canada, Thivierge et al. (2016) reported higher Sb for
sorghum (19 kg ha!) followed by maize (17.6 kg ha™!)
and pearl millet (13.40 kg ha~!). However, crop production
environments as affected by soil type, climate, and manage-
ment practices also significantly influence biomass and C
allocation. For instance, Kukal and Benbi (2009) reported
that wheat (Triticum aestivum L.) allocated 55% C to shoots
in manure-fertilized soils but allocated 45% C to the shoots
in soils applied with inorganic fertilizers. Similarly, Amu-
joyegbe et al. (2007) reported an increase in root biomass (Rb)
and root carbon stock (RCs) allocation in maize by 35% and
sorghum by 18.2% in Nigeria when N application rate was
increased. This information can be used to match crop types to
land and inform on the best management practices to adopt to
increase biomass allocation to the roots for land rehabilitation
and climate change mitigation (Kellogg & Schware, 2019).
Carbon allocation into crops differs not only between crop
types and between land management systems but also between
cultivars of a crop. Aquino et al. (2017) pointed out that the
accumulation of carbon in maize shoots was 46% higher in a
newly developed genotype USM Var 10 than in Crystal, which
is the local variety.

Maize (Zea mays L.), sorghum (Sorghum bicolor [L.]
Moench), and wheat (Triticum aestivum L.) are the major
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cereal crops in terms of grain production, food security, and
marketing. Over two-thirds of the global cereal outputs are
used for food for an estimated 35% of the world’s population,
and one-fifth is used to feed livestock (Grote et al., 2021). The
global production of maize and wheat is approximately 1127
and 750 million tonnes annually, respectively (OECD/FAOQO,
2022). The global sorghum production amounts to an annual
average of 58.87 million tonnes (OECD/FAO, 2022). The
crops can be grown in a wide range of agroecologies, includ-
ing diverse temperatures and latitudes, and land and soil types.
Furthermore, sorghum can withstand high temperatures and
extended periods of drought due to its deep root system to
access soil moisture (Chen et al., 2020). Crop production
in Africa has been challenged by drought stress, poor soil
health, diseases, insect pests, and parasitic plants (Macauley
& Ramadjita, 2015). Crops have high biomass production and
can transfer atmospheric C to the soil over their life cycle,
which can enhance the potential for carbon sequestration.

There are limited studies that compared the major cereal
crops for C storage for regenerative agriculture and to opti-
mize C sequestration strategies. Understanding the C input
between roots and shoots allows for assessing options for
enhancing soil C storage. There is a need to differentiate
potential powerhouse crops with high biomass production that
involve high C sequestration to guide plant breeding and crop
production programs (Wegener et al., 2015). By integrating
data collected from global studies, it would be possible to
assess the variability in carbon allocation to shoots and roots
among different crop cultivars. Hence, the objective of this
paper is to integrate results from different studies worldwide
to assess the variation in plant biomass production and C allo-
cation of maize, sorghum, and wheat cultivars. Understanding
the differences in biomass and carbon allocation between
roots and shoots can help assess the capacity of the major
cereal crops to sequester atmospheric C and screen crop types
for carbon efficiency to enhance soil health and productivity
and subsequently mitigate climate change.

2 | MATERIALS AND METHODS

2.1 | Study setup

Research articles published between 1980 and 2022, and
reporting on plant biomass and carbon variables for shoots
and roots were identified using Google Scholar, Scopus, and
Web of Science. Keywords used to identify relevant articles
were “carbon partition,” “carbon allocation,” “plant carbon
sequestration,” “root: shoot biomass carbon,” “rhizodeposi-
tion,” “plant/soil organic C stocks,” “root and shoot carbon,”
“cereal,” “maize,”

ELINT3

sorghum,” and “wheat.” All relevant arti-
cles were entered into a Microsoft Excel database. Articles
included in the database had to meet the following criteria:

Core Ideas

* There is sufficient genetic variation in maize,
sorghum, and wheat cultivars for manipulation of
biomass and carbon allocation.

* Root carbon is a major contributor to soil organic
carbon.

* Above-ground biomass is important for atmo-
spheric carbon sequestration.

(i) they had to report on plant (both root and shoot) biomass,
C stocks, and C content variables; (ii) they had to report on
data for either maize, sorghum, or wheat cultivars; and (iii)
they had to report on experiments conducted in the field rather
than in pots or controlled environments. For articles report-
ing on multi-year experiments, each year was treated as a
separate and independent experiment, while in the case of
replicated values, a mean was calculated for each treatment to
avoid duplication and bias. The final database (summarized in
Table 1) consisted of 509 data points from 40 research articles,
reporting on 133 variable genotypes of maize, sorghum, and
wheat. Nine main variables, namely total plant biomass (Pb),
Sb, Rb, total plant carbon content (PCc), shoot carbon content
(SCc), root carbon content (RCc), total plant carbon stocks
(PCs), shoot carbon stocks (SCs), and RCs were included in
the final database. The observations in the final database were
stratified using long-term climate variables (mean annual
precipitation [MAP] and mean annual temperature [MAT])
and soil parameters (pH and texture). When climatic vari-
ables were not explicitly described in each article, data were
retrieved from climate-data.org in 2021 for the location where
the experiment was conducted. The soil texture was cited
from journal articles or determined using a soil texture tri-
angle according to Mutema et al. (2015) when proportions of
sand, silt, and clay were reported. The soil pH derived from
the research articles was converted using the CaCl, scale and
averaged across the soil profile to allow comparison using
standardized values between research articles.

2.2 | Biomass and C allocation variables

Definitions for Pb, Rb, Sb, root-to-shoot biomass ratio
(Rb/Sb), PCc, SCc, RCc, PCs, SCs, RCs, and root-to-shoot
carbon stock ratio (RCs/SCs) are summarized in Table 2.
Soil properties (clay content, bulk density, and pH) are also
described in Table 3. All the definitions used in the current
study were exclusively for the purposes of the current analysis
and are not intended to be used in other contexts. These def-
initions matched most of the studies, except for a few studies
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TABLE 1
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References included in databases with locations, crops, and climatic zones under which the studies were conducted.

Paper ID Author and year

1
2

22
23
24
25
26

27
28

29

30
31
32
33
34
35
36
37
38
39
40

Amujoyegbe et al., 2007
Anderson, 1988

Aquino et al., 2017
Bolinder et al., 1997

Christiansen-Weniger et al.,
1992

Comin et al., 1999
Das et al., 2016
Figuero et al., 2018
Gan et al., 2009

Geng et al., 2006
Hebert et al., 2001
Hussein & Alva, 2014
Mathew et al., 2019

Kanchikerimath & Singh, 2001

Kaushik et al., 2005
Khorramdel et al., 2013
Kundu et al., 2007
Liang et al., 2020

Liu et al., 2014

Martin & Kemp, 1980
Meki et al., 2013

Meskelu et al., 2014
Montanez et al., 2012
Msongaleli et al., 2017
Nguyen et al., 2019
Promkhambut et al., 2010

Sainju et al., 2005
Schortemeyer et al., 1997

Shaheen & Hood-Nowotny,
2005

Shen et al., 2007
Srinivasarao et al., 2012
Teravest et al., 2015
Thivierge et al., 2016
Van de Broek et al., 2020
Wang et al., 2007

Wang et al., 2018

Xia et al., 2021

Xu et al., 2020

Xu et al., 2020

Zan et al., 2001

Crop
Maize and sorghum

Maize

Maize
Wheat
Wheat

Maize
Maize and Sorghum
Wheat
Wheat
Wheat
Maize
Sorghum
Wheat
Maize
Wheat
Maize
Wheat
Maize
Maize
Wheat
Sorghum

Maize
Maize
Sorghum
Wheat

Sorghum

Sorghum

Maize

Wheat

Wheat

Sorghum

Maize

Maize and sorghum
Wheat

Wheat

Maize

Maize

Maize

Maize

Maize

No. of tested
genotypes

2
1

—_— NN w

— 3 N

15

— )

—

12

AN WD =

—

Country
Nigeria
USA

Philippines
Canada

Netherlands

Brazil
USA
Australia
Canada
China
France
Egypt
South Africa
India
India
Iran
India
China
China
Australia
USA

Ethiopia
Uruguay
Tanzania
Australia
United
Kingdom
USA
USA

Austria

China

India
Malawi
Canada
Switzerland
China
China
China
Belgium
Belgium

Canada

Climate
Sub-tropical

Temperate

Tropical
Temperate

Tropical

Tropical
Temperate
Tropical
Temperate
Sub-tropical
Temperate
Tropical
Temperate
Sub-tropical
Tropical
sub-tropical
Sub-tropical
Temperate
Temperate
Temperate

Tropical

Sub-tropical
Temperate
Tropical
Tropical
Tropical

Temperate

Tropical

Sub-tropical

Temperate
Sub-tropical
Tropical
Temperate
Tropical
Sub-tropical
Temperate
Temperate
Temperate
Temperate

Temperate

Tillage

No tillage
Conventional,
minimum tillage,
and no tillage
Conventional

Conventional

Conventional

Conventional
No tillage

Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
No tillage

Conventional

Conventional,
minimum tillage,
and no tillage

Conventional
Conventional
Minimum tillage
Conventional

Conventional

No tillage

Conventional and
minimum tillage

Conventional

No tillage
Conventional
No tillage
Minimum tillage
Conventional
Conventional
No tillage
Conventional
Conventional
Conventional

Conventional
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Definition
The total mass of root and shoot biomass of the crop.
The mass of above-ground biomass (stems and leaves) of the crop.

The mass of below-ground biomass of the crop, excluding harvestable
components.

The total concentration of carbon in the roots and shoots.
Concentration of carbon in the shoots.
Concentration of carbon in the roots.

The total quantity of carbon contained in the entire plant, as stated by the
authors, or as the sum of root and shoot carbon stocks.

The total quantity of carbon in the shoot biomass as stated by the authors
or calculated as shoot biomass multiplied by shoot carbon concentration.

The total quantity of carbon in the root biomass stated by authors or

calculated as root biomass multiplied by root carbon concentration.

An expression of root biomass as a fraction of shoot biomass.

TABLE 2 Descriptions of biomass and carbon variables used in this study.
Variable Symbol Unit
Total plant biomass Pb Mg ha~!
Root biomass Rb Mg ha™!
Shoot biomass Sb Mg ha™!
Total plant carbon content PCc gCkg™!
Shoot carbon content SCc g Ckg™!
Root carbon content RCc g Ckg™!
Total plant carbon stock PCs Mg C ha™!
Shoot carbon stock SCs Mg C ha™!
Root carbon stock RCs Mg C ha™!
Root-to-shoot ratio of biomass Rb/Sb
Root-to-shoot ratio of carbon RCs/SCs

stock

TABLE 3 Environmental factors and their categories.

An expression of root carbon stocks as a fraction of shoot carbon stocks.

Factor Remarks Categories
Soil pH Soil pH as reported in the <5.5
article 6.5-7.5
>7.5
Soil bulk density (g cm™) Average bulk density (BD)  <1.5
of soil profile >1.5
Fertilizer application Amount of fertilizer applied N (kg/ha)

Climatic region

on the soil, as cited on the
paper

Based on the study site’s
average annual temperature
and precipitation

P as P,Os (kg/ha)

K as K, O (kg/ha)
Precipitation > 1000 mm
Temperature >20°C
Precipitation 300—1000 mm
Temperature

10-20°C

Precipitation <800 mm
Temperature <10°C

Soil texture Soil texture based as cited on % Clay
the paper or based on soil % Silt
texture triangle % Sand

Tillage The mechanical No ploughing at all
manipulation of the soil for ~ Targeted ploughing
the goal of crop production.  Deep ploughing

Mulching Covering of soil between Soil mulch

plants with a layer of
material (plastic)

Plastic mulch
Organic mulch

Symbol
pH

BD

NPK

Hot and warm
Warm and arid humid
Cool and arid to moist

Texture

Tillage

Mulch

Class
Acidic
Neutral
Alkaline

Low

High

Applied Nitrogen

Applied Phosphate fertilizer.
Potassium applied.

Tropical

Sub-tropical

Temperate

Clay, Sand, Loam, Sandy
clay, Sandy clay loam, loamy
sand, clay loam, silt loam,
etc.

No-tillage

Minimum

Conventional

No mulch

Half mulch

Full mulch

where the authors did not separate roots from shoots. For the
purpose of this study, all biomass was considered as Sb when
no distinction was made between roots and shoots. In articles
where plant biomass and plant carbon variables were not pro-

vided, they were derived by adding shoot and root variables
for biomass and carbon, respectively. In instances where plant
biomass, C stocks, and C content variables were not reported
directly, estimates were obtained using harvest indices and
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R/Ss reported in the experiment. Where the biomass and car-
bon variables were not explicitly stated in the paper, they were
estimated using ratios according to the following formulae:

Rb=Rb : Sbx Sb €))
Sb=Rb : Sb xRb )

Pb =Sb+Rb 3)
PCc = % x 100 )
SCc = % x 100 ®)
RCc = % x 100 (6)

Also, where the carbon variables were not stated, they
were estimated according to Bar-On et al. (2018) using the
following formulae:

SCs = Sb x SCc )
RCs = Rb x RCc (8)
PCs = SCs + RCs )

where Rb is the root biomass (Mg ha~!), Sb is the shoot
biomass (Mg ha~!), Pb is the total plant biomass (Mg ha™!),
Rb/Sb is the root-to-shoot biomass ratio, RCc is the root car-
bon content (g C kg~!), SCc is the shoot carbon content (g C
kg™!), PCc is the total plant carbon content (g C kg~!), SCs
is the shoot carbon stock (Mg C ha1), RCs is the root carbon
stock (Mg C ha™!), and PCs is the total plant carbon stock (Mg
Cha™).

2.3 | Variability of biomass and carbon
variables

Key statistics were computed to determine genotype variabil-
ity based on plant and soil parameters. Standard deviations
(SD) were calculated as a measure of variability between
maize, sorghum, and wheat cultivars in Pb, Sb, Rb, Rb/Sb,
PCc, SCc, RCc, PCs, SCs, RCs, and RCs/SCs. Variability was
also expressed using the coefficient of variation (CV) as the
ratio of the SD and the mean for each biomass, C content, and
C stock variables.

cropscience NS

2.4 | Data analyses

SDs were calculated using Genstat 18th edition (Payne et al.,
2011) for each paper to measure the variability of culti-
vars in that location. Summary statistics were generated for
SD of biomass allocation, C content, and C stocks using
Genstat 18th edition (Payne et al., 2011), which were out-
lined by mean, median, minimum, maximum, first quartile
(Q,) and third quartile (Q3), SD, CV, skewness, and kurto-
sis. Box plots were used to depict the variability of datasets
based on SD obtained per individual site for the three crop
types. Each boxplot recorded the outliers, minimum, maxi-
mum, median, mean, Q;, and Q5 values. Bar graphs showing
the variability between crop cultivars expressed in percent
of mean total biomass, C content, and C stocks were gener-
ated using Microsoft Excel 2016. Correlation coefficients (r),
based on Spearman Rank correlations, were carried out using
IBM SPSS statistics (Wagner 111, 2019) to determine the mag-
nitude of associations between variables. A biplot principal
component analysis (PCA) was conducted using R statistical
software (R Core Team, 2019) to show the multiple relation-
ships of the variation for biomass allocation, C allocation, and
C content with environmental factors.

3 | RESULTS

3.1 | Variation of plant biomass, carbon
content, and C stocks of cereal cultivars

The variabilities for biomass, carbon content, and C stocks
recorded at individual sites of maize, sorghum, and wheat are
summarized in Tables 4-6. Maize with a mean plant biomass
of 4.18 Mg ha~! accumulated the highest value followed by
sorghum (2.02 Mg ha™!) and wheat (1.10 Mg ha™!) (Table 4).
All the crops showed a similar trend for biomass and C allo-
cation variability in shoots and roots, with shoots showing
higher variability than roots across crop types (Figure la.c).
Wheat had the lowest variability in Sb than sorghum and
maize but higher variability in Rb compared to sorghum, with
mean variability in Sb and Rb of 1.11 and 0.51 Mg ha™!,
respectively. Maize showed great variability across plant and
shoot variables, whereas sorghum showed more variability
when compared to wheat. Wheat had the highest mean (0.13)
variability in Rb/Sb, followed by maize (0.07) and sorghum
(0.04).

Maize had the highest variability for PCc with the maxi-
mum variability of 37.42 g C kg~! followed by wheat (6.63 g
C kg™!) and sorghum (2.24 g C kg~!) (Table 5; Figure 1b).
Wheat had the highest variability in SCc and sorghum had
the highest variability in RCc with mean variability values of

85UB017 SUOLULLIOD dA1IER1D 3|qedtdde ay) Aq peueob a1e saile YO 38N JO 3N 1o} AkeigTauUIIUO AB]1M UO (SUONIPUOD-PUB-SWIRILIY"AB| 1M Afe.d 1 [Bu 1 UO//:SNY) SUONIPUOD PUe sWd L 8U) 885 *[202/60/50] Uo Areiq1 auluo Ao|im ‘9dueld aLeI4R0D Ad 16212 Z389/200T OT/I0PALIY A8 i AReiq1Bu U0'SSasde// ANy WOy PapeouMOa v '¥202 ‘€S90SEYT



o

NGIDI ET AL.

TABLE 4 Summary statistics of biomass variables for maize, sorghum, and wheat.
Pb (Mg ha™!) Sb (Mg ha~1) Rb (Mg ha!) Rb/Sb

Statistics Maize Sorghum Wheat Maize Sorghum Wheat Maize Sorghum Wheat Maize Sorghum Wheat
No. 19 8 13 19 8 13 19 8 13 19 8 13
Mean 4.18 2.02 1.49 3.31 1.76 1.11 1.27 0.32 0.51 0.07 0.04 0.13
Median 1.51 0.85 1.22 1.43 0.68 0.87 0.38 0.13 0.40 0.02 0.04 0.10
Min. 0.06 0.04 0.11 0.04 0.03 0.06 0.02 0.01 0.04 0.00 0.001  0.03
Max. 20.48 6.73 6.48 14.47 5.34 3.85 11.03 1.39 1.86 0.57 0.25 0.44
Q1 0.91 0.49 0.49 0.67 0.25 0.35 0.14 0.04 0.26 0.001 0.02 0.04
Q3 4.56 3.08 1.84 4.40 3.05 1.68 0.85 0.30 0.60 0.08 0.10 0.18
SD 5.80 2.23 1.56 422 1.94 1.05 2.55 0.45 0.46 0.13 0.08 0.12
SEM 1.33 0.79 0.42 0.97 0.69 0.28 0.58 0.16 0.12 0.03 0.03 0.03
Variance 33.66 4.96 2.43 17.82 3.75 1.10 6.50 0.20 0.21 0.02 0.01 0.01
% CV 138.79  110.03  105.01 127.51 110.16  94.35 200.08  140.35  90.01 186.60  179.42  94.80
Skewness 2.03 1.08 2.19 1.81 0.82 1.23 3.06 1.63 1.75 3.22 1.90 1.13
Kurtosis 4.16 0.98 7.51 3.23 —-0.64 1.73 11.71 3.99 4.79 13.66 5.81 1.63

Abbreviations: CV, coefficient of variation; Max., maximum; Min., minimum; No, number of values; Pb, total plant biomass; Q,, first quartile; Q3, third quartile; Rb, root

biomass; Rb/Sb, root-to-shoot biomass ratio; Sb, shoot biomass; SD, standard deviation; SEM, standard error of mean.

TABLE 5 Summary statistics of carbon content variables for maize, sorghum, and wheat.
PCc (g Ckg™)) SCe (g C kg™1) RCc (g C kg™1)

Statistics Maize Sorghum Wheat Maize Sorghum Wheat Maize Sorghum Wheat
No. 19 8 13 19 8 13 19 8 13

Mean 2.30 0.52 0.95 0.10 0.30 0.58 0.12 1.19 0.64
Median 0.03 0.03 0.40 0.61 0.00 0.00 0.00 0.00 0.00
Min. 0.001 0.001 0.00 0.001 0.00 0.00 0.001 0.00 0.00
Max. 37.42 2.24 6.63 1.30 2.42 451 2.03 8.03 6.85
Q1 0.001 0.00 0.06 0.001 0.00 0.00 0.00 0.00 0.00
Q3 0.38 0.56 0.72 0.99 0.00 0.00 0.18 0.36 0.00
SD 8.32 0.84 1.68 0.32 0.80 1.43 0.45 2.63 1.81
SEM 1.91 0.30 0.45 0.07 0.28 0.38 0.30 0.93 0.48
Variance 69.24 0.71 2.83 0.10 0.64 2.04 0.21 6.93 3.27
% CV 361.86 161.96 177.88 307.62 264.57 246.73 388.74 222.00 281.94
Skewness 3.94 1.24 2.74 3.03 2.27 2.10 3.96 2.13 2.90
Kurtosis 18.54 0.79 10.06 10.86 8.00 433 18.63 7.20 10.97

Abbreviations: CV, coefficient of variation; Max, maximum; Min, minimum; No, number of values; PCc, total plant carbon content; Q, first quartile; Qs, third quartile;

RCc, root carbon content; SCc, shoot carbon content; SD, standard deviation; SEM, standard error of mean.

0.58 g Ckg~! and 0.64 g C kg~!, respectively. There is very
low variation for carbon content between cultivars with con-
stant variables recorded as coefficient of variation and SD.
Maize had the highest variability in PCs, ranging from 0.02
to 14.36 Mg C ha~! with a mean variability value of 1.55
Mg C ha~! followed by sorghum (0.83 Mg C ha~!) (Table 6;
Figure 1d). The variability in Rb and carbon stocks was low
across all crop types compared to variability in shoot parts.
Wheat had the highest mean (0.18) variability in RCs/SCs,
followed by maize (0.06) and sorghum (0.05).

3.2 | Variability expressed in percent of
mean biomass, C content, and C stocks

The variability between cultivars expressed in percent of mean
plant biomass, carbon content, and C stocks are presented in
Figure 2 and Table 7. Maize and wheat had higher variability
expressed in the percent of mean Pb, Sb, and Rb (Figure 2a).
Sorghum showed the lowest variability expressed in per-
cent of mean Pb (16.82%), Sb (18.13%), and Rb (36.96%),
respectively, compared to maize and wheat. The variability
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TABLE 6 Summary statistics of carbon stock variables for maize, sorghum, and wheat.
PCs (Mg C ha™!) SCs (Mg C ha™!) RCs (Mg C ha™!) RCs/SCs

Statistics Maize Sorghum Wheat Maize Sorghum Wheat Maize Sorghum Wheat Maize Sorghum Wheat
No. 19 8 13 19 8 13 19 8 13 19 8 13
Mean 1.55 0.85 0.21 0.82 0.73 0.12 0.29 0.16 0.11 0.06 0.05 0.18
Median 0.46 0.46 0.16 0.38 0.30 0.09 0.09 0.06 0.07 0.01 0.02 0.13
Min. 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.003 0.001 0.001 0.001 0.01
Max. 14.36 2.94 0.83 3.56 2.35 0.48 2.52 0.59 0.56 0.53 0.24 0.69
Q1 0.22 0.21 0.05 0.16 0.11 0.03 0.05 0.04 0.03 0.0002  0.00 0.01
Q3 1.22 1.25 0.27 1.08 1.24 0.12 0.19 0.27 0.12 0.07 0.05 0.29
SD 3.20 0.92 0.23 1.04 0.80 0.13 0.58 0.19 0.14 0.12 0.08 0.19
SEM 0.73 0.33 0.06 0.24 0.28 0.03 0.13 0.07 0.04 0.03 0.03 0.05
Variance 10.23 0.85 0.05 1.08 0.64 0.02 0.34 0.04 0.02 0.01 0.01 0.04
% CV 206.66  107.96 109.46  127.16  109.94 10732  197.46  115.51 12697 206.13  155.54 106.22
Skewness 3.39 1.26 1.55 1.80 0.94 1.60 3.07 1.24 2.48 3.26 1.83 1.24
Kurtosis 14.46 2.41 2.84 3.21 0.29 3.53 11.75 2.14 8.86 13.82 5.58 2.21

Abbreviations: CV, coefficient of variation; Max, maximum; Min, minimum; No, number of values; PCs, total plant carbon stock; Q,, first quartile; Qs, third quartile;

RCs, root carbon stock; RCs/SCs, root-to-shoot carbon stock ratio; SCs, shoot carbon stock; SD, standard deviation; SEM, standard error of mean.
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carbon stock (RCs) (c); root-to-shoot biomass ratio (Rb/Sb) and root-to-shoot carbon stocks ratio (RCs/SCs) (d) of maize, sorghum, and wheat. Each
box plot presents the minimum, maximum, median, quartile 1 (25%), and quartile 3 (75%). See Table 2 for descriptions and units.
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FIGURE 2 Variability between crop cultivars expressed in percent of mean total plant biomass (Pb), shoot biomass (Sb), and root biomass
(RD) (a); total plant carbon content (PCc), shoot carbon content (SCc), and root carbon content (RCc) (b); total plant carbon stock (PCs), shoot
carbon stock (SCs), and root carbon stock (RCs) (c); root-to-shoot biomass ratio (Rb/Sb) and root-to-shoot carbon stocks ratio (RCs/SCs) (d) of
maize, sorghum, and wheat. See Table 2 for descriptions and units.

TABLE 7 Mean variability, the standard deviation of variability, and percent of mean variability for plant biomass and carbon stocks for maize,

sorghum, and wheat.

Pb
Mean variability
Maize 4.18
Sorghum 2.02
Wheat 1.49
SD of variability
Maize 5.80
Sorghum 2.23
Wheat 1.56
Coefficient of variation (%)
Maize 31.89
Sorghum 16.82
Wheat 24.15

Note: See Table 2 for descriptions and units.

expressed in the percent of mean Sb in maize and wheat was
greater than 27.97% and was twice the variability expressed
in percent of mean Sb in sorghum. Maize had variability
expressed in percent of mean Pb exceeding 31.89% compared

to 24.15% of wheat.

Sb

Mg ha™!

3.31
1.76
1.11

4.22
1.94
1.05

31.78
18.13
27.97

Rb

1.27
0.32
0.51

2.55
0.45
0.46

51.97
13.64
29.94

Rb/Sb

0.07
0.04
0.13

0.13
0.08
0.12

24.38
16.79
21.09

PCc

2.3
0.52
0.95

8.32
0.84
1.68

8.39
1.19
6.15

SCc

g Ckg™!
0.1

0.30
0.58

0.32
0.80
1.43

0.42
0.69
4.32

RCec PCs SCs
Mg C ha™!
0.42 1.55 0.82
1.19 0.85 0.73
0.64 0.21 0.12
0.45 3.20 1.04
2.63 0.92 0.80
1.81 0.23 0.13
0.51 40.13 30.76
2.82 16.30 17.03
3.15 24.35 23.14

RCs

0.29
0.16
0.11

0.58
0.19
0.14

50.38
16.76
30.92

RCs/SCs

0.06
0.05
0.18

0.12
0.08
0.19

22.02
16.76
30.92

Similar trends were observed for carbon content variables
with maize excelling higher than the other crops. Maize
(8.39%) had the highest variability expressed in percent of
mean PCc, followed by wheat (6.15%) and sorghum (1.19%).
Wheat amassed the highest variability expressed in percent
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carbon stock (SCs), and root carbon stock (RCs) (c); root-to-shoot biomass ratio (Rb/Sb) and root-to-shoot carbon stocks ratio (RCs/SCs) (d) of
maize, sorghum, and wheat for different continents. See Table 2 for descriptions and units.

of mean SCc and RCc (4.32% and 3.15%, respectively), fol-
lowed by sorghum (0.69% and 2.82%, respectively) and maize
(0.42% and 0.51%, respectively) (Figure 2b).

Maize exhibited higher variability expressed in percent of
mean PCs, SCs, and RCs compared to sorghum and wheat
with the values of 40.13%, 30.76%, and 50.38%, respectively.
Sorghum had the lowest variability expressed in percent of
mean carbon stocks for all variables measured (Figure 2c).
Maize had the highest variability expressed in percent of mean
Rb/Sb and wheat displayed the highest variability expressed
in percent of mean RCs/SCs with values of 24.38% and
30.92%, respectively (Figure 2d).

3.3 | Global variability expressed in percent
of mean plant biomass, C content, and C stocks

The variability between cultivars expressed in percent of mean
plant biomass, C content, and C stocks for different con-
tinents are presented in Figure 3. Europe (Pb = 40.02%,
Sb=41.39%, and Rb = 70.74%) had the highest variability for
all the biomass variables, followed by Africa (Pb = 35.46%,
Sb = 35.81%, and Rb = 37.18%) and Asia (Pb = 31.18%,
Sb =33.9%, and Rb = 38.13%). The continents with the low-
est variability expressed were South America, North America,

and Oceania (Figure 3a) in descending order. Similar trends
were observed for C content, with Europe continuing to excel
for variability expressed in percent of mean C content for all
the C content variables (Figure 3b).

Europe (PCs = 65.13%, SCs = 38.55%, and RCs = 66.22%)
had the highest variability expressed in percent of mean
C stocks for all the carbon variables, followed by Asia
(PCs = 33.00%, SCs = 38.19%, and RCs = 38.31%) and
Africa (PCs = 32.46%, SCs = 31.34%, and RCs = 37.82%)
(Figure 3c). Europe exhibited the highest variability expressed
in percent of mean Rb/Sb and RCs/SCs (36.73% and 24.84%,
respectively) (Figure 3d).

3.4 | Associations between environmental
factors and variabilities for biomass, C stocks,
and carbon content

MAP and variability in Rb displayed the strongest significant
positive correlation (r = 0.85, p < 0.05), suggesting a direct
link between the two (Table 8). The variability in Pb and Sb
significantly negatively correlated with both MAP and MAT.
The variability in PCs and SCs followed the same trend but
showed an insignificant correlation. MAT had the strongest
significant positive correlation (r = 0.72, p < 0.05) with
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TABLE 8
variability in biomass, C variables, and environmental factors.

Correlations showing the relationship between

Plant variables MAT MAP
Pb —0.47* —0.34%*
Sb —0.43* —0.30*
Rb 0.72% 0.85*
Rb/Sb 0.67 0.81*
PCc 0.58 0.73
SCc 0.39 0.57
RCc 0.49 0.66
PCs -0.45 —-0.31
SCs -0.70 —-0.63
RCs 0.60 0.76
RCs/SCs 0.65 0.80%*

Note: See Table 2 for descriptions and units.
*Significance at p < 0.05.

variability in Rb. MAP exhibited the strongest correlations
with variability in Rb/Sb and RCs/SCs (r = 0.80 and r = 0.80,
p < 0.05, respectively) compared to MAT. This trend was the
same with variability in RCs. The variability in PCc, SCc,
and RCc exhibited non-significant correlations with all the
environmental factors.

3.5 | Principal component biplot for
variability of biomass, C content, C stocks, and
environmental factors

A biplot based on the PCA of variables relationship between
the variation of biomass, carbon stock, carbon content, and
environmental factors of different cereals is shown in Figure 4.
The first and second principal components (PC1 and PC2)
accounted for a total variation of 90%, with PC1 account-
ing for 60.9% of the variation while PC2 accounted for only
29.1%. The variability between cultivars in Pb, Rb, Sb, PCc,
and RCs was strongly associated with PC1. On the other
hand, PC2 was positively correlated with the variability in
Rb/Sb, SCc, and RCs/SCs. The variability in PCs was asso-
ciated with SCs and could thus be interpreted as an axis of
carbon enrichment. Maize varieties were associated to PCl1,
while wheat varieties contributed more to PC2. Sorghum had
a negative association with both PC1 and PC2. The first PC
correlated with MAP, and PC2 was closely correlated with
MAT on the negative coordinates. Several of the studied vari-
ables, including variability in Rb/Sb and RCs/SCs showed
negative coordinates on Axis 2. Conversely, variability in Pb,
Sb, and carbon stocks between cultivars increased as MAT
decreased, and variability in SCc increased with increasing
MAP.
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FIGURE 4 Principal component biplot displaying the

relationship among the variability in plant biomass, C content, C stocks,
and environmental factors in cultivars of maize, sorghum, and wheat.
See Table 2 for descriptions and units. SCc, shoot carbon content; RCs,
root carbon stock; RCs/SCs, root-to-shoot carbon stocks ratio; Rb/Sb,
root-to-shoot biomass ratio; MAP, mean annual precipitation; Rb, root
biomass; PCc, total plant carbon content; Pb, total plant biomass; PCs,
total plant carbon stock; SCs, shoot carbon stock.

4 | DISCUSSION

4.1 | Causes of variation in biomass
allocation among crop types

The present study shows that different crop types exhibited
significant variations in biomass allocation, agreeing with
Monti et al. (2008) (Table 5). A higher amount of biomass
was measured in maize compared to sorghum and wheat for
all the plant variables, consistent with Ritchie et al. (1998)
and Guzman and Al-kaisi (2010). Compared to other cere-
als, maize produces more biomass because it maximizes light
absorption for synthesizing carbon assimilates that are used
to drive biomass production (Stewart, 2013). Additionally,
the C4 photosynthetic pathway in crops, such as maize and
sorghum, is more efficient at utilizing carbon dioxide than the
C3 crops such as wheat. This enables C4 species to photo-
synthesize more effectively, producing higher biomass (Sales
et al., 2021). Furthermore, C4 species are better acclimated
to high temperatures and droughts, typical in many regions
where maize and sorghum are cultivated (Brown, 1999).
These factors collectively contribute to the higher biomass
accumulation observed in maize and sorghum than in wheat.
Global maize improvement programs have achieved yield
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gains using traditional maize landraces and improved open-
pollinated varieties (OPVs) or hybrid varieties. The result of
maize improvement has thus been increased yield. Maize has
higher hybrid vigor compared to sorghum or wheat, and new
cultivars have been developed that generate more biomass
than sorghum or wheat (Hiremath et al., 2013). Studies in
maize conducted by Ibraheem and El-Ghareeb (2019) and Li
et al. (2018) reported that F; hybrid of maize showed strong
heterosis for agronomic traits and increased biomass com-
pared to parents. These results are consistent with the ones
reported by Singh et al. (2014), who indicated that crosses
involving complementary inbred lines with different genetic
compositions result in hybrid vigor, which produces supe-
rior phenotypes with higher yield, accelerated growth rate and
development, improved biomass, better quality, and improved
resistance to biotic and abiotic stress. This also explains the
high variability in biomass variables in maize compared to
other cereals. With landraces, OPVs, and commercial culti-
vars grown worldwide, wide variation in biomass production
is expected in maize.

Wheat accumulated less biomass and C compared to maize
and sorghum for all the biomass and C variables, and this may
be due to the low plant stature (Figure 1a). The crop size of
wheat is generally smaller than that of maize and sorghum.
In addition, Theocharis et al. (2012) reported that one of the
main environmental stressors that restricts wheat growth and
photosynthetic output and lowers grain yield is low tempera-
ture. Wheat is mainly grown in temperate regions, and cold
stress often extends the period of crop growth and lowers
net photosynthetic rate and biomass accumulation (Li et al.,
2015; Whaley et al., 2004; Yamori et al., 2014). Interestingly,
wheat had higher Rb/Sb. However, the size of the wheat root
systems remains lower than that of maize and sorghum, and
as such, the latter two crops will contribute more to carbon
sequestration than wheat.

Open-pollinated and landrace sorghum genotypes could
produce comparable or higher biomass than maize. However,
improved sorghum cultivars, such as hybrids, have shorter
plant stature and reduced biomass than maize. Maize has
undergone extensive genetic improvement efforts over the
years, leading to the development of high-yielding varieties
optimized for biomass production than sorghum (Gedil &
Menkir, 2019). In contrast, sorghum has not been widely
researched and bred, aiming to increase biomass yields (Hao
et al., 2021). Therefore, sorghum possesses great untapped
potential in breeding for biomass production. Sorghum breed-
ing for ethanol production led to substantial genetic gains for
biomass production (Pfeiffer et al., 2019). However, this has
been limited to sweet stem sorghums, and the adoption of
such varieties will not be beneficial to resource-poor farm-
ers in drier areas where they depend on sorghum grain for
food.

4.2 | Causes of variation in C accumulation
and allocation among crop type

Sorghum had higher PCc and plant carbon stock than maize
and wheat, making it a more efficient crop in increasing car-
bon fluxes from the atmosphere to the soil (Figure lc,d). Its
big and fibrous root system will ensure deeper C deposition
in the soil which will be crucial for the long-term stability of
SOC (Zuazo & Pleguezuelo, 2009). The large and deep root
system of sorghum distinguishes its root architecture (Kell,
2011). According to Xiong et al. (2020), sorghum roots can
reach soil depths of up to 2 m, whereas maize and wheat roots
typically reach 1 m or less. Sorghum has deeper root system
and deposits OM, including carbon, in deeper soil horizons.
Because of its notable drought tolerance, sorghum develops
deep roots as an adaptation strategy. Wheat and maize, on
the other hand, have shallower root systems despite being
sensitive to drought stress. Drought-stressed conditions can
promote deeper root growth in sorghum (Chadalavada et al.,
2021). The authors observed sorghum roots extending deeper
during dry spells. Gautam et al. (2020) reported that sorghum
produced 20% more aboveground biomass, which enhanced
carbon inputs into the soil profile.

4.3 | Variations of plant biomass and carbon
variables between crop type cultivars

The variation between cultivars in root and Sb could result
from different specific allocation patterns caused by genetic
variation between major cereal species. These patterns could
be high Sb production in maize, deep root systems, and bal-
anced allocation of shoot and Rb in sorghum and tillering in
wheat (Irving, 2015). Maize had higher variability in Pb, Sb,
and Rb between cultivars compared to sorghum and wheat
(Figure 1a). Pittelkow et al. (2015) reported that the increase
in biomass production from subtropical to tropical regions
corresponds to increases in temperature and precipitation.
These results are consistent with the ones reported in the
current study as variability in Rb had the strongest, highest
positive correlation with MAP and MAT (Table 8). Hence,
lower precipitation limits Rb production in temperate and
subtropical climates, whereas low temperatures further limit
biomass production in temperate climates.

Sorghum also exhibited high variability in Pb, Sb, and Rb
between cultivars than wheat. This is due to sorghum’s genetic
diversity. There is a wide range of stem biochemical com-
positions suitable for different end uses, such as bioenergy
or fodder (Perrier et al., 2017). Due to its drought tolerance,
sorghum can sustain biomass production under water-stressed
conditions. The wide differences in Sb compared to Rb for
maize, sorghum, and wheat are due to their adaptations.
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Performance variations between genotypes represent genetic
diversity, which is influenced by genetic compositions, the
production environment, and their interaction (Hughes et al.,
2008).

There was an increase in variation between genotypes of
sorghum for PCs (Figure lc). Cultivars may respond differ-
ently to growing conditions (Anderson-Teixeira et al., 2013).
This is shown by the decrease in variation between culti-
vars of maize for total PCs by the different factors such as
tillage system, fertilizers, and environmental conditions used
across the studies. Wheat remains to be the crop with the
lowest PCs, SCs, and RCs. There was no marked variation
between genotypes for the carbon content of all the tested
crops, as revealed by the constant performance (Figure 1b).
The trend could be attributed to higher proportions of pro-
teins and lipids, which are crucial components of plant tissues
in maize, sorghum, and wheat. In turn, this contributed to
a higher carbon content as a major constituent. Biomass
and C allocation varied between roots and shoots as R/S
ratios varied significantly among the wheat cultivars across
the studies (Figure 1d). In a study conducted by Toscano
et al. (2019), it was reported that heat-tolerant wheat geno-
types exhibit a high R/S, which indicates their capacity to
sustain productivity even under conditions of simultaneous
drought and heat stress. This allowed the heat-tolerant geno-
types to allocate more biomass to root development than
the heat-susceptible genotypes. Such genotypes with high
biomass accumulation and heat endurance are more appropri-
ate for sub-Saharan Africa, where heat stress and drought are
frequently co-occurring conditions.

4.4 | Associations between plant biomass and
carbon variables

The strong correlations of variability in SCs and RCs and
variability in Rb with PC1 show that the three traits were
the most important in explaining variation among the cereal
crops. Therefore, identifying shoot and RCs in varieties could
be important in cultivar selection for carbon sequestration.
Carbon content may be less effective in differentiating vari-
eties. The carbon content in varieties is relatively constant
and varies slightly between varieties and, in most cases, even
between crop types (Ma et al., 2018). Maize was correlated
with PC1, which showed that maize varieties exhibited most
of the variation in this panel of cultivars while wheat varieties
had the least variation. In new sorghum cultivars, biomass
production can be harnessed through hybrid breeding and new
genomic technologies that will accelerate sorghum improve-
ment (Hao et al., 2021). There is high biomass production
and carbon accumulation between maize cultivars but a low
variability in carbon enrichment in plant parts. In contrast,
wheat showed a high variableness in carbon enrichment but a

low variableness in biomass production and C accumulation.
Sorghum genotypes only marginally varied for plant C content
and exhibited low variability in biomass and C accumulation.

S | CONCLUSION

Maize, sorghum, and wheat showed significant variation
in biomass production, carbon accumulation, and alloca-
tion to roots and shoots, demonstrating the importance of
these genetic resources for selecting and developing vari-
eties with improved C sequestration potential. However,
sorghum presents the greatest potential for breeding to
increase biomass production due to limited breeding in the
crop. Using sorghum as a model crop for increasing carbon
sequestration can go a long way in mitigating the effects of
climate change. Maize and wheat will also remain important
crops that can be used to support climate-smart agriculture.
These findings improve our understanding of how C is allo-
cated within roots and shoots and possibly to soils. This is
especially needed when best practices such as zero tillage or
cover cropping do not store carbon into soils as much as has
been claimed (Baker et al., 2007; Chaplot & Smith, 2023).
The meta-analysis revealed that maize and sorghum have the
highest variability for Pb and plant carbon stocks, while wheat
exhibited the highest variability for the below-ground biomass
and carbon stocks. The data aided in crop selection and sug-
gested that the best cultivars could be developed and identified
for production and C sequestration potential for cultivation
by farmers, land rehabilitation, and climate change mitiga-
tion. The present study used data based on 40 global studies
that reported on allocating plant biomass and C between roots
and shoots of the major cereal crops. The independent studies
used varied experimental setups, data collection, and report-
ing, which may introduce inconsistencies and biases in the
integrated analysis and conclusions. Standardization of the
study protocols and data reporting may improve the reliabil-
ity of the findings and recommendations. Further, the study
recommends integrating multiple traits related to biomass
production and carbon allocation from ongoing and diverse
studies. Leaf area, root architecture, and photosynthetic effi-
ciency should be included in future studies due to their
influence on crop performance and biomass and C allocation
between roots and shoots.
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