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ARTICLE INFO ABSTRACT
Keywords: Context: In Sudano-Sahelian West Africa, declining soil fertility due to land degradation, low fertilizer use, and
Crop rotation shortened fallows threatens productivity. Legume-based rotations offer a sustainable solution by improving ni-

Residue management
Sorghum bicolor
Nitrogen cycling

trogen availability and soil health, especially under low-input conditions.

Objectives: This study aimed to enhance sorghum-based cropping systems through one-year legume rotations. It
sought to characterize a diversity of legume crops and evaluate the effect of returning their biomass (excluding
grain) to the soil on subsequent sorghum crop’s growth and yield.

Methods: Twenty crop precedents, comprising 17 legumes and 3 grasses, were evaluated across three randomized
complete block design (RCBD) field trials under varying soil fertility conditions. Biological nitrogen fixation was
quantified using the natural abundance (§'°N) method along with measurements of nitrogen content and total
nitrogen accumulation in aboveground biomass. In the following season, sorghum was grown to assess rotational
effects on yield and growth.

Results: The study revealed substantial and significant variability among legume species in biomass and nitrogen
accumulation, with Crotalaria juncea and Centrosema pascuorum showing the highest values. However, these
differences did not translate into significant yield gains for subsequent sorghum crops. While legumes out-
performed grasses in improving sorghum yields, variation among legume species was minimal, suggesting ni-
trogen recycling inefficiencies under Sudano-Sahelian conditions.

Conclusions: Under Sudano-Sahelian conditions, non-nitrogen (non-N) effects appear to play a crucial role in the
overall rotational benefits of legumes in cereal-based systems. Therefore, grain and fodder legumes should be
preferred over green manure legumes because they provide high-protein food for humans and feed for animals,
while enhancing the overall performance of crop rotations. Further diversification of legume crops is needed to
optimize legume-nonlegume balance and manage trade-offs between food security and sustainable soil

management.

1. Introduction diversifying plant cover, improving soil fertility and structure, stimu-
lating microbial carbon formation, contributing to climate regulation,
Addressing the intertwined challenges of food security, environ- and increasing Nitrogen Use Efficiency (NUE) when legumes are
mental sustainability, and soil health restoration requires integrated included (Qiu et al., 2024). Yet, adoption and effectiveness of these
agricultural practices that boost productivity while minimizing envi- practices are limited by local biophysical and socio-economic con-
ronmental impacts. Diversified cropping systems and organic amend- straints, highlighting the need to evaluate their relevance and perfor-

ments have been shown to achieve these goals (Wang et al., 2025). In mance in marginal Sudano-Sahelian environments.
particular, cover crops enhance agroecosystem functioning by In Sudano-Sahelian West Africa, soils are highly weathered and
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generally characterized by low inherent fertility, low soil organic carbon
content, and poor water-holding capacity (Bationo et al., 1998).
Deforestation, overgrazing, and agricultural expansion further degrade
soil. At the same time, fertilizer use by small-scale farmers remains
extremely low, at approximately 5kg per hectare, insufficient to
compensate for nutrient losses through crop harvests, resulting in
ongoing soil depletion (Chianu et al., 2012). Traditional long fallow
periods, which once allowed fields to replenish soil fertility, are no
longer practiced due to rising land pressure driven by rapid growth of
human and livestock populations. This soil management practice
involved cultivating land continuously for a short period, typically two
to five years, followed by an extended fallow period of up to 25 years.
Although long fallows contribute to restoring soil physical, chemical,
and biological properties through the natural regeneration of savanna
vegetation and woodland, the overall productivity is low relative to the
extensive land area left unproductive for extended periods (Tarawali
et al., 1999). Furthermore, the frequent grazing and fire on fallow lands
significantly delay the accumulation of soil fertility in the topsoil (Roose,
1993).

A key challenge is ensuring the long-term restoration of soil fertility,
particularly through the enhancement of soil organic matter (Lal, 2004;
Bationo et al., 2007), while simultaneously achieving short-term yield
increases needed by farmers to enhance food security. Legume-based
crop rotations can help tackle this challenge (Gan et al., 2015; He
et al., 2025; Mudare et al., 2025). The inclusion of grain legumes in
cereal-, root-, or tuber-based cropping systems has shown significant
benefits in Sub-Saharan Africa (see Bado et al., 2022 - for millet-based
cropping systems). Based on an analysis of 199 experiments, Franke
et al. (2018) reported an average yield increase of 41 % in cereals grown
in rotation with grain legumes, compared with continuous cereal culti-
vation. One of the key rotational effects of grain legumes is improving
nitrogen (N) nutrition in subsequent crops. This is due to legumes’
ability to fix atmospheric nitrogen (N2) through symbiosis with rhizobia,
thereby enhancing the overall nitrogen balance in the system (Dakora
and Keya, 1997). The rotational benefits of legumes are more pro-
nounced under low fertility conditions, particularly in Africa (Zhao
et al.,, 2022). However, evidence that yield advantages persist even
when high rates of mineral N are applied to the subsequent cereal crop
suggests that non-N effects—such as improved soil structure, nutrient
availability, and pest and weed suppression—also play a significant role
(Peoples et al., 2009; Franke et al., 2018).

Herbaceous, shrub, or fodder legumes can be incorporated into crop
rotations with non-leguminous species as green manure or cover crops
during short-term fallow periods to improve soil fertility. Short-term
improved fallows based on legumes—most commonly from genera
such as Sesbania, Tephrosia, Leucaena, Mucuna, Centrosema, Pueraria,
Crotalaria, Cajanus, Indigofera, and Mimosa—are increasingly being
adopted by farmers in tropical regions (Sanchez, 1999). Improved fal-
lows can accumulate large amounts of biomass and nitrogen
(100-200 kg N ha™) in situ, which are returned to the soil as leaf and
root litter (Giller et al., 1997). A significant portion of this N is derived
from the atmosphere, though the exact amount varies with legume
species and environmental conditions (Becker and Johnson, 1999). This
nitrogen can either contribute directly to a positive nitrogen balance in
the system or, at the very least, reduce nitrogen mining from the soil.
Beyond nitrogen contributions, these legume rotations provide addi-
tional agronomic benefits, including weed suppression, reduction of
Striga infestation, improved soil physical properties, and reduced soil
erosion.

Numerous legume species have been evaluated for their potential as
mulch in cropping systems in sub-Saharan Africa (Sanginga, 2003).
These studies have primarily focused on maize-based systems in rela-
tively humid environments, ranging from forest to Sudanian zones, with
annual rainfall exceeding 1000 mm (Versteeg et al., 1998; Carsky et al.,
1999; Sanginga, 2003; Eilitta et al., 2004; Baijukya et al., 2006; Snapp
et al., 2010) and, to a lesser extent, upland rice (Becker and Johnson,
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1998). Far fewer examples of such studies exist for sorghum- or
millet-based cropping systems in the more arid conditions of the
Sudano-Sahelian zone, which receives less than 800 mm of annual cu-
mulative rainfall. It should be noted that green manuring is scarcely
practiced by farmers in these areas, due to intense pressure on crop
biomass, which is either harvested for fodder or consumed by
free-grazing animals during the dry season (Kouyaté et al., 2000).

This study aimed to evaluate the potential to improve sorghum-based
cropping systems by implementing a one-year legume rotation under
semi-arid Sudano-Sahelian conditions in Burkina Faso. It focused on
assessing the effects on subsequent sorghum yield of crop residue
restitution from a range of preceding legume crops, including grain,
fodder, and green manure types. The specific objectives of the study
were to:

-Characterize these legume crops regarding cycle duration, ground
cover capacity, growth behavior, nitrogen-fixing ability, biomass, and
nitrogen accumulation.

-Quantify the carry-over effects of these legume crops on sorghum
growth and yield performance in the following cropping season.

2. Materials and methods
2.1. Site and experimental conditions

The experiments were conducted in Gampela, 20 km east of Oua-
gadougou, in Burkina Faso (12°24’ 54.427°" N, 1°23’ 23.173"’0). The
area's climate is Sudano-Sahelian. It is characterized by a rainy season
from June to October and a dry season from November to May. The
average monthly temperature ranges from 23 to 33°C. The experimental
station recorded cumulative rainfall of 818 mm, 913 mm, and 761 mm
in 2021, 2022, and 2023, respectively (Fig. 1). Gampela's soils are of the
leached tropical ferruginous type, derived from granitic parent rock
(BUNASOL, 1988). The soils are predominantly silty-sandy in texture,
with 6.86% clay, 19.5% silt, and 73.6 % sand. The soil is acidic
(pHwater= 5.01) with low soil organic matter content (0.749 %) and low
physicochemical fertility (N content = 0.039 %; P content = 108.6 mg.
kg~!; Plant-available P = 8077 mg.kg ).

2.2. Plant material

Twenty plant species x cultivar combinations were selected for their
good establishment and growth from a larger collection evaluated in
2019 and 2020 at the Gampela Research Station (Table 1, Fig. 2). Among
them, 17 were legumes, representing 14 species and 17 cultivars in total.
These legume species included grain legumes, fodder legumes, and le-
gumes used as green manure (service plants). The main traditional grain
legume crops of Burkina Faso—cowpea, bambara groundnut, and pea-
nut—were included, along with diversification legumes such as mung
bean, horse gram, jack bean, and pigeon pea. Three cowpea (Vigna
unguiculata) cultivars were included, as it is the major indigenous grain
legume crop in Burkina Faso. These were: Komcalle, an improved erect
grain variety; Gourgou, an improved semi-erect dual-purpose variety
(used for both grain and fodder); and Bengraaga, a traditional late-
maturing, spreading variety. Two cultivars of velvet bean (Mucuna
pruriens) with different growth cycle durations were also included. In
addition to legumes, three grass species (Poaceae) were included for
comparison: Brachiaria ruziziensis, a tropical forage grass; finger millet
(Eleusine coracana), a major staple cereal in Eastern and Southern Africa;
and sorghum (Sorghum bicolor), used here as a monoculture control. For
sorghum, we selected the Kapelga variety, a traditional cultivar
belonging to the Guinea type.

2.3. Experimental design

Twenty different crop precedents were evaluated across three field
experiments, each conducted using a randomized complete block design
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Fig. 1. Monthly rainfall recorded at the Gampela site for 2021, 2022, and 2023, along with the average monthly temperature calculated over the same three-

year period.

Table 1

List of the 20 plant species x cultivar combinations used in this study, including their code name (as shown in the figures), crop type, and sowing protocol (intra-row

spacing and number of seeds per hole).

Species cultivar code name crop type mt:ra.-row nb seeds
spacing (m) per hole
Sorghum bicolor kapelga sorghum cereal grass 0.4 8
Eleusine coracana finger_millet cereal grass 0.1 8
Bracharia ruziziensis brachiaria forage grass 0.1 6
Arachis hypogaea QH 243 C peanut grain legume 0.15 2
Cajanus cajan pigeon_pea grain legume 0.2 5
Canavalia ensiformis jack_bean green manure legume 0.4 2
Centrosema pascuorum centrosema forage legume 0.2 8
Crotalaria juncea crotalaria_juncea green manure legume 0.2 6
Crotalaria retusa crotalaria_retusa green manure legume 0.2 8
Crotalaria spectabilis crotalaria_spectabilis green manure legume 0.2 8
Macrotyloma uniflorum horsegram grain legume 0.2 6
Mucuna pruriens deeringiana velvet_bean_deeringiana forage legume 0.4 2
Mucuna pruriens rajada velvet_bean_rajada forage legume 0.4 2
Sesbania sesban sesbania green manure legume 0.2 8
Tephrosia bracteolata tephrosia green manure legume 0.2 8
Vigna radiata mungbean grain legume 0.2 5
Vigna subterranea BFKVS 244 bambara_groundnut grain legume 0.15 2
Vigna unguiculata Bengraaga cowpea_bengraaga grain legume 0.4 3
Vigna unguiculata Gourgou cowpea_gourgou grain legume 0.4 3
Vigna unguiculata Komcalle cowpea_komcalle grain legume 0.4 3

(RCBD) with four replications. Two experiments were conducted in
2021 under contrasting fertility conditions: one under low fertility
(LF21) and the other under high fertility (HF21). A third experiment was
conducted in 2022 under low fertility conditions (LF22). In 2021, each
elementary plot measured 19.44 m? (5.4 m x 3.6 m) and comprised
nine cultivated rows spaced at 0.6 m intervals. In 2022, the elementary
plot size was slightly reduced to 17.28 m? (4.8 m x 3.6 m), with eight
cultivated rows also spaced at 0.6 m. Within-row spacing between seed
holes was adjusted according to the crop species evaluated (Table 1). In
the following season of each experiment, the same plots were used to
cultivate sorghum as a test crop to assess carry-over effects. Sorghum
was sown with an intra-row spacing of 0.4 m, resulting in nine seed
holes per row. The same improved sorghum variety, Sariaso 16, was
used across all trials. Sariaso 16 is a caudatum-type variety released by
INERA (Institut de I’Environnement et des Recherches Agricoles) in
2008, and is well-adapted to the agroecological conditions of the study
area.

2.4. Crop management

Experiment HF21 (high-fertility conditions) was established on a
plot under long-term fallow and cleared in 2019. In contrast, experi-
ments LF21 and LF22 (low-fertility conditions) were conducted on land
that had undergone continuous cultivation over several years, resulting
in considerably lower soil fertility than HF21. Before establishing the
experiments, the preceding crop was sorghum in all plots. In all cases,
primary tillage was performed using a tractor, followed by manual
secondary tillage to prepare seedbeds. Each experiment involved 20
different preceding crop treatments. Seeds were sown manually using a
daba (traditional planting tool), with the number of seeds per hole
adjusted according to each crop’s grain size (Table 1). Experiments
HF21 and LF21 were sown on 6 July 2021, while LF22 was sown on 7
July 2022. Seeds produced in each plot were harvested and removed
(exported), while the remaining plant biomass (stems and leaves) was
left on the soil surface as mulch to support soil restoration until
ploughing eight months later, in June of the following season, prior to
the subsequent sorghum crop. The Gampela experimental station is fully
fenced and protected against grazing animals. Sorghum was sown on 22



L.-M. Raboin et al.

Field Crops Research 340 (2026) 110371

Fig. 2. Photographs of Mucuna pruriens or velvet bean (a), Cajanus cajan or pigeon pea (b), Vigna radiata or mungbean(c), Crotalaria juncea (d), Centrosema pascuarum

(e), Arachis hypogeae or peanut (f), taken in Gampela station, Burkina Faso.

June 2022 for HF21 and LF21, and on 28 June 2023 for LF22. Weed
control was performed manually, with two weeding operations
approximately 20 and 50 days after sowing. In HF21, a fertilizer dose of
75 kg ha™! of NPK (14—23—14) was applied after the first weeding, both
on the 20 preceding crops, in 2021, and on the subsequent sorghum
crop, in 2022. In contrast, no fertilizer was applied in the LF21 and LF22
experiments. Sorghum seeds were treated with Calthio C, a combination

of 25 % endosulfan (insecticide) and 25 % thiram (fungicide), at a rate
of 2.5 g kg™ of seed, to protect against early-season pests and diseases.

2.5. Measurements

On the twenty preceding crops:
Canopeo, an Android-based mobile application, was used to estimate
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plant canopy cover (CANOPEO42; Table 2) 42 days after sowing
(Patrignani and Ochsner, 2015). Additionally, canopy development rate
was assessed by monitoring changes in canopy cover between 35 and 55
days after sowing, expressed as CANOPEO_SPEED. Flowering date was
recorded at the 50 % flowering stage (FLO50). At this stage, considered
as the stage of maximum vegetative development, we measured canopy
height (CANOPY) and above-ground plant biomass. Two rows (out of 9
in LF21 and HF21, or 8 in LF22) were harvested in the middle of each
elementary plot and weighed to assess fresh biomass. One representative
plant sample per elementary plot was collected and oven-dried at 60°C
for 72 h to determine its moisture content. It was then used to estimate
dry plant biomass per hectare (BIOM_ha). The total harvested biomass
was left on the ground to be returned to the soil.

Biological N fixation in crops was determined using aboveground
plant tissues (stems + leaves) collected from harvested biomass samples
at the flowering stage. The plant material subsamples were analyzed for
Nitrogen content (N), Carbon to Nitrogen ratio (C:N), and S1°N isotopic
composition at Catholic University of Leuven, Belgium, using an EA1110
elemental analyzer with a Delta V Isotope Ratio Mass Spectrometer via a
ConFlo IV universal continuous flow interface (Thermo Fischer Scien-
tific, Waltham, Massachusetts, USA). The proportion of nitrogen derived
from the atmosphere (NDFA) was estimated using the I5N-natural
abundance method (Unkovich et al., 2008). The §'°N of non-N-fixing
reference plants (5'°N_ref) was obtained from sorghum plots (corre-
sponding to the highest 5§'°N values obtained). The 5'°N of legume crops
was then used in the following equation to calculate NDFA:

815Nref — 815Nleg
sioNref—B 00

where 815Nref was the 5'°N value for sorghum (3.48 %o and 5.05 %o

NDFA =

Table 2
Description of the 19 traits measured in this study on preceding crops and sor-
ghum rotation.

Crop Trait_code Trait description unit
Precedi
r::!zpmg FLO50 Number of days to 50 % flowering  days
Precedi
receding CANOPY Canopy height (cm) cm
crop
Preceding BIOM ha Above ground plant biomass per tha !
crop - ha at 50 % flowering i
Precedi
receding GY Grain yield tha™!
crop
Precedi
receding HGW Hundred grain weight g
crop
Prz;:z;lmg CANOPEO42 Canopeo 42 days after sowing %
i 0
Preceding CANOPEO _SPEED Canopeo speed between 35 and % per
crop 55 days day
P .
receding N Nitrogen content of biomass %
crop
Preceding C:N Carbon to nitrogen ratio
crop
Preceding NDFA Natural determination of fixed % of
crop atmospheric nitrogen total N
Pl‘s:sslng NTOT ha Total nitrogen in biomass per ha kg.ha-1
Precedi
r::oepmg NFIX ha Fixed nitrogen in biomass per ha kg.ha-1
Precedi .
receding N_seed Nitrogen content of seeds %
crop
Precedi
receding P_seed Phosphorus content of seeds %
crop
P .
receding K_seed Potassium content of seeds %
crop
Precedi
r::zpmg N_EXP_ha N exportation per ha kg.ha-1
Preceding NTOT delta_ha Tot;?l nitrogen of biomass kg ha-1
crop restituted per ha
Sorghum GY_so Grain yield kg.ha-1
Sorghum SY_so Straw yield kg.ha-1
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in 2021, mean of the four replications of experiment LF21 and HF21
respectively, and 5.99 %o in 2022, mean of the four replications of
experiment LF22). '°Nleg is 5'°N of evaluated crops. B is the &' °N value
of the legume when it completely depends on atmospheric nitrogen for
its nitrogen nutrition (no nitrogen in the soil). B-values were sourced
from published literature: —1.00 for Canavalia, —1.82 for Mucuna,
—1.10 for Crotalaria spp., —1.76 for Sesbania sesban, —1.83 for Macro-
tyloma, —2.60 for Arachis hypogaea, —2.05 for Vigna radiata, —1.40 for
Vigna subterranea, —1.76 for Vigna unguiculata, —1.65 for Centrosema,
—0.66 for Tephrosia, and —1.12 for Cajanus cajan (Gathumbi et al., 2002;
Makoi et al., 2009; Nyemba and Dakora, 2010; Ojiem et al., 2007; Okito
et al., 2004; Unkovich et al., 2008). Total N in biomass per hectare
(NTOT_ha) was calculated as the product of N content and biomass.
Total N fixed per hectare (NFIX_ha) was then determined as the product
of NDFA and NTOT ha.

All plots were harvested for grain yield using the remaining rows
after two rows per plot had been used for biomass estimation. This
corresponds to seven rows in LF21 and HF21, and six rows in LF22. Pods
or panicles were sun-dried for several days before being threshed,
winnowed, and weighed to determine grain yield (GY). Seed total
phosphorus (P_seed) and potassium (K_seed) contents were analyzed
using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES). Seed total nitrogen (N-seed) content was measured using dry
combustion (Dumas method). These analyses were conducted by the
CIRAD Laboratory for Water, Soil, and Plant Analysis (US Analyses,
CIRAD, Montpellier, France). Based on these data, we estimated nitro-
gen, phosphorus, and potassium export per hectare (N_EXP_ha,
P_EXP_ha, and K_EXP_ha, respectively). For nitrogen, we further esti-
mated the amount available for return to the subsequent sorghum crop
by subtracting the nitrogen exported in the seeds from the total nitrogen
per hectare accumulated in biomass at the flowering stage
(NTOT _delta_ha).

On sorghum:

Yield squares were defined within each elementary plot by excluding
the first and the last rows of each plot as well as the first and the last hills
of each row. They consisted of seven rows of six sorghum hills
(13.44m?) in LF21 and HF21 and six rows of six sorghum hills
(10.08 m?) in LF22. All sorghum panicles were harvested. Panicles were
sun-dried for several days before threshing, winnowing, and weighing of
grains to determine sorghum grain yield (GY_so). Sorghum stems were
harvested and weighed to get the total fresh weight per yield square.
Fresh samples representative of the overall plot biomass were taken,
weighed, and then oven-dried for 72 h at 60°C to determine the dry
weight and thus the sorghum straw yield (SY_so).

2.6. Statistical analysis

Path analysis, such as PLS-SEM, was not considered because the
available data did not support the specification of meaningful causal
paths involving at least three variables. Instead, we used a linear mixed-
effects model, which allowed us to account for the experimental design
and its control factors, as well as potential spatial correlations among
residuals.

Modelling the spatial trend of errors to enhance the species
comparison

The experimental design in complete blocks requires an analysis with
blocks as a control factor, thus estimating a block effect, possibly
random. However, not all natural variability can be controlled with
blocks. When plots are numerous enough, one can try to further control
for natural variability by taking advantage of the similarity of the
fertility of neighbouring plots. This can be achieved by treating the
linear model errors as spatially correlated, then simultaneously adjust-
ing the block and species effects, along with an error spatial variation
model.

Several algorithms have been developed to this end, allowing the
adjustment of various spatial variation models. Among these, separable
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AR(1) x AR(1) gaussian process (Gleeson and Cullis, 1987) and
2D-splines (Wood, 2025) have been chosen as candidates and tested
against the independent errors model. This was carried out using R
statistical software with the Ime4 package for the independent errors
model, with the asreml-R commercial package (Butler et al., 2017) for
the AR(1) x AR(1) process, and with the gamm4 package for the
2D-splines.

The four statistical models we used are now presented for a single
experiment. For the series of three experiments, the corresponding mod

els are presented in the supplementary material (ModelS1).

Model 1: linear mixed model with independent errors

Yiu = m+Db;+ ¢ + Dy + E
where:

m b; are the fixed effects of genotype families j,j = 1...J

m ¢ are the fixed effects of genotypes k within families j, k = 1...K

m D; are the gaussian random effects of blocks [

m Ej are the random error terms, assumed gaussian and independent
from one another and from the block effects

Model 2: linear mixed model with AR(1) x AR(1) spatially correlated
errors

Yﬂd :m+bj+cjk +D1+Ejkl

Where, in addition to model 1:

let r and ¢ be the row and column of the plot where genotype (j, k)
was randomly assigned in block [ and similarly 7 and ¢’ for the gen-
otype (,k’) in block I'.

Ejq are random error terms, assumed gaussian and spatially corre-
lated: E[Ezq] =0, V[Ejq] = of and the covariance between two errors is:
Cov (B, Erkr) = plo Pl *
where p,,, is the correlation between errors on two neighbouring plots
in the same column (thus in adjacent rows)

and p,,,; is the correlation between errors on two neighbouring plots
in the same row (thus in adjacent columns)

With model 2, correlation between errors in the same column de-

creases exponentially with distance, as plhy" = e "8, This is also
true for correlation between errors in the same row.

Model 3: linear mixed model with AR(1) x AR(1) errors
+ independent errors

According to model 3, a first part of the error is spatially independent
as in model 1, and a second part follows the gaussian process of model 2
(though with different parameters). The two parts of the error are in-
dependent. Thus:

Vi = m+b;+ cix + Dy + B + By

with Ejy; as in model 1 and Ej as in model 2.
Model 4: linear mixed model with 2-D splines and independent errors

Y = m+b,« + Cj +D1+S(T‘, C) +Ejq

where in addition to model 1:

let r and ¢ be the row and column of the plot where genotype (j, k)
was randomly assigned in block L s(r,c) is a 2D spline, i.e. a smooth
piecewise polynomial function of r and ¢, and Ej is a spatially inde-
pendent error.

Model choice

For each variable, the best model was selected according to the BIC
criterion, and the species means were estimated using the chosen model.

Species means comparison

The genotypes are of two families: leguminous and grass. We tested
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differences between the two families and within each family (thus 3 F-
tests). Some of the variables had to be transformed to stabilize their error
variances. Confidence intervals were computed for species means and
species differences. For transformed variables, the species’ mean confi-
dence intervals were back-transformed to make them more readable.
With model 1, when no data is missing, the estimated species means are
equal to the ordinary means. Conversely, means adjusted using spatial
variations predicted with models 2, 3, or 4 usually differ from ordinary
means.

Heatmap

A heatmap was generated with the pheatmap package in R. Data
were scaled by column to enable comparison between features of
different magnitudes. Hierarchical clustering was performed using the
complete linkage method, and samples were grouped into three clusters.

3. Results

3.1. Characterization of the different plant species x cultivar
combinations used as preceding crops for sorghum cultivation

Analysis of variance and cultivar means estimations

The estimated means for the traits measured across twenty plant
species x cultivar combinations used as preceding crops in sorghum
rotation, are presented in Table 3. The plant family effect (legumes
versus grasses), averaged across the three experiments, is highly sig-
nificant on all traits, except preceding crops biomass yield (BIOM_ha).
On this biomass yield, plant family effects are significant in each indi-
vidual experiment (Table S1), but their pattern varies across experi-
ments, as indicated by a highly significant experiment x family
interaction (Table 3). On the other traits, the averaged effect of families
was significant, and of a different pattern for each experiment except for
the number of days to 50 % flowering and the hundred grain weight. On
the same other traits, the averaged effect of crop within families is
likewise significant and of a different pattern for each experiment except
for the total and fixed N per hectare.iven the extensive phenotypic
variability observed in the panel of plants, we have chosen to represent
them by their mean values across the three experiments for concision.
However, detailed results for each individual experiment are provided in
Table S1.

Heatmap and cultivar clustering

The different plant species x cultivar combinations are structured
into three distinct groups: the non-leguminous group or grasses, the
grain legume group, and the biomass legume group (Fig. 3). The biomass
legume group includes both forage legumes, whose biomass can
potentially be used for animal feed, and green manure legumes, whose
biomass is typically returned to the soil to improve fertility. Grasses are
distinct from the legume groups because they do not fix nitrogen (low
NDFA), contain low levels of nitrogen (N), and, as a consequence,
accumulate lower quantities of nitrogen in their biomass (NFIX_ha and
NTOT _ha). They also tend to have a higher carbon-to-nitrogen ratio (C:
N). The two legume functional groups are primarily distinguished by
their biomass yield (BIOM_ha) and the total nitrogen content accumu-
lated in aboveground biomass per hectare (NTOT ha). Compared to
grain legumes, biomass legumes generally exhibit slower early devel-
opment, as indicated by lower canopy cover at 42 days after sowing
(CANOPEO42), but sustain vegetative growth for a longer period, as
reflected by higher canopy expansion rates (CANOPEO_SPEED) between
35 and 55 days after sowing. Ultimately, they develop a greater canopy
(CANOPY) — with the notable exception of Centrosema — and flower
later.

One discrepancy concerns the rajada cultivar of velvet bean, which is
classified as a grain legume (Fig. 3; Table 3). Although it produces
relatively low biomass (2.86 t ha™') and a comparatively high grain yield
(1.02 t ha™), it is more accurately considered a forage legume, as its
grains are not easily consumable due to toxicity issues. In contrast,
deeringiana, the other evaluated velvet bean cultivar, flowers later (64



Table 3
Trait means of the 20 different plant species x cultivar combinations and P-values of the variance components, as estimated by the optimal linear mixed models across the three experiments.
TRAITS
CANOPEO
CANOPY CANOPEO42 SPEED Flo_50 BIOM_ha N NTOT ha NDFA NFIX_ha GY HGW CN N_seed P_seed K seed

unit cm % % per day  days tha! % kg ha? %totalN  kgha ! tha? g - % % %
estimated means
peanut 42 47 2.26 33.6 2.53 2.41 60 47.2 25.8 0.59 33.77 15.8 4.67 0.30 0.80
brachiaria 83 29 2.13 122.0 5.57 1.10 62 0.0 0.0 0.01 0.45 38.6 1.79 0.35 0.34
jack_bean 90 47 1.66 61.1 2.35 2.28 54 4.7 1.8 0.94 106.22 18.1 4.10 0.32 1.31
centrosema 45 33 2.54 85.8 5.68 2.55 142 61.2 79.9 0.23 2.20 16.9 5.39 0.39 0.93
crotalaria_juncea 242 58 1.80 67.3 7.45 2.70 201 48.8 65.9 0.25 4.08 15.4 6.92 0.55 1.54
crotalaria_retusa 84 21 2.34 95.7 4.37 2.83 122 45.9 47.4 0.02 1.90 14.8 4.63 0.34 1.15
crotalaria_spectabilis 128 34 2.15 67.2 3.89 2.98 112 61.8 65.9 0.42 1.70 13.6 5.66 0.38 1.31
finger_millet 80 11 0.72 78.9 1.70 1.61 27 0.0 0.0 0.03 0.26 24.6 1.73 0.31 0.56

Sorghum horsegram 43 63 1.51 36.8 1.81 2.61 48 58.0 29.1 0.48 3.32 13.9 4.31 0.31 1.27

precedent velvet_bean_deeringiana 64 36 1.96 87.7 4.27 2.77 116 60.1 56.2 0.10 58.74 16.2 5.08 0.44 1.25
velvet_bean_rajada 52 51 2.00 67.0 2.86 3.31 96 59.6 55.1 1.02 54.35 13.2 4.18 0.28 1.10
mungbean 69 63 1.59 45.8 2.41 2.51 63 67.8 42.4 1.12 3.37 16.1 4.23 0.35 1.37
cowpea_bengraaga 27 59 2.00 61.9 2.45 3.32 83 50.1 33.7 0.49 13.40 12.3 3.99 0.40 1.33
cowpea_gourgou 39 69 2.05 55.0 2.76 3.02 82 53.3 30.5 0.34 18.55 13.7 4.48 0.49 1.37
cowpea_komecalle 32 59 1.07 46.0 2.25 2.90 63 35.5 18.6 0.62 15.82 13.7 4.04 0.38 1.12
pigeon _pea 168 36 2.20 148.0 5.46 2.53 141 51.4 60.3 0.04 5.50 18.0 4.83 0.55 2.03
bambara_groundnut 22 29 1.48 38.1 1.66 2.57 41 57.3 21.1 0.68 60.52 13.1 3.42 0.25 1.29
sesbania 192 52 2.61 54.3 3.41 3.44 114 32.2 29.9 0.87 2.52 12.8 6.12 0.35 0.98
sorghum 286 34 1.41 71.2 3.42 1.86 63 0.0 0.0 0.80 2.73 22.8 1.68 0.23 0.38
tephrosia 169 28 2.28 78.1 4.29 2.50 105 55.4 53.3 0.50 1.01 18.0 7.21 0.60 1.54
Analysis of variance
transformation applied logO - - - logO logO logO - log log logO) logO - - -
(+10) (+0.05)
model retained 1 1 3 1 2 1 2 1 1 1 1 1 - - -
experiment 4.5E-03 1.1E-02 3.6E-02 2.6E-02 2.3E-03 5.9E-04 4.9E-04 2.3E-01 1.7E-01 8.6E-02 3.8E-05 5.5E-05 - - -
. < 1E- < 1E- < 1E- < 1E-

family < 1E-16 1.1E-16 1.0E-02 16 2.6E-01 16 6.7E-16 - - < 1E-16 16 16 - -
family:crop <1E16  <1E16 1.9E-13 1<61E' <1E-16 :6“3' <1E16 <1E16 <1E-16 <1E-16 fGIE' 1<61E' - -
experiment:family 1.0E-04 1.7E-03 2.5E-08 7.1E-02 8.2E-09 8.8E-06 2.1E-04 - - 7.1E-13 9.6E-01 5.5E-06 - - -
experiment:family:crop 2.1E-02 3.9E-09 6.2E-05 2.7E-14 6.6E-04 4.9E-06 4.0E-03 7.6E-02 7.0E-02 < 1E-16 1.1E-02 3.4E-05 - - -

D 10 Wogvy W-"T

[LEO0LT (920Z) 0 Yo4pasay sdotD plard



L.-M. Raboin et al.

AD

ZPO3dONYD
Q33dS 03d4ONYD

—=

(2]
4

AdONYD
0% ol4
MOH
By WoIg
By 10IN
V40N
By XIdN

Field Crops Research 340 (2026) 110371

| brachiaria I 3 type

| finger_millet i

sorghum 2 | --GRASS
peanut LEG_grain

velvet_bean_rajada
cowpea_bengraaga
cowpea_gourgou
cowpea_komcalle 0
horsegram

mungbean

jack_bean -1
bambara_groundnut

I pigeon_pea P

| crotalaria_juncea
tephrosia
crotalaria_spectabilis
sesbania
velvel_bean_deeringiana
centrosema
crotalaria_retusa

; Ilec biomass

paas d
peas N
paas )|

Fig. 3. Heatmap representing agronomic trait values measured across different plant species x ultivar combinations. Rows correspond to plant species x cultivar
combinations, while columns represent the measured traits. Trait values were standardized by column and clustered using complete linkage hierarchical clustering.
Color intensity reflects relative trait values, with warm colors indicating higher values and cool colors indicating lower values. Row annotations (right) indicate plant
types: NOLEG (non leguminous; orange), LEG grain (grain legumes; light green), and LEG_biomass (gathering forage legumes and green manure legumes; dark green).

days compared to 52 days for Rajada), produces more biomass (4.27 t
ha™), yields fewer grains, and is appropriately classified among the
biomass legumes (Fig. 3). A second discrepancy involves jack bean,
which is also classified among the grain legumes. Although this species
produces very long pods with large seeds (hundred-grain weight, HGW
= 106 g), it is primarily used as green manure or for soil fertility
improvement, rather than for grain, since the seeds contain toxic com-
pounds that can pose health risks to humans and animals if not properly
processed. Under our experimental conditions, jack bean appeared to be
very inefficient at fixing nitrogen (NDFA = 4.7 %), and no nodules were
observed on its roots. It produced relatively low biomass (2.35 t ha™')

but a high grain yield (0.94 t ha™'). The third discrepancy concerns pi-
geon pea, which is typically regarded as a grain legume that also pro-
vides biomass suitable for animal feed. However, the cultivar used in our
study behaved more like a biomass forage legume, producing a large
amount of biomass (5.46 t ha™!) but very little grain (0.004 t ha™), due
to its very late flowering (148 days).

The relationship between nitrogen accumulation in biomass (NTO-
T_ha) and biomass yield (BIOM_ha) was plotted for the 20 evaluated
plant species x cultivar combinations (Fig. 4). A very strong correlation
was observed between NTOT ha and BIOM_ ha (R = 0.96, p = 5.7 x
107'° for legumes only, R = 0.85, p = 0.36 for grasses only, and R = 0.85,

R=096p=57e-10
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Fig. 4. Relationship between the quantity of nitrogen accumulated in the biomass (NTOT _ha) and the biomass yield (BIOM_ha) of the 20 preceding plant species

x cultivar combinations across all three experimentations.
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p = 2.3 x 107® for all plant together). Non-leguminous species (grasses)
were consistently positioned below the general trend defined by le-
gumes, indicating a lower nitrogen accumulation per unit of biomass.
The graph also reveals a considerable variability in biomass yield
(BIOM_ha) among the twenty plant species x cultivar combinations,
ranging from 1.66 t ha™! for bambara groundnut to 7.45 t ha™ for Cro-
talaria juncea. Similarly, there was a large variability in total nitrogen
accumulation in biomass (NTOT _ha), from 27 kg ha™ for finger millet to
201 kg ha! for Crotalaria juncea. The three best-performing species in
terms of both biomass yield and nitrogen accumulation were Crotalaria
juncea, Centrosema, and pigeon pea. Crotalaria juncea is a green manure
legume, and Centrosema is a forage legume. Pigeon pea is typically a
grain legume, but the cultivar used in this study behaved more like a
forage-type biomass legume, as previously discussed.

3.2. Effect of the different preceding crops on the growth and yield of
sorghum cultivated in rotation

3.2.1. Analysis of variance

The analysis of variance is presented separately for each of the three
experiments, to highlight the specific response of sorghum to crop pre-
cedents across the different experiments and fertility conditions
(Table 4). The effect of the family of the preceding crop (legumes vs.
grasses) was significant in all three experiments for both sorghum straw
yield (SY_so) and grain yield (GY_so). Leguminous precedents consis-
tently led to higher sorghum grain yields than non-leguminous ones
(grasses). Under low fertility conditions, sorghum grain yield (GY_so)
was 1.19 t ha™ and 0.98 t ha™! following a leguminous crop, compared
to 0.95 t ha™ and 0.71 t ha™ after a non-leguminous crop in LF21 and
LF22, respectively. In the high fertility experiment (HF21), sorghum
grain yield was 2.59 t ha™! after a leguminous crop, versus 2.09 t ha™ -
after a non-leguminous crop. Overall, sorghum grain yield under high
fertility (HF21) was approximately double that observed under low
fertility (LF21 and LF22). A similar pattern was observed for sorghum
straw yield (SY_so), which reached 3.16 t ha™! and 3.89 t ha™ following
a leguminous crop, compared to 2.29 t ha™ and 2.92 t ha™ after a non-
leguminous crop in LF21 and LF22, respectively. In HF21, sorghum
straw yield was 6.32t ha™ after a leguminous crop, versus 4.79 t
ha™ after a non-leguminous crop. Significant variation among the 17
tested leguminous species x cultivar combinations was observed only
for sorghum straw yield under high fertility conditions (HF21). In
contrast, greater variation was seen among the non-legumes (grasses),
with significant differences in sorghum grain yield (GY_so) in LF22 and
HF21, and in sorghum straw yield (SY_so) in HF21.

3.2.2. Correlation between traits of preceding legumes and sorghum growth
and yield in rotation

Only preceding legume crops were considered in this analysis, while
non-leguminous species (grasses) were excluded. As described in the
previous paragraph, the family of the preceding crop (legumes vs.
grasses) had a highly significant effect. Including grass species would

Table 4
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have disproportionately influenced the correlation structure, due to
their distinct behavior compared to legumes. The study examined
various legume traits that could affect sorghum performance through
nutrient carry-over from one year to the next, with a particular emphasis
on nitrogen-related parameters. The variables analyzed included
aboveground biomass yield per hectare (BIOM ha), total nitrogen
accumulated in the biomass per hectare (NTOT _ha), nitrogen exported
in the harvested grain per hectare (N_EXP_ha), total nitrogen potentially
returned to the system after accounting for grain export (NTOT _delta),
atmospheric nitrogen fixed and accumulated in the biomass per hectare
(NFIX_ha), as well as phosphorus and potassium exported in the grain
(P_EXP_ha and K_EXP_ha, respectively). The nitrogen concentration in
the biomass (N) and the carbon-to-nitrogen ratio of the biomass (C:N)
were also analyzed.

In the low-fertility experiment LF21, several significant correlations
were observed between the traits of the preceding legume crops and the
performance of the subsequent sorghum crop. (Table 5). Sorghum grain
yield (GY_so) was positively correlated with BIOM ha (R = 0.61,
p = 0.0086), NTOT ha (R = 0.59, p =0.012), and NTOT delta (R =
0.51, p = 0.036). A significant negative correlation was observed with
N_EXP_ha (R = —0.56, p = 0.018). Sorghum straw yield (SY_so) in LF21
also showed significant correlations with preceding legume traits. It was
positively correlated with NFIX ha (R = 0.51, p = 0.037) and negatively
correlated with N_EXP ha (R = —0.59, p = 0.013). However, in the
second low-fertility experiment (LF22), no significant correlations were
detected between the characteristics of the preceding legume crops and
either sorghum grain or straw yield. In HF 21, a significant positive
correlation was detected between GY_so and N (R = 0.49, p = 0.046)
and a negative one with C:N (R = —0.49, p = 0.044). Similarly, SY_so
was positively correlated with N (R = 0.55, p = 0.021) and negatively
correlated with C:N (R = —0.58, p = 0.014).

Although statistically significant, the positive correlation between
the amount of nitrogen accumulated in the biomass (NTOT _ha) and the
subsequent sorghum grain yield in LF21 translated into only a modest
agronomic response (Fig. 5): A fivefold increase in NTOT _ha resulted in
just a 1.5-fold increase in grain yield. Moreover, this relationship was
not observed in LF22 or HF21 (Fig. 5). Consequently, it is not surprising
that no significant effect of legume species on subsequent sorghum grain
yield was found in any of the experiments (Table 4). Finally, a negative
relationship was observed between sorghum grain yield and carbon-to-
nitrogen (C:N) ratio of the preceding legume crop under high fertility
conditions (Fig. 6). Including grasses in the analysis did not alter the
observed negative correlation between the C:N ratio of preceding crops
and sorghum grain yield (Fig. 6). As expected, grasses, due to their
typically higher C:N ratio, were associated with lower sorghum grain
yields. Consequently, a highly significant overall negative correlation
between sorghum grain yield and the C:N ratio of the preceding crop was
observed in this experiment (R = —0.76, p = 9.4 107>).

P-values of the effects of family (leguminous vs. grasses) and crop within families. on sorghum straw and grain yields in each experimentation.

sorghum trait grain yield (GY_so)

straw yield (SY_so)

unit t ha-1 t ha-1

trial LF21 LF22 HF21 LF21 LF22 HF21

analysis of variance

transformation applied LOG(GY_so) LOG(GY_so) LOG(GY_so) LOG(SY_so) LOG(SY_so) LOG(SY_so)

model retained 2 2 1 2 2 2

family 0.03092 * 0.00031 okl 0.00000 el 0.00119 i 0.00023 ekl 0.00000 el
within legumes 0.34164 0.50559 0.18490 0.05736 0.08283 0.00419 o
within grasses 0.11218 0.00200 ek 0.00202 ek 0.09326 0.05288 0.01161 *
estimated means

Legumes 1.19 0.98 2.59 3.16 3.89 6.32

grasses 0.95 0.71 2.09 2.29 2.92 4.79
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Table 5

Analysis of Pearson correlations between sorghum grain yield and straw yield and various characteristics of the preceding legume crop.
trial LF21 LF22 HF21
statistic I pearson pval pearson T pearson pval pearson I pearson pval pearson
Sorghum grain yield (GY_so) in year + 1
BIOM_ha 0.61 0.0086 -0.19 0.46 -0.29 0.26
NTOT ha 0.59 0.012 -0.21 0.42 -0.073 0.78
N_EXP_ha -0.56 0.018 0.097 0.71 -0.19 0.47
NTOT _delta 0.51 0.036 -0.3 0.25 0.13 0.63
NFIX_ ha 0.44 0.078 0.0016 1 0.16 0.55
P_EXP_ha -0.43 0.086 0.021 0.42 -0.071 0.79
K_EXP_ha -0.46 0.062 0.25 0.33 -0.21 0.41
N 0.11 0.68 -0.067 0.8 0.49 0.046
C:N 0.061 0.82 -0.15 0.58 -0.49 0.044
Sorghum straw yield (SY_so) in year + 1
BIOM ha 0.36 0.15 -0.079 0.76 -0.27 0.29
NTOT ha 0.43 0.083 -0.14 0.61 -0.022 0.93
N_EXP_ha -0.59 0.013 0.014 0.96 -0.093 0.72
NTOT delta 0.31 0.22 -0.23 0.37 0.12 0.65
NFIX ha 0.51 0.037 0.06 0.82 0.16 0.54
P_EXP_ha -0.47 0.058 0.079 0.76 -0.071 0.79
K_EXP_ha -0.48 0.05 0.11 0.68 -0.065 0.81
N 0.22 0.41 -0.15 0.58 0.55 0.021
C:N -0.064 0.81 -0.16 0.55 -0.58 0.014

4. Discussion

The selected panel of legume diversity evaluated in this study
exhibited a wide and highly significant variability across all traits.
Notably, the panel showed substantial variation in biomass production,
which was positively correlated with nitrogen accumulation in plant
biomass. A clear phenotypic segregation was observed along this con-
tinuum between legume species selected for high biomass production
and those cultivated primarily for grain yield intended for human con-
sumption. The latter group includes traditional legume crops of the
Sudano-Sahelian zone, such as cowpea (Vigna unguiculata), peanut
(Arachis hypogaea), and Bambara groundnut (Vigna subterranea). Nitro-
gen accumulation in the biomass ranged from 41 to 201 kg N ha™,
while the proportion of nitrogen derived from the atmosphere (NDFA)
varied between 4.7 % and 67.8 %. This variability is consistent with that
reported in a study of 21 legume species by Becker and Johnson (1998).
The average level of atmospheric nitrogen fixation observed in our panel
(NDFA = 50 %) is also comparable to the value they measured at their
Guiana savanna site (NDFA = 52 %). However, other studies have re-
ported higher average NDFA values. For instance, in a pot experiment
involving 12 legume species in the Guinea savanna of Nigeria, Sanginga
et al. (1996) reported an average nitrogen fixation rate of about 80 %.
Field studies have shown more variable results: Kermah et al. (2018)
found contrasting levels of nitrogen fixation among grain legumes
(cowpea, soybean, and groundnut), ranging from 73 to 88 % in the
northern Guinea savanna to 41-69 % in the southern Guinea savanna.
Overall, the amounts of nitrogen fixed by grain legumes in Africa can be
substantial but vary significantly among species and locations. These
differences are influenced by soil characteristics, native or introduced
Rhizobium populations, legume genotypes, and management of the
cropping system (Dakora and Keya, 1997). Under our Sudano-Sahelian
conditions, two plant species stood out regarding biomass and nitro-
gen accumulation: Crotalaria juncea and Centrosema pascuorum. Crota-
laria juncea is a green manure/cover crop legume that is easy to establish
and grows vigorously from the outset, adapting well to local conditions.
Centrosema pascuorum is a fodder legume that grows slowly during the
early stages, but once established, it produces a high quantity of
biomass. Both species readily produce large amounts of seeds,
enhancing their potential for dissemination and adoption by farmers.

Across the three experiments, almost no significant differences were
observed among the tested legume species x cultivar combinations in
their effects on subsequent sorghum grain and straw yields. A significant
variation among legumes was detected in subsequent straw yield only
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under high-fertility conditions. However, the difference between le-
gumes and grasses was statistically significant in all experiments, with
legumes leading to higher subsequent sorghum yields than grasses
Sorghum, Eleusine, or Brachiaria). These findings reveal a surprisingly
low impact of legume diversity on overall system performance under our
Sudano-Sahelian conditions, characterized by a very long dry season.
This is despite the large differences observed in biomass production and
total nitrogen accumulation among the studied species. Nevertheless,
they confirm the positive rotational effect of legumes revealed in Zhao
et al. (2022) global meta-analysis, which showed a particularly strong
increase in crop yields following legumes on the African continent. The
superiority of legume-cereal rotations over continuous cereal cultivation
was also highlighted in a literature review encompassing 44 different
studies from Sub-Saharan Africa by Franke et al. (2018) and, more
specifically, for sorghum under Sudano-Sahelian conditions by Kouyaté
et al. (2000), Bagayoko et al. (2000), Bado et al. (2006), and Ncube et al.
(2007). The absence of significant differences between the tested legume
species x cultivar combinations in their effects on the subsequent sor-
ghum crop observed in our study is consistent with findings from other
studies conducted under similar sub-Sahelian conditions. For example,
Sauerborn et al. (2000) also found no significant differences among
groundnut, cowpea, and soybean in their effects on the subsequent
cereal crop—whether maize or sorghum—in northern Ghana. Similarly,
in northern Nigeria, Carsky et al. (1999) reported only minor differences
in maize grain yield following the cultivation of contrasted legumes
(Mucuna, Lablab, Crotalaria, and cowpea), despite large variations in
biomass production and nitrogen accumulation. In Kouyaté et al.
(2000), over an eight-year experiment, a slight and similar advantage
was observed from incorporating green manure from Lablab or Sesbania
compared to cowpea, in terms of yield of the subsequent cereal crop.
However, in the case of cowpea, all biomass (grain and fodder) had been
removed from the fields. These results do not indicate a yield benefit
from including green manure legumes in cereal rotations compared to
using grain legumes. The loss of grain production every other year, due
to dedicating land solely to green manure cultivation, is not compen-
sated for. This was an apparent reason for the rejection of Crotalaria
rotations by farmers involved in a participatory experiment to co-design
legume-based agroecological cropping systems in North-Sudanian Bur-
kina Faso, not to mention the risk of biomass being consumed by live-
stock during the dry season if plots are not adequately fenced (Bagagnan
et al., in press). Trade-offs between farmers’ food security constraints
and soil fertility improvement objectives have to be taken into account.

It is widely emphasized that legumes benefit subsequent crops in
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Fig. 5. Relationship between the quantity of nitrogen accumulated in the biomass of the preceding crop (NTOT _ha) and the subsequent grain yield of sorghum

(GY_so) for each of the three experimentations.

rotations by fixing atmospheric nitrogen, thereby enhancing nitrogen
availability for following non-legume crops and potentially reducing
fertilizer requirements (Franke et al., 2018). However, under the
Sudano-Sahelian conditions characterized by a prolonged dry season,
our findings revealed little relationship between nitrogen in the legume
crop and the yield performance of the subsequent sorghum crop. This
held regardless of whether we considered total nitrogen, nitrogen
potentially returned after accounting for seed export, or the proportion
of nitrogen biologically fixed from the atmosphere. These results suggest
that most of the nitrogen returned through legume residue is not
available for the subsequent sorghum crop. A likely explanation lies in
the poor synchrony between nitrogen mineralization and crop nitrogen
demand (Chen et al., 2014), compounded by nitrogen losses through
various pathways, including volatilisation, and possibly leaching and
denitrification triggered by sporadic wet conditions following the long

11

dry season at the start of the next cropping cycle. Under
Sudano-Sahelian conditions, rapid turnover of organic matter occurs
due to high soil temperatures and intense faunal activity, especially by
termites (Bationo et al., 2007), leading to rapid mineralization and a
transient accumulation of ammonium in surface soils. This process is
especially pronounced for legume residues, which typically have low C:
N ratios and are readily degradable. Under these conditions, NHs vola-
tilization may be the major nitrogen loss pathway in dryland
agro-ecosystems (Liu et al., 2020). For instance, Ncube et al. (2007)
observed little correlation among legume species, between the total
nitrogen accumulated during the legume phase and the grain yield of the
subsequent sorghum crop, once data from continuous sorghum plots
were excluded. Likewise, Becker et al. (1998) found no significant
relationship between legume N accumulation and rice grain yield in
their two contrasted savanna sites considered separately. When data
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Fig. 6. Relationship between the Carbon-to-nitrogen ratio of the preceding crop (C:N) and the subsequent grain yield of sorghum (GY_so) in the high fertility

experiment HF21.

from both sites were combined, an artefactual correlation was revealed.
Supporting this, Sauerborn et al. (2000) found that sunflower, cotton,
and legume crops performed equally well—and better than cereals—in
improving the yield of subsequent maize or sorghum crops in Northern
Ghana. They also found that rotating cereals with crops that are neither
cereals nor legumes had a more positive impact on yields than rotations
involving cereal-legume intercrops. Avoiding species recurrence in
successive cropping seasons on the same field—even through inter-
cropping—can help maximize rotational benefits. Biomass quality can
also modulate nitrogen availability to the subsequent crop. In our
experiment, a negative relationship between the C:N ratio of the pre-
ceding crop biomass and the yield of the subsequent sorghum crop was
observed, but only under high-fertility conditions. Low-quality biomass
with low N concentrations, high C:N ratio, or high lignin:N ratio exhibit
slower N mineralisation rates and may contribute to nitrogen immobi-
lization, thereby reducing plant-available nitrogen (Chen et al., 2014).
In Sudano-Sahelian conditions, non-N effects play a crucial role in the
overall rotational benefits of legumes in cereal-based systems. These
effects include biotic factors such as pests, weeds, and diseases. Poor
seedling emergence and crop establishment on continuous sorghum
plots may also be caused by allelopathy (Kouyate et al., 2000). Non-N
effects also include abiotic factors like changes in water or nutrient
availability (excluding nitrogen), soil pH, organic matter, and soil
structure (Franke et al., 2018). In particular, rotation effects on phos-
phorus (P) availability may be particularly important, as P is often the
most growth-limiting factor. Some legumes mobilize less-labile P
through the exudation of low-molecular-weight organic acids and
phosphatases, thereby increasing plant-available P (Dai et al., 2025).
Beyond these rhizosphere processes, legume-based rotations can
enhance P cycling by promoting P-solubilizing microorganisms and
increasing phosphatase activity (Chen et al., 2025). In addition, pre-
ceding legumes can increase cereal P uptake through higher arbuscular
mycorrhizal colonization (Alvey et al., 2001), thereby improving P-use
efficiency in subsequent cereal crops. Many of these changes, however,
occur slowly and may only become evident over the long term.

In the Sudano-Sahelian regions, crop diversification with grain le-
gumes can help increase yields, lessen market risks, and create new
agronomic and economic opportunities for smallholder farmers. Among
the grain legumes evaluated in this paper, Mung bean is well-suited to
semi-arid conditions and showed promise in these Sudano-Sahelian
conditions (Raboin et al., 2023). Among the fodder legumes, Cen-
trosema pascuorum emerged as a valuable option for fodder production
and crop-livestock integration, combining high biomass yield with high
protein content in our experiments. The cultivar Rajada of velvet bean
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(Mucuna pruriens) is rather a fodder legume, but it also produces high
grain yields, making it a potentially interesting protein source. However,
its widespread adoption would require disseminating farmer-friendly
detoxification methods for mucuna seeds (Versteeg et al., 1998) or
establishing technological value chains for the valorization of these
proteins (Sowdhanya et al., 2024). Among all the legumes evaluated in
this paper, Crotalaria juncea stood out as particularly well adapted, with
the highest biomass and nitrogen accumulation. Although this did not
translate into yield improvements in the subsequent sorghum crop, it
could still serve as a valuable service crop, provided its biomass is
recycled through composting for vegetable production (where higher
economic returns may justify labor costs) or returned more efficiently to
the system though an accelerated rotation supplemented with irrigation.
In addition, Crotalaria has been shown to have benefits for nematode
management (Wang et al., 2002). Under Sudano-Sahelian conditions,
our research has shown that nitrogen recycling from biomass residues
between cropping seasons is highly inefficient. As a result, cover crops,
service crops, or green manure legumes are unlikely to be adopted by
farmers, as they offer limited immediate agronomic benefits and do not
produce a marketable yield compared to grain or fodder legumes.
Moreover, residues left in the field often requires fencing to protect it
from freely grazing animals (Carsky, 1999). In contrast, grain and fodder
legumes are particularly valuable because they provide high-protein
food for humans and animal feed, while enhancing the overall perfor-
mance of crop rotations. The supplementary nitrogen fixed from the
atmosphere by legumes is more effectively utilized when it is harvested
as grain or fodder and partially returned to the field as manure after
being processed through livestock (Laub et al., 2023). Crop rotation
between cereals and legumes is the most effective farming system for
maintaining or improving the long-term productivity and resilience of
smallholder farms. In a 25-year-long-term trial in Niger, cereal-legume
rotation proved to be even more beneficial than cereal-legume inter-
cropping in this regard (Bado et al., 2022). The same experiment also
highlighted the positive effects of applying small doses of fertilizers and
returning cereal residues to the field as mulch. Clearly, biological ni-
trogen fixation alone cannot meet the crop nitrogen requirements, and
essential nutrients like phosphorus and potassium must be continually
replenished through external inputs. Sustainable intensification in the
region requires the appropriate use of mineral fertilizers and organic
amendments to restore and maintain soil fertility (Bationo et al., 2007;
Falconnier et al., 2023) and optimize crop rotations. Nonetheless, le-
gumes play a key role in smallholder farming systems in sub-Saharan
Africa (SSA), contributing significantly to food and nutrition security
and supporting household income (Vanlauwe et al., 2019). Diversifying
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cropping systems with legumes offers major agronomic, economic, and
ecological advantages (Foyer et al., 2016). There is a need to increase
and diversify legume use to improve food and nutrition security and
reduce overreliance on major cereal crops.

Our results indicate that, in the Sudano-Sahelian context, the agro-
nomic value of legumes in cereal-based systems arises from multiple
ecosystem services rather than the maximization of a single function.
Although legume species differed widely in biomass production and
nitrogen accumulation, their effects on subsequent sorghum yields were
remarkably similar, reflecting strong environmental constraints on N
recycling during the long dry season. These findings confirm that legu-
me-cereal rotations consistently outperform continuous cereal cropping
in smallholder systems, emphasizing the overall benefit of introducing
legumes. Under these conditions, short-term nitrogen transfer is unlikely
to drive legume contributions, as recycling efficiency is low and nitrogen
losses are high. Positive effects appear to rely more on non-nitrogen
mechanisms, including crop diversification, improved soil cover and
water conservation, enhanced phosphorus cycling, biological regula-
tion, and the avoidance of species recurrence. From a management and
policy perspective, these results support regionally differentiated rec-
ommendations for legume species. In the Sudano-Sahelian context, grain
and fodder legumes emerge as the most robust and adoptable options,
whereas green-manure or service legumes have limited potential due to
low recycling efficiency, residue losses to grazing, and opportunity costs
for farmers. Nitrogen fixed from the atmosphere is more effectively
valorized when stored in grains or fodder and recycled through live-
stock, rather than via direct residue transfer between seasons. Diversi-
fying legume options provides greater flexibility to balance legumes and
non-legumes at the farm scale, aligning with farmers’ prior-
ities—particularly household food security—while supporting long-
term soil fertility. Beyond simple rotations, further research should
explore how legumes can be better mobilized under Sahelian conditions
by optimizing spatiotemporal diversification, for instance through the
combined use of rotation and intercropping to improve productivity and
resource-use efficiency (Chi and Dong, 2024; Lv et al., 2025), as well as
through the evaluation of legume genetic resources to support this
diversification.

CRediT authorship contribution statement

Louis-Marie Raboin: Writing — original draft, Supervision, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Oumarou Diallo: Writing — review & editing, Investigation. Eric
Gozé: Writing — review & editing, Supervision, Methodology, Formal
analysis. Benoit Joseph Batieno: Writing — review & editing, Re-
sources, Methodology. Guelika Kafando: Writing — review & editing,
Investigation. Julie Dusserre: Writing — review & editing, Supervision,
Methodology, Conceptualization.

Declaration of Generative AI and Al-assisted technologies in the
writing process

During the preparation of this work the author(s) used ChatGPT in
order to improve english formulation. After using this tool/service, the
authors reviewed and edited the content as needed and take full re-
sponsibility for the content of the published article.

Funding

This study was financially supported by the McKnight Foundation's
Global Collaboration for Resilient Food Systems (CRFS) program as part
of the project “Feeding the soil and feeding the cow to feed the people:
co-designing agro-sylvo-pastoral systems in Sudano-Sahelian Burkina
Faso” (3F2), grant number 21-522.

13

Field Crops Research 340 (2026) 110371

Declaration of Competing Interest

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

Acknowledgements

We are grateful to the CIRAD Laboratory of Water, Soil and Plant
Analysis (US Analyses, CIRAD, Montpellier, France) for carrying out the
plant analyses. The authors extend their gratitude to David Boundaogo
for his invaluable assistance in establishing and overseeing the field
experiments at the Gampela station.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.fcr.2026.110371.

Data availability

Data will be made available on request.

References

Alvey, S., Bagayoko, M., Neumann, G., Buerkert, A., 2001. Cereal/legume rotations affect
chemical properties and biological activities in two West African soils. Plant Soil
231, 45-54. https://doi.org/10.1023/A:1010386800937.

Bado, B.V., Bationo, A., Cescas, M.P., 2006. Assessment of cowpea and groundnut
contributions to soil fertility and succeeding sorghum yields in the Guinean
savannah zone of Burkina Faso (West Africa). Biol. Fertil. Soils 43, 171-176. https://
doi.org/10.1007/5s00374-006-0076-7.

Bado, B.V., Bationo, A., Whitbread, A., Tabo, R., Manzo, M.L.S., 2022. Improving the
productivity of millet based cropping systems in the West African Sahel: experiences
from a long-term experiment in Niger. Agric. Ecosyst. Environ. 335, 107992. https://
doi.org/10.1016/j.agee.2022.107992.

Bagayoko, M., Buerkert, A., Lung, G., Bationo, A., Romheld, V., 2000. Cereal/legume
rotation effects on cereal growth in Sudano-Sahelian West Africa: soil mineral
nitrogen, mycorrhizae and nematodes. Plant Soil 218, 103-116. https://doi.org/
10.1023/A:1014957605852.

Baijukya, F.P., De Ridder, N., Giller, K.E., 2006. Nitrogen release from decomposing
residues of leguminous cover crops and their effect on maize yield on depleted soils
of Bukoba District, Tanzania. Plant Soil 279, 77-93. https://doi.org/10.1007/
511104-005-2504-0.

Bationo, A., Kihara, J., Vanlauwe, B., Waswa, B., Kimetu, J., 2007. Soil organic carbon
dynamics, functions and management in West African agro-ecosystems. Agric. Syst.
94, 13-25. https://doi.org/10.1016/j.agsy.2005.08.011Becker.

Bationo, A., Lompo, F., Koala, S., 1998. Research on nutrient flows and balances in West
Africa: state-of-the-art. Agric. Ecosyst. Environ. 71 (1-3), 19-35. https://doi.org/
10.1016/50167-8809(98)00129-7.

Becker, M., Johnson, D.E., 1998. Legumes as dry season fallow in upland rice-based
systems of West Africa. Biology and Fertility of soils 27, 358-367. https://doi.org/
10.1007/5003740050444.

Becker, M., Johnson, D., 1999. The role of legume fallows in intensified upland rice-
based systems of West Africa. Nutr. Cycl. Agroecosystems 53, 71-81. https://doi.
org/10.1023/A:1009767530024.

BUNASOL, 1988. Etude pédologique de la station expérimentale de Gampela, échelle 1/
5000. No59 279.

Butler, D.G., Cullis, B.R., Gilmour, A.R., Gogel, B.J., Thompson, R.A., 2017. ASReml-R
reference manual version 4. VSN International Ltd, Hemel Hempstead, HP1 1ES, UK.

https://asreml.kb.vsni.co.uk/wp-content/uploads/sites/3/ASReml-R-Reference-
Manual-4.2.pdf).

Carsky, R.J., Oyewole, B., Tian, G., 1999. Integrated soil management for the savanna
zone of W. Africa: legume rotation and fertilizer N. Nutr. Cycl. Agroecosystems 55,
95-105. https://doi.org/10.1023/A:1009856032418.

Chen, B., Liu, E., Tian, Q., Yan, C., Zhang, Y., 2014. Soil nitrogen dynamics and crop
residues. A review. Agron. Sustain. Dev. 34, 429-442. https://doi.org/10.1007/
513593-014-0207-8.

Chen, Z., Wang, X., Huang, S., Munz, S., Graeff-Honninger, S., Hartung, J., Liang, X.,
Shen, S., Zhou, S., 2025. Legume-based rotation increases soil phosphorus
availability and enhances subsequent crop yields. Eur. J. Agron. 170, 127707.
https://doi.org/10.1016/j.eja.2025.127707.

Chi, B.J., Dong, H.Z., 2024. Alternate cotton-peanut intercropping: a new approach to
increasing productivity and minimizing environmental impact. J. Cotton Res. 7, 4.
https://doi.org/10.1186/542397-024-00168-z.

Chianu, J.N., Chianu, J.N., Mairura, F., 2012. Mineral fertilizers in the farming systems
of sub-Saharan Africa. A review. Agron. Sustain. Dev. 32, 545-566. https://doi.org/
10.1007/s13593-011-0050-0.


https://doi.org/10.1016/j.fcr.2026.110371
https://doi.org/10.1023/A:1010386800937
https://doi.org/10.1007/s00374-006-0076-7
https://doi.org/10.1007/s00374-006-0076-7
https://doi.org/10.1016/j.agee.2022.107992
https://doi.org/10.1016/j.agee.2022.107992
https://doi.org/10.1023/A:1014957605852
https://doi.org/10.1023/A:1014957605852
https://doi.org/10.1007/s11104-005-2504-0
https://doi.org/10.1007/s11104-005-2504-0
https://doi.org/10.1016/j.agsy.2005.08.011Becker
https://doi.org/10.1016/S0167-8809(98)00129-7
https://doi.org/10.1016/S0167-8809(98)00129-7
https://doi.org/10.1007/s003740050444
https://doi.org/10.1007/s003740050444
https://doi.org/10.1023/A:1009767530024
https://doi.org/10.1023/A:1009767530024
https://asreml.kb.vsni.co.uk/wp-content/uploads/sites/3/ASReml-R-Reference-Manual-4.2.pdf
https://asreml.kb.vsni.co.uk/wp-content/uploads/sites/3/ASReml-R-Reference-Manual-4.2.pdf
https://doi.org/10.1023/A:1009856032418
https://doi.org/10.1007/s13593-014-0207-8
https://doi.org/10.1007/s13593-014-0207-8
https://doi.org/10.1016/j.eja.2025.127707
https://doi.org/10.1186/s42397-024-00168-z
https://doi.org/10.1007/s13593-011-0050-0
https://doi.org/10.1007/s13593-011-0050-0

L.-M. Raboin et al.

Dai, Y., Tian, H.W., Zhu, Q., Yi, C.X., Wang, Y.M., Pang, J., Lambers, H., Yang, S.-W.,
He, J., 2025. Adaptation strategies of eight crop legume species to low phosphorus
availability: root morphology, exudates and microbiome interactions. Environ. Exp.
Bot., 106252 https://doi.org/10.1016/j.envexpbot.2025.106252.

Dakora, F.D., Keya, S.0., 1997. Contribution of legume nitrogen fixation to sustainable
agriculture in Sub-Saharan Africa. Soil Biol. Biochem. 29 (5-6), 809-817. https://
doi.org/10.1016/50038-0717(96)00225-8.

Eilitta, M., Mureithi, J., Derpsch, R., 2004. Green Manure/Cover Crop Systems of
Smallholder Farmers. In Experiences from Tropical and subtropical regions. USA:
Kluwer Academic Publishers. NY. https://doi.org/10.1007/1-4020-2051-1_13.

Falconnier, G.N., Cardinael, R., Corbeels, M., Baudron, F., Chivenge, P., Couédel, A.,
Ripoche, A., Affholder, F., Naudin, K., Benaillon, E., Rusinamhodzi, L., Leroux, L.,
Vanlauwe, B., Giller, K.E., 2023. The input reduction principle of agroecology is
wrong when it comes to mineral fertilizer use in sub-Saharan Africa. Outlook Agric.
52 (3), 311-326. https://doi.org/10.1177/00307270231199795.

Foyer, C.H., Lam, H.-M., Nguyen, H.T., Siddique, K.H.M., Varshney, R.K., Colmer, T.D.,
Cowling, W., Bramley, H., Mori, T.A., Hodgson, J.M., Cooper, J.W., Miller, A.J.,
Kunert, K., Vorster, J., Cullis, C., Ozga, J.A., Wahlqvist, M.L., Liang, Y., Shou, H.,
Shi, K., Yu, J., Fodor, N., Kaiser, B.N., Wong, F.-L., Valliyodan, B., Considine, M.J.,
2016. Neglecting legumes has compromised human health and sustainable food
production. Nat. Plants 2 (8), 1-10. https://doi.org/10.1038/nplants.2016.112.

Franke, A.C., Van den Brand, G.J., Vanlauwe, B., Giller, K.E., 2018. Sustainable
intensification through rotations with grain legumes in Sub-Saharan Africa: a review.
Agric. Ecosyst. Environ. 261, 172-185. https://doi.org/10.1016/j.
agee.2017.09.029.

Gan, Y., Hamel, C., O’Donovan, J., Cutforth, H., Zentner, R.P., Campbell, C.A., Niu, Y.,
Poppy, L., 2015. Diversifying crop rotations with pulses enhances system
productivity. Sci. Rep. 5, 14625. https://doi.org/10.1038/srep14625.

Gathumbi, S.M., Cadisch, G., Giller, K.E., 2002. 15N natural abundance as a tool for
assessing N2-fixation of herbaceous, shrub and tree legumes in improved fallows.
Soil Biol. Biochem. 34 (8), 1059-1071. https://doi.org/10.1016/50038-0717(02)
00038-X.

Giller, K.E., Cadisch, G., Ehaliotis, C., Adams, E., Sakala, W.D., Mafongoya, P.L., 1997.
Building soil nitrogen capital in Africa. Replenishing Soil Fertil. Afr. 51, 151-192.
https://doi.org/10.2136/sssaspecpub51.c7.

Gleeson, A.C., Cullis, B.R., 1987. Residual maximum likelihood (REML) estimation of a
neighbour model for field experiments. Biometrics 43 (2), 277-287. https://doi.org/
10.2307/2531812.

He, Q., Lu, C., Cowie, A., Zhao, S., Li Liu, D., Yi, B., Shi, L., Zhang, S., Qiu, T., Shi, Y.,
Huete, A., Siddique, K.H.M., Yu, Q., Li, L., 2025. Optimizing cover cropping
application for sustainable crop production. npj Sustain. Agric. 3, 10. https://doi.
org/10.1038/544264-025-00050-8.

Kermah, M., Franke, A.C., Adjei-Nsiah, S., Ahiabor, B.D.K., Abaidoo, R.C., Giller, K.E.,
2018. N2-fixation and N contribution by grain legumes under different soil fertility
status and cropping systems in the Guinea savanna of northern Ghana. Agric.
Ecosyst. Environ. 261, 201-210. https://doi.org/10.1016/j.agee.2017.08.028.

Kouyaté, Z., Franzluebbers, K., Juo, A.S., Hossner, L.R., 2000. Tillage, crop residue,
legume rotation, and green manure effects on sorghum and millet yields in the
semiarid tropics of Mali. Plant Soil 225, 141-151. https://doi.org/10.1023/A:
1026589528352.

Lal, R., 2004. Soil carbon sequestration impacts on global climate change and food
security. Science 304, 1623-1627. https://doi.org/10.1126/science.1097396.

Laub, M., Corbeels, M., Couédel, A., Ndungu, S.M., Mucheru-Muna, M.W., Mugendi, D.,
Necpalova, M., Waswa, W., Van de Broek, M., Vanlauwe, B., Six, J., 2023. Managing
soil organic carbon in tropical agroecosystems: evidence from four long-term
experiments in Kenya. Soil 9 (1), 301-323. https://doi.org/10.5194/50il-9-301-
2023.

Liu, L., Zhang, X., Xu, W., Liu, X., Li, Y., Wei, J., Wang, Z., Lu, X., 2020. Ammonia
volatilization as the major nitrogen loss pathway in dryland agro-ecosystems.
Environ. Pollut. 265, 114862. https://doi.org/10.1016/j.envpol.2020.114862.

Lv, Q.Q., He, N., Chi, B.J., Xu, S.Z., Li, Z.H., Wang, L., Zhang, Y.J., Zhang, D.M., Cui, Z.P.,
Dai, J.L., Nie, J.J., Zhang, Y.J., Gan, Y.T., Dong, H.Z., 2025. Spatiotemporal
diversification enables sustainable cotton-soybean production with enhanced yield
and reduced emissions. J. Clean. Prod. 527, 146709. https://doi.org/10.1016/j.
jclepro.2025.146709.

Makoi, J.H., Chimphango, S.B., Dakora, F.D., 2009. Effect of legume plant density and
mixed culture on symbiotic N 2 fixation in five cowpea (Vigna unguiculata L. Walp.)
genotypes in South Africa. Symbiosis 48, 57-67. https://doi.org/10.1007/
BF03179985.

Mudare, S., Jing, J., Makowski, D., He, X., Liang, Z., Sims, Z., Wanger, T.C., Tilman, D.,
Zhang, F., Cong, W.-F., 2025. Crop rotations synergize yield, nutrition, and revenue:
a meta-analysis. Nat. Commun. 16, 9552. https://doi.org/10.1038/541467-025-
64567-9.

Ncube, B., Twomlow, S.J., Van Wijk, M.T., Dimes, J.P., Giller, K.E., 2007. Productivity
and residual benefits of grain legumes to sorghum under semi-arid conditions in
south-western Zimbabwe. Plant Soil 299, 1-15. https://doi.org/10.1007/s11104-
007-9330-5.

Nyemba, R.C., Dakora, F.D., 2010. Evaluating N 2 fixation by food grain legumes in
farmers’ fields in three agro-ecological zones of Zambia, using 15 N natural

Field Crops Research 340 (2026) 110371

abundance. Biol. Fertil. Soils 46, 461-470. https://doi.org/10.1007/500374-010-
0451-2.

Ojiem, J.O., Vanlauwe, B., de Ridder, N., Giller, K.E., 2007. Niche-based assessment of
contributions of legumes to the nitrogen economy of Western Kenya smallholder
farms. Plant Soil 292, 119-135. https://doi.org/10.1007/s11104-007-9207-7.

Okito, A., Alves, B.J.R., Urquiaga, S., Boddey, R.M., 2004. Nitrogen fixation by
groundnut and velvet bean and residual benefit to a subsequent maize crop. Pesqui.
Agropecu. Bras. 39, 1183-1190. https://doi.org/10.1590/50100-
204x2004001200004.

Patrignani, A., Ochsner, T.E., 2015. Canopeo: a powerful new tool for measuring
fractional green canopy cover. Agron. J. 107 (6), 2312-2320. https://doi.org/
10.2134/agronj15.0150.

Peoples, M.B., Brockwell, J., Herridge, D.F., Rochester, 1.J., Alves, B.J.R., Urquiaga, S.,
Boddey, R.M., Dakora, F.D., Bhattarai, S., Maskey, S.L., Sampet, C., Rerkasem, B.,
Khan, D.F., Hauggaard-Nielsen, H., Jensen, E.S., 2009. The contributions of
nitrogen-fixing crop legumes to the productivity of agricultural systems. Symbiosis
48, 1-17. https://doi.org/10.1007/BF03179980.

Qiu, T., Shi, Y., Penuelas, J., Liu, J., Cui, Q.L., Sardans, J., Zhou, F., Xia, L.L., Yan, W.M.,
Zhao, S.L., Peng, S.S., Jian, J.S., He, Q.S., Zhang, W.J., Huang, M., Tan, W.F., Fang, J.
C., 2024. Optimizing cover crop practices as a sustainable solution for global
agroecosystem services. Nat. Commun. 15 (1), 10617. https://doi.org/10.1038/
$41467-024-54536-z.

Raboin, L.-M., Batieno, B.J., Gozé, E., Douzet, J.-M., Poda, L., Koala, W.A., Agbevohia, K.
A., Hassami, D., Kabore, M., Adam, M., 2023. Le haricot mungo, Vigna radiata (L.),
une alternative a I’association sorgho-niébé pour la diversification des cultures en
conditions soudano-sahéliennes? Cah. Agric. 32, 26. https://doi.org/10.1051/cagri/
2023019.

Roose, E., 1993. Capacité des jacheres a restaurer la fertilité des sols pauvres en zone
soudano-sahélienne d'Afrique occidentale. La jachére en Afrique de 1’Ouest.
Collection Colloques et Séminaires. ORSTOM, Paris, pp. 233-244. (https://horizon.
documentation.ird.fr/exl-doc/pleins_textes/pleins_textes_6/colloques2/38729.pdf).

Sanchez, P.A., 1999. Improved fallows come of age in the tropics. Agrofor. Syst. 47,
3-12.

Sanginga, N., 2003. Role of biological nitrogen fixation in legume based cropping
systems; a case study of West Africa farming systems. Plant Soil 252, 25-39. https://
doi.org/10.1023/A:1024192604607.

Sanginga, N., Okogun, A., Akobundu, 1.0., Carsky, R.J., Tian, G., Wirkom, L.E., 1996.
Nodulation and estimation of symbiotic nitrogen fixation by herbaceous and shrub
legumes in Guinea savanna in Nigeria. Biol. Fertil. Soils 23 (441), 443. https://doi.
org/10.1023/A:1006287702265.

Sauerborn, J., Sprich, H., Mercer-Quarshie, H., 2000. Crop rotation to improve
agricultural production in sub-Saharan Africa. J. Agron. Crop Sci. 184 (1), 67-72.
https://doi.org/10.1046/j.1439-037x.2000.00368.x.

Snapp, S.S., Blackie, M.J., Gilbert, R.A., Bezner-Kerr, R., Kanyama-Phiri, G.Y., 2010.
Biodiversity can support a greener revolution in Africa. Proc. Natl. Acad. Sci. 107
(48), 20840-20845. https://doi.org/10.1073/pnas.1007199107.

Sowdhanya, D., Singh, J., Rasane, P., Kaur, S., Kaur, J., Ercisli, S., Verma, H., 2024.
Nutritional significance of velvet bean (Mucuna pruriens) and opportunities for its
processing into value-added products. J. Agric. Food Res. 15, 100921. https://doi.
org/10.1016/j.jafr.2023.100921.

Tarawali, G., Manyong, V.M., Carsky, R.J., Vissoh, P.V., Osei-Bonsu, P., Galiba, M., 1999.
Adoption of improved fallows in West Africa: lessons from mucuna and stylo case
studies. Agrofor. Syst. 47, 93-122. https://doi.org/10.1023/A:1006270122255.

Unkovich, M., Herridge, D., Peoples, M., Cadisch, G., Boddey, B., Giller, K., Alves, B.,
Chalk, P., 2008. Measuring plant-associated nitrogen fixation in agricultural systems.
Australian Centre for International Agricultural Research (ACIAR). ed, Canberra,
Australia.

Vanlauwe, B., Hungria, M., Kanampiu, F., Giller, K.E., 2019. The role of legumes in the
sustainable intensification of African smallholder agriculture: lessons learnt and
challenges for the future. Agric. Ecosyst. Environ. 284, 106583. https://doi.org/
10.1016/j.agee.2019.106583.

Versteeg, M.N., Amadji, F., Eteka, A., Gogan, A., Koudokpon, V., 1998. Farmers'
adoptability of Mucuna fallowing and agroforestry technologies in the coastal
savanna of Benin. Agric. Syst. 56 (3), 269-287. https://doi.org/10.1016/50308-
521X(97)00041-3.

Wang, L., Garland, G.M., Ge, T., Guo, S., Kebede, E.A., He, C., Hijri, M., Plaza-Bonilla, D.,
Stringer, L.C., Davis, K.F., Lee, S.-J., Feng, S., Wang, L., Wei, Z., Cao, H., Wang, Z.,
Xu, J., Siddique, K.H.M., Gan, G.Y., Zhao, M., 2025. Integrated strategies for
enhancing agrifood productivity, lowering greenhouse gas emissions, and improving
soil health. Innovation 6, 101006. https://doi.org/10.1016/j.xinn.2025.101006.

Wang, K.H., Sipes, B.S., Schmitt, D.P., 2002. Crotalaria as a cover crop for nematode
management: a review. Nematropica 35-58.

Wood, S.N., 2025. Generalized additive models. Annu. Rev. Stat. Appl. 12, 497-526.
https://doi.org/10.1146/annurev-statistics-112723-034249.

Zhao, J., Chen, J., Beillouin, D., Lambers, H., Yang, Y.D., Smith, P., Zeng, Z.H., Olesen, J.
E., Zang, H.D., 2022. Global systematic review with meta-analysis reveals yield
advantage of legume-based rotations and its drivers. Nat. Commun. 13, 4926.
https://doi.org/10.1038/541467-022-32464-0.

14


https://doi.org/10.1016/j.envexpbot.2025.106252
https://doi.org/10.1016/S0038-0717(96)00225-8
https://doi.org/10.1016/S0038-0717(96)00225-8
https://doi.org/10.1007/1-4020-2051-1_13
https://doi.org/10.1177/00307270231199795
https://doi.org/10.1038/nplants.2016.112
https://doi.org/10.1016/j.agee.2017.09.029
https://doi.org/10.1016/j.agee.2017.09.029
https://doi.org/10.1038/srep14625
https://doi.org/10.1016/S0038-0717(02)00038-X
https://doi.org/10.1016/S0038-0717(02)00038-X
https://doi.org/10.2136/sssaspecpub51.c7
https://doi.org/10.2307/2531812
https://doi.org/10.2307/2531812
https://doi.org/10.1038/s44264-025-00050-8
https://doi.org/10.1038/s44264-025-00050-8
https://doi.org/10.1016/j.agee.2017.08.028
https://doi.org/10.1023/A:1026589528352
https://doi.org/10.1023/A:1026589528352
https://doi.org/10.1126/science.1097396
https://doi.org/10.5194/soil-9-301-2023
https://doi.org/10.5194/soil-9-301-2023
https://doi.org/10.1016/j.envpol.2020.114862
https://doi.org/10.1016/j.jclepro.2025.146709
https://doi.org/10.1016/j.jclepro.2025.146709
https://doi.org/10.1007/BF03179985
https://doi.org/10.1007/BF03179985
https://doi.org/10.1038/s41467-025-64567-9
https://doi.org/10.1038/s41467-025-64567-9
https://doi.org/10.1007/s11104-007-9330-5
https://doi.org/10.1007/s11104-007-9330-5
https://doi.org/10.1007/s00374-010-0451-2
https://doi.org/10.1007/s00374-010-0451-2
https://doi.org/10.1007/s11104-007-9207-7
https://doi.org/10.1590/s0100-204x2004001200004
https://doi.org/10.1590/s0100-204x2004001200004
https://doi.org/10.2134/agronj15.0150
https://doi.org/10.2134/agronj15.0150
https://doi.org/10.1007/BF03179980
https://doi.org/10.1038/s41467-024-54536-z
https://doi.org/10.1038/s41467-024-54536-z
https://doi.org/10.1051/cagri/ 2023019
https://doi.org/10.1051/cagri/ 2023019
https://horizon.documentation.ird.fr/exl-doc/pleins_textes/pleins_textes_6/colloques2/38729.pdf
https://horizon.documentation.ird.fr/exl-doc/pleins_textes/pleins_textes_6/colloques2/38729.pdf
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref43
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref43
https://doi.org/10.1023/A:1024192604607
https://doi.org/10.1023/A:1024192604607
https://doi.org/10.1023/A:1006287702265
https://doi.org/10.1023/A:1006287702265
https://doi.org/10.1046/j.1439-037x.2000.00368.x
https://doi.org/10.1073/pnas.1007199107
https://doi.org/10.1016/j.jafr.2023.100921
https://doi.org/10.1016/j.jafr.2023.100921
https://doi.org/10.1023/A:1006270122255
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref50
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref50
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref50
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref50
https://doi.org/10.1016/j.agee.2019.106583
https://doi.org/10.1016/j.agee.2019.106583
https://doi.org/10.1016/S0308-521X(97)00041-3
https://doi.org/10.1016/S0308-521X(97)00041-3
https://doi.org/10.1016/j.xinn.2025.101006
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref54
http://refhub.elsevier.com/S0378-4290(26)00047-X/sbref54
https://doi.org/10.1146/annurev-statistics-112723-034249
https://doi.org/10.1038/s41467-022-32464-0

	Limited variation in sorghum yield responses to diverse legume rotations under Sudano-Sahelian conditions
	1 Introduction
	2 Materials and methods
	2.1 Site and experimental conditions
	2.2 Plant material
	2.3 Experimental design
	2.4 Crop management
	2.5 Measurements
	2.6 Statistical analysis

	3 Results
	3.1 Characterization of the different plant species × cultivar combinations used as preceding crops for sorghum cultivation
	3.2 Effect of the different preceding crops on the growth and yield of sorghum cultivated in rotation
	3.2.1 Analysis of variance
	3.2.2 Correlation between traits of preceding legumes and sorghum growth and yield in rotation


	4 Discussion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


