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Abstract

Cassava (Manihot esculenta Crantz) is an easy to manage crop with good tolerance to drought and low-fertility soils. Although
chemical fertilization is known to improve cassava yield, little is known about the potential of legume green manures to enhance
soil chemical properties and consequently increase crop production. Here we analyze how different legume green manures affect
cassava root growth and soil quality in an oxisol from northern Brazil. In this field study, we evaluated the effect of four green
manure treatments (no fertilization, Crotalaria, jack bean, and cowpea) on soil exchangeable cation contents, pH H,0, pH KCl, ApH,
exchangeable aluminum, sum of bases (SB), cation-exchange capacity (CEC), soil organic carbon (SOC), plant diameter, plant height,
and root yield. Cowpea treatment was the most effective in increasing exchangeable cations, CEC, SB, and root yield, whereas jack
bean treatment increased acid cations and SOC. A hierarchy of exchangeable cations was observed, Ca2+>Mg2+>K+, a result likely
associated with nutrient absorption by cassava plants. Plant diameter had a positive linear correlation with root yield. Overall, our
results indicate that green fertilization positively influences SOC, minimizing the depletion of exchangeable cations and thereby
preventing yield losses. Cowpea treatment, however, acted more broadly on the variables studied.

Keywords: Soil fertility, Green fertilization, Manihot esculenta, Soil Organic Matter, Acidic soil.

Introduction

Native to the Amazon basin, cassava (Manihot esculenta al., 2021), little is known about the fertilizing potential of
Crantz) is a major staple crop worldwide (Howeler et al., green manure.

2013). It is cultivated in Latin America, Africa, and Asia Even if field application of synthetic fertilizers can enhance
(Sarma and Kunchai, 1991; Howeler, 2014; Malik et al., crop yield, small farmers generally do not have access to
2020), in both tropical and subtropical countries. Cassava is these expensive inputs (Pimentel et al., 2021). Thus, green
mostly produced by small farmers and commonly re-ferred manures may serve as a source of fertility, increasing soil
to as "food of the poor" and "bread of the tropics" organic matter (Agbede, 2018), and promoting root de-
(Oghenejoboh et al., 2021). It is one of the main root crops velopment (Pypers et al., 2012). Amendment of soil with
grown in adverse soil and climate conditions, representing a organic waste is even more important from a food security
source of income and sub-sistence for more than 800 million and soil health perspective, as cassava utilizes large amounts
people in developing countries (Burns et al., 2010). The roots of nutrients (Bai et al., 2018). Green manures from legume
are the main source of energy reserves, and the aerial part crops may also increase soil carbon content, which, ac-
can be used as animal feed (Howeler et a., 2013). cording to Chabbi et al. (2017), is essential to meet the goals
In Brazil, this staple crop is a source of subsistence and international on CO2 emission reduction (e.g., Paris
income, having great soci-ocultural importance, as family Agreement; Glasgow Climate Pact).

farming is responsible for 87% of the national production Green manure is a clean organic fertilizer source, especially
(Fao, 2016). With 18.49 million tonnes produced on 1.19 from legumes that can fix nitrogen. Plant species used as
million hectares of planted land in 2019, Brazil ranked fourth green manure, in addition to promoting soil quality
in worldwide cassava production (Fao, 2020). However, crop improvement, reduce the use of chemical fertilizers
yield is usually limited by cultivation on marginal, acidic, low- (Nascimento et al., 2021). Although the practice of green
fertility soils (Byju and Suja, 2020). Small changes in man- manure was little used, due to the easy availability and low
agement practices could increase crop yield and soil quality cost of inorganic fertilizers (Egbe et al., 2022), recently, the
(El-sharkawy, 1993). Although some studies have reported price of inorganic fertilizers has doubled, due to the impacts
on the importance of chemical fertilization for increasing of the war between Russia and Ukraine (Hassen and Bilali,
crop yield (Chua et al., 2020; Wasonga et al., 2020; Adiele et 2022). In this context, the use of green manure is an
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effective alternative to help farmers, besides promoting
positive impacts on the economy, especially in Northern
Brazil. In view of the above, this study aims to test the
following hypotheses: (i) green manure improves soil
fertility, chemical properties, and exchangeable cation
concentrations; (ii) legume green manure treatments
increase soil organic carbon (SOC), whereas removal of
legume residues leads to SOC depletion; and (iii) green
manure can contribute to in-creasing crop yield in acidic,
low-fertility soils. For this, we evaluate the influence of
legume green manures on soil nutrient content, SOC, and
agronomic variables of cassava grown in a clayey oxisol in a
tropical climate region. Our results are expected to
contribute to the management of cassava crop on Brazilian
soils.

Results

Effect of green fertilization on soil active acidity,
exchangeable acidity, and aluminum saturation

Soil pH H,0 ranged from 4.73 (beginning of crop cycle) to
5.67 (end of crop cycle) with legume green manure
application. CR green manure increased pH H,0 by 0.94 pH
compared with JB and CP green manures (p < 0.05). No
differences in pH H,0 were observed between CR and NF
treatments (p < 0.05). Green manure application did not
significantly influence pH KCI (p < 0.05). Values ranged from
4.73 (NF) to 4.75 (CR), indicating that pH KCl remained stable
compared with pH H,0. The results show that pH H,0 (active
acidity) was influenced over time by the use of legume green
manure (Fig. 1).

ApH is calculated as the difference between pH H,0 and pH
KCI (Fig. 2). ApH values revealed an abundance of negative
charges in NF and CR treatments as well as near-zero values
in JB and CP treatments. The increase in the number of
negative charges was highest in the CR treatment (-0.922),
which did not differ significantly from that in the NF
treatment (-0.884), indicating a predominance of negative
charges (p < 0.05). JB and CP treatments also did not differ in
ApH values, which were close to zero, indicating that soil
under these treatments tended to retain cations and anions
in the same amount and proportion (p < 0.05).

The results for exchangeable acidity (represented by AI3+)
indicate a predominance of AP in JB as compared with the
other treatments. Exchangeable AI*" contents ranged from
0.16 to 0.34 cmol. dm™>, with a difference of 0.18 cmol, dm™
between CR (0.16 cmol, dm_a) and JB (0.34 cmol, dm_3) (p<
0.05, Fig. 3), representing a 53% increase. There were no
significant differences in exchangeable A" between the
other treatments (p < 0.05, Fig. 3).

Similar results were observed for aluminum saturation,
indicating that both variables followed the same pattern.
There was higher saturation with AP ions in JB (4.40%) than
in other treatments, suggesting a potentially toxic effect of
this fertilizer source on plant crops (p < 0.05, Fig. 3). The
other treatments did not influence aluminum saturation,
which remained stable (p < 0.05).

Influence of green manures on soil exchangeable cations
and CEC

Exchangeable nutrient concentrations were strongly
influenced by green manure treatments. The green manure
application influenced soil K" and ca®* contents; however,
Mg content was not affected (p < 0.05, Fig. 4). K* content
ranged from 0.08 cmol, dm™ (NF) to 0.13 cmol, dm~ (JB);

489

these values are low for cassava crop, particularly for plants
under NF. Green manure treatment was able to increase K"
by 39% compared with NF (p < 0.05). Ca®" was the cation
with the highest content, which was higher in all green
manure treatments (CR, JB, and CP) than in NF (p < 0.05). CP
green manure increased soil Ca*" content by 1.37 cmol, dm
compared with NF, representing an increase of 18%. For
Mg2+, soil contents did not differ between green manure
treatments (p < 0.05, Fig. 4). In general, the findings revealed
a hierarchy of exchangeable cations, with Ca** > Mg*" > K*, a
result likely associated with nutrient absorption by cassava
plants.

SB ranged from 6.62 to 8.19 cmol. dm™>; the highest SB was
obtained by treatment with CP green manure. This
treatment increased SB by 1.57 cmol, dm™ or 19%
compared with NF (Fig. 4). Green manures (CR, JB, and CP)
increased the input of bases to soil compared with NF (p <
0.05, Fig. 4). A similar pattern was observed for CEC: all
legume treatments (CR, JB, and CP) enhanced the parameter
compared with NF (p < 0.05), although, as shown by
absolute values, CEC was highest in CP (8.38 cmol, dm-3).
Thus, it is likely that the increase in SB influenced CEC values.
Overall, the data show that non-application of green manure
may lead to loss of soil nutrients, resulting in reduced SB and
CEC in the soil-plant system.

Contribution of green manure quality to soil organic carbon
After a short period of treatment with legume green
manures, there was a subtle increase in SOC in the 0-20 cm
layer. To better understand these results, it was necessary to
draw a control line, allowing to observe an increment in
SOC. SOC values ranged from 15.15 to 16.47 g kg-', and the
highest value was observed in JB (Fig. 5), which increased
SOC by 8% (1.3 g kg-') compared with NF (p < 0.05, Fig. 5).
Overall, application of JB green manure increased SOC,
whereas NF led to SOC depletion in the studied soil layer.

Effect of short-term fertilization on cassava yield

Cassava yield parameters were consistently influenced by
green manure quality (p < 0.05). Cassava diameter was
influenced by treatments. JB-treated plants exhibited the
smallest diameter (15.59 mm) (p < 0.05). A reduction of 2.26
mm or 12% in diameter was promoted by JB compared with
NF (p < 0.05, Fig. 6). No significant differences in diameter
were observed between the other treatments. Interestingly,
plant height was increased by 1.14 m with JB treatment,
resulting in a total height of 3.59 m, although this effect did
not differ from those of other treatments (p < 0.05, Fig. 6). In
summary, JB treatment increased plant height and reduced
diameter.

Yield parameters differed according to the green manure
treatment applied (p < 0.05). Root yield ranged from 8.60 to
13.77 t ha-'. CP green manure increased yield by 1.96 t ha-'
or 14% compared with NF. On the other hand, JB green
manure resulted in a low yield: a reduction of 5.17 t ha-" or
38% was observed in comparison with CP (p < 0.05, Fig. 6).
Thus, it was observed that JB green manure reduced plant
diameter and root yield but enhanced plant height.

Relationship between the evaluated attributes

To gain a better understanding of the influence of legume
green manure treatments on cassava crops, we subjected
the experimental data to PCA and correlation analysis. PCA
results are depicted in Figure 7. PC1 and PC2 explained
33.8% and 21.6% of the variance in the dataset, respectively.



PCA results clearly showed the influence of treatments on
the variables. JB strongly influenced aluminum saturation,
A|3+, and ApH, which were correlated with PC2. CP
treatment, however, acted more broadly on the variables.
Pearson correlation analysis revealed direct relationships
between soil attributes, agronomic variables, and SOC (Fig.
8). Aluminum saturation was positively and linearly
correlated with Al (r = 0.93; p < 0.05) and negatively
correlated with SB (r = -0.64; p < 0.05), Ca (r = -0.60; p <
0.05), and CEC (r = -0.58; p < 0.05). Ca’" significantly
influenced SB (r = 0.98; p < 0.01) and CEC (r =0.97; p < 0.01).
Among crop variables, it was observed that plant diameter
had a positive linear correlation with root yield (r = 0.79; p <
0.05).

Discussion

Response of active acidity, exchangeable acidity, and
aluminum saturation to green manures

The pH H,0 and pH KCI values were low for all treatments.
Such a result was expected, given that Brazilian soils are
known to exhibit strong acidity (Santos et al., 2018; Silva et
al., 2018). Values of active acidity are related to the
concentration of H® in soil solution; this characteristic is
intrinsic to soil formation processes (Jenny, 1941). In the
case of the study soil, strong weathering caused by climatic
conditions led to a loss of bases and an increase in acids,
resulting in an acidic soil (Lu et al., 2015; Jiang et al., 2018).
In assessing the effects of JB and CP on soil, we found an
increase in H' concentration in soil solution, likely associated
with the increase in biomass input on the surface soil. The
presence of plant residues resulted in the formation of
organic matter, which contains different functional groups
that can release H', tending toward acidification of already
acidic soils (Torabian et al., 2019). It is noteworthy that, as
plants absorb exchangeable bases (Ca®*, Mg, and K'), the
concentration of these elements in soil solution decreases,
causing an imbalance. Thus, the solid phase recovers these
elements to maintain balance, thereby increasing the
negative charges that can be occupied by H*. Another factor
related to acidification is the increase in soil microbial
populations, stemming from an increase in nitrogen (Averill
and Waring, 2018) from legume decomposition and
enhanced root exudation, which releases H* (Pegoraro et al.,
2018).

Green manure application influenced soil charges. The soil
was naturally electro-negative (NF), attributed to the
adsorption of anions onto soil mineral colloids (D’Acqui et
al., 1999). We had hypothesized that there would be a
greater contribution of positive charges in soil, given that
tropical soils are highly weathered, leading to the retention
of a large amount of iron and aluminum oxides in the clay
fraction (Ramos et al., 2018). JB and CP treatments resulted
in ApH values close to zero, indicating the ability of soil to
retain cations and anions at the same ratio. These findings
are in agreement with those of Benites and Mendonga
(1998), who found that changes in the soil system may alter
soil charge, favoring an increase in variable charges. The
reduction in pH observed in JB and CP treatments might be
associated with the increase in positive charges.

The increase in A** and aluminum saturation in JB treated
plots compared with other treatments can be related to the
reduction in pH. AP is an acid cation adsorbed onto soil
colloids by electrovalence; therefore, if the concentration of
AP increases, pH tends toward acidification, as observed in
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our results (Pimentel et al., 2020). In fact, determination of
AP" content is essential to better understand crop
performance in acidic soils (Tandzi et al., 2018), as AP may
be toxic to plants. The results indicate that the effective CEC
of soil (SB + AI*") was mainly represented by Al in the JB
treatment.

Response of soil exchangeable cations, SB, and effective
CEC to green manures

The reduction of K* content in the NF treatment at the end
of the experiment confirmed that cassava plants absorb
large amounts of K' during the crop cycle (Fig. 4), in
agreement with previous reports showing that K* is one of
the major nutrients absorbed by cassava (Fernandes et al.,
2017; Biratu et al., 2018). K* content increased by up to 39%
with green manure application compared with NF, resulting
in an intermediate soil K content (Cravo et al., 2020). Thus,
the use of legume green manure allowed meeting the crop’s
K* requirement. Accumulation of excess K* in soil results
from fertilization and indicates that crop requirements were
met (Ros et al., 2013).

Cassava absorbs large amounts of both K* (Xie et al., 2020)
and Mg2+ (Howeler, 2002); it was therefore expected that
soil would have lower contents of these nutrients at the end
of the crop cycle in NF plots (Chua et al, 2020).
Furthermore, K* is monovalent and can be easily lost by
leaching, a common phenomenon in tropical regions
(Pimentel et al., 2020). This highlights the importance of
applying green manure to soil. Ca”" levels were considered
high in all green manure treatments (Byju and Suja, 2020),
attributed to the low rate of release of this nutrient from
legume decomposition (Perin et al., 2010). Because Ca’" is
bivalent, it is more strongly retained in soil colloids
compared with K*, resulting in minimum losses.

Green fertilizers were efficient in increasing SB and CEC (Fig.
4). The highest values were obtained with CP treatment,
explained by the high quality and biomass input of this green
manure. CP shows potential as a green manure for cassava
because it grows under similar climatic, edaphic, and
ecological conditions, in addition to fixing nitrogen (Suja et
al., 2021). The contribution of legumes to SB and CEC is
related to their role in nutrient cycling (Fernandes et al.,
2021). Thus, the results suggest that green manure
treatments increase Ca2” and Mg?" contents, consequently
enhancing SB and CEC values (Ambrosano et al., 2005).

Green manures have the potential to increase SOC
Understanding how small changes in crop management may
result in the accumulation or depletion of SOC is of utmost
importance. Soil is the main reservoir of SOC in the
terrestrial ecosystem; it can store 1505 Pg (1 Pg = 109 t) of
SOC at depths of up to 1 m (Lal, 2018). Carbon participation
in the soil-plant—atmosphere system is dynamic, influenced
by photosynthetic and respiration processes (Paustian et al.,
2019). Therefore, small changes can contribute to the overall
balance of carbon, reducing atmospheric CO, levels.

Our findings revealed a slight contribution of legumes to the
increase in SOC. According to (Cotrufo et al.,, 2013),
stabilization of SOC from legumes might be related to their
low C/N ratios; residues are transformed into labile fractions
when added to soil, reducing loss of SOC to the atmosphere
because of the efficiency of the microbial substrate. The
authors also reported that labile residues have greater
ability to stabilize SOC over time in comparison with
recalcitrant residues (high C/N ratio).



Table 1. Characterization of soil chemical and physical attributes before cassava planting in the layer 0-20 cm.

pH CaCl, 5.4

pH H,0 6.1

P (mgdm3) 4.0

K (mgdm™) 43.9
Ca?" (cmol. dm3) 3.4
Mg2* (cmol, dm™3) 1.2
H + Al (cmol. dm3) 4.0
SB (cmol. dm™3) 4.8
CEC (cmol, dm3) 8.7
BS (%) 54.5

Sand (g kg ™) 173
Silt (g kg ™) 168
Clay (g kg™) 659
OM (g dm™) 37.8

P= phosphorus; K= potassium; Ca= calcium; Mg= magnesium; H= hydrogen; Al= aluminum; SB= sum of bases; CEC= cation-exchange capacity; BS= base saturation; OM=
organic matter.

H20 KCl

NF CR JB CcP NF CR JB CP

Fig 1. pH H,0 and pH KCl values of 0-20 cm depth soil under cassava crops subjected to different green manure treatments. NF, no

fertilization; CR, Crotalaria; JB, jack bean; CP, cowpea. Different letters above bars indicate significant differences by Tukey's test (p
<0.05).
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Fig 2. Net charge (ApH) of 0-20 cm depth soil under cassava crops subjected to different green manure treatments. NF, no

fertilization; CR, Crotalaria; JB, jack bean; CP, cowpea. Different letters above bars indicate significant differences by Tukey's test (p
<0.05).

B I~ N S Y

AIS*
Aluminum saturation (%)

NF CR JB cpP

Fig 3. Exchangeable acidity (A**) and aluminum saturation (%) of 0-20 cm depth soil under cassava crops subjected to different
green manure treatments. NF, no fertilization; CR, Crotalaria; JB, jack bean; CP, cowpea. Different letters above bars indicate
significant differences by Tukey's test (p < 0.05).
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Fig 4. Soil exchangeable cations (K, Ca, and Mg), sum of bases (SB), and effective cation-exchange capacity (CEC) in the 0-20 cm
layer under cassava crops subjected to different green manure treatments. NF, no fertilization; CR, Crotalaria; JB, jack bean; CP,
cowpea. Different letters above bars indicate significant differences by Tukey's test (p < 0.05).
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Fig 5. Soil organic carbon (SOC) contents in the 0—20 cm layer under cassava crops subjected to different green manure treatments.
NF, no fertilization; CR, Crotalaria; JB, jack bean; CP, cowpea. Different letters above bars indicate significant differences by Tukey's
test (p < 0.05). The dashed line rep-resents the lower control value, determined based on the NF treatment.
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Fig 6. Diameter (mm), height (m), and root yield of cassava crops (t ha™) under different green manure treatments. NF, no
fertilization; CR, Crotalaria; JB, jack bean; CP, cowpea. Different letters above bars indicate significant differences by Tukey's test (p
<0.05).
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Principal component analysis of treatments
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Fig 7. Principal component analysis of soil properties and plant characteristics for cassava crops under different green manure
treatments. NF, no fertilization; CR, Crotalaria; JB, jack bean; CP, cowpea; D pH, ApH; Al, exchangeable aluminum; AlS, aluminum
saturation; SOC, soil organic carbon; CEC, effective cation-exchange capacity; PH, plant height; SB, sum of bases; Ca, calcium; Mg,

magnesium, RY, root yield; D, diameter.
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Fig 8. Pearson correlation matrix for soil properties and cassava crop characteristics. D pH, ApH; Al, exchangeable aluminum; AlS,
aluminum saturation; SOC, soil organic carbon; CEC, effective cation-exchange capacity; PH, plant height; SB, sum of bases; Ca,
calcium; Mg, magnesium, RY, root yield; D, diameter. Blue and red squares indicate positive and negative correlations, respectively.
Smaller squares and lighter colors represent weaker correlations, whereas larger squares and darker colors represent stronger

correlations.

Tropical soils represent an opportunity in SOC sequestration,
as they are below the storage limit when compared to
temperate soils (Six et al., 2002), associated with this, the
protection mechanisms of SOC (recalcitrance, occlusion, and
association with minerals) assist in the storage over time
(Lutzow et al., 2006). However, it is emphasized that
different types of soil have different potentials to store SOC;
for instance, clay soils, such as the clayey oxisol of the
current study, exhibit greater potential (Amelung et al.,
2020). In addition, the increase in SOC in the JB treatment
might be associated not only with the input provided by
green manure but also with the biomass of the aerial part of
cassava, given that JB enhanced plant height (Fig. 6). Plant
residues may contribute to the accumulation of organic
matter in soil (Pimentel et al. 2021). In general, covering soil
with green manure may promote an increase in SOC level
compared with lack of green manure application.
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Response of crop yield to green manures and correlation
between of the study variables

As expected, given that the study soil had low fertility,
treatment with green manure substantially increased yield
(Moura-Silva et al., 2017). Low crop vyields are associated
with inadequate supply of plant nutrients (Imakumbili et al.,
2019). CP treatment was the most efficient in increasing
crop yield, resulting in a value of 13.77 t ha™", which is higher
than the overall average yield of cassava crop (10.71 t ha™)
(Fao, 2016). By contrast, JB treatment reduced cassava yield
(Fig. 6), a result attributed to the high AP* and aluminum
saturation, leading to higher occupation of CEC by acid
cations (Fig. 3). AP toxicity tends to be more severe in acidic
soils (Byju and Suja, 2020). Thus, although JB provided
higher levels of SB and CEC than NF, this effect does not
necessarily result in higher yields (Matos et al., 2021).

The increase in plant height by JB was associated with
decreased yield. Similar results were reported by Misganaw



and Bayou (2020) in an experiment with different cassava
varieties. The authors found that root number decreased
with increasing plant height, probably because assimilates
were redirected to vegetative growth rather than root
development. JB treatment reduced the formation of
tuberous roots, indicating the occurrence of stress, which
may reduce cell differentiation and result in delayed
development of the root apical meristem (Shan et al., 2018).
Whereas CP enhanced yield, NF and CR treatments resulted
in intermediate yield levels. Cassava is a rustic plant that can
grow in low fertility soils under drought, an attractive
feature for farmers (Adu et al., 2018). However, fertilization
is known to increase yield. Our results show that the use of
CP green manure increased crop yield, attributed to several
direct and indirect factors such as those mentioned by
Madembo et al. (2020), namely good nitrogen fixation
ability, weed reduction, and soil cover.

SB, CEC, and Ca”* contributed greatly to PC1, whereas acidity
attributes contributed to PC2, indicating that soil related
characteristics were important to explain the variance in the
data. It can be inferred that soil fertilization influences crop
yield (Kintché et al., 2017), positively by increasing SB, CEC,
and Ca’* and negatively by increasing soil acidity. Acidity
attributes were clearly associated with JB. Low nutrient
content and the presence of toxic elements may
compromise the formation of tuberous roots (Ezui et al.,
2016; Kintché et al., 2017).

Correlation analysis complemented the results of PCA,
demonstrating that soil bases may increase SB and CEC,
which was related to the high Ca” content provided by
green manures (Araujo et al., 2019). Thus, high Ca® content
is associated with increased SB and CEC, whereas high AP
content is associated with increased aluminum saturation
(Pimentel et al.,, 2020). Correlation coefficients between
variables contribute to the understanding of data, as they
relate to PCA loadings (Adu et al., 2018). It is important to
analyze the attributes that most influence crop yield for
informed decision-making about fertilization.

Material and methods

Experimental site

A field experiment was conducted between 2017 and 2018
in Santarém (2°44'S 54°31'W, 145 m elevation), Pard State,
Brazil. The chosen site is located in a major cassava-
producing region. The soil was classified as a “Latossolo
Amarelo”, according to Brazilian Soil Classification System
(Santos et al., 2018), this is, “oxisol”, according to Soil
taxonomy (Soil Survey Staff, 2014).

Description of the field experiment

Prior to the installation of the experiment, soil
physicochemical properties were determined according to
the methods described by Teixeira et al. (2017) (Table 1).
Liming was performed based on the results of soil analysis.
Harrowing was performed to improve soil physical structure.
Cassava cuttings were planted in March 2017 and harvested
inJuly 2018.

The cultivar used was 'Bem-Te-Vi', the most common genetic
clone planted in the region. The experimental area was 35 x
28 m, totaling 980 m?, with a spacing of 1 x 1 m between
cassava plants. Legume residues were left on the soil
surface. We used a block design with four treatments and
five replications, totaling 20 experimental plots. Each plot
measured 36 m? (6 x 6 m). Treatments were as follows: no
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green fertilization (NF), Crotalaria (CR), jack bean (JB), and
cowpea (CP). Biomass management was carried out
manually by intercropping the legumes with cassava, as
recommended Cravo et al. (2020).

Soil sampling and determination of chemical properties and
soil organic carbon

At the end of the cassava crop cycle, soil samples were
collected from the 0-20 cm depth layer to assess soil
chemical properties and SOC. Disturbed samples were used
for determination of pH H,0, pH KCl, ApH, K, ca**, A",
Mgb, sum of bases (SB), effective cation-exchange capacity
(CEC), and aluminum saturation (Teixeira et al., 2017). For
SOC determination, soil samples were air-dried, divided into
10 g aliquots, ground, and passed through an 80-mesh sieve.
Carbon concentration was measured by wet oxidation with
potassium dichromate (Yeomans and Bremner, 1988).

Determination of crop characteristics

After harvest, plant height was measured by using a
graduated ruler and stem diameter was determined at the
median part of plants by using a digital caliper. Root yield (t
ha-') was calculated from the weight of tuberous roots,
which was measured on a digital scale at the end of the crop
cycle.

Statistical analysis

Data were analyzed for homogeneity of variance by
Bartlett's test and for normality by the Shapiro -Wilk test.
Analysis of variance (ANOVA) at the 5% significance level
was used to assess the effect of green fertilizers on soil
chemical properties, SOC, and crop characteristics. When
treatment effects were significant by the F-test (p < 0.05),
means were compared by Tukey's test (p < 0.05). Statistical
analyses were performed using a randomized block design.
Principal component analysis (PCA) and Pearson correlation
analysis were used to compare responses between study
variables. All statistical analyses were performed using R
software (R core team, 2020).

Conclusion

Application of green fertilizers improved soil fertility and
cassava root yield. After a crop cycle, we observed that JB
green manure treatment promoted an increase in acid
cations but also enhanced carbon incorporation into soil. CP
green manure application was the most effective in
increasing crop vyield. Overall, the results showed that
exchangeable soil cations, SB, and CEC were important for
obtaining high crop yields. In comparing the results of
managed and unmanaged soils, we concluded that, although
cassava crops can develop well in acidic conditions, root
yield is higher with green manure treatment. However, given
that these observations were based on a short-term field
experiment, we emphasize that more research is needed to
understand the long-term effects of green manure practices
on cassava crop and soil fertility.
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