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ABSTRACT
KEYWORDS

Invasive species tend to pose a threat to ecosystem biodiversity, functioning, and ecosystem service
provision. This study was conducted in Burkina Faso to assess the competitiveness of an invasive
species Senna obtusifolia that is a less palatable legume plant in West African Sahelian rangelands. To
address the research hypothesis that the recurrent drought in the Sahel results in S. obtusifolia being
Invasive species more competitive in the land invasion, we conducted an interspecific competition involving S.
obtusifolia and 3 herbaceous species (Andropogon gayanus, Chamaecrista mimosoides, and Pennisetum
pedicellatum) in a greenhouse experiment under four water stress regimes using a replacement series
Greenhouse design. The height and biomass of each species were measured throughout four months experiment. In
the severe water regime, S. obtusifolia was the most sensitive to water deficit while the 3 other species
were found to be resistant. In addition, in all water regimes, the aggressivity index revealed that S.
obtusifolia was less competitive than the grass species A. gayanus and P. pedicellatum. Further, the
study discovered that drought in the Sahel made S. obtusifolia more vulnerable than the other species.
Hence the invasion of Sahelian rangelands by S. obtusifolia could be favored by overgrazing that
reduces fodder species' dominance and competitiveness. Good management of sahelian rangelands by
controlling grazing could help to reduce S. obtusifolia invasion and provide more fodder for livestock.
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Assessing the competitive ability of Senna obtusifolia with coexisting natives species under water stress regimes

1 Introduction

Invasive plant species represent a major threat to biodiversity and
the ecosystem (Vila et al. 2011; Shackleton et al. 2019; Bogale and
Tolossa 2021). They directly affect native plant communities by
causing biodiversity loss, ecosystem change, and reduction in
ecosystem services (Wardle et al. 2011; Barros et al. 2020).
Previous studies showed that the success of these species depends
on several abiotic and biotic factors (Martin and Coetzee 2014;
Leal et al. 2022) as well as on biological traits related to their
ability to spread such as copious seed production, high
germination, survival rates, efficient dispersal and good
competitive ability (Wickert et al. 2017; Yu et al. 2018; El-
Barougy et al. 2020).

In general, abiotic factors such as water, light, and nutrients for
which plants compete in the process of growth and development
(Wang et al. 2012; Gao et al. 2021) may also influence the
intensity of competition (Yu et al. 2018) when these resources are
present in limited quantity between nearby individuals with a
common requirement (Bastiani et al. 2016; Zhou et al. 2018). With
ongoing climate change impacts, water availability could decrease
in severe drought conditions and this may also facilitate the
competitive ability and success of invasive species (Diez et al.
2012; Paudel et al. 2018; Barros et al. 2020). For example, in West
African Sahel rangeland, the arid climate characterized by severe
drought (Issaharou-Matchi et al. 2016) has favoured the
proliferation of invasive plant species due to their high
physiological performance (Oliveira et al. 2014; Duell et al. 2021).
In this situation, the species with functional traits that are
consistent with high resource acquisition may overcome the
congener and become invasive (Funk et al. 2016; Broadbent et al.
2018; Kumar and Garkoti 2021). These species often become a
disturbance or even harm to their environment. During the last
decades, many species have been listed in the national biodiversity
report of Burkina Faso as invasive species and their proliferation
contributes to the degradation of ecosystems (SP/CONEDD 2010,
2014). This list includes S. obtusifolia Linn, a herbaceous legume
species belonging to the Fabaceae family commonly known as
sicklepod. This species, with a 1.5-2.5 m height size (Holm et al.
1997), represent a serious threat to fields and rangelands in many
tropical and subtropical regions (Palmer and Pullen 2001;
Sosnoskie et al. 2021). S. obtusifolia has copious seed production
and can germinate and grow under a wide range of environmental
conditions (Retzinger 1984; Chaves Neto et al. 2020). Under
favorable conditions of its development, S. obtusifolia can displace
coexisting native species and form dense monospecific stands.
This situation can lead to significant ecological changes (Mackey
et al. 1997).

It is widespread in the Sahelian zone of Burkina Faso (Kiema et al.
2008, 2012; Kadeba et al. 2015) where rainfall (around 300 to 600
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mm annually) is irregular and limited to only three or four months
followed by a long drought period (Kiema et al. 2014).

In fact, S. obtusifolia has become an invader of rangelands and can
completely dominate grass species, eradicate rangeland growth,
and exclude livestock leading to unproductive monoculture in
semi-arid rangelands (Palmer and Pullen 2001; Gebreyesus 2017).
It is also known as “bush pasture” due to the damage it causes to
rangelands (Chaves et al. 2002). Moreover, owing to the presence
of toxic substances in its green leaves (Peres et al. 2010; Augustine
et al. 2020) livestock do not graze this species in its green stage
(Kiema et al. 2012). Therefore, the invasion of S. obtusifolia
constitutes a threat to rangelands as well as to livestock which is
the main source of household income in rural areas and contributes
18% of Burkina Faso’s Gross Domestic Product (MRA 2010).

Despite its high proliferation in Burkina Faso, S.obtusifolia has
been the subject of very few studies. These studies are mainly
focused on its nutritional and medicinal potential (Nacambo et al.
2021, Zare et al. 2022) and its impact on fodder species availability
(Ouedraogo et al. 2021). No studies on the invasive performance of
the species at the national level have been carried out yet.

To assess the competitive ability of S. obtusifolia and its
sensitivity to water deficit in a controlled environment, three
palatable species including Chamaecrista mimosoides L. (an
annual legume), Andropogon gayanus Kunth (perennial grass)
and Pennisetum pedicellatum Trin (annual grass) were used each
in a mixture with S. obtusifolia in a greenhouse experiment under
water deficit conditions. Chamaecrista mimosoides L. is a
prostrate leguminous herb in open grasslands along roads and
paths (Bargali and Bargali 2016; Li et al. 2022). It is an erect
annual herb up to a meter long, sometimes woody at the base
with many slender, pubescent branches. It is not very common
and grows widely on grassy hills slopes in the wild form. It is
spread over the entire climatic range of Burkina Faso and is
considered as highly palatable for livestock (Schmidt-Groh et al.
2019). A. gayanus kunth and P. pedicellatum Trin particularly
have become abundant in some areas. They are regarded among
the important abundant grasses in Burkina Faso because they
have high reproductive output and high dispersal ability (Grice et
al. 2013; dos Santos et al. 2022; Ojo et al. 2022). Moreover, A.
Gayanus is a C4 perennial tufted or bunch grass that grows up to
3 m high (Baruch 1994) and possesses several positive
characteristics: It exhibits higher photosynthetic efficiency and
nutrient uptake (Setterfield et al. 2010; Zhang et al. 2022)owing
to its ease of establishment, fast growth rate, high productivity,
resilience and long growing season (Adams and Setterfield
2013). Also, P. pedicellatum, a fodder species widely spread in
the Sudan and Sahel, is a herbaceous annual C,4 grass that grows
upright up to 40-150cm in height depending on the
environmental conditions where it grows. It produces high
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biomass that greatly improves ground cover which in turn
reduces soil erosion by controlling runoff and soil loss
(Issaharou-Matchi et al. 2016; Beyene 2021). These
characteristics may suggest that these species may be good
competitors in a low-pressure grazing system. These plants
(grasses and legumes) commonly co-occur in many habitats to
improve forage yield and quality (Eisenhauer and Scheu 2008).
They also represent important variations in photosynthetic and
growth rate physiology, morphology, and canopy architecture
that may contribute to the difference in competitive ability
(Roush and Radosevich 1985; Petruzzelli's et al. 2021).
Furthermore, the competitive ability between legumes and non-
legumes (grasses) for resources has already been tested by
several authors (DeBoer et al. 2020; Griner et al. 2020;
Khatiwada et al. 2020). To achieve the purpose of the study,
single container experiments were conducted to determine (i) the
effect of water deficit on above-ground biomass and height of
each species; (ii) the effect (in terms of biomass loss) and the
nature (intra-interspecific competition) of the competition among
the focus species underwater different regimes; (iii) the intensity
of the competition under different water regimes.

Zaré et al.

2 Materials and Methods
2.1 Study area

Seeds of the two annual legumes (S. obtusifolia and C.
mimosoides) and two grass species A.gayanus (perennial grass)
and P.pedicellatum (annual grass) were collected from the
rangelands of the Sahelian zone of Burkina Faso, particularly in
the Séno province whose capital town is Dori (figure 1). The
province, with an estimated population of 385,900 inhabitants
(INSD 2019), is cohabited by several ethnic groups including
Fulani, Fulcé, Mossi, Gourmantché, Bella, Rimaibé, etc. (Kiema et
al. 2012). Agriculture and husbandry are the main socio-economic
activities of the study area (Ayantunde et al. 2020). The province
falls within the Sahelian zone of Burkina Faso which is
characterized by average rainfall between 400 and 600 mm/year
and average annual temperature ranges between 22°C to 37°C.
Vegetation in this zone is dominated by desert grasslands and
scrub (Kiema et al. 2014). The woody layer is dominated by
Combretum glutinosum Perr. ex DC., Balanites aegyptiaea (L.)
Del., Acacia tortilis subsp. Acacia tortilis (Forssk.) Hayn,
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Figure 1 Geographical situation of the study area
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Faidherbia albida (Delile) A. Chev., (Fontes and Guinko 1995).
The vegetation of the herbaceous layer remains mainly dominated
by annual grasses and characteristic pasture grasses such as
Pennisetum pedicellatum Trin., Loudetia togoensis (Pilg.) Hubb.,
Triumfetta pentandra A. Rich, Achyranthes aspera L.,
Andropogon gayanus, Andropogon pseudapricus Stapf, Aristida
mutabilis Trin, Senna obtusifolia (L.) H.S. lrwin & Barnehy,
Tephrosia pedicellata Bak, Acanthospermum hispidum DC,
Schoenefeldia gracilis Kunth; Zornia glochidiata C.Rchb. ex DC.
(Kiema et al. 2014; Nacoulma et al. 2019). The pods containing
seeds were harvested at maturity in mid-November directly from
standing individuals to avoid infestation with soil and put into
envelopes. The harvested seeds were stored in the laboratory at
ambient temperature (25 to 30°C) for seven months from
November 2018 to June 2019.

2.2 Experimental conditions

The experiment was conducted under greenhouse conditions at the
National Forest Seed Center (12°24°-31°78°N and 01°28°-59°33°W)
in Ouagadougou Burkina Faso. The average minimum and
maximum temperatures within the greenhouse are 28.13°C and
36.3°C respectively while those in the open environment are 27.32°C
and 34.76°C. The experiment (from laboratory to greenhouse) started
on 22 June 2019 corresponding to the beginning of the rainy season
in Burkina Faso and was completed on 07 September 2019 when the
leaves of S. obtusifolia were almost yellowing. First of all, a
substrate was prepared and it is composed of soil, sand, and manure
in a ratio of 3:2:1. This was prepared by mixing 3-wheel barrows of
soil, 2-wheel barrows of sand, and 1 wheelbarrow of manure. The
complete substrate mixture was sterilized and from this 30 kg of the
substrate was filled in a container with a 50 cm diameter and 25cm
depth. The bottom of each container was carefully perforated to
allow the excess water to drain after watering. To ensure that
planting density would be enough to result in competition, laboratory
studies were conducted before sowing. These studies consisted in
lifting the tegumentary dormancy of the seeds by pre-treating them
with acid and water. The first pre-treatment consisted of soaking the
seeds of P. pedicellatum and A. gayanus in tap water for 24 hours.
The second pre-treatment was immersion of seeds in 96%
concentrated sulfuric acid (H2SOs), in this, S. obtusifolia seeds were
treated for 5 minutes and Chamaecrista mimosoides seeds for 3

12:0

9:3
Figure 2 Schematic diagram of the replacement series (O circles represent S.obtusifolia and A triangular represent one of the 3 other species)

6:6
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minutes. The acid-pretreated seeds were then washed with water for
15 minutes.

The germination rate was about 90% for all species. After two
weeks of sowing in the greenhouse, an adjustment was carried out
to obtain seedlings with similar sizes which 3; 6; 9, and 12
individuals in monoculture and 12 individuals per container in the
appropriate proportions in a mixture (figure 2).

2.3 Experimental design

Among methods to investigate the competitive relationships
between plants, the experiments in replacement series have been
widely used since its introduction by De Wit (1960) where one
species gradually replaces another in a mixture at constant overall
density (in this study constant overall density was 12). This
method allows the understanding of the competitive process
between plants. In particular, its application includes an aspect of
inter-and intraspecific interactions between wild plants (Solbrig et
al. 1988; Savi¢ et al. 2021). In order to assess the competitive
ability of S. obtusifolia, this method was used to assess how one
species growing in a mixture with another species can affect the
performance of this one. The focus was to determine how S.
obtusifolia responds in terms of biomass production when it
competes with A. gayanus, C. mimosoides, and P. pedicellatum.
Also, the variation of water regimes in the experiment aimed at
understanding how differences in water availability may change
the competitive relationship between S. obtusifolia and the target
species. Each of the species in this experiment was grown in
monoculture with 3:0; 6:0; 9.0 and 12:0 densities on one side. On
the other side, S. obtusifolia was grown in a mixture with the other
species in the proportion of 9:3; 6:6; 3:9 as shown in figure 2. A
total of 25 containers/pots were used in the experiment, among
these, 16 containers are in monoculture, and 9 containers are in
mixed species planting. Each container was replicated five times
giving a total of 80 containers in monoculture and 45 containers in
mixed culture i.e. 125 pots per block. Further, the total plant
density was twelve plants per container (60 plants m?). The
appropriate combined proportion of S. obtusifolia would reflect the
level of invasion of S. obtusifolia in the field.

For the water regime, a split-plot approach was used in a
randomized complete block design to avoid the microclimatic

3:9 0:12
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effect. Four (04) blocks corresponding to four watering regimes
were applied. The watering regime consisted of watering plants in
each container every two days with a determined amount of water
from the germination to the mature phenology stage. This quantity
of water or volume of water (VW) varied progressively from one
block to another according to the predefined level of stress. The
applicable volume of water was determined by calculating the field
capacity which is the mass of water remaining in the soil after a
rapid drainage of 1 to 2 days. It is expressed as a percentage of the
dry weight of the soil. A sample of dry soil placed in a container
was first weighed to determine the dry weight (DWs) and then
soaked in water to saturation. After 48 hours, the water infiltrated
through the perforated bottom of the container. The soil was
weighed again to determine its wet weight (WWSs). Then the field
capacity (FC) was determined in grams of water per gram of dry
soil using the following formula (Veihmeyer and Hendrickson
1931):

_ WWs - DWs

EC DWs

Where FC is the field capacity, WWs is the wet weight expressed
in kg and DWs is the volume of dry soil which is expressed in kg.

The volume of water (VWs) for each regime is determined from
the following formula VWs=VS*FC *X% with VWs being the
volume of water. VS represents the volume of dry soil, FC is the
field capacity, and X the portion corresponding to the level of
water stress applied. This portion varies progressively from 25%;
50%; 75% and 100%. Thus 100% FC is the proportion of water
irrigation in the control regime and the other three are considered
stressed regimes depending on the amount of water irrigation. All
blocks were under a plastic-covered greenhouse preventing
rainwater infiltration. The water stress application at the end of
germination consisted of watering all the plants regularly every
two days in the water regimes until the end of the experiment.

2.4 Measured parameters

To characterize the effects of water regime and competition on the
plants, the height and above-ground biomass of each plant species
were measured. Generally, plant biomass and height have been
used to provide information on the size and aggressiveness of a
species which may determine its competitive ability (Radosevich
1987; Reeves et al. 2021). The height (cm) for each species was
measured using a tape measure. Because of the difficulty of
accurately separating the roots of individual plants in each pot for
analysis and in particular for perennial grasses, only above-ground
biomass was examined (Meekins and McCarthy 1999; Bolinder et
al. 2002). When plants were in a vegetative state (50 days after
planting), above-ground plant materials were cut at soil level and
above-ground dry biomass of the plants was determined after
drying in an oven at 65°C for 72 h using a precision balance

Zaré et al.

(0.01g). These parameters provide a better understanding of the
mechanism adopted by each species under conditions of water
deficit combined with competition and thus help to evaluate
species adaptation potential (Kagambéga et al. 2019).

2.4.1 Sensitivity index

To characterize and compare the degrees of tolerance of the
different species to water deficit, the stress sensitivity index (SSI)
was calculated at the end of the experiment following the different
regimes. In this study, the stress sensitivity index developed by
Fischer and Maurer (1978) was used because it is successfully
applied in many studies (Nana et al. 2009; Kagambéga et al. 2019)
and was determined from the height of the plant species using the

formula below:
H1 - H2

SSI(%) = 100 x i

Where H; is the value of the plant's height in the control plants and
H; is the value of the plant's height in the stressed plants. Thus
stress sensitivity index based on plant height (SSI-H) was
determined for each species following the different regimes and
the species with the higher sensitivity value is the most sensitive.

2.4.2 Competition Index

Weigelt and Jolliffe (2003)have grouped the competition index
into three categories to quantify the effect and outcome of the
competition. In this study, three indices were calculated notably
the Relative Yield (RY), Relative Yield Total (RYT) to quantify
the effect of competition, and the Agressivity (A) to quantify the
intensity of the competition. All of these indices were calculated
using the weight of the average above-ground dry biomass per
species in each container.

2.4.3 Relative competitive ability

Relative values are used to compensate for absolute differences in
biomass between different species and to allow interspecies
comparisons to be made (Fowler 1982). The Relative Yield (RY)
value indicates the type of competition experienced by the species.
If RY is greater than 1.0, the interspecific competition is less than
the intraspecific competition. If RY is less than 1.0, the
interspecific competition is more than the intraspecific
competition. When RY is equal to 1.0, it indicates that the degree
of competition of the species in mixture and monoculture is the
same. The RY values were obtained according to the following
equation:

RYA= YA

"~ and RYB =1 (DeWitand Van den Bergh 1965)

PA & PB = mean yield of species "A' and "B' in monoculture;
Ma & Mb = mean yield of species "A" and "B’ in the mixture.
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Where, RY expresses the relationship between the mean yield of
species A (Ma) when grown in a mixture containing species B with
the mean yield of species A (Ma) when grown in monoculture and
conversely for species B. In this study, A represents S.obtusifolia
and B was represented by each of the 3 other target species.

Furthermore, the method of graphical analysis of the relative yield
can be used (Radosevich 1987; Galon et al. 2022). This model can
also involve the construction of a diagram based on the relative
yield (RY) and also the relative total yield (RYT) for the studied
plant proportions (0; 3; 6; 9 and 12). Equal competition between
species would be represented by lines with constant slopes across
all proportions resulting in an intersection point of the two curves
at the 50:50 proportions.

Expected RY (straight line) for a species occurs when plants of a
given species grow equally well in mixture and monoculture. That
means there is no effect of one species over the other or the ability of
the species to interfere with one another is equivalent. Comparisons
of the actual RY of each species with their expected RY (diagonal
dashed line in replacement diagrams) indicate competition if the
actual RY curve of one species is concave and that of the second
convex. When the RY of A is a convex curve, it indicates that the
growth of A in the mixture was positively affected whereas the
growth of B with a concave curve was negatively affected. However,
niche differentiation occurs if the actual RY curves of both species
are convex and there is mutual antagonism when the actual RY
curves of both species are concave.

Relative Yield Total (RYT) is a measure of resource
complementarities (Kumar et al. 2017). The RYT data were
represented by the Y. sum of the relative yield of A and B
(McGilchrist and Trenbath 1971). RYT equal to 1.0 (straight line)
means that there was competition for the same resources.
However, a value greater than 1.0 (convex line) means that there
was no competition either because the supply of resources exceeds
the demand or because the demands for the resources are different
for each species. Finally, a value of RYT less than 1 (concave line)
indicates the occurrence of antagonism that harmed the growth of
both species (Bastiani et al. 2016).

2.4.4 Intensity of competition

Aggressivity (A) is an index that has been proposed to measure the
strength of competition (Willey and Rao 1980). RY can be used to
determine the agressivity index (McGilchrist and Trenbath 1971;
Roush and Radosevich 1985). It is obtained according to the
following formula.

AA =1 (RYA-RYB)

AB =1 (RYB-RYA)

1154

Where RYa is the relative yield of species A and RYg is the
relative yield of species B. An aggressivity value of zero indicates
that component plants are equally competitive with the sign of the
dominant species being positive and that of the dominated species
being negative (Connolly et al. 2001). When two species are grown
together in a pot, the more aggressive species will have the higher
A value. The plant with the higher aggressivity value is assumed to
be the stronger competitor (Meekins and McCarthy 1999).

2.5 Statistical Analysis

To assess the differences between water regimes at each species
level, data obtained from the measured parameters (height and
biomass) were subjected to a one-way ANOVA analysis of
variance. A two-factor analysis of variance (ANOVA) was used to
assess differences in performance (SSI) between species in
response to the water regime. The interactive effects were
evaluated with the two-way ANOVA procedure. Means were
separated and ranked using the Tukey HSD (Honestly Significant
Difference) test at the 5% threshold. Index data were analyzed by
performing a three-way GLM ANOVA procedure. The effects of
species, proportions, and water regime on plant above-ground
biomass were examined using relative yield, and aggressivity
index as the dependent variables. Species combination and water
regime represent the fixed factors. RY and RYT from each mixed
culture were compared to the value of 1.0 using t-tests (P=0.05).
The aggressivity value from each mixed culture was compared to
the zero value using t-tests (P=0.05). All analyses were performed
using software version 4.1.0 (RCore Team 2021).

3 Results

3.1 Effect of water deficit condition on height and above-
ground biomass

Water deficiency significantly reduced the vegetative growth of the
four herbaceous species. Regarding the morphological parameters,
height and biomass values were negatively influenced by water
regimes i.e. control (100% FC); sufficient water supply (75% FC);
moderate water stress (50% FC), and severe water stress (25%
FC)for all species (Figures 3 and 4). Height was higher in the
control block containers and progressively reduced until severely
water-stressed blocks. A similar trend was observed for above-
ground biomass (Figures 3 and 4) indicating a positive correlation
(r=0. 69) between these two parameters.

Concerning the plant height, the sensitivity stress index (SSI-H),
increased progressively from the water regime of 100% FC to the
most stressed one 25% FC (Figure 5). Significant variability in
stress sensitivity stress index (SSI-H) was observed for each
species under different water regimes (Figure 5). The stress
sensitivity index varied significantly with the water stress regime and

Journal of Experimental Biology and Agricultural Sciences
http://www.jebas.org



with the combination of species (Tablel). However, the sensitivity 7.81 e-14) (Figure 5).With its highest sensitive index, S. obtusifolia
stress index did not vary significantly between species in the regime was the most sensitive species to water deficit compared
75% FC and 50% FC. In opposite, in the regime 25% FC there is a respectively to the other three species, i.e. C. mimosoides, P.
highly significant variation of the SSI-H (dl = 3; F =26.72 and p < pedicellatum, and A. gayanus (Figure 6).

230 + w 100%FC w75%FC w50%FC = 25%FC
200 A
E
2 150 -
i
D
@
100 -
50 1
0 4
Pennisetum Senna Andropogon  Chamaecrista
pedicellatum obtusifolia gayanus mimosoides
Species

Figure 3 Variation in species height under different water regimes (Values without common letter differ significantly
at P < 0.05 as per Tukey HSD test); error bars represent standard deviation

1400 1 3 L100%FC w75%FC m50%FC  =25%FC
1200
1000

800

O
= o
= o

(gfcontainer)

M
]
]

]

Above-ground dry biomass

Pennisetum Androgon Senna Chamaecrista
pedicellatum gayanus obtusifolia mimosoides

Species
Figure 4 Variation in species biomass under different water regimes (Values without common letter differ significantly
at P <0.05 as per Tukey HSD test); error bars represent standard deviation
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Tablel Effect of species combination and water regime on the stress sensitivity index (SSI-H)

Source of variation

F value Pr(>F)

Species 3 23.244 0.006*
Water regime 3 689.092 <0.002*
Species x water regime 9 7.907 0.007*

*means significantly different
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Figure 5 Variations in species sensitivity index to different water stress regimes (Values without common letter differ significantly
at P <0.05 as per Tukey HSD test); error bars represent standard deviation; SSI-H: stress sensitivity index based on plant height
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Monoculture

Table 2 Dry above-ground biomass (g) of plant species in monoculture and mixed culture under different water regimes

Zaré et al.

Mixed culture

Water regime Species Species Mean
SA 59.97 +2.10 -2.77 0.037*
S. obtusifolia 90.98 + 35.97 sC 86.97 + 28.23 -0.36 0.984ns
SP 60.17 + 29.41 -2.75 0.039*
A. gayanus 385.57 + 108.85 AS 376.21 + 103.88 0.06 0.81ns
Control (100%FC) C. mimosoides 93.77 +36.71 cs 53.97 + 28.77 10.92 0.002%**
P. pedicellatum 1490.83 +688.03 PS 1476.42 + 68.55 0.003 0.950ns
SA 43.06 +21.21 -3.28 0.001***
S. obtusifolia 7454 +32.25 sC 68.55 + 28.98 -0.62 0.924ns
SP 41.66 + 20.78 -3.42 0.001*
A. gayanus 237.94 +93.96 AS 226.39 + 81.47 0.13 0.72ns
C. mimosoides 64.71 + 22.74 cs 32.73+14.91 20.75 0.001***
Sufficient water P. pedicellatum 830.75 + 377.76 PS 818.33 + 382.69 0.008 0.93ns
supply (75%FC) SA 27.83 +15.09 -3.29 0.001***
S. obtusifolia 47.82 +£23.34 SC 43.94 +13.72 -0.64 0.91ns
SP 24.96 +12.03 -3.77 0.002***
A. gayanus 187.05 * 66.30 AS 177.85 +54.96 0.17 0.68ns
C. mimosoides 47.97 +15.21 cs 25.01+13.43 19.19 0.001***
Moderate water P. pedicellatum 342.63 + 130.87 PS 330.98 + 128.90 0.06 0.80ns
stress (50% FC) SA 17.21 +5.60 -4.90 0.001***
S. obtusifolia 38.86 + 19.92 sC 22.25+6.03 -3.75 0.002***
SP 14.66 + 11.02 -5.47 0.001***
A. gayanus 147.10 +43.18 AS 131.00 + 23.38 1.61 0.21
Se"ezg’:jj‘fé;"ess C. mimosoides 25.27 +3.33 cs 13.66 +3.18 95.14 0.001*
P. pedicellatum 290.05 + 115.70 PS 286.11 + 115.81 0.009 0.92ns

The values used are averages and (*) indicate significance at the 5% threshold according to the Tukey HSD test; *** Highly significant; ns
not significant; + standard error Here SA: Senna obtusifolia in mixture with Andropogon gayanus; SC: Senna obtusifolia in mixture with
Chamaecrista mimosoides; SP: Senna obtusifolia in mixture with Pennisetum pedicelatum; AS: Andropogon gayanus in mixture with Senna
obtusifolia; CS: Chamaecrista mimosoides in mixture with Senna obtusifolia; PS: Pennisetum pedicellatum in mixture with Senna obtusifolia

3.2 Effect of competition under the water regime
3.2.1 Biomass production

The above-ground dry biomass of S. obtusifolia was negatively
influenced in combination with A. gayanus and P. pedicellatum
under the four water regimes. In contrast, the above-ground
biomass of S. obtusifolia was not influenced in combination with
C. mimosoides. Indeed, a significant difference (P<0.05) was
found between A. gayanus and P. pedicellatum under the four
water regimes (table 2). In contrast to this, no significant difference
(P> 0.05) was reported between the biomass of S. obtusifolia in

monoculture from its production in mixed culture with C.
mimosoides under a water regime of 100% FC; 75% FC, and 50%
FC. While in the case of 25% FC water regime a significant
difference (P<0.05) was found between the biomass of S.
obtusifolia in monoculture from its production in mixed culture
with C. mimosoides. Biomass of A. Gayanus and P. pedicellatum
in monoculture was not significantly different (P> 0.05) from their
biomass production in mixed culture with S. obtusifolia in all
regimes (table 2). Further, the biomass of C. Mimosoides in
monoculture under severe water stress (regimes of 25% FC) was
significantly different from its biomass in mixed culture with S.
obtusifolia.
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3.2.2 Relative Yield and Relative Yield Total proportions, and species (P<0.05). Under all water regimes

regarding S.obtusifolia and C. mimosoides, RY of S.obtusifolia
Relative Yield (RY) and Relative Yield Total (RYT) based on the over-yielded the expected (diagonal dashed line) and had always
shape of the curves differed significantly among regimes, convex curves except for proportions 6:6; 9:3, and 12:0 under
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Figure 7 Replacement series diagrams illustrating mean + sd relative yield of S. obtusifolia (o), C. mimosoides(A), A. gayanus (A),
P. pedicellatum (A) and relative yield total (e) as a function of species proportion. Dashed lines represent the expected values
in the absence of competition and solid lines represent the observed values when the species competed in different plant
proportions. Proportions 100%, 75%, 50%and 25% represented different water regimes.
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water deficit (25%FC) where it under-yielded the expected and had
a concave curve (figure 6). Whereas, the curve of C. mimosoides
was concave for 0:12 to 6:6 proportion and became convex until
proportion 12:0.

RY of S. obtusifolia and A. gayanus, when grown together were
significantly different from expected values in each mixture
proportion under all water regimes. S. obtusifolia over-yielded the
expected and had a convex curve for 0:12 to 6:6 proportions and
later on these curves became progressively concave for the
proportion 12:0 whereas A.gayanus over-yielded the expected in
all proportions under all regimes (figure 6).

RY of S. obtusifolia and P. pedicellatum were significantly
different from expected values in each mixture proportion under all
water regimes. RY of S. obtusifolia was significantly higher than
expected and had convex curves from proportions 0:12 to 6:6.
These curves became progressively concave after proportion 6:6,
whereas

P.pedicellatum over-yielded the expected in all

Mean + sd

Water regimes S. obtusifolia X C.

Proportions

Table 3 Effect of different water regimes on the Aggressivity of selected species

Zaré et al.

proportions under all regimes. Mixtures were under-yield i.e. RYT
and RY of the four species in the mixture at all regimes were each
other less than 1.0 as represented by the dashed line in figure 7.

3.2.3 Intensity of competition

The aggressivity index (A) differed significantly between species
and proportions of species combination in pairs but not for the
regime (Table 3). S. obtusifolia had a positive aggressivity value
while C. mimosoides had negative aggressivity across all
proportions at almost all water regimes. In contrast, when
S.obtusifolia was grown in a mixture with A. gayanus and P.
pedicellatum, the aggressivity value of S.obtusifolia was negative
whereas the aggressivity of A.gayanus and P.pedicellatum were
positive (table 3). Water regime, species combination, and
interactions of species significantly affected the aggressivity index
(A). However, the Relative yield total (RYT) was not affected by
the interaction between the water regime and species combination
(table 4).

Mean + sd Mean + sd

S. obtusifolia X A. gayanus

S. obtusifolia X P. pedicellatum

mimosoides
Control 75:25 0.25 + 0.06* -0.09 £ 0.02* -0.12 £ 0.04*
50:50 0.1+0.09 -0.21 +£0.03* -0.15 +0.03*
25:75 0.31+0.11* -0.16 +£ 0.09* -0.25 + 0.04*
Stand mean 0.22 £0.08 -0.15+0.05 -0.17+0.04
Sufficient water supply 75 :25 0.22 +0.04* -0.17 £ 0.04* -0.19+0.3
50:50 0.17 £ 0.09* -0.21 £ 0.05* -0.18 +0.3*
25:75 0.25 +0.10* -0.2 +0.04* -0.29+ 0.3
Stand mean 0.21+0.07 -0.19 £ 0.04 -0.22+£0.3
Moderate water stress 75:25 0.2 +0.06* -0.18 £ 0.03* -0.2+0.04
50 :50 0.19+0.25 -0.2 £ 0.05* -0.21 +£0.03*
25:75 0.36 +0.17* -0.2 £0.03* -0.23+£0.03
Stand mean 0.25+0.09 -0.19+£0.04 -0.13+0.03
Severe water stress 75:25 0.01+0.01 -0.31 £0.01* -0.26 £ 0.03*
50:50 -0.01+0.07 -0.16 + 0.09* -0.34 £ 0.04*
25:75 0.18 + 0.06* -0.16 + 0.05* -0.34 +0.05*
Stand mean 0.18+0.09 -0.21+0.05 -0.31+0.04

Aggressivity value (meanz sd) of C. mimosoides, A. gayanus, P. pedicellatum when grown with S. obtusifolia at different combinations under
different water regimes control (100% FC); sufficient water supply (75% FC); moderate water stress (50%FC) and severe water stress (25%
FC); here the proportion is the ratio of the percentage of S. obtusifolia plants to the target species in a container; A: t-test being considered

significant (*) when differing (p < 0.05) from 0.
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Table 4 The effects of species combination and water regime on the Aggressivity (A) and Relative yield total (RYT)

DF F-value P-value F-value P-value

Species 3 30.36 0.001*** 15.26 0.001***

Proportion 2 8.23 0.001*** 28.71 0.001* **
Regime 3 1.40 0.25ns 3.16 0.031 *
Species-proportion 4 9.05 0.001*** 1.47 0.212ns
Species-regime 6 2.44 0.03* 2.03 0.061ns
Proportion-regime 6 1.29 0.03* 1.50 0.182ns
Species-proportion-regime 12 155 0.11ns 1.19 0.291ns

The values used are averages and (*) indicate significance at the 5% threshold according to the Tukey HSD test examined with three-way of

Anova.. (***) Highly significant; (ns) not significant.

4 Discussion

4.1 Effect of water stress on plant's height and above-ground
biomass

In this study, all four species' height and above-ground biomass
were negatively affected by water stress. This could be explained
by the juvenile state of the plants (16-day-old plants) during the
induction of water deficiency and duration of stress. Indeed, the
response of a plant to water deficit is complex and depends on the
stage of development of the plant, the intensity of the deficit, the
duration of the stress, the genotype of the plant, and the state the
plant was in when the stress occurred (Sawadogo et al. 2006;
Aziadekey et al. 2014; Peng et al. 2022). In addition, when the
plants are subjected to long-term severe water stress during the
vegetative growth stage, the stress may be great enough to cause
substantial yield losses (Wijewardana et al. 2019).

Plants subjected to soil moisture deficit conditions experienced a
decrease in the performance of their parameters (height and
biomass) compared to plants of the control regime. This reduction
in growth following a water deficiency is considered a regulatory
mechanism allowing the adaptation of plants to water restrictions
by a reduction in the transpiration surface (Chaves et al. 2002;
Yang et al. 2021; Wu et al. 2022).

Furthermore, the sensitivity index (SSI-H) varies significantly
for each species under different water regimes. The differences
observed between species showing their degree of sensitivity to
water stress would be due to the intrinsic characteristics of each
species as reflected in the sensitivity index. Grasses are
empirically considered "tolerant” to drought (Baruch 1994; Pardo
and VanBuren 2021). Hence A. gayanus was one of these grasses
relatively more tolerant and less affected by drought due to a
slowing down of the growth of the aerial organs in favour of root
development which preferentially glues the layers of the
substrate with residual humidity (Buldgen 1997). In the severe

stress regime, S. obtusifolia was the most sensitive species to
water deficit (having the highest sensitive index) compared
respectively to the other species i.e. C. mimosoides, P.
pedicellatum, and A. Gayanus.

However, a plant is tolerant when it can maintain its metabolic
activity under low water potentials (Kagambega et al. 2019). The
species with the lowest sensitivity index to water stress, in
decreasing order, were A. Gayanus, P. pedicellatum, and C.
Mimosoides suggest that these species are the most tolerant to
water deficits. Previous studies (Bargali and Bargali 2016; de
Moura et al. 2020) have reported that A. Gayanus and P.
pedicellatum are drought-tolerant species. In addition, it is argued
that C.mimosoides can withstand low water deficit (Bargali and
Bargali 2016). On the contrary, S. obtusifolia, characterized by the
highest sensitivity index, is the least tolerant to water deficit in
soil. This shows that S.obtusifolia prefers well-drained soils (DAF
2016). This situation could suggest that S.obtusifolia used less
water under water deficit than the other species. Similarly,
Moreshet et al. (1996) reported that S.obtusifoliatends to use less
water than Arachis hypogea when grown together in a mixture
with Arachis hypogea (peanut) under water deficit.

4.2 Effect of competition
4.2.1 Biomass production

The biomass of S. obtusifolia is significantly reduced when grown
in a mixture with A.gayanus or P.pedicellatumas compared to its
biomass in monoculture under all regimes except C. mimosoides.
In contrast to this, the biomass of A. gayanus and P. pedicellatum
are not significantly influenced when comparing their performance
in mixtures versus monocultures. According to Hartvigsen (2000),
the growth of some species is restrained when grown in mixtures.
Furthermore, the combination of S. obtusifolia and C. mimosoides
revealed that in the three least stressed regimes, the biomass of S.
obtusifolia was not influenced while the biomass of C. Mimosoides
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decreased as compared to its biomass in monoculture. However,
the biomass of S. obtusifolia decreased when grown in a mixture
with C. mimosoides under the severe water regime. Our results are
in line with the evidence showing that invasive plant species often
produced more biomass than competing plant species under high
water conditions while the opposite pattern has been found under
drought as the invaders became less competitive than competing
species (Kelso et al. 2020).

4.2.2 Relative competitive ability

Interaction among S. obtusifolia and other species in the mixture
was negative showing a frequent occurrence of interspecific
competition. In general, equal competition between species would
be represented by lines with constant slopes across all ratios
resulting in an intersection point of the two curves at the 50:50
ratio. In this study, the curve representing the relative yield of
S.obtusifolia and the curves of the relative yield of each species in
a mixture with S. Obtusifolia usually do not intersect at the 6: 6
proportion. Moreover, the curve of S. obtusifolia is generally
concave and yields less than the expected quantities while curves
of A. gayanus and P. pedicellatum are convex and yield higher
than the expected quantities across all regimes. These trends
suggest that S. obtusifolia was subordinate whereas A. gayanus and
P. pedicellatum were the dominant species. In contrast to A.
gayanus and P. pedicellatum, C. mimosoides was negatively
affected by the presence of S. obtusifolia under all regimes. The
RY curve of C. mimosoides was concave and produced yields less
than expected while the RY curve of S. obtusifolia produced a
yield higher than expected.

However, in S. obtusifolia combinations with the other three
species (A. gayanus, C. mimosoides, and P. pedicellatum), the
relative yields total values were less than expected and indicated
that there was intense competition between their populations. The
relative yields total may be lower than expected (dashed line) if
one species or both are more affected than expected when there is
crowding for the same space (Baghdadi et al. 2016). When the
total value of relative yield is lower than expected, it may be a case
of mutual antagonism (Dekker et al. 1983). This suggests that one
species may produce a toxin that reduces the growth of the other
species (allelopathy) or one of the species in combination may lose
its ability to grow due to the presence of its congener.

Similar studies on legume and non-legume mixtures had attributed
high values of relative yields total through the use of different
nitrogen sources in addition to differences in root and above-
ground characteristics (Zand and Beckie 2002; Ball et al. 2020).
Contrary to their study, the results of this study showed a lower
value of relative yield totals through the use of water stress as the
main factor in addition to above-ground biomass. Our results are in
agreement with Martin and Field (1984) who found relative yields

Zaré et al.

total values less than expected by using grass-legume mixtures in
shallow boxes in addition to differences in root and above-ground
biomass. This situation suggested that the value of relative yields
total in grass-legume competition depends on the nature of the
species, resources, and the measured parameters.

4.2.3 Intensity of competition

S. obtusifolia was the subordinate species and A. Gayanus and P.
pedicellatum were dominant except C. mimosoides. The
aggressivity of S.obtusifolia was negative and lower while the
aggressivity of A. gayanus and P. pedicellatum were positive and
greater when grown in all proportions under all water regimes.
The highest aggressiveness value of A. gayanus and P.
pedicellatum may be due to their efficient C4 photosynthetic
pathway and high nitrogen and water use efficiency. This result
supports the view of Zhang et al. (2011), and Sheppard (2019)
who reported that the species with the greater competitive ability
is usually termed as the dominant species or superior competitor
and has a greater ability to acquire resources and to occupy the
superior ecological niche. S. obtusifolia was expected to be the
best competitor in its proliferation in the Sahel rangelands. In
addition, previous studies show that this species is the most
troublesome or best competitor when in a mixture with soybean
(Glycine max), tobacco (Nicotiana tabacum L.), peanut (Arachis
hypogaea L.), cotton (Gossypium hirsutum) and vegetables
(Buchanan et al. 1980; Monks and Oliver 1988; Webster and
Macdonald 2001) due to its many competitive attributes such as
fast-growing, deep-rooting, rapid biomass accumulating and
forms a close canopy cover to recycle nutrients from the subsoil
and suppress the growth of noxious weeds (Hauser et al. 1975;
Holt 1995). However, the experimentation in the greenhouse
under water stress revealed that this species is a poor competitor
suggesting that its invasion could be favoured by other factors.
These results are in agreement with Chambers et al. (2014), and
Waddell et al. (2020) who report that generally invasion is
facilitated by land uses or management activities that disturb
native vegetation increase resource availability, and promote the
establishment and spread of the species. Moreover, the degree of
this disturbance may be partly due to overgrazing (Hobbs and
Huenneke 1992; He et al. 2022)

Conclusion

From the results of the study, we can deduce that the predictive
competitive ability of S. obtusifolia is not due to its biology but
due to the presence of other factors. Specifically, the current
invasion of S. obtusifolia could be favored by overgrazing in the
rangeland which reduces fodder species’ dominance and
competitiveness. Further, good and sustainable management of
sahelian rangelands by controlling grazing would help to reduce S.
obtusifolia invasion and provide more fodder for livestock.
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