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Allelopathic hypotheses revisited: the
interactions between native and exotic
species in the Brazilian savanna

CRISTIELE DOS SANTOS SOUZA, GABRIEL MARINS, ISABELA FERNANDA L.G.
CAMARGO, LARISSA BOAZ DE LIMA, ANABELE STEFANIA GOMES & FABIAN
BORGHETTI

Abstract: We investigated allelopathic interactions between native and exotic species of
the Cerrado biome. We studied the effects of the exotic Andropogon gayanus and the
native A. bicornis on the initial growth of two native (A. fastigiatus and Lepidaploa aurea)
and two exotic species (Melinis minutiflora and Stapfochloa elata). Leaves or roots of
the donors were each mixed at ratios of 0.75, 1.5 and 3% (litter/soil) with soil samples
collected in the same areas where they spontaneously co-occur with their target species.
We found that A. gayanus inhibited the growth of all target species, what agrees with
the novel weapon hypothesis. The native A. bicornis stimulated the growth of the two
native species and of S. elata but inhibited the growth of the exotic M. minutiflora, in
line with the homeland security hypothesis. Our studies suggest that allelopathy may
have a part in the invasiveness of A. gayanus and that the inhibitory effect of A. bicornis
on the growth of M. minutiflora might help to control the spread of this exotic grass. We
conclude that allelopathy may be involved in the interactions between species and be
used in controlling the spread of exotic species over many areas of the Cerrado.

Key words: Allelopathy, initial growth, invasive grass, plant interaction, plant litter,

savanna.

INTRODUCTION

Invasions by exotic species have disrupted
native vegetation and compromised global
biodiversity (Vila et al. 2011, Linders et al. 2019).
In particular, neotropical savannas have been
largely invaded by African grasses (Pivello et al.
19993, Pivello et al. 1999b, Barbosa et al. 2008,
Lannes et al. 2012). Currently, more than 44% of
native areas of the Cerrado biome (the Brazilian
savanna) have been replaced by African grass
species (Mapbiomas 2022). The effects of invasive
species on plant recruitment and growth can
reduce native species’ distribution (Velazco et
al. 2019) and even eradicate them from their
original areas (Martins et al. 2017, Thomas et

al. 2018), resulting in ecological imbalances due
to changes in the structure and composition of
the community (Pivello et al. 1999a, Hoffmann &
Haridasan 2008, D'Antonio et al. 2011, Lorenzo et
al. 2012, Horowitz et al. 2013, Sharma et al. 2017).

Studies suggest that allelopathy might play
a part in successful invasion by exotic species
(Callaway &Aschehoug2000, Callaway &Ridenour
2004, Del Fabbro et al. 2014). Allelopathy is
a phenomenon that involves the release of
chemical compounds (allelochemicals) by
donor plants, which can positively or negatively
influence the growth and development of
neighbors, also referred as target species (Rice
1984, Pires & Oliveira 2011). Allelochemicals can
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be released into the environment via leaching
from shoot, root exudation, and decomposing
plant material (Rice 1984, Djurdjevic et al. 2011,
Hassan et al. 2014).

The susceptibility of the target species to
allelochemicals might be linked to their shared
evolutionary history (Callaway & Ridenour 2004,
Cummings etal.2012, Thiébaut etal.2019).Species
which share the same evolutionary history
tend to be less susceptible to allelochemicals
produced by each other (Callaway & Ridenour
2004) than species that evolved in different
geographical regions but that eventually come
into contact due to an invasion process (Reigosa
et al. 1999).

Due to the lack of mechanisms of defense
against unknown chemical compounds, the
allelochemicals of invading species tend to have
a greater, usually negative effect on species
occurring in the invaded region than on species
with which they coexist in their region of origin
(Hierro & Callaway 2021). This relationship led
to the concept of the novel weapon hypothesis
(Callaway & Ridenour 2004). According to
the hypothesis, species that coexist or have
previously coexisted develop greater tolerance
to allelochemicals produced by each other than
species that have no historic of coexistence
(Hierro & Callaway 2021).

On the other hand, native species also
produce allelochemicals that might help
to protect themselves against the invaders
(Callaway et al. 2005, Goergen et al. 2011, Inderjit
et al. 2011, Cummings et al. 2012). Moreover,
native species might increase the production of
allelochemicals in response to invasive species
and it might increase the resistance of native
to exotic species as a function of the time since
invasion (Inderjit et al. 2011). These observations
have contributed to the formulation of the
homeland security hypothesis. According to this
hypothesis, exotic species would be sensitive
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to allelochemicals produced by native species,
what would reduce their growth and impacts
on natural communities (Cummings et al. 2012).
Consequently, allelopathic effects are expected
to be milder between plant species that have
a long period of co-occurrence than between
species which co-occurrence resulted from
invasion (Callaway & Aschehoug 2000, Callaway
& Ridenour 2004, Cummings et al. 2012, Del
Fabbro et al. 2014, Ning et al. 2016).

The present study investigated the
allelopathic potential of leaves and roots of two
congenerics, the exotic Andropogon gayanus
and the native A. bicornis on the initial growth
of two native (Andropogon fastigiatus Sw. and
Lepidaploa aurea (Mart. Ex DC.) H. Rob.) and two
exotic species (Melinis minutiflora P. Beauv. and
Stapfochloa elata (Desv.) PM. Peterson) of wide
distribution in the Cerrado. We investigated: (1)
Whether the two exotic target species are more
sensitive to phytotoxic compounds produced by
the native A. bicornis than to those produced by
the exotic A. gayanus; (2) Whether the two native
target species are less sensitive to phytotoxic
compound produced by the native A. bicornis
than to those produced by the exotic A. gayanus.

MATERIALS AND METHODS
Donor species

Andropogon gayanus Kunth. (locally known as
gamba grass) is one of the most common African
species inthe Cerrado (Sampaio & Schmidt 2013).
It was introduced into the region as forage in the
1980s (Zanin & Longhi-Wagner 2011), fruits year-
round (Thomas & Andrade 1984) with around 604
+ 81 seeds per inflorescence and presents a high
dispersal capacity (Musso et al. 2019), which may
have contributed to its broad distribution across
different environments. Due to its adaptation
to drought and acidic soil (Thomas & Andrade
1984), this species also invades areas under
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ecological restoration and usually compromises
restoration processes (Sampaio et al. 2015, Liaffa,
unpublished data).

Individuals of A. gayanus were shown to
produce a considerably high biomass (Thomas
& Andrade 1984), reduce native species richness
(Flores et al. 2005), affect soil seed bank
dynamics and increase fire intensity (Marinho &
Miranda 2013). The impacts of this alien grass
on ecosystem dynamics and its rapid spread
over conservation units (Sampaio & Schmidt
2013) suggest that this species might benefit
from some species- specific attribute that
contributes with its invasion process. In the
light of the novel weapon hypothesis (Callaway
& Ridenour 2004), allelopathy could be behind its
impacts on the dynamics of native vegetation.

Ontheotherhand,allelochemicals produced
by native species might in some way control the
spread of exotic invaders, thus allowing native
communities to resist invasions (Cummings et
al. 2012). This possibility finds strong evidence in
studies with native species (Cummings etal. 2012,
Hou et al. 2012, Ning et al. 2016), including those
from the Cerrado (Allem et al. 2014, Lopes et al.
2018, Grossi et al. 2021). As such, and in the light
of the homeland security hypothesis (Cummings
etal. 2012), it might be relevant to check whether
native donor species exhibit greater allelopathic
potential against exotic than against natives.

Andropogon bicornis L. (commonly known
as donkey’s tail grass) is a ruderal species native
to the Cerrado (Pastore et al. 2012) that typically
occurs at sites under early stages of succession
and can rapidly cover degraded areas (Zanin &
Longhi-Wagner 2011). It produces a large quantity
of empty caryopses (approximately 60%) (Dairel
& Fidelis 2020) which consequently reduces its
germination potential (Carmona et al. 1998). The
rapid growth and ability to colonize disturbed
areas point A. bicornis as suitable for using in
restoration programs conducted in Cerrado
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physiognomies (Filgueiras & Fagg 2008, Jacobi
et al. 2008, Rodrigues et al. 2009, Neri et al. 2017,
Sampaio et al. 2015). Besides, being congeneric
of A. gayanus, we avoid phylogenetic bias in our
study.

Native target species

Andropogon fastigiatus (Poaceae) is a native
species of considerable distribution over the
Cerrado (Zanin & Longhi-Wagner 2011). Its rapid
growth and high survival rate promote ~30%
soil coverage within one year after planting,
what contributes with the establishment of
other native species, such as Aristida riparia
Trin, Lepidaploa aurea and Schizachyrium
sanguineum (Retz.) Alston (Pellizzaro et al. 2017).
Andropogon fastigiatus also colonizes disturbed
areas, typically along roadsides, where it can
form dense populations (Zanin & Longhi-Wagner
2011). Seeds of A. fastigiatus were collected in
the municipality of Alto Paraiso de Goias (14° 10’
14" S 47° 51" 347" W), in January 2020, and kept
under dry storage in paper bags for one year
at a temperature of 18/28 °C in a dark room at
the Rede de Sementes do Cerrado, Brasilia (DF),
Brazil.

Lepidaploa aurea is a native, ruderal
subshrub of the Asteraceae family (Lorenzi
2008), which presents rapid growth and ability
to colonize degraded areas (Farias et al. 2002).
Seeds of L. aurea were collected in native
Cerrado fragments at the Darcy Ribeiro Campus
of the University of Brasilia (15° 16" 4815" S, 49°
47" 50.81” W), in July 2021 and were used in the
experiments as soon as possible.

Exotic target species

Stapfochloa elata (synonyms: Chloris elata Desv.,
C. dandyana C.D. Adams and C. polydactyla
(L) Sw.) (Pereira & Barreto 1985) is a native
grass from an indigenous reserve in Colombia
(Brazilian Biodiversity Information System 2021).
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First cited in 1788 by Swartz (Pereira & Barreto
1985), this species is frequently found along
roadsides and open areas, and is well adapted to
nutrient-poor soils, such as those of the Cerrado
(Carvalho et al. 2005). Generally associated with
secondary vegetation (Pereira & Barreto 1985),
this species flowers almost all year-round
(Kissmann & Groth 1997) and produces more than
90,000 seeds per plant, which are easily carried
by the wind (Brighenti et al. 2007). Due to its
efficient reproductive capacity, S. elata has been
recognized as a weed in sugarcane (Carvalho
et al. 2005) and citrus fruit crops (Villela et al.
2021). Seeds were collected from anthropized
areas in the municipality of Rubiataba (15° 10’
18.77" S, 49° 48 14.31" W), in February 2021, and
immediately used in the experiments.

Melinis minutiflora was introduced
accidentally in Brazil in the 19" century via
the slave trade (Filgueiras 1990) and is currently
one of the most common African grasses in the
Cerrado (Hoffmann et al. 2004, Durigan et al.
2007). Its fast spread over the Cerrado has caused
a sharp decline in its biodiversity (Durigan et
al. 2007) and changed the fire dynamics of this
biome (Hoffmann et al. 2004). This species can
disperse over 81,000 seeds per square meter of
soil (Durigan et al. 2007), and the seeds present
a considerably high viability and germination
rate (Martins et al. 2009, Aires et al. 2014). Seeds
were also collected from anthropized areas
in the municipality of Rubiataba, in February
2021. Important to mention that all the target
species selected for this study can be found
spontaneously occurring at the same sites as
A. gayanus and A. bicornis, so they would be
appropriate species for prospective studies
of potential allelopathic effects of the donor
species in their areas of occurrence.

Plant material of the donor species and prepa-
ration of the substrates
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Leaves and roots of the native A. bicornis were
collected from at least ten individuals selected
by chance and at least 2m apart from each other
in the municipality of Rubiataba (15° 10" 18.77"
S, 49° 48 14.31" W), in an area formerly used for
livestock.

Leaves and roots of the exotic A. gayanus
were collected from at least ten individuals each
randomly selected fromfive different populations
occurring in an anthropized area of Cerrado in
the University of Brasilia campus (15°16" 4815"
S, 49° 47' 50.81" W). Leaves and roots of both
donor species were collected during the rainy
season between November 2020 and January
2021. The leaves and roots of each species
were dried in an oven at 60°C for 72 h (Lopes,
unpublished data). After, the plant material was
separately chopped into 3 to 5cm fragments to
ease their incorporation into the soil samples
taken from the same areas where the donor and
target species spontaneously occur (see Table I).
Before mixing, the soil of each site (see below)
was sieved and dried at 18/28°C for 72 hours
before use, reaching around 56% of moisture.
These procedures followed the methodology as
described in Allem et al. (2014).

Fifteen soil samples were collected from
each of the two sites under study. The soil
samples were collected at random but covering
much of each site from a depth between 0-10
cm with the aid of a hoe. These samples were
separately homogenized per site and stored for
up to five days at dark in a thermic container at
8°C. Five samples of 250¢g from each site were
sent for soil analysis (Centro de Tecnologia
Agricola e Ambiental, Campo Analises) following
standard procedures for soil analysis (Manaus:
Embrapa Amazonia Ocidental 2005).

We decided to collect soil samples from
the same sites where donor and target species
spontaneously co-occur due to the importance
of considering the interaction of the donor
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Table I. Analysis of soil samples collected in the
experimental areas. Results of the analysis of soils
sampled in the collection area of the native donor
Andropogon bicornis L. (municipality of Rubiataba,
Goias - 15° 10’ 18.77" S, 49° 48’ 14.31” W) and of the
exotic donor Andropogon gayanus Kunth. (Darcy
Ribeiro Campus of the University of Brasilia - 15° 46’
29.5” S, 47° 52’ 6.9” W). Soil analysis were performed at
the Centro de Tecnologia Agricola e Ambiental, Campo
Andlises, Paracatu city (MG), Brazil.

Soil sampling site

Variable ) )
Native Exotic
pH 5.3 6.3
Organic matter 1.7 dag/Kg 14 dag/Kg
C 1 dag/Kg 0.8 dag/Kg
P 19 mg/dm’ 05 mg/dm’
K 36.5 mg/dm’ 429 mg/dm’
S 1 mg/dm’ 23 mg/dm’
Ca 16 c/dm’ 31c¢/dm’
Mg 0.5 c/dm’ 0.2 c/dm’
Al 04 c/dm’ <01 ¢/dm’
N 01% 0.05%
B 013 mg/dm’ 017 mg/dm’
Cu 13 mg/dm’ 0.6 mg/dm’
Fe 394 mg/dm’ 54 mg/dm’
Mn 29.3 mg/dm’ 6.8 mg/dm’
Zn 157 mg/dm’ 245 mg/dm®
Sand 49.8 % 552 %
Silt 302 % 14 %
Clay 20 % 334 %

plant, in particular its rhizosphere, with the soil
microbiota (Lorenzo et al. 2013).

The leaves and roots of the donor species
were separately incorporated into the soil at
ratios of 0.75, 1.5 and of 3%. These ratios were
calculated according to the amount of litter
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produced by each donor species per month per
square meter of soil. For the exotic donor (A.
gayanus) the amount of plant litter produced
is between 81.7 and 229 grams per square meter
(Thomas & Asakawa 1993). For the native donor
(A. bicornis) the absence of this information in
literature prompted us to check for it under field
conditions. For that, between August-September
2020 ten adult individuals were randomly
selected in the same experimental area and
any plant material fallen around them was
gently removed; as well, the soil surrounding
each individual was cleaned from debris. One
month later, the litter produced in 1square meter
surrounding each individual were taken and
dried in an oven at 60°C for 72 h. Based on the
amounts recorded, we estimated a production
of litter between 82 and 164 grams per square
meter.

So, assuming a soil depth of 1cm, where most
of seedling roots are located during their initial
establishment, a soil volume of 0.01m* (1m? x
0.01m, or 10 L) would be directly influenced by
the plant litter. Considering that 1L of red latosol
(the most typical soil type of the Cerrado) weighs
approximately 1.090 Kg (Allem et al. 2014), the
percentage of plant material per unit of soil
volume would be between 0.75 and 1.5 %. The
treatment of 3% was also included in order to
assess the eventual effect of accumulated litter
on seedling growth. The experiments were all
conducted at the Laboratorio de Termobiologia
L.G. Labouriau of the University of Brasilia,
Federal District, Brazil.

Bioassays

The mixtures of plant material and soil at
different proportions (0.75, 1.5 and 3%) were
separately conditioned in 200 mL plastic flasks.
The controls consisted of seedlings planted in
plastic flasks containing only soil as substrate
(0%). The seeds employed for the bioassays

An Acad Bras Cienc (2025) 97(3) €20240252 5| 21



CRISTIELE DOS SANTOS SOUZA et al.

were collected from at least ten adult individuals
per target species. Seeds of the target species
were previously germinated in Petri dishes lined
with filter paper and moistened with distilled
water in incubators (Eletrolab EL202/3LED) set
to provide a temperature regime of 17/27°C
(night/day) under a 12-hour photoperiod (white
light). After a few days, seedlings of each target
species were visually selected by uniformity
of size (around 1cm) and randomly distributed
among the flasks (filled with the mixtures, or
only with soil) in order to homogenize seedling
sizes for the growth experiment. Three seedlings
of each target species (pseudo-replicates) were
separately planted in each of ten plastic flasks
(replicates) per each combination of donor
species (A. bicornis, A. gayanus) x target species
(A. fastigiatus, L. aurea, M. minutiflora, S. elata)
x treatment (0, 0.75, 1.5, 3.0%). The seedling
growth experiment was conducted in the same
incubator and under the same parameters of
germination experiment as described above.
The flasks were irrigated daily with 10 mL of
distilled water to keep the substrates wet during
the experimental period. This experiment was
carried out for 13 days, except for L. aureaq,
whose slower growth required 18 days to reach
comparable sizes (see below). At the end of the
experiments, the shoot and root length of the
target plants were measured using a digital
pachymeter (Mitutoyo). Additionally, the number
of leaves and lateral roots were counted for each
seedling, and 15 seedlings from each experiment
were selected by chance to determine total dry
biomass.

Considering that the experiments were
conducted with different species and carried
out on different substrates, and to make the
results comparable to each other, the growth
parameters of the seedlings in each treatment
were relativized in relation to their respective
controls according to Ribeiro & Borghetti (2013).
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Thus, the percentage of inhibition or
promotion of seedling growth in each of the
treatments in respect to their respective controls
was calculated according to the equation:

% inhibition/promotion = (XT * 100/ XC) -100

Where, XT is the average growth in the
treatment and XC is the average growth in the
control.

Statistical Analyses

Generalized linear mixed models (GLMMs) were
used to compare the growth parameters among
the concentration levels for each species and
response variable separately. The appropriate
distributions and link functions used in the
models were chosen according to the nature
of the variable. More information can be found
in the supplementary material, along with
the corresponding model diagnostics. The
diagnostics were performed using Randomized
Quantile Residuals, as proposed by Gelman
(2007), using the DHARMa package (Hartig 2024).
Some models were accepted even with bad
diagnostics due to underdispersion of the data,
meaning that these models overestimated the
true variance of the measured variables. We
caution readers about interpreting the results
from these models but we prioritized more
conservative models, in which overestimating
variance makes the model less sensitive to
detecting effects, reducing the likelihood
of falsely detecting significant effects. The
following variables were used as predictors:
donor species (exotic or native), treatments
(roots or leaves) and ratios (0, 0.75, 1.5, 3%); and
the response variables: shoot and root growth,
total dry biomass, number of leaves and lateral
roots. For the analysis the results of the pseudo-
replicates were averaged within each replicate,
and replicates were included as random effect
in the models. Analyses were performed in R
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software, version 413 (R Core Team 2022)
using the following packages: glue (Hester &
Bryan 2024), tidyverse (Wickham et al. 2019),
readxl (Wickham & Bryan 2023), carData (Fox
et al. 2022), car (Fox & Weisberg 2019), MASS
(Venables & Ripley 2002), Ismeans (Lenth
2016), LMERConvenienceFunctions (Tremblay
et al. 2020), Ime4 (Bates et al. 2015), multcomp
(Hothorn et al. 2008), outliers (Komsta 2022),
MuMIn (Barton 2024), ImerTest (Kuznetsova et
al. 2017), TMB (Kristensen et al. 2016), glmmTMB
(Brooks et al. 2017), performance (Lidecke et
al. 2021b), patchwork (Pedersen 2024) and see
(Ludecke et al. 2021a).

RESULTS
Effects of the donor species on the growth of
native target species
Treatments prepared with roots of the native
donor (A. bicornis) promoted shoot growth in A.
fastigiatus between 20 and 31% (P<0.001, Table I,
Fig. 1a), but those prepared with leaves inhibited
root growth between 22 and 29% (Fig. 1a). These
same treatments had no significant effect on the
growth of L. aurea seedlings (Table II, Fig. 1b).
Treatments prepared with leaves of the
exotic donor (A. gayanus) reduced the shoot and
root growth of A. fastigiatus seedlings between
8 and 25%, and 19 and 26%, respectively (Fig. 1c).
These same treatments reduced shoot and root
growth of L. aurea seedlings between 7 and 17%,
and 25 and 34%, respectively (Fig. 1d). Treatments
prepared with roots of the exotic donor also
inhibited shoot and root growth of A. fastigiatus
between 14 and 18%, and between 26 and 35%,
respectively (Fig. 1¢); These same treatments
reduced shoot and root growth of L. aurea
seedlings between 19 and 26%, and between 32
and 48%, respectively (P<0.001, Table II, Fig. 1d).
In general, treatments prepared with roots of
the exotic donor were more harmful to seedling
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growth of native species than those prepared
with roots of the native donor (Fig. 1).

Treatments prepared with leaves of the
native donor decreased total biomass of A.
fastigiatus seedlings between 15 and 21%
(P<0.01, Table I, Fig. 2a), but had no effect on
total biomass of L. aurea (Fig. 2b); leaves and
roots of the exotic donor reduced biomass of A.
fastigiatus seedlings between 10 and 20%, and
between 6 and 16%, respectively (P<0.05, Table
I, Fig. 2c) and of L. aurea seedlings between 27
and 31%, and between 15 and 40% respectively
(P<0.001, Table II, Fig. 2d). For the exotic donor,
treatments prepared with roots were slightly
more harmful to seedling growth than those
prepared with shoots (P<0.01, Table Il, Fig. 2).

Treatments prepared with leaves and roots
of the native donor did not affect the number
of leaves but increased the number of lateral
roots of A. fastigiatus (P<0.01, Table Il, Fig. 3a)
and L. aurea seedlings (P<0.05, Table II, Fig. 3b).
Treatments prepared with leaves and roots of
the exotic species did not affect the number of
leaves and lateral roots of A. fastigiatus (Table
I, Fig. 3c), however, they reduced the number
of leaves and increased the number of lateral
roots of L. aurea (P<0.001, Table I, Fig. 3d).

Effects of the donor species on the growth of
exotic target species

Treatments prepared with leaves of the
native donor inhibited the shoot growth of M.
minutiflora between 5 and 17% (P<0.05), and
root growth between 20 and 26% (P<0.01, Table
[1l, Fig. 4a), while treatments prepared with
roots of the native donor had minimal impact
on shoot growth but reduced root growth of M.
minutiflora (Fig. 4a). Treatments prepared with
leaves and roots of the native donor varied from
promotion to inhibition of shoot (P<0.05, Table
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Table II. Statistical analysis of growth parameters. Generalized linear mixed models (GLMMs) testing the influence
of leaves and roots of Andropogon bicornis L. (native donor) and Andropogon gayanus Kunth. (exotic donor)
incorporated into the soil on the shoot and root growth, total biomass and number of leaves and roots of the
native target species Andropogon fastigiatus Sw. and Lepidaploa aurea (Mart. Ex DC.) H. Rob.

Target species Variable
Shoots
Roots
Andropogon

fastigiatus Sw. Total biomass

Leaves

Lateral roots

Shoots

Roots

Lepidaploa aurea

(Mart. Ex DC) H. Rob, | Total biomass

Leaves

Lateral roots

Note: Confidence level: 0.95.

Treatment

0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
0.75%
1.5%
3%
Plant part
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NATIVE

Estimative + SEM p-value

0.6 + 0.05
012 + 0.05
-0.07 + 0.05
02=+03
-0.1 £ 0.05
-01 £ 0.05
-0.2 + 0.05
-01+ 0.04
-01 £ 0.04
-0.7 + 0.04
-0.11 + 0.04
0.06 + 0.03
0.06 + 011
0.07 + 01
-0.01 + 01
0.09 + 01
03+0.2
05+0.2
02+0.2
0.8 +01
0.9 +0.02
-0.03 + 0.03
0.03 + 0.03
0.01+0.02
0.9 + 0.05
0.04 + 0.06
-0.01 + 0.06
0.07 + 0.04
0.05 + 0.07
0.06 + 0.07
0.03 + 0.07
0.05 + 0.05
-0.08 + 01
0.09 + 01
0.05 + 01
-0.04 + 0.07
02+03
0.6 +0.2
02+03
02+02

0.2

<0.05

01

<0.001

<0.01

<0.05
<0.001

<0.01
<0.01
0.08
<0.01
0.052
0.5
0.5
0.8
0.2
01
<0.01
0.2

<0.001

0.2
0.2
0.8
0.4
0.5
0.8
0.4
01
0.4
0.4
0.6
0.2
0.4
0.3
0.6
0.5
0.4
<0.05
0.4
0.2
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EXOTIC
Estimative + SEM
-0.1+0.05
-0.2 + 0.05
-0.1+0.05
-0.007 + 0.04
-0.2 + 0.06
-0.2 + 0.06
-0.2 + 0.06
-0.05 + 0.04
-0.06 + 0.04
-01+ 0.04
0.01 + 0.04
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Figure 1. Relative growth of native species. Influence of leaves and roots of Andropogon bicornis L. (native donor -
a, b) and Andropogon gayanus Kunth. (exotic donor - ¢, d) incorporated into the soil on the shoot and root growth
of the native target species Andropogon fastigiatus Sw. and Lepidaploa aurea (Mart. ex DC.) H. Rob. Seedlings were
grown for 13 days (except L. aurea which was grown for 18 days) at a temperature regime of 17/27°C (night/day)
under a 12-hour photoperiod (white light). Level of significance of the effects of treatments in respect to control:

* significant at 5%; ** significant at 1%; *** significant at 0.1%. Data not marked with asterisks are not significant.

GLMMs (Confidence level: 0.95).

1, Fig. 4b) to a minor promotion of root growth
(P<0.01, Table IlI, Fig. 4b) of S. elata seedlings.
Treatments prepared with leaves and roots
of the exotic donor reduced the shoot growth of
M. minutiflora seedlings between 22 and 29%,
and between 21 and 32%, respectively (P<0.001,
Table I, Fig. 4c), and inhibited root growth
between 16 and 17%, and between 18 and 24%,
respectively (P<0.05, Table Ill, Fig. 4c). These same
treatments inhibited the shoot growth of S. elata
seedlings between 7 and 11%, and between 8 e
14%, respectively; and root growth between 3

An Acad Bras Cienc (2025) 97(3)

and 18%, and between 23 and 26%, respectively
(P<0.05, Table IlI, Fig. 4d). In general, treatments
prepared with roots of the exotic donor were
slightly more harmful to growth of the target
species than those prepared with leaves (P<0.001,
Table IIl, Fig. 4).

Substrates prepared with leaves and roots
of the native donor reduced the biomass of M.
minutiflora between 31 and 54%, and between
25 and 48%, respectively; by contrast, they
increased biomass of S. elata seedlings (P<0.001,
Table IIl, Figs. 5a and 5b). Treatments prepared
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Figure 2. Biomass incorporation of native seedlings. Influence of leaves and roots of Andropogon bicornis L. (native
donor - a, b) and Andropogon gayanus Kunth. (exotic donor - ¢, d) incorporated into the soil on the total biomass
of the target native species Andropogon fastigiatus Sw. and Lepidaploa aurea (Mart. Ex DC.) H. Rob. Seedlings were
grown for 13 days (except L. aurea which was grown for 18 days) at a temperature regime of 17/27°C (night/day)
under a 12-hour photoperiod (white light). Level of significance of the effects of treatments in respect to control:

* significant at 5%; ** significant at 1%; *** significant at 0.1%. Data not marked with asterisks are not significant.

GLMMs (Confidence level: 0.95).

with leaves and roots of the exotic grass did not
affect biomass of both M. minutiflora and S.
elata seedlings (Table IIl, Figs. 5¢ and 5d).
Treatments prepared with plant material
of the native donor did not affect the number
of leaves but decreased lateral roots of M.
minutiflora seedlings (P<0.001, Table IlI, Fig. 6a);
these treatments did not significantly affect the
number of leaves and lateral roots of S. elata
seedlings (Table I, Fig. 6b). Treatments prepared
with leaves and roots of the exotic donor did not
influence the number of leaves of M. minutiflora
and S. elata seedlings, but significantly reduced
the number of lateral roots for M. minutiflora
seedlings (P<0.01, Table IlI, Figs. 6¢ and 6d).

DISCUSSION

Effects of the donor species on the growth of
native target species

Treatments prepared with roots of the native
grass (A. bicornis) promoted shoot growth of the
native A. fastigiatus and increased lateral root
profusion for both A. fastigiatus and L. aurea
seedlings. Although the treatments prepared

An Acad Bras Cienc (2025) 97(3)

with leaves of the native donor inhibited
root growth and reduced total biomass for A.
fastigiatus, however, these negative effects
might be counteracted by the positive effects
on shoot growth and lateral root profusion.
Taking together, the overall effect of the native
grass on the initial growth of the native species
approaches varied in general between -16 and
19 % for A. fastigiatus and between -2 and 6%
for L. aurea. Previous studies reported that
allelochemicals may promote plant growth of
congeneric species (Loayza et al. 2017, Thiébaut
et al. 2019) what might explain the growth
stimulus of A. fastigiatus by A. bicornis reported
in the present study.

Indeed, our results suggest that the plant
litter (containing both senescent leaves and
roots) of A. bicornis might not inhibit seedling
growth of the two target species under field
conditions; instead, it might stimulate the initial
growth of L. aurea and the number of leaves and
lateral roots for both native species, indicating
that the potential allelopathic properties
of A. bicornis might not arrest the initial
establishment of both native species in the field.

€20240252 10 | 21
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Figure 3. Number of leaves and lateral roots of the target species under the influence of donor species. Influence
of leaves and roots of Andropogon bicornis L. (native donor - a, b) and Andropogon gayanus Kunth. (exotic donor
- ¢, d) incorporated into the soil on the number of leaves and lateral roots of target native species Andropogon
fastigiatus Sw. and Lepidaploa aurea (Mart. Ex DC.) H. Rob. Seedlings were grown for 13 days at a temperature
regime of 17/27°C (night/day) under a 12-hour photoperiod (white light). Level of significance of the effects of
treatments in respect to control: * significant at 5%; ** significant at 1%; *** significant at 0.1%. Data not marked
with asterisks are not significant. GLMMs (Confidence level: 0.95).

A larger number of lateral roots might optimize
nutrient uptake from the soil by increasing the
absorption area of the root system (Pélissier et
al. 2021). Such potential allelopathic effects of
the native grass on other native species might
also contribute with restoration approaches,
for example, because the fast development
of native species, in particular L. aurea (Lopes
et al. 2018) would be desirable in order to
overcome the potential negative impacts of
exotic species that usually stablish faster and
impair soil coverage by native ones (Sampaio

et al. 2015, Liaffa, unpublished data). If so,
allelopathic studies with an ecological approach
might contribute with the management and
conservation of natural areas (Bensusan
2006). However, since potentially allelopathic
interactions are mediated by several factors,
including competition (Del Fabbro et al. 2014),
field studies are extremely important to unravel
how allelopathy could effectively interfere with
plant growth and community dynamics under
natural conditions (Silva et al. 2017, Uesugi et al.
2019).
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Table IlI. Statistical analysis of growth parameters. Generalized linear mixed models (GLMMs) testing the influence
of leaves and roots of Andropogon bicornis L. (native donor) and Andropogon gayanus Kunth. (exotic donor)
incorporated into the soil on the shoot and root growth, total biomass and number of leaves and roots of the
exotic species Melinis minutiflora P. Beauv. and Stapfochloa elata P.M. Peterson.

NATIVE EXOTIC
Target species Variable Treatment | Estimative * SEM | p-value | Estimative # SEM | p-value
0.75% -0.01 + 0.04 01 -0.2 + 0.04 <0.001
Shoots 1.5% -0.002 + 0.04 0.9 -0.2 +0.04 <0.001
3% -0.009 + 0.04 <0.05 -0.2 + 0.04 <0.001
Plant part 0.004 + 0.03 0.8 -0.02 + 0.03 0.4
0.75% -0.1+0.05 <0.01 -0.07 £ 0.08 0.3
1.5% -0.2 + 0.05 <0.001 -0.03 + 0.08 0.6
Roots 3% -0.1+0.05 <0.01 -0.2 + 0.08 <0.05
Plant part 0.07 + 0.04 0.07 -0.03 + 0.06 0.5
0.75% -0.4 +0.08 <0.001 0.006 + 0.05 0.8
Melinis ijnut[ﬂora P. Total biomass 1.5% -0.3 +0.08 <0.001 0.04 + 0.05 0.4
eauv. 3% -0.4 +0.08 <0.001 0.05 +0.05 0.3
Plant part -0.03 + 0.05 0.5 0.01+ 0.03 0.6
0.75% 0.01+ 0.1 0.8 0.0002 + 0.8 1
1.5% 0.04 + 01 0.7 0.3+0.8 0.8
Leaves
3% 0.05+ 0.1 0.6 -0.06 + 0.7 0.7
Plant part -0.03 + 0.08 0.6 0.2 +0.01 0.8
0.75% -01+ 01 0.3 -0.5+ 01 <0.001
1.5% -01+ 01 0.3 -0.4 £ 01 <0.01
Lateral roots
3% -04 + 01 0.001 -0.6 £ 01 <0.001
Plant part -01+0.09 <0.05 -01+01 <0.01
0.75% 0.1+ 0.07 <0.05 -0.08 + 0.03 <0.05
Shoots 1.5% 0.07 + 0.07 0.3 -0.06 + 0.03 0.09
3% -0.03 + 0.07 0.5 -01+0.03 <0.01
Plant part -0.09 + 0.05 0.07 -0.02 + 0.02 0.4
0.75% 0.2 + 0.07 <0.01 -0.1+0.05 <0.05
1.5% 0.1+ 0.07 0.1 -01 £ 0.05 <0.05
Roots 3% 0.09 + 0.07 0.2 -0.2 + 0.05 <0.001
Plant part -0.04 + 0.05 0.4 -01+0.03 <0.001
0.75% 01+ 0.05 0.051 -0.02 + 0.06 0.7
Stapfochloa elata PM. 1.5% 01+ 0.05 <0.05 0.02 + 0.06 0.7
Peterson Total biomass
3% 0.2 +0.05 <0.001 -0.08 + 0.06 0.2
Plant part 0.09 + 0.03 <0.01 -0.02 + 0.04 0.6
0.75% 0.08 = 01 0.5 -0.04 + 01 0.7
Leaves 1.5% 01+01 0.2 -0.03 + 01 0.7
3% 0.2 +01 0.1 -0.09 + 01 0.4
Plant part -0.03 + 01 0.7 0.008 + 0.09 0.9
0.75% 0.02 +0.2 0.9 03+0.2 01
1.5% -03+0.2 01 02+0.2 0.3
Lateral roots
3% -04+0.2 0.06 0.009 +0.2 0.9
Plant part -0.6 + 01 <0.001 -04 + 01 <0.01

Note: Confidence level: 0.95.
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Figure 4. Relative growth of exotic species. Influence of leaves and roots of Andropogon bicornis L. (native donor -
a, b) and Andropogon gayanus Kunth. (exotic donor - ¢, d) incorporated into the soil on the shoot and root growth
of target exotic species Melinis minutiflora P. Beauv. and Stapfochloa elata P.M. Peterson. Seedlings were grown

for 13 days at a temperature regime of 17/27°C (night/day) under a 12-hour photoperiod (white light). Level of
significance of the effects of treatments in respect to control: *significant at 5%; ** significant at 1%; *** significant
at 0.1%. Data not marked with asterisks are not significant. GLMMs (Confidence level: 0.95).

In contrast with the effects produced by the
native donor, we found that treatments prepared
with leaves and roots of the exotic donor A.
gayanus reduced shoot and root growth and
total biomass of both native species, suggesting
that plant litter of the exotic grass might inhibit
the initial growth of these native species under
field conditions. Although the number of lateral
roots of L. aurea were slightly increased by the
exotic donor, the number of leaves were sharply
reduced, so the overall effect of A. gayanus on
seedling differentiation varied from positive to
negative.

Previous studies showed that delayed root
growth compromises seedling survival, and such
allelopathic interferences might ultimately
affect the composition of communities (Facelli &
Picket 1991, Catalan et al. 2013, Arroyo et al. 2015).
As the root system is generally the first plant
tissue to come into contact with substances
in the soil (Chung et al. 2001, Maraschin-Silva
& Aquila 2006), allelochemicals tend to have
a greater effect on root than shoot growth
parameters (Tawaha & Turk 2003, Wakjira et al.

2005), and we have found evidence for this in
the present study.

Soil by itself may have also contributed for
the growth stimulus we observed among native
species (Table 1); As native species are in theory
better adapted to Cerrado soils than exotic
ones (Furley & Ratter 1988, Lopes & Guilherme
2016), the higher aluminum content and more
acidic soil of the area where the donor and
target natives coexist might benefit the growth
of native in comparison to exotic species. So,
native species might benefit when growing in
more acidic soils (as the donor native's area) in
comparison to less acidic soils (donor exotic’s
area).

The fact that the treatments prepared
with exotic plant material reduced the initial
growth and seedling biomass of native
species might be related to the fact that
the potentially allelochemicals compounds
produced by the exotic grass are not recognized
or are more harmful to native species than
allelochemicals eventually produced by native
donors (Hierro & Callaway 2021). This suggests
that allelochemicals produced by A. gayanus
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Figure 5. Biomass incorporation of exotic seedlings. Influence of leaves and roots of Andropogon bicornis L. (native
donor - a, b) and Andropogon gayanus Kunth. (exotic donor - ¢, d) incorporated into the soil on the total biomass of
target exotic species Melinis minutiflora P. Beauv. and Stapfochloa elata P.M. Peterson. Seedlings were grown for 13
days at a temperature regime of 17/27°C (night/day) under a 12-hour photoperiod (white light). Level of significance
of the effects of treatments in respect to control: * significant at 5%; ** significant at 1%; *** significant at 0.1%. Data
not marked with asterisks are not significant. GLMMs (Confidence level: 0.95).

might somewhat facilitate its invasion of areas
previously covered by native species, such
a finding that agrees with the novel weapons
hypothesis (Callaway & Ridenour 2004). The
studies of Yuan et al. (2021) showed a similar
pattern of allelopathic response as ours. They
showed that exotic species promoted greater
effects on the growth of natives, and native
donor species promoted greater effects on exotic
target species. Their results supported both the
novel weapons hypothesis and the homeland-
security hypothesis. However, they did not find
a response associated with coevolution (Yuan
et al. 2021).

Effects of the donor species on the growth of
exotic target species

Substrates containing leaves and roots of
the donor native reduced root growth, total
biomass, and the number of lateral roots of M.
minutiflora seedlings, indicating a potentially
negative allelopathic effect of A. bicornis on the
growth of this African grass. In contrast to their
positive effects on the growth of native seedlings,
the negative impacts of the native donor on
the growth of M. minutiflora substantiate the
homeland security hypothesis, which suggests

that the lack of shared evolutionary history
(Callaway & Ridenour 2004) and biochemical
recognition (Hierro & Callaway 2021) might make
exotic invaders more susceptible to chemical
compounds produced by native species
(Cummings etal.2012). Similar response patterns
were reported in other studies (Cummings et
al. 2012, Hou et al. 2012, Lopes et al. 2018, Ning
et al. 2016) and indicate the potential use of A.
bicornis in hampering the growth and spread of
this exotic grass over both native and degraded
areas of the Cerrado.

Melinis minutiflora represents a very
undesirable species in areas under ecological
restoration, since its rapid growth patterns and
fast spread hinders the establishment of native
species and compromises restoration efforts
(Sampaio et al. 2015, Liaffa, unpublished data).
Native species, such as Caryocar brasiliense
Cambess., Qualea parviflora Mart. and Eugenia
dysenterica DC. were shown to reduce the
germination and initial growth of M. minutiflora
through the release of chemical compounds
by their leaves (Aires, unpublished data).
Considering the positive effects of A. bicornis
on seedling growth of some native species

An Acad Bras Cienc (2025) 97(3) €20240252 14| 21



CRISTIELE DOS SANTOS SOUZA et al.

ALLELOPATHIC HYPOTHESES REVISITED

Number of lateral roots
—
SRR S
W GRS
o TR
B —
g
s
~

¥k %

| Tt by

Concentration (%)

Native donor Exotic donor
a b c d |
Melinis minutiflora Stapfochloa elata Melinis minutiflora Stapfochloa elata |
3 3 3 3 E
¢ |
g ', ! : o
o2 ¢ ¢ L 0 ‘, + + 12 + + + + + + b ey ) ’ ) + ) i
% + |
g TRIRE RN |
£ ? 1 1 |
J 1 I
< |
| | I Treatment
0 0 0 0 | $Leaves
! 0 075 15 3 0 075 15 3! ¢ S " t 5 ™ " . E +Roots

Concentration (%)

Figure 6. Number of leaves and lateral roots of the target species under the influence of donor species. Influence
of leaves and roots Andropogon bicornis L. (native donor - a, b) and Andropogon gayanus Kunth. (exotic donor - c,
d) incorporated into the soil on the number of leaves and lateral roots of the exotic species Melinis minutiflora P.
Beauv. and Stapfochloa elata P.M. Peterson. Level of significance of the effects of treatments in respect to control:
* significant at 5%; ** significant at 1%; *** significant at 0.1%. Data not marked with asterisks are not significant.

GLMMs (Confidence level: 0.95).

and the negative impacts on seedling growth
of this exotic grass, the use of C. brasiliense,
Q. parviflora, E. dysenterica and A. bicornis in
areas under restoration represent a promising
approach to control the spread of exotic species,
in particular M. minutiflora. However, it is
important to mention that, except the present
study, all the inhibitory effects described above
were obtained under laboratory condition and
using filter paper as substrate. Therefore, to
overcome such constraints (Silva et al. 2017),
studies should be also conducted under natural
conditions (and using soil as substrate) to check

An Acad Bras Cienc (2025) 97(3)

whether such inhibitory effects of native species
on M. minutiflora growth would also take place
in the field.

In contrast to the negative effects of
A. bicornis on the growth parameters of M.
minutiflora, this donor native had a positive
effect on the growth of S. elata. Considering that
the biogeographical origin of the South American
S. elata is closer than that of the African M.
minutiflora, our findings indicate that this native
donor might have a milder allelopathic impact
on species with a closer biogeographic origin
and/or that have coexisted for longer than on
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species from more distant regions (Callaway
& Aschehoug 2000, Callaway & Ridenour 2004,
Cummings et al. 2012, Del Fabbro et al. 2014, Ning
et al. 2016). A longer period of co-occurrence
between species might contribute for a better
biochemical recognition of allelochemicals
produced by each other (Hierro & Callaway
2021) and, consequently, for the potential
development of chemical defenses (Callaway &
Ridenour 2004).

The exotic A. gayanus reduced seedling
growth of the exotics M. minutiflora and S.
elata. The negative effects between exotic
species were previously reported by Barbosa et
al. (2008); they showed that the African grass
Brachiaria decumbens (Ness) Stapf. reduced
the germination of caryopses of M. minutiflora
through the release of allelochemicals. This
might help to explain the displacement of
M. minutiflora by B. decumbens in Cerrado
areas (Pivello et al. 1999a, b). Since all three
exotic grasses have similar physiological
characteristics, such as rapid growth and
efficient photosynthesis and reproduction
(Brighenti et al. 2007, Durigan et al. 2007, Martins
etal. 2009, Aires et al. 2014, Musso et al. 2019), our
studies suggest that the potential allelopathic
effects of A gayanus on the initial growth of
M. minutiflora and S. elata might provide this
exotic grass a competitive advantage over the
other two and consequent predominance in
areas under invasion. Our results contrast
with the novel weapon hypothesis, since the
African donor significantly reduced the initial
growth of the other two exotics, in particular
the African M. minutiflora, what would not be
expected to occur between species which
share a close biogeographical origin (Callaway
& Ridenour 2004). It is important to mention,
however, that the exotic donor did not affect
consistently the seedling biomass of both
exotic species, so further studies are required to

ALLELOPATHIC HYPOTHESES REVISITED

disentangle the effects of the exotic donor on
seedling differentiation from seedling biomass
incorporation of exotic species.

ltwas shown thatroot exudates of A. gayanus
inhibit biological nitrification (Subbarao et al.
2007), which might compromise N availability
in soil and consequently arrest plant growth
(Tothill et al. 1985). This might help to explain
why roots of A. gayanus had a stronger influence
than leaves on the initial growth of all target
species, including the exotic M. minutiflora. Also,
it is important to mention that our studies were
conducted using Cerrado’s soil as substrate,
which chemical and physical properties are
distinct from the African soils where these
species come from (Scholes 1997). Consequently,
the potential allelopathic interactions between
exotic donor and exotic targets reported here
might not represent what might be observed
among exotic species in their natural regions of
occurrence. In this sense, in situ studies might
provide new insights about the dominance of A.
gayanus in respect to M. minutiflora and S. elata
in their areas of occurrence and the involvement
of allelopathy in their interactions.

We conclude that the negative effects of
Andropogon gayanus on the initial growth of
the native species might be contributing with its
successful and fast spread over tropical South
America. It is important to mention that our
studies compared the effects of two congeneric
donor species, hence the exotic-native
comparison is not phylogenetically biased.
Our findings reinforce the need to consider
allelopathic interactions in management efforts
of native and exotic species in both natural
ecosystems and disturbed areas, particularly
those under restoration, where the control of
invasive species is essential for the restoration
success and conservation of the native
vegetation. Furthermore, we recognize that
studies that investigate the allelopathic effects
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in the donor species themselves are important
to strengthen the interpretation of the results
obtained and are therefore a proposal for future
complementary research.
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