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Highlights

e The invasive species accumulates biomass by using resources more efficiently

e The invasive species showed higher photon fluxes and lower pigment concentrations
e The invasive species showed a weaker oxidative response to water stress

e The species grow similarly in scenarios of low water and nutrient availability

e Unnatural nutrient inputs and high-water availability benefit the invasive species

ABSTRACT

The cerrado is a Neotropical savanna characterized by a soil and vegetation mosaic where plants
endure dystrophic soils and seasonal drought. Dry spells or flooding are the main environmental stress
native species face in their growth period. African grasses are common invasive species, jeopardizing
the biodiversity by displacing native species and outgrowing them. Invasive species may benefit from
human interventions that increase nutrient availability in natural areas and may respond differently
than natives to environmental conditions. Therefore, we compared the performance of one native
(Schizachyrium microstachyum) and one invasive (Melinis minutiflora) grass in different conditions
of water and nutrient availability simulating possible cerrado scenarios. Five-week-old seedlings were
submitted to different irrigation treatments (simulating dry spells, normal rainfall, and flooding) and
fertilization treatments (high or low nutrient availability) for four weeks, and were analyzed for
morphological (leaf area, length of the shoot, number of tillers, seedling dry weight, and root:shoot
ratio) and physiological parameters (chlorophyll fluorescence, pigment concentration, nutrient
content, and biochemical assays). There was a trend for the invasive species to show better responses
to water stress by growing more profusely, showing an even higher effect when the soil was richer in
nutrients. The invasive species may outcompete the native species by using nutrients and water more
efficiently, showing a weaker oxidative response to drought and fertilization. The native species

would perform at a similar pace to the invasive species in conditions of less water and nutrient



availability, whereas unnatural fertilization inputs and high-water availability would benefit the

invasive species.
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INTRODUCTION

Invasive species are considered a threat to biodiversity worldwide (Gurevitch and Padilla,
2004). In the Neotropical savannas, they have been used as substitutes of native grasses for forage or
in interventions for the recovery of degraded areas (Zenni and Ziller, 2011). African grasses adapt
well to Neotropical savannas and can easily become invasive species (Pivello et al., 1999; Martins et
al., 2011; Zenni and Ziller, 2011). Environmental conditions in the South American savannas are
similar to their original habitat, and African grasses have the potential to outcompete native plant

species (Baruch et al., 1989; Pivello et al., 1999; Martins et al., 2011; Zenni et al. 2019).

The Brazilian cerrados are Neotropical savannas composed of a mosaic of vegetation and soil
types (Ribeiro and Walter, 2008). They have a tropical climate with a well-defined dry season (May
to September) and an abundant herbaceous layer represented mainly by grasses (Coutinho, 1990;
Ribeiro and Walter, 2008), which comprise over 650 native species (sensu Flora do Brasil, 2020
Database). These species show profuse growth during the rainy season, which slows as water
availability in the soil decreases towards the dry season (Monasterio and Sarmiento, 1976; Sarmiento,
1992). In general, cerrado soils are acidic dystrophic soils (Reatto et al., 2008). Local conditions of
soil humidity and fertility vary not only with season but also along the vegetation and soil gradients
according to changes in soil type and to the distance to water sources (Coutinho, 1990; Reatto et al.,
2008). Furthermore, anthropogenic activities such as fertilization in agricultural fields and fossil fuel
burning in urban areas may become sources of nutrient input to cerrado areas by atmospheric
deposition or runoff (Jordan and Weller, 1996; Vitousek et al., 1997). Since the invasive grasses are
usually opportunistic, responding more rapidly and efficiently to higher availability of resources
(Baruch and Bilbao, 1999; Alpert et al., 2000; Baruch and Jackson, 2005; Silva and Haridasan, 2007),

these altered conditions could influence their invasiveness (Alpert et al., 2000).

African grasses can accumulate greater amounts of biomass than native Neotropical grasses

(Baruch and Bilbao, 1999; Martins et al., 2011). These species are considered more resilient to



defoliation than cerrado species, as an evolutionary response to the large herbivores present in African
(Simoes and Baruch, 1991; Klink, 1994). Therefore, African grasses tend to displace native grasses
and form dominant vegetation patches, diminishing biodiversity (Pivello et al., 1999; Baruch and
Jackson, 2005; Martins et al., 2011). On the other hand, native grasses are considered resilient to the
adverse conditions in the Cerrado, being adapted to fire, low nutrient availability, and seasonal
drought (Coutinho, 1990; Sarmiento, 1992). Neotropical savanna plants are considered resilient to
drought and fire by evading or tolerating such conditions through resprouting from underground
organs and seasonal dormancy (Monasterio and Sarmiento, 1976; Sarmiento, 1992; Pausas et al.,

2018).

While fire and drought are the main stress factors during the dry season (Coutinho, 1990),
periodic dry spells or local flooding during the rainy season are the main environmental stress native
species face in their growth period (Monasterio and Sarmiento, 1976; Sarmiento, 1992; Assad et al.,
1993). Dry spells are not uncommon in the cerrado, occurring mainly in the middle of the rainy season
and lasting for up to two weeks (Assad et al., 1993). Constraints to water availability during the
growth period may affect plant metabolism. For instance, water shortage may arrest photosynthesis
and increase water consumption and the use of nutrient reserves, causing changes to morphological
traits, shifts in plant biomass investment or an overall reduction in plant growth (Jones et al., 1980;
Ludlow, 1980; Wilson et al., 1980; Baruch and Fisher, 1991). Flooding, on the other hand, may occur
on poorly drained soils in the cerrado (Ribeiro and Walter, 2008), affecting plant metabolism and
plant development by altering root aerobic respiration (Crawford, 1982). Plants survive flooding
through strategies such as the development of adventitious rootlets and aerenchyma tissue, which
help to tolerate the anoxic situation (Jackson and Drew, 1984)., both conditions may change species
response and growth pace, affecting their establishment and competition with other species (Barger

et al., 2003).

In this study, we compared the performance of two grass species (one native to the cerrado

and one invasive) in different conditions of soil water and nutrient availability simulating possible
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cerrado scenarios. The native species Schizachyrium microstachyum (Ham.) Roseng. B. R. Arril. &
Izag and the invasive species Melinis minutiflora P. Beauv. were subjected to treatments that simulate
dry spells or flooding during the rainy season, under two possible scenarios of nutrient availability.
As environmental stress triggers many responses in plants, from subcellular to structural levels,
several morphological, physiological, and biochemical parameters were assessed. Simultaneously
studying these responses may help to reveal some underlying mechanisms of their morphological
responses. By this comparison, we aimed to answer the following questions: (1) Is the response
between species different among water treatments? (2) If so, which conditions most privilege the
invasive species over the native? (3) Does the invasive species show adaptations that confer
advantages and enhance its invasiveness? Since M. minutiflora is an opportunist invasive species, we
hypothesized that it would perform better in high nutrient and water availability, showing a better
physiological (reduced oxidative stress, increased photosynthetic capacity, increased nutrient
content) and morphological (higher biomass and growth) response. As the native species is used to
poor well-drained soils, we expect a better physiological response to water shortage in comparison to
M. minutiflora. We expect a better enzymatic response to anoxic conditions in M. minutiflora,

favoring its colonization in flooded environments.

MATERIALS AND METHODS

Species and seed collection

The African grass M. minutiflora is a widespread species in the cerrado, with a long-term
invasion process dating from the 19" century (Zenni and Ziller, 2011). It is an aggressive invasive
species, displacing native flora, and forming monodominant vegetation patches (Pivello et al., 1999;
Martins et al., 2011). The native grass S. microstachyum is a widely distributed species in the cerrado
grasslands and savannas, showing a high percentage of fertile seeds, seed viability, and germination,
which facilitates manipulation in the laboratory (Carmona et al., 1998; Aires et al., 2014). Mature

panicles of M. minutiflora and S. microstachyum were harvested manually in May and July 2010,
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respectively, at the Reserva Ecoldgica do IBGE (15°56°41”’S, 47°53°07”W), 25 km South of Brasilia,
Brazil. Seeds were collected by walking imaginary transects and harvesting all inflorescences found.

Seeds were homogenized and stored in paper bags at room temperature (ca. 25°C) until use.

Experimental design and sampling

Seeds were germinated in Petri dishes with moistened cotton and filter paper, at 37°C/22°C
and 10h/14h photoperiod, simulating field conditions (Castro-Neves and Miranda, 1996; Andrade
and Miranda, 2014). One-week-old seedlings were transplanted to 24 clay pots (20 cm height; 20 cm
top diameter) filled with 1 kg of soil. Soil was prepared by mixing equal parts of organic matter and
mineral soil (adapted from Simoes and Baruch, 1991). Ten seedlings per plot were cultivated for four
weeks in a climatic chamber (28°C and 12h of light 156 + 5.37 W m~2) simulating field conditions in
the growing season. The number of seedlings per pot was chosen on pre-trials and based on
standardized ecotoxicological lab experiments using grass species (ISO 11269-2:2012). Soil was
watered daily until saturation (300 mL of water). After this period, the two smallest individuals of
each pot were discarded, ensuring all replicates had similarly healthy and representative individuals

(adapted from ISO 11269-2:2012).

The remaining seedlings were subjected to different water treatments, simulating possible
cerrado scenarios: watered every day (1d; control group simulating normal rainfall); watered every
five days (5d; short dry spells); watered every ten days (10d; long dry spells); overwatered every day
(Ow; flooding). Soil was always moistened to saturation, except for Ow in which the soil was watered
until a 2 cm layer of water was observed aboveground. Each treatment was applied to a set of six pots
(n = 6), from which three were fertilized at the beginning of the water treatment (0.5 g of solid NPK
10-10-10), and the other three were not fertilized. In this four (water treatment) x two (presence of
fertilizer) factorial design, each combination had three replicates (n = 3). This number was achieved
by pondering effort and statistical analysis. Seedlings were cultivated in these conditions for four

weeks and were analyzed for morphological (leaf area, length of the shoot, number of tillers, seedling
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dry weight, and root:shoot ratio) and physiological parameters (chlorophyll fluorescence, pigments
concentration, nutrient content, and biochemical assays). Each seedling was considered a sub-
replicate, and each pot was considered a replicate (n = 3) for all morphological parameters, except
the leaf area. For the physiological parameters and leaf area, each seedling was considered as

replicates, selected at the moment of harvest.

Before the harvesting for morphological parameters, chlorophylla fluorescence was measured
on the adaxial side of ten mature leaves. Each leaf belonged to a different seedling and was selected
according to apparent general health and advantageous position for the measurement (n = 10; at least
two individuals per each replicate/treatment). For this matter, plants were pre-adapted to darkness for
30 min, and minimal fluorescence (Fo; fluorescence intensity with all PSy; reaction centers open while
the thylakoid membrane is in the non-energized state) was measured. Then, maximal fluorescence
(Fm; fluorescence intensity with all PSy reaction centers closed) was measured by applying a
saturating pulse of white light (0.7 s, >1 500 mol m~2s 1 of white light). All measurements were taken
using a pulse-amplitude-modulated fluorimeter (FMS 2, Hansatech Instruments, Norfolk, England).
The obtained values were used to calculate the non-photochemical quenching (NPQ) and the
optimum quantum yield (Fv/Fm). The formula described by Bilger and Bjorkman (1990), (NPQ = (Fm
— Fm’)/Fm’), was used to calculate NPQ. For the optimum quantum yield, the factor Fyv corresponds

to the variable fluorescence in dark-adapted leaves (Fm-Fo; van Kooten and Snel 1990).

After fluorescence measurements, the shoot of each seedling was harvested at soil level,
immediately measured, and counted for tillers. To calculate the average leaf area, five mature leaves
from different individuals were selected according to their apparent general health (n = 5; at least one
individual per each replicate/treatment) and measured using a desk multifunctional printer and image
analysis software (ImagelJ). All roots were removed carefully and washed. For each experimental
replicate, four seedlings were randomly drawn and oven-dried for 48 h at 70 °C to determine the dry
weight and then the concentration of nitrate and phosphate, and the remaining four were snap-frozen

and stored at —80°C for biochemical assays (pigments and MDA concentration; SOD and G-POX
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activity). The oven-dried replicates were weighed, and the root:shoot ratio was estimated by dividing

the total dry root biomass by the total dry shoot biomass of each pot (n = 3).

The concentration of nitrate and phosphate was determined according to the HACH KIT
method (DR/2000 Spectrophotometer). Here, each replicate consisted of a mix of dry leaves from the
larger individual that was oven dried (n = 3; one individual per replicate/treatment). The leaves were
ground with a mortar and homogenized in distilled water in a proportion of 1:2 (w/v). The plant
extract was filtered with activated coal and filter papers (180 pm of thickness and 11 pm pore size
for particle retention). The leachate was analyzed according to protocols 8151 (Program 363, 500
nm) for nitrate and 8183 (Program 510, 890 nm) for phosphate. Results were presented as the

percentage of the dry weight.

For pigment and MDA concentrations as well as enzymatic activity, frozen samples were
used. In all cases, each replicate consisted of a mix of leaves from one seedling selected randomly
from the frozen individuals (n = 5; at least one individual per each replicate/treatment). In pigment
concentration determination, leaves were ground with a mortar with the extraction buffer (a solution
of cold acetone and 50 mM Tris buffer, pH 7.8 in a proportion of 80:20, v/v) for pigment extraction.
Homogenates were centrifuged at 5,000 g for 10 min. The absorbance of the supernatant was
determined at 470, 537, 647, and 663 nm in microplates. The concentrations were calculated as

follows (Sims and Gamon 2002):
Chla = 0.01373 Assz — 0.000897 Asz7 —0.003046 Agsr
Chly = 0.02405 Asa7 — 0.004305 Ass7 — 0.005507 Ase3
Carotenoids = ((As70 — (17.1 x (Chla + Chly) — 9.479 x Anthocyanins)) / 119,26

Lipid peroxidation is indicative of oxidative damage to the cell membranes. It was estimated
by measuring malondialdehyde (MDA) production (Dhindsa et al., 1981). An amount of 0.5 g of
frozen leaves was ground to a powder in a mortar with liquid nitrogen and then homogenized with a

solution of TCA (0,1% wi/v; g/100 ml). Samples were centrifuged, and an aliquot was mixed with
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another solution (TCA 20% w/v containing 0.5% m/v TBA) and left to react for 30 min at 95°C.
MDA concentration was estimated by subtracting the nonspecific absorption at 600 nm from the
absorption at 532 nm using an absorbance coefficient of extinction (g), 155 mM cm™ (Elkahoui et
al., 2005). Absorbance was measured with a Thermo Fisher Scientific (Waltham, USA)

spectrophotometer (Genesys 10-uv S).

For assessment of enzymatic activity of the antioxidant system, leaves were ground to a
powder in a mortar with liquid nitrogen. Then, they were homogenized with an extraction buffer that
had concentrations of 100mM of phosphate buffer (pH 7.5) and 0.5 mM of EDTA. After
centrifugation (10,000 g, 20 min; Howcroft et al., 2011), the supernatant (enzyme extract) was used
for the determination of guaiacol peroxidase (G-POX) and superoxide dismutase (SOD) activity. For
G-POX, the reaction mixture had solute concentrations of 10 mM of phosphate buffer (pH 6.1), 12
mM of hydrogen peroxide, 96 mM of guaiacol, to which 5 pL enzyme extract was added. Absorbance
was recorded at 470 nm for 5 min, and the specific activity was calculated using the 26.6 mM™ cm?
molar extinction coefficient (Castillo et al., 1984). SOD activity was estimated by recording the
enzyme-induced decrease in absorbance of formazone formed by the nitro-blue tetrazolium with the
superoxide radicals (Dhindsa et al., 1981). The reaction mixture had solute concentrations of 13mM
of methionine, 25 mM of nitro-blue tetrazolium chloride (NBT), 0.1 mM of EDTA, 50 mM of
phosphate buffer (pH 7.8), 50 mM of calcium carbonate, to which 0.6 pl of enzyme extract was added.
The reaction was started by adding a solution of 2 mM of riboflavin and placing the microplates under
a 15 W fluorescent lamp for 15 min. The absorbance was then recorded at 560 nm, and values were
calculated based on the curve previously calculated with a standard (Activity = -2.0789(Abs)? +
26.316(Abs) - 1.2766). Protein concentration was determined in quadruplicate by the Bradford
method (Bradford, 1976), at 595 nm, using bovine serum albumin (BSA) as the standard. G-POX and
SOD activities were corrected by protein content and fresh weight, respectively. All enzymatic
activities protocols were adapted for microplate reader, regarding proportions, and a Labsystem
Multiskan EX microplate (Labsystems Inc., Franklin, MA) reader was used.

10



Data analysis

When the data did not present normal distribution, they were log or arcsine transformed. For
each parameter, means were compared with factorial ANOVA using species (S. microstachyum,
native; M. minutiflora, invasive), fertilization (with or without) and water treatment (1d, 5d, 10d, and
Ow) as independent variables and multiple comparisons were carried out using the TukeyHSD test.
Using a scaled covariance data matrix, a Principal Components Analysis (PCA) was carried out to
explore and highlight the relationships and patterns between species and treatments, as well as to
assess which were the most important parameters in explaining variation between species, as a
response to water and nutrient availability. All data were analyzed using R software (R 3.6.3 for
Windows; R Core Team, 2013). Graphs were built using the ggplot2 (version 3.3.0; Wickham, 2016)

and vegan packages (version 2.3-3, Oksanen et al., 2013).

RESULTS

Morphological traits showed a decreasing trend as water stress increased, but the over-watered
treatment was closer to the control group (Figure 1). Species, water treatment, and fertilization
individually affected morphological traits, but their interaction showed no significant effect (Table
1). However, we observed other significant interactions among pairs of variables (Table S1). Overall,
the invasive species showed higher dry weight, leaf area, and shoot length than the native species
when fertilized (Figure 1), and differences were similar among water treatments. The number of tillers
of both species was not affected by water treatment when not fertilized. However, nutrient addition
increased the number of tillers, and the effects were heightened if the soil was watered every day
(Figure 1; significant interaction of water treatment and fertilization, p < 0.001, Table S1). The

root:shoot ratio did not differ significantly between species in any treatment.

Results for chlorophyll fluorescence and photosynthetic pigment concentrations are shown in
Table 2. The Fv/IFm parameter was affected by the over-watered treatment, with a significant

reduction in maximum quantum vyield. The native species showed lower Fv/Fm than the invasive
11



species when under high-stress conditions (10d and Ow). However, these differences were reduced
with fertilization. NPQ was higher for the invasive species and was affected by moisture, increasing
in 10d and 5d treatments, but unaffected by fertilization (Table 2). Pigments tended to be more
concentrated in the native species, when compared to the invasive (Chla, p < 0.001; Chl,, p = 0.008;
Car, p <0.001). Pigment concentrations were not affected by water treatment, and only chlorophylla
increased with fertilization. Chlorophyllay ratio differed among species, with a higher ratio for the
native species (p < 0.001; Table 1 and 2). Moisture level changed the Chla/b ratio only in non-
fertilized groups, showing significantly higher levels in the over-watered treatment if compared to

the control group (p = 0.029).

Phosphate and nitrate concentrations were higher for the invasive species, especially when
fertilized (Figure 2). However, differences among species were reduced when seedlings were not

watered every day and were not fertilized.

Results of biomarkers for oxidative stress are summarized in Table 3. The native species
showed higher MDA concentrations than the invasive species (p < 0.001). When not fertilized, plants
from the control group were the only ones showing equivalent MDA concentration between species

(Table 3). With fertilization, MDA concentration in the native species was reduced.

SOD activity differed between species in some scenarios (p = 0.002; Tables 1 and 3), showing
that their oxidative response may be different. When fertilized, the SOD activity was higher for the
native species than for the invasive species, and the difference increased with water availability. G-
POX activity also differed among species (p = 0.020) in some combinations. In the invasive species,
G-POX activity was not at all affected by water treatment, while in the native species, values tended
to increase with soil water availability. This pattern was intensified when fertilization was added,
with significantly higher values of G-POX activity in the Ow treatment in comparison to the same

treatment for the invasive species (p < 0.05).

12



The PCA showed a clear separation between species (Figure 3). The axis PC1 explained 46%
of the variation, while PC2 explained 24%. In PC1 scores were higher for length, nitrate (positive),
and MDA (negative), while in PC2 the variation was due mostly to changes in the leaf pigment
concentrations. M. minutiflora variables are strongly positively correlated with morphological
parameters, F./Fm, nitrate, and NPQ, while S. microstachyum variables are correlated with higher

chlorophyllap ratio and MDA content.

DISCUSSION

Dry spells are the most common stress that grasses in the Neotropical savannas endure during
the rainy season (Monasterio and Sarmiento, 1976; Sarmiento, 1992; Assad et al., 1993). Flooding
may occur on poorly drained soils, which are not always common to the cerrado (Reatto et al., 2008;
Ribeiro and Walter, 2008). When poorly watered, both species showed similar growth pace,
especially in unfertilized soils. However, in well-watered soils, M. minutiflora was able to accumulate
higher biomass than S. microstachyum, and the native species was more negatively affected by
flooding than the invasive species. Furthermore, there was a trend for the invasive species M.
minutiflora to show better responses to both water stress conditions when the soil was richer in
nutrients, growing more and using nutrients more efficiently. The establishment of invasive species
may be related to the availability of resources, and plants are more likely to invade habitats where
limitations are removed and resources are abundant (Galatowitsch et al., 1999; Alpert et al., 2000).
The observed features confer a higher competitive advantage to the invasive species and may explain
how M. minutiflora can displace native species in the Neotropical savannas (Pivello et al., 1999;

Martins et al., 2011).

Biomass was not only greater in M. minutiflora, but also differently partitioned. Seedlings of
the invasive species grew both higher and wider, showing a trend to produce more tillers and wider
leaves, and to higher root investment. Wider leaves and a higher number of tillers could confer a

better ability to compete for light and aboveground space, shading other species’ seedlings and seeds
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(Silva and Castro, 1989; Zenni et al., 2019), or even preventing seed rain from reaching the soil.
Together, these attributes could hinder the establishment of other species. Melinis minutiflora patches
are reported to impair tree regeneration in the cerrado, significantly reducing tree seedling
survivorship as a result of light competition (Hoffmann and Haridasan, 2008). Baruch and Jackson
(2005) also reported the success of this invasive species in Neotropical savannas, attributing it to a
higher growth rate, leaf area, and biomass production. Although these traits may as well reduce the
success of the seedlings of the invasive species, M. minutiflora shows massive seed production, with
high viability and germination rates (Martins et al., 2009; Carmona and Martins, 2010), which may

compensate for this intraspecific competition.

In addition, belowground root partitioning should be considered, as the reduction of root
competition may enable increases in height and biomass of seedlings under high competition (Holl,
1998; Barger et al., 2003). The overall greater investments in roots showed by the invasive species
could confer an advantage when competing for nutrients belowground. Also, the response of M.
minutiflora to flooding suggests its greater root biomass may have been more efficient to avoid
creating an anoxic environment. Since flooding impairs the aerobic respiration of roots, hindering
plant metabolism and development (Crawford, 1982), the poor response of S. microstachyum

suggests this species may not be as well adapted to poorly drained soils as M. minutiflora.

Although S. microstachyum showed higher concentrations of pigments, the difference
between species reduced when fertilized. This difference did not seem to confer higher photosynthetic
capacity to the native species, given the lower maximum potential quantum yield (F./Fm) values.
Furthermore, the data show a higher chlorophyllay ratio for the native species, especially in the flood
treatment. This response indicates oxidative stress since chlorophylly is degraded before chlorophyll,
in such conditions, increasing the ratio (Alberte et al., 1977; Ashraf and Habib-ur-Rehman, 1999;
Huang et al., 2004). Furthermore, Fv/Fm decreased with flooding while NPQ increased. A decrease in
Fv/Fm with flooding may indicate photodamage (Rengifo et al., 2005; Fernandez, 2006), even though

the values did not decrease below 0.71, which is considered the threshold for healthy plants (Bolhar-
14



Nordenkampf and Oquist, 1993). Higher NPQ values are observed for plants under water stress
(Correia et al., 2014), and the higher NPQ values for the invasive species might confer stronger

protection against photoinhibition (Li et al., 2002).

When fertilized, pigment content increased for the invasive species, which also showed higher
efficiency in allocating nutrients into leaves, given the higher nitrate concentration. This species may
reutilize nitrogen more efficiently given its better ability to incorporate nutrients to leaves (Baruch
and Jackson, 2005; Silva and Haridasan, 2007). These characteristics favor M. minutiflora, especially
in areas with higher nitrogen deposition due to anthropogenic activities (Alpert et al., 2000).
Furthermore, water stress does not seem to impair nutrient assimilation as fertilization did. However,
in the unfertilized group with low water availability, nitrate concentration in the native species
reached the levels of the invasive species. Native Neotropical savanna grasses under water deficit
conditions tend to accumulate nitrogen in their leaves (Baruch, 1994). Also, the native species may
better compete with the invasive species in situations of lower resource availability (Baruch and
Fernandez, 1993). As observed in the PCA, the points corresponding to the invasive plants in drought
treatments without fertilization are closer to the native species group, suggesting that the performance

of the invasive species was closer to the native species if under low water and nutrient availability.

Although the native Neotropical savanna grasses are adapted to seasonal drought and are
reported to better tolerate drought than invasive species (Sarmiento, 1992; Baruch and Fernandez,
1993), water constraints in the growth period were damaging. The oxidative stress parameters
indicate that the native species showed a stronger response to water stress and fertilization at a
biochemical level. However, this mechanism might not be sufficient to overcome water stress, as
indicated by the reduced dry weight values during water stress and in higher oxidative damage during
drought. MDA levels suggests elevated lipid peroxidation and damage to the cell membrane for the
native species. This damage increased with drought for both species and is in accordance with their
lower biomass accumulation. Other studies show an increase of MDA in plants under water deficit

(Zhang and Kirkham, 1994; Lima et al., 2002; Correia et al., 2014), and drought-tolerant plants do
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not present such high levels in MDA content in these conditions (Arora et al., 2002; Gill and Tuteja,
2010). Therefore, given its smaller MDA values, M. minutiflora seems to be more tolerant of water
constraints than the native species. Nevertheless, fertilization seemed to diminish lipid peroxidation
under drought. When fertilized, the native species was affected only in the driest treatment (10d),

while the invasive species was not affected at all.

G-POX and SOD are important antioxidant enzymes. SOD is the first line of defense in the
scavenging system of reactive oxygen species. It dismutates superoxide (O2) into hydrogen peroxide,
which can then be reduced by G-POX, which consumes H>O by oxidizing guaiacol. Although it was
not possible to measure the activity of these enzymes in the 10d treatment for the native species due
to lack of material, both enzymes seemed to have their activity enhanced with the combination of
watering and fertilization. Water seems to make the nutrients more available, being diluted in the
water, and acting synergistically with fertilization. Other studies showed increases in G-POX and
SOD in grass species of rye and wheat exposed to chemical stress (Milone et al., 2003; Khan et al.,
2007; Silva et al., 2013). Although fertilization had a positive effect on biomass accumulation, it also
seemed to cause oxidative stress in the native species. This response may be a reflection of its

adaptation to soils with low nutrient availability.

CONCLUSIONS

Overall, the invasive species may outcompete the native species by accumulating more biomass and
growing faster, using nutrients and water more efficiently, and investing in wider leaves and a greater
underground biomass. Also, invasive species maintained high photon fluxes despite the lower
concentrations of photosynthetic pigments, and showed a weaker oxidative response to drought and
fertilization. The native species would perform at a similar pace to the invasive species in conditions
of less water and nutrient availability, whereas unnatural fertilization inputs and high-water
availability would benefit the invasive species. In the cerrado region, sites that present natural low

nutrient availability and well-drained soils could represent a situation where these native and invasive
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grasses could compete at a similar pace. On the other hand, disturbed sites with anthropogenc inputs

of nutrients, and especially in the rainy season, could favor the advance of M. minutiflora invasion.
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Figure 1. Morphological traits of the seedlings of one invasive (Melinis minutiflora) and one native
(Schizachyrium. microstachyum) grass cultivated under different water treatments (1d, watered every
day; 5d, watered every five days; 10d, watered every ten days; Ow, overwatered every day) with or
without the addition of NPK (10-10-10). Interval bars show standard deviation. Asterisks show
significant differences among species within treatments; uppercase letters show differences among
fertilized and unfertilized treatments; lowercase letters show differences among water treatments.
Factorial ANOVA with species, water treatment, and fertilization as independent variables followed

by Tukey HSD test for multiple comparisons (p < 0.05).
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Figure 2. Nitrate and phosphate concentrations in seedlings of one invasive (Melinis minutiflora) and
one native (Schizachyrium microstachyum) grass cultivated under different water treatments (1d,
watered every day; 5d, watered every five days; 10d, watered every ten days; Ow, overwatered every
day) with or without the addition of NPK (10-10-10). Interval bars show standard deviation.
Asterisks show significant differences among species within treatments; uppercase letters show
differences among fertilized and unfertilized treatments; lowercase letters show differences among
water treatments. Factorial ANOVA with species, water treatment, and fertilization as independent

variables followed by Tukey HSD test for multiple comparisons (p < 0.05).
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Figure 3. Principal components analysis ordination using dry weight (DW), leaf area (A), length (L),
number of tillers (Til), root:shoot ratio (RS), pigment concentration (Chloa, Chlob, Carot), MDA
concentration, G-POX and SOD activities, and nitrate concentration (Nit) as variables for one
invasive (Mm; Melinis minutiflora) and one native (Sm; Schizachyrium microstachyum) grass
cultivated under different water treatments (CTR, watered every day; 5, watered every five days; 10,

watered every ten days; OVW, overwatered every day) and nutrients availability (F, fertilized; C,

unfertilized).
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Table 1. Factorial ANOVA scores for each measured variable using species (S; Melinis minutiflora or Schizachyrium microstachyum), water treatment

(watered every day, watered every five days, watered every ten days, or over watered every day), and fertilization (F; with or without) as the independent

variables.
. Species Water treatment Fertilization SxWxF
Variable
F p F p F P F P

Carotenoids 48.936 <0.001 0.952 0.421 1.415 0.239 0.481 0.693
Chlorophyll a 53.632 <0.001 1.641 0.189 12.054 <0.001 0.698 0.556
Chlorophyll a/b 204.802 <0.001 4.265 0.008 22.719 <0.001 2.221 0.094
Chlorophyll b 7.509 0.008 1.976 0.127 2.540 0.116 0.462 0.709
Dry weight 120.616 <0.001 18.104 <0.001 38.327 <0.001 0.814 0.496
Fu/Fm 59.824 <0.001 5.100 0.003 11.451 0.001 1.093 0.359
G-POX 6.002 0.020 1.756 0.175 5.169 0.030 1.588 0.220
Leaf area 52.918 <0.001 16.440 <0.001 37.554 <0.001 2.253 0.101
MDA 120.741 <0.001 35.729 <0.001 23.535 <0.001 6.785 <0.001
Nitrate 209.310 <0.001 0.472 0.701 29.362 <0.001 2.552 0.073
NPQ 18.404 <0.001 4.115 0.010 3.385 0.070 0.315 0.815
Number of tillers 3.627 0.066 18.871 <0.001 88.005 <0.001 1.610 0.206
Phosphate 65.787 <0.001 12.601 <0.001 1.262 0.270 1.840 0.300
Root:shoot ratio 15.240 <0.001 1.954 0.140 0.192 0.663 1.387 0.265
Shoot length 186.289 <0.001 24.438 <0.001 47.452 <0.001 0.436 0.729
SOD 53.236 <0.001 2.236 0.103 0.006 0.937 2.117 0.136
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Table 2. Mean values (£SD) of leaf fluorescence pigments in the leaves of one invasive (Melinis
minutiflora) and one native (Schizachyrium microstachyum) grass cultivated under different water
treatments (1d, watered every day; 5d, watered every five days; 10d, watered every ten days; Ow,
overwatered every day) and nutrients availability. The p column shows differences among water
treatments; asterisks show a significant difference between species. ns = not significant.

Variable Fertilized Water p M. minutiflora  S. microstachyum
Chlorophyll a (umol g FW™)
No 1d ns 0.98 + 0.06 1.73+£0.18*
No 5d ns 0.80 £ 0.02 1.63+0.07*
No 10d ns 0.88 £ 0.09 142 £0.14
No Ow ns 1.08 £ 0.04 1.70+0.22 *
Yes 1d ns 1.22 £0.09 2.13+0.18 *
Yes 5d ns 1.52+0.13 1.64£0.14
Yes 10d ns 1.14£0.42 1.63+£0.14
Yes Ow ns 1.30+£0.18 1.74 £0.15
Chlorophyll b (umol g FW )
No 1d a 0.33+£0.02 0.60 £ 0.13
No 5d a 0.29 £ 0.03 0.49 +0.03
No 10d b 0.31+0.03 0.41 +0.03
No Ow a 0.36 £ 0.01 0.43 +£0.04
Yes 1d ns 0.44 £ 0.04 0.54 £ 0.05
Yes 5d ns 0.52 £ 0.05 0.46 + 0.03
Yes 10d ns 0.40 £ 0.15 0.39 £ 0.04
Yes Ow ns 0.44 + 0.06 0.34 £ 0.06
Carotenoids (umol g FW 1)
No 1d ns 0.63 +0.03 1.18+0.18*
No 5d ns 0.58 £ 0.04 1.05+0.05*
No 10d ns 0.59 + 0.06 1.01+0.07*
No Ow ns 0.70 £ 0.03 0.98+0.11
Yes 1d ns 0.74 £ 0.07 1.13+0.07
Yes 5d ns 0.91 +0.09 1.02 £0.05
Yes 10d ns 0.62 £0.22 1.01+£0.05
Yes Ow ns 0.82+£0.11 0.92 £ 0.06
Chlorophyll o ratio
No 1d 2.93+0.04 3.14+£0.35
No 5d 2.80+£0.23 3.34+£0.18
No 10d ab 2.83+£0.38 3.41+£0.15
No Ow b 3.00 £ 0.04 3.98+£0.06 *
Yes 1d ns 2.82£0.05 3.95+0.07
Yes 5d ns 2.91+£0.04 3.97+0.12
Yes 10d ns 2.87 £0.06 422+0.12*
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Variable Fertilized Water p M. minutiflora  S. microstachyum
Yes Ow ns 2.96 £ 0.08 4.04 £ 0.56

Fu/Fm
No 1d a 0.782 £ 0.010 0.771 £ 0.004
No 5d a 0.777 £ 0.006 0.749 £ 0.009
No 10d a 0.796 £ 0.005 0.723 £ 0.004 *
No Ow b 0.788 £ 0.005 0.719+£0.019*
Yes 1d A 0.789+0.004 0.779 £ 0.003
Yes 5d A 0.798 £ 0.006 0.775 £ 0.006
Yes 10d A 0.805+0.003 0.765 £ 0.013
Yes Ow B 0.774 £ 0.004 0.744 £ 0.016

NPQ
No 1d ns  4.018+0.173 2.549 £ 0.120
No 5d ns  3.550+0.598 2.625 £ 0.515
No 10d ns  3.120+0.551 2.243 £0.207
No Ow ns  3.963 +0.005 2.602 £ 0.396
Yes 1d AB 3.221+0.053 2.867 £ 0.348
Yes 5d AB 2.675+0.118 2.386 + 0.301
Yes 10d A 2441+0.279 2.441 + 0.287
Yes Ow B 3.186 £ 0.061 3.023 £ 0.455
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Table 3. Mean values (xSD) of MDA and enzymatic activities of one invasive (Melinis
minutiflora) and one native (Schizachyrium microstachyum) grass cultivated under different water
treatments (1d, watered every day; 5d, watered every five days; 10d, watered every ten days; Ow,
overwatered every day) and nutrients availability. The p column shows differences between water

treatments; asterisks show significant differences between species. ns = not significant.

Variable Fertilized Water p M. minutiflora S. microstachyum
MDA (mmol g FW1)
No 1d b 4.29+£0.38 7.08 £0.39
No 5d a 9.89+2.38 17.00+1.62 *
No 10d a 8.11+1.28 15.67+1.26 *
No Ow b 3.08+£0.18 11.57+0.81*
Yes 1d B 4.19 £ 0.04 573+ 1.64
Yes 5d B 4.01+0.26 7.06 £ 0.29
Yes 0d A 542 £0.34 19.96 £1.62 *
Yes Ow B 3.26£0.31 5.95+0.39
GPOx (umol ml? prot ! min'1)
No 1d ns 1.40+0.16 0.90+£0.78
No 5d ns 1.56 +0.43 0.25+0.13
No 10d  ns 1.89+0.33 -
No Ow ns 1.47 £ 0.35 2.14 £0.10
Yes 1d ns 2.17+£0.19 2.29£0.39
Yes 5d  ns 1.63+0.21 1.37+£0.15
Yes 10d ns 1.40+£0.21 -
Yes Ow ns 0.89 £ 0.20 431+1.24*
SOD (mg g FW tmin™)
No 1d a 2.66 £0.35 4.16 £1.39
No 5d b 1.59+0.51 2.74 £0.92
No 10d ab 0.73+£0.19 -
No Ow ab 1.94+0.32 2.57 £0.02
Yes 1d B 1.67 £0.27 3.09+£0.53
Yes 5d AB 135%0.11 457 +£0.51
Yes i0d A 0.92 £0.20 -
Yes Ow B 1.64+0.22 534+149*
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