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• Melinis minutiflora invasion threatens
the biodiversity of a campo rupestre
biome.

• The site was assessed using leaf C, N,
and δ15N, and soil C, N, NO3

− and NH4
+.

• Soil had a high level of NH4
+ and a high

N-based fertility from N2 fixation.
• NO3

− increased in invaded soils through
the stimulation of nitrifying bacteria.

• N fertilisation in restoration procedures
may increase the invasiveness degree.
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The Serra do Rola Moça State Park (PESRM) in Minas Gerais State, Brazil is a preserved site representative of the
campo rupestre biome over an ironstone outcrop that has a high level of plant diversity. Almost 60% of this grassy
field has been invaded by the exotic molasses grass (Melinis minutiflora), which constitutes a severe threat to the
biodiversity and survival of this biome, particularly due to the impacts of annual fires and inappropriate restora-
tion interventions. Many invasive species exhibit a high demand for nitrogen (N). Hence, this work aimed to
study the N cycle alterations promoted byM. minutiflora in a site of the campo rupestre, where the leguminous
species Mimosa pogocephala was prevalent. The biome's soils exhibited a high natural N fertility and low C:N
ratio. Themain N source in this biome resulted from the biological N fixation performed byM. pogocephala asso-
ciated with Burkholderia nodosa, as evidenced by the total leaf N content, leaf δ15N signature, nodule occupation
and bacterial molecular identification analyses. The displacement of native species by molasses grass was associ-
ated with changes in the soil N forms, namely the nitrate increased as the ammonium decreased. The latter was
the dominant N form in the native species plots, as observed in the soil analysis of total N, ammonium and nitrate
contents. The dominant ammonium form was changed to the nitric form by the stimulation of ammonia-
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oxidising bacteria populations due to the invasive species. Therefore, the keymechanism behind the invasiveness
of the exotic grass and the concomitant displacement of the native speciesmay be associatedwith changes in the
soil N chemical species. Based on this finding and on the highN-based soil fertility found in the campo rupestre N
fertilisation procedures for restoration of invaded areas should be strictly avoided in this biome.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Biological invasions threaten worldwide biodiversity (Davis, 2003)
by decreasing species richness, diversity and evenness (Hejda et al.,
2009). In general, the effects on biodiversity occur due to strong modi-
fications in community composition and community dynamics through
alterations in key ecosystem processes (Ehrenfeld, 2003) such as
biogeochemical cycles and soil chemistry (Ehrenfeld and Scott, 2001).
Several invasive species are able tomodify soil organicmatter andnutri-
ent stocks, especially nitrogen cycling pools (Ehrenfeld, 2003, Hawkes
et al., 2005, Stark and Norton, 2015). Such changes may be promoted
by augmenting ecosystemN through fixation of atmospheric N, increas-
ing N loss rates or altering the N-chemical form (Corbin and D'Antonio,
2004; Evans et al., 2001). Furthermore, invaders have been reported to
alter soil moisture and water loss (Zavaleta, 2000) and change fire re-
gimes (D'Antonio, 2000; D'Antonio et al., 2011).

However, the impacts on the species diversity and composition of
invaded communities differ among invaders (Hejda et al., 2009). The in-
vasive mechanism of the speciesMelinis minutiflora has been related to
N soil alterations that result from complex positive feedbacks among
vegetation, soil microbes, and nutrient cycling (Corbin and D'Antonio,
2004; Hoffmann and Haridasan, 2008; Hawkes et al., 2005; Lazzaro
et al., 2014; Stark and Norton, 2015; Suding, 2013), which ultimately
benefit the invasive over competitors (Suding, 2013). Furthermore,
Melinis minutiflora invasion has been documented to be associated
with fires promotion (Suding, 2013; Bustamante et al., 2012; Yelenik
and D'Antonio, 2013), resulting in the depletion of native plants and
the acceleration of nitrogen-cycling rates as more soil nitrogen is re-
leased to the soil. This additional N soil input increases the growth of
exotic grasses and inhibits the recovery of native species (Bustamante
et al., 2012).

The Serra do Rola Moça State Park (PESRM), located in Quadrilátero
Ferrífero in Minas Gerais State, was created to protect a preserved site
representative of the Brazilian campo rupestre biome over an ironstone
outcrop that is surrounded by six iron oremines. The soils under campo
rupestre are ironstone outcrops (canga) that are formed by alterations
in primary minerals through the actions of weathering and/or lichenic
acid production (Resende et al., 1996), and they have been considered
by several authors as nutrient-impoverished (Carvalho-Filho et al.,
2010; Messias et al., 2013).

The vegetation of the campo rupestre biome is dominated by grass,
herbaceous and shrub species of Poaceae, Asteraceae, Malpighiaceae
and Fabaceae (Periandra, Chamaecrista, Mimosa) as described by Viana
and Lombardi (2007). A single leguminous species generally dominates
each area of the campo rupestre depending on factors such as substrate
type and altitude. In our study area, the prevalent leguminous species
wasMimosa pogocephala Benth., which is considered endemic in this re-
gion. However, the notable and diverse vegetation in the campo
rupestre biome (Giulietti and Pirani, 1988; Viana and Lombardi, 2007)
appears to be incongruent with the assumed nutrient-impoverished
soils of this area.

The campo rupestre biome has been threatened by intense iron ore
mining activities over centuries. Mine companies located around the
PESRM have extensively used exotic species such as the African pasture
grassMelinis minutiflora (P. Beauv) in rehabilitation procedures. As a re-
sult, nearly 60% of the campo rupestre in the park has been invaded by
M. minutiflora,which constitutes a severe threat to the biodiversity and
survival of the native vegetation that is periodically reached by fires
(Scotti et al., 2012).

Besides, some restoration efforts in some invaded areas of the
PESRMhave been empirically conducted by environmental associations
and non-governmental organisations by using native species with con-
ventional NPK fertilisation techniques. Unfortunately, such interven-
tions have increased the degree and extent of M. minutiflora invasion
in thesemanaged areas (Scotti et al., 2012). This finding is in agreement
with Bustamante et al. (2012), who showed that fertilisationwithN and
P has increased M. minutiflora invasion.

Molasses grass requires high levels of nutrients, particularly ni-
trogen (N), for growth (Asner and Beatty, 1996; Barger et al.,
2003). As the campo rupestre soils are considered to show low fertil-
ity levels, it is unclear how such a highly nutrient-demanding plant
such as molasses grass has invaded the PESRM, particularly to such
a great extent.

One of themain invasive strategies documented for exotic species is
the alteration in soil N availability for their own benefit by modifying N
fixation and nitrification/denitrification processes involving N cycle-
related soil microbial communities (Corbin and D'Antonio, 2004;
Evans et al., 2001; Hawkes et al., 2005; Lazzaro et al., 2014; Stark and
Norton, 2015). Considering that invasion success depends on soil nutri-
ents, particularly N availability, we studied the soil fertility of the campo
rupestre, the alterations in the N cycle promoted by the invasive species
M. minutiflora on the campo rupestre substrate and the impact of
M. minutiflora on M. pogocephala. Our findings will assist to formulate
and support future management plans.
2. Material and methods

2.1. Study area

The study was carried out at the Parque Estadual da Serra do Rola
Moça (PESRM), located in the central-south region of Minas Gerais
State, Brazil (20°3′20″S, 44°1′11″W) and covering the municipalities
of Belo Horizonte, Brumadinho, Ibirité and Nova Lima. The regional
weather is type “Cwa” (Köppen classification), presenting a well-
defined rain regime characterised by dry winters and rainy summers.
The PESRM is located at the “Quadrilátero Ferrífero” in the southern
region of the Espinhaço mountain range, with an altitude ranges
from 650 to 1500 m above sea level. This site is economically
important because it hosts two world-class iron-ore mines of the
Proterozoic Minas Supergroup. This supergroup consists of two
types of banded iron formations; the dolomitic and quartz itabirites
(Spier et al., 2007), with a canga surface covering friable and com-
pact haematite; and a phyllite base (Spier et al., 2007). The dominant
clay type rock consists mainly of iron and aluminium oxides and is
classified as perferric soil based on the Brazilian Soil Classification
(Spier et al., 2007). This rock is rich in Fe2O3 (95.8–97.8%) and
other elements, such as K2O (0.06%), MgO (18.5%), CaO (26.19%)
and P2O5 (0.12%), as described by Spier et al. (2007).

The vegetation (Fig. 1a), is characterised as a grassy field over an
ironstone outcrop (Rizzini, 1979), which is composed of herbaceous
and shrubby species and occurs at altitudes above 1000 m. This



Fig. 1. Parque Estadual da Serra do Rola Moça (PESRM), Minas Gerais state. Brazil. Study site: (a) campo rupestre vegetation; (b) Melinis minutiflora invasion in PESRM; (c) treatment 1
(T1): native species without Mimosa pogocephala and no invasion; (d) treatment 2 (T2): native species plusM. pogocephala and no invasion; (e) treatment 3 (T3): native species plus
M. pogocephala and ≤ 50% invasion; (f) Treatment 4 (T4): native species plus M. pogocephala and N 50% invasion; (g) Treatment 5 (T5): full invasion of M. minutiflora without
M. pogocephala; and (h) campo rupestre reached by fire (2011).

204 P.C.D. Ribeiro et al. / Science of the Total Environment 577 (2017) 202–211
vegetation has been invaded by M. minutiflora (Fig. 1b), which is the
main cause of fire propagation in the PESRM (Fig. 1h).

2.2. Experimental design

The experimental site was established as 600 m2, or 0.06 ha, of a
grassy field of campo rupestre at 1440m above sea level (20°03′22″
S, 44°01′09″W). The experimental design consisted of five treat-
ments or plots (4 m2 per plot) and three replicates (blocks),
forming three plots/treatment/block and a total of nine plots/treat-
ment. The treatments were randomly distributed in each block
(200 m2). The five treatments (Fig. 1) were as follows: (T1) plots
with native vegetation, without the studied legume species
(M. pogocephala) and no invasion (Fig. 1c); (T2) plots with native
vegetation plus M. pogocephala and no invasion (Fig. 1d); (T3)
plots with native vegetation plus M. pogocephala and ≤50% inva-
sion by M. minutiflora (Fig. 1e); (T4) plots with native vegetation
plus M. pogocephala and N50% invasion by M. minutiflora (Fig. 1f);
and (T5) full invasion by M. minutiflora without M. pogocephala
(Fig. 1g).

For the leaf analyses, samples were collected from plants belonging
to the Malpighiaceae, Asteraceae and Poaceae families, and
M. pogocephala and M. minutiflora species. The leaf samples were col-
lected from three individuals/family or species/treatment/block. The

Image of Fig. 1
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plots sampledwere only from T1-T4 because T5 did not contain any na-
tive species.

2.3. Species distribution

After thedemarcation of plots in thefield, species occupation and oc-
currence were measured using the method proposed by Toledo and
Schultze-Kraft (1982). This method uses a 1 m2 quadrant composed of
100 squares of 0.01 m2 each. The quadrant was placed inside the plots
and then the vegetation in each square was identified.

2.4. Soil analysis

Each soil sample consisted of two mixed samples/plot (5 cm depth
or 200–300 g). The chemical analysis was performed according to
Embrapa (1997). The soil samples were kept cool (4 °C) during sam-
pling and transport and were maintained at 2 °C until processed. Field
soil samples had their total N level determined by semimicro-Kjeldahl
digestion (Bremner, 1960), and N ammonia and nitrate contents were
determined using the steam distillation method of Bremner and
Keeney (1965) after extracting 10 g of soil with 2 mol L−1KCl.

2.5. Leaf analysis

Leaf samples were taken in the field with three replicates from three
individuals of each family or species (Malpighiaceae, Asteraceae and
Poaceae families; M. pogocephala and M. minutiflora species)/treat-
ment/block. The samples were dried at 70 °C for at least 48 h and,
after reaching a constant weight, were ground to a fine powder in a
ball mill (Glen Creston Ltd.). Theywere then analysed for their total car-
bon (C), N and δ15N contents using an isotope ratio mass spectrometer
(FinniganMAT Delta E, Thermo Electron, Bremen, Germany) coupled to
an EA 1110 elemental analyser (Thermo Electron, Milan, Italy), where.

δ15N ‰ð Þ ¼ sample atom%15N−0:3663
0:3663

 !
� 1000

i.e., the abundance of 15N is expressed in “delta” notation (δ), which is
the deviation per thousand (‰) of 15N abundance of the sample in rela-
tion to the international standard (i.e. atmospheric N2), which has an
atom% of 15N = 0.3663 (Unkovich et al., 2008).

2.6. Identification of M. pogocephala nodule bacteria

M. pogocephala effective nodules (internal pink colour) were grown
on yeast mannitol agar according to Vincent (1970). The 16S rRNA
genes were amplified as described by Rivas et al. (2007) and nearly
complete sequences (N1400 bp) were obtained by Macrogen
Corporation (Amsterdam, The Netherlands). The sequences obtained
were compared with those on the EzTaxone-server. The sequences
were aligned using ClustalW software. Phylogenetic trees were con-
structed with the neighbour-joining method (Saitou and Nei, 1987)
using Kimura (1980) two-parameter model in Mega5 software. Confi-
dence in the nodes of the trees was determined by bootstrap analysis
using 1000 repetitions.

2.7. Quantitative PCR (qPCR)

The soil abundance of ammonia-oxidising bacteria (AOB)was deter-
mined using qPCR to estimate the number of soil bacteria expressing the
ammonia monooxygenase genes (amoA). The MoBio (Carlsbad, CA,
USA) Power Soil DNA extraction kit was used on each soil sample
(0.5 g), following the recommended protocol. DNA concentration and
purity were assessed using a NanoDrop spectrophotometer (NanoDrop
Technologies,Wilmington, DE, USA) and the PCR reactionswere carried
out in an Applied Biosystems Quant Studio Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) with an iQ SYBR Green
Supermix from Bio-Rad (Hercules, CA, USA). Bacterial amoA gene quan-
tification was performed using the amoA-1F (5′-GGGGTTTCTACTGGTG
GT-3′) and amoA-2R (5′-CCCTCGGGAAAGCCTTCTTC-3′) primers
(Rotthauwe et al., 1997) with the following thermocycling conditions:
30 s at 95 °C, followed by 40 cycles of 30 s at 95 °C, 34 s at 60 °C, and
60 s at 72 °C. A calibration curve was obtained using a 10-fold serial di-
lution of a known concentration of positive control DNA (ranging from
102 to 108). The CT values obtained from each sample were then com-
pared with the standard curve to determine the DNA concentration of
the original sample.

2.8. Data analysis

All data were appraised by analysis of variance (ANOVA). Means
were compared using either Tukey's test at 5% probability level or the
Kruskal–Wallis non-parametric test (at 5% probability level) when the
assumptions of ANOVA were not met. All analyses were performed
with R statistical software (version 3.2.2).

3. Results and discussion

3.1. Site occupation and plant invasion

Fig. 2 shows the species occupation indices of plots under different
treatments. The occupation index of the native species in the study
site was ~80% and the remaining 20% consisted of rocky outcrop (T1).
In the plots whereM. pogocephalawas included (T2, T3 and T4) the oc-
cupation index was ~5% and was independent of the treatment. The
M. minutiflora invasion process occurred by initially displacing the na-
tive species (T3), then occupying all of the open spaces (T4 and T5),
reaching almost 100% occupation. Thus, the invasive plant produced
more biomass than the native species, as previously described for
other invasive plants (Hoffmann andHaridasan, 2008). The invasive be-
haviour shown byM. minutifloramight be associated with a nutritional
demand (Barger et al., 2003; Hoffmann and Haridasan, 2008), particu-
larly for N, which is the limiting nutrient in the majority of biomes
(Laungani and Knops, 2009) and is considered the main nutritional de-
mand for M. minutiflora plants (Barger et al., 2003).

3.2. Biological nitrogen fixation (BNF) as the biome N source.

M. pogocephala formed effective root nodules in the campo rupestre,
and the nodules from the experimental site were predominantly occu-
pied by Burkholderia strains closely related to Burkholderia nodosa
(Fig. 3), a nodulating Mimosa species only found, to date, in Brazil
(Moulin et al., 2015). Indeed, dos Reis et al. (2010) found that several
Mimosa species from the Cerrado biome are nodulated by Burkholderia
species, but this is the first report of nodulation in the endemic species,
M. pogocephala.

The high biomass produced by the invasive grass depends largely on
soil N availability (Laungani and Knops, 2009) because species of
Poaceae show an elevated leaf C:N ratio compared to Fabaceae (James,
2008). The invasive species showed the lowest leaf N (T3: p b 0.001
and T4: p=0.001) and C (T3: p=0.0195) contents among the studied
species (Figs. 4a and b). In contrast,M. pogocephala presented a higher C
content (T2: p=0.020; T3= 0.008) than the Poaceae plants, as well as
the highest (1.5–2.0%) N content (T2: p b 0.001; T3: p b 0.001). The leaf
C:N ratio (Fig. 4c) was significantly lower in Mimosa leaves for T2, T3
and T4. However, the C:N ratio found in M. minutiflora leaves was high
and comparable to the previous results of Asner and Beatty (1996) in
Hawaii. As expected, the presence of Burkholderia in nodules resulted
in the highest N leaf content and the lowest C:N ratio of the Fabaceae,
highlighting the role of this species in maintaining the fertility of the
campo rupestre biome. Thus, this species is likely to be a pivotal source



Fig. 2.Vegetation occupation index of open spaces in the plots treated as follows: (T1) native specieswithoutMimosa pogocephala and no invasion; (T2) native species plusM. pogocephala
and no invasion; (T3) native species plus M. pogocephala and ≤ 50% invasion; (T4) native species plus M. pogocephala and N50% invasion; and (T5) full invasion of Melinis minutiflora
withoutM. pogocephala. Means with different letters are significantly different, according to the Mann-Whitney test at 5% confidence level (p ≤ 0.05).
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of N-organic matter for all the species in the study site, possibly consti-
tuting a positive feedback mechanism for M. minutiflora invasion
(Laungani and Knops, 2009; Mangla et al., 2011).

The δ15N differences recorded between the leguminous
(M. pogocephala) and reference (non-leguminous) species suggested
that the N content inM. pogocephala leaves (Fig. 5) probably originated
from BNF. The δ15N values of N-fixing species are relatively more
Fig. 3.Maximum likelihood phylogenetic tree based on 16S–23S rDNA intergenic spacer (ITS) s
Burkholderia. Bootstrap values were calculated for 1000 replications. Bar. 1 nt substitution per
negative than reference species due to the isotopic atmospheric dis-
crimination promoted byN-fixing bacteria (dos Reis et al., 2010). There-
fore, measuring the leaf δ15N abundance under natural conditions can
assist distinguishing the potential N2-fixing plants from non-fixing
plants (dos Reis et al., 2010). This way, the field results of intense de-
pleted δ15N signals in M. pogocephala leaves, the presence of
Burkholderia strains in its root nodules, as well as the higher leaf N
equences (604 nt) showing the position of strains isolated from nodules within the genus
100 nt.

Image of Fig. 2
Image of Fig. 3


Fig. 4. Contents of nitrogen (a), and carbon (b), and the carbon-to-nitrogen ratio (c) in leaves of Mimosa pogocephala, Melinis minutiflora, Poaceae native species, Malpighiaceae and
Asteraceae species from treatments T1-T4. The bars represent the means ± SEM (standard error of the mean). Treatments: (T1) native species without M. pogocephala and no
invasion; (T2) native species plus M. pogocephala and no invasion; (T3) native species plus M. pogocephala and ≤ 50% invasion; and (T4) native species plus M. pogocephala and N50%
invasion. Means with different letters are significantly different according to Tukey's multiple rangetest at 5% confidence level (p ≤ 0.05).
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content and lower C:N ratio indicate the contribution of BNF to the
growth of M. pogocephala and its role in maintaining the N-related fer-
tility of campo rupestre soils.

3.3. Soil fertility and plant invasion

The low soil fertility of campo rupestre (Carvalho-Filho et al., 2010;
Messias et al., 2013) is incongruent with the high plant biodiversity
and endemism (Viana and Lombardi, 2007), as well as the rampant
presence of an invasive exotic plant. Such species generally exhibit a
high nutrient demand and reach dominance in more productive sites
(Barger et al., 2003). Indeed, our results (Table 1) show that the soil
from the study site cannot be considered as infertile because its nutrient
content is similar to soils from most of the preserved Brazilian biomes.
The low soil fertility of campo rupestre (Carvalho-Filho et al., 2010;
Messias et al., 2013) is incongruent with the high plant biodiversity
and endemism (Viana and Lombardi, 2007), as well as the rampant
presence of an invasive exotic plant. Such species generally exhibit a
high nutrient demand and reach dominance in more productive sites
(Barger et al., 2003). Indeed, our results (Table 1) show that the soil
Fig. 5. Natural abundance of δ15N in leaves of Mimosa pogocephala, Melinis minutiflora,
native Poaceae, Malpighiaceae and Asteraceae species in the treatments as follows: (T1)
native species without M. pogocephala and no invasion; (T2) native species plus
M. pogocephala and no invasion; (T3) native species plus M. pogocephala and ≤50%
invasion; and (T4) native species plusM. pogocephala and N50% invasion.
from the study site cannot be considered as infertile because its nutrient
content is similar to soils from most of the preserved Brazilian biomes
(Table 2). Whereas the P content in campo rupestre soil was similar to
that in Caatinga and Cerrado biome soils, the K and Ca contents were
comparable to those of Cerradão forest. Only Mg was found low in the
study site but comparable to Cerradão forest. The soil pH at the study
site was similar to that of Atlantic forest, which is attributed to the
high organic matter content. The organic matter (OM) and Cation ex-
change capacity (CEC) were unexpectedly high in the campo rupestre
biome,which suggests that OM is the main source of nutrients in this
biome. A high soil OM level was similarly found by Carvalho-Filho
et al. (2015) and our team (Baião, 2012), who discovered elevated
amounts of humic acid in the vegetation islands of the campo rupestre.

The similarity of soil nutrient profiles among campo rupestre soils
and various natural and undisturbed ecosystems in Brazil suggests
that this biome is unlikely to be considered infertile.

Therefore, the inorganic nutrient sources in these soils aremostly as-
sociated with organic matter decomposition as evidenced by the high
soil organicmatter content (Table 1), alliedwith the rockweathering ef-
fect. In fact, banded iron formations from campo rupestre contain min-
eral elements, such as K2O, MgO, CaO and P2O5 (Spier et al., 2007), and
are highly colonised by lichens (Baião, 2012). These lichens can produce
lichenic acid that dissolves rock (Resende et al., 1996), slowly resulting
in continuously available nutrients. The nutrients arising from litter
decomposition and rocks may be sufficient to sustain the native vegeta-
tion. Indeed, at the start of the invasion process, the nutrient availability
(particularly for the scarce calcium and magnesium) of T3 increased
(Table 1), suggesting the contribution of organic matter decomposition
thatmight have been stimulated by the invasive species (Schaeffer et al.,
2012). This increase was followed by an intense depletion of soil nutri-
ents (T4, Table 1), suggesting a nutrient immobilisation effect by the in-
vasive plant. These immobilised nutrients returned to the soil with the
leaf fall in the dry season (T5, Table 1), again becoming available to
the plants.

The low fertility attributed to soils from natural ecosystems may be
based on the fertility criteria used for agronomic purposes. Indeed, if
we use the current agronomic classification of the soil fertility reference
in Brazil (Embrapa, 1997), most or even all natural ecosystem soils
would be considered infertile. Assuming that agriculturally managed
sites cannot be compared to a balanced and nutrient-rationed soil

Image of Fig. 4
Image of Fig. 5


Table 1
Physical and chemical analysis of soil samples from following treatments: T1 –Native specieswithoutMimosa pogocephala andno invasion; T2 –Native species plusM. pogocephala and no
invasion; T3 –Native species plusM. pogocephala and invasion ≤50%; T4 –Native species plusM. pogocephala and invasion N50%; T5 – full invasionwithout the presence ofM. pogocephala.
Means with different letters are significantly different as determined by Tuckey multiple-range test at the 5% confidence level (p ≤ 0.05). NS: Do not differ at p b 0.005 by same test.

Treatments pH OM P K Ca Mg CEC C N C:N
(%) (ppm) (cmol/dm3) (meq/100 g) (%)

T1 4.2b 8.5 NS 3.5 NS 0.11a 1.567b 0.176b 8.5 NS 4.96 NS 0.30ab 15.5 NS

T2 4.3b 8.2 3.5 0.09b 1.384c 0.18b 7.8 4.7 0.33a 14.5
T3 4.5b 8.6 3.3 0.11 a 1.920a 0.36a 8.8 4.9 0.31ab 18.3
T4 4.6b 5.1 3.0 0.09b 1.167d 0.22b 6.2 2.99 0.24b 12.4
T5 5.3a 5.8 3.3 0.07b 2.047a 0.4a 5.6 3.3 0.26ab 14.0

Soil organic matter content (OM). Phosphorus (P).·Potassium (K). Magnesium (Mg). Calcium (Ca). Cation exchange capacity(CEC), Total carbon. (C), Total nitrogen (N).
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fromnatural vegetation under structural nor functional aspects, another
measure of soil fertilitymust be considered. As defined byMarrs (1993),
fertility is a function of the combined effects of all ecosystem processes
that produce the supply of essential nutrients for plant uptake.

N is considered to be the most limiting soil nutrient (Laungani and
Knops, 2009). Thus, the C:N ratio has longbeen considered an important
tool to assess the soil fertility in both agricultural or natural ecosystems
(Lange et al., 2014). Based on this parameter, although most natural
ecosystems in Brazil are N-limited, they show a low C:N ratio
(Table 3). Accordingly, we also recorded a low C:N ratio at the study
site (Table 1), which is compatible with other undisturbed soils
(Table 3), particularly tropical forest soils. The lowest values were
found in plots where the native plants were associated with
M. pogocephala (T2) with concomitant high soil N (±3.0 g/kg) and C
(8%) contents, which were much higher than those recorded in other
Brazilian biomes (Table 3). These high soil N and C (organic matter)
contents could be attributed to the decomposition of vegetation litter,
particularlyM. pogocephala litter. Therefore, the greater soil fertility pro-
moted by the presence of this leguminous species may explain the ag-
gressive invasion of the agropastoral M. minutiflora species that has a
high nutritional demand, particularly for N (Barger et al., 2003). The
N-associated fertility of campo rupestre was able to support a high de-
gree of invasion.

3.4. Changes in the N cycle promoted by the invasive plant

The total soil N (Fig. 6a) was only depleted in T4 when molasses
grass occupied N50% of the site. However, while the soil ammonium
(Fig. 6b) was significantly higher in the plots with native species (T1
and T2), particularly in the presence ofM. pogocephala (T2), its content
was depleted in T3when theM.minutiflora invasion occurred. These re-
sults indicate that the slow-growing native species may parsimoniously
use the ammonium, contrasting with the fast-growing invasive species
that showed amore aggressive ammoniumuptake (T3, T4 and T5). Sim-
ilar results were recorded by Evans et al. (2001), who found that a de-
crease in inorganic N availability was caused by a Bromus tectorum
invasion. Indeed, the vegetation type can influence soil N dynamics by
various mechanisms (Ye et al., 2015).

The root uptake systems of nitrate and ammonium in plants show
different affinities (Xu et al., 2012) due to the expression of different
Table 2
Soil nutrient content under different Brazilian undisturbed vegetation types.

References Moreno and Schiavini, 2001
Variables/vegetation type Gallery forest Cerrado Tropical forest Cerrado Cerr

pH 5.20 5.80 5.08
OM (dag/kg ou %) 4.00 3.20 2.40
P (mg/dm3 ou ppm) 5.34 2.25 1.65
K (cmol/dm3) 0.20 0.28 0.17
Mg (cmolc/dm3) 1.18 1.44 0.49
Ca (cmol/dm3) 3.92 3.86 1.06
CEC (cmolc/dm3) 5.48 5.60 2.10

Soil organic matter content (OM). Phosphorus (P).·Potassium (K). Magnesium (Mg).·Calcium
protein transporters, which depends on the form and concentration of
soil N (Nacry et al., 2013). Soil microorganisms show a substantially
faster initial uptake of all N forms, hence, these communities may com-
pete with plants for this nutrient (Kuzyakov and Xu, 2013). In undis-
turbed sites, the first chemical species produced is ammonium as a
result of the decomposition of organicmatter; therefore, this compound
is likely to be the target of competition among plants and microorgan-
isms. Indeed, the assimilation of ammonium is more energetically effi-
cient when compared with that of nitrate because ammonium can be
directly incorporated into glutamate through an ammonium assimila-
tion pathway. Nitrate, however, has higher mobility (Brady and Weil,
1999). Thus, the environmental conditions in undisturbed sites may fa-
vour the uptake of ammonium by plants and microorganisms, particu-
larly under grassy vegetation. Accordingly, our results confirmed that
M. pogocephala litter is the major N source in this biome and
ammonium is the prevalent N form in the soil of plots covered by native
plants.

However, the plots invaded byM.minutiflora showed a very low am-
monium content (T3, T4 and T5), independent of the degree of invasive-
ness, suggesting an aggressive and rapid ammonium uptake by this
species since the beginning of the invasion process. Conversely, a high
nitrate concentrationwas found in the invaded plot (T3, Fig. 6c) follow-
ed by a nitrate depletion (T4, Fig. 6c) indicating that the invasive plant
may use both theN forms. The ability to use nitrate appears to be a com-
petitive advantage of the invasive species because this N-based form
seems to be intrinsically associated with the invasion process. A strong
correlation exists between plant invasiveness and changes in the N
cycle, generally including an increase in ammonium and/or nitrate
availability in the soil after the invasion (Corbin and D'Antonio, 2004;
Lazzaro et al., 2014; Sperry et al., 2006). However, the direction and ex-
tent of such effects vary extensively depending on species-specific in-
teractions among invasive species, invaded communities and
environmental factors, such as the soil type (Ehrenfeld, 2003).

While ammonium was reported as a positive feedback signal in in-
vasive plants (Mangla et al., 2011), we found that nitrate was the N
form increased byM.minutiflora at the beginning of the invasive process
(T3).When the invasive grass reached its highest degree of invasiveness
(T4 and T5), both soil nitrate and ammonium contents decreased what
explain the decline in soil fertility (high C:N), promoted by the rampant
invasion and plant uptake, as suggested by D'Antonio et al. (2011).
Moraes et al., 1999 Correa et al., 2015 Results from present study
adão Atlantic Forest Caatinga Campo rupestre

3.2 5.80 4.30
5.90 1.20 8.00
5.29 3.66 3.50
0.19 0.22 0.10
0.78 0.35 0.18
5.10 2.03 1.48
4.71 3.70 8.00

(Ca). Cation exchange capacity (CEC).



Table 3
Nitrogen soil content (mean values) in different undisturbed biomes.

Biome Soil N content (g/kg) C:N ratio Reference

Campo Rupestre (undisturbed plots) 3.16 15.0 Present study
Amazon forest 2.37 12.30 Neill et al., 1997
Amazon forest 2.10 15.09 Hughes et al., 2002
Amazon basin pasture 1.60 16.07 Hughes et al., 2002
Cerrado forest 2.50 14.5 Groppo et al., 2015
Atlantic forest 2.00 19.80 Freitas et al. 2015
Cerrado pasture 1.80 15.60 Groppo et al., 2015
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M. minutiflora reached its maximum invasiveness just before the dry
season when the plant senesces. After, there is a return of nutrients to
the soil, particularly N-chemical species (Fig. 6a) by litter decomposi-
tion (Asner and Beatty, 1996) or fire (D'Antonio, 2000). This favours
the re-growth of the invasive plant and creates a positive feedback
loop (Sperry et al., 2006; Stark and Norton, 2015; Suding, 2013).

The mechanism by which the molasses grass increased the nitrate
availability in the soil may be associated with the increase in the nitrify-
ing microbial community, as demonstrated by the increase in the amoA
abundance (Fig. 7). This gene encodes ammonia monooxygenase, a key
enzyme involved in the ammonia oxidation process carried out by AOB
(Purkhold et al., 2000). The abundance of this microbial community in-
creased in T3 (Fig. 7) when the invasion started and the highest soil ni-
trate concentration was observed. Both nitrate and AOB declined in T4
when the maximum invasion degree was reached and in T5 we could
not detect AOB, possibly due to the depletion of ammonia substrate in
this plot. Similar results were demonstrated by Hawkes et al. (2005),
Fig. 6.Comparison between soil total N (a), ammonia-N (b) andnitrate-N (c) among treatments
M. pogocephala and no invasion; (T3) native species plusM. pogocephala and ≤ 50% invasion; (T
minutiflora withoutM. pogocephala. Mean values ± SEM (standard error of the mean) accordin
who observed that the invasive exotic grasses doubled the gross nitrifi-
cation rates by increasing the AOB soil abundance. In contrast, Ishikawa
et al. (2003) observed an inhibition of the nitrification process by the in-
vasive species Brachiaria humidicola due to the suppression of AOB in
the soil. However, these authors failed to find thatM. minutiflora had a
similar inhibitory effect on this microbial population. The increase in
the soil nitrate content promoted by M. minutiflora is probably due to
the stimulation of the AOB through a rhizospheric effect. Thus, changes
in the soil microbial community and N availability were driven by the
invasive plant, favouring the nitrification process. Such alterations in
soil N forms in favour of those used by M. minutiflora decreases the N
available to native species that are displaced by the invasive species, de-
creasing biodiversity.

Furthermore, these results explain the increase of M. minutiflora in-
vasion observed inmanaged areas of the park, where highN fertilisation
has been applied. Therefore, based on our results, the use of chemical N
fertilisation in restoration procedures in the campo rupestre, is not only
: (T1) native specieswithoutMimosa pogocephala and no invasion; (T2) native species plus
4) native species plusM. pogocephala and N50% invasion; and (T5) full invasion byMelinis
g to the Mann-Whitney test at 5% confidence level (p ≤ 0.05).

Image of Fig. 6


Fig. 7.Ammonia-monooxygenase bacteria abundance estimatedbyqPCR for the following
treatments: (T1) native species withoutMimosa pogocephala and no invasion; (T2) native
species plusM. pogocephala and no invasion; (T3) native species plusM. pogocephala and
≤50% invasion; (T4) native species plusM. pogocephala and N50% invasion; and (T5) full
invasion by Melinis minutiflora without M. pogocephala. Mean values ± SEM (standard
error of the mean). Means with different letters are significantly different according to
Tukey's multiple rangetest at 5% confidence level (p ≤ 0.05).
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unnecessary but should be strictly avoided because the increase in N
availability would favour soil nitrification and consequently, the growth
and further invasion of M. minutiflora.

4. Conclusions

The invasiveness of M. minutiflora is driven by nutritional demands,
hence, the natural soil fertility of the campo rupestre can be considered
sufficiently high to sustain the M. minutiflora invasion. The fertility
levels of these soils were associated with the high N availability and
low C:N ratio, which resulted from BNF promoted by M. pogocephala
nodulated by Burkholderia nodosa. The ammonium content was im-
proved in soils when the native species were dominant. The main strat-
egy of the M. minutiflora invasion concerns the changes in the N
chemical species in the soil through increasing nitrate and decreasing
ammonium. The increase in the nitrification process by the invasive
plant occurred through the stimulation of soil AOB at the beginning of
the invasion. Changes in soil N forms, from ammonium to nitrate, with
the depletion of the first, could explain the displacement of native
species in favour of the invasive grass. Therefore, due to the high natural
N-based fertility found in campo rupestre we recommend that the N
fertilisation for restoration purposes is not necessary. Moreover, N
fertilisation should be strictly avoided in the management of
M. minutiflora in the PESRM because the increase in N availability
would favour soil nitrification and, thus, its invasiveness.
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