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Abstract

Background and aims The diverse flora of the Brazilian
Cerrado is threatened by agricultural expansion, nutrient
enrichment and invasion of alien plants. We performed a
fertilization experiment to investigate the nature of nu-
trient limitation in Cerrado vegetation, and evaluate
whether native and alien invasive species are limited
by the same or different nutrients.

Methods We applied various combinations of nutrients
(phosphorus (P), nitrogen (N), and a mixture of other
macro- and micro-nutrients (‘cations treatment’)) to six
types of Cerrado vegetation. We then studied over a 3-
year period how these treatments affected the above-
ground biomass of native forbs, native C; and Cy
grasses, and invasive C,4 grasses.
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Results The full nutrient treatment (N+P+ ‘cations’)
significantly increased total community biomass across
our sites, but P alone had no effect. The nutrient treat-
ments also affected the relative abundance of functional
plant groups in the six vegetation types. P addition,
either alone or in combination with other nutrients,
increased the biomass of alien C, grasses, where pres-
ent, whereas the cations treatment stimulated growth of
the native C4 grasses. Addition of N+P reduced the
biomass of native C; grasses.

Conclusions Our results indicate co-limitation by sev-
eral nutrients, including P, perhaps N, and at least one
other nutrient. Further research is needed to determine
what the other nutrient (or nutrients) may be. Native and
invasive species appear to be limited by different nutri-
ents, with P alone stimulating growth of African Cy4
grasses. This should be considered in managing both
natural and invaded communities.

Keywords Invasive grasses - Nutrient limitation - N:P
ratio - Nutrients - Savanna - Stoichiometry

Introduction

During the past decade considerable progress has been
made towards understanding the processes of mineral
nutrient turnover within ecosystems, and how these af-
fect community composition. In particular, international
collaborations such as the NutNet network have devel-
oped standardized methods for comparing terrestrial eco-
systems throughout the world (Adler et al. 2011), while
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meta-analyses based on studies from marine, freshwater
and terrestrial ecosystems have demonstrated the impor-
tance of N and P as growth-limiting factors for primary
production (Elser et al. 2007; Harpole et al. 2011). These
comparative studies reveal that terrestrial ecosystems
may be limited either by N or P, with similar numbers
of examples of each case, or jointly by both elements
(Elser et al. 2007; Harpole et al. 2011). Although we
might expect patterns of growth limitation to be different
in temperate and tropical regions (Lambers et al. 2008),
the existing data provide little evidence for latitudinal
variation (Elser et al. 2007). However, the regional cov-
erage of these studies is strongly biased towards Europe
and North America (Elser et al. 2007), and there is a clear
need for more fertilization experiments in regions that
have been little studied.

One such region is the vast Brazilian Cerrado, which
covers around 20 % of the country and is the world’s
most species-rich savanna. The flora of this ‘biodiversity
hotspot’ (Myers et al. 2000) comprises some 12,000 plant
species, many of them endemic to the region, of which
two thirds are herbaceous species or small shrubs
(Mendonga et al. 2008). For various reasons, ecologists
commonly assume that P is the most limiting nutrient for
Cerrado plants; not only are the soils poor in mineral P
and plants have low concentrations of P in their tissues
(Batmanian and Haridasan 1985; Villela and Haridasan
1994), but many species exhibit P-conserving mecha-
nisms (Nardoto et al. 2006; Kozovits et al. 2007).
However, since the heavily-weathered Oxisols of
Cerrado are usually poor in several other nutrients, in-
cluding N, potassium (K), calcium (Ca), magnesium
(Mg), sulphur (S) and various micronutrients
(Haridasan 1992; Lilienfein et al. 2001; Goedert 1983),
it is relevant to ask whether other nutrients are also
sometimes limiting (or co-limiting).

The only study that appears to shed light on this
question is that of Bustamante et al. (2012), who per-
formed a fertilization experiment at a single site in
Cerrado and found that different functional groups of
plants were limited by different nutrients. Thus, N stimu-
lated the growth of Echinolaena inflexa (the only known
C; grass in the Cerrado) while P or N+P stimulated the
growth of the alien invasive Cy-grass Melinis minutiflora.
Other native plants (C4 grasses, sedges and forbs) in the
experimental plots were negatively affected by these treat-
ments, presumably because they increased the vigour of
certain grasses. Indeed, one reason for the invasiveness of
African C4 grasses such as Melinis minutiflora, Urochloa
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decumbens, Andropogon gayanus and Panicum maxi-
mum in South American savannas (Pivello et al. 1999)
may be that they take up N more effectively than native
species (Bilbao and Medina 1990).

The objectives of this study were: (i) to examine the
type of nutrient limitation for herbaceous Cerrado veg-
etation, (ii) to evaluate whether different functional
groups of plants—C, grasses, C; grasses, forbs, as well
native and alien invasive species—are limited by differ-
ent nutrients, and (iii) to investigate whether growth of
invasive grasses can be a potential threat to Cerrado
native species, and whether this threat is related to the
availability of a particular nutrient (N, P or cations, or
combinations of these).

Based upon previous studies in the Cerrado, we
developed three hypotheses to be tested in our experi-
ment: (1) biomass production of the total herbaceous
community is primarily P-limited, (2) different function-
al groups are limited by different nutrients, with the
native C; grass Echinolaena inflexa being N-limited
and alien invasive C, grasses being P-limited (following
Bustamante et al. 2012 and Lannes et al. 2012), and (3)
following fertilization with its limiting nutrient, exotic
invasive plants can outcompete Cerrado native function-
al groups. Hence, this is particularly expected upon P-
enrichment. We tested these hypotheses across six areas
with differing vegetation and habitat conditions (see
Methods for details) by applying various combinations
of P, N, and a mixture of cations and micronutrients. We
then monitored the responses of various functional
groups of plants - native C4 and C; grasses and forbs,
alien invasive C4 grasses — over the following 3 years.

Methods
Experimental sites

The study was carried out between November 2007 and
March 2010 in the Ecological Reserve of the IBGE
(Brazilian Institute for Geography and Statistics,
<www.recor.org.br>), located 26 km south of Brasilia,
Brazil (15°56'S, 47°53'W) at an elevation of 1100 m a.s.
1. The average annual precipitation during the
experimental period was 1400 mm, of which 90 % fell
in the wet season from October until April (Fig. 3).
The six areas we chose for the experiment differed
from each other in ways that probably affected their
nutrient status, such as severity of invasion, relative
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proportions of woody and herbaceous plants, abundance
of legume trees, and fire frequency. One was chosen
because it represented native vegetation containing a
high abundance of invasive grasses. Two further areas
represented a type of open shrubland vegetation known
locally as campo sujo, one being an unburnt site and the
other a frequently burnt site. Similarly, there were two
areas in cerrado sensu stricto (shrubland) vegetation,
one of which was also burnt and the other unburnt. In
both cases, the unburnt sites were located inside the
reserve and protected from fires, whereas the burnt sites
were selected in a ‘fire break” zone that has been burned
annually for the last 25 years. The sixth area was select-
ed because of the high abundance of N-fixing trees,
which could have enriched the soil with N and altered
the type of nutrient limitation. Table 3 shows the initial
vegetation composition of the plots. Below we describe
each experimental area in detail:

Invaded open grassland (IOG) Natural patch of open
grassland vegetation (referred as ‘campo limpo’ in
Brazil) dominated by the most widespread invasive
plants at the Cerrado, the grasses Melinis minutiflora
and Urochloa decumbens.

Unburnt open shrubland (OS) and Burnt open shrub-
land (BOS) The open shrubland vegetation (‘campo
sujo’) consists of continuous grassland with a shrub
cover of around 10-15 % (Ribeiro and Walter 1998).
The OS site has been protected from fire for at least
19 years, whereas the BOS site has been burned annu-
ally for the last 25 years.

Shrubland (SS) and Burnt shrubland (BSS) These are
typical cerrado vegetation areas (‘cerrado sensu
stricto’). As defined by Ribeiro and Walter (1998), this
vegetation type consists of a continuous grass-forb basal
cover scattered with 20-50 % cover of shrubs and trees
up to 6 m tall. The SS site had been protected from fire
for at least 19 years, whereas the BSS site had been
burned annually for the last 25 years.

Woodland dominated by legume trees (LEG) This area
is located in a dense Cerrado vegetation (‘cerrado
denso’) patch. In this vegetation type, tree canopy
covers 50-70 % of the terrain with trees reaching 8§ m
height on average. The area was dominated by the
Papilionoideae trees Dalbergia miscolobium and
Stryphnodendron adstringens.

Soil analyses showed that the control plots in the six
areas had rather similar concentrations of extractable N
and P, except that ammonium concentrations were very
low in BSS and SS sites (Table 4). The LEG site had the
lowest concentrations of extractable P, but together with
the JOG site the highest concentrations of total P. Water
content and total N were lowest at the burnt sites (BOS
and BSS). Extractable Mg did not vary among sites. BSS,
SS and LEG had the lowest concentrations of extractable
Ca. Extractable K was highest in /OG and BSS.

Experimental design and fertilization treatments

In each of the six areas, we marked 30 plots of 1 m? in
open areas, i.e., excluding woody plants, separated from
each other by a buffer zone of at least 1 m. The experi-
mental design was completely randomized, with six nu-
trient treatments and five replicates per treatment. Before
the first fertilization, all herbaceous vegetation from all
plots was clipped to 5 cm height. Plots were randomly
assigned to one of six fertilization treatments: (1) unfer-
tilized control, (2) N alone, (3) P alone, (4) Nand P, (5) a
combination of other macronutrients including the cat-
ions K, Ca, Mg and various micronutrients - hereafter
called ‘cations’, and (6) all nutrients (N+P+ ‘cations’).
Nutrients were dissolved in 5 liters of tap water and
gently applied to the soil surface of the plots for three
growing seasons. Control plots received water without
added nutrients. Forms and dosages of nutrients followed
Cech et al. (2008) and are detailed in Appendix 4.

Sampling and analyses

We harvested the aboveground biomass from all 180
plots at the peak of the growing seasons (January or
February) in 2008, 2009 and 2010. The harvested
material was sorted into four functional groups: (i)
alien invasive grasses (consisting of the C, grasses
Melinis minutiflora and Urochloa decumbens, the
two most widely-distributed invaders at the Cerrado
(Pivello et al. 1999; Almeida-Neto et al. 2010)), (ii)
native C,4 grasses (generally the most abundant com-
ponent of uninvaded herbaceous Cerrado vegetation),
(iii) the native C; grass Echinolaena inflexa (the only
C; grass species known to be present in the Cerrado),
and (iv) forbs. All samples were dried at 60 °C to
constant weight, weighed and ground.

We analysed the data for the control plots to check
whether repeated harvesting had any effect upon
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vegetation composition and biomass. Table 5 shows that
in only one case (C; grasses at the BOS site) was there
any significant change, this being an increase in biomass
over the 3 years.

All biomass samples from the control and from the
N+P+ ‘cations’ fertilized plots were analyzed for the
major plant nutrients. Total N and P concentrations
were determined by colorimetry (FIA Star, Foss
Tecator Hogands, Sweden) after Kjeldahl digestion.
We calculated the contents of nutrients in the total
vegetation as the sum of the products of the biomass
fraction of each functional group by its respective
tissue nutrient concentration.

Data analyses

To test how different fertilization treatments affected
biomass production across sites, we used mixed
models ANOVA using maximum likelihood as esti-
mates with site as a random factor and treatment and
year as factors. Each plot was included as a separate
subject, with year as repeated measures. Nutrient
treatment was included a single fixed factor with 6
levels (control, N, P, N+P, ‘cations’, N+P+ ‘cat-
ions”), and Bonferroni post-hoc tests were used to
check for significant differences between each of
the five treatments and the controls. For responses
of the functional groups to nutrient treatments we
used the same overall model as described above,
and included the biomass of complementary func-
tional groups as covariates. To check for specific site

effects on biomass, we included site as a fixed factor
in this same model and performed separate analyses
for each site in case of interaction between site and
treatment. Interaction between treatment and time
was checked with the same model.

Differences in relative abundance of the four
functional groups in the phosphorus-fertilized plots
compared to the control plots were tested by means
of t-tests and assuming unequal variances. All anal-
yses were performed using IBM SPSS 19 and 23.

Results
Total community biomass

At all sites, community biomass was higher under the
full nutrient treatment (N-+P+ ‘cations’) than under
controls, with this effect tending to increase over time
as indicated by a significant interaction between fer-
tilization treatment and time (Fig. 1; Table 1; Fig. 4).
At four sites (I0OG, OS, BOS and BSS), the biomass
was significantly higher at the end of the experiment
(Tables 1 and 2). At another site the difference was
significant only in 2008 (LEG; Fig. 4). At one site,
community biomass was also increased by a fertilizer
treatment containing less than the full nutrient com-
bination (BSS under N+P+treatment) (Table 2).
Phosphorus fertilization alone had no significant ef-
fect upon total aboveground vegetation biomass
(Fig. 1; Table 2; Fig. 4).
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Fig. 1 Estimated marginal means for nutrient treatment effect on
aboveground biomass averaged across six sites in the Cerrado.
Error bars indicate 95 % confidence interval of the mean for the
total biomass values. Numbers indicate the percentage of biomass
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change promoted by the treatment in relation to the control plots
when significant differences were found (P<0.05), placed above

the error bars for total biomass and indicated next to the respective
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Table 1 Effects of nutrient treatments on total aboveground bio-
mass, and biomasses of four functional groups across and within
the six sampled sites over the 3 years of experiment. Data shown
are F- and P-values of the overall effect of treatment and of the
interaction between treatment and site and treatment and time on
biomass. Results of separate analyses of the effect of treatment on

biomass per site are also shown. Only plots containing the men-
tioned functional groups were included in the analyses. Biomasses
of the other functional groups were included as covariates for the
responses of the different functional groups. Significant differ-
ences resulting from Bonferroni post-hoc tests (P<0.05) are indi-

cated in Fig. 1 and Table 2

Total biomass ~ Native forbs ~ Native C; grasses ~ Native C, grasses  Invasive C,4 grasses

F P F P F P F P F P
TREATMENT 102 <0.001 0.1 0982 2.7 0.004 4.0 0.001 10.9 <0.001
TREATMENT*SITE 3.1 <0.001 42 <0.001 43 <0.001 29 <0.001 43 <0.001
Invaded open grassland (I0G) 5.5 0.001 3.7 0.005 4.2 0.026 1.8 0.132 14.0 <0.001
Open shrubland (OS) 2.7 0024 24 0.043 15 0.042 2.8 0.019 5.7 0.001
Burned open shrubland (BOS) 43 0.002 1.7 0.138 1.1 0.352 52 <0.001 - -
Burned shrubland (BSS) 64 <0.001 40 0.004 02 0.963 6.5 <0.001 - -
Shrubland (SS) 1.6 0.168 09 0462 19 0.009 2.1 0.078 - -
Woodland dom. by leg. trees (LEG) 1.1 0.348 04 0.858 1.1 0.367 2.1 0.083 - -
TREATMENT*TIME 6.1 <0.001 04 0928 1.5 0.133 2.6 0.003 15.9 <0.001

Table2 Significant biomass mean differences (g.m?) between the
nutrient treatments and the control plots and P-values resulting
from Bonferroni post-hoc tests (P<0.05) applied when significant
interactions were found between treatment and site (Table 1).

Mean differences are based on estimated marginal means resulting
from a mixed model with time as repeated measures and bio-
masses of the other functional groups included as covariates for

the responses of the different functional groups

Total biomass Native forbs

Native C; grasses

Native C,4 grasses

Invasive C, grasses

Mean P Mean P Mean P Mean P Mean P
difference difference difference difference difference
Invaded open grassland (I0G)
P -8.9 0.034 112.4 0.020
N+P 139.3 0.001 89.3 0.041
N+P+ cations 137.5 <0.001
Open shrubland (OS)
N+P -9.5 0.024 -18.1 0.017
Cations 119.4 0.026
N+P+ cations  173.0 0.005 131.9 0.001
Burned open shrubland (BOS)
Cations 83.9 0.048
N+P+ cations  140.2 0.001 105.2 0.007
Burned shrubland (BSS)
P -29.0 0.001
N+P 62.7 0.009
N+P+ cations 86.7 <0.001 86.8 <0.001
Shrubland (SS)
N+P -14.8 0.031
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Functional groups of plants

The biomass of some native plants was reduced by
fertilization, with the details varying according to treat-
ment and functional group (Fig. 1; Tables 1 and 2).
Overall, N+P addition reduced the biomass of native
C; grasses, while at two sites (BSS and OS) P, alone or in
combination with N, reduced biomass of native forbs
(Table 2). In contrast, the biomass of native C,4 grasses
increased following treatment with ‘cations’ or N+P+
‘cations’.

Only three of the six sites (/OG, OS, BOS) contained
invasive C, grasses. These species responded most
strongly to the P treatment, whether applied alone or in
combination with other nutrients (N+P or N+P+ ‘cat-
ions’; Table 2, Fig. 1; Fig. 4). In the /OG site, which was
already heavily invaded at the start of the experiment,
we observed that the timing of the response varied
according the fertilizer treatment. In the first year, inva-
sive plants only increased in biomass in the N+P+
‘cations’ treatment, whereas in the second year they
responded to the N+P treatment, and in the third year
also to the P alone treatment (Fig. 4). Similarly, in the
OS site, invasive grasses responded to the N+P+

‘cations’ treatment in year two, and to N+P in year three
(Fig. 4). In the BOS site, where the invasion process had
only recently begun, the grasses produced more biomass
in response to the P, N+P and N+P+ ‘cations’ treat-
ments (Fig. 4).

The relative dominance of invasive C4 grasses in-
creased significantly with increasing soil P at OS and
BOS sites, at the expense of the native C; grass
Echinolaena inflexa (analysis confined to plots where
invasive grasses were present; Fig. 2). No changes were
recorded in the relative biomass of the native C, grasses
at any sites, but the proportions of forbs decreased at
sites SS and BSS.

Discussion
Co-limitation is the rule

Many native plant communities are known to be co-
limited by two and sometimes even more nutrients, with
N and P being the commonest nutrients in short supply
(Elser et al. 2007; Davidson and Howarth 2007; Harpole
et al. 2011; Townsend et al. 2011; Fay et al. 2015). This
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Fig. 2 Proportions of aboveground biomass of the four different
functional groups (when present) in control plots (open circles)
and + P plots (closed circles) in relation to extractable phosphorus
in the soil for the six experimental sites in the last year of exper-
iment (2010). Points were connected for a better visualization of
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the patterns. Significant changes in proportions (z-test, P<0.05) are
represented by bold lines. Label abbreviations mean: ‘c4’- native
C,4 grasses; ‘c3’ - native C; grasses; ‘forbs’ - native forbs; ‘inv’ -
invasive C,4 grasses
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also appears to be the case in our study sites in Cerrado
vegetation, where biomass only increased in response to
treatments containing some combination of nutrients.
Thus, our results do not support the usual assumption that
plant growth in Cerrado is limited mainly by a shortage of
P (Copeland et al. 2012; Olde Venterink 2011).

What makes our results unusual is that the nutrient
combination needed to increase biomass included not
only N and/or P, but also one or more cations or
micronutrients. This presumably reflects that fact that
Cerrado soils are very ancient and highly weathered,
and therefore poor in most plant nutrients. Indeed, co-
limitation by elements such as K, Ca or Mg may be
more common than previously supposed, especially in
nutrient-poor soils, although this is often not considered
in the design of fertilization experiments (but see Villela
and Haridasan 1994; Bustamante et al. 2012; Fay et al.
2015). This might explain why 35 % of the studies
reviewed by Harpole et al. (2011) showed no response
to nutrient addition (assuming that in many cases these
other elements were not supplied).

The positive response of some native plants, particu-
larly native C4 grasses, to the ‘cations’ treatment was
also unexpected, and raises the question of which other
element was actually limiting. Some South American
savanna soils are known to be deficient in cations
(Goedert 1983; Sarmiento et al. 1985), and the limiting
nutrient could, in principle, have been any of the macro-
or micronutrients included in the mixture (K, Ca, Mg, S,
Fe, Mn, Zn, B, Cu, Mo and Cl). However, some of these
are more probable than others; for example, potassium
(K) was shown to promote growth in Venezuelan sa-
vannas after N and P deficiencies were remedied (Tejos
1984; Barger et al. 2002; Sarmiento et al. 2006), and K
limitation, or K co-limitation with N or P, has also been
reported for herbaceous plant communities elsewhere
(van Duren and Petgel 2000; Olde Venterink et al. 2001,
2009; van de Riet et al. 2010; Fay et al. 2015). Calcium
(Ca) and Magnesium (Mg), in contrast, were not a (co)-
limiting element in a fertilization experiment conducted
in Cerrado vegetation near to our SS site by Bustamante
et al. (2012), and our ‘cations’ treatment also had no
effect at that site. To clarify this issue, further experi-
ments would be needed in which the various elements
were added in different combinations.

For completeness, we note that our conclusions about
P addition in this study could be biased by the fact that
the P fertilizer raised soil pH from average values of
3.9-4.5 in the control plots to 4.5-5.1 in the + P plots

(data not shown). Although it is likely that the P-
addition effect was more important than any effect due
to altered pH (Crawley et al. 2005; Ceulemans et al.
2014), the latter cannot be excluded.

Native and alien species are limited by different
nutrients

Plants of different origins appeared to be limited by
different nutrients, with the invasive African C4 grasses
being particularly responsive to P addition, while native
C, grasses responded more to the ‘cations’ treatment.
This result is unexpected since both groups share the
same growth form and photosynthetic pathway, while in
previous studies similar differences in response have
been associated with contrasting functional groups,
e.g., No-fixing and non-fixing species (Perreijn 2002;
Suding et al. 2005). As shown by Bustamante et al.
(2006), Cerrado soils are remarkably poor in extractable
phosphorus, with values two orders of magnitude lower
than other savannas in the world. The difference in
growth limitation by the native C4 grasses from the
Cerrado and alien African C, grasses suggest that the
former have adapted to these conditions of low P avail-
ability, while the latter perhaps have to cope with a very
low supply of some other element. In support of this
idea, Cerrado plants exhibit various root specializations
(Oliveira et al. 2015), such as the exudation of carbox-
ylates and mucilages demonstrated recently for a species
of cactus (Abrahdo et al. 2014).

Worldwide, there have been many reports of exot-
ic plant invasions being promoted by enrichment
with N (Daehler 2003; Cassidy et al. 2004;
Tomassen et al. 2004; D’Antonio and Mack 2006;
Siemann and Rogers 2007; Bobbink et al. 2010) or
both N and P (de Oliveira et al. 2001; Huenneke et al.
1990), but far fewer in which the invasion was related
to P enrichment (Daehler 2003). One such study is
that of Bustamante et al. (2012), who demonstrated
experimentally that P addition (10 g.m %) stimulated
the spread of Melinis minutiflora in a Cerrado site.
This is consistent with our finding that Melinis
minutiflora and another invasive grass Urochloa
decumbens increased when P (5 g m %) was added.
It is also consistent with a previous study showing
that these invasive African grasses have very low
tissue N:P ratios in the Cerrado, indicating conditions
of relatively high P compared to N availability
(Lannes et al. 2012). In fact, it is not surprising that
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these grasses respond strongly to nutrient addition,
since they were deliberately introduced as forage
species to Brazil for their high productivity under
fertilized conditions (Pivello et al. 1999; Aires
2009). Other factors may also contribute to their high
invasive potential in the Cerrado; for example,
Melinis minutiflora produces very large numbers of
seeds that can remain viable in the soil for an extend-
ed period (Carmona and Martins 2010), while
Urochloa decumbens responds positively to fire
(Pivello 2011). However, to understand their inva-
sive behaviour in natural communities, it is impor-
tant to know that it is P addition to which they
respond most strongly.

In our experiment, the native plants showed either no
response or a positive one to the cation treatment (Cy4
grasses; see above), but they responded negatively to P
and N+P fertilization (forbs and C; grass). In the 9-
years experiment of Bustamante et al. (2012), conducted
at a site 150 m from our SS site, the C; grass
Echinolaena inflexa was favoured by N addition
(10 g.m?), whereas other native plants (C4 grasses,
sedges, forbs) decreased due to competition from this
species, or due to competition with the invasive C4 grass
Melinis minutiflora following P or P+N addition.
Results from our sites only partially support these find-
ings; for example, we found no positive effect of N
enrichment (20 g m %) on Echinolaena inflexa across
our sites, and at one site it even decreased upon N+P
addition, although no invasive grasses were present (SS
site). Similarly, the other native plants (particularly Cy4
grasses) generally benefited from the ‘cations’ treat-
ment, and sometimes even declined when only N or P
was applied where invasive C4 grasses were absent (BSS
and SS sites). These results highlight the complexity of
plant responses to nutrient enrichment in the Cerrado,
and suggest that the negative responses of native plants
are not necessarily due to competition with invasive or
other native plants, but may also be due to competition
with soil microbes (cf. Ferreira et al. 2008).

Temporal changes in fertilizer response

In mixed vegetation, the addition of a growth-
limiting resource typically stimulates one or more
of the species already present, at least for a short
while (Gough et al. 2000; Giisewell 2004). We
observed this effect for total biomass across sites,
where time positively interacted with treatment to
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define the observed patterns. Time also positively
influenced biomass response of invasive species
and native C, grasses to fertilization. As indirect
effects may only become evident gradually
(Guisewell et al. 2002), longer-term experiments
are needed to understand how increased nutrient
supply will affect a plant community. Several
mechanisms may have contributed to the time-
dependent response at our sites: (1) repeated nutri-
ent additions might have been needed to exceed the
effects of microbial immobilization or the high
binding capacity of Cerrado soils for some nutri-
ents (Chapin et al. 1986; Furley and Ratter 1988;
DiTomasso and Aarssen 1989), (2) nutrients initial-
ly immobilized by microbes might have become
available only after turnover of these organisms,
and (3) the expansion or establishment of invading
plant species and competitive replacement of ini-
tially present species under the fertilized conditions
requires time.

Implications for conservation management

Our results show that invasive and native C4 grasses in
the Cerrado are limited by different nutrients, and that P
enrichment of the Cerrado can lead to the suppression of
native C; grasses by alien invasive grasses (Fig. 2).
Exotic plants, such as Urochloa decumbens and
Melinis minutiflora, occur in practically every Cerrado
fragment (Pivello et al. 1999). As the largest agricultural
area in Brazil, the Cerrado is subjected to levels of
phosphorus fertilization (Goedert 1983) that often ex-
ceed agricultural demands (Sharpley et al. 2014) and
threaten adjacent natural areas. Conservation of the ex-
tremely rich herbaceous flora therefore depends upon
avoiding enrichment by preventing phosphorus runoff
into the remaining patches of native vegetation.
Additionally, stable soil and environmental conditions
must be an important goal of any management regime
since altered precipitation patterns, increased atmo-
spheric CO, concentrations and increased N deposition
can all potentially increase soil P availability (Johnson
et al. 1999; Zhang et al. 2012).
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Appendix 1
Fig. 3 Monthly precipitation 4001
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Appendix 2
Table 3 Number of plots per ex-
perimental site containing inva- Invasive Cy Native Native C; Native Cy
sive C,4 grasses, native forbs, na- grasses forbs grasses grasses
tive C; grasses and invasive Cy
grasses at the beginning of the Invaded open grassland 29 24 4 20
experiment. Open shrubland 11 28 23 29
Burned open shrubland 4 28 29 30
Burned shrubland 0 29 5 30
Shrubland 0 30 30 30
Woodland dominated by 0 28 28 27
legume trees
Appendix 3

Table 4 Soil characteristics for the six experimental sites used in this study. Differences were tested by means of ANOVA + Tukey test

Averages and SE are shown. n=3, P<0.05

Invaded open  Open shrubland Burned open Burned Shrubland (SS) Woodland dominated

shrubland (BOS) shrubland (BSS) by legume trees (LEG)

grassland (I0G) (OS)
PHwater 4.49 (0.11)a 4.08 (0.03)b
Water content (%) 29 (1)b 38 (1)a

Extractable P (mg/kg)  1.51 (0.06)a 1.47 (0.07)a

Extractable N-NH," 5733 (6.64)a  32.93 (6.28)a
(mg/kg)

436 (0.05)a 424(0.03)a  4.04(0.03)b  3.94(0.02)b
19 (1) 17 (a 27(3)b 30 ()b

1.35 (0.01)a 134(0.03)a  129(0.075a  1.01(0.07)b
3803 (557  054(0.52)b  Notdetected  15.05 (2.62)a
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Table 4 (continued)

Invaded open  Open shrubland Burned open Burned
grassland (I0G) (OS) shrubland (BOS) shrubland (BSS)

Shrubland (SS) Woodland dominated
by legume trees (LEG)

Extractable N-NO3 16.23 (0.15)a  7.99 (1.91)a 9.45 (2.88)a 9.80 (2.84)a 8.22 (0.14)a 12.62 (1.89)a
mg/k

Totgl }% (ngl)g/kg) 0.40 (0.04)a 0.27 (0.04)b 0.32 (0.00)b 0.26 (0.00)b 0.26 (0.00)b  0.43 (0.02)a

Total N (mg/kg) 3.12(0.14)ab  3.86 (0.57)a 2.19 (0.05)b 2.09 (0.04)b 2.81(0.01)ab  2.67 (0.22)ab

Extractable K (mg/kg) 26 (4)a 15 (3)b 17 (2)b 27 (2)a 14 (1)b 14 (2)b

Extractable Ca (mg/kg) 139 (8)a 142 (9)a 148 (5)a 112 (6)b 102 (3)b 97 (3)b

Extractable Mg (mg/kg) 38 (12)a 29 (2)a 30 (2)a 31 (1)a 24 (2)a 24 (1)a

At each experimental site, soil samples were collected in three randomly selected control plots. For each of these plots, three top-10 cm soil
cores (5 cm diameter) were randomly collected and pooled to form a composite sample per plot. Nutrients were determined as follows

Extractable P: Colorimetrically, after extraction of dried soil samples with Mehlich I (0.0125 M H,SO,+0.05 M HCI)

Extractable N-NH,: Colorimetrically, through reaction with Nessler reagent, after extraction of fresh samples with 1 M KCl for 1 h
Extractable N-NO; : Colorimetrically, through UV absorption according to Meier (1991), after extraction of fresh samples with 1 M KCl for 1 h
Total N and total P: Colorimetrically, after Kjeldahl digestion

Extractable K, Ca and Mg: Atomic absorption spectrometry (SPECTRAA 240 FS, Varian), after extraction with 1 M ammonium acetate

Appendix 4. Forms and dosages of nutrients applied
in the fertilization plots.

Control (control) — Water only.

Nitrogen (N) — 20 g m 2 of nitrogen supplied as
NH4NO;s.

Phosphorus (P) -5 g m 2 of phosphorus supplied as
Na,HPO,.

Nitrogen and phosphorus (N+P) — Simultaneous ad-
dition of nitrogen and phosphorus as described above.

Cations and micronutrients (‘cations’) — This treat-
ment was applied to test whether other nutrient than N or

Appendix 5

P was limiting growth. The combination of cations
followed Cech et al. (2008). It consisted of 5 g m 2 of
potassium (KCI)+5 g m > of calcium (CaCl,.2H,0)+
1.4 g m? of magnesium (MgSO,.7H,0)+0.04 g m™ > of
iron (FeCl,.4H,0)+0.032 g m ? of manganese
(MnCl,.4H,0)+0.012 g m 2 of zinc (ZnSO,.7H,0)+
0.020 g m 2 of boron (H3B03)+0.016 g m 2 of copper
(CuS0,4.5H,0)+0.002 ¢ m % of molybdenum
(Na2M004.2H20).

All nutrients (N+P+ ‘cations’) — Simultaneous addi-
tion of nitrogen, phosphorus and cations as described
above.

Table 5 Effects of 3 years of vegetation clipping on biomass of the control plots. F values and significance levels resulting from one-way
ANOVA are shown. N=5. For P<0.05, one significant value was detected (shown in bold)

Total biomass  Invasive C4 grasses  Native forbs ~ Native C3 grasses  Native C4 grasses

F Sig F Sig F Sig F Sig F Sig
Invaded open grassland (I0G) 1.90 0.200 0.89 0.441 1.07 0379  0.79 0.480 0.48 0.630
Unburned open shrubland (OS) 1.06 0.377 0.48 0.631 0.88 0438 0.12 0.885 1.00 0.396
Burned open shrubland (BOS) 2.13 0.162 Appeared in 2010 3.01 0.087  5.68 0.018 0.23 0.798
Burned shrubland (BSS) 2.03 0.174 Absent 0.59 0568  0.80 0.470 0.31 0.736
Shrubland (SS) 1.19 0.337 Absent 125 0321 351 0.063 2.69 0.109
Woodland dominated by legume trees (LEG)  0.99 0.401 Absent 1.45 0.273 1.02 0.389 0.46 0.645
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Appendix 6
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Fig. 4 Aboveground biomass responses to the six fertilization
treatments in six sites in the Cerrado in the three years of exper-
iment. The effects of nutrient additions on total biomass and
biomass partitioned into functional groups were tested using
ANOVA +2-sided Dunnett test, P<0.05. Error bars correspond to
the standard errors of the mean of total biomass (n=5). Asterisks
indicate significant differences between the treatments and control
plots, placed above the error bars for total biomass and indicated in
the respective sub-bar for the functional groups
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