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RESUMO

O Cerrado é um hotspot de biodiversidade global. Restaurar esse bioma é fundamental
para conservar a natureza e o bem-estar das pessoas. Varias espécies de plantas do
Cerrado podem ser restabelecidas por métodos de restauracdo, no entanto ndo temos
uma avaliacdo dos aspectos funcionais de ecossistemas restaurados. Nosso objetivo foi
preencher essa lacuna de conhecimento, comparando as condi¢des do solo e os atributos
das plantas entre uma area restaurada de 3 anos de idade com uma &rea antiga no
Cerrado.

Realizamos o estudo em (i) um experimento de restauragdo de campo via semeadura
direta e (ii) em na vegetacdo antiga mais préxima no Brasil Central (14°05’ S, 47°38’ O).
Em cada local de estudo, medimos as condi¢fes do solo (fertilidade, acidez, umidade e
textura) e atributos relacionados ao uso de 4gua em plantas (potencial hidrico minimo,
Whmin; condutancia minima, gmin; € ponto de perda de turgor, 1y,) € produtividade (altura da
planta e massa foliar por area, LMA) entre as espécies gramindides dominantes, incluindo
espécies nativas e exoticas (Urochloa decumbens).

A &rea restaurada teve uma concentracdo menor de aluminio, solos mais secos e niveis
mais baixos de fésforo e nitrogénio. Os atributos relacionados a tolerancia a seca (gmin €
TTup) foram significativamente menos variaveis na comunidade restaurada em comparagao
com a de referéncia. O campo restaurado foi dominado por espécies com atributos
associadas a produtividade (baixo LMA) e sensibilidade a seca (alto 1) (e.g., U.
decumbens) em contraste com o campo antigo.

A umidade do solo menor na area restaurada em comparagao com a referéncia pode ser
explicada pela textura do solo, enquanto os legados do solo da invasdo e do manejo da
terra prévios podem ter conduzido as diferencas na fertiidade entre as éareas. A
recuperacao da diversidade e composicéo funcional pode depender do reestabelecimento
de um conjunto diversificado de espécies em proporcdes semelhantes as dos locais de
referéncia. Além disso, a re-invasédo de U. decumbens no Cerrado restaurado pode ser
favorecida pelo r4pido uso de recursos dessa graminea invasora.

No presente estudo, descobrimos que a diversidade funcional das plantas apos a
restauracdo ainda € muito diferentes da comunidade de referéncia a curto prazo. Estudos
futuros podem abordar a eficicia de restaurar os niveis de aluminio e uma estrutura de
abundancia desigual no direcionamento do ecossistemas restaurados a um estado

funcionalmente diverso e resistente a invasao no bioma Cerrado.



Palavras-chave: restauracdo por semeadura direta, atributos funcionais de plantas, invaséo
biolégica, varidveis edéficas, ecofisiologia de gramineas, dinAmica do fogo, tolerancia a seca,

produtividade da campos



ABSTRACT

1. The Brazilian Cerrado is a global biodiversity hotspot. Restoring this tropical grassy biome
is critical to conserving nature and human well-being. Several Cerrado plant species can
be re-established by restoration methods yet we lack an assessment of the functional
outcomes of restored ecosystems. Here, we aimed to fill this knowledge gap by comparing
the soil and traits of native and invasive plants between a 3-years-old restored site and an
old-growth site in the Cerrado.

2. We carry out this study in a (i) direct-seeding grassland restoration experiment and (ii) the
nearest well-conserved grassland in Central Brazil (14°05’ S, 47°38” W). In each study site,
we measured soil conditions (fertility, acidity, moisture, and texture) and traits related to
plant water-use (leaf minimum water potential, Wmin; minimum conductance, gmin; and
turgor-loss point, 1) and productivity (plant height and leaf mass per area, LMA) of the
dominant graminoid native and exotic species (Urochloa decumbens).

3. The restored area had a lower concentration of aluminum, drier soils, and lower
phosphorus and nitrogen levels. Traits related to drought tolerance (gmin and ) Were
significantly less variable in the restored community compared to the old-growth one. The
restored grassland was dominated by species with traits associated with higher productivity
(low LMA) and higher drought-sensitivity (high 1) (e.g., U. decumbens) in contrast to the
old-growth counterpart.

4. Lower soil moisture in the restored area compared to the old-growth area can be explained
by soil texture, while soil legacies from prior invasion and land management might have
determined the differences in fertility between the sites. Recovering functional diversity and
composition may rely on re-assembling a diverse set of species in mimicking the
dominance-rarity structure of an old-growth Cerrado grassland. Moreover, re-invasion of
the African grass U. decumbens in the restored site might be favored by the fast resource-
use of this invasive species.

5. Here we found that plant functional diversity following restoration is still very different from
the reference community in the short-term. Future studies could address the effectiveness
of restoring soil properties and an uneven abundance structure in steering restored

ecosystems to a functionally-diverse and invasion-resistant state in the Cerrado biome.

Key-words: direct-seeding restoration, plant functional trait, old-growth savannah, biological
invasion, edaphic variables, grass ecophysiology, fire dynamics, drought tolerance, grassland

productivity
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INTRODUCTION

The Brazilian Cerrado is the most biodiverse savanna worldwide and probably also the
most threatened (Silva and Bates, 2006). Cerrado harbor more than 12 thousand plant
species, of which one-third are endemic, but has less than 20 % of its original cover currently
conserved (INPE, 2015; Zappi et al., 2015). Furthermore, the three greatest South American
watersheds lie within the Cerrado territory highlighting the role of this biome in water resources.
Land-use changes threaten the Cerrado iconic biodiversity and the water safety of more than
25 million people that live within this region (Spera et al., 2016; Strassburg et al., 2017). One
of the most pervasive land-use changes in the native vegetation is the creation of pastures
and crops. Pastures cannot spontaneously recover to the pre-perturbed Cerrado state of
diversity, structure, and function even 25 years after abandonment (Cava et al., 2018, 2020).
Also, pastures have lower water infiltration rates than old-growth Cerrado, increasing the
probability of groundwater depletion and stream flooding (Hunke et al., 2015; NGbrega et al.,
2017; Falcéo et al., 2020). Therefore, active ecological restoration is needed to recover the

Cerrado biodiversity and ecosystem services after land degradation (Buisson et al., 2020).

Direct-seeding restoration (i.e., reintroducing plants from seeds) has proved to be a
promising method to recover Cerrado biodiversity on a large-scale (Sampaio et al., 2019). Up
to 75 native species can be re-established by direct-seeding (Pellizzaro et al., 2017).
Additionally, direct-seeding is more cost-effective than traditional methods (e.g., passive
restoration and seedling planting) (Raupp et al.,, 2020) and provides income to the local
population by the seed collection, engaging them in the conservation practice (Schmidt et al.,
2019). About 2 thousand hectares of Cerrado are expected to be restored in private properties
by the next decades (Soares-Filho et al., 2014). Then, improving the direct-seeding method
and restoration practices is important to achieve Brazil’'s conservation goals. A key step is to
evaluate the outcomes of Cerrado restoration efforts in terms of ecosystem functioning. The
soil features and plant functional traits (i.e., organism characteristics that shape their fithess or
ecosystem processes) can provide key insights into ecosystem functioning (Carlucci et al.,
2020). While old-growth well-conserved ecosystems in the vicinity of restored areas can be

used as a reference to assess restoration functional achievements (Buisson et al., 2020).

It is well known that soil conditions (e.g., nutrient availability and physical structure)
affect the trajectory of the restored vegetation (Maron and Jefferies, 2001; Antonsen and
Olsson, 2005; Williams, Jackson and Smith, 2007; Valliere et al., 2019). For instance, the soils
within the Cerrado biome are among the oldest soils worldwide and are commonly infertile,

acid, and aluminume-rich (Silveira et al., 2016; Morellato and Silveira, 2018). These harsh soil
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conditions shaped the evolution of the Cerrado flora into a slow-growing, conservative, and
stress-tolerant strategy (Oliveira et al., 2015). However, degraded lands usually possess
neutral and fertile soils due to past intensive soil management including fertilization, liming,
and mowing (Hunke et al., 2015). The increase of soil pH and nutrient availability can threaten
Cerrado biodiversity and restoration efforts as it favors competitive invasive species rather
than stress-tolerant native species (Buisson et al., 2020; Silveira et al., 2020). In Central Brazil,
direct-seeding restoration projects are frequently preceded by sequential soil mowing and
prescribed fires to de-compact the soil and control biological invasions (Sampaio et al., 2019).
Yet, we still do not know how much soils of restored areas resemble the soils of reference

areas or whether soil conditions shape the structure and function of restored Cerrado areas.

Plant functional traits can help us to uncover the outcomes of restoration efforts in three
complementary ways (Buisson et al., 2020; Carlucci et al., 2020). First, the range of trait values
within a restored ecosystem can increase its resilience (i.e., resistance and recovery after
disturbances [sensu Mitchell et al. 2016]) (Hobbs, Higgs and Harris, 2009; Montoya, Rogers
and Memmott, 2012; Timpane-Padgham, Beechie and Klinger, 2017). Communities containing
species with complementary trait values are more likely to have at least one species capable
to endure or recover from historical or novel disturbances (i.e., insurance effects)
(Sakschewski et al., 2016; Anderegg et al., 2018). Second, the average trait value of a restored
ecosystem (i.e., community-weighted mean [CWM]) can also affect resilience as well as the
ecosystem functions provisioning (Pakeman, Eastwood and Scobie, 2011; Conti and Diaz,
2013; Finegan et al., 2015; Prado-Junior et al., 2016). For instance, vegetation dominated by
drought-resistant species is expected to recover faster from droughts than vegetation
dominated by drought-sensitive species, even though both vegetations have similar trait
variability and insurance effects. Third, unveiling the invasive species traits could explain biotic
homogenization and undesirable regime shifts following restoration (Suding, Gross and
Houseman, 2004; Funk et al., 2008). Biological invasion is one of the main challenges to
Cerrado restoration as invaders usually recolonize restored areas and replace native species
(Coutinho et al., 2019; Sampaio et al, 2019). Traits conferring fast-growth and
competitiveness, to detriment of stress-tolerance, are expected to underlie invasion success
(van Kleunen, Dawson and Maurel, 2015). Then, by knowing the traits of key invasive species,
future restoration actions may focus on management that increases native species

competitiveness over invasive ones.

As Cerrado plays a key role in the South American water and carbon cycle, traits related
to water-use and productivity could be used to evaluate Cerrado restored areas. For instance,
the leaf minimum water potential (Wmin, water potential in the driest period of the year) provides

an integrative measure of leaf water status (Bhaskar and Ackerly, 2006). The ability to maintain
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a high Wnin (close to zero) may suggest the capacity to avoid dehydration while the opposite
denotes dehydration endurance. Also, the ability to keep a low leaf minimum conductance
(gmin, residual water loss through cuticle or leaky stomata) is another indicator of desiccation
avoidance strategy (Duursma et al., 2019). Despite gmin being far lower than stomatal
conductance, it can lead to leaf dehydration and drought-induced death. On the other hand,
species that resist long periods of water deficit may invest in a lower leaf turgor-loss point (TTup,
water potentials in which the leaf loses turgor) (Bartlett, Scoffoni and Sack, 2012). 1y, affects
stomatal conductance, photosynthesis, and cell division, impacting long-term leaf productivity
(Bartlett et al., 2016; Zhu et al., 2018). An instantaneous proxy of vegetation aboveground
productivity can be plant height, which for herbaceous plants is tightly correlated to
aboveground biomass (Axmanova et al., 2012). Meanwhile, leaf mass per area (LMA) is
suggested as a good proxy of leaf-basis productivity potential (Wright et al., 2004; Onoda et
al., 2017).

Here we compared the soil and plant traits between an old-growth and 3-years-old
restored grassland in the core of the Cerrado biome in Brazil. We focused on (i) graminoid life-
form which dominates over Cerrado grassland and savannas yet remains largely neglected in
the scientific literature; and (ii) traits related to water-use (Wmin, gmin, and Trup) and productivity
(plant height and LMA) due to the role of Cerrado on water resources and carbon budget. We

addressed the following questions and hypotheses.

1. How does soil conditions vary between restored and old-growth grasslands? We
expected soils of the restored grassland to be more fertile and acidic compared to the
old-growth counterpart due to previous land-use changes (e.qg., fertilization and liming)
(Hunke et al., 2015). Yet, we expect similar soil texture and moisture between the study
sites due to the spatial proximity of them.

2. Is plant functional diversity recovered by restoration? We expected lower trait variance
and distinct CWMs in the restored community compared to the old-growth reference.
Species selection in restoration projects usually does not account for functional traits
and sometimes uses species in densities different from those found in reference
vegetation which can affect the CWMs (Carlucci et al., 2020).

3. Do the invasive species’ functional traits differ from the natives? We expected the
African grass Urochloa decumbens to have traits related to high productivity at the cost
of low drought resistance in contrast to native species. Acquisitive resource-use is a
major feature of invasive species (van Kleunen, Dawson and Maurel, 2015) and may

underpin invasibility in Cerrado lands.
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MATERIAL AND METHODS

Study site

We carried out this study in a dry grassland at the Chapada dos Veadeiros National
Park (Goiéas state, 14°05’ S, 47°38’ W, 1.225 m.a.s.l.) (Sl Tab. 1). Chapada dos Veadeiros is
within one of the most species-rich regions of Cerrado (Amaral et al., 2017) and protects about
240,000 ha comprising several vegetation types (e.g., campo limpo grasslands, Cerrado sensu
stricto typical savannas, campos rupestres rock outcrops, matas de galeria riparian forests).
The climate is tropical wet savannah (Aw Koppen classification) with the rain season from
October to April (96 % of annual rainfall) and the dry season from May to September. The
mean annual cumulative rainfall is 1,324 mm and the temperature is 24 °C. The predominant

soil class is latosol and cambisol.

Within the National Park, we selected two study sites (Fig 1). (i) Restored area: a
0.33 ha restoration experiment implemented in 2016 in abandoned pastures dominated by the
African grass Urochloa decumbens (Stapf) R.D.Webster (Fig. 1a). Before seed sowing, the
area was managed by three prescribed fires followed by soil mowing to reduce the re-
establishment of invasive grasses and decompress the soil. Mechanized direct-seeding was
used to sow the seeds and the seed mixture had a high proportion of herbaceous species
relative to shrubs and trees (Sampaio et al., 2019). (ii) Old-growth area: an undisturbed dry
grassland without any invasive species and no previous human use (Fig. 1b) (old-growth
concept sensu Veldman et al. 2015). The old-growth area is located 1.14 km next to the
restored area in the lower part of the plateau (the difference in elevation between the sites is
18 m). The old-growth site corresponds to the best-conserved region as near as possible to
the restored site. Both areas are within the same plateau, located in a similar topographical
position (hill slope; the height above the nearest drainage [HAND] is 18 m for the old-growth

site and 15 m for the restored site), and facing the same aspect (north).
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Figure 1. Picture of the (a) restored (b) old-growth study site at the Chapada dos Veadeiros

National Park, Central Brazil.

Species composition and abundance

We installed five linear plots composed of two perpendicular 20 m lines (cross shape)
in each study site 2019. We used the point-intercept method to survey the vegetation which
consists of setting a line, putting a pin (or a stick) each 10 cm along the line, and recording
each species that touches the pin (see Mufoz, Cassia; Araujo 2011) This methodology
provides a tri-dimensional representation of the vegetation composition and structure closely
related to the vegetation biomass (Jonasson, 1988). This floristic inventory is part of long-term
monitoring of the restored area plant diversity and structure. The relative abundance of the

species i was measured by the following equation:

; Abundance;
Relative abundance; =

* , Abundance;

Where “abundance” is the number of records of the species i and “n” the total number
of species. All species were identified at the finest taxonomic resolution as possible with the
assistance of experts. In all further analysis, we only kept graminoid species here defined as
herbaceous plants belonging to the Poaceae, Cyperaceae, Juncaceae, and Xyridaceae

families.
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Plant functional traits

In addition to the floristic inventory, we installed five circular plots (20 m of radius) per
study site distributed in a 160 m transect and spaced 40 m from each other in 2019 to survey
plant functional traits (SI Tab. 1). The trait assessment was made in a subset of graminoid
species (Poaceae and Cyperaceae families) from the regional pool of species. We used the
floristic inventories to select both dominant and rare species (See Sl Tab. 1 for the species list)
representing 74.5 and 82.1 % of the total abundance of the old-growth and restored site,
respectively. Within the circular plot, we selected tall individuals and preferentially in the mature
flowering stage to avoid ontogenetic variation. Unfortunately, it was not possible to measure
all traits in the same individual as some traits require the removal of the entire individual off the
field or there were not sufficient green fully-expanded healthy leaves for all measurements to
be taken simultaneously. The circular plots were placed in the vicinity of the floristic inventory
plots respecting a minimum distance of 80 m. This spatial mismatch was required to avoid
jeopardizing the restoration monitoring program by trampling or plant removal inside the
floristic inventory plots. Within the circular plots, we measured 5 functional traits related to
productivity and water relations. Below we described the methodology used to measure the

studied traits.

(i) Plant height (“height”, cm): We selected one individual per species per plot,
prioritizing healthy and flowering plants. We stretched the tussock to identify the longest organ
(usually the inflorescence) and then measured the distance between the ground and the top
of this longest organ (in cm). Measurements were made at the peak of the 2019 dry season
(July to August).

(ii) Leaf minimum water potential (“Wmin”’, MPa): In the field, we selected a healthy and
preferentially flowering individual per plot for each species. We measured leaf water potential
in the driest period of the day (midday from 11 a.m. to 1 p.m.) with a Scholander pressure
chamber (Model 1000, PMS Instrument Company, USA) in two green full-expanded healthy
leaves per individual following the Boyer (2011) protocol. Measurements were made in a sunny

week at the peak of the 2019 dry season (July to August).

(ii) Leaf mass per area (“LMA”, g m2): We followed Pérez-Harguindeguy et al. (2013)
protocol to measure LMA. We collected an entire individual per plot of each species by the
morning (7:30 to 9 a.m.). We store the individual in black bags to end up photosynthesis, put
water on the bag to avoid dehydration, and transported the individuals to the lab. In the lab,
we collected five green full-expanded healthy (i.e., without signals of pathogens or herbivory)

leaves per individual. We rehydrated the leaves in water-filled plastic bags overnight in a
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thermal box. After hydration, we scanned the turgid leaves using a desk scanner. We then
identified each leaf and stored them in paper bags. We dried the paper bags containing the
leaves for at least 72 h under 60 °C. We measured the dry mass using a precision balance
(High Precision Digital Milligram Scale, Smart Weigh, 0.001 g precision). We measured leaf
area using the ImageJ software. We measured the LMA dividing the leaf dry mass (in g) per
leaf area (in m?). Measurements were made at the peak of the 2020 rainy season (January to

February).

(iv) Leaf turgor loss point (“ryp”, MPa): Ty Was estimated by the pressure-volume (P-
V) curve following Sack and Pasquet-Kok (2011) protocol and spreadsheet. Two to three green
fully-expanded healthy leaves were taken from the same individual used for LMA analyses.
We left the leaves to rehydrated overnight in water-filled plastic bags in a thermal box to make
sure to start the P-V curve at the higher water potential. We only removed the leaves out of
the bag when we were ready to start the P-V measurements. The curve consisted of several
cycles of weighing and measuring the leaf water potential (W, MPa). We used a portable
balance (High Precision Digital Milligram Scale, Smart Weigh, 0.001 g precision) and a
Scholander pressure chamber (Model 1000, PMS Instrument Company, USA) to measure leaf
weight and W, respectively. At least for the four first cycles, we did not take any time interval
as the W, jumped from less than -0.5 to -1 MPa in the first minutes for the majority of species,
thus sequential P-V cycles were needed to capture the initial shape of the P-V curve. After the
5" cycle, we took 10 to 40 min breaks between each cycle according to the variation of W,
over time. We ended the cycles when there was no variation in W, or extremely low W, (e.g.,
less than -5 MPa, an extreme Ty, value according to Bartlett, Scoffoni, and Sack 2012). After
ending up P-V cycles, we identified the leaves, put them in paper bags, dry them up by at least

72 h in 60 °C, and measured the dry weight using the precision balance.

(v) Leaf minimum conductance (“gmin”, mmol m2 s1): gmin was measured by the weight
loss of detached leaves following the Sack and Scoffoni (2011) protocol. The method consists
of monitoring leaf water loss (inferred by weight loss) and air vapor pressure deficit (VPD) over
time. Previous studies showed that the leaf weight decreases exponentially over time until the
stomata closure when the rate of weight loss becomes linear (Duursma et al., 2019). The linear
part of the leaf weight loss curve over time can be used to estimate gmin. In the lab, we took
from two to three green full-expanded healthy leaves of the same individual used in LMA and
Typ Measurements. We left the leaves to rehydrated in water-filled plastic bags in a thermal
box to avoid starting the measurements after stomata closure. The gmin measurement
consisted of several cycles of weighting the same leaf and recording time and air moisture and
temperature of each measurement. We used a portable precision balance (High Precision

Digital Milligram Scale, Smart Weigh, 0.001 g precision) to measure the leaf weight and the



19

cuvette of a porometer system to measure the air moisture and temperature (SC-1 Leaf
Porometer, METER Group, Inc. USA). We only removed the leaf from the bag when we were
ready to start the procedure. We first dried the leaf surface with paper and measured the first
four cycles sequentially (leaf weighting and time and air moisture and temperature recording)
and avoiding a long interval between the cycles (i.e., less than 10 minutes). We did at least 7
cycles. The VPD was estimated by the Arden Buck equation. We used Sack and Scoffoni
(2011) spreadsheet to estimate gmin in which the input was the leaf weight, time, and
microclimatic variables. We checked if the weight loss curve reached a linear trend and we

selected the last three intervals for gmin €stimation.

Edaphic variables

We installed five 1.4 m depth holes in the center of each circular plot described before.
We used a soil auger to collect soil samples at the following depths: 0-5, 5-10, 10-15, 1520,
20-40, 60-80, 80-100, 100-120, and 120-140 cm below the soil surface. The sampling was
made during the morning (8 to 12 a.m.) at the field and the sampled soil was stored in
hermetically closed plastic bags. On the night of the same day that we collected the soil, we
opened the soil bags in the lab and measured the fresh weight (FW) of a subsample using a
portable precision balance (High Precision Digital Milligram Scale, Smart Weigh, 0.001 g
precision). Then, we dried the soil subsamples until the weight of the subsample stabilizes
indicating evaporation of the labile water in the subsample. We then weighted the dry soil
subsamples (DW) and calculated the soil gravimetric relative water content (soil moisture, %)

by the following formula.

FW — DW
—)x 100

Soil moisture (%) = ( W

To investigate soil chemistry, we created a mixed sample of the topsoil by combining
about 50 g of the depths 0-5, 5-10, 10-15, and 15-20 cm. The available phosphorus (mg dm-
%), total nitrogen (g kg?), soil organic matter (g kg™), pH, and aluminum content (cmolc dm3)
of those mixed samples were analyzed at the soils lab of the Escola Superior de Agricultura
Luiz de Queiroz (ESALQ) linked to the S&o Paulo University in Brazil. The pH was determined
in H>O and, along with available phosphorus, was measured using the Mehlich method (Silva
et al., 1998). The aluminum and organic matter was determined by titrimetry and extracted in
KCI and dichromate solution, respectively (Silva et al., 1998; Camargo et al., 2009). Nitrogen

was extracted by the Kjeldahl method and determined by electric conductivity (Silva, 2009).
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We also analyzed the content of sand and clay in each depth of each sampling plot in the same

laboratory.

Data analysis

We ran t-tests and fitted generalized additive models (GAM) to test whether edaphic
variables differ between the restored and old-growth area (hypothesis 1). In all analyses, we
fitted the model and checked the homoscedasticity and normality assumptions visually. Here
and henceforward, we ran Student’s t-test for normal-distributed and variance homogeneous
data, Welch’s t-test for normal-distributed and variance heterogeneous data, and Wilcoxon’s
t-test (Mann-Whitney) for non-normal-distributed data regardless of its homoscedasticity. We
performed a Student’s t-test on phosphorus and nitrogen and a Welch’s t-test on organic
matter, pH, and aluminum always contrasting the restored versus old-growth topsoil (mixed
sample from the first 20 cm depth). We fitted GAMs to investigate the non-linear pattern of soll
moisture and clay-to-sand ratio along the soil depth profile. Soil moisture and clay-to-sand ratio
were considered response variables, soil depth the predictor variable, and the sample at each
depth at each sampling plot the sampling unit. We fitted a GAM without site (restored versus
old-growth area) as a predictor and another GAM including the site to test whether the study
sites had distinct relationships. We then compared the models using the Akaike information
criteria (AIC). Meanwhile, to test the effect of the clay-to-sand ratio on soil moisture, we fitted
a linear mixed-effect model allowing a random slope and intercept for each sampling plot (the

plot was the random effect).

We ran a variance homogeneity test to compare the trait variance between the restored
and old-growth vegetation (hypothesis 2). First, we performed a Levene’s homoscedasticity
test on Wnin, gmin, TTup, plant height, and LMA contrasting the restored and old-growth area in
which the sampling unit was the individual. Second, we computed the percentage of trait
variance explained by the species, study site, or their interaction to explore the drivers of trait
variance. For this, we ran an ANOVA on the shared species between the study sites in which
the trait values were the response variables and site the predictor variable. We then extracted
the sum of squares of each predictor (species identity, study site, or the species-site
interaction) and the residuals (unknown source of variation) and divided them by the total sum
of squares multiplied by 100. Thereby, we end with the percentage of variance explained by

the categories cited above in each trait.

We ran t-tests to compare the community-weighted means (CWM) of the restored vs.

old-growth vegetation (hypothesis 2). We averaged all traits at the species level and created a
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matrix where species were in the columns, floristic inventory plots in the rows, and the relative
abundance of each species in each plot in the cell values. The trait value of each species was
multiplied by its relative abundance and then summed to get only one CWM per sampling plot.
We performed Student’s t-tests on the CWM gmin, TTup, @nd plant height and a Welch'’s t-test on
Wmin and LMA always comparing restored versus old-growth areas. As CWMs are sensitive to
species dominance we conducted two additional analyses. Firstly, we computed for each study
site how exclusive species (i.e., species that occurs only in one site), shared species (i.e.,
species that occurs in both sites), and unstudied species account for total ground cover.
Secondly, we also displayed the relative abundance of the shared species when occurring in

the restored or old-growth area.

Finally, we ran t-tests to compare the functional traits of the invasive vs. native species
(hypothesis 3). As before, each trait was analyzed separately but here the contrast was the
species origin (exotic versus native), and only the restored site was included as there were no
invasive species in the old-growth site. We performed a Wilcoxon’s t-test on Wmi, and plant
height and a Welch t-test on gmin, T, and LMA. We used the R environment to perform all the
analysis (R Core Team, 2017). The package FD was used to calculate the community-
weighted means (Laliberté and Shipley, 2011). The package mgcv was used to fit the
generalized additive models (Wood, 2003). The package Ime4 was used to fit the linear mixed-
effect model (Bates et al., 2015).
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The restored site had, on average, 2-fold less available phosphorus (P), total nitrogen
(N), and soil organic matter (SOM) than the old-growth site in the topsail (i.e., first 20 cm) at
the peak of the dry season (Fig. 2 a) (Sl Tab. 3) (P p<0.001; N p=0.002; SOM p=0.02). There
was no significant difference between the pH of the old-growth and restored site (Fig. 2d).

Aluminum, by its turn, was 1.4-fold lower in the restored site compared to the old-growth one

(p=0.01) (Fig. 2e).
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Figure 2. Sall fertility and acidity between an old-growth and restored Cerrado grassland.
Concentrations of (a) available phosphorus, (b) total nitrogen, (c) soil organic matter, (d) pH in
water, and finally (e) aluminum of the topsoil of each study site. Panels display p-values

according to t-tests and observations represent sampling plots within each site.
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Both soil moisture and clay fraction increased along with soil depth at the peak of the
dry season (Fig. 3a and b). The relative water content of old-growth soils ranged from 1.1 to
22 % while restored soils ranged from 0.7 t010 % from 2.5 to 130 cm belowground. Overall,
soils in the old-growth site were wetter and clayed (mean moisture of 10.8 % and clay-to-sand
ratio of 0.88) than restored soils (mean moisture of 6.2 % and clay-to-sand ratio of 0.3). The
difference between restored and old-growth soil was significant as the generalized additive
model fitted to allow a smooth curve for each site (AIC=321.9, R?=0.9) outperformed the model
fitted to allow a single curve for both sites (AIC=423.8, R?>=0.6). Clay-to-sand ratio affected
positively the soil moisture in both sites but the fitted line was sloped in the restored site

(Brestored=16.47, p=0.007) compared to the old-growth one (Boid-growth=11.6, p<0.001) (Fig. 3c).
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Figure 3. Soil moisture and texture across depth profile in an old-growth and restored Cerrado
grassland. (a) Moisture is represented by the gravimetric relative water content from the topsoil
to 1.3 m depth layers. (b) Texture is represented by the ratio between clay and sand (sandier
soils at ratios <1 and clayed soils at ratios >1) in the same vertical profile. (c) Relationship
between soil clay:sand ratio and moisture; thicker lines represent the fitted line of each study
site (old-growth in blue and restored in red) along with the mixed-effect model slope (B) in the

top left corner. Each transparent line in (a), (b), and (c) connect samples of the same sampling
plot. **p<0.01, ***p<0.001.

Plant functional traits

The restored community had a similar variability of Wmin, plant height, and LMA than
the old-growth community (Levene’s test of homoscedasticity Wmin p=0.34, height p=0.3, and
LMA p=0.06) (Fig. 4a, d, and e) (Sl Tab. 4). This pattern did not hold to gmin and Ty, as both
traits were less variable at the restored community compared to the old-growth reference (Fig.
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4b and c). The gmin ranged from 7.5 to 30.7 mmol m2 s? at restored community and from 1.6
to 81.2 mmol m? s in the old-growth one (p<0.001); while T4, ranged from -2.1 to -1.2 MPa
in the restored community and -3.8 to -1.4 MPa in the old-growth one (p=0.002).
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Figure 4. Diversity of trait values of an old-growth and restored Cerrado grassland. Violin plots
showing the variability of (a) leaf minimum water potential (Wmin), leaf minimum conductance
(gmin), (c) leaf turgor loss point (1Tup), (d) plant height, and (e) leaf mass per area (LMA) of each
study site. Panels display the p-value of Levene’s homoscedasticity test; p<0.05 means
heterogeneous variances while p>0.05 homogeneous variances between the sites.

Observations represent the trait value of a given individual.

When the variance of the traits was partitioned (Fig. 5), species identity explained from
15.9 to 61.3 % of traits variability, study site from 0.01 to 20.5 %, the interaction between
species and site from 2.4 to 12.3 %, and lastly, unknown sources (residuals) accounted from
12.7 to 66.4 % of trait variance.
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Figure 5. Source of variation of the plant traits among species shared by the old-growth and
restored sites. Variance partitioning between the predictor variables extracted from ANOVA
tables. “Unknown” (in grey) refers to the model residuals, “species” (in black) to the species
which the individual belongs, “site” (in red) to the area where the individual has grown (old-
growth or restored), and “interaction” (in light pink) to the interaction between “species” and

“site”.

The community-weighted means (CWM) of all traits differed significantly between the
restored and old-growth sites (Fig. 6) (SI Tab 5). CWM Wnin and gmin were 0.8- and 2-fold lower
in the restored community compared to the old-growth one (p=0.003 and <0.001, respectively)
(Fig. 6a and b). However, the CWM 1y was ~2-fold higher in the restored community
compared to the old-growth one (p<0.001) (Fig. 6¢). The restored site had a 1.6-fold higher
and 2-fold lower plant height and LMA than the old-growth site, respectively (p<0.001 for both)
(Fig. 6d and e).
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Figure 6. Abundance-weighted traits between an old-growth and restored Cerrado grassland.
Community-weighted means (CWM) of (a) leaf minimum water potential (\Wmin), leaf minimum
conductance (gmin), (c) leaf turgor loss point (1T4p), (d) plant height, and (e) leaf mass per area
(LMA) of each study site. Panels display the p-value according to t-tests. Observations

represent the sampling plots within each study site.

Relative abundance, one of the main drivers of CWM, was distributed differently among
species within each site. Studied species which include shared species and exclusive species
represented 74.5 and 82.21 % of old-growth and restored site plant records (Fig. 7a). Shared
species accounted for 65.5 % of the total abundance at the old-growth site and 18.7 % at the
restored site, whereas exclusive species accounted for 0.09 % of the total abundance at the
old-growth site and 0.63 % at the restored site (Fig. 7a). Looking just at shared species, the
most abundant species at the old-growth area, S. tenerum, had a relative abundance of 55.8 %

at the old-growth site and just 1.3 % at the restored site (Fig. 7Db).
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Figure 7. Studied species abundance in an old-growth and restored Cerrado grassland. (a)
The relative abundance of not-studied species (unstudied, in grey), species occurring both old-
growth and restored site (shared, in black), and finally the species restricted to one of these
sites (exclusive, in red). (b) The relative abundance of the same species in each study site;
species near to the 1:1 line (dashed) had a similar abundance in either site whereas species
in the bottom right region were common at the old-growth site yet uncommon at the restored

site.

Invasive species traits

The African grass Urochloa decumbens had trait values distinct from the remaining
grasses in the restored area (Fig. 8). The 1y of U. decumbens (1myp=-1.3 MPa) was, on
average, higher than any of the studied species in the restored site (114, range=-2 to -1.4 MPa)
(p=0.02) (Fig. 8c). Same as LMA, which achieved the lowest values in U. decumbens (mean
LMA=47.4 g m2) compared to the remaining species of the restored site (LMA range=55.5 to
169.2 g m?) (p<0.001) (Fig. 8e). The gmin of U. decumbens was one of the lowest among
restored site grasses but did not differ significantly (p=0.07) (Fig. 8b). Wmin and plant height, on
the other hand, were statistically similar between the invasive species U. decumbens and the

native species in the restored site (Wmin p=0.34 and height p=0.25) (Fig. 8a and d).
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Figure 8. Traits of invasive versus native species in the restored site. (a) Leaf minimum water
potential (Wmin), leaf minimum conductance (gmin), (C) leaf turgor loss point (1Tup), (d) plant
height, and (e) leaf mass per area (LMA) between native grasses and the African grass U.
decumbens. Panels display p-values according to t-tests and observations represent the trait

value of a given individual.
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DISCUSSION

Here we unveiled the functional outcomes of direct-seeding restoration in the world’s
most biodiverse savanna, the Brazilian Cerrado. The soil of the old-growth area was wetter
and nutrient- and aluminum-richer than the soil of the restored area. Also, the variance of two
key traits related to drought coping (gmin and Tryp) was limited in the restored community
compared to the old-growth counterpart. Although the main cause of trait variation remained
unknown, species identity explained a significant part of trait variance between the two areas.
Regarding community-weighted trait means, abundant species following restoration had traits
related to drought-sensitivity and productivity (higher 14, and lower LMA) in contrast to old-
growth’s abundant species. In fact, the old-growth community commonest species became
rare in the restored community. The U. decumbens presented the highest 1y, and lowest LMA
among grasses co-occurring in the restored area pointing for functional differences between
exotic and native species. Bellow, we further discuss these results and provide insights into
how restoration practitioners can improve Cerrado biodiversity recovery in the light of our

findings.

Soil fertility and moisture following restoration

Three non-exclusive causes can underlie the lower phosphorus and nitrogen
concentrations in restored rather than old-growth areas. Firstly, invasive species legacies on
soil can lead to a fast nutrient cycling (i.e., pulses of nutrients rather than immobilization in the
soil) even after restoration efforts (Schrama and Bardgett, 2016; Hess, Mesléard and Buisson,
2019; Zenni et al., 2020). Secondly, pre-sowing prescribed fires can reduce nutrient pools by
nutrient volatilization (Pivello and Coutinho, 1992; Kauffman, Cummings and Ward, 1994).
Although soil and fire management proved to control re-invasion by African grasses in the
short-term (Sampaio et al., 2019), the sequential fires within one year undertook at the studied
restored site may affect nutrient stocks by releasing nutrients, especially nitrogen, into the
atmosphere (Pivello et al., 2010; Bustamante et al., 2012; Oliveras et al., 2013). Lastly, the
fast-growing restored plant assemblage may quickly absorb soil nutrients and stock them in
the living biomass. Vegetation following restoration was composed of tall plants with acquisitive
leaves (low LMA) which can increase the nutrient storage in the aboveground compared to the

belowground compartment.

Soil aluminum concentration was higher in old-growth site soils compared to the

restored ones in line with our expectations. Past soil liming can explain lower aluminum
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concentrations following land-use changes found here and elsewhere (Villela and Haridasan,
1994; Castro and Crusciol, 2013; Li et al., 2019). Cerrado plant lineages evolved under high
aluminum concentrations and possess strategies to tolerate aluminum toxicity and store it in
their living tissues (Haridasan, 1982, 2008; Mendonca et al., 2020). African lineages, on the
other hand, did not evolve under the same aluminum stress and the low concentration of this
element could facilitate African grasses invasions (Zenni et al., 2020). However, African
grasses have been invading even conserved Al-rich ecosystems over the Cerrado biome
(Pivello, Shida and Meirelles, 1999). Thus, although the Al enrichment has the potential to
decrease restoration invasibility, additional management actions will probably still be needed

to control biological invasions in Cerrado restored areas.

The relative proportion of clay to sand affected positively soil moisture, evidencing that
soil texture could underlie the differences in water availability between the restored and old-
growth areas. Clay soils are known to be capable to hold water more efficiently than sandier
soils (An et al., 2018; Lehmann et al., 2018). Moreover, soils in the old-growth area had higher
levels of organic matter compared to the restored area which may also increase water holding
capacity in addition to the soil clay fraction. Soil texture within the Cerrado biome can vary in
few meters (Abreu et al., 2012) and is expected to be more influenced by origin rock and
topography than historical land-use. Although the study sites are located in the same plateau,
we acknowledge that the studied restored and old-growth grassland might have distinct soll
textures in the first place. These fine-scale differences in soil texture highlight how challenging
it is to select a reference site to contrast with restored areas in highly heterogeneous biomes
such as Cerrado (White and Walker, 1997; Isabel B. Schmidt et al., 2019).

Recovery of plant functional diversity

Our expectation of lower diversity of trait values held for hydraulic traits (gmin and TTup)
whereas leaf water status (Wmin) and productivity (plant height and LMA) remained as variable
in restored communities as in old-growth ones. Similar Wmnin even under distinct soil water
availabilities suggest that the native grasses might adjust their water-use to keep leaf water
status within an “optimal” range (i.e., isohydry). Cerrado trees are known for their isohydric
behavior (Bucci et al., 2005, 2008) but Cerrado grasses are expected to be strongly
anysohydric based on seasonal variations of the leaf water potential (Rossatto, da Silveira
Lobo Sternberg and Franco, 2013). It is possible that grasses vary their leaf water potential
along the dry and wet season but kept it fixed within each season, which conciliates our

findings and previous evidence. Furthermore, both small versus tall grasses and leaf-



31

acquisitive (low LMA) versus -conservative (high LMA) grasses coexisted in both sites
highlighting the ability of direct-seeding to re-assemble both fast- and slow-growing species
(Pellizzaro et al., 2017; Coutinho et al., 2019). However, key traits related to drought resistance
such as gmin and Ty, remained less variable in the restored community compared to the diverse
range of values founded in the old-growth community. As the intensity and frequency of
drought events are expected to increase in Cerrado in the following decades (see
http://pclima.inpe.br/analise/), the lack of diversity in hydraulic traits can jeopardize the
resilience of restored vegetation to extreme climatic events (Craine et al., 2013; Timpane-
Padgham, Beechie and Klinger, 2017; Sankaran, 2019; Passaretti, Pilon and Durigan, 2020).
Overall, traits were more variable between different species than between the studies sites
(i.e., restored versus old-growth area). This tight relationship between functional traits and
species identity means that the failure in restoring gmin and Ty extreme values may lay on
missing species. Those may include non-Poaceae graminoids such as Cyperaceae species
that was at the end of old-growth’s trait spectrum (e.g., R. consanguinea with gmin 0f 52.8 mmol
m2 s and Ty, of -2.1 MPa), possesses unique nutrient acquisition strategies (Oliveira et al.,

2015), and represent a key component of the Cerrado biodiversity (Silveira et al., 2016).

When the traits are weighted by species abundance, restored vegetation was marked
by the dominance of drought-sensitive plants yet productive in contrast to the old-growth
vegetation. Even though dehydration avoidance (high Wmin) and resistance (low Wmin) can
coexist in both sites, grasses dried more in the restored rather than old-growth area as inferred
by CWM YWnin. This difference is probably due to the distinct trait values of the dominant species
in each site. Whereas S. tenerum with Wi of -2.2 MPa dominated in the old-growth vegetation
(relative abundance of 55.8%), A. riparia with Wmi, of -4 MPa was one of the most abundant
species in the restored vegetation (relative abundance of 20.9 %). Besides the water status,
grasses lost the leaf turgor faster (high CWM T1yp) in the restored area than in the old-growth
one. Based on these, we infer that restored vegetation can experience a striking decrease in
productivity throughout prolonged water deficits (Maréchaux et al., 2018). Two trade-offs can
simultaneously underlie lower Ty, in the restored vegetation compared to the old-growth one.
First, the studied grasses might be allocating resources to either increase leaf productivity (low
LMA) or leaf desiccation resistance (high Tmqp). Second, studied grasses might be allocating
resources to either dehydration avoidance (low gmin) or desiccation resistance (high 1yp). The
LMA-TTy, relationship has been reported previously (Villagra et al., 2013; Zhu et al., 2018) and
also among the investigated species (Sl Fig. 1a) whereas the gmin-TTup relationship has not been
reported yet (Sl Fig. 1b).

Regarding the traits related to productivity, the restored community favored species

with a fast resource-use. Specifically, higher CWM plant height and lower CWM LMA may
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reflect, respectively, a rapid accumulation of aboveground biomass and a higher potential to
assimilate carbon (Zuo et al., 2016). Since restored and old-growth vegetation held similar
plant height and LMA variance but still opposite CWMs, the major underlying cause of the
CWM variation is the differences in species relative abundance. Cerrado plant assemblages
usually have few dominant and several rare species (Silva, Cianciaruso, and Batalha 2010;
Oliveira and Batalha 2005), an abundance structure shared by numerous species-rich
communities worldwide and across taxa (McGill et al., 2007; Locey and Lennon, 2016). Just
five species that can be found in both restored and old-growth sites accounted for up to 60%
of the old-growth plant records and the same set of species represented less than 20% in the
restored area. This was mainly due to the drastic decrease in the abundance of S. tenerum
which represented more than 50 % of the old-growth vegetation and just 1 % of the restored
vegetation. Therefore, to recover functional diversity and the associated ecosystem services,
Cerrado restoration must restore the abundance structure characteristic of the reference sites
(see Pilon, Buisson, and Durigan 2018). This can be achieved by increasing the proportion of
seeds of some species, managing the soil (lowering the pH and/or increasing Al concentration)
to increase the establishment of the target species, and mixing whole-plant transplants of old-
growth dominant species with direct-seeding.

The functioning of an invasive grass

The African grass U. decumbens had a remarkable higher 1y, and lower LMA
compared to the co-occurring native species in the restored community. This result suggests
investment in productive and drought-sensitive leaves in the invasive species compared to the
natives, consistent with the idea of fast-growing traits underlying invasion success (Funk and
Vitousek, 2007; van Kleunen, Dawson and Maurel, 2015; Catford et al., 2019). However, U.
decumbens was not one of the tallest species possibly because this species is known for
allocating a significant amount of resources to belowground (Galdos et al., 2020). Furthermore,
the fact that U. decumbens lose cell turgor easily while their leaves dehydrate explains a large
amount of dry foliage common of vegetation dominated by this invasive grass. As in
Neotropical lineages, African grasses evolved tightly with fire recurrence, and invasion by
African grasses is recognized by creating new feedback with fire which favors the invasion
maintenance (Rossi et al., 2014; Gorgone-Barbosa et al., 2015). Our findings on the higher
photosynthetic potential (low LMA) and desiccation sensitivity (high 1qp) in U. decumbens may
provide a physiological basis for the fire-invasion feedback. The early U. decumbens dry off

can provide a great amount of high-flammable fuel (low-density leaves due to low LMA) which
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can feed late dry season intense fires (Rossi et al., 2014; Damasceno and Fidelis, 2020). In
the early wet season with the aboveground biomass burned, this invasive species may find a
window of opportunity to grow fast and over compete the natives. U. decumbens is known to
be able to favor a bacteria-dominated soil with a fast nutrient cycling, especially nitrogen
(Galdos et al., 2020; Zenni et al., 2020). This microbial composition allows pulses of nitrogen
in the first rainfalls after droughts which can also increase the ecosystem invasibility (Schrama
and Bardgett, 2016). Therefore, the combination of dehydration-sensitive leaves, late dry
season fires, rapid aboveground recovery by productive leaves, and soil nutrient pulses may

explain U. decumbens success in invading restored and conserved Cerrado sites.
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CONCLUDING REMARKS AND FUTURE DIRECTIONS

Our results suggest that the functional properties of soil and plant community of a
restored grassland differ significantly from an old-growth grassland in the Cerrado. Restoration
favored acquisitive resource-use species which can lead to a fast carbon and nutrient cycling
but also a higher drought vulnerability. Soils, on the other hand, had lower phosphorus,
nitrogen, organic matter, aluminum, and water availability in the restored area compared to the
old-growth contrast. This points to a mismatch between the fast-growing plant community and
the dry and impoverished soil following restoration in the studied sites. Alternatively, the higher
Al concentration in native soil may be the key factor selecting for a high abundance of stress-
tolerant slow-growing species in the old-growth community. Furthermore, the lack of hydraulic
diversity in the restored vegetation can limit the long-term success of restoration in the face of
extreme climatic events. Therefore, even though the studied restoration re-assembled native-
dominated grasslands, these plant assemblages possessed a fast and risky functioning that
can affect the recovery of ecosystem function in the Cerrado biome. The success of Cerrado
restoration may lay on steering the soil and plant community to the slow end of resources-use

and -cycling.

Future studies can step further on facilitating restoration success by addressing the
following outstanding topics. First, it is urgent to develop techniques to restore the soil state
typical of an old-growth Cerrado. Acidifying the soil and enriching it with aluminum could favor
slow-growing native species in the competition with fast-growing invaders. Also, carbon
amendments could help to reverse legacy effects, stabilize organic matter and clay patrticles,
and ultimately, increase soil water holding capacity (Hueso-Gonzalez, Mufioz-Rojas and
Martinez-Murillo, 2018; Fehmi, Rasmussen and Gallery, 2020; Zhang, Bhowmik and Suseela,
2020). Second, the restoration seed mix needs to be tailored to re-assemble functional-rich
and abundance-structured plant communities. Including a range of herbaceous lineages such
as Cyperaceae, Xyridaceae, and Eriocaulaceae in the restoration species list may boost
functional diversity. On top of that, as reference communities are not even, seed mix and pre-
sowing management can be tailored to increase the dominance of target species to mimic an

old-growth Cerrado structure and function.



35

REFERENCES

Abreu, M. F. et al. (2012) ‘Influence of edaphic variables on the floristic composition and
structure of the tree-shrub vegetation in typical and rocky outcrop cerrado areas in Serra
Negra, Goias State, Brazil’, Brazilian Journal of Botany, 35(3), pp. 259-272. doi:
10.1590/S1806-99592012000300005.

Amaral, A. G. et al. (2017) ‘Richness pattern and phytogeography of the Cerrado herb—shrub
flora and implications for conservation’, Journal of Vegetation Science. Edited by M. De
Céceres, 28(4), pp. 848-858. doi: 10.1111/jvs.12541.

An, N. et al. (2018) ‘Effects of soil characteristics on moisture evaporation’, Engineering
Geology, 239(January), pp. 126-135. doi: 10.1016/j.engge0.2018.03.028.

Anderegg, W. R. L. et al. (2018) ‘Hydraulic diversity of forests regulates ecosystem resilience
during drought’, Nature. Springer US, 561(7724), pp. 538-541. doi: 10.1038/s41586-018-
0539-7.

Antonsen, H. and Olsson, P. A. (2005) ‘Relative importance of burning, mowing and species
translocation in the restoration of a former boreal hayfield: responses of plant diversity and
the microbial community’, Journal of Applied Ecology, 42(2), pp. 337—347. doi:
10.1111/j.1365-2664.2005.01023.x.

Axmanové, I. et al. (2012) ‘Estimation of herbaceous biomass from species composition and
cover’, Applied Vegetation Science, 15(4), pp. 580-589. doi: 10.1111/j.1654-
109X.2012.01191.x.

Bartlett, M. K. et al. (2016) ‘The correlations and sequence of plant stomatal, hydraulic, and
wilting responses to drought’, Proceedings of the National Academy of Sciences. National
Academy of Sciences, 113(46), pp. 13098-13103. doi: 10.1073/pnas.1604088113.

Bartlett, M. K., Scoffoni, C. and Sack, L. (2012) ‘The determinants of leaf turgor loss point
and prediction of drought tolerance of species and biomes: a global meta-analysis’, Ecology
Letters, 15(5), pp. 393—405. doi: 10.1111/j.1461-0248.2012.01751.x.

Bates, D. et al. (2015) ‘Fitting Linear Mixed-Effects Models Using Ime4’, Journal of Statistical
Software, 67(1), pp. 1-48. doi: 10.18637/jss.v067.i01.

Bhaskar, R. and Ackerly, D. D. (2006) ‘Ecological relevance of minimum seasonal water
potentials’, Physiologia Plantarum, 127(3), pp. 353-359. doi: 10.1111/j.1399-
3054.2006.00718.x.



36

Boyer, J. (2011) Pressure chamber, PrometheusWiki. Available at:
http://prometheuswiki.org/tiki-index.php?page=Pressure+chamber (Accessed: 25 May 2020).

Bucci, S. J. et al. (2005) ‘Mechanisms contributing to seasonal homeostasis of minimum leaf
water potential and predawn disequilibrium between soil and plant water potential in
Neotropical savanna trees’, Trees - Structure and Function, 19(3), pp. 296-304. doi:
10.1007/s00468-004-0391-2.

Bucci, S. J. et al. (2008) ‘Water relations and hydraulic architecture in Cerrado trees:
adjustments to seasonal changes in water availability and evaporative demand’, Brazilian
Journal of Plant Physiology, 20(3), pp. 233-245. doi: 10.1590/S1677-04202008000300007.

Buisson, E. et al. (2020) ‘A research agenda for the restoration of tropical and subtropical

grasslands and savannas’, Restoration Ecology, p. rec.13292. doi: 10.1111/rec.13292.

Bustamante, M. et al. (2012) ‘Potential impacts of climate change on biogeochemical
functioning of Cerrado ecosystems’, Brazilian Journal of Biology, 72(3 suppl), pp. 655-671.
doi: 10.1590/S1519-69842012000400005.

Camargo, O. A. et al. (2009) Métodos de andlise quimica, mineraldgica e fisica de solos do
IAC, Boletim Técnico 106. Campinas. Available at:
http://www.iac.sp.gov.br/produtoseservicos/analisedosolo/docs/Boletim_Tecnico_106_rev_at
ual_2009.pdf.

Carlucci, M. B. et al. (2020) ‘Functional traits and ecosystem services in ecological
restoration’, Restoration Ecology, p. rec.13279. doi: 10.1111/rec.13279.

Castro, G. S. A. and Crusciol, C. A. C. (2013) ‘Effects of superficial liming and silicate
application on soil fertility and crop yield under rotation’, Geoderma. Elsevier B.V., 195-196,
pp. 234-242. doi: 10.1016/j.geoderma.2012.12.006.

Catford, J. A. et al. (2019) ‘Traits linked with species invasiveness and community invasibility
vary with time, stage and indicator of invasion in a long-term grassland experiment’, Ecology
Letters. Edited by M. Rejmanek, 22(4), pp. 593—-604. doi: 10.1111/ele.13220.

Cava, M. G. B. et al. (2018) ‘Abandoned pastures cannot spontaneously recover the
attributes of old-growth savannas’, Journal of Applied Ecology. Edited by C. Macinnis-Ng,
55(3), pp. 1164-1172. doi: 10.1111/1365-2664.13046.

Cava, M. G. B. et al. (2020) ‘The recovery rates of secondary savannas in abandoned
pastures are poorly explained by environmental and landscape factors’, Applied Vegetation
Science, 23(1), pp. 14-25. doi: 10.1111/avsc.12457.



37

Conti, G. and Diaz, S. (2013) ‘Plant functional diversity and carbon storage - an empirical
test in semi-arid forest ecosystems’, Journal of Ecology. Edited by S. Lavorel, 101(1), pp.
18-28. doi: 10.1111/1365-2745.12012.

Coutinho, A. G. et al. (2019) ‘Effects of initial functional-group composition on assembly
trajectory in savanna restoration’, Applied Vegetation Science. Edited by D. Ward, 22(1), pp.
61-70. doi: 10.1111/avsc.12420.

Craine, J. M. et al. (2013) ‘Global diversity of drought tolerance and grassland climate-
change resilience’, Nature Climate Change. Nature Publishing Group, 3(1), pp. 63—-67. doi:
10.1038/nclimate1634.

Damasceno, G. and Fidelis, A. (2020) ‘Abundance of invasive grasses is dependent on fire
regime and climatic conditions in tropical savannas’, Journal of Environmental Management.
Elsevier Ltd, 271(June), p. 111016. doi: 10.1016/j.jenvman.2020.111016.

Duursma, R. A. et al. (2019) ‘On the minimum leaf conductance: its role in models of plant
water use, and ecological and environmental controls’, New Phytologist, 221(2), pp. 693—
705. doi: 10.1111/nph.15395.

Falcdo, K. dos S. et al. (2020) ‘Surface runoff and soil erosion in a natural regeneration area
of the Brazilian Cerrado’, International Soil and Water Conservation Research, 8(2), pp. 124—
130. doi: 10.1016/j.iswcr.2020.04.004.

Fehmi, J. S., Rasmussen, C. and Gallery, R. E. (2020) ‘Biochar and woodchip amendments
alter restoration outcomes, microbial processes, and soil moisture in a simulated semi-arid
ecosystem’, Restoration Ecology, 28(S4), pp. S355-S364. doi: 10.1111/rec.13100.

Finegan, B. et al. (2015) ‘Does functional trait diversity predict above-ground biomass and
productivity of tropical forests? Testing three alternative hypotheses’, Journal of Ecology.
Edited by C. Canham, 103(1), pp. 191-201. doi: 10.1111/1365-2745.12346.

Funk, J. L. et al. (2008) ‘Restoration through reassembly: plant traits and invasion
resistance’, Trends in Ecology & Evolution, 23(12), pp. 695—-703. doi:
10.1016/j.tree.2008.07.013.

Funk, J. L. and Vitousek, P. M. (2007) ‘Resource-use efficiency and plant invasion in low-
resource systems’, Nature, 446(7139), pp. 1079-1081. doi: 10.1038/nature05719.

Galdos, M. V. et al. (2020) ‘Brachiaria species influence nitrate transport in soil by modifying
soil structure with their root system’, Scientific Reports, 10(1), p. 5072. doi: 10.1038/s41598-
020-61986-0.



38

Gorgone-Barbosa, E. et al. (2015) ‘How can an invasive grass affect fire behavior in a
tropical savanna? A community and individual plant level approach’, Biological Invasions,
17(1), pp. 423-431. doi: 10.1007/s10530-014-0740-z.

Haridasan, M. (1982) ‘Aluminium accumulation by some cerrado native species of central
Brazil’, Plant and Soil, 65(2), pp. 265—-273. doi: 10.1007/BF02374657.

Haridasan, M. (2008) ‘Nutritional adaptations of native plants of the cerrado biome in acid
soils’, Brazilian Journal of Plant Physiology, 20(3), pp. 183—-195. doi: 10.1590/S1677-
04202008000300003.

Hess, M. C. M., Mesléard, F. and Buisson, E. (2019) ‘Priority effects: Emerging principles for
invasive plant species management’, Ecological Engineering. Elsevier, 127(October 2018),
pp. 48-57. doi: 10.1016/j.ecoleng.2018.11.011.

Hobbs, R. J., Higgs, E. and Harris, J. A. (2009) ‘Novel ecosystems: implications for
conservation and restoration’, Trends in Ecology & Evolution, 24(11), pp. 599-605. doi:
10.1016/j.tree.2009.05.012.

Hueso-Gonzalez, P., Mufioz-Rojas, M. and Martinez-Murillo, J. F. (2018) ‘The role of organic
amendments in drylands restoration’, Current Opinion in Environmental Science & Health.
Elsevier Ltd, 5, pp. 1-6. doi: 10.1016/j.coesh.2017.12.002.

Hunke, P. et al. (2015) ‘The Brazilian Cerrado: assessment of water and soil degradation in
catchments under intensive agricultural use’, Ecohydrology, 8(6), pp. 1154-1180. doi:
10.1002/ec0.1573.

INPE (2015) ‘Projeto TerraClass Cerrado 2013’, Mapeamento do Uso e Cobertura do

Cerrado, p. 67. Available at: http://www.dpi.inpe.br/tccerrado/index.php?mais=1.

Jonasson, S. (1988) ‘Evaluation of the Point Intercept Method for the Estimation of Plant
Biomass’, Oikos, 52(1), p. 101. doi: 10.2307/3565988.

Kauffman, J. B., Cummings, D. L. and Ward, D. E. (1994) ‘Relationships of Fire , Biomass
and Nutrient Dynamics along a Vegetation Gradient in the Brazilian Cerrado’, Journal of
Ecology, 82(3), pp. 519-531. doi: https://www.jstor.org/stable/2261261.

van Kleunen, M., Dawson, W. and Maurel, N. (2015) ‘Characteristics of successful alien
plants’, Molecular Ecology, 24(9), pp. 1954-1968. doi: 10.1111/mec.13013.

Laliberté, E. and Shipley, B. (2011) ‘FD: measuring functional diversity from multiple traits,

and other tools for functional ecology’.

Lehmann, P. et al. (2018) ‘Soil Texture Effects on Surface Resistance to Bare-Soill



39

Evaporation’, Geophysical Research Letters, 45(19), pp. 10,398-10,405. doi:
10.1029/2018GL078803.

Li, Y. et al. (2019) ‘Liming effects on soil pH and crop yield depend on lime material type,
application method and rate, and crop species: a global meta-analysis’, Journal of Soils and
Sediments. Journal of Soils and Sediments, 19(3), pp. 1393-1406. doi: 10.1007/s11368-018-
2120-2.

Locey, K. J. and Lennon, J. T. (2016) ‘Scaling laws predict global microbial diversity’,
Proceedings of the National Academy of Sciences, 113(21), pp. 5970-5975. doi:
10.1073/pnas.1521291113.

Maréchaux, I. et al. (2018) ‘Dry-season decline in tree sapflux is correlated with leaf turgor
loss point in a tropical rainforest’, Functional Ecology. Edited by A. Sala, 32(10), pp. 2285
2297. doi: 10.1111/1365-2435.13188.

Maron, J. L. and Jefferies, R. L. (2001) ‘Restoring enriched grasslands: Effects of mowing on
species richness, productivity, and nitrogen retention’, Ecological Applications, 11(4), pp.
1088-1100. doi: 10.1890/1051-0761(2001)011[1088:REGEOM]2.0.CO;2.

McGill, B. J. et al. (2007) ‘Species abundance distributions: moving beyond single prediction
theories to integration within an ecological framework’, Ecology Letters, 10(10), pp. 995—
1015. doi: 10.1111/j.1461-0248.2007.01094..x.

Mendonga, A. M. das C. et al. (2020) ‘High aluminum concentration and initial establishment
of Handroanthus impetiginosus: clues about an Al non-resistant species in Brazilian
Cerrado’, Journal of Forestry Research. Springer Berlin Heidelberg, 31(6), pp. 2075-2082.
doi: 10.1007/s11676-019-01033-5.

Mitchell, P. J. et al. (2016) ‘An ecoclimatic framework for evaluating the resilience of
vegetation to water deficit’, Global Change Biology, 22(5), pp. 1677-1689. doi:
10.1111/gcb.13177.

Montoya, D., Rogers, L. and Memmott, J. (2012) ‘Emerging perspectives in the restoration of
biodiversity-based ecosystem services’, Trends in Ecology & Evolution. Elsevier Ltd, 27(12),
pp. 666—672. doi: 10.1016/j.tree.2012.07.004.

Morellato, L. P. C. and Silveira, F. A. O. (2018) ‘Plant life in campo rupestre : New lessons
from an ancient biodiversity hotspot’, Flora, 238, pp. 1-10. doi: 10.1016/j.flora.2017.12.001.

Munoz, Cassia; Araujo, G. M. (2011) ‘Métodos de Amostragem do Estrato Herbaceo-

subarbustivo’, in Fitossociologia no Brasil. 1st edn. Editora UFV, pp. 213-230.



40

Nébrega, R. L. B. et al. (2017) ‘Effects of conversion of native cerrado vegetation to pasture
on soil hydro-physical properties, evapotranspiration and streamflow on the Amazonian
agricultural frontier’, PLoS ONE, 12(6), pp. 1-22. doi: 10.1371/journal.pone.0179414.

Oliveira, F. F. and Batalha, M. A. (2005) ‘Lognormal abundance distribution of woody species
in a cerrado fragment (S&o Carlos, southeastern Brazil)’, Revista Brasileira de Botanica,
28(1), pp. 39-45. doi: 10.1590/S0100-84042005000100004.

Oliveira, R. S. et al. (2015) ‘Mineral nutrition of campos rupestres plant species on
contrasting nutrient-impoverished soil types’, New Phytologist, 205(3), pp. 1183-1194. doi:
10.1111/nph.13175.

Oliveras, I. et al. (2013) ‘Effects of fire regimes on herbaceous biomass and nutrient
dynamics in the Brazilian savanna’, International Journal of Wildland Fire, 22(3), p. 368. doi:
10.1071/WF10136.

Onoda, Y. et al. (2017) ‘Physiological and structural tradeoffs underlying the leaf economics
spectrum’, New Phytologist, 214(4), pp. 1447-1463. doi: 10.1111/nph.14496.

Pakeman, R. J., Eastwood, A. and Scobie, A. (2011) ‘Leaf dry matter content as a predictor
of grassland litter decomposition: A test of the “mass ratio hypothesis™, Plant and Saill,
342(1-2), pp. 49-57. doi: 10.1007/s11104-010-0664-z.

Passaretti, R. A., Pilon, N. A. L. and Durigan, G. (2020) ‘Weed control, large seeds and deep
roots: Drivers of success in direct seeding for savanna restoration’, Applied Vegetation
Science. Edited by M. Bernhardt-R6mermann, p. avsc.12495. doi: 10.1111/avsc.12495.

Pellizzaro, K. F. et al. (2017) “Cerrado” restoration by direct seeding: field establishment and
initial growth of 75 trees, shrubs and grass species’, Brazilian Journal of Botany. Springer
International Publishing, 40(3), pp. 681—693. doi: 10.1007/s40415-017-0371-6.

Pérez-Harguindeguy, N. et al. (2013) ‘New handbook for standardised measurement of plant
functional traits worldwide’, Australian Journal of Botany, 61(3), p. 167. doi:
10.1071/BT12225.

Pilon, N. A. L., Buisson, E. and Durigan, G. (2018) ‘Restoring Brazilian savanna ground layer
vegetation by topsoil and hay transfer’, Restoration Ecology, 26(1), pp. 73-81. doi:
10.1111/rec.12534.

Pivello, V. R. et al. (2010) ‘Effect of fires on soil nutrient availability in an open savanna in
Central Brazil’, Plant and Soil, 337(1-2), pp. 111-123. doi: 10.1007/s11104-010-0508-x.

Pivello, V. R. and Coutinho, L. M. (1992) ‘Transfer of Macro-Nutrients to the Atmosphere



41

during Experimental Burnings in an Open Cerrado (Brazilian Savanna)’, Journal of Tropical
Ecology, 8(4), pp. 487-497. doi: http://www.jstor.org/stable/2559762.

Pivello, V. R., Shida, C. N. and Meirelles, S. T. (1999) ‘Alien grasses in Brazilian savannas: A
threat to the biodiversity’, Biodiversity and Conservation, 8(9), pp. 1281-1294. doi:
10.1023/A:1008933305857.

Prado-Junior, J. A. et al. (2016) ‘Conservative species drive biomass productivity in tropical
dry forests’, Journal of Ecology. Edited by G. B. Nardoto, 104(3), pp. 817-827. doi:
10.1111/1365-2745.12543.

R Core Team (2017) ‘R: A Language and Environment for Statistical Computing’. Vienna,

Austria. Available at: https://www.r-project.org/.

Raupp, P. P. et al. (2020) ‘Direct seeding reduces the costs of tree planting for forest and
savanna restoration’, Ecological Engineering. Elsevier, 148(February), p. 105788. doi:
10.1016/j.ecoleng.2020.105788.

Rossatto, D. R., da Silveira Lobo Sternberg, L. and Franco, A. C. (2013) ‘The partitioning of
water uptake between growth forms in a Neotropical savanna: do herbs exploit a third water
source niche?’, Plant Biology, 15(1), pp. 84-92. doi: 10.1111/j.1438-8677.2012.00618.x.

Rossi, R. D. et al. (2014) ‘Impact of invasion by molasses grass (Melinis minutifloraP.
Beauv.) on native species and on fires in areas of campo-cerrado in Brazil’, Acta Botanica
Brasilica, 28(4), pp. 631-637. doi: 10.1590/0102-33062014abb3390.

Sack, L. and Pasquet-Kok, J. (2011) Leaf pressure-volume curve parameters,
PrometheusWiki. Available at: http://prometheuswiki.org/tiki-index.php?page=Leaf+pressure-

volume+curve+parameters (Accessed: 25 May 2020).

Sack, L. and Scoffoni, C. (2011) Minimum epidermal conductance (gmin, a.k.a. cuticular
conductance), PrometheusWiki. Available at: http://prometheuswiki.org/tiki-
index.php?page=Minimum-+epidermal+conductance+%28gmin%2C+a.k.a.+cuticular+conduc
tance%?29 (Accessed: 25 May 2020).

Sakschewski, B. et al. (2016) ‘Resilience of Amazon forests emerges from plant trait
diversity’, Nature Climate Change, 6(11), pp. 1032-1036. doi: 10.1038/nclimate3109.

Sampaio, A. B. et al. (2019) ‘Lessons on direct seeding to restore Neotropical savanna’,
Ecological Engineering. Elsevier, 138(July), pp. 148-154. doi:
10.1016/j.ecoleng.2019.07.025.

Sankaran, M. (2019) ‘Droughts and the ecological future of tropical savanna vegetation’,



42

Journal of Ecology. Edited by C. Staver, 107(4), pp. 1531-1549. doi: 10.1111/1365-
2745.13195.

Schmidt, I. B. et al. (2019) ‘Community-based native seed production for restoration in Brazil
— the role of science and policy’, Plant Biology. Edited by H. Pritchard, 21(3), pp. 389-397.
doi: 10.1111/plb.12842.

Schmidt, Isabel B. et al. (2019) ‘Tailoring restoration interventions to the grassland-savanna-
forest complex in central Brazil’, Restoration Ecology, 27(5), pp. 942—-948. doi:
10.1111/rec.12981.

Schrama, M. and Bardgett, R. D. (2016) ‘Grassland invasibility varies with drought effects on
soil functioning’, Journal of Ecology. Edited by A. Austin, 104(5), pp. 1250-1258. doi:
10.1111/1365-2745.12606.

Silva, F. C. et al. (1998) Manual de métodos de analises quimicas para avaliagdo da
fertilidade do solo, Embrapa. Rio de Janeiro: EMBRAPA-CNPS. Documentos, 3. Available
at: http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/335210.

Silva, F. C. da (2009) ‘Manual de analises quimicas de solos, plantas e fertilizantes’,

Embrapa Informacéo Tecnoldgica, p. 627 p.

Silva, I. A., Cianciaruso, M. V. and Batalha, M. A. (2010) ‘Abundance distribution of common
and rare plant species of Brazilian savannas along a seasonality gradient’, Acta Botanica
Brasilica, 24(2), pp. 407-413. doi: 10.1590/S0102-33062010000200011.

Silva, J. M. C. da and Bates, J. M. (2006) ‘Biogeographic Patterns and Conservation in the
South American Cerrado: A Tropical Savanna Hotspot’, BioScience, 52(3), p. 225. doi:
10.1641/0006-3568(2002)052[0225:BPACIT]2.0.CO;2.

Silveira, F. A. O. et al. (2016) ‘Ecology and evolution of plant diversity in the endangered
campo rupestre: a neglected conservation priority’, Plant and Soil. Plant and Soil, 403(1-2),
pp. 129-152. doi: 10.1007/s11104-015-2637-8.

Silveira, F. A. O. et al. (2020) ‘Myth-busting tropical grassy biome restoration’, Restoration
Ecology, 28(5), pp. 1067-1073. doi: 10.1111/rec.13202.

Soares-Filho, B. et al. (2014) ‘Cracking Brazil’s Forest Code’, Science, 344(6182), pp. 363—
364. doi: 10.1126/science.1246663.

Spera, S. A. et al. (2016) ‘Land-use change affects water recycling in Brazil’s last agricultural
frontier’, Global Change Biology, 22(10), pp. 3405-3413. doi: 10.1111/gcb.13298.

Strassburg, B. B. N. et al. (2017) ‘Moment of truth for the Cerrado hotspot’, Nature Ecology &



43

Evolution, 1(4), p. 0099. doi: 10.1038/s41559-017-0099.

Suding, K. N., Gross, K. L. and Houseman, G. R. (2004) ‘Alternative states and positive
feedbacks in restoration ecology’, Trends in Ecology & Evolution, 19(1), pp. 46-53. doi:
10.1016/j.tree.2003.10.005.

Timpane-Padgham, B. L., Beechie, T. and Klinger, T. (2017) ‘A systematic review of
ecological attributes that confer resilience to climate change in environmental restoration’,
PLOS ONE. Edited by M. (Gee) G. Chapman, 12(3), p. €0173812. doi:
10.1371/journal.pone.0173812.

Valliere, J. M. et al. (2019) ‘Repeated mowing to restore remnant native grasslands invaded
by nonnative annual grasses: upsides and downsides above and below ground’, Restoration
Ecology, 27(2), pp. 261-268. doi: 10.1111/rec.12873.

Veldman, J. W. et al. (2015) ‘Toward an old-growth concept for grasslands, savannas, and
woodlands’, Frontiers in Ecology and the Environment, 13(3), pp. 154-162. doi:
10.1890/140270.

Villagra, M. et al. (2013) ‘Functional relationships between leaf hydraulics and leaf economic
traits in response to nutrient addition in subtropical tree species’, Tree Physiology, 33(12),
pp. 1308-1318. doi: 10.1093/treephys/tpt098.

Villela, D. M. and Haridasan, M. (1994) ‘Response of the ground layer community of a
cerrado vegetation in central Brazil to liming and irrigation’, Plant and Soil, 163(1), pp. 25-31.
doi: 10.1007/BF00033937.

White, P. S. and Walker, J. L. (1997) ‘Approximating Nature’s Variation: Selecting and Using
Reference Information in Restoration Ecology’, Restoration Ecology, 5(4), pp. 338-349. doi:
10.1046/].1526-100X.1997.00547 .x.

Williams, D. W., Jackson, L. L. and Smith, D. D. (2007) ‘Effects of Frequent Mowing on
Survival and Persistence of Forbs Seeded into a Species-Poor Grassland’, Restoration
Ecology, 15(1), pp. 24-33. doi: 10.1111/j.1526-100X.2006.00186.x.

Wood, S. N. (2003) ‘Thin-plate regression splines’, Journal of the Royal Statistical Society
(B), 65(2), pp. 95-114.

Wright, 1. J. et al. (2004) ‘The worldwide leaf economics spectrum’, Nature. Macmillan
Magazines Ltd., 428(6985), pp. 821-827. doi: 10.1038/nature02403.

Zappi, D. C. et al. (2015) ‘Growing knowledge: an overview of Seed Plant diversity in Brazil’,
Rodriguésia, 66(4), pp. 1085-1113. doi: 10.1590/2175-7860201566411.



44

Zenni, R. D. et al. (2020) ‘Synergistic impacts of co-occurring invasive grasses cause
persistent effects in the soil-plant system after selective removal’, Functional Ecology. Edited
by J. Cooke, 34(5), pp. 1102-1112. doi: 10.1111/1365-2435.13524.

Zhang, Z., Bhowmik, P. C. and Suseela, V. (2020) ‘Effect of soil carbon amendments in
reversing the legacy effect of plant invasion’, Journal of Applied Ecology, (November 2019),
pp. 1-11. doi: 10.1111/1365-2664.13757.

Zhu, S.-D. et al. (2018) ‘Leaf turgor loss point is correlated with drought tolerance and leaf
carbon economics traits’, Tree Physiology, 38(5), pp. 658—663. doi:
10.1093/treephys/tpy013.

Zuo, X. et al. (2016) ‘Testing Associations of Plant Functional Diversity with Carbon and
Nitrogen Storage along a Restoration Gradient of Sandy Grassland’, Frontiers in Plant
Science, 7(FEB2016), pp. 1-11. doi: 10.3389/fpls.2016.00189.



45

SUPPLEMENTARY INFORMATION

Sl Figure 1. Trait correlations among the studied species. (a) The relationship between gmin
and Ty (Kendall’'s =-0.41, p=0.02). (b) The relationship between LMA and Ty, (Kendall’s
1=0.69, p<0.001). Observations correspond to the trait average per species and the bars the

mean + standard deviation.
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Sl Table 1. Geographical coordinates and altitude (m.a.s.l.) of the sampling plots. “Functional

trait survey” represents the circular plots where trait data were collected and “Floristic

inventory” the linear plots where species composition and abundance were recorded.

Study site Plot ID Latitude Longitude Altitude (m)
Functional trait survey

Old-growth NAO1 14°4'43.41"S 47°38'3.21"W 1,227
Old-growth NAO02 14°4'42.39"S 47°38'4.04"W 1,225
Old-growth NAO3 14°4'41.20"S 47°38'4.64"W 1,224
Old-growth NAO4 14°4'40.07"S 47°38'5.26"W 1,224
Old-growth NAO5 14°4'38.60"S 47°38'5.75"W 1,223
Restored REO1 14°5'21.33"S 47°38'17.94"W 1,246
Restored REO2 14°5'20.27"S 47°38'17.15"W 1,247
Restored REO3 14°5'19.92"S 47°38'15.64"W 1,245
Restored REO4 14°5'19.60"S 47°38'14.64"W 1,245
Restored REO5 14°5'18.76"S 47°38'14.09"W 1,245
Floristic inventory

Old-growth PLNAT 1 14°4'42.00"S 47°38'2.00"W 1,223
Old-growth PLNAT 2 14° 4'35.22"S 47°38'3.48"W 1,218
Old-growth PLNAT 3 14° 4'35.70"S 47°38'8.40"W 1,220
Old-growth PLNAT 4 14° 4'29.82"S 47°38'12.96"W 1,213
Old-growth PLNAT 5 14° 4'25.20"S 47°38'12.48"W 1,209
Restored PLREST 1 14°5'20.97"S 47°38'11.76"W 1,240
Restored PLREST 2 14°5'22.94"S 47°38'15.78"W 1,243
Restored PLREST 3 14°5'24.07"S 47°38'12.81"W 1,240
Restored PLREST 4 14°5'27.69"S 47°38'14.35"W 1,239
Restored PLREST 5 14°5'33.37"S 47°38'18.30"W 1,241
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S| Table 2. Taxonomic and ecological information of the studied species. “Alternative name” displays the different names given to the same

species. “Occurrence” classifies species as exclusive of the old-growth area (“Old-growth”), exclusive of the restored area (“Restored”), or present

in both areas (“Shared”). “Other” means not-studied species.

Family Species Origin Endemism Occurrence Relative cover
Old-growth  Restored
Poaceae Trichanthecium cyanescens (Nees ex Trin.) Zuloaga & Morrone Native Non-endemic  Old-growth 0.007 0
Poaceae Axonopus siccus (Nees) Kuhim. Native Non-endemic  Shared 0.004 0
Poaceae Echinolaena inflexa (Poir.) Chase Native Non-endemic  Shared 0.04 0.007
Poaceae Schizachyrium tenerum Nees Native Non-endemic  Shared 0.55 0.01
Poaceae Axonopus chrysoblepharis (Lag.) Chase Native Non-endemic  Shared 0.007 0.07
Cyperaceae Rhynchospora confuse F.Ballard Native Endemic Old-growth 0.002 0
Cyperaceae Rhynchospora barbata (Vahl) Kunth Native Non-endemic  Old-growth 0.02 0
Cyperaceae Rhynchospora consanguinea (Kunth) Boeckeler Native Non-endemic  Old-growth 0.02 0
Poaceae Panicum campestre Nees ex Trin. Native Endemic Restored 0 0.003
Poaceae Aristida setifolia Kunth Native Non-endemic Restored 0 0.0004
Poaceae Andropogon virgatus Desv. Native Non-endemic Restored 0 0
Poaceae Aristida riparia Trin. Native Non-endemic Restored 0 0.2
Poaceae Schizachyrium sanguineum (Retz.) Alston Native Non-endemic Restored 0 0.13
Poaceae Paspalum hyalinum Nees ex Trin. Native Non-endemic  Old-growth 0.02 0
Poaceae Loudetiopsis chrysothrix (Nees) Conert Native Non-endemic  Shared 0.03 0.08
Poaceae Urochloa decumbens (Stapf) R.D.Webster Exotic Restored 0 0.28
Other 0.25 0.17




48

S| Table 3. Mean, standard deviation (SD), and range (min—max) of the edaphic variables

between the old-growth and restored area.

Variable Unit Old-growth Restored

Mean+SD Range Mean+SD Range
Total nitrogen g kg? 2.15+0.59 1.5-3.08 0.97+0.18 0.8-1.26
PHH20 4.75+0.12 4.6-4.9 4.88+0.04 4.8-4.9
Organic matter g kg? 46.75+12.9 35-65 21.1+2.96 17-25
Available phosphorus mg kg* 3.391£0.43 2.73-3.83 1.7+£0.27 1.36-2
Aluminium cmolc dm®  2.31+0.26 2.1-2.65 1.63+0.08 1.5-1.7
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Sl Table 4. Mean, standard deviation (SD), and range (min-max) of the plant functional traits

between the old-growth and restored area.

Trait Unit Old-growth Restored

Mean+SD Range Mean+SD Range
Plant height  cm 77.88+43.89 19-191 148.83+34.68 59-219
Whin MPa -2.2+0.69 -3.9—0.63 -2.39+0.82 -5.3—1.3
Omin mmol m?s?  32.7+19.91 1.61-81.24 15.36+5.79 7.5-30.72
LMA gm? 111.07+56.14  42.41-239.1 80.34+34.27 43.85-227.29
TTip MPa -2.18+0.76 -3.83—1.44 -1.64+0.23 -2.14—-1.2
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S| Table 5. Average of the community-weighted means (CWM) between the old-growth and

restored area.

Trait Unit Old-growth Restored
CWM Wy, MPa -2.22 -2.64
CWM Gmin mmol m2 s? 26.9 13.1
CWM Ty MPa -2.91 -1.50
CWM Plant height cm 87.6 142
CWM LMA gm? 139 68
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