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Abstract

Old-growth grasslands, including savannas and tropical grasslands, need centuries to
assemble; they are therefore expected to have low resilience to anthropogenic activities that
disturb the soil (e.g. cultivation, quarrying, mining, etc.). Understanding which parameters

restrict the natural recovery of degraded ecosystems is a major prerequisite for planning an
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effective restoration program. This study was designed to evaluate the recovery of an old-
growth grassland, the campo rupestre, after a major disturbance: gravel extraction. In 2010
(i.e. eight years after the degradation), we analyzed soil characteristics, seed bank and
vegetation composition in degraded sites consisting of sandy or stony substrates, as well as in
reference sites of sandy and stony grasslands. At degraded sites, soils contained lower
concentrations of the main nutrients, and seed banks consisted mainly of non-target species.
Seed banks in reference grasslands were poor in species and in seeds. Eight years after the
degradation, plant communities at degraded sites were still very different from those at the
reference sites, presenting ruderals and almost no target species. Altered soil conditions, low
propensity of campo rupestre species to form seed banks, and the probable restriction of seed
dispersal from the target species in nearby campo rupestre considerably limits the
establishment of campo rupestre plant communities in degraded areas. Time is essential for
old-growth grassland assemblage and, even with the presence of a propagule source in the
surroundings, the assembly of campo rupestre plant communities in degraded sites will take

centuries. Therefore, human intervention is necessary to rapidly reestablish the main species.

Key words: tropical grassland restoration, quarrying, seed bank, regeneration, rupestrian

grasslands, resilience

Implication for practice
e Old growth campo rupestre grasslands degraded by gravel exploitation did not recover
any of their original characteristics, not even percentage of vegetation cover; human
intervention is therefore necessary to rapidly reestablish the dominant species.
e Seed banks in pristine old-growth reference campo rupestre grasslands are poor in
seeds and species, suggesting a low probability that bulk topsoil transfer would be

effective in reestablishing campo rupestre vegetation in degraded areas.



o The likely restricted dispersal of target species from nearby reference ecosystems
severely limits the establishment of campo rupestre plant communities in degraded

areas and implies that restoration projects must reintroduce species.



Introduction

Old-growth grasslands, including savannas and tropical grasslands, are species-rich
ecosystems whose assembly develops over centuries (Bond & Parr 2010; Parr et al. 2014;
Veldman et al. 2015a). Old-growth grassland communities are resilient to the disturbances
they have evolved with, such as fires or herbivory by native fauna (Veldman et al. 2015a).
Due to the lengthy duration of their assembly, these plant species rarely succeed at
establishing from seed, and their ability to colonize is poor (Veldman et al. 2015a); they are
therefore expected to have low resilience to strong and intrusive exogenous disturbances
(sensu Mclntyre and Hobbs, 1999) and destruction, such as tilling (prior to cultivation), road
construction, gravel extraction or mining.

Old-growth grasslands are often degraded or interspersed with recent anthropogenic
grasslands. Nevertheless, they are usually neglected in global conservation and restoration
programs (Parr et al. 2014; Bond & Parr 2010; Bond 2016; Veldman et al. 2015a, 2015c),
despite their high biodiversity and numerous ecosystem services (Parr et al. 2014; Veldman et
al. 2015b), which include a crucial role in water recharge (Honda & Durigan 2016; Fernandes
2016). Because they are situated in regions currently affected by increasing anthropogenic
activities, such as urbanization, mining operations, land use changes and afforestation
(Veldman et al. 2014, 2015c; Fernandes et al. 2016), initiatives to conserve and to restore old-
growth grasslands are urgently needed. However, the dearth of knowledge about old-growth
grasslands’ resilience to strong anthropogenic disturbances presents a challenge to
implementation of efficient conservation and restoration projects and jeopardizes their
success.

Assessment of the natural resilience, i.e. both resistance and recovery (sensu Hodgson
et al., 2015), of an altered ecosystem should help to determine whether active restoration is

necessary and should provide useful information for planning adequate restoration actions



(Bradshaw 2000; Prach & Hobbs 2008; Prach & Walker 2011). System recovery is possible
only if the system resists disturbance within its limits. If the system is disturbed beyond
tipping points, however, recovery may then require modifications of the physical environment
or manipulation of the vegetation (Whisenant 1999). Vegetation recovery will be slow or
absent when alteration of the soil’s chemical and physical properties generates inappropriate
abiotic conditions at the degraded site (i.e. limited nutrient availability, low water availability)
(Wong 2003; Yuan et al. 2006). Road construction or roadside gravel extraction, for example,
alters abiotic conditions (Barbosa et al. 2010).

Depending on the intensity of the disturbance, the vegetation and the seed bank in the
incumbent soil can be either destroyed or severely altered. The lack of target species in the
remaining seed bank or among surviving individuals (Wilson 2002; Bakker & Berendse 1999;
Bakker et al. 1996) also delays vegetation recovery. In the absence of an internal species pool,
the seed supply for the recovery of degraded areas depends mainly on seed dispersal from
surrounding sites via the seed rain (Campbell et al. 2003; Shu et al. 2005; Bakker et al. 1996).
However, grassland species may disperse poorly and at a low rate (Oster et al. 2009; Bischoff
2002); in such cases, the natural recovery process of species-rich grasslands is very slow
(Buisson et al. 2006). Finally, although spontaneous recovery can occur, especially where
environmental conditions are moderate (Prach et al. 2007; Prach & Hobbs 2008), is it
probable in cases of strong anthropogenic degradation of old-growth grassland species?

Campos rupestres are old-growth grassland (Veldman et al. 2015a; Fernandes 2016),
considered as OCBILs (old climatically-buffered infertile landscapes) (Silveira et al. 2016)
and part of the Cerrado domain. They occur between 800 m to 2 000 m altitude, primarily
along the Espinhago mountain range in south-eastern Brazil. Campos rupestres surround
headwaters of important watersheds in Brazil (Callisto et al. 2016) and sustain a huge

biodiversity (Silveira et al. 2016). Whereas seed bank and seed rain generally play a main role



in ecological restoration, little is known about the seed bank or seed rain of Brazilian
grasslands, including campo rupestre (but see Medina & Fernandes 2007), and information
about campo rupestre recovery is scarce. Thus, nothing is known about the reliability of
residual seed bank or seed dispersal to recover campo rupestre vegetation after a major
anthropogenic disturbance.

In this study, we assess campo rupestre vegetation recovery after an anthropogenic
disturbance: gravel extraction. As with other old-growth grasslands, we expect campo
rupestre recovery to be very slow. To ascertain whether site conditions or low dispersion of
target species favor or hamper spontaneous recovery of degraded areas, we compare soil
conditions, seed bank and vegetation composition in two co-occurring undisturbed
herbaceous reference communities of campo rupestre presenting different soil types—stony
and sandy grasslands—and situated within two types of degraded area: one with sandy

substrate and one with stony substrate.

Methods
Study area

The study took place in the southern portion of the Espinhaco Range, approximately
100 km northeast of Belo Horizonte, in the state of Minas Gerais, Brazil (19° 15'-25’ S and
43° 30—40" W). The study area is within the Environmental Protected Area of Morro da
Pedreira, the buffer zone of the Serra do Cipé National Park. Campos rupestres are composed
of a mosaic of species-rich primary grasslands and scattered rocky outcrops with evergreen
shrubs and sub-shrubs (Giulietti et al. 1997; Le Stradic et al. 2015a; Silveira et al. 2016) They
represent the main vegetation type in the region. Their high plant biodiversity comprises 14.7
% of the entire Brazilian vascular flora and includes numerous endemic species (Giulietti et

al. 1997; Echternacht et al. 2011; Silveira et al. 2016; Fernandes 2016). Campos rupestres are



fire-prone ecosystems (Le Stradic et al. 2017), but they are not grazed. They are constrained
ecosystems with shallow, nutrient-poor and highly acidic soils (Benites et al. 2007; Le Stradic
et al. 2015a) and a five-month dry season with significant water shortage. Both sandy and
stony grasslands are the main herbaceous communities in the campos rupestres of the study
area (Le Stradic et al. 2015a); we therefore consider these two grassland types as the reference
ecosystem.

The study area presents a seasonal tropical altitudinal climate, with an annual average
temperature of 21.2 °C (Madeira & Fernandes 1999). The average annual rainfall is ca. 1622
mm, mainly concentrated during the rainy season between November and April. The dry
season extends from May to October (Madeira & Fernandes 1999).

In 2002, the road MGO010 was asphalted, a process during which small quarries were
exploited for soil, sand and gravel extraction and were also used to park machinery.
Vegetation and upper soil horizons were destroyed. This degradation was not followed by
restitution of the soil horizons, leaving the soils altered and composed of several kinds of
substrate, including sandy and stony substrate. These degraded areas are surrounded by
reference campo rupestre.

To evaluate the recovery of campo rupestre vegetation following such anthropogenic
degradation, we analyzed soil characteristics, seed bank composition and vegetation
composition in 2010 (eight years after the last degradation in 2002), at six degraded sites—
three sites consisting of sandy substrates (DSa) and three of stony substrate (DSt)—and in ten
reference areas: five sandy grasslands (Sa) and five stony grasslands (St).

Soil samples

To assess soil characteristics, we randomly collected three soil samples from each of

the six degraded sites and from each of the ten reference grasslands, once during the wet

season (February) and once again during the dry season (July) (n = 2 seasons x 3 samples x



16 sites). Each soil sample consisted of three pooled sub-samples taken within an area of
around 1 m in diameter, at 10-cm depth, using a hand trowel. Samples were dried and sieved
through a 2-mm mesh sieve prior to analysis. On the fine fraction (<2 mm), we performed
chemical soil analyses (i.e. total N, P, K, pH, organic C, Mg®*, Ca**, AI**): Phosphorus (P)
and Potassium (K) in mg/dm?®; Nitrogen (N) and Organic Carbon (Corg) in dag/kg; Magnesium
(Mg?"), Aluminum (AI**), and Calcium (Ca*") in cmolc/dm?®. P, N and K were analyzed with
the Mehlich 1 extraction method; Ca**, Mg®*, AI** with 1 mol/L KCI extraction; and Cor
followed the Walkley-Black method. Analyses were conducted at the soil laboratory of
Vicosa Federal University, Vicosa, Minas Gerais, Brazil. Soil analysis followed the
recommendations of EMBRAPA (1997).
Seed banks

To evaluate seed banks, we randomly collected five 1-liter soil samples from each of
the six degraded sites and each of the ten reference grasslands (n = 5 samples x 16 sites) at the
end of the dry season (September); fruit production peaks between April and July (personal
observation). Each sample consisted of ten pooled sub-samples, randomly collected within an
area of around 2 m in diameter, at 5-cm depth to overcome seed bank heterogeneity, using a
hand trowel. Samples were washed with water on sieves with 4-mm and 200-um mesh sizes
to remove 1) plant fragments and stones and 2) the finest soil fraction (clay and silt),
respectively. The remaining seed-bearing soil was spread in a thin layer on trays (25 cm x 35
cm) on compresses placed over a 3-cm thick layer of vermiculite (a neutral substrate). Control
trays (n = 3) (made of compresses over vermiculite) and controls of the finest soil fraction
(<200 pm) (n = 3) (made of the finest fraction spread out on compresses over vermiculite)
were also prepared in order to 1) control which species could colonize the greenhouse and
contaminate samples and 2) ensure that no seed <200 pm was lost by sieving. No germination

was found in the finest soil fraction or in any of the control trays. All trays were kept in a



greenhouse, were regularly moved, and were watered every two days. On a weekly basis,
emerging seedlings were identified and removed, or were replanted in pots for later
identification. This was done to minimize competition within the trays and to reduce
susceptibility to the emission of allelopathic substances. We monitored seed germination until
one month passed with no new emergences. We then dried and lightly plowed the samples
before initiating a second germination period; this procedure is a well-known technique for
stimulating additional germination (Roberts 1981).
Vegetation survey

We compared the plant community composition of the degraded sites to that of the
reference grasslands. In January 2010, we surveyed the vegetation in three sandy (Sa) and
three stony (St) reference grasslands, as well as in the six degraded sites (DSa and DSt).
Sixteen plots in Sa, St and DSa, and twenty-four plots in DSt were surveyed to record (1) the
list of species and (2) the percent cover of each species, visually estimated from the vertical
projection of all aerial plant parts. The plots at all sites measured 40 cm x 40 cm (0.16 m?).
Further in the manuscript, we consider the target species—all species occurring in reference
grasslands—and non-target species, which occur in degraded areas but not in the reference
campo rupestre. The latter group includes ruderal species that commonly grow in altered

areas and along roadsides.

Statistical analysis

To compare soil chemical composition between the different types of soil substrate
and between seasons, we performed two-way ANOVAs for each chemical element. For AI**,
we checked normality and variance homogeneity and applied the log transformation (Sokal &

Rohlf 1998). To test for differences among soil substrate and between seasons, TukeyHSD

post-hoc tests were performed using values from each season separately when seasonal



difference was considerable, and using all values (i.e. data from the two seasons pooled
together) when there was no significant seasonal difference.

We ran generalized linear mixed models (glmer in the R package Ime4) with a Poisson
error distribution, a log-link function, and random effect for sites (Crawley 2007) to compare
the species richness and the number of emerged seeds in the seed banks of the different areas.
We calculated a mean dissimilarity matrix, using Jaccard index (meandist in the R package
vegan) based on species presence/absence data, to assess the plant composition dissimilarity
between and within the seed banks of DSa, DSt, Sa, and St. We also performed an ANOSIM
(anosim in the R package vegan) for analysis of dissimilarities.

We compared the mean vegetation cover in the reference and degraded areas, using
Kruskal-Wallis test followed by pairwise comparisons between group levels with Bonferroni
corrections. Mean species richness in both the reference grasslands and degraded sites were
examined using generalized linear models (GLM) with a Poisson distribution.

Dissimilarities between vegetation composition in the reference grasslands and the
degraded sites were assessed using Adonis, an ANOVA-style analysis. Adonis (i.e.
Multivariate ANOVA based on dissimilarities) performs a multivariate analysis of variances
using distance matrices to test the differences in group means and performs permutation tests
to inspect the significance of the differences observed (Oksanen et al. 2016). The Adonis
function determines whether the groups consistently differ in their community composition.
Adonis analyses were performed using Bray-Curtis dissimilarity to calculate distance matrices
based on vegetation data (quadrat x species abundance matrices); its output values range from
0 and 1, tending towards 1 as the dissimilarity between plant communities increases (Bray &
Curtis 1957). Non-metric multidimensional scaling (NMDS), which produces an ordination
based on a distance or dissimilarity matrix, was used to represent the dissimilarity between

reference and degraded areas according to plant composition.



All statistical analyses were performed in software R Version 3.2.1 (R Core Team 2015),

using stats, vegan (Oksanen et al. 2016) and Ime4 (Bates et al. 2015) packages.

Results
Soil characteristics

Soil composition varied greatly between the reference grasslands and both types of
degraded sites (Fig. 1, Table S1). Main nutrient content at the degraded sites was markedly
depleted compared to the reference grasslands, where N, Coy, P and K concentrations were
generally higher and soils were more acidic (Fig. 1). Degraded sites showed slightly lower
AI** values than the reference grasslands, and Mg?* values were higher in stony grasslands
than in the other areas. Degraded stony sites and reference stony grasslands showed a huge
variation in Ca** content (Fig. 1). P, pH and Corg Varied seasonally, with higher P and lower
pH values during the dry season (Fig. 1, Table S1). Only the P content varied among soils,
owing to interactions between soil type and season (Figure 1, Table S1). Coarse fraction in
degraded sandy and stony areas did not differ from undisturbed sandy and stony grasslands,
respectively (Table S2), and soil structure was mainly conserved among both degraded (Table

S2) and reference areas.

Seed bank in reference and degraded areas

Based on seedling emergence, seed banks in both undisturbed reference grasslands and
degraded sites were generally poor in species and in numbers of seeds (Fig. 2). No significant
differences were found for species richness between seed banks of reference grasslands and
degraded sites (glmer procedure z=1.73, p=0.08, Fig. 2a). Degraded sites had significantly
higher numbers of seeds than the reference grasslands (glmer procedure z=2.91, p<0.01, Fig.

2b), but the amount of seeds in samples from degraded sites varied widely (from 0 to more



than 50 seeds), which made post-hoc tests difficult to interpret (Fig. 2b). Seed bank
composition showed high dissimilarity between all sites (ANOSIM statistic R=0.378,

p<0.001, Table S3).

Vegetation composition in reference grasslands and degraded sites

Eight years after the disturbance, degraded sites presented bare ground over more than
70% of their area, especially the degraded sites with sandy substrate (Fig. 3). Vegetation
cover in all degraded sites was significantly lower than in reference grasslands (11°=147.81,
p<0.001, Fig 3). Species richness in degraded sites was also much lower than in reference
grasslands, with less than 5 species per quadrat (40 cm x 40 cm). In contrast, reference
grasslands presented between 12 and 16 species per quadrat (GLM procedure with p <0.001,
Fig. 3). Vegetation composition also differed greatly between the reference grasslands and the
degraded sites (Adonis F=34.36 R?=0.35, p<0.01, Table S4). NMDS was performed to
represent the distance matrix in an ordination and illustrate these dissimilarities (Fig. 4).
Reference grasslands were quite similar in term of species composition, containing numerous
species characteristic of campo rupestre grassland, such as Diplusodon orbicularis,
Lagenocarpus alboniger, Mesosetum exaratum, Tatianyx arnacites, Vellozia epidendroides,
Xyris pilosa, among others (Fig. 4). Conversely, degraded sites showed greater heterogeneity
in term of species composition, with no consistency among substrate type (Fig. 4), and
contained ruderal species, including either Andropogon bicornis or Zornia reticulata. A few
species found on the reference grasslands—e.g. Polygala paniculata, Declieuxia fruticosa,
Chamaecrista papillate, and especially the two Poaceae, Echinolenea inflexa and Mesosetum

loliiforme—managed to establish only at the degraded sites with stony substrate (Fig. 4).

Discussion



The present study demonstrates that campo rupestre did not recover after severe
anthropogenic disturbance, despite being particularly resilient to disturbances such as fire
(Neves & Conceicdo 2010; Le Stradic et al. 2017). Eight years after gravel extraction, bare
ground still dominated the degraded sites, and species composition remained very different
from undisturbed reference grasslands, despite their presence in the immediate surroundings
(within 20-200 m). Some characteristic species from campo rupestre, like Poaceaae (e.g.
Tatianyx arnacites, Mesosetum exaratum, Homolepis longispicula), Cyperaceae (e.g.
Lagenocarpus rigidus subsp. tenuifolius, Lagenocarpus albo-niger, Bulbostylis paradoxa),
Velloziaceaea or Eriocaulaceae, did not recolonize the degraded areas, although large
populations of them occurred in adjacent areas (see Le Stradic et al. 2015a). Altered abiotic
conditions in degraded sites, a low capacity of campo rupestre plant communities to form
seed bank and, probably, a low dispersal ability collectively explain the degraded campo

rupestre areas’ failure to recover, as detailed hereafter.

Site conditions

In degraded areas, the depletion of the main soil nutrients, N, P and K, can sometimes
hamper vegetation establishment, as they are essential elements for plant growth. In our case,
soil structure in degraded areas remained quite similar to those in the reference areas, but
gravel extraction severely altered site conditions relative to the reference areas, and soils did
not recover after degradation. The reference grasslands are oligotrophic, with low phosphorus
and potassium supply (Benites et al. 2007; Silveira et al. 2016; Le Stradic et al. 2015a); hence
plant species are already adapted to constrained environmental conditions (Negreiros et al.
2014)—they have developed efficient systems that minimize nutrient loss and optimize
resource acquisition, and they are able to accumulate reserves (Oliveira et al. 2016, 2015;

Abrahdo et al. 2014). We therefore expected plant species from reference grasslands to



establish, even in sites with non-optimal conditions. Indeed, an experimental restoration
project aiming to reintroduce species in a degraded area showed that some campo rupestre
shrub species were able to survive and reproduce in these kinds of degraded environments
when transplanted there (Gomes et al. 2017; Le Stradic et al. 2014). These species have

therefore been identified as potential candidates for restoration projects.

Poor seed banks in reference grasslands

Seed banks in undisturbed reference grasslands are poor in seeds and species,
compared to other campo rupestre habitats such as rocky outcrops or peat bogs (Medina &
Fernandes 2007). In European grasslands, Bekker et al. (1997) noted that species usually
associated with poor nutrient conditions were relatively scarce in the seed bank. The five-
month dry season can also lead to unfavorable environmental conditions for seed bank
formation, since wetter sites typically contain a larger number of seeds in mountain
communities (Funes et al. 2001; Medina & Fernandes 2007). Perennial species are dominant
in campo rupestre (Le Stradic et al. 2015a; Silveira et al. 2016), indicating that depleted seed
banks may also be associated with a low quantity of annuals. However, in German grasslands,
Holzel & Otte (2004) found that a large proportion of perennial species had a strong tendency
for seed accumulation in the soil.

Almost all species in campo rupestre are resprouters after fire (Le Stradic et al. 2017).
Those species usually develop specialized underground storage organs (USOs) that securely
store carbohydrates (e.g. starch) and water for long periods of time, enabling them to resprout
from dormant buds or root systems (Overbeck & Pfadenhauer 2007; Fidelis et al. 2014;
Maurin et al. 2014; Veldman et al. 2015a). While in some cases, resprouters present low seed
production and low fecundity in comparison to non-sprouting species (Lamont & Wiens

2003; Lamont et al. 2011), this is not always true for Cerrado resprouter species. However, it



has been demonstrated that the seeds of several species in campo rupestre are dormant,
unviable or empty (Le Stradic et al. 2015b; Dayrell et al. 2017). Considering all these
parameters (i.e. the marked dry season, the large numbers of perennial species, and large
number of resprouters), most grassland species from campo rupestre do not seem to form
seed banks, though some species produce seeds capable of persisting in soil over time, such as
some Velloziaceae (Garcia et al. 2017). We suggest that regeneration via the seed bank is
very limited; resprouting remains the primary method of recovery after a disturbance like fire
(Le Stradic et al. 2017), and the bud bank may replace the seed bank in these ecosystems

(Fidelis et al. 2014) when soils are intact.

Limited seed dispersal

At degraded sites, the probably small seed banks (see details above) were removed by
gravel exploitation. The seeds found in these areas eight years after disturbance thus rely only
on seed dispersal from standing vegetation already established on site or from the
surroundings. Seed banks in degraded sites present a higher number of seeds in comparison to
the reference grasslands, but these seed banks are usually from ruderal species. In campo
rupestre, some species do not produce fruits regularly, especially Poaceae species (Le Stradic
2012), which reduces considerably the pool of species able to reach degraded sites. Likewise,
seeds of some target species, such as Tatianyx arnacites, Lagenocarpus rigidus subsp.
tenuifolius or Rhynchospora riedeliana, occurred sporadically in seed banks of reference
grasslands but were absent in the seed banks of degraded sites. Furthermore, eight years after
destruction, communities in degraded sites present numerous non-target and ruderal species,
but almost no target species despite campo rupestre being a hotspot of biodiversity (Silveira
et al. 2016; Fernandes 2016), which implies that dispersal of target species may be very

limited. In climate-stable grasslands such as campo rupestre, perennial plants can be



extremely long-lived and present lower dispersal and colonization potentials (Veldman et al.
2015a; Hopper 2009). The environmental constraints of campo rupestre should favor reduced
dispersal to ensure establishment in safe sites (Hopper 2009). In the open physiognomies of
campo rupestre, such as sandy and stony grasslands, most species (e.g. Poaceae, Cyperaceae,
Xyridaceae, Eriocaulaceae, or Velloziaceae) disperse unassisted, and only a few species
produce fleshy fruits that are dispersed mainly by birds (Guerra et al. 2016). Consequently,
post-disturbance plant communities are composed largely of non-target and ruderal species,
which establish by taking advantage of the soil modifications and high proportion of bare soil
(Hobbs & Huenneke 1992; Le Stradic et al. 2016; Shea & Chesson 2002; Hansen &
Clevenger 2005). Therefore, a collateral effect of soil modification is the introduction of
competition from non-native and/or ruderal species, which may further limit establishment of
native species.

Time is definitively fundamental to the assemblage of old-growth grasslands
(Veldman et al. 2015a), a fact not often recognized because the evidence of grassland plant
longevity is usually underground. Even in conditions that favor establishment, with
undisturbed ecosystems in the surroundings acting as sources of propagules, the assembly of
plant communities similar to the original ones will take centuries (Veldman et al. 2015a;
Redhead et al. 2014; Hirst et al. 2005). In the case of a strong anthropogenic disturbance, it is
unlikely that old-growth grasslands will recover by themselves. Rather, human intervention is
necessary to rapidly reestablish the main species. Strategies include modification of soil
abiotic conditions and the introduction of species through seed sowing, seedling
transplantation or vegetation mat translocation. Bulk topsoil transfer allows for the transfer of
seeds, propagules and soil microorganisms that are present in the native soil. The technique is
commonly used to rehabilitate mines and quarries (Rivera et al. 2012; Koch 2007), but it is

more successful in temperate grasslands than in tropical grasslands (Le Stradic et al. 2016). In



our case, the poverty of the seed bank in reference campo rupestre areas implies that a
technique such as bulk topsoil transfer would have limited efficacy in reestablishing campo
rupestre herbaceous vegetation in degraded areas, as has been demonstrated for other old-

growth grasslands (Le Stradic et al. 2016).
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Figure 1: Box-and-whisker plots (including the extreme of the lower whisker, the lower hinge, the median, the upper hinge and the extreme of

the upper whisker for each group) of the different chemical soil parameters, from soils collected in 5 sandy grasslands (Sa), 5 stony grasslands



(St), 3 degraded areas with sandy substrate (DSa) and 3 degraded areas with stony substrate (DSt), during the dry season (light grey) and the
rainy season (dark grey). See Table 1 for statistical tests. Letters indicate significant differences according TukeyHSD tests (p < 0.05) performed
on pooled values of both seasons when there are no seasonal differences, according to Table S1, and performed on values from each season
separately when there are seasonal differences, according to Table S1. In this last case, capital letters are results for the rainy season, and

lowercase letters are results for the dry season.
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Figure 2: a) Number of species presenting emerged seeds per 1 L of soil, and b) number of
emerged seeds per 1 L of soil in the seed banks of the reference grasslands (sandy [Sa] and
stony [St] grasslands) and the degraded areas (with sandy substrate [DSa] and with stony
substrate [DSt]). Different letters indicate significant differences according to the GLM
results. Bars stand for standard error.
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Figure 3: a) Vegetation percentage cover and b) species richness in the reference grasslands
(sandy [Sa] and stony [St] grasslands) and the degraded areas (with sandy substrate [DSa] and
with stony substrate [DSt]), recorded in 40 cm x 40 cm plots. Different letters indicate
significant differences according to a) the pairwise comparisons and b) the GLM results. Bars

stand for standard error.



o o._
— —
Shrub sp18 Rhvich |
nchospora pilosa
g' Shrub sp2 v p ap )
Shfugﬁrﬁb Sgiub sp20 Lagenocarpus alb_onigerﬁxxgsc)gggggtggpe:{g
Andropogon sp3ru sp B_‘arb_acemgblackn [Poaceae sp4 o
Eragrostis spl Rubiaceae spl Xyris pilosa xLagengcar_ us rigidus tenuifolius
o Mesosetum‘exaratum ?;%1;%%? ;r{ig:;?tse(;ens
Poaceae spll Microlicia,sp1 Scleria strictar \/e(lozia epidendroides
N N o Fabaceae sp2  Shrub sp16 Paepalanthus nigrescens
a N ST Poaceae sp2 Paspalum pectinatum cajliandra linearis
a [a) Poaceae sp12 Diplusodon orbicularis .
p= = Shrub spi5 Poaceae spg Lagenocarpus'velutinus
z = Fabaceae sp3 F'?an'ClIJm 5P12 Pani ) Rhynchospora terminalis
isti ifolia+ " aspalum sp. anicum sp2+ 5 ;
Aristida S%tgggl)lglum <ol Echinolanea inflexa . Rhyncgospora consanguinea
Shrub sp12 Becliexia fruticosa oaceae sp
i * gBROCAIPUS SP g 1 sp14
To) Polygala paniculata Chamaecrista papillata - - p
o Rhynchosopora spl Lagenocarpus rigidus
! . Mesosetum loliiforme
Asteraceae sp_l Shrub sp8
Chamaecrista sp1
Shrub sp9
Shrub sp6
o o
il 7
I T T T 1 I T T T 1
.15 -1.0 05 0.0 05 -1.5 -1.0 -0.5 0.0 0.5
NMDS1 NMDS1

Figure 4: Non-metric multidimensional scaling (NMDS) based on dissimilarity matrix from vegetation survey performed on 216 vegetation plots
(40 cm x 40 cm quadrat) [216 observations x 151 species] in 3 sandy (Sa) and 3 stony reference grasslands (St), in 3 degraded areas with sandy
substrate (DSa) and 3 degraded areas with stony substrate (DSt). For clarity, the left graph shows the barycenters of each sampling site, and the

right graph shows only the most correlated species. Few points of the site DSal are represented because numerous quadrats were vegetation-free.



Supporting Information:

Table S1: Results of the two-way ANOVAs performed for chemical soil parameters,
according to soil substrate (i.e. sandy grasslands, stony grasslands, degraded sandy substrate
and degraded stony substrate), for the two seasons (i.e. wet and rainy season) (n=96). ns: non-
significant difference, *: significant difference with P<0.05, ***: significant difference with
P<0.001.

Table S2: Mean and standard error values of soil texture, according to soil substrate: sandy

grasslands, stony grasslands, degraded sandy substrate and degraded stony substrate).

Table S3: Mean dissimilarity matrix (using Jaccard index) of the seed bank composition
between the degraded areas with stony substrate (DSt) and sandy substrate (DSa) and
reference grasslands: the sandy (Sa) and the stony (St) grasslands, based on the matrix of
species presence-absence data. The diagonal gives the averages within classes. Index values

closer to 1 indicate greater dissimilarity between seed banks.

Table S4: Mean dissimilarity matrix (using Bray-Curtis index) of vegetation composition
between the degraded areas with stony substrate (DSt) and sandy substrate (DSa) and
reference grasslands: the sandy (Sa) and the stony (St) grasslands based on the matrix of
species percentage cover data. The diagonal gives the averages within classes. Index values
closer to 1 indicate greater dissimilarity between seed banks.



