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Abstract

The Campos Rupestres, ancient and nutrient-poor mountaintop ecosystems in Brazil, har-
bor exceptional biodiversity and endemism but face severe threats from mining and urban
expansion. Native grasses (Poaceae), represented by nearly 300 documented species—many
of them poorly studied—are fundamental elements of these ecosystems. They provide
critical ecological services, including soil stabilization, enhancing carbon storage and nu-
trient cycling, regulating water availability, and resilience to disturbances. This review
synthesizes current knowledge on the diversity, functions, and propagation of Campos
Rupestres grasses, with emphasis on their potential in ecological restoration. Despite their
ecological importance, large-scale use of native grasses remains incipient, constrained by
limited knowledge of reproductive biology, low seed viability, and scarce commercial seed
availability. Advances in propagation include seedling and plug production, vegetative
propagation, and rescue/reintroduction strategies, which have shown promising results in
post-mining restoration. However, reliance on seed collection from natural populations
risks depleting already limited genetic resources, highlighting the need for ex situ produc-
tion systems. Expanding research on taxonomy, ecology, and cost-effective propagation
methods, alongside supportive policy and market development, is crucial for integrating
native grasses as cornerstone species in restoration programs. Bridging these gaps will
enhance biodiversity conservation and restoration in one of the world’s most threatened
megadiverse systems.

Keywords: tropical and subtropical highland grasses; propagation techniques; recovery of
areas degraded by mining; grass germination

1. Introduction
The Campos Rupestres, also named as rocky fields, rocky grasslands, rock outcrop

vegetation, and rupestrian grassland, represent a highly diverse mountain ecosystem that
intersperse or edge other important biomes in Brazil, such as Atlantic Forest, Cerrado,
Caatinga and Amazon Forest. Occupying less than 1% of Brazilian territory, it is estimated
to hold around 15% of the national flora [1,2], a fact that cannot be minimized, considering
that Brazil is home to the greatest diversity of plants worldwide. More than 100 new species
of plants, and growing numbers also of animals, fungi, and bacteria have been described
in the last two decades, many of which are already classified as rare or endangered [3–8].
The severe environmental filters, mostly related to the extremely oligotrophic, shallow and
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often discontinuous soils, enhance the effects of climatic seasonality on the availability of
water and nutrients, which may underline the extraordinarily high endemism [9] and wide
array of, in some cases, unusual specializations and ecological interactions [4,10].

Generally occurring on mountaintops above 800 m, these ecosystems occupy aquifer
recharge zones that supply hundreds of small cities and several metropolises, ensuring
the subsistence and life quality of millions of people [11]. Many of these ecosystems occur
over deposits of Fe, Mn, Al, and other minerals of economic importance to the country.
Ornamental stones and quartzose sand (for civil construction and glass manufacturing)
are also resources exploitable in these areas. More recently, due to their privileged posi-
tion in the landscape, Campos Rupestres have also suffered from real estate expansion
and uncontrolled tourism [11]. All these factors, combined with ongoing climate change,
place Campos Rupestres among the most threatened ecosystems in the world [4]. Under
different climate and land-use scenarios, these authors modeled a reduction of ca. 82%
in the Campos Rupestres area in Brazil by 2070. The effect of mining is most seen in the
Iron Quadrangle region, where a 213% increase in mined area was observed between
1985 and 2011, representing a reduction in native vegetation of over 3000 hectares [12].
Species such as Comanthera elegans and the entire genus Vellozia, which includes many
microendemic species, appear to be especially sensitive to climate change, with alarming es-
timates of suitable habitats losses up to 50% and 85% by 2050 and 2060, respectively [13,14].
In response to climate change alone, the distribution area of the threatened Arthrocereus
glaziovii may expand. However, projected areas of occurrence overlap with various mining
concessions, implying a high probability of future exploitation [15]. Losses of area and bio-
diversity obviously mean disruptions in the provision of ecosystem services, with serious
consequences for human well-being, including the subsistence of traditional communities.
Unfortunately, less than 10% of its total area is within any type of effectively implemented
conservation unit (see [11] for detailed information on ecosystem services provided by
Campos Rupestres, major threats and proposed actions for its sustainable use).

These tragic predictions exacerbate the urgent need for the increase in protected
areas and developing technologies for restoring the impacted ones [4,11,13,14,16]. Thus,
knowledge about the propagation of native species, such as grasses and other plant families
of high value and importance in the ecosystem, is extremely necessary to support the
restoration of these areas.

So far, there are no commercial nurseries for this flora. In addition, there are few
published records of Campos Rupestres native species propagation, most of them for
seedling production of woody species. Given that herbaceous plants, especially grasses,
account for the vast majority of species in Campos Rupestres—often exceeding 85% of the
flora (see Section 3)—ecological restoration efforts should prioritize the reintroduction and
establishment of this stratum. The optimization of grass seed germination and seedling
production relies not only on basic knowledge about species biology, but also on advances
in the development of commercial-scale cultivation systems, seed collection and production
chains, and the continuous updating of environmental legislation.

This review aims to synthesize current knowledge on the diversity, ecological func-
tions, and propagation of native grasses in Campos Rupestres, with emphasis on their use
in ecological restoration. In contrast to previous reviews that primarily address floristic
patterns, ecosystem processes, or woody species, this study focuses on grasses as key func-
tional components, integrating evidence on reproductive biology, propagation techniques,
and restoration outcomes. This approach allows the identification of practical limitations,
knowledge gaps, and research priorities relevant to the large-scale use of native grasses in
restoration programs.
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2. Methods
2.1. Literature Review

Ecological information for Poaceae species occurring in Campos Rupestres was com-
piled through an extensive review of scientific articles, monographs, and theses published
up to 2025. The bibliographic survey was conducted using the ‘Web of Science’, ‘SciELO’,
and ‘Scopus’ databases, employing the following keyword combination in both Portuguese
and English: TS = (Poaceae OR Gramineae OR Grasses OR Gramíneas) AND TS = (“campo
rupestre” OR “rupestrian grassland*” OR grassland* OR “complexo rupestre” OR “rupes-
trian field*” OR “rock outcrop” OR “ferruginous campo rupestre” OR “campo rupestre
ferruginoso” OR “campo ferruginoso” OR “quartzitic campo rupestre” OR “campo ru-
pestre quartzítico” OR “iron canga” OR canga* OR Cerrado) AND TS = (germinação OR
germination OR germinabilidade OR germinability OR ecology OR ecologia OR restoration
OR restauração).

From the total pool of retrieved publications, we selected only those reporting germi-
nation experiments on species listed as occurring in Campos Rupestres (see Supplementary
Materials Table S1). Studies were included even if the seeds used in the experiments were
not collected specifically from Campos Rupestres areas.

2.2. Database of Poaceae Species in Campos Rupestres

Plant records were retrieved from the Flora and Funga of Brazil [17] and the species-
Link network [18] databases. We included records collected up to the year 2025. Addition-
ally, we supplemented the database with species and data from taxonomic revisions and
floristic surveys of Campos Rupestres focusing on Poaceae, e.g., [19–21]. Infraspecific taxa
were not included in the dataset. Scientific names were verified and updated according to
the Flora and Funga of Brazil [17].

3. Geological and Evolutionary Context
Campos Rupestres can be defined as OCBILs, Old, Climatically Buffered, Infertile

Landscapes (sensu Hopper [22]), since they are ancient ecosystems, whose communities co-
evolved with shallow, infertile soils (extremely phosphorus-limited; [23,24]) that developed
for thousands of years over stable tectonic areas and under very specific climatic condi-
tions [2,25,26]. In South America, these OCBILs can be found with concentrations in Brazil,
particularly in regions such as the Iron Quadrangle [27–31], Espinhaço Range [32–34], Cha-
pada Diamantina [35,36] and Serra dos Carajás [37–39]. These areas are portions of the
Earth’s crust, contained within a single geotectonic unit known as the South American
Platform [40,41], formed and stabilized in the Archean and affected on its edges during the
Proterozoic, but without important tectonic events during the Quaternary [41–43].

The structure of the geological compartments that characterize modern-day Campos
Rupestres was determined by Proterozoic tectonic activity that folded and faulted the rocks
during mountain-building processes, leading to a high regional landscape heterogeneity,
modified by weathering and erosion processes related to the climatic oscillations during
the Quaternary [34,42]. Due to this Quaternary geological and climatic evolution, most
of Campos Rupestres developed on a mosaic of rocky outcrops and sandy/stony shallow
soils derived from quartzites, banded iron formations and sandstones [1,2,25,42]. These
rocks are among the most resistant in terms of chemical and physical weathering, which
was decisive in determining the high altitudes (>800 m) where most Campos Rupestres
are found [12,44,45], creating a kind of mountaintop “isolated island” [28,42]. Although
these highland regions are currently subjected to distinct climatic regimes, the Campos
Rupestres—as with all OCBILs—developed under strong climatic buffering, characterized
by pronounced dry seasons, high solar radiation, and marked daily temperature fluctua-
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tions (except for areas located in the Serra dos Carajás). These environmental constraints
have driven the evolution of highly specialized plant species [1,2,10,45,46], particularly
within the Poaceae [47].

4. Why Should We Consider Grasses for the Recovery of Degraded Areas
of Campos Rupestres?
4.1. Diversity and Abundance of Native Grasses in Campos Rupestres

Brazil harbors the richest flora in the world, with more than 46,000 species [17]. Al-
though Campos Rupestres occupy less than 1% of the Brazilian territory, they host more
than five thousand vascular plant species, over 40% of which are endemic to this ecosys-
tem [2]. Poaceae is among the four most species-rich families of the Brazilian flora and
stands out in Campos Rupestres for both richness and abundance [19]. A checklist com-
piled from herbarium databases and scientific publications (Table S1) indicates that native
grasses in the Campos Rupestres comprise 296 species distributed across 79 genera [17,18].
However, this number is likely underestimated. For instance, approximately 10% of the
records in the SpeciesLink database [18] are identified only at the family level, and almost
25% only at the genus level. This highlights that further floristic and taxonomic studies
remain necessary to fully understand the ecological roles and adaptive strategies of these
grasses.

The campos rupestres are mostly associated with the Espinhaço Range where there
were 340 grass species registered in all kinds of open ecosystems [19]. These inventories
also reveal the remarkable degree of endemism characteristic of Campos Rupestres [2].
More than 100 species (113) of Poaceae are endemic to Brazil, and several of them are
restricted to Campos Rupestres, suggesting unique adaptive strategies to the restrictive
edaphic and climatic conditions of this ecosystem [48].

In floristic surveys carried out in Campos Rupestres in Minas Gerais, Mato Grosso
do Sul and Pará states, Poaceae emerged as the family with the greatest species
richness [27,39,49–56] or ranked among the four families with the highest number of
species [28,57–65]. In some phytosociological studies conducted in Campos Rupestres
of the Iron Quadrangle in Minas Gerais, Poaceae was identified as the family with the
highest importance value index, or some of its species presented the highest importance
value compared to other species in the community [18,51,54,63,65].

The most species-rich genera of Poaceae recorded in floristic surveys are Paspalum
(59 spp.), Axonopus (25 spp.), Dichanthelium (15 spp.), Andropogon (14 spp.), Mesosetum
(12 spp.), Eragrostis (11 spp.), and Apochloa (10 spp.), all of which contribute substantially to
the ecological complexity of this biome. Several species are endemic to Campos Rupestres,
especially those from Paspalum [17]. Research in this sense is still ongoing, and many species
known only from their type-material may be narrow endemics or microendemics to specific
mountain ranges or even single locations, such as Paspalum giuliettiae [17]. In addition to its
ability to colonize post-mined areas and initiate the aggregation of unstructured topsoil
particles [66,67], it is expected that the native grasses play all other key ecological roles
typically described for the family in open ecosystems around the world, including soil
stabilization, water retention, and the provision of habitat and resources for numerous
organisms [68–70]. Furthermore, some species have been highlighted as keystone taxa,
fundamental for maintaining biodiversity in grassland ecosystems such as Aristida flaccida
and Trachypogon montufari [48]. Studies on ecological succession in degraded Campos
Rupestres have revealed Poaceae as one of the most species-rich taxa during the initial
stages of community reestablishment [71–73].

More than ten Poaceae species are classified as endangered on the IUCN Red List [74],
underscoring both the importance of conservation and the vulnerability of native grasses
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in these ecosystems [20]. The presence of such species reflects not only high biological
value but also the ecological and evolutionary processes that generate and maintain diverse
microhabitats and ecological niches in Campos Rupestres.

The documented pressures affecting Campos Rupestres, including mining and urban
expansion, land-use change, and climate-driven habitat contraction, directly threaten grass
diversity and abundance, with cascading consequences for ecosystem functioning and
resilience [4,11,13–15]. In addition, invasive alien species used in revegetation practices,
particularly those of the genera Urochloa and Melinis [48,75], constitute an additional and
significant threat. As dominant components of the herbaceous layer, native grasses regulate
soil stability, surface hydrology, nutrient cycling, and early successional dynamics [66–70];
their loss or replacement by invasive species compromises these processes and reduces the
capacity of degraded sites to recover. Given their functional traits, high local adaptation,
and central role in ecosystem processes, the re-establishment of native grass assemblages
is therefore a critical prerequisite for effective restoration, particularly in highly degraded
environments where natural regeneration is limited.

Based on the observed results, there is a clear need to advance research in ecology,
physiology, and taxonomy of native grasses. Such knowledge is essential to support
ecological restoration strategies in Campos Rupestres, ensuring the effective use of native
grasses as key components for restoring biodiversity, ecological processes, and the resilience
of these unique ecosystems.

4.2. Ecological Functions of Native Grasses

The Poaceae family plays critical ecological roles in ecosystem functioning, presenting
a set of structural and physiological traits that allowed them to be dominant in many of
the most extensive open ecosystems worldwide and to perform efficiently in degraded
areas [66–70]. The aboveground architecture, which is quite variable, organizes the narrow
leaves and hollow stems in such a way as to optimize light interception in open environ-
ments [76]. The C3 and C4 species exhibit highly adjustable photosynthetic capacity and
water use efficiency in a wide range of climates [26,70,77,78]. Furthermore, grasses are
endowed with the ability of growth from basal meristems and often have persistent buds
at belowground level, characteristics of major importance related to resilience to fire, frost,
drought, and grazing, since these allow rapid resprouting after disturbances [10,79–81].
There is evidence that fire induces the flowering initiation and seed germination of some
Cerrado grasses [82,83] and that terminal buds are protected in the center of tussock
grasses [10]. Although seed dispersal and sometimes photosynthesis is facilitated by
specialized structures in the spikeletes [70,84], grasses very often invest in vegetative re-
production, what is a clear ecological advantage. Compensatory clonal growth via tillers,
rhizomes, or stolons is the primary mode of propagation and regeneration after distur-
bances in many grasslands, sustaining productivity and rapidly expanding populations,
especially where seedling establishments are rare or unreliable [80,81,85–88].

The root architecture of tropical grasses may vary significantly and is finely tuned to
the environmental gradients [89]. Grass roots might be more efficient than trees in water
absorption, presenting larger xylem vessels and higher axial hydraulic conductivity [90].
In addition to fixing the plant to the substrate, the root systems play a fundamental role in
stabilizing soil and influencing carbon, nitrogen, and phosphorus stocks and cycles [91–93].
In fact, grasses contribute to about 33% of terrestrial primary productivity, supporting food
webs [94]. In the Brazilian savanna formations where trees are not present and grasses
dominate, the estimated above and belowground carbon stocks are, respectively, 1.8 and
7.6 Mg C ha−1 [93]. In tropical savannas, grass-derived carbon constitutes more than half
of total soil organic carbon (SOC) to a soil depth of 1 m [95]. Information on the SOC stocks
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stored in undisturbed soils under native vegetation is fundamental to decision makers,
since they provide a baseline for evaluating land-use change impacts and the further C
sequestration gained with restoration efforts [96]. In this recent data-paper, these authors
highlight the relevance of grassy ecosystems in Brazil as a C sink. The 0 to 100 cm depth
SOC stocks across major grassy ecosystems in Brazil varied from 7.6 Mg C ha−1 in the
Campos Rupestres to 366 Mg C ha−1 in the South Brazilian highland grasslands.

Studies carried out with focus on the ecophysiological attributes of native grasses in
Campos Rupestres are still rare, but the data obtained so far reinforces the high adaptive
capacity of this group to respond to environmental gradients and disturbances. In general,
grasses in the Campos Rupestres predominantly occupy the areas or microhabitats with
the shallowest soils [97] and might present more than five times higher investment in
aboveground than in belowground biomass [98]. Under such highly restrictive conditions
in terms of water and nutrient availability, and for root development, it is not surprising
that in comparison to other Brazilian grasslands, a higher proportion (60 to 85%) of C4
grass species were registered in the Campos Rupestres in the Espinhaço Range [21]. Some
grasses, as well as plants of other families in the Campos Rupestres, proved to be sensitive
to the seasonal water availability, reducing stomatal conductance and the pre-dawn and
midday water potential values during the dry season [99].

In fact, as demonstrated by Negreiros et al. [100], abundant grasses in the southern
portion of the Espinhaço mountain range, such as Mesosetum exaratum, Tatianyx arnacites,
Paspalum erianthum and Homolepis longispicula, are classified as highly stress tolerant. The
latter also has striking features of the competing strategy according to Grime & Pierce [101].
Using a similar approach, Fernandes et al. [102] found that native grasses seemed to be
more efficient in terms of stress tolerance than the invasive species. The advantage of native
species over introduced ones in leading to drought was confirmed consistently in grasslands
worldwide [103]. In Campos Rupestres, orographic fog occurs throughout the year and
constitutes a major source of water and nutrients during the dry season [104]. Fog water
can be intercepted and absorbed by the leaf blade (leaf water uptake—LWU) at different
velocities and capacities depending on functional groups [105] affecting positively the gas
exchange, the tolerance to the excessive light intensity and higher temperatures, minimizing
the water stress [105,106]. Trichomes are known to facilitate leaf water absorption [107]
and occur in many native grasses [108]. Investigating their role in LWU could broaden the
understanding of the functional traits that favor the occurrence and diversity of Poaceae
in environments like Campos Rupestres. Superficial root systems, as commonly found in
native grasses [108], are normally associated with the rapid use of rain pulses [109] and
may also benefit from the presence of fog deposition.

Although light is not a limiting resource in Campos Rupestres, light availability for
herbaceous species may vary in response to vegetation structures, the topographic and
microtopographic heterogeneity and the self-shading caused by the cespitose growth habit
of grasses, such as Axonopus siccus and Eragrostis polytricha [110]. Comparing a set of
morphological and physiological responses of these two C4 species to light variation,
these authors found Eragrostis polytricha to be a more shade-tolerant species, adjusting
its metabolism to optimize energy use and C storage under low light. Axonopus siccus
apparently would be better prepared to occupy microsites with high incidence of sunlight,
exhibiting high maximum CO2 assimilation, but low morphological plasticity under the
lower light environment. These differential responses should be considered when planning
the use of grass species for restoration in Campos Rupestres degraded areas subject to
different vegetation structures and light gradients.

The vascular flora of the Campos Rupestres exhibits highly specialized adaptations to
the nutrient scarcity, especially regarding phosphorus and nitrogen (for a comprehensive
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description of ecophysiological adaptations, see [2,10,111,112]). Consistently, the endemic
and threatened native grass Aulonemia effusa displays strategies such as non-mycorrhizal
rhizosheaths, high foliar N:P ratios, and high P-remobilization efficiency during leaf senes-
cence, exceeding 70% [111]. Strategies for increasing the availability of nutrients in Campos
Rupestres may involve root associations with bacteria populations enriched in genes related
to P and N turnover, and that promote the absorption of organic compounds, as found
in two Vellozia species [112]. The grass Paspalum atratum exhibited significant interactions
with local soil biota, influencing nutrient availability and improving soil health through
their root systems [113]. Positive effects of bacterial communities captured in reference
environments were also observed on the seed germination of two grasses of the genus
Sporobolus [114]. A mixture of post-mined substrate and commercial soil (1:1) was inoc-
ulated with a 1% solution of the bacteria extract (effective microorganisms [115]) seven
days before sowing, enhancing germination compared to the control. Inoculating the
substrate resulting from bauxite mining with small volumes of topsoil from nearby Campos
Rupestres has demonstrated the potential to improve both ex situ seedling production
and the establishment and growth of native plants in degraded areas [71,116,117]. The
metabarcoding of fungal communities in that degraded area revealed a predominance of
pathogens taxa, contrasting with the high abundance and diversity of plant symbionts and
decomposers in the reference area [118].

In post-mined areas, plots that received topsoil transposition from Campo Rupestre
presented rapid soil particle aggregation around the roots of native grasses recruited from
the seed bank [67]. The role of Echinolaena inflexa roots in soil structuring and consequent
resistance to laminar erosion was also demonstrated, but in an experiment in gullies [119].

5. Production of Seedlings, Plugs and Mats of Native Grasses
Grasses stand out both for their species diversity and the abundance of individuals

in preserved Campos Rupestres (see Section 4.1; [39,51,64]). However, the incorporation
of native grasses into restoration initiatives within this ecosystem remains incipient. This
limited application stems from multiple factors, including insufficient awareness regard-
ing the importance of re-establishing functionally equivalent plant communities, limited
knowledge of the species’ biology, and the scarcity of commercially available propagules
for restoration projects [120–124].

Although this ecosystem harbors approximately 300 known grass species, in addition
to many others not yet identified (see Section 4.1), only about 75 species have been evalu-
ated with respect to sexual or asexual reproduction (Figure 1, Supplementary Materials
Table S2). Figure 1 summarizes evaluations performed solely under standard conditions,
that is, providing water for the seeds to soak up, without any other attempt to break
(light and temperature variations, application of hormones, acids, or nutrients) or stim-
ulate dormancy (such as darkness). Thus, the range of germination within each species
represents possible effects of ecotype (Cerrado or Campo Rupestre), but also small vari-
ation in experimental conditions reported or not reported by the authors, such as the
storage time of the seeds and others. More than half of these species showed germination
rates above 40%. Aristida setifolia, Aristida riparia, Ctenium cirrhosum, Elionurus muticus,
Gymnopogon doellii, Paspalum reduncum, Paspalum trachycoleon, Schizachyrium microstachyum
and Schizachyrium sanguineum stood out for achieving maximum germination rates very
close to 100% [125–131]. Sporobolus metallicolus, Schizachyrium tenerum, Saccharum villo-
sum, Paspalum pectinatum, Paspalum hyalinum, Gymnopogon foliosus, Eragrostis rufescens,
Echinolaena inflexa, Ctenium chapadense, Anthaenantia lanata, Andropogon lateralis, Aristida
torta and Aristida recurvata achieved maximum germination percentages ranging from
80 to 94% [83,117,126,128,130,132–134], indicating a high potential for reproductive success
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under the experimental conditions. At the other extreme, 13 species showed germina-
tion rates below 10% (Apochloa euprepes, Axonopus barbigerus, Axonopus capillaris, Axonopus
carajasensis, Axonopus laxiflorus, Dichanthelium sciurotoides, Gymnopogon spicatus, Panicum
campestre, Paspalum cangarum, Paspalum cinerascens, Paspalum glaucescens, Paspalum tri-
chostomum, Sporobolus ciliatus) [117,128,134–138], suggesting that their seeds may have an
inherent dormancy requiring specific conditions to germinate.

Figure 1. Minimum (grey) and maximum (black) germination percentages obtained in various
experiments with native grass species from Campos Rupestres in Brazil. The numbers following the
species names represent the assessments conducted for each species and considered in this study.
Evaluations that included germination in darkness, seed scarification with H2SO4, germination
stimulation with KNO3, or seed preheating were not considered to determine the minimum and
maximum germination, since depending on the species, these treatments can reduce germinability.
For further details, and citation of the studies from which the data were taken, see Supplementary
Materials Table S2.
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The difference between the minimum and maximum germinability indicates the
plasticity or sensitivity of the seed to the experimental conditions. Species with a high
germination range include Aristida recurvata, Aristida riparia, Aristida setifolia, Aristida torta,
Elionurus muticus, Eragrostis rufescens, Gymnopogon doellii, Paspalum hyalinum, Paspalum tra-
chycoleon, Schizachyrium microstachyum [81,125,127–131,133–135,139,140], all with variations
greater than 70 percentage points. In contrast, the germinability of Axonopus siccus and A.
purpusii seems to be intrinsically low, suggesting deep dormancy or low seed viability that
is not easily overcome by the standard experimental conditions.

The heterogeneity of dormancy-breaking methods (Supplementary Materials Table S2)
and the lack of important information hinder the synthesis of the effects of different
techniques on seed germination. For example, many experiments lack information on
the duration and method of seed storage, whether any selection method was used, and
how it was carried out. Bearing in mind these factors that make a direct comparison
between studies difficult, an initial analysis of the collected dataset (see Supplementary
Materials Table S2) demonstrated that there is no “universal protocol”. The ideal strategy to
stimulate germination is species-specific, and should be adjusted to the prevalent dormancy
mechanisms, and, critically, its ecological provenance (ecotype). Observed patterns indicate
the prevalence of physiological dormancy, frequently linked to strict light requirements,
thermal fluctuations, or chemical and thermal stimuli that simulate environmental events
such as fire.

In general, the seeds of species collected in Cerrado (including Campo Limpo) exhibit,
on average, higher germination rates and respond vigorously to basic stimuli such as
light and temperature changes. In Campos Rupestres, more severe restrictions (shallow
and oligotrophic soils) may result in seeds with deeper or “recalcitrant” dormancy. Many
species showed germination close to 0% (e.g., Axonopus laxiflorus, Echinolaena inflexa) under
standard treatments and the average basal germination can be lower than 7%.

A comparison of germination rates under light (12L/12D) and dark (24D) regimes for
grass seeds harvested in Campo Limpo, which also occur in Campos Rupestres, reveals
an extreme light dependence for several species. For example, Aristida torta, Paspalum
pectinatum and Schizachyrium microstachyum exhibited germination rates, respectively, of
68%, 92% and 97% under light at 25 ◦C, but only 17%, 1% and 12% when kept in the
dark. This extreme latency in the dark demonstrates that these species employ a transient
or shallow seed bank strategy. The presence of light signals the absence of dense cover
(canopy or thick litter) over the seed.

Daily temperature fluctuation (thermoperiodicity) is also an extremely relevant phys-
ical signal indicating the proximity of the seed to the soil surface and the absence of an
insulating layer of leaf litter. The analysis has shown that temperature variation is a strong
germination stimulant for many species, which exhibited significantly higher rates under
alternating temperatures (20/35 ◦C or 20/30 ◦C) compared to a constant temperature of
25 ◦C. The case of Aristida torta is particularly illustrative: germination under light increased
from 40% (25 ◦C) to 88% under the 20/35 ◦C regime. Even in the dark, the thermal pulse
contributed, raising germination from 13% to 24% under the same alternating conditions.
Thermal stimulation proves to be a powerful signal for breaking dormancy, acting syner-
gistically or, in some cases, dominantly in relation to light. The species Ctenium cirrhosum
achieved 96% germination under alternating temperatures with light, and a remarkable
85% in the dark under the same alternation. For this species, thermal fluctuation appeared
to be the dominant dormancy stimulus, almost eliminating the light requirement. This
may suggest that lightly buried seeds germinate if the thermal variation on the soil sur-
face is intense. Unlike circadian temperature variations, treatments that expose seeds to
abrupt temperature increases of up to 80 ◦C for a few minutes (2 min) serve to simulate the
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passage of fire. Seeds of Andropogon leucostachyus, collected in Campo Rupestre, showed
a significant increase in germination when subjected to thermal treatment, jumping from
34% (control, light) to 51% (heat at 80 ◦C). This positive response suggests that heating
is an adaptive trigger for breaking dormancy, allowing the species to take advantage of
the post-fire environment for establishment. In contrast, other species such as Andropogon
bicornis and Setaria parviflora (both also from Campos Rupestres) did not show any benefit
or had a marginal reduction in germinability (from 18% to 14% and from 11% to 14%,
respectively). This variation demonstrates that physiological specialization to fire is not
universal; heat-insensitive species must have alternative dormancy-breaking mechanisms,
such as smoke water (not fully explored in the data provided), nitrates, or strict post-harvest
maturation requirements, ensuring an ideal germination time that avoids the dry period
immediately after fire.

Potassium nitrate (KNO3) is widely used in dormancy studies to break physiological
dormancy and simulate the increase in available nitrogen in the soil after fire or rapid
mineralization of organic matter. The nitrate treatment was effective for Setaria parvi-
flora (Campos Rupestres), whose germination increased from 11% (Light) to 25% (KNO3).
However, the most significant interaction occurred with Eragrostis polytricha. This species
achieved extremely high germination rates (98.5%) when 0.2% KNO3 was applied to naked
seeds, in contrast to 46.5% under light. This result suggests that the physiological dor-
mancy of E. polytricha is critically masked by the presence of physical or chemical barriers
(inhibitors) in the seed coats (glumes/spikelets). For seedling production, management
requires a combination of treatments that may involve intensive processing to remove the
seed coats, followed by priming with nitrate, maximizing the effectiveness of the protocol,
and substantially reducing the waiting time.

A significant challenge for restoration is the presence of species with deep dormancy or
morphophysiological dormancy, which do not respond to standard laboratory treatments.
Species such as Axonopus laxiflorus, Echinolaena inflexa, and Apochloa euprepes, originating
from the Campos Rupestres, showed germination of 0% or 1% under almost all initial
treatments, including Light, KNO3, and heat at 80 ◦C. To verify whether dormancy was due
to the impermeability of the seed coat, treatment with Sulfuric Acid (H2SO4) was applied.
This treatment, which simulates mechanical scarification, failed to break dormancy in
Echinolaena inflexa and Apochloa euprepes. The ineffectiveness of acid scarification indicates
that the main restriction does not lie in the physical impermeability of the seed coat, but
rather in internal (physiological) factors. The management of these species requires the
investigation of more complex physiological requirements, rarely met in germination
chambers, such as long periods of cold and wet stratification (simulating cold winters
or deep soil conditions) or the application of plant growth regulators (e.g., gibberellic
acid—GA3).

Post-harvest seed storage is a fundamental and economically viable method for over-
coming physiological dormancy in many grasses, with the temperature during storage a
determining factor for embryo maturation. The seeds of Andropogon leucostachyus (collected
in Campos Rupestres) presented the initial germination of 34% (under light conditions) and
increased significantly to 58% after 8 months of storage at room temperature. Conversely,
when the same batch of A. leucostachyus seeds was stored under refrigeration (8 ◦C) for the
same period, germination dropped to 11%. Refrigeration, while ideal for preserving long-
term viability, can inhibit or delay after-ripening. For nursery logistics, this indicates that
freshly collected seeds exhibiting physiological dormancy should undergo a controlled pe-
riod of storage at room temperature to break dormancy before being moved to refrigeration
conditions for extended conservation. Seed longevity dictates its usefulness in restoration
operations and the ability to maintain multi-year stocks. Schizachyrium microstachyum
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(Cerrado) demonstrated a pattern of high initial viability (98.8%) and remarkable longevity,
maintaining 77.2% germination after 2 years of storage. This resilience makes it a reliable
species for the management of persistent seed banks and for the seed trade. However,
a most restrictive pattern was observed in Paspalum reduncum also in the Cerrado. This
species exhibited a “peak and fall” dynamic, with 55% initial germination, reaching a
maximum of 100% after 1 year of storage (peak after-ripening), but falling to 0% after
2 years. The behavior of P. reduncum seeds establishes a restricted window of use. Logistics
management must ensure that seeds with are used in the year following collection, as the
loss of viability is rapid and total, making multi-year stock accumulation unfeasible.

While these works provide important baseline information to assess the potential use
of these species, they address only an initial stage of the process, since results obtained
in laboratories or greenhouses frequently do not reflect the establishment potential in the
field, particularly in degraded areas [116,141–143]. Moreover, in addition to the scarcity
of ecological and reproductive information on these grasses, the still limited availability
of seeds and seedlings on the market further constrains their use in restoration projects.
In critical regions, such as the Iron Quadrangle in Minas Gerais, which is characterized
by extensive Campos Rupestres areas and intense anthropogenic pressure, there are no
systematic initiatives for the collection, production, and commercialization of grass propag-
ules. Even in regions where seed collector networks exist, grasses are often not prioritized,
resulting in poor representation relative to the high diversity and ecological importance
of this taxon [122]. Part of this disinterest in collecting and commercializing grass seeds
might be due to the high proportion of empty or non-viable seeds [83,132,136,141], which
increases the difficulty and cost of obtaining viable material.

Another challenge to obtaining grass seeds for use in restoration of degraded rupes-
trian areas is the difficulty of collection. Unlike many tree species from which a large
number of seeds can be obtained from a single individual, most grass species produce
relatively few seeds per individual and do not always form large, dense population in
a single area. This makes collection difficult and substantially increases costs. For ex-
ample, in seed collection networks in the Cerrado, the price of one kilogram of seeds
of Echinolaena inflexa—one of the most abundant grasses in that biome and common in
rupestrian grasslands—can be up to ten times higher than the price of widely marketed tree
seeds [122]. Despite this high price, E. inflexa shows low germination rates (Supplementary
Materials Table S2), which reduces its attractiveness for restoration projects. For species
with sparser distributions, collection costs and logistical difficulties can be even greater. It
is important to emphasize that, in addition to high cost, collection from natural populations
must respect ethical and conservation limits. It is recommended that no more than 10% of
the available seeds in a population should be removed, so that natural regeneration and
population viability are not compromised [144,145].

Given this scenario, there is a clear need to expand studies on the reproduc-
tive biology and ecology of Campos Rupestres grasses to support the development
of effective techniques for their use in restoration of degraded areas. In this con-
text, recent initiatives aimed at optimizing seed use have been developed, including
seedling production [66,141,146,147], vegetative propagation [132,148,149], and micro-
propagation [150]. These strategies, detailed in the following sections, are consolidat-
ing as promising alternatives (see Table 1 for advantages and disadvantages of different
propagation techniques).

However, even with the application of optimized techniques to maximize the use of
native grass seeds, it remains necessary to seek ways to increase propagule availability.
Beyond difficulties and high costs associated with harvesting from natural populations,
suitable collection sites are limited in certain types of Campos Rupestres, such as the ferrug-
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inous ones. This limitation arises from the scarcity of accessible areas, restrictions within
conservation units, and private land ownership, particularly by mining companies [26].

Table 1. Relative comparison of the advantages and disadvantages of different propagation
techniques.

Propagation
Method

Financial
Cost

Seed
Demand

Demand for
Propagule

Collection or
Production

Enables
Local

Community
Integration

into the
Production

Chain

Labor and
Specialized
Infrastruc-

ture
Demand

Rate of
Degraded

Area
Coverage

and
Propagule
Dispersal

Suitability
for

Extremely
Inhos-
pitable
Areas

Maintenance
of Genetic
Variability

Direct seeding Low High Yes Yes No Low Low High
Seedling or

plug High Low Yes Yes No High High High
Vegetative

propagation High None Yes Yes No High High Low
Rescue and

reintroduction Low None None No No High High High
Micropropagation High None Very low No Yes High High Low

In this context, the commercial production of seeds and seedlings emerges as a strategic
alternative. In addition to reducing pressure on natural populations and meeting growing
demand, this activity can represent an additional source of income for local communities,
integrating them into the ecological restoration process [151] (see Section 6).

5.1. Direct Seeding of Campos Rupestres Grasses in Efforts for the Restoration of Degraded Areas

Although studies remain limited, the use of native grasses from rupestrian grasslands
in restoration projects via direct seeding has yielded promising results. This is particularly
evident in terms of seedling recruitment and survival across distinct environments, includ-
ing the Cerrado [116,141–143,152,153]. Among the advantages of direct seeding, reduced
labor costs stand out, since this approach eliminates stages associated with seedling pro-
duction. On the other hand, germination and establishment rates for grasses using this
technique tend to be lower than those observed under controlled conditions [116,141,142].

In general, studies involving direct seeding across different taxa report mean estab-
lishment rates around 18%. In evaluations conducted with S. metallicolus, Figueiredo
et al. [66] observed an establishment rate of approximately 58% under controlled conditions
at 80 days after sowing, whereas direct seeding in degraded areas yielded only 6% after
12 months [116]. Similarly, Oliveira [141], when assessing four native rupestrian grasses
that also occur in the Cerrado (Aristida riparia, Aristida longifolia, Loudetiopsis chrysothrix,
and Schizachyrium sanguineum), found that for three species the establishment rates under
controlled conditions were 4.5 to 25 times higher than those recorded in degraded field
conditions.

Considering that direct seeding generally results in lower establishment rates, the use
of this technique requires a substantially higher volume of seed per established individ-
ual compared to controlled propagation. Thus, its cost–benefit balance must be carefully
evaluated, weighing reduced labor costs against increased seed consumption. This as-
pect is particularly relevant for grasses, whose seeds are usually scarce and expensive to
purchase [66,122].

5.2. Seedling and Plug Production of Native Campos Rupestres’ Grasses

As noted in the previous section, establishment rates of native grasses in degraded
areas via direct seeding are commonly low. These rates tend to be even lower in severely
degraded sites where a large amount of soil has been lost or heavily altered, as in post-
mining areas. In these places, the typical environmental filters present in Campos Rupestres
(e.g., low water-holding capacity, high solar radiation) become more severe and pose
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significant barriers to initial establishment and seedling survival [142,154,155]. For this
reason, producing seedlings or plugs under controlled conditions, followed by outplanting
into degraded areas represents a promising strategy to optimize seed use, increase survival
rates, and accelerate both soil cover and the onset of seed production and dispersal by
grasses in restoration sites [66,141,156].

Studies conducted in the Cerrado with species that also occur in Campos Rupestres,
such as Loudetiopsis chrysothrix and Schizachyrium sanguineum, have demonstrated satis-
factory results from germination in seedbeds followed by transplanting into containers
of different sizes and substrate compositions [146,147]. In degraded areas, survival of
these seedlings after transplantation exceeded 79% [141]. Furthermore, for some species,
individuals originating from planted seedlings began seed dispersal more quickly than
those established by direct seeding, which can favor natural recruitment and the formation
of a seed bank in the recovering area [141]. Although promising, the technique of producing
individual seedlings has been evaluated for only a limited number of species and needs
to be expanded to represent the broad diversity of Campos Rupestres grasses. Oliveira
et al. [147] also emphasizes the importance of production-cost analyses to evaluate the
feasibility of this technique for restoration practice (see Section 6).

Another method tested to optimize seed use and particularly to enhance establish-
ment in the field is plug production. Figueiredo et al. [66] evaluated this method with
Sporobolus metallicolus, a grass native to ferruginous and quartzitic Campos Rupestres and
recommended for post-mining recovery [157]. In that study, seeds were germinated in
trays containing a mixture of substrates and grown for 80 days until they formed a turf
(Figure 2A). This turf was then subdivided into 3 × 4 cm plugs (Figure 2B), which were
transplanted into post-mined degraded ferruginous Campos Rupestres areas. The results
were surprisingly positive, showing 100% plant survival in the field (Figure 2C). More-
over, within only seven months after transplantation, the plants began seed dispersal and
increased biomass by approximately 35-fold.

 

Figure 2. (A) Sporobolus metallicolus mats produced via seeds and (B) plugs, and (C) growing in the
mined area seven months after planting.

Thus, production of seedlings and plugs represents a strategic alternative for restora-
tion of degraded sites, especially for rare species, species with low viable seed production,
or species whose seeds are costly. Additionally, this approach can mitigate difficulties
related to establishment under extreme edaphic and hydric conditions common in post-
mined areas [116,155]. The use of already rooted individuals increases the chances of
survival under harsh environmental conditions [141]. Furthermore, planting seedlings
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accelerates substrate cover, reducing water and wind erosion as well as colonization by
exotic invasive species [156,158].

5.3. Vegetative Propagation

Sexual propagation is a major challenge for a large portion of native Campos Rupestres
grasses. In the genus Axonopus, for example, studies show that of ten evaluated species, six
had germination rates below 11%, four did not exceed 5%, and only four species exhibited
germination rates above 25% (26–70%, see Figure 1 and Supplementary Materials Table S2).
In addition, some species in this genus present more than 80% empty seeds [132,136].
Low germination rates have also been reported for other rupestrian grasses (Figure 1;
Supplementary Materials Table S2). In addition to these limitations, some Campos Ru-
pestres grasses do not produce seeds regularly every year and display short periods of seed
viability, particularly when stored at ambient temperatures.

On the other hand, several rupestrian grass species present efficient vegetative repro-
duction, mainly via tillering [119,132,148,149,159]. Vegetative propagation enables rapid
production of seedlings ready for transplanting with developed root and shoot systems,
which tend to reduce mortality and accelerate vegetation cover in degraded areas. In
assessments with Axonopus laxiflorus and Sporobolus metallicolus, biomass gains relative to
the initial biomass of the ramets used to produce the seedlings, reached 75% and 239%,
respectively, eight months after propagation [111]. Later evaluations indicated that A. laxi-
florus seedlings were suitable for field transplantation four months after propagation [160].
Vegetative propagation of Schizachyrium tenerum presented 62% survival rate and showed a
positive response to nutrient-richer substrates [149]. Matheus et al. [148] evaluated vegeta-
tive propagation of five rupestrian grasses (Axonopus aureus, Echinolaena inflexa, Loudetiopsis
chrysothrix, Schizachyrium sanguineum, and Trachypogon spicatus) and observed that E. inflexa
performed best (40% survival at 150 days), whereas L. chrysothrix did not show promising
results. The study also revealed that use of a rooting hormone (indolebutyric acid) was
detrimental to the rooting process.

Although these studies demonstrate that production of Campos Rupestres’s grass
seedlings by vegetative propagation is feasible and promising, field evaluations of estab-
lishment from these seedlings remain scarce. It is also important to identify morphological
and physiological parameters that may serve as indicators of species with greater potential
for vegetative propagation [148].

One of the main barriers to large-scale vegetative propagation of grasses is the need to
collect donor individuals (clumps or portions thereof) to obtain ramets. To implement this
technique without impacting pristine Campos Rupestres areas, it would be necessary to
establish specific production areas for ramets. Although production of ramets to supply
a potential vegetative propagation chain for native grasses would add additional imple-
mentation costs to this method, it could represent an opportunity for income generation
for local communities, promoting their integration into the restoration process ([151], see
Section 6). Another complementary strategy would be collecting individuals from previ-
ously revegetated areas or through rescue operations in areas slated for clearance for new
developments.

A relevant concern regarding vegetative propagation is the reduced genetic variability
of populations formed through this method. Studies are needed to assess losses of genetic
diversity in populations established via vegetative propagation in comparison to natural
populations, since vegetative propagation occurs naturally as the main reproductive strat-
egy for many Campos Rupestres grass species [2]. Management strategies should therefore
be developed to minimize such potential losses of genetic diversity [132].
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Even with limitations related to reduced genetic diversity of populations obtained by
vegetative propagation, this method proves to be a valuable tool in restoration projects
whose initial focus is the provision of specific ecosystem services, such as erosion control.

The high occurrence of open-pit mining in Campos Rupestres areas, especially ferrugi-
nous ones [26], results in extensive areas requiring revegetation for substrate stabilization.
This demand has further increased following the enactment of Brazilian Law 14.066/2020,
which imposes a series of restrictions on the construction of new tailings dams [161]. Leg-
islative changes regarding dam construction have, in turn, contributed to the greater use of
waste rock piles, which also require revegetation.

5.4. Rescue and Reintroduction of Grasses in Campos Rupestres

In Campos Rupestres, particularly in ferruginous sites where mining activity is intense,
highly impactful interventions frequently result in total vegetation removal and stripping
of the uppermost soil layers. Brazilian legislation requires adoption of mitigation or
compensation measures to minimize impacts generated by such projects. Rescue of species
in areas where vegetation will be suppressed is often required as a condition for licensing
activities and constitutes an important strategy for subsequent restoration actions [162].
Rescue may represent a promising strategy for generating propagules of native species.
Although application of this technique is still incipient for grasses in Campos Rupestres,
recent studies have demonstrated its feasibility, and authors have proposed management
protocols [163,164]. Individuals of Apochloa molinioides rescued from a quartzitic Campos
Rupestres and later replanted in a degraded area presented survival rates above 90%,
demonstrating the potential of this technique for conservation of native grasses and for
restoration of degraded areas [163].

Several advantages are associated with the use of rescued individuals. Among these
are reduced procurement costs, since commercial material is not required, as well as the
adaptability of individuals when reintroduced near the rescue site [165]. In areas that
have been previously licensed for mining and other activities that require the removal of
vegetation and that harbor rare, endemic, or threatened species, rescue, and reintroduction
of individuals into suitable sites is an important conservation strategy [150]. This practice
contributes to biodiversity conservation, the maintenance of environmental services, and
the ecological interactions associated with these species.

6. Potential Ecological Impacts of Depending on Seed Collection in
Natural Areas

In the Campos Rupestres, the high proportion of nonviable or embryoless seeds, more
than the production of dormant seeds [166], could represent a relevant bottleneck for large-
scale seedling production [66,151,167]. Due to the natural microtopographic characteristics
of Campos Rupestres, with shallow soils concentrated in small depressions or cracks [168],
the seed banks are not an abundant resource in the ecosystem and the persistence for
longer than one year seems to be mostly composed of the very small seeded species [166].
Thus, removing seeds both directly from the mother plants and from the seed bank in
reference areas, especially at large scales or repeatedly, will reduce the already limited
high-quality seed reserves, with negative reflexes on local populations, genetic diversity,
potentially hindering the conservation, ecosystem resilience and natural regeneration after
disturbances [151,155].

To avoid the impacts of overharvesting seeds from natural populations and to balance
restoration needs with ecosystem conservation, technical solutions that guarantee the
supply ex situ of seeds and vegetative structures capable of producing seedlings must
be sought [144,145]. Designating degraded areas for the cultivation of native grasses, for
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example, could offer multiple advantages. In addition to restoring the functions performed
by native grasses to the site [67,169], the grass community would be a constant source of
seeds and bud matrixes. The well-planned collection of these resources in the area, and
eventual enrichments with new matrices derived from recovery from mining areas, or from
the exchange of seeds with other Campo Rupestre native grass producers, could guarantee
genetic diversity, a very important requisite for restoration ecology [144]. These practices
would foster networks of local and regional producers of native plants, bringing a source of
income based on the sustainable exploitation of natural resources beyond collecting seeds
in natural areas ([170], see more about the grass market in the following topic). While seed
collection networks are growing in importance in Brazil [171], native grass seed producers
are not yet a reality.

7. Seedling Production Costs and Market for Native Grass Seeds from
Campos Rupestres

Recent research demonstrates that propagation of Sporobolus metallicolus via seeds is
technically feasible and can be achieved at low cost [66]. Sods of the grass were produced
using a mixture of bauxite post-mining substrate and commercial soil. About eighty days
after sowing, the mats were divided into 3 × 4 cm plugs, each one containing, on average,
11 individuals that formed a stable and well-rooted soil volume. The plugs were later
planted in an area degraded by bauxite mining, showing 100% establishment and good
further development. The cost estimate encompassed the time required for seed collection
in reference areas, seed processing in the laboratory, sowing and seedling growing, substrate
collection in the post-mined area and its transportation to the seedling production site, as
well as the costs associated with the purchase of 1 m3 of commercial planting substrate,
and the use of irrigation water. This system yielded plug-plants at an estimated cost of
US$ 0.0045 per unit, which is considerably lower than the average price of producing
tropical forest and savanna tree seedlings (US$ 0.64, [172]). In comparison, a study of
direct seeding of S. metallicolus in a post-mining area estimated a cost of US$ 0.09 per
plant established after 12 months, including substrate preparation [116]. Despite higher
input and labor demands, seedling and plug production substantially reduce seed loss, a
relevant point to be considered given the high cost of seeds. In the study by Figueiredo
et al. [66], the cost per kilogram of S. metallicolus seed (including impurities) was estimated
at US$ 69.10, considering only collection and basic processing. In another assessment, seeds
of Echinolaena inflexa reached prices near US$ 103/kg [122].

The cost-effectiveness ratio might be improved at various stages of the seedling
production process, especially when considering expanding the production scale, but
technical alternatives need to be tested and very well balanced. For example, viable grass
seeds can be easily separated from non-viable ones via flotation, which ensures a higher
germination rate [138]. Studies have demonstrated that this method is also suitable for
seeds of other species, including the woody ones from Campo Rupestre and Cerrado
ecosystems [146,147,167], increasing the efficiency of producing individual seedlings via
seeds. Conversely, when the primary objective is the rapid establishment of vegetation
cover per unit area (e.g., mats or plugs), the expenses associated with seed separation
and drying, in addition to the required materials, may outweigh the potential benefits,
suggesting that streamlined propagation methods could be more cost-effective in such
contexts. As established for direct seeding, to reduce the time effort of separating viable
seeds, preliminary studies of the proportion of viable seeds per unit weight determine the
seed mass collected that contains a desirable number of viable seeds. This significantly
reduces the cost of seed processing [116,142]. Similarly, using substrate from the post-mined
area not only lowers costs and reduces pressure on organic soils but also fosters seedlings
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with roots and physiology pre-adapted to the edaphic conditions of the restoration site. On
the other hand, depending on the required substrate volume and the logistics of collection
and transportation distance to the seedling production area, this may not be the best strategy.
In fact, costs will vary greatly depending on distances to seed donor areas, substrate
type, size of growing containers, the need for fertilizers or amendments [146,147,173]. In
comparison, direct seeding and hay transfer methods are less expensive per hectare but
may have lower establishment rates [66,172,174].

To the best of our knowledge, no other study quantifying the costs of producing
seedlings of native grasses from Campos Rupestres or from other open grassy ecosys-
tem, have been published, which reflects the still underdeveloped market for native grass
seedlings and seeds in Brazil. In the Pampas biome region, Southern Brazil, the natural
grasslands in the highlands presents one of the greatest diversities of herbaceous species
per area, 20 to 35 species/m2 on average [175]. Despite this and the enormous demand for
restoration of degraded Pampa areas, only a handful of native species seedlings suppliers
were found [176]. In the nurseries, only seven native species were available commercially,
including four grasses (Aristida jubata, Coleataenia prionitis, Cortaderia selloana and Paspalum
notatum). They also found seeds of two native grass species available on internet pages of
seed sellers (Axonopus affinis and A. compressus). Notably, the cultivation of seedlings and
commercialization of native grass seeds from other open and highly diverse ecosystems,
such as the Cerrado and Campos Rupestres, face similar or even greater constraints. Sa-
vannic and grasslands phytophysiognomies cover about 70% of the Cerrado [177], with
herbaceous species as the predominant life form.

The more stablished seed supply systems in cerrado region trade seeds of 263 species,
of which 68% are trees. Among the Poaceae, seeds of 19 species from the genus Andro-
pogon (3 species), Aristida (4), Axonopus (3), Paspalum (2), and the species Ctenium cirro-
sum, Echinolaena inflexa, Gymnopogon foliosus, Hyparrhenia bracteate, Loudetiopsis chrysothrix,
Schizachyrium sanguineum and Sorghastrum setosum are found for sale [122]. Although some
of these species also occur in Campos Rupestres, no seed sellers were found in regions
where these ecosystems predominate, such as Minas Gerais and Bahia Brazilian States.
This absence clashes with the enormous demand for the effective restoration of Campo
Rupestre areas degraded by mining. Although the total area affected by iron ore production
is not disclosed, it has grown vigorously in recent years. The value of Brazilian mineral
production in 2024 increased approximately 9.1% compared to 2023 and was led by iron
ore, responsible for 59.3% of the total produced [178].

According to the Custom Market Insights (CMI, [179]), the global native grass seeds
market is projected to reach USD 24.58 billion by 2033, being the land conservation and re-
habilitation segment a main driver due to the increasing focus on ecological restoration and
sustainable practices. Projections suggest that large-scale restoration decade targets in Brazil
could require thousands of tonnes of native seeds, with the potential to generate about US$
36.9 million per year of income for seed producers [180]. Community-based seed networks
and local initiatives are emerging as key players in both scaling up supply and delivering
socioeconomic benefits [170,171,181]; however, the lack of legal requirements for grassland
restoration and limited policy support have hindered market development [176,182,183].
Current regulations are often restrictive, requiring costly technical documentation and
limiting the trade of seed mixtures, which impedes the development of a robust supply
chain [182,183]. The absence of clear legal requirements for grassland restoration, as op-
posed to forest restoration, further limits market growth [176,183]. Recommendations
include adapting regulations to local contexts, streamlining seed quality assurance, and
providing government incentives to stimulate production and commercialization [181–183].
As pointed out by Nevill et al. [184], a strong business model for the cultivation of na-
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tive species seeds can emerge, combining ecology and economy, but first our perception
of the recovery of degraded areas needs to evolve from purely corrective actions to an
economic opportunity.

Scaling up native grass production for ecological restoration requires coherent policy
frameworks that stimulate local enterprise, ensure genetic provenance, and secure commu-
nity participation. Governments should establish targeted incentives, such as grants, tax
relief, and public procurement quotas, to guarantee consistent demand for native seeds.
Adapted seed regulations are also essential, allowing community producers simplified
certification and quality assurance pathways appropriate for non-commodity native species.
Public investment in regional seed labs, storage, and processing infrastructure can reduce
logistical barriers and enable small producers to meet restoration needs. Integrating native
seed use into national restoration programs and payment for ecosystem services (PES)
schemes ensure financial flows directly benefit community producers while advancing
biodiversity and climate commitments [181,185].

The establishment of Seed Production Areas (SPAs) and nucleus farms is central to
ensuring reliable, high-quality seed supply. These areas should be located in ecologically
suitable regions to facilitate the multiplication of locally adapted genotypes and allow
consistent, large-scale harvests. SPAs also serve as training and demonstration hubs,
linking research institutions, extension services, and community enterprises [186].

At the community level, success depends on empowering local actors through co-
operatives, social enterprises, and benefit-sharing arrangements. Supporting community
governance, providing business and technical training, and recognizing Indigenous and
local knowledge are critical for equitable participation. Inclusive planning, particularly en-
suring women’s involvement, enhances social outcomes and long-term stewardship [187].
Together, these measures create an enabling environment where community-based produc-
tion networks can supply large-scale restoration efforts while fostering rural livelihoods
and biodiversity conservation [170].

8. Research Gaps
Despite advances in understanding the grass diversity, seed germination, and seedling

production in Campos Rupestres, critical knowledge gaps remain that must be addressed to
strengthen conservation and restoration approaches based on native grasses. Undoubtedly,
as data collected in the literature have demonstrated (see Section 4.1), much of the botanical
material collected in the field remains identified only by family, suggesting an enormous
demand for the training of taxonomists dedicated to Poaceae. Moreover, information on
seed viability, dormancy, germination, and dispersal of a high number of native grass
species is still limited. Moreover, the effectiveness of restoration techniques must be
assessed over extended spatial and temporal scales, as the limited dispersal capacity and
slow growth rates of native species may restrict restoration success. Understanding how
morphological and physiological traits of native grass species influence ecological processes
in Campos Rupestres remain deficient, limiting the ability to optimize functional outcomes.
Although methods such as seedling production, topsoil transposition, and the use of post-
mining substrates show promising results, comparative assessments of cost-effectiveness,
long-term ecological outcomes, and large-scale feasibility remain insufficient. The absence
of specific policies for the restoration of grass-dominated ecosystems and regulatory barriers
limit the development of seed and seedling production chains for native grasses.

In summary, advancing restoration in Campos Rupestres requires integrative studies
on reproductive biology, functional ecology, and long-term performance of grasses, coupled
with the development of scalable propagation techniques and supportive policy frame-
works. Bridging these gaps will enable the use of native grasses as cornerstone species for
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restoring biodiversity and ecosystem functionality in one of the world’s most threatened
megadiverse ecosystems.

9. Conclusions
Native grasses are fundamental to the structure and functioning of Campos Rupestres

but remain underrepresented in restoration practice. This review highlights that propa-
gation knowledge is still limited to a small subset of species and that strong interspecific
variation in seed viability, dormancy, and establishment constrains large-scale use. Seedling,
plug, vegetative propagation, and rescue approaches show clear potential to improve es-
tablishment and reduce seed demand, yet their effectiveness is rarely validated under
field conditions.

Priority research should focus on (i) field-scale validation of propagation techniques
across degradation gradients, (ii) assessment of genetic diversity implications of different
propagation strategies, and (iii) development of scalable ex situ seed and seedling pro-
duction systems to ensure a reliable supply of native grasses without further pressure on
natural populations. Addressing these priorities is essential to integrate native grasses as
core components of restoration strategies in Campos Rupestres.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/grasses5010004/s1. Table S1: A checklist compiled from herbarium
databases and scientific publications. Table S2: Relevant supplementary information is organized
in the Excel file. The spreadsheet “Data” summarizes the mean values obtained from germination
experiments with grass species from Campos Rupestres. As an inclusion criterion, we considered
studies that evaluated the germination of native grasses from Campos Rupestres, even when the seeds
used in the experiments had not been collected directly in areas from Campos Rupestres. Germination
values preceded by * indicate that the number represents an approximate germination percentage, as
the data were originally presented in graphical form. In the column referring to the experimental
temperature, when four numbers are provided, they indicate that the experiment was conducted
under alternating temperatures. The first two numbers represent the temperatures used, and the
subsequent two numbers represent, respectively, the duration (in hours) at which each temperature
was applied each day. In the column referring to light conditions, the values following the letters
“L” and “D” represent the number of hours with and without light, respectively. The column Seed
selection indicates whether seeds were selected prior to the germination experiments, including the
removal of empty or damaged seeds. N.A.—Information not available. The full references of the
studies cited in the spreadsheet are listed in the reference section of the article [188–196].
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