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Can our current knowledge and practice
allow ecological restoration in the Cerrado?
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Abstract: Ecological knowledge plays a significant role in ensuring efficient ecological
restoration. We conducted a systematic review to assess if sufficient ecological knowledge
has been accumulated to aid restoration practices for the Cerrado, a Brazilian biome
dominated by savanna ecosystems and threatened by anthropogenic disturbances.
Most Cerrado restoration studies were performed by few research groups and focused
primarily on two vegetation types: cerrado sensu stricto (typical savanna) and riparian
forest. We also found that defining reference ecosystems and selecting plant species
for restoration programs is neglected, mostly disregarding their original occurrence
and proportion of plant growth forms. Furthermore, studies lacked standardized and
systematic evaluation of restoration outcomes. Hence, we argue that current ecological
knowledge is insufficient to guarantee the success of large-scale ecological restoration
of the Cerrado. We strengthen the need to explicitly define the reference ecosystem
for each Cerrado ecosystem and use its structure and composition as guidance for
ecological restoration research, which should be based on a scientific approach. We
encourage investigations into ecological dynamics and natural regeneration of the
different vegetation types of the Cerrado and highlight the importance of integrating
such knowledge with environmental laws, societal engagement and cost-effective
techniques to advance Cerrado ecological restoration.

Key words: afforestation, Brazilian savanna, Cerrado hotspot, ecological restoration, sa-
vanna restoration.

actions to fully conserve biodiversity and
ecosystems, including ecological restoration

The currentexpansion of human activities has led
to unprecedented conversion, degradation and
fragmentation of native ecosystems (Fahrig 2003,
Newbold et al. 2015) with dreadful consequences
for biodiversity and ecosystem functions
worldwide (Barlow et al. 2016, Fernandes et al.
2018). As a response, conservation initiatives
aiming to maintain native vegetation have been
increasingly fostered throughout the globe, but
it is disputable whether they will be enough and
in time (Rands et al. 2010). The ramping rates of
degradation and fragmentation require multiple

of degraded ecosystems (Suding et al. 2015).
Nevertheless, the practice and enhancement
of ecological restoration is hindered by several
issues such as the need to advance and integrate
political incentives, societal engagement, cost-
effective techniques and ecological knowledge
(McDonald et al. 2016, Montoya et al. 2012,
Richardson & Lefroy 2016). The establishment
of a consistent ecological foundation is key to
guiding restoration practices into a science-
based approach that ensures successful results.
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Consistent ecological knowledge at different
temporal and spatial scales is important for
efficient use of natural resources and financial
support to ensure well-planned restoration
(Audino et al. 2017, Bustamante et al. 2019).
Moreover, restoration actions must be guided
towards a previously established reference
ecosystem, which is usually represented by a
non-degraded version of the target ecosystem.
Appropriate restoration actions should consider
the structure and composition of the reference
ecosystem, as well as the degradation level of
the ecosystem to be restored (McDonald et al.

CERRADO’S RESTORATION PRACTICES AND STUDIES

2016). The degree to which ecosystems change
due to disturbances is related to their capacities
of resistance (ability to tolerate or adapt during
the disturbance) and resilience (ability to recover
after softening the disturbance) (Nimmo et al.
2015). These capacities can be expected to vary
among ecosystems with different characteristics
and evolutionary histories. In this context, each
type of ecosystem requires specific restoration
approaches and interventions (see Table I).
Therefore, understanding the capacities of
resistance and resilience of the target ecosystem
can help guide restoration in a more sustainable

Table I. Ecological information on intact savanna and forest ecossystems and restoration interventions
recommended to restore degraded areas of each ecossystem.

Functioning under natural regimes of

well-conserved communities Savannas
Seed rain Moderate
Belowground resilience Very high
Reliance on soil seed banks Low
Natural regeneration Very high

Restoration interventions

Tree planting

Seed sowing Encouraged
i, Strongly
Removal of fertilizers encouraged
Use of fire Encouraged
Use of large herbivores Encouraged

Discouraged

Forests References
. Myers & Harms (2011
High y. ( )
Piotto et al. (2019)
Vesk & Westoby (2004)
Low

Ferreira et al. (2015)

Skoglund (1992)

Moderate to high
oderate to fig Salazar et al. (2011)

Veldman et al. (2015b)

High .
' Crouzeilles et al. (2017)
stronel Rodrigues et al. (2009)
rongly
encouraged Veldman et al. (2015a)
Fernandes et al. (2016a)
Engel & Parrota (2001
Encouraged g ( )

Silva et al. (2015)

Campoe et al. (2014)

Discouraged .
g Silva et al. (2015)

Pivello (2011)

Discouraged .
Buisson et al. (2018)

Venter et al. (2017)

Discouraged ;
Buisson et al. (2018)

An Acad Bras Cienc (2022) 94(1) €20200665 2 | 24



NATALIA F. MEDEIROS et al.

way by diminishing or eliminating the need
for active interventions in cases when these
capacities are high (Suding 2011).

The restoration of non-forest ecosystems,
such as grasslands and savannas has been a
challenge since most past restoration efforts
have been focused on forests (Bond & Parr
2010). Furthermore, some restoration practices
commonly used to reverse forest ecosystem
degradation cannot be directly applied to
other ecosystems as they can jeopardize
their biodiversity and ecosystem functioning
(Veldman etal.2015a). One of these inappropriate
and widely applied practices is planting trees
in ecosystems that were originally with open
vegetation (Fernandes et al. 2016a, Parr et al.
2014). This practice, known as afforestation, can
lead to the loss of grassland species because of
different ecosystem functioning and both direct
and indirect species interference (e.g. Buisson
et al. 2018, Fernandes et al. 2016a). Moreover, the
use of exotic species has also been applied to
restore grasslands and savannas even though
it can change native community composition
and ecosystem dynamics (Fernandes et al.
2016¢, Modna et al. 2010, Santilli & Durigan
2014). Hence, it is vital that conservation and
restoration solutions be appropriately and
specifically designed for each ecosystem type
(Buisson et al. 2018).

The Cerrado is a Brazilian biome dominated
by savanna vegetation type, which made it being
widely known as the ‘Brazilian savanna’. However,
the Cerrado also includes a variety of ecosystems
such as seasonally dry forests and grasslands
(Fernandes et al. 2016b, Ribeiro & Walter 1998,
Sano et al. 2008). Historically, the Cerrado has
been misrecognized as a severely degraded
vegetation (Schmidt et al. 2019, Veldman et
al. 2015b) and has been largely neglected as a
conservation and restoration priority (Guerra et
al. 2020, Overbeck et al. 2015) despite of the fact

CERRADO’S RESTORATION PRACTICES AND STUDIES

that it is a global biodiversity hotspot (Myers et
al. 2000). The Cerrado has lost almost half of its
native vegetation cover mainly due to livestock
and agriculture land use (Scaramuzza et al.
2017). The open-vegetation and flat topography
of most Cerrado areas made the biome an easy
target for agribusiness. On the other hand, the
Cerrado hosts more than 300,000 animal species
and above 13,000 plant species (Fernandes et al.
2016b), with many being endemic (e.g., 44% of
the plant species of the Cerrado are endemic to
it: Klink & Machado 2005).

The threats to Cerrado biodiversity are
expected to increase since further vegetation
loss is likely to occur. This can be expected
since the Brazilian federal government keeps
encouraging agricultural expansion as a way
to promote economic development (Rajao
et al. 2020, Strassburg et al. 2017, Vieira et
al. 2017). Furthermore, if Brazilian law 12.651,
which establishes norms for native vegetation
protection (Brasil 2012a), were properly enforced,
a potential legal loss of native habitats is
expected to occur resulting in unprecedented
species extinction and water supply crisis (Vieira
et al. 2017). Preventing the loss of biodiversity
and ecosystem services in the Cerrado is not
an easy task but restoration incentives are key
for its achievement. Currently, two important
instruments among the political incentives
regarding restoration are the national plan
for recovery of native vegetation (PLANAVEG -
Ministério do Meio Ambiente 2017) and the rural
environmental register (CAR - Brasil 2012b).
The former aims to articulate and integrate
actions to recover native vegetation of at least
12 million hectares by 2030, while the later has
the purpose of creating a database to integrate
environmental information of rural properties.
This database will be important for assisting
economic and environmental planning as well
as for supervising the destruction of native
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vegetations. Despite these political incentives,
many restoration studies and practices that have
been applied to the Cerrado have their roots
in restoration practices developed for forest
ecosystems, usually aiming to afforest an area
that never had forest to begin with (Fernandes
et al. 2016a).

The success of restoration initiatives in
the Cerrado will depend upon our ability to
efficiently and effectively implement sound
ecological restoration programs (Bustamante et
al. 2019, Fernandes et al. 2016¢, McDonald et al.
2016). Therefore, it is imperative to know if the
knowledge present in the literature can actually
promote ecological restoration regardless
of political, social, and economic issues.
Considering a hypothetical scenario in which
there is appropriate investment in restoration
activities, we are asking: is there enough
scientific knowledge available that can inform
how restoration practices should be conducted
in the Cerrado? We aimed to respond to this
question through a comprehensive systematic
review of restoration studies among all Cerrado
vegetation types. In our review, we assume
that restoration initiatives and management
strategies must differ among different
ecosystems because of their specific ecological
features, functioning, and provision of ecosystem
services. Our purpose is to draw a panorama of
Cerrado restoration activities by summarizing
what is known from previous studies and then
provide some recommendations for future
studies and restoration practices. Specifically,
we address the following questions: (a) based
on the literature, how have restoration practices
and studies been performed in the Cerrado?
(b) are the identities and growth forms of plant
species taken into account?

CERRADO’S RESTORATION PRACTICES AND STUDIES

MATERIALS AND METHODS

Definitions

Here, we adopted “restoration” to refer to the
field of study of restoration as a whole and
tried to cover all studies that aimed to recover
a degraded, damaged or destroyed ecosystem
by improving its state and/or functionality
(McDonald et al. 2016). Studies of recovery,
rehabilitation, recomposition, revegetation or
reforestation were considered as ecological
restoration projects if their main goal was
the reestablishment of the native ecosystem
(McDonald et al. 2016). Different ecological
restoration approaches can be adopted
depending on ecosystem degradation level and
resilience capacity (Buisson et al. 2018, Chazdon
2008). Therefore, we considered that ecological
restoration projects had a “natural regeneration
approach”whenthe causalfactors of degradation
were removed so as to allow the natural
increase in the number of individual plants, and
considered an “assisted regeneration approach”
when active intervention was performed (e.g,
control of exotic species, reintroductions, habitat
conditioning, reapplying ecological disturbance
regimes) (McDonald et al. 2016).

The Cerrado includes a wide range of
vegetation types, for which we followed the
classifications of Ribeiro & Walter (1998)
and Oliveira-Filho & Ratter (2002). These
classifications consider old-growth savanna
to be the dominant vegetation of the Cerrado
(sensu Veldman et al. 2015b), which comprises
a gradient of tree cover density from open
grasslands to dense woodlands. Cerrado sensu
lato includes the following vegetation types:
campo limpo (grassland with no trees), campo
sujo(grasslandwithafewshrubsand smalltrees),
campo cerrado (tree cover of 5-20%, average tree
height of 2-4m, no continuous canopy), cerrado
sensu stricto (tree cover of 20-50%, average
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tree height of 3-6m, no continuous canopy)
and cerraddo (tree cover of 50-90%, average
tree height of 8-15m). When studies mention
only “Cerrado” we classified it as cerrado
sensu lato as it usually comprises all types of
old-growth savanna vegetation. Moreover, we
also considered the other vegetation types of
the Cerrado phytogeographic domain, namely:
riparian forest - forested vegetation found
alongside streams and rivers (tree cover of 50-
95%, average tree height of 20-30m); vereda —
wetland areas; mata seca - seasonally dry forests
associated to fertile soils (tree cover of 50-95%,
average tree height of 15-25m); and quartzitic
rupestrian grassland and ironstone outcrops or
canga - grassland vegetation with few shrubs
and small trees associated with quartzitic soils
or ferruginous soils, respectively.

Literature review

To compile the state of the art of restoration
in the Cerrado, we performed a systematic
literaturereview that considered all experimental
and observational studies published on the
subject from 1975 to 2017. We selected journal
articles, theses and dissertations in English and
Portuguese that comprised relevant and applied
information on the restoration of any Cerrado
vegetation type. We performed searches using
three groups of keywords in different databases
to include all the available literature about
the subject: Web of Science (a worldwide
database), Scielo (a Latin American database)
and the Brazilian theses and dissertation bank
of the Brazilian funding and regulatory agency
(Coordenacao de Aperfeicoamento de Pessoal
de Nivel Superior - CAPES). We submitted all
publications found in our searches to an initial
screening that examined only the title and
abstract. We then conducted a second screening
by carefully analyzing their integral text. We
excluded publications that (i) did not have

CERRADO’S RESTORATION PRACTICES AND STUDIES

information about the vegetation of the study
area; (ii) did not have focus and conclusions
on recovering a degraded ecosystem within
the “restoration” definition adopted here (see
section Definitions); and (iii) did not have the
full text available. From each of the remaining
publications, we extracted information on
accessibility and research characteristics
(Table I1). Publication accessibility is important
for exchanging information and including
the Cerrado in the international panorama of
savannas. Moreover, we wanted to understand
where and which vegetation types have been
restored and to verify how research has been
done considering the evaluation of outcomes.
We classified the publications according to
their restoration aim (Table 1), as we wanted
to focus on publications that had the overall
intention of recovering the native ecosystem.
This classification allowed us to determine the
ecological restoration approach used and to
analyze the plant species that have been used
in assisted regeneration of the Cerrado.

Plant Database

We created a plant database in order to know
which plant species have been used to restore
the Cerrado. We considered whether the selected
publications had an ecological restoration
objective and adopted an assisted regeneration
approach, thus,werecorded all plantspeciesthat
were chosen and actually planted in a degraded
area. Furthermore, when the information was
available, we also included publications with an
ecological restoration objective that did their
research at a site already submitted to active
restoration. We then obtained the following
complementary information for the plant
species from Reflora virtual herbarium (Flora
do Brasil 2020): family, growth form, and if the
plant was native or exotic to the Cerrado hiome.
Moreover, for the 15 most used plant species, we
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CERRADO’S RESTORATION PRACTICES AND STUDIES

Table II. Information extracted from the selected publications.

Information assessed

Publication accessibility

Geographical location

Native vegetation type

Previous Land use

Monitoring activity

Analysis

Description

The type of publication (journal article or dissertation/thesis), language used
(English or Portuguese) and the article’s Journal

Where the research was conducted (coordinates)

The native Cerrado vegetation type that is the reference ecosystem for the
restoration (see section Definitions)

The previous land use type of the area on restoration (agriculture, abandoned

pasture, mining, etc.)

If the research had any monitoring activity and how frequently it was done

If the study used any statistical analyses (frequentist, index, modelling) or not

(descriptive or review)

If the research had propose an “ecological restoration” (see section

Restoration objective/intention

Restoration approach

recorded more detailed information about the
Cerrado vegetation type in which they naturally
occur (Flora do Brasil 2020, Lorenzi 1992). We
used this detailed information to evaluate
whether plant species were used to restore their
native vegetation type or other vegetation types.

Data analyses

Restoration practices and studies in the
Cerrado

We used publication quantity or number of
studies to evaluate information accessibility,
monitoring activity and analyses used, as well as
to categorize the study objective/intention and
the restoration approach adopted in cases of
studies that aimed at ecological restoration. The
other analyses were done considering research
effort rather than the number of studies since
some publications evaluated more than one

Definitions) objective, or intention, or if it clearly did not intend to recover the

native ecosystem

The restoration approach (see section Definitions) used on the publications
that had a “ecological restoration” objective or perspective

restoration practice (e.g. used more than one
technique, did more than one type of monitoring
or evaluated more than one restoration site). We
used the ‘ggplot2’ package of R software 3.5.0
(R Core Team 2017) to make bar-plot graphs
and present the following characteristics of
the research: native vegetation type; causes of
degradation and analysis used. The geographical
location of the research was used to generate
a heatmap to show where the majority of the
research about Cerrado restoration have taken
place.

Plant species used in ecological restoration of
Cerrado vegetation types

We synthesized the information of the plant
database in order to evaluate the proportion
of native and exotic species used in Cerrado
restoration reserch. We also calculated the
proportion of trees and shrubs used to
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determine whether the proportion of plant
species growth forms used in the restoration
of a certain vegetation type corresponded to
the original proportion (according to Ribeiro &
Walter (1998) and Oliveira-Filho & Ratter (2002)
definitions). We used the information about
the 15 most used plant species to evaluate
whether plant species identity was taken into
consideration in Cerrado restoration. To do this,
we compared information about the vegetation
types in which plant species originally occur to
the vegetation types in which they were used for
restoration. When cerrado sensu lato appeared
in Reflora virtual herbarium as a vegetation
type that a plant species naturally occurrs, we
considered that the species could be used in
resoration of campo limpo, campo sujo, campo
cerrado, cerrado sensu stricto and cerradao.

RESULTS

Restoration practices and studies in the
Cerrado

We selected a total of 145 publications to assess
the Cerrado restoration panorama throughout
the 42 years considered (Supplementary
Material - Table SI). The majority of the selected
publications were in Portuguese (64%) while 33%
of the publications were in English and only 3%
were in both languages (theses or dissertations
with Portuguese and English chapters). We also
found a great proportion of dissertations and
theses (41%) while most of the selected journal
articles were published in Brazilian journals
(59%). Only three theses and four dissertations
selected had some content published in journal
articles and were considered only one time
for research effort analyses. Nonetheless, the
number of publications in peer-reviewed as well
as in international journals has been increasing
over time, but mainly in the last five years.

CERRADO’S RESTORATION PRACTICES AND STUDIES

We found that research efforts were highly
concentrated in the Federal District and in
specific locations of the states of Goias, Sao
Paulo and Minas Gerais (Figure 1). There was a
predominance of research efforts involving a few
research groups from some public institutions,
such as the Universidade de Brasilia (UnB),
Universidade Estadual de Campinas (Unicamp)
and Escola Superior de Agricultura Luiz de
Queiroz (ESALQ-USP). Furthermore, most of
the publications had an ecological restoration
intention (72%) while only several publications
did not have such intention (28%) and aimed to
practice afforestation, establish agroecosystems
or rehabilitate degraded pastures to maintain
agribusiness activities (Table I11). We found
that among the publications with ecological
restoration intention, the assisted regeneration
approach (44.8%) was more common than the
naturalregenerationapproach(18.1%). Therewere
four publications that included both approaches
(3.8%) and several publications did not perform
field experiments in degraded areas (33.3%).
Furthermore, we found that most publications
employed some quantitative analysis (84.1%)
while 9.7% of them were descriptive and
5.5% were reviews. The most common type of
statistical analysis used was frequentist (72.4%)
while the less used was modelling (4.9%). There
was one publication that used map overlay, and
so was not considered as statistical analysis,
descriptive or review (Simdes et al. 2002).

We found that much of the research
done in the publications did not specify the
vegetation type that was going to be restored,
which made cerrado sensu lato (31.2%) the most
common vegetation type targeted by restoration
research efforts. We also found that campo
limpo did not appear in any research while
many other vegetation types were relatively
underrepresented in Cerrado restoration
research reported in the literature: campo sujo
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Figure 1. The concentration of research efforts of Cerrado restoration is represented in a kernel map. The intensity
of green circles positively increases with the number of research efforts. The exact location of the research

are also pointed in the map. Some research groups of public universities are pointed: Universidade de Brasilia
(UnB), Universidade Estadual de Campinas (Unicamp) and Escola Superior de Agricultura Luiz de Queiroz (ESALQ-
USP). *Some publications were not shown in the map: two publications that focused in the whole Cerrado;

six publications that generally focused on restoration of native ecosystems of Brazil; and three publications
conducted in Goias and Tocantins states that did not provide specific geographic location.

(21%), ironstone outcrop (2.1%) vereda (2.8%),
quartzitic rupestrian grassland (3.5%), campo
cerrado (3.5%), cerraddo (4.9%), mata seca
(5.6%), cerrado sensu stricto (20%) and riparian
forest (24.3%). We did not categorize 12 of the
publications into vegetation types because they
were either theoretical, focused on the Cerrado
biome or did not mention any vegetation type.
We considered a publication to have a focus
on the Cerrado biome when it clearly made
reference to the geographic region or to large
scale restoration. Moreover, we evaluated the

causes of degradation in restoration research of
the selected publications and found the main
causes to be livestock (33.3%) and agriculture
(22.5%), followed by hydroelectric (10.2%), quarry
(8.2%), mining (7.5%) and urban (2%) impacts.
We found one study that investigated the impact
of alkaline industrial waste, and could not find
information about previous land use for 15.6% of
the publications. Additionally, we did not apply
‘land use’ categorization for24 ofthe publications
as they were theoretical. Furthermore, we found
that 42% of Cerrado restoration publications did
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Table lll. The objectives of the selected publications

Ecological .
Restoration Resea'rch.Mam ':Ijll;'lrilgaigoorrs
Intention Objective P
Ecological restoration: 47
assisted regeneration o
approach (44.8%)
Ecological restoration: 19
natural regeneration o
approach (181%)
Yes
(72%) Ecological restoration: 4
natural and assisted .
regeneration approaches (3.8%)
Ecological restoration: 35
no field experiments (33.3%)
I 19
Rehabilitation
(47.5%)
Agroecosystem 10
No / (25%)
(28%)
Recover ?
y (22.5%)
Afforestation 2
(5%)

CERRADO’S RESTORATION PRACTICES AND STUDIES

Description

Experimental research that aimed to restore* a
degraded area through assisted regeneration approach

Experimental research that aimed to restore a
degraded area through natural regeneration approach

Experimental research that aimed to restore a
degraded area exploring both approaches: natural and
assisted regeneration

Theoretical and experimental research that aimed to

investigate ecological restoration (ie. reviews, in vitro

experiments, control of invasive species at a restored
area...)

Theoretical and experimental research that aimed to
investigate the rehabilitation of degraded areas with
no intention to reestablish the native ecosystem

Theoretical and experimental research that aimed for
the establishment of agro ecosystems

Experimental research that aimed to recover a
degraded area but did not intent to reestablish the
native ecosystem

Theoretical and experimental about afforestation
practice

*include recovery, rehabilitation, recomposion and revegetation research with an ecological restoration purpose

not perform any monitoring activity or it was
not relevent to them (theoretical research) and
only 0.7% of the publications did not present
any information about monitoring. Even though
most publications perfromed some monitoring
activity, we did not find any monitoring pattern
and 2.3% of the research did not inform the
periodicity of monitoring.

Plant species used in ecological restoration of
Cerrado vegetation types

Atotal of 419 plant species were used in assisted
ecological restoration of degraded Cerrado
areas (Table S2), however, only 166 of them were
used in more than one research. The richness

An Acad Bras Cienc (2022) 94(1)

of used plant species varied among Cerrado
vegetation types: campo cerrado (10 plant
species), cerraddo (88 plant species), cerrado
sensu lato (68 plant species), cerrado sensu
stricto (179 plant species), ironstone outcrop (2
plant species), quartzitic rupestrian grassland
(26 plant species), riparian forest (191 plant
species), mata seca (21 plant species) and vereda
(72 plant species). We excluded 60 plant species
from plant analysis because we did not have
enough information about them. Most of the
plant species used were native to the Cerrado
biome (86.7%) and most had a tree growth form
(Table 1V). The concern about the proportion of
growth forms used for ecological restoration
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varied according to Cerrado vegetation types
(Tables IV-VI). We found a prevalence of shrubs
and trees being used for all restored vegetation
types (except for campo cerrado); thus, some
vegetation originally characterized by tree layer
dominance (riparian forest and mata seca) were
mainly restored using tree plants. On the other
hand, restoration of some vegetation types, such
as quartzitic rupestrian grassland and vereda,
did not respect the original vegetation structure
and characteristics (Oliveira-Filho & Ratter 2002,
Ribeiro & Walter 1998). Furthermore, we found
that the 15 most used plant species (Table VII)
were all native to the Cerrado biome and that
70.8% of the assisted restoration research used
at least one of them. These 15 species were used
to restore a range of Cerrado vegetation types
(cerraddo, cerrado sensu lato, cerrado sensu
stricto, quartzitic rupestrian grassland, riparian
forest, mata seca and vereda) including those
in which they do not originally occur (quartzitic
rupestrian grassland, riparian forest, mata seca
and vereda).

CERRADO’S RESTORATION PRACTICES AND STUDIES

DISCUSSION

Our review indicates that the increasing interest
and/or awareness towards restoration of the
Cerrado has not followed the recommendations
established by the ecological knowledge
available in the literature (Fernandes et al. 2016c,
Kollmann et al. 2016, McDonald et al. 2016). We
found that many studies and practices done in
the Cerrado are rooted in practices commonly
used for forest restoration using tree species;
therefore representing cases of afforestation
(Fernandes et al. 2016a). Furthermore, we found
that plant species have been used regardless
of the reference ecosystem when we consider
the original occurrence and proportion of plant
species growth forms. This finding highlights the
need to clearly define the reference ecosystem
and respect its characteristics while planning
and performing restoration of the Cerrado.
Moreover, research has focused mainly on two
Cerrado vegetation types (cerrado sensu stricto
and riparian forest) and were associated mainly
with agribusiness impacts. We also found that
studies still lack a systematic form of evaluating
the outcomes of restoration as most have
employed monitoring in a case-specific way.

Table IV. The plant species growth form used in assisted regeneration of the Cerrado biome.

Diversity of plant species (unique record)

Plant growth form

Native Exotic Total
Climbing 6 1 7
Climbing-shrub 6 0 6
Climbing-shrub-tree 4 0 4
Herb 36 6 42
Herb-shrub 5 0 5
Shrub 46 3 49
Shrub-tree 86 6 92
Tree 174 40 214

Total plant species used

% Native Exotic Total %

1.7 7 1 8 0.8
14 9 0 9 09
09 4 0 4 04
10 47 6 53 53

1.2 6 0 6 0.6
1.7 57 4 61 6.1
21.9 224 6 230 23

511 562 67 629 62.9
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Therefore, although we have gained some
insights and perspectives into the restoration
of the Cerrado, successful restoration efforts
for many Cerrado vegetation types will depend
on applying available ecological knowledge
to restoration practices. Furthermore, the
improvement of knowledge related to natural
regeneration (Crouzeilles et al. 2017) and
dynamics, as well as to the cultivation of native
plant species, should be encouraged (Fernandes
et al. 2016¢).

The existence of research groups focused
on Cerrado restoration is fundamental for
supporting upscale ecological restoration and
conservation. However, we found that studies

CERRADO’S RESTORATION PRACTICES AND STUDIES

were concentrated among only three research
groups. It is crucial to expand these research
groups and increase collaboration networks
between them to move Cerrado restoration
forward and encompass all vegetation types (De
Montjoye et al. 2014). We advocate for overseas
collaborations since restoration practices and
ideas from other savannas with similar structure
andfunction could be appliedtothe Cerrado.This
exchange of ideas could only be made possible
if scientific studies are accessible and done in
a systematic form. In this context, we found
that 42% of the publications were dissertations
and theses with more limited access and which
could have their information altered/improved

Table V. The frequency of plant species growth forms used in ecological restoration of Cerrado vegetation types:
CC (campo cerrado), C (cerraddo), Csl (cerrado sensu lato), Css (cerrado sensu stricto), 10 (ironstone outcrop), MS
(mata seca), QRG (quartzitic rupestrian grassland), RF (riparian forest), and V (vereda). Plant species are classified
according to their occurrence in the Cerrado biome (native or exotic).

Cerrado Biome Growth form
Climbing
Climbing-shrub 1 1
Climbing-shrub-tree 1
_ Herb 12
Native
Herb-shrub 1
Shrub 4
Shrub-tree 31
Tree 54
Climbing
Climbing-shrub
Climbing-shrub-tree
_ Herb 1
Exotic
Herb-shrub
Shrub 2
Shrub-tree 1
Tree 10

Csl Css QRG RF v
2 2 1 1 2
6 1
2 1
2 12 7 4 10
2 2 1
5 24 2 1 i 8 3
29 79 2 1 71 11
41 195 18 5 207 42
4 1
1
4 1
4 2 45 6
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through the peer-review process (only 15% of
dissertations and 9% of these were eventually
published in scientific journals). Moreover,
the prevalence of the Portuguese language
and Brazilian journal publications found for
restoration in the Cerrado also results in limited
access. However, we acknowledge a current
increase in international publications and
highlight that researchers should continue to be
encouraged to publish their data in English and
in international journals to facilitate access and
interchange of ideas and experiences.

Restoration practices and studies in the
Cerrado

Most studies had an ecological restoration
intention and used the assisted regeneration
approach dispite of the higher costs when
compared to the natural regeneration approach.
The major issues for research efforts were the
unawareness of the differences and specificities
of Cerrado vegetation types and the lack of
systematic monitoring. Although a variety of

CERRADO’S RESTORATION PRACTICES AND STUDIES

vegetation types compose the Cerrado biome,
we found that most of them only have a few
reported restoration efforts (e.g. campo cerrado,
vereda, campo sujo, campo limpo, quartzitic
rupestrian grassland and ironstone outcrop).
We also found that most of the research (31.3%)
did not even mention what vegetation type
was intended to be restored. Most restoration
efforts were monitored but monitoring activities
were done in a case-specific way. Futhermore,
research efforts to restore the Cerrado were
unevenly distributed and mostly related to
restoration after livestock and agriculture
impacts, and concentrated in few research
groups from Brazilian public universities. It is
not surprising that these research groups are
located in areas that were initially devasted for
agribusiness and currently have high population
densities. Besides, most of the studies were
quantitatively analyzed while a modelling
approach was rarely used. Although modelling
may not be appropriate for many studies, we
highlight that it might be worthwhile when

Table VI. The tree cover that characterize each of the Cerrado vegetation type and the proportion of trees and
shrub-trees found in ecological restoration research (assisted regeneration approach). The trees of restoration
research comprises all trees used in relation to the other growth forms while the shrub-trees of restoration
research comprises all plant species with shrub, shrub-tree and tree growth forms used. The Cerrado vegetation
types are CC (campo cerrado), C (cerraddo), Css (cerrado sensu stricto), 10 (ironstone outcrop), MS (mata seca), QRG
(quartzitic rupestrian grassland), RF (riparian forest) and V (vereda).

Cerrado vegetation type Original tree cover (%)

cC 5-20
C 50-90
Css 20-50
10 5-20
MS 50-95
QRG 5-20
RF 50-95
V 5-10

restoration research (%)

Trees of restoration
research (%)

Shrub-trees of

0 0
971 61
93.2 61.4
100 0
95.8 83.3
65.4 19.2
97.7 732
829 631
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planning landscape designs for ecological
restoration (Couto et al. 2011, Molin et al. 2018)
to predict management effects (Firn et al. 2010)
like those related to different fire managements
(Alvarado et al.2017) and invasive species control
(Barbosa et al. 2018).

The differences and specificities of Cerrado
vegetation types should be considered in
restoration research and practices (Fernandes
et al. 2016b, ¢); however, we did not find such
awareness. It is imperative to clearly determine
the vegetation type to be restored but many
efforts only used ‘cerrado’ as a reference
ecosystem. Sometimes it was even diffult to
determine if the research was making reference
to cerrado sensu lato or the Cerrado biome.
Moreover, the diversity of the Cerrado (Fernandes
et al. 2016b, Oliveira-Filho & Ratter 2002,
Ribeiro & Walter 1998) should to be included in
restoration efforts and there is urgent need to
raise concern about insufficient efforts towards
different vegetation types. We did not find any
research on ecological restoration in campo
limpo and most of the Cerrado vegetation types,
especially those dominated by herbaceous plant
species, had just a few research efforts. This
result should be taken with caution, as it would
be important to relate this to the area they cover
(e.g., vereda and canga cover much less area);
their biodiversity (currently known to be high in
quartizitic rupestrian grassland - see Silveira et
al. 2016) and their level of degradation. However,
these aspects are seldom studied and no good
numbers are yet available. We suggest future
studies should map and compute these aspects,
fostering a more precise discussion. Besides,
the low attention given to some vegetation
types, such as campo limpo, campo sujo, campo
cerrado, quartzitic rupestrian grassland and
ironstone outcrops, could be related to limited
or scarce knowledge on natural regeneration
(Silveira et al. 2016, but see Luz et al. 2018) and

CERRADO’S RESTORATION PRACTICES AND STUDIES

the lack of knowledge about requirements of
native species cultivation (De Souza et al.
2017, Fernandes et al. 2016¢). The difficulties in
recognizing and determining each vegetation
type, and the fact that restoration has been
historically attached to forest ecosystems and
tree usage, also hamper attempts to ecologically
restore the natural heterogeneity of the Cerrado
(see Fernandes et al. 2020).

Cerrado restoration efforts were not
only concentrated in a few vegetation types
but also had a geographic bias. Restoration
efforts were associated with few research
groups and with agribusiness impacts. The
concentration of restoration efforts in areas
impacted by agribusiness may be related to
the rehabilitation of land quality to improve
agribusiness profit (Laurance et al. 2014, Silva
et al. 2017). Nevertheless, we found that most
of the publications aimed to reestablish the
native ecosystem. This finding may indicate that
environmental legislation is playing a role in
stimulating ecological restoration as landowners
are investing to restore natural ecosystems,
especially in areas near water courses (Sparovek
et al. 2012). Assisted regeneration was the
most used approach in Cerrado restoration
efforts but it may not be financially viable for
many landowners or at large scales. Therefore,
prioritizing natural regeneration in areas with
a low level of degradation or near native
ecosystem patches could allow limited budgets
to be redirected to other areas and maximize
restoration efforts (Chazdon & Guariguata 2016).
However, this strategy may not be feasible if
the ecosystem achieves ecological thresholds
that do not allow their natural recovery
anymore. In cases when passive recovery is
ecologically impossible or when frequent
endogenous disturbances have not naturally
been established, active interventions should
be adopted (Buisson et al. 2018). Moreover, the
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Table VIL. The plant species most used in ecological restoration research of the Cerrado vegetation types. The
Cerrado vegetation types are CL (campo limpo), C (cerraddo), Csl (cerrado sensu lato), Css (cerrado sensu stricto),
MS (mata seca), QRG (quartzitic rupestrian grassland), RF (riparian forest) and V (vereda).

Vegetation type of
. . Growth Naturally the restoration site
Plant species Common name Family occurrence in
form Cerrado Biome (number of
studies)
c Csl(2)
Anadenanthera Angico, angico- <hrub or Csl Css (5)
colubrina (Vell.) branco, cambui- Fabaceae tree MS (1)
Brenan angico M5 RF (3)
RF
V(1)
cQ@)
Anadenanthera
Csl Csl (1
falcata (Benth.) Angico do cerrado Fabaceae shrub or > sL(1)
Speg. tree Css (1)
RF (6)
Css (4)
Astronium .
fraxinifolium Schott Goncalo-alves Anacardiaceae tree Csl MS (1)
RF (6)
Cedro, cedro- ¢ (i))
P batata, cedro- . Css (4
Cedrela fissilis Vell. cetim, cedro-da- Meliaceae tree Csl RF (5)
varzea v ()
C(@)
csl Csl(3)
. Copaiba
Copaifera U Css (8)
. copaibeira, pau- Fabaceae tree QRG
langsdorffii Desf. de-6le0 R Ms (1)
RF (8)
V(1)
c()
Csl Csl (2
Dipteryx alata Vogel Baru, cumbaru, Fabaceae tree > sL(2)
cumaru RF Css (7)
RF (4)
o0)
Enterolobium T{mbgri,}imbaﬂya, Cel Css (3)
oo amboril, pacara,
cc()\r/récl)lr)trﬁ/\r(l)lgounum orelha-de-macaco, Fabaceae tree R MS (2)
: 8 orelha-de-negro RF (7)
V(1)
c Csl(2)
Eugenia dysenterica shrub or Csl -
(Mart) DC. Cagaiteira, cagaita Myrtaceae tree Ces MS (1)
QRG (1)
RF
RF (1)
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Table VII. Continuation.

CERRADO’S RESTORATION PRACTICES AND STUDIES

C(@)
Jenipapeiro, ¢ Css (3
Genipa Americana L. | jenipapo, jenipapo, Rubiaceae shtrﬁebeor Csl ()
janipapeiro RF RF (5)
V(1)
Mutamba ¢ Css (3)
Guazuma ulmifolia mutambo, Csl MS (1)
Lam. mucungo, pau-de- Malvaceae tree MS RF (5)
pomba, embieira RF v (1)
c@)
‘ Jatoba, jat_obé’— C Css (4)
Hymenaea courbaril | da-mata, jatai, Fabaceae tree Csl MS (1)
L. jatai-peba, jataiba,
buranda RF RF (4)
V(1)
Aroeira, aroeira- CC Css (3)
Myracrodruon do-sertao, . SS
urundeuva Allemao. urundelva, Anacardiaceae tree MS MS (2)
uriunduba RF (5)
RF
Cc@)
Peltophorum Canafistula, Gsl Csl (1)
dubium (Spreng.) | cambui, ibira-puita, Fabaceae tree MS
Taub. tamboril-bravo RF Css (3)
RF (4)
CL @)
Schinus Aroeira-vermelha, shrub or Csl Css (4)
terebinthifolius aroeira-pimenteira, | Anacardiaceae Css
Raddi poivre-rose tree RF (4)
RF V(1)
¢ cst (1)
. . . Peito-de-pombo, Csl Css (5
Tap|r|raAnglé|[anen5|s pau-pombo, Anacardiaceae tree Css )
’ camboata RF (3)
MS
V(1)
RF

presence of exotic invasive species is often a
challenge in restoration sites, requiring the use
of some control technique (Assis et al. 2020).
The landscape approach should be considered
when designing cost-effective restoration
strategies for the Cerrado, especially regarding
the dominance of agribusiness in its current
landscape and the importance of integrating
restoration sites together and with native areas
(Metzger et al. 2017, Molin et al. 2018, Rajao et al.

An Acad Bras Cienc (2022) 94(1)

2020). Nonetheless, such procedures should be
carefully done as they need consider the high
level of degradation as an indicator for high
restoration necessity even though it may request
high costs. Hence, ecological restoration goals
should include ecological and socioeconomic
aspects to provide important feedbacks to assist
the achievement of ecological restoration goals
(Kong et al 2018, Lin et al. 2012).
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Another challenge that must be faced is the
shift from a non-standardized form of assessing
restoration outcomes to a systematic form. The
importance of periodically measuring ecosystem
indicators to assist decision-making about the
requirement of management activities and/or to
assist future restoration initiatives is well known
(Le et al. 2012, McDonald et al. 2016). However,
we found that monitoring of Cerrado restoration
research has not be done in a systematic way.
The absence of a clear policy towards periodical
evaluation of restoration outcomesis a challenge
to be faced (Nunes et al. 2016). The absence
of regular and consistent monitoring may be
related to short-term investments (Le et al. 2012)
by companies and/or insufficient community
involvement (Pareja et al. 2018). Short-term
monitoring is important for assessing initial
outcomes, however, evaluation of restoration
progress mustalso include long-term monitoring
(Kollmann et al. 2016, Nunes et al. 2016). Long-
term monitoring allows decision-makers to
better understand restoration trajectories as it
shows how restoration results can change over
time (Gomes et al. 2018). Besides, it can predict
important adaptative management strategies to
provide ecosystem services (Nunes et al. 2016).
Determining appropriate monitoring measures is
crucial, as is adequate periodicity and feasibility
of low-cost standardized methods (Kollmann et
al. 2016, Nunes et al. 2016). Hence, we highlight
the importance of establishing a policy that
comprises basic requirements for restoration
research. Requirements related to monitoring
should be addressed combining short- and
long-term monitoring of biophysical outcomes
alongside with monitoring of socio-economic
outcomes in order to evaluate success and
failures of restoration and management efforts
(Bustamente et al. 2019, Kollmann et al. 2016, Le
et al. 2012).

CERRADO’S RESTORATION PRACTICES AND STUDIES

Plant species used in ecological restoration of
Cerrado vegetation types

Native plant species have been used in
Cerrado ecological restoration with no regard
to the reference ecosystem. We found that
characteristics of the reference ecosystem, such
as the proportion of plant growth forms and the
use of native plants, have not been respected.
The most used plant species have been used
in the restoration of areas outside their original
distribution. Furthermore, a predominance of
using tree species was found, which indicates
that Cerrado restoration has been influenced by
practices commonly used for forest restoration.
Even though the Cerrado encompasses forest
vegetation types, most of this phytogeographic
domain is formed of savanna and grassland
vegetation types. Forests and savannas have
distinct capacities for resilience and resistance,
and thus demand appropriate restoration
interventions that respect the functioning of
each ecosystem (see Table | in the Introduction).
Furthermore, even forest ecosystems have
other growth forms apart from trees and
their inclusion in restoration efforts has to
be encouraged (Guerra et al. 2020). Therefore,
Cerrado restoration should stick to the target
vegetation type and use native plant species
and a proper proportion of growth forms.

The main use of tree species in restoration
of non-forest Cerrado vegetation types urgently
needs to be changed. Most tropical old-growth
savannas (dominant Cerrado vegetation type)
have evolved to tolerate disturbances that
remove aboveground biomass (Buisson et
al. 2018). Therefore, encroachment promoted
by the over usage of trees clearly impacts
restored ecosystem functioning. Moreover,
tree dominance can hamper spontaneous
regeneration of native herbaceous grassland
species (Buisson et al. 2018) and impair the
restoration of old-growth savannas (Veldman et
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al. 2015a). Futhermore, failures to re-establish
and maintain a grass layer can impact non-
forest ecosystem functioning and diversity. For
instance, restored sites of cerrado sensu strico
that focused on returning tree cover have faild
to re-establish compositional and functional
diversity of ant communities (Laste et al.
2018). Hence, we emphasize increased usage
of herbaceous plant species and respect of
the proportion of plant growth forms in each
vegetation type.

Many Cerrado restoration initiatives
have been actually practicing afforestation
instead of restoration, even if they state an
intention to reestablish the native ecosystem
(Fernandes et al. 2016a,c). One clear example
of afforestation is the establishment of pine
and eucalypts monocultures in degradaded
grassland areas (e.g. Modna et al. 2010, Zinn
et al. 2002). Afforestation is different from
reforestation basically because in the former
trees are planted in an area that has never been
a forest while in the latter a forest previously
existed in the degraded area (see Veldman et
al. 2015a,b). The practice of afforestation in the
Cerrado biome must be carefully analyzed and
avoided. This inadequate practice can cause
serious negative impacts at local and regional
scales (Fernandes et al. 2016a), and has already
threatened the functioning and biodiversity of
Cerrado ecosystems.

Another problem that we acknowledge is
the use of exotic species in Cerrado restoration,
which has been misleadingly related to low
availability of native seedlings (Da Silva et al.
2016). Although not yet widely used, the number
of studies on the propagation of native Cerrado
speciesisincreasing exponentially and solutions
have been proposed (e.g,, Fernandes et al. 2016c,

CERRADO’S RESTORATION PRACTICES AND STUDIES

Gomes et al. 2015, 2018). We found that species
from other Brazilian biomes or even from other
countries have been used in the restoration of
Cerrado vegetation types (Table VIII), although
less so than native species. Additionally, we
found that some of the most used plant species
were non-native to some Cerrado vegetation
types. Some of these species were trees used to
restore forest ecosystems in which they did not
originally occur.

The use of exotic species in the biome, as
well as in any of its specific vegetation types,
can lead to the loss of genetic and functional
diversity and to negative impacts on biotic
interactions such as unexpected competition
with native species (Nunes et al. 2016). Exotic
species can become invasive and impose
threats to the development of native species as
they can spread throughout the landscape and
change ecosystem structure and functioning
(D’Antonio & Meyerson 2002, Gorgone-Barbosa
et al. 2015, Hilario et al. 2011). For instance,
exotic invasive grasses are highly flamable and
can increase fire frequency and/or intensity in
the Cerrado, ultimately impacting the survival
of native species (Gorgone-Barbosa et al.
2015). Changes in fire regime can have negative
consequences for native plants despite their
adaptations to fire (e.g.,, Buisson et al. 2018).
Besides, controlling exotic invasive species is
difficult and economically costly (Assis et al.
2020, Lindenmayer et al. 2015). Therefore, despite
the possible benefits of using exotic species
(D’Antonio & Meyerson 2002, Ewel & Putz 2004)
we strongly encourage the use of native plant
species for restoration initiatives.
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Table VIII. Plant species used in assisted regeneration of the Cerrado and exotic to the biome.

Family Species Growth form
Anacardiaceae Mangifera indica L. tree
Annonaceae Annona muricata L. tree
Aspidosperma polyneuron Mull. Arg. tree
Apocynaceae Forsteronia pilosa (Vell.) Mill. Arg. climbing
Nerium oleander L. tree
Arecaceae Attalea maripa (Aubl.) Mart. herb
Asteraceae Helianthus annuus L. herb
Jacaranda micrantha Cham. tree
. . Paratecoma peroba (Record) Kuhlm. tree
Bignoniaceae
Tabebuia capitata (Bureau & K.Schum.) Sandwith tree
Tecoma stans (L.) Juss. ex Kunth shrub
Clusiaceae Garcinia brasiliensis Mart. shrub-tree
Combretaceae Laguncularia racemosa (L.) C.F.Gaertn. shrub-tree
Actinostemon concolor (Spreng.) MulLArg. shrub-tree
Euphorbiaceae
Croton floribundus Spreng. tree
Albizia lebbeck (L.) Benth. shrub-tree
Bauhinia forficata Link tree
Bauhinia variegata L. tree
Caesalpinia leiostachya (Benth.) Ducke tree
Caesalpinia peltophoroides Benth. tree
Caesalpinia pulcherrima (L.) Sw. shrub-tree
Cajanus cajan (L.) Huth shrub
Dalbergia nigra (Vell.) Allemao ex Benth. tree
Lonchocarpus muehlbergianus Hassl. tree
Fabaceae
Myrocarpus frondosus Allemao tree
Ormosia stipularis Ducke tree
Paubrasilia echinata (Lam.) Gagnon, H.C.Lima & G.P.Lewis tree
Poecilanthe parviflora Benth. tree
Schizolobium parahyba (Vell.) Blake tree
Senna siamea (Lam.) H.S.Irwin & Barneby tree
Sesbania sesban (L) Merr. shrub-tree
Swartzia oblata R.S.Cowan tree
Tipuana tipu (Benth.) Kuntze tree
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Table VIII. Continuation.

CERRADO’S RESTORATION PRACTICES AND STUDIES

Lauraceae Ocotea divaricata (Nees) Mez tree
Lecythidaceae Cariniana legalis (Mart.) Kuntze tree
Malpighiaceae Byrsonima ligustrifolia A.Juss. tree

Basiloxylon brasiliensis (AlL) K.Schum. tree

Malvaceae Cavanillesia arborea K. Schum. tree

Pachira aquatica Aubl. tree
Tibouchina granulosa (Desr.) Cogn. shrub
Melastomataceae
Tibouchina mutabilis (Vell.) Cogn. tree

Meliacaeae Melia azedarach L. tree

Moraceae Artocarpus heterophyllus Lam. tree
Muntingiaceae Muntingia calabura L. tree

Myrciaria trunciflora O.Berg tree
Psidium guajava L. tree
Myrtaceae Syzygium cumini (L.) Skeels tree
Syzygium jambolanum (Lam.) DC. tree
Syzygium jambos (L.) Alston tree
Pinaceae Pinus elliotti L. tree
Avena strigosa Schreb. herb
Lolium multiflorum Lam. herb
Poaceae
Pennisetum glaucum (L.) R.Br. herb
Vetiveria zizanioides (L.) Nash herb
Rhamnaceae Hovenia dulcis Thunb. tree
Ziziphus joazeiro Mart. tree
CONCLUSIONS the reference ecosystem, use of native species,

The challenge of reducing rates of biodiversity
loss and ecosystem degradation calls for
effective conservation and ecological restoration
actions, especially regarding threatened non-
forest ecosystems. This review is among the
first attempts to capture how research on the
restoration of the Cerrado has been conducted,
and has revealed that we still have a long way
to go to restore the diversity of this biome.
Recommendations established in the ecological
restoration literature (e.g. clearly determine

include ecosystem functions among the goals,
etc; Kollmann et al. 2016, McDonald et al.
2016) must be followed in order to overcome
challenges and improve ecological restoration
of the Cerrado. Many of the results of Cerrado
restoration efforts cannot be generalized,
although the establishment of some basic
requirements for research would better support
decision-making as they would allow successes
and failures to be measured and compared
among studies. The clear establishment of
the reference ecosystem and the objective of
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restoration research, as well as the appropriate
monitoring periodicity, are keys to achieving
this. More precise comparisons will promote a
shift in restoration studies from a case-specific
approach(e.g.trialanderror)toamoreapplicable
and evidence-based scientific approach.
Furthermore, restoration efforts should raise
concern about the plant species, particularly
their growth form and their original occurrence,
used to restore each Cerrado vegetation type.
The main use of native plant species should
increase, and native plant species cultivation
should be improved (e.g. how to produce
native seedlings on a large scale). Furthermore,
investigations on ecological dynamics and
natural regeneration of the different vegetation
types of the Cerrado should be encouraged in
order to build a consistent ecological knowledge
base. The use of new tools and frameworks
should be explored to better assist decision-
makers when planning restoration at the
Cerrado biome level (Metzger et al. 2017). Finally,
we highlight the importance of integrating
limited budgets, community engagement and
compliance with environmental laws to promote
the knowledge advances mentioned above, and
argue that restoration research in the Cerrado
should receive more support.

Future perspectives

Although difficult, ecological restoration of
the Cerrado must include all dimensions of
its diversity, and not only focus on species
compositional diversity. Research efforts
directed towards genetic, compositional,
functional and phylogenetic diversity are
essential to better understand and (re)establish
Cerrado biodiversity (e.g. Fernandes et al. 2020).
Moreover, the relationship between diversity
and invasion resistance should also be explored
to provide better guidance for decision-making.
Monitoring will be a key in such research and so

CERRADO’S RESTORATION PRACTICES AND STUDIES

itis important to implement it in a standardized
form. Furthermore, from the functional diversity
perspective, we noticed that some growth
forms, such as herbs, were not commonly
used in restoration even though they form an
important component of Cerrado vegetation.
This may be due to the difficulties involved
in cultivating seedlings of native herbaceous
plants (Fernandes et al. 2016¢, Ribeiro et al. 2016)
and highlights the need to develop research
that aims to better understand and replicate the
reproduction of herbaceous plants. Additionally,
questions related to the impacts of large-scale
restoration remain unsolved (Chazdon 2008).
Finally, we advocate the construction of an open
and free database encompassing information
about restoration actions and outcomes
because it could gather information to help
future decision-making.
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