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ABSTRACT 
Tropical grasslands, savannas, and shrublands comprise open ecosystems that are experiencing growing anthropogenic 
pressures and lack theoretical and practical knowledge on ecological restoration. Natural regeneration in these ecosystems 
is very slow and often unfeasible, making planting and seeding increasingly important restoration techniques. We 
conducted a systematic review to investigate the richness, origin, and functional groups of the plant species used to 
restore tropical open ecosystems. Identifying species and their functional groups used in restoration experiments allows 
us to better plan, implement, and monitor restoration. We identified 220 plant species introduced to restore tropical 
open ecosystems in 37 controlled restoration sites located in Brazil, Australia, the USA, Kenya, Venezuela, South Africa, 
and Congo. Nearly 55% of plant species were shrubs or trees, and 80% were native to the country where they were used. 
Strikingly, 51% of the plants were used only once. We found no evidence of biotic homogenization in the restoration of 
tropical open ecosystems. Only six reintroduced species were classified as endangered, suggesting an untapped potential 
for enhancing conservation-oriented restoration. Our results indicate that despite the predominant use of native species, 
woody species remain disproportionately planted compared to herbaceous species, which constitute the bulk of diversity 
in grasslands and savannas. 
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Introduction
Ecological restoration is a global priority in the context 

of the emergent climate and biodiversity crises. Global 
restoration efforts are increasingly supported by the United 
Nations Decade on Ecosystem Restoration (2021-2030), 
but a forest-centric view still dominates the scientific, 
governmental, and media arenas (Silveira et al., 2022). 
Restoration efforts in tropical open ecosystems (ancient 
grasslands, shrublands, and savannas) are relatively scarce 
despite increasing degradation levels (Buisson et al., 2022). 
Open ecosystems are characterized by graminoids, herbs, 
forbs, and shrubs. For instance, grasslands have no trees, and 
some savannas are known to have seven herbaceous plants 
for each wood species (Ribeiro & Walter, 2008). Moreover, 
open ecosystems feature a unique ecosystem functioning 
driven by soil properties, fire regimes, and large herbivores, 
which play important roles in shaping vegetation (Buisson 
et al., 2019). Open ecosystems are also biodiversity-rich, 
with many endemic and threatened species (Veldman et al., 
2015; Bond, 2019; Buisson et al., 2019). Therefore, there is a 
pressing need to restore open ecosystems, aiming to protect 
their high biodiversity through effective management 
of their main ecosystem drivers, including disturbance, 
hydrological, and edaphic properties. 

Active restoration approaches, including species 
reintroduction and active management, can yield better 
restoration outcomes in open ecosystems, as natural 
regeneration in these ecosystems is extremely slow or may 
never happen, depending on the degree of degradation 
(Nerlekar & Veldman, 2020). Consequently, planting 
and seeding native species have been employed as main 
techniques aimed at enhancing the resilience of open 
ecosystems and contributing to the maintenance of 
biodiversity of restored sites (Wiederhecker et al., 2024). 
In addition to species reintroduction, other main active 
restoration strategies in open ecosystems include tree 
cutting, invasive species control, livestock and wild herbivore 
management, prescribed fires, and soil acidification (Buisson 
et al., 2019; Haddad et al., 2021; Buisson et al., 2022; 
Pilon et al., 2023; Lira-Martins et al., 2024). Therefore, 
the efficiency of open biome restoration ultimately relies 
on active approaches, with planting and/or seeding native 
species playing important roles in restoring diverse and 
resilient ecosystems (Lyon et al., 2023).

The use of native species in restoration has been 
recommended for decades, but non-native species .are 
still commonly used, even in forest restoration, which 
has received greater attention over the years (D’Antonio 
& Meyerson, 2002; Simões et al., 2024). The benefits of 
non-native species in restoration can be due to their faster 
growth and the income provision to landowners (timber, 

forage, fruit). Despite this, the choice for non-native species 
may also be constrained by the low availability of native 
species on the market (Vidal et al., 2020; Faria et al., 2025), 
which is especially true for herbaceous species, the main 
component of open ecosystems (de Castilho Silva et al., 
2024). Furthermore, despite recent attempts to synthesize 
the common practices in the restoration of tropical open 
ecosystems (Pilon et al., 2023; Medeiros et al., 2024), a 
knowledge gap remains about the identity and richness 
of plant species used in active restoration approaches. 
Assessing the species pool used in restoration efforts in 
tropical open ecosystems can provide important insights 
into the effectiveness of these initiatives. In particular, 
it can help evaluate their potential to recover the diverse 
herbaceous layer, protect endangered species, and mitigate 
biotic homogenization.

To address this gap, we investigated the restoration 
species pool used to restore tropical open ecosystems. 
Specifically, we examined the richness, origin (native or 
non-native), and growth forms. Under the hypothesis that 
restoration practices follow the vegetation structure of 
open ecosystems, we expect grasses, forbs, and shrubs to 
be the most commonly reintroduced species, with a lower 
proportion of trees to match the open biome vegetation 
structure. Moreover, under the assumption that restoration 
is grounded in ecological theory (Barbosa-Dias et al., 2025), 
we expect the preferential reintroduction of native species 
instead of non-native ones. Finally, to address the potential 
of conservation-oriented restoration in open ecosystems 
(Volis, 2019), we examined the conservation status of the 
reintroduced species.

Materials and Methods
To assess the richness and functional groups of plant 

species used in active open biome restoration - defined as 
the world’s ancient grasslands, shrublands and savannas 
(Bond, 2019) -, we carried out a systematic literature review 
of peer-reviewed articles using Web of Science and Scopus 
databases using the following keywords: (“grassy biome” 
OR “grassland” OR “meadow” OR “prairie” OR “rangeland” 
OR “savanna*” OR “steppe” OR “shrubland” OR “cerrado”) 
AND (“afforestation” OR “afforested” OR “restoration” OR 
“restored” OR “recovery” OR “recovered” OR “reforestation” 
OR “reforested” OR “rehabilitation” OR “rehabilitated” 
OR “revegetation” OR “revegetate”) AND (“tropical” OR 
“subtropical”). Details of the search engine and paper 
screening are provided in Medeiros et al. (2024). Hence, we 
only included controlled restoration studies, which means 
studies comparing data obtained in field experiments 
(laboratory and greenhouse research were excluded) 
with a preserved and/or degraded site. However, here, we 
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used only a subset of studies, including only those that 
applied active restoration techniques, including species 
reintroduction as well as seedling planting and direct 
seeding (see List S1). Studies must also provide a list of 
reintroduced species directly on degraded open ecosystems. 
We retrieved geographic coordinates and the identification 
of the reintroduced species, and used the Kew database 
(POWO, 2024) to correct species names and record the 
origin (native or non-native, depending on where they 
were planted or seeded), life cycle (annual or perennial), 
and growth form. We completed the growth form for 11 
species using the Reflora database (FFB, 2024) because such 
information was not available in the Kew database. Besides, 
we assumed that all shrubs and trees were perennials, 
and we used the IUCN Red List (IUCN, 2024) to retrieve 
species conservation status. We conducted an ANOVA 
test to assess the richness of different growth forms and 
a GLM to evaluate the origin of planted species used in 
open biome restoration. All analyses were performed in 
the R program (R Core Team, 2025) using dplyr, tidyr, and 
ggplot2 packages. We made an alluvial graph to present the 
relationship between plant growth forms and the biome in 
which they were planted. To do so, we needed to assign only 
one growth form to each plant species; thus, we adopted 
a conservative approach in which, for example, if a plant 
species could assume an herbaceous or subshrub form, 
we assigned it as herb, while if it could assume a shrub or 
tree form, we assigned it as shrub. Hence, we classified 
as herbs all herb, herb-climbing-subshrub, herb-shrub, 
and herb-subshrub-shrub because the species could be 
herbaceous. Following the same criteria, we classified as 

shrubs all shrub, shrub-tree, subshrub, and subshrub-shrub 
(Medeiros et al., 2025). All other graphs were made using 
the ggplot2 package in the R program. 

Results
The surveyed papers provided 37 restoration experiments 

from 29 studies that met our criteria for inclusion (see list 
S1). Nine sites from six studies only provided information 
on the richness of species planted without providing a 
specific species list (e.g., mixed grassland species, native 
species, high number of species), and were excluded from 
our analyses. Most experiments were concentrated in Brazil 
(43%), Australia (22%), the USA (19%), followed by Kenya 
(5%), Venezuela (5%), South Africa (3%) and Congo (3%). 
Moreover, we had nine experiments in grasslands, 16 in 
savannas and only three in shrublands. 

Globally, 220 species from 45 families were reintroduced, 
with Poaceae (60 species), Fabaceae (47 species) and 
Asteraceae (14 species) standing out as the most 
common families (Fig. 1; Supplementary Material - Table 
S1). Regarding species growth form, only 45.6% of the 
species were herbaceous and 53.8% were shrubs or trees, 
reintroduced mainly into savannas, particularly in Brazil, 
Venezuela and Congo (Figs 2 and 3). Besides, we have 
not found a difference between herbs and woody species 
(Supplementary Material – Fig. S1; p>0.05). Regarding 
species life cycles, we found 180 species perennial, 12 
annuals, eight annual/perennial, and two annual/biennial 
species. Information was missing for 18 species. As we 
expected, nearly 80% of the species were native to the 

Figure 1. The richness of plants used in tropical open ecosystem active restoration research experiments through planting or seeding. 
Plant richness is grouped by families. Family used only once are not represented on this figure and includes: Acanthaceae, Annonaceae, 
Araliaceae, Boraginaceae, Caryocaraceae, Convolvulaceae, Dilleniaceae, Eriocaulaceae, Euphorbiaceae, Gentianaceae, Haloragaceae, 
Lycopodiaceae, Malpighiaceae, Metteniusaceae, Moraceae, Ochnaceae, Plantaginaceae, Polygalaceae, Rutaceae, Santalaceae, Smilacaceae, 
Solanaceae, Urticaceae, Verbenaceae, Vochysiaceae.
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Figure 2. The growth-form of the plants used in tropical open ecosystem active restoration research experiments through planting 
or seeding experiments by country.

Figure 3. The proportion of herbaceous, shrub and tree species (total of 220 species) used in active restoration of tropical open 
biomes: grassland (nine experiments), shrubland (three experiments) and savanna (16 experiments). It is important to note that we 
adopted a conservative approach to classify the plant growth form. Therefore, we classified as herbs all herb, herb-climbing-subshrub, 
herb-shrub, and herb-subshrub-shrub because the species could be herbaceous. Following the same criteria, we classified as shrubs 
all shrub, shrub-tree, subshrub, and subshrub-shrub. Finally, we classified as trees the species that can only be trees. The numbers 
at the left panel indicate the number of species introduced in each functional group, with herbaceous species representing 45.6%, 
shrubs 28.8% and trees 25%. 
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Figure 4. The origin of plants used in the 28 restoration experiments of tropical open ecosystem active restoration through planting 
or seeding. Note that we found another nine experiments of planting/seeding species in tropical open ecosystems that were not 
represented here because they did not provide the plant species identification. 

country (Fig. 4; Supplementary Material - Fig. S2, p < 0.001), 
indicating that few non-natives are used to restore open 
ecosystems. Most non-native species reintroduced belonged 
to Poaceae (12), Fabaceae (3) and Gentianaceae (1) families, 
including invasive, fast-growing invasive African grasses 
such as Urochloa eminii and Urochloa dictyoneura planted in 
Venezuela, and forage legumes such as Stylosanthes scabra 
and Stylosanthes hamata planted in Australia. Ten of the 
37 restoration experiments used at least one non-native 
species, usually without a clear justification. Moreover, we 
found that only 24 species were planted in more than five 

restoration experiments, while most species (107 plant 
species) were used only once (Fig. 5). Among species with 
available IUCN classifications, most were listed as ‘Least 
Concern’ (76 species). Additionally, four species were 
classified as ‘Vulnerable’ (Eucalyptus populnea, Dipteryx 
alata, Mimosa caesalpiniifolia, Metrosideros polymorpha), 
three species as ‘Endangered’ (Cynodon dactylon, Amburana 
cearensis, Andropogon leucostachyus), two species as ‘Near 
Threatened’ (Eucalyptus camaldulensis, Pterogyne nitens) and 
one species as ‘Data Deficient’ (Myracrodruon urundeuva). 
IUCN classification was unavailable for 145 species.

Figure 5. The bar graph represents how many times a single species was used in different tropical open ecosystem restoration 
experiments. The circle graph represents the growth-form proportion of the most used species (those used in five to eight experiments).
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Discussion
Our review is based on a relatively low number of 

studies and in situ restoration experiments, highlighting 
the scarcity of controlled restoration studies of tropical 
open ecosystems using standardized, reproducible and 
clear protocols (Medeiros et al., 2024). This emphasizes 
the importance of improving and expanding restoration 
science to support policies that promote and assist the 
restoration of open ecosystems worldwide (Lyons et al., 
2023). Despite a relatively high richness of plant families 
retrieved in restoration experiments, we still need to 
increase species richness in the restoration species pool 
for open ecosystems, as most experiments reintroduced 
less than three species from all plant families. Tropical 
open ecosystems are extremely species-rich (Murphy 
et al., 2016), and increasing taxonomic, functional and 
phylogenetic diversity in plantings is likely to promote 
more biodiverse and resilient restored ecosystems (Buisson 
et al., 2022; Mazzochini et al., 2024). For example, grasses 
are important in open ecosystems, but forbs also have an 
important, yet underappreciated role in these ecosystems, 
as they promote biodiversity by supporting pollinators and 
herbivores (Siebert et al., 2024). Thus, we highlight the need 
to diversify the restoration species pool and encourage the 
reintroduction of forbs in open biome restoration (Silveira 
et al., 2022; Nerlekar et al., 2024).

The mismatch between the planted species pool and the 
reference open biome, like savannas and grasslands, was 
identified here. Only 45% of the species were herbaceous, 
despite savannas having an herb:wood species ratio of 
nearly 7:1 (Ribeiro & Walter, 2008; de Castilho Silva et al., 
2024). Herbaceous species dominance in open ecosystems 
is often neglected in open biome restoration, exemplified 
by a 1:1 herbs and woody species ratio (Supplementary 
Material – Fig. S1; p>0.05). Savannas were the main type 
of biome targeted in restoration experiments. This biome 
comprises open-canopy ecosystems with sparse and low-
stature trees (Bond, 2019) that have no benefits from 
increasing tree density, which results in the loss of shade-
intolerant herbaceous species (Wieczorkowski & Lehmann, 
2022). A positive example is the use of shrubs to restore 
shrublands in the USA. To better align restoration efforts 
with open ecosystems ecology, we reinforce that trees and 
shrubs should be more carefully used, respecting their 
proportions in the native open ecosystems, especially in 
grasslands and savannas (Buisson et al., 2022).

Most of the reintroduced species were native; however, 
the reintroduction of common non-native species raises 
concerns, as they are fast-growing invasive grasses and 
forage legumes. Combining fast-growing grasses and 
N-fixing species usually stems from the idea that the 
restoration of open ecosystems needs to increase vegetation 
cover and improve soil nutrients, a misconception derived 
from forest restoration (Silveira et al., 2022). For example, 

many plant species in open ecosystems do not form 
mutualistic interactions with mycorrhizal fungi because 
they have evolved root specializations (Abrahão et al., 2019), 
thus not requiring fertilization or inoculation treatment 
(Silveira et al., 2022). Frequently, experiments had no clear 
justification for using non-native species. Perhaps, outdated 
paradigms from the 1990’s such as ideas stemming from 
forest restoration (Lovera & Cuenca, 1996; Cuenca et al., 
1998), may help explain the use of non-native species in 
some cases. Another possible reason for using non-native 
species is the fact that legislation often fails to recognize 
the value of native herbaceous species in recovery and 
rehabilitation projects (Pimenta & Fonseca, 2021). Finally, 
another possibility is the paucity of native seedlings in the 
market (Ladouceur & Mayfield, 2017).

Regarding the species life cycle, we found that most of 
the species were perennial, which is consistent with the 
evolution of strategies to deal with natural disturbance 
regimes common to open ecosystems, such as recurrent 
fires and grazing (Bond & Midgley, 2001). Many open 
ecosystems are characterized by species with persistent 
niches, which describe the strategies that allow species to 
survive and grow under high disturbance regimes (Bond 
& Midgley, 2001). However, woody species were the most 
commonly reintroduced species (Fig. 2), which contrasts 
with our expectations and supports the idea that the 
restoration of grasslands and savannas is disconnected from 
ecological theory (Barbosa-Dias et al., 2025). To overcome 
this misconception, focus should be given to herbs and 
forbs in grasslands and shrubs in shrublands through the 
development of cultivation and propagation protocols (Vidal 
et al., 2020).

Concerns have been raised about the extent to which 
common restoration practices favour widespread and easily 
grown species with high survival and propagation knowledge 
promoting biotic homogenization in restored sites (Holl et 
al., 2022). In some cases, restored forests can be floristically 
more similar to one another than to reference ecosystems 
(Almeida et al., 2025). In tropical open ecosystems, the idea 
of biotic homogenization is not supported, given that a few 
herbaceous species have been reintroduced in more than 
five experiments. However, homogenization may have gone 
undetected because of low species richness in open biome 
restoration globally. 

Conservation-oriented restoration stems from the idea 
of reintroducing threatened species as a complementary 
approach to traditional restoration (Volis, 2019). Most of the 
reintroduced species had an IUCN classification unavailable 
or were listed as ‘Least Concern’, which points out that 
open biome restoration has an untapped potential to move 
towards conservation-oriented practices by reintroducing 
threatened plant species and integrating restoration 
efforts into broader conservation efforts (Volis, 2019). 
Besides, the species pool used in the active restoration of 
open ecosystems through species reintroduction remains 
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relatively small compared to the high plant biodiversity and 
endemism of tropical grasslands, shrublands and savannas 
(Murphy et al., 2016). Our results agree with those of Vidal 
et al. (2020), who found an underrepresentation of savanna 
specialists in nurseries, which may lead to afforestation and 
to other negative consequences for the native diversity. This 
result calls for further experiments that explore and enhance 
the diversity of plant species reintroduced in open biome 
restoration, reducing the dissimilarity between restored 
sites and reference ecosystems. 

Overcoming species propagation barriers, aiming at 
diversifying the restoration species pool of herbaceous 
species would be vital to promote the reintroduction of 
a more diverse array of plant species in the restoration 
of open ecosystems (Vidal et al., 2020; Faria et al., 2025). 
Despite the predominant use of native species, focus is still 
given to woody species in many places. The reintroduction 
of forbs along with grasses to restore biodiverse and more 
resilient open ecosystems should be encouraged. Poorly 
planned tree plantations pose a threat to local floras, 
resulting in plantings that are floristically more similar 
to one another than to the regional species pool, even in 
forest restoration (Almeida et al., 2025). Moreover, the 
woody species focus undermines the key roles the herbs 
and forbs play in ecosystem functioning (Siebert et al., 
2024). The species choice should respect the vegetation 
structure of the target open biome, which means that the 
herb:woody species ratio should ideally match that of the 
native reference ecosystem. 

Supplementary Material

The following online material is available for this article:
List S1. List of the scientific papers included in the 

systematic review of seeded and planted species on tropical 
open ecosystems

Figure S1. Mean number of plant species planted in 
open biome restoration experiments, depending on their 
growth form: herbs (grass, forbs, graminoids) or woody 
plant species. (ANOVA; n = 29 experiments; p>0.05;  
F = 0.0706, mean ± SE).

Figure S2. Mean number of species planted in open 
biome restoration experiments, depending on their origin: 
native or exotic plant species. (n = 29 experiments; p<0,001; 
z value = 15.048, mean ± SE). GLM (formula = number_
plants ~ origin, family = “poisson”)

Table S1. List of the 220 plant species planted in Tropical 
Grassland Biome restoration experiments. Ecosystems:  
G = grassland, Sh = shrubland, Sa = savanna; IUCN status: 
DD = data deficient, EN = endangered, LC = Least Concern, 
NT = neat threatened, VU = vulnerable.
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