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Abstract

1. Scientists and policymakers are becoming aware of the pressing need to

restore tropical grassy biomes (TGB), which are home to unique biodiversity and
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provide essential ecosystem services to hundreds of millions of people. However,
TGB face increasing threats, including the forest- and tree-centric approaches
that promote their degradation, though we still lack a systematic assessment of
where and how TGB restoration research has been done to guide policy and

practice.

2. We synthesised knowledge on field restoration experiments by conducting a
systematic literature review to map TGB restoration field studies, examine the
association of restoration techniques and degradations sources, and investigate

the diversity of indicators used to monitor restoration outcomes.

3. TGB restoration was concentrated at Brazilian and Australian savannas, with
large blindspots in Asia, Africa, and northern and eastern South America. Studies
were largely context-dependent, with an inconsistent usage of restoration
techniques to different sources of degradation. Less than half of the indicators
evaluated were monitored consistently through time, often using a low-
dimensional approach related to ecosystem functioning. Few studies
manipulated fire, herbivores and soils, the key drivers for the re-establishment of
TGB dynamics. Unfortunately, many studies lacked negative (degraded
ecosystems), positive (reference ecosystems) controls, or both, impairing

attempts to robustly determine restoration outcomes.

4. Our overview of field research on TGB restoration highlights that research
needs improvement to refine our ability to assess, plan, implement and monitor
restoration. Severe issues with experimental designs and data reporting are
identified as barriers to find generality and upscale TGB restoration to meet the

goals of the UN Decade on Ecosystem Restoration.
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5. Synthesis and implications: Our synthesis calls for enhanced field experiments,
transparent data reporting, and quantitative syntheses to guide large-scale TGB
restoration policies. The overall lack of knowledge on improving resilience and
measuring outcomes hampers meaningful comparisons between studies and
hinders synthetic views essential for determining appropriate restoration
techniques for different degradation sources and selection of suitable indicators.
To overcome the scarcity of reliable and transparent data supporting TGB
restoration, we propose a simple checklist for minimum research reporting
information and a more complete multilingual standardized guidelines to improve

the experimental design of field experiments.

Key-words: ecological synthesis, grassland, savanna, shrubland, transparent

science, reproducibility, guidelines
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1. Introduction

The need to restore ecosystems has never been more urgent due to ever
increasing degradation rates. As a response to this trend, the United Nations has
launched the Decade on Ecosystem Restoration 2021-2030, aiming to catalyse
global restoration efforts to reverse ecosystem degradation, protect biodiversity,
mitigate climate change, and support human livelihoods. Our capacity to achieve
such goals relies largely on knowledge built for the different stages of the
restoration process, including assessment, planning, designing, implementing,
management and monitoring (Gann et al.,, 2019). Such knowledge builds on
multiple sources and field restoration experiments are essential to test the
generality of hypotheses, calibrate and validate models, and to provide realistic
cost-benefit estimates. Moreover, ecological restoration must also move forward
and overcome Biome Awareness Disparity to include all types of biomes (Silveira
et al., 2022; Torok et al.,, 2021). The goals of the United Nations Decade of
Ecosystem Restoration are ambitious but will remain utopic and unfeasible
without truly embracing the diversity of Earth’s ecosystems combined with solid
theory, predictive models and accumulated empirical data.

Tropical grassy biomes (TGB) encompass the world’s ancient tropical and
subtropical megadiverse grasslands, shrublands and savannas. They are
dominated by a continuous herbaceous layer with variable degrees of woody
cover (Bond, 2019). TGB have evolved with fire and large herbivores playing a
major role in their functioning, structure, and dynamics (Buisson et al., 2019;
Veldman et al., 2015). In addition to these two drivers, edaphic factors can also
shape and maintain these naturally open-canopy ecosystems (Buisson et al.,

2019). Despite their megadiversity and provision of vital ecosystem services for
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hundreds of millions of people (Bengtsson et al., 2019; Lehmann & Parr, 2016),
TGB cover and biodiversity are declining due to multiple pressures, such as
agricultural conversion, livestock production, mining, urbanization, afforestation,
exotic species invasion, novel fire regimes, woody encroachment and climate
change (Bardgett et al., 2021; Veldman et al., 2015).

Threats to TGB are not only due to different degradation pressures but
also because of historical misunderstandings, undervaluation, and insufficient
knowledge and protection (Parr et al., 2014; Pausas & Bond, 2019; Pilon et al.,
2023; Silveira et al., 2022; Toélgyesi et al., 2022). Despite covering nearly 40% of
the land (Dinerstein et al.,, 2017), a restoration policy, science, and practice
framework for TGB is still in their infancy (Silveira et al., 2022) given that clear
definitions of reference ecosystems have emerged only recently (Bond & Parr,
2010; Veldman et al., 2015). For example, despite the long history of TGB
degradation, the first field TGB restoration experiment (Lovera & Cuenca, 1996)
was published nearly a century after Warming’s (1895) seminal plant ecology
book based on Neotropical savannas (Fig. 1). This relatively recent restoration
history resulted in misguided actions (Silveira et al., 2022), such as tree-oriented,
and often carbon-based, practices that continuously have been expanding on
TGB (Fagan et al., 2022; Nerlekar et al., 2023). Therefore, TGB are extensively
threatened by multiple degradation pressures, scientific overlooked and
misguided practices.

Although challenging, recent efforts have attempted to increase the
knowledge underpinning TGB restoration (Buisson et al., 2019). Such studies
have demonstrated the need for active interventions given the extremely slow

recovery rates and natural regeneration of TGB (Nerlekar & Veldman, 2020).
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Proper management of livestock and wild herbivores, tree and shrub control (i.e.,
removal and cutting), invasive species control and prescribed fires are among the
key strategies to restore TGB (Buisson et al., 2019). The efficiency of such
strategies should be evaluated by long-term monitoring of species composition,
community structure and ecosystem functioning, which should assess the
resilience to endogenous disturbances (Buisson et al., 2019). Nonetheless, TGB
restoration is still constrained by an overall lack of knowledge on how to improve
ecosystem resilience (Buisson et al., 2019, 2022). Therefore, mapping field
restoration experiments is pivotal to precisely identify bottlenecks in TGB
restoration and overcome practical challenges.

Several global reviews on restoration research have emerged (see
Atkinson et al., 2022; Wortley et al., 2013) but, in contrast to forests, syntheses
specifically focusing on TGB restoration are beginning to emerge only recently
on a regional scale (Carbutt & Kirkman, 2022; Medeiros et al., 2022; Pilon et al.,
2023). Broad and detailed mapping of field restoration experiments
encompassing sources of degradation, restoration strategies and indicators
usage is needed to support the target agenda for TGB restoration (Buisson et al.,
2021). Such overview will provide the baseline for developing novel and refined
strategies for TGB habitat-tailored interventions. Therefore, here, we aim to fill
this knowledge gap by conducting a systematic literature survey and providing
the first empirical synthesis of TGB restoration research, along with the
techniques and approaches used. Specifically, we mapped restoration field
research, identified the major drivers of habitat loss, evaluated the most used
restoration techniques, and assessed the diversity of monitoring strategies.

Finally, to tackle the remarkable disparity found in data reporting in our database,



116

117

118

119

120
121
122
123

124

125

126

127

128

129

130

131

we provide a Multilanguage checklist of minimum standards for data reporting on

TGB restoration to foster future research designs and quantitative syntheses.
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Figure 1 — Timeline showing cornerstones in the history of tropical grassy biomes
(TGB) ecology and restoration. The curve above the timeline shows the recent
and poorly developed restoration framework with the publication of very few
papers addressing field restoration papers.

2. Methods

2.1. Literature review

To assess where and how TGB restoration research is being conducted,
we carried out a systematic literature review of peer-reviewed articles that
conducted field restoration research. We used both the Web of Science and
Scopus databases to perform the searches, considering studies published in

English from January 1945 to December 2022 and using the following keywords:
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(“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”). Given the wide
diversity of terms to describe TGB (Bond, 2019) and commonly misused terms,
we used all these words to encompass as much restoration research as possible

(a list of data sources used is provided in S1).

Research on ecological restoration should aim to improve the state and/or
functionality of a degraded, damaged, or destroyed ecosystem towards re-
establishing the native ecosystem (Gann et al.,, 2019). The initial state of
degradation is key for dictating the possibility of restoration as well as the most
appropriate approach to be undertaken. In some cases, a novel ecosystem needs
to be created due to high levels of degradation (Hobbs et al., 2009). We
considered an ecosystem as degraded or damaged when it experienced
deleterious impacts that reduced biodiversity and ecosystem functioning (Gann
et al., 2019) due to exogenous disturbances or shifts in endogenous disturbance
regimes. We assessed degradation as quantitatively (time-zero data) or
qualitatively self-reported. In the last case, the site targeted for restoration must
have had some anthropogenic impact (e.g., oil spill, mechanical clearance,
human-induced fire, etc.) or previous land use (e.g., mining, livestock production,
farming, etc.) that explicitly resulted in degradation. Therefore, degraded sites did
not necessarily imply having a negative control. We considered that research had
a negative control when restoration outcomes were compared with data collected

at a time-zero, at a degraded site without interventions or undergoing
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degradation. Furthermore, we considered that research had a positive control

when studies compared restoration outcomes to a target reference ecosystem.

In the first screening, we checked the paper title and abstract to exclude
studies focusing on improving site conditions with objectives unrelated to
ecological restoration, such as crop planting and pastureland for livestock. We
also exclude studies done under laboratory and greenhouse conditions. To refine
our database, we ran a second screening evaluating the full text of remaining
papers to assess whether studies (1) were conducted in tropical or subtropical
grassy biomes; (2) disclosed information on degradation, and (3) applied at least
one restoration technique aiming for ecological restoration. To match the first
criterion, research must have been done within 30 to -30° latitude and should be
classified as a grassland, shrubland or savanna biome (Dinerstein et al., 2017).
We decided to exclude wetlands and ecotones even if located within the
boundaries of TGB due to their unique characteristics, functioning and restoration
needs. To match the second criterion, research must have been done on a
degraded site and should not have been restricted to the management of native
areas (e.g., fire management inside a savanna protected area). Thus, we
included papers reporting perturbations in the fire/grazing regime but excluded
those aiming to understand the role of herbivores and fire in TGB dynamics even
if they provide knowledge support to guide future restoration and conservation
management (e.g., Alvarado et al., 2018; Pilon et al., 2021). In the end, we only
included 15 papers that clearly provided enough information on changes in fire
regime as a degradation source (Table 5 in S1) and 27 papers that reported
grazing pressure due to livestock as a degradation source (Table 6 in S1). Finally,

to match the third criterion, research should have been carried out an intervention
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within the restoration continuum (Gann et al., 2019) ultimately aiming to

(re)establishing a native TGB.

2.2. Data collection and analyses

To map TGB restoration, we retrieved geographic coordinates, biome type
and sources of degradation for each site from eligible papers. We plotted the
geographic coordinates of each field experiment using QGis and classified biome
types as savanna, grassland, or shrubland based on original descriptions. We
plotted the geographical coordinate of the restoration site into a global biome map
(Dinerstein et al., 2017) for 28% of the cases in which the reference ecosystem
was unspecified and upon the use of ambiguous terms (i.e. open forest). Despite
inconsistences with more precise, local-scale maps, we chose Dinerstein et al.
(2017) as a source of mapping because it uses a hierarchical classification and
is a widely used system for biome classification worldwide allowing our study to
be comparable to others. Coordinates falling outside the area covered by TGB
were excluded. Papers for which we were unable to identify the reference
ecosystems (i.e. used ambiguous terms with no geographical coordinates) were

also excluded.

We classified the sources of degradation into few categories even if they
often involve multiple drivers of loss of biodiversity and ecosystem functioning.
For example, crop plantation often involves soil disturbance, fertilization, and
invasive species. Hence, despite the diversity of disturbance histories, we
operationally classified sources of disturbance into the following categories:

afforestation, agriculture, exotic species, fire, livestock, and mining, or classified
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studies as having two and three sources of degradation (more details in Table 2
in S1). Furthermore, we were unable to classify three studies that did not provide

clear causes of degradation even after contacting corresponding authors.

We recorded the degradation and restoration time length based on data
provided by the original studies. To identify the most common strategies for TGB
restoration, we extracted information on manipulation of the main drivers (fire,
herbivores and soil), and the restoration techniques provided in the original
papers (natural regeneration, seed sowing, planting, topsoil transfer, etc., or a
combination — see Table 4 in S1 for detailed information). We considered natural
regeneration as a technique of passive restoration in cases where the
regeneration process started after the cessation of an exogenous disturbance
that has caused degradation. Hence, resilience after endogenous disturbances
(i.e. fire and grazing) was not considered as a restoration technique, because, in
this case, disturbances are part of TGB functioning rather than a source of
degradation. Finally, we examined the diversity of indicators used to measure
restoration success (e.g., Prach et al., 2019; Ruiz-Jaen & Aide, 2005; Wortley et
al., 2013), the frequency intervals and length of monitoring. To accommodate the
diversity of indicators into workable categories, we classified all indicators into the
six attributes or categories use by the Society for Ecological Restoration (SER):
absence of threats, ecosystem function, external changes, physical conditions,

species composition and structural diversity (Gann et al., 2019).

Because some papers assessed restoration outcomes in more than one
degraded area and/or applied more than one restoration treatment, we
considered each independent restoration experiment as our sample unit.

However, because papers employed the same indicators to measure restoration
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success for monitoring analyses, we considered the paper as our sample unit to
avoid inflating our database. We built alluvial diagrams connecting the sources of
degradation to restoration techniques when both data were available. Moreover,
we explored the overlap in the use of the six SER attributes using Venn diagrams.

All analyses and figures were made using R and Inkscape software.

3. Results

After excluding duplicates, we retrieved 1,256 papers, but only 90 papers
matched our inclusion criteria (Fig.1 - S1). The first paper on TGB restoration was
published in 1996 and despite a recent increase on average publication/year, the
total number of papers was never above 10/year (Fig. 1). These 90 papers
generated 155 TGB field restoration experiments. Most experiments were
concentrated in Brazil (50%), Australia (17%), South Africa (6%) and USA (6%),
with the other 13 countries accounting for less than 5% each (Fig. 2). We noticed
large unstudied TGB in Asia, sub-Saharan Africa, and North-western South
America. Furthermore, most restoration research aimed at restoring savannas
(61%)), followed by grasslands (32%) and shrublands (8%). The Brazilian Cerrado
was the most commonly biome target for restoration, whereas other biomes

appeared only rarely in the database.

Restoration experiments were implemented in areas with a broad diversity
of degradation sources. Forty-one percent of restoration sites were degraded by

multiple sources, with the combination of livestock and exotic species (25%)
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Figure 2 — Systematic mapping of tropical and sub-tropical grassy biome (TGB)
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TGB site); (c) only negative control (degraded site without restoration
intervention); (d) no restoration control (neither positive nor negative controls).
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appearing as the most frequent degradation cause. Additional degradation
causes included mining (14%), livestock (10%), agriculture (8%), exotic species
(6%), perturbation of fire regimes (6%), combination of agriculture, livestock and
exotic species (5%), and afforestation (4%). Other minor causes (1-3% of cases)
include woody encroachment, desertification, oil spill, urban development, and
diverse combinations of degradation sources (Tables 1 and 2 in S1). Three
papers provided equivocal causes creating bare soils and were classified as

unknown causes.

Only 29% of studies quantified degradation state of time-zero and the
remaining provided qualitatively assessments of degradation. Eleven papers with
sites degraded by fire qualitatively assessed changes in at least one dimension
of fire regime (severity, frequency or, seasonality) while only four fire-related
papers support the degradation by fire quantitatively. Those fire degraded papers
encompassed 23 sites from which 13 were restored using natural regeneration
while only five sites applied some fire management. Regarding the grazing
pressure, 19 out of 27 papers qualitatively reported livestock as a degradation
source, and eight papers quantified the effects of overgrazing. Furthermore, we
also evaluated how long sites had been under degradation and for how long
restoration experiments had been implemented. Degradation time ranged from a
year to more than a century, but 67% of the papers did not disclose this
information precisely. Restoration experiments were relatively recent with more
than half of the cases occurring from one to 10 years (59%), and 12% spanned
more than 30 years of intervention. Unfortunately, 29% of the experiments did not

provide precise data on the onset of the experiments.
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Despite most TGB restoration experiments conducted in sites with multiple
degradation sources, 73% applied a single restoration technique (Fig. 3A).
Natural regeneration (22.3%) and fire management (21.8%) were the most
commonly used techniques, followed by physical interventions (9.5%), planting
or seed sowing species (9.1%), chemical interventions (4.5%), gradual livestock
removal (3.2%), and the combination of chemical intervention with physical
intervention and planting or seed sowing (3.2%). Other less used techniques
include translocation, hay transfer, topsoil spreading and the combination of
different techniques (Tables 3 and 4 in S1). When we explored the relationship
between the different combinations of degradation sources and restoration
techniques applied, we found the same general pattern: the dominant usage of
one technique for different types of degradation scenarios (Fig. 3B). Surprisingly,
40% of restoration experiments did not manipulate any driver of TGB distribution.
Currently, 28% of restoration experiments managed soil properties, 23%
managed fire, and 4% managed large herbivores. Some studies manipulated fire
and soil simultaneously (3%) whereas others manipulated both fire and

herbivores (2%).

We assessed aspects regarding evaluation of restoration outcomes and
surprisingly found that 32% of experiments lacked either a positive control (native
reference ecosystem) or a negative control (degraded site with no intervention or
undergoing degradation). Only 12% of cases implemented both controls, while
37% compared the restoration site to a positive control and 19% compared to a
negative control (Fig. 2). Studies used 1019 indicators to measure restoration
success, encompassing a wide range of measurements. Unfortunately, most

indicators were not monitored through time or information in the original papers
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was not clearly provided (Fig. 4A). As a result, only 501 indicators were monitored
temporally with monitoring lengths ranging from weeks to years. Despite a wide
diversity of attempts to evaluate restoration success over time (Fig. 4B),
monitoring was not consistent through time, suggesting opportunistically
assessments. Indicators used to monitor restoration success were mostly
concentrated in ecosystem functioning (150 indicators) and species composition
(150). Structural diversity (91), physical conditions (81) and absence of threats
(29) were less monitored whereas ‘external changes’ was the only attribute
without temporal assessment. Unfortunately, no study evaluated all six SER
attributes simultaneously over time, with most cases (85%) of monitoring using
from one to three attributes (Fig. 4C). The combination of species composition,
structural diversity and ecosystem function attributes was the most frequent

approach in TGB restoration experiments.

Discussion

Our synthesis of TGB restoration highlights multiple methodological
shortfalls, incomplete data reporting and several blindspots preventing overall
assessments on restoration outcomes. Key knowledge improvements identified
were the incorporation of the ecosystem functioning drivers (Buisson et al., 2019)
into field experimental settings and the establishment minimum standards of data
reporting to evaluate outcomes. Context-dependency identified in TGB
experiments prevents assessment of overall recommendations of restoration
techniques and monitoring. ldentifying the source of degradation is key for
developing appropriate restoration strategies (Holl et al., 2023), however, one

third of restoration experiments applied natural regeneration as a single
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restoration technique regardless of the degradation source. Whenever sites were
monitored, length was shorter than recommended for TGB (Nerlekar & Veldman,
2020). Hence, ecologically-sound restoration and monitoring frameworks should

be implemented in future restoration studies.

Incorporating TGB functioning into restoration practice is imperative for
enhancing ecosystem resilience (Coutinho et al., 2023). Despite TGB having
evolved with endogenous disturbances and specific edaphic conditions (Buisson
et al., 2019; Veldman et al., 2015), only 55% of the experiments manipulated fire,
herbivores, or soils, and only 5% simultaneously manipulate two drivers.
Excluding disturbances in TGB has been proven unwarranted (Alvarado et al.,
2018) and restoration of disturbance regimes are proposed as a critical
restoration tool (Buisson et al., 2019). Soil chemical, physical and biological
properties are key to prevent biological invasion and should be targeted for
recovering TGB functionality. We thus highlight that restoration frameworks in
TGB must abandon forest-centric paradigms to focus on re-establishing
resilience to endogenous disturbances and the edaphic properties (Gerrits et al.,
2023; Lira-Matrtins et al., 2022), otherwise, restored TGB are unlikely to deliver

positive long-term outcomes (Giles et al., 2022).

TGB restoration should address the multiple degradation sources that
threat their conservation and resilience (Bardgett et al., 2021). Multiple active
restoration techniques are required to restore TGB under multiple degradation
sources (Pilon et al., 2023) since they can produce profound impacts, such as
complete removal of soils and subsoils as well as legacies of fertilizers and
herbicides (Torok et al., 2021; Wolfsdorf et al., 2021). Nevertheless, 73% of TGB

restoration experiments have applied a single technique, mostly natural
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regeneration and fire management, regardless of the degradation source. This is
problematic because restoration techniques should be linked to degradation
sources (Holl et al., 2023) which have lasting influence on biodiversity recovery
(Atkinson et al., 2022). Moreover, natural regeneration has a limited capacity to
restore some TGB (Cava et al.,, 2018; Nerlekar & Veldman, 2020) and likely
results in pronounced recovery debts (Moreno-Mateos et al., 2017). Fire
management, on the other hand, is a recommended technique for TGB
restoration as it represents the reintroduction of a natural endogenous
disturbance driver. However, caution should be taken because benefits largely
outweigh potential negative effects of fire reintroduction (DAWE 2022).
Therefore, we recommend the implementation of multiple active techniques that
have proven positive effects on TGB restoration such as fire management and

topsoil translocation (Gerrits et al., 2023; Lira-Martins et al., 2022).

Inconsistent methods to evaluate TGB restoration represent another
barrier to support decision-making and adjusting legislation. Monitoring was
mostly restricted to two or three attributes, with no study addressing the six
attributes recommended by SER (Gann et al., 2019). This result aligns with
previous reviews (Ruiz-Jean & Aide, 2005; Wortley et al., 2013) of restoration
outcomes. Furthermore, monitoring had no consistent intervals and spanned very
short periods of time (69% of studies <5 years), which is insufficient to determine
restoration trajectories in TGB (Nerlekar & Veldman, 2020). The first steps
towards adequate assessments of TGB restoration are clearly to determine the
reference ecosystem, report time-zero data and to establish control sites (Gann
et al., 2019). Issues concerning the reference ecosystem have already emerged

(Ruiz-Jean & Aide, 2005; Wortley et al., 2013), highlighting the need for a clear
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reference site and the need to establish at least two sites to capture the target
ecosystem variance. We had to exclude 27 papers for not reporting the reference
ecosystem, while a third of experiments lacked any control site and most of them
lacked data to confirm the degradation state. Therefore, we recommend
experiments to report time-zero data as well as clearly determine the reference
ecosystem and to include both positive and negative controls to provide a broad

understanding of restoration trajectories through monitoring.

The lack of time-zero reporting is especially concerning in cases of novel
fire regimes and grazing pressure because those are endogenous disturbance in
TGB. In such cases, it is imperative the report of historical data of fire and
herbivore regimes instead of qualitative reports. Changes in fire regime patterns
can have different impacts depending on the changes in fire components (i.e.,
intensity, frequency, seasonality, and type) and characteristics (i.e., severity,
extent, patchiness, ignition type). Fire events can either promote growth of many
TGB species and inhibit woody plant encroachment or do the opposite (DAWE
2022). Understanding how fire and herbivores affect vegetation structure as well
as species composition and ecosystem resilience is vital to select adequate
restoration techniques. TGB restoration experiments in sites degraded by
perturbations in fire regime and overgrazing must include historical data of fire
and herbivore regimes and, for fire degradation, it should clearly discriminate

which fire component and characteristic changed.

Future TGB restoration experiments should be expanded throughout the
tropics since research were geographically concentrated in Brazilian and
Australian savannas. The relative high concentration of studies in Brazil is

explained by increasing land use change in the Cerrado, the most biodiverse
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savanna in the world (Strassbourg et al., 2017). On the other hand, montane
grasslands and shrublands have been also increasingly threatened (Christmann
& Menor, 2021), but were significant blindspots in our review. These biomes have
high diversity, endemism (Madrifian et al., 2013) and provide many ecosystem
services (Mengist et al., 2020), but still remain poorly studied (Christmann &
Menor, 2021). Moreover, we also found absence of research studies in African
and Indian TGB, regions where biodiversity studies have been raising only
recently (Nerlekar et al., 2022; Rabarivola et al., 2019) but where open
ecosystems are increasingly threatened by agriculture and afforestation
(Nerlekar et al., 2023). The misinterpretation of African and Asian savannas as
wastelands with low conservation value has been pointed as a legacy of colonial
forestry (Lahiri et al., 2023; Nerlekar et al., 2022), though old-growth grasslands
and savannas are recognized at least one million years BP (Ratnam et al., 2016).
Such biodiversity knowledge shortfall and misguided policies undermine TGB
restoration efforts. We thus reinforce the need of a better assessment of montane
grasslands and shrublands as well as African (Nsikani et al., 2023) and Indian

TGB restoration efforts (Lahiri et al., 2023).

Our review highlights the idiosyncratic essence of TGB restoration and the
need to enhance field experiments to support quantitative syntheses and meta-
analyses guiding large-scale restoration policy and practice (e.g., Gerrits et al.,
2023; Pilon et al., 2023). We also show that TGB restoration is still constrained
by an overall lack of knowledge on how to improve ecosystem resilience and how
to measure restoration success in ecologically and functionally meaningful ways.
Both the effectiveness of restoration techniques and the transparent details of

monitoring practices are not fully comparable among studies, preventing us to
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synthesize practical knowledge that is essential to determine appropriate

restoration techniques for different degradation sources.

To overcome methodological shortcomings, incomplete data reporting and
context-dependency key recommendations include incorporating ecosystem
functioning drivers into experimental settings, establishing minimum data
reporting standards, and considering the source of degradation for effective
restoration strategies to allow tracking restoration outcomes beyond the focused
experiment. Concerns arose about the lack of reporting historical data for novel
fire regimes and grazing pressure, emphasizing the need to understand the
impacts of endogenous disturbances on TGB. The geographical biases towards
Brazilian and Australian savannas urges the expansion of restoration, particularly
in montane grasslands in African and Indian TGB. These studies need to
incorporate  TGB drivers, use of active techniques to accelerate natural
regeneration and carefully select suitable set of multidimensional indicators

based on SER recommendations (Gann et al., 2019).

Practical guidelines with minimum standards for data reporting and

enhanced experimental settings

Emerging frameworks in restoration science and practice are expected
under the United Nations Decade on Ecosystem Restoration (2021-2030) (e.g.,
Copeland et al., 2021). However, persistent knowledge gaps prevent us from
synthesizing knowledge on TGB restoration to inform future policy and practice.
Our review clearly points out the urgent need of additional field restoration

experiments in TGB and the need to overcome critical issues in primary research
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that preclude comparability and reproducibility, which dictates the reliability and
generality of methods and results (Powers & Hampton, 2019). Hence, we
propose a simple checklist (Table 1) and a multilingual practical guideline for
minimum standards of data reporting and enhancement of field TGB restoration

experiment designs.

Table 1 — Elementary restoration research information at site level

Site:

Reference site:
Degradation source(s):
Restoration technique(s):
Restoration management:
Attributes: Star recovery Monitoring measurement
Absence of threats
Physical conditions
Species composition
Structural diversity
Ecosystem function
External changes

Extremely low recovery** Low recovery*** Intermediate recovery *kkk Great recovery***** Highly similar to reference ecosystem

Global quantitative comparisons among TGB restoration experiments are
prevented due to poor data reporting and a wide variation of degradation sources,
restoration techniques and selection of monitoring indicators. Restoration science
is often context-dependent and cross-studies comparisons are not always
possible (Gerstner et al., 2017). Nevertheless, clear, detailed, and transparent
data reporting has the potential to provide support for overcoming challenges in
restoration outcome predictions (Brudvig & Catano, 2021; Gerstner et al., 2017).
For example, predictive relative recovery trajectories over time allowed for model
building in forest restoration (Poorter et al., 2021) but this step is currently
unachievable for TGB due to the paucity of empirical data and poor data

reporting. Failure to report methods, code, and results in sufficient detail to allow
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correct interpretation, replicability, and data extraction, severely compromises
cross-studies comparisons and attempts to synthesize applicable ecological

knowledge (Gerstner et al., 2017).

We proposed a step back focusing on improving transparent data
reporting because standardizing field experiment reporting has the potential to
enhance our capacity to understand generalities and develop new theories based
on empirical and functional relationships across spatial and temporal scales
(McCleery et al., 2023). Our guidelines consist of a multilingual checklist
(supplementary material — S2) that can be easily implemented in ecological
restoration research. The guidelines can also be used in sites where new
ecosystems will be created and/or interventions have other goals within the
restorative continuum (Gann et al., 2019). Our guideline is a tool for restoration
practitioners, scientists and decisions-makers aiming to increase the value of
scientific evidence and moving TGB restoration experiments towards a more
open, reliable, and transparent science (McCleery et al., 2023; O’Dea et al.,
2021). Below we discussed the main issues regarding data reporting and
provided suggestions for minimum standards for data reporting and experimental

designs with a full checklist in the Supplementary Material (S2).

First, providing clear and transparent information on the study site is
mandatory. We were unable to determine the reference ecosystem for 209
restoration sites and to overcome such failures in disclosing detailed information
on the reference ecosystem, we plotted the geographical coordinates into a
global biome map (Dinerstein et al., 2017). However, we acknowledge that our
approach is scale-dependent and cannot be used as a panacea. We also suggest

that a standardised nomenclature should be sought while confusing terms must
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be avoided. Recently, a critical review of common terms and concepts used in
forest landscape restoration was done (Stanturf et al.,, 2023), and available
frameworks for open biomes (Bond, 2019; Copeland et al., 2021) can work as a

starting point.

A second issue refers to the clarification on degradation history, which
includes information relative to exogenous disturbances and perturbations of
endogenous disturbances regimes. TGB restoration experiments were
implemented in sites under multiple degradation sources and sometimes multiple
interventions were applied. In such cases, information was not transparent
enough to allow data retrieval. For instance, it was challenging to determine the
effectiveness of each technique and for different degradation contexts.
Moreover, identifying degradation history can be tricky since there are no
universally applicable indicators for ecosystem degradation and restoration
(Bardgett et al., 2021). Consequently, quantification of fire and grazing impacts
is needed to allow cross-studies comparisons. Thus, we suggest that a full
diagnostic assessment of the physical, chemical and biological conditions of the
degraded site should be reported along with a clear disclose whether there has
been any perturbation in the natural disturbance regimes (Keeley & Pausas,
2019). Refined, precise and detailed information of initial conditions before
restoration should be more useful for identifying trends and conclusions among

different studies.

The third major issue is the description of the restoration setting. Basic
information concerning the methods and results must be systematically and
transparently reported to allow comparisons (Gerstner et al., 2017). A third of

experiments provided no information on restoration controls, while 10% did not
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provide enough information on the number and composition of species planted
or seeded. To overcome these limitations, we suggest minimum standards for
setting restoration experiments that include detailed information on the
restoration controls, restoration strategies and monitoring indicators (see

supplementary material — S2).

Conclusions

Our review provides a synthesis of the state of knowledge of field
experiments on TGB restoration research allowing us to identify critical
shortcomings and future priorities. We found knowledge gaps and poor data
reporting in TGB restoration research as well as a need to incorporate TGB
drivers in restoration and to better evaluate outcomes. Severe issues in primary
data report prevented us to integrate field experiments and provide more refined
recommendations for future TGB restoration research and management.
However, to overcome this issue, we provide a guideline to enhance data
reporting which would allow broader gquantitative assessments to support
decision-making across different ecological contexts. The implementation of our
proposed checklist is expected to support future TGB restoration projects by
allowing standardizing terminology, methodology and data reporting. We hope
that our synthesis contributes effectively to the UN Decade on Ecosystem
Restoration moving TGB restoration to the forefront and enhancing our abilities

to restore these megadiverse yet overlooked ecosystems.
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