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When people think of savannas, they think of the vast African landscapes where elephants, wildebeest, giraffes or
lions used to roam. With the seasons, the vegetation - tall grasses more or less scattered with trees and shrubs -
changes from green to yellow. These herbaceous ecosystems cover about 20% of the earth's surface and are present
throughout the world's tropical belt, in Africa of course, but also in America and Asia. Recurrent fires or
herbivores, themselves controlled by predators, keep these environments open by limiting the presence of trees and
shrubs. Due to the complexity of savanna vegetation dynamics, the impacts of climate change and land use on
savannas are highly uncertain. In addition, savannas are already largely threatened by human activities:
conversion of land for agriculture, urbanization, etc. They are also threatened by the massive planting of trees,
often implemented within the framework of carbon compensation. The natural resilience of these ecosystems to
human-induced degradation is low and restoration actions are often necessary, but remain an ongoing challenge.

1. Tropical primary herbaceous ecosystems
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Figure 1. The different terrestrial biomes, savannas and tropical herbaceous ecosystems are in light green (Grasslands, savannas and
shrubland). [Source: WWF data, Terrestrial Ecoregions of the World dataset, March 2020). The map was produced by Leonardo
Cancian. © All rights reserved]

Like primary tropical and equatorial forests (or ancient forests), primary or ancient* tropical herbaceous ecosystems are
extremely species-rich ecosystems that took centuries to assemble [1]. These ecosystems, which include savannas and tropical
grasslands, are commonly referred to as "savannas" and will therefore be used in the remainder of this paper.

Figure 2. Savannah landscapes in South Africa. A, Kruger Park; B, Pilanesberg Park. [Source: Photos © S. Le Stradic]

Highly diversified, savannas cover about 20% of the land surface and are present throughout the tropical belt (Figure 1). In our
imagination, the term savanna evokes Africa, where it covers about 33.5% of the continent. They are associated with the
continent's emblematic megafauna: elephants, lions, zebras, buffaloes, giraffes and rhinos. Globally, savannas are thus present
(Figures 1 to 4):

In Africa, in the sub-Saharan zone, in the greater East Africa region, in Central Africa and as far as South Africa (Figure 2) ;

in South and Central America (Figure 3), mainly in the centre of the continent, in a region locally known as Cerrado, but also in
Venezuela and Colombia where the savannas are known as Llanos. They also exist in the middle of the Amazon rainforest and in
Guyana ;

in northern Australia and southern New Guinea ;

in Asia, especially in India and China, where they are less well known and cover smaller areas.
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Figure 3. Diversity of South American savanna landscapes. A, the “campo rupestre” of the Serra do Cip National National Park (Brazil);
B, Cerrado in Brazil, Serra do Cipd National Park (Brazil); C, enclave of savannas in the middle of the Amazon rainforest, Parque
Nacional dos Campos Amazonicos. [Source: Photos A & B, © S. Le Stradic; Photo C, © D. Borini].

We are talking about ecosystems found in tropical areas. Yet other herbaceous ecosystems share similar characteristics with
savannahs, including frequent fires. This is the case of the pampas in southern Brazil, Uruguay and Argentina, located in the
subtropics, or the oak savannas (Oak savannas) found in North America.

2. Organization of a savanna
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Figure 4. Diagram of savanna organization with a continuous herbaceous layer with mostly C4 grasses, many forbs (non-woody
herbaceous plants other than grasses), and the presence of more or less or less tree and shrub species. The two main disturbances of these
vegetation are recurrent fires and herbivory, although herbivory pressure is not the same all over the world. [Source: © S. Le Stradig & E.
Buisson]

The savannas present different physiognomies. Some are very open, with few or no shrub species; others, on the contrary, have
a fairly closed canopy with many tree species (Figure 3). The common characteristic defining these ecosystems is the presence
of a continuous herbaceous stratum, mainly composed of C4* grasses (see The path of carbon in photosynthesis) and
non-woody herbaceous species (known as forbs*) (Figure 4).

2.1. Origin of savanna structure

While trees are often resistant* or resilient* to fire, species in the herbaceous stratum are generally shade intolerant [2]. This
coexistence is quite unusual. It is the interaction of several processes related to water use, soil properties and disturbance
regimes* -such as fire- which is at the origin of the vegetation structure of these ecosystems [2],[3]:

The climate (quantity of rainfall and length of the rainy season, among other things), since a minimum amount of rainfall is
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needed to allow tree to establish [4], [5], [6]. Tropical regions are characterized by a high seasonality with an marked dry and wet
season [4], [6]. Many tropical areas are occupied by savannah -open ecosystems- [2], [5]. [7], whereas one would expect to
observe forests because of the amount of rainfall.

chronic disturbances, including fire and herbivory, limit woody cover and thus maintain savannas (Figure 5).

soil characteristics, such as composition and texture: sandy soil - with lower water retention - will tend to support more shrubs,
while clay soil - with higher water retention - will have more herbaceous vegetation (see Figure 2).

Figure 5. Diversity of savanna landscapes in South Africa. A, herbivory example, a zebra in a South African savanna; B, fire stimulates
the regrowth of vegetation, which is favorable to herbivores (white rhinoceros, South Africa). [Source: Photos © S. Le Stradic]

Tropical herbaceous ecosystems such as savannas are ancient ecosystems that have evolved over millions of years with fire and
large herbivores. The origin of the C4 grasses at the end of the Oligocene and their dominance during the Miocene is considered
evidence of the ancient origin of these ecosystems. The very great richness of these ecosystems and the high rate of endemism
also testify of their antiquity. Some tropical herbaceous ecosystems contain species that are witnesses of a long evolutionary
process [8].

2.2. Fire, a major player in savanna ecosystems

The distribution of savannas cannot therefore be predicted by climate alone. Thus, disturbances such as herbivory (especially
that of "mega-herbivores", such as elephants and ungulates) and fire play a major ecological and evolutionary role in savannas

[2],151. [9] (see Figures 2 to 5).
In the herbaceous stratum, grasses are a major biofuel. Their presence favours fires, limiting the growth of trees and shrubs. The

life cycle of grasses, and herbaceous species in general, is well adapted to fire: they are able to regrow and reproduce very
quickly following a fire (Figure 6). Their presence in these ecosystems therefore depends on the recurrence of fires.
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Figure 6. Plant flowers shortly after a fire. A, Gomphrena lanigera Pohl ex Mogq (Amaranthaceae); B, Bulbostylis paradoxa (Spreng.)
Lindm. (Cyperaceae). Serra do Cipo, Brazil. [Source: Photos © S. Le Stradic]

Moreover, the fire resistance of tree species found in savannas is not the same as that of species found in forests [7], [10] :

Savannah species exhibit traits related to fire resistance, in particular thick bark, such as Curatella americana L. (Dilleniaceae),
Caryocar brasiliense (Caryocraceae), Handroanthus ochraceus (Bignoniaceae), Pterodon emarginatus (Fabaceae), Bowdichia
virgilioides (Fabaceae), Annona crassiflora (Annonaceae) found in Cerrado and Llanos ;

Forest species have much thinner bark, making them vulnerable to fire such as Copaifera langsdorffii (Fabaceae), Swartzia
flaemingii (Fabaceae), Hymenaea coubaril (Fabaceae), Cariniana estrellensis (Lecythidaceae), Xylopia aromatica (Annonaceae).

In tropical regions, many savannas would be forests without the presence of these disturbances [11], as the amount of rainfall is
sufficient to allow forests to occur. In these regions, forests and savannas are then considered as alternative biome states™ [5], [7]
. Environmental conditions allow the presence of either forest or savannah, and the presence of either state will therefore be
mainly defined by the occurrence of disturbances, their intensity and frequency.

3. Biodiversity and conservation issues

Savannas represent an exceptional heritage. They are ecosystems extremely rich in biodiversity and particularly in endemic
species. As an example, the Brazilian savanna called Cerrado, which extends over two million km?, contains more than 12,000
plant species. It is the most species-rich savanna in the world (see Focus The Cerrado Biome).

African savannas, in addition to their rich vegetation, are home to an emblematic megafauna. Elephants, zebras, giraffes, lions
and cheetahs are better adapted to these open ecosystems. The savannas are also part of our cultural heritage and history. For
example, some studies have shown that humans have an innate preference for open landscapes, which may stem from our
long evolutionary history in the East African savannas. These environments are often considered to be one of the driving forces
of human evolution.

However, human activities, even if they are not at the origin, have, over time, profoundly impacted the fire and herbivory
regimes and indeed the distribution of the savannas [12]. Today many people still live at the heart of these ecosystems and
depend on the services they provide, such as water quality control, grazing opportunities and the presence of game.

Despite the cultural and natural heritage they represent, tropical herbaceous ecosystems are largely threatened by the
conversion of large areas for agriculture, by fire suppression policies, and by the planting of trees for commercial

purposes or sometimes in the context of carbon offsetting. The Cerrado, for example, register a much higher conversion rate
to agricultural land than the conversion rates recorded in the Amazonian forest [13], [14].

4. Savanna resilience
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Figure 7. Prescribed fire experiments in Cerrado, Serra do Tombador, Brasil. A, Vegetation before fire; B, recently burned plot; and C,
few weeks after fire. [Source : A & B © Juliana Teixeira ; C, © Alessandra Fidelis, Laboratério de Ecologia da Vegetacdo — LEVeg, Rio
Claro].

Savannas are extremely resilient to natural disturbances: the maintenance of open physionomies even depends on the presence of
these disturbances [15]. In Africa, the presence of large herbivores helps to maintain open environments, along with regular fires
that ensure regeneration of the herbaceous cover. In other regions of the world, fire alone is mainly responsible for maintaining
open environments.

Although fires in savannas are originally natural (lightning during thunderstorms), fire regimes have long been influenced by
human activities (at least 300,000 years in Africa). Human evolution is linked to an increase in burned areas [12]. The substantial
impact of human activities on fire regimes, however, seems to be more recent and may date back about 4000 years. The
introduction of pastoralism has been accompanied by a decrease in the surface area of burnt land: livestock grazing has reduced
the amount of biofuel available [12].

The availability of nutrients in the form of ash, the presence of underground buds, the protection of buds under thick bark, or the
presence of large underground organs for nutrient storage allow vegetation, whether woody or herbaceous, to grow back very
quickly after a fire [5] (Figure 7).

On the other hand, in recent decades, human activities have greatly altered fire regimes, frequency and intensity, increasing the
overall area burned, and changing the size of burned areas, although regional differences can be observed [12]. Many
governments (e.g. Brazil, Botswana, Zimbabwe, South Africa) have established fire prevention and suppression programmes: all
fires should be systematically fought and extinguished where possible.

The degradation and conversion of savannas can be very rapid and often not very reversible. Degradation processes are variable,
from the introduction of invasive exotic species, the introduction of livestock, the exclusion of fires, the densification of tree
cover, and the planting of trees in open environments. The level of degradation obviously depends on the duration and intensity
of the degradation. When disturbances are more intense, or in the case of major environmental changes such as afforestation,
conversion to agricultural land or mining activities, the changes in vegetation and soil are so great that natural resilience is
reduced or even non-existent [15].

Very often, the threshold of degradation beyond which spontaneous recovery of the savanna is impossible (or will take a very
long time) is quickly exceeded:

community assembly processes are slow and dependent on many interactions;

seed dispersal is often limited.

Active restoration actions are essential in these cases.

5. Restoration of tropical herbaceous ecosystems
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Figure 8. In case of major degradations, tropical herbaceous ecosystems are not resilient and restoration programs are then necessary.
Democratic Republic of Congo. [Source: © Soizig Le Stradic].

As these ecosystems are the result of several million years of evolution and complex ecological interactions, their restoration
remains a real challenge today.

A first step is to take into account the natural disturbances caused by fires and large herbivores. Savanna restoration techniques
therefore include the reintroduction of natural disturbances such as the use of prescribed burns, grazing management,
reintroduction of herbivores, but also the elimination of invasive species.

In the case of major degradation (Figure 8), it must also be possible to restore the geomorphology and properties of the soil

and then reintroduce native species, which can be complicated for most herbaceous species whose ecology and biology are
poorly documented. For example, some species :

produce few or no seeds, or do not reproduce regularly;

depend on fire for sexual reproduction or have a dormancy that must be broken [16].

Although restoration of the herbaceous stratum is fundamental to restore the ecological processes of these ecosystems, it is often
unsuccessful, often limited by :

colonization and competition with invasive species;

the fact that seeds of indigenous herbaceous species are not available and/or their propagation is not efficient [15].

6. Afforestation

Another problem with the restoration of savannas is that they are often misregarded as degraded forests. Their biodiversity and
the importance of the (ecosystem) services they provide to societies are not always perceived by the general public and
decision-makers, including government entities that might implement conservation programmes.

Often erroneously, savannas are considered degraded forests, which complicates perceptions about these ecosystems and
justifies fire exclusion programs.

Thus many savannah "so-called restoration” projects involve planting trees. Mass tree planting is not an appropriate
restoration technique for savannas, especially because herbaceous species, especially C4 grasses,cannot grow in shaded
environments. Spontaneous regeneration of the herbaceous stratum is thus largely compromised, if not impossible, in the
presence of significant tree cover.

As a result, the return to fire regimes close to natural ones, the presence of herbivores and the resulting processes will also be

compromised in the absence of herbaceous biomass (food source for herbivores and fuel). Restoring the herbaceous stratum
must be a priority to restore these ecosystems.
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Launched in 2011, the "Bonn Challenge [17]" aims to restore 150 million hectares of degraded and deforested land by 2020 and
350 million hectares by 2030. In this context, several initiatives have emerged to promote reforestation and large-scale tree
planting as a solution to climate change; trees absorb during their growth and conserve a large part of the CO2 emitted by human
activities. Several initiatives have highlighted potential areas for forest restoration [18], [19]. In some cases, tree planting can
have a practical objective such as combating the harmful effects of desertification and blocking the advance of the desert (see
The Great Green Wall: a hope for greening the Sahel?). In this specific case, trees provides essential ecosystem services because
it helps combat desertification and because the local population is highly dependent on woody biodiversity. While the existence
of such projects can be welcomed when it comes to restoring degraded forests, or to meet practical objectives of combating
desertification, the risk of afforesting areas where savannas and other tropical grasslands previously existed must be denounced.

Several studies have already pointed out the risk associated with tree planting in "open" ecosystems (even though tree cover can
be quite high), such as savannas where the herbaceous layer is primordial and dominated by shade-intolerant species [1]. [5].
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Figure 9. Mechanisms of degradation of tropical forests, savannas and primary grasslands. The degradation of these ecosystems can be
due to changes in fire regimes, tree planting and deforestation. The degradation of these species-rich ecosystems is accompanied by losses
in animal and plant biodiversity, but also in terms of ecosystem services such as the recharge of groundwater. The degraded or
transformed ecosystem is sometimes wrongly called savanna or sometimes derived savanna. [Source: diagram © S. Le Stradig & E.
Buisson, inspired by references [20, 23], all rights reserved]

Here we must be clear: planting trees in such ecosystems is not restoration, and orienting public policy in this direction is an even
more serious mistake when the trees chosen are of exotic origin and only one tree species is planted over large areas. [20] It is
also important to remember that most programs promoting large-scale tree planting are developed on the basis of current
climatic conditions. However, due to changing climatic conditions, it is to be expected that many places that are now favourable
for tree growth will not be so in a few years time. It is therefore important to take into account potential climate change when
implementing restoration projects.

It is very important to distinguish between naturally occurring savannas, which are species-rich and should be conserved,
and degraded forests, sometimes erroneously called "savannas" or derived savannas, which are species-poor and can be restored
to forest [21].

Moreover, if the major argument for planting trees is that it is one of the best solutions to fight climate change, it is also
important to remember that in the savannas the majority of the biomass is underground, representing about 70% of the total
biomass. The carbon stocks located underground are therefore far from negligible, particularly well protected from fires, and
stable.

In addition to the loss of plant and animal biodiversity associated with the afforestation of these open ecosystems [22], the
damage is also measurable at the economic level, especially for certain populations whose activities rely on savannas for grazing,
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game supply or the security of certain ecosystem services, including water supply and quality. In addition to the loss of
biodiversity, habitats for many animal species and the degradation of many ecosystem services, advocating the mass planting of
trees in fire-prone ecosystems increases the risk of mass fires and ultimately the loss of stored carbon (Figure 9).

7. Savannas & climate change: contrasting projections

Already greatly affected by anthropogenic land use changes, savannas are expected to be profoundly altered by climate change
and rising CO2 concentrations in the atmosphere. [23] Indeed, the extent of the savannas depends on the amount of precipitation
and the seasonality of the climate. For the future, contrasting projections are given by the different modelling approaches. [24]
Generally speaking, climate change is tending towards a reduction in the extent of the savannahs on a global scale, according to
two different mechanisms:

In areas where reduced rainfall is predicted, there is a risk of desertification. Because the two types of vegetation that
structure savannas - trees C3 and grasses C4 - respond differently to the same environmental controls, [25] savannas responses to
drought may therefore be different from those of forests and grasslands [26]. Moreover, increased drought can limit the presence
of trees while promoting fires in ecosystems, such as forests, that are not adapted to fire.

In other regions, an increase in rainfall is expected, which would lead to a densification of tree and shrub cover
(scrambling) to the detriment of the savannah. This process is already underway due to the increase in atmospheric CO2. [27] In
some regions, a reduction in herbaceous vegetation can have serious consequences on the local economy if it depends on

livestock farming and grazing, for example.

For example, climate change will lead to widespread erosion of differences between ecological communities in the Cerrado
biome [28], and this will be one of the main drivers of loss of biodiversity and ecosystem services.

8. Messages to remember

Restoration of degraded forests, including replanting trees, is essential, but tree planting should not compromise the conservation
and restoration of other ecosystems.

Ecological restoration should restore degraded ecosystems, but not destroy natural ecosystems.

Since the restoration of savannas remains difficult, environmental policies should give priority to their conservation.

Valuing biodiversity and recognizing the ecosystem services that savannas provide is a first step to improve their conservation, in
parallel with the management of natural areas. This implies the use of prescribed burns, the presence of natural fires and/or

herbivory by indigenous megafauna.

This article is a modified version of the 'regard’ R90 by Soizig Le Stradic and Elise Buisson, published by the Société Frangaise
d'Ecologie et Evolution (SFE2) and posted on its website in February 2020.
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