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The Amazon region is home to the second largest forest on the planet after the Siberian forest, but the first in terms
of biodiversity. The equator crosses it; the regional climate is described as "warm and humid". It is subject to a
seasonal rhythm (dry season, wet season), such that it always remains green (evergreen). A broad hydrographic
network irrigates it, including the Amazon, the largest river in the world. This unique and complex object is at the
heart of many environmental, economic and social issues, from local to global, so much that scientific research
devotes significant efforts to it.[1] Nevertheless, our ignorance about it is still great. This forest is also the subject of
more or less fantasized stories: Eldorado, Green Hell, emerald forest, lung of the planet; it would have sheltered
isolated peoples, fearsome Amerindians, sometimes cannibals, in fact often victims and nowadays perceived as
peaceful and ecologists... Not everything is wrong, but to be put into perspective: what do we know about it? What
knowledge should be acquired and how to do it? How can they be used and complemented to decide and act in the
best way on this environment? To what benefit? What future for the people who live there?

The Amazonian forest ecosystem is attributed a global role in regulating greenhouse gases (GHGs) and as a reservoir of
biological diversity. This ecosystem is also an economic, human and social object through the resources it contains, the
populations that inhabit it and the attention it arouses. Spread over nine countries, its future depends on various policies,
including those of non-Amazonian institutions. Bioclimatic changes are likely to change its functioning. Human actions can alter
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its structure: from the simple cutting of plots to the deforestation of entire regions, or, more subtly, local changes such as the
enrichment of "useful" species. The representations we make of them, the ideas that emerge from them, sometimes far from the
realities on the ground, play a decisive role, particularly in political and technical decisions. Finally, spontaneous biophysical and
ecological processes give it a highly random structure. This is the case, for example, of the spread of plant seeds, especially those
of trees, by fluids, air and water, whose flows are often turbulent, or by animals (birds, mammals) whose movements are mostly
erratic.

1. Amazonian forest: what are we talking about?

Figure 1. Some geographical and bioclimatic landmarks of the Amazon. The forest area is in dark green. Map based on the Encyclopædia
Universalis atlas. [Source: Alain Pavé & Gaëlle Fornet, 2010, see ref. 3]

The word "forest" refers to an ecosystem, densely populated with trees and occupying a defined terrestrial space. There are
different types depending on the bioclimatic conditions in which the forests are located. Thus, we can distinguish boreal forests,
temperate forests, mediterranean forests, intertropical forests. Subcategories have also been defined, such as temperate or
intertropical dry and humid forests. The Amazonian forest is therefore of the "intertropical humid" type.
Beyond these generalities, the data acquired on this ecosystem show significant variations in space and time. These variations are
often due to the techniques and methods used by researchers. To these metrological variations, it is necessary to add the
variability generated by bioclimatic and ecological processes influencing ecosystem dynamics. Human actions also matter a lot,
quite soft and subtle in the past they can be brutal: massive destruction of trees followed by arsons.

1.1. A vast equatorial space
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Figure 2. Typical aspect of a tree in the Amazonian forest showing the density of the population of the upper stratum (crown): epiphytes,
bird nests (in this case cassia, Casicus cela) in the shape of a bag. [Source: Photo © Alain Pavé]

The Amazonian forest [2] covers an area of about 5.5 million km2. It is crossed by the equator (latitude between 8.5° N and 20°
S, longitude between 48° and 79° West, Figure 1) [3], the climate is described as warm and humid (on average: 20 to 30°C min. 19°C, max. 35°C-, annual precipitation from 2 m to 4 m, locally 1.5 m sometimes 6 m). The illumination of the canopy* is
important and is measured with various units, in particular the density of photon fluxes related to photosynthetically active
radiations (taking into account the energy of these photons) or PAR [4]. This flow is very variable depending on the cover. At
best 1% of the incident light flux reaches the ground; in the process, part of the light captured allows the growth of epiphytes* in
the upper layers of vegetation (Figure 2).
The forest is drained by a vast hydrological system acting on forest dynamics and vice versa. The Amazon flow at the estuary
is estimated at between 200,000 and 250,000 m3/s, on average over the year; the amount of sediment arriving in the ocean is
about one billion tonnes per year, its basin covers an area of 6,790,000 km2. Significant areas are occasionally flooded and
transiently constitute large wetlands (Figure 3).

Figure 3. On the left, Comté River crossing the Guyanese forest, and on the right, swampy area in the Amazonian forest (Kaw Mountain,
French Guiana). [Source: Photos © Alain Pavé]

Rainfall is are abundant and, in part, self-sustaining thanks to the clouds, resulting from evapotranspiration*, which form
immediately above the canopy. Although the rains come from the East, this mechanism ensures a significant watering up to the
Andean foothills, 2700 km from the Atlantic coast. Clouds form at very low altitudes, just above the forest. In fact, the

Encyclopédie de l'environnement

4/15

Généré le 08/01/2023

formation process of these clouds is mainly due to the aggregation of water molecules on hydrophilic radicals from the photonic
oxidation of volatile organic compounds (VOC)* emitted by trees and not to the cooling of steam in altitude. Thus moisture is
self-maintaining by the forest itself [5].

1.2. An "entangled" ecosystem
The word "entangled", used by Charles Darwin (read Focus Darwin) in the last paragraph of "The Origin of Species", seems
appropriate to reflect the complexity of an Amazonian ecosystem, as suggested by the photography at the top of this article.
The global characteristics of forest stands are increasingly well known: 16,000 highly mixed tree species, of which 227 are
dominant, a total of 390 billion trees [6],[7]. By way of comparison, the number of trees worldwide is estimated at 3,040 billion
(nearly 8 times higher than a previous estimate of 400.25 billion), including 1,390 billion in tropical and subtropical forests, 740
billion in boreal forests and 610 billion in temperate forests. 15 billion would be cut each year and it is estimated that 46% have
disappeared since the beginning of human civilizations [8]. It is clear that the differences between estimates over time are not
negligible, most talks on this subject do not take these uncertainties into account. In addition, tree cover is highly dependent on
climatic conditions, changes over time and is minimal during ice ages.
The Amazonian ecosystem contains 10 to 13% of the continental biodiversity, for 5% of the land surface [9]. There is no
precise census of the species present in the Amazon. The one concerning trees is particular [10]. All categories combined, we
can take as benchmarks some estimates collected in the literature: of the order of 2 million living species, including, for
example, ~45,000 plant species, ~1.3 million animal species, including ~1 million insects, of the order of 500 for mammals,
1,300 for birds and 3000 for fishes in rivers. We are extremely far from having identified everything and even simply having
reliable estimates for all groups [11]. Today, research focuses more on the study of processes than on censuses and, nowadays,
the latter are only done according to the needs of functional studies.

1.3. A global environmental role

Figure 4. On the left, Manaus seen from space (composite image from four Landsat photos). On the right, a mixture of the "black waters"
of Rio Negro and the "white waters" of Rio Solimões downstream of Manaus. The Amazon only takes its name at the confluence. The
Andean springs of the Solimões are considered as those of the Amazon. [Source: Photo © Landsat (left) and Alain Pavé (right)]

Although the data are highly fluctuating, this forest ecosystem is a carbon stock and sink. The above-ground stock is estimated
at 100 GT of carbon [12]. Interannual fluctuations depend on rainfall, in dry years the balance of exchanges with the atmosphere
can be negative, it absorbs less GHGs than it emits, but this balance is compensated over several years as long as the frequency
of dry years remains modest. Wetlands associated with large river fluctuations, particularly in the Amazon (Figure 4), have no
significant carbon exchange with the atmosphere.
Nevertheless, the El Niño and La Niña events in the Pacific are having a rapid impact in the Amazon, to the point that over the
period 2010-2017 the balance is zero and for what has been assessed in the past, very variable [13]. During El Niño, changes in
the Antarctic circumpolar current lead to an increase in dry winds from Antarctica. These mechanisms have made it possible to
explain past events, for example, the dry periods of the Holocene (see below). Such sequences are episodic.
On a daytime scale, GHG exchanges vary, the nocturnal respiration of plants releases CO2, but diurnal photosynthesis absorbs it.
At the seasonal level, CO2 sequestration is more efficient in the rainy season than in the dry season.
While the carbon stock above ground can be roughly estimated (see above), as far as soils are concerned, difficulties are
encountered due to the size of the Amazonian system, soil diversity, vegetation cover, agricultural and other uses, as well as
technical and methodological aspects of measuring and exploiting results. A major effort has been made in recent years with the
implementation of REDD (Reducing Emissions from Deforestation and Forest Degradation in Developing Countries), resulting in
changes in agricultural operations and land use more generally.
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It would be bold to propose estimates for the Amazon and its forest. To give an idea of the variability of the results, we can quote
the work of Lucelma Aparecida Nascimento [14], which gives estimates ranging from 0 kg/m2 to 8.89 kg/m2 of carbon for
forest soils (northwest of Mato Grosso). This work contains many data and analytical results for various soils and vegetation
covers. The effects of land-use change are being assessed, and initial results show that pasture soils have a higher organic
carbon stock than forests. On the other hand, the opposite is true for cultivated soils [15]. It should be noted that this type of
study increasingly uses meta-analysis [16] to complement specific field work.
In any case, the Amazonian forest plays an important role in the major biogeochemical balances. During the day, like all forests,
it absorbs carbon dioxide and releases oxygen (owing to photosynthesis). At night, it "breathes" using oxygen and releases
CO2 through respiration. It constantly emits other gaseous compounds: NOx, VOCs, etc. It stores carbon mainly in its trees and
contributes to maintaining a humid climate at the regional level. However, it is by no means the "lung of the planet" nor the
main producer of oxygen, other forests and grasslands contribute to it and especially the oceans. As we will see later, it produces
usable renewable resources including wood (a long-term means of carbon storage!). The first to be concerned with the
maintenance, or even development, of this production are the inhabitants of this forest, who should be discussed first, before
discussing the "global role" (see section 3).

1.4. History

Figure 5. Historical landmarks: variations in biodiversity of the Amazonian system and correlative events, including geological events.
[Source: Alain Pavé & Gaëlle Fornet, 2010, see ref. 3]

The beginning of the sttlement of this forest is estimated at 55 million years, i.e. in the middle of the Eocene (Figure 5). Its
biodiversity was at its highest at the end of this period (around 37 million years BP) [17]. The average temperature on the
globe was then 10 to 12°C higher than that of our time [18], but unevenly distributed across the globe and particularly in the
Amazon where it was about 5°C higher [19]. The poles had little or no ice, the mountains few or no glaciers. The closure of the
Isthmus of Panama 3 million years ago, which allowed the migration of large predators from north to south, explains the decline
in diversity in the vicinity of the Pleistocene-Pliocene transition.
During the last glaciation, the Amazonian forest seems to have resisted drought well. Over the past 10,000 years (Holocene),
there have been significant variations in climate and forest cover, ranging from 10,000 to 8,000 BP, 6,000 to 4,000 BP and more
recently between 1,500 and 1,100 BP and 800 to 500 BP [20],[21],[22].

2. Structure and functioning of the Amazonian forest
This forest is different from other already well-known cases, such as those of French forests:
Natural regeneration versus regeneration mainly carried out by humans;
Bioclimatic zone (inter-tropical versus temperate);
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High biodiversity (one hectare of Guyanese forest contains as many indigenous tree species, on average 200, as in the entire
metropolitan territory: 137 for 55 million hectares);
Very different scales (billions versus, at most, thousands of hectares), etc.
What is presented below provides more information while knowing that the major fundamental ecological mechanisms are
present.

Figure 6. This map of the Amazonian forest of French Guiana was compiled from remote sensing data. The shades of green correspond
to different forest stands. The location of research stations is specified as well as the location of laboratories in Cayenne and Kourou (see
ref. [27]). [Source: Alain Pavé & Gaëlle Fornet, 2010, see ref. 3]

The distribution of trees is highly random, heterogeneous and mixed: neighbouring individuals are generally of different
species (up to 200 species per hectare are represented by at least one individual). It is easy to show that such a structure
promotes its resilience and the maintenance of biodiversity [23]. This is observed in the forest plots studied, for example in
the forest land stations in French Guiana [24]: Paracou [25] and Nouragues. On a larger scale, heterogeneity is visible from aerial
and satellite sensor images, in accordance with an ocean gradient in the continental interior, particularly rainfall, which is
reflected in forest types (Figure 6) [26],[27].
Below these broad outlines, there are multiple ecological relationships between living beings, for example: competition between
trees (access to light and water resources), predation by animals, cooperation between trees and animals for the dissemination
of seeds, a process known as zoochore dominant in the Amazon, or between trees such as the sharing of mycorrhizae*, VOC
emissions can signal the arrival of predators or pests (xylophages or tree leaf eaters) [28]. All this reminds us that the forest is not
just a collection of trees, but an ecosystem populated by other plants, animals and micro-organisms. These various entities
interact.
Spontaneous regeneration is quite well known: after a disturbance corresponding to the destruction of trees, trees of heliophilic
species* settle. Then, under the cover thus formed, a rather ombrophilic vegetation gradually replaces the heliophiles. The piece
of forest is reconstituted, not identically, but with biodiversity close to that of the neighbouring and previous stand [29].
The Amazonian forest has long been considered primary* or pristine, where humans would have played a negligible, if not
non-existent, role in its structure and functioning. In fact, many observations have attracted the attention of researchers, even in
the absence of archaeological artifacts, such as local enrichment with "useful" species or sustainable soil transformations.
Humans have participated in the dynamics of this forest. It is necessary to revisit the very notions of primary or virgin
forests following this observation.

3. Amazonia: an anthropized ecosystem
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Figure 7. Amerindian family and children (Wyãpi), Aramira village (Amapá), in the centre of Amapá state in Brazil. [Source: Photo ©
Alain Pavé]

By 2015, the human population in the Amazon number around 22 million inhabitants (~4 inhabitants/km2), mainly grouped
in cities (approx. 70%), but also scattered along the rivers and in the vast forest. In French Guiana, although an immigration
territory, the population is also small: just under 300,000 inhabitants (density of about 3.6 inhabitants/km2, equivalent to the rest
of the Amazon) (Figure 7).

Figure 8. Slash-and-burn farming on felled trees, traditional method of local deforestation (at most a few hectares). [Source: © CNRS]

Archaeological studies show that humans arrived at the beginning of the Holocene (around 12,000 years BP, according to Anna
Roosevelt [30]) and that those called "Amerindians" came from the great Siberian-American migration at the end of the last
ice age (around 15,000 years BP, the so-called late glacial period) [31]. The age of the human population of the Amazon has
clarified the pattern of colonization in South America: it is said to have begun with the forest, then continued with migration to
the Andes and the coast. These forest peoples have carried out "developments" [32], and have contributed to the dynamics of
Amazonian biodiversity, they have also developed a village agriculture based on "Slash-and-burn farming" (Figure 8).
In fact, to start real fires, large areas must be deforested, then allowed to dry and burn. Most often, the fire stops at the edge of
the forest, otherwise the progression stops quickly as the humidity is high. However, there is concern that in the event of massive
deforestation, the self-sustaining climate regime will stop and cause a chain reaction of drying out and thus fire sensitivity.
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Figure 9. Results obtained from Lidar data in French Guiana: on the left, a digital model of the canopy of a plot of land in Les
Nouragues, on the right, a digital terrain model showing the remains of ditches that surrounded an Amerindian village (1/2 ha) abandoned
about 1000 years ago [Source: left, © CNRS Guyane 2012 / Right, Couac programme, Sylvie Jérémie, INRAP, & Etienne Dambrine,
INRA, 2010].

The use of new exploration technologies (see Focus French Guiana and new technologies for ecology), such as Lidar (light
detection and ranging), has made it possible to find many archaeological artifacts and to reinforce the idea of an Amazonian
forest inhabited and traversed by humans for a long time (Figure 9). [33],[34].

Figure 10. Raised fields found on the ground of the Guiana Space Center. The small hillocks are hemispherical in shape, about one meter
in diameter and in height. [Source: Photo © Stephen Rostain].

Among the spectacular results are the spontaneous ecological mechanisms for maintaining structures from Amerindian
agriculture set up 800 years ago in the coastal savannahs: the "raised fields" [35]. These structures persisted after the departure
of the inhabitants despite the drastic rainfall conditions (Figure 10).
The peoples of the forest are Amerindians, but also of "black-brown" origin, i.e. slaves who have escaped from the large
plantations. Those who escaped acculturation have retained African knowledge. This is the case for inland navigation and the
construction of large canoes necessary for this navigation. Along the major rivers, there are also mixed populations of "
caboclos", mainly from Portuguese and Amerindian marriages. On their side, the majority of inhabitants of European origin are
concentrated in urban areas. In total, a human population of great diversity.
The Amazonian living resources are numerous. Some have been appropriated by Europeans and widely valued elsewhere,
for example, cocoa, pineapple, cassava, many varieties of beans [36], palm heart, etc. There are many high quality,
under-exploited wood resources that could be exploited using modern "sustainable" extraction techniques for drying and
machining. Hevea, a latex producer, has been very successful thanks to plantations in many intertropical regions. Balata rubber
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has remarkable mechanical properties and is used in the manufacture of "top-of-the-range" golf balls. Among the medicines, we
can mention quinine, from the quinquinas of the rubiaceae family, found on the Amazonian slope of the Andes. However, we
note the limited number of pharmaceutical products from the forest and traditional knowledge for which there are about
1,300 plants for medicinal use but which have not given rise to any real development. Biopiracy for pharmacological purposes is
more a myth than a reality. It is probably not the "green gold of the Amazon" [37].

Figure 11. Gold panning in French Guiana by a company (Boulanger Mine), testing restoration techniques after exploitation. This
company has been the CNRS' industrial partner in studies on mercury pollution [Source: Photo © Alain Pavé]

Biodiversity is also that of pathogens, particularly microorganisms, which are fearsome. For example, yellow fever, imported
from Africa, has spread. It has claimed many victims throughout the Amazon; this is no longer the case because the vaccine is
100% effective, but it remains endemic. Malaria has also been imported, it has become endemic in many regions. Chagas
disease* is of South American origin, but not specifically from the Amazon. Although not exhaustive, it is still necessary to
mention the endemic desmodine* rabies transmitted by bats, which are true reservoirs of viruses.
The state of the environment is an important factor to consider in improving the health of Amazonian populations, in
addition to pathogens and their vectors, pollution can alter it, such as mercury pollution from gold panning [38]. It should be
noted, however, that physico-chemical pollution can be stopped by cutting off the source. It remains at the worst constant, if not
gradually decreases. This is not the case for pathogens that reproduce and spread. They also evolve rapidly and can become
resistant to control measures, including antibiotics. Biodiversity is not good in essence and we are far from having gone around:
plants are frighteningly toxic, animals are dangerous, etc.
Mineral resources, including gold, are important. Their wild exploitation disrupts the local environment, yet most of the
gold panning is clandestine, and the health and social consequences are disastrous. On the other hand, some companies try to
minimize damage and carry out restoration after exploitation, as shown in Figure 11. In Brazil, the case of the Carajas mines
(iron and manganese) is spectacular, as well as the Serra do Navio mine in Amapá. Fortunately, Renca (about 41,000 km2 on the
borders of the Para and Amapa states), once threatened, remains protected for the time being [39].

4. Evolving the ecological approach
The study of the Amazonian forest has shifted from an exploratory mode to an ecological and anthropological one. The first
phase of exploration and data collection was the work of naturalists, geologists, geographers, anthropologists and ethnologists in
a colonial and neo-colonial context [40]. Then field stations were set up; for French Guiana, from the 1980s onwards, these
were Paracou and Nouragues (see Figure 7) and others of lesser importance. At the same time, a technological revolution has
gradually transformed ecology from "opinel knife ecology, piece of string" to "technological ecology" [41] (see Focus French
Guiana and new technologies for ecology). Scientific research can then be expressed effectively.
The stakes are very high, we must manage these forests with various objectives, including maintaining a high level of
biodiversity while preserving the interests of the inhabitants. This stewardship must be based on solid basic knowledge and a
multivariate approach and not on a one-dimensional projection, for example, on that of the strict economic factor [42]. An ideal
context for the design of a true ecological systems engineering.

4.1. An Amazonian forest in an unstable state
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Figure 12. Schematic diagram of a natural forest ecosystem, the trees are represented by vertical lines ending in a different top. These
various individuals may interact with each other. In addition, they interact with the physical environment: atmosphere, hydrosphere and
soil. These individuals and the various interactions can change over time. They are most often non-linear. [Source: Alain Pavé & Gaëlle
Fornet, 2010, see ref. 3]

Below an apparent homogeneity of the forest, different stands can be distinguished, even from a distance, with sensors on board
satellites. Moreover, this forest is very heterogeneous and mixed; on a small scale, the neighbouring trees are of different
species and ages and therefore of different sizes. Ecological communities are also distinguished by edaphic* (drained or
undrained soils) and bioclimatic conditions, such as, for example, the ocean-continental gradient in Guyana, visible in Figure 7.
The age of the Amazonian forest and its history show that it has not always been the same, it varies permanently, but slowly
on a human time scale. Here, the concept of climax* is to be relativized if not abandoned. Punctual observation gives the
illusion of balance, which can lead to a fixistic conception of nature. Human action can disrupt this condition as well as natural
accidents intermittently. Similarly, interactions between the entities that make up this ecosystem contribute to its evolution.
These interactions are of different natures, between trees themselves or involving other living beings, such as animals or
micro-organisms, or simply physical or chemical factors (Figure 12).
The diversity, the number of objects involved and the non-linearity of their interactions lead to the qualification of such a system
as complex. Are there "emerging" properties that cannot be reduced to statistical balances? The question is open.

4.2. Chance at the handles
In any case, it can still be argued that stochasticity* and "flexible and changing" interaction networks promote the resilience*
of these forests. The study of processes generating variability and therefore diversity should become a priority, not only in
ecology, but more generally in life sciences, thus integrating the debate on the "ecology of order and chaos" [43], itself a modern
form of the controversy between Parmenides and Heraclitus dating back... 2500 years [44].
A major theoretical effort must be made to move forward, for example on biodiversity, at the risk that the much-publicized
erosion may be primarily that of the concept itself. This is the concern of several authors [45], including the one in this article.
Finally, biology has acquired most of its knowledge on a limited number of biological models, roughly organisms of about fifty
species including the famous drosophila and Escherichia coli. Some ecosystems could play this role for ecology and all or part of
the Amazonian forest could be one of them.

5. Messages to remember
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Figure 13. Hamlet on the bank of the Amazon (upstream of Macapá, Amapá). [Source: Photo © Alain Pavé]

Let's go back to the initial questions raised in the introduction:

What do we know about it? Despite a major effort over a long period of time, data for the Amazon are still fragmentary and
imprecise. The forest is not just a collection of trees, it is an ecosystem with other plants, animals, microorganisms, irrigated by a
vast hydrological system, with multiple interactions. Beware of simplistic messages and descriptions that are more poetic than
scientific.
What knowledge should be acquired and how to do it? In addition to factual data, develop a synthetic, systemic
representation of the region to guide the acquisition of environmental data, which also requires continuing the technological
effort. Do not hesitate to conduct theoretical reflections.
How can they be used to decide and act in the best way on this environment? Model this set to test evolution scenarios,
promote adaptive household and stewardship strategies, and define a real engineering of ecological systems.
To what benefit? First of all, to the inhabitants of this region, but also to the nations that shelter it, without forgetting the global
role of the Amazonian ecosystem (climate and biodiversity), especially the forest, which concerns humanity more broadly.
What future for the people who live there? (Figure 13) This future must be "reasoned, chosen and shared", constantly
reassessed and adapted, by implementing dynamic management accompanied by modelling and simulation [46].
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