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lective Logging in the Brazilian Ama-
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Résumé

La moitié des foréts tropicales du monde est désignée comme des
foréts de production par les services forestiers nationaux'. Pour la
seule Amazonie brésilienne (400 millions d’hectares), 'exploitation
sélective affecte chaque année entre un et deux millions d’ha?. Si
l'effet de la déforestation sur les émissions de carbone et les pertes
de biodiversité en région tropicale ont fait ’'objet de nombreuses
études, les impacts a long terme de ’exploitation commerciale de
bois sur ces foréts restent a ce jour tres peu étudiés. Or, les enjeux
sont grandissants pour ces foréts de production®. Non seulement
elles doivent alimenter le commerce du bois tropical, mais leur réle
dans le stockage de carbone et dans la préservation de la biodiver-
sité est de plus en plus reconnu. La these développée ici s’organise
en trois temps. Premiérement, un modeéle de bilan carbone de
I’exploitation forestiere est développé, et les différences régionales
de dynamique de récupération du carbone post-exploitation sont
modélisées. Deuxiémement, un modele de récupération du volume
de bois d’ceuvre a été développé et calibré a 1’échelle amazonienne.
Ces résultats ont permis de montrer la lenteur de la récupéra-
tion du volume de bois en Amazonie, et la non-durabilité des
pratiques actuelles d’exploitation. Ces modeles (carbone et bois
d’ceuvre) ont été élaborés dans un cadre bayésien, avec 'appui
et les données du Tropical managed Forest Observatory (TmFO :
www.tmfo.org), réseau rassemblant 9 institutions de recherche et
plus de 200 parcelles de suivi de la dynamique forestiere apres
exploitation en Amazonie. Enfin, une analyse comparative de scé-
narios prospectifs a été effectuée, ou les compromis possibles entre
services écosystémiques (bois d’ceuvre, carbone et biodiversité)
ont été explorés par des techniques d’optimisation multicritere.
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Abstract

Half of the world’s tropical forests are designated by national
forest services as production forests®. In the Brazilian Amazon
alone (400 million ha), selective exploitation affects between one
and two million ha every year®. While there has been numerous
studies on the impact of deforestation on carbon emissions and
biodiversity loss in the tropics, the long-term impacts of selective
logging are still poorly studied. However, the importance of these
production forests is increasing®. Not only must they meet the
growing tropical timber demand, but their role in carbon storage
and the biodiversity conservation is increasingly recognized. The
studies developed in this thesis are threefold. First, a carbon
balance model of logging is developed, and regional differences
in post-logging carbon recovery dynamics are modeled. Secondly,
a timber volume recovery model has been developed and cali-
brated at the Amazonian scale. These results point out the slow
recovery of timber volume in the Amazon, and thus the unsustai-
nability of current logging practices. These models (carbon and
timber) were developed in a Bayesian framework, with support
and data from the Tropical managed Forest Observatory (TmFO :
www.tmfo.org), a network of 9 research institutions and more
than 200 forest plots where post-logging forest dynamics have
been monitored for > 30 years in the Amazon. Finally, a com-
parative analysis of prospective scenarios was carried out, where
potential tradeoffs between ecosystem services (timber, carbon
and biodiversity) were explored using multi-criteria optimization
analysis.

4BLASER et al. (2011). Cf. note 1.

5 ASNER et al. (2005). Cf. note 2.

SEDWARDS et al. (2014b). Cf.
note 3.
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Lexique

¢ Biomasse masse contenue dans les étres vivants; la bio-
masse aérienne des arbres correspond a leur masse sans les
parties souterraines (racines).

e Biosphére '’ensemble des organismes vivants.

e Canopée partie supérieure du couvert végétal forestier,
correspondant a la cime des grands arbres.

e DHP diameétre d'un arbre a hauteur de poitrine, mesurée
a 1,30 m de hauteur (DBH pour Diameter at Breast Height
en anglais).

e Diversité fonctionnelle diversité des traits fonctionnels
au sein d’un ensemble d’individus.

e Domaine forestier permanent (permanent forest estate
en anglais) zones de couverture forestiere qui ne peuvent
légalement étre converties pour d’autres usages.

e Exploitation sélective méthode d’exploitation du bois en
forét naturelle, majoritaire sous les tropiques, qui consiste
a extraire uniquement quelques arbres de la forét (les plus
gros, d’especes commerciales) et laisser le reste de la forét
se régénérer jusqu’au prochain cycle d’exploitation.

¢ Exploitation a4 Faible Impact (RIL pour Reduced Impact
Logging en anglais) ensemble de techniques visant & réduire
les dégats causés par l'exploitation sélective et incluant
(entre autres) : la planification des pistes d’exploitation,
I’abattage directionnel des arbres, le débardage des arbres
au cable, la suppression des lianes sur les arbres exploités.

e Forét dégradée Forét ayant subi une diminution signifi-
cative de sa valeur environnementale (stocks de carbone,
diversité, etc.) suite a des perturbations d’origine humaine,
et ayant perdu la capacité a retrouver son état initial.

e Forét secondaire Forét issue de la régénération sur une
zone ayant été déforestée.

e Mitigation atténuation des effets (négatifs) d’un phéno-
meéne ; dans le cas des changements climatiques, le stockage
du carbone dans la biomasse vivante est une forme de miti-
gation.

e Trait fonctionnel caractéristique mesurable d’un étre vi-
vant ayant un impact sur sa reproduction, sa survie ou son
role dans le fonctionnement de ’écosysteme.



CHAPITRE 1

Introduction générale

1.1 L’Homme et I’Amazonie

1.1.1 Particularités et valeur environnementale des
foréts amazoniennes

Le plus grand bassin tropical au monde

L’Amazonie est le plus grand massif tropical au monde, couvrant
& lui seul 6 millions de km?, soit plus de 50% des foréts tropicales
humides au monde!. Situé en Amérique du Sud dont elle représente
30% de la surface totale (Figure 1.1), I’Amazonie est aussi une
entité géopolitique complexe, & cheval entre 9 pays : le Brésil (59%
de la surface totale), le Pérou (12%), la Bolivie (9%), la Colombie
(7%), le Venezuela (5%), le Guyana (3%), I'Equateur (2%), le
Suriname (2%) et la Guyane francaise (1%).

Le biome amazonien est caractérisé par un couvert végétal
dense de type forét tropicale humide. La pluviométrie y est de
1500 & 5000 mm par an selon les régions, et la durée de la saison
séche (moins de 100 mm par mois) ne dépasse pas 5 mois par
an?. Les sols sont majoritairement pauvres en nutriments car
lessivés par les forts niveaux de précipitation®. La végétation qui
s’y développe est une forét dense dont la canopée se trouve a 30 m
de hauteur?.

Les foréts tropicales humides sont parmi les écosystémes les
plus riches en carbone®. Le carbone des foréts tropicales est prin-
cipalement contenu dans la biomasse aérienne des arbres et oscille
entre 100-300 tonnes par hectare®. Par son étendue et par ses
niveaux élevés de biomasse, I’Amazonie est donc I'un des prin-
cipaux réservoirs de carbone terrestre. Le carbone total stocké
dans les foréts amazoniennes est estimé a 86 milliards de tonnes
(£ 20%)7, soit environ 20% de tout le carbone contenu dans la
biosphere®. De plus, les suivis de foréts naturelles en Amazonie
montrent une nette accumulation de carbone?, bien que la re-
présentativité de ces données soit contestée!® et que 'on observe
un ralentissement de ce stockage de carbone'!. Il n’est reste pas

1H. EvaA et al. (2005). A proposal
for defining the geographical boun-
daries of Amazonia. June, p. 1-40;
FAO (2011). The State of Forests in
the Amazon Basin, Congo Basin and
Southeast Asia, p. 81.

20. L. PuiLLps et al. (2008).
« The changing Amazon forest. » In :
Philosophical transactions of the
Royal Society of London. Series B,
Biological sciences 363.1498, p. 1819—
1827.

3C. A. QuEsapA et al. (2011).
« Soils of Amazonia with particular re-
ference to the RAINFOR sites ». In :
Biogeosciences 8.6, p. 1415—-1440.

4M. SIMARD et al. (2011). « Map-
ping forest canopy height globally
with spaceborne lidar ». In : Journal
of Geophysical Research : Biogeos-
ciences 116.4, p. 1-12. arXiv : arXiv:
1011.1669v3.

5V. AVITABILE et al. (2016). « An
integrated pan-tropical biomass map
using multiple reference datasets ».
In : Global change biology 22.4,
p. 1406-20.

SM. J. P. SULLIVAN et al. (2017).
« Diversity and carbon storage across
the tropical forest biome ». In : Scien-
tific Reports 7.1, p. 39102.

7S. S. SaaTcHI et al. (2007). « Dis-
tribution of aboveground live biomass
in the Amazon basin ». In : Global
Change Biology 13.4, p. 816-837.

8J. T. HOUGHTON et al. (2001).
Climate change 2001 : The scienti-
fic basis. Contribution of Working
Group I to the Third Assessment Re-
port of the Intergovernmental Panel
on Climate Change.

9T. R. BAKER et al. (2004). « In-
creasing biomass in Amazonian forest
plots ». In : Philosophical Transac-
tions of the Royal Society B : Biolo-
gical Sciences 359.1443, p. 353—-365.

0C. N. H. MCMICHAEL et al.
(2017). « Ancient human disturbances
may be skewing our understanding of
Amazonian forests ». In : Proceedings
of the National Academy of Sciences
114.3, p. 522-527.

R, J. W. BRIENEN et al. (2015).
« Long-term decline of the Amazon
carbon sink. » In : Nature 519.7543,
p. 344-348.
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2D, J. Grices et M. NOGUER
(2002). « Climate change 2001 : the
scientific basis. Contribution of wor-
king group I to the third assessment
report of the intergovernmental pa-
nel on climate change ». In : Weather
57.8, p. 267-269.

137, B. FISHER et al. (2009). « The
land-atmosphere water flux in the tro-
pics ». In : Global Change Biology
15.11, p. 2694-2714. arXiv : arXiv:
1011.1669v3.

1A, STAAL et al. (2018). « Forest-
rainfall cascades buffer against
drought across the Amazon ». In :
Nature Climate Change 8.June, p. 1.

15STAAL et al. (2018). Cf. note 14;
M RODELL et al. (2018). « Emerging
trends in global freshwater availabi-
lity ». In : Nature.

16A. KiToH et al. (2011). « Cli-
mate change projections over South
America in the late 21st century with
the 20 and 60 km mesh Meteoro-
logical Research Institute atmosphe-
ric general circulation model (MRI-
AGCM) ». In : Journal of Geophysi-
cal Research Atmospheres 116.6, p. 1—
21.

TEvaA et al. (2005). A proposal for
defining the geographical boundaries
of Amazonia, cf. note 1, p. 1.

8C HOORN et al. (2010). « Ama-
zonia Through Time : Andean Uplift,
Climate Change, Landscape Evolu-
tion, and Biodiversity ». In : Science
330.6006, p. 927-931.

FIGURE 1.1 — Délimitation de cinq
grandes entités géomorphologiques
du biome amazonien d’apres Eva et
al. 2005%. Ta Bassin amazonien. Ib
région andine. Ic Planalto. Ila Pla-
teau des Guyanes. IIb Gurupi.

“EVA et al. (2005). A proposal for
defining the geographical boundaries
of Amazonia, cf. note 1, p. 1.

19G. T. PRaNCE (1996). « Islands
in Amazonia ». In : Philosophical
Transactions of the Royal Society :
Biological Sciences 351.1341, p. 823—
833.

moins que dans un contexte de changements climatiques ou les
émissions et le stockage de carbone sont au centre des discussions
politiques'?, ’Amazonie revét un role particulierement important
dans l'atténuation de ces changements.

Les foréts amazoniennes ont aussi une place importante dans
d’autres cycles biogéochimiques régionaux, et notamment le cycle
de 'eau. En effet, la végétation des foréts amazoniennes évapore
en moyenne 1370 mm par an'3, ce qui lui confére un réle de relai
des précipitations a 1’échelle du continent sud-américain a travers
des cycles successifs de précipitation-transpiration'4. Ainsi, les
foréts amazoniennes jouent un role tampon dans les sécheresses qui
affectent le sud-ouest de I’Amazonie et les régions adjacentes du
continent sud-américain'®. Ce role pourrait étre encore accentué
dans le futur, avec une prévision d’augmentation de la saisonnalité
des précipitations particuliéerement marquée dans les parties les

plus occidentales de 1’Amazonie'©.

Diversités amazoniennes

L’Amazonie n’est pas une unité homogene, mais est en fait consti-
tuée d’une grande diversité d’écosystemes. Le biome amazonien est
constitué d’au moins cinq entités géomorphologiques distinctes :
(i) le bassin amazonien, i.e. les bassins versants des fleuve Ama-
zone et Tapajos, (ii) la zone de transition andine a 1'ouest, (iii) le
planalto au sud-est, plus vallonné et avec une végétation proche
des savanes du cerrado brésilien, (iv) la région de Gurupi a ’est,
en transition avec la caatinga du nord-est brésilien dominée par
des foréts de palmiers, et (v) le plateau des Guyanes au nord, aux
sols plus anciens et plus pauvres en nutriments!” (Figure 1.1). La
formation de ces entités géomorphologiques, en particulier lors du
soulévement de la cordillere des Andes, a modifié profondément
la région, et en particulier le régime de précipitations et la forma-
tion de sols plus fertiles grace a I'apport de sédiments andins'®.
Ces modifications ont créé une diversification régionale des condi-
tions environnementales qui explique la diversité d’écosystemes
aujourd’hui présents en Amazonie.

Outre les foréts tropicales humides de terre ferme qui couvrent
la majorité du biome, d’autres formes de végétations peuvent
étre observées en Amazonie : les foréts de varzea saisonniérement
inondées ; les mangroves ; les savannes ; des foréts de sable blanc;
les tepuis, montagnes tabulaires du plateau des Guyane; les in-
selbergs, collines granitiques présents au nord de I’Amazonie. Ces
écosystemes particuliers se distinguent des foréts de terre ferme
par un fort endémisme, ou des spéciations locales ont pu avoir
lieu'. Le réseau de rivieres, particulierement dense, modeéle aussi
la diversité amazonienne. Ainsi, il a été montré que la diversité
des oiseaux?’, des grands vertébrés?! et insectes?? est fortement
structurée par la distribution des grands fleuves en Amazonie et
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par la géomorphologie du paysage.

Cette diversité de conditions environnementales et d’habitats
a permis 'apparition d’un grand nombre d’espéces?®. Par rapport
aux autres grands bassins tropicaux, I’Amazonie se distingue par
une richesse d’espeéce particulierement élevée, & la fois floristique?*
et faunistique®®, et par les forts niveaux d’endémismes®®. L’Ama-
zonie contient environ 10-15% des espéces connues sur Terre?” :
au moins 40 000 especes de plantes, 427 de mammiferes, 1294
d’oiseaux, 378 de reptiles, 427 d’amphibiens, et environ 3000 de
poissons ont été décrites en Amazonie?®. L’Amazonie a été la
principale source d’espéces pour le reste de I’Amérique tropicale,
par des mécanismes de migration vers les autres biomes??. En plus
de son role dans le fonctionnement et le maintien des foréts, la
diversité a une valeur culturelle et économique® : par exemple, les
pharmacopées traditionnelles et modernes dépendent de molécules

issues de la grande diversité des organismes amazoniens®!.

1.1.2 Effets d’une anthropisation croissante
Occupations humaines de I’Amazonie

L’histoire récente de I’Amazonie a été marquée par ’occupation
humaine, qui remonte a environ 10 000 ans. Contrairement a
ce qui a été longtemps imaginé en Europe, I’Amazonie n’était
pas couverte de foréts primaires inhabitées lors de 'arrivée des
Européens, mais on estime qu’une population d’environ six a
dix millions de personnes occupait la quasi totalité du paysage
amazonien®2. Ces populations pratiquaient pour la plupart une
agriculture intensive, particulierement sur les rives des grands
fleuves??, avec de nombreux foyers de domestication de plantes
cultivables (manioc, patate douce, cacao, noix du Brésil, agai,
etc). Les marques de cette occupation du sol sont encore visibles
sur la végétation amazonienne actuelle. Notons en particulier la
grande diversité d’especes utiles a proximité d’anciens villages
amérindiens, et la présence sur au moins 0,2% de 1’Amazonie de
terres noires d’origine anthropique (terra preta do indio en por-
tugais) particuliérement riches en matiére organique3?. L arrivée
des Européens au XVIe siecle a décimé pres de 95% des habitants
de I’Amazonie, principalement par ’apport de maladies (variole,
grippe, rougeole) apparues en Europe et jusqu’alors inconnues sur
le continent sud-américain, puis par des massacres et asservisse-
ments de populations®. Les villages les plus proches des camps
européens ont alors été rapidement abandonnés : la végétation qui
y a repoussé pendant 500 ans est aujourd’hui souvent considérée
comme de la forét «primairey.

L’occupation de I’Amazonie reste alors relativement faible
jusqu’au XIX€ siecle, se concentrant principalement dans les zones
périphériques de I’Amazonie®0. Le boom de I’exploitation du latex
de I'hévéa (Hevea brasiliensis) pour la production de caoutchouc

20U. OLIVEIRA et al. (2017). « Bio-
geography of Amazon birds : Rivers
limit species composition, but not
areas of endemism ». In : Scientific
Reports 7.1, p. 1-11.

21C.  RICHARD-HANSEN et al.
(2015). « Landscape patterns in-
fluence communities of medium-to
large-bodied vertebrates in undis-
turbed terra firme forests of French
Guiana ». In : Journal of Tropical
Ecology 31.5, p. 423—436.

221, S. BRASIL et al. (2018). « Spa-
tial, biogeographic and environmental
predictors of diversity in Amazonian
Zygoptera ». In : Insect Conservation
and Diversity 11.2, p. 174-184.

23HOORN et al.
note 18.

(2010).  Cf.

243, W. F. SLIK et al. (2015).
« An estimate of the number of tro-
pical tree species ». In Procee-
dings of the National Academy of
Sciences 112.24, p. 7472-7477 ; SULLI-
VAN et al. (2017). « Diversity and car-
bon storage across the tropical forest
biome », cf. note 6, p. 1.

25C. N. JENKINS et al. (2013).
« Global patterns of terrestrial ver-
tebrate diversity and conservation ».
In : Proceedings of the National
Academy of Sciences 110.28, E2602—
E2610. arXiv : arXiv:1408.1149.

26J. M. C. DA SiLva et al. (2005).
« The fate of the Amazonian areas of
endemism ». In : Conservation Bio-
logy 19.3, p. 689-694. arXiv : j.1523-
1739.2005.00705.x [10.1111].

27R. DIrzO et P. H. RAVEN (2003).
« Global state of biodiversity and
loss ». In : Annual Review of Enuvi-
ronment and Resources 28.1, p. 137—
167.

28DA Siva et al. (2005). Cf.
note 26.
29A. ANTONELLI et al. (2018).

« Amazonia is the primary source of
Neotropical biodiversity ». In : Pro-
ceedings of the National Academy of
Sciences 115.23, p. 6034-6039.

30F. S. CuapiN III et al. (2000).
« Consequences of changing biodiver-
sity ». In : Nature 405.6783, p. 234—
242. arXiv : arXiv:1011.1669v3.

31W. H. LEwis et M. P. ELvIN-
LEwis (1995). « Medicinal Plants as
Sources of New Therapeutics ». In :
Annals of the Missouri Botanical
Garden 82.1, p. 16; R. R. ALVES et
I. M. Rosa (2007). « Biodiversity, tra-
ditional medicine and public health :
where do they meet? » In : Journal
of Ethnobiology and Ethnomedicine
3.1, p. 14.

32C. R. CLEMENT et al. (2015).
« The domestication of Amazonia be-
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au XIXe siecle attire une premiere vague de colons, multipliant la
population de I’Amazonie par quatre en un demi-siecle et provo-
quant la croissance fulgurante de métropoles telles que Manaus
en plein coeur de la forét et Belém dans l'estuaire de I’Amazone3”.
L’exploitation de I’hévéa ne nécessite cependant pas d’abattre
les arbres, et elle n’est donc pas associée a une perte du cou-
vert forestier en dehors des zones d’habitation et de culture. Ce
boom économique ne dure cependant qu’une cinquantaine d’an-
nées, et bien que suivi par d’autres activités extrativistes, celles-ci

n’atteignent pas la méme ampleur économique>®.
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Dans les années 1940 et jusqu’aux années 1970, le gouverne-
ment brésilien lance une suite de programmes visant I’occupation
et le développement de D'agriculture en Amazonie. Cette poli-
tique prend un nouveau tournant a partir des années 1970 avec
la construction de la route transamazonienne (1972) qui traverse
I’Amazonie d’est en ouest, permettant ’acces a des zones jus-
qu’alors isolées®?. La construction plus récente de nombreuses
autres routes en Amazonie a encore accéléré cette tendance?C.
La déforestation se concentre alors sur ’ensemble de ces zones
nouvellement accessibles dans le sud et sudest de I’Amazonie
brésilienne (Figure 1.2), dans ce qui a été appelé I’«arc de défo-
restation », sur des fronts pionniers qui avancent graduellement
depuis 50 ans. Dix-huit millions d’habitants vivent aujourd’hui en
Amazonie, dont 13 dans les grands centres urbains*!'. Le reste de
la population se trouve en majorité dans des zones rurales a moins
de 30 km d’une route, ou les densités humaines restent souvent
relativement faibles (1 & 5 habitant par km?)*? (Figure 1.2).
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Impacts des activités humaines récentes sur les foréts
amazoniennes

Cette partie traite en particulier des activités humaines récentes
(depuis les années 1970) qui ont suivi la construction de la Trans-
amazonienne.

Déforestation et fragmentation Les modifications récentes
affectant les foréts amazoniennes concernent principalement la
conversion de foréts naturelles en zones agricoles. L'une des prin-
cipales limites rencontrée est la perte rapide de la fertilité des
sols, environ 2-3 ans apres la défriche?3 : 80% des terres défrichées
sont donc utilisées comme paturage pour un élevage bovin tres
extensif*. Cet élevage requiert de grands terrains et génére peu
d’emploi, ce qui a créé des conflits fonciers et favorisé un phéno-
mene d’accumulation des parcelles par de grands propriétaires
pratiquant principalement 1’élevage et plus récemment la culture
du soja®®. Bien que la politique de développement lancée par
le gouvernement brésilien visait initialement ’installation d’une
agriculture familiale dans un but de réduction de pauvreté dans
les régions au nord du pays, les zones déforestées sont aujour-
d’hui dominées par de grands propriétaires terriens (> 100 ha)
et environ trois quarts de la déforestation est conduite par ces
derniers*S. La déforestation en Amazonie a ainsi crii entre 1970-
2000 jusqu’a approcher les 30 000 km? par an en 1995 puis a
nouveau en 2004 pour I’Amazonie brésilienne. L’aire totale dé-
forestée atteint aujourd’hui les 64 Mha (17% de la surface des
foréts amazoniennes)*”, soit une surface égale a l'intégralité du
territoire frangais. Le rythme de perte des foréts amazonienne a
alerté 'opinion publique internationale et I’Etat brésilien a en
2004 décidé de prendre des mesures drastiques pour réduire les
émissions de carbone du pays, dont plus de 60% étaient générées
par la déforestation?®. De nombreux programmes publics ont été
mis en place, notamment en Amagonie brésilienne, pour lutter
contre la déforestation illégale : augmentation de la transparence
par le développement d’outils de détection de la déforestation par
satellite?, renforcement de I’application des lois par 'interven-
tion des forces militaires et la conditionnalité des préts bancaires,
augmentation de 'aire des zones protégées®®. De plus, la pression
de Popinion publique a permis I’apparition d’initiatives privées de
certification zero-déforestation dans la filiere du soja. Ces mesures,
ainsi que la chute des cours du soja en 2006, ont permis une
diminution drastique de 70% du taux de déforestation a partir de
2005°!. Les taux de déforestation avoisinent maintenant les 7 000
km? par an en Amazonie brésilienne, mais des études récentes
montrent une augmentation de la déforestation de petites surfaces
(< 1 ha) et un déplacement des fronts de déforestation vers la
Bolivie et le Pérou (Figure 1.3)%2.

En plus de la perte nette de surface forestiére, cette déforesta-
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tion intensive a conduit a la fragmentation des foréts naturelles
restantes en des ilots de foréts dans un paysage anthropisé. Cette
fragmentation est particulierement importante dans les premiers
fronts de déforestation au sud de I’Amazonie brésilienne, ou les
fragments de foréts font en moyenne moins de 10 ha®®. La frag-
mentation a plusieurs conséquences sur les foréts (i) elle diminue
la taille de ’habitat et sa perméabilité a la dispersion, ce qui peut
entralner la disparition de certaines espéces animales et végétales
et donc une diminution de la diversité®*; (ii) la mortalité des
arbres (surtout les plus grands) est plus élevée a proximité de la
bordure des fragments, ce qui modifie la structure de la forét et

diminue sa biomasse®®.

Z Score and associated P-value
[0 1.65 - 1.96 Stdl. Dev. (p<0.1)
[ 1.96 - 2.58 Std. Dev. (p<0.05)
Il > 2.58 Std. Dev. (p<0.01)
D Tropical Broadleaf Forests

[ Non-Forest

a) 2001-2007
b) 2008-2014

(Sur)exploitation des ressources L’histoire récente de I’Ama-
zonie a été marquée par plusieurs activités d’exploitation des
ressources forestieres, I’exemple le plus marquant étant l'extrac-
tion de I'hévéa qui a provoqué un boom économique majeur au
XIXe siecle®®. Bien que le caoutchouc amazonien ait perdu son
importance économique, d’autres produits non-ligneux jouent au-
jourd’hui un réle socio-économique majeur, tels que la noix du
Brésil (le premier producteur mondial est aujourd’hui la Boli-
vie avec la moitié de la production mondiale®”) ; I'acai (Futerpe
oleracea®®), ou encore I’huile de carapa (Carapa guianensis)®.
Cependant la principale ressource exploitée en forét amazonienne
reste le bois : cette activité participe a environ 2% du produit
intérieur brut des pays de la région et emploient un million de

personnes60 .

L’exploitation sélective du bois affecte environ 2 millions d’hec-
tares par an en Amazonie brésilienne® (Figure 1.4), soit une
surface comparable a celle annuellement déforestée. L’exploitation
sélective consiste en I'abattage et 'extraction de quelques grands
arbres dans une parcelle, en général des especes ayant une grande
valeur commerciale. L’exploitation en Amazonie a longtemps été
ultra-sélective, se concentrant sur quelques rares espéces nobles :
acajou (Swietenia macrophylla), ipé au Brésil (Handroantus spp.)
ou morado en Bolivie (Machaerium spp.). Cette sur-exploitation
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de certaines espéces a conduit a leur raréfaction dans les zones

proches des grands axes routiersS2.

I 19952000 Logging

I 2000-2001 Logging

I 2001-2002 Logging

I Federal Conservation Units
Indigencus Reserves

Puisqu’elle ne vise que quelques arbres cette exploitation
n’aboutit donc pas nécessairement a une déforestation totale.
Souvent, pourtant, 'exploitation n’est qu’une premiére étape de
la conversion des foréts en paturage : les arbres commerciaux
étaient exploités et vendus avant la déforestation totale de la
parcelle. Dans les cas ou l’exploitation n’est pas suivie de dé-
forestation, la canopée se referme rapidement apres la fin des
opérations, et apres 2-4 ans seules les pistes d’exploitation sont
visibles sur des images satellites®3. Pourtant, 1’exploitation et
les dégéts collatéraux (ouverture de pistes, abattage, extraction
des grumes) modifient durablement les foréts exploitées, et les
effets peuvent étre visibles plusieurs décennies apres la coupe :
réduction et de la hauteur de la canopée®*, modification de la
composition floristique®®. De plus, 'ouverture de piste dans les
massifs forestiers permet 'acces aux foréts pour d’autres activités
telles que la chasse%. Ces activités réduisent la diversité des gros
mammiferes et oiseaux, diminuant alors la dispersion des graines
et in fine la composition, la structure et la biomasse des foréts®”.

Les effets secondaires - feux et changements climatiques
Les changements climatiques anthropiques récents ont modifié le
régime des précipitations en Amazonie, avec comme principale
conséquence 'augmentation de la fréquence des épisodes de sé-
cheresse. Il est prévu que cette tendance s’accentue au cours du
XXI¢ siecle : augmentation de la variabilité des précipitations et
d’éveénements climatiques extrémes sur I'ensemble de 1’Amazo-
nie®. Ces sécheresses entrainent une surmortalité des arbres, et
particulierement des plus gros®®, modifiant ainsi la structure et la
biomasse des foréts affectées™. Les sécheresses des années 2005,
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en Amazonie. In Davidson et al.,
2012%. Les zones les plus propices
aux départs de feux sont les fronts
pionniers ou les foréts sont intensé-
ment dégradées par les activités hu-
maines.
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2010 et 2015/2016 ont été particulierement fortes et ont globale-

ment diminué la biomasse vivante des foréts amazoniennes’®.

L’effet conjoint de la fragmentation et des sécheresses a eu
comme conséquence d’augmenter la fréquence des feux de forét™.
En effet, les foréts fragmentées ou ayant subi un épisode de séche-
resse sont plus riches en bois mort, et ont une canopée plus ouverte
donc une augmentation de la température au sol et un air plus
sec sous la canopée. Ces conditions sont favorables a des départs
de feux™ qui ont été de plus en plus fréquents en Amazonie’™,

surtout dans les foréts les plus dégradées (Figure 1.5).

L’Histoire récente de I’humanité a donc vu des modifications
profondes des foréts amazoniennes, par la déforestation et I’exploi-
tation des ressources, mais aussi a plus large échelle & travers les
changements climatiques. De plus, les boucles de rétroaction sont
nombreuses’ et, sans modification proactive des dynamiques en
cours, peuvent conduire a la transformation progressive des foréts
amazoniennes en des paysages hautement dégradés’ :

e la déforestation augmente la fragmentation du milieu et
modifie les cycles du carbone et de ’eau, augmentant ainsi
les changements climatiques’” ;

e la fragmentation, I’exploitation (surtout intensive) et les
changements climatiques augmentent le risque de feux;

e les zones dégradées par l'exploitation et/ou des feux ont
plus de chances d’étre déforestées™.

1.1.3 Le role de la gestion forestiere

A partir de la deuxiéme moitié du XX¢ siecle la prise de conscience
des enjeux environnementaux liés aux foréts amazoniennes ont
conduit les autorités publiques a réglementer leur usage.

Un réseau dense d’aires protégées

Le principal outil de conservation des foréts en Amazonie est le
status légal de protection. Les aires protégées couvrent aujour-
d’hui plus de la moitié de la surface totale de I’Amazonie™. Ce
status d’aire protégée regroupe en fait une grande diversité de
cadres légaux et de niveaux de protection. Trois grands types de
protection peuvent étre différenciés :

e les aires de protection intégrale, dont I'acceés est plus ou
moins restreint et ot aucun produit (ligneux ou non-ligneux)
ne peut étre exploité,

e les aires de gestion durable des ressources naturelles,

e les terres indigenes dont 1'usage est réservé aux populations
indigenes traditionnelles.

Par les restrictions d’usages qui y sont associées, les aires pro-
tégées comme les terres indigenes ont effectivement permis un
ralentissement de la déforestation®C.
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Les aires protégées ont cependant certaines limites. D’abord,
la taille du territoire amazonien rend difficile leur surveillance
et leur controle pour les autorités chargées de leur gestion. Les
aires protégées ne sont donc pas des barriéres absolues contre
la déforestation et la dégradation des foréts : de 'exploitation
et de la déforestation illégales peuvent étre détectées dans des
aires protégées®!. Les aires protégées peuvent aussi générer des
fuites, dans ce cas la déforestation ne serait pas évitée, mais
déplacée vers des zones adjacentes®®. De plus, les aires protégées
sont souvent confinées aux zones les moins accessibles®3. Lors de
Papparition d’un conflit d’utilisation (projets miniers, de barrage,
etc.), le statut de protection s’est souvent révélé vulnérable face
aux pressions économiques®. Un exemple marquant est le cas en
Equateur du parc du Yasuni, I'une des zones ou la biodiversité est
la plus riche au monde®®. D’importantes réserves de pétrole ont été
découvertes dans la zone de coeur du parc. Aprés des négociations
pour obtenir une compensation pour le coiit d’opportunité de
la protection du parc, le gouvernement équatorien a finalement
décidé d’exploiter les réserves de pétrole®S.

Gestion des foréts de production

Au cours de la deuxiéme moitié du XX¢ siecle, la prise de conscience
de la limite finie des ressources exploitées dans les foréts naturelles
d’Amazonie provoque un changement de paradigme dans leur uti-
lisation. On passe alors d’une vision extractiviste ou les ressources
exploitées (caoutchouc, balata, bois précieux) semblent inépui-
sables & la volonté d’une gestion durable®”. Les Etats ont défini
des domaines forestiers permanents dédiés & la production, qui
couvrent aujourd’hui 20% de I’Amazonie et sont principalement
gérés pour la production de bois®®. La gestion durable des foréts de
production (Sustainable forest management en anglais) telle que
définie par l'organisation internationale des bois tropicaux®»%
doit :

e maintenir la valeur environnementale de ces foréts

e assurer leur productivité future

e éviter des effets indésirables sur I’environnement physique

et social.

En Amazonie, les foréts de production ont divers types de
gouvernance :

e des foréts publiques sont gérées par les services forestiers
nationaux, qui accordent des concessions forestieres a des
entreprises privées contre une taxe sur la production,

e des foréts privées peuvent appartenir a des individus ou a
des entreprises,

e des foréts communautaires sont gérées par des communautés
locales, qui régissent les droits d’acces et d’usage de la forét :
ces droits peuvent étre informels ou légalement établis!.
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Des les années 1990, des codes forestiers ont été élaborés dans
plusieurs pays d’Amazonie pour assurer une exploitation durable
des ressources en bois??. Ces codes forestiers définissent notam-
ment la durée minimum d’un cycle d’exploitation, c’est-a-dire
le temps entre deux coupes (en général autour de 30 ans); le
diameétre minimum d’exploitabilité des arbres (en général autour
de 50 cm DHP) ; et I'intensité maximum d’exploitation (en général
entre 20 et 30 m? de bois extrait par hectare). De plus, ’exploi-
tation du bois est soumise au Brésil et en Bolivie a la validation
d’un plan de gestion élaboré par le propriétaire et comprenant”®? :

e la délimitation de 'aire exploitée et la division en unités
annuelles,

e au Brésil, la délimitation d’aires protégées au sein de 'ex-
ploitation (reserva legal)®?,

e un inventaire pré-exploitation de tous les arbres commer-
ciaux,

e en Bolivie, des inventaires de suivi de la dynamique post-
exploitation des zones exploitées.

Plusieurs critiques sont faites au systéme actuel de gestion
des foréts de production. De nombreuses études montrent que
20-60% de I'exploitation forestiere se fait de maniere illégale en
Amazonie : les plans de gestion sont rarement suivis”®, et le
contrdle de la bonne application du code forestier reste difficile
a vérifier et appliquer au vu de I’étendue des territoires. Enfin,
il favorise I’exploitation par des entreprises ou des particuliers
ayant les moyens financiers et ’acces a 'information facilitant
I'obtention de permis d’exploiter. A I'inverse les communautés
locales et petits producteurs rencontrent de nombreuses difficultés
pour appliquer les réglementations en vigueur, questionnant ainsi

la valeur sociale d’un tel systéme”.

Sous l'influence de 'opinion publique de plus en plus sen-
sible aux questions de déforestation et d’exploitation illégale®”,
des initiatives privées de certification ont vu le jour des 1992,
pour assurer un plus grand contrdle de ’origine du bois et une
amélioration des pratiques d’exploitation®®. Aujourd’hui, deux
grands organismes non-gouvernementaux certifient 1’exploitation
du bois : le Forest Stewardship Council (FSC) et le Programme for
the Endorsement of Forest Certification (PEFC). Cing-mille ha
de foréts naturelles sont certifiées en Amazonie, soit 5% de laire
totale des foréts de production®?. La part de foréts certifiée est
particulierement importante en Bolivie : 2 millions d’hectares sont
certifiés, soit 22% des foréts naturelles de production, et dont 60%
de la production est destinée & I'export'%?. Dans les autres pays
d’Amazonie, la certification a eu un succes plus mitigé (Brésil,
Pérou) voire quasi-inexistant. La principale raison reste le cofit
élevé de la certification, qui la rend peu compétitive par rapport
au bois issu de 'exploitation illégale!0!.

Les initiatives publiques et privées pour lutter contre l'ex-
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TABLE 1.1 — Caractéristiques de la gestion des foréts amazoniennes par pays. Source :
FAO, 2011 et Blaser et al., 2011.
2 = = 2 =
g - = £ g g - z <
2 ‘R 5 g g g S = o
3 9 3 = 5 5 3 5 g
Pays aa] ad) O ea) @) @ a¥ n >
Surface forestiere (Mha) 52 354 41 10 17 8 73 14 32
Foréts protégées (Mha) 12 110 8 3 1 4 16 11
Foréts de production (Mha) 25 150 5 2 5 2 19 5 9
Foréts publiques (%) 51 51 22 15 80 100 62 85 96
Foréts privées (%) 36 19 67 2 20 - 18 15 4
Foréts communautaires (%) 13 30 11 83 - - 20 - -
Production de bois d’ceuvre 0.91 282 0.81 1.18 037 0.08 1.30 0.38 0.18
(Mm?3an~—1)
Production de bois de sciage 0.46 856 038 042 0.07 0.03 0.67 0.11 0.28
(Mm3an~—1)
Bois de sciage exporté (%) 23 8 4 28 45 18 43 12 0
Durée minimum d’une rotation 20 35 - - 60 65 20 - 30
(ans)
Intensité d’exploitation maxi- - 30 - - 20 - 25 25 -

mum légale (m3ha=!)

ploitation illégale permettant un meilleur controle des modalités
de I'exploitation. Elles n’assurent pas pour autant la durabilité
des ressources exploitées. En effet, plusieurs études montrent que
I'exploitation, méme légale, n’est souvent pas durable au sens
défini par I'ITTO, et en particulier que la quantité de bois exploi-
table diminue fortement apreés un ou deux cycles d’exploitation!?2.
Parmi les pistes proposées pour améliorer le renouvellement des
ressources en bois on trouve!®? :

e la réduction des dégats liés a I'exploitation'®* : planification
des pistes, abattage directionnel des arbres exploités!'%?,

e des traitements post-exploitation pour diminuer la compé-
tition sur les futurs arbres exploitables : élimination des
lianes'%®, éclaircissement des plus gros individus d’espéces
non-commerciales'7,

e des traitements post-exploitation pour augmenter la régéné-
ration des espéces commerciales : enrichissement des trouées

d’exploitation avec des plantules d’espéces commerciales'?®.

En dehors de certaines techniques d’exploitation a faible impact
qui sont aujourd’hui exigées pour obtenir la certification FSC0?,
I’application de traitements sylviculturaux post-exploitation reste
quasi-inexistant sous les tropiques, principalement cantonné a des
discussions académiques!?.
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rest Ecology and Management 256.7,
p. 1427-1433.
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Forest Ecology and Management
256.7, p. 1458-1467.
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logy and Management 258.9, p. 1950—
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12En anglais on distingue distur-
bance, le phénomeéne perturbateur, de
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sur le systéme étudié. Ici, la pertur-
bation est comprise au sens de distur-
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H3W. P. Sousa (1984). « The Role
of Disturbance in Natural Communi-
ties ». In : Annual Review of Ecology
and Systematics 15.1, p. 353-391; E.
J. RYKIEL (1985). « Towards a defi-
nition of ecological disturbance ». In :
Austral Ecology 10.3, p. 361-365.

14C. R. DREVER et al. (2006).
« Can forest management based on na-
tural disturbances maintain ecologi-
cal resilience? » In : Canadian Jour-
nal of Forest Research 36.9, p. 2285~
2299.

1153 F. JOHNSTONE et al. (2016).
« Changing disturbance regimes, eco-
logical memory, and forest resi-
lience ». In : Frontiers in FEcology
and the Environment 14.7, p. 369—
378. arXiv : arXiv:1011.1669v3.
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1.2 La notion de résilience

L’un des fondements de la gestion durable des foréts est la no-
tion de résilience. En effet, 'exploitation des ressources ne peut
étre maintenue dans le temps que si les ressources exploitées se
régénerent apres leur exploitation. Sans cette capacité, une ex-
ploitation prolongée aboutirait au déclin des ressources et a la
dégradation, voire la disparition, des écosystémes ainsi modifiés.
Cette persistance des écosystémes et de leurs caractéristiques
face aux perturbations est appelée résilience par analogie avec la
physique des matériaux, et a été longtemps étudiée en écologie' 1.

1.2.1 Des foréts perturbées
Définition de la perturbation

Pour comprendre la résilience, il faut se pencher sur ce que consti-
tue une perturbation en écologie''?. Une perturbation est un
événement discret modifiant I’état d’un systeme, le plus souvent
traduit par une surmortalité des individus d’une communauté,
permettant ensuite & d’autres individus de prendre leur place 3.
Une perturbation provoque donc le passage abrupt d’un systéme
dans un état transitoire. Lorsque la perturbation s’arréte, le sys-
teme peut alors retourner a son état initial, ou basculer vers un
nouvel état. Lorsqu’un systéeme est soumis & des perturbations de
maniére récurrente, on parle alors du régime de perturbations. Les
perturbations peuvent étre caractérisées par leur durée, leur inten-
sité, leur étendue spatiale et, lorsqu’il y a plusieurs évenements
de perturbation, leur fréquence'!?.

Bien que I'intensité et la durée de la perturbation modifient
la dynamique de la forét'?, il est rare d’avoir une caractérisation
aussi fine de la perturbation dans les foréts tropicales, car souvent
I’historique de la forét avant et pendant la perturbation manque.
Parce que I'exploitation est une perturbation contrélée et qui a
une grande importance économique, des foréts ont été expérimen-
talement exploitées et suivies dans plusieurs régions d’Amazonie,
et ce, depuis plusieurs décennies. Les données utilisées dans cette
these regroupent 15 sites expérimentaux ou des foréts ont été sui-
vies avant, pendant et apres 'exploitation''6, et les résultats issus
de cette étude pourront ainsi permettre de mieux comprendre la
réponse des foréts amazoniennes aux perturbations.

Dans le cadre de cette these, le systeme étudié est la parcelle fo-
restiere. Ce systeme subit une unique perturbation : 'exploitation
sélective, parfois accompagnée d’autres traitements sylviculturaux
(exploitation des petites tiges pour du bois de feu, éclaircissement
de gros arbres non-commerciaux, suppression des lianes). La per-
turbation a été caractérisée en fonction de 1’évolution du stock
de carbone aérien de la parcelle. La durée de la perturbation est
définie comme 'intervalle de temps (de 1 & 4 ans) pendant lequel
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le stock de carbone décroit apres 'exploitation. La durée de cette
surmortalité est due aux dégats d’exploitation (arbres abimés lors
des opérations) et, lorsqu’il y en a eu, aux traitements sylvicul-
turaux. L’intensité de ’exploitation est caractérisée par la perte
de carbone entre le début et la fin de la perturbation, proportion-
nellement au stock initial (cf. exemple en Figure 1.8). L’intérét
de cette définition de la perturbation est qu’elle est suffisamment
générique pour pouvoir décrire d’autres types de perturbations
affectant les foréts tropicales selon un gradient allant de 0% a
100% de biomasse perdue (déforestation).

Perturbations et foréts amazoniennes

Les perturbations naturelles structurent les foréts ama-
zoniennes En forét amazonienne, les perturbations naturelles
sont principalement créées par des chablis, i.e. le déracinement
et la chute d’arbres de canopée créant des ouvertures dans la
forét. Ces ouvertures modifient I’environnement lumineux local.
Lorsque la trouée est suffisamment grande, les nouvelles condi-
tions ainsi créées favorisent ’apparition d’individus d’espéces dites
pionniéres a croissance rapide incapables de se développer dans
des environnements de sous-canopée pauvres en lumiere. Par la
diversité de conditions qu’elles créent, les perturbations struc-
turent les foréts, créant une hétérogénéité a la fois temporelle et
spatiale. Selon I'hypothése des perturbations intermédiaires, la
diversité d’especes est maximale pour un niveau de perturbation
intermédiaire permettant a la fois la présence d’especes favorisées
par de hauts niveaux de perturbation, et d’especes favorisées par
de faibles niveaux de perturbation'!”. Le niveau de perturbation
structure donc la diversité et la composition a 1’échelle locale,
mais aussi régionale!!8.

Augmentation du régime de perturbations anthropiques
Les foréts amazoniennes sont soumises a des perturbations d’ori-
gine humaine : exploitation sélective, événements climatiques
extrémes et feux''. Comme les perturbations naturelles, ce sont
des évenements transitoires de surmortalité qui modifient signifi-
cativement les caractéristiques des foréts affectées. Pourtant, ce
nouveau régime de perturbations difféere du régime naturel princi-
palement par la fréquence et I'intensité des perturbations qui est
devenue plus élevée, et est prévue de continuer a augmenter dans
le futur'??. En effet, les événements climatiques extrémes vont
devenir plus fréquents'?!, augmentant aussi la fréquence des feux.

Exploitation
Biomasse l
initiale

Perte de biomasse
par l'exploitation

Biomasse
minimum

—
1-4 ans Récupération

FI1GURE 1.8 — Effet de ’exploitation

sur la biomasse aérienne d’une par-
celle forestiere.
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p. 798-805.
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Scientific Reports 8.1, p. 1-12.
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120y, MALHI et al. (2015). « The
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land Amazonian forests ». In : Global
Change Biology 21, p. 2283-2295.

21Durry et al. (2015). « Projec-
tions of future meteorological drought
and wet periods in the Amazon », cf.
note 68, p. 7.
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cf. note 111, p. 12.

1.2.2 Comment se maintiennent les écosystémes
malgré les perturbations ?

Historique de la notion de succession en écologie

La stabilité des écosystemes a d’abord été expliquée comme le
résultat d’'un processus de succession amenant a un équilibre
stable, ou climax, caractérisé par la composition des communautés
d’organismes et déterminé par les conditions climatiques'??. Cette
notion de succession déterministe a connu un vif succes et a
modelé I’écologie du XX¢ siecle, mais a aussi été le sujet de
nombreuses critiques. Une autre vision est développée a 1’époque,
plus individualiste, qui réfute la vision d’un écosystéme comme une
entité cohérente et prédictible et laisse plus de part au hasard!'?3.
Ces deux visions restent cependant tres théoriques et manquent
de cas d’études concrets, I’écologie étant a I’époque une science
jeune. Avec ’accumulation de données, une vision plus inductive se
développe, décrivant I’état d’équilibre des écosystémes en fonction
de caractéristiques telles que sa biomasse ou la diversité des
organismes (et non plus l'identité des organismes eux-mémes).
Cette nouvelle vision se range dans la lignée clementsienne, car elle
admet toujours un état d’équilibre vers lequel tend 1’écosysteme, et
cet état correspond au niveau maximum de complexité (biomasse,
diversité) que peut atteindre ’écosystéme dans les limites de
I'environnement physique local'?4.

La principale limite de ces théories est qu’elles négligent a la
fois les modifications temporelles de ’environnement et I’'impor-
tance des perturbations. Or comme vu ci-dessus, les perturbations
naturelles jouent un roéle central dans la structuration des éco-
systeémes. En effet, la fréquence des perturbations naturelles est
en général bien supérieure au temps de succession'? : les écosys-
temes sont donc plutdt des mosaiques d’états post-perturbation
que des entités homogenes et stables'?6. Aujourd’hui le paradigme
dominant n’est plus celui d’un équilibre stable mais dynamique,

définit par des cycles de perturbations - récupération?7.

Approche développée dans cette étude

L’approche de la phase de récupération post-exploitation dévelop-
pée dans cette étude s’inspire en grande partie de la littérature
sur les successions écologiques. Le systeme étudié (I’ensemble des
arbres d’une parcelle forestiére) est décrit selon certaines carac-
téristiques écosystémiques : un stock (par exemple de carbone)
et par des flux entrants et sortants. Au cours de la phase de
récupération, le systeme converge vers un état d’équilibre carac-
térisé par des quantités constantes : les flux sont constants, et
la résultante des flux (les gains moins les pertes) est nulle : les
stocks sont donc aussi constants. L’état d’équilibre dépend des
caractéristiques de 'environnement local (climat, sol) : il pourrait
donc varier dans le temps (par exemple avec les changements
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prévus du régime de précipitation). Cependant dans 1’ensemble
des études présentées ici I'état d’équilibre a été décrit comme
constant sur la période de mesure (de 10 & 30 ans selon les sites,
Table 2.1). L’état d’équilibre ainsi décrit n’est cependant jamais
atteint. L’état du systeme s’approche de cet état stationnaire tant
qu’il n’y a pas de perturbation, et s’en éloigne dés que survient
une perturbation (Figure 1.9).

(a) Total volume (m°ha™") (b) Volume gain (m’ha'yr™") (c) Volume mortality (m*ha 'yr™")
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Dans ce cadre d’analyse, défini de maniere plus approfondie a
partir du chapitre 6, I’état du systéme peut alors étre caractérisé
par sa maturité. La maturité est ici définie de la sorte : la maturité
est nulle lorsque le stock est nul, et en absence de toute perturba-
tion la maturité augmente avec le temps. Une perturbation (dans
notre cas, l'exploitation sélective) est alors décrite comme un
événement ponctuel qui diminue de maniére abrupte la maturité
du systeme. Des lors que la perturbation est finie, la maturité du
systeme augmente de nouveau, progressivement. Les quantités
étudiées (stocks et flux) peuvent alors étre décrites en fonction de
la maturité du systéme (Figure 1.9), selon les caractéristiques du
systeme étudié.

L’hypothése qui est faite est que dans des conditions environ-
nementales données, le systeme étudié a une réponse cohérente
quel que soit le type de perturbation. Cette vision simplifiée a
I’avantage de faire ressortir les constantes dans le comportement
des systemes étudiés, offrant ainsi de la robustesse aux résultats
obtenus d’un site a ’autre. Nous verrons par la suite 'importance
que cela peut avoir pour passer de ’échelle de la parcelle (le
systeme étudié) a celle de I’Amazonie.

1.2.3 Caractériser la réponse aux perturbations
Résistance et résilience

La réponse d’un systéme a une perturbation peut étre décrite par
deux propriétés fondamentales : sa résistance et sa résilience a la

perturbation'?®. La résistance caractérise I'intensité du change-

ment des propriétés du systeme apres la perturbation. La résilience
est la capacité du systeéme a retrouver ses propriétés initiales. Cette

FIGURE 1.9 — Stock de volume (a)
et des changements annuels : flux
entrant (b) et sortant (c), tels que
modélisés dans cette theése a partir
des données de Paracou (cf. Cha-
pitre 6). Tant qu’il n’y a pas de per-
turbation, la maturité de la forét
augmente et la forét tend vers un
état d’équilibre asymptotique (i.e.
I’équilibre n’est jamais atteint : il
s’agit du comportement limite du
systéme) ; quand survient une per-
turbation (fleche rouge) le systéeme
revient a un état antérieur.

128D, HopasoN et al. (2015).
« What do you mean, ’resilient’? »
In : Trends in Ecology and Evolution
30.9, p. 503-506.
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FiGURE 1.10 — Illustration des no-
tions de résilience et résistance. In

Attiwill, 1994¢.
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disturbance of forest ecosystems : the
ecological basis for conservative ma-
nagement ». In : Forest Ecology and
Management 63.2-3, p. 247-300.

129D AviA et al.  (2015).
« Medium-term dynamics of tree
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p. 7.

1308, SAKSCHEWSKI et al. (2016).

« Resilience of Amazon forests
emerges from plant trait diver-
sity ». In : Nature Climate Change

1.August.

317, RiuTTA et al. (2018). « Log-
ging disturbance shifts net primary
productivity and its allocation in Bor-
nean tropical forests ». In : Global
Change Biology 24.7, p. 2913-2928.
arXiv : 0608246v3 [arXiv:physics].

132M. HIroTA et al. (2011). « Glo-
bal Resilience of Tropical Forest and
Savanna to Critical Transitions ». In :
Science 334.6053, p. 232-235. arXiv :
20.

133A. RoOPSIND et al. (2018).
« Trade-offs between carbon stocks
and timber recovery in tropical forests
are mediated by logging intensity ».
In : Global Change Biology March.

134 JONNSTONE et al. (2016). « Chan-
ging disturbance regimes, ecological
memory, and forest resilience », cf.
note 115, p. 12.

B5GuITET et al. (2018). « Distur-
bance Regimes Drive the Diversity
of Regional Floristic Pools Across
Guianan Rainforest Landscapes », cf.
note 118, p. 13; R. NEGRON-JUAREZ
et al. (2018). « Vulnerability of Ama-
zon forests to storm-driven tree mor-
tality ». In : Environmental Research
Letters 13, p. 054021.

capacité est souvent caractérisée par la vitesse de retour a 1’état
pré-perturbation (Figure 1.10).

~— Low Resistance, High Resilience

Functional State of the Fcosystem

High Resistance, Low Resilience

f Time
Disturbance

Mesures de la résilience

La résilience d’un systeme a une perturbation est étudiée a travers
des indicateurs qui peuvent étre quantitatifs ou qualitatifs. Ces
indicateurs sont modifiés par la perturbation, et la dynamique de
leur retour a une valeur pré-perturbation permet de caractériser
la résilience du systéme. Ces indicateurs peuvent étre définis a
I’échelle de la communauté, par exemple en nombre d’individus,
composition et diversité'??, ou a I’échelle de I’écosystéme, par
exemple en termes de stocks (exemple : biomasse'®?), de flux
(exemple : productivité primaire’!), ou autres (exemple : couvert
forestier'3?). La résistance et résilience d’un systéme sont trés
dépendantes des propriétés mesurées, et toutes les caractéristiques
d’un systéeme n’ont pas la méme dynamique de réponse a une
perturbation, par exemple la récupération du carbone peut étre
plus rapide que la récupération du volume de bois exploité!33.

Dans I’étude présentée ici, la résilience de 1’écosysteéme cor-
respond a la vitesse a laquelle les stocks et flux (par exemple de
carbone) tendent vers leur état d’équilibre asymptotique apres
I’exploitation.

Diversité et mémoire écologique

La résilience d’un écosystéme a une perturbation dépend des ca-
ractéristiques de I’écosystéme avant la perturbation. Cet état est
la résultante de I’histoire de I’écosysteme, et en particulier du ré-
gime historique des perturbations qui sélectionne progressivement
des individus dont les traits sont adaptés aux perturbations'3*. Ce
phénomene de mémoire écologique explique la stabilité temporelle
des écosystemes malgré les perturbations récurrentes qu’ils su-
bissent. En Amazonie, des variations du régime de perturbations
se refletent sur la composition floristique des foréts'3®. Certaines
especes dites pionniéres jouent un réle clé dans la récupération
de la forét suite aux chablis. Une espece pionniére type a une
croissance rapide, un cycle de vie court et de petites graines fa-
ciles & disperser et qui peuvent rester longtemps en dormance. La
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dormance est levée avec 'augmentation de la lumiére arrivant au
sol lors d’une trouée. L’individu croit alors rapidement, ce qui
permet de refermer le couvert forestier apres 1-2 ans. La présence
de ces espéeces «sparadrap »est donc un élément clé de la résilience
des foréts amazoniennes.

La résilience dépend du maintien de certaines fonctions clé du
fonctionnement de 1’écosystéme apres la perturbation. La diver-
sité des individus, notamment leur diversité fonctionnelle, permet
de réduire le risque de perdre totalement certaines fonctions in-
dispensables au maintien de 1’écosysteme. Cet effet est d’autant
plus fort que plusieurs especes assurent le méme réle dans I’éco-
systéme (on parle alors de redondance fonctionnelle'3%), et que
leur réponse & la perturbation varient entre elles'3”. Dans ce cas
le risque de perdre une espece essentielle au fonctionnement de
I’écosysteme devient tres faible. Il a ainsi été montré qu’a ’échelle
de I’Amazonie la diversité fonctionnelle joue un réle essentiel dans

la résilience des foréts face aux changements climatiques!38.

1.3 Quel futur pour les foréts de
production en Amazonie ?

1.3.1 La foresterie tropicale en transition

La foresterie tropicale a connu plusieurs changements de para-
digmes dominants qui ont affecté le mode de gestion des foréts
tropicales.

Depuis les années 1990, la prise de conscience du besoin de
gérer les ressources forestieres en Amazonie afin d’éviter leur épui-
sement rapide a amené le concept de gestion durable des foréts.
L’approche alors dominante est que la conservation des foréts
tropicales sera d’autant plus efficace que ces foréts géneérent des
revenus, grace a la gestion durable de leurs ressources (bois et
produits forestiers non-ligneux)'Y. Pourtant les normes de ges-
tion établies sur ce principe'® n’ont pas enrayé le déclin rapide
des ressources en bois précieux!*!, et exploitation sélective n’est
souvent pas viable économiquement des le deuxieme cycle d’ex-
ploitation'?. De plus en Amazonie la plupart de I'exploitation est
illégale!®3 et se fait donc sans souci de durabilité, ce qui aggrave
encore le déclin rapide des ressources. Pour s’affranchir du risque
de surexploitation des ressources, d’autres outils ont été dévelop-
pés, comme les payements pour services environnementaux qui
rétribuent les usagers de la forét en échange du maintien de sa
valeur environnementale (par exemple le carbone stocké)#4. Ces
outils suivent la méme logique que la gestion par ’exploitation
durable :
mique. Pourtant, d’un point de vue économique, I'exploitation
du bois ou d’autres produits non-ligneux, méme associée a des
payements pour services environnementaux, peut difficilement

maintenir la forét en lui conférant une valeur écono-
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compenser les cotits d’opportunité de ne pas transformer les foréts
en terres agricoles'?. La vision de I’exploitation sélective comme
stratégie de conservation connait donc de vives critiques™%. La
conservation des foréts tropicales n’émergera donc probablement
pas uniquement d’incitations économiques, mais dépendra de déci-
sions politiques volontaristes. Dans un contexte ou la demande de
bois est prévue de presque doubler dans les 50 ans & venir'7, la re-
définition d’une stratégie pour la gestion des foréts de production
devient cruciale en Amazonie.

L’une des premieres limites dans les foréts de production
amazoniennes est le déclin rapide des ressources en bois apres un
ou deux cycles d’exploitation, méme dans le cas de ’exploitation
a faible impact'®. L’une des interrogations du secteur forestier
aujourd’hui est donc de savoir sous quelles conditions I'exploitation
peut étre durable, voire si cette durabilité est seulement possible et
économiquement viable. D’autres débats, par exemple sur 'impact
de I'exploitation sur les stocks de carbone'#?, la diversité!®® ou le
cycle de I'eau'®!, sont autant de nouveaux éléments & prendre en

compte dans la définition de nouvelles regles d’exploitation.

Un autre débat central, qui a été nommé land sparing vs. land
sharing en anglais, peut se résumer a la question suivante : vaut-il
mieux utiliser I'intégralité des foréts disponibles pour produire
du bois avec de faibles intensités qui auront donc un impact lo-
cal réduit, ou faut-il exploiter seulement une fraction des foréts
avec des intensités plus élevées et laisser le reste intact'®?? La
premiére option a souvent été favorisée!®®, sous I’hypothése que
ce type de perturbation serait suffisamment faible pour maintenir
les foréts dans un état proche des foréts naturelles, et que 'aug-
mentation de I'intensité risquerait de mettre en péril la provision
des services écosystémiques'®. Pourtant, de nombreux chercheurs
soulignent la valeur irremplagable des foréts naturelles, et le risque
de perte d’especes et d’homogénéisation des foréts sous ce type
de scénario®. Viennent s’ajouter les cofits économiques'® et
environnementaux'®” de la construction d’infrastructure sur ’en-
semble du paysage.

Les services forestiers des pays du bassin amazonien sont donc
demandeurs d’informations leur permettant d’adapter leur gestion
des foréts de production. Pour mieux comprendre 'effet de I'ex-
ploitation sur la dynamique des foréts, plusieurs informations ont
été récoltées par les services forestiers de plusieurs pays du bassin
amazonien. Dans les concessions brésiliennes, les exploitants ont
I’obligation d’installer des parcelles de suivi de la dynamique fores-
tiere aprés exploitation (1 ha pour 250 ha exploités)!®®; il en va
de méme pour les exploitants boliviens qui ont ’obligation légale
d’installer 1 ha de parcelles pour chaque 1000 ha exploités'®?.
Indépendamment de ces législations, des parcelles expérimentales
ont été mises en place par des instituts de recherche pour ré-
pondre a ces mémes questions. Il existe donc aujourd’hui une
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grande quantité de données sur les foréts exploitées en Amazonie,
certes pas toujours facilement accessibles ni utilisables'®®, mais
qui pourrait néanmoins permettre de prendre des décisions plus
éclairées pour la gestion forestiere.

1.3.2 Les services écosystémiques comme outil de
décision

La mise en place de la gestion forestiere répond a un enjeu fonda-
mental qui est celui de préserver les écosystemes forestiers dont
dépendent les sociétés humaines. La quantification de 1’ensemble
des biens et services que les sociétés humaines retirent des écosys-
temes, regroupés sous le terme de «services écosystémiquesy, a
connu un intérét grandissant au cours des dernieres décennies et a
fait I’objet en 2005 d’un travail associant plus de 1360 chercheurs,
le Millennium Ecosystem Assessment, pour évaluer I'impact glo-
bal des activités humaines sur les services écosystémiques'!. On
distingue quatre types de services écosystémiques (Figure 1.11) :

les services d’approvisionnement,

les services de régulation,

les services culturels,

les services de support permettant 'approvisionnement des
autres services.

La notion de service écosystémique a provoqué un change-
ment marquant dans le paradigme de conservation, proposant
une vision plus anthropocentrée : les écosystémes ne sont plus
conservés uniquement pour leur valeur intrinseque, mais pour ce
qu’ils peuvent offrir aux sociétés humaines. Elle a permis une
reconnaissance formalisée de I’ensemble des biens retirés du fonc-
tionnement des écosystemes, et ainsi de rationaliser la gestion des
écosystémes en les regroupant sous un méme concept'®?. Pour
maintenir 'ensemble des services rendus par les écosystémes, la
gestion forestiere ne peut se focaliser sur un unique objectif (par
exemple, la production de bois ou la conservation d’une espéce)
mais doit permettre de prendre en compte la multiplicité des
services rendus par les foréts (valeur culturelle et esthétique, pro-
duction de produits non-ligneux, régulation du climat, etc.). Le
cadre conceptuel des services écosystémiques permet de concilier
cet ensemble d’objectifs, et pose donc les bases pour le dévelop-
pement d’écosystemes remplissant de nombreux objectifs aupres
de divers usagers'®3. Cela est d’autant plus important dans les
cas ol certains services écosystémiques sont antagonistes. Un cas
classique est le compromis entre un service d’approvisionnement
(production de biens agricoles, d’énergie, de bois) et un service de
support (renouvellement des populations, biodiversité, structure
du sol). Négliger le deuxiéme type de service mettrait alors en
péril Papprovisionnement du premier. Par exemple, I’extraction de
noix du Brésil dans les foréts amazoniennes (Bertholletia excelsa)
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provoquerait le déclin des populations adultes °*. Il est donc né-

cessaire pour les gestionnaires forestiers de faire des choix informés

afin d’optimiser les compromis entre services écosystémiques!'%®.

Dans cette these, I'impact de I'exploitation est quantifié selon
trois services écosystémiques qui sont au centre des débats ac-
tuels : le service d’approvisionnement en bois d’ceuvre, le service
de stockage de carbone (régulation du climat) et le service de
biodiversité comme service a la fois culturel et de support au
fonctionnement des foréts tropicales.

1.3.3 Une approche régionale

Aujourd’hui, de nombreuses études ont permis de mieux com-
prendre l'effet de ’exploitation sur les services écosystémiques.
Les conclusions de ces études sont souvent cohérentes : ’exploi-
tation sélective telle que pratiquée aujourd’hui ne permet pas de
récupérer le volume de bois, mais par contre les stocks de carbone
sont rapidement récupérés'®® surtout lorsque les techniques d’ex-
ploitation & faible impact ont été appliquées'®’. L’exploitation
modifie la composition des foréts : vers des especes plus géné-
ralistes pour les animaux'%® et des essences a croissance rapide
pour les plantes!®®. La persistance de ces effets apres I’exploi-
tation a cependant été peu étudiée. L'effet sur la diversité est
plus difficile & interpréter'™®, d’autant plus qu’il existe un grand
nombre d’estimateurs de biodiversité!™' et que les mesures de
biodiversité sont treés sensibles a la surface échantillonnée et a
la qualité de l'identification', deux facteurs limitants dans les
foréts amazoniennes denses et riches en especes.

Cependant, peu d’études ont été faites a ’échelle régionale
pour comprendre les différences dans les dynamiques de réponse a
Iexploitation. Surtout, il n’existe pas d’étude cherchant a concilier
plusieurs services écosystémiques dans les foréts de production
a I’échelle du bassin amazonien. La theése développée ici cherche
donc a répondre a ces questions centrales pour la gestion future
des foréts de production en Amazonie :

1. Comment 'exploitation modifie I’approvisionnement des
services écosystémiques (carbone, volume de bois), et com-
ment ces services se reconstituent apres ’exploitation (Fi-
gure 1.12)7

2. Ces dynamiques sont-elles structurées a 1’échelle amazo-
nienne 7 Quels facteurs permettent d’expliquer les éven-
tuelles différences observées 7

3. Existe-t-il des compromis entre les services de stockage
du carbone, d’approvisionnement de bois et de diversité a
I’échelle régionale? Comment les futurs choix de gestion
pourraient-ils modifier I’approvisionnement de ces services 7

Pour répondre a ces questions ont été développés des modeles
de permettant d’estimer les émissions de carbone et la récupération
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du volume de bois a I’échelle d’une parcelle exploitée (Chapitres 3
et 6). Les dynamiques de récupération du carbone et de volume
de bois apres I'exploitation ont été étudiées a 1’échelle régionale, et
leurs prédictions spatialisées (Chapitres 4 et 7). En combinant ces
prédictions avec des cartes de richesse de vertébrés, ’approvision-
nement des trois services écosystémiques (carbone, bois, diversité)
a été optimisé spatialement, sous contrainte d’une production de
bois d’cevre répondant a la demande locale.

Biomass
Biodiversity
Benefits = Production

~

lI' Logging
Low Medium Intensity

F1GURE 1.12 — Effet attendu de I'in-
tensité d’exploitation sur les ser-
vices écosystémiques dans les foréts
de production, d’apres Sist, 2014.






CHAPITRE 2

Données et outils méthodologiques

2.1 L’environnement physique et
biologique

La structure et la dynamique des foréts amazoniennes sont princi-

palement liées au régime de perturbations, lui-méme dépendant

des conditions abiotiques dans lesquelles se développent les foréts.
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Il existe en Amazonie deux grands gradients particulierement
structurants pour la végétation (Figure 2.1) : un gradient de
stabilité et de fertilité du sol est-ouest, avec des sols récents et
fertiles mais superficiels du coté andin (ouest), et a l'est des
sols anciens et profonds mais particulierement appauvris par le
lessivage des nutriments'. Le deuxiéme gradient est un gradient
de sécheresse nord-sud? : les précipitations sont plus importantes
au nord, et la durée de la saison seche est plus courte.

Les variations du niveau de perturbation s’expliquent donc
principalement par la stabilité des sols?, et par la fréquence des
tempétes dans les régions nord-est de I’Amazonie?. Les foréts
y sont moins stables et soumises a des chablis plus fréquents
et de plus grande ampleur®. Les taux de renouvellement sont
particulierement élevés (Figure 2.1), ce qui favorise les especes a

23

FIGURE 2.1 — Explication du taux
de mortalité annuelle (% des tiges,
d’aprés Johnson et al. 2016) par
deux gradients environnementaux :
un gradient de sécheresse nord-sud,
ici représenté par les précipitations
annuelles (www.worldclim.org) et
un gradient de stabilité du sol ouest-
est, ici représenté par la profondeur
du sol (www.soilgrids.org).

1C. a. QuEsaDA et al. (2012).
« Basin-wide variations in Amazon fo-
rest structure and function are media-
ted by both soils and climate ». In :
Biogeosciences 9.6, p. 2203—-2246.

2MALHI et al. (2015). « The lin-
kages between photosynthesis , pro-
ductivity , growth and biomass in
lowland Amazonian forests », cf.
note 120, p. 13.

3QuEsabpA et al. (2012). Cf.
note 1.

4NEGRON-JUAREZ et al. (2018).
« Vulnerability of Amazon forests to
storm-driven tree mortality », cf.
note 135, p. 16.

5F. D. ESPIRITO-SANTO et al.
(2014). « Size and frequency of natu-
ral forest disturbances and the Ama-
zon forest carbon balance ». In
Nature Communications 5, p. 3434;
NEGRON-JUAREZ et al. (2018). « Vulne-
rability of Amazon forests to storm-
driven tree mortality », cf. note 135,
p. 16.
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SMaLHI et al. (2015). « The lin-
kages between photosynthesis , pro-
ductivity , growth and biomass in
lowland Amazonian forests », cf.
note 120, p. 13.

70. GRrAU et al. (2017).
« Nutrient-cycling mechanisms other
than the direct absorption from soil
may control forest structure and
dynamics in poor Amazonian soils ».
In : Scientific Reports T7.March,
p. 45017.

8M. O. JoHNSON et al. (2016).
« Variation in stem mortality rates
determines patterns of above-ground
biomass in Amazonian forests : impli-
cations for dynamic global vegetation
models ». In : Global Change Biology
22.12, p. 3996-4013.

FIGURE 2.2 — Lien entre les gra-
dients édaphiques et climatiques, le
régime de perturbation et le car-
bone (stock et flux) des foréts ama-
zoniennes. In Dolman et al. 2018%.

A DOLMAN et T JANSSEN (2018).
« The enigma of the Amazonian car-
bon balance The enigma of the Ama-
zonian carbon balance ». In : p. 6-9.

FIGURE 2.3 — Distribution de deux
traits fonctionnels dans les foréts
amazoniennes. In ter Steege et al.
2006°. (a) Densité moyenne du bois.
(b) Masse moyenne des graines
(échelle logarithmique).

“H. TER STEEGE et al. (2006).
« Continental-scale patterns of canopy
tree composition and function across
Amazonia. » In Nature 443.24,
p. 444-447.

croissance rapide et a cycle de vie court, avec peu d’investissement
dans des structures pérennes. A linverse, les foréts du nord-
est de ’Amazonie et du plateau des Guyanes poussent sur des
sols pauvres mais particulierement stables car profonds et peu
denses ; de plus, ces foréts sont peu soumises & des stress hydriques,
car le régime de précipitation est faiblement saisonnier®. Cet
environnement favorise des peuplements denses et a croissance
lente, surtout limités par la compétition pour la lumiere et par

I'apport de nutriments stockés principalement dans la biomasse”.

Ces différences de dynamique expliquent la distribution de la
biomasse®, avec des foréts plus riches en biomasse au nord-est de
I’Amazonie ou le taux de mortalité est le plus faible (Figure 2.2).
La distribution des traits fonctionnels suit un gradient similaire :
au nord-est les traits fonctionnels moyens refletent un fort investis-
sement dans les structures (grande densité du bois : Figure 2.3a),
permettant de croitre plus haut, mais lentement. A P'inverse, la
faible masse des graines a 'ouest de I’Amazonie refléte une straté-
gie opportuniste, adaptée aux environnements tres perturbés : ces
graines sont facilement dispersées, mais ont peu de réserves, elles
dépendent donc de I'apparition de trouées et de 'apport lumineux
immédiat pour que les plantules puissent se développer.

Seasonally dry forest

|Eplaodlcdrougm ANPP: 2.40 Mg C ha' yr-!
] e IAAEB:-ZS--i.ONUCIB"yr" Mortality: 3.19% yr-
namic growing fore Al - +0.6~+0.8%yr-!
AGB: 126 Mg C ha'' = L
ANPP: 3.06 Mg C har' yr-!

Mortality: 2.62% yr”*

0.56-0.73

Les gradients décrits ci-dessus affectent la dynamique des
foréts naturelles ; de méme, il est attendu qu’une fois exploitées
la réponse des foréts a la perturbation soit influencée par ces
différences. Les foréts soumises a de fortes perturbations naturelles
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pourraient avoir une récupération plus rapide que les foréts peu
perturbées du plateau des Guyanes, car le pool d’especes déja
présent est plus adapté a ces conditions environnementales.

2.2 Les inventaires forestiers

Les inventaires forestiers ont été utilisés depuis plusieurs siecles
en foresterie pour caractériser les peuplements d’arbres?. Des par-
celles, dont la taille est en général de I'ordre de 'hectare, sont
délimitées, et ’ensemble des arbres au-dessus d’une certaine taille
pré-définie (par exemple 10 cm DHP) sont recensés, cartographiés,
et leurs caractéristiques mesurées : diametre, hauteur, identifica-
tion de 'espece. Ces données peuvent ensuite étre utilisées pour
estimer d’autres variables a partir d’équations allométriques, telles
que la biomasse de chaque individu'?. Pour décrire les dynamiques
du peuplement, les parcelles peuvent étre mesurées régulierement,
on parle alors de parcelle permanente. Dans cette étude, deux
ensembles de parcelles situés dans des foréts de terre ferme ont
été utilisées : un réseau de parcelles permanentes (TmFO) et un
ensemble de parcelles mesurées une seule fois (RadamBrasil).

2.2.1 Le réseau TmFO

Ce travail a été mené au sein du Tropical managed Forest Observa-
tory (TmFO)!. Ce réseau pan-tropical, formé en 2012, regroupe
17 institutions ayant installé des dispositifs de suivi de parcelles
permanentes exploitées. Le but est de comprendre la réponse
des foréts tropicales a des perturbations anthropiques telles que

I'exploitation'?.

En Amazonie, ce réseau regroupe 166 parcelles permanentes
(845 ha) réparties dans 15 sites couvrant une grande partie de
I’Amazonie (Figure 2.4a). L’ensemble de ces sites a été exploité,
avec au moins un inventaire pré-exploitation (caractérisation de
I’état initial) et deux inventaires post-exploitation (suivi des dyna-
miques post-exploitation). Les modalités d’exploitation et de suivi
des parcelles sont synthétisées dans la Table 2.1. Certains sites
ont été exploités expérimentalement, et dans ce cas l'intensité
d’exploitation est controlée et dans certains cas plusieurs trai-
tements ont pu étre testés (différentes intensités d’exploitation ;
traitements post-exploitation : éclaircissement, élimination des
lianes). D’autres sites ont été installés sur des zones exploitées par
des entreprises privées!?. Dans ce cas les effets de 1’exploitation
sont souvent plus variables.

2.2.2 RadamBrasil

Le deuxieme ensemble de parcelles utilisé dans cette étude sont
issues du projet RadamBrasil'*. Ce projet, initié par le gouverne-
ment brésilien dans les années 1970, avait pour but d’inventorier

9H. PrETZSCH (2010). Forest Dy-
namics, Growth and Yield. arXiv :
arXiv:1011.1669v3.

103, CHAVE et al. (2014). « Im-
proved allometric models to estimate
the aboveground biomass of tropical
trees ». In : Global Change Biology
20.10, p. 3177-3190.

11mlw.tmfo.org

1281sT et al. (2015). « The Tro-
pical managed Forests Observatory :
A research network addressing the fu-
ture of tropical logged forests », cf.
note 116, p. 12.

L3 La certification FSC demande la
mise en place de parcelles de suivi
post-exploitation; c’est aussi stipulé
dans le code forestier bolivien.

MM. d. M. e. E. BrasiL (1973).
Projeto Radambrasil. Levantamento
de recursos naturais, 34 vols.


http://arxiv.org/abs/arXiv:1011.1669v3
www.tmfo.org
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TABLE 2.1 — Caractéristiques des sites TmFO.
Site Traitement Nombre Taille des Période de Année
de par- parcelles  mesure d’exploi-
celles tation
Braga-Supay  Exploitation sélective 7 1 ha 1993-2008 1994
Chico-Bocao  Exploitation sélective 7 1 ha 2001-2011 2002
Cumaru Exploitation sélective 7 1 ha 2002-2011 2005
Ecosilva Exploitation sélective 18 1 ha 2002-2012 2003
INPA Controle 2 22 ha 2002-2012
Exploitation sélective 2 22 ha 2002-2012
Traitements sylv. 4 22 ha 2002-2012 2003
Iracema Exploitation sélective 30 1 ha 2002-2015 2003
Itacoatiara Exploitation sélective 40 1 ha 1996-2014 1997
Jari Controle 4 1 ha 1984-2011
Exploitation sélective 12 1 ha 1984-2011
Traitements sylv. 24 1 ha 1984-2011 1985
La Chonta Controle 3 27 ha 2000-2011 2001
Exploitation sélective 3 27 ha 2000-2011 2001
Traitements sylv. 6 27 ha 2000-2011 2001
Peteco Exploitation sélective 40 0.25 ha 1996-2014 1997
Paracou Controle 3 6.25 ha 1984-2015 1986
Exploitation sélective 3 6.25 ha 1984-2015 1986
Traitements sylv. 3 6.25 ha 1984-2015 1986
Traitements sylv. et bois 3 6.25 ha 1984-2015 1986
de feu
Paragominas  Controle 1 25.4 ha 1993-2014
Exploitation sélective 2 25.4 ha 1993-2014 1994
Tabocal Controle 10 1 ha 1999-2011
Tortue Controle 1 6 ha 2002-2016
Exploitation sélective 2 4.5 ha 2002-2016
Tapajos Controle 12 6.25 ha 1984-2015
Exploitation sélective 12 6.25 ha 1984-2015
Traitements sylv. 36 6.25 ha 1984-2015

les ressources naturelles (biotiques et abiotiques) des foréts ama-
zoniennes. Les données sont aujourd’hui disponibles en libre-acces
sur le site de l'institut brésilien de géographie et statistiques
(IBGE)'. Les données de 2660 parcelles d'un hectare (mesurées
une seule fois) ont été utilisées dans cette étude (Figure 2.4b),
comprenant : les coordonnées de la parcelle, le diametre de tous
les arbres au-dessus de 32 cmm DHP, leur hauteur commerciale et
leur identification & l'espece (99.7% des individus mesurés ont été
identifiés).

> IBGE (2017). Produgdo da Ex-
tracao Vegetal e da Silvicultura -
PEVS.

2.3 Quantités modélisées - approche
écosystémique

Au cours de cette étude ont été étudiés trois services écosysté-
miques majeurs rendus par les foréts naturelles amazoniennes :

e la production de bois d’ceuvre comme service d’approvision-



2.3. Quantités modélisées - approche écosystémique

27

(a) Sites TmFO

(b) Sites RadamBrasil

Aire totale (ha)
® 100

Paracou

.
Tortue ® 200
: ® 300
0 % Jari
Ilacoatlara\Tq.pajOS Peteco
\Ecosilva Profondeur
- Braga Supay y Lobillo Paragominas temporelle
(années)
Cumaru Tabocal 30
B Chico Bocio~Iracema 25
20
La Chonta 15
PA 10

=70 -65 -60 -55 -50

nement ;
e le stockage de carbone comme service de régulation par
mitigation des changements climatiques;
e la biodiversité comme service de support aux autres services
écosystémiques'®.
L’objectif final de ce travail est de comprendre les compromis
qui existent entre ces services écosystémiques dans les foréts de
production en Amazonie, et les implications que cela amene pour
I'optimisation de la gestion future de ces foréts.

A Téchelle individuelle, le stock de carbone aérien a été es-
timé pour tous les individus >20 cm DHP'7 avec une équation
allométrique pan-tropicale, a partir du diameétre et de la densité
moyenne du bois de I’espece!®. Le volume de grume de chaque
individu >50 cm DHP'? a été calculé avec une équation reliant
DHP et volume de la grume développée a partir des données des
inventaires RadamBrasil (pour plus de détails voir les méthodes
dans le chapitre 7).

Le choix a été fait d’étudier les dynamiques de reconstitution
post-exploitation agrégées a I’échelle de la parcelle, sans expliciter
le role des individus. Le but est ainsi de caractériser la réponse
globale de 1’écosysteme, non pas comme une somme d’individus,
mais comme un ensemble cohérent, et d’en faire ressortir les
propriétés émergentes?’. Les quantités étudiées sont : (i) les stocks
(de carbone, de bois d’ceuvre) et (ii) les flux, c’est-a-dire les
changements annuels des stocks. Dans I’étude du carbone, deux
compartiments ont été différenciés :

e le stock des survivants, i.e. les arbres présents avant I'ex-
ploitation et y ayant survécu;

e le stock des recrutés, i.e. tous les arbres ayant atteint le
diametre minimum de recensement.

Trois types de flux ont été mesurés :

e le recrutement, i.e. 'augmentation du stock lié aux individus
ayant atteint le diameétre minimum de recensement?! ;
e la croissance, i.e. 'augmentation du stock lié a la croissance

FIGURE 2.4 — Localisation des
sites d’inventaires (a) du réseau
TmFO : parcelles permanentes ex-
ploitées; (b) du projet RadamBra-
sil : un unique inventaires, foréts na-
turelles.

6P, A. HARRISON et al. (2014).
« Linkages between biodiversity attri-
butes and ecosystem services : A sys-
tematic review ». In : Ecosystem Ser-
vices 9, p. 191-203.

7Cette taille minimum corres-
pond au maximum de tous les seuils
de DHP dans les sites TmFO : ainsi
tous les sites ont pu étre utilisés dans
Pétude.

M. REJOU-MECHAIN et al. « BIO-
MASS : An R Package for estimating
above-ground biomass and its uncer-
tainty in tropical forests ». In : Me-
thods in Ecology and Evolution.

YCette taille a été choisie car
elle correspond au diamétre minimum
d’exploitabilité dans la plupart des
pays amazoniens

20¢f. section 1.2.2

21Le flux de recrutement des sur-
vivants est par définition nul.
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FIGURE 2.5 — [llustration du gain de
prédictibilité de la trajectoire entre :
(a) les flux annuels, (b) les flux cu-
mulatifs.

des individus déja recensés a 'inventaire précédent ;
e la mortalité, i.e. la diminution du stock lié a la mortalité
d’individus recensés a l'inventaire précédent.

L’une des difficultés pour décrire la trajectoire d’un systeme
a partir de changements annuels est la forte variabilité inter-
annuelle de ces changements, qui peut masquer leurs modifications
sur des échelles de temps plus longues (Figure 2.5). De plus,
modéliser explicitement l'intégrale des flux permet de décrire (et
donc de réfléchir &) la trajectoire du systéme sur 'ensemble de la
période d’observation. Le choix a donc été fait de modéliser les
flux cumulatifs, 7. e. la somme cumulée des flux sur la période
d’étude, au lieu des flux annuels.

Flux annuels Flux cumulatifs

10 20 30 40
1 1 I

0
I

2.4 Changement d’échelle (bottom up)

Démarche générale

Les données d’inventaires permettent d’avoir des estimations lo-
cales des quantités et flux modélisés et de leur variabilité. L’intérét,
ensuite, est d’en déduire des patterns régionaux qui permettront
de faire des prédictions a I’échelle amazonienne. La démarche gé-
nérale suivie dans cette étude pour faire ce changement d’échelle
est la suivante :

1. un modele est développé pour décrire ’évolution temporelle
des flux et de stocks (Y7 ) en fonction du temps depuis la
perturbation ¢ sur une parcelle s;

2. dans le modele sont identifiés des parameétres clé 65 qui sont
représentatifs du phénomene modélisé et devraient varier
géographiquement ;

3. les parametres 6 sont écrits comme fonction d’un vecteur de
parametres non-spatialisés 6 4,,, valables a I’échelle de I’ Ama-
zonie, et de N covariables spatialement explicites (V);c(i:n :
ces variables peuvent étre abiotiques (sol, climat) ou bio-
tiques (stock de carbone, taux de mortalité), et des cartes
de ces variables doivent étre disponibles a 1’échelle amazo-
nienne;

4. les valeurs de ces covariables en chaque site ( (Vis)ic(1:n))
sont extraites des cartes globales;

5. le vecteur de parametres non-spatialisés 6 4,, est estimé avec
I’ensemble des données : les données agrégées de stocks et flux
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issues des inventaires (Y;s), et les covariables (Vis);cp1.n
extraites des cartes;

6. des prédictions peuvent alors étre faites pour ’ensemble de
I’Amazonie, et I'incertitude associée quantifiée.

Ces étapes sont illustrées dans la Figure 2.6.

0s = g(V'15, V25, V35, 04m)

vi vz V3

Yy = f(69(V1,V2,,V3,, 04m))®

®

Sources des variables utilisées

Les covariables climatiques (précipitations annuelles, saisonna-
lité des précipitations) ont été extraites de la base de données
WorldClim?? & une résolution de 30 arc-secondes. La densité du
sol a été extraite de la Harmonized World Soil Database (HWSD)
développée par la FAO?3. Des variables décrivant les caractéris-
tiques attendues pour un peuplement mature ont été obtenues
a partir de prédictions du modele individu-centré FORMIND?**
(voir le chapitre 7 pour plus de détails). Certaines variables ont
été obtenues par extrapolation de mesures faites localement sur
des parcelles Radam Brasil ou du réseau Rainfor?.

2.5 Les outils statistiques

Les modeéles ont été inférés dans un cadre bayésien hiérarchique.
Dans ce cadre d’inférence, basé sur le théoreme de Bayes?S les
parametres ne sont pas considérés des valeurs fixes dont on cherche
a estimer la "vraie" valeur, mais comme des variables aléatoires. On
estime le postérior, c’est-a-dire la distribution des valeurs prises
par le parametre, en mettant a jour une information a priori, ou
prior, avec des données observées. Les liens des parametres entre
eux sont explicitement pris en compte.

Ce cadre d’inférence présente plusieurs avantages pour des
études en écologie, et plus particulierement pour 'inférence des
modeles développés dans cette étude. D’abord la définition du
prior permet la prise en compte d’informations qui ne sont pas
strictement contenues dans les données. Cela permet, par exemple,

FIGURE 2.6 — Schéma des étapes
de changement d’échelle, de la par-
celle & ’Amazonie. (1) écriture du
modele de la variable Y; s en fonc-
tion du temps t et de parameétres
0s dépendant du site s. (2) Identifi-
cation des paramétres clé. (3) Ecri-
ture des parametres en fonctions
de covariables (V1, V2, V3) spa-
tialement explicites. (4) Extraction
de la valeur des variables. (5) Es-
timation des nouveaux parameétres
non-spatialisés 6 4,,, valables pour
toute ’Amazonie. (6) Prédictions
Y:,p pour chaque pixel p en Ama-
zonie.

223, E. Fick et R. J. HIJMANS
(2017). « WorldClim 2 : New 1-km
spatial resolution climate surfaces for
global land areas ». In : International
Journal of Climatology 4315.May,
p. 4302-4315.

23F. NACHTERGAELE et al. (2008).
Harmonized world soil database.
Rapp. tech., p. 43.

24K, RODIG et al. (2017). « Spatial
heterogeneity of biomass and forest
structure of the Amazon rain forest :
Linking remote sensing, forest model-
ling and field inventory ». In : Glo-
bal Ecology and Biogeography 26.11,
p.- 1292-1302.

25 JOHNSON et al. (2016). « Varia-
tion in stem mortality rates deter-
mines patterns of above-ground bio-
mass in Amazonian forests : implica-
tions for dynamic global vegetation
models », cf. note 8, p. 24.

26T Baves (1763). « An Essay To-
wards Solving a Problem in the Doc-
trines of Chances ». In : Philosophical
Transactions 53.1764, p. 370-418.
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2"R Core TeaM (2017). R : A
Language and Environment for Sta-
tistical Computing.

28B. CARPENTER et al. (2017).
« Stan : A Probabilistic Programming
Language ». In : Journal of Statisti-
cal Software 76.1.

29C. C. MONNAHAN et al. (2017).
« Faster estimation of Bayesian mo-
dels in ecology using Hamiltonian
Monte Carlo ». In : Methods in Eco-
logy and Evolution 8.3, p. 339-348.

d’intégrer des contraintes physiques sur des parametres en re-
streignant l’intervalle des valeurs prises par le prior; ou encore
d’expliciter une connaissance issue de ’expertise et indépendante
des données. De plus, les parametres des modeles sont souvent
des entités complexes qui dépendent d’autres phénomenes, ce qui
peut étre explicité dans la structure hiérarchique. L’estimation
dans un cadre bayésien permet de prendre en compte simplement
la structure de covariance entre les parametres du modele, sans
avoir a faire des hypothéses sur les lois sous-jacentes. Enfin, la
propagation des incertitudes se fait facilement entre les différents
niveaux d’un modele : il suffit d’échantillonner les postériors et de
calculer les résultats obtenus. En répétant I'opération un nombre
suffisant de fois (suffisant pour stabiliser la variance des résultats)
on obtient l'incertitude sur les résultats finaux du modéle.

Les modeles ont été développés dans ’environnement de pro-
grammation R?” avec inférés avec un algorithme de Monte Carlo
hamiltonien grace au logiciel Stan?®. Les algorithmes de chaines
de Markov par Monte Carlo générent des chaines de valeurs de
parametres grace a des processus sans mémoire (chaine de Mar-
kov) et des regles de transition d’un pas de la chaine a l'autre.
Lorsque la chaine se stabilise (on dit qu’elle converge), les valeurs
ainsi échantillonnées doivent étre représentatives du postérior des
parametres. Ces algorithmes se sont développés grace a I’aveéne-
ment d’ordinateurs puissants avec de grandes capacités de calcul,
et permettent une grande flexibilité dans I’écriture des modeles,
car ils ne nécessitent pas de résolution analytique.

L’algorithme de Monte Carlo hamiltonien (ou Monte Carlo
hybride) est un type particulier de chaine de Markov par Monte
Carlo permettant de limiter 'autocorrélation dans les chaines de
postériors et ainsi d’accélérer la convergence?”, méme pour des
modeles avec de nombreux parametres, ce qui est le cas dans cette
étude. Ce qui permet de limiter I’autocorrélation dans la chailne
de parametres est la capacité d’échantillonner la quasi-intégralité
de l'espace des parameétres, et non simplement la fraction de
I’espace des parametres a proximité des dernieres valeurs de la
chaine. Le fonctionnement de l'algorithme de proposition d’un
nouveau vecteur de parametres peut étre décrit par analogie avec
un systéme mécanique, par exemple une bille sur une surface
dont la hauteur serait la vraisemblance du postérior. La bille
ne subit pas de frottement : la somme de ’énergie potentielle,
liée a la hauteur de la bille, et de son énergie cinétique, liée a
sa vitesse, est conservée dans le temps. La position initiale du
systeme est le dernier vecteur de parameétres de la chaine de
Markov. L’algorithme de HMC simule alors une trajectoire du
systeme a partir d’une impulsion initiale aléatoire, et s’arréte
pour une longueur de la trajectoire prédéterminée. La position du
systeme a la fin de la trajectoire donne la nouvelle proposition
d’un vecteur de parametres.
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2.6 Outils d’optimisation spatiale

Pour trouver des compromis a 1’échelle du bassin amazonien, des
méthodes d’optimisation sous contrainte ont été utilisées. Pour
ce faire, ’Amazonie a été divisée en pixels de 1° de longitude
par 1° de latitude. Chaque pixel peut étre exploité ou pas, et
lorsqu’il est exploité les durées de rotations peuvent étre de 15, 30
ou 65 ans et I'intensité d’exploitation de 10, 20 ou 30 m3ha—!, des
valeurs qui restent cohérentes par rapport a ce qui est pratiqué
actuellement en Amazonie. Pour chaque pixel et chacune des
modalités d’exploitation (intensité, temps de rotation) les cotits
en termes (i) d’émissions de carbone, (ii) de biodiversité et (iii)
de perte de volume de bois a la fin de la premiére rotation ont

été estimés a partir des modeles développés dans cette these30.

Dans le cas ou le pixel n’est pas exploité, les cotits sont nuls. Des
coefficients ont été attribués a chacun de ces cotits pour obtenir

un cofit total par pixel en fonction des modalités d’exploitation.

L’optimisation spatiale permet d’attribuer a chaque pixel un
usage (intensité et temps de rotation, ou pas d’exploitation) afin
de minimiser le cotit total sous contrainte d’un certain niveau de
production de bois, et d’autres contraintes complémentaires selon
les scénarios décrits. L’algorithme utilise la programmation linéaire
en nombres entiers (integer linear programming en anglais), une
méthode d’optimisation qui s’est révélée particulierement efficace
dans les problemes d’optimisation sous contrainte3!.

30Pour la biodiversité, les cartes
de richesse de vertébrés ont été uti-
lisées(JENKINS et al. [2013]. « Glo-
bal patterns of terrestrial vertebrate
diversity and conservation », cf.
note 25, p. 3 ). La perte d’espéces
causée par ’exploitation a été estimée
avec un modele développé par Buri-
valova et al., 2014(BURIVALOVA et al.
[2014]. « Thresholds of Logging Inten-
sity to Maintain Tropical Forest Bio-
diversity », cf. note 150, p. 18 ).

31H. L. BEYER et al. (2016). « Sol-
ving conservation planning problems
with integer linear programming ».
In : Ecological Modelling 328, p. 14—
22.






CHAPITRE 3

Comment quantifier le bilan carbone
des foréts exploitées ?

Ce premier chapitre vise a établir une méthodologie complete
pour permettre de déterminer le bilan carbone de 'exploitation
forestiere. La méthodologie présentée a été développée en Guyane
francaise, ou la qualité des données, a la fois pour la calibration
et 'utilisation du modele, sont exceptionnelles en Amazonie.

Des modeles de bilan carbone de I'exploitation avaient déja
été développés! mais présentaient plusieurs inconvénients :

e pas de prise en compte de ’ensemble des sources d’incerti-
tudes,

e pas de temporalité des émissions de carbone (décomposition
progressive de la biomasse?),

e pas de récupération du carbone apres la coupe (repousse
de la forét), ou avec des modeles pas ou peu spatialement-
explicites?.

Le modele présenté ici permet de pallier a ces manques. Il a
été développé a I’échelle de la parcelle, et dans un cadre bayésien :
les parametres sont donc tous considérés comme des variables
aléatoires. Ce cadre d’analyse a permis (i) d’intégrer I'information
a priori sur certains parameétres; (ii) de faire un minimum d’hy-
potheéses quant a la distribution des parametres; (iii) de propager
simplement I'incertitude liée aux différents sous-modeéles et aux
données. Les valeurs prises par les parameétres ont été soit extraites
de la littérature (avec leur distribution dans les cas ou elle était
disponible), soit calibrées avec les données disponibles en Guyane
francaise et en Amazonie. Une analyse de sensibilité a permis de
révéler la part de I'incertitude des résultats attribuable a chaque
sous-modele.

La temporalité des émissions et de la récupération post-
exploitation du carbone ont aussi été prises en compte. La
biomasse perdue par exploitation a été divisée en quatre sous-
compartiments, et se décompose selon une loi exponentielle, avec
une vitesse de décomposition différente par compartiment. Deux

33

IT. R. H. PEARSON et al. (2014).
« Carbon emissions from tropical fo-
rest degradation caused by logging ».
In : Environmental Research Letters
9.3, p. 034017.

2B. HERAULT et al. (2010). « Mo-
deling decay rates of dead wood in
a neotropical forest. » In : Oecologia
164.1, p. 243-51; C. T. NUMAZAWA et
al. (2017). « Logging residues and CO
2 of Brazilian Amazon timber : Two
case studies of forest harvesting ». In :
Resources, Conservation and Recy-
cling 122, p. 280-285.

3HUANG et ASNER (2010). « Long-
term carbon loss and recovery follo-
wing selective logging in Amazon fo-
rests », cf. note 149, p. 18; R. a.
HoOuGHTON et al. (2012). « Carbon
emissions from land use and land-
cover change ». In : Biogeosciences
9.12, p. 5125-5142.
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4RUTISHAUSER et al. (2015). « Ra-
pid tree carbon stock recovery in
managed Amazonian forests », cf.
note 166, p. 20.

5S. LAWSON et al. (2010). « Ille-
gal Logging and Related Trade. In-
dicators of the Global Response ».
In : Review of European Commu-
nity and International Environmen-
tal Law 14.July, p. 132 + xix.

6C. PipoNIOT et al. (2016a). « A
methodological framework to assess
the carbon balance of tropical mana-
ged forests ». In : Carbon Balance
and Management 11.1, p. 15.

modeles permettent de prendre en compte la récupération de la
biomasse :

e un modele de repousse de forét secondaire (sur les pistes
d’exploitation abandonnées) qui a été calibré avec les don-
nées d’Arbocel en Guyane frangaise, un site défriché puis
inventorié pendant 40 ans. Un nouveau modele de régéné-
ration des foréts secondaires calibré avec des données plus
compléetes du site d’Arbocel ; 'article a été soumis a la revue
Ecological Applications;

e un modele de récupération de la biomasse post-exploitation,
précédemment développé a partir des données du réseau
TmFO en Amazonie?. Ce dernier modeéle sera approfondi
dans le chapitre 4.

Le modele a ensuite été appliqué au cas de ’exploitation
en Guyane francaise. Pour ce faire, des données fournies par
I’Office National des Foréts ont été utilisées, stipulant pour chaque
unité d’exploitation depuis 1974 : (i) les coordonnées (longitude,
latitude) ; (ii) 'année d’exploitation ; (iii) la surface exploitée; (iv)
I'intensité d’exploitation (en m? de bois extrait par ha). Cela a
permis de quantifier le bilan carbone de I’exploitation en Guyane
francaise, ainsi que les incertitudes associées. Une perspective
serait d’appliquer ce modele a 'ensemble de I’Amazonie, mais
la difficulté d’acces et de traitement des données des services
forestiers, ainsi que la prévalence de I'exploitation illégale dans la
plupart des autres pays amazoniens®, rendent la tache plus ardue.

Ce chapitre a fait I'objet d’une publication en 2016 dans la
revue Carbon Balance and Management, de 1’éditeur Springer®.
Une nouvelle version du modele est développée au sein du projet
GFClim, intégrant le modele de récupération du carbone post-
exploitation développé dans le chapitre 4, le nouveau modeéle
de régénération des foréts secondaires, et de nouvelles données,
notamment pour ’amélioration du sous-modele des dégats d’ex-
ploitation, principale source d’incertitude du modele. Un package
R basé sur ce modele de bilan carbone est en cours de dévelop-
pement. Le but est de faire du modele un outil fonctionnel et
flexible pour les gestionnaires forestiers, en Guyane francaise et
dans d’autres pays tropicaux.
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Abstract

Background: Managed forests are a major component of tropical landscapes. Production forests as designated by
national forest services cover up to 400 million ha, i.e. half of the forested area in the humid tropics. Forest manage-
ment thus plays a major role in the global carbon budget, but with a lack of unified method to estimate carbon fluxes
from tropical managed forests. In this study we propose a new time- and spatially-explicit methodology to estimate
the above-ground carbon budget of selective logging at regional scale.

Results: The yearly balance of a logging unit, i.e. the elementary management unit of a forest estate, is modelled by
aggregating three sub-models encompassing (i) emissions from extracted wood, (i) emissions from logging damage
and deforested areas and (jii) carbon storage from post-logging recovery. Models are parametrised and uncertainties
are propagated through a MCMC algorithm. As a case study, we used 38 years of National Forest Inventories in French
Guiana, northeastern Amazonia, to estimate the above-ground carbon balance (i.e. the net carbon exchange with the
atmosphere) of selectively logged forests. Over this period, the net carbon balance of selective logging in the French
Guianan Permanent Forest Estate is estimated to be comprised between 0.12 and 1.33 Tg C, with a median value of
0.64 Tg C. Uncertainties over the model could be diminished by improving the accuracy of both logging damage and

large woody necromass decay submodels.

Conclusions: We propose an innovating carbon accounting framework relying upon basic logging statistics. This
flexible tool allows carbon budget of tropical managed forests to be estimated in a wide range of tropical regions.

Keywords: Carbon cycle, Selective logging, Error propagation, Amazonia, Production forests

Background

There is a growing interest of the international commu-
nity in tropical forests and their key role in the global
carbon cycle. In particular, tropical managed forests,
i.e. tropical forests managed for timber production, are
important in the context of climate change mitigation as
they might either act as carbon source or sink, depending
on their management type and cutting cycle length [1].
With half of tropical humid forests, i.e. more than 400
million ha, designated by National Forest Services (NFS)
as production forests [2], forest management will play
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* Cirad, UMR EcoFoG (AgroParisTech, CNRS, Inra, Université de la Guyane,
Université des Antilles), Campus agronomique, 97310 Kourou,
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@ Springer Open

and indicate if changes were made.

a decisive role in future global carbon cycle. However,
while there is extensive scientific literature on undis-
turbed tropical forests, our knowledge on carbon bal-
ance (i.e. the net carbon exchange with the atmosphere)
in managed forests remains to be improved. With inter-
national programs like REDD+ (Reducing Emissions
from Deforestation and Degradation) aiming at mitigat-
ing carbon emissions, notably through improved forest
management, it is essential to have a clear understand-
ing of the carbon balance of tropical managed forests in
order to develop unified accounting methods for carbon
emissions.

The second “D” of REDD+, forest degradation, refers to
the reduction of carbon stocks in areas that have retained
sufficient canopy cover to be still considered as for-
ests [3]. In tropical forests, selective logging is generally

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
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considered an important factor of forest degradation.
Selective logging consists in harvesting only a few trees
and leaving the rest of the forest to natural regeneration
until the next logging event. Selective logging practices
result in long-lasting carbon emissions to the atmosphere
[4]. In the sole Brazilian Amazon, forestry-related carbon
emissions are estimated to be equivalent to 60-123 %
of deforestation emissions [5]. Emissions come from (i)
the extracted wood, (ii) logging damage, i.e. trees killed
(purposely or incidentally) during logging operations
and (iii) skid trails, logging roads and decks used for log
yarding. Logging operations (e.g. tree felling, log yarding
or skidding) induce incidental damage to surrounding
trees, proportional to logging intensity in conventional
[6] or reduced impact logging [7]. Injured or smashed
trees generally die soon after logging operation [8, 9],
and, along with log residuals such as crowns or stumps,
are left over in the forest. The quite slow decay of these
woody debris and harvested logs is a long-term source of
carbon to the atmosphere.

However selective logging does not induce carbon
emissions only. Logging gaps and incidental mortality
release local competition for key resources, such as light
[10], and enhance carbon accumulation in remnant trees
[11]. Some local studies suggest that carbon emissions
peak soon after logging (5—10 years), while tree growth
and recruitment counterbalance tree mortality after a
decade, resulting in positive carbon accumulation in
logged forests until an equilibrium is reached [12]. If not
further disturbed, forests recover most of their initial car-
bon stock at the end of the cutting cycle, depending on
logging intensity and damage [13, 14]. While skid trails
and logging decks generally close rapidly after logging,
logging roads may be reopened and persist for decades in
the landscape [15].

Most studies on the carbon balance of selectively
logged forests have estimated pre- and post-logging
carbon stocks with remote sensing methods [16],
allowing large-scale estimation of logging extent and
quantification of canopy damage [14, 17, 18]. However
optical remote sensing methods require further field
calibration to avoid estimation biases [17, 19]. Accurate
estimation of carbon loss and recovery based on evolu-
tion of canopy openness is questionable, as ground dam-
age remain poorly assessed with remote sensing and
canopy rapidly closes with crown expansion of survivors.
[20]. Another problem lies in estimating carbon recovery
rates when canopy gaps rapidly close with crown expan-
sion of survivors and growth of recruits [21]. LIDAR and
RADAR are a promising tools to overcome those limita-
tions but remain expensive to be applied over large areas
[22]. The International Panel on Climate Change [23] rec-
ommends basic methods based on activity data, e.g. the
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annual volume of extracted roundwood (in m3.year™)
or the annual logged area (in ha-year™!). So far, only a
few studies have estimated the carbon balance of tropi-
cal logged forests from activity data. Griscom et al. [24]
estimated carbon emissions at concession level with
detailed maps of skidtrails, logged trees, damage and log-
ging decks. But such maps are generally not available at
regional level impeding the wide-use of this approach.
Pearson et al. [25] developed emissions factors for the
main logging compartments to be multiplied to extracted
volumes, as a surrogate for carbon emissions from selec-
tive logging. For sake of simplicity, most studies have
estimated committed emissions, i.e. all the carbon lost
by logging is assumed to return instantaneously to the
atmosphere. This choice is highly questionable as carbon
emissions are spread over decades [4]. Some studies have
indeed adopted a more dynamic approach, considering
carbon emissions through time in managed forests [26].
However to date there is no method assessing all car-
bon fluxes (carbon accumulation as well as all emissions)
from tropical managed forests through time.

In this study we developed a methodological frame-
work to estimate the above-ground carbon fluxes from
selective logging. Carbon fluxes are assessed first at the
logging unit scale, i.e. the elementary management unit
of the forest estate, and then integrated in space and time
to estimate the regional carbon balance over time. The
annual carbon net change of a given logging unit is esti-
mated by aggregating carbon fluxes of three sub-models:
(1) emissions from extracted wood, (2) emissions from
woody debris (logging residues, damage, road and log-
ging deck openings) left in the forest, and (3) sequestra-
tion from forest regrowth. Some submodels come from
the literature while others were specifically developed
and parameterised in a Bayesian framework for this
study. Uncertainty over the global model are propagated
through a Markov Chain Monte Carlo algorithm.

Our case study is French Guiana, a French territory
located in the Guiana shield (northeastern Amazonia)
with a total area of 84,000 km? Above 95 % of its area
(8Mha) is occupied by tropical rainforest: timber extrac-
tion by selective logging is the 3rd economic sector.
Selective logging occurs exclusively in the Permanent
Forest Estate (2.4 Mha) (Fig. 1), an area managed by the
French National Forest Service (NES). We used 38-year
NES statistics on 1155 logging units (Fig. 2) to estimate
the carbon balance of managed forests at countrywide
scale.

Methods

The model framework

Methods overview We created a model to assess annual
above-ground carbon fluxes at the logging unit scale,
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Fig. 1 Map of the Permanent Forest Estate in French Guiana. Logging units are coloured according to the year of logging: from white and light blue
for most anciently logged plots to dark blue for most recently logged plots. Dots are experimental sites from the Guyafor network: red dots have both
logged and control plots (Paracou and Tortue sites); smaller orange dots have only control plots. The borders of the Permanent Forest Estate are the
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from the logging year up to the last year of NFS statistics,
o Ve (m°) and then integrated these results over time and space.
S Conventionally, fluxes from carbon emissions are posi-
M tive and fluxes from carbon accumulation are negative.
° 1 We modeled separately (1) emissions from extracted
é . Surf (ha) wood decay (Sawmill); (2) emissions from woody debris
o decay (Dead wood), divided into (2.a) logging dam-
S ] age and (2.b) deforestation on logging roads, main skid
© trails and logging decks; (3) sequestration from forest
o | Ve (m%ha) regrowth (3.a) in logging gaps and (3.b) on abandoned
T skid trails (Live biomass) (Fig. 3). For each submodel we
© - first assessed the evolution of post-logging carbon stocks
o - : : : : (in MgC-ha™!) in each logging unit. Annual carbon fluxes
1980 1990 2000 2010 at time ¢ (in MgC-year™') are obtained by calculating the
Fig. 2 National Forest Service statistics on selective logging in the difference between stocks at time ¢ and t—1, and multi-
French Guiana Permanent Forest Estate between 1974—20124‘Top plied by the logged area (in ha). Model parameters are
graph annual extracted volumes of roundwood Vtot (m?3) ; middle . . ipe .
graph annual logged areas Surf (ha; bottom graph annual logging con51dere.d as uncertain quantities, and the error is prop-
intensities Vext (m>-ha=") agated with Monte Carlo methods. Doing so, we were
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Fig. 3 Overall scheme of the carbon balance and submodels articu-
lation. Thick arrows are carbon fluxes. Grey boxes are the three carbon
compartments: Sawmill, Dead Wood and Live Biomass. Submodels
are in surrounded white boxes. FWN and LWN are fine and large
woody necromass respectively

able to track the annual carbon budget in each logging
unit, and to conduct simultaneously a sensitivity analysis
to identify the main sources of uncertainties in the global
model.

Calibration data In some cases, submodels come from
the literature. In other cases, and especially when there
was no existing model, submodels were developed and
parametrised with data from Amazonian permanent
forest plots. We used data from control plots to assess
pre-logging forest structure variables and logged plots to
assess post-logging dynamics. Two networks of perma-
nent forest plots were used in this study: (i) Guyafor in
French Guiana (regional scale) (Fig. 1); (ii) TmFO, a net-
work of logged plots spread across Amazonia (continen-
tal scale) [27]. From Guyafor, we used data from 11 sites,
all containing control plots and two of them (Montagne
Tortue, Paracou) also containing logged plots. From the
TmFO network, we used data from four Amazonian sites
(Jari, Tapajos, Tortue, Paracou) that have logged plots
where extracted volumes have been measured. To cali-
brate the model of forest regeneration on logging decks
and main skid trails, we used data from a 25-ha plot in
French Guiana, Arbocel (see Fig. 1): the plot was clearcut
in 1976 and then left to natural regeneration [28]. Some
submodels and/or calibration data are specific to the
context of selective logging in French Guiana: adapting
this framework to other areas, countries or for upscal-
ing purposes may require new data or new submodels to
be regenerated. However, the general structure and the
articulation of the different submodels is generic enough
to be applied elsewhere.

Input data To run the model, we need basic NFS sta-
tistics available for every logging unit p: (i) the logged
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surface Surf, (ha), corresponding in French Guiana to on
average 50 % of the total area, (ii) the total extracted vol-
ume Vtot, (m?), (iii) the year of logging t0, and (iv) the
initial above-ground carbon stock ACS, (MgC-ha™?).

For our study, statistics on selective logging in the Per-
manent Forest Estate over the 1974-2012 time period
were provided by the French NFS. According to NES
expertise, between 1974 and 1994 logging intensities are
assumed to be equal to 6 m3-ha~! in the western forests,
and equal to 10 m3-ha~! in the rest of the Permanent For-
est Estate. After 1994, logging statistics are highly reliable
and logging intensities Vext), are calculated as follows:

Vext, = (D)

Initial above-ground carbon stocks were extracted from
the recently developed carbon map of French Guiana
[29].

Sawmill
The carbon Ext, (MgC-ha™!) of logs extracted from the
logging unit p is defined as :

Ext, = Vext, x dext x 0.5 2)

where Vext,, is the logging intensity (m3ha™!), the bio-
mass is assumed to be 50 % carbon [30] and dext = 0.736
is the mean wood density of timber species in French
Guiana. dext has been estimated as the mean wood den-
sity of Dicorynia guianensis (d = 0.76), Qualea rosea (d
= 0.725) and Sextonia rubra (d = 0.65) [31], weighted by
their relative contribution to annual timber extraction
[32].

The carbon stored in extracted wood (Ext,) is then
transformed into sawnwood with an efficiency of
fsw = 0.33 [33], the remaining 67 % consisting of saw-
dust. Sawnwood and sawdust then decompose with dif-
ferent decay rates. Sawdust is considered to decompose
entirely within the first year after logging [34]. The quan-
tity of sawdust DecSD, (MgC-ha™) in the logging unit p
at the year of logging t0,, is:

DecSDy, = (1 — fsw) x Ext, 3)

Sawnwood decay is approximated with an exponential
decay. The carbon in sawnwood DecSW,,; (MgC-ha™?)
from logging unit p at time ¢ is :

DecSWy, = fsw x Exty x exp( = dsw x (¢ = 10))  (4)

with Ext, the carbon in extracted wood, 0, the year of
logging and Asw the decay rate of sawnwood in the trop-
ics estimated as

Asw = 5)
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with
tos ~ Ny (30, 15%) ©6)

where Ny (30,152%) is the normal distribution truncated
at zero with mean equal to 30 and standard deviation
equal to 15, according to IPCC guidelines [30]. So far, no
life cycle analysis has yet been done for woody products
in the tropics and adapting the framework developed in
Europe and North America in tropical countries remains
challenging [35].

Dead wood

Both logging damage and deforestation on roads, main
skid trails and logging decks are sources of dead wood
that is left in the forest.

Logging damage
The logging damage Dam, (MgC-ha™!) within the log-
ging unit p consists in above-ground carbon in trees har-
vested or killed (purposely or incidentally) during logging
operations (tree felling and log yarding or skidding)
minus carbon of extracted logs (Exty). Logging damage
were assessed with data from 4 TmFO sites in the Eastern
Amazon, where we have logging intensities Vext, and log-
ging damage Dam,, (Fig. 4). Logging gaps and secondary
skid trails are accounted for as logging damage, whereas
main skid trails and logging roads are located outside of
calibration plots and are considered as deforestation.

The relationship between Vext, and Dam, was mod-
elled as follows:

Damy, ~ InN (6o + 61 x Vexty; G;am) 7
O .
N Sites
o | @ Jari °
© -] e Paracou
= e Tapajos °
S g - © Tortue
()]
2 o | o
o ©
()]
S i -
co% g N ° ® o
e o’
o | ce%e :
N P °,
* o 0 ©® °
L4 °
o
T I I I I I I
0 20 40 60 80 100 120
Extracted volume (m*ha)
Fig. 4 Modelling logging damage (MgC-ha™) from extracted wood
(m3-ha~"). The dashed line is the prediction with maximum likelihood,
the shaded area is the 95 % credibility interval on the prediction. Data
are taken from four Amazonian sites: Jari (black), Paracou (red), Tortue
(green), Tapajos (blue)
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where [nN (u, 05 ) is the lognormal distribution of mean
w and standard deviation o,,,,. We chose the lognormal
distribution to have errors proportional to the extracted
volume, i.e. damage is less predictable for higher logging
intensities.

The parameters (6p,01,044,) Were estimated with
a Bayesian inference, using a Markov Chain Monte
Carlo method to obtain the posterior joint distribu-
tion. Uninformative priors were chosen. Each observa-
tion (one plot) was given a weight equal to the area of
the plot.

Deforestation
Some basic infrastructure (logging roads, main skid trails,
logging decks) is generally set up to store boles and get
them out of the forest. As it has to be easily reached from
every part of a logging unit p, the total area cleared for
infrastructure is assumed to be proportional to the total
logged area Surf,. The length of logging roads may depend
on the topography but, in the French Guiana Permanent
Forest Estate, the topography is quite homogeneous.
Logging roads According to NES expertise (personal
communication):

dp ~ U(0.12; 0.25) ®)

where 8, is the entire width of clearing for logging roads
in logging unit p (expressed in hectometers hm). Based
on the study of Guitet et al. [36], we fit the length of log-
ging roads 77, (hm-ha™?) as:

np ~ exp(17.95) 9)

The carbon removed for road clearing Road,, (MgC-ha™")
and left to decay in the logging unit p is :

Road, = ACS, x 8§, x np
where ACS, is the
stock (MgC-ha™1).

Main skid trails Main skid trails are built to allow the

skidders to get in the logging units. According to Guitet
etal. [36]:

SurfST,, ~ U(0.04; 0.10)

(10)

initial above-ground carbon

(11
where SurfST), is the area (ha) of main skid trails per hec-
tare logged. As large trees are generally avoided by skid-
ders during yarding, we assumed that only trees with
DBH (Diameter at Breast Height) <50 cm were killed.

For a logging unit p, the above-ground carbon removed
on skid trails STrail), (Mg-ha™1) is:
STrail, = ACS, x SurfST, x f50 (12)

where ACS, is the initial above-ground carbon stock of
the logging unit p (Mg-ha™!) and fsg is the proportion
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of ACS, in trees DBH <50 cm. f50 was estimated with
data from the control plots of the 11 Guyafor sites.
For one site j, the proportion f50; was calculated as
follows:

ZDBHk <50 ACSjk

where ) ppy 50 ACS; is the above-ground carbon of
all trees with DBH < 50 cm and Zk ACS; is the total
above-ground carbon of the site. We report the obtained
distribution in Table 1.

Logging decks Logging decks are cleared to store har-
vested boles. Based on detailed mapping of 11 logging
decks in logging units HKO95 (283 ha) and HKO9%6
(466 ha) and with the information that one logging deck
is set up for every 70 ha (NFS expertise, personal com-
munication), we used:

S50 = (13)

Table 1 Parameters of the carbon balance model
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LDeck,

~ InN(—6.12,0.58%)
ACS,,

(14)

with ACS,, the above ground carbon stock of the logging
unit p, and LDeck, (MgC-ha™") is the carbon removed in
logging decks.

Dead wood decay

Assuming that all woody debris are left out for decay
in situ, dead wood was divided into two pools with dif-
ferent decay rates: (i) fine woody necromass (FWN), i.e.
leaves, twigs, and branches with diameter <10 c¢cm, and
(ii) large woody necromass (LWN), i.e. logs and branches
with diameter >10 cm.

Fraction of Large Woody Necromass We used Cham-
bers et al. [37] model to estimate the fraction of large
woody necromass L WN; at tree scale (i).

For atreei:If DBH; < 100 cm:

Submodel Parameter Distribution Justification Data source
Extracted wood dext 0.736 3 main commercial species [31,32°

fow 0.33 No uncertainty reported 3310
Sawnwood decay Asyy N:o(30,152) Positive normal distribution [301¢
Damage [ N(1.28,0.482) Normal approximation of the posterior TmFO sites?

0, N(0.56,0.142) Normal approximation of the posterior TmFO sites®

Odam N(0.37,0.042) Normal approximation of the posterior TmFO sites®
Logging roads ) U(0.12,0.25) Personal communication NFS expertise®

n exp(17.95) Decreasing monotonic distribution [36]°
Main skid trails SurfST U(0.04,0.10) Only range of values is reported [36]%

fsq Beta(15.10, 15.32) Proportion Guyafor®
Logging decks LDeck ACS x InN(—6.12,0.58) Positive distribution Original data®
LWN decay LWN Beta(1115, 169) Proportion Guyafor®

A N(0.069,0.028%) Normal approximation of the posterior Guyafor®

A N(0.198,0.0742) Normal approximation of the posterior Guyafor®

b8 N(0.512,0.032%) Normal approximation of the posterior Guyafor®

OLWN N(0.015,0.0035%) Normal approximation of the posterior Guyafor®
FWN decay AP N(0.19,0.026%) Reported distribution 371
Forest recovery o N(1.100,0.03%) Reported distribution [13]¢
Regeneration 0 N(—4.505,0.1242) Maximum likelihood estimate Arbocel®

I3 N(1.085,0.0382) Maximum likelihood estimate Arbocel®

1) 490.7 Maximum likelihood estimate Arbocel®

Parameters are grouped by submodel in which they appear. FWN fine woody necromass decay; LWN large woody necromass. ACS initial above-ground carbon

stock (MgC-ha~"). Parameters are: dext mean density of extracted roundwood in French Guiana; fsyy efficiency of wood transformation in sawmills; /sy, decay rate of
sawnwood; (6o, 01, 04am) Parameters of the relationship between extracted wood and logging damage; (1, §) length (hm-ha~") and width (hm) of logging roads; SurfST
main skid trails area (ha); fso proportion of above-ground carbon in trees DBH <50 cm; LDeck carbon loss in logging decks; f;wn fraction of necromass carbon in large
woody necromass; (41, A2, 1, opww)) parameters of large woody necromass decay; « parameter of the recovery model; 1o, j11and ¢: parameters of the regeneration

beta model

@ Valid in French Guiana
b Valid in Amazonia

€ Valid in the tropics



Piponiot et al. Carbon Balance Manage (2016) 11:15

LWN; = 0.774 + 0.0018 x DBH,

else LWN; = 0.95.

This fraction of large woody necromass has been
estimated for all individuals in control plots of the 11
Guyafor sites. For one site j, the fraction of large woody
necromass is:

15)

Zi(LWNl'J X ACS,',/')
Z,’ACSi,j

We report the obtained distribution of fL WN;in Table 1.
Att = t0, (t0p: year of logging) in the logging unit p:

JLWN) =

(16)

FWNp,t0, = (1 — fLwn)
x (Damy + Roady, + STrail, + LDecky)
(17)

LWNp,0, = frwn
x (Damy + Roady, + STrail, + Ldeck)
(18)

where FWN),10, and LWN),ro, (MgC-ha™!) are the carbon
in fine and large woody necromass, respectively, left on
the logging unit p at £0,,.

Decay of Fine Woody Necromass Fine woody necromass
decay in logging unit p at time ¢ is estimated by the fol-
lowing model [38]:

DecFWNy, = FWNp0, % exp( = rwn x (¢ = 10))
(19)

where DecFWN,,; (MgC-ha™}) is the fine woody necro-
mass left in the logging unit p at time ¢ and Arwy is the
decay rate of fine woody necromass (Table 1).

Decay of Large Woody Necromass There was no pub-
lished model for decay of large woody necromass at the
logging unit level and derived individual tree large woody
necromass (LWN) decay from [4]:

LWN,; = LWN; o

Y1

)
WDY* x (circ;)s ( )

(20)

X exp( —

where LWN;; is the large woody necromass of the indi-
vidual i at time ¢, WD; the wood density of the individ-
ual i and circ; the circumference at breast height of the
individual 7, and (yx)1,2,3 are parameters of the model [4].
For all 11 Guyafor sites, the model was applied to all indi-
viduals i of the control plots. Individual trajectories are
then aggregated to have the large woody necromass left
at time ¢ on the site j:
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LWNj; = > LWNjj;

12

ey

where LWN;, is the large woody necromass left at time
t on the site j; LWN;;; is the large woody necromass at
time ¢ of the individual i from the site ;.

A new model was developed at the logging unit level:
to better fit the data, a double-decay model was chosen
instead of a one-parameter decay model, because it dras-
tically reduced the bias in our predictions. The double-
decay model works as if there were two pools of large
woody necromass (i.e. sap- and heart-wood) with two
different decay rates.

% =7 X exp(— A X (t— t0p)>
LWNy 0
+ (1 —mp) X exp( — Ay x (t— tOP)) + ELWN,p
(22)
with
71 > 0.5
and

eLwN,p ~ N(0; oLwnN)
DecLWN,,

L p,t0p
necromass left on logging unit p at time ¢ ; 4; and /5 are
the two decay rates and m; the fraction of large woody
necromass decomposing with the rate A1; ezwnp is the
additive error for the logging unit p, taken in N (0; oyy)»
the centred normal distribution of standard deviation
O WN-

Parameters (11; A2; 71; oLwn) were estimated as fol-
lows: (i) 100 sets of parameters (yx)1,23 of the indi-
vidual decay model were taken in their distribution; (ii)
for each set of individual parameters (y%)123, the tra-
jectories of large woody necromass LWN;, for each site
j in the 11 Guyafor sites was estimated; (iii) parameters
(A1; A2; m1; opwn) were then estimated using a Bayesian
inference with a Markov Chain Monte Carlo method.
Uninformative priors were chosen. One set of param-
eters (A1; A2; m1; orwn) was stored for every set of
individual parameters (yx)1,2,3 100 sets of parameters
(A1; A9; m1; opwn) were then stored to be used in the full
model (the normal approximations of the posterior dis-
tributions are in Table 1).

where is the fraction of the initial large woody

Live biomass

Carbon recovery in logged areas

The assumption of a linear carbon recovery was made,
i.e. the rate at which a logged area stores above-ground
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carbon after logging is constant and becomes null at
recovery time, when the above-ground carbon has
reached its original level. This assumption is arguable but
is consistent with available data on post-logging dynam-
ics in the region [13]. Under this assumption, the recov-
ery time (RT) can be estimated with the sole percentage
of above-ground carbon loss caused by logging:

100 x (Ext, + Damp)\“
RT, =
with
o ~ N(1.100,0.013%) (24)

with RT, (yr) the recovery time of the logging unit p,
Ext, + Dam, (MgC-ha™!) the above-ground carbon loss
per ha logged in the logging unit p and ACS,, the initial
above-ground carbon stock (MgC-ha™}).

The above-ground carbon recovered Recovy,
(MgC-ha™?) at time ¢ in the logged area of the logging
unit p is then :

. Exty + Damy,
Recovy; = min | Exty, + Damy;(t — t0p) X ————

RT,
(25)

When t —t0, < RT, (ie. before recovery time), the
Exty + Damy,

RT, '
When ¢ — £0, > RT), the logged area has recovered all
the above-ground carbon lost Ext, + Dam,, and the car-
bon storage stops.

logged area stores carbon with a rate

Regeneration on abandoned main skid trails and logging
decks

The fate of the carbon dynamics on abandonned skid
trails and logging decks was modelled taking advantage
of four 1.65-ha plots clearcut 38 years ago (Fig. 5), and
regularly measured since [28]. Carbon stocks regenera-
tion on skid trails with compacted soils may be expected
to be slower than on large clear-cuts but no data on skid
trails reforestation have been produced in French Gui-
ana. The following model was inferred:

Regep,t = ACSp X Yp,t (26)

with

Yyt ~ Beta (,uo + 1 x log(t —t0, + 1);g0) 27
where Rege,; (MgC-ha™!) is the above-ground carbon
gain from forest regeneration on plot p at time £, ACS,
(MgC-ha™}) is the initial above-ground carbon stock of
the plot p (i.e. before the clear cut), Y, is the proportion
of the initial above-ground carbon stock recovered on the
plot p at time ¢. Y, ; follows a beta distribution of mean
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Fig. 5 Beta model of carbon regeneration (Rege, MgC-ha™") on four
clearcut plots. The dashed line is the prediction with maximum likeli-
hood, the shaded area is the 95 % credibility interval on the predic-
tion. Data are taken from four 1.65-ha plots in Arbocel site (French
Guiana), clearcut 38 year ago and let to natural regeneration

to + p1 x log(t — t0, 4+ 1) and of precision ¢ (parame-
ters (Lo, i1, @) estimated distributions are in Table 1). The
beta distribution is defined on [0, 1] and takes two shape
parameters.

Accounting for uncertainties

Uncertainty propagation

The model was built and parametrised with MCMC
algorithms in order to track uncertainties. Uncertainty
propagation was done with the following steps: (i) every
parameter is randomly taken in its distribution; (ii) the
model is applied over all logging units of the region with
these parameters values; (iii) results are integrated in
space and time and stored. These three steps are repeated
5000 times and summary statistics are then calculated.

Sensitivity analysis

To assess the uncertainty induced by each submodel, we
carried out a sensitivity analysis where the parameters
of each submodel are set to their maximum likelihood
values one after the other, making the submodel deter-
ministic while the rest of the model remains stochastic.
The results for each deterministic submodel are then
compared to the total model: the “shrinkage” of their
summary statistics reflects the uncertainty linked to the
parameters of a specific submodel, more than the model
and modelling choices themselves.

Results and discussion

Methodological aspects

In this study we developed a new methodology to assess
the above-ground carbon balance of tropical managed
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forests. The model is based on a book-keeping approach:
it aggregates post-logging carbon fluxes of every log-
ging unit over a given area and period of time to obtain
the regional carbon balance. The main advantage of our
methodology compared to other published methods esti-
mating emissions from selectively logged concessions [24,
25] lies in the fact that both post-logging carbon seques-
tration and necromass respiration are explicit functions
of time. This framework is flexible enough to be adapted
to new situations and areas, but potential users should
keep in mind that applying this model to other areas
will require in-depth analysis on the suitability of the
parameters value, variables distribution and submodels
choices. The framework can also be adapted to integrate
new information on post-logging forest dynamics or to
take into account new logging technique, e.g. new tech-
niques of reduced impact logging (RIL) likely to decrease
the quantity of damage for the same logging intensity [39]
but used in less than 5 % of selectively logged areas so far
[1]. Part of logging damage may also be used for new pur-
poses, e.g. burned in energy plants as wood fuel [40]. The
model can be adapted and re-parametrised very quickly
to take into account such changes.

We aknowledge that French Guiana is a special case in
the tropics in regards to data quality and availability. It is
therefore easier to develop a methodology there than in
other countries where both input and calibration data are
scarse. Submodels were either taken from the literature or
specifically developed for this study with data at regional
and continental scales. For each submodel, parameters
are considered as uncertain quantities making good use
of the Bayesian inference framework. Depending on spa-
tial extent of the data used to calibrate the correspond-
ing submodel, parameters distribution have different
geographic validity (Table 1). Submodels from the lit-
erature and our submodel of logging damage (Dam) are
considered to be valid over Amazonia. The estimated dis-
tribution of corresponding parameters could therefore
be used for assessing the carbon balance of any Amazo-
nian region. The other models developed in this study
[deforestation on roads, main skid trails and decks, large
woody necromass (LWN) decay and forest regeneration]
were calibrated with data from a regional plot network,
Guyafor or with NFS data and should be used with cau-
tion elsewhere. In order to study the carbon balance of
other regions, data from permanent plots in the region
of interest should be used to validate, and if necessary re-
calibrate submodels.

The method is simple and only requires two sets of
input data : logged areas in space and time and the inten-
sities at which these forest areas were logged. These data
can come either from official logging statistics or from
remote sensing methods. In many countries, logging
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operations occur almost exclusively inside logging con-
cessions for which management plans do exist. For
instance, in the Congo Basin, 45 Mha of forest are man-
aged under the concession system [41]. In these cases,
the logging statistics needed can be taken directly from
management plans. In other countries where manage-
ment plans do not exist or are not fully applied [42],
remote sensing tools can be useful to map logged areas.
For instance, Asner et al. [5] tracked logged areas in five
States of the Brazilian Amazon during three consecu-
tive years using Landsat imagery and CLAS methodol-
ogy. Logging intensities are more difficult to obtain with
remote sensing methods: a way to overcome this problem
is to use region-wide statistics on commercialized wood
that are generally quite robust because wood boles from
either legal or illegal logging eventually need authoriza-
tions to be transported and commercialized. The simplest
way to estimate logging intensities is then to use an aver-
age logging intensity, or to use local expertise to locally
refine this average value. Bayesian approaches are quite
appropriate to mix a priori knowledge with quantitative
datasets. For both logged areas and and logging intensi-
ties, a close attention should be paid to uncertainties and
their propagation into the complete model.

Carbon balance at the logging unit scale

To fully understand the theoretical behaviour of our
model we focused on two logging units both logged in
1996: one with a low logging intensity (1.1 m3-ha~?!) and
one with a high logging intensity (33 m3-ha™?). For those
two logging units, we estimated carbon fluxes (MgC-ha~-
year—!) during an 65-year period, which corresponds to
the official cutting cycle in French Guiana (Fig. 6).

Annual fluxes
At low logging intensity, the two main sources of carbon
are both logging damage and deforestation (on roads and
main skid trails). At higher logging intensities, emissions
from deforestation become negligible compared to emis-
sions from damage, consistent with previous remote-
sensing results in the Brazilian Amazon [43]. According to
our model, carbon fluxes reach a steady state before the
end of the 65-year period for both logging units (Fig. 6).
The different trends of the net carbon change are
mostly explained by the interplay of two components:
emissions from logging damage and accumulation from
recovery in logging gaps. On one hand, higher logging
intensities obviously cause more logging damage, result-
ing in higher carbon emissions from damage decay. On
the other hand, the annual carbon flux from recovery in
logging gaps is less dependent on logging damage (Fig. 6):
a logging unit that has undergone high logging intensities
will thus take longer to recover.
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Fig. 6 Annual above-ground carbon fluxes from logging on a
65-year period in two logging units logged in 1994 with different log-
ging intensities. The first logging unit underwent a low-intensity log-
ging (left) with a mean extracted volume Ve, = 1.1m3-ha~whereas
the second logging unit underwent a high-intensity logging (right)
with a mean extracted volume Vo = 33.0 m3-ha~" For each plot, the
net carbon flux (top) is the result of four components: emissions from
logging damage (blue), emissions from road, deforestation on main
skid trail and logging deck (purple), emissions from extracted timber
(red), accumulation from post-logging recovery on the plot (forest
green) and accumulation from regeneration on main skid trails and
logging decks (light green). The shaded areas correspond to the 95 %
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credibility intervals

Even under high logging intensity (33 m>ha™!), the
time to null carbon fluxes does not exceed 50 year. Previ-
ous results from satellite data have shown that in the Bra-
zilian Amazon, where logging intensities usually range
between 20 and 30 m3-ha~!, carbon emissions last for
2-3 decades [14]. This last study also showed that car-
bon forest recovery may last for up to a century, twice as
much as our highest prediction (Fig. 6). This difference in
recovery times may arise from the model of forest recov-
ery chosen in our study. We chose the model proposed in
Rutishauser et al. [13], that assumes a constant recovery
rate. With lack of insight in long-term dynamics of recov-
ering forests, we made the conservative assumption that
the carbon accumulation stops when initial carbon stock
is recovered. However it is possible that recovering for-
ests behave differently when the carbon stock approaches
its initial value. The carbon storage could have a logistic
behaviour, decelerating when approaching the initial car-
bon stock, or could oscillate around an equilibrium value
(i.e. the initial carbon stock) and stabilize only after a
longer time period [44].
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Fig. 7 Above-ground carbon balance from logging on a 65-year
period in two logging units logged in 1994 with different logging
intensities. The carbon balance at time t is the integral of annual
carbon fluxes, i.e. the sum of annual carbon fluxes from the year of
logging (1996) to t. The first logging unit underwent a low-intensity
logging (left) with a mean extracted volume Vey=1.1 m3-ha~!
whereas the second logging unit underwent a high-intensity logging
(right) with a mean extracted volume Ve = 33.0 m3-ha™' For each
plot, the net carbon balance (top) is the result of fourcomponents:
emissions from logging damage (blue), emissions from road, defor-
estation on main skid trail and logging deck (purple), emissions from
extracted timber (red), accumulation from post-logging recovery on
the plot (forest green) and accumulation from regeneration on main
skid trails and logging decks (light green). The shaded areas corre-
spond to the 95 % credibility intervals
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Under the assumptions of our model, the carbon fluxes
of a logged forest return to their equilibrium state before
the end of the cutting cycle. At second harvest cycle, the
carbon stocks will likely be close to their initial value,
except on logging roads and skid trails. This does not
mean that the forest will have returned to its original
state as selective logging is known to have long-lasting
effects on forest structure, timber volume and biodiver-
sity [45].

Cumulative fluxes

To assess the carbon balance of our two logging units,
we estimated the cumulative carbon fluxes (Fig. 7). The
cumulative carbon flux at time ¢ is the sum of annual car-
bon fluxes between the logging year and ¢.

The carbon balance of the first logging unit (with low
logging intensity) is not different from zero in the first
years because the recovery rate is quite similar to emis-
sions from dead wood decay and deforestation. At the



Piponiot et al. Carbon Balance Manage (2016) 11:15

Page 11 of 14

80

| — NetBalance
95% Cl

60
L

f o
s -
]
(&)
> o |
o o
o -
o
& 4
—— Damage
—— Sawmill
8 _| — Deforestation
- — Recovery
Regeneration
95% Cl
o |
wn
<
(&)
o)
S o 4

-50

-100
|

T T T T

1980 1990 2000 2010
Fig. 8 Annual above-ground carbon fluxes from logging in the Per-
manent Forest Estate between 1974-2012. The net carbon flux (top) is
the result of four components: emissions from logging damage (blue),
emissions from road, deforestation on main skid trail and logging
deck (purple), emissions from extracted timber (red), accumulation
from post-logging recovery on the plot (forest green) and accumula-
tion from regeneration on main skid trails and logging decks (light
green). The shaded areas correspond to the 95 % credibility intervals

end of the cutting cycle, the carbon balance of the log-
ging unit is about equal to the carbon emissions from
deforestation (on roads and skid trails). The second log-
ging unit (with high logging intensity) has high emissions
from damage decay in the first 8 years after logging, that
exceed carbon accumulation from forest recovery: the
carbon balance of the logging unit increases. Between
8 and 40 years after logging, carbon accumulation from
forest recovery exceeds carbon emissions: the carbon
balance decreases. After 40 years, the carbon balance of
the logging unit stabilizes at a value about equal to the
emissions from deforestation.

In the first years after logging, the net carbon balance
is mostly driven by the logging damage, directly related
to logging intensity. High logging intensities cause more
damage, and thus induce higher emissions from dead
wood decay. At the end of the cutting cycle, both log-
ging units have the same carbon balance, corresponding
to the carbon emissions from deforestation on logging
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Fig.9 Above-ground carbon balance of the French Guiana Perma-
nent Forest Estate between 1974-2012. The carbon balance at time t
is the integral of annual carbon fluxes, i.e. the sum of annual carbon
fluxes from the first year (1974) to t. The net carbon balance (top) is
the result of four components: emissions from logging damage (blue),
emissions from road, deforestation on main skid trail and logging
deck (purple), emissions from extracted timber (red), accumulation
from post-logging recovery on the plot (forest green) and accumula-
tion from regeneration on main skid trails and logging decks (light
green). The shaded areas correspond to the 95 % credibility intervals

roads and main skid trails. Indeed, there is little regen-
eration in main skid trails, and no regeneration in defor-
ested roads whereas carbon recovery in logging gaps
compensates the carbon emissions from extracted wood
and logging damage. In terms of forest management, the
carbon balance of a logging unit at the end of a cutting
cycle thus depends mostly on the total surface of log-
ging roads and skid trails. To mitigate carbon emissions,
logging should be planned to avoid road and skid trail
opening. This can be done by intensifying timber extrac-
tion per logged area and thus lowering the amount of
infrastructure needed to get the logs out of the area.

Carbon balance at the regional scale

After assessing carbon fluxes for each logged logging
unit, results were aggregated over space to assess the car-
bon fluxes over the whole Permanent Forest Estate, and
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Fig. 10 Estimating the uncertainty due to each submodel into the
net carbon balance. The box plots represent the distribution of the
net carbon balance when parameters of each submodel are set to
their maximum likelihood value. The shaded area is the range of the
net carbon balance for the total model, i.e. when all parameters are
taken in their statistical distribution

over time to assess the carbon balance between 1974 and
2012 (Figs. 8, 9).

Annual fluxes

As for the logging unit level, the largest carbon emis-
sions arise from the decay of logging damage (Fig. 8): this
is consistent with results from field data on other Ama-
zonian countries [25]. Carbon accumulation is mainly
explained by forest recovery in the logged area, forest
regeneration on main skid trails and logging decks being
negligible.

Net carbon fluxes are positive: the Permanent Forest
Estate in French Guiana behaves like a carbon source
during the 1974-2012 period. However zero is included
in the 95 % credibility interval until 2000: the positive-
ness of carbon fluxes is not significant between 1974 and
2000. In the mid 1990’ there is a sudden increase in net
carbon fluxes, and after 2000 the lower bound of the 95 %
credibility interval is positive: between 2000 and 2012,
logging in the Permanent Forest Estate significantly emit-
ted carbon to the atmosphere. This change in the trend of
net carbon flux corresponds to increased logging intensi-
ties in the mid 1990s (Fig. 2).

The carbon balance at the regional scale

Selective logging countrywide has induced signifi-
cant carbon emissions since 2000 (Fig. 8), resulting in
a positive net carbon balance in 2012 (Fig. 9). The net
above-ground carbon balance in 2012 is estimated to be
comprised between 0.12 and 1.33 Tg C, with a median
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value of 0.64 Tg C. With 1.36 Pg C stored in above-ground
carbon [29], selective logging has emitted between 0.01
and 0.10 % of the French Guiana forest stock over the
1974-2012 period. Such ratio may look quite low when
compared to the above-ground carbon stock of all the
total forested area, but we have to keep in mind that the
units logged over the 1974-2012 in the Permanent Forest
Estate cover 0.12 Mha, i.e. 5 % of the total forested area in
French Guiana (Fig. 1). Moreover, logging intensities in
French Guiana are low (12.7 m3-ha~l.year~1, Fig. 2) com-
pared to the Brazilian Amazon where logging intensities
average 23.2 m>ha~lyear—! [5]. Applying our model to
the rest of Amazonian managed forests should thus raise
higher carbon emissions.

Possible model improvements

Deforestation, damage and LWN decay are key submodels
The sensitivity analysis reveals three main sources of
uncertainty in our model: deforestation, large woody
necromass decay and logging damage (Fig. 10). Despite
relatively low values of logging areas that are annually
deforested, the key role of the deforestation submodel
in generating the net carbon balance uncertainties
(Fig. 10) may look quite surprising. Because the carbon
loss on permanently-deforested logging roads will never
be recovered, carbon emissions accumulate over time,
and their uncertainties as well. At the end of the 40-year
period, the cumulative uncertainties then become non-
negligible. The quantity of damage intervenes in two
carbon fluxes: emissions from logging damage decay
and carbon recovery (Fig. 3). If the objective is to esti-
mate one of these two fluxes, efforts should be made to
improve the prediction of logging damage. Until now the
only explanatory variable of our logging damage model is
the logging intensity Vext (m3ha~!). A great proportion
of the variability remains unexplained, and other factors
may help improve the prediction of logging damage. For
instance, including further information such as the log-
ging techniques applied (conventional or reduced-impact
logging), the local topography, or the forest structure
would certainly have improved damage predictions. Nev-
ertheless, the main objective is to estimate the net car-
bon balance, improving the estimation of logging damage
should not be a priority. Indeed, recovery dynamics are
very fast, lasting for a few decades at the most (Fig. 6).
At the regional scale, emissions from damage decay are
almost instantaneously mitigated by recovery mecha-
nisms (Figs. 8, 9), so the variability of logging damage has
little influence on the overall variability of the carbon
balance (Fig. 10). On the contrary, the variability of large
woody necromass decay explains a great part of the over-
all uncertainty of the total carbon balance (Fig. 10). In this
submodel, uncertainties come from the individual-based



Piponiot et al. Carbon Balance Manage (2016) 11:15

model [4] and from the error propagation during the pas-
sage to the logging unit scale. To reduce uncertainties
over the large woody necromass decay model, direct field
measurements should be made to estimate the decay rate
directly at the logging unit scale.

Below-ground carbon

This study remains restricted to aboveground carbon,
the main carbon pool in tropical forests [46], but below-
ground carbon (roots, soil) could also be impacted by
selective logging and result in carbon emissions. Some
studies suggest that soil carbon stocks may decrease after
selective logging [47], but carbon sequestration in roots
and in the woody debris that are not respired and that
return to soil could also be expected [48]. In this study we
do not consider below-ground carbon fluxes due to lack
of robust information. Gathering more information and
adding below-ground carbon dynamics into the model
would further improve the model.

Conclusions

We here provide a comprehensive methodology to esti-
mate above-ground carbon fluxes in managed tropical
forests at both local and regional scales, easily replicable
in other tropical regions. This is a further contribution
towards more accurate assessment of the carbon budget
of tropical managed forests. The framework is also flex-
ible and easy to adapt to new models: in particular, new
logging techniques or new management practices (e.g.
fuel wood) could be added to the model. This can be
useful when investigating the carbon balance of upcom-
ing opportunities and of future management choices for
tropical production forests.
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CHAPITRE 4

Dynamiques de carbone
post-exploitation en Amazonie

Les foréts naturelles amazoniennes présentent de grandes diffé-
rences dans leur dynamique!. L’étude présentée dans ce chapitre
vise & comprendre comment ces différences régionales se refletent
sur la dynamique du carbone post-exploitation, afin de mieux
caractériser la reconstitution des stocks de carbone une fois la
forét exploitée.

L’exploitation sélective affecte une surface supérieure a 2 Mha
chaque année sur ’ensemble des foréts amazoniennes. Les surfaces
de forét aujourd’hui en récupération représentent donc un potentiel
de stockage de carbone énorme. Les variations de récupération du
stock de carbone peuvent donc étre particulierement importantes
dans les bilans carbone régionaux, ainsi que dans des politiques de
mitigation des changements climatiques. Pourtant, il n’existait pas
de modele spatialement explicite de la récupération de carbone
post-exploitation & 1’échelle de I’Amazonie. Les études précédentes
n’avaient soit pas trouvé de lien entre le taux de récupération
et la localisation?, soit ce lien tenait uniquement au niveau de
précipitation : > 1500 mm ou < 1500 mm?3.

L’objectif de ce chapitre est double : il s’agit a la fois de
comprendre la réponse des foréts amazoniennes a la perturbation
(dans notre cas 1’exploitation) afin ensuite de quantifier la récu-
pération du carbone post-exploitation et d’affiner ainsi le bilan
carbone de I'exploitation.

Pour pouvoir mieux comprendre la réponse a la perturbation
deux pools d’arbres ont été séparés :

e les arbres dits «survivants», qui étaient présents avant 1'ex-
ploitation et y ont survécu,
e les arbres dits «recrutésy, qui passent au dessus de 20 cm DHP
apres ’exploitation.
Pour chacun des groupes les flux de carbone liés au recru-
tement, & la croissance et a la mortalité ont été séparés et un
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Lef. Section 2.1.

2RUTISHAUSER et al. (2015). « Ra-
pid tree carbon stock recovery in
managed Amazonian forests », cf.
note 166, p. 20.

3HUANG et ASNER (2010). « Long-
term carbon loss and recovery follo-
wing selective logging in Amazon fo-
rests », cf. note 149, p. 18.
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4C. PrronioT et al. (2016b).
« Carbon recovery dynamics following
disturbance by selective logging in
Amazonian forests ». In : eLife 5.C.

5cf. Chapitre 3 et Chapitre 8
Swww.cirad.fr/en/
news/all-news-items/
press-releases/2016/

modele calibré a partir des données des parcelles de TmFIO (voir
Section 2.2.1). Outre la compréhension plus fine des mécanismes
en cevre, cette approche par les processus permet de modéliser
plus finement les flux de carbone post-exploitation. Etudier la
dynamique de ces deux groupes séparément permet de tester s’il
existe des différences régionales dans la dynamique des grands
arbres (ici les survivants) et la dynamique de régénération. En
effet, on peut s’attendre & voir une récupération du carbone post-
exploitation qui dépende principalement du recrutement dans
I’ouest amazonien composé de foréts plus jeunes, et des survivants
dans le nord-est moins dynamique.

L’importance de l’environnement (précipitation, saisonna-
lité des précipitations et densité du sol), de la biomasse pré-
exploitation et de l'intensité de la perturbation pour expliquer les
variations des dynamiques post-exploitation a été quantifiée. Les
résultats obtenus montrent qu’en Amazonie ces variations sont
expliquées principalement par l'intensité de la perturbation et par
le régime de précipitations. Ces résultats ont permis d’établir une
premiere carte du potentiel de récupération du carbone des foréts
exploitées d’Amazonie. Ils mettent aussi I’accent sur les effets
que pourraient avoir les changements climatiques et du régime de
perturbation sur le cycle du carbone des foréts amazoniennes.

Ces résultats ont été publiés en 2016 dans la revue eLife.
Les prédictions ont été intégrées ensuite dans le modele de bilan
carbone, et dans le package R en développement °. Les résultats
ont aussi fait I’objet d’un communiqué de presse du Cirad 6, d’une
interview dans un podcast’ et d'un article de vulgarisation dans
Frontiers in Ecology and the Environment.

amazonia-mapping-carbon-storage-after-logging

Telifesciences. org/podcast, epi-
sode 36
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Carbon recovery dynamics following
disturbance by selective logging in
Amazonian forests
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Abstract When 2 Mha of Amazonian forests are disturbed by selective logging each year, more
than 90 Tg of carbon (C) is emitted to the atmosphere. Emissions are then counterbalanced by
forest regrowth. With an original modelling approach, calibrated on a network of 133 permanent
forest plots (175 ha total) across Amazonia, we link regional differences in climate, soil and initial
biomass with survivors’ and recruits’ C fluxes to provide Amazon-wide predictions of post-logging
C recovery. We show that net aboveground C recovery over 10 years is higher in the Guiana Shield
and in the west (21 £3 Mg C ha!) than in the south (12 3 Mg C ha~!) where environmental stress
is high (low rainfall, high seasonality). We highlight the key role of survivors in the forest regrowth
and elaborate a comprehensive map of post-disturbance C recovery potential in Amazonia.

DOI: 10.7554/eLife.21394.001

Introduction

With on-going climate change, attention is increasingly drawn to the impacts of human activities on
carbon (C) cycles (Griggs and Noguer, 2002), and in particular to the 2.1 + 1.1 Pg C yr~! of C loss
caused by various forms and intensities of anthropogenic disturbances in tropical forests

Piponiot et al. eLife 2016;5:e21394. DOI: 10.7554/eLife.21394
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elLife digest The Amazon rainforest in South America is the largest tropical forest in the world.
Along with being home to a huge variety of plants and wildlife, rainforests also play an important
role in storing an element called carbon, which is a core component of all life on Earth. Certain
forms of carbon, such as the gas carbon dioxide, contribute to climate change so researchers want
to understand what factors affect how much carbon is stored in rainforests. Trees and other plants
absorb carbon dioxide from the atmosphere and then incorporate the carbon into carbohydrates
and other biological molecules. The Amazon rainforest alone holds around 30% of the total carbon
stored in land-based ecosystems.

Humans selectively harvest certain species of tree that produce wood with commercial value from
the Amazon rainforest. This “selective logging” results in the loss of stored carbon from the
rainforest, but the loss can be compensated for in the medium to long term if the forest is left to
regrow. New trees and trees that survived the logging grow to fill the gaps left by the felled trees.
However, it is not clear how differences in the forest (for example, forest maturity), environmental
factors (such as climate or soil) and the degree of the disturbance caused by the logging affect the
ability of the forest ecosystem to recover the lost carbon.

Piponiot et al. used computer modeling to analyze data from over a hundred different forest
plots across the Amazon rainforest. The models show that the forest’s ability to recover carbon after
selective logging greatly differs between regions. For example, the overall amount of carbon
recovered in the first ten years is predicted to be higher in a region in the north known as the
Guiana Shield than in the south of the Amazonian basin where the climate is less favorable.

The findings of Piponiot et al. highlight the key role the trees that survive selective logging play
in carbon recovery. The next step would be to couple this model to historical maps of logging to
estimate how the areas of the rainforest that are managed by selective logging shape the overall
carbon balance of the Amazon rainforest.

DOI: 10.7554/elife.21394.002

(Grace et al., 2014). Among those disturbances, selective logging, i.e. the selective harvest of a few
merchantable tree species, is particularly widespread: in the Brazilian Amazon alone, about 2 Mha
yr~! were logged in 1999-2002 (Asner et al., 2005). The extent of selective logging in the Brasilian
Amazon was equivalent to annual deforestation in the same period, and resulted in C emissions of
90 Tg C yr~!' (Huang and Asner, 2010) which increased anthropogenic C emissions by almost 25%
over deforestation alone (Asner et al., 2005). In contrast to deforested areas that are used for agri-
culture and grazing, most selectively logged forests remain as forested areas (Asner et al., 2006)
and may recover C stocks (West et al., 2014). Previously logged Amazonian forests may thus accu-
mulate large amounts of C (Pan et al., 2011), but this C uptake is difficult to accurately estimate,
because while detecting selective logging from space is increasingly feasible (Frolking et al., 2009)
(even if very few of the IPCC models effectively account for logging), directly quantifying forest
recovery remains challenging (Asner et al., 2009; Houghton et al., 2012, Goetz et al., 2015). Stud-
ies based on field measurements (e.g. Sist and Ferreira, 2007; Blanc et al., 2009, West et al.,
2014; Vidal et al., 2016), sometimes coupled with modeling approaches (e.g. Gourlet-Fleury et al.,
2005; Valle et al., 2007) or airborne light detection and ranging (LiDAR) measurements (e.g.
Andersen et al., 2014) have assessed post-logging dynamics at particular sites. Nonetheless, to our
knowledge no spatially-explicit investigation of post-logging C dynamics at the Amazon biome scale
is available.

C losses from selective logging are determined by harvest intensity (i.e. number of trees felled or
volume of wood extracted) plus the care with which harvest operations are conducted, which affects
the amount of collateral damage. After logging, C losses continue for several years due to elevated
mortality rates of trees injured during harvesting operations (Shenkin et al., 2015). Logged forests
may recover their aboveground carbon stocks (ACS) via enhanced growth of survivors and recruited
trees (Blanc et al., 2009). Full recovery of pre-disturbance ACS in logged stands reportedly requires
up to 125 years, depending primarily on disturbance intensity (Rutishauser et al., 2015). The under-
lying recovery processes (i.e. tree mortality, growth and recruitment) are likely to vary with the clear

Piponiot et al. eLife 2016;5:e21394. DOI: 10.7554/eLife.21394 2 of 19
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geographical patterns in forest structure and dynamics across the Amazon Basin and Guiana Shield.
In particular, northeast-southwest gradients have been reported for ACS (Malhi and Wright, 2004),
net primary productivity (Aragao et al., 2009), wood density (Baker et al., 2004), and floristic com-
position (ter Steege et al., 2006). Such gradients coincide with climate and edaphic conditions that
range from nearly a seasonal nutrient-limited in the northeast to seasonally dry and nutrient-rich in
the southwest (Quesada et al., 2012). These regional differences in biotic and abiotic conditions
largely constrain demographic processes that ultimately shape forest C balances.

Here we partition the contributions to post-disturbance ACS gain (from growth and recruitment
of trees >20 cm DBH) and ACS loss (from mortality) of survivors and recruited trees to detect the
main drivers and patterns of ACS recovery in forests disturbed by selective logging across Amazonia
sensu lato (that includes the Amazon Basin and the Guiana Shield). Based on long-term (8-30 year)
inventory data from 13 experimentally-disturbed sites (Sist et al., 2015) across Amazonia (Figure 1—
figure supplement 1), 133 permanent forest plots (175 ha in total) that cover a large gradient of dis-
turbance intensities (ACS losses ranging from 1% to 71%) were used to model the trajectory of those
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Figure 1. Post-disturbance annual ACS changes of survivors and recruits in 133 Amazonian selectively logged plots. Data is available between the year
of minimum ACS (¢ = 0) and =30 years. ACS changes are: recruits’ ACS growth (orange), recruits’ ACS loss (gold), new recruits’ ACS (red), survivors’
ACS growth (light green) and survivors’ ACS loss (dark green). Thick solid lines are the maximum-likelihood predictions (for an average plot, when all
covariates are null), and dashed lines are the model theoretical behaviour. New recruits’ ACS, recruits’ ACS growth, and recruits’ ACS loss converge
over time to constant values. A dynamic equilibrium is then reached: ACS gain from recruitment and recruits’ growth compensate ACS loss from
recruits’ mortality. Survivors’ ACS growth and loss. decline over time and tend to zero when all initial survivors have died.

DOI: 10.7554/eLife.21394.003

The following figure supplement is available for figure 1:

Figure supplement 1. Experimental sites location, each site being composed of permanent forest plots varying in logging intensities, census length
(colour) and total area (size).
DOI: 10.7554/elife.21394.004
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post-disturbance ACS changes (Figure 1) in a comprehensive Bayesian framework. We quantify the
effect of pre-disturbance ecosystem characteristics [the site’s average pre-logging ACS (acs0) and
the relative difference between each plot and acs0 as a proxy of forest maturity (dacs)], disturbance
intensity [percentage of pre-logging ACS lost (loss)], and interactions with the environment [annual
precipitation (prec), seasonality of precipitation (seas), and soil bulk density (bd)] (Figure 2) on the
rates at which post-disturbance ACS changes converge to a theoretical steady state (as in Figure 1,
see Materials and methods for more details). With global maps of ACS (Avitabile et al., 2016), cli-
matic conditions (Hijmans et al., 2005) and soil bulk density (Nachtergaele et al., 2008), we up-
scale our results to Amazonia (sensu lato) and elaborate predictive maps of potential ACS changes
over 10 years under the hypothesis of a 40% ACS loss, which is a common disturbance intensity after
conventional logging in Amazonia (Blanc et al., 2009; Martin et al., 2015; West et al., 2014). Sum-
ming these ACS changes over time gives the net post-disturbance rate of ACS accumulation. Disen-
tangling ACS recovery into demographic processes and cohorts is essential to reveal mechanisms
underlying ACS responses to disturbance and to make more robust predictions of ACS recovery
compared to an all-in-one approach (see Appendix).

Median rate: 0.021 yr_1 Median rate: 0.101 yr_1 Median rate: 0.042 yr_1
loss 1 — 1 ——— 1 ————
acs0 —=— 1 —— e e— -® —
dacs 1 ——— 1 — e —— — e ——
prec — e — ] — e — - @
seas| —=m—— g 1 e —— ] e ——

bd ———— : ———— . B
-0.0025 0.0000 0.0025 -0.06 -0.04 -0.02 0.00 0.02 -0.01 0.00 0.01 0.02
(a) Survivors' ACS growth (b) New recruits' ACS (c) Recruits' ACS growth
Median rate: 0.007 yr_1 Median rate: 0.012 yr_1
loss 1 ——— 1 L
acs0 — o — —@
dacs 1 —— 1 o}
prec —— s —— [ ]
seas| —=u—— 1 o
bd —fo— 1 °
-0.002 -0.001 0.000 -0.0025 0.0000 0.0025 0.0050
(d) Survivors' ACS loss (e) Recruits' ACS loss

Figure 2. Effect of covariates on the rate at which post-disturbance ACS changes converge to a theoretical steady state (in yr~!). Covariates are :
disturbance intensity (loss) , i.e. the proportion of initial ACS loss; mean site’s ACS (acs0), and relative forest maturity, i.e. pre-logging plot ACS as a % of
acs0 (dacs); annual precipitation (prec); seasonality of precipitation (seas), soil bulk density (bd). Covariates are centred and standardized. Red and black
levels are 80% and 95% credible intervals, respectively. The median rate is the prediction of the convergence rate for an average plot (when all
covariates are set to zero). Negative covariate values indicate slowing and positive values indicate accelerating rates. (a) Survivors’ ACS growth. (b) New
recruits” ACS. (c) Recruits’ ACS growth. (d) Survivors' ACS loss. (e) Recruits’ ACS loss.

DOI: 10.7554/eLife.21394.005

The following source data and figure supplement are available for figure 2:

Source data 1. Parameters posterior distribution.

DOI: 10.7554/eLife.21394.006

Figure supplement 1. Fitted vs observed values of cumulative ACS changes (Mg C ha™!).

DOI: 10.7554/elife.21394.007
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Results

Local variations of ACS changes

At a given site, variations of post-logging ACS changes are explained with the disturbance intensity
(loss) and the relative forest maturity (dacs). At high disturbance intensity (positive loss) as well as in
relatively immature forests (negative dacs), ACS gain from recruits is high: recruitment decreases
slowly (Figure 2b and Figure 3b) and recruits’ growth increases rapidly (Figure 2c and Figure 3c).
In the same conditions of high disturbance intensity, survivors’ ACS growth is lower in the first years
following logging than for low disturbance intensities, but declines slowly (Figure 2a and Figure 3a).
Disturbance intensity and relative forest maturity have a weak effect on ACS loss from both survivors
and recruits (Figures 2d,e and 3d,e). Overall, net ACS change stays high longer at high disturbance
intensity (Figure 3f).

Regional variations of ACS changes

Variations of post-logging ACS changes between sites are explained with the mean ACS of each site
(acs0), climatic conditions [annual precipitation (prec), seasonality of precipitation (seas)] and the soil
bulk density (bd). Contribution of survivors’ growth to ACS recovery declined slowly in sites with low
acs0 and high water stress (low precipitation, high seasonality and high bulk density) (Figure 2a). Sur-
vivors’ ACS loss showed the opposite pattern (Figure 2d) except in apparent response to high sea-
sonality of precipitation (seas) that slowed the post-disturbance rates of decline of both ACS growth
and loss. Despite slower recruits’” ACS growth in sites with high pre-logging ACS (acs0), no other
regional covariate had significant effects on recruits’ ACS changes (Figure 2b,c and e).
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Figure 3. Predicted effect of disturbance intensity on ACS changes along time in an Amazonian-average plot. (a) Survivors’ ACS growth. (b) New
recruits’ ACS. (c) Recruits’ ACS growth. (d) Survivors’ ACS loss. (e) Recruits’ ACS loss. (f) Net ACS change. The net ACS change is the sum of all five ACS
changes. ACS changes were calculated with all parameters set to their maximum-likelihood value and covariates (except standardized disturbance
intensity loss) set to 0. Time since minimum ACS varies from 0 to 30 year (i.e. the calibration interval) and disturbance intensity ranges between 5% and

60% of initial ACS loss.
DOI: 10.7554/elife.21394.008
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Prediction maps
While no significant environmental effects were detected for recruits’ ACS changes (Figures 2 and
4), the survivors showed a highly structured regional gradient: (i) ACS gain from survivors’ ACS
growth is high in the west and in the Guiana Shield, but low in the south (Figure 4a), whereas (ii) sur-
vivors’ ACS loss is low in the south and in the Guiana Shield but high in the west (Figure 4d). To illus-
trate how these regional differences will be critical for future ACS across Amazonia, we developed a
map of net ACS recovery over the first 10 years after a 40% ACS loss by integrating the sum of ACS
change predictions through time (Figure 5). Across the region, net ACS recovery over the first ten
years after a 40% ACS loss is predicted to be 17 +£ 7 Mg C ha!, with higher values in the west and
in the Guiana Shield (Figure 5a). The uncertainty in predictions was low to medium (coefficient of
variation under 40%) in 82% of the mapped area, and high (coefficient of variation above 50%) in 5%
of the mapped area (Figure 5b).

Four areas (Figure 5a) were selected to represent four contrasted cases of net ACS recovery in
time (Figure 6): two areas, northwestern Amazonia and the Guiana Shield, with high ACS accumula-

tion (21 + 3 Mg C ha™! over 10 year), one intermediate area, central Amazonia (15 + 1 Mg C ha™!

(d) Survivors' loss

(b) New recruits (c) Recruits' growth
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Figure 4. Predicted cumulative ACS changes (Mg C ha™!) over the first 10 year after losing 40% of ACS. Extrapolation was based on global rasters:
topsoil bulk density from the Harmonized global soil database (Nachtergaele et al., 2008), Worldclim precipitation data (Hijmans et al., 2005) and
biomass stocks from Avitabile et al. map (Avitabile et al., 2016). Cumulative ACS changes are obtained by integrating annual ACS changes through
time. We here show the median of each pixel. Top graphs are ACS gain and bottom graphs are ACS loss. (a) ACS gain from survivors’ growth. (b) ACS
gain from new recruits. (c) ACS gain from recruits’ growth. (d) ACS loss from survivors’ mortality. (e) ACS loss from recruits’ mortality. Black dots are the
location of our experimental sites. Survivors’ ACS changes (a and d) show strong regional variations unlike to recruits’ ACS changes (b,c and e).

DOI: 10.7554/elife.21394.009
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Figure 5. Predicted net ACS recovery over the first 10 year after losing 40% of pre-logging ACS. (a) median predictions. (b) coefficient of variation (per
pixel). Four areas were arbitrarily chosen to illustrate four different geographical behaviours: (1) the Guiana Shield and (2) northwestern Amazonia are
two areas with high ACS recovery; the Guiana Shield has higher initial ACS and slower ACS dynamics whereas northwestern Amazonia has lower initial
ACS and faster ACS dynamics. (3) central Amazonia has intermediate ACS recovery. (4) southern Amazonia has low ACS recovery.

DOI: 10.7554/elife.21394.010

over 10 year) and one area with low ACS accumulation, southern Amazonia (12 + 3 Mg C ha™! over
10 year). Survivors' contribution to the sum of ACS gains (recruitment and growth) over the first 10
years after disturbance was 71 &+ 4% in the Guiana Shield, 71 &+ 2% in the west; 63 + 4% in central
Amazonia and 55 + 6% in the south. Predicted net ACS recovery (Figure 5) and survivors’ ACS
growth (Figure 4a) are highly correlated: p = 0.90 (Pearson’s correlation coefficient).

Discussion
Contrasting post-disturbance ACS dynamics were detected among the western Amazon, Guiana
Shield, and southern Amazon (Figure 4). (i) In the western Amazon, environmental stress is reduced

due to fertile soils and abundant, mostly non-seasonal precipitation, but forests are prone to fre-
quent and sometimes large-scale wind-induced disturbances (Espirito-Santo et al., 2014). Such con-
ditions of low stress and high disturbance tend to favor fast-growing species with rapid life cycles
(He et al., 2013), which results in fast ACS gain and loss from survivors even after the logging distur-
bance (Figures 4a,d and 6). (ii) Forests of the Guiana Shield are generally dense and grow on nutri-
ent-poor soils (Quesada et al., 2012), where wood productivity is highly constrained by competition
for key nutrients, especially phosphorus and nitrogen (Santiago, 2015; Mercado et al., 2011). The
short duration pulse of nutrients released from readily decomposed stems, twigs and leaves of trees
damaged and killed by logging may thus explain the substantial but limited-duration increase in
growth of survivors on these nutrient-poor soils (Figure 6). Yet post-disturbance ACS loss from survi-
vors’ mortality decreases slowly in the Guiana Shield (Figure 6). This is consistent with the low mor-
tality rates and the high tree longevity reported in old-growth forests of this region (Phillips et al.,
2004). (i) In the southern Amazon, high seasonal water stress is the main constraint on ACS recov-
ery (Wagner et al., 2016). Stress-tolerant trees are generally poor competitors (He et al., 2013) and
this may explain the slow ACS changes of survivors in this region (Figures 4a,d and 6). Finally, Cen-
tral Amazonia is a transition zone for the main environmental and biotic gradients found in Amazo-
nia: (1) a competition gradient between dense and nutrient-poor northeastern forests and nutrient-
rich western forests; (2) an environmental gradient between northern wet forests and southern drier
forests (Quesada et al., 2012).

Piponiot et al. eLife 2016;5:21394. DOI: 10.7554/eLife.21394 7 of 19
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Figure 6. Predicted contribution of annual ACS changes in ACS recovery in four regions of Amazonia (Figure 5). The white line is the net annual ACS
recovery, i.e. the sum of all annual ACS changes. Survivors' (green) and recruits’ (orange) contribution are positive for ACS gains (survivors’ ACS growth,
new recruits’ ACS and recruits’ ACS growth) and negative for survivors’ and recruits’ ACS loss. Areas with higher levels of transparency and dotted lines
are out of the calibration period (0-30 year). In the Guiana Shield and in nothwestern Amazonia, high levels of net ACS recovery are explained by large
ACS gain from survivors' growth. Extrapolation was based on global rasters: topsoil bulk density from the Harmonized global soil database
(Nachtergaele et al., 2008), precipitation data from Worldclim (Hijmans et al., 2005) and biomass stocks from Avitabile et al. (Avitabile et al., 2016)

map.
DOI: 10.7554/eLife.21394.011

Across Amazonia, survivors contribute most to post-disturbance ACS recovery. In regions where
survivors’ ACS gain is high (west and northeast), net ACS recovery is also high: annual ACS recovery
is between 1 and 3 Mg C ha™! yr=! in the first 10 year after logging (Figure 6), lower than in Amazo-
nian secondary forests (3-5 Mg C ha~! yr~! in the first 20 year after abandonment of land use
[Poorter et al., 2016]). Recruits, for their part, have very low geographical variations in post-logging
ACS changes: 10 years after the disturbance they are predicted to store similar amounts of ACS
almost everywhere in Amazonia. Nevertheless, small trees with DBH <20 cm have not been
accounted for in our study and may play an important role in post-logging ACS changes. The 10-20
cm DBH size class contains as much as 14% of total ACS and may be highly dynamic in some Amazo-
nian forests (Vieira et al., 2004). Because of the slow tree growth rates in Amazonia (Vieira et al.,
2005; Herault et al., 2010), many trees will not reach the 20 cm DBH threshold 10 years after log-
ging: the effects of the 10-20 cm DBH stratum on post-logging ACS changes are likely to be missed
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in sites with less than 10 years of measurements (e.g. Peteco, Ecosilva, Iracema, Cumaru) and should
be studied, together with the natural regeneration, in the future.

At the stand level, high disturbance intensities reduce survivors’ ACS: survivors’ ACS growth is
consequently lower (Figure 3a), resulting in lower net ACS change during the first 10 years of the
recovery period (Figure 3f). High disturbance intensities as well as relatively low forest maturity alle-
viate competition, and this is probably why ACS contributions from recruits remain high for longer
(Figure 2b) in such enhanced growth conditions (Herault et al., 2010). In the first years after log-
ging, net ACS recovery depends little on disturbance intensity (Figure 3f), but recovery is predicted
to last longer in heavily logged forests. In immature forests, intense self-thinning (Swaine et al.,
1987) may explain fast ACS losses from survivors’ mortality (Figure 2d).

In the tropics, reduced-impact logging techniques (RIL; [Putz et al., 2008]) are promoted to
reduce collateral damage to residual stands and biodiversity. Our results reveal that lower distur-
bance intensities, as a direct consequence of the employment of RIL techniques, could increase sur-
vivors’ ACS growth and slow down their ACS loss. Given that government specified minimum
cutting cycles are short, e.g. 35 year in the Brazilian Amazon (Blaser et al., 2011), and that many
commercial species are slow-growing and dense-wooded (Dauber et al., 2005; Wright et al.,
2010), available timber stocks for the next cutting cycle will be comprised mostly of survivors. Atten-
tion should be taken to high harvest intensities and/or substantial incidental damage due to poor
harvesting practices that diminish stocks of survivors, even if they promote recruitment. Most trees
that recruit are fast-growing pioneers that are favored by disturbance but are vulnerable to water
stress (Bonal et al., 2016) and competition (Valladares and Niinemets, 2008), and because their
height is lower than in mature forests (Rutishauser et al., 2016), they might have reduced carbon
sequestration potential. With ongoing climate change and increased frequencies and intensities of
droughts in Amazonia (Malhi et al., 2008), betting on recruits to store C in forests disturbed by
selective logging might thus be a risky gamble.

In this study, we focus on one type of disturbance: selective logging. Because of its economic
value and implications for forest management, selective logging is a long-studied human disturbance
in tropical forests, and the data gathered by the TmFO network are unique in terms of experiment
duration and spatial extent. We nevertheless believe that our study gives clues on the regional differ-
ences in Amazonian forests response to large ACS losses induced by other disturbances (e.g.
droughts, fire) that are expected to increase in frequency with ongoing global changes (Bonal et al.,
2016).

Materials and methods

Site description

Our study includes data from thirteen long-term (8-30 year) experimental forest sites located in the
Amazon Basin and the Guiana Shield (Figure 1—figure supplement 1). Sites meet the following cri-
teria: (i) located in tropical forests with mean annual precipitation above 1000 mm; (i) a total cen-
sused area above 1 ha; (iii) at least one pre-logging census and (iv) at least two post-logging
censuses. For each site, we extracted annual precipitation and seasonality of precipitation data from
WorldClim (RRID:SCR_010244) (Hijmans et al., 2005), topsoil bulk density data from the Harmo-
nized World Soil database (Nachtergaele et al., 2008), and the synthetic climatic index from Chave
et al. (Chave et al., 2014), using in all cases the highest resolution data available (30 arc-seconds).
For one of our sites (La Chonta, see Figure 1—figure supplement 1), field measurements of precipi-
tation (mean = 1580 mm yr~!) differed substantially from WorldClim data (1032 mm yr~'): in this par-
ticular case we used the measured value and adjusted the synthetic climatic index (E) in the
allometric equation (Chave et al., 2014) accordingly.

ACS computation

In all plots, diameter at breast height (DBH) of trees >20 cm DBH were measured, and trees were
identified to the lowest taxonomic level: to the species level (75%) when possible, or to the genus
level (15%); 10% of trees were not identified. To get the wood density, we applied the following
standardized protocol to all sites: (i) trees identified to the species level were assigned the corre-
sponding wood specific gravity value from the Global Wood Density Database (GWDD,
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doi:10.5061/dryad.234/1) (Zanne et al., 2009); (ii) trees identified to the genus level were assigned
a genus-average wood density; (iii) trees with no botanical identification or that were not in the
GWDD were assigned the site-average wood density. The aboveground biomass (AGB) was esti-
mated with the allometric equations from Chave et al. (Chave et al., 2014). Biomass was assumed
to be 50% carbon (Penman et al., 2003). The ACS of every tree i was then computed as follows:

ACS; = exp( —1.803 —0.976 x E+0.976 x In(WD;)+
Q)]
12,673 x In(DBH;) — 0.0299 x ln(DBH,?)) x 0.5

where WD; and DBH; are the specific wood density and diameter at breast height of the tree i and E
is the synthetic climatic index (Chave et al., 2014).

The recovery period

After logging, plot ACS decreases rapidly until it reaches its minimum value (acsmin) a few years
later. This transition point determines the beginning #,;, = t of the recovery period. acsmin was esti-
mated as the minimum ACS in the 4 years following logging activities. Because our focus is on post-
logging ACS recovery, we did not include in our analysis plots where the minimum ACS value was
not reached within the 4 years after logging, either because the logging activity did not affect the
plot or because there were other sources of disturbance long after logging (fire, road opening, silvi-
cultural treatments).

ACS changes computation

For each plot j and census k, with 7, the time since the beginning of the recovery period 7y, we define
5 ACS changes : new recruits’ ACS (Rrjz) is the ACS of all trees <20 cm DBH at #_; and >20 cm
DBH at #; recruits’ ACS growth (Rg;,) is the ACS increment of living recruits between #_; and # ;
recruits” ACS loss (Rl) is the C in recruits that die between #_, and #; survivors’ ACS growth (Sg;)
is the ACS increment of living survivors between #_; and #; survivors’ ACS loss (Sl;x) is the ACS of
survivors that die between #._; and #. ACS gains (Sg, Rr, Rg) are positive and ACS losses (SI, RI) are
negative. Instantaneous ACS changes are subject to stochastic variation over time: because we are
less interested in year-to-year variations than in long-term ACS trajectories, we modelled cumulative
ACS changes instead of annual ACS changes. Cumulative ACS changes (Mg C ha~!) were defined as
follows:

k
cChange; = Z Change;, 2

m=0

where j is the plot, # the time since 1 (yr) and Change is the annual ACS change (Mg C ha™! yr7!),
either recruits’ ACS (Rr), recruits’ ACS growth (Rg), recruits’ ACS loss (RI), survivors’ ACS growth (Sg),
or survivors’ ACS loss (SI).

Covariates

To model ACS changes, we chose six covariates : (1) loss disturbance intensity, i.e. percentage of ini-
tial ACS loss; (2) acsO mean ACS of the site; (3) dacs relative ACS of the plot, as a % of acs0; (4) prec
annual precipitation; (5) seas precipitation seasonality; (6) bd topsoil bulk density. To give equivalent
weight to all covariates, we centred and standardized them in order to have a mean of zero and a
standard deviation of one over all observations. The uncertainty associated with ACS covariates (loss,
acs0, dacs) is less than 10% (Chave et al., 2014). Climatic covariates (annual precipitation prec and
precipitation seasonality seas) were extracted from Worldclim rasters (RRID:SCR_010244). Error in
Worldclim precipitation data was estimated to be <10 mm in Amazonia (Hijmans et al., 2005).
There is no information on the uncertainty on topsoil bulk density but we expect it to be higher than
the uncertainty on other covariates, due to measurement (De Vos et al., 2005) and interpolation
methods (Hendriks et al., 2016).
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Survivors’ model

Survivors’ cumulative ACS changes are null at 1 = 0 (by definition). When all survivors are dead, their
ACS changes stop: annual ACS changes become null and cumulative ACS changes reach a constant/
finite limit. We decided to model survivors’ cumulative ACS growth ¢Sg and ACS loss ¢S! as:

cS;J>k~./\/'<ajS X <1 - exp(—BjS X tk)) ] (02)2) )

where j is the plot, 7 is the time since 7,S is either Sg or Sl.af is the finite limit of the cumulative ACS
change and B} the rate at which the cumulative ACS change converges to this limit. By choosing an
exponential kernel, we assume that survivors’ ACS change at # is proportional to survivors’ ACS
change at 1, — 1.

Because « values are expected to vary among plots, they are modelled with the following

distribution:
oS~ N (ag, (a§)2> )

Parameter Bf is the rate at which survivors’ ACS change (from growth or mortality) on plot j con-
verges to a finite limit after the disturbance: it reflects the response rapidity of survivors’ ACS
changes to disturbance. Because we are interested in predicting variations in Bjs (S is either Sg or SI),

we expressed Bjs as a function of covariates:

6
By =Bo+ > (AF x Vi) (5)
=1

6 o
where Y (A} x V), is the effect of covariates (V;;) on the post-logging rate ;. Covariates are centred
= '

and standardized and are (1) loss : disturbance intensity, i.e. percentage of initial ACS loss; (2) acs0 :
mean ACS of the site; (3) dacs relative ACS of the plot, as a % of acs0; (4) prec annual precipitation;
(5) seas precipitation seasonality; (6) bd topsoil bulk density.

When all survivors in plot j are dead, all the C gained by their growth (¢Sgj.. = af”') plus their initial

ACS (acsmin;) will have been lost (cSl;.. = «'). We thus added the following constraint to each plot j:
ajSl +a_fg +acsmin; =0 (6)

s
with ;%o

acsmin; the ACS of the plot j at t,, = 10.

the finite limits of survivors’ cumulative ACS growth and ACS loss respectively, and

Recruits’ model

When survivors are all dead, recruits will constitute the new forest. We made the assumption that
the ACS of this new forest will reach a dynamic equilibrium: recruits’ annual ACS changes are
expected to converge to constant values (that are however prone to small inter-annual variations),
with ACS gains compensating ACS losses. Because there are no recruits yet at f, recruits’ annual
ACS growth (Rg) and ACS loss (RI) are zero, and progressively increase to reach their asymptotic val-
ues. Recruits’ annual ACS growth and ACS loss can be thus modelled with the function:

flra.B)=ax (1-ep(—px1)) 7)

where ¢ is the time since the beginning of the recovery period. In the same logic as survivors’ cumu-
lative ACS change, « is the asymptotic value of recruits’ annual ACS change (Mg C ha™! yr™!), and 3
is the rate at which this asymptotic value is reached.

Contrary to recruits’ annual ACS growth and ACS loss, the ACS of new recruits (Rr) is high at 1
because of the competition drop induced by logging, but then progressively decreases to reach its
asymptotic value. We modelled it with the following function:
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Sl Bom) =ax (14 mx exp(—p x1)) (®)

where 1 is the time since logging. The parameter n was added to allow annual recruited ACS to be
higher than «a at #,.

As stated before, we chose to model cumulative ACS changes instead of annual ACS changes.
The general model for recruits’ cumulative ACS changes is deduced by integrating annual ACS
changes from 1, to #:

1 —exp(—BE x 1)

cRiJ>k~N<af X ([k +m X BR
J

). (%)) ©)
where i is the site, j is the plot, # is the time since 1, is either Rr,Rg or Rl. When R is Rg or Rl, n=—1;
when R is Rr, 7>0.

Once the forest reaches a new dynamic equilibrium, recruits’ annual ACS changes should depend
mostly on each site's characteristics: we expect there to be more inter-site than intra-site variation in
recruits’ asymptotic ACS changes af. This is why we use one value af per site i, and model it as follows:

a§~/\f(a§;(a§)2) (10)

When the dynamic equilibrium is reached, annual ACS gain (growth and recruitment) compen-
sates annual ACS loss (mortality). We thus added the following constraint for every site i

af’+al-Rg+af”=0 (11)

With the same logic as for survivors, we are interested in predicting variation in gk. Given that we
use one value af per site i (i.e. all plots in one site i have the same value for af), we chose to take
into account the inter-plot variability as follows:

6
BE-N (BE+ (N x Vi) (oB)?) (12)
=1

Inference

Bayesian hierarchical models were inferred through MCMC methods using an adaptive form of the
Hamiltonian Monte Carlo sampling (Carpenter et al., 2015). Each observation was given a weight
proportional to the size of the plot. Codes were developed using the R language (RRID:SCR_
001905) (R Developement Core Team, 2015) and the Rstan package (Carpenter et al., 2015). A
detailed list of priors is provided in Table 1.

Prediction maps

Maps were obtained with the following steps: (i) spatially-explicit covariates are extracted at the res-
olution of 30 arc-second from: the pan-tropical carbon map of Avitabile et al. for pre-disturbance
aboveground carbon stocks (Avitabile et al., 2016); WorldClim (RRID:SCR_010244) (Hijmans et al.,
2005) for annual precipitation and seasonality of precipitation, and the Harmonized World Soil data-
base (Nachtergaele et al., 2008) for topsoil bulk density; (ii) disturbance intensity is set to 40% of
pre-logging ACS loss, which is a common value for disturbance intensity after conventional logging
in Amazonia (West et al., 2014; Blanc et al., 2009; Martin et al., 2015) , and the relative forest
maturity dacs is set to zero; (iii) parameters are drawn from their previously calibrated distribution;
(iv) to simulate random effects, all five parameters (a) are taken from their distribution A (ag, a2); (v)
for every pixel, we estimate the five cumulative ACS changes (cSg, cSI, cRr,cRg,cRI) 10 years after the
40% ACS loss, given the parameters value and the pixel covariates values extracted from global ras-
ters. Steps (iii) to (v) are repeated 200 times and summary statistics are calculated for every pixel.
Because a significant part of our sites have experiment duration lower than 10 years (Figure 1—fig-
ure supplement 1), we are less confident in Amazonian-wide predictions after that 10 year period.
Maps were elaborated under the R statistical software (RRID:SCR_001905) (R Developement Core
Team, 2015).
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Table 1. List of priors used to infer ACS changes in a Bayesian framework. Models are : (Sg) survivors’ ACS growth, (SI) survivors” ACS
loss, (Rr) new recruits’ ACS, (Rg) recruits’ ACS growth, (RI) recruits’ ACS loss. A is the parameter relative to the covariate loss (logging
intensity).

Model Parameter Prior Justification

Sg afb’ U[25,250] On average 100 survivors/ha storing 0.25 to 2.5 MgC each
Sg B U[0.015,0.04] 75<15, <200 yr

st B 1[0.006, 5] fohs <t3los <500 yr

Rr akr u[o.1,1] Range of observed values in TmFO control plots

Rr B U[0.006,0.6] 5<tfs" <500 yr

Rr n ulo, 3 Rr(t = 0)<3 X Rr(t = )

Rg afe Uu[o.5,3] Range of observed values in Amazonia (Johnson et al., 2016)
Rg B 14[0.006,0.15] 20<288." <500 yr

Rl B 1[0.003, 0.06] 50<KL " <1000 yr

All models M" A u—-p", M) Avoid multicollinearity problems

All models MT ()‘?4)1#@: u[,%y%] Avoid multicollinearity problems

“toos = % is the time when the ACS change has reached 95% of its asymptotic value.

™™ is one of the five models: either Sg, SI, Rr, Rg, RI.
DOI: 10.7554/elife.21394.012
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Appendix

The importance of a process-based approach

We here study C recovery dynamics with a demographic process-based approach, i.e. by
segregating ACS changes into cohorts (survivors and recruits) and demographic processes
(growth, recruitment, mortality), as opposed to an all-in-one model in which only the

ecosystem net ACS change is modelled, without examination of demographic processes.

To compare the goodness of fit of the two approaches (all-in-one and process-based), we
calibrated an all-in-one model with our data and compared the accuracy of its predictions
with the process-based predictions reported in this study. The all-in-one model was written
as follows:

Cap ~N<(acst —acsmin;) x (1 — exp( —Bjc X 1)), (02)2) (13)

where C;; (MgC ha™!) is the total C accumulation 7 years after the disturbance in plot j is
the ACS lost by logging and BJ-C is the rate at which the plot ACS returns to its pre-logging

ACS. We took into account the effect of covariates and dependencies for Bjc g
£ 2
BE~N (B + D (AF x Vs (05)°) (14)
=1

The process-based model made better predictions (RMSE = 0.24) than the all-in-one
model (RMSE = 0.31). In some sites, for example Paracou (black diamonds in Appendix—
figure 1), there is a clear bias in the all-in-one model predictions: C accumulation is
overestimated at the beginning of the recovery period and underestimated towards the
end. This bias may be due to the non-adequacy of the negative exponential curve in the
classic all-in-one model ( Appendix—figure 2a) to the C recovery observed in
experimental plots (Rutishauser et al., 2015). The process-based model does not predict
a constant instantaneous C accumulation rate (Appendix—figure 2b), and is thus more
accurate.
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Appendix 1—figure 1. Observed vs fitted values of net ACS accumulation (MgC ha™!). (a)
Fitted values from the all-in-one model. (b) Fitted values from the process-based model
(right). Net ACS accumulation is the sum of cumulative ACS changes (gain and loss). Each
combination of a colour and shape is specific to a site. The closer the dots are to the x=y
line, the better the prediction.
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Appendix 1—figure 2. Predicted trajectories of net ACS accumulation (MgC ha™!) per site with
(a) the all-in-one model and (b) the process-based model.
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CHAPITRE D

Structuration locale des dynamiques
post-exploitation

Ce chapitre a pour objectif d’approfondir la structuration locale
des dynamiques de carbone post-exploitation & partir du modele
présenté dans le chapitre précédent, en étudiant leur lien avec (i)
les caractéristiques du peuplement local (structure et composi-
tion fonctionnelle) et (ii) les conditions environnementales locales
(topographie et conditions climatiques annuelles).

Les données utilisées viennent de la station expérimentale de
Paracou en Guyane francaise, ou douze parcelles de 6.25 ha ont
été suivies depuis 1984, dont 9 ont été exploitées a différentes
intensités en 1986. Des inventaires ont été menés tous les 1 a 2
ans et tous les arbres >10 cm DHP ont été mesurés et identifiés
par un botaniste. De plus une cartographie détaillée des sols et de
la topographie de Paracou sont disponibles, ainsi que des données
climatiques récoltées dans une station météo sur le site. Enfin,
une grande base de données de 4 709 mesures (683 especes) de 10
traits fonctionnels a été développée en Guyane au cours du projet
BRIDGE!, ce qui a permis d’avoir une estimation précise de la
composition fonctionnelle des parcelles.

Le modele développé au chapitre précédent a été appliqué
aux données de Paracou, et les variations des dynamiques post-
exploitation ont été reliées aux variables endogenes et exogenes
présentées ci-dessus. Cette étude a permis notamment de montrer
I'importance de la composition fonctionnelle sur la récupération
du carbone aprés la perturbation. Les parcelles dont la compo-
sition fonctionnelle est proche de foréts trés perturbées (traits
caractéristiques d’espéces pionnieres a croissance rapide : faible
densité du bois, petites graines) récupérent moins rapidement.
Ces résultats montrent I'importance de la prise en compte de la
composition, et surtout des caractéristiques fonctionnelles, dans la
régénération des foréts tropicales. Les implications pour le futur
des foréts tropicales sont aussi cruciales : avec 'augmentation de
la fréquence des perturbations ? la composition des foréts pourrait
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1C. BaARALOTO et al. (2010).
« Functional trait variation and sam-
pling strategies in species-rich plant
communities ». In : Functional Eco-
logy 24.1, p. 208-216.

2¢f. section 1.2.1
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étre de plus en plus dominée par des espéces pionnieres, ce qui
pourrait diminuerait d’autant leur récupération post-perturbation.

Ce chapitre a été publié dans la revue Forest Ecosystems en
2018.
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Key drivers of ecosystem recovery after
disturbance in a neotropical forest

Long-term lessons from the Paracou experiment, French Guiana
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Abstract

Background: Natural disturbance is a fundamental component of the functioning of tropical rainforests let to
natural dynamics, with tree mortality the driving force of forest renewal. With ongoing global (i.e. land-use and
climate) changes, tropical forests are currently facing deep and rapid modifications in disturbance regimes that may
hamper their recovering capacity so that developing robust predictive model able to predict ecosystem resilience and
recovery becomes of primary importance for decision-making: (i) Do regenerating forests recover faster than mature
forests given the same level of disturbance? (ii) Is the local topography an important predictor of the post-disturbance
forest trajectories? (iii) Is the community functional composition, assessed with community weighted-mean functional
traits, a good predictor of carbon stock recovery? (iv) How important is the climate stress (seasonal drought and/or soil
water saturation) in shaping the recovery trajectory?

Methods: Paracou is a large scale forest disturbance experiment set up in 1984 with nine 6.25 ha plots spanning on a
large disturbance gradient where 15 to 60% of the initial forest ecosystem biomass were removed. More than 70,000
trees belonging to ca. 700 tree species have then been censused every 2 years up today. Using this unique dataset,
we aim at deciphering the endogenous (forest structure and composition) and exogenous (local environment and
climate stress) drivers of ecosystem recovery in time. To do so, we disentangle carbon recovery into demographic
processes (recruitment, growth, mortality fluxes) and cohorts (recruited trees, survivors).

Results: Variations in the pre-disturbance forest structure or in local environment do not shape significantly the
ecosystem recovery rates. Variations in the pre-disturbance forest composition and in the post-disturbance climate
significantly change the forest recovery trajectory. Pioneer-rich forests have slower recovery rates than assemblages of
late-successional species. Soil water saturation during the wet season strongly impedes ecosystem recovery but not
seasonal drought. From a sensitivity analysis, we highlight the pre-disturbance forest composition and the
post-disturbance climate conditions as the primary factors controlling the recovery trajectory.

Conclusions: Highly-disturbed forests and secondary forests because they are composed of a lot of pioneer species
will be less able to cope with new disturbance. In the context of increasing tree mortality due to both (i) severe
droughts imputable to climate change and (ii) human-induced perturbations, tropical forest management should
focus on reducing disturbances by developing Reduced Impact Logging techniques.
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Background

In tropical forests, natural disturbances caused by the
death of one or more trees are the dominant forms of
forest regeneration as the creation of canopy openings
continuously reshapes forest structure (Goulamousséne
et al. 2017). The immediate increase in light inten-
sity allows the sunlight to penetrate the understorey

(Goulamoussene et al. 2016) and light-demanding trees
(Denslow et al. 1998) to establish and grow, thus con-
tributing to the maintenance of biodiversity that shapes
forest functionning (Liang et al. 2016). Another effect
of canopy gaps is the local modification of the for-
est nutrient balance due to the large amounts of dead
leaves and wood that decompose and mineralize (Brokaw
and Busing 2000) and that shapes in turn the small-
scale spatial variations in forest carbon balance (Feeley
et al. 2007; Guitet et al. 2015; Rutishauser et al. 2010).
In this way, the natural disturbance regime is a funda-
mental component of the functioning of tropical forests
(Sheil and Burslem 2003).

With ongoing global (i.e land-use and climate) changes,
tropical forests are currently facing deep and rapid
changes in disturbance regimes that may hamper their
recovering capacity (Hérault and Gourlet-Fleury 2016;
Brienen et al. 2015). Human-induced disturbances may
encompass a wide range of perturbations from long-
lasting ones such as land-cover changes for indus-
trial agriculture, slash-and-burn agriculture or mining
(Dezécache et al. 2017a,b) to more insiduous modifica-
tions such as selective logging that may not affect the
forest cover but modify forest functioning (Rutishauser
et al. 2015). An even more insiduous perturbation is cli-
mate change (Hérault and Gourlet-Fleury 2016). Global
circulation models have shown high probabilities of sig-
nificant precipitation decrease for tropical areas with a
risk of transition from short-dry-season rainforest to long-
dry- season savannah ecosystems (Davidson et al. 2012).
For instance, after the intense 2005 drought in Amazo-
nia, the forest suffered an additional mortality, leading to
a huge loss of live biomass (Phillips et al. 2009) with sim-
ilar mortality events observed in Panama (Condit 1995),
in China (Tan et al. 2013) or in South-East Asia
(Slik 2004).

To our opinion, the drivers of the post-disturbance
system trajectory may first be defined based on their
origin: endogeneous and exogeneous. (1) Endogenous
drivers refer to the internal properties of the system
that may influence its post-disturbance behavior. A sig-
nificant example for ecological systems is the species
composition that partially informs on the immediate
potential of the system to recover after disturbance. In
that respect, the species identity is far less important
than the functional signature of the species assemblage
(Kunstler et al. 2016): for example, an assemblage of light-
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demanding species will respond differently to disturbance
from an assemblage of shade-tolerant understorey species
(Herault et al. 2010). Structural characteristics of the
pre-disturbance species community (stem density, aver-
age size, live biomass and so on) may also be of pri-
mary importance because they are core indicators of
the silvigenetic stage of the forest (Pillet et al. 2017).
(2) Exogenous drivers refer to external constraints or
forces that limit the possible system trajectories. They
can be grouped into two broad categories: drivers that
vary in space and those that vary in time. The local
environment, i.e. the physical characteristics of the abi-
otic environment, is here defined in space but not in
time. On the contrary, external conditions such as cli-
matic stress are here considered to vary in time but not
in space.

This study draws upon the long-term disturbance exper-
iment of Paracou, French Guiana, to develop a modeling
approach in order to mechanistically link the endo- and
exogenous ecosystem drivers to the ecosystem recov-
ery trajectory after disturbance. More specifically, we
ask the following questions: (i) Do regenerating forests
recover faster than mature forests given the same level
of disturbance? (ii) Is the local topography an important
predictor of the forest recovery rates? (iii) Is the com-
munity functional composition, assessed with community
weighted-mean functional traits, a good predictor of car-
bon stock recovery? (iv) How important is the climate
stress (drought and/or soil water saturation) to shape the
rate of carbon recovery? To do so, we partition the contri-
butions to post-disturbance ACS (Aboveground Carbon
Stock) gain (from growth and recruitment of trees sup 10
cm DBH) and ACS loss (from mortality) of survivors and
recruited trees to detect the main drivers and patterns
of ACS recovery after disturbance. We model the tra-
jectory of those post-disturbance ACS changes (Piponiot
et al. 2016b) in a comprehensive Bayesian framework.
We then quantify the effect of (i) endogeneous (forest
structure and composition) and (ii) exogeneous (local
environment and climate stress) drivers on the rates at
which post-disturbance ACS changes converge to a the-
oretical steady state. Summing these ACS changes over
time gives the net post-disturbance rate of ACS accu-
mulation, an indicator of the ecosystem recovery rate.
Disentangling ACS recovery with a demographic process-
based approach, i.e. by segregating ACS changes into
cohorts (survivors and recruits) and demographic pro-
cesses (growth, recruitment, mortality), as opposed to
an all-in-one model in which only the ecosystem net
ACS change is modeled without examination of demo-
graphic processes, has been shown to be essential to reveal
mechanisms underlying ACS responses to disturbance
and to make more robust predictions of ACS recovery
(Piponiot et al. 2016b).
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Methods

Study site

The study was conducted at the Paracou experimental
site (5°18'N, 52°55"W), a lowland tropical rain forest near
Sinnamary, French Guiana. The site receives nearly two-
thirds of the annual 3041 mm of precipitation between
mid-March and mid-June, and <50 mm per month in
September and October (Wagner et al. 2011). More than
700 woody species attaining 2 cm DBH (diameter at breast
height) have been described at the site, with 150 - 210
species of trees > 10 cm DBH per hectare. The floristic
composition is typical of Guianan rainforests with domi-
nant families including Leguminoseae, Chrysobalanaceae,
Lecythidaceae, Sapotaceae and Burseraceae (Guitet et al.
2014). In 1984, nine 6.25 ha plots, each one divided into
4 subplots of 1.56 ha each, were established for a com-
plete inventory of all trees > 10 cm DBH. From October
1986 to May 1987, the plots underwent three disturbance
treatments (details in Table 1 and in (Blanc et al. 2009)).

Input data

Aboveground Carbon Stock (ACS) computation In all
plots, diameter at breast height (DBH) of trees > 10 cm
DBH were measured every two years from 1982 to 2016
resulting in 18 forest censuses. Trees were identified to
the lowest taxonomic level. To get wood density, we
applied the following standardized protocol: (i) tree iden-
tified to the species level were assigned the corresponding
wood specific gravity value from the Global Wood Density
Database (GWDD) (Chave et al. 2009); (ii) trees iden-
tified to the genus level were assigned a genus-average
wood density and (iii) trees with no botanical identifica-
tion or that were not in the GWDD were assigned the
subplot-average wood density. The aboveground biomass
(AGB) was estimated taking all uncertainties into account
using the BIOMASS package (Réjou-Méchain et al. 2017).
Biomass was assumed to be 47% carbon.

Disturbance intensity After disturbance, the subplot’s
ACS decreases rapidly until it reaches its minimum value
acsmin a few years later. This transition point determines
the beginning of the recovery period. The difference
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between the averaged pre-disturbance ACS acsy. and
this post-logging minimum value acs,,;, reached at time
t = tyiy defines the disturbance intensity DIST. In other
words, the disturbance intensity is defined as the amount
of aboveground carbon lost in the forest ecosystem during
the first years during and after the disturbance.

Structure drivers The pre-disturbance forest structure
was assessed with three variables: the stem density Sy
(from 483 to 727 ind-ha™!) and the basal area Sg4 (from
27 to 36 m? - ha™!) of subplot j at tyre, the year preceding
the disturbance experiment.

Environment drivers Three environmental drivers were
selected from a preliminary exploratory analysis to rep-
resent independent source of variation in the local for-
est physical conditions: the proportion of bottom-lands
Eorrom, the average topographical slopes of the plot
Egrope and the standard deviation, i.e the heterogeneity,
of the altitudinal distribution Egg7E.

Composition drivers The pre-disturbance forest com-
position was assessed in a functional trait space to avoid
local taxonomic variations in tree assemblages that are of
little importance for forest functioning. The four chosen
orthogonal traits FT represent key dimensions of the tree
functional strategy (Baraloto et al. 2010): wood density
Twp, seed mass Tseep, specific leaf area Tsz4 and max-
imum diameter Tppro5 estimated as the 95th percentile
of the species DBH distribution in the Guyafor database.
The community weighted means of these functional
traits were calculated the year preceding the disturbance
experiment.

Climate drivers We considered two main sources of cli-
mate stress: soil drought Cproycur and soil water sat-
uration Cwarger. These variables were quantified using a
water balance model, developed and calibrated in Para-
cou (Wagner et al. 2011), that was run using precipitation
and evapotranspiration as inputs over the 1982-2016 time
period. CproucrHT Was estimated as the number of days
with REW, Relative Extractable Water, below 0.4 while
the number of days with REW equal to 1, the soil is

Table 1 Disturbance treatments (T1, T2, T3) implemented on the Paracou plots in 1986-1987

Timber logging Fuelwood logging Thinning % ACS loss
T DBH > 50 cm, mean of 10 trees-ha™! - - [12 — 33%]
T2 DBH > 50 cm, mean of 10 trees-ha™! - DBH >40cm, all non-valuable [33 — 56%]
species, mean of 30 trees-ha™"
T3 DBH > 50 cm, mean of 10 trees-ha™" 40 cm < DBH <50 cm, all non- DBH >40cm, all non-valuable [35 — 66%)]
valuable species, mean of 20 species, mean of 15 trees-ha™"
trees-ha™!

The percentage of Aboveground Carbon Stock loss (% ACS loss) is defined as the difference between the pre-disturbance ACS and its minimum value reached during the 4

years after the disturbance treatments
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full of water, defined Cwarer. These two covariates were
computed between 2 consecutive censuses and then stan-
dardized at a yearly time-step.

Modeling strategy

We define two cohorts of trees. First, recruits are all the
trees (> 10 cm DBH) that have been recruited since the
perturbation. Trees that, for a given census, first went
through the 10 cm DBH are called new recruits. There-
after, they are called, for the following censuses, recruits
and may grow or may eventually die between 2 cen-
suses. Second, survivors are trees that were present in
the forest before the disturbance and that survived the
disturbance event.

For each subplot j and census &, with #; the time since
the beginning of the recovery period, we thus define 5
ACS changes : new recruits’ ACS (Rrjx) is the ACS of
all trees <10 cm DBH at #;_; and >10 cm DBH at #;
recruits’ ACS growth (Rgj) is the ACS increment of liv-
ing recruits between #;_; and #; ; recruits’ ACS loss (Rl; x)
is the ACS in recruits that die between f;_; and fg; sur-
vivors” ACS growth (Sgj) is the ACS increment of living
survivors between #_; and #; survivors’ ACS loss (S/; )
is the ACS of survivors that die between #;_; and .
ACS changes are subject to large stochastic variation over
time: because we are less interested in year-to-year vari-
ations than in long-term ACS trajectories, we modeled
the cumulative ACS changes over time. Cumulative ACS
changes (Mg C-ha™!) were defined as follows:

k
cChange;jy = Z(Changej,m X (L — tg_1)) (1)

m=0

where j is the subplot, k is the census number, # the
time since o (yr) and Change is the annual ACS change
(Mg Cha™!. yr~1), either recruits’ ACS (Rr), recruits’
ACS growth (Rg), recruits’ ACS loss (R/), survivors’ ACS
growth (Sg), or survivors’ ACS loss (S/).

Survivors Survivors’ cumulative ACS changes are null at
¢t = 0 and have a finite limit, attained once survivors have
all died. We modeled survivors’ cumulative ACS growth
cSg as:

cSgipk ~ N (O‘p x (Lexp (8% <)), ("Sg>2>
2)

where j is the subplot, p the plot it belongs to, # is the
time since £. ocjg is the finite limit of the cumulative ACS
change, ,B,Sg the rate at which the cumulative ACS change

converges to this limit and ( ) the variance of the
model. By choosing an exponential kernel, we assume that
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survivors’ ACS growth at #; is proportional to survivors’
ACS growth at £
Because of our nested design with subplots j within plots

p, we modeled the a;g values with a random plot effect of

2
N . S,
mean Olog and variance (O'ag> .

~J\/<a0 i ig)> 3

Parameter ,Bff is the rate at which survivors’” ACS
growth on plot j at time #; converges to a finite limit
after the disturbance: it reflects the response rapidity of
survivors’ ACS growth to disturbance. Because we are
interested in predicting variations in ﬂff , we expressed the
latter as a function of covariates:

+Z( ¢ X Vi) @

with ﬁog the model intercept, A?g the vector of [ parame-
ters associated to the covariates Vj ; for which we looked

1/<_

at their effects on the post-logging rate ,Bff in subplot j at
time #. The covariates are defined above and related to
the disturbance intensity DIST, the structure of the for-
est before disturbance (Sy;, Spg, Spa), the functional trait
composition of the forest before disturbance (T'seep, Tsza,
Twb, TpaH9s), the local environment (Egorrom, ESLOPE,
Egere) and the climate stress (CproucHT, Cwater). Note
that values of the two later covariates changed with times.
All covariates are centered and standardized before the
inference. When all survivors in plot p are dead, all the

C gained by their growth (ch, P00 = Op ) plus their ini-

tial ACS (acsmin;) will have been lost (cSl, 00 =0 ) We
thus defined

S, ,
oz-Sl = ong + acsmin; (5)

with apg Lo the finite limits of survivors’ cumulative ACS

growth and ACS loss respectively, and acsmin; the ACS
of the subplot j at £,,;; = £p. Then the cumulative carbon

loss is
(1= exp (8 x 1)), (ow)z)
(6)

where j is the subplot, p the plot it belongs to, t; is the

time since fy. o’ is the finite limit of the cumulative

j
ACS change, ﬂjsll( the rate at which the cumulative ACS

CSlj,p,k ~ N (aj

T 2 .
change converges to this limit and ((FSZ) the variance of

the model. And with

6
5+ (4 x Vi) )
=1
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with ,331 the model intercept, A}W the vector of [ parameters
associated to the covariates Vj, for which we looked at
their effects on the post-logging rate ﬂ]??,l( in subplot j at
time #.

Recruits When survivors are all dead, newcomers or
recruits will constitute the new forest. We made the
assumption that the recruits’ annual ACS changes will
converge to constant values, with ACS gains compensat-
ing ACS losses. Because there are no recruits yet at fo,
recruits’ annual ACS growth (Rg) and ACS loss (Rl) are
zero, and progressively increase to reach their asymptotic
values. Recruits’ annual ACS growth and ACS loss can be
modeled with the function:

S, B) =ax (1 —exp(—=p x 1) (8)

where ¢ the time since the beginning of the recovery
period. In the same logic as survivors’ cumulative ACS
changes, « is the asymptotic value of recruits’ annual ACS
change (Mg C-ha™! - yr™!), and g is the rate at which this
asymptotic value is reached. Contrary to recruits’ annual
ACS growth and ACS loss, the ACS of new recruits (Rr,
the ACS of tree reaching the 10 cm DBH threshold) is high
at to because of the competition drop induced by logging,
but then progressively decreases to reach its asymptotic
value. We modeled it with the following function:

S@Ga,p) =a x (1+exp(—=p x 1)) )

where t is the time since disturbance. As stated before, we
chose to model cumulative ACS changes instead of annual
ACS changes. The general model for recruits’ cumulative
ACS changes (ACS growth Rg, ACS loss Rl and ACS of
new recruits Rr) is obtained by mathematical integrating
from ty to t; annual ACS changes:

1—exp (—ﬂR X tk) 2
R Jk R
Ripk ~ N (ap X (tk +nx 3 ,<a )

ok

(10)

where j is the subplot, p the plot, # is the time since £y, R is
the annual ACS change, either Rr, Rg or Rl and (o*)? the
variance of the model. When R is Rg or R, n = —1; when
R is Rr, n = 1. Because of our nested design with subplots

j within plots p, we modeled the allf values with a random

plot effect of mean o and variance (o )2:
R R, (_R\2
o ~N(a0;(%) )
When the dynamic equilibrium is reached, annual ACS
gain (growth and recruitment) compensates annual ACS

loss (mortality). We thus added the following constraint
for every plot p:

(11)

R
a}jr + apg + agl =0 (12)
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Using the same logic as for survivors, we are interested
in predicting variation in 8% as follows:

6 2
o (08 308 v of))
=1

with R being Rg, Rl or Rr depending on the process we
were interested in, with ﬂg the model intercept, Af the
vector of / parameters associated to the covariates Vj; for
which we looked at their effects on the post-logging rate
B ].Ifk in subplot j at time #.

Model inference

Bayesian hierarchical models were inferred through
MCMC methods using an adaptive form of the Hamilto-
nian Monte Carlo sampling (Carpenter et al. 2017). Codes
were developed using the R language and the Rstan pack-
age (Carpenter et al. 2017). A detailed list of priors is
provided in Table 2.

Identifying the key drivers of the post-disturbance system
recovery

To assess the importance of the pre- (forest structure,
environment and composition) and post- (climate stress)
disturbance forest conditions, we simulated different sce-
narios modifying the covariate values but keeping an
averaged (set to 0) disturbance intensity DIST. Note that
all model covariates V;,; were standardized before mod-
eling so that, for a given covariate, a —2, 0 or 2 value
respectively refers to a very low, average or very high
observed value.

Forest structure The effects of a regenerating (high stem
density Sy = 1, low basal area Sp4 = —1), intermediate
(medium stem density Sy = 0, medium basal area Sp4 =
0) and mature (low stem density Sy = —1, high basal area
Spa = 1) pre-disturbance forest structure on ecosystem
recovery were compared.

Forest environment The effect of three contrasted forest
environment were compared: predominance of bottom-
lands (high proportion of bottom-lands Egorrom = 2,
medium slope values Es;opr = 0, medium altitudinal het-
erogeneity Eyrre = 0), predominance of slopes (medium
proportion of bottom-lands Egorrom = O, high slope
values Esropg = 2, medium altitudinal heterogeneity
Eyere = 0) and hilly landscapes (medium proportion
of bottom-lands Egorrom = 0, medium slope values
Esrope = 0, high altitudinal heterogeneity Exere = 2).

Forest composition The effect of pre-logging forest
community dominated by conservative tree species (high
wood density Twp = 2, high seed mass Tsggp = 2,
low specific leaf area Tsz4 = —2, high maximal stature
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Table 2 List of priors used to infer ACS changes in a Bayesian framework

Model Parameter Prior Justification
Sg agg U(10,200) Around 100 survivors/ha storing 0.1 to 2.0 MgC each
5g BY U(0,0.25) 12 <% < 400

S S
sl B! Uo7 ths < o5 < +oo
Rr ozg’ U@O.1,1) TmFO observed values (Piponiot et al. 2016b)
Rr B U(0,075) 4 < " < oo
Rr (xﬁg U(0.1,3) Amazonian values (Johnson et al. 2016)

*

Rr BY U(0,05) 6<% <+oo
Rr Bl U(0,05) 6 <t < +o0
All models M** A UGB BH avoid multicollinearity problems

Models are : (Sg) survivors” ACS growth, (S/) survivors” ACS loss, (Rr) new recruits” ACS, (Rg) recruits” ACS growth, (R)) recruits’ ACS loss

“toos is the time when the ACS change has reached 95% of its asymptotic value
“Mis one of the five models, either Sg, S/, Rr, Rg or RI

TparH9s = 2), by a disturbed community (low wood den-

Doing so, the variability of the net carbon balance after 30

sity Twp = —2, low seed mass Tsggp = —2, high specific  years reflects the sensitivity of ecosystem recovery to the
leaf area Ts;4 = 2, low maximal stature Tppros = —2)  varying group of covariates.

and by a true pioneer community (very low wood den-

sity Twp = —4, very low seed mass Tsegp = —4,  Results

very high specific leaf area Tsz4 = 4, very low maximal  Given that all the covariates were standardized before
stature Tppros = —4). The values of the last scenario may  modeling, the absolute values of their associated param-

appear extreme but note that the model was calibrated
with mature forest stands only so that covariate values
have to be set out of the calibration range to get a true
pioneer community.

Climate stress The effects of a wetter (nor or a few sea-
sonal drought Cproygur = —2, high soil water saturation
during the wet season Cwrr = 2), a drier (seasonal
droughts Cprougur = 1, medium soil water saturation
during the wet season Cyer = 0) and a even drier (heavy
seasonal droughts Cproygur = 2, medium soil water
saturation during the wet season Cygr = 0) climate on
ecosystem recovery were compared.

Sensitivity analysis

To assess the sensitivity of the ecosystem recovery process
to the pre- (forest structure, environment and composi-
tion) and post- (climate stress) disturbance forest condi-
tions, we simulated the model for an average disturbance
intensity DIST = 0 and, for each group of covariates
Vj11#DIsT> varying the values within a group of covariate
while setting the other covariates to 0. In a nutshell, for
each group of covariates Climate, Composition, Environ-
ment and Structure (i) we independently sampled covari-
ate values from U (—2;2) while the covariates from the 3
other groups are set to 0, (ii) we ran the model using the
sampled covariate values for a set of 100 parameter values
drawn from the posterior chains, (iii) we estimated, after
30 years of simulation, the net carbon balance and (iv)
we did the procedure 1000 times per group of covariates.

eters give the weight of each variable in shaping the
rates S at which the ACS changes reach their asymp-
totic state. Negative covariate values indicate slowing and
positive values indicate accelerating rates. The values of
the disturbance intensity DIST parameters always ranked
among the highest absolute values, with negative values
for Survivors' ACSgrowth and Newrecruits' ACS (Fig. 1a, c)
and positive ones for the other three cumulative fluxes
(Fig. 1b, d, e).

Pre-disturbance forest structure

The two variables chosen to describe the pre-disturbance
forest structure, i.e. basal area Spq4 and stem density Sy,
have contrasted behaviors. Basically, associated parame-
ters get their highest absolute values for the two growth
models, both Survivors’ and Recruits’ (Fig. 1a and d), while
being close to zero for the other three models (Fig. 1b,
¢, e). Contribution of Survivors’ growth to ACS recovery
is higher but declines quicker with high pre-disturbance
Spa values and low Sy values (Fig. 1a). Contribution of
Recruits’ growth to ACS recovery declines slowly with
high Sy values (Fig. 1d). Mature forests (high Sgy4, low Sy)
thus recovers faster than regenerating ones (Fig. 2). The
relative importance of the pre-disturbance forest structure
on the variability of ACS recovery rates is low, with 30 to
50 MgC-ha~! recovered after 30 years (Fig. 6).

Local environment
Three variables inform on the forest local environ-
ment, i.e. altitudinal heterogeneity Eygrg, proportion of
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bottomlands Eporrom and the average slope Esiopk.
The latter never significantly contributes to the S
variability (Fig. 1). Egorrom is important in defining
recruits ACS fluxes, with positive parameter values for
New recruits’ ACS and negative ones for growth and
loss (Fig. 1c, d, e). All fluxes together, recovery rates
do not differ markedly with environmental conditions
(Fig. 3) so that the importance of the local forest envi-
ronment on the variability of ACS recovery rates is
quite low, with 30 to 50 MgC-ha™! recovered after
30 years (Fig. 6).

Pre-disturbance forest composition

Four orthogonal functional traits (i.e. specific leaf area
Tsi4, maximum stature Tpgpos, seed mass Tszppp and
wood density Twp) have been retained to summarize
differences in pre-disturbance forest composition. All
these traits have been found to influence post-disturbance

ACS recovery rates (Fig. 1). For Survivors, the contribu-
tion of growth to ACS recovery is higher but declines
quicker with high Ts; 4 and low Twp (Fig. la) while
losses declines slowly with high Ts;4 and high Tsgep
(Fig. 1b). For Recruits, the contribution of growth to
ACS recovery is higher but declines quicker with high
Tparos and low Tsp4 and Tsepp (Fig. 1d) while losses
declines slowly with low Twp (Fig. le). Forests, for
which the pre-disturbance composition is dominated by
conservative ecological strategies (high wood density,
seed mass, maximal stature and low specific leaf area)
recovers faster than disturbed forests dominated pioneer
species (very low wood density, very low seed mass, very
high specific leaf area and very low maximal stature)
(Fig. 4). The relative importance of the pre-disturbance
forest composition on the variability of ACS recovery
rates is high, with 0 to 100 MgC-ha™! recovered after
30 years (Fig. 6).
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Post-disturbance climate

Two variables related to climate stress occurring during
the recovery process were tested. The intensity of the dry
season CproucHt decelerates the decline of Survivors’
ACS changes (Fig. 1a, b) while it accelerates the decline
of all the recruits’ ACS changes (Fig. 1c, d, e). High soil
water saturation during the wet season has a similar effect
but with very high 8 values for recruits” ACS loss (Fig. le).
The forest recovers faster in the driest climate scenar-
ios and this is mainly due to the important Survivors’
ACS losses in the wettest scenarios (Fig. 5). The effect
of climate stress on the variability of ACS recovery rates
ranks 2nd among the 4 groups of covariates, with 10 to
80 MgC-ha™?, depending on the post-disturbance climate
conditions, recovered after 30 years (Fig. 6).

Discussion

In this study, we modeled the post-disturbance ACS
fluxes in a neotropical forest and found that by testing
a few variables that are related to the main endoge-
nous (forest structure and composition) and exoge-
neous (local environment and climate stress) drivers of
ecological community dynamics, we could successfully

predict ecosystem trajectories in a wide range of pre-
and post-disturbance conditions. Modeling separately the
surviving and recruited cohorts was confirmed to be an
important methodological choice (Piponiot et al. 2016b),
given that the highlighted drivers did not overlap, whether
for the growth (Fig. la and d) or the loss (Fig. 1b
and e) processes. This suggests that our methodological
approach, deciphering ecosystem fluxes by demographic
processes, could be very useful to predict the long-term
trajectories in highly diverse tropical forests for which pre-
cise demographic data may be lacking, but aggregative
forest dynamic censuses are available from forest inven-
tories. In this study, the disturbance intensity gradient
was induced by combining logging to thinning operations
(Table 1). Because of its economic value and implica-
tions for forest management, selective logging experi-
ments were set up very early on, and the data gathered
by these experiments are unique in terms of experiment
duration and spatial extent. Despite the particular nature
of logging operations (focus on large and commercially-
valuable trees even though logging damage concerns all
DBH classes), we believe that our study gives clues on the
key drivers of ecosystem recovery after large ACS losses
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induced by other disturbances (e.g. droughts, fire) that
are expected to increase in intensity with ongoing global
changes (Bonal et al. 2016).

On disturbance intensity
Disturbance intensity DIST remains, by far, the first pre-
dictor of the post-disturbance system trajectory (Fig. 1).

Survivors

High disturbance intensities obviously reduce the resid-
ual survivors’ ACS so that ACS changes from survivors’
growth is lower at the beginning but, because of the
lower competition between survivors, they tend to live
longer and reach the asymptotic state slowly (lower B,
Fig. 1a). The positive B for Survivors’ ACS loss, mean-
ing that survivors tend to die faster after high levels
of disturbance, may look surprising because this goes
against the growth result. We believe that a high tree
mortality, due to the low survival of damaged trees in
highly disturbed systems, in the early post-disturbance
years may have resulted in increased S values. How-
ever, those losses should rapidly decrease after a decade
(Thorpe et al. 2008).

Recruits

High disturbance intensities alleviate competition, and
this is probably why recruits’ ACS growth is high just after
disturbance in the enhanced growth conditions (Herault
et al. 2010) and then quickly decrease (high Bs, Fig. 1d
and e). In these disturbed forests, intense self-thinning
(Feldpausch et al. 2007) may explain the fast but limited-
in-times ACS losses from survivors’ mortality (Fig. 1e).

Endogeneous drivers

Pre-disturbance Forest structure All else being equal,
mature forests (high Spq, low Sy) recover faster than
regenerating ones. And this is mainly due to the
higher ACS incoming fluxes from Survivors’ growth
(Fig. 2). Regenerating forests are composed of short-
living fast-growing small species. These species are poorly
efficient at carbon accumulation because of their lim-
ited growth response to canopy openings and com-
petition alleviation. Indeed, it has been shown in the
Paracou forests that species with the highest inher-
ent growth rate (in the absence of disturbance) have
the lowest growth response when a disturbance occurs
(Herault et al. 2010). On the contrary, large mature trees



Hérault and Piponiot Forest Ecosystems _##########H#H#HHHHH##H_

Page 10 of 15

Conservatists Pioneers
ESg EmSI ERr ORg @RI mSg ES| ERr EORg @RI
< 4
B \
—_
TL
S, o
N
®
<
o 9
=)
g Pioneers++ I I I I I I I
2 ESg ESI ERr ODRg @RI 1 2 5 10 20 50 100
8« A .-
(5] o o7
) ® 7
O
< o o .
8 -
o 2 - =
ACS (Mg-ha™")
QS —— Conservatists
(?‘ & —— Pioneers
—— Pioneers++
T T T T T T T T T T T T T
1 2 5 10 20 50 100 0 10 20 30 40 50
Time (yr)
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for ACS stocks (bottom-right) are projected within their credibility intervals (areas with higher levels of transparency

are, despite their low numbers in many forests, key
elements of carbon storage (Lindenmayer et al. 2012)
and dynamics (Sist et al. 2014). Previously disturbed,
logged or secondary forests, for which forest structure is
characterized by low Sg4, and high Sy, may thus be far
less resilient to new disturbance than natural undisturbed
forests. This also means that post-logging ACS recovery
that is currently estimated from the first logging rota-
tion (Rutishauser et al. 2015) may be overestimated for
the following logging rotations (Rutishauser et al. 2016).
Finally, despite these clear outcomes, the importance of
the pre-disturbance forest structure on the variability of
ACS recovery rates, as compared to the other covariates
(forest composition, environment and climate), remains
low (Fig. 6) in the sensitivity analysis. However, we should
keep in mind that all the disturbed plots were established
in a natural undisturbed forest area so that the model
has been parameterized with low pre-disturbance forest
structure variability. We thus suggest that, in landscapes
with contrasted and tumultuous history, the role of the
forest structure in shaping the post-disturbance system
trajectory would be much higher.

Pre-disturbance Forest composition The importance
of the pre-disturbance forest composition on the vari-
ability of the post-disturbance ACS recovery rates is
unexpected, with 0 to 100 MgC-ha~!, depending on
the initial species assemblage, recovered after 30 years
(Fig. 6). All the studied functional traits are implied in
shaping one or more of the investigated ACS changes.
When comparing two typical forest composition, i.e.
an assemblage of conservative trees (high wood den-
sity, seed mass, maximal stature and low specific leaf
area) and an assemblage of pioneer trees (exact oppo-
site trait composition), the pioneer assemblage recovers
much slower. This difference is mainly due to highly con-
trasted survivors’ ACS changes. Both ACS growth and
loss increase rapidly in surviving pioneers. This result is
consistent with the acquisitive strategy of species with
a high carbon budget (Sterck et al. 2011), that are well-
known to have very fast turn-over rates (Aubry-Kientz
et al. 2013; Hérault et al. 2011; Flores et al. 2014).
Even if both survivors ACS growth and loss are boosted in
pioneer assemblages, it is quite remarkable that the ACS
balance in time is mainly under the control of survivors’
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Fig. 5 Predicted contribution of annual ACS changes in three contrasted climate scenarios: Wet, Dry and Dry++ climates are defined with
standardized covariates Cppougyr and Cyarer respectively set to [-2,1,2] and [2,0,0]. Dry++ refer to an extremely-dry climate (very high seasonal
drought in the dry season, medium soil water saturation in the rain season). The white line is the net annual ACS recovery, i.e. the sum of all annual
ACS changes: survivors' ACS growth Sg and loss S/, new recruits’ ACS Rr and recruits’ ACS growth Rg and loss RI. Dotted lines are out of the
calibration period (0-30 year). Maximum-likelihood predictions for ACS stocks (bottom-right) are projected within their credibility intervals (areas
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ACS loss SI. Survivors’ ACS loss can cancel survivors’
ACS growth in pioneer-dominated communities, result-
ing in a null ACS balance (zero is included in the simu-
lations results, see Fig. 6). Why do those pre-disturbance
pioneer communities have such high ACS losses in the
post-disturbance times? Fast-growing pioneers are gener-
ally both poor competitors and poor stress-tolerant trees
(He et al. 2013). A first possible explanation is thus that
the stress induced by disturbance may be too high for
these species that undergo, after disturbance, heavy losses.
An alternative explanation is that the higher ACS growth
mechanically induces, after a while, higher ACS losses.
If pioneers grow faster as a result of growth-stimulating
disturbance, they will pass through their natural life span
faster, resulting in a transitory gain in carbon storage
followed by a massive carbon release when these pio-
neers get older (Korner 2017). Introducing a time lag for
the ACS loss models would be the only way to test the
last hypothesis.

Exogeneous drivers
Local environment The forest local environment
defined by the altitudinal heterogeneity, the proportion of
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bottomlands and the average slope, have been found to be
of low importance in shaping variability of ACS recovery
rates (Fig. 3). This result is quite surprising, given that the
local environment is very often referred to as a driver of
ecological processes in tropical forests (Grau et al. 2017),
from fine pairwise interactions between individual trees
(Kraft et al. 2008) to regional variation in community
assemblages (Fayad et al. 2016). For instance, in the
Paracou forest, the proportion of bottomlands have been
found to be of primary importance for forest dynamics:
treefall rates are twice as high as on hilltops and tree
recruitment and growth rates are higher, leading to a
lower basal area and ACS (Ferry et al. 2010). Nearly three
fourths of the Paracou taxa are locally distributed as a
function of relative elevation, with seasonally inundated
bottomlands and well-drained plateaus revealing con-
trasted species associations (Allié et al. 2015). Despite
the relative importance of Egorrom in defining recruits’
ACS changes, with positive § parameter values for new
recruits’ ACS and negative ones for recruits’ ACS growth
and loss (Fig. 1), all in all ACS recovery rates differ very
little from hilly or sloppy plots (Fig. 3). On the one hand,
the low-stress conditions of bottomlands (no seasonal
drought, less wind) should induce a faster ecosystem
recovery. On the other hand, the lower final ACS (Ferry
et al. 2010) may mechanically lead to lower absolute
carbon storage during recovery. All together, the two
processes could be canceling each other, explaining why
absolute carbon recovery is similar between bottomlands
and hilltops. We also should keep in mind that the distur-
bance experiment was made by logging. During logging
operations, bottomlands are avoided and logging is
preferentially conducted in easier-to-access hilltop areas,
whatever their proportion in the plot. This may have
artificially reduced the environmental difference between
logged plots and, in turn, the ACS recovery trajectories.

Post-disturbance climate stress Two seasonal climate
stresses were studied: soil water saturation in the wet
season and drought intensity in the dry season. The
importance of the post-disturbance climate stress on
the variability of ACS recovery rates was very high with,
depending on the climate scenarios, 10 to 80 MgC-ha™!
recovered after 30 years (Fig. 6). The 2 driest scenarios
recover initial ACS very quickly, i.e. in less than 60 years
while the wettest one would reach a new asymptotic
values, far below the initial system ACS (Fig. 6). The main
difference between the 3 scenarios lies in the absolute
values of the Survivors’ ACS loss, with very high val-
ues for the wet scenario. This result may look strange
given that drought has often been identified as one of
the main climate drivers of tropical forest dynamics
(Bonal et al. 2016; Wagner et al. 2012, 2013, 2014, 2016),
with large mortality events among tropical trees during
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El Nino years for instance (Phillips et al. 2009) that have
not only immediate but also long-term and cumulative
impacts on the carbon cycle (Doughty et al. 2015). Those
large mortality events are associated with tree hydraulic
traits, the most susceptible species being those having
a low hydraulic safety margin (Anderegg et al. 2016).
In this context, why do the most intense dry season gen-
erate the lowest carbon losses? In our training dataset,
the natural variability of the total rainfall from 2700 to
3100 mm-yr’1 is quite low and, moreover, is far above
the 1500 mm-yr—!, the evapotranspiration threshold.
This means that our experimental forest, located in the
Guiana Shield, is not water-limited at all (Stahl et al.
2013), just like the Northern part of the Amazonian basin
(Wagner et al. 2017). One may also expect that, because
of hydraulic failure, standing death is more frequent
during the driest years but, when plotting the tree mode
of death registered at Paracou for each dead tree against
the drought estimator, no evidence was observed for a
potential trend (Aubry-Kientz et al. 2015). Our results
thus reinforce the idea that the dominant seasonal cli-
mate stress in the Paracou forest is not drought during
dry season but water saturation during wet season. This
confirms the hypothesis that waterlogged soils in space or
in time are risky for trees (Ferry et al. 2010). Moreover,
during the rainy season, strong rainfall events often
come with strong winds that may reinforce ACS losses
(Toledo et al. 2011) and we know, from the Para-
cou dataset, that the highest total precipitation
leads to the highest proportion of tree-fall deaths
(Aubry-Kientz et al. 2015). Global climate models con-
verge to simulate, at least for the Amazonian region,
a change in precipitation regime over the coming
decades (Malhi et al. 2009). Seasonal droughts are
expected to become longer and stronger in the future
(Joetzjer et al. 2013). Our simulations would suggest that
post-disturbance forest recovery would be faster with
these new climate conditions. However, we should keep
in mind that our simulations were based on a model
calibrated with data from a natural, undisturbed forest
(Fargeon et al. 2016). With increasing mortality rates
due to increasing drought occurrence and severity, the
new tree community may be richer in post-disturbance
pioneer species. And we have already seen that these new
assemblages will slowly recover (Fig. 4) so that recurrent
climate-stress in time would not lead to faster recovery
rates, but rather to pioneer-rich forest communities with
slow recovery rates.

Conclusion

More than half of the tropical forest area are cur-
rently designated by National Forests Services as produc-
tion forests (Blaser et al. 2011) and they consequently
play a key role in the tropical forest carbon balance
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(Piponiot et al. 2016a; Sist et al. 2015). In the Amazon, for-
est logging and degradation combined to climate change
would render up to 80% of the forest area susceptible to
major disturbance events in the coming decades (Asner
et al. 2010). We have shown that the pre-disturbance
forest composition and the post-disturbance climate con-
ditions are of primary importance to predict the recovery
potential of tropical forest ecosystems. From the Para-
cou long-term experiment, it becomes increasingly clear
that highly-disturbed forests, because they contain a lot
of pioneer species (Baraloto et al. 2012), will be less able
to cope with (i) new disturbance such as logging and (ii)
the drier conditions induced by climate change. In other
words, already-disturbed forests are likely to be the most
vulnerable systems in the current global change context.
Forest managers should thus (i) encourage the develop-
ment of Reduced-Impact Logging techniques in order to
minimize disturbance intensity and (ii) pay a deep atten-
tion when drawing management plans to avoid logging
pioneer-rich forest units. In the context of increasing
disturbances on tropical forests, the lower capacity of dis-
turbed forests to recover is not good news in our fight
against climate change.
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CHAPITRE 0

Une nouvelle approche pour
quantifier la récupération du volume

Le bois d’ceuvre est la premiére ressource extraite des foréts ama-
zoniennes : assurer ’approvisionnement a long terme de cette
ressource est I'un des principaux objectifs de la gestion de ces
foréts. Ce chapitre propose une nouvelle approche pour quantifier
la reconstitution des stocks de bois d’ceuvre apres exploitations.
Contrairement aux modeles individu-centrés et matriciels qui
avaient été utilisés précédemment dans la littérature, ce modele
a 'avantage de pouvoir étre calibré avec des données restreintes
(mesure des plus gros arbres uniquement) ce qui est un grand avan-
tage en forét tropicale ou les données sont rares et les inventaires
forestiers ne prennent souvent en compte que les arbres de taille
commerciale. Par exemple au Brésil seuls les arbres au dessus de
33 cm DHP ont été inventoriés dans le projet RadamBrasil ; et
dans le nouvel inventaire forestier en cours, 50% de la surface
inventoriée ne concerne que les arbres > 40 cm DHP!.

Le modele présenté ici décrit I’évolution du volume en fonction
d’une variable décrivant la maturité de la forét : lorsque la forét est
perturbée (par exemple par 'exploitation), la maturité diminue
brutalement ; puis lorsque la forét repousse la maturité ainsi que
le volume augmentent a nouveau. Ce modele a été calibré a titre
d’exemple avec les données de Paracou. L’étude a fait ’objet d’une
publication dans la revue FEcological modelling en 2018.

89

de bois

1S. F. B. BrasiL (2018). Inventd-
rio Florestal Nacional.
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One third of contemporary tropical forests is desi-
gnated by national forest services for timber production.
Tropical forests are also increasingly affected by anthro-
pogenic disturbances. However, there is still much uncer-
tainty around the capacity of tropical forests to recover
their timber volume after logging as well as other dis-
turbances such as fires, large blow-downs and extreme
droughts, and thus on the long-term sustainability of
logging. We developed an original Bayesian hierarchical
model of Volume Dynamics with Differential Equations
(VDDE) to infer the dynamic of timber volumes as the
result of two ecosystem processes : volume gains from
tree growth and volume losses from tree mortality. Both
processes are expressed as explicit functions of the forest
maturity, the overall successional stage of the forest that
primarily depends on the frequency and severity of the
disturbances that the forest has undergone. As a case
study, the VDDE model was calibrated with data from
Paracou, a long-term disturbance experiment in a neo-
tropical forest where over 56 ha of permanent forest plots
were logged with different intensities and censused for 31
years. With this model, we could predict timber recovery
at Paracou at the end of a cutting cycle depending on
the logging intensity, the rotation cycle length, and the
proportion of commercial volume. The VDDE modelling
framework developed presents three main advantages :
(i) it can be calibrated with large tree inventories which
are widely available from national forest inventories or
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logging concession management plans and are easy to
measure, both on the field and with remote sensing; (ii)
it depends on only a few input parameters, which can
be an advantage in tropical regions where data availabi-
lity is scarce; (iii) the modelling framework is flexible
enough to explicitly include the effect of other types of
disturbances (both natural and anthropogenic : e.g. blow-
downs, fires and climate change) on the forest maturity,
and thus to predict future timber provision in the tropics
in a context of global changes.

6.1 Introduction

Tropical forests are increasingly prone to anthropogenic distur-
bances : in 2017, only 20% of the remaining tropical forests were
considered as undisturbed and structurally intact?, and this pro-
portion is likely to decrease under future human pressure?. Distur-
bances, here defined as occasional events provoking sharp biomass
losses E. J. RYKIEL (1985). « Towards a definition of ecological
disturbance ». In : Austral Ecology 10.3, p. 361-365, alter forest
structure, notably average tree height?*, thus decreasing in turn
carbon and timber stocks®. Human activities are increasing the
frequency and severity of disturbances in tropical forests, both di-
rectly (e.g. through logging and fires®) and indirectly (e.g. through
climate change and forest fragmentation”). In this context, asses-
sing the effect of disturbances on the recovery of tropical forests
is of paramount importance to better estimate future timber
provision. The latter is predominantly done through selective
logging that consists in harvesting a few high-value tree species
and leaving the rest of the forest to natural recovery. Such forest
management is widespread : it has been estimated that between
2005 and 2010, more than 50% of carbon emissions from tropical
forest degradation were caused by selective logging® and in 2010
425 Mha (c. 30% of the world wet tropical forests) are currently

intended for timber production by National Forest Services®.

Though most of the forest cover is maintained after selective
logging, typically 50-90 %'?, opening the forest and felling trees has
deep environmental consequences, such as an obvious reduction
of timber stocks'!, but also large carbon emissions due to wood
harvest and incidental mortality'?, modification of tree species
composition'® or fauna diversity'®. In the absence of subsequent
disturbances (e.g. clear-cutting, fire, new logging events), the forest
naturally regenerates and recovers at least part of its ecosystem
values (e.g. carbon and timber stocks'®), before being selectively
logged again. With logging rotation generally ranging between
20 to 30 years'®, such cutting cycle duration may be sufficient
to recover C stocks but not the volume of commercial species!'”
leading to unsustainable wood production on the long run.
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There has been a strong debate over the past two decades on
the role of selective logging in production forests as a tool for
tropical forest conservation'®. If logged forests are to be considered
as a piece of an integrative conservation scheme, they should at
least retain most of their environmental and economical values
in time : this is the main challenge for modern tropical forest
management. Sustainable forest management is indeed defined by
the International Tropical Timber Organisation as "the process of
managing forest to achieve one or more clearly specified objectives
of management [...] without undue reduction of its inherent values
and future productivity and without undue undesirable effects on
the physical and social environment'”. Due to the social and
economical benefits it brings, sustainable timber harvest is even
considered to be an efficient tool that gives additional value
to forests that would else be cleared for agriculture?®. One of
the cornerstone of sustainability in forest management is the
maintenance of high productivity?! to allow the recovery of timber
stocks at the end of a cutting cycle. This is a critical point as in
most selectively logged forests, this criteria is not achieved and
many studies report a drop in total volume at the end of the first
cutting cycle??.

Previous studies simulating post-logging timber recovery have
made large uses of individual-based models?® or transition matrix
models?*. Such models perform well at locally predicting forest dy-
namics?®, but their high level of complexity and data requirements
make the understanding of emergent patterns uneasy?®. Further-
more, recruitment of small trees is a key process for long-term
prediction in transition matrix models as well as in individual-
based models?” and requires data from permanent sample plots
with measurements of trees from relatively low size classes, typi-
cally above 10 cm of Diameter at Breast Height (DBH) or less®®.
Because small trees are particularly numerous in tropical forests,
measuring them is costly?? : for example it takes approximately
10-15 times longer to measure all trees above 10 cm DBH than
only trees above 50 cm DBH?’. In this context, high-quality data
coming from long-running permanent sample plots remain scarce
in the tropics, hampering large-scale modelling of forest dynamics
that would feed forest management plans with robust productivity

predictions®!.

On the other side of the spectrum, coarse scale models such as
Dynamic Global Vegetation Models (DGVM ; e.g. LPJ-DGVM?32)
allow efficient large-scale forest dynamics prediction with little
input data, relying on a wide set of mechanistic assumptions. These
models were initially developed to simulate ecosystem carbon
fluxes, but can be used to predict volume dynamics when coupled
with individual-based models (e.g. SEIB-DGVM?33). Nevertheless
DGVMs generally adopt a top-down approach, and are thus not
fit to integrate field data such as inventory data, that are merely
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used for validation. As a consequence DGVMs can sometimes have
conflicting results and poorly predict observed regional patterns

of carbon dynamics>?.

In this study, we propose an original model of Volume Dyna-
mics with Differential Equations (VDDE) to assess total volume
stocks and recovery based on forest inventory data. Instead of
using detailed information (7.e. all trees) to model all demogra-
phic process (i.e. recruitment, growth and mortality) with great
precision, we deliberately chose to favour model simplicity and
rely upon broadly available data, i.e. the volume of all trees above
50 cm DBH (the official minimum cutting DBH in most tropical
countries®®) hereinafter referred to as total volume. The VDDE
model was developed and calibrated with data from the Paracou
research station, a long-term large-scale disturbance experiment in
Amazonia, where 56 ha of tropical forest have been monitored for
30 years after being disturbed (selective logging, poison girdling,
fuelwood harvesting).

Anthropogenic or natural disturbances, such as logging or
droughts, affect forests as a whole and induce a shift in forest
functioning®. Even though the return frequency of these episodic
succession-inducing events is not well known, this abrupt distur-
bance - slow recovery has long been described in tropical forests,
as well as in temperate and boreal forests3’. Our assumption is
that both the volume gain and the volume loss from mortality
(hereinafter referred to as volume mortality) inherently depend
on the overall successional stage of a forest®®, hereinafter referred
to as forest maturity. While at our study site, a limited number
of disturbances (selective logging, poison girdling and fuelwood
harvesting) were experienced, tropical forests may undergo many
other form of anthropogenic and natural disturbances, such as
droughts or fires that, similarly to logging, are associated with
over-mortality that can drastically decrease trees > 50 cm DBH
volume. Their effect on the forest volume dynamics can thus be
modelled within the VDDE framework as a decrease in the forest
maturity.

6.2 Methods

6.2.1 Study site

The study is based on data from Paracou research station (5°18” N,
52°55” W), a long-term large-scale disturbance experiment loca-
ted in a lowland tropical forest in French Guiana??. The climate
is affected by the north/south movements of the Inter-Tropical
Convergence Zone and the site receives nearly two-thirds of its an-
nual 3041 mm of precipitation between mid- March and mid-June,
and less than 50 mm per month in September and October??. The
forest composition is typical of the Guyana Shield rainforests!,
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dominated by Chrysobalanaceae, Fabaceae and Lecythidaceae,
and with approximately 180 species of trees > 10 cm DBH per
ha. 12 permanent forest plots (75 ha total) were monitored for 31
year (from 1984 to 2015). 9 plots (56.25 ha total) of the 12 plots
underwent different logging treatments from 1986 to 1988 : (i) 3
plots were selectively logged in 1986, causing a median volume loss
of 34.1 m3 (95% credibility interval : 24.4-62.0 m3ha=1); (ii) 6
were selectively logged in 1986 and were then applied timber stand
improvement from 1987 to 1988 ; treatment-induced over-mortality
in those plots lasted until 1990, causing a median volume loss of
90.1 m3ha™! (95% credibility interval : 52.4-138.3 m3ha™1).

6.2.2 Measurements and volume computation

In all plots all trees > 10 cm DBH were identified, tagged and
mapped, and had their DBH measured every year between 1984
and 1995 and every 2 years since then (1997-2015). The volume
Vipk (m3) of each tree i in plot p at census k > 1 was calculated
using a locally calibrated equation®? currently used by the National
Forest Service :

Vi € Ipg, Vipr = —0.035829 + 8.7634 x DBH?,,  (6.1)
where I,, 5, is the set of live trees >50 cm DBH in plot p at census
k and DBH,; . is the diameter at breast height (in m) of the tree

i at census k. The total volume (m3ha™!) of plot p, with a total
area Surf, (ha), at census k£ is thus :

Vo = Z Vipk X (Surfp)*1

iEIpyk

(6.2)

Annual volume gain AV g, ;. and annual volume mortality AV,
(m3ha~lyr~!) were computed as :

Avgp,k = Z (V;,p,k — ‘/;,p,k‘fl) X [Atk X Surfp]_l

i€l 1

>

i€l ‘kflﬂfp,k

VE > 2,

AleJc = (‘/:L,p,k — Vi,p,k—l) X [Atk X S’LL’Ffp]i
(6.3)
where I, ;, is the set of live trees >50 cm DBH in plot p at census
kand I, 1 N m is the set of trees that died between censuses
k —1 and k in plot p. If a given tree i € I, was <50 cm DBH
at census k£ — 1, then V;, 1 = 0, and Aty is the time interval

between censuses k and k — 1.

The commercial volume, i.e. the volume of merchantable trees,
was computed as the sum of all trees from species that were
effectively logged in Paracou at the time of the experiment. The
list of logged species in Paracou is provided in Table 6.3.
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COMMERCIAL VOLUME w X V(t)
GAIN TOTAL VOLUME LOSS R
GROSS PRODUCTIVITY 7 o MORTALITY
(1 — e-Poxty V() = f(Gam(t) Loss(t)) “‘ ap (1 — e~Puxt)
v
RESPIRATION DISTURBANCE
0x V() v

6.2.3 Conceptual framework

Forest maturity In the In the newly developed VDDE model
presented here, the dynamic of total volume is the result of two
ecosystem processes : volume gains from tree growth and volume
losses from tree mortality (Figure 6.1). These processes are both
expressed as functions of forest maturity. Forest maturity is a
hidden variable of the VDDE model that gradually increases over
time until a new disturbance, either natural (e.g. large blow-down)
or human-induced (e.g. logging), occurs and abruptly decreases
forest maturity (see Figure 6.2). To capture the disturbance-
recovery dynamic, we define the forest maturity as the time it
would take for a given forest stand to grow from scratch and
reach its current state in the absence of major disturbances. The
forest maturity is thus expressed in a time-equivalent measure (for
example in years). By definition, the maturity and total volume
are null when no tree has reached 50 cm DBH (not observed in
our data).

Let us consider the theoretical case where the forest recovers
from scratch and is not subject to any disturbance. Let ¢ be the
maturity of the stand, in years: V(¢ = 0) = 0and V¢ > 0,V (¢) > 0,
with V(¢) the total volume of the stand at maturity ¢. The total
volume change is modelled as :

VO _ 56y~ mi (6.4)

The volume gain from growth g(¢) is the stand annual volume
productivity. By analogy with carbon sequestration in plants*?,
we consider this net volume productivity to be the difference of
gross volume productivity GV P(t) and the volume loss due to
respiration VR(t).

FIGURE 6.1 — Diagram of the main
components of the VDDE model.
The measured quantities are un-
derlined. Solid arrows represent an-
nual volume changes, the dashed
arrow represents an occasional vo-
lume change, and the box repre-
sents the volume stock. Values of
volume changes and stocks at a gi-
ven forest maturity ¢ are given by
the equations, with the following
parameters : ag and ajs the gross
volume productivity and mortality
(resp.) of an infinitely mature stand
and Bg, Bam the respective rate
at which these values are reached ;
6 the volume respiration rate; w
the proportion of commercial vo-
lume; 6V the volume loss caused
by a given disturbance. Parameters
posterior distributions are given in
Table 6.1.
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FIGURE 6.2 — Total volume and an-
nual volume changes along a forest
maturity axis. (a) Total volume; (b)
annual volume gain; (c¢) annual vo-
lume mortality. Parameter values
are from calibration with Paracou
station data : the middle dashed
lines are the maximum likelihood
prediction, with the arrowheads re-
presenting the direction of changes
in the absence of disturbances, and
the shaded areas are the 95% credi-
bility intervals on predictions. The
red arrows represent the sudden de-
crease in forest maturity caused by
a large disturbance.
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The gross volume productivity GV P increases with forest ma-
turity until reaching a finite limit, the maximum gross productivity

ag

GVP(t) = ag x (1 — e Pext) (6.5)

where Sg is the rate at which the asymptotic state is reached.
Note that GV P(t) increases with forest maturity and decelerates
when approaching maximum gross productivity.

The respiration V R, i.e. the energy cost of maintenance, is
proportional to the total volume :

VR(t) =0 x V(¢t) (6.6)

where 6 is a constant. Note that V R(t) is assumed to increase
linearly with total volume.

The net volume productivity is given by the difference of
GV P(t) and V R(t), resulting in a hump-shaped curve (Figure 6.3),
similar to previous results from forest carbon cycle.

We expect the annual volume mortality to reach in time a
finite limit «ps at a rate By;. We thus have :

g(t) = GVP(t) - VR(t) = ag x (1= e5) =0 x V(1)

vt > 0, m(t) = anr x (1 _ efBMt)

(6.7)
We get the non-homogeneous differential equation of 1%¢ order :
dV (t)

S =0k (127 =0 Vi) — o x (1)

with V(0) = 0
(6.8)

The solution of this equation is :
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(a) Bs = 0.016 (b) Bs = 0.008 (¢) B = 0.004

FIGURE 6.3 — Illustrative example of
the hump-shaped net volume gain
(black) when defined as the diffe-
rence of gross volume productivity
(green) and respiration (red). Para-
meters have been set to their maxi-
mum likelihood value in Paracou,
except for the gross productivity
rate B that decreases from (a)
0.016, (b) 0.008 to (c) 0.004 (the
maximum likelihood value in Para-
cou is B¢ = 0.0063). The hump can
be more or less pronounced depen-
ding on parameter values, giving
some flexibility to the relationship
between the forest maturity and the
net volume gain.
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To have V¢t > 0,V (t) > 0, we must have ag > ayps and Sy >
B x G-

We thus have the following equations :

ag X 0 x e Bmt _ x e 0t
o(t) = 220 (mvot _ =) (1 - ou

0 — Ba
m(t) = apr x (1 — e Mt

0 — Bum

(6.10)

The volume potential of the forest stand (i.e. the volume at
full capacity) is :

. ag—ay
vmax = tllglo(V(t)) ==

(6.11)

All calculation details (equation solving, limits and constraints
on parameters) are in 6.10.4.

The effect of logging on commercial species Only a pro-
portion of the total volume is made of commercial species (i.e.
species that have a merchantable value) : we define V;* = wy, x V' (t;)
the volume of commercial species at census k, where wy, is the pro-
portion of commercial species (as a % of total volume) and ¢ the
maturity. Selective logging targets commercial species. Depending
on the logging techniques and the precision of timber harvesting,
logging can cause a varying amount of damage to the residual
stand.

Let 0V be the total volume loss caused by logging. Part of
this volume loss is the extracted volume (Vext), i.e. the volume
of commercial trees that have been purposely felled ; the rest is
the incidental damage to non-commercial trees. The extracted

)
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volume is modelled as :
Vext =wy ¥ x 6V (6.12)

where wy is the initial proportion of commercial species (prior to
logging), 1) < 1 is the precision of tree harvesting (i.e. how well it
targets commercial species) : if ¢ = 1, 6V = Vext : all the volume
loss is intentional and there is no incidental damage. If ¢ = 0,
Vext = wg x §V : the volume loss caused by logging (harvested
trees + incidental damage) is not directional and affects randomly
commercial and non commercial trees, in the same proportion
as their occurrence in the forest. If v < 0, Vext < wg x 6V :
logging affects particularly non-commercial species, which can
be the specific case of silvicultural treatments when the largest
non-commercial trees are purposely killed to release competition.

Logging thus changes the proportion of commercial species :
let wg be the initial proportion of commercial species and wq the
post-logging proportion of commercial species. We have :

Y 6V

‘/0* — Vext 1-— Wy~ X Vo
_ R . S— 6.13
w1 Vo s wo X - (i;g ( )

with V" the initial commercial volume, Vj the initial total volume,
0V the total volume loss caused by logging, Vext the extracted
commercial volume and v < 1 the logging precision.

In the absence of further information, we make the conservative
assumption that the growth and mortality of trees > 50 cm DBH
do not differ between commercial and none commercial species.
However, if the proportion of commercial volume w differs bet-
ween trees > 50 cm DBH and trees < 50 cm DBH (as can happen
when big commercial trees are selectively logged, decreasing the
proportion of commercial volume in trees > 50 cm DBH), the
proportion of commercial volume can recover through the recruit-
ment of trees from DBH < 50 cm to DBH > 50 cm. Let pR;
be the proportion of volume gain from the recruitment of trees
< 50 cm DBH to > 50 cm DBH (the remaining volume gain comes
from the growth of trees already DBH > 50 cm DBH) j years
after logging. The proportion of commercial volume in recruited
trees is not significantly different from the pre-logging proportion
of commercial volume wy (see Appendix 6.10.1, Figure 6.9). We
thus have :

V(tjr)xwjr = V(Ej)xwj+g(t;) | wo X pRj +w; x (1 —pRy) | =m(t;)xw;
—_—— — —

recruitment growth

(6.14)

with pR; the proportion of recruitment (over the total volume
gain g(t;)) j years after logging, and ¢; the maturity of the plot j
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years after logging. We model the proportion of recruitment of
trees < 50 cm DBH as a function of the total volume V'(¢;) :

logit(pR;j) = vo0 + 1 x In(V(t;)) (6.15)

In this model, the proportion of recruitment is 1 when the total vo-
lume is null and decreases thereafter. Observations and predictions
in Paracou are presented in Appendix 6.10.1, Figure 6.10.

6.2.4 Inference

Bayesian hierarchical models were inferred through MCMC me-
thods using an adaptive form of the Hamiltonian Monte Carlo
sampling®). Codes were developed using the R language®6. We
hereafter explicit the models that were inferred. Parameters priors
distribution are reported in Table 6.2.

Covariance structure In this study we have data from 12
plots, all from a single area of about 500 ha. We assume that all
plots have similar disturbance history prior to logging and that
they consequently have the same initial forest maturity tqo. For
control plots p, we thus have t,1 = to, with ¢, the maturity
at first census. For disturbed plots, the forest maturity at the
first census after the disturbance (1987 for logged plots without
timber stand improvement, and 1990 for plots with timber stand
improvement) is t,1 = tg — tloss, where tloss, is the maturity
loss caused by disturbance in plot p. To account for inter-plot
variation, we add a random effect on vmazx, assuming that plots
have different productivity potentials :

vmazy, ~ N (,uvmam, agmam> (6.16)

where fiymar and oymaee are the hyperparameters (respectively
the mean and standard deviation) of the distribution of vmaxy,.
All other parameters (ans, Ba, Bar, ) do not vary between plots.
Parameter g, for plot p is mathematically deduced from other
parameter values :

agp =0 x vmazx, + ap (6.17)

Total volume The total volume of plot p at census k& was
modelled as :

Vok ~ 0N (o, 0% ) (6.18)

45CARPENTER et al.  (2017).
« Stan : A Probabilistic Programming
Language », cf. note 28, p. 30.

46R DEVELOPEMENT CORE TEAM
(2008).  « Computational Many-
Particle Physics ». In : R Foundation
for Statistical Computing. Lecture
Notes in Physics 739. Sous la dir. de
H. FEHSKE et al., p. 409.
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with oy the volume’s standard deviation and pwy, the mean,
which value was deduced from equations 6.9 and 6.17 :

agp — QM QGp 0 x e Betor — Ba X e Otok

Hopk = 0 0 0— Bo
ay 0 x e Puter — By X e Otpk
+—= X
0 0 — By
N 0 x e~ Pctor Ba % e Otk
Wop e = vMax, — <vmaxp + 9) 0~ B
0 —Bumtpr _ =0ty i
+a7M " X € P By x e Ut
0 0 — Bm

(6.19)

Disturbance intensity and extracted volume The volume
loss caused by disturbance 6V (in m3.ha™1), analogous to a distur-
bance intensity, is the difference (in each disturbed plot) between
the pre-disturbance volume (in 1986 in Paracou) and the volume
at the first post-disturbance census. For selectively-logged plots,
the first post-disturbance census is 1987 ; in plots that underwent
silvicultural treatments, over-mortality from tree poisoning and
girdling lasted for as long as 4 years, the first post-disturbance
census was then set to 1990. The extracted volume Vext is the
volume of harvested trees (in m3ha=!).

All plots p in Paracou were subdivided in 4 subplots j, and
for each subplot the logging efficiency wext, ; = V;é:"’;” and the
proportion of commercial volume wyy ; were assessed. We then

modelled the logging efficiency as :

wexty ; ~ Beta(ay,j, Bp,;) (6.20)

where o, ; > 0 and 3, ; > 0 are the shape parameters of the beta
distribution. According to equation 6.12, we modelled the mean
of the distribution as :

s Qp.j
E(wext) = w(()l Vi) o Ipg (6.21)
P p,j + Bp,j

with ; the precision of logging, defined in the conceptual frame-
work, and ¢ the logging treatment, either conventional logging or
timber stand improvement. To have a variance that is null when
wo = 0 and wp = 1 (where wext is known with certainty, being
resp. 0 and 1) and satisfy the conditions «y, ; > 0 and 5, ; > 0,
we modelled the variance of the beta distribution as :

Var(wext) = E(wext)? x (1 — E(wext)) X e (6.22)

with e; > 0 an error parameter. The data and results are
presented in 6.10.1.
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Cumulative volume changes To avoid focusing on yearly
fluctuations and improve our predictive strength, instead of annual
volume changes we used, to infer the VDDE model, cumulative
volume changes, i.e. the annual volume changes integrated over
time (as suggested for example in*"). Cumulative volume growth
(cVg) and mortality (cV'm) are defined as :

cVgp1=cVmp1 =0
k
CVngg = Z AVgp’j X (tj — tjfl)
=2 (6.23)
Vk > 2, h
chpvk = Z AVmp,j X (tj - tjfl)
j=2

with p the plot and k the census. We model cumulative volume
changes as follows :

cVgpi ~ InN (/Lngg, oé) (6.24)

cVmy ~ InN (umk, 0]2\/[>

with o¢ and o)y the standard deviations and pgy, x and pmy,
the means at census k and in plot p of cumulative volume gain
and mortality resp. :

47TC. WALTERs (1999). « Ecospace :
Prediction of Mesoscale Spatial Pat-
terns in Trophic Relationships of Ex-
ploited Ecosystems, with Emphasis
on the Impacts of Marine Protected
Areas ». In : Ecosystems 2.6, p. 539—
554; J. N. THOMPSON et al. (2001).
« Frontiers of Ecology ». In : BioS-
cience 51.1, p. 15-24.

/tp»k ()t (vmazy, x 0+ apy) x Ba (e Peter —e=Bator 01 _ e=0lpk
HGpk = g = -
P tp1 0 — Ba Ba 0
0 —Bmtpr _ o~ Bumtpr) _ Bm —Otp1 _ 0ty
v (0 1y B X (TP = e Pr) = B s — O
' ’ 0 — Bu
(6.25)

and

tpk
Hmp g = / m(t)dt = anr | (tpr —tp1) —
By

tp1

e Bumitp1 _ e—/ffMtp,k>

(6.26)
where t,, ;. the forest maturity of plot p at census k.

Proportion of commercial volume in recruited trees We
infer the relationship between the total volume V), ;. in plot p at
census k and the proportion of commercial volume in recruited
trees pRR, 1 according to equation 6.15 :

logit(pRyx) ~ N (0 + 7 x In(Vi) , o) (6.27)

where 79 and y; > 0 are resp. the intercept and slope of the
relationship, and og the standard deviation.
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Validation To evaluate the predictiveness of the VDDE model
we use the first 15 years post-logging (approximately half of the
censused period) to calibrate the model, and make predictions
over the validation period (> 16 years post-logging). Predictions
are then compared with the original data (Figure 6.5).

6.2.5 Simulations

To illustrate some possible uses of the VDDE model, we simu-
lated commercial volume recovery at our site under (i) current
conditions and (ii) scenarios reflecting possible effects of future
climate changes on disturbance regimes.

Current conditions Commercial volume recovery at the end
of a cutting cycle in Paracou conditions, depending on the log-
ging intensity (extracted volume in m3ha~"'), on the cutting cycle
length and on the initial proportion of commercial timber was
assessed with the following steps : (a) a set of parameters is ran-
domly picked from the parameter posterior distribution; (b) for
every values of logging intensity Vext between 0 and 50 m3ha™!,
we calculate the volume loss 6V = Vext x w? ! and the correspon-
ding post-logging maturity ¢; estimated as : V(t1) = V(tg) — oV,
with V' (¢9) the volume at the initial maturity tg and V(¢1) the
volume at the post-logging maturity, given the set of parameters
from (a); (c) the post-logging proportion of commercial timber
w1 is calculated with equation 6.13, with the initial proportion of
commercial timber wy being either 10%, 20%, 50% or 100% (in
the latter case, w1 = wp = 1). (d) the commercial volume recovery
is then estimated as :

Vrec = (V(t1 +trot) — V(t1)) X wy (6.28)

with trot the cutting cycle length, between 5 and 100 yr. (e) steps
(a-d) are repeated with 1000 sets of parameters and summary
statistics are then calculated.

In the context of global changes To illustrate the potential
effect of anthropogenic impacts on future volume stocks, we tested
how sensitive our results were to modifications in mortality (para-
meter aps) and initial maturity (parameter ¢7). The total volume
was simulated under the hypothesis of a decrease in initial matu-
rity (caused for example by increased frequency of disturbances),
and an increase of volume mortality, following the steps : (a) a
set of parameters is randomly picked from the posterior distribu-
tion; (b) new parameters are calculated : oy, = (1 + mar) X o
(mpr between 0 and 1, corresponding to an increase in mortality
between 0% and 100%) and ¢, = (1 — m) X to (m between 0
and 1, corresponding to a decrease in initial maturity between
0 and 1); (c) total volume predictions are made with those new
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TABLE 6.1 — Parameters posterior descriptions. We give the median value, 95% cre-
dibility interval (CI) and the maximum likelihood value of the VDDE model para-
meters : tg initial forest maturity ; vmaz maximum volume potential, ap; maximum
volume mortality ; B convergence rate of volume growth, 8y; convergence rate of
volume mortality, 0 relative metabolic volume loss, oy, 0@, oy standard deviation
of volume, cumulative volume gain and cumulative volume mortality respectively.

to Initial forest maturity 186-238

VMax Maximum volume potential 109-261

ans Maximum volume mortality 1.10-1.44

Ba Productivity convergence rate (7.32-13.8) x 1073

By Mortality convergence rate (6.93-11.3)x1073

0 Relative metabolic volume loss (6.82-16.54)x 1073
Yo Intercept of the recruitment model 1.87-2.74

" Slope of the recruitment model (-0.516) - (-0.295)
oy Volume standard deviation 0.06-0.017

lofe] Cum. volume gain standard deviation 0.196-0.243

oM Cum. volume mortality standard deviation 0.464-0.521

OR Proportion of recruitment standard deviation 0.560-0.673

212
126

1.22

9.97 x 1073
9.20x103
1.04x1072
2.29

-0.400
0.059

0.227

0.512

0.611

sets of parameters; (d) steps (a-c) are repeated with 1000 sets of
parameters and summary statistics are calculated.

6.3 Results and discussion

6.3.1 Accuracy of the model predictions

In this study, we developed an original model that combines
stocks (here total volumes) and fluxes (here volume changes)
estimation in one single integrative framework. Stocks are the
integrated resultant of fluxes, and the estimation of one flux affects
the estimation of the others. Parameters posterior, calibrated
with Paracou data, are reported in Table 6.1. The goodness of
prediction of the volume recovery is illustrated in Figure 6.4 and
Figure 6.11. With this rather simple model, we were able to predict
the variability of trajectories in total volume recovery for the
Paracou dataset (Figure 6.4). When calibrating the VDDE model
with only the first 15 years of post-logging data (i.e. approx. half
of the censused period), predictions on the last 10-15 years of data
(Figure 6.5) were still satisfyingly accurate. The predicted pre-
logging maturity value is 212 [186-238] yrs-equivalent (Table 6.1) ;
this does not mean that the forest has 212 years but rather that
it would take an estimated 212 years for the forest to reach its
pre-logging state in the absence of disturbance. Logging provokes
an estimated loss of maturity 90 [62-117] yrs-equivalent, and an
additional 72 [64-80] yrs-equivalent after silvicultural treatments
(Figure 6.4).
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FIGURE 6.4 — Predicted and obser-
ved trajectories of total volumes
in Paracou plots. (a) In control
plots. (b) In moderately-disturbed
plots (selective logging). (¢) In
intensively-disturbed plots (selec-
tive logging, fuelwood logging, poi-
son girdling). Each plot is represen-
ted by a colour. Dots represent ob-
served total volumes (y-axis) plot-
ted against their predicted matu-
rity (x-axis, max-likelihood value),
with the large empty dots being
the initial total volume (before dis-
turbance for disturbed plots). Lines
are the predicted trajectories (max-
likelihood value) with the shaded
areas being the corresponding 95%
credibility intervals.

FIGURE 6.5 — Predictions vs. ob-
servations from the calibration and
validation periods in Paracou. All
upper panels (a-c) represent data
from the calibration period (first 15
years of post-logging observations)
and all lower panels (d-f) represent
the data from the validation per-
iod (more than 15 years after log-
ging) ; x-axes are observations and
y-axes are maximum-likelihood pre-
dictions. Red dots are control plots,
green triangles are logged plots,
and blue squares are logged plots
with silvicultural treatments (poi-
son girdling and fuelwood harvest).
(a,d) Total volume (m3ha~1). (b,e)
Cumulative volume gain. (c,f) Cu-
mulative volume mortality.

48 ALDER et SYNNOTT (1992). Per-
manent Sample Plot Techniques for
Mized Tropical Forest, cf. note 30,
p. 94.

49D, MaNIATIS et D. MOLLICONE
(2010). « Options for sampling and
stratification for national forest inven-
tories to implement REDD+ under
the UNFCCC ». In : Carbon Balance
and Management 5.1, p. 9.

(a) Control (b) Conventional logging (c) Silvicultural Treatment
8
T.og
© S
=
o
£
@
£
3 g
S 8
>
Disturbance Disturbance
< e < oewmaee
o4
T T T T T T T T T T T T T T T T
o 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Estimated maturity (yrs—equivalent)
a) S
100+ @ / 20 15
o L
] e
= 7
@
E 754 e 15
10
-
S e 10
> 4
o 50 /‘
Q ’
3 L 5
o
I 5
& 257 f‘.
. . . ols . . . . 01 .
30 60 90 0 5 10 15 20 20
Observed values (m*ha™) - Calibration perio
(d) o
o L, 20 15
.
& 9 2
R ’
£ .
) 15
%3 /l"!
] . 10
E} P
S 60 e
g
s + 0
2 P
g . 5
e 5
a 30
0

90

120

0
0

Observed values (maha’l) - Validation period

6.3.2 Calibration data may come from diverse
sources

One of the main advantages of the VDDE modelling framework is
the basic requirement in terms of calibration data. Only measure-
ments of trees above 50 cm are needed, which are rather easy to
measure (typically 35 trees > 50 cm DBH per ha in the tropics*®,
and 22 to 32 trees per ha in Paracou) and can thus be measured
on wide areas covered by National Forest Inventories. Therefore,
the VDDE model could be calibrated on a wide range of readily
available data. The only restriction lies in the fact that the VDDE
model requires at least 2 censuses to estimate total volume stocks
and changes. Fortunately, many territories are currently inple-
menting long-term monitoring of their forests under the REDD+
scheme?® and these datasets could be fruitfully used to calibrate
the VDDE model. Similarly, in the Brazilian Amazon, logging
concessions in national forests are required to have Permanent
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Sample Plots (1 ha for every 250 ha of logged forests)®® that
could also be used to estimate the potential for volume recovery
at concession level, or wider scale when aggregated. Static data
can also be used to calibrate the VDDE model, by adding the
measurements of total volume stocks to the overall likelihood of
the model. This means that data such as static national invento-
ries can also greatly help improve estimates of total volume and
volume recovery. For example, the National Forest Inventory that
is being carried out in Brazil aims at measuring all trees above
40 cm DBH in 4 0.2 ha plots in each 20 km x 20 km cell in the
whole Brazilian Amazon®!. In National forest concessions, the
Brazilian Forest Service carries out large inventories of all trees
above 50 cm DBH to assess the available timber resource previous
to logging®?.

We developed the VDDE modelling framework to estimate
the total volume and commercial volume recovery after selective
logging, but this framework could be extended to carbon stocks.
Because it is generic enough in terms of ecosystem dynamics, this
model could also be used to explore tropical forests resilience to
other disturbance types, such as fire and/or drought®?, or even
the forest recovery after clear-cutting®®. Results could then be
compared to explore the resilience of tropical forests to human
and natural disturbances. The methodology may need some adap-
tations, as some specific problems may require a more complex
model.

6.3.3 Model limitations

While the VDDE model relies upon sensible assumptions, their
consequences on the model behaviour may be questioned. For ins-
tance, we assumed that the volume change of commercial species
is similar to the total volume change during the recovery period.
However, because the designation of timber species is generally
based on their mechanical wood properties, the commercial species
pool may be biased towards hard-wood species® with generally
slow growth rates®®. However, not all commercial species do grow
slowly, as shown by some fast-growing light-wood species (like
Balsa (Ochroma pyramidale)), with interesting mechanical pro-
perties®”. The conservative hypothesis of equal relative volume
changes is, to our point of view, sensible. It is however worth
mentioning that harvesting only very slow growing species would
have the effect of lowering the volume recovery, and thus the
sustainable logging intensity.

Logging has been proven to lower the height (and thus the
volume) of the stand®® resulting in a possible overestimation of
timber volume recovery with current allometric equations calibra-
ted in old-growth forests®®. When data becomes available, some
new volumetric equations should be calibrated in 2" harvest

50BALIEIRO et al. (2010). As
Concessées de Florestas Publicas na

Amazoénia Brasileira, cf. note 158,
p. 18.
51BRASIL - MINISTERIO DO MEIO

AMBIENTE - SERVICO FLROESTAL BRA-
SILIEIRO (2017). Inventario Flores-
tal Nacional - Manual de Campo -
Anezo 2. Rapp. tech.

52BALIEIRO et al. (2010). As
Concessoes de Florestas Publicas na
Amazoénia Brasileira, cf. note 158,
p. 18.

53Holdsworth2015; BRANDO et
al. (2014). Abrupt increases in Ama-
zonian tree mortality due to drought-
fire interactions, cf. note 72, p. 8.

54L. POORTER et al. (2016). « Bio-
mass resilience of Neotropical secon-
dary forests ». In : Nature 530.7589,
p. 211-214.

55J. CHAVE et al. (2009). « To-
wards a worldwide wood economics
spectrum ». In : Ecology Letters 12.4,
p. 351-366.

56H. FARGEON et al. (2016). « Vul-
nerability of Commercial Tree Species
to Water Stress in Logged Forests of
the Guiana Shield ». In : Forests 7.12,
p. 105.

57J. Bossu et al. (2016). « New In-
sights on Wood Dimensional Stability
Influenced by Secondary Metabolites :
The Case of a Fast-Growing Tropi-
cal Species Bagassa guianensis Aubl. »
In: PLOS ONE 11.3. Sous la dir. de
‘W. BATCHELOR, €0150777.

S8RUTISHAUSER et al. (2016).
« Tree Height Reduction After
Selective Logging in a Tropical

Forest », cf. note 64, p. 7.

59GUITET et al. (2016). Sylvi-
culture pour la production de bois
d’oeuvre des foréts du Nord de la
Guyane, cf. note 42, p. 95.
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SOM. D. SwaINE et al. (1987).
« The dynamics of tree populations in
tropical forest : a review ». In : Jour-
nal of Tropical Ecology 3.04, p. 359—
366.

S1A. MakeELA et al. (2000).
« Process-based models for forest
ecosystem management current
state of the art and challenges for

practical implementation ». In : Tree
Physiology 20.5-6, p. 289-298.
62F10k et  HuMANs  (2017).

« WorldClim 2 : New 1-km spatial
resolution climate surfaces for global
land areas », cf. note 22, p. 29.

637, HENGL et al. (2014). « Soil-
Gridslkm - Global soil information
based on automated mapping ». In :
PLoS ONE 9.8.

forests to update volume estimates.

Assigning the same initial maturity value to all plots may
also be questioned : indeed, tropical forests are shaped by very
local treefall gap dynamics®?, that could explain small inter-plot
variations in forest maturity. From a practical standpoint however,
it is difficult to disentangle the inter-plot variations in initial forest
maturity from the inter-plot variations in potential volume (vmax)
with limited time series. In the absence of further information, we
thus made the hypothesis that local disturbances from treefall gaps
were evened out across our relatively large-size plots (6.25 ha),
and that all plots had the same disturbance history.

The model as presented here has been shown to be a useful
predictor of post-logging volume recovery at a local scale. However
one key challenge for forest management today, especially in
the tropics where data is scarce, is to have an understanding of
ecological processes at a wider scale, from the landscape to the
regional scaleS!. As stated before, one advantage of the VDDE
modelling framework is to allow a variety of widely available
calibration data, which makes robust regional estimates of volume
recovery possible. To upscale predictions, a possible way is to add
spatially-explicit covariates to the model parameters (for instance
global maps of climatic®? or soil variables®®) as proxies of model
parameters.

6.3.4 Applying the VDDE model to assess logging
sustainability

The commercial volume recovered at the end of the cutting cycle
is presented in Figure 6.6, depending on the cutting cycle length,
logging intensity and proportion of commercial volume. The most
influential variable on the volume recovery is the proportion of
commercial species (increasing proportion of commercial species
in panels from left to right on Figure 6.6). The length of the
cutting cycle (x-axis) increases the volume recovery, contrary to
the logging intensity (y-axis) that decreases volume recovery for
low initial proportions of commercial volume but increases volume
recovery when 100% of species are commercial. When the initial
proportion of commercial volume is 10% (left panel), the forest
hardly recovers more than 5 m3ha™!, even after a cutting cycle
of 100 years. On the contrary, if all species are commercial (100%
of commercial volume), commercial volume recovery following a
logging intensity of 20 m3ha~! can be as high as 23[19-39] m3ha =1
at the end of a 60 years cutting cycle.

To be considered sustainable, selective logging should at least
allow the recovery of initial timber volumes at the end of each
cutting cycle; otherwise, the depletion of timber stocks could
undermine the conservation value of managed forests in the long
term as the loss of economical value would make them more prone
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to conversion to other land uses with lower ecological benefits®4.
In French Guiana, 75% of timber production depends solely on 3
species : Dicorynia guianenesis, Qualea rosea and Sextonia rubra
(French Guiana NFS statistics, unpublished data). In Paracou,
the volume of those 3 species represents 20% of the total volume
and is consistent with what can be seen over the Guyafor network,
a network of permanent plots distributed over the French Guiana
permanent forest estate%’. The official cutting cycle length is 65 yr
in French Guiana (which is particularly high for the tropics®®) and
the logging intensity for the past 15 years has been 8-29 m3ha =167,
Under such conditions, the results of our model show that only
0-4.1 m3ha~! of commercial volume are recovered at the end
of the cutting cycle (Figure 6.6) : selective logging cannot thus
be considered sustainable under current conditions in French
Guiana. Compared to other tropical countries, French Guiana’s
logging policies are especially strict (e.g. cutting cycles longer
than the usual 30 years)%. If commercial timber stocks are far
from being recovered in French Guiana, there is little chance that
logging can be considered sustainable in other tropical countries.
It is however worth mentioning that neighbouring countries like
Suriname and Brazil harvest a larger variety of commercial tree
species®”, which might allow higher commercial volume recovery
(see Figure 6.6). Nevertheless, most studies show that initial
volume stocks are indeed not recovered in selectively logged forests
across the tropics’®.

6.3.5 Applying the VDDE model to assess the
effect of diversifying timber sources

For a proportion of commercial species of 100% (i.e. the total
volume is commercial), the volume recovered at the end of the
rotation cycle increases with the logging intensity (Figure 6.6).
Nevertheless, when the proportion of commercial volume decreases
(left panels), increasing the logging intensity decreases the com-
mercial volume recovery. This is because when logging focuses
on only a few commercial species, their proportion at the next
logging cycle is inevitably lower (see 6.2.3) as compared to the
other species. This means that even when the total volume is
recovered at the end of the cutting cycle, the relative propor-
tion of commercial species will be lower and thus at the next
logging cycle the volume recovery will decrease (see the effect of
the commercial volume proportion in Figure 6.6). After a few
logging cycles, the proportion of commercial species might be so
low that their exploitation may become not economically sound.
The smaller the initial pool of commercial species the stronger
the depletion. This simulation clearly highlighted the benefits of
diversifying the pool of harvested species not only at one cutting
cycle, but also for changing this pool in time, so that different
species are harvested across different cutting cycles. Indeed, the

S4EpwaARDS et al. (2014b). « Main-
taining ecosystem function and ser-
vices in logged tropical forests », cf.
note 3, p. vi.

55PrpoNIOT et al. (2016a). « A me-
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ture and dynamics in poor Amazo-
nian soils », cf. note 7, p. 24.

S6BLASER et al. (2011). Status of
Tropical Forest Management 2011,
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57P1poNIOT et al. (2016a). « A me-
thodological framework to assess the
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58BLASER et al. (2011). Status of
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cf. note 1, p. vi.

S9L. P. REIs et al. (2010). « Ava-
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Pesquisa Florestal Brasileira 30.64,
p. 265-281.

“OPutz et al. (2012). « Sustaining
conservation values in selectively log-
ged tropical forests : the attained and
the attainable », cf. note 102, p. 11.
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FIGURE 6.6 — Commercial volume
recovered at the end of the cutting
cycle as a function of cutting cycle
length, logging intensity , and ini-
tial fraction of commercial species,
in Paracou conditions. All other pa-
rameters are set to their maximum
likelihood value. In each panel (a
to d), the colors and level lines re-
present the commercial volume re-
covered at the end of the cutting
cycle. The proportion of commer-
cial species increases from left to
right : (a) 10% of total volume
is initially composed of commer-
cial species, (b) 20% of total vo-
lume is initially composed of com-
mercial species, (c) 50% of total vo-
lume is initially composed of com-
mercial species, (d) 100% of total
volume is initially composed of com-
mercial species. In all panels, the
x-axis represents the cutting cycle
length; the y-axis represents the
logging intensity, i.e. the volume of
all trees killed during logging opera-
tions. The corresponding 95% cre-
dibility interval can be found in Fi-
gure 6.12.
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commercial volume recovery is low in the case of a restrictive
pool of commercial species (e.g. less than 3 m3ha™! after 65 yr
in Paracou if only 20% of the total volume is commercial). At
the 27¢ harvest the available commercial volume will be too low,
such that harvesting the same forest stands several times will
inevitably mean changing the pool of harvested species at the 2%
harvest.
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6.3.6 Applying the VDDE model to assess timber
availability in human-modified forests under

climate change

Tropical forests are not spared from ongoing global changes” :
most tropical forests undergo increasing disturbance regimes such
as fires, logging, or drought”. Today, the so-called intact forest
landscape in the tropics has been reduced to 20% of the tropical
forest area”™, and this proportion is likely to continue decreasing.
Future climate is predicted to be hotter and seasonnally drier
in most tropical landscapes™, provoking a decrease in biomass
through the increase of tree mortality”®. In Amazonian forests,
this continuous increase in tree mortality has already been descri-
bed". Within our modeling framework, an increased disturbance
regime will inevitably decrease the forest maturity (we simulated
a 0% to 100% decrease of forest maturity), and a drier climate
will inevitably increase the volume mortality (Figure 6.7). For ins-
tance, biomass mortality has increased by approximately 30% in
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Amazonian Permanenent sample plots between 1985 and 201077,

For a similar increase in volume mortality, total volume stocks
are predicted to decrease from 106(74-144) to 86(54-126) m3ha™!,
i.e. a 19% decrease (numbers between brackets are the 5th and
95th percentiles). And if those forests also suffer from increasing
disturbances and their forest maturity subsequently decreases,
for example by 40%, then the total volume would be 51(33-74)
m2ha™!, i.e. a 52% decrease. The combined effect of an increase
of mortality and of the disturbance regime could thus seriously
lower available timber resource in tropical forests. This has to
be taken into account for future scenarios of timber provision in
increasingly human-modified forests.
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6.4 Conclusion

In this study we present an original modelling approach of timber
volume recovery in tropical forests. As a case study, we assess the
volume recovery potential of a selectively logged forest in French
Guiana. We show that under current conditions, selective logging
is not sustainable insofar as the commercial volume, which is the
main productive value of a logged forest, is not recovered at the
end of a typical logging cycle. We also predict timber availability
in the case of an increase mortality and a decrease of forest
maturity, that will likely be triggered by future climate change
and human disturbances such as fires, clearcuts and logging. The
main advantages of the modelling framework presented here are
that twofold : (i) it can be calibrated with widely available data
(i.e. the volume of trees > 50 cm DBH), and (ii) it can explicitly

"7 Ibid.

FiGure 6.7 — Total volume
(m3ha=') in scenarios with an
increase of volume mortality (in
% of current mortality in Paracou,
y-axis) and a decrease of the forest
maturity (in % of current mean
forest maturity in Paracou, x-axis).
All other parameters are set to
their maximum likelihood value.
In each panel, the colors and level
lines represent the total volume.
The 95% credibility interval (upper
and lower bounds) can be found in
Figure 6.13.
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integrate the effect of disturbances and is generic enough to be
applied for instance to carbon stocks. To provide meaningful
insights to forest managers and policy makers, this model should
now be applied to a larger scale, integrating data from permanent
plots as well as forest inventories.
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6.10 Appendix

6.10.1 Proportion of commercial volume

Efficiency of logging wext

1.004

0.754

0.501

0.251

0.001

S . Treatment

Conventional logging

—+— Silvicultural treatments

0.00
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Ficure 6.8 — Efficiency of selec-

tive logging wext as a function of

the proportion of commercial spe-

cies wp. The ?fﬁciency of logging
ex

wext = V5V was modelled as

wext = w0' =%, and the model was
calibrated for subplots (4 subplots
by plot, 1.5625 ha each) that un-
derwent conventional logging (red
dots) and intensive logging with
timber stand improvement (green
dots). The red and green lines are
the maximum likelihood prediction
of the model for conventional log-
ging and silvicultural treatments
resp., and the shaded areas are the
95% credibility intervals.
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FIGURE 6.10 — Proportion of volume
gain from recruitment (pR, on the
y-axis, after a logit-transformation)
as a function of the total volume
(x-axis, after log-transformation).
Dots are observations in Paracou,
the blue line is the linear model pre-
diction, and the shaded area is the
associated 95% credibility interval.
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6.10.2 Goodness of fit

FIGURE 6.11 — Goodness of fit of
the model predictions to Paracou
data. Observed values of (a) to-
tal volume, (b)cumulative volume
gain, (c) cumulative volume mor-
tality are on the x-axis, while the
predicted values are on the y-axis.
Red dots are control plots, green
triangles are logged plots and blue
squares are logged plots with silvi-
30 60 % 120 0 10 20 30 40 50 0 0 20 3 40 cultural treatments (poison gridling
Observed values (m°ha™) and fuelwood harvest).
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FIGURE 6.12 — 90% credibility inter-
val of commercial volume recovered
at the end of the cutting cycle as a
function of cutting cycle length (in
years), logging intensity, and initial
fraction of commercial species (%),
in Paracou conditions. All other
parameters are set to their maxi-
mum likelihood value. (a) Lower
bound (5th percentile) ; (b) Upper
bound (95th percentile). In each pa-
nel, the colours and level lines re-
present the commercial volume re-
covered at the end of the cutting
cycle. The proportion of commer-
cial species increases from left to
right : it is lowest in extreme-left
panels (10% of total volume belongs
to commercial species) and highest
in extreme-right panels (100% of to-
tal volume). In all panels, the x-axis
represents the cutting cycle length ;
the y-axis represents the logging in-
tensity, i.e. the volume of all trees
killed during logging operations.

FIGURE 6.13 — 90% credibility inter-
val of total volume (m3ha~1) in sce-
narios with an increase of volume
mortality (in % of current morta-
lity in Paracou, y-axis) and a de-
crease of the forest maturity (in %
of current mean forest maturity in
Paracou, x-axis). All other parame-
ters are set to their maximum like-
lihood value. (a) Lower bound (5th
percentile) ; (b) Upper bound (95th
percentile). In each panel, the co-
lors and level lines represent the to-
tal volume.

Logging intensity (m°ha™)

Logging intensity (m°ha™)
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6.10.3 90% credibility intervals of simulation
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6.10.4 Extensive equation material
Solving the differential equation 6.8
According to equation 6.8 we have :
dv (t)
dt
Let’s solve the nonhomogeneous differential equation of 1st
order :

=ag (1 - e‘ﬁct) -0V (t) —aym (1 - e_’BMt)

d‘;it) +0V(1) = ag (1— %) —an (1- ) (6.29)
We define u(t) = €.
We have :
(u(t) x V() =u/'(t) x V() +u(t) x V'(t)
= 0 x Vit) + e x d‘cflit)
(6.30)
— u(®) (d‘;it) 4 9V(t))
(u(t) x V(1) = u(t) (ac(1 — e 79" — ap(1 — e~
Thus :
u(t) x V() = / (a1 — et — apr(1 — e ) )t
Ot p(0-Bo)t Ot 0Bt
:O‘G(W_ 9_5G>_O‘M(?_ G—BM)+K
; ; 1 e—Bat 1 e~ Pt ot
P xv(t)=¢’ (QG(E_m> —aM(g—m)+Kxe 9)
(6.31)

with K a constant, and Bg # 6 # By Because V(0) = 0 (see
equation 6.8), we get :

{ V() =aq(f - =5 ) — ou (5~ ) + K x e
V(0)=0
(6.32)
And thus
1 1 1 1
K—ag(e_ﬁG 5) O‘M(e—ﬁM_E) (6.33)
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Additional constraints on the model parameters

We have the natural constraint : V¢ > 0,V (¢t) > 0. We here
develop the few steps that allowed us to translate this inequality
into contraints on the model parameters. To do so we studied the
function V'(¢) limits when ¢ — +o00 and when ¢ — 0.

Because 6 > 0, ag > 0 and ays > 0, we have :

lim (e %¢') = lim (e PY) = lim (e7%) =0  (6.36)

t——+o00 t—+o00 t——+o0

: _ QG gy My
:>tli>nc}OV(t) = (1-0) 2 (1-0)
. _ag—ay
tlggo V(t) = — (6.37)
lim V(t) > 0< ag > ay (6.38)

t—o0
When ¢ = 0, there is no volume (by definition) : V(0) = 0.
Consequently, for the volume to take positive values near ¢t = 0,

we must have % > O near t = 0 (i.e. the volume can only increase,
else it will take negative values, which is absurd).

= gt) —mi)
= ag (1 e_BGt) QV(t) —ay (1 _ e_/Bl\lt)
=ag (1 - e‘BGt> — o (1 - e—ﬁMt) —ag (1 — Heﬁzt__;seez&)
(1 - S
PG 5 —PmMm 5 - 5 ,3
- (55 (25 - )
6.39

By using the Taylor series (of order 1) of the exponential
function when t — 0, we get :

dV —txﬂg(aGﬂG>—i—tX,@’M(aMﬁM)—l—tXH(aGﬂG B OéMﬂM)

dat = 0 — fBa 0 — Bu 0—Bc 00— PBu
% ~tXx (OzG,BG — aMﬁM) (6.40)

To have an increase in volume (and thus V' (¢) > 0) when ¢t > 0
is close to 0, we must have :

oG X ﬂG > app X 6M (641)
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TABLE 6.2 — Parameters prior distribution

Parameter Prior distribution Justification

to U[100, 300] Expected maturity in Paracou

vmax Ulmax(V),3maxz(V)]  vmax must be bigger than the max. observed volume, and
can hardly be more than 3 times as much

ang U[0.5, 5] Range of observed values for biomass mortality in the Guiana
Shield (Johnson et al, 2016) divided by 1.5 (2 : carbon :bio-
mass ratiox 0.75 : mean wood density in Paracou)

Ba U[0.005, 0.05] 60 < tfs < 600 yr

Bum U[0.001, B x S| t5s > 3000 yr and slower than growth

0 U[0.005,0.05] respiration < maz(vmazx) x 0.05 = 17 m3ha~lyr—!

wo N(0,0.001) uninformative prior

w1 ./\/] —50,01(0,0.001)** negative : pR decreases when the volume increases

oy No,21(0,1) positive variance

oG No,21(0,1) positive variance

oM Njo,21(0,1) positive variance

OR Nio,400[(0,1) positive variance

* t9.95 is the time when the volume change has reached 95% of its asymptotic value
** Na,p) is the normal distribution truncated in [a,b]
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TABLE 6.3 — List of commercial species in Paracou

Local name

Scientific name

Proportion of initial
volume (%)

Proportion of log-
ged volume (%)

Gonfolo

Wapa

Grignon franc
Angélique
Manil

Chawari
Wakapu

Asao

Maho cigare
Diagidia

Saint martin rouge
Balata pomme
Maho cochon
Goupi
Dodomisinga
Busi kanambuli
Yayamadou marécage
Wakapu gitin
Parcouri
Alimiao

Cedre

Balata franc
Acacia franc
Maho coton
Inkasa

Boco

Kwata kaman
Kaiman udu
Bois saint jean
Encens

Cedre cannelle
Dokali

Lebi sali

Coeur dehors
Kumanti udu
Mapa

Wana kwali
Kwali

Saint martin jaune
Simarouba
Gaan moni
Lakasi

Canari macaque

Qualea rosea

Eperua falcata

Sextonia rubra
Dicorynia guianensis
Moronobea coccinea
Caryocar glabrum
Vouacapoua americana
Albizia pedicellaris
Couratari multiflora
Tachigali melinonii
Andira coriacea
Chrysophyllum sanguinolentum
Sterculia pruriens
Goupia glabra

Parkia nitida

Simaba sp.

Virola surinamensis
Recordoxylon speciosum
Platonia insignis
Pseudopiptadenia suaveolens
Ocotea argyrophylla
Manilkara bidentata
Enterolobium schomburgkii
Pachira dolichocalyx
Vataireopsis surinamensis
Bocoa prouacensis
Parkia pendula

Laetia procera

Protium opacum
Schefflera decaphylla
Licaria cannella
Brosimum utile

Trichilia schomburgkii
Diplotropis purpurea
Aspidosperma sp.
Lacmellea aculeata
Vochysia tomentosa
Vochysia guianensis
Hymenolobium flavum
Simarouba amara
Trattinnickia rhoifolia
Caraipa racemosa
Lecythis zabucajo

2.71
7.96
1.92
2.31
1.00
0.94
3.07
0.50
1.01
0.79
0.46
1.17
0.98
1.17
0.65
0.32
0.31
0.90
0.34
0.12
0.26
0.37
0.28
0.27
0.05
2.22
0.08
0.13
0.17
0.98
0.08
0.13
0.18
0.17
0.22
0.24
0.06
0.06
0.03
0.05
0.13
0.04
0.17

26.98
12.74
12.53
9.19
4.47
3.86
2.77
2.38
1.93
1.78
1.76
1.64
1.57
1.40
1.36
1.23
1.13
1.04
0.98
0.95
0.84
0.73
0.56
0.53
0.48
0.45
0.43
0.41
0.38
0.38
0.34
0.33
0.30
0.29
0.26
0.25
0.19
0.19
0.16
0.16
0.15
0.13
0.13




CHAPITRE

La production de bois des foréts
amazoniennes peut-elle étre

Dans ce chapitre le modele de récupération du bois d’ceuvre
présenté dans le chapitre 6 a été calibré avec I’ensemble des
données TmFO pour pouvoir faire des prédictions a I’échelle de
I’Amazonie.

Les principaux résultats de cette étude sont que la production
de bois d’ceuvre telle qu’elle est faite aujourd’hui en Amazonie
n’est pas durable. En effet la vitesse de récupération du bois
d’ceuvre des foréts naturelles exploitées n’est pas suffisante pour
retrouver la quantité exploitée a la fin d’un cycle d’exploitation
de 30 ans, et cela est exacerbé lorsque seule une fraction de toutes
les espéces potentiellement exploitables est réellement exploitée.

En rallongeant les cycles et en diminuant I’intensité d’exploi-
tation, il est possible d’avoir une exploitation durable au sens ou
elle permet une récupération du stock a la fin d’'un cycle. Mais
une nouvelle question se pose alors : la surface des foréts de pro-
duction en Amazonie est-elle suffisante pour fournir la demande
actuelle de bois d’ceuvre (autour de 30-35 Mm? par an') avec une
exploitation si extensive ? Les résultats présentés dans ce chapitre
montrent qu’une telle exploitation ne permettrait pas de produire
suffisamment de bois par rapport a la demande, alors qu’une
exploitation plus intensive résulterait en une diminution rapide
des volumes de bois dans les foréts de production. Il est donc
temps de modifier les pratiques d’exploitation, et de préparer des
modes de production alternatifs pour I’approvisionnement futur
d’une demande en bois qui est prévue d’augmenter?.

Les données utilisées sont disponibles sur le lien : https://
figshare.com/s/336dcbff400a812ab6ea, et les codes R associés
sur https://figshare.com/s/9873edea9c1e8£fe98993.
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La production de bois des foréts amazoniennes peut-elle étre durable ?

Can timber provision from Amazonian na-
tural forests be sustainable ?

Camille Piponiot"?34, Edna Rodig®, Francis E Putz8, Ervan
Rutishauser”®, Plinio Sist?, Nataly Ascarrunz?, Lilian Blanc?,
Géraldine Derroire?, Laurent Descroix!'?, Marcelino Carneiro
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Around 30 Mm? of sawlogs are extracted annually by
selective logging of natural forests in Amazonia, Earth’s
most extensive tropical forest. This study examines the
sustainability of these harvests based on a Bayesian hie-
rarchical model calibrated with data from 3,500 ha of
forest inventory plots. Our results show that the average
harvests of 20 m3*ha~! will not recover by the end of a
standard 30-year cutting cycle. Timber recovery within
a cutting cycle is enhanced by commercial acceptance of
more species and with adoption of longer cutting cycles
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and lower logging intensities. Recovery rates are faster
in Western Amazonia than on the Guiana Shield. Our
simulations suggest that regardless of cutting cycle du-
rations and logging intensities, selectively logged forests
are unlikely to meet timber demands over the long term.
There is thus an urgent need to develop an integrated
forest resource management policy that combines active
management of natural forests with restoration of degra-
ded and secondary forests for timber production.

In Amazonia, 108 Mha of forest (20%) are currently exploited
for timber production typically by selective harvest of a few
merchantable trees per hectare followed by regrowth until the next
logging event?. In addition to providing income and employment?,
selectively logged forests retain most of the carbon stocks and
biodiversity of old-growth forests®. Implementing techniques of
reduced-impact logging can further reduce logging damage and
thus enhance the environmental value of logged forestsS. Forest
management of selectively logged forests is thus often seen as a
tool for Amazonian forest conservation”’.

Logged forests must be carefully managed to avoid post-logging
degradation (e.g. uncontrolled and illegal logging, fire or poaching),
given that additional degradation greatly diminish the timber va-
lue of next harvests, as well as other environmental benefits like
carbon storage and biodiversity®. Moreover, selectively-logged and
subsequently degraded forests are more prone to be converted
into more profitable land uses’. Numerous countries have enacted
logging regulations that set maximum logging intensities (m>ha 1)
and cutting cycles, i.e. minimum time intervals between harvests'©
to avoid depletion of timber stocks. Typically, the minimum cut-
ting cycles over which timber stocks are assumed to recover to
pre-harvesting levels are 25-35 years despite substantial evidence
that without strong limits on logging intensities, these cycles are
too short to sustain yields!!. Shortfalls in timber are likely to be
exacerbated further in Amazonia by ongoing climate changes!'?,
including increased frequency and severity of droughts and wild-
fire events due to drier and hotter conditions'®. A consequence of
these changes is increased tree mortality, especially of large trees
(loggers’ main target) that are particularly sensitive to intense
droughts'*.

Here we investigate the potential for timber recovery across
Amazonian production forests using VDDE, a volume dynamics
with differential equations model'®. The VDDE model was calibra-
ted at the Amazon Basin scale in a Bayesian framework with data
from 3500 ha of forest plots. Among those plots, 845 ha are from
15 sites monitored for as long as 30 years after being subjected
to conventional logging (8% of plots), reduced-impact logging
techniques (e.g. skid-trail planning and directional felling ; 33%),
post-logging liberation thinning (37%), and control plots with no
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logging (22%)'6. The VDDE model focuses on the volume of live
trees with diameter at breast height (DBH) > 50 cm (the standard
minimum cutting size in the Amazon Basin), hereinafter referred
to simply as volume. Spatial variation in volume recovery was
modelled through variation in (i) the pre-logging forest maturity,
i.e. the time needed for the forest to reach its current state in the
absence of disturbance!” : forests under low-disturbance regime
can thus reach higher maturity levels; (ii) the volume potential,
i.e. the maximum volume asymptotically reached by a mature
forest ; and (iii) the maximum gross volume production, i.e. the
annual gross volume increment from trees > 50 cm DBH (without
volume losses from respiration and mortality) in a mature forest.

First, we explore the relationship between volume recovery
rates and local abundance of commercial trees using the list of
commercial species harvested at each experimental site during
the first cutting cycle (Figure 7.1). The volume of those species
represented 9-79% of the total pre-logging plot volumes. We si-
mulated volume recovery at each site under five scenarios : (1) a
standard-practice scenario, with a logging intensity of 20 m®ha~!,
which is the average logging intensity in Amazonia'®, and with
a standard 30-year cutting cycle; (2) a low-intensity scenario
(10 m®ha~!) with a 30-year cutting cycle; (3) a high-intensity sce-
nario (30 m3ha~!) with a 30-year cutting cycle; (4) a short-cycle
(15 years) scenario, with a logging intensity of 20 m®ha~!; and,
(5) a long-cycle (65 years) scenario, with a logging intensity of
20 m3ha~!.

We next explore potential timber recovery using an extended
pool of all species that are harvested for commercial purposes
anywhere in Amazonia (potential timber species; see Section 7.7.1
in the Supplementary Material for a full list of species). Across an
extensive forest plot network'?, potential timber volume ranged 50-
100% of total volume (Figure 7.8). We then model potential timber
recovery using the 5 scenarios described above to produce regional
maps of potential timber recovery at the end of the first cutting
cycle (Figure 7.2). Additionally, we evaluated whether Amazonian
natural forests could support the commercial demand for sawlogs,
assessed as the sawlog consumption from the Amazon region®’, by
simulating the long-term trajectory of potential timber stocks for
varying logging intensities and cutting cycles (Figure 7.3). To do
this we assume that all forests within 25 km of maintained roads
and tracks?', and without a full protection status could be logged.
To avoid having to make assumptions about highly unpredictable
patterns of future deforestation and road building, our study is
based on the current forest areas available for logging. Finally, we
tested the effect of increased annual mortality rates and increased
disturbances (i.e. discrete events like fires cause pulses of elevated
mortality and therefore reduce stand maturity) on timber stocks
and recovery (Figure 7.4), to assess the potential effects of climate
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change on timber provision from Amazonian production forests.
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7.1 What affects timber recovery ?

Recovery of harvested species volume by the end of the first
cutting cycle varied threefold across the experimental sites (Fi-
gure 7.1a) and increased with the pre-logging proportion of the
total volume shared by the local pool of harvested commercial spe-
cies (Pearson’s coefficient p = 0.58). At the sites with the largest
abundance and diversity of locally harvested species (INPA and
La Chonta with 70% of stems > 50 cm DBH), timber volumes are
predicted to recover faster. This finding highlights the importance
of diversifying the local pool of species harvested to maintain

timber stocks over time.
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FIGURE 7.1 — Predicted volume re-
covery, defined as the percentage
of the volume of trees > 50 cm
DBH extracted that is recovered at
a given site (colours) by the locally-
defined pool of harvested commer-
cial species, (a) under 3 logging in-
tensities (10, 20 and 30 m®ha~1) at
the end of a 30-year cutting cycle;
(b) with 3 cutting cycles (15, 30
and 65 years) with a logging inten-
sity of 20 m3ha~—!. Dots are me-
dian values and vertical bars are
95% credibility intervals. (c¢) Map
(see Figure 7.6 for a more detailed
map) of the 15 study sites ranked
by increasing proportions of total
volume found in the locally-defined
pool of harvested commercial spe-
cies (d), the greater the proportion
the more likely the recovery.

FIGURE 7.2 — Potential timber vo-
lume recovery in Amazonia after
one selective harvest predicted un-
der 5 scenarios : (a) standard prac-
tices : 20 m3ha ! of timber extrac-
ted and a cutting cycle length of 30
years; (b) low logging intensity : 10
m3ha~!, 30 years; (c) high logging
intensity : 30 m3ha—1, 30 years; (d)
short cutting cycle : 15 years, 20
m3ha~!; (e) long cutting cycle :
65 years, 20 m3ha~!. Colours range
from red (no recovery) to green (full
recovery). Median values are shown
and the 95% credibility intervals
can be found in the supplementary
information (Figure 7.11, 7.12).



124

La production de bois des foréts amazoniennes peut-elle étre durable ?

22QuUESADA et al. (2012). « Basin-
wide variations in Amazon forest
structure and function are mediated
by both soils and climate », cf. note 1,
p.- 23; JOHNSON et al. (2016). « Va-
riation in stem mortality rates deter-
mines patterns of above-ground bio-
mass in Amazonian forests : implica-
tions for dynamic global vegetation
models », cf. note 8, p. 24.

23JOHNSON et al. (2016). « Varia-
tion in stem mortality rates deter-
mines patterns of above-ground bio-
mass in Amazonian forests : implica-
tions for dynamic global vegetation
models », cf. note 8, p. 24.

24ESPIRITO-SANTO et al. (2014).
« Size and frequency of natural forest
disturbances and the Amazon forest
carbon balance », cf. note 5, p. 23.

25QUESADA et al. (2012). « Basin-
wide variations in Amazon forest
structure and function are mediated
by both soils and climate », cf. note 1,
p. 23.

26A. TYUKAVINA et al. (2017).
« Types and rates of forest distur-
bance in Brazilian Legal Amazon,
20002013 ». In : Science Advances
3.4, €1601047.

27MaLnl et al. (2014). « Tropical
Forests in the Anthropocene », cf.
note 71, p. 108.

28818T et al. (2015). « The Tro-
pical managed Forests Observatory :
A research network addressing the fu-
ture of tropical logged forests », cf.
note 116, p. 12.

29PyuTz et al. (2008). « Reduced-
impact logging : Challenges and op-
portunities », cf. note 105, p. 12.

30LAURANCE et al. (2009). « Im-
pacts of roads and linear clearings on
tropical forests », cf. note 40, p. 4.

31 ASNER et al. (2006). « Condition
and fate of logged forests in the Bra-
zilian Amazon. », cf. note 78, p. 9.

32 ASNER et al. (2005). « Selective
Logging in the Brazilian Amazon »,
cf. note a, p. 7; MALHI et al. (2014).
« Tropical Forests in the Anthropo-
cene », cf. note 71, p. 108.

33M. SCHULZE et al. (2008). « How
rare is too rare to harvest ?. Manage-
ment challenges posed by timber spe-
cies occurring at low densities in the
Brazilian Amazon ». In : Forest Eco-
logy and Management 256.7, p. 1443—
1457 ; RICHARDSON et PEREs (2016).
« Temporal decay in timber species
composition and value in amazonian

logging concessions », cf. note 62,
p. 7.
34ScuuLze et al. (2008).  Cf.

note 33.

Regional variation in the rate of timber volume recovery of all
potential timber species was consistent across logging intensities
and cutting cycle lengths (Figure 7.2a-e). Median timber recovery
was highest in Western Amazonia (0.26 [0.17,0.34] m3ha~tyr~! -
numbers in [] represent the 95% credibility interval) and lowest on
the Guiana Shield (0.20 [0.13, 0.27] m3ha~!yr—!). These results
resemble those from studies in old-growth forests that revealed
higher rates of both wood production and stand turnover in
western Amazonia than in the northeast?? that correlate with
lower community wood densities?® and are potentially due to
more frequent natural disturbances®*, or spatial differences in
seasonality and soil properties?®. For forest managed for timber,
this result means that logging regulations need to reflect regional
differences.

We stress that our model estimates are based on optimal sce-
narios of the recovery potential of Amazonian production forests
insofar as our plots showed no signs of having suffered severe recent
human disturbance prior to logging (e.g., fire, uncontrolled logging,
or fragmentation) whereas this is not the case for an estimated
one-third of Amazonian forests?% ; such disturbances might reduce
forest resilience to logging?”. Furthermore, reduced-impact logging
techniques were employed in most of our experimental sites®®,
but these recommended logging practices are seldom implemented
in the tropics®?. Moreover, by not harvesting big defective trees
and keeping them in the forest where they will produce seeds,
future tree generations could be more prone to rot or misshapes.
Finally, our scenarios do not account for post-logging degradation
(e.g., fires and illegal logging®") or deforestation!, which are fairly

ubiquitous in the region3?.

7.2 Would timber wood diversification
make selective logging sustainable ?

Lesser known Amazonian timber species compose a small share
of the global tropical timber market, which remains heavily do-
minated by a few overexploited species®®. Selective logging in
Amazonia usually targets one or two high-value species such as
mahogany (Swietenia macrophylla) and ipé (Handroanthus spp)3*
that typically represent <20% of the total volume in a particular
site®® and when overexploited their volume recovery within a ty-
pical 30-year cutting cycle is compromised3%. Due to low recovery
rates of prized timber species, what is available for second harvests
is often species with low timber market values compared to the
costs of extraction and transport3”. Because low timber values
of logged forests render them more prone to clearance, we echo
the familiar recommendation to develop markets for lesser-known
timber species®®. Given the thousands of tropical species with
potentially merchantable timber®?, it is unfortunate that the cur-
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rent hyper-selectivity of selective logging in Amazonia continues
to be due to consumer preferences?®. Therefore, efforts should be
done to change these preferences both in terms of species and size
of logs, e.g. the potential use of branches (and not only trunks)
could increase timber production without additional damage to
the stand.

Even if volume recovery scenarios include all the 348 lesser-
known timber species, our simulations indicated that with a log-
ging intensity of 20 m3ha~! logged forests recover at most 70%
of their pre-logging timber volumes (Figure 7.2) within a typical
30-yr cutting cycle. This result is consistent with a variety of
studies reporting that standard 30-yr to 40-yr cutting cycles are
insufficient for full recovery of timber stocks*'. This means that
even with a substantial increase in the number of merchantable
species, timber stocks will continue to decline in Amazonian pro-
duction forests if current logging practices (extraction of around
20 m3ha~! every 30 years) persist (Figure 7.3).

7.3 Slow recovery and rising pressure on
natural forests

In only two scenarios, low logging intensity and long cutting
cycle, Amazon-region wide timber production was sustained over
time at approximately 30 Mm?®yr—! (Figure 7.3b), close to the
actual timber demand in the region. However, in all scenarios,
median timber recovery from forest regrowth was < 30 Mm3yr—!
for the first 200 years of simulation (Figure 7.3c). This over-
harvesting results in a reduction in Amazon-wide timber stocks in
all scenarios (Figure 7.3a), meaning that natural forest regrowth
will be insufficient to supply the commercial demand in the long-
term. Moreover, the actual sawlog extraction could be higher
than official numbers suggest : illegal logging is ubiquitous in the
region and is estimated to produce a volume of wood equivalent
to 20-60% of the legal timber markets*?, further decreasing the
likelihood of a sustainable timber supply from Amazonian natural
forests.

While the fate of Amazonian production forests remains un-
certain, several studies call attention to the rising impacts of
human activities on the functioning and provision of ecosystem
services?3. Deforestation, forest degradation, and climate change
will continue to affect the resilience of Amazonian forests to future
disturbances including their ability to recover timber stocks after
logging®*. Moreover, trends in deforestation can be substantially
affected by political choices (e.g., road building®®, law enforce-
ment, agricultural subsidies, access to credit?6, and corruption7),
which were not considered in our conservative scenarios with no
deforestation. Therefore, our results represent the maximum po-
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FIGURE 7.3 — Predicted volume tra-
jectories (x-axis : time since first
logging, in years) of (a) total po-
tential timber, (b) potential timber
extracted annually and (c) annual
potential timber recovery over 300
years in Amazonian forests under
5 scenarios : standard logging rules
(20 m3ha~1, 30 yrs, red), low inten-
sity (10 m®ha—1, 30 yrs, blue), high
intensity (30 m3ha=! 30 yrs, green),
short cutting cycle (20 m3ha=1, 15
yrs, purple), long cutting cycle (20
m3ha—1, 65 yrs, orange). The area
available for logging in every pixel
of the map (Figure 7.2) was divided
into as many annual units as the
length of the cutting cycle (15, 30 or
65) so that one unit is logged each
year and each unit is logged again
at the end of the cutting cycle. So-
lid lines are the median predictions,
and shaded areas are the 95% cre-
dibility intervals. The dotted lines
(panels b and c) correspond to the
demand for sawlogs in the Ama-
zon biome. The grey area is the
range of projected sawlog demand
in 2060, based on increases in sawn-
wood consumption in South Ame-
rica estimated with the Global Fo-
rest Products Model (see methods).
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tential volume recovery of Amazonian production forests that
is unlikely be attained in the real world. Climate change is also
expected to decrease timber stocks and productivity through drier
and hotter climate leading to higher mortality of large trees*®
(Figure 7.4a). Increased frequency and intensity of disturbances
are expected to decrease potential timber stocks while timber
productivity is enhanced due to the decreased proportion of less
productive old-growth stands (Figure 7.4b).

7.4 Future timber production in
integrated forest landscapes

Our results show that with current cutting cycles and logging
intensities, forest regrowth is too slow to recover timber stocks
(Figure 7.2, Figure 7.3), highlighting the need to decrease the
pressure on natural production forests by adopting longer cutting
cycles, and reducing logging intensities and incidental damage to
the stand through reduced-impact techniques®®. Silvicultural inter-
ventions applied to increase the stocking, growth, and commercial
yields from merchantable species (e.g., liana cutting, future crop
tree liberation, and enrichment planting) could also help to turn
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the tide of forest depletion, but widespread use of such treatments
will require changing the predominant approach of timber mining
to forest management®. Adoption of more sustainable logging
rules will decrease the financial benefits from legal selective logging
and potentially lead to an increase in illegal logging and forest
conversion®'. This means that parallel to adopting longer cutting
cycles, additional efforts on law enforcement will be needed to
avoid promotion of illegal practices. These policies should include
regional coordination to avoid illegal trade and displacements
effects®®. The economic viability of tropical forest management
will also increase with timber prices, which are currently low
compared to production costs®®, and with sawmill efficiency, cur-
rently around 35%°*. Another opportunity to increase financial
revenues is to develop economic mechanisms to value other goods
and services provided by the forest such as carbon storage (e.g.,
REDD+), hydrology, biodiversity, ecotourism, and non-timber
forest product management>®.

Global demand for timber is expected to increase®®, which will
unlikely be met if current unsustainable logging practices conti-
nue®”. Adopting longer cutting cycles will not be enough : the
question now is how to produce the additional timber needed to
meet rising demands for wood products. Additional sources of tim-
ber could come from various restoration systems : plantations of
exotic or native species, enriched secondary or degraded forests®®,
integrated crop-livestock-forestry systems, and other agroforestry
systems®. Tree plantations have the potential to produce large
quantities of timber on relatively small areas : timber plantations
in Brazil, mostly fast-growing eucalyptus and pine, can produce
200-400 m3ha~! of roundwood on 10-15-year cycles®®, but techni-
cal alternatives with native species are still scarce in AmazoniaS!.
The rising interest in tropical forest restoration, initiated by the
Bonn challenge in 201152, has led Brazil to commit to restoring
12 Mha of forest by 2030%%, and has motivated an unprecedented
initiative to restore 30,000 ha of forests in the Brazilian Amazon

FIGURE 7.4 — Predicted effect of
an increase in future disturbance
regime (y-axis) and annual morta-
lity (x-axis) on (a) potential tim-
ber volume and (b) annual vo-
lume productivity in all Amazo-
nian areas available for logging.
Increasing the disturbance regime
(e.g. more frequent fires) decreases
the proportion of old-growth stands
and reduces the overall maturity of
forests while increasing the annual
mortality (e.g. in a drier and hot-
ter climate) decreases the long-term
volume potential of forests. The ef-
fects of increased disturbance re-
gime and annual mortality are illus-
trated in Figure 7.13.
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by 2023%4. These initiatives can provide opportunities to combine
efforts to restore environmental values (e.g. carbon, biodiversity,
and water cycle) including timber production%?, and fund applied

research for both ecological restoration and timber production®.

Promoting restoration will allow a long-term provision of tim-
ber, but can have negative effects like additional deforestation
due to lower economic value of natural forests®”. To effectively
conserve and restore high environmental value of forests, policies
must be thought in an integrated framework at the landscape
scale. Jurisdictional approaches are currently emerging from syner-
gies between corporate sector sustainable supply-chain initiatives,
government policies, and international programs like REDD+-%8.
This convergence of interests has resulted in the creation of pilot
“zero-deforestation ” jurisdictions®”, with the goal of enhancing
social inclusion and rural development while preserving natural
resources. Nonetheless, while jurisdictional approaches often focus
on avoiding forest conversion, the forest sector has taken little
part in these initiatives. The integration of all forest stakeholders
in the definition of landscape-level policies and the creation of
"zero-degradation-and-restoration” jurisdictions offer a promising
way to preserve the remaining tropical forest areas while ensuring
the long-term provision of tropical timber worldwide.

7.5 Materials and methods

The data assimilation flowchart is presented in Figure 7.5 : input
data are represented as grey boxes on the left and top of the
diagram.

7.5.1 Inventory data

On the data assimilation flowchart (Figure 7.5), input data are
presented in grey boxes on the left and top of the diagram, with
inventory data having clearer boxes with thicker borders. Our
study includes data from 15 long-term (8-30 year) experimental
forest sites (845 ha total) in the Amazon Basin and on the Guiana
Shield (Figure 7.6a) that are part of the TmFO network™. All sites
are located in terra firme forests with mean annual precipitation
>1000 mm, experienced different logging intensities, and have
at least one pre-logging census and two post-logging censuses.
In each plot, all stems with diameter at breast height (DBH)
>50 cm were measured ; 82% of trees were identified to species
and 15% to genus. For sites with plots <1 ha, data from those
with the same treatment were aggregated to mitigate the small
plot effect on the variation in density of large trees. Additionally,
single measurement plot data from the RadamBrasil project”
were made available by the Brazilian Institute of Geography and
Statistics (IBGE)™. We used 2646 1-ha forest inventory plots
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from across the Brazilian Amazon (Figure 7.6b) in which all trees
>33 cm DBH were measured and identified to species between
1973 and 1982.

Volume
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7.5.2 Spatial data

On the data assimilation flowchart (Figure 7.5), spatial data are
presented in darker grey boxes. Environmental data were extracted
from WorldClim 2.0™ (precipitation, seasonality of precipitation
and solar radiation) and SoilGrids™ (bulk density, CEC, soil
depth, proportion of clay, of sand and of coarse fragment) at
1 km resolution. Annual stem mortality rates (as a proportion
of live stems), estimated with the metadata from Johnson and
colleagues™®, were extracted from the ForestPlots database™ and
interpolated with the R package gstat”” on a 1° resolution grid.
The potential volume, i.e. the volume at climax, and the gross
volume productivity at climax were estimated with a recently
developed method™ with the individual-tree-based gap model
FORMIND™. Potential volume was calculated as the volume
of all trees >50 cm DBH (per ha) in a mature forest; climax
gross volume productivity (GVP in Figure 7.5) was calculated as
the gross volume gain from photosynthesis (before accounting for
respiration losses) of trees >50 cm DBH in a mature forest. Raster
maps of potential volume and climax gross volume productivity
were created at 1 km? resolution. The map of areas available for
logging (Figure 7.9) was constructed as the intersection of 3 maps :
a buffer of 25 km around all roads and motorable tracks from the
OpenStreetMap database® ; the map of areas outside of protected
areas from the World Database on Protected Areas® (except the
category VI of the IUCN classification, i.e. areas with sustainable
use of natural resources, which we included in the analysis) ; and,
pixels with >90% forest cover from the map developed by Hansen

and colleagues®?.

FIGURE 7.5 — Data assimilation dia-
gram. Grey boxes are the input
data spatial data have darker
grey boxes and inventory data have
thicker borders; white rectangular
boxes are the outputs of the mo-
dels : intermediate results have thin
borders, and final results have thi-
cker borders; round boxes are the
models. Numbers refer to the equa-
tions corresponding to each model.

Fick et HuMANs  (2017).
« WorldClim 2 : New 1-km spatial
resolution climate surfaces for global
land areas », cf. note 22, p. 29.

74T, HENGL et al. (2017). « Soil-
Grids250m : Global gridded soil infor-
mation based on machine learning ».
In : PLOS ONE 12.2. Sous la dir. de
B. BoND-LAMBERTY, €0169748.

75 JOHNSON et al. (2016). « Varia-
tion in stem mortality rates deter-
mines patterns of above-ground bio-
mass in Amazonian forests : implica-
tions for dynamic global vegetation
models », cf. note 8, p. 24.

6G.  LopEz-GONZALEZ et al.
(2009). ForestPlots.net Database.

“TE. PEBESMA (2004). « Multiva-
riable geostatistics in S : the gstat
package. » In : Computers € Geos-
ciences 30, p. 683-691.

T8RODIG et al. (2017). « Spatial
heterogeneity of biomass and forest
structure of the Amazon rain forest :
Linking remote sensing, forest model-
ling and field inventory », cf. note 24,
p- 29.

T9FISCHER et al. (2016). « Lessons
learned from applying a forest gap
model to understand ecosystem and
carbon dynamics of complex tropical
forests », cf. note 27, p. 93.

800, CONTRIBUTORS
OpenStreetMap.

(2018).

8IUNEP-WCMC et IUCN (2016).
Protected Planet : The World Data-
base on Protected Areas (WDPA).

82M. C. HANSEN et al. (2013).
« High-Resolution Global Maps of
21st-Century Forest Cover Change ».
In : Science 342.November, p. 850—

854. arXiv : 1011.1669v3.


http://arxiv.org/abs/1011.1669v3

130

La production de bois des foréts amazoniennes peut-elle étre durable ?

FIGURE 7.6 — Location of inventory
sites used in this study. (a) The
15 experimental permanent forest
sites : the size of the points repre-
sents the total monitored area, and
the colour (from yellow to red) re-
presents the total length of the ex-
periment, as the time interval (in
years) between the first and the last
census. (b) The 2646 1-ha forest in-
ventory plots from the RadamBra-
sil project.
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7.5.3 Volumetric equation.

To convert DBH measurements into volumes we calibrated a
volumetric equation with the data (DBH and volume) from the
RadamBrasil plots. For each plot p, we calibrated the following
equation :

log(V;) = ap + b - log(DBH;) (7.1)
where V; (m®) and DBH; (cm) are the volume and DBH of a
given tree 7, a, is the intercept for plot p, and b is the slope (one
for all plots). To predict parameter a for the study area we used
a Random Forest model algorithm® where predictors are climate
variables from WorldClim®! and soil variables from SoilGrids®.
The inferred distribution of parameter b was :b ~ N'(2.174,0.0062) ;
spatialised parameter a values are shown in Figure 7.14.

7.5.4 Volume dynamics data.

The total volume of plot p in site s at census k is calculated as :

Vip=>_ Vik (7.2)

i€lg,p

where V; ;. is the volume of stem 4 at census k, and I}, is the
set of live stems > 50 cm DBH at census & in plot p.

Due to post-logging silvicultural treatments that induced ad-
ditional tree mortality for as long as 4 years post-logging®®, | we
estimate the minimum volume attained within 4 years after log-
ging and start our recovery study at that time (hereinafter noted
census k = 1). Post-logging volume loss dV,, from plot p is the
difference between the pre-logging volume 1}, and the minimum
post-logging volume V1, :

Vo =Vop,—Vip (7.3)
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Annual volume gain (from growth of trees > 50 cm DBH and
recruitment of trees < 50 cm DBH) at census k£ > 2 in plot p is
calculated as :

AVgep=| D Vig = Vie—1) | (te — to—1) ™! (7.4)

i€lg p

where £ is the number of years between the first post-logging
census k = 1 and census k (in years).

The contribution of recruitment to annual volume gain is
calculated as :

PRip = S© 0 Vi | (ke —tim) HAVGp) Tt (7.5)
ie(Ik,p\kal,p)

where Iy, \ Ir—1, are all live trees with DBH < 50 cm at
census k — 1 and DBH > 50 cm at census k.

Annual volume loss from mortality is calculated as :

AVmy, = Z Vik—1 | (b — ti1) ™ (7.6)
iG(kal,p\Ik,p)

where (Iy—1p \ Irp) are all live trees > 50 cm DBH at census
k that are dead at census k£ — 1.

The VDDE model is calibrated with cumulative volume
changes (gain and loss) instead of annual volume changes, because
they are less prone to stochastic variations. Cumulative volume
gain (c¢Vg) and cumulative volume mortality (cV'm) are defined
as :

Vakp= > (AVgip)(tr — tx1) (7.7)
1<i<k

CmG;,p = Z (AVmi,p)(tk - tk—l) (7.8)
1<i<k

7.5.5 Proportion of timber species.

Our list of Amazonia-wide timber species is derived from : (i) a
working list of commercial timbers®” ; (ii) commercial species lists
provided by national forest services®® ; and, (iii) timber species
identified by TmFO site principal investigators (personal commu-
nications). The list of potential timber species found in both forest

inventories used in this study and the complete list of commercial
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Tree Species. Rapp. tech., p. 13—48.
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Comerciales; GUITET et al. (2016).
Sylviculture pour la production de
bois d’oeuvre des foréts du Nord de
la Guyane, cf. note 42, p. 95; S. F.
B. BRrASIL (2016). Espécies madeirei-
ras de interesse comercial.
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species is provided in the supplementary material (Section 7.7.1).
The proportion of potential timber in the total volume was then
calculated as :

wk7p = (7'9)
where T}, ,, are all individuals from species on the list of timber
species, at census k in plot p.

7.5.6 The VDDE model

The Volume Dynamics with Differential equations (VDDE) model
that was introduced and described in detail in® was calibrated
with volume dynamics data (volumes, volume gain, volume mor-
tality, post-logging volume loss) from permanent sample plots.
Calibration was carried out using an adapted form of the Hamil-
tonian Monte Carlo using Stan’s programming language®, and
was developed in R?! (Table 7.1 provides parameters prior and
posterior).

The total volume of trees > 50 cm DBH at census & in plot p
was modelled as :

Viep ~ LogN (uVip 0‘2/) (7.10)

with oy the standard deviation, and 1V}, , the expected volume
at census k in plot p defined as”? :

1WVip = Vol(rip + ty) 7.11)
_ OéG,p (1 _ 0 . e_ﬁG(Tl,p'f‘tk) _ BG . e_e(Tl,p—"_tk))
f 0 — Ba
OéGp 9 . e_ﬁlbl'('rl,p'i‘tk) _ IBM . 6_9(71,p+tk)
_ (0 — vmaa:p> (1 — -

where Vol is the volume prediction as a function of the stand
maturity, described in”3 ; T1,p is post-logging forest maturity ; ¢, is
the number of years between the first post-logging census and cen-
sus k ; o p is the climax gross volume productivity (m3ha~tyr—1);
vmaxy, is the potential volume (m?ha=1); Bg and By are the rates
at which the climax gross volume productivity and mortality are
reached ; 6 is the rate of volume loss from respiration. The volume
gain, from the growth of trees > 50 cm DBH (including new
recruits) was modelled as :

Vgpp ~ logN (uGyp , 02) (7.12)

with o¢ the standard deviation, and puGy, ;, the expected vo-
lume gain at census k, in plot p defined as®* :
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Tl,p+tk 75 +
G p = / (aGm (I—ePe%)—0- th,p)dt (7.13)

1,p

Annual volume loss from tree mortality in plot p at census k
was modelled as :

Vg ~ logN (nMyy . 03y) (7.14)

with o) the standard deviation, and pMj, the expected
volume mortality at census k, in plot p defined according to
equation” :

T1,pHlk
My, = / " (o ) (7.15)

1,p

Volume loss caused by logging in plot p was modelled as” :

Vsp ~ N(uDsp ‘7123) (7.16)

with op the standard deviation, and Dy, the expected post-
logging volume loss in plot p from site s defined as”7 :

puDgp, = Vol(1ys) — Vol(Tip) (7.17)

where 75 is pre-logging maturity estimated at site s (see
equation 7.20).

We also used 1216 single-measurement plots (RadamBrasil)
in minimally disturbed forests”® as our reference for undisturbed
forests. We model their volume as :

va ~ lOgN(VOl(T()’p) ) O-Zadam) (718)

with oyqdem the standard deviation; Vol(7p) the expected
volume in plot p according to equation 7.11; 79, was estimated
with equation 7.20, setting the pre-logging disturbance di to 0
(plots located in minimally disturbed forests).

7.5.7 Modelling spatial variation in volume
dynamics.

Model parameters B¢a, By and 6 were assumed to be constant
across Amazonia. 3 parameters of the VDDE model were expres-
sed as a function of spatially-explicit variables : (i) the climax
gross volume productivity a¢; (ii) the potential volume vmaz,
and (iii) the pre-logging forest maturity 79. The climax gross
volume productivity ag was extracted from the map obtained
with FORMIND?? (see paragraph "Spatially-explicit variables").
Because the climax volume vmax is expected to vary with soil
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98 TYUKAVINA et al. (2015). « Pan-
tropical hinterland forests : Mapping
minimally disturbed forests », cf.
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structure of the Amazon rain forest :
Linking remote sensing, forest model-
ling and field inventory », cf. note 24,
p- 29.
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and topography, we allowed it to vary between plots among and
within site. The climax volume in plot p was modelled as :

(7.19)

vmaz, ~ N (Velimaxs, Tomaz)

where oymas is the standard deviation, and V climax is the cli-
max volume predicted with FORMIND!® at site s (see paragraph
"Spatially-explicit variables").

The pre-logging maturity 79 s in site s was modelled as :

1 \* ,
T70,s = (mort5> : (1 — (5@5)

where morts is the annual stem turnover rate (%)'", and
A > 0 is a power parameter to the relationship between the
maturity and the stem turnover rate. In our study area, Western
Amazonian forests grow on nutrient-rich but unstable soils'®? and
are thus more prone to natural disturbances like big blow-downs!?3
than northeastern Amazonian forests. Frequent disturbances and
high resource availability favour fast-growing species with high
turnover rates. For this reason we chose the stem turnover rate as a
proxy of the disturbance regime. Because in some sites there were
human disturbances prior to the logging experiment, we added a
parameter di; that represents the gap between the estimated and
the expected pre-logging maturity at site s (Table 7.1 provides
parameters prior and posterior).

(7.20)

101
)

7.5.8 Proportion of potential timber species.

Proportion of potential timber species. Let wg be the proportion
of pre-logging total volume composed of potential timber species.
We make the conservative assumption that in the absence of
logging this proportion is constant. Timber proportions in the
2660 RadamBrasil plots and pre-logging in TmFO plots were
interpolated to generate a map of potential timber proportion
(Figure 7.8). Because most plots were installed during the 1970s'04,
this map does not account for the impact of logging and forest
degradation that occurred during the following decades!®®. It
represents the maximum timber proportion (in % of the total
volume) that can be expected at each location.

7.5.9 Logging precision model.

Because logging targets timber species, each harvest modifies
their proportion in the total volume. The relationship between
the volume of timber species extracted Vext and the total volume
loss 6V was modelled as follows!'%6 :

Vext
1%

= wext ~ Beta(o, B) (7.21)
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with a > 0, § > 0 the shape parameters.

E (wext) = - i 5= wp Y (7.22)
Var (wext) =e- (1 — E (wext)) - E (wext) (7.23)

with e > 0 an error parameter and ¢ € [0,1] the logging
precision : when ¢ = 1 only timber species were killed during
logging operations (no incidental damage) ; when 9 = 0, logging
randomly killed timber and non-timber species. Var(wezt) = 0
when wy = 0 or when wy = 1 : when there are only/no timber trees,
only timber/non-timber trees killed. The post-logging proportion
of timber volume was calculated as :

Vo -wog — Vext %—Ve:nt-wgl
w1 = = Wwo P—1
Vo — oV Vo — Vext - w

(7.24)

where Vy and wg are the pre-logging volume and proportion
of timber volume respectively (parameters prior and posterior are
in Table 7.1, and model predictions are presented in Figure 7.10).

7.5.10 Recruitment model.

After logging, the proportion of timber volume recovers by re-
cruitment into the > 50 cm DBH class. We assume that the
proportion of timber volume in trees < 50 cm DBH is wy, the
same as trees > 50 cm DBH and is not affected by logging. Let
wj be the proportion of commercial timber volume j years after
logging. In our simulations, we thus update w;;1 according to the
following equation :

Vol(ti +j +1) - wjp1 =Vol(11 + j) - wj (7.25)

+g9(n+j)- | wo-pRj +w;-(1—pRy)
——— —_——
recruitment growth

—m(11 +J) - wj

with 7 + j the stand maturity and Vol(m + j) the corres-
ponding volume j years after logging; pR; the proportion of
recruitment over the total volume gain g(71 + j), and m(7 + 7)
the volume loss from mortality j years after logging. We model
the proportion of recruitment of trees < 50 cm DBH in plot p as :

logit(pRy) ~ N (70 + 71 - In(V}) , o) (7.26)

where v and y; > 0 are respectively the intercept and slope
of the relationship, and op the standard deviation. In this model,
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the proportion of recruitment is 1 when the total volume is null
and decreases thereafter. Because there was strong inter-annual
variation in the number of recruited trees, we used the mean value
pR, and the mean volume V), over all censuses in each plot p
(Table 7.1 provides parameters prior and posterior).

7.5.11 Accounting for defective stems

A significant part of large trees in natural forests have hollows or
other defects that make them unsuitable for timber uses'%?. The
proportion of commercial volume with defects unacceptable for
sawmills ranges 20-50% in the Brazilian Amazon'®®; an extensive
data collection in forest concessions in French Guiana reported
that on average 20% of harvestable stems had hollows and were
not harvested (ONF : personnal communication ;'%?). We thus
multiplied all timber volumes in our simulations by a factor (1-
Pdef), with Pdef the proportion of defective volume modelled
as :

Pdef ~ Beta(2,8) (7.27)

The mean value of Pdef is thus a conservative 20% ; to reflect
the uncertainty on this value, we chose a distribution with a large
95% credibility interval (3% - 48%).

7.5.12 Simulations of timber recovery.

Simulations were carried for every pixel of a 1° grid. We simu-
lated 5 scenarios : (1) standard logging rules (logging intensity
Vext = 20 m*ha~!, cutting cycle 30 yrs) ; (2) low logging intensity
(10 m3ha—1) with a median cutting cycle (30 years); (3) high
logging intensity (30 m3ha~!) with a median cutting cycle; (4)
short cutting cycle (15 years) with a median logging intensity (20
m3ha~1); (4) long cutting cycle (65 years) with a median logging
intensity (20 m3ha=1).

In each scenario, we consider that each year ﬁ of the area
available for logging is actually logged (with trot the cutting
cycle), so that an area is logged every trot years and the total
area logged each year is constant. Due mostly to slope restrictions
in Amazonia, the area logged typically represent 60% of the total
area allocated for logging!'®. Using data from logging concessions
in French Guiana (reported in Figure 7.15), we multiplied the
annual harvested area by a coefficient © ~ Njp 1(0.58, 0.132%),
where ./\/;[071] is the normal distribution truncated between 0 and
1.

To propagate errors on results, the following steps were repea-
tedly taken :

1. At each location, model parameters are drawn from their
posterior distribution. Timber volumes (per ha) are calcula-
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ted as :
Vipiz = Vol(Ttpiz1) - We iz, - (1 — Pdef) (7.28)

where V; i, is the predicted timber volume ¢ years after the
first harvest in pixel pix in scenario I, 7 pi,; is the predicted
maturity , Vol(7; pig,;) is the volume of all trees > 50 cm
DBH according to equation 7.11, wy pi is the proportion
of timber volume and Pdef is the proportion of defective
volume ;

2. For each pixel, each time step ¢ € [1,300] and each scenario
1 <1 <5, the total timber volume is calculated as :

Vitot, = Z (Vi piz,1) - areapy - 7

pix

(7.29)

where V; iz is the timber volume (per ha) ¢ years after the
first harvest in pixel pix in scenario [ ; and areap, - 7 is the
area (ha) inside pixel piz that is available for logging.

3. The real extracted volume (per ha) from each pixel piz is
calculated as the minimum between the extracted volume in
scenario [ (i.e. the timber volume expected to be harvested)
and the timber volume at the time of logging (i.e. the timber
volume actually available in pixel pixz). The total extracted
volume at year t is the sum of the actual extracted volume
from areas logged at t.

4. Potential timber volume recovery (%) is calculated as the
increase in potential timber volume over the first cutting
cycle, divided by the total extracted volume (Figure 7.2).
The annual timber recovery is calculated as the increase
in potential timber volume between two consecutive years
(Figure 7.3).

Steps 1-4 were repeated 100 times and summary statistics were
calculated. Timber recovery and timber extraction were compared
to the current and future demand for sawlogs. Current demand
was assessed as the production of sawlogs in the Amazon region
in 2004, 31 Mm? according to the Imazon'!!. Future increase in
demand was assumed to follow the trend of increase in sawnwood
consumption in South America as projected with the Global
Forest Products Model''2. We thus computed the proportional
increase predicted between 2006 and 2060 for 4 Intergovernmental
Panel on Climate Change Scenarios (A1B, A2, B2 and A1B-Low
Fuelwood)!!® and multiplied the current demand for sawlogs by
this increase to get the future demand for sawlogs (Figure 7.3).

7.6 Data and code availability

The data used in the analyses are available at https ://fig-
share.com/s/336dcbff400a812a56ea.

Associated computer codes are available at https ://fig-
share.com/s/9873edea9c1e8fe98993.

ML ENTING et al. (2005). Fatos Flo-
restais da Amazénia 2005 (Amazo-
nian Forest Facts), cf. note 1, p. 119.

H2ByoNGIORNO et al.  (2012).
« Outlook to 2060 for World Forests
and Forest Industries : A Technical
Document Supporting the Forest
Service 2010 RPA Assessment »,
cf. note 2, p. 119.

H31bid.
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TABLE 7.1 — Parameters description. For each model, we describe the parameters
used in this study : their name, meaning, prior distribution and the maximum
likelihood and 95% credibility interval (between brackets) of the posterior.
Model Parameter Description Prior Posterior
Volume A Power on turnover rate U(1.2,1.5) 1.4 [1.4, 1.5]
dynamics O Pre-logging maturity loss (0, 1) 0.17 [0.0011, 0.62]
tip.s Post-logging maturity U0, tos) 64 [44, 370]
Ba Volume gain rate U(0,in(2)) 0.0041 [0.0028, 0.0039]
Bm Volume mortality rate U(o, agff") 0.0024 [0.0014, 0.0022]
0 Respiration rate 4(0,0.1) 0.022 [0.019, 0.022]
oy Volume stand. dev. No,4+00[(0,1) 0.086 [0.082, 0.12]
oG Vol. gain stand. dev. No,400[(0,1) 0.39 [0.34, 0.41]
oM Vol. mort. stand. dev. [0,400[(0,1) 0.33 0.3, 0.37]
op Logging vol. loss stand. Ny 4o0((0,1) 8.5 [7.6, 9.6]
dev.
Oradam Vol. stand. dev. (Radam) N 10[(0,1) 0.75 [0.71, 0.86]
Logging P Logging precision U,1) 0.56 [0.46, 0.65]
precision e Log. prec. error U,1) 0.33 [0.22, 0.58]
Proportion Yo Intercept N(0,1073) 2.7 2.2, 3.2
of T Slope N(0,1073) -0.57 [-0.68, -0.44]
recruitment  op Standard deviation Nio,4+00[(0,1) 0.24 [0.21, 0.31]
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FIGURE 7.7 — Goodness of fit of
the model predictions to the dyna-
mic volume data. Observed values
of (a) cumulative volume gain, (b)
cumulative volume mortality and
(c) total volume (m3ha~!) are on
the x-axis, while the corresponding
predicted values are on the y-axis.
Points of the same colour are from
the same site (see legend on the
right panel).
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FIGURE 7.8 — Map of timber propor-
tion in Amazonia. This map was
built by interpolating the propor- 90 &
tion of potential timber volume in E
3500 ha of forest inventory plots 80 3
(prior to logging). The proportion B
of timber volume is the proportion 70 £
of the total volume that is found g
in timber species (the list of timber g
species is provided at theend of the 60 2
supplementary material).
T T T T T T T
-80 -75 -70 -65 -60 -55 -50 -45
(a) road buffer (b) > 90% forest cover (c) protected areas

FIGURE 7.9 — Map of areas avai-
lable for logging. (a) Areas within
25 km of a vehicle way (blue);
(b) areas with forest cover > 90%
(blue) (c) areas inside protected
areas (orange). (d) Area considered
as available for selective logging in
this study, that obtained as the in-
tersection of maps (a) and (b), from
which areas in (c) were excluded.

@ Protected area (47%)

B Inaccessible forest (25%)
Forest available
for logging (28%)
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FIGURE 7.10 — Prediction of the log-
ging precision (proportion of tim-
ber volume in logging losses), as a
function of pre-logging proportion
of timber volume. Each point is a
logged plot. The shaded area is the
95% credibility interval of predic-
tions, with the darker area being
the 95% credibility interval of the
expectation.

FIGURE 7.11 — Lower bound of the
95% credibility interval on poten-
tial timber volume recovery in Ama-
zonia after one selective harvest pre-
dicted under 5 scenarios : (a) stan-
dard practices : 20 m®ha~—! of tim-
ber extracted and a cutting cycle
length of 30 years; (b) low logging
intensity : 20 m3ha~1!, 30 years; (c)
high logging intensity : 30 m3ha~1,
30 years ; (d) short cutting cycle : 15
years, 20 m*ha~1; (e) long cutting
cycle : 65 years, 20 m3ha—1. Co-
lours range from red (no recovery)
to green (full recovery).

FIGURE 7.12 — Upper bound of the
95% credibility interval on poten-
tial timber volume recovery in Ama-
zonia after one selective harvest pre-
dicted under 5 scenarios : (a) stan-
dard practices : 20 m®ha~! of tim-
ber extracted and a cutting cycle
length of 30 years; (b) low logging
intensity : 20 m3ha~1!, 30 years; (c)
high logging intensity : 30 m3ha~1,
30 years ; (d) short cutting cycle : 15
years, 20 m3ha~!; (e) long cutting
cycle : 65 years, 20 m3ha~!. Co-
lours range from red (no recovery)
to green (full recovery).
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FIGURE 7.13 — Effect of higher mor-
tality rate and disturbance regime
on the volume predictions. The
black thick curve is the predicted
volume (y axis) as a function of
the stand maturity (x axis). The
black dot is the initial position of
the stand. The dark red arrow is
the effect of a higher disturbance re-
gime, i.e. decrease in the stand ma-
turity but volume potential is not
affected and the stand can recover
its initial volume if the disturbances
stop. The blue arrow is the effect of
a higher annual mortality rate, re-
sulting in a decrease in the poten-
tial volume : the blue dotted line
is the new volume predictions. The o -
purple arrow is the combined effect T T T T T T T

of higher disturbance regime and 0 50 100 150 200 250 300
annual mortality.

Disturbance

150
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r
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FIGURE 7.14 — Map of predicted va- 0.00024

lues of the intercept a in the volu-
metric equation 7.1.
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FIGURE 7.15 — Histogram of the pro-
portion of the total area that has
actually been harvested in French
Guiana logging concessions from
1995 to 2016. The data have been
reported by the French national fo-
rest service (ONF).
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7.7.1 List of potential timber species

Here we provide the complete list of the 943 species recorded
in the forest inventories used in this study (from RadamBrasil
or TmFO data) that were registered as commercial in either (i)
the Timber working List'!4, (ii) commercial species lists provided
by national forest services!'®
TmFO sites principal investigators (personal communications).

or (iii) timber species provided by

Abarema jupunba, Abarema mataybifolia, Acacia bonariensis,
Acacia huilana, Acacia kuhlmannii, Acosmium cardenasii, Acos-
mium dasycarpum, Acosmium nitens, Acrodiclidium aureum, Ago-
nandra brasiliensis, Agonandra silvatica, Albizia niopoides, Albizia
pedicellaris, Alchornea discolor, Alchornea triplinervia, Alchor-
neopsis floribunda, Aldina retusa, Alexa grandifiora, Alexa wachen-
heimii, Allantoma lineata, Amaioua guianensis, Amanoa congesta,
Amanoa guianensis, Ambelania acida, Amburana cearensis, Am-
pelocera ruizii, Amphirrhox longifolia, Anacardium giganteum,
Anacardium occidentale, Anacardium spruceanum, Anadenanthera
colubrina, Anadenanthera peregrina, Andira coriacea, Andira iner-
mis, Andira parviflora, Aniba burchellii, Aniba canelilla, Aniba
citrifolia, Aniba guianensis, Aniba hostmanniana, Aniba panu-
rensis, Aniba rosaeodora, Aniba taubertiana, Aniba williamsii,
Annona exsucca, Annona paludosa, Annona prevostiae, Anthodis-
cus amazonicus, Antonia ovata, Apeiba albiflora, Apeiba aspera,
Apeiba echinata, Apeiba glabra, Apeiba membranacea, Apeiba pe-
toumo, Apuleia leiocarpa, Apuleia molaris, Aspidosperma album,
Aspidosperma cuspa, Aspidosperma cylindrocarpon, Aspidosperma
desmanthum, Aspidosperma discolor, Aspidosperma excelsum, As-
pidosperma helstonei, Aspidosperma macrocarpon, Aspidosperma
megalocarpon, Aspidosperma multiflorum, Aspidosperma nitidum,
Aspidosperma oblongum, Aspidosperma obscurinervium, Aspido-
sperma polyneuron, Aspidosperma populifolium, Aspidosperma
pyrifolium, Aspidosperma rigidum, Aspidosperma sandwithianum,
Aspidosperma spruceanum, Aspidosperma tomentosum, Aspido-
sperma vargasii, Astronium fraxinifolium, Astronium gracile, As-
tronium graveolens, Astronium lecointei, Astronium urundeuva,
Bagassa guianensis, Balfourodendron riedelianum, Balizia pedi-
cellaris, Batesia floribunda, Batocarpus amazonicus, Bertholletia
excelsa, Bira arborea, Bira orellana, Bocageopsis multiflora, Bocoa
prouacensis, Bombacopsis nervosa, Bombax globosum, Bombax
munguba, Bowdichia nitida, Bowdichia virgilioides, Brosimum
acutifolium, Brosimum alicastrum, Brosimum amplicoma, Bro-
stmum aubletii, Brosimum gaudichaudii, Brosimum guianense,
Brosimum lactescens, Brosimum lanciferum, Brosimum paraense,
Brosimum parinarioides, Brosimum potabile, Brosimum rubescens,
Brosimum uleanum, Brosimum utile, Buchenavia capitata, Buche-
navia grandis, Buchenavia guianensis, Buchenavia huberi, Buche-
navia nitidissima, Buchenavia parvifolia, Buchenavia punctata,
Buchenavia tetraphylla, Buchenavia tomentosa, Byrsonima ae-

H4NARK et al. (2014). A Working
List of Commercial Timber Tree Spe-
cies, cf. note 87, p. 131.

HUSpgry  (2016). Lista Oficial
de FEspecies Forestales Maderables
Aprovechables con Fines Comer-
ciales, cf. note 88, p. 131; GUITET
et al. (2016). Sylviculture pour
la production de bois d’oeuvre
des foréts du Nord de la Guyane,
cf. note 42, p. 95; BRAsIL (2016).
Espécies madeireiras de interesse
comercial, cf. note 88, p. 131.
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rugo, Byrsonima densa, Byrsonima laevigata, Byrsonima spicata,
Cabralea canjerana, Caesalpinia pluviosa, Calatola venezuelana,
Callisthene fasciculata, Calophyllum brasiliense, Calycophyllum
spruceanum, Campsiandra laurifolia, Candolleodendron brachys-
tachyum, Capirona decorticans, Capirona huberiana, Capparidas-
trum frondosum, Caraipa densifolia, Caraipa grandifolia, Caraipa
punctulata, Caraipa racemosa, Carapa guianensis, Carapa procera,
Carapa surinamensis, Cariniana decandra, Cariniana domestica,
Cariniana estrellensis, Cariniana ianeirensis, Cariniana micran-
tha, Cariniana rubra, Caryocar brasiliense, Caryocar glabrum,
Caryocar microcarpum, Caryocar villosum, Caryodendron ama-
zonicum, Casearia decandra, Casearia gossypiosperma, Casearia
guianensis, Casearia javitensis, Casearia pitumba, Casearia syl-
vestris, Cassia adiantifolia, Cassia apoucouita, Cassia ferruginea,
Cassia leiandra, Cassia spruceana, Cassipourea guianensis, Catos-
temma commune, Catostemma fragrans, Cecropia sciadophylla,
Cedrela fissilis, Cedrela odorata, Cedrelinga cateniformis, Ceiba
burchellii, Ceiba pentandra, Ceiba samauma, Centrolobium micro-
chaete, Centrolobium paraense, Chaetocarpus schomburgkianus,
Chamaecrista apoucouita, Chaunochiton kappleri, Chaunochiton
Kappleri, Cheiloclinium cognatum, Chimarrhis turbinata, Chlo-
rophora tinctoria, Chrysophyllum anomalum, Chrysophyllum ar-
genteum, Chrysophyllum auratum, Chrysophyllum gonocarpum,
Chrysophyllum lucentifolium, Chrysophyllum oppositum, Chry-
sophyllum pomiferum, Chrysophyllum prieurii, Chrysophyllum
sanguinolentum, Chrysophyllum venezuelanense, Chytroma basila-
ris, Clarisia biflora, Clarisia racemosa, Clathrotropis macrocarpa,
Coccoloba mollis, Commelina virginica, Conceveiba guianensis,
Copaifera duckei, Copaifera glycycarpa, Copaifera guianensis, Co-
paifera langsdorffii, Copaifera multijuga, Copaifera reticulata, Cor-
dia alliodora, Cordia bicolor, Cordia glabrata, Cordia goeldiana,
Cordia nervosa, Cordia sagotii, Cordia trichotoma, Couepia brac-
teosa, Couepia caryophylloides, Couepia guianensis, Couepia ha-
brantha, Couepia leptostachya, Couepia magnoliifolia, Couepia
obovata, Couepia parillo, Couma guianensis, Couma macrocarpa,
Couma utilis, Coumarouna ferrea, Coumarouna rosea, Coura-
tari calycina, Couratari gloriosa, Couratari guianensis, Couratari
macrosperma, Couratari multiflora, Couratari oblongifolia, Cou-
ratari pulchra, Couratari stellata, Couroupita guianensis, Crudia
amazonica, Crudia aromatica, Cupania scrobiculata, Curatella
americana, Cybianthus guyanensis, Cybianthus microbotrys, Cy-
clolobium blanchetianum, Dacryodes nitens, Dactyloides nitens,
Dalbergia spruceana, Dendrobangia boliviana, Dendropanaz arbo-
reus, Dialium guianense, Dialyanthera parvifolia, Diatenopteryx
sorbifolia, Dicorynia guianensis, Didymopanax morototons, Di-
morphandra exaltata, Dimorphandra glabrifolia, Dimorphandra
mollis, Dimorphandra parviflora, Dimorphandra polyandra, Dini-
zia excelsa, Diospyros capreifolia, Diospyros carbonaria, Diospyros
gutanensis, Diospyros vestita, Diploon venezuelana, Diplotropis
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martiusii, Diplotropis purpurea, Diplotropis racemosa, Diplotro-
pis triloba, Dipteryx alata, Dipteryr magnifica, Dipteryx odorata,
Dipteryx polyphylla, Dipteryx punctata, Discophora guianensis,
Drypetes fanshawei, Drypetes variabilis, Duckeodendron cestroides,
Duckesia verrucosa, Duguetia cauliflora, Duguetia echinophora,
Duroia eriopila, Duroia longiflora, Duroia micrantha, Ecclinusa
guianensis, Fcclinusa ramiflora, Eglerodendron pariry, Elizabe-
tha paraensis, Elizabetha princeps, Elvasia elvasioides, Emmotum
fagifolium, Emmotum nitens, Endlicheria bracteata, Endlicheria
bracteolata, Endlicheria melinonii, Endopleura uchi, Enterolobium
contortisiliqguum, Enterolobium maximum, Enterolobium oldema-
nit, Enterolobium schomburgkii, Enterolobium timbouva, Eperua
falcata, Eperua grandiflora, Eperua oleifera, Eperua rubiginosa,
Eriotheca globosa, Eriotheca longipedicellata, Eriotheca longitubu-
losa, Erisma calcaratum, Erisma laurifoliuvm, Erisma uncinatum,
Erythrina glauca, Eschweilera amara, Eschweilera amazonica, Es-
chweilera apiculata, Eschweilera blanchetiana, Eschweilera char-
taceifolia, Eschweilera collina, Eschweilera congestifiora, FEsch-
weilera coriacea, Eschweilera decolorans, Eschweilera grandiflora,
FEschweilera grandifolia, Eschweilera odora, Eschweilera ovata,
Eschweilera paniculata, Eschweilera parviflora, Eschweilera pedi-
cellata, Eschweilera sagotiana, Eschweilera simiorum, Eschweilera
squamata, Fschweilera wachenheimii, Eugenia anastomosans, Fu-
genia coffeifolia, Eugenia cupulata, Eugenia lambertiana, Fugenia
latifolia, Eugenia patrisii, Eugenia pseudopsidium, Euplassa pin-
nata, FEuterpe oleracea, Fuxylophora paraensis, Fagara acreana,
Fagara rhoifolia, Ferdinandusa elliptica, Ferdinandusa paraensis,
Ficus boliviana, Ficus insipida, Ficus killipii, Ficus maronien-
sis, Ficus nymphaeifolia, Ficus pertusa, Ficus piresiana, Ficus
trigona, Fusaea longifolia, Gallesia integrifolia, Garcinia bentha-
miana, Garcinia madruno, Gaulettia parillo, Genipa americana,
Glycydendron amazonicum, Goupia glabra, Goupia longipendula,
Guarea glabra, Guarea guidonia, Guarea kunthiana, Guarea kun-
thii, Guarea macrophylla, Guarea membranacea, Guatteria ci-
triodora, Guatteria poeppigiana, Guatteria pteropus, Guatteria
punctata, Guatteria schomburgkiana, Guazuma ulmifolia, Gui-
bourtia chodatiana, Gustavia hexapetala, Handroanthus serratifo-
lius, Hasseltia floribunda, Hebepetalum humiriifolium, Heisteria
densifrons, Heisteria flexuosa, Heisteria ovata, Helicostylis pe-
dunculata, Helicostylis tomentosa, Heliocarpus americanus, Hevea
brasiliensis, Hieronyma alchorneoides, Hieronyma oblonga, Hir-
tella bicornis, Hirtella glandistipula, Hirtella glandulosa, Hirtella
hispidula, Hirtella piresii, Hirtella racemosa, Holopyzidium jarana,
Huberodendron swietenioides, Humiria balsamifera, Humiriastrum,
excelsum, Humiriastrum subcrenatum, Hura crepitans, Hymenaea
courbaril, Hymenaea intermedia, Hymenaea oblongifolia, Hyme-
naea parvifolia, Hymenolobium excelsum, Hymenolobium flavum,
Hymenolobium modestum, Hymenolobium petraeum, Hymenolo-
bium pulcherrimum, Hymenolobium sericeum, Ilex inundata, Inga
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acreana, Inga alba, Inga bourgonii, Inga capitata, Inga cayen-
nensis, Inga cylindrica, Inga gracilifolia, Inga heterophylla, Inga
jenmanii, Inga lomatophylla, Inga longipedunculata, Inga margi-
nata, Inga melinonis, Inga nobilis, Inga paraensis, Inga pezizifera,
Inga rubiginosa, Inga sarmentosa, Inga splendens, Inga stipularis,
Inga thibaudiana, Inga tubiformis, Inga umbellifera, Iryanthera
crassifolia, Iryanthera grandis, Iryanthera hostmannii, Iryanthera
juruensis, Iryanthera macrophylla, Iryanthera sagotiana, Iryan-
thera tricornis, Jacaranda copaia, Jacaranda cuspidifolia, Jaca-
ratia spinosa, Joannesia heveoides, Kielmeyera coriacea, Labatia
macrocarpa, Lacistema grandifolium, Lacmellea aculeata, Lacuna-
ria crenata, Lacunaria jenmanii, Laetia procera, Lecythis char-
tacea, Lecythis corrugata, Lecythis holcogyne, Lecythis idatimon,
Lecythis lurida, Lecythis paraensis, Lecythis persistens, Lecythis
pisonis, Lecythis poiteaui, Lecythis prancei, Lecythis zabucajo, Leo-
nia glycycarpa, Licania alba, Licania apetala, Licania canescens,
Licania densiflora, Licania glabrifiora, Licania granvillei, Licania
heteromorpha, Licania hypoleuca, Licania kunthiana, Licania la-
tifolia, Licania latistipula, Licania laziflora, Licania licaniiflora,
Licania longistyla, Licania macrophylla, Licania majuscula, Lica-
nia membranacea, Licania micrantha, Licania ovalifolia, Licania
parviflora, Licania parvifructa, Licania polita, Licania pruinosa,
Licania robusta, Licania sclerophylla, Licania sprucei, Licaria
aritu, Licaria brasiliensis, Licaria cannella, Licaria chrysophylla,
Licaria crassifolia, Licaria debilis, Licaria martiniana, Licaria
rigida, Licaria triandra, Lindackeria paraensis, Loreya arbores-
cens, Lucuma glabrescens, Luehea divaricata, Luehea grandifiora,
Luehea speciosa, Lueheopsis duckeana, Lueheopsis rugosa, Mabea
piriri, Machaerium acutifolium, Machaerium inundatum, Ma-
chaerium scleroxylon, Machaerium villosum, Maclura tinctoria,
Macoubea guianensis, Macrolobium acaciifolium, Macrolobium
bifolium, Macrolobium campestre, Macrolobium chrysostachyum,
Macrolobium multijugum, Macrolobium unijugum, Mahurea pa-
lustris, Manilkara amazonica, Manilkara bidentata, Manilkara
cavalcantei, Manilkara huberi, Manilkara paraensis, Manilkara
surinamensis, Maquira coriacea, Maquira guianensis, Maquira
sclerophylla, Martiodendron elatum, Martiodendron parviflorum,
Matisia cordata, Maytenus oblongata, Mezilaurus itauba, Mezi-
laurus lindaviana, Mezilaurus synandra, Miconia chrysophylla,
Miconia minutifiora, Miconia tschudyoides, Micrandropsis scle-
rozylon, Micropholis cyrtobotrya, Micropholis egensis, Micropholis
guyanensts, Micropholis longipedicellata, Micropholis melinoniana,
Micropholis mensalis, Micropholis obscura, Micropholis venulosa,
Minquartia guianensis, Minquartia punctata, Mora paraensis, Mo-
ronobea coccinea, Morus alba, Mouriri brevipes, Mouriri collo-
carpa, Mouriri crassifolia, Mouriri huberi, Myracrodruon urun-
deuwva, Myrcia decorticans, Myrcia fallax, Myrcia magnoliifolia,
Myrciaria floribunda, Myrocarpus fastigiatus, Myrocarpus fron-
dosus, Myroxylon balsamum, Naucleopsis caloneura, Naucleopsis
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guianensis, Nectandra cissiflora, Nectandra cuspidata, Nectan-
dra globosa, Nectandra micranthera, Nectandra mollis, Nectandra
pichurim, Nectandra purusensis, Nectandra rubra, Neoxythece ele-
gans, Neozxythece robusta, Ochroma lagopus, Ochroma pyramidale,
Ocotea aciphylla, Ocotea acutangula, Ocotea amazonica, Ocotea
argyrophylla, Ocotea bofo, Ocotea caudata, Ocotea cernua, Ocotea
cinerea, Ocotea costulata, Ocotea fragrantissima, Ocotea glomerata,
Ocotea guianensis, Ocotea javitensis, Ocotea longifolia, Ocotea
neesiana, Ocotea nigra, Ocotea oblonga, Ocotea opifera, Ocotea
percurrens, Ocotea petalanthera, Ocotea puberula, Ocotea rubra,
Ocotea splendens, Ocotea subterminalis, Ocotea tomentella, Oeno-
carpus bataua, Olmediophaena mazima, Onychopetalum amazoni-
cum, Ormosia amazonica, Ormosia arborea, Ormosia bolivarensis,
Ormosia coccinea, Ormosia coutinhoi, Ormosia fastigiata, Ormo-
sia melanocarpa, Ormosia nobilis, Ormosia paraensis, Ormosiop-
sis flava, Osteophloeum platyspermum, Otoba parvifolia, Ouratea
decagyna, Ouratea guianensis, Oxandra asbeckii, Pachira aquatica,
Pachira dolichocalyx, Palicourea guianensis, Panopsis rubescens,
Panopsis sessilifolia, Parahancornia amapa, Parahancornia fas-
ciculata, Paramachaerium ormosioides, Parapiptadenia rigida,
Paraprotium amazonicum, Parinari campestris, Parinari excelsa,
Parinari montana, Parinari rodolphii, Parkia decussata, Parkia
gigantocarpa, Parkia multijuga, Parkia nitida, Parkia oppositifo-
lia, Parkia paraensis, Parkia pendula, Parkia platycephala, Parkia
ulet, Parkia velutina, Paypayrola guianensis, Peltogyne catingae,
Peltogyne confertifiora, Peltogyne lecointei, Peltogyne paniculata,
Peltogyne paradoxa, Peltogyne venosa, Pentaclethra macroloba,
Pera glabrata, Perebea mollis, Perebea rubra, Phyllocarpus riede-
lei, Phyllostylon rhamnoides, Piptadenia gonoacantha, Piptadenia
rigida, Piptadenia suaveolens, Pithecellobium decandrum, Pithecel-
lobium elegans, Pithecellobium racemosum, Plathymenia reticulata,
Platonia insignis, Platymiscium filipes, Platymiscium floribundum,
Platymiscium pinnatum, Platymiscium trinitatis, Platymiscium
ulei, Platypodium elegans, Pleurothyrium parviflorum, Podocar-
pus rospigliosii, Poecilanthe effusa, Pogonophora schomburgkiana,
Poraqueiba guianensis, Poraquetba paraensis, Poraqueiba seri-
cea, Posoqueria latifolia, Pourouma melinonii, Pourouma mollis,
Pouteria ambelaniifolia, Pouteria anomala, Pouteria bangii, Pou-
teria bilocularis, Pouteria caimito, Pouteria cicatricata, Pouteria
cladantha, Pouteria cuspidata, Pouteria engleri, Pouteria eugenii-
folia, Pouteria fimbriata, Pouteria flavilatex, Pouteria glomerata,
Pouteria gongrijpii, Pouteria guianensis, Pouteria hispida, Pou-
teria jariensis, Pouteria laevigata, Pouteria lasiocarpa, Pouteria
laurifolia, Pouteria melanopoda, Pouteria memorosa, Pouteria
oblanceolata, Pouteria opposita, Pouteria oppositifolia, Pouteria
platyphylla, Pouteria procera, Pouteria reticulata, Pouteria rodri-
guestana, Pouteria sagotiana, Pouteria singularis, Pouteria torta,
Pouteria venosa, Pouteria virescens, Pradosia cochlearia, Prado-
sta tnophylla, Pradosia ptychandra, Prieurella prieurii, Protium
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altsonii, Protium apiculatum, Protium aracouchini, Protium de-
candrum, Protium giganteum, Protium guianense, Protium hepta-
phyllum, Protium nodulosum, Protium opacum, Protium pallidum,
Protium paniculatum, Protium paraense, Protium pilosissimum,
Protium puncticulatum, Protium sagotianum, Protium subserra-
tum, Protium tenuifolium, Protium trifoliolatum, Prunus myrtifo-
lia, Pseudolmedia laevis, Pseudolmedia multinervis, Pseudopip-
tadenia psilostachya, Pseudopiptadenia suaveolens, Pterocarpus
amazonicus, Pterocarpus officinalis, Pterocarpus rohrii, Pterogyne
nitens, Qualea albiflora, Qualea cyanea, Qualea dinizii, Qualea pa-
raensis, Qualea parviflora, Qualea psidiifolia, Qualea rosea, Qualea
tessmannii, Quiina guianensis, Quiina integrifolia, Quiina obovata,
Quiina oiapocensis, Rauvolfia paraensis, Recordozylon speciosum,
Rheedia gardneriana, Rheedia macrophylla, Rhodostemonodaphne
grandis, Rhodostemonodaphne morii, Rhodostemonodaphne ru-
fovirgata, Richardella macrophylla, Richardella sericea, Rinorea
bahiensis, Rinorea guianensis, Roupala montana, Ruizterania albi-
flora, Saccoglottis amazonica, Saccoglottis guianensis, Sacoglottis
cydonioides, Sacoglottis guianensis, Sagotia racemosa, Sandwithia
guyanensis, Sapindus saponaria, Sapium glandulosum, Sapium
marmieri, Sarcaulus brasiliensis, Schefflera decaphylla, Schefflera
morototoni, Schinopsis brasiliensis, Schizolobium amazonicum,
Schizolobium parahyba, Sclerolobium chrysophyllum, Sclerolobium
melanocarpum, Sclerolobium paraense, Scleronema micranthum,
Scleronema praecox, Sextonia rubra, Sickingia tinctoria, Simaba
cedron, Stmaba morettii, Simarouba amara, Simira rubescens, Si-
paruna cuspidata, Siparuna decipiens, Siparuna guianensis, Sloa-
nea brevipes, Sloanea grandiflora, Sloanea guianensis, Sloanea
laxiflora, Sorocea guilleminiana, Spondias lutea, Spondias mom-
bin, Sterculia apetala, Sterculia elata, Sterculia excelsa, Sterculia
multiovula, Sterculia pruriens, Sterculia speciosa, Stryphnoden-
dron adstringens, Stryphnodendron guianense, Stryphnodendron
polystachyum, Stryphnodendron pulcherrimum, Stylogyne ambi-
gua, Swartzia arborescens, Swartzia grandifolia, Swartzia guianen-
sis, Swartzia laevicarpa, Swartzia panacoco, Swartzia polyphylla,
Swartzia racemosa, Swartzia recurva, Swartzia viridiflora, Sweetia
fruticosa, Swietenia macrophylla, Symphonia globulifera, Symplo-
cos martinicensis, Syzygiopsis oppositifolia, Tabebuia aurea, Tabe-
buia impetiginosa, Tabebuia insignis, Tabebuia ochracea, Tabebuia
serratifolia, Tabernaemontana attenuata, Tabernaemontana undu-
lata, Tachigali glauca, Tachigali goeldiana, Tachigali guianensis,
Tachigali melinonii, Tachigali myrmecophila, Tachigali panicu-
lata, Tachigali paraensis, Tachigali richardiana, Tachigalia alba,
Tachigalia cavipes, Tachigalia myrmecophila, Talisia furfuracea,
Talisia hexaphylla, Talisia microphylla, Talisia praealta, Talisia
stmaboides, Tapirira bethanniana, Tapirira guianensis, Tapirira
obtusa, Tapura capitulifera, Taralea oppositifolia, Terminalia ama-
zonia, Terminalia guyanensis, Terminalia oblonga, Tetragastris
altissima, Tetragastris hostmannii, Tetragastris panamensis, Te-
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tragastris pilosa, Theobroma grandiflorum, Theobroma microcar-
pum, Theobroma obovatum, Theobroma subincanum, Thyrsodium
guianense, Thyrsodium paraense, Thyrsodium puberulum, Thyrso-
dium spruceanum, Torresea acreana, Torresia acreana, Touroulia
guianensis, Trattinnickia burserifolia, Trattinnickia demerarae,
Trattinnickia rhoifolia, Trichilia micrantha, Trichilia pleeana, Tri-
chilia quadrijuga, Trichilia schomburgkii, Trymatococcus amazo-
nicus, Trymatococcus oligandrus, Uncaria guianensis, Unonop-
sis rufescens, Urbanella excelsa, Vantanea guianensis, Vantanea
micrantha, Vantanea parviflora, Vatairea erythrocarpa, Vatairea
guianensis, Vatairea macrocarpa, Vatairea paraensis, Vatairea se-
ricea, Vataireopsis speciosa, Vataireopsis surinamensis, Virola
carinata, Virola duckei, Virola elongata, Virola kwatae, Virola
melinonii, Virola michelii, Virola multicostata, Virola multiner-
via, Virola pavonis, Virola sebifera, Virola surinamensis, Virola
theiodora, Vismia cayennensis, Vitex guianensis, Vitex polygama,
Vitex triflora, Vochysia guianensis, Vochysia haenkeana, Vochysia
lanceolata, Vochysia maxima, Vochysia neyratii, Vochysia obscura,
Vochysia surinamensis, Vochysia tomentosa, Vochysia vismiifolia,
Votomita guianensis, Vouacapoua americana, Vouacapoua palli-
dior, Vouarana guianensis, Xylopia aromatica, Xylopia benthamii,
Xylopia nitida, Zanthoxylum acuminatum, Zanthoxylum ekma-
nit, Zanthoxylum rhoifolium, Zanthoxylum riedelianum, Zeyheria
tuberculosa, Zollernia paraensis, Zygia racemosa, Zygia tetragona






CHAPITRE &

Compromis entre services
écosystémiques dans les foréts de
production

Ce chapitre vise a faire une synthese des méthodes développées au
cours de cette these afin d’analyser les compromis entre services
écosystémiques fournis par les foréts de production (carbone,
diversité et bois d’ceuvre) a ’échelle de I’Amazonie. Cette étude
permet d’étudier ces compromis a large échelle, ce qui a rarement
été fait, mais est crucial pour informer les politiques de gestion des
foréts qui se font souvent a ’échelle nationale, voire internationale,
et non a ’échelle locale.

Les 3 services écosystémiques étudiés sont optimisés grace a
une méthode inspirée du logiciel d’optimisation spatiale Marzan
. . e e s . 1 7 .
with Zones'. L’ Amazonie est divisée en 556 pixels, chacun pouvant M. E. WATTS et al. (2009).
) « Marxan with Zones : Software for
étre exploité avec différentes intensités et cycles d’exploitation, ou  optimal conservation based land- and
., . . Loy . L, . sea-use zoning ». In : Environmen-
laissé sans exploitation. Les prédictions des émissions de carbone  tal Modeiling and Software 24.12,
s . N . N , 4 . . 1513-1521.
ont été faites & partir des modeles développés aux chapitres 3 et 4. P 113719
La récupération du volume a été modélisée a partir des résultats
du chapitre 7. L’effet de I’exploitation sur la biodiversité, qui n’a
pas fait I’objet d’un chapitre a part entiere dans cette these, a été
ici modélisé a partir de cartes de richesse de mammiféres et am-
. . 7/ Ve \ . /. /’ /’ 2 3 £ —
phibiens élaborées & partir des données de 'TUCNZ. Ces vertébrés b JENKINS et al. (2013). « Glo
al patterns of terrestrial vertebrate
ont été choisis car ils jouent un roéle clé dans le fonctionnement diverSQi;y a;ld conservation »,  cf.
P N . . s 1 2 note 25, p. 3.
de I’écosysteme. L’effet de 'exploitation a été modélisé comme

une fonction linéaire de 'intensité d’exploitation (en m3ha=?!, &

. , . , 3 r 7
partir de données issues d’une métanalyse?. BURIVALOVA et al.  (2014).

« Thresholds of Logging Inten-
sity to Maintain Tropical Forest

Les résultats montrent qu'un compromis majeur existe entre — Bid ;00 5" 0 Lote 150, p. 18,

la récupération du volume de bois, et donc 'approvisionnement a
long terme en bois d’ceuvre, et la conservation de la biodiversité
ainsi que le stockage de carbone. Pour optimiser la récupération
du bois, la meilleure stratégie est une exploitation extensive, avec
de faibles intensités sur ’ensemble des foréts de production ; pour
optimiser le carbone et la conservation, la meilleure stratégie est
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d’exploiter a de fortes intensités les zones les plus externes de
I’Amazonie.

Ces résultats soulignent I'importance de définir des priorités
pour les politiques de gestion des foréts de production. Si les
preneurs de décision choisissent de construire de nouvelles routes
et d’ouvrir de nouvelles zones pour ’exploitation tout en dimi-
nuant 'intensité et le cycle légal d’exploitation, cela permettrait
de maintenir plus longtemps ’approvisionnement en bois, mais
diminuerait la biodiversité et le stockage de carbone. Si les poli-
tiques décident de restreindre la surface des foréts de production
pour conserver leur valeur environnementale, il faudra alors se
préparer a une disparition rapide de la ressource en bois dans les
foréts exploitées.
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No win-win strategy for Amazonian pro-
duction forests : regional trade-offs between
land sharing for timber or land sparing for
biodiversity and carbon
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Abstract Tropical forests harbor most terrestrial carbon and
diversity on Earth. Despite increased attention in national and
international policies, they are still being deforested or degraded
at high rates. In Amazonia, the largest tropical forest on Earth,
a sixth of the remaining natural forests is dedicated for timber
production. Conciliating timber production with the provision
of other ecosystem services remains a major challenge for forest
managers and policy-makers. This study applies a spatial opti-
mization of logging in Amazonian production forests to analyze
potential trade-offs between 3 ecosystem services (namely carbon
storage, biodiversity conservation and timber production). Results
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show that the main trade-off lies between long-term timber provi-
sion through a land-sharing strategy (i.e. extensive logging with
low intensities) and carbon and diversity retention through a land-
sparing strategy (i.e. intensive logging concentrated in the outer
fringes of the Amazon region). Policy-makers may have no choice
but to opt for one of these two strategies, depending on manage-
ment goals and societal demands. These choices may potentially
have huge implications for the future of Amazonian forests and
our results highlight the need for a regional cooperation among
Amazonian countries to enhance coherent and trans-boundary
forest management.

8.1 Introduction

Tropical forests are of inestimable value for humanity. In addition
to mitigating climate change by storing about 30% of the biosphere
carbon?, tropical forests also harbor half of the world biodiversity®,
have a crucial role in regulating hydrological cycles®, and furnish
a wide range of timber and non-timber goods. Tropical forests
are also the first source of new agricultural land, being lost at a
higher-than-ever speed (2101 km? per year between 2000-20127),
and the remaining forests are being increasingly degraded by
human activities®.

To tackle tropical deforestation, governments have long focused
on forests conservation, mostly by setting up protected areas
with restricted access and usage for human populations. However,
this simple dichotomy (protected or not) poorly reflects the wide
gradient of forest uses and their effects on tropical forests”. Because
it is impossible, and unethical, to protect all tropical forests and
ban humans, tropical forest management aims at reconciling forest
conservation and sustainable production of goods and services.

In the tropics, c¢. 40% of the sawn wood traded annually arises
from natural forests'’. Brazil is among the largest producers of
tropical round wood, with 81 million m? (48% of its produc-
tion) of logs harvested annually (2005-2008) in natural tropical
forests!!. Selective logging is the dominant harvesting system
in use, consisting in felling a few commercial trees and leaving
the rest of the forest to natural dynamics. To avoid predatory
logging practices that have depleted Amazonian forests of their
most valuable timbers'?, governments have implemented a set of
logging rules, including minimum cutting cycles, i.e. time periods
between two logging events (e.g., 20 years in Bolivia and Peru, 35
years in Brazil, and 65 years in French Guiana'3), and maximum
logging intensities ranging 20-30 m®ha~!, with an estimated mean

logging intensity around 20 m?ha~! in the Brazilian Amazon'4.

Because most of the forest cover remains after logging opera-
tions, selectively logged forests still harbor most of their initial
carbon stocks, biodiversity, and other environmental goods and
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services'®. It has frequently been argued that integrating selec-
tively logged forests into tropical forest conservation schemes is
of primary importance'®. Even though the value of production
forests in providing Ecosystem Services (ESs) is increasingly reco-
gnized, trade-offs between ESs have rarely been investigated at
large scale. Most conservation programs and payments for ESs
indeed focus on one particular feature (e.g. carbon in REDD+
programs'7), which may result in an underestimation of forests
multifunctionality and in sub-optimal forest management!®. The
few studies that have tackled the issue of multicriteria decision-
making in the context of tropical forests have been conducted
at local scale. For instance, a study in a logging concession in
Suriname found that trade-offs between carbon stock conservation
and timber recovery are mediated by logging intensity'®. Even
though these studies provide a useful insight for forest managers,
most conservation-related policies apply at larger scales?. There
is thus a need to inform policy-making with a regional assessment
of ESs and potential trade-offs among them.

Here we aim at optimizing, in a spatially-explicit framework,
ESs provision in Amazonian production forests. We analyze the ef-
fect of different logging intensities (no logging or 10-20-30 m®ha~!)
and cutting cycle duration (15-30-65 years) on the provision of
three ESs : carbon storage, biodiversity, and timber production.
Our main research questions are : (i) how to improve the pro-
vision of ESs in Amazonian production forests? (ii) are there
trade-offs between ESs? and (iii) what are the best strategies for
providing timber in future production forests, depending on forest
management objectives and projected demand for high-quality
timber ?

To answer these questions, we first optimize each ES (carbon,
timber, and biodiversity) separately with a timber production tar-
get of 35 Mm3yr~! (equivalent to the current timber production
in Amazonia®!). We then combine all three ESs in a single opti-
mization framework and analyze how ES provisions are affected
by the relative weight given to each ES. Finally, we quantify ES
provision under 7 different management strategies, depending on
total timber production (see Table 8.1 for strategy description).

8.2 Materials and methods

8.2.1 Study region
8.2.2 Study region

The study region is the Amazon region, located in tropical South
America. Amazonia is the most diverse and carbon-rich tropical
biome on Earth??, and is covered by around 600 Mha of tropical
rainforest, of which 400 Mha are intact forests without detectable
human footprint?®. Today 48% of Amazonian forests are under a
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FIGURE 8.1 — Availability of Ama-
zonian forests for logging (forest co-
ver > 90%). Orange areas are pro-
tected areas (except category VI of
the IUCN), and are not included in
our analysis. Dark green areas are
forests that are > 25 km away from
any road or track ; light green areas
are forests that are close (< 25 km)
to a road or track.
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dense network of protection areas?* (Figure 8.1). However since
the 1970’ and the opening of the Transamazonian - the first road
built deep inside the forest - 13.3% of the original forest extent has
been clearcut, mainly for agricultural purposes : cattle ranching

and, more recently, soybean production?®.

Even though Amazonia has already been deeply impacted
by human activities and road building has continued steadily
since the 1970’, a great part of the biome is at a great distance
from any road and thus inaccessible to most commercial activities
(Figure 8.1).

@ Protected area (47%)

B Inaccessible forest (25%)
Forest available
for logging (28%)

Timber production through selective logging is the dominant
forest use in the region, in terms of extent and generated income?®.
About 15% of Amazonian forests are designated for timber pro-
duction?®’. If selectively logged forests still retain most of their
original levels of carbon and diversity?®, forest recovery and resi-
lience post-logging largely depend on implementation of logging
in the field, the logging intensity and the cutting cycle length, i.e.
the time left to the forest to recover??. In Amazonia, logging inten-
sities vary between 5-30 m? of timber extracted per ha, with an
estimated average around 20 m3ha~! in the Brazilian Amazon?3C.
Official minimum cutting cycle length varies from one country to
another, from 20 years (e.g. Peru, Bolivia®') to 65 years (French

Guiana).

8.2.3 Optimization framework

In this paper we use a methodology adapted from the optimization
software Marzan with Zones3?, using the package prioritzr33 de-
veloped in the statistical programming language R?*. The goal of
this optimization is to find a spatial configuration of different land
uses in a landscape divided into planning units that minimizes a
cost function given pre-defined objectives.
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Planning units and logging types

Amazonia was divided into a 1°-grid of 556 planning units. In each
pixel, we only considered areas suitable for logging in Amazonia
(Figure 8.1), i.e. areas that (i) have at least 90% of forest cover
according to Hansen et al.3?, (ii) are accessible, i.e. within 25 km of
a road or track®®, and (iii) are not under a full protection status®”
(except category VI of the International Union for the Conserva-
tion of Nature (IUCN), which corresponds to a "sustainable use"
and was considered as being available for logging purposes). Based
on data from forest concessions in French Guiana and Brazil, 42%
of those areas was considered as unsuitable for logging (slopes,
areas around rivers and streams, etc)3®.

Each pixel can be allocated to one of the following logging
types : a logging intensity of 10 (Low), 20 (Medium) or 30 m®ha !
(High) and a cutting cycle length of 15 (Short), 30 (Medium) or
65 years (Long), or No Logging. Medium intensity and cutting
cycle length correspond to current median logging practices in
Amazonia.

Looking for trade-offs between ESs

The first step is to evaluate the effect of the weight given to
each ES in the optimization, and to look for potential trade-offs
between ESs (Figures 8.2 and 8.3). Targets are constant but costs
can vary depending on the weight of each ES.

Targets Selective logging will have to meet the demand for
tropical timber in South America. A timber production target of
35 Mm?yr—139 was set, corresponding to the timber production
in Amazonian natural forests.

For effective conservation of biological diversity, and especially
species that are highly sensitive to forest degradation, mana-
gers should seek to protect most of the remaining intact forest
landscapes, which is irreplaceable for biodiversity conservation?.
Because Amazonian forests have high levels of endemism and all
regions are not equivalent in terms of species composition, we set
a forest conservation target (referred to as 'conservation target’)
as follows : for each of the 6 ecoregions defined by ter Steege
et al.*! (the Guiana Shield, eastern Amazon, southeastern Ama-
zon, central Amazon, southwestern Amazon, and northwestern
Amazon), 80% of the current intact forest landscape (according
to Tyukavina et al.#?) shall remain unlogged. This conservation
target can include forests in protected areas, inaccessible forests
(> 25 km from a road or track), or forests inside planning units
that have been allocated to the "No Logging" type.

Costs In our optimization framework, the cost of logging in a
planning unit is estimated as the loss of ESs (carbon emissions,
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note 82, p. 129.

36 CONTRIBUTORS  (2018). OpensS-
treetMap, cf. note 80, p. 129; ASNER
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Sustainability.
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tropical hinterland forests : Mapping
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biodiversity loss, and timber stocks decrease) caused by logging
operations. The biodiversity loss is approximated with the loss of
two vertebrate taxa : mammals and amphibians. In the case of
carbon and timber, ES losses are partially offset by forest recovery
before the next cutting cycle (see section 8.2.4).

The total cost of allocating logging type z to planning unit p
is estimated as :

Cemiy, , Rloss,, .
P g PR
Cemi Rloss
P _
. rodp . — Rec, . K
Prod — Rec

Costp, = ac -

(8.1)

+aoT

where C'emi, . and Rloss), . are carbon emissions and verte-
brates species loss at the end of the first cutting cycle in a planning
unit p when allocated to logging type z (see equations 8.7 and 8.8).
Prod, . is the timber extracted and Rec, . the timber recovered
at the end of the cutting cycle : Prod, . — Rec, . is thus the net
timber loss (see equation 8.3). ES losses are standardized by their
respective sample mean C'emi, Rloss, and Prod — Rec. a¢, ap
and ap are the respective weight given to carbon, biodiversity
and timber costs in the optimization. They are bounded between
0 and 1 and a¢c + ap +ap = 1. A constant K was added to avoid
negative costs (when volume or carbon recovery exceed volume
or carbon losses). K is set to the minimum cost value across all
planning units and all logging types.

To analyze the effect of the weight given to each ES in the final
results we tested different o values. First, we tested 3 scenarios
to optimize each ES provision independently : the coefficient of
one cost is equal to 1 and the others to 0 (Figure 8.2). Then we
ran 66 simulations with all combinations of weights from 0 to 1,
with 0.1 steps. Results were then interpolated with the package
ggtern (Figure 8.3). In balanced costs strategies (Figure 8.4) we
set ozc:aB:aT:%.
Evaluating different strategies for future timber
provision

In a second step we test 7 different strategies (Table 8.1) : (i)
Timber : only timber recovery is optimized in order to ensure long-
term timber production, (ii) Carbon : only carbon is optimized as
a climate change mitigation strategy, (iii) Balanced : all 3 ES costs
are balanced in the optimization, as a multifunctionality strategy,
(iv) Current : all 3 ES costs are balanced but only medium (30-yr)
cutting cycles are allowed, (v) STY : sustained timber yields
(STY) are required, i.e. timber must be recovered at the end
of the first cutting cycle, (vi) Road building : all areas, except
currently-protected areas, are made available for logging, and (vii)
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TABLE 8.1 — All 7 strategies tested in this study. "Currently accessible" are areas
that have > 90% forest cover, are not protected and are within 25 km of an existing
road or track (Figure 8.1). "All unprotected" are all areas with > 90% forest cover
outside protected areas.

Acronym Strategy Planning unit area

ES cost

STY
target

—
P =iy
=N

H
=
==

=

S L Lt
jar

ding inaccessible areas

(vii) STY + Road Sustained timber yields with  All unprotected

building road building

i Timber Long-term timber production Currently accessible
Carbon Climate change mitigation Currently accessible
Balanced Multifunctionality Currently accessible
Current Only 30-yr cutting cycles Currently accessible
STY Sustained timber yields Currently accessible
vi) Road buil- Building roads to previously All unprotected

Timber
Carbon
Balanced
Balanced
Balanced
Balanced

Balanced

No
No
No
No
Yes

Yes

STY - Road building : STY are required and all areas, except
currently-protected areas, are made available for logging (STY +
land-sharing strategy).

In all scenarios (i-v), the area suitable for logging is the same as
defined previously (Currently accessible in Table 8.1). In the "Road
building" scenarios (v-vi), we hypothesize that additional roads
will be built : the new area suitable for logging (All unprotected in
Table 8.1) corresponds to the total area with forest cover > 90%
outside protected areas (independently of their current distance
to a road), minus the 42% corresponding to slopes and areas near
rivers (see section 8.2.3).

Targets The production target (total timber harvested) varies
between 10-80 Mm3yr—!, with a 10 Mm3yr~—! step (Figure 8.4).
The intact-forest target is maintained to 80%. In the STY strate-
gies (see Table 8.1 and section 8.2.3), we add an additional STY
target : the total timber recovered in logged areas must be equal
or higher than the total timber production.

Costs In the "Carbon" strategy, the total cost is proportional
to carbon emissions (¢ = 1 and ap = ap = 0). In the "Timber"
strategy, the total cost is proportional to timber stocks loss (ap = 1
and ap = ac = 0). In all other strategies costs are balanced
between all 3 ESs (ac = ap = ar = 1).

8.2.4 Quantifying the effect of logging on ESs
Timber production and recovery

From a previously developed volume recovery model calibrated at
the Amazonian scale’®, we extracted : (i) the total volume vtot,
(m?ha~!) in pixel p, (ii) the proportion of potentially commercial
timber w0, and (iii) the potential timber recovery vrec, , at the

43PIPONIOT et al., « Can timber
provision from Amazonian natural fo-

rests be sustainable ? »,

p. 157.

cf. note 38,
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end of a cutting cycle trot, and after a logging intensity vext, (z
being the logging type). All parameters were set to their maximum
likelihood value.

The mean annual timber production over the first cutting
cycle in pixel p in logging type z is equal to :

min(vext,, (vtoty, - w0p)) - area,

Prod, , = (8.2)

trot,

where vext, is the extracted volume in logging type z, vtot,, -
w0, is the potential timber volume (the actual extracted volume
cannot exceed the potential timber volume), area, is the area
available for logging and trot, is the cutting cycle length.

The mean annual timber recovery over the first cutting cycle
in pixel p in logging type z is equal to :

Urecy,, - areay

(8.3)

Rec, ., =
p7z
troty ,

Carbon emissions

The effect of logging on carbon emissions is here quantified as
the mean difference to the initial carbon stock over the cutting
cycle. It was assessed as the difference of two terms : (i) the initial
carbon loss caused by logging, (ii) minus the carbon storage from
forest regrowth, averaged over the cutting cycle.

The initial carbon loss caused by logging is threefold : (i) from
extracted logs; (ii) from road building (deforestation), (iii) from

incidental damage during logging operations**.

The carbon emissions from extracted logs in pixel p under
logging type z was assessed as :

Cext, , = Prod, , - W Dext), - area,, (8.4)

with Prod,, ., the actual logging intensity (in m*ha™'), area,
is the area available for logging (ha) in pixel p and W Dext,
is the mean wood density of commercial trees in pixel p (see
supplementary material 8.6.2 for wood density estimation).

The carbon emissions from road building were assessed as :

Cdefory, , = Pdefor - acsy - area, (8.5)

where Pdefor = 4.7% is the estimated proportion of a logged
area that is deforested for infrastructure (roads, logging decks and
main skid trails) according to Piponiot et al.*®> and acsp is the
mean aboveground carbon density (MgC.ha™!) in planning unit
p, extracted from a global carbon map*®.

Carbon losses from damaged trees were assessed as follows :
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acsp, — Prod, . - W Dext,
g - areap

Cdam,, , = (8.6)

acs
L+ (Prodpﬁz-VIZ}De:vtp -1
with 6 a parameter of the model : the model justification and
calibration are presented in the supplementary material 8.6.1.

Post-logging carbon recovery Crec, . was assessed with the
methodology developed by Piponiot et al.4”. All parameters were
set to their maximum likelihood value.

For each pixel p and each logging type z, the mean annual
carbon emissions from pixel p under logging type z are thus
calculated as :

trot,

Cemiy , = Cexty, . +Cdefory, . +Cdam,, ., — z
t=1

Crecip,. (8.7)
trot, '

Biodiversity

We chose to model the effect of logging on amphibians and mam-
mals richness because they are key animals in forest ecosystems :
amphibians are good indicators of global ecosystem health*® and
mammals ensure many ecosystem functions, among which pollina-
tion?” and seed dispersal®®. We used global maps of mammals and
amphibians richness derived from IUCN species range maps’!,
which can fairly represent patterns of conservation priority®2.

The impact of logging on mammals and amphibians was as-
sessed with the equation :

Rlossy, ., = (Rmy - fm + Ray, - Ba) - vext, - area, (8.8)

where Rloss), . is the loss of vertebrate richness (mammals and
amphibians) in pixel p and logging type z, Rm,, and Ra, are the
pre-logging richness of mammals and amphibians respectively®?,
fm = 1.44 and fa = 1.53 are the estimated slopes of post-
logging species loss in the Neotropics for mammals and amphibians
respectively, according to Burivalova et al.>*. vext, is the logging
intensity in logging type z. We hypothesize that amphibians and
mammals richness do not recover after logging (no effect of cutting
cycle length).

8.3 Results

8.3.1 Trade-offs between ESs

Location and intensity In the base scenario, maximizing car-
bon and biodiversity retention results in preserving 80% of avai-
lable forests, and logging 20% of available forests under the highest
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FIGURE 8.2 — Results of spatial
optimization with a unique eco-
system cost. Production target is
set to 35 Mm3yr—!. Green areas
are not logged. (a) and (d) Mini-
mizing carbon emissions. (b) and
(e) Minimizing vertebrates richness
loss. (c¢) and (f) Minimizing tim-
ber loss. In maps (a-c) the size
of each dot is proportional to the
planning unit area (total area avai-
lable for logging) ; the total area al-
located to each logging type is re-
presented in the histograms (d-f).
Logging type color (blue - purple
- red) represent the logging inten-
sity (Light : 10, Medium : 20 and
High : 30 m3ha~!). The logging
type transparency represents the
cutting cycle length (Short : 15, Me-
dium : 30, Long : 65 years) : light
colors correspond to longer cycles.
Only the 6 (out of 10) logging types
that were allocated during the opti-
mization appear on the graph.

intensity (30 m3ha~!) and shortest cutting cycle (15 yr) allowed
(Figure 8.2d-e). Logged pixels are distributed in the most external
areas of Amazonia : in southeastern Amazonia for both carbon
and biodiversity, in northern Amazonia for carbon and in the
southwestern border of Amazonia for biodiversity (Figure 8.2a-b).
By contrast, minimizing timber loss results in a different pattern :
only 5% of the available area is not logged, 14% is logged under
high-intensity short-cycle logging, and 81% of the available area is
logged under low-intensity (10 m®ha~!) long-cycle (65 yr) logging
(Figure 8.2f). Low-intensity logging is distributed in almost every
region of Amazonia, except in the northeast where high-intensity
logging prevails (Figure 8.2¢).
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ES values When optimizing biodiversity (i.e. when biodiversity
weight is 100%), carbon emissions are 0% higher than the optimal
value (when optimizing only carbon emissions, i.e. when carbon
weight is 100% : Figure 8.3b) and timber loss is 34% higher
than the optimal value (Figure 8.3¢). When optimizing carbon,
biodiversity loss is 40% higher than the optimal value (Figure 8.3a)
and timber loss is 37% higher than the optimal value (Figure 8.3c).
When optimizing timber, carbon emissions are 158% higher than
the optimal value (Figure 8.3b) and biodiversity loss is 228% higher
than the optimal value (Figure 8.3a). When costs are balanced
(carbon weight = biodiversity weight = timber weight), carbon
emissions are 17% higher than the optimal value (Figure 8.3b),
biodiversity loss is 11% higher than the optimal value (Figure 8.3a)
and timber loss is 35% higher than the optimal value (Figure 8.3c).

From this sensitivity analysis, one major trade-off axis emerges
between carbon and biodiversity retention vs. timber recovery.
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FIGURE 8.3 — ES costs depending on the weight given to each ES in the optimization
process. Each ES loss is expressed as a proportion (%) of the ES loss when only this
ES is optimized (weight = 100%). For example a carbon cost of 150% means that
carbon emissions are 50% higher than when only carbon emissions are minimized
(i.e. "optimal" carbon emissions).
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8.3.2 Effect of change in timber production and
strategy choice

The effect of changing the timber demand (timber production
target from 10 to 80 Mm?) was tested on 7 different logging
strategies (Table 8.1).

For all strategies except one (the Timber strategy), the total
area harvested increases with the total production target (Fi-
gure 8.4a). In the Timber strategy however, the total area logged
is at its maximum value (around 80 Mha) even for low produc-
tion targets : the increase in timber production results in an
increase in the mean logging intensity and a decrease in the mean
cutting cycle length (Figure 8.4b-c). Provision of ESs (carbon,
biodiversity, and timber) decreases when production increases (Fi-
gure 8.4d-f). Three groups of strategies have consistently different
behaviors in this analysis : (i) a group of strategies that optimize
non-timber ESs (Carbon, Balanced, Current and Road building),
(ii) the timber-optimizing strategy (Timber), and (iii) the group
of sustainable-production strategies (STY, STY + Road building).

In the first group of strategies, most pixels that are logged
have maximum logging intensity (30 m3ha~—!, Figure 8.4b) and
minimum cutting cycle (15 yr, Figure 8.4c), except for the Current
strategy for which, by definition, only 30-yr cutting cycles are
allowed (Table 8.1). For low production targets (10-30 Mm?3yr—1!)
mean logging intensity is between 20-30 m3ha~! and mean cutting
cycle length is between 15-40. When the production target is above
30 Mm3yr~!, mean logging intensity and mean cutting cycle length
reach their maximum (resp. minimum) value, meaning that almost
all logged pixels are allocated to the High-intensity Short-cycle
logging type : these results are similar to those in Figure 8.2. As
a consequence, the total area logged increases linearly with the
timber production target (Figure 8.4a) : producing more timber
is mostly done by logging additional areas. All 3 ESs decrease
almost linearly with production target (Figure 8.4d-f). The Carbon,
Balanced and Road building strategies result in similar ES values :
the 3 strategies retain > 90% carbon and biodiversity (Figure 8.4e-
f), but timber stocks are not recovered (Figure 8.4d). The Current
strategy has significantly lower ES values for all 3 ES considered
(Figure 8.4d-f).

The timber-optimizing strategy has a different behavior when
the production target increases. When the production target is low
(10 Mm?3yr—1), logging is exclusively done under low intensities
(10 m®ha~!, Figure 8.4b) and long cutting cycles (65 yr, Fi-
gure 8.4c). When the timber production increases, the proportion
of area logged under high-intensity short-cycle logging increases,
especially in the northeastern regions of Amazonia (see Supple-
mentary figure 8.8 for the spatial distribution of logging types),
which in turn increases the mean logging intensity (Figure 8.4b)
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and decreases the mean cutting cycle length (Figure 8.4c). Almost
the entire area available (80 Mha) is logged, independently of
the production target (Figure 8.4a). The total timber retained is
> 100% (i.e. timber stocks are recovered) when the production
target was under 50 Mm3ha=!, and < 100% above 50 Mm?3ha~!
The carbon and diversity retained were the lowest in this strategy
(Figure 8.4e-f).

The third group of strategies (sustainable production) retain,
by definition, 100% of timber stocks (Figure 8.4d). Producing more
than 50 Mm3yr—! was impossible with the STY strategy. Even
when increasing the total area available ("STY + Road building"),
the total production could go no further than 70 Mm3yr—!. The
mean logging intensity and cutting cycle length stay constant
with these two strategies : 16 m>ha~! and 50 yr respectively
(Figure 8.4b-c). The total area logged increases almost twice
faster when the production target increases than for the first
group of strategies (Figure 8.4a). As a consequence, the carbon
and biodiversity retained also decrease faster (Figure 8.4e-f).
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8.4 Discussion

8.4.1 Importance of regional studies for forest
management

The optimization approach applied in this study can have many
implications for forest management. Ecosystem services in selec-
tively logged forests have often been studied but usually, they

FIGURE 8.4 — Characterization of
different strategies for timber pro-
duction, depending on the value of
timber demand. (a) Total area log-
ged (Mkm?2). (b) Mean logging in-
tensity in logged areas (m3ha=1).
(¢) Mean cutting cycle length (yr).
(d) Proportion of initial timber
stocks that remain at the end of
the cutting cycle (%). (e) Propor-
tion of initial carbon stocks that
remain at the end of the cutting
cycle (%). (f) Proportion of initial
mammals and amphibians richness
that remain at the end of the cut-
ting cycle (%). The 7 strategies’
characteristics are summarized in
Table 8.1. "STY" and "STY + Road
building" strategies could not sus-
tainably provide more than 50 and
70 Mm?® of annual timber produc-
tion respectively. In plots (d-f), va-
lues are calculated over all areas
outside of protected areas. Additio-
nal maps with distribution of log-
ging types (intensity, cutting cycle)
are provided in the supplementary
materials (Figure 8.8).
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were analyzed separately® : there has been little investigation
on the trade-offs that exist between ESs. Among the few studies
that exist on the subject, a trade-off between carbon retention
and volume recovery has been shown at the local scale, where
those trade-offs depend on the logging intensity and silvicultural
treatments applied®®. Trade-offs have also been reported between
timber production and species richness®”. Local studies can inform
forest owners, but the latter will base their decisions on a limited
set of locally-relevant objectives. Their goal is usually to maxi-
mize financial benefits, may it be through timber or non-timber
forest products harvesting, eco-tourism or payments for ecosystem
services.

Climate change mitigation and nature conservation goals are
however more relevant at regional to global scales®® : e.g. deli-
mitation of protected areas and forest concessions®, definition
of logging rules (maximum logging intensities, minimum cutting
cycle length, minimum cutting size, protected tree species)GO, road-
building®'. Informing these policies with large-scale multicriteria
analyses will thus be key if we want to develop evidence-based
policies. Today few studies have assessed regional-scale ESs trade-
offs in Amazonia (e.g. a recent study analyzes tradeoffs between
forest conservation and agriculture at the basin scale®?); to our
knowledge, none has focused on forests managed for timber pro-
duction. Our study is thus an important step in the planning
of future logging management in Amazonia, that needs to be
informed on where and how logging should be done depending on
future demand for timber and other ESs.

One important point to bear in mind is that results presented
here only account for the first cutting cycle : this is particularly
important in the sustained-timber-yields strategy because even
though yields are sustained during the first cutting cycle they
could decrease afterward. Today there is almost no data on multi-
cycle logging in Amazonia : most monitored plots have been logged
only once%3, although actual logging in Amazonia may comprise
multiple illegal reentries®. Gathering more information on the
effect of several logging cycles on forest dynamics will be of utmost
importance to understand what future production forests will look
like.

Finally, even though our findings provide an interesting insight
on potential trade-offs that future forest managers and decision-
makers will face, a large part (20-60%) of logging is done illegally
in the Amazon®. Changing logging rules to maintain the environ-
mental value of production forests can be jeopardized by the lack
of control over their application. Improving Amazonian forests’
governance will be key to maintain ecosystem services through
informed management.
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8.4.2 How to improve ES provision in production
forests ?

The main strategy for maintaining high ES value in production
forests has been so far to implement logging rules that limit the
cutting cycle length (20-65 years) and the logging intensity (20-30
m3ha~1)%. Those logging rules were thought as a compromise
between producing enough timber to make financial benefits, and
letting the forest recover long enough to make logging sustai-
nable%?. Several studies showed however that current logging rules
are not enough to recover pre-logging forest characteristics®®. Mo-
reover, our results show that implementing intermediate logging
rules leads to sub-optimal management of production forests :
30-yr cutting cycles and medium intensities (20 m>ha~!) are vir-
tually never selected in the optimization process (Figure 8.2), and
a restriction to 30-yr cutting cycles increases the loss of all ESs
(cf. the Current strategy in Figure 8.4d-f).

The spatial configuration of optimal logging (Figure 8.2) high-
lights major regional differences in Amazonian forests. Forests of
the Guiana Shield (northeastern Amazonia) are less prone to natu-
ral disturbances®” and have thus adapted to those environmental
conditions with low turnover rates and slow-growing species’.
Because they recover timber slowly, they are not selected for
logging when the demand for timber is low (see Supplementary
material, Figure 8.8). When the demand for timber is high, howe-
ver, Guiana shield forests are allocated to high-intensity logging
when timber recovery is optimized (Figure 8.2c) because high
logging intensities are predicted to decrease the forest maturity,

thus making the forest more productive’.

Nevertheless, Guiana shield forests provide other ESs : they
harbor large amounts of carbon” and vertebrates diversity”>, and
are thus not selected for logging when biodiversity and carbon
are optimized (Figure 8.2a-b). Additionally, other studies found
that forests of the Guiana Shield also play a crucial role in the
Amazonian hydrological cycle”™, enhancing the importance of their
conservation in future management strategies. As for the Guiana
Shield, northern and central Amazonian forests harbor high levels
of vertebrates diversity”® and carbon”® and are thus rarely selected
for logging in this study when biodiversity conservation and carbon
storage are prioritized (Figure 8.2a-b). If conservation is the main
objective of Amazonian forest management, the consolidation of
the protected area network in central and northeastern Amazonian
forests will provide high benefits for conservation and climate
change mitigation, especially if this promotes a higher connectivity

between existing protected areas’’.

Southeastern forests, in turn, have lower levels of diversity and
carbon. They are thus often allocated to high-intensity short-cycle
logging when carbon and biodiversity are optimized (Figure 8.2a-
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b). However, because of previous forest degradation in the region
through fire events, logging and forest fragmentation”, that affect
particularly large trees™, the timber productivity may have been
overestimated, even with closed canopies®®. Restoring degraded
forests through silvicultural interventions may be an opportunity
to increase timber yields®', but such interventions are costly and
will require to adopt policies and financial incentives, e.g. through

payments for ecosystem services®?.

8.4.3 Land-use strategies, trade-offs and
implications for policy-making

Our results reveal that the main trade-off is between a long-term
provision of timber and forest conservation for carbon (climate
change mitigation) and biodiversity (Figure 8.3). These results
fit into the "land sharing vs land sparing" debate : with a given
timber demand, should logging focus on intensely-logged areas
and conserve the rest as intact forest, or should it use the entire
landscape under low-intensity logging ? Edwards and colleagues®?
showed that land-sparing logging retained higher levels of bio-
diversity in a Bornean forest concession. Because land-sparing
logging creates heterogeneous landscapes and maintains higher
levels of (B-diversity, it has a higher potential for maintaining
biodiversity at the landscape scale®*. Our findings also show that
land-sparing logging (e.g. the Balanced strategy) not only mini-
mizes biodiversity loss (Figure 8.2b, Figure 8.4f), but it can also
reduce carbon emissions (Figure 8.2a, Figure 8.4¢). However the
land-sparing strategy performs rather poorly in terms of timber
recovery (Figure 8.3d), compared to a land-sharing strategy (e.g.
the Timber strategy, Figure 8.4d).

There seems to be little place for a win-win strategy bet-
ween timber production and forest conservation :
strategy of intermediate logging rules leads to increased ES loss
(Figure 8.4d-f). The fate of Amazonian production forests should
thus depend on political choices and on future societal demand for
ESs. If maintaining long-term timber supply from natural forests
is thought to be the goal®, then low-intensity logging should be
widely applied in the Amazon, especially in the western part of the
basin (Figure 8.2c). However, if the societal demand to preserve
carbon and biodiversity continues to increase (e.g. carbon-based
policies like REDD+86, or the 1992 Rio convention on biodiver-
sity87), then policies should focus on conserving intact inland
forests while allowing high-intensity logging in the skirts of the
Amazon basin. This type of policy will result in a fast depletion of
timber stocks in those over-harvested forests. Alternative ways of
producing timber, such as active forest restoration with intensive
silviculture and mixed-species timber plantations®®, should then
be implemented in the meantime, in order to have new productive
forests once the over-harvested forests are depleted.

the current
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Interestingly, the "Road building" and the "Balanced" stra-
tegies, which only differ in terms of area accessible for logging
(Table 8.1), give similar results. Building new roads (i.e., in the
"Road building" strategy) does not increase the total area logged
(Figure 8.4a) ; it gives more options for the choice of logged pixels,
and thus increases ES provision (Figure 8.4d-f), but the difference
with the "Balanced" strategy is small. Yet, logging roads open
the forest to other uses, like hunting, wood-fuel harvesting and
deforestation, which can increase carbon and biodiversity costs®.
Depending on the level of governance, forests can undergo long-
lasting additional degradation that was not accounted for in this
study but could increase the environmental cost of road-building
strategies. Overall, building new roads to increase the area of
production forests in Amazonia may not be a good strategy for
future ESs provision.

8.5 Conclusion

This study shows that large-scale trade-offs exist between main-
taining timber stocks and maximizing biodiversity and climate
change mitigation in Amazonian production forests. Land-sharing
strategies that promote low-intensity logging in entire regions of
the Amazon basin will result in sub-optimal biodiversity and high
carbon emissions at the regional level, but land-sparing strategies
that maximize global forest conservation will result in timber
depletion of highly logged areas, and will thus require finding
alternative timber sources in the future. Our results stress the
importance of management choices for future production forests
depending on societal demand for ecosystem services.
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8.6 Supplementary material

8.6.1 Carbon damage model

To estimate carbon emissions from logging damage we calibra-
ted a model with data from 115 plots (129.25 ha total) in 11
experimentally logged sites spread in Amazonia®. In all plots
the identity of harvested trees was recorded, and at least one
pre-logging and 2 post-logging forest inventories were carried out.
In each forest inventory the diameter at breast height (DBH) of
all stems > 20 cm DBH were measured, and trees were identified
to the lowest taxonomic level (83% species, 16% genus, 2% not
identified). From forest inventories the above ground carbon and
wood density of all trees > 20 cmm DBH were estimated with the
R package BIOMASS®!.

The carbon extracted from plot j was estimated as :

Cext; = a; - DBH? ‘WD, 8.9
J ] 7
~ J_

i .
volume of tree i

with DBH,; is the DBH of the logged tree i, W D; is its wood
density and aj, b are the two parameters of a volumetric equation
calibrated at the Amazonian scale”?.

The carbon of damage was estimated as :

Cdam; = C0; — Cext; — Cmin; (8.10)

where C0; is the pre-logging above ground carbon of all trees
> 20 cm DBH in plot j, and Cmin; is the minimum above
ground carbon during the 4 years following logging operations
(Figure 8.5).

We define the following variables :

e RatioExt; = %e—g;j
ground carbon C0; that is extracted of the plot j;

e RatioDam; = % is the proportion of damage in the
J J

is the proportion of the initial above-

carbon left in plot j after logging operations.

We calibrated the following model (see Figure 8.6) :

logit(RatioDam;) ~ N (6 - logit(RatioExt;), o) (8.11)

with 6 the slope of the relationship, and op the standard
deviation.

8.6.2 'Wood density estimation

We used 2646 1-ha forest inventory plots spanned over the Brazi-
lian Amazon from the RadamBrasil project®?, in which all trees
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>33 cm diameter at breast height (DBH) were measured, identified
to the species level and had their volume estimated.

In every plot we estimated the mean wood density of all
commercial stems (as defined in a previous study”®) with the
R package BIOMASS?. Values were then interpolated with the
R package automap?® on a 1° resolution grid (Supplementary
figure 8.7).
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8.6.3 Increasing timber demand - maps

FIGURE 8.6 — Carbon damage mo-
del. Coloured dots are data from
one plot, with each colour represen-
ting one site and the size of the dot
being proportional to the plot’s size.
The black line is the maximum like-
lihood prediction, and the shaded
area is the 95% confidence interval.
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CHAPITRE 9

Discussion générale

Nous avons vu dans les chapitres précédents comment ’exploita-
tion sélective du bois modifiait I’approvisionnement de services
écosystémiques dans les foréts de production a I’échelle du bassin
amazonien. La plupart des études précédentes traitant des com-
promis entre services écosystémiques ont été menés a des échelles
locales, de la parcelle a la concession forestiere. Or, 1’échelle déter-
minante pour la prise de décision en matiere de politique forestiere
et de conservation est I’échelle régionale. La these présentée ici
permet donc d’apporter des éléments de réflexion essentiels pour
la gestion future des foréts de production en Amazonie.

L’une des originalités de cette étude est le fait d’avoir une
quantification et un historique précis des perturbations dans les
parcelles d’études, ce qui est rarement le cas dans les foréts per-
turbées d’Amazonie (voir par exemple le travail de Poorter et al.
sur les foréts secondaires!). Cela a permis de faire le lien entre
les dynamiques des foréts étudiées et l'intensité des perturbations
récentes (ici 'exploitation). Alors que l'intensité et la fréquence
des perturbations est prévue d’augmenter dans le futur proche en
Amagzonie, ce type d’étude permet de mieux comprendre ce que
seront les foréts amazoniennes de demain.

Dans les deux premiers chapitres les émissions de carbone
et I’évolution post-exploitation de la biomasse en Amazonie ont
été quantifiées, et des différences régionales ont été décrites. Les
régions au nord-est de I’Amazonie, en particulier le plateau des
Guyanes, sont des foréts historiquement peu perturbées : cela
se reflete dans la plus longue durée nécessaire pour retrouver la
structure initiale de la forét aprés I’exploitation, et notamment
le volume des plus gros arbres®. Les foréts au sud de I’Amazonie
sont des foréts contraintes par de hauts niveaux de stress hydrique
(faibles précipitations, saison seche plus longue), qui explique un
potentiel de stockage de carbone aprés 1’exploitation plus faible?.
Au contraire les foréts du nord-ouest amazonien, qui sont aussi
les plus riches en espéces animales et végétales?, ont un régime
de perturbations historique beaucoup plus élevé et semblent plus
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résilientes a ce nouveau type de perturbation qu’est ’exploitation.

Du point de vue de la gestion forestiére, 'une des conclusions
principales de cette étude est que I'exploitation du bois en forét
naturelle amazonienne telle qu’elle est pratiquée aujourd’hui ne
sera pas suffisante pour répondre sur le long terme & une demande
croissante en bois. De plus, de nombreuses hypothéses plutot
optimistes ont été faites. En particulier, plusieurs modifications
a long terme des foréts de production n’ont pas été prises en
compte : des conséquences de ’exploitation, directes et indirectes
(risques de feux et un acces facilité pour d’autres usagers) ainsi
que les effets des changements climatiques. Les effets potentiels
de ces modifications sont discutés ici, ainsi que les possibilités
d’adaptation de la gestion forestiere face a ces risques.

En termes de conservation de la biodiversité et de mitigation
des changements climatiques par le stockage de carbone, les résul-
tats présentés dans cette these indiquent que la meilleure stratégie
reste de préserver I'intégrité des zones intactes de cceur de I’Ama-
zonie, tout en intensifiant ’exploitation dans les zones externes
pour approvisionner la demande en bois. Cette stratégie demande
d’anticiper la perte rapide de la ressource en bois d’ceuvre par la
surexploitation, en langcant une transition vers d’autres systemes
de production de bois d’ceuvre. Les opportunités et défis d’une
telle transition forestiere sont donc discutés dans ce chapitre.

Ces constats ameénent & poser la question de la durabilité :
puisque les pratiques actuelles ne sont pas durables au sens ou
elles entralnent une perte progressive de la ressource exploitée,
peut-on modifier les pratiques pour les rendre durables? Faut-il
redéfinir la notion de durabilité, et sur quoi baser ce nouveau
concept ?

Enfin, le réle de la recherche dans la gestion des écosystémes,
point de départ de cette these, sera discuté selon deux probléma-
tiques majeurs : (i) comment donner des informations concretes
et utiles quand les objets d’étude sont hautement incertains, et
(ii) 'importance des interactions, mais aussi leurs difficultés, au
sein de la recherche et entre la recherche et la société.

9.1 Futurs défis pour la production de
bois en Amazonie

9.1.1 Une production de bois limitée
Une récupération du bois d’ceuvre trop lente

Les valeurs de récupération des stocks de bois d’ceuvre (toutes
especes commerciales confondues) estimées dans cette these sont
relativement faibles : entre 0.1 et 0.4 m?3 par ha et par an. Certaines
régions semblent avoir un plus grand potentiel de récupération, no-
tamment au nord et a 'ouest de I’Amazonie, mais méme dans ces
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régions 'exploitation ne peut étre durable (en termes de récupéra-
tion de la ressource en bois) qu’avec des cycles d’exploitation longs
(> 60 ans) et des prélévements faibles (de I'ordre de 10 m3ha=1)?.

Les cycles de rotation tels que définis aujourd’hui en Amazonie
sont souvent trop courts pour permettre de récupérer la ressource
(par exemple, 20 ans en Bolivie et au Pérou, 35 ans au Brésil®). Ces
résultats ne sont pas propres a cette thése : les études concordantes
abondent, et méme lorsque des techniques de réduction des dégats
sont appliquées, il est rare de retrouver le stock initial de bois a
la fin du cycle”.

Les recommandation pour assurer la durabilité de la ressource
sont souvent de minimiser les impacts tout en augmentant la durée
des cycles de rotations®. Dans les résultats apportés par cette
these, il semblerait effectivement qu’en allongeant les cycles de
rotation (> 60 ans), en prélevant une grande diversité d’essences,
et en limitant I'intensité d’exploitation, I’exploitation puisse étre
durable, au moins du point de vue de la production de bois. Ce-
pendant, deux facteurs au moins restent a prendre en compte :
(i) a léchelle de la concession, exploiter a de faibles intensités et
attendre aussi longtemps entre 2 cycles peut ne pas étre économi-
quement viable, car le colit d’ouverture des pistes d’exploitation
est élevé par rapport aux bénéfices engendrés, et (ii) a 1’échelle
régionale, la production doit approvisionner le marché local de
bois d’ceuvre : la surface des foréts disponibles pour la production
en Amazonie n’est aujourd’hui pas suffisante pour atteindre la
demande actuelle en exploitation & de faibles intensités avec de
longs cycles d’exploitation®.

Effets de ’abattage sélectif de quelques individus

Les effets a court terme Les estimations de récupération du
bois d’ceuvre ont été faites sous des hypotheses relativement opti-
mistes, et en particulier le fait qu'un grand nombre d’espéces aient
été considérées comme potentiellement commerciales 2. Dans la
réalité, la liste des espéces commercialisées pour le bois d’ceuvre
est beaucoup plus restreinte, et quelques especes ayant une forte
valeur sur le marché sont surexploitées et dans certaines régions
d’Amazonie leur densité a fortement diminué. C’est le cas par
exemple de I'acajou d’Amérique (Swietenia macrophylla)'!, une
espece dont le bois a fait I'objet d’une surexploitation opportu-
niste depuis des décennies en Amazonie'?. A court terme, cette
quasi-disparition des espéces les plus précieuses peut diminuer
les profits de I'exploitation au point de la rendre non viable d’un

point de vue économique’?.

Les effets a long terme L’abattage sélectif des individus
adultes des essences exploitées pose un probleme pour la régénéra-
tion de ces mémes especes. La population de semenciers entraine
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une diminution de la proportion de graines des espéces exploitées
dans le sol forestier. Déterminer les impacts sur la génération
suivante est difficile avec le peu de recul actuel sur la question,
mais il est probable que sur de longues périodes les populations
des espéces exploitées diminuent progressivement. Si certaines
de ces especes ont un role crucial dans le fonctionnement de la
forét, ce role sera alors perdu et la forét durablement modifiée.
Par exemple, les espeéces exploitées sont souvent en Amazonie
de grands arbres de canopée a croissance relativement lente et
a longue durée de vie. Une perte de ces especes, si elles n’ont
pas d’équivalent fonctionnel dans la communauté locale, pour-
rait amener a une diminution de la hauteur de canopée et une
augmentation du taux de mortalité.

Dans le biais créé par la sélection des arbres exploités, il y a
aussi ceux laissés sur pied par les exploitants. Souvent, ce sont
des individus sondés creux, qui risquent d’étre refusés en scierie
car trop défectueux. Ainsi, les semenciers des especes exploitées
laissés sur pied sont souvent des arbres défectueux. Si les défauts
(formation de creux, déformations du tronc) s’averent étre hérédi-
taires, ces pratiques pourraient provoquer la sélection progressive
de jeunes arbres défectueux apres plusieurs cycles d’exploitation.

Adaptation de la gestion De nombreuses méthodes de sylvi-
culture visant & augmenter la productivité des foréts et éviter la
disparition des essences commerciales ont été proposées et testées
sur des parcelles expérimentales'®. Certaines de ces techniques
pourraient permettre de réduire les risque de disparition des es-
peces exploitées. Ces techniques agissent de deux facons : soit
en diminuant la compétition des autres especes par 1’élimina-
tion des grands individus des espéces non-commerciales (on parle
alors d’éclaircissement) ; soit en augmentant la régénération des
essences exploitées, par exemple en replantant dans les trouées
d’exploitation des plantules de ces mémes essences.

Bien que les expériences de sylviculture aient donné des ré-
sultats plutot encourageantsl5, ces techniques ne sont quasiment
jamais utilisées dans les foréts tropicales. Ce décalage peut s’ex-
pliquer par un manque de communication entre le monde de la
recherche et les exploitants forestiers : certains exploitants n’ont
pas connaissance de ces techniques ni de leurs effets potentiels sur
la productivité. Il est possible aussi que les industriels craignent
la mauvaise presse que pourraient avoir des pratiques de modi-
fication intensive de la forét, alors qu’aujourd’hui, I'image que
cherchent & donner les organes de certification est celle de foréts
quasi-naturelles (voir Figure 9.1). Un autre frein pour les exploi-
tants peut étre le besoin d’investir juste apres I'exploitation pour
appliquer les traitements sylvicoles, pour des gains de productivité
qui n’arrivent qu’apres plusieurs décennies et qui sont soumis a
de nombreux risques (pillage par de I'exploitation illégale, feux,
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tempéte, etc.). La dissuasion est d’autant plus forte si le régime
foncier est incertain, ou dans le cas de contrats de concession
a court terme (< 30 ans). La faible gouvernance des foréts de
production pousse au gain rapide, et non au maintien a long terme
de leur productivité.

Alors que, dans les régions tempérées, les foréts de production
ont été profondément modifiées et sont aujourd’hui le produit
de traitements sylvicoles intenses pour favoriser les especes les
plus productives'S, sous les tropiques ces interventions humaines
sont presque inexistantes. Cette différence peut s’expliquer par
I'histoire et la quantité de ressource disponible. En Europe par
exemple, la surface forestiére a progressivement diminué sous
I'action de 'homme au cours du Moyen-age et jusqu’a la fin du
XVIIIe siecle, jusqu’a poser des problemes d’approvisionnement
en bois, ce qui a motivé la gestion et la plantation de nouvelles
foréts'”. En Amazonie, les foréts naturelles intactes couvrent
encore 4 millions de km? et la limite des ressources forestieres est
encore loin d’étre atteinte!®. L’investissement dans la plantation
et la gestion des foréts n’a donc pas encore eu beaucoup de succes,
car il suffit pour extraire du bois d’aller chercher un peu plus
loin dans des foréts n’ayant pas encore de régime foncier bien
déterminé. Cela pourra changer dans un futur proche avec la
part croissante de foréts fortement dégradées par des feux, des
sécheresses et de l'exploitation illégale!®. Les foréts dégradées,
qui sont plus accessibles, car majoritairement & proximité des
routes et des foyers d’occupation humaine, constituent un énorme
potentiel pour la production de bois. Aujourd’hui peu productives,
ces foréts peuvent étre activement restaurées pour produire du
bois ou d’autres produits non-ligneux. D’autres pays tropicaux
tels que le Viétnam, dont les ressources forestieres avaient atteint
des niveaux critiques, ont déja entamé ce processus de transition

forestiere?V.

Effets potentiels de I’extraction de biomasse

Les effets potentiels Les foréts situées a l’est de I’Amazonie,
loin de I'apport de sédiments par la cordillere des Andes, poussent
sur des sols anciens et lessivés, donc pauvres en nutriments?!. Dans
ces foréts, la majeur part du stock de nutriments ne se trouve pas
dans le sol, mais dans la biomasse elle-méme. Cette biomasse est
principalement stockée dans les plus gros arbres, qui sont donc
les réservoirs de nutriments de ces foréts. Quand ces gros arbres
meurent, les nutriments fertilisent le sol et sont recyclés par les
arbres vivants??. Par contre, si les gros arbres sont extraits de
la forét, comme pendant I'exploitation, les nutriments présents
dans leur tronc ne retournent pas dans la litiere et c’est donc une
perte nette pour I’écosysteme. Cette perte, dans des foréts ou
les nutriments (phosphore, azote, potassium) sont limitants pour
la croissance des arbres, pourrait entralner une diminution de la
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FIGURE 9.1 — Publicité du Forest
Stewardship Council dans le métro
de Sao Paulo, Brésil. «Choisissez
des produits avec le label FSC et ai-
dez a conserver les foréts». Source :
www.marketingtoolkitfsc.org
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biomasse. Ce ne sont aujourd’hui que des hypothéeses mais, si elles
sont avérées, les conséquences pourraient étre amplifiées lorsque
la biomasse des dégats liés a I'exploitation est aussi extraite de la
forét, pour en faire par exemple du bois de chauffe ou étre utilisée
dans des centrales électriques.

Adaptation de la gestion Face a ce type de risque, une possibi-
lité serait de compenser la perte de nutriments apres ’exploitation.
Cela demande d’identifier quels sont les nutriments limitants pour
la croissance des individus dans ces écosystemes, et de quantifier
les pertes dues a ’exploitation. Une autre possibilité est d’éviter
I’exploitation dans les régions orientales de I’Amazonie ou les sols
sont les plus pauvres, mais cette solution pourrait étre difficile a
accepter pour l'industrie forestiere historiquement implantée dans
ces régions.

9.1.2 Conséquences d’une faible gouvernance
La faible application des lois diminue leur efficacité

En Amazonie I'exploitation du bois est principalement illégale : il
est estimé qu’entre 20 et 60% du bois extrait des foréts naturelles
en Amazonie brésilienne n’est pas conforme aux législations en
place??, et dans les pays frontaliers la situation n’est pas tou-
jours meilleure?*. Une pratique courante est d’utiliser des permis
d’exploitation, dans lesquels le stock d’essences de haute valeur
commerciale a été surestimé, pour «légaliser »du bois extrait de
zones adjacentes?”.

Tant que de telles pratiques continueront de prévaloir, les
bénéfices liés a I’adoption de nouvelles législations resteront limi-
tés : dans I’exemple de la surexploitation de I'acajou mentionné
ci-dessus (section 9.1.1), 'adoption de nouvelles réglementations
n’a pas empéché le commerce illégal et sa dispartion rapide dans
certaines régions d’Amazonie®®. Le manque de gouvernance dans
les foréts tropicales en général, et dans les foréts amazoniennes
en particulier, est donc un frein majeur a ’adoption de nouvelles
pratiques. Cela est d’autant plus vrai que les législations sont
contraignantes (temps de rotation rallongés, intensités réduites,
contrdle des dégats), car I'exploitation illégale devient alors encore
plus avantageuse. De maniére générale, la littérature scientifique
abonde sur les techniques pour diminuer I'impact de I’exploitation
sélective, mais le manque de d’études sur ’applicabilité de ces
méthodes et leur intérét pour les populations et gestionnaires
explique leur faible adoption et la prévalence de ’exploitation
illégale aujourd’hui?”.
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L’exploitation ouvre les foréts

A Téchelle d’un massif forestier, I'une des conséquences les plus
importantes de I'exploitation est que cette derniere requiert la
construction de routes qui ouvrent la forét de maniere quasi-
irréversible?®. Une fois les routes construites, celles-ci facilitent
lacces aux foréts pour d’autres usagers?, rendant difficile et
coliteux le controle des activités humaines dans le massif forestier.
Cette facilité d’acces provoque une dégradation progressive des
foréts :

e par la chasse®?, qui diminue le nombre de disperseurs et

réduit ainsi la biomasse des foréts affectées3! ;

e par l'exploitation illégale3? ;

e par la déforestation®? ;

e par des feux non controlés®?.

Cette dégradation réduit significativement la valeur environne-
mentale des foréts exploitées. L’absence de prise en compte de
ces effets indirects de I'exploitation est d’ailleurs I'une des limites
majeures de ’étude présentées au Chapitre 8.

Adaptation de la gestion

Aujourd’hui de nombreux facteurs expliquent la faible gouvernance
des foréts de production en Amazonie, pami lesquelles (i) les faibles
moyens alloués au controle des foréts par les gouvernements3®, (ii)
la corruption tres répandue, qui fragilise action publique, (iii) le
régime foncier incertain sur les fronts pionniers®®, (iv) de régulieéres
«amnisties environnementales»3” qui encouragent l'illégalité. La
gestion durable des foréts ne sera pas efficace tant que ces foréts
n’auront pas de régime de gouvernance stable et solide. Il est
indispensable de renforcer le contréle des foréts.

Ces questions de gouvernance sont fondamentales mais com-
plexes, et il est difficile de les traiter rapidement. Parmi les pistes
d’amélioration qui émergent aujourd’hui, des approches hybrides
de gestion entre ’Etat et les communautés locales et petits exploi-
tants ont montré des succes locaux, par exemple dans la région de
I’Acre en Amazonie brésilienne®, mais ces exemples sont encore
limités. L’avenement des technologies de télédétection au cours
des dernieres décennies a permis une plus grande transparence
dans 1'usage des foréts??. L’automatisation de la détection de la
déforestation développé par I’Agence des Etudes spatiales brési-
lienne?® a été un outil de lutte efficace contre la déforestation?!.
Des outils similaires pour la détection de 'exploitation forestiere
sont en cours de développement??.
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9.1.3 Les changements climatiques
Modifications de la structure et de la composition

Les changements climatiques récents d’origine anthropique ont
comme principal impact en Amazonie une augmentation de la sai-
sonnalité des précipitations : augmentation de la durée de la saison
seche dans les zones les plus australes du bassin, et augmentation
de la fréquence des épisodes de sécheresse et de pluies intenses®.
Ces changements ont plusieurs conséquences sur les caractéris-
tiques des foréts : I'un des principaux effets est 'augmentation du
taux de mortalité**, et donc un turnover plus rapide?®. Cette sur-
mortalité provoque une modification de la structure, notamment
par la perte de gros arbres plus vulnérables aux sécheresses? et
moins stables en cas de sol engorgé?” : la structure se rapproche
donc de foréts plus jeunes. Toutes les especes n’étant pas égales
face au stress hydrique, une augmentation de la fréquence des
sécheresses provoquera aussi une modification de la composition?®.
Il est prévu que les espeéces a faible surface foliaire (SLA : specific
leaf area) et a forte densité de bois, qui sont des traits favori-
sant la résistance a la sécheresse, survivent mieux aux nouvelles
conditions climatiques®. Il existe cependant un compromis entre
résistance a la sécheresse (fort investissement dans la structure,
bois dense) et croissance rapide (faible investissement dans la
structure hydraulique, bois léger). On peut donc imaginer que,
tant que les épisodes de sécheresse restent suffisamment espacés,
les trouées laissées par les arbres de canopée morts durant les
épisodes de sécheresse soient colonisées par des arbres a croissance
rapide et a faible densité de bois, qui mourront lors du prochain
épisode de sécheresse. Si la fréquence des sécheresses augmente,
ces especes vulnérables risquent de disparaitre au profit d’arbres
a croissance lente mais plus résistants a ces conditions extrémes.
En termes de structure, on peut s’attendre dans le futur a avoir
des foréts plus basses et plus riches en petites tiges, avec des taux
de mortalité plus élevés et des taux de croissance plus faibles.
L’abondance des lianes pourrait aussi augmenter sous l'effet des
changements climatiques, ce qui limiterait davantage la croissance
des arbres par la compétition accrue pour la lumiére et pour
I'ean’.

Ces modifications peuvent entrainer une diminution de cer-
tains services rendus par les foréts de production : diminution du
stockage de carbone®! et du stock de volume commercial®?, dispa-
rition potentielle de certaines espéces non-adaptées aux nouvelles
conditions climatiques®. Dans le cas extréme ou les nouvelles
conditions compromettraient la résilience des foréts naturelles, les
changements climatiques pourraient alors provoquer une transition

vers d’autres types d’écosystémes comme les savanes®?.

L’effet conjoint des changements climatiques et de la gestion
pour la production de bois est encore difficile & évaluer, mais
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certaines études montrent un effet d’atténuation de la surmor-
talité liée aux sécheresses dans les foréts exploitées & 'ouest de
I’Amazonie, 'une des régions ou les épisodes de sécheresses de
2005 et 2010 ont été les plus intenses®. Ceci peut étre di a
I’éclaircissement du peuplement par ’exploitation, et donc & une
diminution de la compétition lors des années ou la ressource en
eau est particulierement limitante. Parallelement, I'exploitation
peut augmenter la probabilité de départs de feux les années de
sécheresses, dans le cas ol il y a beaucoup de dégats d’exploitation
inflammables®®.

Adaptation de la gestion

Les modifications probables des caractéristiques des foréts dans le
contexte de changements climatiques demanderont une adaptation
de la gestion. De nombreuses especes aujourd’hui exploitées sont
vulnérables aux sécheresses qui diminue leur croissance et leur
taux de survie®”. Pour continuer & produire du bois dans le futur,
il faudra donc s’adapter a ces changements en élargissant la liste
d’especes commerciales et en exploitant des especes plus adaptées
aux sécheresses, qui deviendront plus abondantes. La résistance des
especes aux évenements climatiques extrémes doit aussi étre prise
en compte dans le cas d’enrichissements des trouées d’exploitation
ou de la restauration de foréts dégradées.

L’augmentation des conditions favorables aux feux de foréts®®
demandera aussi une gestion adaptée a ce type de risque. Les
risques de feu dans les foréts exploitées sont surtout liés au bois
mort des dégats d’exploitation, plus inflammable, et a I'entrée
de lumieére dans les trouées d’exploitation qui diminue I’humi-
dité de lair et augmente la température, créant un microclimat
propice au départ de feu. Les techniques d’exploitation a faible
impact visant a réduire les dégats grace a ’abattage directionnel
et la planification des pistes pourraient permettre de limiter ces
risques®. Dans le cas ot des interventions sylvicoles permettraient
d’augmenter la croissance et la régénération de certaines especes
commerciales, il serait alors judicieux de favoriser des especes
résistantes aux feux. Cependant, il existe aujourd’hui encore peu
d’information sur la résistance au feu des espéces. Leur résistance
au feu est souvent approximée par des mesures de traits tels que
I’épaisseur de I’écorce, mais le role de ces caractéristiques dans les
mécanismes de défense au feu est encore ambigu dans les foréts
tropicales®.

Les épisodes de fortes précipitations devraient aussi augmen-
ter, ce qui risque d’augmenter 1’érosion des sols. L’exploitation
met momentanément les sols & nu sur les pistes et les trouées
d’exploitation et augmente ainsi I’érosion®!, mais cet effet peut
aussi étre atténué dans le cas d’exploitation & faible impact ou
les dégats sont controlés et les pistes d’exploitation réduites au
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minimum.

9.2 Opportunités pour une transition
forestiere en Amazonie

9.2.1 Implications d’une stratégie de préservation
Intensifier pour préserver

Le développement d’une stratégie de gestion des foréts amazo-
niennes devra répondre aux attentes de la société en termes
de services écosystémiques. Bien que la demande locale en bois
d’ceuvre reste forte, la valeur attribuée a d’autres services est
de plus en plus grande. La prise de conscience des changements
climatiques récents, et de leurs conséquences pour le fonctionne-
ment des écosystemes dont dépendent les sociétés humaines, a
été un moteur récent pour des politiques de mitigation de ces
changements climatiques. Le stockage du carbone atmosphérique
par la végétation vivante connait donc aujourd’hui un vif intérét
des politiques internationales®?. De la méme facon, la crise ac-
tuelle de la biodiversité et ses conséquences a entrainé un intérét
de 'opinion et des politiques publiques pour ces questions, bien
que la biodiversité soit un terme qui reste aujourd’hui vague et
regroupe un grand nombre d’interprétations®®. Il est probable que
les questions autour du carbone, de la biodiversité et des autres
services rendus par les foréts amazoniennes auront une importance
grandissante dans la définition de leur gestion. Or les résultats
présentés dans cette these, et en particulier dans le chapitre 8,
menent a la conclusion suivante : développer une exploitation
extensive en exploitant l'intégralité des foréts disponibles aujour-
d’hui permettrait de produire du bois sur le long terme, mais
entrainerait une forte diminution de la diversité et du stock de
carbone de ces foréts.

Dans une optique de préservation de la diversité et de la
biomasse des foréts amazoniennes, la meilleure stratégie serait de
limiter Pexploitation aux zones les plus externes de ’Amazonie. A
ces résultats s’ajoutent les conséquences de 'ouverture de routes
dans la forét dans un contexte de faible gouvernance®?, discuté en
section 9.1.2 : exploiter de nouvelles zones jusqu’alors inaccessibles
au cceur de ’Amazonie risquerait d’accélérer la dégradation de
ces foréts.

Epuisement rapide des stocks de bois

Pour pouvoir subvenir & la demande en bois tout en limitant la
surface des foréts exploitées, il faudrait alors favoriser de fortes
intensités d’exploitation. Dans ces conditions, il est trés probable
qu’apres un ou deux cycles d’exploitation les stocks de bois ne
soient pas récupérer dans les zones exploitées. Le modéle présenté
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au chapitre 6 prédit qu’avec une exploitation intense (30 m?) a
cycle de rotation court (15 ans), seul 10-30% du stock exploité
serait récupéré apres la premiere rotation, voire moins si seules
quelques especes sont exploitées. Avec des niveaux si faibles, il est
probable que 'exploitation ne soit plus économiquement viable.
Mettre en place une telle stratégie demande donc d’anticiper ce
manque & venir pour la production de bois. Aujourd’hui, peu de
sources alternatives de bois existent dans la région : il n’existe
quasiment aucune expérience de plantations de bois d’ceuvre a une
échelle opérationnelle®®, et les politiques publiques ainsi que les
projets de recherche se concentrent aujourd’hui sur 'exploitation
sélective, sans envisager d’autres options de production. Pour
pouvoir maintenir a la fois l'intégrité des foréts amazoniennes
encore intactes et une production de bois a long terme, la mise en
place d’alternatives viables doit étre faite dés maintenant. Ainsi, le
bois produit pourra étre récolté dans quelques décennies, quand les
foréts de production ne sera plus a méme de fournir la demande.

9.2.2 Comment produire du bois a long terme
Potentiel des foréts secondaires et dégradées

En Amazonie, environ 13% de la surface totale des foréts a été
déforestée, principalement dans I’ «arc de déforestation »au sud-
est du Brésil. En parallele de cette déforestation, 23% des zones
déforestées sont aujourd’hui abandonnées et couvertes d’une végé-
tation secondaire®. La surface des foréts dégradées par des feux,
I'exploitation ou la fragmentation atteint aussi des valeurs simi-
laires®”. 11 existe donc aujourd’hui en Amazonie des dizaines de
millions d’hectares de foréts fortement dégradées ou secondaires.

Les foréts secondaires et dégradées présentent un potentiel
intéressant pour la production de bois : il existe en Amérique
centrale de nombreux exemples de foréts secondaires qui sont au-
jourd’hui utilisées pour produire du bois®®. En Amazonie, les foréts
dégradées et secondaires sont sujettes a de nombreuses perturba-
tions humaines (nouveau cycle de déforestation ou d’exploitation,
feux®). Ces foréts ont donc une structure tres différente des foréts
anciennes : elles ne possedent notamment plus les gros arbres
qui sont I'intérét principal de I'exploitation sélective’™. Pour pou-
voir avoir des foréts secondaires productives 'une des premieres
choses a faire serait donc de diminuer ce régime de perturbations
auxquelles elles sont aujourd’hui soumises.

Les résultats encourageants d’Amérique centrale ne sont ce-
pendant pas directement transposables partout en Amazonie : les
taux d’accumulation de biomasse mesurés dans les foréts secon-
daires d’Amérique centrale sont souvent élevés, mais certaines
régions d’Amazonie ont des taux de récupération plus lents’!. Une
raison peut étre la faible fertilité des sols dans certaines régions
d’Amazonie. L’historique de la zone avant la reforestation a aussi
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un impact significatif sur le taux de récupération’?. Dans de nom-
breux cas une restauration active peut étre nécessaire™, au moins
dans la premiere décennie de reforestation, afin d’assurer le retour
a un écosysteme forestier.

Restoration Opportunity Areas
M wide-scalerestoration

[T Mosaic restoration
[ Remote restoration
Other Areas

M urban areas

[ Forest

Opportunités pour la restauration

Face a la perte continue de foréts, principalement sous les tro-
piques™, I’intérét de la communauté internationale pour la res-
tauration de zones déforestées ou dégradées a connu un succes
grandissant, qui s’est concrétisé en 2011 par le challenge de Bonn
lancé par 'IUCN et ’engagement de 47 pays a restaurer 150
millions d’hectares de foréts d’ici 2020 et 350 millions d’hectares
d’ici 20307 (Figure 9.3). Par exemple, le Brésil s’est engagé a
restaurer 12 millions d’hectares d’ici 2030 et le Pérou 3,2 millions
d’hectares d’ici 202076 . Ces initiatives peuvent étre un moyen
d’apporter un soutien technique et financier pour la restauration
de foréts secondaires et dégradées en Amazonie.

Dans de nombreux cas, la restauration nécessite des investisse-
ments financiers importants : pour compenser les coiits d’opportu-
nité dans les zones productives, protéger la zone et éviter les feux,
ou planter des arbres et éviter la compétition avec les graminées’” .
Or les objectifs des engagments du Bonn Challenge sont ambitieux,
et les fonds alloués limités : des aires prioritaires devront donc
étre définies™. La production de bois, ainsi que d’autres produits
non-ligneux, peut aussi étre une source de revenus et permettre de
financer la restauration des foréts™. Par exemple, la production
de bois en marge des foréts replantées a permis de financer la
restauration de grandes surfaces déforestées a Bahia, au Brésil®.
Allier restauration et production de bois pourrait donc étre une
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stratégie intéressante pour fournir la demande en bois et financer
la restauration.

Cette alliance entre production de bois et restauration reste su-
jette a des débats sur la définition méme de la restauration. Si I'un
des principaux buts de la restauration est la production de bois,
des especes commercialisables seront plantées et leur croissance
pourra étre assistée, par exemple par des éclaircies. Des arbres
seront ensuite extraits régulierement de la forét pour la production
de bois. Les foréts ainsi restaurées ne ressembleront probablement
pas aux foréts originellement présentes. Ce type de restauration
est compatible avec la définition proposée par le manuel de restau-
ration de 'TUCN (Forest Lanscape Restoration handbook)®' : «un
processus visant a retrouver une intégrité écologique et améliorer
le bien-étre humain dans des zones déforestées ou dégradées ».
Cette définition, plutdt pragmatique et anthropo-centrée, insiste
plus sur la notion de bien-étre (donc de service écosystémique)
mais reste trés vague quant aux caractéristiques finales de 1’éco-
systéme restauré. A Dinverse, dans la littérature scientifique on
retrouve plus souvent une vision plus stricte de la restauration,
telle que définie par la Society for Ecological Restoration : «Le
processus d’assistance a la récupération d’un écosystéme qui a été
dégradé, endommagé ou détruit ». Dans ce cas, la restauration
vise & retrouver des écosystemes aussi proches que possible des
écosystemes d’origine.

FIGURE 9.3 — Principaux engage-
ments nationaux pour la restaura-
tion apres le Bonn challenge. In Cer-
nansky, 2018%.

“R. CERNANSKY (2018). « How to

plant a trillion trees ». In : Nature
560.7720, p. 542-544.
811, ITTO (2007). The Forest

Landscape Restoration Handbook.
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Perspectives pour le futur

Les défis sont aujourd’hui nombreux pour atteindre les objectifs
de restauration fixés pour les pays du bassin amazonien :

e former et développer sur place les compétences nécessaires
A la mise en place des projets de restauration®?,

e développer des pépinieres et rendre les plantules facilement
accessibles®3,

e développer des connaissances techniques (itinéraires tech-
niques, associations d’espéces adaptées aux conditions envi-

ronnementales) spécifiques a la région amazonienne.

Le manque d’études et de cas concrets de plantations ou foréts
secondaires restaurées en Amazonie rend difficile I’évaluation du
potentiel de production de bois hors foréts naturelles®*. Alors
que les monocultures d’espéces exotiques (eucalyptus, pin), prin-
cipalement pour la pate a papier, sont bien développées dans le
sud du Brésil, les études sur des espéces natives en plantations
mixtes pour du bois d’ceuvre sont quasiment inexistantes dans
la région. Ce type de plantation a pourtant un grand potentiel
pour la restauration comme pour la production de bois. En effet,
de nombreuses d’especes locales, naturellement présentes dans les
foréts amazoniennes, ont un bois prisé et un taux de croissance
rapide. C’est le cas par exemple de I'acajou (Swietenia macro-
phylla) déja mentionné, ou de Jacaranda copaia. Pourtant, les
rares tentatives de monoculture ont été un échec, car elles ont été
les proies d’herbivores tels que Hypsipyla grandella qui ont décimé
les jeunes arbres plantés®®. Développer des plantations mixtes,
outre les bénéfices en terme de productivité déja observés dans les
plantations multispécifiques®®, pourrait aider & combattre I'effet
des prédateurs par effet de dilution (diminution de la densité de
chaque espece), et répartir les risques liés aux changements cli-
matiques®”. 11 est donc urgent de développer ce type de recherche
afin d’accompagner les projets de restauration avec un bagage
technique et scientifique suffisant.

Pour pouvoir développer une politique cohérente, tant en
termes de gestion forestiére que de restauration, il est nécessaire
de coordonner les actions a 1’échelle la plus pertinente, celle du
biome amazonien. En effet, méme si des mesures ambitieuses sont
prises dans 'un des pays concernés, elles pourront entrainer des
mécanismes de fuite qui diminueraient leur efficacité, tels que
ceux observés au Viétnam aprés sa transition forestiere®®. Or, peu
d’accords transnationaux existent aujourd’hui autour de la gestion
des foréts amazoniennes : la transition forestiére en Amazonie, si
elle a lieu, devra se faire avec le développement d’une politique
transamazonienne.
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9.3 Qu’entend-on par exploitation
durable ?

9.3.1 Maintenir les services écosystémiques...
Des modifications profondes dans les foréts exploitées

Le paradigme de 'exploitation durable (Sustainable Forest Mana-
gement en anglais), promue par des organismes tels que 1’Orga-
nisation Internationale des Bois Tropicaux (OIBT ou ITTO en
anglais), voudrait que la gestion des foréts tropicales permette
d’éviter «la réduction de leur valeur intrinseque et productivité
future»®®. Or, de nombreuses études montrent que ces objectifs
sont hautement optimistes et rarement atteints”’. Nos résultats
convergent avec les conclusions de ces articles : bien que les stocks
de carbone puissent étre récupérés a la fin d’un cycle d’exploita-
tion moyen de 30 ans”!, la structure et la composition des foréts
exploitées mettent quant a elles beaucoup plus de temps a retrou-
ver des valeurs similaires & 1’état pré-exploitation®?. Cela explique
pourquoi les volumes de bois, méme sous des hypotheses plutot

optimistes, ne sont pas récupérés au bout de 30 ans”.

L’exploitation sélective, bien qu’elle n’entraine qu’une perte
partielle et transitoire du couvert forestier, modifie cependant
le régime de perturbations en imposant des perturbations plus
intenses et plus fréquentes que les perturbations naturelles par
chablis. Comparées a d’autres biomes tropicaux, les foréts ama-
zoniennes semblent peu résilientes aux perturbations : les taux
historiques de récupération sont relativement faibles?. Il semble
donc difficile de maintenir les caractéristiques des foréts anciennes,
qui ont évolué pendant des centaines d’années, en laissant une
régénération passive entre des cycles d’exploitation de quelques
dizaines d’années seulement.

Exploiter la forét tout en récupérant les caractéristiques pré-
exploitation a la fin de chaque rotation est donc irréaliste, et
ressemble plus au mythe de Sisyphe : a peine a-t-on atteint le
but désiré que la forét est a nouveau exploitée. Peut-étre faut-il
abandonner I'idée de maintenir les foréts exploitées dans un état
proche des foréts naturelles. Cette idée semble encore aujourd’hui
difficile & accepter par tous”. En effet, les organismes de certifi-
cation jouent aujourd’hui sur I'image d’une exploitation alliant
production et conservation (exemple en Figure 9.1).

Assurer le maintien d’un niveau de base

Le premier critére a remplir pour pouvoir parler d’exploitation
durable est d’assurer une provision de bois sur le long terme.
Pour cela, il faut que la quantité de bois récupérée soit au moins
égale a la quantité perdue lors de 'exploitation ; il en va de méme
pour les stocks de carbone. Si cet équilibre des flux entrants et
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sortants n’est jamais atteint, la ressource en bois va progressive-
ment diminuer jusqu’a disparaitre. Cet équilibre peut étre atteint
apres quelques cycles d’exploitation, pour des stocks de volume
inférieurs aux stocks initiaux. En effet, parce que ’exploitation
modifie la structure des foréts en éliminant les plus gros individus,
elle les rapproche des foréts plus jeunes et plus dynamiques”.
De telles foréts, tres anthropisées, peuvent étre productives et
avoir des caractéristiques (structure, stock de carbone) qui restent
stables au fil des cycles d’exploitation : c’est déja le cas dans cer-
taines foréts exploitées d’Asie?”. Ces prédictions restent & vérifier
en Amazonie, car il existe peu d’expériences de multiples cycles
d’exploitations dans la région. De plus, au cours de cette these
ont été principalement abordés les stocks de carbone et de bois,
mais le maintien d’autres services, tels que la diversité (spécifique
ou fonctionnelle), sont plus complexes a évaluer et méritent d’étre
plus profondément étudiés.

D’un point de vue pratique, une possibilité pour assurer le
maintien d’un niveau stable de services écosystémiques serait de
définir un niveau minimum de récupération (en termes de volume
de bois, carbone, diversité) a partir duquel un massif forestier peut
étre réexploité. Dans ce cas, les cycles d’exploitation n’auraient
pas une durée constante, mais dépendraient directement de la
résilience des foréts exploitées. Des inventaires forestiers sont
donc nécessaires pour suivre 1’évolution du volume commercial,
et déterminer le moment du deuxiéme cycle d’exploitation. Avec
I’augmentation de la précision des données de télédétection, il est
aujourd’hui de plus en plus facile et de moins en moins coliteux de
mesurer d’autres caractéristiques (stocks de carbone”®, diversité
des arbres de canopée®) sur de grandes surfaces.

9.3.2 Ou maintenir les écosystémes qui les
fournissent ?

Variabilité temporelle de la valeur accordée aux
écosystemes

Définir la gestion des foréts a long terme pour le maintien de
certains services écosystémiques est cependant risqué. En effet,
des avancées technologiques majeures pourront peut-étre un jour
permettre de trouver une alternative au bois d’ceuvre de haute
qualité issu des foréts naturelles'?, ou bien du bois d’ceuvre sera
produit & cofit réduit en plantation. A I'inverse, d’autres besoins
pourraient apparaitre qui sont aujourd’hui difficile a prédire. Gérer
les foréts pour optimiser le maintien a long terme de services qui
aujourd’hui trouvent un intérét pourrait ne pas étre optimal du
point de vue des gestionnaires de demain.

La priorité n’est donc pas la durabilité des services écosysté-
miques per se, mais le maintien du fonctionnement des écosystemes
qui les assurent. Mais le probléme n’est pas résolu pour autant :
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encore faut-il savoir comment définir si un écosystéeme a changé
d’état ou non, et dans quelles limites les écosystemes peuvent se
maintenir malgré les perturbations.

Perte de résilience et points de basculement

Pour maintenir les écosystemes et les fonctions clé dont ils dé-
pendent, il faut déja pouvoir définir a partir de quand on consideére
que I’écosystéme a changé. Pour cela, la notion de résilience définie
dans le chapitre 1, est centrale. En effet, tant que ’écosysteme
est capable de revenir a 1’état de référence (par exemple une forét
ancienne), on peut encore considérer que l'on est face au méme
type d’écosysteme. Par contre, lorsque les mécanismes permettant
la résilience sont compromis, 1’écosysteme peut basculer dans un
autre état stable aux propriétés completement différentes, et ne
plus pouvoir revenir a son état précédent.

(@) (b) )

i) Novel disturbance

ii) Increased disturbance frequency, size, or severity
iii) Compound disturbances

Disturbance and environmental context are well
aligned with information and material legacies

\Y

Historical climate

Critical transition

iv) Warmer climate

State 2
Non-forest or
different forest

State 1
Forest

State 2
Non-forest or
different forest

State 1
Forest

Ce basculement a souvent été représenté par ’analogie avec
une boule (’écosystéme) sur un plan présentant plusieurs creux
(Figure 9.4), chaque creux correspondant a un état stable du
systéme agissant comme un point d’attraction. Dans cette repré-
sentation, la résilience du systeme dans un état donné dépend
de la profondeur du creux. Les modifications des conditions en-
vironnementales (climat, érosion du sol) peuvent diminuer cette
résilience (Figure 9.4). Un nouveau régime de perturbation, s’il
est suffisamment intense, peut amener le systéme a passer dans
un autre état stable, qui ne lui permet plus de revenir seul a
I’état de départ. Cela peut étre le cas de I'exploitation sélective
lorsque les cycles de rotation sont trop rapprochés ou l'intensité
d’exploitation trop forte pour permettre la récupération de la
forét. Lorsque les mécanismes de résilience sont ainsi enrayés, on
parle de forét dégradée!Ol,

Les foréts amazoniennes sont de plus en plus dégradées sous
Veffet des perturbations humaines!'?. En effet, bien que les fo-
réts aient la capacité de se régénérer apres des perturbations, la
modification de la fréquence et de I'ampleur des perturbations
anthropiques ne connait pas de précédent historique et risque de
compromettre leur résilience. La crise actuelle de la biodiversité

FIGURE 9.4 — Schéma de la perte
progressive de résilience d’un sys-
téme (boule) aprés modification du
régime de perturbations. In Johns-
tone et al., 2016°.
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1ici cela comprend les foréts dé-

gradées et les foréts secondaires

présente aussi un risque'®3. En forét amazonienne, cette érosion
de la diversité est liée en particulier a la perte des habitats na-
turels et leur fragmentation par la déforestation!??, et des effets
additionnels de sur-exploitation des ressources : sur-exploitation
de certaines essences commerciales, chasse, etc. Dans le cas de la
chasse, l’apparition de foréts vides (empty forests en anglais) a
proximité des activités humaines a significativement diminué la
dispersion des espéces végétales, et par conséquent leur diversité!%®
et leur biomasse!%®. Un autre effet particulierement redouté des
activités humaines est la modification du régime de précipitations,
dii a la fois a la déforestation qui réduit I’évapotranspiration et
aux changements climatiques globaux. Ce changement des préci-
pitations risque de faire passer une partie des foréts amazoniennes
vers des états proches des savanes!'?”.

Définir un espace de fonctionnement sécurisé

Cette dégradation progressive de la résilience des écosysteémes, et
leur possible basculement vers d’autres états, pose la question
des limites critiques du maintien des écosystemes. Cette notion
d’«espace de fonctionnement sécurisé» (safe operating space'®® en
anglais) a de nombreuses implications pratiques pour la gestion
des écosystemes. Elle permet de définir des limites d’utilisation
des écosystemes, mais aussi les efforts a apporter pour rétablir les
conditions nécessaires a leur maintien.

Dans le cas de 'exploitation forestieére, il serait intéressant
d’étudier quelles limites de prélevement mettent en péril la stabilité
de I'écosysteme forestier, afin de définir un espace de prélévement
sécurisé de 'exploitation. Une possibilité serait de I’étudier avec
un modele dynamique défini a ’échelle du paysage, similaire a
celui développé par Staver et al.!%. Le but est de décrire les
phases de transitions entre les écosystemes forét, savane et sans
arbres (herbes), qui ont été décrits comme trois équilibres stables
sous les tropiques!'?, et estimer & partir de quelle intensité de
prélevement ’exploitation peut faire passer d’un écosystéme forét
a savane (ou sans arbre).

La proposition est la suivante : dans un espace fini (nombre
total d’unités du paysage N fixe), on définit 4 classes de végétation
qui occupent 'intégralité de I’espace (bien que le modéle ne soit
pas spatialement explicite). Les quatre classes sont : I’herbe (la
végétation par défaut), la forét mature, la forét secondarisée!!!,
et la savane. D’un pas de temps a ’autre une partie des unités
du paysage peuvent passer d’une classe de végétation a ’autre
(Figuire 9.5). Les parameétres gouvernant la proportion de transi-
tions d’une classe a 'autre dépendent du climat et des activités

humaines (intensité de la déforestation et de l’exploitation).

Le modele tel que pensé par Staver et al. est déterministe,
mais il est aussi possible de décrire la distribution des classes de
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Herbe
Mortalité
Déforestation Sava ne
Feux
Forét
Iy Succession
Secondarlsee forestiere

Exploitation
Feux

Forét

végétation a chaque moment ¢ selon une loi multinomiale dont
le vecteur de probabilité dépend de la distribution a ¢ — 1 et des
parameétres de transition.

On peut aussi imaginer des interactions entre les différentes
classes de végétation, agissant sur la transition d’une classe a
I’autre :

e une plus grande proportion de savane et d’herbe pourrait
favoriser les feux et donc le passage des foréts primaires vers
des foréts secondaires et des savanes;

e une grande proportion de forét accélérerait la succession
forestiere (herbe vers forét secondaire vers forét) grace par
exemple a des mécanismes de dispersion de graines.

e une grande proportion d’herbe et de savane faciliterait 'acces
aux foréts et donc augmenterait les taux de déforestation et
d’exploitation.

Une fois la structure du modele décrite, les parametres de transi-
tion pourraient étre calibrés grace a des séries d’images satellite
ou la végétation a été classifiée.

La deuxiéme étape serait la simulation de différents scénarios
d’exploitation pour voir jusqu’ou le couvert forestier peut étre
maintenu, et quand apparaissent des transitions vers d’autres
classes de végétation (exemple en Figure 9.6). Pour cela, ’Ama-
zonie peut étre divisée en un nombre raisonnable de pixels (selon
la capacité de calcul) au sein desquels les conditions climatiques
peuvent étre considérées homogenes a un instant donné. Pour
chaque pixel 1’évolution de la proportion des classes de végétation
est simulée en fonction des modalités d’exploitation, qui influent
sur la valeur de la transition forét vers forét secondarisée. On
s’attend a un basculement vers une végétation dominée par la
savane, qui signalerait alors les limites de la résilience des foréts
a exploitation. L’effet des futurs scénarios climatiques pourrait
étre pris en compte si les parametres de transition sont écrits en
fonction des conditions climatiques.

F1GURE 9.5 — Illustration de la tran-
sition entre différents types de végé-
tation.
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FIGURE 9.6 — Illustration du bascu-
lement d’une végétation dominante
a lautre en fonction de 'intensité
de l’exploitation. In Tredennick et
al., 2015.
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9.4 Que peut apporter la recherche a la
gestion des écosystemes ?

Depuis l'ere industrielle, 'humanité a modifié la biosphere et
I’ensemble des écosystemes dont elle dépend avec une ampleur
qui ne connait pas de précédent : c’est la raison pour laquelle
cette nouvelle ére est aujourd’hui appelée I’Anthropoceéne! 2. La
perte continue des écosystemes et de la diversité qu’ils abritent
est I'un des principaux problémes auquel doivent faire face les
sociétés humaines actuelles, et ce probleme ne deviendra que plus
prégnant dans les décennies a venir. La gestion des écosystemes est
donc devenue un enjeu majeur, pour lequel les décisions devraient
étre informées par ’ensemble des connaissances existantes. Or les
gestionnaires et décideurs politiques ont en général un agenda
bien rempli et de nombreux dossiers a traiter simultanément : leur
temps passé a analyser 'information disponible avant de prendre
une décision est limité. Le role du chercheur est donc de trouver
I'information existante ou de créer les données nécessaires (par du
travail de terrain, des expérimentations) afin de retransmettre une
vision aussi compléte que possible du probleme et permettre une
prise de décision informée. Ce rdle a I'interface entre I'information
et la décision est complexe, car il demande un certain degré
d’implication dans la vie politique qui ne fait pas partie de la
vision classique de la recherche.

9.4.1 Avoir un message clair dans un monde
incertain

L’une des difficultés majeures pour travailler a 'interface entre
le réel et les prises de décisions est le décalage entre le grand
niveau d’incertitude des informations obtenues lors du processus
de recherche, et le besoin de conclusions claires et concises pour
prendre des décisions.

Des données limitées

La recherche en générale, et ’écologie en particulier, sont confron-
tées a la contradiction suivante : elles visent a étudier des systémes
réels, infiniment complexes, a partir de données par nature limi-
tées.

L’une des principales limites pour la gestion des écosystéemes
est la tres faible quantité de données disponibles par rapport a
I’étendue des écosystemes a étudier, et les périodes de temps sur
lesquelles ces écosystémes évoluent. Par exemple, en Amazonie, la
représentativité des données d’inventaires forestiers est extréme-
ment faible, et il y a des régions entiéres pour lesquelles il n’existe
quasiment aucune donnée d’inventaire!'®. La vision actuelle des
foréts naturelles en Amazonie se base donc sur une infime fraction
de ces foréts. De plus, une bonne moitié des parcelles d’inventaire
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n’a été mesurée qu'une seule fois''* et les suivis de dynamiques

forestieres se basent sur une part plus petite encore de ces foréts.

Bien siir les moyens, financiers et humains, sont souvent limi-
tant pour l'acquisition de données. Un autre probleme, qui est
particulierement limitant pour I’acquisition de données sur le long
terme, est le besoin de la recherche de s’adapter aux fluctuations
de 'agenda politique pour obtenir des financements. Une consé-
quence est qu’il est souvent plus facile de trouver des financements
pour l'acquisition de données totalement nouvelles que pour la
consolidation de suivis déja en place!'®. C’est par exemple le cas
d’une des institutions du réseau TmFO, I'IBIF 116 en Bolivie, qui
a des parcelles exploitées suivies pendant plus de 10 ans, mais qui
depuis 6 ans ne peut plus trouver de financement pour refaire des
campagnes de terrain.

En plus de I'investissement pour acquérir les données, il faut
ensuite les conserver et les valoriser afin qu’elles puissent étre
utilisées. Beaucoup de données ainsi acquises sont perdues, in-
utilisables ou inaccessibles. Ainsi les services forestiers brésiliens
et boliviens, qui demandent aux concessionnaires une grande
quantité de données (inventaires, plan détaillé de I’exploitation),
possedent une mine d’informations, mais celles-ci sont dans la
plupart des cas soit quasi inaccessibles & cause de la difficulté
pour les obtenir aupres de ’administration, soit illisibles car les
bases de données n’ont jamais été nettoyées'7.

La difficulté d’acces a certains types de données peut aussi créer
des biais dans ’échantillonnage. Par exemple, la distribution des
parcelles de suivi forestier en Amazonie s’est faite dans les zones
les plus accessibles, notamment par les fleuves, pour des raisons
logistiques évidentes. Cela a pu créer un biais en sélectionnant
principalement des parcelles d’ancienne occupation amérindienne.
De méme, les parcelles de suivi de foréts exploitées, comme dans le
cas de TmFO, ont été faites dans la plupart des cas en partenariat
avec des entreprises d’exploitation. Elles sont donc représentatives
de I'exploitation industrielle, suivant le cadre légal et souvent avec
des techniques d’exploitation a faible impact, et ne permettent
pas d’étudier I'impact de I'exploitation illégale non controlée.

De la transparence dans les étapes de modélisation

La prise de décisions se base sur des prédictions faites a partir
des données limitées. Ces prédictions sont donc dans la grande
majorité faites en dehors de l'intervalle de calibration (dans le
temps et dans 'espace). Cette extrapolation demande donc de
faire des hypotheses simplificatrices lourdes et souvent difficiles
a vérifier : la linéarité de la relation entre deux variables ou
I'indépendance de deux variables entre elles!'®. De plus, lorsqu’on
travaille sur des échelles de temps de plusieurs décennies, ce qui
est souvent le cas pour la gestion des écosystemes, les conditions
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environnementales peuvent changer, ce qui rend les prédictions
encore plus incertaines. La construction des modeles doit donc
favoriser la robustesse des prédictions (i.e. leur validité en dehors
de l'intervalle de calibration) quitte & sacrifier leur précision, qui
serait de toutes fagons illusoire vu le décalage entre I'incertitude
liée aux données et la précision des résultats affichés. Le plus
difficile est de trouver un équilibre entre un modele trop simpliste
et qui ne permettrait donc pas d’apporter beaucoup d’information
pertinente sur le phénomeéne étudié, et un modele trop complexe
qui serait & la fois opaque (modele «black box») et dépendant des
particularités des données utilisées!!?.

Les hypotheses faites sont des choix subjectifs, et donc par
conséquent tout résultat de recherche est subjectif, condition-
nel a des hypotheses sous-jacentes et plus ou moins explicites.
Pour que les résultats soient interprétés correctement, il est donc
indispensable d’étre entierement transparent sur les hypotheses
faites lors des étapes de modélisation, car les résultats ne peuvent
étre interprétés que sous la lumiere de ces hypothéses. Enfin, les
niveaux d’incertitudes sur les prédictions faites doivent étre rap-
portés, apres avoir intégré ’ensemble des sources d’incertitudes
des données.

La transparence par rapport aux incertitudes des résultats
est slirement 'une des étapes les plus complexes. En effet, un
message simple et claire facilite la compréhension et a donc plus
de chances d’étre entendu. Mais pour pouvoir étre compris dans
son intégralité et avec exactitude, le message scientifique doit étre
aussi complet que possible, en particulier sur les zones de doutes
qu’il comporte. Il serait dangereux pour les décideurs de construire
la gestion des écosystémes en fonction d’un unique résultat, sans
capacité d’adaptation a des comportements différents de 1’éco-
systeme. Par exemple, ’application de temps de rotation fixes
pour ’exploitation sélective s’est basée sur des résultats établis
localement, sans prendre en compte I'incertitude sur ces résultats
ni leur variabilité spatiale. Bien qu’aujourd’hui, de nombreuses
études montrent que ces cycles ne sont pas suffisants pour récupé-
rer la ressource en bois, les législations manquent de flexibilité et
ne permettent pas I'adaptation de la gestion a ce nouveau type
d’information.

Une facon de transmettre 1’'idée de I'incertitude sur les pré-
dictions de la recherche est la construction de plusieurs scénarios
possibles pour le futur'??. Ces scénarios peuvent dans I'idéal étre
construits avec I’ensemble des acteurs impliqués dans la gestion
des écosystemes. Ainsi, la gamme de prédictions peut donner une
idée de la sensibilité des résultats aux hypotheses faites dans le
modele.
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Quelle gestion dans un monde incertain ?

Les changements qui affecteront les écosystémes dans le futur
proche sont hautement incertains, et en termes de prédictions la
recherche peut au mieux donner des tendances globales. Comment
la gestion, qui a besoin de prendre des décisions concréetes, peut-
elle s’adapter a ce manque de certitude ?

Parce que les connaissances sont incertaines et susceptibles de
changer, la gestion doit étre flexible : en apportant des change-
ments progressifs et, dans la mesure du possible, réversibles, et en
évaluant en continu 'impact de ces changements. Cela demande
une recherche qui soit, comme vu précédemment, en interaction
continuelle avec les acteurs de la gestion. En termes de modélisa-
tion, une telle recherche requiert des modeles capables d’intégrer
de nouvelles données et a s’adapter aux connaissances nouvel-
lement acquises. En fonction de ces nouvelles informations, la
gestion pourra étre réévaluée et modifiée si besoin.

Face changements majeurs qui sont prévus dans le futur (et
en particulier les changements climatiques), plusieurs stratégies
peuvent étre développées. Les stratégies a court terme, majori-
taires aujourd’hui dans la gestion forestiere, favorisent la résistance
des écosystemes a ces changements : par exemple le controle des
feux de forét. Ces stratégies ne sont pas viables sur le long terme,
car les changements sont inévitables. Il faut donc penser des
stratégies complémentaires qui permettront aux écosystemes de
s’adapter aux nouvelles conditions : dans ’exemple des feux de
forét cela peut se traduire par la plantation d’especes plus résis-
tantes au feu'?!. Jouer sur plusieurs stratégies a la fois, et favoriser
la diversité (par exemple en plantant un grand nombre d’espéces),
permet de réduire les risques.

Longtemps, la gestion des écosystémes a cherché a réduire
la variabilité de leur fonctionnement pour faciliter leur gestion
et assurer une provision continue de services écosystémiques!?2.
Le paradigme a aujourd’hui changé et I'importance de cette va-
riabilité dans les mécanismes de résilience et d’adaptation des
écosystemes est de plus en plus reconnue. Alors que les trajec-
toires possibles des écosystemes dans le futur sont innombrables,
il est important de maintenir les capacités d’adaptation a 1’en-
semble de ces changements. Cette capacité d’adaptation passe
par la diversité des organismes vivants (notamment les diversités
génétiques et fonctionnelles), mais aussi la diversité des milieux
et des conditions environnementales pour maintenir cette diver-
sité d’organismes'?3. Des stratégies de gestion maintenant une
hétérogénéité des paysages et une diversité des organismes, et
encourageant des prélevements des ressources variables dans le
temps et ’espace, permettraient d’augmenter la résilience des
écosystemes'?4.
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9.4.2 Développer une approche intégrative
Une multiplicité de points de vue

Une limite des prises de décision est qu’elles sont faites par un
nombre restreint d’acteurs, qui ont donc une vision du probleéme
trés marquée par leur propre expérience et intéréts (cf. par exemple
les travaux de Hukkinen'2%). Ils vont ainsi avoir tendance & prendre
la décision qui leur semble optimale par rapport a un point de vue
trés particulier ou a des intéréts dominants a un instant donné.
Par exemple, une vision courante dans les cercles politiques de
pays amazoniens est 'importance du développement du territoire
par la construction de routes, alors que les bénéfices pour les
populations locales sont ambigus!?%. En Bolivie par exemple, la
construction d’une route dans le parc national d’Isiboro-Sécure
a été décidée en 2017 malgré les protestations des populations
locales, car la construction de la route risque d’augmenter la
déforestation liée a la culture de coca, et donc augmenter les
conflits fonciers et la violence dans la région'?”. Un autre exemple
amazonien concerne 'usage et le controle des feux : selon le type
de connaissances mobilisé et le niveau dans la hiérarichie politique,
les conclusions different quant aux risques que représente le feu
et & sa réglementation?®. Le réle de la recherche dans ce type de
situation est d’intégrer I’ensemble des perceptions du probléme,
et les conséquences que pourrait avoir le projet pour chacun des
intéréts en jeu. Ce role est d’autant plus difficile que le chercheur
est lui-méme influencé par son point de vue et ses convictions.

Une multiplicité d’approches

Les approches multi-, inter- et trans-disciplinaires connaissent un
succes grandissant!'?? et sont jugées indispensables pour pouvoir
résoudre les défis de la gestion des ecosysteémes!3? De plus, la
diversité des approches favorise 'association d’idées et donc la
créativité, et pourrait permettre de trouver des solutions originales
pour les problémes environnementaux de demain. Pourtant, elles
sont encore difficiles & mettre en place. Plusieurs raisons peuvent
expliquer cela, parmi lesquelles les difficultés de compréhension
entre différentes approches. Pour pouvoir travailler & l'interface
entre plusieurs disciplines, il faut d’abord une traduction entre
elles, car chaque discipline utilise un systeme de pensée particulier
avec sa propre terminologie et ses concepts clé. Cela demande
un investissement en temps qui est difficile a avoir aujourd’hui
alors qu’on demande de plus en plus d’efficacité de la part des
chercheurs (notamment en termes de publication, etc.). Ensuite,
les recherches interdisciplinaires connaissent moins de succes dans
le domaine de la recherche : les articles publiés sont moins cités
par d’autres autres articles scientifiques, bien qu’ils soient plus
cités dans des rapports et articles non scientifiques'3'. De plus,
il est plus difficile d’avoir des financements pour des projets de
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recherche interdisciplinaires souvent jugés trop risqués, et pour
lesquels il n’existe pas de jury & méme de juger la pertinence'?.
Une possibilité pour diminuer le biais négatif envers les projets
interdisciplinaires est de les identifier lors de I’évaluation des
projets, pour ensuite leur assigner un jury avec une expérience
dans plusieurs des domaines abordés.

Créer des interactions

Construire la recherche en interaction avec le reste de la société, et
ce, des la conception des sujets de recherche, permet d’augmenter
son impact sur la prise de décision'3. En identifiant tous les
acteurs concernés par un projet de recherche, et en construisant
les problématiques avec des interlocuteurs clé, les résultats au-
ront plus de chance d’étre ensuite utiles et d’avoir un impact réel
sur les prises de décision. Cette co-construction ne s’arréte pas
a la définition du projet : les objectifs peuvent étre redéfinis au
fur et a mesure de ’élaboration de nouveaux résultats, par des
allers-retours entre la recherche et les acteurs concernés'?. Par
exemple, dans la theése présentée ici, la facilité de communication
et les relations historiques avec I’Office National des Foréts en
Guyane francaise ont permis leur participation des le départ du
projet. Le Service Forestier brésilien a aussi été impliqué dans le
projet, notamment autour des questions d’émissions carbone des
concessions forestieres. Enfin, une étape importante est I’évalua-
tion des impacts du projet de recherche sur la gestion effective
des écosystemes, une fois le projet fini. Cette étape de validation
ex post permet de tirer des lecons des réussites et des failles du
projet, afin d’améliorer la mise en place des projets suivants.

De maniere générale les interactions entre recherche et déci-
deurs sont difficiles et rarement mises en place. La premiere raison
est le besoin de trouver des interlocuteurs intéressés et préts a
prendre le temps pour participer a 1’élaboration de la recherche.
Cela nécessite une prise de conscience des questions de conserva-
tion, et une relation de confiance des décideurs envers le monde
scientifique. Cette confiance n’est pas toujours au rendez-vous, et
en particulier sur les questions de conservation. Par exemple, au
Brésil, les décideurs sont souvent sceptiques par rapport au role
de I’Amazonie dans le cycle du carbone et accusent régulierement
les scientifiques d’étre biaisés par leurs liens avec des institutions
étrangeres qui leur font négliger les intéréts nationaux!'3®. Ce type
de situation souligne encore I'importance de la construction d’une
relation forte entre le monde de la recherche et I’ensemble de la
société, et en particulier les preneurs de décision.

Cela peut résulter en des décisions qui peuvent ne pas sembler
optimales par rapport aux connaissances du probléme acquises
au cours du processus de recherche. Cela peut étre di a plusieurs
raisons :
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e un seul axe, jugé primordial (souvent, le retour économique),
est optimisé;

e les décisions sont biaisées, car les décideurs favorisent,
consciemment ou non, des intéréts personnels au détriment
des intéréts de I’ensemble de la société ; cela peut étre exa-
cerbé par des mécanismes de corruption'3® ou de corpora-
tisme!37 ;

e il existe un décalage temporel entre les bénéfices a long
terme et la durée de vie des projets et de ’agenda politique;

e la complexité du message du chercheur et le besoin de
prendre des décisions rapide, qui ne permet pas au déci-
deur de s’attarder pour considérer 'intégralité des options
et de leurs conséquences ;

e un manque de confiance des décideurs politiques envers le
monde de la recherche et leurs conclusions'®.

Dans la plupart des cas cités ci-dessus, la distance entre les
résultats de la recherche et la prise de décision effective vient
d’un manque de communication entre chercheurs et preneurs
de décision, soit que le message n’ai pas été recu correctement
(déformation, compréhension partielle), soit qu'il existe une forme
de méfiance envers la sphére de la recherche. Dans tous les cas,
ces limites peuvent étre dépassées en entretenant un lien proche
entre la recherche et la sphere politique. Cela peut passer par la
participation & des meetings et des conférences organisés par et
pour les preneurs de décision, ou en les contactant directement,
en écrivant des lettres pour informer de certains résultats. Plutot
que de fournir des recommandations, trop liées & un systeme
de valeurs personnel, définir un ensemble des possibles avec les
acteurs concernés, et exposer les conséquences attendues, offre
la possibilité d’une prise de décision informée par I’ensemble des
enjeux.
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