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Key Messages & Recommendations 
1) As of 2018, the Amazon has lost approximately 

870,000 km2 of primary forest, equivalent to 14% 
of its original cover. 

2) There are at least 1,036,080 km2 of degraded Am-
azonian forests. It is estimated that 366,300 km2 
of Amazonian forests were degraded between 
1995 and 2017. 

3) Cattle ranching is the main driver of deforesta-
tion. 

4) Deforestation and degradation result in local, re-
gional, and global impacts, including changes in 
local temperature and precipitation, increased 
CO2 emissions, and species extinctions. 

5) Governments, the private sector, and civil society 
need to take urgent action to avoid further defor-
estation in the Amazon, particularly of primary 
forests. Avoiding loss of primary forest is by far 
the highest priority to avoid carbon emissions, bi-
odiversity loss, and changes to the region’s hy-
drology.  

6) Large-scale infrastructure projects, such as 
roads and mining concessions, must consider 
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their indirect impacts on deforestation, which 
are much greater than the forest loss they directly 
cause. 

7) There is an urgent need to implement an inte-
grated monitoring system to track deforestation 
and forest degradation across the basin, with 
comparable, transparent, and accessible da-
tasets. Datasets can be generated through part-
nerships between governments and the scientific 
community. It is no longer acceptable for defor-
estation to be the sole focus of forest monitoring.  

 
Abstract This chapter discusses the main drivers of 
deforestation and forest degradation in the Amazon, 
particularly agricultural expansion, road construc-
tion, mining, oil and gas development, forest fires, 
edge effects, logging, and hunting. It also examines 
these activities’ impacts and synergies between 
them. 
 
Introduction Deforestation is defined as the com-
plete removal of an area’s forest cover1, while forest 
degradation is the reduction of the overall capacity 
of a forest to supply goods and services2, 
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representing a loss in the ecological value of the area 
affected1. Across the Amazon, deforestation and for-
est degradation result from the interplay between 
various indirect and direct drivers acting at global, 
regional, and local scales3–6. Direct drivers of defor-
estation are the human actions that impact nature7, 
including the expansion of pastures and croplands, 
the opening of new roads, the construction of hydro-
electric dams, and mineral and oil exploitation8–10 
(see also Chapters 14, 15, and 20). Indirect drivers 
are factors that influence human actions11, such as 
poor governance or commodity market condi-
tions12–14. Drivers act simultaneously; because mul-
tiple drivers affect deforestation rates, it is very dif-
ficult to estimate their individual impacts. The 
impacts of both deforestation and forest degrada-
tion can have local, regional, and global conse-
quences15–17. The most obvious impacts of defor-
estation are the loss of structural complexity and 
biodiversity as species-rich forested areas are con-
verted to species-poor agricultural land. However, 
there are more cryptic impacts, such as changes in 
local temperatures, regional precipitation regimes, 
and global greenhouse gas (GHG) emissions18,19. 
 
Deforestation In the Amazon biome, 867,675 km2 
have been deforested as of 201820 – an area larger 
than Turkey (Figure 19.1). Most deforestation has 
occurred in Brazil, which lost approximately 
741,759 km2 of forest20, an area 15 times greater 
than that lost by Peru (50,867 km2), the country with 
the second largest deforested area. In relative terms, 
the country that lost the most forest was Brazil 
(18%), followed by Ecuador (13%). Deforestation in 
the Amazon peaked in 2003, reaching 63,656 km2. 
Between 2004 until 2013, deforestation dropped to 
its lowest level, increasing again from 2014 on-
wards. 
 
Agricultural expansion Agricultural expansion, 
particularly cattle ranching, is the most important 
driver of Amazonian deforestation21. In the Brazilian 
Amazon it is estimated that 80% of deforested areas 
are occupied by pastures22. In the early 2000s, the 
expansion of large-scale croplands, particularly soy, 
significantly increased as a driver of deforestation, a 
pattern that reversed23 following conservation 

policies, including the soy moratorium (see Chapter 
15) and the creation of several protected areas in 
Brazil (see Chapter 16) where most soy-related de-
forestation was taking place12,24. In Bolivia, soy is 
still expanding; the region of Santa Cruz has been 
identified as the largest deforestation hotspot in the 
Amazon, mainly due to forest conversion to soy 
fields25,26. Starting in the mid-2000s, palm oil be-
came a threat to Amazonian forests, especially in 
Colombia, Ecuador, Peru, and in the eastern part of 
the Brazilian Amazon27; while palm oil plantations 
often replace other agricultural land uses, especially 
cattle ranching, sometimes it replaces primary for-
est28–30. Cultivation of illicit crops, specifically coca, 
is also a driver of deforestation in the region, partic-
ularly in Colombia, but also in Bolivia, Ecuador, and 
Peru31,32.  
 
Pastures and croplands are completely different 
from forests in terms of taxonomic, phylogenetic, 
and functional composition of their biota33,34, lead-
ing to an almost complete loss of forest-dependent 
species. Among agricultural land uses, pastures 
hold significantly more diversity than mechanized 
agriculture35. Tree plantations also harbor an im-
poverished subset of forest species; for example, 
less than 5% of bird species captured on an oil palm 
plantation in Peru were also found in forests36. In 
summary, the contribution of agricultural lands to 
Amazonian biodiversity conservation is negligible37, 
highlighting the irreplaceable value of forests34. 
There are also indirect impacts stemming from for-
est conversion - in addition to GHG emissions re-
leased during the deforestation process, pastures 
further contribute emissions due to regular burning 
and enteric fermentation38. Significant changes in 
the physical and chemical properties of the soil, 
such as soil compaction and changes in nutrient 
concentration39–41, also result from forest conver-
sion to pastures and croplands. Pesticide use on ag-
ricultural lands is often excessive42,43; however, their 
impacts on terrestrial systems have not been ade-
quately quantified.  
 
Roads Official roads and highways (i.e., those built 
by the government) extend deep into the Amazon; 
only the western part of the basin is free of roads. 
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Even if unpaved, official roads often spawn a net-
work of unofficial roads (those built by local actors), 
providing access to previously inaccessible forests, 
and resulting in the classic ‘fishbone deforestation’ 
pattern. By 2016, the network of unofficial roads was 
so extensive that it surpassed official ones by almost 
13-fold, reaching 551,646 km. 
 
The direct impacts of road construction include in-
creased roadkill44 and fragmentation of habitats, 

isolating animal populations that have low mobility 
or aversion to open spaces45,46. However, the great-
est impact of road building in the Amazon is indi-
rect. The construction and paving of official and, 
subsequently, unofficial roads reduces transporta-
tion costs, increasing the value of land and making 
agriculture and ranching more profitable47. This 
leads to land speculation and increased deforesta-
tion to secure tenure48 (see also Chapters 14 and 15). 
As a result, the presence of roads is strongly 

Figure 19.1 Current land occupied by either natural vegetation or pasture and agriculture across the Amazon biome. Cumulative 
deforestation data is shown until 2018 19 and analyzed according to Smith et al.115. 
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associated with deforestation in the Brazilian49,50, 
Peruvian51–53, and Ecuadorian Amazon, although in 
the latter road construction is linked to oil conces-
sions54,55 (see also Chapter 18). Roads also stimulate 
forest degradation, including selective logging56–58, 
as they provide machinery access (e.g., logging 
trucks, skidders) to areas that contain valuable tim-
ber.  
 
Mining Mining is a major source of environmental 
impact in the Amazon, with approximately 45,000 
mining concessions either in operation or waiting 
for approval, of which 21,536 overlap with protected 
areas and Indigenous territories. While some min-
erals, such as bauxite, copper, and iron ore59, are ex-
tracted legally by large corporations60, gold mining 
is largely illegal61,62 (see also Chapters 14 and 18). 
Despite its illegality, gold mining is a semi-mecha-
nized activity, employing large and expensive ma-
chinery such as exploration drills and hydraulic ex-
cavators63–65.  
 
The amount of forest loss directly attributable to 
mining is immensely smaller than that caused by 
agriculture. Still, it represents the main driver of for-
est loss in French Guiana, Guyana, Suriname, and 
parts of Peru66,67. Moreover, as is the case with roads, 
the indirect impacts of mining are much greater 
than the direct ones. In Brazil, for instance, mining 
was responsible for the loss of 11,670 km2 of Ama-
zonian forests between 2000 and 2015, correspond-
ing to 9% of all deforestation in that period60, with 
effects extending 70 km beyond the boundaries of 
mining concessions. Mining also stimulates forest 
loss by motivating the construction of roads and 
other transportation infrastructure that lead to de-
forestation10,68. 
 
Oil and gas Oil and gas exploitation occur mainly in 
the western Amazon, where 192 oil and gas leases 
are under production and 33 are being prospected. 
Additionally, there are plans to exploit oil and gas 
across a vast area of Brazil in Amazonas state 69. As 
with mining, deforestation caused by oil and gas ex-
ploitation is minimal when compared to that caused 
by agriculture expansion. Still, these operations can 
lead to severe oil spills, as has occurred on 

numerous occasions in Colombia, Ecuador, and 
Peru70–72, impacting people and wildlife73,74. Indirect 
impacts of oil and gas activities include the opening 
of roads, which significantly increases deforestation 
as described above. 
 
Degradation While deforestation is binary (i.e., ei-
ther the forest is present or absent), forest degrada-
tion is characterized by an impact gradient, ranging 
from forests with little, although significant, loss of 
ecological value to those suffering severe disruption 
of functions and processes75. It is estimated that an 
area roughly the size of Germany, or 366,300 km2, of 
Amazonian forests were degraded between 1995 
and 201776. Several anthropogenic disturbances can 
lead to forest degradation in the Amazon, such as 
forest fires, selective logging, edge effects, and hunt-
ing77–80.  
 
Forest fires In most years, and in most undisturbed 
forests, high moisture in the understories of Amazo-
nian forests keeps  flammability levels close to 
zero81–83. However, every year thousands of hectares 
of forests burn across the basin84,85 as fires escape 
nearby pastures or recently deforested areas. Forest 
fires spread slowly, have flame heights of 30-50 cm, 
and release little energy (≤ 250 kW/m)86,87. Notwith-
standing this, their impacts can be enormous as 
Amazonian moist forests have not co-evolved with 
fire. They cause high levels of stem mortality, nega-
tively affect carbon stocks75,88,89, and take years to re-
cover.   
 
It is estimated that burned forests in the Amazon 
have carbon stocks that remain 25% lower even 30 
years after a fire, with growth and mortality dynam-
ics suggesting that recovery has plateaued90. High 
tree mortality caused by understory fires leads to 
significant taxonomic and functional changes in the 
plant community; species with high-wood density 
are lost, while light-wood pioneer species domi-
nate91,92. It is currently unknown whether burned 
forests will eventually return to their original com-
position. Climate change scenarios predict in-
creased frequency of extreme weather events and 
warmer climatic conditions93,94 (see also Chapters 



Chapter 19 in Brief: Drivers and ecological impacts of deforestation and forest degradation 

Science Panel for the Amazon 5 

22-24), exacerbating fire concurrency across the bi-
ome. 
 
Edge effects Deforestation has promoted, over the 
past few decades, forest fragmentation, creating 
man-made forest edges, which are impacted by a 
number of edge effects95,96. Between 2001 and 2015, 
around 180,000 km2 of new forest edges were cre-
ated in the Amazon97. Edge effects lead to changes in 
evapotranspiration rates, increases in light inten-
sity and wind exposure, and increased desicca-
tion98, which may extend hundreds of meters into 
adjacent forests99. This leads to increased plant 
mortality in edge habitats and, as a consequence, in-
creased carbon losses. Recent estimates of carbon 
losses associated with edge effects in the Amazon 
(947 Tg C) corresponded to one-third of losses from 
deforestation (2,592 Tg C). Carbon losses are not off-
set by tree growth or recruitment; forest edges suffer 
a drastic change in species composition, becoming 
dominated by lianas and small, less-dense trees 
which store less carbon100,101. Furthermore, forest 
edges are more susceptible to other types of disturb-
ances89, such as fires102–104. This may lead to local ex-
tinctions of specialist species unable to adapt to 
new, disturbed conditions. It favors edge- and gap-
specialist species and could facilitate colonization 
and range expansion for non-forest species105. 
 
Logging Amazonian countries represent 13% of the 
world’s tropical sawn wood timber production; Bra-
zil alone is responsible for more than half (52%), fol-
lowed by Ecuador (11%), Peru (10%), and Bolivia 
(10%). Venezuela, Colombia, Suriname, and Guyana 
make up the remaining 17%106. In the Brazilian Am-
azon, selective logging annually affects an area the 
same size as that deforested107–109, concentrated 
mostly along the deforestation frontier and sur-
rounding the major logging centers110. In Peru and 
Bolivia, selective logging practices are concentrated 
in forest concessions111–113; however, illegal, unsus-
tainable logging practices prevail across the basin77 
(see also Chapter 14), and the industry is beset by 
high levels of illegality, including false permits and 
weak enforcement111,113–115. The prevalence of illegal 
timber discourages sustainable logging practices 
and prevents governments and society from reaping 

the important ecological and economic benefits of-
fered by better forest management practices116,117. 
Logging affects energy and water dynamics due to 
changes in albedo and surface roughness caused by 
high levels of canopy openness, mainly in the short-
term (1-3 years)118. These practices also promote 
warmer temperatures inside the forest19, and, de-
pending on the intensity of extraction, biomass re-
covery for future harvesting is compromised.  
 
Hunting Commercial exploitation of animals for 
furs, hides, and feathers in the 20th century was in-
tense; it is estimated that 23.3 million wild mam-
mals and reptiles of at least 20 species were com-
mercially hunted between 1904 and 1969119. 
Exploitation is now predominantly for food, with 
Peres et al.120 estimating that hunting affects 32% of 
remaining forests in the Brazilian Amazon (~1M 
km2), with a strong depletion of large vertebrate 
populations in the vicinity of settlements, roads, and 
rivers121.  
 
The impacts of hunting vary by species depending 
on their life histories; taxa that are long-lived and 
have low birth rates are the most vulnerable to local 
extinction122. Habitat loss, fragmentation, and forest 
degradation interact with hunting to reduce and iso-
late populations, inhibiting ‘rescue’ and repopula-
tion from neighboring forests. This is exacerbated 
by edge effects, which increase accessibility by 
hunters123. Over-hunting may have pervasive im-
pacts on Amazonian forests by disrupting or entirely 
removing ‘top-down’ control on ecosystems medi-
ated by large-bodied animals, leading to widespread 
and potentially irreversible loss of ecosystem resili-
ence and function124. 
 
Conclusions Deforestation and degradation are ma-
jor drivers of biodiversity loss and GHG emissions, 
with dire consequences for human and natural sys-
tems at the local, regional, and global levels. Over 
the past 35 years, over 700,000 km2 of forests have 
been completely removed across the Amazon, while 
an additional ~360,000 km2 have been degraded. 
Although deforestation has been mostly driven by 
agricultural expansion, large infrastructure devel-
opment projects, mining (both legal and illegal), and 
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oil and gas exploitation have also played a signifi-
cant role. Major impacts include the extinction 
and/or impoverishment of plant and animal com-
munities, reductions in carbon sinks, and decreased 
evapotranspiration. The impacts of forest degrada-
tion, driven by forest fires, edge effects, selective 
logging, and hunting are much more cryptic, alt-
hough they can lead to severe and long-term im-
pacts in affected forests. The impacts of both defor-
estation and forest degradation will likely be 
exacerbated by climate change, an underlying pres-
sure on all Amazonian forests. 
 
References 
1. Putz, F. E. & Redford, K. H. The Importance of Defining 

‘Forest’: Tropical Forest Degradation, Deforestation, 
Long-term Phase Shifts, and Further Transitions. 
Biotropica 42, 10–20 (2010). 

2. Parrotta, J. A., Wildburger, C. & Mansourian, S. 
Understanding Relationships between Biodiversity , Carbon , 
Forests and People : The Key to Achieving REDD + Objectives. A 
Global Assessment Report. vol. 31 (2012). 

3. Barona, E., Ramankutty, N., Hyman, G. & Coomes, O. T. 
The role of pasture and soybean in deforestation of the 
Brazilian Amazon. Environ. Res. Lett. 5, 24002 (2010). 

4. Rudel, T. K., Defries, R., Asner, G. P. & Laurance, W. F. 
Changing drivers of deforestation and new opportunities 
for conservation. Conserv. Biol. 23, 1396–1405 (2009). 

5. Clerici, N. et al. Deforestation in Colombian protected 
areas increased during post-conflict periods. Sci. Rep. 10, 
4971 (2020). 

6. Armenteras, D., Espelta, J. M., Rodríguez, N. & Retana, J. 
Deforestation dynamics and drivers in different forest 
types in Latin America: Three decades of studies (1980–
2010). Glob. Environ. Chang. 46, 139–147 (2017). 

7. Bongaarts, J. IPBES, 2019. Summary for policymakers of 
the global assessment report on biodiversity and 
ecosystem services of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services. 
Popul. Dev. Rev. 45, 680–681 (2019). 

8. Ometto, J. P., Aguiar, A. P. D. & Martinelli, L. A. Amazon 
deforestation in Brazil: effects, drivers and challenges. 
Carbon Manag. 2, 575–585 (2011). 

9. Fearnside, P. M. Environmental and social impacts of 
hydroelectric dams in Brazilian Amazonia: Implications 
for the aluminum industry. World Dev. 77, 48–65 (2016). 

10. Sonter, L. J. et al. Mining drives extensive deforestation 
in the Brazilian Amazon. Nat. Commun. 8, 1–7 (2017). 

11. IPBES. The global assessment report on biodiversity and 
ecosystem services Summary for policymakers of the global 
assessment report on biodiversity and ecosystem services of the 
Intergovernmental Science‐Policy Platform on Biodiversity 
and Ecosystem Services. (2019) doi:10.1111/padr.12283. 

12. Nepstad, D. et al. Slowing Amazon deforestation through 
public policy and interventions in beef and soy supply 

chains. Science 344, 1118–23 (2014). 
13. Garrett, R. D., Lambin, E. F. & Naylor, R. L. The new 

economic geography of land use change: Supply chain 
configurations and land use in the Brazilian Amazon. 
Land use policy 34, 265–275 (2013). 

14. Brandão, F. et al. Lessons for Jurisdictional Approaches 
From Municipal-Level Initiatives to Halt Deforestation in 
the Brazilian Amazon. Front. For. Glob. Chang. 3, 96 
(2020). 

15. Davidson, E. A. et al. The Amazon basin in transition. 
Nature 481, 321–328 (2012). 

16. Spracklen, D. V. & Garcia-Carreras, L. The impact of 
Amazonian deforestation on Amazon basin rainfall. 
Geophys. Res. Lett. 42, 9546–9552 (2015). 

17. Magalhães, N. de, Evangelista, H., Condom, T., Rabatel, 
A. & Ginot, P. Amazonian Biomass Burning Enhances 
Tropical Andean Glaciers Melting. Sci. Rep. 9, 1–12 
(2019). 

18. Longo, M. et al. Impacts of Degradation on Water, Energy, 
and Carbon Cycling of the Amazon Tropical Forests. J. 
Geophys. Res. Biogeosciences 125, (2020). 

19. Mollinari, M. M., Peres, C. A. & Edwards, D. P. Rapid 
recovery of thermal environment after selective logging 
in the Amazon. Agric. For. Meteorol. 278, 107637 (2019). 

20. MapBiomas. MapBiomas Amazonia v2.0. (2020). 
21. Nepstad, D. C., Soares-Filho, B. & Merry, F. The end of 

deforestation in the Brazilian Amazon. Science (80-. ). 
(2009). 

22. Ministério do Meio Ambiente. Planos de Combate ao 
Desmatamento (PPCDAM 4a fase e PPCERRADO 3a fase). 
(2018). 

23. Macedo, M. N. et al. Decoupling of deforestation and soy 
production in the southern Amazon during the late 
2000s. Proc. Natl. Acad. Sci. 109, 1341–1346 (2012). 

24. Soares-Filho, B. et al. Role of Brazilian Amazon protected 
areas in climate change mitigation. Proc. Natl. Acad. Sci. 
107, 10821–10826 (2010). 

25. Kalamandeen, M. et al. Pervasive Rise of Small-scale 
Deforestation in Amazonia. Sci. Rep. 8, 1–10 (2018). 

26. Redo, D., Millington, A. C. & Hindery, D. Deforestation 
dynamics and policy changes in Bolivia’s post-neoliberal 
era. Land use policy 28, 227–241 (2011). 

27. Furumo, P. R. & Aide, T. M. Characterizing commercial 
oil palm expansion in Latin America: land use change 
and trade. Environ. Res. Lett. 12, 24008 (2017). 

28. de Almeida, A. S., Vieira, I. C. G. & Ferraz, S. F. B. Long-
term assessment of oil palm expansion and landscape 
change in the eastern Brazilian Amazon. Land use policy 
90, 104321 (2020). 

29. Castiblanco, C., Etter, A. & Aide, T. M. Oil palm 
plantations in Colombia: A model of future expansion. 
Environ. Sci. Policy 27, 172–183 (2013). 

30. Gutiérrez-Vélez, V. H. & DeFries, R. Annual multi-
resolution detection of land cover conversion to oil palm 
in the Peruvian Amazon. Remote Sens. Environ. 129, 154–
167 (2013). 

31. Armenteras, D., Rudas, G., Rodriguez, N., Sua, S. & 
Romero, M. Patterns and causes of deforestation in the 



Chapter 19 in Brief: Drivers and ecological impacts of deforestation and forest degradation 

Science Panel for the Amazon 7 

Colombian Amazon. Ecol. Indic. 6, 353–368 (2006). 
32. Dávalos, L. M., Sanchez, K. M. & Armenteras, D. 

Deforestation and Coca Cultivation Rooted in Twentieth-
Century Development Projects. Bioscience 66, 974–982 
(2016). 

33. Bregman, T. P. et al. Using avian functional traits to 
assess the impact of land-cover change on ecosystem 
processes linked to resilience in tropical forests. Proc. R. 
Soc. B Biol. Sci. 283, 20161289 (2016). 

34. Barlow, J. et al. Quantifying the biodiversity value of 
tropical primary, secondary, and plantation forests. Proc. 
Natl. Acad. Sci. 104, 18555–18560 (2007). 

35. Solar, R. R. D. C. et al. How pervasive is biotic 
homogenization in human-modified tropical forest 
landscapes? Ecol. Lett. 18, 1108–1118 (2015). 

36. Srinivas, A. & Koh, L. P. Oil palm expansion drives 
avifaunal decline in the Pucallpa region of Peruvian 
Amazonia. Glob. Ecol. Conserv. 7, 183–200 (2016). 

37. Moura, N. G. et al. Avian biodiversity in multiple-use 
landscapes of the Brazilian Amazon. Biol. Conserv. 167, 
339–348 (2013). 

38. Bustamante, M. M. C. et al. Estimating greenhouse gas 
emissions from cattle raising in Brazil. Clim. Change 115, 
559–577 (2012). 

39. Melo, V. F., Orrutéa, A. G., Motta, A. C. V. & Testoni, S. A. 
Land use and changes in soil morphology and physical-
chemical properties in southern Amazon. Rev. Bras. Cienc. 
do Solo 41, 170034 (2017). 

40. de Souza Braz, A. M., Fernandes, A. R. & Alleoni, L. R. F. 
Soil attributes after the conversion from forest to pasture 
in Amazon. L. Degrad. Dev. 24, 33–38 (2013). 

41. Fujisaki, K. et al. From forest to cropland and pasture 
systems: a critical review of soil organic carbon stocks 
changes in Amazonia. Glob. Chang. Biol. 21, 2773–2786 
(2015). 

42. Schiesari, L., Waichman, A., Brock, T., Adams, C. & 
Grillitsch, B. Pesticide use and biodiversity conservation 
in the Amazonian agricultural frontier. Philos. Trans. Biol. 
Sci. 368, 1–9 (2013). 

43. Bogaerts, M. et al. Climate change mitigation through 
intensified pasture management: Estimating 
greenhouse gas emissions on cattle farms in the 
Brazilian Amazon. J. Clean. Prod. 162, 1539–1550 (2017). 

44. Filius, J., van der Hoek, Y., Jarrín-V, P. & van Hooft, P. 
Wildlife roadkill patterns in a fragmented landscape of 
the Western Amazon. Ecol. Evol. 10, 6623–6635 (2020). 

45. Laurance, S. G. W., Stouffer, P. C. & Laurance, W. F. 
Effects of road clearings on movement patterns of 
understory rainforest birds in central Amazonia. Conserv. 
Biol. 18, 1099–1109 (2004). 

46. Laurance, W. F., Goosem, M. & Laurance, S. G. W. 
Impacts of roads and linear clearings on tropical forests. 
Trends Ecol. \& Evol. 24, 659–669 (2009). 

47. Perz, S. et al. Road building, land use and climate change: 
prospects for environmental governance in the Amazon. 
Philos. Trans. R. Soc. B Biol. Sci. 363, 1889–1895 (2008). 

48. Fearnside, P. M. Deforestation in Brazilian Amazonia: 
history, rates, and consequences. Conserv. Biol. 19, 680–

688 (2005). 
49. Laurance, W. F. et al. Predictors of deforestation in the 

Brazilian Amazon. J. Biogeogr. 29, 737–748 (2002). 
50. Pfaff, A. et al. Road investments, spatial spillovers, and 

deforestation in the Brazilian Amazon. J. Reg. Sci. (2007) 
doi:10.1111/j.1467-9787.2007.00502.x. 

51. Bax, V., Francesconi, W. & Quintero, M. Spatial modeling 
of deforestation processes in the Central Peruvian 
Amazon. J. Nat. Conserv. 29, 79–88 (2016). 

52. Chávez Michaelsen, A. et al. Regional deforestation 
trends within local realities: land-cover change in 
southeastern Peru 1996--2011. Land 2, 131–157 (2013). 

53. Naughton-Treves, L. Deforestation and carbon 
emissions at tropical frontiers: a case study from the 
Peruvian Amazon. World Dev. 32, 173–190 (2004). 

54. Sierra, R. Dynamics and patterns of deforestation in the 
western Amazon: The Napo deforestation front, 1986-
1996. Appl. Geogr. 20, 1–16 (2000). 

55. Mena, C. F., Bilsborrow, R. E. & Mcclain, M. E. 
Socioeconomic Drivers of Deforestation in the Northern 
Ecuadorian Amazon. doi:10.1007/s00267-003-0230-z. 

56. Amacher, G. S., Merry, F. D. & Bowman, M. S. Smallholder 
timber sale decisions on the Amazon frontier. Ecol. Econ. 
68, 1787–1796 (2009). 

57. Merry, F., Soares-Filho, B., Nepstad, D., Amacher, G. & 
Rodrigues, H. Balancing Conservation and Economic 
Sustainability: The Future of the Amazon Timber 
Industry. Environ. Manage. 44, 395–407 (2009). 

58. Asner, G. P. et al. Condition and fate of logged forests in 
the Brazilian Amazon. Proc. Natl. Acad. Sci. U. S. A. 103, 
12947–50 (2006). 

59. Souza-Filho, P. W. M. et al. Land-use intensity of official 
mineral extraction in the Amazon region: Linking 
economic and spatial data. L. Degrad. Dev. 32, 1706–1717 
(2021). 

60. Sonter, L. J. et al. Mining drives extensive deforestation 
in the Brazilian Amazon. Nat. Commun. 8, (2017). 

61. Asner, G. P. & Tupayachi, R. Accelerated losses of 
protected forests from gold mining in the Peruvian 
Amazon. Environ. Res. Lett. 12, 094004 (2016). 

62. Sousa, R. et al. Policies and regulations for Brazil’s 
artisanal gold mining sector: Analysis and 
recommendations. J. Clean. Prod. 19, 742–750 (2011). 

63. Tedesco, L. da L. No trecho dos garimpos: mobilidade, 
gênero e modos de viver na garimpagem de ouro 
amazônica. (2013). 

64. Massaro, L. & de Theije, M. Understanding small-scale 
gold mining practices: An anthropological study on 
technological innovation in the Vale do Rio Peixoto (Mato 
Grosso, Brazil). J. Clean. Prod. 204, 618–635 (2018). 

65. Springer, S. K., Peregovich, B. G. & Schmidt, M. Capability 
of social life cycle assessment for analyzing the artisanal 
small-scale gold mining sector—case study in the 
Amazonian rainforest in Brazil. Int. J. Life Cycle Assess. 25, 
2274–2289 (2020). 

66. Dezécache, C. et al. Gold-rush in a forested El Dorado: 
Deforestation leakages and the need for regional 
cooperation. Environ. Res. Lett. 12, 034013 (2017). 



Chapter 19 in Brief: Drivers and ecological impacts of deforestation and forest degradation 

Science Panel for the Amazon 8 

67. Espejo, J. C. et al. Deforestation and forest degradation 
due to gold mining in the Peruvian Amazon: A 34-year 
perspective. Remote Sens. 10, 1903 (2018). 

68. Fearnside, P. M. Exploração mineral na Amazônia 
Brasileira: o custo ambiental. in Grupo de Estudos 
Estratégicos Amazônicos (GEEA). Manaus: Instituto Nacional 
de Pesquisas da Amazônia (eds. Castro, E. & Carmo, E. D. 
do) 36–43 (Editora do Núcleo de Altos Estudos 
Amazônicos (NAEA, 2019). 

69. Fearnside, P. M. Oil and gas project threatens Brazil’s 
last great block of Amazon forest (commentary). 
Mongabay, 9 March 2020. (2020). 

70. Cardona, A. J. P. Massive erosion likely due to 
hydropower dam causes oil spill on Ecuador’s Coca 
River. Mongabay (2020). 

71. San Sebastián, M. & Karin Hurtig, A. Oil exploitation in 
the Amazon basin of Ecuador: a public health 
emergency. Rev. Panam. salud pública 15, 205–211 (2004). 

72. Vargas-Cuentas, N. I. & Roman-Gonzalez, A. Spatio-
temporal analysis of oil spills in the Peruvian Amazon. (2019). 

73. Orta-Martínez, M. et al. Impacts of petroleum activities 
for the Achuar people of the Peruvian Amazon: summary 
of existing evidence and research gaps. Environ. Res. Lett. 
2, 45006 (2007). 

74. Orta-Martínez, M. et al. First evidences of Amazonian 
wildlife feeding on petroleum-contaminated soils: A new 
exposure route to petrogenic compounds? Environ. Res. 
160, 514–517 (2018). 

75. Berenguer, E. et al. A large-scale field assessment of 
carbon stocks in human-modified tropical forests. Glob. 
Chang. Biol. 20, 3713–3726 (2014). 

76. Bullock, E. L., Woodcock, C. E., Souza, C. & Olofsson, P. 
Satellite‐based estimates reveal widespread forest 
degradation in the Amazon. Glob. Chang. Biol. 26, 2956–
2969 (2020). 

77. Bustamante, M. M. C. et al. Toward an integrated 
monitoring framework to assess the effects of tropical 
forest degradation and recovery on carbon stocks and 
biodiversity. Glob. Chang. Biol. 22, 92–109 (2016). 

78. Barlow, J. et al. Anthropogenic disturbance in tropical 
forests can double biodiversity loss from deforestation. 
Nature 535, 144–147 (2016). 

79. Phillips, O. L. et al. Carbon uptake by mature Amazon 
forests has mitigated Amazon nations’ carbon 
emissions. Carbon Balance Manag. 12, 1 (2017). 

80. de Andrade, R. B. et al. Scenarios in tropical forest 
degradation: carbon stock trajectories for REDD+. Carbon 
Balance Manag. 12, 1–7 (2017). 

81. Ray, D., Nepstad, D. & Moutinho, P. Micrometeorological 
and canopy controls of fire susceptibility in a forested 
Amazon landscape. Ecol. Appl. 15, 1664–1678 (2005). 

82. Ray, D., Nepstad, D. & Brando, P. Predicting moisture 
dynamics of fine understory fuels in a moist tropical 
rainforest system: results of a pilot study undertaken to 
identify proxy variables useful for rating fire danger. New 
Phytol. 187, 720–732 (2010). 

83. Nepstad, D. et al. Amazon drought and its implications 
for forest flammability and tree growth: A basin-wide 

analysis. Glob. Chang. Biol. 10, 704–717 (2004). 
84. Withey, K. et al. Quantifying immediate carbon 

emissions from El Niño-mediated wildfires in humid 
tropical forests. Philos. Trans. R. Soc. B Biol. Sci. 373, 
20170312 (2018). 

85. Aragão, L. E. O. C. et al. 21st Century drought-related fires 
counteract the decline of Amazon deforestation carbon 
emissions. Nat. Commun. 9, 536 (2018). 

86. Brando, P. M. et al. Abrupt increases in Amazonian tree 
mortality due to drought-fire interactions. Proc. Natl. 
Acad. Sci. 111, 6347–6352 (2014). 

87. Cochrane, M. A. Fire science for rainforests. Nature 421, 
913–919 (2003). 

88. Barlow, J., Peres, C., Lagan, B. & Haugaasen, T. Large tree 
mortality and the decline of forest biomass following 
Amazonian wildfires. Ecol. Lett. 6, 6–8 (2003). 

89. Brando, P. M. et al. Prolonged tropical forest degradation 
due to compounding disturbances: Implications for CO 2 
and H 2 O fluxes. Glob. Chang. Biol. 25, 2855–2868 (2019). 

90. Silva, C. V. J. et al. Drought-induced Amazonian wildfires 
instigate a decadal-scale disruption of forest carbon 
dynamics. Philos. Trans. R. Soc. B Biol. Sci. 373, 20180043 
(2018). 

91. Berenguer, E. et al. Seeing the woods through the 
saplings: Using wood density to assess the recovery of 
human-modified Amazonian forests. J. Ecol. (2018) 
doi:10.1111/1365-2745.12991. 

92. Barlow, J. et al. Wildfires in bamboo-dominated 
Amazonian forest: Impacts on above-ground biomass 
and biodiversity. PLoS One 7, 33373 (2012). 

93. De Faria, B. L. et al. Current and future patterns of fire-
induced forest degradation in Amazonia. Environ. Res. 
Lett. 12, 95005 (2017). 

94. Fonseca, M. G. et al. Effects of climate and land-use 
change scenarios on fire probability during the 21st 
century in the Brazilian Amazon. Glob. Chang. Biol. 25, 
2931–2946 (2019). 

95. Alencar, A., Nepstad, D. & Diaz, M. C. V. Forest understory 
fire in the Brazilian Amazon in ENSO and non-ENSO 
years: area burned and committed carbon emissions. 
Earth Interact. 10, 1–17 (2006). 

96. Armenteras, D., Barreto, J. S., Tabor, K., Molowny-Horas, 
R. & Retana, J. Changing patterns of fire occurrence in 
proximity to forest edges, roads and rivers between NW 
Amazonian countries. Biogeosciences 14, 2755–2765 
(2017). 

97. Silva Junior, C. H. L. et al. Persistent collapse of biomass 
in Amazonian forest edges following deforestation leads 
to unaccounted carbon losses. Sci. Adv. 6, eaaz8360 
(2020). 

98. Laurance, W. F. et al. An Amazonian rainforest and its 
fragments as a laboratory of global change. Biol. Rev. 93, 
223–247 (2018). 

99. Briant, G., Gond, V. & Laurance, S. G. W. Habitat 
fragmentation and the desiccation of forest canopies: a 
case study from eastern Amazonia. Biol. Conserv. 143, 
2763–2769 (2010). 

100. Laurance, W. F. et al. Rain forest fragmentation and the 



Chapter 19 in Brief: Drivers and ecological impacts of deforestation and forest degradation 

Science Panel for the Amazon 9 

proliferation of successional trees. Ecology 87, 469–82 
(2006). 

101. Michalski, F., Nishi, I. & Peres, C. A. Disturbance-
mediated drift in tree functional groups in Amazonian 
forest fragments. Biotropica 39, 691–701 (2007). 

102. Armenteras, D., González, T. M. & Retana, J. Forest 
fragmentation and edge influence on fire occurrence 
and intensity under different management types in 
Amazon forests. Biol. Conserv. 159, 73–79 (2013). 

103. Devisscher, T., Malhi, Y., Landivar, V. D. R. & Oliveras, I. 
Understanding ecological transitions under recurrent 
wildfire: A case study in the seasonally dry tropical 
forests of the Chiquitania, Bolivia. For. Ecol. Manage. 360, 
273–286 (2016). 

104. Silva Junior, C. H. L. et al. Deforestation-induced 
fragmentation increases forest fire occurrence in central 
Brazilian Amazonia. Forests 9, 305 (2018). 

105. Palmeirim, A. F., Santos-Filho, M. & Peres, C. A. Marked 
decline in forest-dependent small mammals following 
habitat loss and fragmentation in an Amazonian 
deforestation frontier. PLoS One 15, e0230209 (2020). 

106. ITTO. Tropical Timber Market Report. Int. Trop. Timber 
Organ. - ITTO 24, 27p (2020). 

107. Asner, G. P. et al. Selective logging in the Brazilian 
Amazon. Science (80-. ). 310, 480–482 (2005). 

108. Asner, G. P., Knapp, D. E., Balaji, A. & Páez-acosta, G. 
Automated mapping of tropical deforestation and forest 
degradation : CLASlite. J. Appl. Remote Sens. 3, 1–24 
(2009). 

109. Matricardi, E. A. T. et al. Long-term forest degradation 
surpasses deforestation in the Brazilian Amazon. Science 
(80-. ). 369, 1378–1382 (2020). 

110. SFB & IMAZON. A atividade madeireira na Amazônia 
brasileira: Produção, receita e mercados. (IMAZON, 2010). 

111. Pacheco, P., de Jong, W. & Johnson, J. The evolution of 
the timber sector in lowland Bolivia: Examining the 
influence of three disparate policy approaches. For. 
Policy Econ. 12, 271–276 (2010). 

112. Mejía, E. et al. Actores , aprovechamiento de madera y 
mercados en la Amazonía peruana. (2015). 

113. Finer, M., Jenkins, C. N., Sky, M. A. B. & Pine, J. Logging 
concessions enable illegal logging crisis in the peruvian 
amazon. Sci. Rep. 4, 1–6 (2014). 

114. Brancalion, P. H. S. et al. Fake legal logging in the 
Brazilian Amazon. Sci. Adv. 4, eaat1192 (2018). 

115. Smith, J., Colan, V., Sabogal, C. & Snook, L. Why policy 
reforms fail to improve logging practices: The role of 
governance and norms in Peru. For. Policy Econ. 8, 458–
469 (2006). 

116. Santos de Lima, L. et al. Illegal logging as a disincentive 
to the establishment of a sustainable forest sector in the 
Amazon. PLoS One 13, e0207855 (2018). 

117. Gutierrez-velez, V. H. & Macdicken, K. Quantifying the 
direct social and governmental costs of illegal logging in 
the Bolivian , Brazilian , and Peruvian Amazon. For. Policy 
Econ. 10, 248–256 (2008). 

118. Huang, M. et al. Assessing impacts of selective logging on 
water, energy, and carbon budgets and ecosystem 

dynamics in Amazon forests using the Functionally 
Assembled Terrestrial Ecosystem Simulator. 
Biogeosciences 17, 4999–5023 (2020). 

119. Antunes, A. P. et al. Empty forest or empty rivers? A 
century of commercial hunting in Amazonia. Sci. Adv. 2, 
e1600936 (2016). 

120. Peres, C. A., Emilio, T., Schietti, J., Desmoulière, S. J. M. & 
Levi, T. Dispersal limitation induces long-term biomass 
collapse in overhunted Amazonian forests. Proc. Natl. 
Acad. Sci. 113, 892–897 (2016). 

121. Peres, C. & Lake, I. R. Extent of Nontimber Resource 
Extraction in Tropical Forests: Accessibility to Game 
Vertebrates by Hunters in the Amazon Basin. Conserv. 
Biol. 17, 521–535 (2003). 

122. Bodmer, R. E., Eisenberg, J. F. & Redford, K. H. Hunting 
and the likelihood of extinction of Amazonian mammals: 
Caza y Probabilidad de Extinción de Mamiferos 
Amazónicos. Conserv. Biol. 11, 460–466 (1997). 

123. Peres, C. A. Synergistic Effects of Subsistence Hunting 
and Habitat Fragmentation on Amazonian Forest 
Vertebrates. Conserv. Biol. 15, 1490–1505 (2001). 

124. Ripple, W. J. et al. Bushmeat hunting and extinction risk 
to the world’s mammals. R. Soc. open Sci. 3, 160498 
(2016). 

 


	Chapter 19 in Brief Cover
	Chapter 19 in Brief_corrected_clean2

