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a b s t r a c t

The planned construction of hundreds of hydroelectric dams in the Amazon basin has the potential to
provide invaluable ‘clean’ energy resources for aiding in securing future regional energy needs and
continued economic growth. These mega-structures, however, directly and indirectly interfere with
natural ecosystem dynamics, and can cause noticeable tree loss. To improve our understanding of how
hydroelectric dams affect the surrounding spatiotemporal patterns of forest disturbances, this case study
integrated remote sensing spectral mixture analysis, GIS proximity analysis and statistical hypothesis
testing to extract and evaluate spatially-explicit patterns of deforestation (clearing of entire forest patch)
and forest degradation (reduced tree density) in the 80,000 km2 neighborhoods of the Brazil's Tucuruí
Dam, the first large-scale hydroelectric project in the Amazon region, over a period of 25 years from 1988
to 2013. Results show that the average rates of deforestation were consistent during the first three time
periods 1988e1995 (620 km2 per year), 1995e2001 (591 km2 per year), and 2001e2008 (660 km2 per
year). However, such rate dramatically fell to half of historical levels after 2008, possibly reflecting the
2008 global economic crisis and enforcement of the Brazilian Law of Environmental Crimes. The rate of
forest degradation was relatively stable from 1988 to 2013 and, on average, was 17.8% of the rate of
deforestation. Deforestation and forest degradation were found to follow similar spatial patterns across
the dam neighborhoods, upstream reaches or downstream reaches at the distances of 5 kme80 km,
suggesting that small and large-scale forest disturbances may have been influencing each other in the
vicinity of the dam. We further found that the neighborhoods of the Tucuruí Dam and the upstream
region experienced similar degrees of canopy loss. Such loss was mainly attributed to the fast expansion
of the Tucuruí town, and the intensive logging activities alongside major roads in the upstream reservoir
region. In contrast, a significantly lower level of forest disturbance was discovered in the downstream
region.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Tropical forests absorb carbon at a level greater than all the
other types of forests combined, storing a total amount of
471 ± 93 Pg (Pan et al., 2011). However, deforestation and forest
degradation are prevalent in the tropical regions as well, account-
ing for 32% of the global tree loss, at the rate of 2010 km2 per year
(Hansen et al., 2013; Saatchi et al., 2011). While natural distur-
bances can affect forest ecosystem structure and function, anthro-
pogenic activities, mostly in the form of land use conversion, are
widely considered the dominant drivers of contemporary forest
cover change (Fuller, Foster, McLachlan, & Drake, 1998; Lambin,
1997; Uriarte et al., 2009). Recognition of the uniqueness of trop-
ical forests, with respect to both its ecological value and high
conservation importance, has inspired debate around their pro-
tection and what level of anthropogenic activity is permissible. A
major source of concern and contention, for example, is the recent
construction and planned expansion of hydroelectric dams,
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Fig. 1. The Tucuruí Dam (03�4905400S, 49�3804800W) is centered in our study area, a
region of 80,000 km2 in the state of Par�a, Brazil.
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especially in the Amazon basin. On the one hand, the basin is
shared by eight developing countries (Bolivia, Brazil, Colombia,
Ecuador, Guyana, Peru, Suriname and Venezuela) with more than
340 million inhabitants. The remaining untapped hydroelectric
potential in the area is expected to provide ‘clean’ energy to meet
the regional rising demand for economic development (Tundisi,
Goldemberg, Matsumura-Tundisi, & Saraiva, 2014). At present,
137 new hydroelectric dams have been planned in addition to the
current list of 100 dams that are in operation (Tundisi et al., 2014).
On the other hand, there are arguments that the operation of dams
may lead to variations in the hydrological, land-use, climatic, and
edaphic variables, resulting in forest decline and loss (Ferreira,
Cunha, Chaves, Matos, & Parolin, 2013; Finer & Jenkins, 2012;
Stave, Oba, Stenseth, & Nordal, 2005).

In the past decade, research efforts in tropical forest conservation
have shifted towards studying the important temporal role of
anthropogenic impacts on forest ecosystems as well as the devel-
opment of a better understanding and evaluation of forest change in
the context of dam operation. Specifically, several studies have
focused on the carbon emissions caused by forest inundation in the
hydroelectric reservoirs. For example, both Fearnside (2005) and
Abril, Parize, P�erez, and Filizola (2013) found that flooded biomass
can produce abundant carbon dioxide and methane that are a large
and previously unrecognized source of greenhouse gas emissions.
Several other researchers argued that the impact of hydroelectric
dams extendswell beyond the area surrounding the reservoirs, with
forest stress and decline discovered in upstream and downstream
ecosystems from dams (Ford and Brooks Rene, 2002; Horton &
Clark, 2001; Manyari & de Carvalho, 2007; Palmeirim, Peres, &
Rosas, 2014). This phenomenon could be partially explained by the
lack of successful regeneration of native species as a result of hy-
drological change (Horton & Clark, 2001). Finer and Jenkins (2012)
further examined the potential ecological impacts of planned hy-
droelectric dams across major Andean tributaries of the Amazon
River. Their modeling results suggested that the lack of a strategic
plan to build a series of new dams could lead to a severe break in
river connectivity, driving deforestation in the Amazon basin.

Most of the previous studies relied primarily on sample-based
field observations to assess the ecological impact of hydroelectric
dams. While the findings added knowledge to improving our un-
derstanding of forest vulnerability, the spatially and temporally
detailed patterns of forest change in the vicinity of the mega-
structures remain to be analyzed, precluding an accurate
landscape-level evaluation of the forestedam relationship in the
Amazon basin. Here, we provide a case study combining remote
sensing, GIS and statistical analysis to extract and evaluate the
spatially-explicit patterns of deforestation and forest degradation
in the Brazil's Tucuruí Dam region over a period of 25 years from
1988 to 2013. The Tucuruí Dam was the first large-scale hydro-
electric project in the Amazon region, an ideal case for under-
standing the long-term impact of mega-dams on rainforest loss. In
this research, we aim to address two main questions at the land-
scape level: (i) What were the rates of deforestation and forest
degradation that occurred within the large Tucuruí Dam region
over time? (ii)Whether deforestation and forest degradation follow
similar spatiotemporal patterns across three areas, including the
neighborhoods of the dam, river upstream of the dam, and river
downstream of the dam?

2. Materials and methods

2.1. Study area

The Tucuruí Dam (03�4905400S, 49�3804800W) is centered in our
study area, a region of 80,000 km2 in the State of Par�a, Brazil (Fig. 1).
This hydropower plant was the first of a series of 15 plants to be
installed in the heart of the Amazon's Araguaia-Tocantins hydro-
graphic basin (Manyari & de Carvalho, 2007). The phase I con-
struction of the Tucuruí Dam was completed in 1984, creating a
reservoir that flooded an area of 2850 km2 (Porvari, 1995). With the
recent completion of phase II, the dam has a maximum capacity of
generating 8370 MW (megawatts) of electricity, to be supplied to
the Northeast and Center-West regions of Brazil through high-
tension transmission lines (Manyari & de Carvalho, 2007). The
tropical forests in the region experienced a high degree of frag-
mentation. Some trees, on account of their proximity to the reser-
voir area, were lost, while deforestation and forest degradation
were also observed around the dam (Fearnside, 2002;Manyari& de
Carvalho, 2007).
2.2. Data acquisition and pre-processing

Remote sensing Landsat images were acquired from the U.S.
Geological Survey archive in the dry season (July and August) of
1988, 1995, 2001, 2008 and 2013, spanning 25 years. Specifically,
the 1988, 1995, and 2008 data were collected by the Landsat 5 TM
sensor. The 2001 data were acquired by Landsat 7 ETMþ, while the
2013 data were captured using the most-recent Landsat 8 OLI
sensor launched in early 2013. Although multiple sensors served in
data acquisition, the image extent, spatial resolution, geometry,
spectral characteristics, and data quality remained consistent
thanks to the consistency of the 40 þ year Landsat program (Roy
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et al., 2014). In order to cover the entire study area of 80,000 km2,
four adjacent image scenes were collected at each of the five time
steps (path/row: 223/62, 224/62, 224/63, and 223/63) with a total
of 20 scenes downloaded. The high percentage of cloud cover in the
tropics created challenges for acquiring clear-sky images from all
the desired years. Three image scenes were replaced using the
neighboring-year data with less than 5% of cloud cover. The ratio-
nale of our date selection was based upon the consideration of
obtaining low cloud coverage imagery (less than 5%) in the entire
region with comparable time intervals. Please note that there is
currently no specific criterion regarding what temporal threshold
should be used to monitor long-term forest loss (Herold et al.,
2011).

Radiometric correction of the Landsat images included two
major steps. First, digital numbers (DNs) were converted to at-
sensor radiances, which were then converted to top-of-
atmosphere (TOA) reflectance (Chen, Wulder, White, Hilker, &
Coops, 2012). Second, atmospheric distortions were reduced by
the popular 6S (Second Simulation of the Satellite Signal in the
Solar Spectrum) radiative transfer model to derive surface reflec-
tance (Vermote, Tanre, Deuze, Herman, & Morcrette, 1997). NASA's
MODIS (Moderate Resolution Imaging Spectroradiometer) atmo-
spheric products of aerosol optical thickness and water vapor were
employed as model input. For the images acquired during the time
periods when the atmospheric products were not available, they
were normalized to an atmospheric corrected image using linear
scale invariance of the multivariate alteration detection (MAD)
transformation that can identify invariant pixels (Canty, Nielsen, &
Schmidt, 2004). Geometric correction was not performed because
the multitemporal images from the Landsat archive already had
sub-pixel geolocation accuracies (Kennedy, Yang, & Cohen, 2010).
Image masking was conducted to exclude water, thick clouds, cloud
shadows, and impervious surfaces from the succeeding image an-
alyses, with thresholds heuristically defined for every image scene.
Finally, we mosaicked the four adjacent image scenes at each time
step and clipped the mosaics to a square area of 80,000 km2, where
the Tucuruí Dam located at the center.

2.3. Extraction of deforestation and forest degradation

Deforestation is known as the process of tree cover loss below
the threshold of a chosen forest definition for the purpose of timber
production or land conversion. Forest degradation, however, does
not have a globally accepted definition, but is usually referred to as
a net loss of carbon stock or reduction of stem density in remaining
forest land (Goetz et al., 2009; GOFC-GOLD, 2014). At the spatial
resolution of 30 m, Landsat imagery is sufficient to detect large-
scale deforestation, but is too coarse to directly reveal the degree
of forest degradation that typically occurs at the sub-pixel level. In
this research, we applied a spectral mixture analysis (SMA)
approach AutoMCU (Automated Monte Carlo Unmixing) to extract
the fractions of three major components (i.e., endmembers) e

photosynthetic vegetation (PV), non-photosynthetic vegetation
(NPV) and bare soil (Soil) e from individual image pixels in the
CLASlite environment, with an aim to quantify sub-pixel canopy
loss (Asner & Heidebrecht, 2002). Most of the SMA approaches,
including AutoMCU, are based on the assumption that the value of
each image pixel (i.e., reflectance) is the linear combination of the
reflectance from PV, NPV, and bare soil weighted by their fractions
in a forest environment (Eq. (1)).

Pi;j ¼ PPV;iFPV;j þ PNPV;iFNPV;j þ PSoil;iFSoil;j þ Ri;j (1)

where Рi,j is the reflectance in the i-th band of the j-th pixel, Р
contains the spectra of each endmember (PV, NPV, or Soil), F
contains the fractional contribution (between 0 and 1) of each
endmember spectrum to each pixel, and R is an error term. There
are two attractive features in AutoMCU. First, the spectral reflec-
tance libraries used by AutoMCU contain a diverse range of soil
types, surface organic matter levels, and moisture conditions from
more than 400,000 field and spaceborne (i.e., NASA's Hyperion)
spectrometer observations collected in tropical forests throughout
Central and South America as well as the Pacific Islands (Asner,
Knapp, Balaji, & P�aez-Acosta, 2009). Second, the spectra of PV,
NPV and Soil are iteratively selected from the libraries in a random
manner (i.e., a Monte Carlo approach) to determine the endmem-
ber spectra in each image scene (when reaching stable standard
deviations), with root mean squared errors (RMSEs) also calculated
to facilitate model performance evaluation (Asner et al., 2009).

Following the application of AutoMCU, we employed two deci-
sion trees to extract deforestation and forest degradation from each
of the five time steps of Landsat images acquired in 1988, 1995,
2001, 2008 and 2013, with thresholds shown in Eq. (2) and Eq. (3).

FPVt <56% (2)

56%< FPVt <80% AND 14%< FNPVt <34% AND 0%< FSoilt <17%
(3)

where t represents each of the five time steps. It should be noted
that several other decision trees were developed for monitoring
tropical tree loss in previous studies. For example, Souza Jr. et al.
(2003) constructed a classification tree to map degraded forests
in Eastern Amazon using 20 m SPOT 4 (Satellite Pour L'observation
de la Terre) imagery. The reason of adopting Eq. (2) and Eq. (3) in
this research was because these decision trees have been thor-
oughly tested using extensively field-based validation in the tropics
covering our study area (Asner et al., 2009, 2005). For instance, this
approach has proven effective to quantify the amount of selective
loggingwith an overall RMSE of 11e14% in the Amazon (Asner et al.,
2005). To evaluate the mapping accuracy of deforestation and for-
est degradation in this study area, we randomly selected 50 vali-
dation plots (30 by 30 m) from a Google Earth Pro (Google Inc.,
California, USA) high-resolution Quickbird image (0.65 m pan-
sharpened true color) collected in June 2013 covering a portion of
the study area. We identified plot-level deforestation or forest
degradation by following the protocol created by Gerwing (2002),
who studied intact, logged and burned forests over the same re-
gion. Specific to the study area, canopy cover between 72% and 38%
refers to degraded forests; while canopy cover lower than 38% in-
dicates deforested land. Due to the lack of high-resolution imagery
from previous years, we assumed that the accuracy of results
remained relatively consistent throughout the time series and,
thus, used the same set of decision tree criteria (Eq. (2) and Eq. (3))
for 1988, 1995, 2001, and 2008. This was also based on the fact that
the surface reflectance of ground features remained relatively
consistent over years.
2.4. Statistical analysis of the spatiotemporal patterns of canopy
loss

The GIS proximity analysis was conducted to assess the influ-
ence of distance (to the dam region) on canopy loss. Specifically, we
createdmultiple buffers around three locations of the Tucuruí Dam,
river upstream of the dam, and river downstream of the dam in the
ArcGIS environment (Esri, Redlands, California, USA), respectively.
For the upstream forest ecosystem, we focused on the trees in the
vicinity of the large reservoir formed by dam construction. The
distance between the farthest end of the reservoir and the damwas
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approximately 130 km. For the downstream, we assessed the for-
ests as far as 190 km down the river nearby the City of Camet�a,
where the Tocantins River becamewider and graduallymerged into
Baía de Maraj�o. We created multiple buffers from 5 km to 80 km at
an equal interval of 5 km, resulting in a total of 16 buffer rings
around each of the three evaluated locations.

We conducted three groups of statistical hypothesis testing
(i.e., the Friedman test, the Wilcoxon signed-rank test, and the
chi-square test) to investigate whether the loss of trees differed
significantly across four time periods (i.e., 1988e1995,
1995e2001, 2001e2008 and 2008e2013), across three distur-
bance locations (i.e., dam neighborhoods, upstream reaches, and
downstream reaches), and between two disturbance types (i.e.,
deforestation and forest degradation). For the purpose of
meeting the statistical assumption of data independence, we
randomly selected 10% of all pixels from a Landsat image mosaic,
and used these sample locations to extract deforestation and
forest degradation from the results in Section 2.3. This was fol-
lowed by the calculation of the percentages of tree loss within
individual buffer rings, i.e., the number of deforestation or forest
degradation samples divided by the number of all samples in
each ring. The rates of deforestation and forest degradation were
extracted by dividing the percentages of tree loss the number of
years for each time step.

Of the three significance tests, first, the Friedman test was
employed to compare the median deforestation rates (as a function
of distance discretized by the buffer rings) among the four time
periods. The same analysis was also applied to assess the differ-
ences in forest degradation among the four time phases. Here, the
nonparametric Friedman test was selected as an alternative to the
typical one-way ANOVA (analysis of variance) with repeated
measures, because the distributions of the rates of deforestation or
forest degradationwere found to frequently violate the assumption
of normality based upon our preliminary assessments (Hollander&
Wolfe, 1999). This was also the main reason why only nonpara-
metric tests were employed in the succeeding significance tests.
The null hypothesis for all the Friedman tests was that the median
rates of deforestation or forest degradation among sample groups
were equal. Second, we applied the Wilcoxon signed-rank test, the
nonparametric version of a paired samples t-test (Hollander &
Wolfe, 1999), to compare the mean rates of deforestation or for-
est degradation between each two pairs of the three disturbance
locations. The null hypothesis was that the mean rates of defores-
tation or forest degradation around any two of the locations were
equal. Finally, we used the chi-square test to compare the distri-
butions (i.e., spatial patterns) of deforestation and forest degrada-
tion as a function of distance. We did not conduct a significant test
on the mean rates of deforestation and forest degradation, because
our preliminary results revealed a considerably higher level of
deforestation as compared to degradation during all the four time
periods. Here, the utilization of the chi-square test allowed us to
explore whether the two types of disturbances followed the similar
spatial patterns as the function of distance to the dam, river up-
stream, and river downstream, under the null hypothesis that the
sample groups had the same distribution (Hollander & Wolfe,
1999).

3. Results and discussion

3.1. Mapping deforestation and forest degradation

The overall accuracy of the 2013 deforestation and forest
degradation map was 78.0%, with the Kappa statistic of 0.77
(Table 1). Specifically, classification of intact forests with typically
closed canopies achieved the highest accuracies (users: 85.0%;
producers: 85.0%). Errors and uncertainties were mainly intro-
duced when identifying disturbed forests. For example, tropical
plants were not evenly regenerated in some large clear cuts, where
the image spectral reflectance was the mixture of bare soil and
healthy vegetation. Those previously deforested patches were
possibly misclassified as degradation. In fact this is a scale issue,
where scattered and regenerated vegetation caused spectral
‘noises’ in large logged lands. We also observed an edge effect,
where trees on the boundaries of forest stands were misclassified
as degraded forests. The relatively low resolution Landsat data
precluded an accurate extraction of spatial patterns within the
30 m image grids. Another source of error may be caused by the
nonlinear nature of spectral reflectance from the ground features.
Although linear mixture models have been widely used in many
studies, including ours, a nonlinear pixel unmixing process may
better reflect the reality (Raksuntorn & Du, 2010).

The mapping results illustrated varying patterns of deforesta-
tion and forest degradation over the four time periods from 1988 to
2013. Specifically, deforestation led to the loss of 4341, 4135, and
4618 km2 of forests in the first three time periods, i.e., 1988e1995,
1995e2001, and 2001e2008, at the rates of 620, 591, and 660 km2

per year (Fig. 2). The amounts of canopy loss were relatively
consistent, with a standard deviation of 35 km2 per year (5.3% of
the average). Surprisingly, the amount of deforestation dramatically
decreased during the most recent time period 2008e2013, totaling
1624 km2 at the rate of 325 km2 per year (Fig. 2). This deforestation
rate is less than half of what typically occurred during the two
decades preceding 2008. The spatial patterns of deforestation as
shown in Fig. 3 indicate that the continuity of forest loss over the
period of 25 years were mainly caused by anthropogenic activities,
such as human settlement and resettlement (e.g., road and building
construction, and land conversion from forest to agriculture) and
logging. This makes sense, because in 1970, the population of the
town of Tucuruí was approximately 10,000; however, it dramati-
cally rose to about 61,000 by 1980 mainly due to the recruitment
and settlement of workers for dam construction (Manyari & de
Carvalho, 2007). Additionally, lands were needed for the reloca-
tion and resettlement of the residents (around 25,000 and 35,000)
who formerly lived in the areas inundated by the post-construction
artificial reservoir (La Rovere & Mendes, 2000). By 2014, the total
population of Tucuruí was estimated to be greater than 105,000, a
950% increase in 40 years (City Population, 2014). The inset of Fig. 3
clearly demonstrates the conversion of lands from forest to agri-
culture, where deforested patches are large with regular square
shapes. The observed fishbone patterns in Fig. 3 further denote
logging activities close to major roads and alongside the upstream
reservoir. With new roads constructed to connect evergrowing
cities around the dam, timber production also became economi-
cally feasible. Besides persistent forest loss, we found that the rate
of deforestation remarkably declined from 656 km2 per year to
325 km2 per year starting from about 2008 (Fig. 2). Two main
reasons may have contributed to this decline. First, the 2008 global
economic crisis affected almost every aspect of the economic ac-
tivities in Brazil, especially the ones related to exportation, such as
logging and sawwood production (Canova&Hickey, 2012). Second,
the Brazilian Law of Environmental Crimes was promulgated in
1998, with an aim to protect wildlife and plants of the country from
environmental crimes, e.g., deforestation [Federal Law No. 9.605,
Government of Brazil (1998)]. The subsequent regulation (Federal
Decree No. 6.514) states that the enforcement of this law com-
mences on July 22nd, 2008 (Government of Brazil, 2008). Reduced
rate of tree loss in the Amazonwas also evident in other studies. For
example, Nepstad, Soares-filho, Merry, Lima, et al. (2009) found
that deforestation in the Brazilian Amazon declined to 36% of its
historical levels in the late 2000s (see Fig. 4).



Table 1
Accuracy of deforestation and forest degradation mapping in 2013.

User class Reference class

Intact forest Deforestation Forest degradation Total User's
accuracy (%)

Intact forest 17 0 3 20 85.0
Deforestation 1 13 1 15 86.7
Forest degradation 2 4 9 15 60.0
Total 20 17 13 50
Producer's Accuracy (%) 85.0 76.5 69.2
Overall accuracy (%) ¼ 78.0
Kappa statistic ¼ 0.77
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Compared to deforestation, forest degradation was more con-
stant during the entire 25-year period, with 701, 471, 628, and
695 km2 of trees affected during the four time periods, respectively
(Fig. 2). The average rate of forest degradationwas 102 km2 per year
or 17.8% of the average rate of deforestation (~573 km2 per year).
Forest degradation reached its highest rate between 2008 and 2013,
which is different from the temporal dynamics as previously
discovered in deforestation mapping (Fig. 2). This phenomenon is
linked to persistent selective logging in the region prompted by
recent governmental incentives to Sustainable Forest Management.
It may also be partially associated with the fact that human-driven
land-cover changes have an overwhelmingly detrimental effect on
forest diversity (e.g., species richness) making trees more vulner-
able to the succeeding disturbances causing degradation (Gibson
et al., 2011).

3.2. Comparing the spatiotemporal patterns of deforestation and
forest degradation

The median rates of deforestationwere found to be significantly
different across the four time periods within the neighborhoods of
all the three locations, i.e., the dam, the river downstream and the
river upstream (p-values<0.005; Table 2). However, when the
Friedman test was applied to the first three time periods from 1998
to 2008, we found no significant difference around the dam (p-
value ¼ 0.284), downstream reaches (p-value ¼ 0.087), and up-
stream reaches (p-value ¼ 0.472). This indicates that the rate of
Fig. 2. The rates of deforestation and forest degradation over the four time periods
from 1988 to 2013.
deforestationwas significantly reduced during the final time period
(2008e2013) for all three sub-regions. For example, the median
rate of deforestationwas 0.37% per year around the dam during the
final time period, while such rate was averaged at 1.00% prior to
2008 (Fig. 5). Especially for the regions close to the dam or river
upstream (e.g., within the buffer of 20 km), it was evident that the
rates of deforestation were remarkably reduced to less than one
third of the historical medians (Fig. 5). While the aforementioned
global economic crisis and national policy (Section 3.1) likely
played a pivotal role in reducing deforestation, we also noticed that
intensely developed areas left fewer intact forests stands available
for large-scale logging and human settlement. This may well
explain the temporal deforestation pattern around the less-
developed river downstream (Fig. 3), where the reduction of
Fig. 3. Deforestation map showing the spatial patterns of major tree loss over the four
time periods from 1988 to 2013.



Fig. 4. Degradation map showing the spatial patterns of degraded trees over the four
time periods from 1988 to 2013.
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deforestation during the last time period was not as significant as
these around the other two locations (Fig. 5).

Similar to the temporal patterns of deforestation, forest degra-
dation was found to be significantly different across the four time
periods within the neighborhoods of all the three locations (p-
values<0.005; Table 2). However, degradation was more variable
than deforestation, where significant differences were also found
among the first time periods (p-values<0.005). It was unexpected
that forest degradation between 2008 and 2013 showed the highest
rates across the four time periods in the neighborhoods of all the
three locations (Fig. 5).

TheWilcoxon signed-rank test was employed to assess whether
deforestation or forest degradation varied significantly from the
neighborhoods of one location to another during the same time
periods. We found that, the rates of deforestationwere significantly
different (p-values<0.05; Table 3) between the dam and
Table 2
Comparison of the medians in canopy loss over the four time

Type of comparison

Four time periods around the dam

Four time periods around the river downstream of the dam

Four time periods around the river upstream of the dam
downstream neighborhoods, and between the downstream and
upstream neighborhoods. However, an exception occurred during
2008e2013, when the mean rates of deforestation did not show
significant difference around all the three locations (p-values>0.05;
Table 3). We also compared the spatial patterns of deforestation
across the buffer rings. In the upstream neighborhood, it was
apparent that distance to the reservoir was a major factor reducing
local canopy cover, i.e., the closer to the artificial reservoir the
higher rate of tree loss was observed. Logging activities on both
sides of the reservoir, as evident by the fishbone patterns, have
been facilitated by the construction of several major roads (e.g.,
422, 230, PA-151 and 150) that connect the expanding communities
near the dam (Fig. 3). Similar results were found in the spatial
patterns of forest degradation. For example, the average amount of
degraded trees was less in the downstream region than those in the
neighborhoods of the dam and the river upstream of the dam
(Table 3).

We also evaluatedwhether deforestation and forest degradation
followed similar spatial patterns (as a function of distance to each
of the three locations). Surprisingly, all the chi-square tests gave the
same result, i.e., no significant difference (p-values ¼ 1.00). Such
high agreement indicates that deforestation and forest degradation
have interacted with each other both spatially and temporally
around the dam, river upstream of the dam and river downstream
of the dam. It was possible that human-inducedmajor disturbances
made forests more vulnerable to other anthropogenic and natural
disturbances. For example, the major state roads can facilitate high
accessibility to intact forests, possibly leading to more logging ac-
tivities at the small patch level. Moreover, forest diversity is often
reduced by human-driven land-cover changes, resulting in high
forest vulnerabilities to other natural or human disturbances
(Gibson et al., 2011). Degradation of soil and water conditions could
have also caused tree mortality (Palmeirim et al., 2014) and
contributed deforestation.

The neighborhoods used in this study ranged from 5 km to
80 km. It was found that the spatial patterns of tree loss (as a
function of distance) for the three locations were different (Fig. 5).
For example, the rate of deforestation decreased as the distance to
the river upstream increased, while the rate of deforestation
increased and then started to decrease at the distance of approxi-
mately 50 km within the neighborhoods of the dam. This phe-
nomenon indicates that the impact of construction and operation
of hydroelectric dams on forest cover change may follow varying
spatial patterns. Forests that are immediately adjacent to the mega-
damsmay not necessarily suffer from themost severe disturbances,
as unexpected spatial variation in hydrological, climatic, edaphic, as
well as the land-use variables (e.g., road construction, and land
conversion to agriculture) can affect ecological robustness (Ferreira
et al., 2013; Finer & Jenkins, 2012; Stave et al., 2005). We further
found that the distance-related patterns of tree loss remained
relatively consistent across the four time periods (Fig. 5), suggesting
that the long-lasting influence of existing and planned mega-dams
could follow similar spatial trajectories in the absence of any major
change in policies and/or disturbances.
periods using the Friedman test.

P-value

Deforestation: 0.000
Forest degradation: 0.003
Deforestation: 0.000
Forest degradation: 0.000
Deforestation: 0.001
Forest degradation: 0.000



Fig. 5. Rates of deforestation and forest degradation around the dam, river downstream of the dam, and river upstream of the dam.

Table 3
Comparison of the means of canopy loss between each two pairs of the three disturbance locations, i.e., around the dam, around the river
downstream of the dam, and around the river upstream of the dam, using the Wilcoxon signed-rank test.

Type of comparison P-value

Dam vs. river downstream Deforestation: 0.008a/0.002b/0.023c/0.501d

Forest degradation: 0.109a/0.008b/0.003c/0.255d

Dam vs. river upstream of the dam Deforestation: 0.163a/0.569b/0.352c/0.717d

Forest degradation: 0.063a/0.079b/0.234c/0.501d

River downstream of the dam vs. river upstream of the dam Deforestation: 0.011a/0.020b/0.001c/0.070d

Forest degradation: 0.049a/0.679b/0.017c/1.000d

a 1988e1995.
b 1995e2001.
c 2001e2008.
d 2008e2013.
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4. Conclusions

Understanding how existing hydroelectric dams impact sur-
rounding forests over time can provide vital insight for assessing
the ecological implications of constructing similar mega-structures
within the Amazon basin. In this case study, we investigated the
spatial patterns of deforestation and forest degradation over a
period of 25 years in an 80,000 km2 area centering the Tucuruí
Dam, the first large-scale hydroelectric project in the Amazon re-
gion. We found that the rates of deforestation were consistent
during the first three time periods 1988e1995 (620 km2 per year),
1995e2001 (591 km2 per year), and 2001e2008 (660 km2 per
year). Settlement and resettlement associated anthropogenic dis-
turbances (e.g., agriculture conversion, logging, and road expan-
sion) play a major role causing tree loss. However, it is important to
note that the deforestation rate from 2008 to 2013 was half of the
historical level (325 km2 per year). It is highly likely that this drop
in deforestation rate can be linked to the 2008 global economic
crisis and enforcement of the Brazilian Law of Environmental
Crimes. Forest degradation was relatively stable during four time
periods. The average rate of degradation was 17.8% of the rate of
deforestation, but they followed similar spatial patterns from the
immediate neighborhoods of the dam, river upstream of the dam or
river downstream of the dam, to a distance of 80 km from these
sites, respectively. While human-driven deforestation may lead to
high forest vulnerability (e.g., degradation) to other disturbances,
degradation in soil and water conditions due to dam operation may
have also resulted in deforestation.
Our results further unveiled similar rates of canopy loss in the
neighborhoods of the Tucuruí Dam and the neighborhoods of the
river upstream. This was mainly attributed to the fast expansion of
the Tucuruí town, and the intensive logging activities alongside the
major roads in the vicinity of the upstream reservoir. In contrast, a
significantly lower level of forest disturbance was discovered in the
river downstream. Finally, we found that forests that were closer to
the dam or river did not necessarily suffer from more severe dis-
turbances, suggesting that hydrological, climatic, edaphic, and
land-use variables possibly affect ecological robustness in various
spatial patterns.
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