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RESUMO

The intensification of deforestation and the consequent fragmentation
of the natural landscape in urban and periurban watersheds affect the
entire eco-hydrological system, increasing the need to understand how
these changes can affect their sustainability. In this sense, the present
study evaluated the potential implications of forest fragmentation for
the management of the Taruma-Acu basin, based on the characterization
of the structural and functional patterns of the landscape. For this, we
mapped and categorized the basin’s forest fragments, based on the
supervised classification (Bhattacharyya Method) of Landsat/OLl image,
and, subsequently, we calculated the landscape metrics (area, density
and size, edge, form, core, isolation and connectivity). The metrics
showed a very fragmented landscape, especially in the region of the
basin’s low course, which concentrates the smallest, most dispersed,
and vulnerable fragments even in conservation units. The headwater
region, on the other hand, has the largest patches, with a large amount
of central area and high structural and functional connectivity, which are
fundamental for the sustainability of the basin and, therefore, deserve
attention and prioritization by managers. The results offer important
subsidies and unpublished data that can contribute to elaboration of
the basin’s management plan and for the definition of conservation and
restoration strategies of the forest remnants, indicating priority areas
for the implementation of these actions.
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A intensificagdo do desmatamento e a consequente fragmentagdo
da paisagem natural em bacias hidrograficas urbanas e periurbanas
afetam todo o sistema eco-hidrolégico, aumentando a necessidade
de entendimento de como essas mudangas podem impactar sua
sustentabilidade. Nesse sentido, o presente estudo avaliou as potenciais
implicages da fragmentacdo florestal para a gestdo da bacia do Taruma-
Acu, a partir da caracterizagdo dos padrdes estruturais e funcionais da
paisagem. Para tanto, realizou-se o0 mapeamento e a categorizagdo dos
fragmentos florestais da bacia, a partir da classificagdo supervisionada
(Método Bhattacharyya) de imagem Landsat/OLI, e, posteriormente,
o célculo de métricas da paisagem (drea, densidade e tamanho,
bordas, forma, drea central, isolamento e conectividade). As métricas
mostraram uma paisagem bastante fragmentada, especialmente
na regido do baixo curso da bacia, que concentra os menores,
mais dispersos e vulneraveis fragmentos, mesmo em unidades de
conservagdo. Ja a regido da cabeceira possui os maiores fragmentos,
com grande quantidade de drea central e alta conectividade estrutural
e funcional, fundamentais para a sustentabilidade da bacia e que,
portanto, merecem atengdo e priorizagdo dos gestores. Os resultados
oferecem subsidios importantes e dados inéditos que podem contribuir
para a elaboragdo do plano de gestdo da bacia e para a definigdo de
estratégias de conservagdo e restauragdo dos remanescentes florestais,
indicando areas prioritarias para implementagdo dessas agdes.

Palavras-chave: métricas de paisagem;

recursos hidricos.

conectividade; floresta;

'Universidade do Estado do Amazonas — Manaus (AM), Brazil.

Correspondence address: Jamerson Souza da Costa — Conjunto Senador Jodo Bosco Ramos de Lima, 6.000 — Flores — CEP: 69048-040 — Manaus

(AM), Brazil. E-mail: jamersonjsc@yahoo.com.br

Conflicts of interest: the authors declare that there are no conflicts of interest.

Funding: none.
Received on: 11/09/2020. Accepted on: 03/18/2021.
https://doi.org/10.5327/221769478975

This is an open access article distributed under the terms of the Creative Commons license.

209

RBCIAMB | v.56 | n.2 | Jun 2021 | 209-222 - ISSN 2176-9478


https://orcid.org/0000-0001-5318-2213
https://orcid.org/0000-0001-9014-8241
https://orcid.org/0000-0002-4273-370X
https://orcid.org/0000-0003-0151-3388
https://orcid.org/0000-0001-8446-5021
https://orcid.org/0000-0002-6750-7303
mailto:jamersonjsc@yahoo.com.br
https://doi.org/10.5327/Z21769478975
http://www.rbciamb.com.br
http://abes-dn.org.br/

Costa, J.S. et al.

Introduction

The Amazon basin accommodates 10-15% of terrestrial biodi-
versity and most of the remnants of tropical forests in the world,
still constituting an important source of atmospheric moisture,
freshwater entering the oceans (approximately 15%) and carbon
storage — 150-200 billion tons (Fearnside, 2016; Nobre et al., 2016).
Also, despite the strong dependence of Amazonian populations on
regional ecosystems (forests, rivers, wetlands and others), 20% of
forest cover has already been lost, in the last 60 years, due to exten-
sive anthropogenic changes (Nobre et al., 2016; Ruiz-Agudelo et al.,
2020), with the highest rates of pantropical deforestation (Numata
and Cochrane, 2012).

According to Fearnside (2016) and Ruiz-Agudelo et al. (2020), in
the Amazon, deforestation begins with the opening of roads, and from
there occurs the occupation (urban or not) and the expansion of the
anthropic land uses (extensive agriculture, logging, mining, hydroelec-
tric, exploration of oil and gas, and increased production of biofuels),
fragmenting the natural landscape and exerting a serious influence on
forest remnants and biodiversity and associated environmental ser-
vices. According to Nobre et al. (2016), the conversion of forests to
anthropogenic uses in this region affects hydrology, climate and bio-
geochemical flows at different spatial scales.

These changes in the Amazonian land use and land cover are
driven by variables and complex political and socioeconomic inter-
actions, which have reduced contiguous forests to smaller fragments
(< 400 ha), irregular and increasingly isolated (Ruiz-Agudelo et al.,
2020). This induces changes in the eco-hydrological dynamics of
the landscapes that form the watersheds and puts their sustainabil-
ity at risk, especially at the local scale (Numata and Cochrane, 2012;
Laurance et al., 2018).

Laurance et al. (2011, 2018) explain that changes in the structural
and functional patterns of the natural landscape of the watershed, with
a decrease in the size (area) of forest fragments, have significant delete-
rious effects on its biophysical dynamics, making it more vulnerable to
internal and compromising their resilience. In the case of the Amazon
watersheds, due to the distance from the nearest ocean, and, therefore,
the greater dependence on the forest evapotranspiration rates them-
selves, much of this susceptibility derives from the loss of leaf area and
the effects to which the fragments edges are subjected (Nobre et al.,
2016; Wang et al., 2017). Thus, as fragmentation increases, the impacts
on the hydrological regime of the basin are also intensified (Laurance
etal., 2018).

According to the studies by Laurance et al. (2011, 2018), desicca-
tion conditions caused by the opening of clearings can penetrate up
to 100-200 m inside the fragments, and lead to great spatiotemporal
variations in the flow of fragmented watersheds in the Central Ama-
zon. In fragments of the Eastern Amazon, these desiccant effects can
be even more aggressive, and penetrate 1.0-2.7 km into the forests

(Briant et al., 2010), as a result of the advanced state of fragmentation
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in that region. For Aragoén et al. (2015) and Cabral and Costa (2017),
a new eco-hydrological cycle begins in each new fragment, increasing
the risks of erosion and silting of streams; and all these changes affect
not only the local biodiversity, but also the populations dependent on
that biota (indigenous and riverine, especially), forcing them to change
their livelihoods and traditions.

In general, the fragmentation of the watershed landscape can affect
the formation of clouds and lead to an increase in local precipitation in
the short term, but a decrease in rainfall rates over time, according to
changes in the size and pattern of the patches remaining (Nobre et al.,
2016). As pointed out by Laurance et al. (2011, 2018), Maeda et al.
(2015) and Nobre et al. (2016), the increase in soil surface temperature
in watersheds with forest cover loss superior to 20% alters low-level
atmospheric circulation, forming zones of low pressure on clearings,
which attract moisture from forested areas and lead to formation of
convection clouds. This effect redistributes moisture over deforested
areas and affects the recycling of water into the atmosphere, which
can lead to the collapse of the hydrological system in the long term
(Laurance et al., 2018).

As if the effects of fragmentation were not enough, the occur-
rence of forest fires (common in the region) hypersatures the atmo-
spheric condensation cores, absorbs solar radiation, promotes atmo-
spheric heating, and also prevents the formation of rain clouds (Sheil,
2018). In periods of drought, when vegetation is already subjected to
a certain degree of water stress, forest fragments become more vul-
nerable. It is precisely in this season that fires happen most frequent-
ly (Laurance et al., 2018). Jiménez-Muiioz et al. (2016) suggest that
forest fires are the main agents of transition to scenarios of frequent
droughts, which should be repeated in the coming decades, as re-
corded in 2015-2016.

Although many studies propose to assess the potential conse-
quences of forest fragmentation and its relationship with hydrological,
structural and functional changes in the largest and most important
river basins on the planet, the potential impacts on small Amazon wa-
tersheds are still little explored (Maeda et al., 2015), especially in the
State of Amazonas. In addition to the complexity of the relationships
between the hydrological system and the structural and functional
changes of tropical forests, the scarcity of historical data and in part the
natural variability of precipitation in these watersheds make this un-
derstanding an even greater challenge, besides causing divergences be-
tween future possible scenarios (Marengo et al., 2011; Trenberth, 2011;
Gloor et al., 2013).

The difficulty of fully understanding this complex and integrated
set of natural and anthroponatural formations that characterizes the
landscape of urban and periruban watersheds extends to the planning
and sustainable management of its natural resources (Rodriguez et al.,
2017,2019). According to Trombeta and Leal (2016), the hydrographic
basin as a management unit established by Law n° 9,433/97 (Brasil,

1997) requires the elaboration of a water resources plan based on the

RBCIAMB | v.56 | n.2 | Jun 2021 | 209-222 - ISSN 2176-9478



Forest fragmentation and its potential implications for the management of the Taruma-Agu River basin, Central Amazon, Brazil

concept of landscape (landscape planning), which allows the proposi-
tion of rational strategies for the use and conservation of natural re-
sources, aiming at sustainable development (Trombeta and Leal, 2016;
Scholten et al., 2020).

In this sense, Pereira and Cestaro (2016) consider that even the cre-
ation of conservation units (CUs) — considered one of the best pres-
ervation strategies — tend to suffer the consequences of isolation over
time, becoming more susceptible to the effects of edge and adjacent
anthropic changes. Thus, the planning and management of watersheds
and their resilience capacity must consider network structures (CUs,
ecological trampolines and corridors, enrichment of buffer zones, land
use planning, and others) and not just the definition of areas unique
and isolated (Pereira and Cestaro, 2016).

Considering the variety of eco-hydrological distortions that can
permeate fragmented basins, one of the challenges for managers is to
identify those aspects of greatest importance and generality (Laurance
etal, 2018). This identification can be done through structural (related
to physical characteristics) and functional (possibilities of gene flow,
individuals and populations) analysis of landscape fragmentation, sup-
ported by landscape metrics, increasing the possibilities of efficiency
and effectiveness, as they reduce subjectivity in considering conflicts
and restrictions (existing and probable) and, consequently, in making
decisions (Rudnick et al., 2012).

However, Ruiz-Agudelo et al. (2020) indicate that the management
of Amazon watersheds presents yet another obstacle — the institution-
al and management instruments fragmentation, which have been par-
tially dissociated in the region. The State of Amazonas, for example,
reformulated its State Water Resources Policy in 2007, also instituting
its management instruments (Amazonas, 2020). However, only two of
the nine predicted instruments were implemented: in 2016, the grant-
ing of the right to use; and more recently the State Water Resources
Plan (Amazonas, 2020).

The State of Amazonas was the first in the North Region of Brazil
to create, in 2009, a watershed committee, the Taruma-Acu River Basin
Committee (Amazonas, 2020). However, more than ten years after its
creation, the respective basin plan has not yet been implemented. Ac-
cording to Scholten et al. (2020) and Trindade and Scheibe (2019), in
addition to the lack of technical, physical and financial support from
the States and the difficulty in articulating the various stakeholders, the
inefliciency and limitation of the decision-making capacity of commit-
tees is due to the lack of basins plans, the main management tool.

This whole context shows that the watershed management plan
must be based on the dynamics of occupation, use and anthropogenic
alteration of the pre-existing matrix, balancing the prospects for the
conservation of water resources and socioeconomic development, in-
creasing the chances of success and reducing negative risks. This re-
quires understanding and anticipating structural and/or functional
changes, as well as managing the system’s ability to reorganize and re-
cover (Scheffer et al., 2018).
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A multifactorial analysis of impacts on the watershed’s systemic
resilience potential, combining structural and functional connectivity
metrics in a Geographic Information System (GIS) environment consti-
tutes, according to Pereira and Cestaro (2016) and Rocha et al. (2018),
an important tool to assist managers in decision making, endowing
the choices with scientific and methodological rigor. Thus, studies in
this sense do not necessarily seek the indication of better and/or worse
alternatives for the resilience of socio-ecological systems, but illustrate
the potential and/or weaknesses of possible choices (Biggs et al., 2015;
Pereira and Cestaro, 2016; Ruiz-Agudelo et al., 2020).

Magnuszewski et al. (2015) ratify that management instruments,
such as river basin plans and/or land use planning in traditional ways,
do not apply to Amazonian landscapes. It is necessary to understand,
with the support of landscape metrics, the changes in structural and
functional patterns of forest fragmentation promoted by the complex
local biophysical, political and social context, and, with this holistic
perspective, proceed to elaborate and implement the management and
monitoring plan (Santos et al., 2019).

The construction of basin plans based on the recognition of the
spatial-functional interdependence between biophysical components
and social well-being makes it possible to design new management
arrangements for natural resources, which guarantee the provision
of environmental services and which increase the capacity for adapt-
ability and resilience of the remaining natural ecosystems (Garcia-
Mirquez et al., 2017; Stimson, 2017). In this sense, the present study
aimed to evaluate the potential implications of forest fragmentation
for the management of the Taruma-Agu River basin (TARB), based
on the characterization of the structural and functional patterns of

the landscape.
Materials and Methods

Study area

The TARB is located in the central region of the Amazon, on the
left bank of the Negro River, upstream of Manaus city; and it consti-
tutes one of the four large watersheds on which the capital of Amazo-
nas was built (Siqueira, 2019). With a total area of 137,273 hectares,
it is a fifth-order watershed, morphometrically wide, elongated and
few dissected and sinuous, which reduces the risk of flooding, but
favors the carrying of sediments and the appearance of erosion pro-
cesses, mainly in areas without vegetation cover (Costa et al., 2013)
(see Figure 1).

According to Antonio (2017), the climate is of the super humid
type, according to the De Martonne Index, with three months of mild
to moderate drought (July to September) and six months (December to
May) of higher humidity and rainfall; June and October are transition
months between periods. The mean annual temperature is 27°C, the
mean annual relative humidity is around 80%, and the annual rain-
fall varies from 1,900 to 3,500 mm (Costa et al., 2012; Laurance et al.,
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Figure 1 - Location of the Taruma-Agu River basin with distribution of forest remnants by size class.

2018), which are characteristic of tropical forests. According to Em-
brapa (2003) and Laurance et al. (2018), the vegetation in the TARB
region is predominantly Dense Rainforest, with canopy 30-37 m high
and emerging reaching 55 m. There is also an Open Rainforest, Period-
ically Flooded Alluvial Forest (Igapé Forest), Campinarana and areas of
ecological tension (secondary vegetation and agriculture).

Derived from the Alter do Chdo Formation, the basin soils are
classified as: Yellow Latosol in the plateaus; Red-yellow Podzolic on
the slopes; and Hydromorphic soils in the shallows (EMBRAPA, 2003).
The sandy-clay textures of the slopes, close to the shallows, and sandy
in the shallows also facilitate the occurrence of erosion in areas without
vegetation (PROAMBIENTE, 2002). Regarding land use, according to
Costa et al. (2012), it is an area of urban and agro-industrial expansion
that also has conservation units, agrarian settlement (Taruma-Mirim)
and traditional communities (riverine and Sateré-Mawé Inhambé and

Canico-Rouxinol indigenous peoples).

Structural and functional analysis of the landscape

To generate the forest fragmentation map (primary and sec-
ondary forest formations), we used the Landsat 8 OLI sensor image
(30 m resolution) of July 27, 2016, made available by the Nation-
al Institute for Space Research (in Portuguese: Instituto Nacional
de Pesquisas Espaciais - INPE). The image selection took into ac-
count the absence of cloud and/or shadow coverage over the study
area. For image processing, we used the SPRING 5.5.6 software
(IBGE, 2013).

In the pre-processing stage, we generated the compositions of the
scenes from the spectral bands 4 (red), 5 (near infrared) and 6 (medi-
um infrared), widely used in this type of mapping due to the different
spectral responses of the vegetation (Ribeiro et al., 2017). We used the
QGIS 3.4.5 software for stacking, clipping and false color composition
of the 456/RGB bands. Then, we proceeded to the forest area super-
vised classification, using the SPRING 5.5.6 software, according to the
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segmentation and classification regions of Bhattacharyya Method, 95%
acceptance (Ribeiro et al., 2017).

According to Oliveira et al. (2015), the planning and management of
territorial units based on landscape indexes/metrics requires the inter-
pretation of geostatistical maps, whose quality/accuracy is fundamental
for the correct analysis of the spatial pattern and fragmentation indexes.
In this sense, as adopted by Rusca et al. (2017), in post-processing, we
first verify the accuracy of the classification through the Kappa coeflicient
(K = 0.9861, calculated by SPRING), categorized by Landis and Koch
(1977) as perfect. Subsequently, for classification validation, we resampled
the data from georeferenced points distributed along the TARB according
to the conditions of accessibility (Jesus et al., 2015). Finally, we vectored
and quantified the thematic classes and set the final layout, following the
color chart of the Technical Manual for Land Use (IBGE, 2013).

Considering the specificities of fragmentation in the Amazon
(Briant et al., 2010; Numata and Cochrane, 2012; Haddad et al., 2015;
Sonter et al., 2017; Laurance et al., 2018; Lisboa et al., 2019; Santos
et al., 2019; Hansen et al., 2020; Ruiz-Agudelo et al., 2020), we dis-
tributed forest patches in five size classes, which were used in land-
scape analysis: < 10 ha (Class I), 10-100 ha (Class II), 100-500 ha
(Class III), 500-1,000 (Class IV) ha and > 1,000 ha (Class V), as
shown in Figure 1.

Following fragmentation studies in Amazonian environments (e.g.
Rusca et al., 2017; Lisboa et al., 2019; Santos et al., 2019; Andrade et al.,
2020; Castro et al., 2020; Duarte et al., 2020), we apply the metrics de-
scribed in Table 1 to characterize the structural and functional patterns
of the TARB landscape. The selection included metrics that, according
to Baranyi et al. (2011), Saura et al. (2011) and Zi6lkowska et al. (2014),

Table 1 - Landscape metrics selected for analysis of forest fragmentation in the Taruma-Acu River basin.

Area

Class Area CA ha

Occupancy percentage ZLAND %
Density and size

Number of Patches NUMP -

Mean Patch Size MPS ha

Patches Size Standard Deviation PSSD ha

Patches Size Variance Coeflicient PSCoV %
Edge

Total Edge TE m
Shape

Mean Shape Index MSI -

Area-Weighted Mean Shape Index AWMSI -
Core

Total Core Area TCA ha

Total Core Area Index TCAI %
Isolation

Mean Neighbor Near MNN m
Connectivity

Integral Connectivity Index IIC -

Probability of Connectivity PC -

Source: adapted from Jesus et al. (2015) and Thiago et al. (2020).

Total area of fragment patches by class.

Percentage of occupation of each class in relation to the landscape.

Number of patches in the landscape by class.
Mean size of forest patches by class.

Variation in the size of forest patches in relation to the mean of each
class.

PSSD/MPS ratio, in percentage, for each class.

Total length of the edges by class.

Circularity of the patches. The closer to 1 the value is, more circular

is the fragment.

Area-weighted MSI measure.

Total core area by class — reference edge for this study is 300 m
(Laurance et al., 2011, 2018).

Relative measure of core area.

Mean distances from the nearest neighbor at class level (between
patches) and in the landscape (between classes).

Degree of connectivity based on determined dispersion radius.

Probability dispersion of organisms among the fragments that make
up the landscape.
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present better performance and higher frequency of use in the evalua-
tion of structural and functional aspects of watersheds.

The isolation metric (Mean Neighbor Near (MNN)) measures the
inaccessibility of patches to migration from other fragments. Func-
tional indexes (Integral Connectivity Index (IIC) and Probability of
Connectivity (PC)), on the other hand, take distances from all possible
origins (patches) into account, being good predictors of colonization
events, especially in very fragmented landscapes (Ziolkowska et al.,
2014). According to Saura et al. (2011), when analyzed together, these
indices provide a more complete view of the potential for promoting
and/or maintaining connectivity, as they are based on spatial graphs
(Graph Theory) and on the concept of measuring habitat availability
(accessibility) on the landscape scale.

The Graph Theory considers the fragments as “nodes” and the
connections between them as borders, and allows evaluating a net-
work of patches (Gross et al., 2019). For this reason, it is a power-
ful way of representing complex landscape patterns with advanced
performance in the analysis of connectivity (Saura et al, 2011;
Zidlkowska et al., 2014). Accessibility measurement integrates the
connection resources existing inside the large fragments (intrapatch-
es) with those reachable through strong connections with other frag-
ments in the landscape (interpatches), or the combination of both
(Saura and Torné, 2012).

For the structural analysis of forest fragmentation in the TARB, we
used the free extensions Patch Grid (raster), for the metrics MNN and
Occupancy percentage (ZLAND), and Patch Analyst (shapefile) for the
others, both from ArcGIS 10.8 (Andrade et al., 2020). Functional met-
rics were calculated using the free software Conefor 2.6, designed as

a tool to support landscape planning and management through the

identification and prioritization of critical locations for ecological con-
nectivity (Saura and Torné, 2012).

Considering the results presented in the studies by Laurance et al.
(2011, 2018), which indicate limitations of 100-250 m for the disper-
sive process of some resident species (Euglossini bees, Scarabaeidae
beetles and some birds), we defined 100 m threshold for quantification
of functional connectivity indexes (Rusca et al., 2017). For the PC cal-
culation, we used the 0.05 probability that corresponds to the maxi-
mum possibility of dispersion between the nodes, following the one
applied by Zidlkowska et al. (2014). The statistical analyzes were pro-
cessed using the StatSoft Statistica 12.5 software.

Results and Discussion

The results of the structural metrics of the landscape of the TARB
are shown in Table 2. The mapping identified 683 forest fragments dis-
tributed in 5 size classes (as shown in Figure 1), which correspond to
66.50% of the total area of TARB. In the landscape context, the mean
patches size (MPS) was 133.66 ha, with the smallest fragment measur-
ing around 0.02 ha and the largest 28.092 ha, resulting in high standard
deviation values (Patches Size Standard Deviation (PSSD)) and varia-
tion coefficient (Patches Size Variance Coefficient (PSCoV)). This in-
formation suggests that despite being quite fragmented, the basin still
has good forest conservation potential, which, according to Oliveira
et al. (2015), facilitates the planning and management of conservation
and restoration actions.

Most of the remaining forest patches (NUMP = 553, or 80.97%)
belong to Class I, whose area is less than 10 ha (Table 2 and Fig-
ure 2A). The second most representative class in number of frag-
ments is Class IT (10-100 ha), which covers 102 fragments or 14.93%

Table 2 - Landscape metrics by size class of forest fragments in the Taruma-Agu River basin.

CA

ha 1,683.16 2,938.76

ZLAND % 1.84 3.22
NUMP - 553 102
MPS ha 3.04 28.81
PSSD ha 2.17 19.36
PSCoV % 71.24 67.20
TE m 10° 452.82 387.01
MSI - 1.37 2.00
AWMSI - 1.44 2.19
MNN m 482.33 502.56

Size classes

ot o Swedases
I O e O I N S

3,930.49 2,264.69 80,474.86
431 2.48 88.15
16 3 9
245.66 754.90 8,941.65
112.53 15.74 9,853.15
45.81 2.08 110.19
318.65 169.06 2,016.72
3.58 5.78 6.64
3.77 5.79 8.73
399.03 872.70 161.63

CA: class area; ZLAND: occupancy percentage; NUMP: number of patches; MPS: mean patch size; PSSD: patches size standard deviation; PSCoV:
patches size variance coefficient; TE: total edge; MSI: mean shape index; AWMSI: area-weighted mean shape index; MNN: mean neighbour near.
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Figure 2 - Number of fragments (NUMP) by size class and total area of forest patches in: (A) hectares - CA; and (B) percentage - ZLAND.

NUMP: number of patches; CA: class area; ZLAND: occupancy percentage.

of the total. However, these classes together account for only 5.06% of
all forest vegetation in the TARB (Figure 2B). This diagnosis converg-
es with the studies by Numata and Cochrane (2012), Haddad et al.
(2015) and Hansen et al. (2020), whose data showed an increase in
the number of fragments < 10 ha in Amazonian forests, where there
is a numerical predominance of patches smaller than 100 ha. Con-
cerning hydrographic basins as a territorial unit, several studies have
found similar results, both in the Amazon and in other biomes (Jesus
etal., 2015; Rusca etal., 2017; Rex et al., 2018; Lisboa et al., 2019; An-
drade et al., 2020; Cavalcante et al., 2020; Castro et al., 2020; Thiago
et al., 2020).

Although small fragments generally function as habitat sinks
(Odum and Barret, 2008) in very anthropized matrices — is the case of
the TARB low basin region — these scattered patches can function as
ecological “stepping stones” or connection points, facilitating the flow
of some species in the landscape (Saura et al., 2014; Andrade et al,,
2020). Managing strategies for these fragments should be considered
in watersheds management plans (Castro et al., 2020; Cavalcante et al.,
2020; Thiago et al.,, 2020), aiming at maintaining and/or increasing
connectivity with larger fragments. These, in turn, although in smaller
numbers (Class V: NUMP = 9), represent 88.15% of the forest areas
(Figure 2B), and function as sources for eco-hydrological processes,
standing out in importance for the resilience and sustainability capaci-
ty of the watershed landscape (Jesus et al., 2015).

Approximately 70% of the fragmentation is concentrated in the low
basin, the region most affected by anthropogenic uses (urbanization,
mining, agribusiness and tourism), even within the limits of conserva-
tion units (e.g. Taruma/Ponta Negra Environmental Protection Area).
Duarte et al. (2020) also recorded high rates of deforestation in CUs in
the lower Acre River, Western Amazon. These changes in land use and
coverage, plus the hyperdinamism of urban and periurban watersheds,

increase the vulnerability to sediment transport, and consequently to
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the occurrence of erosion and silting of stretches of the drainage net-
work (Serrao et al., 2019; Rocha and Lima, 2020).

AsJesus et al. (2015), the reduction of natural landscapes to small
patches is related to the economic land use. According to Farias et al.
(2018), Laurance et al. (2018), Cavalcante et al. (2020) and Duarte
etal. (2020), in Amazonian landscapes, this use is mainly agricultural
and often associated with rural settlements, even when overlapping
with CUs. This pattern is observed on left bank of the Taruma-Aqu
River and close to basin’s headwater, where fragmentation is notable
into areas corresponding to the Taruma-Mirim and Santo Ant6nio
settlements, respectively. In the low basin, since it is a periurban wa-
tershed, the main factor in transforming the natural landscape was
disordered urbanization.

The constructions of highways and opening of roads induces an-
thropic occupation and transforms the landscape (Gomes et al., 2019).
This is very common at TARB, for access to the settled communities
and the streams used for non-consumptive purposes of primary con-
tact (balneary). According to Khanna et al. (2017) and Spera et al.
(2016), such changes in forest cover impact the variability of precipita-
tion and discharges from river channels, especially in small watersheds.
If fragmentation occurs in Permanent Protection Areas (PPAs), suscep-
tibility to erosion and silting of water bodies increases, compromising
water quality (Silva et al., 2020).

Regarding the shape, the landscape mean index (Mean Shape In-
dex (MSI)) was 1.61, and, in the division by classes, while Class I pre-
sented more circular shapes, the Class V patches showed more irreg-
ular shapes (Figure 3). In the weighted analysis (Area-Weighted Mean
Shape Index (AWMSI)) the pattern remained. This concentration of
fragments in less complex shapes is evident in the dispersion analysis
(Figure 3B). Jesus et al. (2015), Rusca et al. (2017), Rex et al. (2018) and
Thiago et al. (2020) found similar results in the shape/area relationship

of the fragments when studying urban and periurban basins.
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Figure 3 - (A) Circularity indexes (MSI e AWMSI), and (B) dispersion of forest fragments in relation to area (CA) and shape (MSI) values -

confidence interval 0.95.

MSI: mean shape index; AWMSI: area-weighted mean shape index; CA: class area.

Fragments with more irregular shapes (MSI > 2) indicate greater
border area and smaller core. Thus, in addition to size, shape is another
aspect that influences the vulnerability of the patch to different edge
effects and other external instabilities (Numata and Cochrane, 2012;
Laurance et al., 2018). In this sense, there was a higher total value of
edge length (Total Edge (TE)) for the class of the largest fragments.
Class IV had the lowest TE, which is justified by the low class area
(CA) and ZLAND. The mean edge length at TARB landscape was
668.85 10° m.

According to Thiago et al. (2020), the large amount of edge area
favors the generalist, predators and invasive parasites species develop-
ment, which act mainly on the edges of the fragments. Laurance et al.
(2011, 2018) emphasize that the edge effects are among the most im-
portant vectors of temporal-flow changes in fragmented watersheds
in the Central Amazon, due to the desiccant effects of clearings on
low-level atmospheric circulation, impacting the clouds formation and
local precipitation, raising its susceptibility to the vicissitudes of an-
thropic transformations and fires.

The studies by Laurance et al. (2011, 2018) about fragments of
Central Amazonia suggest that the edge effects can reach from 10
to 300 m towards the interior of the patches, and the wider the edge
(> 60 m), the greater susceptibility to hydroclimatic alteration effects.
For this reason, Lisboa et al. (2019), Cavalcante et al. (2020) and Thia-
go et al. (2020) are unanimous in considering the core metrics (Total
Core Area (TCA) and Total Core Area Index (TCAI)) as measures of
habitat quality, since they indicate the effective habitat availability into
fragments, that is, where there is no subjection to edge effect.

Thus, Figure 4 expresses the influence of three distinct ranges of
the edge over the Taruma-Agu basin core patches, by size class, weigh-
ing the thresholds suggested by Laurance et al. (2011, 2018): minimum

width of 10 m and maximum of 300 m, and an intermediate edge of
150 m. It is observed that even the smallest border width (10 m) al-
ready represents, approximately, 25% of the Class I fragments total
area. However, in this scenario, the TCAI of the basin landscape is still
96.76%. Considering the wider edges (150 and 300 m), it is possible to
verify that the smallest class does not have core area availability, and
only 69.74% and 49.99% of Class V is equivalent to the core, respec-
tively. From this perspective, 31.03% and 50.25% of TARB’s forest areas
correspond to edge.

These results are in agreement with the work of Haddad et al.
(2015) and Numata and Cochrane (2012), whose analysis of frag-
mentation in the Amazon found that the forest areas subject to
the edge effects were already larger than the total deforested areas,
and this proportion has been increasing due to anthropic transfor-
mations. Lisboa et al. (2019) and Cavalcante et al. (2020) recorded
similar patterns in Sdo Félix do Xingu, Para, and at the Belém Ende-
mism Center, between the States of Pard and Maranhdo, suggesting
the worsening of the quality of the remaining patches and the greater
fragility of the landscape.

As for the degree of isolation (MNN), the fragments with more than
1,000 ha (Class V) had the shortest average distance from the nearest
neighbor (161.63 m), reinforcing their potential function as main-
tainers of the watershed’s eco-hydrological dynamics. Patches with
area 500-1,000 ha (Class IV) have the highest intraclass insulation
(872.70 m). In the TARB landscape assessment, the mean distancing of
the fragments was 470.40 m. The registered MNN values suggest, based
on Lisboa et al. (2019) and Cavalcante et al. (2020), positive aggrega-
tion from the perspective of environmental restoration, and, according
to Thiago et al. (2020), confirms the importance of small fragments as

connecting elements.
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Figure 4 - Comparative simulation between available habitat (core) in hectares (TCA) and percentage (TCAI), and the number of

fragments (NUMP) by size class for edges of 10, 150 and 300 m.

TCA: total core area; TCAL total core area index; NUMP: number of patches.

According to Leite et al. (2013), this positive aggregation derives
from the high density of forest fragments, which can facilitate biologi-
cal flows across the landscape, especially for groups with less mobility
(Crouzeilles and Curran, 2016). Radford and Bennett (2007) add that
this would increase the structural landscape connectivity, supporting
larger populations, but it does not compensate for the reduced ex-
tension of available habitats. In other words, it is necessary to think
about management strategies that use this aggregation of forest frag-
ments to improve the connectivity of the basin’s landscape, increas-
ing matrix permeability. Especially in the low basin, the creation of
habitat networks, amalgamation of discrete patches, trampolines, for
example, would facilitate mobility and increase recolonization rates,
making the fragments smaller nuclei of regeneration (Crouzeilles
and Curran, 2016), and potentiating the effects of restoration actions
in time and space (Antongiovanni and Metzger, 2005). The benefits
can still involve minimizing costs, since the natural process of plant
succession could be in charge of reestablishing ecosystem processes
(Chazdon et al., 2017).

217

As indicated by Silva et al. (2020) for the Apet River basin (Pard),
the isolation of TARB fragments was greater in the region where ur-
banization was consolidated (low basin). It should be noted that an
anthropic matrix added to the isolation enhances the fragmentation
effects and reduces the resilience capacity of natural patches (Jesus
et al,, 2015). Thus, watershed management strategies should consider
the possibility of increasing size of urban fragments and/or enriching
the buffer zones, using fast-growing native forest species, helping to
support connectivity (Jesus et al., 2015; Brasil, 2017).

In general, larger fragments were more important for the connec-
tivity of the Taruma-Agqu basin landscape, according to both indexes
evaluated — IIC and PC, especially the large patches located in the
headwater (Figures 5 and 6). The connectivity indexes were grouped
according to the Jenks Optimization Method, also known as “natural
breaks”, whose principle is to minimize the differences between the
values arranged in the same class and to maximize the differences be-
tween the classes; in addition to being suitable for application in choro-

pleth maps, its use is standard in GIS (Ramos et al., 2016).
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Figure 5 - Variation values of connectivity of the Taruma-Acu basin fragments (based on 100 m dispersion threshold) by size class,
according to: (A) Integral Connectivity Index; (B) Probability of Connectivity. The columns show the mean and the variation of the indexes,
while the asterisks and circles indicate outliers and very discrepant values, respectively.

Figure 6 - Classification of remaining forest patches in the Taruma-Agqu River basin under 100 m dispersion threshold, based on the
importance for connectivity determined by the Integral Connectivity Index (IIC) and the Probability of Connectivity (PC).
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The results make it evident that most areas with high potential for
functional connectivity are outside the limits of the CUs, while those
patches with low values of IIC and PC are within protected areas.
It is also clear the importance of the Adolpho Ducke Forest Reserve
for maintaining connectivity, especially in the low basin. Barber et al.
(2014), Castro et al. (2020) and Duarte et al. (2020) warn that protected
areas play a fundamental role in the sustainability of the Amazon frag-
mented landscapes. However, the authors attribute good results to the
existence of the respective management plans, and even more to the ef-
fectiveness of the inspection actions.

Andrade et al. (2020) and Silva et al. (2020) underscore the impor-
tance of connectivity as a way of promoting key ecosystem services for
water and soil conservation in watersheds. Therefore, the planning and
management of conservation and recovery strategies for connectivi-
ty in small basins, such as TARB, where the impacts of fragmentation
on environmental services (crop pollination, pest control, erosion and
silting of water bodies, etc.) are felt more directly should be a priority
(Haddad et al., 2015).

As recorded by Castro et al. (2020) in the Xingu Endemism Area,
the conflict of interests and the potential for exploiting varied natu-
ral resources (water, forests, soils, non-metallic minerals) shaped the
occupation and transformation of the Taruma-Agu basin landscape.
The impacts of forest cover loss are possibly aggravated by reducing
fragment size, creating edges and reducing connectivity (structural and
functional). In addition, there is a lack of governance, integrated poli-
cies and management instruments, such as the watershed plan and the
CUs management plans.

It was seen that the creation of individual conservation units did
not bring the expected collective benefit to TARB. Thus, the planning
and use of network strategies can present better results for Taruma-Aqu
basin landscape conservation/restoration. As proposed by Haddad
etal. (2015) and Castro et al. (2020), these strategies can initially focus
on prioritizing the protection of those fragments with high connectiv-
ity potential (IIC and PC), which are not protected; the enrichment of
buffer zones of small fragments with fast growing native species in the
low course, due to the urban use already consolidated in this region;
and effective land use planning.

Whatever the plan, its implementation and effectiveness will
depend, above all, on the articulation capacity of the basin com-

mittee, responsible for promoting dialogue between the various

stakeholders, trying to balance management, socioeconomic devel-
opment and natural biophysical aspects of the basin’s landscape, as
stated Lima and Garcez (2017) and Trindade and Scheibe (2019).
These aspects are interdependent and mutually influential when it
comes to the planning and management of urban and periurban
watersheds, and, although complex, this integration must start from
the assumption of the forest-water relationship transversality (Di-
niz et al., 2020).

Conclusions

The TARB is very fragmented with a higher degree of forest
degradation in the low basin, including protected areas except the
Adolpho Ducke Forest Reserve, although it still has good vegeta-
tion conservation potential. The headwater region, in turn, has the
largest size and core area amount fragments, in addition to high
structural and functional connectivity, which are fundamental for
the natural resources and basin’s landscape sustainability, however it
is not under protection.

The small fragments of the low basin, despite the greater vulner-
ability to edge effects and anthropogenic pressures, and reduced po-
tential for functional connectivity, present physical isolation values
close to landscape mean value, indicating their potential role as a
link between larger patches, functioning as connection elements and
requiring equal attention from watershed and UCs managers. In the
urban context, well-planned and executed landscape measures, using
fast-growing native species, can help in the process of maintaining
TARB’s ecosystem services.

The present characterization of structural and functional pat-
terns of the Tarumi-Aqu basin landscape offers important subsidies
to elaboration of the management plan and to definition of the forest
remnants conservation and restoration strategies, indicating priori-
ty areas for the implementation of these actions from production of
unprecedented data on forest fragmentation in the TARB’s context.
The management of the basin’s natural landscape needs to envision
mitigating the impacts of human transformations, which, in this
context, are numerous (and inevitable, from the perspective of socio-
economic development). This should help to support the eco-hydro-
logical dynamics responsible for water resources, soils, biodiversity
sustainability and, therefore, for the very economic and social activi-
ties that occur into the TARB.
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