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Abstract:



This article analyzes the process of forest fragmentation of a floodplain landscape of the Lower Amazon over a 30-year period and its implications for the biodiversity and the provision of ecosystem services to the riverine population. To this end, we created a multi-temporal forest cover map based on Landsat images, and then analyzed the fragmentation dynamics through landscape metrics. From the analyses of the landscape and bibliographic information, we made inferences regarding the potential impacts of fragmentation on the biodiversity of trees, birds, mammals and insects. Subsequently, we used data on the local populations’ environmental perception to assess whether the inferred impacts on biodiversity are perceived by these populations and whether the ecosystem services related to the biodiversity of the addressed groups are compromised. The results show a 70% reduction of the forest habitat as well as important changes in the landscape structure that constitute a high degree of forest fragmentation. The perceived landscape alterations indicate that there is great potential for compromise of the biodiversity of trees, birds, mammals and insects. The field interviews corroborate the inferred impacts on biodiversity and indicate that the ecosystem services of the local communities have been compromised. More than 95% of the communities report a decreased variety and/or abundance of animal and plant species, 46% report a decrease in agricultural productivity, and 19% confirm a higher incidence of pests during the last 30 years. The present study provides evidence of an accelerated process of degradation of the floodplain forests of the Lower Amazon and indicate substantial compromise of the ecosystem services provision to the riverine population in recent decades, including reductions of food resources (animals and plants), fire wood, raw material and medicine, as well as lower agricultural productivity due to probable lack of pollination, impoverishment of the soil and an increase of pests.
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1. Introduction


The human being depends on a wide variety of ecosystem services (ES) for its survival and well-being. Ecosystems are sources of indispensable resources such as food and water, and they also provide other important services such as pollination, erosion control, and air and water purification, among others [1,2]. Many of these services have supported the growing demands of modern societies. Currently, however, the majority of the ES on the planet are in decline due to anthropogenic disturbances [1,3].



The floodplains of the Amazon region are among the most complex ecosystems on the planet, characterized by high level of biodiversity and productivity [4,5], occupying about 840,000 km2 [6]. Despite representing a small fraction of the Amazon (<4%), these ecosystems are historically responsible for the provision of various goods and ES to the population [4,5]. Examples of these resources include water supply directly from rivers and channels, river transport, fishing, hunting, and the provision of wood, fruit and vegetables consumed by the population [7,8,9,10].



The riverine populations are especially dependent on floodplain resources and it is estimated that currently about 1.8 million people live in the floodplains of Amazonas and Pará States [11]. Their communities are embedded in the floodplain and, therefore, the activities of forest resource extraction, small-scale agriculture, animal production, cattle ranching, hunting and fishing constitute their means of subsistence [12]. Despite the scarcity of studies on the Amazon floodplains specifically, research conducted in other tropical wetlands shows that their products are crucial to local subsistence, contributing almost two thirds of the family income in some areas [4].



The socio-ecological functions of the floodplains are sensitive to a wide variety of anthropogenic activities [13]. This sensitivity enhances the impacts of human action, which is the factor responsible for almost all direct and indirect modification of the wetland areas in developed countries [14,15]. The Amazon floodplains also suffer degradation due to the removal of its forests, particularly in its lower reaches [16,17]. During the 19th century, large areas of the floodplain in the Lower Amazon region were deforested to make space for cacao plantations [18] and, since the beginning of the 20th century, have been used intensively for timber exploitation, agriculture and cattle ranching [12,18,19,20,21]. Recent studies show that the floodplain forest area in the Lower Amazon region decreased by about 50% between the end of the 1970s and 2008 [17], accompanied by significant alterations in the landscape structure [22].



Different authors [23,24,25,26] report that the structure of a given landscape is closely related to the integrity of its ecosystems and, therefore, to its capacity to provide ES (e.g., large forest patches are related to high mammals diversity, which play an important role as pollinators, seed dispersers, pest and disease regulators and food for the local population). Considering the severe alterations suffered by floodplain environments in recent decades, understanding the effects of such alterations on the provision of ES to the riverine population is vital, especially given the great dependence of such populations on the environment in which they live. However, one of the difficulties in evaluating this issue are the costs and complexity of the methods used to assess the supply of ES within a given landscape. Many of these methods are costly, as they require lengthy fieldwork to collect material, measure biotic and abiotic parameters and exhaustively sample animal and plant species.



Assuming that the landscape structure has a strong influence on the supply of ES to the population, an alternative for assessing these services would be the use of landscape analysis methods. Currently, there is a considerable amount of studies that related landscape structure to ecological data collected in the field, with the intent to better understanding the relationship between landscape structure as ES provision [27,28,29,30,31]. These studies take a bottom-up approach and are important for identifying the landscape configurations (metrics and thresholds) with the greatest impact on various ES. This knowledge supports the realization of top-down studies, through which landscape structure can be used to infer the provision of ES [32,33,34,35,36]. Despite that the human being is explicit in the concept of ES, many studies focus only on the ecological aspects, excluding from the analysis the final beneficiary of the services delivered by nature. According to the Millennium Ecosystem Assessment [1], the studies and analyses of ES must consider not only the ecosystems responsible for the supply of services, but also the people that depend and are affected by the changes in their supply, thus linking the environment and the development fields.



In this context, the present study combines the top-down approach with interview data from riverine populations of the Lower Amazon, with the purpose of: (1) inferring the effects of floodplain forest fragmentation on the maintenance of biodiversity of key ecological groups; and (2) assessing the perception of the riverine residents in relation to the endangerment of ES related to the biodiversity of the studied groups. In this study, we treat biodiversity as a supportive ES necessary for the production of the ES used by the riverine communities, such as food, medicine, fuel wood, raw material and pollination, among others. The impacts of fragmentation on biodiversity and ES will not be assessed directly, but will be inferred based on the landscape structure and the interviews with the riverine population.



The proposed approach represents a tool for prospecting the strain of biodiversity and of ES provision to human populations in extensive, remote and relatively under-studied areas such as the floodplains of the Amazon basin. The results help direct future scientific works and policies for the management of the Amazon floodplain, with a view to improve the contribution from floodplain ecosystems to human well-being without affecting its integrity and provision capacity in the long term.




2. Study Area


The study area occupies about 9000 km2 of floodplain and extends for 200 km along the Amazon River. It is situated in Pará State (PA), Brazil, and includes parts of the municipalities of Alenquer, Santarém, Monte Alegre and Prainha (Figure 1). The area is part of the Lower Amazon region, which extends from the boundary between the States of Amazonas and Pará to the confluence of the Xingu River [21].


Figure 1. Location and extension of the study area in the floodplain region of the Lower Amazon, among the cities of Alenquer, Santarém and Monte Alegre, Pará State, Brazil.
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The vegetation cover is diverse, consisting of a mixture of mature forest, forest in regeneration, natural grassland, semi-aquatic macrophytes and cultivated areas [12,18]. The flood pulse of the Amazon River is the main ecological forcing in the floodplain [37], responsible for the seasonal fluctuation of the water level. The river begins to rise in November (rising-water), reaching its maximum level between the end of May and the beginning of June (high-water), and descending again during the following months (falling-water), reaching its lowest level at the end of October or beginning of November (low-water) [38].



The patterns of land use and human occupation are related to the topography, the vegetation and the level of inundation. The settlements and most agricultural activities are concentrated on the levees, with communities distributed along the margins of the Amazon River and some of its tributaries. The property boundaries are aligned perpendicular to the river, such that the majority of housing units have access to the principal “ecozones” of the floodplain (rivers, levees, grasslands and lakes). Agriculture is typically practiced on the levees under private control, while fishing is practiced in rivers and lakes with public access. Cattle ranching activity alternates between the floodplain pastures and the upland pastures, according to the period of inundation [12,18]. Settlements and agriculture activities are mostly related to small landowners, while much of the livestock is from large landowners of the uplands.




3. Materials and Methods


To infer the effects of forest fragmentation on the provision of ES to the riverine population, this study used remote sensing data, landscape analysis methods, data from the literature, as well as data regarding the environmental perception of the riverine populations. First, we defined the ES to be assessed and reviewed the literature to identify the relationship between the ES and landscape structure. Next, we produce multi-temporal maps of the study area’s forest cover and analyzed the landscape structure dynamics. The landscape analysis results related to the theoretical background allowed us to make inferences about the potential impacts of forest fragmentation on the provision of the respective ES; finally, we used the environmental perception data from the local populations to evaluate the convergence between the inferred impacts and the impacts perceived by the communities in the region. A more detailed explanation of each step is given as follows.



3.1. Definition of Ecosystem Services


Given the importance of the floodplain forest to the local population, the focus of the research is on ES that are dependent on the forest habitat and fundamental to the well-being of the local communities: food (hunting, fruit), wood (fuel), raw material (construction of shelter, boats and artifacts), medicines (plants and animals), biological control, pollination and soil nutrient cycling. To make inferences about the ES based on the landscape, it was essential that their relationships with the landscape were documented in the literature. However, landscape analyses that deal directly with ES are rare, with the exception of some studies on pollination and biological control. To overcome the lack of information and assuming that the selected ES are dependent on the biodiversity of some ecological groups, we focused the landscape analyses on the biodiversity of four distinct ecological groups: trees, birds, mammals and insects. Thus, biodiversity is intended as a support ES necessary for the generation of the rest of the ES of interest. As such, the biodiversity ES is inferred from the landscape analysis and the rest of the ES (food, raw materials, medicine, biological control, pollination and nutrient cycling) are inferred from the perception of the riverine communities.




3.2. Literature Review


We searched the literature for relevant scientific articles and reviews published between 1980 and 2015 using the following keywords: forest fragmentation, landscape structure, ecosystem services and biodiversity. We searched the following databases: Google Scholar, Scopus, Capes and Web of Science. The literature cited in the identified publications was also reviewed with the objective of finding additional references of interest. Our review was constrained to scientific articles that approach the relationship between the habitat structure and the biodiversity of species and ecological groups relevant to the floodplain region. Furthermore, we selected only the studies that presented quantitative results, both in relation to the landscape parameters as well as the impacts on biodiversity. We also prioritized studies conducted in the Amazon region, Atlantic Forest and the other tropical and temperate forests, respectively. In total, we reviewed 34 studies (Table S1 in Supplementary Materials) that had been conducted in the past 25 years; 22 of these refer to the Amazon region (upland), four to the Atlantic Forest, four to tropical areas, and four to temperate areas. Based on this theoretical frame of reference, it was possible to identify the most appropriate parameters of the landscape structure (metrics and thresholds) to assess the biodiversity of each selected group (Table 1), in addition to compiling the main impacts of forest fragmentation on each group (Table 2, Table 3, Table 4 and Table 5). It should be noted, however, that although the majority of the reviewed studies are about the Amazon region, we did not find studies specific to the floodplain areas.



Table 1. Landscape parameters (metrics and thresholds) of greatest impact on the biodiversity of trees, birds, mammals and insects, following the literature reviewed.







	
Biodiversity

	
Landscape Parameters (Metrics and Thresholds)

	
Data Sources




	
Habitat %

	
Patch Size

	
Edge Width

	
Isolation Length

	
Isolation Time

	






	
Trees

	
-

	
1–2–100 ha

	
60–100–300 m

	
*

	
14–20 years

	
[39,40,41,42,43,44,45]




	
Birds

	
-

	
1–10–100 ha

	
50 m

	
0–75–100–300–425 m

	
-

	
[42,46,47,48,49,50,51,52]




	
Mammals

	
-

	
100 ha

	
50–100–180 m

	
300 m

	
-

	
[48,53,54,55,56,57]




	
Insects

	
20%–70%

	
0.3–1–10 ha

	
50–100–200–300 m

	
50–100–200–500–800 m–1 km

	
-

	
[28,31,42,48,58,59,60,61,62,63,64,65,66,67,68,69,70]








* Not defined value.








Table 2. Compilation of the main impacts of forest fragmentation on the biodiversity of trees, following the literature reviewed.







	

	
Mortality, Damage, Turnover

	
Canopy Gaps

	
Functional Diversity

	
Species Diversity

	
Species Richness

	
Pioneers Abundance






	
Patch size

	

	

	

	

	

	




	
2 ha

	
300% ↑ [41,42]

	
-

	
36% ↓ [39]

	
44% ↓ [39]

	
45% ↓ [43]

	
400% ↑ [44]




	
100 ha

	
50% ↑ [41,42]

	
-

	
20% ↓ [39]

	
20% ↓ [39]

	
-

	
* ↑ [39]




	
Edge width

	

	

	

	

	

	




	
0–60 m

	
189% ↑ [41,42]

	
500% ↑ [40,42]

	
-

	
-

	
-

	
-




	
10–100 m

	
-

	
-

	
-

	
-

	
-

	
75% ↑ [39]




	
60–100 m

	
64% ↑ [41,42]

	
-

	
-

	
-

	
-

	
-




	
100–300 m

	
18% ↑ [41,42]

	
-

	
-

	
-

	
-

	
-




	
Isolation length

	

	

	

	

	

	




	
>0 m (*)

	
-

	
-

	
-

	
* ↓ [66]

	
* ↓ a [43]

	
-




	
Isolation time

	

	

	

	

	

	




	
1–20 years

	
-

	
-

	
-

	
-

	
-

	
* ↑ [44]




	
14 years

	
Phylogenetic dispersion = 50% ↓ [45]/Genus richness = 2.3% ↓ [45]








* Not defined value. ↑ = higher than control sites; ↓ = lower than control sites. Control sites = continuous forest or forest interior (core). a Shade-tolerant species.








Table 3. Compilation of the main impacts of forest fragmentation on the biodiversity of birds, following the literature reviewed.







	

	
Gap-Crossing Movements

	
Species Richness

	
Species Abundance






	
Patch size

	

	

	




	
1 ha

	
-

	
86% ↓ [46]

	
94% ↓ [49,50,51,52]




	
10 ha

	
-

	
-

	
71% ↓ [49,50,51,52]




	
100 ha

	
-

	
-

	
28% ↓ [49,50,51,52]




	
Edge width

	

	

	




	
0–50 m

	
-

	
* ↓ [42,48]

	
-




	
Isolation length

	

	

	




	
>0 m

	
37% ↓ [47]

	
-

	
-




	
>75 m

	
66% ↓ [47]

	
-

	
100% ↓ (1 ha); 30% ↓ (10 ha) [51]




	
>100 m

	
-

	
-

	
100% ↓ (1 ha); 30% ↓ (10 ha) [51]




	
>300 m

	
-

	
30% ↓ [47]

	
-




	
>425 m

	
100 % ↓ [47]

	
-

	
-








* Not defined value. ↓ = lower than control sites. Control sites = continuous forest or forest interior (core).








Table 4. Compilation of the main impacts of forest fragmentation on the biodiversity of mammals, following the literature reviewed.







	

	
Species Richness

	
Species Abundance






	
Patch size

	
** 90% [55]

	




	
100 ha

	
83% ↓; 100% ↓ a [55]

	
-




	
Edge width

	
** 74% [56]

	
** 83% [55]




	
0–50 m

	
* ↓ [55]

	
-




	
0–100 m

	
-

	
* ↓ [55]




	
0–180 m

	
78% ↓ [57]

	
94% ↓ [57]




	
Isolation length

	

	




	
>300 m

	
50% ↓ [53]

	
-








* Not defined value; ** percentage of variability explained. a Large and sensitive mammals (e.g., jaguars, otters, large-bodied xenarthrans and ungulates). ↓ = lower than control sites. Control sites = continuous forest or forest interior (core).








Table 5. Compilation of the main impacts of forest fragmentation on the biodiversity of insects, following the literature reviewed.







	

	
Herbivores

	
Parasitoids

	
Pollinators




	

	
Richness

	
Abundance

	
Herbivory (h) Invasion (i)

	
Richness

	
Parasitism

	
Host Mortality

	
Diversity (d) Richness (r)

	
Visitation






	
Patch size

	

	

	

	

	

	

	

	




	
0.3 ha

	
25% ↓ [68]

	
-

	
-

	
-

	
52% ↓ [28]

	
* ↓ [28]

	
-

	
-




	
1 ha

	
-

	
-

	
-

	
80% ↓ [68]

	
-

	

	
-

	
-




	
10 ha

	
-

	
-

	
-

	
-

	
50%–100% ↓ f [68]

	

	
-

	
-




	
Edge width

	

	

	

	

	

	

	

	




	
≤50 m

	
-

	
1625% ↑ a [63,69]

	
-

	
-

	
-

	
-

	
-

	
-




	
100 m

	
65% ↑ [64]

	
14% ↑ [64]

	
h 85% ↑ [63,69]

	
-

	
* ↓ [63,64,69]

	
-

	
-

	
-




	
200 m

	
-

	
-

	
i * ↑ b [42,62]

	
-

	
-

	
-

	
-

	
-




	
300 m

	
-

	
-

	
i * ↑ c [42,48]

	
-

	
-

	
-

	
d * ↓ [42,48]

	
-




	
Isolation length

	

	

	

	

	

	

	

	




	
>50 m

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
9% ↓ [66]




	
>100 m

	
25% ↓ [68]

	
-

	
-

	
-

	
50% ↓ [68]

	
-

	
-

	
56% ↓ d [67]




	
>200 m

	
50% ↓ [68]

	
-

	
-

	
100% ↓ [68]

	
100% ↓ [68]

	
-

	
-

	
-




	
>500 m

	
25% ↓ [28]

	
-

	
-

	
23% ↓ [68]

	
25%–70% ↓ f [28]

	
80% ↓ [28]

	
-

	
50% ↓ [31]




	
>800 m

	
-

	
-

	
-

	
-

	
-

	
-

	
r 50% ↓ [60]

	
54% ↓ [66]




	
>1 km

	
-

	
-

	
-

	
-

	
-

	
-

	
r 50% ↓ [31,66]

	
* ↓ e [66]








* Not defined value. a Mean colony density of leaf-cutting ants (Atta spp.); b Disturbance-adapted beetles; c Disturbance-adapted butterflies; d Euglossine bees; e Not enough pollen deposition and bee visitation to ensure adequate pollination without the contribution by managed honeybees; f Depending on the species; ↑ = higher than control sites; ↓ = lower than control sites. Control sites = continuous forest or forest interior (core).









3.3. Temporal Mapping of Forest Cover


The mapping was based on a set of eight TM/MSS Landsat images (2008, 2004, 2001, 1997, 1992, 1987, 1980 and 1975) acquired over an average interval of five (5) years and covering a period of approximately 35 years. The range of water-level variation between scenes of higher (1975, 6.97 m) and lower (1980, 2.19 m) levels was 4.78 m. This water-level variation is enough to temporarily expose most of the floodplain lake beds during low-water and to cover much of the shrubs and herbaceous vegetation during high-water. However, forest mapping is not affected by water-level fluctuations [17], since dominant forest species are between 10 and 45 m tall [71,72], and tend to occupy areas of higher elevation in the foodplain [71,73].



The images were submitted to object-oriented analysis techniques including multiresolution segmentation algorithms (multi-date approach) and fuzzy logic supervised classifiers [74]. Multidate segmentation was designed by Desclée et al. [75] in order to apply object-based image analysis to forest change detection studies. The method consists of the simultaneous segmentation of images from different dates, and relies on spatial, spectral and temporal information to delineate suitable objects. Since a single set of objects is created by this process, all objects match spatially among all dates. The segmentation algorithm used was based on a bottom-up region merging technique [76], as implemented in the eCognition software [77]. A Nearest Neighbor supervised classification algorithm based on fuzzy logic [76] was used. The algorithm uses a set of user-defined samples to assign membership values between 0 and 1 for all specified classes, based on the feature space distance from each image object to its nearest neighbor among the samples [77]. Each image was classified independently, based on samples for the following classes: floodplain forest, referring to the vegetation cover dominated by tree species; water bodies, referring to open water surface of rivers, lakes and channels; unobserved, referring to any type of cover such as exposed soil, urban area and other types of vegetation; and cloud, related to areas covered by clouds and shadows. The classification of images was restricted to only the floodplain areas, which were defined based on a wetland mask produced by Hess et al. [78] and Melack and Hess [79] and corrected by Rennó et al. [80] and Ferreira et al. [81]. After initial classification, some misclassified objects (e.g., cloud shadows wrongly classified as water) were corrected by visual inspection and manual editing. Next, the objects that presented cloud cover on a certain date were reclassified, being attributed to a class corresponding to a previous date, producing maps free of cloud cover. The removal of clouds was necessary to avoid the creation of artificial patterns in the landscape structure analysis. However, the percentage of clouds in the images is less than 9% of the study area, with less than 2% in 63% of the images. The mapping methodology used in this work was adapted from Renó et al. [17] and Novo [82].



After the classification process, Google Earth images and a set of pre-existing field data were used to estimate classification accuracy. The field data set includes two types of data collected by Renó et al. [17] during two field campaigns carried out in 2009: (a) human settlement interviews, especially among the elderly, to collect information on currently and historical land cover type (around 30 years ago); and (b) botanical observations (including vegetation structure, species composition and diversity) which indicated the current land cover type and helped reconstruct its approximate evolution over the past ~30 years, since floristic composition and structure can be diagnostic of stand age, formation type, successional stage and possible disruptions/degradations occurred in the past [17]. Based on these data, confusion matrices were built and used to estimate classification accuracy through calculation of the Kappa index of agreement. The overall accuracy of the maps ranged from 0.77 to 0.75 among the most ancient and recent maps respectively, while partial Kappa indices for the forest class ranged from 0.83 to 0.75.



Landscape analysis: The landscape analysis was based on a set of configuration metrics (Table 6) applied to a temporal series of the generated maps (forest class). The metrics were selected based on the literature review with the objective of assessing the degree of landscape fragmentation from the perspective of the selected ecological groups (Table 1). The calculation of the metrics was performed in ArcGis [83] and Fragstats [84].



Table 6. Metrics used to assess the landscape dynamic between 1975 and 2008.







	
Metrics

	
Description

	
Unit

	
Threshold






	
Total forest area

	
Area and percent of the landscape comprised by forest

	
ha/%

	
Edge width (m): 0 m




	
Mean patch size/number of patches

	
Mean size and total number of forest patches

	
ha/-

	
Edge width (m): 0 m




	
Largest patch

	
Area and percent of the forest cover comprised by the largest patch

	
ha/%

	
Edge width (m): 0 m




	
Patch size distribution

	
Number of fragments, area and percentage of forest cover for different size classes

	
ha/%

	
Size classes (ha): <1 ha, 1–10 ha, 10–100, 100–500, 500–1000, >1000

Edge width (m): 0 m




	
Edge area

	
Area and percentage of forest submitted to edge effects for different edge widths

	
ha/%

	
Edge width (m): 50, 100, 200, 300




	
Connectivity (CONNECT)

	
Proportion of functional joins between all forest patches considering different distance

	
%

	
Distance (m): 75, 100, 300, 500, 800, 1000




	
Mean proximity (PROX_MN)

	
Mean Euclidean distance among patches that are within a specific search radius

	
-

	
Search radius (m): 75, 100, 300, 500, 800, 1000








CONNECT: equals 0 when the landscape is composed of a single patch or none of the forest patches are connected; equals 100 when all patches are connected. PROX_MN: (unit less) increases as patches become closer and are more contiguous or less fragmented in distribution and vice versa.









3.4. Potential Impacts of Fragmentation


Based on the results of the landscape structure analyses and assuming that the information extracted from the literature review (Table 2, Table 3, Table 4 and Table 5) can be extended to the floodplain ecosystems, we inferred the potential impacts of forest fragmentation on the biodiversity of trees, birds, mammals and insects of the study area. Since the reviewed literature is not specific to the floodplain, it is important to highlight specific aspects related to this type of landscape. Unlike upland areas, floodplain landscape alternates between terrestrial and aquatic phases, since it is periodically inundated by lateral overflow of rivers and lakes. The flood-pulse [37] causes the biota to respond by morphological, anatomical, physiological, phenological and/or ethological (behavioral) adaptations [85]. For this reason, the floodplain has specific community structures, combining terrestrial and aquatic species, some of which are endemic while others are common to both floodplain and upland environments [85].



Given the complexity and specificities of floodplain environment, and the lack of specific studies of this ecosystem, the present research is restricted to the flooded forest habitat and species or functional groups related to this habitat. To this end, it is considered that adaptations of terrestrial organisms (forest dependent) to the flood pulse do not interfere in their susceptibility to forest fragmentation. Although the floodplain landscape has a certain degree of natural fragmentation due to the constant presence of water bodies (rivers and lakes), there is no evidence that floodplain forest species (plants and animals) have adapted to live in fragmented forests. Even though the floodplain forest has never been composed of a single patch covering the entire landscape, it is assumed that the amount and configuration (e.g., size, shape, and connectivity) of the original forest habitat allowed maintenance of high biodiversity and ecological processes [71,86,87]. Thus, it is also assumed that the increase in the fragmentation degree of the floodplain landscape will impact its biodiversity and ecological processes, similar to that occurring at the uplands.



Other important consideration is regarding annual floods and the degree of forest fragmentation, which are not related since the amount of forest cover and the configuration of forest fragments (e.g., size and shape) do not change with the increase of the water level. Annual floods can temporarily change the living area of many species in the floodplain, for example providing greater mobility to aquatic species and restricting the mobility of many terrestrial species in the landscape. This process, however, is temporary and is not related to the configuration of the forest habitat. For instance, many species with a large living area during the terrestrial phase can stay confined to a single tree during the aquatic phase (vertical migration), while others migrate to the uplands (horizontal migration), more remote areas (flying migration), or even stay submerged in active or dormant mode [85]. The fragmentation process addressed in this study is essentially related to anthropogenic factors, effective removal and fragmentation of forest habitat and permanent impacts on floodplain biodiversity and ecological processes.




3.5. Environmental Perception of the Local Populations


Given that the concept of ES implies benefits to humans, the biodiversity of floodplain forests should be understood as an ES only if it is being used or consumed or it benefits human populations in some way. Based on this assumption, we used the data on the environmental perception of riverine populations to assess whether the inferred impacts on biodiversity are perceived by the local populations through the endangerment of ES such as food, raw materials, medicine, biological control, pollination and nutrient cycling, which depend on the biodiversity of the studied groups. The collection of information in the field occurred between the 11 and 26 March 2014, when we visited 26 communities distributed throughout the study area (Figure 1). The interviews were collective (key informants), uniting the longest residing individuals with the greatest knowledge of the local flora and fauna of each community, such as leaders, fishers, farmers, hunters and healers. The process was done in the context of an informal conversation, with objective questions, but with the possibility of expanding on the theme. We used questionnaires specially created to gather the information of interest, which included not only questions about biodiversity, but also about other ES that are important to the riverine residents and dependent on the biodiversity of trees, birds, mammals and insects, such as food, raw materials, pollination, biological control, etc. Thus, the questionnaires contained questions about the possible alterations in the productivity of agricultural crops, incidence of pests, and occurrence of animal and plant species throughout recent decades. The questions referring to the occurrence of species were supplemented by a list of 23 animals and 72 plants species that are important to the riverine populations in terms of food, crafts, construction, fuel, the fabrication of utensils and medicinal products [88,89]. The interviewees were asked about the occurrence of each of these species in the region, their use, the possible fluctuations in terms of quantity in recent decades (scarcity/local extinction), in addition to the timing and likely reason of this fluctuation. A single questionnaire was applied per community, considering the responses in consensus among the group of respondents. Therefore, the data were evaluated at the community level and the results described in terms of percentage of communities that reported a given fact. The length of the interview varied depending upon the informants’ interest and availability. The average session lasted about 40 min and all locals were very receptive and helpful.



It is important to point out that a number of researches have already used local population perception to complement or validate remote sensing land cover classification [90,91]. Perception information has been also successfully used to assess the driving forces of land cover changes and their location factors [91,92,93]. Those aspects, however, were not the focus of the present research of our research. Even so, the questionnaires included questions to assess population perception on the main drivers of floodplain forest fragmentation at present. The research was conducted according to national [94,95] and international ethical guidelines. Only adult people were interviewed. All data gathered during population surveys were obtained with consent and analyzed anonymously. All respondents were informed about the nature of the research and signed a free consent term.





4. Results


4.1. Dynamic of the Landscape


The results of landscape dynamic show 70% reduction of the forest habitat throughout the studied period (Figure 2). In 1975, the floodplain forests covered 30% of the study area, equivalent to 281,403 ha. In 2008, forest covered only 9.2% of the area, or 83,697 ha. The greatest alterations occurred in 1980–1987 and 1992–1997, with forest losses of 106,700 ha and 61,525 ha, respectively (Figure 3). These periods coincide with periods of increased production of jute and buffalo herds in the region, as it will be discussed in Section 5.


Figure 2. Maps of the floodplain forest cover for the study area between 1975 and 2008.
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Figure 3. Evolution of the forest cover between 1975 and 2008: (a) total forest area and largest forest patch area; and (b) number and average size of the forest patches.
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In relation to landscape fragmentation, there was a 79% increase in the number of forest fragments, accompanied by an 83% decrease of their average size, which fell from 236 ha to only 39 ha between 1975 and 2008 (Figure 3). In 1975, the area of the largest fragment on the landscape was 48,683 ha, covering 5.4% of the study area and representing 58.5% of the total forest area. By 2008, the area of the largest patch diminished by 89% (5 ha), representing 0.6% of the study area and only 1.9% of the total forest area.



In both 1970 and 2008, most of the patches were 10–100 ha (38% and 35% of the patches, respectively). In 1970, however, the patches larger than 1000 ha occupied a greater portion of the landscape, representing 77.6% of the forest area (Figure 4). By 2008, the patches larger than 1000 ha represented only 1% of the forested area. In addition, there was a large increase (600%) in the number of patches smaller than 100 ha, which represented only 7% of the forest area in 1970, but 49% in 2008.


Figure 4. Distribution of the patches among six size classes and its evolution between 1975 and 2008: (a) percentage forest cover; and (b) area in hectares.
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Inherent to the process of fragmentation is the creation of new forest edges. In fact, the results show a remarkable increase in edge areas throughout the studied period, even considering different widths (Figure 5b). Due to the large reduction of forest cover, the increase of edge areas is given only in relation to the percentage of forest and not in absolute terms (forest area). In 1975, the edges represented between 22% and 70% of the forest area, depending on the width considered (50 m, 100 m, 200 m or 300 m), coming to represent between 42% and 92% of the forest area in 2008 (Figure 5a). Consequently, there was a reduction in the core area of patches throughout the period (Figure 5b). This decrease was in relation to both the percentage of forest as well as the total area in hectares and independent from the width considered. In 1975, the core of the patches occupied between 217,695 ha and 84,046 ha, depending on the selected edge width (50 m to 300 m), and occupied between 47,829 ha and 6916 ha in 2008. If we consider a 100-m edge (most frequently used in the literature), the area of effective habitat (core area) for species in 2008 corresponded to only 34% of the forest total. For 300-m edges, the area of effective habitat fell to only 8% of the total forest area, which represents only 0.8% of the study area.


Figure 5. Evolution of edge and core forest area between 1975 and 2008: (a) proportion of edge area; and (b) extension of core area.
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In relation to the connectivity/isolation of the patches, significant alterations over the long term have also been observed. The results show that patch connectivity (CONNECT) decreased by an average of 63% between 1975 and 2008. Considering different functional distances (75 m, 100 m, 300 m, 500 m, 800 m, and 1 km), this reduction varied from 76% to 50% (Figure 6a). The value of this index is close to zero when the patches are functionally connected. This indicates that, in 1975, patch connectivity was already low, not exceeding 0.4%. In fact, the period of greatest expansion of jute cultivation in the region occurred between 1950 and 1975, suggesting that the forest fragmentation in this period was greater still than in the study period (1975–2008). It is important to highlight, however, that when considering the floodplain landscape, with its large proportion of water bodies (34%), forest patch connectivity would never reach 100%. In this case, the temporal difference of connectivity values is more important than the value of the metric itself, given that the maximum value of connectivity that is possible for the region is unknown. The mean proximity (PROX_MN) presented even greater alterations throughout the period, with a decrease of more than 99% for all the search radii (Figure 6b). The majority of the alteration occurred between 1975 and 2001, with a large fall in 1980–1987. This last period coincides with the greatest loss of forest cover and the greatest increase in edge areas.


Figure 6. Evolution of forest patch connectivity and isolation between 1975 and 2008: (a) connectivity index (CONNECT); and (b) mean proximity index (PROX_MN).
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4.2. Fragmentation and Biodiversity


Based on the results of landscape dynamics and assuming that the information extracted from the literature can be extended to the floodplain ecosystems, inferences were made in terms of the probable impacts of floodplain forest fragmentation on the biodiversity of the groups addressed in this study.



4.2.1. Biodiversity of Trees


The tree communities play a key role in forest ecosystems, being responsible for the forest structure, the regulation of microclimate conditions [41], carbon storage and the production of essential trophic resources for a wide variety of organisms including man [96]. According to the literature review, the landscape alterations that most negatively influence tree biodiversity are the reduction of patch size and the increase in edge areas, followed by the loss of connectivity and the isolation time of the patches (Table 2).



Two classes of patch size appear to affect tree communities: the patches ≤100 ha and the patches ≤2 ha. The latter presents effects even more severe than the former, mainly due to the large increase in the abundance of pioneer species (>400%) and in the rates of species mortality, damage and turnover (>300%) [41,42,44]. Fortunately, throughout the analyzed period, less than 1% of the forest cover suffered the severe effects of area (≤2 ha) on the tree communities (Figure 7a). Despite this, the area of the patches ≤2 ha increased by 49% (Figure 7b), which inspires consternation regarding the degree of impact that these patches have on the tree communities. Figure 7a shows the temporal variability of area covered by patches ≤2 ha, which indicate that between 1975 and 1980 forest areas >2 ha were fragmented into patches ≤2 ha. Between 1980 and 1987, many of these patches (≤2 ha) were probably removed (deforested); and from 1997 to 2001 new forest areas >2 ha were fragmented into patches ≤2 ha.


Figure 7. Distribution of the patches among three size classes and its evolution between 1975 and 2008: (a) percentage forest cover; and (b) area in hectares for patches of 0–2 ha.
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More worrisome, however, is the spread of patches of 2–100 ha in size, which represented only 7% of the forest cover in 1975, but 49% in 2008 (Figure 7). The tree communities in patches of this size class suffer large impacts, including a 50% increase in the rates of species mortality, damage and turnover, greater abundance of pioneers and a 20% reduction in functional and species diversity [39,41,42].



In relation to edge areas, the most significant impacts on the tree communities are apparent within the first 300 m of edge. This area can be divided into three width classes according to the degree of impact: ≤50 m, 50–100 m, and 100–300 m. The data from this study (Figure 8) show that, since the 1970s, most of the forest cover (70%) was susceptible to the impacts of edges with widths of 0–300 m. These impacts include increased rates of species mortality, damage and turnover, higher incidence of canopy gaps and greater abundance of pioneers. In 2008, this scenario worsened, with almost half (43%) of the forest area becoming susceptible to the most severe effects (0–50 m), and only 8% of the forest cover was found to be free from edge effects (>300 m).


Figure 8. Distribution of the edge areas among width classes and its evolution between 1975 and 2008.
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Other factors that affect tree communities are the degree of connectivity and the isolation time of the patches on the landscape. Generally, the greater the distance and isolation time, the greater are the impacts on tree richness and diversity in the forest patches. After 14–20 years of isolation, the forest patches present greater density of pioneer species, reduction in late successional species, less phylogenetic dispersion and less genera richness than before fragmentation [44,45]. The data of this study show that the degree of landscape fragmentation increased from 1987 onward, indicating that the majority of patches must have been isolated during the preceding 12 years. In 1975, there were 1187 patches; between 1975 and 1987, 650 new patches appeared, and between 1987 and 2008, another 286 emerged (Figure 3b). This indicates that 87% of the patches might have been created by 1987, suffering, therefore, the negative effects of more than 20 years of isolation.




4.2.2. Biodiversity of Birds


Birds are important components of forest ecosystems, and alterations in these communities can affect multiple trophic levels and different ES [97,98]. Following the literature review, the landscape alterations that most affect the biodiversity of birds are the reduction of patch size and the loss of connectivity between patches, followed by the increase in edge areas (Table 3).



In general, patch size is positively related to bird diversity and, therefore, the smaller the patch, the lower the diversity. The one-hectare patches are the most affected, followed by 10-hectare and 100-hectare patches, sequentially. In this sense, the most worrisome alterations in the study area are related to the increase of 10- and 100-hectare patches, since the one-hectare patches represent less than 1% of the forest cover. Between 1975 and 2008, the patches of 100 ha (10–100) increased by 111% in terms of forest cover area and by 610% in terms of proportion (Figure 4). The same happened for patches of 10 ha (1–10), which increased by 79% and 500% in terms of area and proportion, respectively (Figure 4). The abundance of birds is strongly affected in patches of this scale (100 ha and 10 ha), reaching 28% and 71% less abundance than in areas of continuous forest [49,50,51,52]. In 2008, 49% of the study area’s forest cover was susceptible to these impacts (Figure 4).



In relation to connectivity, the distance between patches that affects mobility of birds on the landscape varies from almost zero to 425 m, depending on the species. In general, the number of species capable of traveling over open areas decreases as the distance between patches increases, and this affects the diversity of bird in isolated patches. In the Amazon, an isolation of more than 400 m between patches has the potential to block up to 100% of the movement of forest dependent birds over the landscape, reducing richness by 30% and strongly affecting (30%–100%) species abundance in the patches [47,51].



The results of this research show that forest patch isolation increased substantially during the study period (Figure 6). In 1975, the value of the connectivity index (CONNECT) for a functional distance of 500 m was already low (0.233), reaching close to zero (0.096) in 2008 (Figure 6a). This indicates that, in 2008, most of the patches in the landscape were 500 m apart from each other, as the index tends toward zero when no patch is found to be functionally connected. Therefore, the movement of birds across the landscape—and, consequently, their diversity—is highly compromised, with the risk of local extinction in most of the patches. It is also estimated that the abundance of understory birds is strongly affected in the first 50 m of edge [42,46]. This points to serious impacts on bird abundance in the study area, since the proportion of 0- to 50-m edges increased by 91% during the study period, representing 42% of the forest cover in 2008 (Figure 5).




4.2.3. Biodiversity of Mammals


Mammals play an important role in ecosystems, acting on different trophic levels (herbivores, omnivores and predators), and as pollinators, seed dispersers, and pest and disease regulators and as indicators of general ecosystem health [99]. Mammals also constitute an important source of food for the local human populations and are considered important elements of the local culture, which uses the skins, bones and teeth for a variety of purposes [89]. This group, however, appears to be one of the most affected by forest fragmentation, particularly medium- and large-sized mammals, which, due to their body mass, have specific requirements in terms of home range, food, shelter and reproduction [100,101]. The landscape parameters most related to variations in mammal diversity are patch size, edge areas and isolation (Table 4).



It is estimated that 90% of the variation in mammal richness is explained by patch size, with patches ≤100 ha being the most affected [55]. These patches exhibit a reduction in mammal richness (>80%), particularly for sensitive, large-sized species (~100%) that are common in floodplain areas, such as jaguars, otters, ungulates (e.g., tapir, peccary, red brocket, and gray brocket) and large xenarthra (e.g., giant anteater, and giant armadillo). For this reason, Michalski and Peres [55] highlight the importance of large forest patches (>10,000 ha) to maximize the persistence and maintenance of species abundance in tropical areas.



The data of this study suggest increasing pressure on the mammal communities in recent decades, given the reduction of patches >100 ha (84%) and of the total loss of patches >10,000 ha. Between 1975 and 2008, the area of the largest patch on the landscape fell from 48,683 ha to only 5212 ha (Figure 3a), and the area occupied by patches >100 ha fell from 260,035 ha to 42,492 ha (Figure 4). In 2008, there were no patches large enough to guarantee the persistence and maintenance of mammal abundance on the landscape (>10,000 ha). Furthermore, 49% of the forest cover (Figure 4) was composed of patches <100 ha and were therefore susceptible to strong impacts on mammal richness, including the risk of local extinction.



In relation to edge area, it is calculated that 83% of abundance and 74% of mammal richness are explained by this parameter [56]. The most significant impacts are felt in the first 180 m of edge, which exhibit up to 94% less abundance and 78% less richness than the forest interior [57]. In the study area, edges of 0–200 m represented 57% of the forest cover in 1975 and more than 84% in 2008 (Figure 8), which indicates that mammal diversity could be already compromised in 1975, worsening further in 2008.



Another critical factor concerns the degree of patch isolation in the study area and the potential impacts on mammal communities, such as a 50% reduction in richness at distance greater that 300 m [53]. In 2008, patch connectivity at this distance (300 m) was close to zero (0.0598), indicating that the richness of mammals on the landscape may be compromised.




4.2.4. Biodiversity of Insects


The biodiversity of insects influences ecosystem dynamics as an intermediary of numerous mechanisms such as leaf litter decomposition, pollination, biological control, plant growth suppression, as well as serving as prey for other species [102]. This is because many groups are able to cause physical changes in the environment and alter the availability of resources for other species such as pollinator insects (e.g., bees, and butterflies), parasitoids (e.g., wasps, and flies), decomposers (e.g., beetles, and caterpillars), herbivores and seed predators (e.g., beetles, ants, and caterpillars) [62].



Forest fragmentation has diverse effects on insect communities. In general, pollinator, decomposer and parasitoid insects (herbivore insect parasites) are affected negatively, while the herbivores and seed predators are favored in terms of abundance and disadvantaged in terms of species richness. According to the literature review, the landscape alterations that most effect insect communities are habitat loss, patch size, edge area and patch isolation (Table 5).



The loss of more than 70% of forest habitat can strongly affect the richness of Meliponini bees and causes irreversible alterations in the species composition of butterflies [60,70]. Meliponini bees are responsible for the pollination of around 90% of the flowering plants in the Amazon [103,104], and contribute strongly to the increase of agricultural production and to the regeneration process of natural vegetation [105]. The butterflies act as pollinators, defoliators, decomposers, prey and hosts, and their diversity is related to nutrient recycling, plant population dynamics, and the predator-prey relationship of an ecosystem [106,107].



In the study area, the integrity of these groups and their services is cause for concern due to the loss of 70% of the habitat during the studied period, and only 9% on the study area was forested in 2008. Even discounting the area permanently covered by water during the period (328,800 ha), the floodplain forest cover comprised only 14% of the study area in 2008.



The patch area also directly affects insect communities, particularly in patches ≤10 ha, where the rate of parasitism is 50%–100% lower than in control areas, depending on the insect species considered [68]. This occurs due to the decrease in richness of parasitoid insects, which are most sensitive to fragmentation. In one-hectare patches, the impacts on parasitoid richness can reach 80% [68]. These changes imply a decline in the natural biological control of herbivore insects, increasing the rates of herbivory and the likelihood of the emergence of forest and agricultural pests [28]. The data of this study show that the patches most susceptible to these impacts (≤10 ha) increased by 79% in area and by more than 500% in proportion of forest cover. In 1975, the patches ≤10 ha represented less than 1% of the forest cover, increasing to 5.6% by 2008 (Figure 4).



In relation to edge area, the most significant impacts on the insect communities are felt within the first 300 m. This area can be divided into four width classes according to the degree of impact: ≤50 m, ≤100 m, ≤200 m, and ≤300 m. These impacts include increased rates of invasion and herbivory, greater abundance of herbivores, lower rates of parasitism and reduced diversity of pollinators [42,48,62,63,64,69]. In 1975, 30% of the forest cover was free from edge effects on the insect communities (>300 m). In 2008, however, this situation worsened considerably, given that only 8% of the forest cover was found to be free of edge effects (Figure 8). Furthermore, there was a large increase (43%) in areas susceptible to the most severe effects (≤50 m), which came to represent almost half (42%) of the forest cover in 2008 (Figure 8).



Another factor that negatively affects the insect community is increasing isolation between forest patches. The distance between patches that affects the dispersal of insects varies between 50 m and 1 km, and it effects include decreased richness of herbivores and parasitoids, lower rates of parasitism and mortality of hosts, and less richness and visitation of pollinators [28,60,66,67]. As previously discussed, the degree of patch isolation on the landscape is worrisome, independent of the functional distance considered. Even the greatest functional distance and search radius (1 km) exhibits a 50% reduction in connectivity (CONNECT) and more than a 99% reduction in mean proximity (PROX_MN) of the patches between 1975 and 2008 (Figure 6). In 2008, the value of the connectivity index for the distance of 1 km was only 0.182, reaching 0.013 for a functional distance of 75 m (Figure 6a). These values indicate that patch connectivity and, consequently, the insect groups and their related processes are greatly compromised.





4.3. Environmental Perception of Riverine Populations


The analysis of the environmental perception data shows that 96% of the visited communities report some type of alteration in local flora. The alterations cited by the interviewees were forest cover loss (88%) and decreased abundance and/or variety of trees and other plants (22%). According to them, the main reasons for these alterations are the forest removal for the establishment of plantations (40%) and the creation of pastures (30%), followed by selective logging and extreme floods (15% each). This last one is related to the increase in time and/or amplitude of the annual regular floods, caused primarily by global climate changes but also by forest cover removal at the local level [13,108,109]. More than half of the interviewees (56%) report that the alterations occurred approximately 30 years earlier, i.e., around 1984, given the date of the interviews (2014). This information agrees with the results of the landscape dynamics, which show that the greatest habitat losses and forest fragmentation occurred between 1980 and 1987 (Figure 3 and Figure 5).



In relation to the use and importance of flora by and for the local communities, 100% of them attribute maximum importance to this resource, particularly for medicinal use (96%), household consumption (92%), commercialization (81%), civil construction (65%) and the fabrication of artifacts (42%). Of the 72 plant species listed in the questionnaire, an average of 46% of them were recognized as present in the region and utilized in some form by the riverine residents. However, the species recognized by the residents varied widely (19%–75%) according to the community sampled. The likely causes of this and other variations in responses among the visited communities are local factors such as the distance to urban centers, the type of landscape unit where the community is inserted (island or levee, lake or river edge), landscape structure in the community surrounding, etc.



Only the plant species recognized by the residents in each community were considered. On average, 14% of them were cited as scarce or extinct in recent decades. Among the most frequently cited species are: Theobroma cacau (cacao), Lecointea amazonica (pracuuba), Hevea brasiliensis (rubber tree, seringa) and Calycophyllum spruceanum (capirona, pau-mulato); all of these tree species are native to the region. In general, the main reasons for the scarcity/extinction of plant species are the extreme floods (38%), overexploitation (25%) and deforestation (21%). In relation to the time of scarcity, more than half (55%) of the reports cite 20 to 30 years (~1994 to 1974), while 19% cite 20 years (~1994), 17% cite 30 years (~1984) and 18% cite 40 years (~1974). However, it is important to note that both, the reason and the time of scarcity/extinction vary according to species. For L. amazonica and C. spruceanum, for example, the most cited reason is overexploitation of the species, while for T. cacau and H. brasiliensis the main reasons are the extreme floods and deforestation. Furthermore, the time of scarcity/extinction most reported per species is 30–40 years for T. cacau, 30 years for H. brasiliensis, 20 years for L. amazonica and 50 years for C. spruceanum.



The scarcity of these and other plant species cited in the interviews has direct impacts on the well-being of the riverine population, since the plants are used for various purposes. Sixty-eight percent of the communities report the use of T. cacau as a food and 42% said that H. brasiliensis is used to extract rubber and make artifacts. In relation to L. amazonica, its main uses are for construction (35%), the fabrication of artifacts (27%), fire wood (12%) and as a medicinal product (3.8%). C. spruceanum is mainly used as fire wood (73%), for construction (19%) and as a medicinal product (19%).



In relation to the local fauna, 100% of the visited communities reported a decrease in the quantity and/or variety of the resource in recent decades, particularly of fish (100%) and game animals (62%), which include mammals, birds and reptiles. According to the interviewees, the main reason for these alterations in local fauna is overexploitation (92%) due to the increase in population and the resource extraction by non-local migrants, followed by deforestation (12%) for the creation of plantation and pastures. A large majority of the interviewees (73%) reported that the alterations occurred around 1984 (30 years previous, 2014 based year). With respect to the use and importance of these resources by and for the riverine residents, 96% of the visited communities attribute the maximum value of importance to the fauna, with the main uses of the resource being domestic consumption (100%), commercialization (81%), medicinal use (77%) and the fabrication of artifacts (23%). Of the 23 animal species listed in the questionnaire (seven birds, ten mammals and six reptiles), an average of 71% (35%–100%) of them were recognized as being present in the region (92% of the birds, 47% of the mammals and 84% of the reptiles).



In relation to the scarce/extinct species of each group, an average of 11% of the birds, 29% of mammals and 19% of the reptiles were cited by the communities (considering only species recognized by the residents in each community). The species most cited as scarce/extinct were Mycteria americana (wood stork, passarão) for birds; Trichechus inunguis (amazonian manatee, peixe-boi), Hydrochoerus hydrochaeris (capybara) and Agouti paca (paca) for mammals; and the turtles Podocnemis unifilis (yellow spotted river turtle, tracajá), Podocnemis expansa (arrau turtle, tartaruga-da-amazônia) and Podocnemis sextuberculata (six-tubercled amazon river turtle, pitiu) for the reptiles. According to the interviewees, the main reason for the scarcity/extinction of the animal species is increased hunting (63% of reports) in the last 20 to 30 years (22% and 17% of reports, respectively). In fact, habitat fragmentation facilitates hunting by allowing greater access to forest areas that were inaccessible prior to fragmentation, as well as leaving animals more exposed and close to the population. The same is true for other overexploitation activities [110,111].



Many animal species cited as scarce/extinct constitute important sources of food and medicine for the riverine residents. The species that 100% of the communities reported consuming as food include T. inunguis, P. unifilis, P. expansa and P. sextuberculata. Furthermore, 17% of the communities reported eating M. americana, 85% for H. hydrochaeris and 31% for A. paca. The species T. inunguis and H. hydrochaeris were also cited as sources of medicinal products by 31% and 7.7% of the visited communities, respectively.



The data presented in this section indicate that the biodiversity of trees, birds and mammals of the region are greatly compromised, and the effects have been felt by the local populations throughout recent decades, particularly in the last 30 years. Among these effects, we can cite scarcity and local extinction of the animal and plant species due primarily to the overexploitation of natural resources. As mentioned before, one of the deleterious effects of fragmentation is increased anthropogenic pressure caused by the facilitation of access to ecosystem resources that were inaccessible prior to fragmentation [110,111].



The field data also show possible impacts on insect communities in the region. According to the riverine residents, the last 30 years have seen an increase in the incidence of pests and a decrease of agricultural productivity, which was reported by 19% (pests) and 46% (productivity) of the communities. These factors are related to the alterations in the communities of organisms, including insects, birds and mammals, that are responsible for natural biological control, pollination and nutrient cycling in the soil. Family agriculture is practiced by 85% of the visited communities and, according to 50% of the visited communities, many crops that were abundantly productive in the past have become almost barren due to pest attacks, possible lack of pollination (lack of fruiting) and loss of soil fertility.



In this context, the field information corroborates the inferences made regarding the impacts of fragmentation on biodiversity and other ES crucial to the local populations, such as food (hunting, and fruit), fire wood (energy), raw material (construction of shelter, boats and artifacts), medicines (plants and animals), natural biological control, pollination and nutrient cycling.





5. Discussion


Our approach for temporal mapping of forest cover including field data and information based on population interviews (Section 3.3) provided the necessary accuracy for a sound computation of the landscape metrics. Forest cover changes as depicted by Landsat time series were largely corroborated by previous studies based on field observations, socio-economic analyses and population perception. Time changes on total forest cover and on landscape metrics are explained by the successive economic cycles of the Amazon floodplain. According to Winklerprins [18], jute production was a major driver of floodplain deforestation, but the loss of jute market in the 1960s gave space for crop abandonment followed for forest regrowth. The author, however, points out that despite the general trend of diminishing jute production as of 1965, there were two peaks of significant increase in production between 1980 and 1987, more specifically in 1982 and 1986. Conversely, the period between 1975 and 1980 was marked by an accentuated decline in jute production [18], corroborating the data of this study, which show relative stability of the forest cover during this period. As of 1986, there was a large decrease in jute production, and buffalo ranching came to play a more important economic role in the region. Data on buffalo herds between 1975 and 2008 show that the greatest increase in the region occurred between 1990 and 1995 [96], coinciding with the second period of intense forest habitat loss (1992–1997). The use of data from the interviews also helped to validate and complement the remote sensing data analyses. It is important to point out, however, that the use of local population perception for complimenting and/or validating remote sensing land cover maps is not new.



A number of researches have already used local population perception for complement or validate remote sensing land cover classification. Ariti et al. [90] have used surveys complemented with field observations and remote sensing data to study the perception and the adaptation strategies to land cover changes in Ethiopia by comparing perceived and observed changes. The study showed that population perceptions in relation to land cover change trends have corresponded to those provided by remote sensing data. According to the authors, the use of older respondents to gather information on historical land use have guaranteed an accurate rendition of the land use change as depicted from the interpretation of time series of remote sensing images. A similar approach has already been applied by Renó et al. [17] for mapping deforestation of flooded forest in a reach of the Amazon River floodplain, where the inclusion of old respondents was combined with botanical observations in order to validate recent and ancient maps and get information about the likely causes of deforestation. Tasser et al. [91] have also interviewed farmers to validate historical maps derived from aerial photography and understand the process of natural reforestation of Eastern Central Alps.



In the present study, the maps derived from time series of remotes sensing image were applied not only to assess land cover changes but also for computing landscape metrics related to ES services provision. As mentioned earlier, the selection of metrics was based on literature review about the impact of forest fragmentation on ecological groups relevant to the floodplain population (Table 1). The lack of studies carried out specifically on floodplain forests is a potential limitation of using literature to infer the relationship between landscape metrics and impacts of fragmentation on ES. The assumption that the metrics could be extended to floodplain so as to infer the biodiversity of trees, birds, mammals and insects of the study area is a source of uncertainty since the floodplain biota has a series of adaptations to the flood-pulse [37,85]. However, these adaptations do not interfere in the biota (forest dependent) susceptibility to forest fragmentation. Although the floodplain is a naturally fragmented environmental, the original forest habitat allowed maintenance of high biodiversity and ecological processes [71,86,87]. Thus, it is considered that the increase in the fragmentation degree of the floodplain landscape will impact its biodiversity and ecological processes similarly to that occurring at the uplands.



Besides, the use of perception data of the riverine populations helped to validate the inferences about the impacts of fragmentation on ES provided by the biodiversity of selected groups and (food, raw materials, medicine, biological control, pollination and nutrient cycling). Actually, the analyses of the results of the population perception data have corroborated all the inferences. As shown in Table 7, most of the respondents were able to identify not only the main impacts on ES, but also the time frame when the changes occurred and some of the driving forces responsible for floodplain forest fragmentation (agriculture and cattle rising). This last aspects, however, was not the focus of the present research, and other studies have addressed more properly the issue, using local population perception to identify the driving forces of land cover changes and also their location factors [92,93].



Table 7. Main results of environmental perceptions of the riverine population.







	
Environmental Perception

	
Visited Communities






	
Flora




	
Reports of alterations

	
96%




	
Types of alteration:

	




	
Forest cover loss

	
88%




	
↓ abundance/variety

	
22%




	
Reasons for alterations:

	




	
Deforestation (plantations)

	
40%




	
Deforestation (pasture)

	
30%




	
Selective logging

	
15%




	
Extreme floods

	
15%




	
Most reported period:

	




	
~1984

	
56%




	
Fauna




	
Reports of alterations

	
100%




	
Types of alteration:

	




	
↓ abundance/variety (fish)

	
100%




	
↓ abundance/variety (game animals)

	
62%




	
Reasons for alterations:

	




	
Overexploitation

	
92%




	
Deforestation (plantation/pasture)

	
12%




	
Most reported period:

	




	
~1984

	
73%




	
Agriculture




	
Reports of alterations

	
50%




	
Types of alteration:

	




	
Pest incidence

	
19%




	
Decrease in productivity

	
46%








↓ = lower than control sites. Control sites = continuous forest or forest interior (core).








Based on our results, we are confident that those metrics can be used to guide conservation initiatives aiming to preserve and/or to recover the original potential of Amazon floodplain for providing ES to a population highly dependent on them, mainly in periods of economic crises at the end of affluence cycles. In this sense, the results can also be used as input for modeling future scenarios of flooded forest conversion to pasture land in response to different public polices for reducing Amazon upland deforestation [18,112,113]. A series of innovative approaches are available in the literature to build scenarios using agent based model which include population perception on the definition of policies to reduce impacts of land use change on environmental services [114,115,116]. Those simulations would also be able to project the state of ES in different scenarios of conservation policies, in order to help a wide understand of the risks of forest fragmentation not only to local population but also at national level, since the degradation of floodplain ES will affect not only forest dependent species but all the biota and the ecological processes in the floodplain [113].




6. Conclusions


The present study provides evidence of the accelerated process of degradation of the floodplain forest of the Lower Amazon, and reinforces the importance of the integrity of floodplain forest ecosystem for the maintenance of biodiversity and for the provision of ES to the riverine populations. Between 1975 and 2008, there was a reduction of almost three quarters of the forest habitat, as well as important changes in the landscape structure that resulted in a high degree of fragmentation. The analyses of the landscape structure and dynamics point to a series of negative ecological effects on the tree, bird, mammal and insect communities of the region, such as the high probability of local extinction, declining biodiversity and alterations in the species distribution in the patches. Many affected species play an essential role in the provision of ES to the riverine populations, as they act at different trophic levels (producers, herbivores, omnivores, carnivores and detritivores), constitute important sources of food and other resources, and act as pollinators, decomposers, seed dispersers, and pest and disease regulators.



The field information corroborates the inferences with respect to the impacts of fragmentation on the provision of ES. Almost all of the visited communities reported negative alterations in the local fauna and flora in the last three decades, such as forest habitat loss and a decrease in the variety and/or abundance of animal and plant species that constitute important sources of resources for these populations. According to the riverine residents, the mammals are the most prejudiced, and around one quarter of the recognized species were scarce or locally extinct due to hunting in the last 20–30 years. Landscape results also show greater impacts on mammals, particularly for sensitive, large-sized species that have specific requirements in terms of living area. Furthermore, almost half of the interviewees reported a decrease in agricultural crop productivity, and a quarter of them confirm a higher incidence of pests in the last 30 years.



In this context, the compiled data indicate that the provision of the ES of the landscape has become highly compromised in recent decades, with great damage to the biodiversity of trees, birds, mammals and insects, and the consequent decline in the sources (animal and plant) of food, fire wood, raw material and medicines for the riverine populations, as well as lower agricultural productivity due to the lack of pollination, impoverishment of the soil and increase of pests.



The results reinforce the assumption that the landscape structure is related to its capacity to provide ES. Therefore, given the understanding of this relationship, it is possible to infer the degree of service provision based on the analysis of the respective landscape. This type of approach can be used as a tool for prospecting the degree of compromise of the biodiversity and the provision of ES across extensive, remote and relatively unstudied landscapes such as the Amazon floodplains. However, the importance of using data on local human populations in studies of ES is evident, particularly when these populations are dependent on and vulnerable to changes in the provision of services, as is the case with riverine populations in the floodplain. Not only do these data complement and validate the landscape analysis, but they also provide information about the response time and degree of impact on the affected populations, allowing a better understanding of the connections between ES and human well-being in the region.



The next steps for this research include: (1) the acquisition of ecological field data for a robust validation of this methodology, indicating the degree of accuracy of the inferences made based on the landscape and environmental perception of the riverine communities; and (2) the collection of data on the well-being of riverine communities. These data should encompass the multiple dimensions of human well-being, which include objective components (income, work, etc.) as well as subjective components (life satisfaction, autonomy, etc.). The reason for this is because the degradation of the natural habitat does not always have an isotropic impact on the various components of well-being, particularly when this degradation is accompanied by economic development in the region. This approach is already being applied in different floodplain landscapes of the Amazon-Solimões River and will permit, in further studies, a more adequate assessment of the impacts of forest fragmentation on the provision of ES and on the well-being of the riverine populations in the Amazon floodplain.
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