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Abstract 

Wetlands are highly productive and biodiverse ecosystems and provide many 

ecosystem services for humans. They are a key component of the natural 

hydrological cycle and are involved in important biophysical processes, such as the 

exchange of sediments, nutrients and organisms which influence water quality and 

functional integrity of rivers. Owing to their high productivity, fertile soils, and 

importance for water provision, many of the world’s wetlands have a long history of 

human occupation and intensive use. As a consequence, extensive degradation and 

modification of wetland ecosystems by human activities has occurred worldwide. 

In seasonal wetlands, the timing and duration of soil saturation and inundation 

are the main determinants of geomorphological and ecological characteristics that 

give rise to a great variety of ecosystem types. Although the ecological functioning of 

seasonal wetlands relies on this strong temporal driver, wetland conservation 

decisions often are based on static maps of wetland boundaries that fail to depict 

their dynamic hydrological variability and connectivity.  

Another challenge in wetland conservation is accounting for multiple 

dimensions of wetland connectivity in the riverine landscape. For example, the 

ecological integrity of large floodplain rivers, such as the Amazon River system, 

depends on the maintenance of a diversity of waterbodies with variable degrees of 

connectivity between themselves and with the main river channel. Lack of adequate 

frameworks in wetland conservation planning to account for these different sources 

of connectivity can compromise the long-term persistence and integrity of wetlands 

in the landscape. This is a critical issue because human activities such as land use 

change, levee construction and flow regime alterations can lead to the disruption of 
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connectivity, thus greatly affecting wetlands downstream and compromising their 

ecological integrity and provision of ecosystem services.  

The overall objective of this thesis is to develop a new framework of 

systematic conservation planning for river-floodplain ecosystems that adequately 

accounts for the multidimensional connectivity of wetlands in riverine landscapes. To 

achieve that, I have combined the use of remote sensing tools at multiple scales with 

statistical modelling and spatial planning to address three main issues in wetland 

conservation: (1) the lack of comprehensive assessments to determine conservation 

status of the world’s wetlands, (2) the limitations of representing wetland seasonality 

in traditional static maps that often delineate wetland boundaries based on minimum 

or maximum extents, and (3) the lack of adequate spatial frameworks in systematic 

conservation planning to deal with wetland connectivity in the riverine landscape. 

To address the first issue, I developed a global-scale portrait of the threats 

and protection status of the world’s inland wetlands. This was achieved by combining 

a global map of inundation extent derived from satellite images with data on threats 

from human influence and on protected areas. Inland wetlands represent only ~6% 

of the world’s land surface, and about 89% of these areas have no formal protection 

(as defined by protected areas IUCN I-VI and Ramsar sites). Wetland protection was 

variable across the world, ranging from 20% in Central and 18% in South America to 

only 8% in Asia. Particularly high human influence was found in Asia, which contains 

the largest wetland area of the world. High human influence was observed in 

wetlands even when they are within protected areas. This demonstrated that 

terrestrial protected areas do not always adequately protect wetland ecosystems and 

underscores the urgent need for more effective conservation measures worldwide.  
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To tackle the second issue, I undertook a hydrological classification of the 

Amazon wetlands according to the timing and duration of inundation. The 

classification was based on remotely sensed monthly inundation maps, and also 

investigated how precipitation regimes affect wetland distribution and hydrological 

dynamics. Permanently inundated wetlands accounted for the largest area and were 

mainly floodplains located in the lowlands of the catchment. Seasonally inundated 

wetlands varied greatly in duration of inundation over the course of the year, ranging 

from one to nine months. Distinct seasonal timing was detected among large wetland 

complexes, reflecting rainfall regimes as well as time lags for recession and drying. 

For example, inundation in the extensive Llanos the Moxos region of the southern 

Amazon was protracted and lasted well after the rainy season, compared to the 

Roraima region of the northern Amazon where inundation was shorter and tracked 

the rainy season. This integration of inundation dynamics into wetland classification 

captures regional differences in timing and duration of inundation in major wetlands 

of the basin that should be considered in conservation planning and other ecological 

applications.  

Finally, I developed a new framework in systematic conservation planning to 

account for the multidimensional connectivity of floodplain river ecosystems and 

provide more adequate protection of wetlands, and applied this to the entire Amazon 

basin. Accounting for both within-floodplain and longitudinal river connectivity in the 

riverine landscape, the new spatial framework combines two types of planning units 

– wetland hexagons and subcatchments – which were connected using two 

distance-based approaches. Four prioritization scenarios were tested comparing 

only within-floodplain connectivity versus integrated within-floodplain and upstream 

connectivity and resulted in varying levels of reduced impact. When only considering 
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within-floodplain connectivity, propagation of impacts from the surroundings and 

upstream catchment was ignored. In contrast, the scenario that included both within-

floodplain and longitudinal river connectivity agglomerated subcatchments around 

the priority wetlands, achieving catchment integration that efficiently reduced impact.  

This thesis contributes to the field of wetland conservation by integrating 

cutting edge data science with novel planning methods. It highlights the conservation 

status of inland wetlands and quantifies global and continental threat patterns. The 

innovative classification approach that spatially represents seasonal patterns in 

wetland inundation can be used to explore the role of seasonality on the ecological 

characteristics and functions of different wetlands complexes. It represents an 

important step towards including temporal dynamics in wetland conservation 

planning and management. Furthermore, including the multidimensional connectivity 

of wetlands in a comprehensive spatial framework can offer more ecologically 

meaningful protection to floodplains. This is crucial to plan for safeguarding wetland 

ecosystem functions at the landscape context. Finally, the use of global remotely 

sensed data sets make all approaches presented here readily adaptable for use in 

other regions of the world. 
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Chapter 1: Introduction 
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1.1. Wetland Ecosystems  

Seasonal wetlands fluctuate between aquatic and terrestrial conditions, 

creating a great variety of ecosystem types. The timing and duration of soil 

saturation and inundation are the main determinants of geomorphological and 

biological characteristics in wetlands, affecting also their provision of ecosystem 

services (i.e., water purification, and sediment sequestration). Due to the dynamic 

nature of the hydrological regime, Mitsch and Gosselink (1993) argue that any 

definition of ‘a wetland’ is to some extent arbitrary and as a result, there is no single, 

universally recognized definition of what a wetland is. In some broader definitions 

wetlands types range from marine reefs and seagrass beds to coastal lagoons and 

deltas, inland swamps, marshes and floodplains as defined by Davis (1994). Others 

use a less inclusive definition mainly based on the hydrological regime. For example, 

as proposed by Keddy (2010), wetlands are defined as ecosystems that arise when 

soil saturation or inundation by water produces soils dominated by anaerobic 

processes, which selects for biota tolerant to saturation or flooding.  

Floodplain and riparian wetlands are a key component of many riverine 

ecosystems, harbouring high biodiversity and supporting processes that maintain 

river natural functions (Ward & Stanford, 1995). In the riverine landscape, wetlands 

are important sources of energy (organic matter) for food webs in rivers to which 

they are connected. In floodplains, the river level fluctuations lead to a pulsing 

connectivity that drives the exchange of organic matter and inorganic nutrients 

(Amoros & Bornette, 2002). Wetlands are part of the natural hydrological cycle in 

watersheds and provide several ecosystem services as summarised by Mitsch and 

Gosselink (2015) in an eco-functional diagram highlighting the three principal 

characteristics of wetland ecosystems (Figure 1.1).  
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Wetlands function as areas of water storage and groundwater recharge, 

buffers of river discharge, agents of water purification by removing nutrients and 

intercepting sediments, and they often accumulate organic carbon (Mitsch & 

Gosselink, 2015; Junk et al., 2013). The combination of these functions, together 

with variable hydrological regimes, make wetlands highly productive and essential 

for the life cycle of many species (Junk, Soares, & Bayley, 2007; Ward, 1998). They 

often serve as refugia, providing food and shelter for fish and birds for example (Junk 

et al., 2007; Keddy et al., 2009; Manyari & Carvalho, 2014) and, in the case of 

floodplains, can have the highest biodiversity in the riverine landscape (Hamilton, 

2009). In addition, the fertile areas provided by wetlands have been historically used 

by humans for food production, timber, and recreation (Bush et al., 2000; Fraser & 

Keddy, 2005; Mitsch & Gosselink, 2015). 
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Figure 1.1. Eco-functional definition showing the three major components of wetland 

ecosystems and their interactions (sourced from Mitsch & Gosselink, 2015). 

 

The location and extent of inland wetlands are dictated by topography and 

hydrological conditions. Most of wetlands occur in “landscape sinks,” where ground 

and/or surface water accumulates, whereas others occur on hills or slopes where 

groundwater emerges as springs or seeps, or they depend solely on rainfall as a 

water source (Zedler & Kercher, 2005). Regional hydrological characteristics are the 

most important factor affecting wetland structure, function and diversity (Hamilton, 

2009; Keddy et al., 2009; Manyari & Carvalho, 2014). For example, wetlands with 

fairly stable water levels, such as peat bogs, are substantially different from wetlands 

that have more seasonally predictable hydrological regimes, such as riverine 
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floodplains in which the fluctuation of water levels is strongly driven by the flood 

pulse of rivers, as described by Junk, Bayley, and Sparks (1989) in the Flood Pulse 

Concept (FPC). The FPC is the conceptual basis explaining the importance of the 

duration, depth, frequency, shape and predictability of inundation on large-river 

floodplains. In large rivers, floods can act as significant agents of change, causing 

considerable physical and biotic disturbance while often enhancing productivity and 

diversity. The relative balance between these seemingly divergent outcomes can be 

explained by the rhythmicity, or predictability of the timing and magnitude, of flood 

events (Jardine et al., 2015). Detailed analyses of flooding dynamics have useful 

implications for predicting inundation status of floodplain habitats and for calculating 

water, sediment, biogeochemical, and energy fluxes (Rudorff et al., 2014).  

The ecological integrity of large floodplain rivers, such as the Amazon River 

system, depends on the maintenance of a diversity of waterbodies with variable 

degrees of connectivity between them and the main river channel (Junk et al., 1989; 

Keddy et al., 2009). In the initial stages of flooding, when water migrates laterally 

from the river channel to inundate the floodplain it renews nutrients, reduces 

anaerobic conditions, increases sediment diversity, and opens new patches for 

colonization (Ward, 1998). The species richness of wetland vegetation, for example, 

generally increases with increasing water flow (Mitsch & Gosselink, 1993). The 

waterbodies formed by floodplain inundation occupy a wide range of successional 

stages, thereby forming a mosaic of habitat patches across the floodplain, and this 

patch diversity is maintained by a balance between water retraction in the dry 

season and the return of flow in the subsequent wet season (Amoros & Bornette, 

2002; Ward & Stanford, 1995). This habitat diversification, and the predictability of 

the flood pulse, allows different species to colonize different habitat patches and to 
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develop adaptations to both flood (wet-phase) and drought (dry-phase) conditions, 

reducing interspecific competition and generating high diversity in floodplains (Junk 

& Piedade, 1994). The cyclic process of water expansion and retraction renews 

connectivity among habitat patches, resetting their successional sequences and 

conferring resilience to the entire system (Ward & Stanford, 1995). 

The two largest contiguous areas of wetland in the world are the west 

Siberian lowland and the Amazon basin with areas exceeding one million km2. The 

West Siberian lowland is a vast peatland that contributes to climate regulation by 

carbon sequestration and controlling the flows of northern rivers into the Arctic 

Ocean. The Amazon River floodplain is a vast alluvial wetland complex with water 

fluctuations that exceed 5 m depth each year, and besides the significant 

contribution for carbon sequestration, it is also one of the world’s greatest 

repositories of biological diversity, particularly for fishes and woody plants (Fraser & 

Keddy, 2005; Junk et al., 2007; Luize et al., 2018). Recognizing the global 

significance of protecting these wetlands and the ecosystem services they provide is 

an important step toward forging global conservation solutions. 

 

1.2. Wetlands productivity and ecosystem services 

Production of human food in wetlands includes rice, fish, amphibians, 

crustaceans, and mammals. The rates of primary production in wetlands, such as 

swamps and marshes are among the highest in the world - nearly equivalent to 

those of tropical forests (Whittaker & Likens, 1973). On a per unit of area basis 

wetlands often exceed tropical forest primary production (Schlesinger & Bernhardt, 

2013). This high rate of primary production in wetlands provides resources for many 
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life forms. The production of animal biomass in wetlands is 3.5 times higher than in 

terrestrial ecosystems (Turner, 1982). This production has both direct economic 

values (e.g., fisheries, trapping, hunting) and values that are more difficult to 

measure (e.g., carbon flow, recreation, support of endangered species) (Keddy, 

2010).  

Besides the important services of enabling food production and natural 

diversity in the landscape, wetlands also provide many other valuable ecosystem 

services that were summarized by Schuyt and Brander (2004). They divided the 

wetland services in four groups: (1) regulation functions such as recycling of 

nutrients and human waste, flooding control and climate regulation; (2) carrier 

functions such as providing space for activities such as human settlement, 

cultivation, energy production and habitat for animals; (3) production functions 

providing resources for people such as food, water, raw materials for building and 

clothing; and (4) information functions that describe the role played by natural 

ecosystems in the maintenance of mental health by providing cognitive development, 

which also include recreational and cultural values. 

 

1.3. Ecological features of wetlands 

At a landscape scale, wetlands provide pathways for many aquatic and 

terrestrial species and often determine their pattern of occurrence. Some species, 

such as the two endangered turtles of the northeastern US (spotted turtles, Clemmys 

guttata and Blanding’s turtles, Emydoidea blandingii), use multiple wetlands 

throughout the year, including permanent and seasonal pools, forested swamps, and 

wet meadows. These areas are fundamental to their population health (Joyal, 
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McCollough, & Hunter, 2001). Similarly, in tropical rivers only a few species remain 

in the main channel during all life stages, many species of fish are “flood dependent,” 

migrating to the floodplain as part of their life cycle (Welcomme, 1979). Examples 

include the long-distance migrators Semaprochilodus spp., Prochilodus nigricans, 

and Brycon melanopterus in the Amazon River (Junk et al., 2007) and Prochilodus 

lineatus in the Paraná River (Agostinho & Zalewski, 1995). Also, many species of 

birds and mammals use wetlands as a refuge in their migrations or dispersion. The 

availability of wetlands in the landscape is vital in maintaining viable populations of 

these species (Harris et al., 2005; Beatty et al., 2014). 

 

1.4. Threats and conservation needs of wetlands  

Wetlands are highly vulnerable ecosystems, not only because they are 

influenced by all local impacts coming from their surrounding lands (e.g., land uses) 

but also they are influenced by processes occurring in the upper catchment that alter 

river hydrology and water quality (Harrison et al., 2016; Pittock et al., 2015; Thieme 

et al., 2016). In a review, Junk et al. (2013) identified the major threats to wetlands 

globally as: the activities of land reclamation for food production and infrastructure 

construction, water extraction for irrigation and industrial and domestic uses, 

disconnection from parent-rivers by dike construction (river floodplains), overuse of 

resources (peat mining, destruction of wetland forests), pollution, and invasive 

species. They also highlighted that climate change may exacerbate these impacts 

through increases in temperature, changes in both total amount and distribution 

patterns of precipitation and sea level rise. 
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The lack of agreement between local and regional governments on what 

constitutes a wetland has greatly contributed to the absence of basic data on 

wetland location, extent and condition in many regions of the world (Finlayson & van 

der Valk, 1995). An international definition was proposed in the RAMSAR treaty, 

where wetlands are defined as a wide variety of habitats such as marshes, 

peatlands, floodplains, rivers and lakes, and coastal areas such as saltmarshes, 

mangroves, and seagrass beds, but also coral reefs and other marine areas no 

deeper than six metres at low tide, as well as human-made wetlands such as waste-

water treatment ponds and reservoirs (Davis, 1994). Although very broad, this 

definition has been accepted worldwide to recognise wetland ecological importance 

and to guide management strategies. However the use of this common definition has 

not contributed significantly to fill the gaps in wetlands conservation globally (Reis et 

al., 2017). 

Since the creation of the international Ramsar treaty (1971), attention has 

been driven to the global importance of wetland conservation for human uses and 

biodiversity (Gardner et al., 2015). However, specific knowledge and policies for 

wetland protection are unequal in the different regions of the world. In some regions, 

such as South America, Africa and Russia, knowledge about wetland types and their 

particular functions remains incomplete, and they lack specific regional policies to 

deal with wetland conservation and management (Junk, 2013; Mitchell, 2013; 

Robarts, Zhulidov, & Pavlov, 2013). In other regions such as the US and Australia, 

wetlands are well studied and there are specific regional policies for their 

conservation (An et al., 2013; Mitsch & Hernandez, 2013). However the adequacy of 

these policies is arguable in the sense that none of them adopt a catchment 

integrated view to set conservation and management actions. 
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Indeed, conservation planning must better deal with the fact that human 

activities are vastly altering the planet and hence biodiversity is also changing in time 

and space. Examples of these changes are local extinctions of certain species and 

displacement of species distribution ranges (Magurran, 2016). For this reason, 

conservation planning must consider both the ongoing natural and human 

disturbances within wetland environments (Pressey, Cabeza, Watts, Cowling, & 

Wilson, 2007). To address these needs, techniques to map and monitor ecological 

processes, such as changes in vegetation patterns, fluvial and coastal dynamics, 

land-use, and flood inundation patterns over a range of spatial and temporal scales 

are essential (Manyari & Carvalho-Junior, 2014). These can contribute to fill gaps in 

knowledge of the basic geomorphological and ecological processes that interact at 

the landscape scale (Bornette, Amoros, Piegay, Tachet, & Hein, 1998), which might 

be a key point to, for example, develop temporally explicit protection for wetland 

seasonal water regimes, thereby offering long term conservation of wetland functions 

in the riverine landscape. 

To be effective, wetland conservation needs to consider all the parts of the 

riverine landscape and all the processes that interact across different time and space 

scales (Poff et al., 1997; Pringle, 2001; Ward, 1989). This will enable adequate 

protection of wetland functions, biodiversity, temporal dynamics and 

multidimensional connectivity (Amoros & Bornette, 2002; Bornette et al., 1998). 

Therefore, integrated views including all dimensions of connectivity in the riverine 

landscape need to be incorporated into wetland conservation planning.  
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1.5. Prioritisation of areas for conservation and the systematic conservation 

planning approach 

Protected areas are essential for biodiversity conservation, since they seek to 

provide habitat and protection for threatened and endangered species. The creation 

of protected areas aims to separate elements of biodiversity from processes that 

threaten their existence in the wild, maintaining ecological processes that may be 

compromised in intensively managed landscapes (Dudley, 2008).  

The design of protected areas should follow two main principles: (1) 

representativeness - reserves should represent the full variety of biodiversity in a 

given region, ideally at all levels of organization (Austin & Margules, 1986); and (2) 

persistence - reserves, once established, should promote the long-term survival of 

the species and other elements of biodiversity they contain by maintaining natural 

processes and viable populations and by excluding threats (Soulé, 1987). To meet 

the objectives of representativeness and persistence, the selection of reserve 

location and boundaries has to account for natural patterns of distribution of physical 

and biological components and as well, the design has to include variables such as 

size, connectivity between areas, replication of certain targets, and appropriate 

delineation across watershed divides (Shafer, 1999; Peres & Terborgh, 1995).  

Additionally, to maximize the effectiveness of reserve system design, 

Possingham, Wilson, Andelman, and Vynne (2006) suggested the implementation of 

the CARE principles: Comprehensiveness, Adequacy (Persistency), 

Representativeness, and Efficiency. This framework, besides considering 

representativeness and persistency in the reserve design, also accounts for 

comprehensiveness and efficiency. Comprehensiveness incorporates flexibility in the 

conservation planning, providing alternative solutions to address economic, political 
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and social considerations to bear upon decisions. Efficiency is based on the idea that 

conservation planners should try to achieve biodiversity objectives for the least 

possible cost allowing a cost-effective conservation decision. 

The field of systematic conservation planning emerged from efforts to include 

socioeconomic criteria in reserve designs (Margules & Pressey, 2000), which is 

essential because conservation competes with other potential land uses and also 

because there are not enough financial resources to resolve all conservation needs. 

Due to these facts spatial economy is a critical issue in conservation planning 

(Sarkar et al., 2006). In that context, the field of systematic conservation planning 

seeks to identify configurations of complementary areas that achieve explicit, and 

generally quantitative, objectives (Pressey et al., 2007) while accounting for cost-

effectiveness and spatial constraints (Watson, Grantham, Wilson, & Possingham, 

2011).  

Despite of the existence of rules and tools to design reserves, most of the 

existing terrestrial reserve systems throughout the world were created without 

following these rules and as a result they are a biased sample of biodiversity 

(Rodrigues et al., 2004). They were usually established in remote places and other 

areas that are unsuitable for commercial activities, and boundaries were often 

determined following ad-hoc methods (Pressey, Whish, Barrett, & Watts, 2002). The 

case for freshwater ecosystems is even worse. Until 2003 they were greatly 

neglected in reserve design, with rivers often being only used as boundary limits for 

terrestrial reserves (Nel et al., 2007) and other waterbodies such wetlands being 

completely ignored. For these reasons freshwater ecosystems are among the least 

represented environments in protected areas and are far more imperilled than their 
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marine or terrestrial counterparts (Saunders, Meeuwig, & Vincent, 2002; Strayer & 

Dudgeon, 2010).  

Systematic conservation planning for freshwaters is now receiving greater 

attention from academics and practitioners. New methods in conservation planning 

are being developed to deal with the multiple dimensions of connectivity in the 

riverine ecosystem (sensu Ward, 1989). For example, longitudinal connectivity of 

rivers was addressed by Moilanen, Leathwick, and Elith (2008) and Hermoso, Linke, 

Prenda, and Possingham (2011); multidirectional connectivity allowing also lateral 

connectivity between subcatchments by Hermoso, Kennard, and Linke (2012); water 

residence time in seasonal environments by Hermoso, Ward, and Kennard (2012); 

upstream condition and impact propagation by Linke et al. (2012); and vertical 

connectivity in conservation planning for groundwaters by Linke, Turak, Asmyhr, and 

Hose (in review). These were important steps to integrate freshwater and terrestrial 

conservation planning needs. However a more direct approach to include spatio-

temporal dynamics of river-floodplain connectivity is still needed. 

Systematic approaches have been used in a few wetland studies to explore 

options of conservation or to direct efforts of restoration. For example, Lourival et al. 

(2009) evaluated the representativeness, efficiency, and complementarity of four 

pre-existing conservation scenarios proposed by the Brazilian government to protect 

the Pantanal wetlands. They found that none of the proposed scenarios would 

protect all conservation targets and presented suggestions for better planning to 

protect those wetlands. Ausseil, Chadderton, Gerbeaux, Stephens, and Leathwick 

(2011) mapped the historical and remaining wetlands in New Zealand and applied 

the principles of systematic conservation planning to prioritize wetland conservation 

efforts. They considered wetland condition, representativeness and complementarity 



14 
 

in different biogeographic contexts and proposed a ranking reflecting the potential to 

protect different wetland classes. Schleupner and Schneider (2013) designed a 

model to allocate wetland restoration efforts in Europe considering spatially explicit 

wetland distribution data and environmental and economic constraints. These 

studies represent important examples of systematic conservation planning tools 

directly applied to solve wetland conservation needs. However, the spatial 

framework used to represent wetlands in these studies (equal sized grids) does not 

enable consideration of their upstream landscape context. Thus, it also ignores the 

influence of degradation surrounding the wetland and upstream influences that can 

propagate into downstream wetlands affecting their long-term persistence and 

healthy. 

To account not only for local wetland ecological conditions but also in their 

associated river and landscape context, a more integrated spatial approach is 

needed. This will enable comprehensive consideration of important factors such as 

the different dimensions of wetland connectivity at the landscape scale. For example 

connectivity between wetlands and other water bodies, especially rivers, to 

exchange water, nutrients and organisms can affect floodplain functioning and the 

provision of ecosystem services. Considering connectivity and function can offer 

more ecologically meaningful spatial frameworks in wetlands conservation planning. 
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1.6. Study area 

The Amazon River basin covers an area of approximately 6.9 million km2 in 

tropical South America, from 4°N to 18°S and from 42° to 79°W. The basin is 

bordered by the Andes Mountains in the west, the ancient crystalline shields of the 

Guyanas and Central Brazil in the north and south, respectively, and extensive 

lowland areas in the centre leading to the Atlantic Ocean in the east (Figure 1.2.). 

About 4,982,000 km2 (67.79%) are in Brazil, 956,751 km2 in Peru (13.02%), 824,000 

km2 in Bolivia (11.20%), 406,000 km2 in Colombia (5.52%), 123,000 km2 in Ecuador 

(1.67%), 53,000 km2 in Venezuela (0.72%), and 5,370 km2 in Guyana (0.08%) 

(CABS/CI, 2000 apud Junk et al., 2007). 
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Figure 1.2. Map of South America highlighting the river-wetland mosaics of the 

Amazon basin. 
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1.6.1. The Amazon river-wetland mosaic: characteristics and threats 

The Amazon basin harbours the largest floodplain forest in the world (Fraser 

& Keddy, 2005). An estimated 20 to 25% of the Amazon basin is periodically 

inundated (Junk, 2001).  It is one of the most biodiverse ecosystems on Earth, with 

more than a thousand species of flood-tolerant trees and several thousand species 

of fish (Junk et al., 2007; Myers, Mittermeier, Mittermeier, da Fonseca, & Kent, 

2000). The dynamic integration of the river-floodplain mosaic habitats due to the 

flood pulse is reflected in the geomorphology, hydrological cycle and biota. The 

isolation of lakes and wetlands during low water and their interconnection in the 

flooding period increases gene flow, adaptive radiation, and biodiversity 

maintenance (Junk, Piedade, Wittmann, Schöngart, & Parolin, 2010).  

Diverse aquatic and terrestrial organisms, many endemic to the lowland South 

American floodplain rivers, depend on wetlands for food and habitat during critical 

stages of their life histories (Junk, 1997; Junk et al., 2007). A wide variety of fish, 

bird, reptile, and primate species feed on fruits and seeds produced by flooded trees 

and grasses during the high water season, and other aquatic fauna feed on 

invertebrates, detritus and periphytic algae associated with flooded vegetation 

(Goulding, 1980). Wetland vegetation also provides an important refuge from 

vertebrate predators for larval fish and other small organisms (Junk et al., 2007). The 

distributions of all of these species are closely tied to those of their associated 

wetland habitats. In recent study, Lobón-Cerviá, Hess, Melack, and Araujo-Lima 

(2015) demonstrated that the conservation of the flooded forest is critical for the 

maintenance of fish assemblages in the Amazon, and that removal of flooded forest 

will reduce fish richness, abundance, and fisheries yield. 
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The Amazon River system produces about 20% of the world’s freshwater 

discharge, and the forest biomass holds about 100 billion tonnes of carbon, with an 

average above ground biomass of 159.5 Mg C ha-1 in the upland forest and 128.3 

Mg C ha-1 in the floodplain forest (Saatchi, Houghton, Dos Santos Alvalá, Soares, & 

Yu, 2007; Salati & Vose, 1984). These numbers call attention to the importance of 

the Amazon forest in the global cycles of water and carbon. However, in recent 

decades this system has been suffering the consequences of the human population 

increase and the economic development of the Amazon region (Castello et al., 2013; 

Castello & Macedo, 2016). The human population of the Brazilian Amazon region 

increased from 6 million in 1960 to 25 million in 2010, and forest cover has declined 

to about 80% of its original area (PRODES, 2011; Hansen et al., 2013; Macedo & 

Castello, 2015). A comprehensive review by Davidson et al. (2012) discussed the 

long-term consequences of these changes, highlighting the fact that the Amazon 

system is changing from an equilibrium condition to a transitional stage. According to 

their study the forest is resilient to initial disturbances, but repeated or prolonged 

disturbance changes forest structure and nutrient dynamics, potentially leading to a 

long-term change in vegetation composition and carbon loss. There is evidence that 

deforestation has moved the net basin-wide budget away from a net carbon sink 

towards a net source to the atmosphere in recent decades. With respect to energy 

and water cycle, at least two of the large river basins on the south-eastern flanks of 

the Amazon forest that also drain the more heavily deforested Cerrado region—the 

Tocantins and Araguaia basins—have experienced increases in wet-season 

discharge and sediment load. Changes in temporal and spatial patterns of 

precipitation have been recorded over the last 50 years, such as an extended length 

of the dry season at local and regional scales (Bagley, Desai, Harding, Snyder, & 

Foley, 2014; Davidson et al., 2012; Spracklen & Garcia-Carreras, 2015). 



19 
 

Since the 1980s, conservation efforts in the Amazon basin have been focused 

almost entirely on forests, with an increase in the number of terrestrial protected 

areas from 2003 to 2006, when 487,118 km2 of forest were included in conservation 

areas to attenuate deforestation (Veríssimo et al., 2011). This efforts to curb 

deforestation have led to a steep decline in forest clearing in the Brazilian Amazon, 

from nearly 28,000 km2 year in 2004 to less than 7,000 km2 year in 2011 (PRODES, 

2011). Despite this significant advance, reducing deforestation alone does not 

guarantee the maintenance of the biotic integrity of the entire Amazon ecosystem, in 

part because terrestrial protected areas are not always adequate to protect 

freshwater ecosystems (Pittock et al., 2015). An improved understanding of the 

vulnerability and resilience of the Amazonian ecosystems in the face of change is 

required to plan conservation at the catchment scale (Davidson et al., 2012).  

Indeed, a better way to plan for conservation of Amazonian ecosystems 

needs to integrate connectivity between terrestrial and freshwater habitats. Contrary 

to the efforts towards forest conservation, very little has been done to protect and 

manage freshwater ecosystems (Castello et al., 2013). Via hydrological processes 

the forest is connected to adjacent systems: laterally (water-land), longitudinally (up- 

and down-stream), and vertically (atmosphere- surface water-ground water; Ward, 

1989). Also, by affecting rates of evapotranspiration and rainfall, the Amazon forest 

affects the climatic conditions locally, regionally and globally (Costa & Foley, 1999). 

All of these dimensions of connectivity should be accounted in conservation planning 

for the river-floodplain ecosystem.  

The rising demands for energy in the Amazonian countries have been placing 

strong pressure on the natural resources of the basin. The regional governments 

have been focusing on new hydroelectric dams as the centrepiece of long-term 
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energy plans. In the Brazilian Amazon there are 74 dams in operation, and 94 more 

dams are in the planning stage (Tundisi, Goldemberg, Matsumura-Tundisi, & 

Saraiva, 2014). Also, there are plans for the construction of 151 new dams in the six 

major Andean tributaries of the Amazon (Finer & Jenkins, 2012). These plans for 

hydropower lack adequate regional and basin-scale assessment of potential 

ecological impacts, which could include reducing the persistence of the river-

floodplain ecosystem (Winemiller et al., 2016). Given the intimate link between the 

Andean headwaters and lowland floodplains of the Amazon River, losses in river 

connectivity due to damming may negatively affect migratory fishes, sediment and 

nutrient transport, and associated ecosystem services (Anderson et al., 2018; 

Forsberg et al., 2017). 

Besides dam construction, deforestation, construction of navigable 

waterways, pollution, and overharvesting are recognised as the main drivers of 

freshwater degradation in the Amazon basin (Castello et al., 2013). Also, Davidson 

et al. (2012) called attention to the long-term changes in land use to agricultural and 

forestry, which results in trade-offs with consequences for multiple ecosystem 

services (summarized in Figure 1.3). These authors highlighted that as a result of 

continuous impacts, the natural functions of the Amazon ecosystems are changing 

and their capacity to provide historically important goods and services is rapidly 

declining. This scenario raises attention to the urgent need for catchment-based 

conservation planning to better protect Amazonian ecosystems, shifting from a 

forest-centric focus to encompass freshwaters ecosystems in a more integrated 

approach.  
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Figure 1.3. (a) Summary of the trade-offs between multiple factors affecting 

ecosystem services in the Amazon basin. The factors are shown in three groups: 

Forcing factors (red), Processes (green) and Consequences (blue). (b) Location of 

the protected areas and major planned infrastructure. (Sourced from: Davidson et 

al., 2012). 
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1.7. Thesis structure 

The overall objective of this thesis is to propose new framework in systematic 

conservation planning to improve floodplain wetland conservation, accounting for the 

multidimensional connectivity of wetlands in the riverine landscape.  

This thesis is composed by five chapters. First, in Chapter 1 an introduction 

presents a comprehensive literature review on wetland characteristics, functions, 

and challenges for conservation. Following that are three independent research 

studies, in Chapters 2, 3 and 4, that combine remote sensing methods, statistical 

modelling and spatial planning and work from global to regional scales to address 

the three main issues on wetland conservation identified in the literature review. The 

issues are: (1) the lack of comprehensive knowledge on conservation status and 

threats to the world’s wetlands; (2) the difficulty of representing wetland seasonality 

in traditional mapping; and (3) the lack of adequate spatial frameworks in systematic 

conservation planning to deal with wetland connectivity in the riverine landscape. 

Chapter 2 presents a comprehensive assessment of the status of conservation of 

the world’s wetlands;  

Chapter 3 deals with the difficulty of representing wetland seasonality in traditional 

mapping for conservation and management of seasonal wetlands, developing a new 

classification of wetland hydrological dynamics for the entire Amazon basin based on 

globally available satellite observations of inundation status;  

Chapter 4 improves on current spatial frameworks in systematic conservation 

planning to better deal with wetland connectivity in the riverine landscape, presenting 

a new spatial framework that incorporates within-wetland, local catchment, and 

longitudinal river-channel connectivity. 
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Lastly, Chapter 5 presents a general discussion that summarizes the achievements 

of the thesis and directions for future research.   
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2.1. Abstract  

 

Wetlands have been extensively modified by human activities worldwide. We provide 

a global-scale portrait of the threats and protection status of the world’s inland 

wetlands by combining a global map of inundation extent derived from satellite 

images with data on threats from human influence and on protected areas. Currently, 

seasonal inland wetlands represent ~6% of the world’s land surface, and about 89% 

of these are unprotected (as defined by protected areas IUCN I-VI and Ramsar 

sites). Wetland protection ranges from 20% in Central and 18% in South America to 

only 8% in Asia. Particularly high human influence was found in Asia, which contains 

the largest wetland area of the world. High human influence on wetlands even within 

protected areas underscores the urgent need for more effective conservation 

measures. The information provided here is important for wetland conservation 

planning and reveals that the current paradigm of wetland protection may be 

inadequate. 

Keywords: Wetlands, Inundation map, Human influence, Protected areas, 

Conservation planning 
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2.2. Introduction 

Wetlands are highly productive and biodiverse ecosystems (Keddy et al., 

2009). They provide many ecosystem services including water purification, buffering 

of runoff and river discharge, production of food and fiber, and ecotourism (Junk et 

al., 2013; Keddy, 2010; Mitsch & Gossilink, 2000). Owing to their high productivity, 

fertile soils, and importance for provision of water, many of the world’s wetlands have 

historically been occupied and intensively used by humans. Wetlands remain a 

source of sustenance for local populations, especially in developing countries, and 

are highly valued by many traditional cultures (Gopal, 2013; Keddy, 2010; Maltby & 

Acreman, 2011). 

In spite of the ecosystem services they provide, wetlands have been lost, 

degraded, or strongly modified worldwide (Box 2.1). The reported long-term loss of 

natural wetlands averages between 54–57%, reaching up to 90% in some regions of 

the world (Junk et al., 2013). As shown by Davidson (2014) in a compilation of 169 

reports of historical wetland loss, the extent of inland wetlands declined by 69-75% in 

the 20th century while coastal wetlands declined 62-63%. The vast decline in both 

area and ecological condition of wetlands due to human uses and land reclamation 

is widely recognized and has led to efforts across the world for their protection or 

restoration (Gardner et al., 2015). 

However, measures to ensure wetland protection have not always been 

effective. The Ramsar Convention on Wetlands (www.ramsar.org), the most 

important international initiative for wetland protection, is a treaty adopted in 1971 

with the objective of recognizing the importance of wetlands and promoting their 

conservation. Yet successful conservation of designated Ramsar sites relies on the 

investment of local and regional governments as well as international cooperation, 
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and can result in variable levels of protection among sites (Gardner et al., 2015). In 

addition, protected areas are often not designed in a conservation planning 

framework (Abell, Allan, & Lehner, 2007) that incorporates the processes that 

sustain the functioning of wetlands and the ecosystem services they provide. In 

particular, hydrological dynamics, ecological processes and biodiversity should be 

key features of reserve design and boundaries, yet protected areas are often 

designated with inadequate consideration of the role of upstream (catchment) areas 

as water and nutrient sources, hydrological connectivity with rivers or other water 

bodies, wildlife habitat needs and migration corridors, and natural disturbance 

processes (Abell, Lehner, Thieme, & Linke, 2016; Nel et al., 2007; Pittock et al., 

2015; Saunders, Meeuwig, & Vincent, 2002). 
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Assessing the conservation status of global wetlands is challenging because 

information on wetland distribution is geographically variable, and existing 

inventories differ greatly in wetland definitions (broad versus restricted scope), 

resolution (local versus regional scale), and the accuracy of wetland delineations; 

making it difficult  to compare regions to detect broad-scale trends in wetland status 

(e.g., Finlayson & van der Valk, 1995; Junk et al., 2013; Lehner & Döll, 2004; 

McComb & Davis, 1998; Mitsch, 1994; Zedler & Kercher, 2005). There have been 
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systematic inventories of wetland distribution and status in the United States (U.S. 

Fish and Wildlife Service – National Wetlands Inventory) and Canada (Canadian 

Wetland Inventory), and similar but more limited information exists for Australia 

(Australian Wetlands Database and Directory of Important Wetlands in Australia) and 

some European countries (Annex I of the Habitats Directive (92/43/EC) and Manual 

of European Union Habitats – EU-27 (July 2007)). However, most national wetland 

inventories tend to consist of little more than lists of major wetlands, and the 

boundaries, if delineated, may not be consistent or accurate, reflecting a significant 

knowledge gap for wetlands in many of the regions of the world (Davidson, 2014; 

Finlayson, Davidson, Spiers, & Stevenson, 1999; Finlayson & van der Valk, 1995; 

Junk et al., 2013). Understanding and mapping wetland distribution for broad-scale 

assessments is hence an important first step to define and prioritize specific 

conservation needs (Nel et al., 2009; Vörösmarty et al., 2010). 

In this study, we provide a global assessment of inland wetland distribution, 

conservation status, and threats from human pressure. Our specific objectives are to 

(1) quantify the global distribution of inland wetlands (excluding open-water systems, 

such as rivers and lakes) across seven geographical units using the best data 

sources available; (2) investigate the current protection status of the major wetlands; 

and (3) estimate human pressure on wetlands, including both unprotected and 

protected areas. Based on this assessment, we provide recommendations to 

improve planning and management practices for wetland conservation. 
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2.3. Quantifying the global distribution and conservation status of inland 

wetlands  

Wetlands have been defined in varying ways depending on the purpose (e.g., 

scientific versus regulatory) and the geographic context. Many wetland definitions 

are present in the literature. Some are more restricted in scope, such as those based 

on functional characteristics where deepwater habitats (e.g., lakes, reservoirs, rivers, 

and coastal waters) that are permanently flooded and do not support aquatic 

vegetation are generally not considered wetlands (Lewis, 1995; Mitsch & Gossilink, 

2000). Other definitions are broader in scope, such as the Ramsar definition that 

includes all inland waters and the coastal zone up to 6-m deep as wetlands (Ramsar, 

2013). In this study we focus on quantifying seasonally flooded inland wetlands 

excluding coastal waters and most deepwater habitats corresponding to rivers, lakes 

and reservoirs larger than 300-m in width (as discussed below).  

To quantify the distribution of inland wetlands, we used GIEMS-D15 (Fluet-

Chouinard, Lehner, Rebelo, Papa, & Hamilton, 2015), a downscaled version of the 

Global Inundation Extent from Multi-Satellites database (GIEMS – Prigent, Papa, 

Aires, Rossow, & Matthews, 2007) (Table 2.1). GIEMS is a spatial database 

summarizing 12 years of satellite observations of surface water coverage at 0.25 

degree resolution, and GIEMS-D15 has been downscaled by Fluet-Chouinard et al. 

(2015) to a resolution of 15 arc-seconds (approximately 500-m at the equator) to 

show surface water inundation at three different stages: (1) mean annual minimum, 

(2) mean annual maximum, and (3) a long-term maximum derived by combining the 

average 3-year maximum of the GIEMS record with historic wetland extents depicted 

in the Global Lakes and Wetlands Database (GLWD – Lehner & Döll, 2004). GIEMS-

D15 provides a comprehensive estimate of seasonal and inter-annual variation in 
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inundation area, without distinguishing between natural and artificial causes (Fluet-

Chouinard et al., 2015). In the present study, to represent the typical water extent 

over the 12 years of the GIEMS-D15 database, the mean annual minimum and the 

mean annual maximum surface water extents were used for the wetland mapping 

and area estimations. A summary of the datasets used in this study can be found in 

Table 2.1. 

 

Table 2.1. Summary of the main characteristics of the global datasets used in the 

presented study. 

Databases Main Characteristics Authors 

GIEMS 

Global Inundation Extent from Multi-Satellites 
database. GIEMS is a spatial database summarizing 
12 years of satellite observations of surface water 
coverage at 0.25 degree resolution. 

Prigent et al., 2007 

GIEMS-D15 

GIEMS-D15 is a version of GIEMS downscaled to 15 
arc-seconds (approximately 500-m at the equator) 
supplemented with historic wetland extents depicted in 
the Global Lakes and Wetlands Database (GLWD, 
Lehner and Döll 2004). Surface water extent is shown 
at three different stages: (1) mean annual minimum 
extent, (2) mean annual maximum extent, and (3) 
long-term maximum extent. 

Fluet-Chouinard et al., 
2015 

GWD-LR 

Global Width Database for Large Rivers. The GWD-
LR database was developed using baseline global 
water masks containing rivers and lakes larger than 
300-m in width. Temporal variability of river width is 
not represented because only one water mask was 
used in the calculation of river widths. 

Yamazaki et al., 2014 

WDPA 
The World Database on Protected Areas is the most 
comprehensive global spatial database on marine and 
terrestrial protected areas.  

[IUCN] & [UNEP-
WCMC], 2015 

Global Human 
Footprint Map, 
Last of the Wild 
Project version 2, 
2005 

Calculates a Human Influence Index (HII) from nine 
global data layers covering human population 
pressure (population density), human land use and 
infrastructure (built-up areas, night-time lights, land 
use/land cover), and human access (coastlines, 
roads, railroads, navigable rivers).  

 [WCS] & [CIESIN], 
2005 
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In this effort, we focus on seasonally-flooded wetlands, which have been 

poorly assessed in other freshwater focused evaluations (e.g., Abell et al., 2016). We 

removed rivers, lakes and reservoirs from the wetland area estimates using the 

Global Width Database for Large Rivers (GWD-LR) of Yamazaki et al. (2014) (Table 

2.1). The GWD-LR database is a global water mask containing rivers, lakes and 

reservoirs larger than 300-m width (see Yamazaki et al., 2014 for details). Temporal 

variability of river width is not represented in GWD-LR, and thus after excluding 

rivers and lakes by masking out the areas of water bodies in GWD-LR, seasonally 

inundated areas associated with rivers and lakes remained because they appear in 

the inundation extents of GIEMS-D15. Wetlands located along the marine coastline, 

which are not well characterized by GIEMS-D15 due to radiometric interference from 

the ocean as well as tidally driven variability in inundation extent, were excluded 

using a 3-km shoreline buffer. The result of these procedures is the inland wetland 

map presented in Figure 2.1, which provides the basis for estimating wetland 

protection status and human pressure. A higher resolution figure is available as 

supplemental material at www.bioscience.org. 
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Figure 2.1. Global extent of inland seasonal wetlands, showing an enlargement of 

the Amazon River basin and Central Amazon as examples to show the distribution of 

unprotected and protected wetlands.  

 

To indicate the protection status of the inland wetlands we used the World 

Database on Protected Areas (WDPA), which is the most comprehensive global 

spatial database on marine and terrestrial protected areas ([IUCN] & [UNEP-

WCMC], 2015). To evaluate the levels of protection offered by different categories of 

protected areas we used only polygons of protected areas assigned to one of the 

IUCN management categories (I – VI) in the WDPA database. IUCN categories I-IV 

comprise areas of stricter protection while categories V-VI are areas that allow 
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economic activities. Ramsar sites, despite not being protected under strict IUCN 

guidelines, were also included in the data analysis because they are specifically 

designated for wetland management and conservation. We did not include other 

protected areas of the WDPA database that lacked information on management 

objectives (i.e., those not labelled IUCN I-VI or Ramsar). The total land area of 

categories I–VI and Ramsar sites of 14.9 million km2 corresponds to 67% of all 

designated terrestrial sites in the WDPA database. Overlaying the polygons of the 

protected areas on the inland wetland map, we quantified the area of wetland within 

protected areas of IUCN categories and Ramsar sites.  

Overlaying the protected areas onto the global inland wetland map reveals 

that 6.1% of the Earth’s land surface (excluding Antarctica) is covered by seasonal 

inland wetlands, yet 88.7% of these are unprotected as defined by IUCN categories 

I-VI and Ramsar sites. Among the 11.3% of protected wetlands, 9.7% are within the 

IUCN categories I-VI, including 7.1% in the more strictly protected categories I-IV 

and 2.7% in the categories V-VI. The remaining 1.5% are designated as Ramsar 

sites (Table 2.2). Terrestrial protected areas often include inland waters such as 

rivers, lakes and wetlands. Recent estimates of terrestrial protected area coverage 

range from 15.4% (Juffe-Bignoli et al., 2014) to 14.7% (Harrison et al., 2016) of the 

Earth’s land surface, considering different subsets of protected areas in the WDPA 

database. The terrestrial protected area coverage evaluated in this study, 

corresponds to an area of 14.9 million km2 (~10% of the land surface), within which 

the inland wetlands amount to 1.0 million km2 (11.3% of the total wetland area, Table 

2.2).  
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Table 2.2. Summary of total wetland area, total wetland in protected areas (PA), and 

percentage of wetland protection in each geographical unit. 

Geographical 
units 

Total 
wetland area 

(km2x106) 

Total wetland 
in PA 

(km2x106) 

Total % of 
wetland 

protection 

% of wetland protection per 
category of PA 

 IUCN I-IV IUCN V-VI Ramsar 

South America 0.89 0.16 17.82 7.17 9.09 1.56 

North America 2.46 0.30 12.24 9.30 0.94 2.00 

Central America 0.04 0.01 20.30 14.87 2.82 2.62 

Africa 0.74 0.09 12.88 6.18 3.35 3.35 

Europe 0.75 0.11 14.93 7.87 4.63 2.42 

Asia 4.11 0.33 8.01 5.03 2.26 0.72 

Oceania 0.17 0.03 15.49 10.63 3.58 1.28 

Total 9.16 1.03 11.25 7.05 2.69 1.52 

 

Our estimate of globally protected wetland area is lower than a previous 

estimate of 20.7% from Juffe-Bignoli et al. (2014). However, those authors used a 

broader definition of wetlands, including rivers, lakes and reservoirs, and used the 

Global Lakes and Wetlands Database (GLWD – Lehner & Döll 2004). They also 

considered a larger coverage of protected areas corresponding to a total area of 

20.6 million km2, using all records in the WDPA database including protected areas 

without an assigned IUCN category.  

IUCN categories I-IV account for most of the protected wetland area (Table 

2.2). However, inadequate consideration of the ecological functioning of freshwater 

ecosystems when designing terrestrially-focused protected areas could compromise 

the effectiveness of conservation efforts for freshwater ecosystems in general and 

wetlands in particular (Abell et al., 2007; Pittock et al., 2015). Protected areas 

originally designed to protect terrestrial ecosystems may not adequately conserve 

aquatic ecosystems when they do not consider the importance of hydrological and 

biotic connectivity in the upstream, downstream, lateral and temporal dimensions 

(Pringle, 2001, Pittock et al., 2015). In the past decade, many authors highlighted the 
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need for a paradigm shift in the design of freshwater protected areas, calling for 

integrated river basin management plans including spatially explicit conservation 

visions, targets, and strategies to ensure the conservation of freshwater ecosystems 

and the services they provide (Abell et al., 2007, 2016; Linke, Turak, & Nel, 2011; 

Nel et al., 2007).  

 The fraction of wetland protection varies greatly among geographical regions 

(Table 2.2). Central and South America present the largest percentages of wetland 

protection at 20.3% and 17.8%, respectively. The coverage by individual categories 

of protection, however, tell a different story – in South America, 7.2% of the wetlands 

are protected in IUCN categories I-IV, but 9.1% in the lower-tier IUCN categories V-

VI, and 1.6% are Ramsar sites. In Central America, 14.9% of the wetlands are within 

the strictly protected IUCN categories I-IV, and only 2.8% are in IUCN categories V-

VI and 2.6% are Ramsar sites. In Asia, which is the geographical region with the 

lowest fractional wetland protection, only 5.0% are in the IUCN categories I-IV, 2.3% 

in IUCN categories V-VI, and 0.7% are Ramsar sites. The percentage of protected 

wetlands in Asia is potentially an underestimate due to the presence of rice paddies, 

which are not distinguished from natural wetlands in GIEMS-D15. Harrison et al. 

(2016) reported similar estimates of contribution of protected areas to global water 

provision, for some of those regions. While South America derives one of the largest 

volumes of freshwater provision from protected areas, Asia derives one of the 

smallest volumes. 

Asia and North America contain the largest extents of wetlands; 4.1 and 2.5 

million km2, respectively (Table 2.2). However, the level of protection in these 

regions differs greatly, and much of the wetland area is in boreal and arctic latitudes. 

In North America, both Canada (Mitsch & Hernandez, 2013) and the Midwestern 
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states of the USA (Dahl, 1990) reported wetland losses of ~80%, mostly by drainage 

for agricultural production in the past 100 years. Following this long-term history of 

wetland drainage and degradation in North America, matters have improved since 

the 1980s through restoration and mitigation efforts (Dahl, 2006; Davidson, 2014). 

While wetland losses may have been at least partially offset by restoration and 

wetland creation in rural and suburban areas since the mid-1980s in the USA (Dahl, 

2006; Dahl & Stedman, 2013), scientific debate remains as to how well artificial 

wetlands replace natural ones (Zedler & Kercher, 2005). 

Asia is home to more than one third of the Earth’s human population, and 

wetlands are suffering the consequences of intensifying pressures to meet human 

demands (An et al., 2007; Gopal, 2013). More than 75% of the world’s rice paddy 

fields are situated within tropical Asia, many representing converted wetlands (e.g., 

Box 2.1). Deforestation, drainage and reclamation of wetlands (including peat 

swamps) for conversion to agriculture, fish culture, or other uses, as well as dam 

construction on rivers with floodplains, have been increasing threats to Asian 

wetlands in the last 60 years. Current loss rates for Asian wetlands are estimated at 

about 5,000-km2/year (Gopal, 2013; Zedler & Kercher, 2005). The mounting 

pressures upon wetlands in Asia and the small fraction of protected wetlands call for 

urgent action. 

 

2.4. Threats to inland wetlands  

There is a strong association between wetland distribution in the landscape 

and human occupation, with the most significant threats to wetlands being 

associated with direct or indirect human use of these areas (Gibbs, 2011).  To 
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quantify the local human pressure in wetlands we used the Global Human Footprint 

Map, Last of the Wild Project version 2, 2005 ([WCS] & [CIESIN], 2005) (Table 2.1), 

which calculates a Human Influence Index (HII) from nine global data layers covering 

human population pressure (population density), human land use and infrastructure 

(built-up areas, night-time lights, land use/land cover), and human access 

(coastlines, roads, railroads, navigable rivers). This index, mapped at a 1-km 

resolution, varies from 0-100 representing the intensity of the human pressure 

normalized by biome and realm (Sanderson et al., 2002). To quantify the human 

pressure on wetlands we obtained the distribution of values of HII for all wetland 

pixels in our global wetland map (Figure 2.1), and we summarized HII by protection 

status and geographical region.  

Human pressure in wetlands varies widely among geographical units (Figure 

2.2), with the lowest average HII values in Oceania (12.6 ± 13.1) and North America 

(12.3 ± 19.5) and highest values in wetlands of Europe (34.0 ± 21.9), Central 

America (34.7 ± 13.7) and Asia (27.1 ± 18.7). The low human influence for North 

America can be attributed to the large area of boreal and arctic wetlands in Canada 

and Alaska. The mean HII of wetlands in the lower 48 States of the USA is even 

higher than in Europe and Central America (39.1 ± 21.8). Despite having 20.3% of its 

wetlands protected, Central America suffers from high rates of deforestation and 

conversion of forest to agriculture. In addition, population and development 

pressures formerly restricted to upland areas are expanding rapidly into wetlands, 

resulting in wetland losses at rates comparable to tropical forest degradation (Ellison, 

2004). In Europe, historical wetland degradation caused by human occupation and 

use within and surrounding wetlands largely accounts for the high levels of human 

pressure (Čížková et al., 2013). Vörösmarty et al. (2010) found similar patterns in 
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regions of intensive agriculture and dense settlement, such as much of the United 

States, all of Europe and large portions of Asia, when analysing threats to 

freshwaters for human water security and biodiversity. 

 

 

Figure 2.2. Human pressure in wetlands per geographical unit as indicated by the 

cumulative area under a given Human Influence Index (0 = lowest, 100 = highest 

human influence).  

 

Comparing wetlands within different categories of protected areas, IUCN 

categories I-IV provide the most protection from human pressure while categories V-

VI provide the least (Figure 2.3). However, this difference may also reflect pre-

existing differences in occupation and use that influenced the selection of the 

protection categories. Ramsar sites have an intermediate level of human pressure 

compared to the two IUCN category groups (I-IV and V-VI). The exception is Central 

America where the Ramsar sites are more affected by human pressure than the 
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wetlands in IUCN categories V-VI. In contrast, Ramsar sites in Oceania are generally 

less affected by human pressure than the wetlands in IUCN categories I-IV. In some 

instances, high levels of human pressure were found within protected areas, for 

example in IUCN categories V-VI in Europe (Figure 2.3).  

 

 

Figure 2.3. Human pressure in wetlands within different categories of protected 

areas, as indicated by the average Human Influence Index (0 = lowest, 100 = highest 

human influence).  

 

One-fifth of the global runoff is generated within protected areas, and the 

presence of threats in protected areas and their surroundings affects the quality of 

water provision from these regions, as demonstrated by Harrison et al. (2016). They 

found that the majority of the Earth’s protected areas are not highly threatened, 

although they reported the occurrence of significant threats in a large percentage of 

the protected areas of Asia, Europe and North America. However, Harrison et al. 
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(2016) did not evaluate the levels of protection provided by the different categories of 

protected areas.  

Variable levels of human pressure in Ramsar sites, such as the contrasting 

results we report here for Central America and Oceania, could be explained by the 

fact that variable governance of Ramsar sites offers different levels of protection in 

different regions, and a range of activities can take place in these areas (Gardner et 

al., 2015). Australia was the first country to sign the Ramsar Convention in 1971, and 

developed a national wetland policy to manage wetlands based on the Ramsar 

principles of “wise use” that target the sustainable use of resources (National 

Wetland Policy – Australia 1997). In Central America, all countries became 

signatories to the Ramsar Convention in 1990 but integrated planning for 

management and conservation of wetlands in the region only began in 2002 (Ellison, 

2004). Ramsar sites often lack practical management plans or have insufficient 

ones, leading to ineffective management, which can result in deterioration of 

ecosystem services and ecological condition of wetland sites (Gardner et al., 2015). 

This is also an issue for many protected areas in general, and can severely affect 

freshwaters in particular (Thieme et al., 2016; Thieme, Rudulph, Higgins, & Takats, 

2012). 

In summary, our analyses demonstrate that human pressure on wetlands is 

variable according to the geographical region and some protected wetlands are 

subject to significant human pressure. Similar conclusions have been reached in 

previous studies of wetlands (Pittock et al., 2015) and other freshwater ecosystems 

in protected areas (Abell et al., 2016). It is concerning that only a small fraction of 

global seasonal wetlands is covered by protected areas (11.3% overall, Table 2.2), 

and much less under the stricter IUCN categories I-IV. Adding to that, high levels of 
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human influence in some of the protected wetland areas (see Figure 2.3) indicate 

that the local ecological condition of protected wetlands may also be compromised. 

Although beyond the scope of this study, freshwater ecosystems are also threatened 

in protected areas due to propagation of impacts by hydrological and biotic 

exchanges from upstream or downstream areas (Abell et al., 2016; Thieme et al., 

2016, 2012). Impacts from outside protected areas such as altered flow regimes, 

deteriorated water quality by pollution, sedimentation and invasive species can 

seriously affect the ecological condition of freshwater systems (see Box 2.1 for 

examples). Consequently, these impacts affect the provision of essential ecosystem 

services, such as water provision for people (Harrison et al., 2016). In that context, it 

is important to consider that our assessment of human influence using the HII only 

incorporates local threats (i.e., those generated within the wetlands) and does not 

consider potential negative influences of human activity propagating into wetlands 

from outside. Given the potential of exogenous drivers of impact, wetlands might be 

more severely threatened than we report here (e.g., as discussed by Harrison et al., 

2016; Pittock et al., 2015; Thieme et al., 2016). A more comprehensive estimate of 

impacts on wetlands would require site-specific studies that include consideration of 

exogenous pressures that may propagate to wetlands. Wetlands smaller than 0.25-

km2, not represented herein due to limitations of global data sets and their spatial 

resolution, might suffer from similar pressures and also need to be considered in 

local and regional conservation planning.  
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2.5. Moving forward: suggested improvements in wetland conservation 

planning and practice 

Protected areas should be designed to maximize the effectiveness of the 

reserve systems to protect biodiversity and ecosystem services. Fundamental 

principles have been proposed to guide effective design networks of protected areas 

(see Austin & Margules, 1986 – representativeness; Soulé, 1987 – persistence; 

Possingham, Wilson, Andelman, & Vynne, 2006 – CARE principles; Worboys, 

Lockwood, Kothari, Feary, & Pulsford, 2015 – Protected Area Governance and 

Management). In that context, the growing field of systematic conservation planning 

seeks to identify configurations of complementary areas that achieve explicit, and 

generally quantitative, conservation objectives (Pressey, Cabeza, Watts, Cowling, & 

Wilson, 2007) while accounting for cost-effectiveness and spatial constraints 

(Watson, Grantham, Wilson, & Possingham, 2011). 

Despite the existence of guidelines and tools for reserve design, most of the 

existing reserve systems throughout the world were declared without following these 

principles and, as a result, they may inadequately represent ecosystems and 

biodiversity (Juffe-Bignoli et al., 2014; Rodrigues et al., 2004). Reserves have 

usually been established in places that had already proven unsuitable for 

commercial activities, and often were designed using ad-hoc methods (Pressey, 

Whish, Barrett, & Watts, 2002). The case for freshwater ecosystems is even further 

complicated due to the fundamental importance of hydrological connectivity, which 

until recently was mostly neglected in reserve design, with rivers often being used as 

boundary limits for terrestrial reserves (Nel et al., 2007) and wetlands often 

completely ignored. For these reasons, freshwater ecosystems are more imperilled 



58 
 

than their marine or terrestrial counterparts (Pittock et al., 2015; Saunders et al., 

2002; Strayer & Dudgeon, 2010). 

A few studies have applied the principles of systematic conservation planning 

to address wetland conservation needs. Lourival et al. (2009) evaluated the 

representativeness, efficiency, and complementarity of four pre-existing conservation 

scenarios proposed by the Brazilian government to protect the Pantanal wetlands 

and found that none of the proposed scenarios would protect all conservation 

targets, presenting suggestions for better planning to protect those wetlands. 

Ausseil, Chadderton, Gerbeaux, Stephens, and Leathwick (2011) mapped the 

historical and remaining wetlands in New Zealand and applied the principles of 

systematic conservation planning to prioritize wetland conservation efforts. They 

considered wetland condition, representativeness and complementarity in different 

biogeographic contexts and proposed a ranking reflecting the potential to protect 

different wetland classes. Schleupner and Schneider (2013) proposed a model to 

allocate wetland restoration efforts in Europe considering spatially explicit wetland 

distribution data and environmental and economic constraints. These new 

approaches represent important steps toward the integration of freshwater and 

terrestrial conservation planning.  

However, the studies above have often ignored important factors that affect 

wetland persistence in the landscape such as: (1) the role of connectivity between 

wetlands and with other water bodies in exchanging water, nutrients and organisms; 

(2) spatio-temporal variation in water depth and extent that affects wetland functions; 

(3) propagation of impacts from upstream to downstream in catchments and in 

wetlands connected to rivers (Figure 2.4). Such factors can increasingly be 
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addressed in wetland conservation planning, as the appropriate data and methods 

are made available. 

 

Figure 2.4. Schematic representation of wetland hydrological connectivity in the 

riverine landscape and impact propagation from human activities in the upper 

catchment (a – wetlands isolated from the river channel, b – wetlands temporarily 

connected to the river channel, c – wetlands permanently connected to the river 

channel). 

 

Innovations in the field of freshwater conservation planning can be adopted to 

improve conservation planning for wetlands, especially regarding the maintenance of 

natural patterns of hydrologic and biotic connectivity between waterbodies in the 

landscape. New methods to deal with longitudinal connectivity of rivers in reserve 

selection have been developed (Hermoso, Linke, Prenda, & Possingham, 2011; 

Moilanen, Leathwick, & Elith, 2008), providing a toolbox to facilitate ecologically 
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meaningful spatial conservation prioritization for river networks. Furthermore, 

Hermoso, Kennard, and Linke (2012) proposed a new approach defining and 

applying multiple connectivity rules for freshwaters to enhance lateral and 

longitudinal biotic exchanges within priority areas. Spatio-temporal connectivity was 

incorporated in freshwater conservation prioritization, including consideration of 

temporal connectivity and the refugial role of freshwater bodies for aquatic life during 

dry periods (Hermoso, Ward, & Kennard, 2013, 2012). Likewise, Rivers-moore, 

Mantel, Ramulifo, and Dallas (2016) suggested a connectivity index for rivers that 

can be used to prioritize important freshwater areas that would be better protected 

by maintaining or enhancing connectivity between waterbodies in catchments.  

Similar approaches could be used to enhance wetland connectivity in 

systematic conservation planning for freshwaters. For example, wetland protection 

could be enhanced by the inclusion of longitudinal and lateral components in reserve 

selection to account for the influence of river networks and impacts of water flowing 

into wetlands from their catchments. Similarly, the consideration of spatio-temporal 

dynamics of wetlands in reserve selection could help preserve ecosystem services 

related to the hydrological regime of different wetlands. Such measures would 

provide a sounder ecological background to allocate wetland conservation efforts 

and enhance catchment-integrated management.  

Dynamic frameworks are needed in systematic conservation planning to 

account for the temporally variable connectivity of natural wetland mosaics in the 

landscape (Figure 2.4). For example, wetlands seasonally connected to rivers, such 

as floodplains, require planning for the maintenance of lateral as well as longitudinal 

connectivity that may occur seasonally or episodically, and their ecological condition 

may be directly associated with the river system health. Other types of wetlands may 
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be hydrologically isolated and dependent on groundwater discharge or rainfall 

regimes. Conservation of groundwater-dependent wetland types may require the 

preservation of their surroundings to maintain groundwater flow. These wetlands 

may also be exposed to different types of impacts originating from their terrestrial 

catchment (Figure 2.4). Where isolated wetlands are subject to occasional 

desiccation in dry years, preserving connectivity with refugial habitats that remain 

wet within protected areas can be important to maintain aquatic fauna (Davis, 

Pavlova, Thompson, & Sunnucks, 2013; Hamilton, Bunn, Thoms, & Marshall, 2005). 

Therefore, understanding how connectivity governs wetland structure and 

functioning in the landscape is a fundamental step towards building more effective 

schemes to include wetlands in systematic conservation planning. 

Furthermore, conservation planning must consider both ongoing natural and 

human disturbances to better deal with the reality that human activities are vastly 

altering the planet and hence biodiversity is also changing in time and space (Game, 

Kareiva, & Possingham, 2013; Magurran, 2016; Pressey et al., 2007). This is 

especially important in the case of wetlands that draw from a species and resource 

pool in a parent river, or where refugial habitats are key to sustaining local 

populations. In such cases connectivity is key to allow species migrations, range 

shifts (e.g., in response to climate change), and long-term evolutionary processes 

(Davis et al., 2013). Indeed, a more integrated view of conservation must be taken 

for effective long-term wetland protection, considering all parts of the freshwater-

terrestrial landscape and how processes interact across different time scales (Abell 

et al., 2016; Bornette, Amoros, Piegay, Tachet, & Hein, 1998). 

Finally, measures to reduce the current and increasing human pressures 

upon wetlands are essential, especially in areas where much of the natural wetlands 
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have already been lost or are strongly degraded. The guiding principles of 

conservation planning can also be applied to prioritize wetland restoration in those 

areas (e.g., Schleupner & Schneider, 2013). Progress in wetland restoration ecology 

has led to better practices, with consideration of empirical evidence at multiple 

spatio-temporal scales and different restoration contexts according to the landscape 

characteristics (Zedler, 2000). In many regions of the world wetland restoration has 

been demonstrated to improve ecosystem services and benefit local communities. 

For example, Schindler et al. (2014) showed that restoration and rehabilitation of 

lowland river floodplains in Europe consistently improved the multifunctionality of 

these landscapes, enhancing several ecosystem services. Thompson and 

Balasinorwala (2010) showed the benefits of a restoration program in the Hail Haor 

wetlands of Bangladesh that improved the economic benefits of fisheries and 

ecotourism due to the return of resident bird species. Similarly, Almack (2010) 

showed the multiple benefits of a wetland restoration project to avoid and mitigate 

floods in the Napa River Basin; the restoration not only reduced the risk of floods, but 

also increased property values and tourism and improved the water quality and 

wildlife habitat in the region. Such restoration efforts are expected to continue to 

expand worldwide.    

Although there is consensus on the importance of restoration projects, they 

have largely ignored the impacts of pressures operating beyond the local scale and 

have focused mainly on the quantification and management of single pressures 

(Lorenz & Feld, 2013; Verdonschot et al., 2013). As previously discussed, aquatic 

ecosystems are affected not only by local pressures but also by processes operating 

at broader spatial scales. Especially in the case of wetlands, incorporation of actions 

such as restoring connectivity by providing environmental watering, creating riparian 
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buffers, and reducing point source pollution locally and upstream can help to 

increase wetland area and recover important ecological functions in the landscape 

(e.g., Berney & Hosking, 2016; Cui, Yang, Yang, & Zhang, 2009; Pfadenhauer & 

Grootjans, 1999). Restoration of degraded wetlands together with the conservation 

of wetlands that remain relatively undisturbed can help enhance conservation of 

biodiversity and the ecosystem services that wetlands provide.  

 

2.6. Conclusion 

This study provides a consistent global portrait of inland wetland distribution, 

conservation status, and human pressure. We show that many wetlands are subject 

to human pressures, even at times within protected areas, and question whether 

terrestrial protected areas are always adequate to protect wetland ecosystems. 

Considering the rapid increase in human population and pressures on global 

wetlands, urgent action is needed to develop better frameworks for wetland 

conservation planning. Identifying specific conservation needs of the different 

wetland types considering their variation in space and time, as well as their functions 

and landscape context, will help support the development of more effective 

conservation plans. This study provides key information to foster discussion towards 

improving the current paradigm of wetland conservation – a historically overlooked 

topic.  
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3.1. Abstract 

In many wetlands the timing and duration of inundation determine ecological 

characteristics and the provision of ecosystem services. However, wetland 

conservation decisions often rely on static maps of wetland boundaries that fail to 

depict their dynamic hydrological variability and connectivity. The Amazon River 

basin contains some of the world’s most extensive wetlands, many of which are 

floodplains where seasonal flood pulses result in temporally varying inundation area 

and hydrological connectivity with river systems. This study classified Amazon 

wetlands according to the timing and duration of inundation based on remotely 

sensed monthly inundation maps, and also investigated how precipitation regimes 

affect wetland distribution and hydrological dynamics. Permanently inundated 

wetlands account for the largest area and are mainly floodplains located in the 

lowlands of the catchment. Seasonally inundated wetlands varied greatly in duration 

of inundation over the course of the year, ranging from one to nine months. Distinct 

seasonal timing was detected among the large wetland complexes, reflecting rainfall 

regimes as well as time lags for drainage and drying. For example, inundation in the 

extensive Llanos the Moxos region of the southern Amazon was protracted and 

lasted well after the rainy season, compared to the Roraima region of the northern 

Amazon where inundation was shorter and tracked the rainy season. Integration of 

inundation dynamics into wetland classification captures regional differences in 

timing and duration of inundation in major wetlands of the basin that should be 

considered in conservation planning and other ecological applications. This 

information can aid regional wetland management and planning especially in regards 

to minimising the effects of dam construction and other economic developments that 

can directly impact the natural wetland dynamics. Also, the use of a global remotely 
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sensed data set on wetland hydrology makes this an approach that can be readily 

adopted in other tropical wetlands. 

 

Keywords: catchment, catchment management, floodplain, hydroecology, remote 

sensing, transitional water 
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3.2. Introduction 

Many kinds of wetlands are hydrologically dynamic and their hydroperiod—

especially the timing, extent and duration of inundation— determines their ecological 

characteristics and provision of ecosystem services. Riverine floodplain wetlands, 

defined as lands that are seasonally or episodically subject to flooding by rivers, are 

one of the most temporally variable kinds of wetlands, commonly flooding and drying 

over the course of the year in response to changing precipitation and river levels 

(Hamilton, 2009). Yet wetland mapping for management and conservation purposes 

generally delineates the maximum extent of saturated soils and/or inundation, 

missing information on the nature and dynamics of the inundation regime. This 

problem has been recognized in recent calls to consider the temporal and spatial 

dynamics of wetlands in conservation frameworks (Harrison et al., 2016; Kingsford, 

Basset, & Jackson, 2016; Pittock et al., 2015; Reis et al., 2017; Worboys, Lockwood, 

Kothari, Feary, & Pulsford, 2015) 

Riverine floodplains are among the Earth’s most distinctive landscapes, 

characterized by high biodiversity and productivity, and are of great cultural and 

economic importance (Tockner & Stanford, 2002). Some of the most extensive 

floodplains in the world occur in the Amazon River basin (Melack & Hess, 2010). 

Along larger rivers, a periodic flood pulse produces dynamic seasonal connectivity 

between the river channels and adjacent floodplain wetlands (Ward, Tockner, & 

Schiemer, 1999). Yet floodplains such as those of the Amazon have highly variable 

degrees of hydrological connectivity with rivers, and their inundation regimes can be 

entirely driven by the river, by local precipitation and runoff with no influence of the 

river, or shift seasonally between riverine and local hydrological control (Hamilton, 

Sippel, & Melack, 2002). In the Amazon basin, precipitation-driven inundation 
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regimes are more likely to have high interannual variability, shorter inundation 

phases, and lower biological productivity than river-driven regimes because river 

inundation brings more predictable flood pulses as well as sediments and nutrients 

(Junk et al., 2011). These differences in flood regimes can dictate important 

ecological differences among wetlands. Strong gradients of flood height and duration 

can shape tree species diversification and geographical distribution across scales 

(Luize et al., 2015). For example, in the Amazon River basin, wetlands that flood for 

a short period of time are mainly grass dominated and sustain lower biodiversity than 

wetlands inundated for many months that can sustain great diversity of flood-tolerant 

trees (Junk et al., 2011). These differences should be considered for conservation 

and management purposes, because the different types of wetlands will require 

different management practices.  

Considerable effort has been made to characterise Amazonian wetlands in 

terms of hydrological regime, climatic zones, water sources (i.e., whitewater vs. 

blackwater), and vegetation types (Junk et al., 2011). Analysis of spaceborne radar 

data has been used to delineate the maximum and minimum extents of Amazonian 

wetlands and show major vegetation changes between these seasonal contrasts in 

inundation extent (Hess et al., 2015). Hamilton et al. (2002) employed passive 

microwave remote sensing to broadly characterise the major South American 

wetlands according to their flooding regime, and compared inundation hydroperiods 

with water levels of their closest rivers to ascertain the degree of riverine control of 

inundation. These studies focused on the seasonal and interannual range of 

inundation area but did not consider the spatiotemporal dynamics of the inundation 

regimes. Static maps of wetland boundaries, even if they incorporate maximum and 

minimum extents, do not depict the complexity of inundation regimes and variable 
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wetland-river connectivity, and thus omit a fundamental and variable feature of 

floodplains and other seasonal wetlands (Bunn & Arthington, 2002; Kennard et al., 

2010; Olden, Kennard, & Pusey, 2012). 

In this study, variability in timing, extent and duration of inundation in wetlands 

across the Amazon River basin were examined. Wetlands were classified based on 

remotely sensed monthly observations of inundation. Also, the influence of local 

precipitation on wetland inundation regimes was evaluated. Lastly, the importance of 

incorporating spatiotemporal variability in inundation for terrestrial-aquatic integration 

in conservation planning is discussed, including applications such as assessing the 

vulnerability of wetlands to threats such as river impoundment and altered hydrology 

(Castello & Macedo, 2016). 

 

3.3. Methods 

3.3.1. Study area 

The Amazon River basin covers a hydrographical area of 6.3 million km2 in 

tropical South America (Milliman & Farnsworth, 2011), from 5°N to 20.5°S latitude 

and from 50.5° to 79.5°W longitude. The basin is bordered by the Andes in the west 

and ancient crystalline shields in the north and south, and the river flows across 

extensive lowland areas to the Atlantic Ocean (Goulding, Barthem, & Ferreira, 2003). 

The Amazon basin harbours the largest extent of floodplain forest in the world 

(Fraser & Keddy, 2005), much of it subject to seasonal inundation in connection with 

the river systems (Junk, Bayley, & Sparks, 1989). Wetlands associated to major 

rivers are estimated to occupy 14% of the Amazon Basin (Melack & Hess, 2010), but 

the wetland area can be considerably larger when including small riparian wetlands 
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and waterlogged campinas and campinaranas (vegetation formation adapted to sand 

soils with high endemism and low diversity, includes savanna, scrubs, and forests 

with thin trees - Junk et al., 2011). Variation in riverine dissolved organic carbon, 

nutrient and sediment loads influences productivity and biodiversity of rivers and the 

floodplains they inundate, while wetlands flooded by local precipitation or lowland 

runoff tend to be less productive (Junk, Piedade, Wittmann, Schöngart, & Parolin, 

2010; Sioli, 2012 ). Nutrient availability interacts with variation in geomorphology and 

climate across the Amazon to dictate the distribution of wetlands, including their 

vegetation types and other biogeographic characteristics (Junk et al., 2011). The 

central Amazon basin has a humid tropical climate and is covered by evergreen 

lowland rainforest, while the southern and the northern borders of the basin have a 

pronounced wet/dry tropical climate with savanna vegetation. Wetlands in the 

wet/dry climates are susceptible to strong seasonal drought and fire stress (Junk et 

al., 2011).  

The Amazon River is one of the most biodiverse ecosystems on Earth, with 

recently estimated 3,615 species of flood-tolerant trees (Luize et al., 2018) and 

approximately 2,500 species of fish (Junk, Soares, & Bayley, 2007; Reis, Kullander, 

& Ferraris, 2003; Reis et al., 2016). Many aquatic and terrestrial organisms, often 

endemic to the Amazon, depend on wetlands for food and habitat during critical 

stages of their life histories. A wide variety of fish, bird, reptile, and primate species 

feed on fruits and seeds produced by woody and herbaceous plants on floodplains, 

while other aquatic fauna feed on invertebrates, detritus and periphytic algae 

associated with flooded vegetation (Goulding, 1980). Wetland vegetation also 

provides an important refuge for larval fish and other small organisms from 

vertebrate predators. Recent studies have shown that the conservation of the 
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flooded forest is critical for the maintenance of fish assemblages in the Amazon 

River basin, and that removal of flooded forest reduces fish richness, abundance, 

and fisheries yield (Castello et al., 2017; Lobón-Cerviá et al., 2015), and also causes 

homogenization of fish assemblages and reduction of functional diversity locally and 

regionally (Arantes et al., 2018). 

 

3.3.2. Classification of the dynamic inundation regime of wetlands 

Surface water dynamics across the Amazon basin were captured with 

remotely sensed observations of monthly average inundation extent over 1993-2004 

from the GIEMS-D15 data set (Fluet-Chouinard, Lehner, Rebelo, Papa, & Hamilton, 

2015), which delineates surface waters by downscaling coarse-resolution fractional 

surface-water cover generated from remote sensing (GIEMS - Global Inundation 

Extent from Multi-Satellites database at 0.25° x 0.25° at the equator, 773-km2 pixel 

resolution - Prigent et al., 2007). In GIEMS, the global wetland extent and dynamics 

are estimated using a remote-sensing technique that employs a suite of 

complementary satellite observations: it uses both passive and active microwave 

measurements, along with visible and near-infrared reflectances. Combining 

observations from different instruments makes it possible to capitalize on their 

complementary strengths, to extract maximum information about inundation 

characteristics, and to minimize problems related to one instrument only (Prigent et 

al., 2007). To reduce omission errors from the low sensitivity to small inundation 

fractions by the GIEMS retrieval, the monthly averages were supplemented with 

water cover from the Global Lakes and Wetlands Database (Lehner & Döll, 2004) 

following the method described in Fluet-Chouinard et al. (2015).  
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The inundated area, representing presence/absence of water in each month 

(averaged over the 12 years of observation), was summarised to a 1-km2 resolution 

grid (from its native 500-m resolution) over the entire Amazon basin for use in the 

hydrological classification. As GIEMS D-15 is downscaled using the average monthly 

inundation, it was not possible to address inter-annual variation of inundation 

between months in the classification. GIEMS-D15 delineates all surface waters 

indiscriminately, including deeper open waters of river channels, lakes and reservoirs 

together with wetlands, and therefore a global open water mask containing rivers, 

lakes and reservoirs larger than 300-m width (GWD-LR - Global Width Database for 

Large Rivers; Yamazaki et al., 2014) was used to mask those deeper water bodies 

and show only the wetlands. 

The unsupervised partitioning method CLARA (Clustering LARge Applications 

-Kaufman & Rousseeuw, 1990) was used to cluster 567,002 grid cells according to 

their average monthly inundation in the 12 months record. Similar to other 

classification methods, such as PAM (Partitioning Around Medoids - Kaufman & 

Rousseeuw, 1990), CLARA also uses partitioning around medoids to identify groups 

of objects with high degrees of similarity, while objects belonging to different clusters 

are as dissimilar as possible. However, CLARA can deal with much larger datasets 

by using subsamples of the full dataset. Each subsample was partitioned into k 

clusters using the same algorithm as in PAM, which is based on the search for k 

representative objects (medoids) that represent various aspects of the structure of 

the data. Once k representative objects were selected from the subsample, each 

observation of the entire dataset was assigned to the nearest medoid. The analysis 

were performed using the ‘cluster’ package (Maechler et al., 2017) in the R software 

version 3.3.1. 
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The best number of k clusters in CLARA was chosen by testing different 

numbers of clusters (from 2 to 20) in order to maximize the similarity of objects in its 

own clusters (cohesion) compared to other clusters (separation) (Chaudhari, 

Dharaskar, & Thakare, 2010; Kaufman & Rousseeuw, 1990). The average silhouette 

index (SI) was used as a measure of the performance of the classification. The SI 

ranges from −1 to +1, where a high positive value indicates that the object is well 

matched to its own cluster and poorly matched to neighbouring clusters. The best 

silhouette index (SI= 0.76) was achieved with 18 clusters (supplementary material 

3.1). The 18 clusters were then submitted to group consistency validation.  Each line 

of observation of the 12 months average inundation was aggregated as a 

combination of zeros and ones representing counts of unique numeric patterns. The 

clusters were used as cross-classifying factors to build a contingency table of the 

counts of unique numeric patterns at each factor level. Similar patterns were 

consistently classified in the same cluster and each observation belongs to one 

unique cluster, showing the power of the classification in terms of detecting and 

classifying unique patterns in the dataset.  

 

3.3.3. Influence of local rainfall patterns in the wetland clusters 

Local rainfall can directly affect wetland inundation patterns and can be an 

important contributor to the timing and duration of inundation as well as the 

connectivity between wetlands and rivers. Some Amazonian wetlands are likely to be 

inundated primarily by local rainfall and runoff whereas others are inundated by 

riverine flood pulses that may reflect rainfall patterns in distant parts of the catchment 

(Hamilton et al., 2002). To understand how the distinct climatic zones of the Amazon 

catchment influence the patterns of inundation described by the wetland clusters, 



87 
 

data on precipitation were sourced from the WorldClim project version 2 (Fick & 

Hijmans, 2017). WorldClim offers global climate data with a spatial resolution of 1-

km2 over 30 years (1970 - 2000). Monthly means of precipitation were summarised 

to the wetland-grid extent (567,002 pixels), thus we obtained the average 

precipitation per month for each wetland pixel. A principal component analysis (PCA) 

was performed to summarise the precipitation patterns in the distinct climatic zones 

of the Amazon basin where the major wetland complexes occur. To identify the 

potential contribution of local precipitation to flooding in the different wetland clusters, 

the cluster medoids were represented into the PCA bi-dimensional space. A 

multivariate analysis of variance (MANOVA) was performed, using the first two PCA 

axis and the wetland clusters, to test for significative differences between wetland 

clusters in terms of their precipitation regime. 

 

3.4. Results 

Eighteen hydrologically distinctive wetland clusters were identified including 

permanently and seasonally inundated systems (Figure 3.1). A relatively high 

fraction of permanently inundated areas, including river channels and floodplains 

with permanent lakes as well as some reservoirs, were represented by cluster 18 

(Figure 3.1). This cluster alone corresponds to nearly half (45%) of the total area of 

Amazonian wetlands plus surface open waters. Using the GWD-LR data to exclude 

the open waters of river channels, lakes and reservoirs, the remaining all-year 

inundated wetlands in cluster 18 still represent the most extensive wetland cluster 

(approximately 33% of the total wetland area, Table 3.1). The remaining clusters (1-

17) represent seasonal wetlands that varied in location, timing, and duration of 

inundation throughout the year. The dynamic nature of the seasonal wetlands was 
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reflected in clusters 1 to 17, for which higher cluster numbers correspond to longer 

durations of inundation. Although some clusters are inundated for an equal amount 

of months, they are distinct clusters because they display different timing. The 

wetland clusters thus represent distinct regional hydrological patterns in response to 

flooding from major rivers as well as local rainfall and runoff (Figure 3.2 a-d). 
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Figure 3.1. Geographic distribution of inundation clusters across the Amazon basin. 

Each cluster represents a distinct seasonal inundation regime, ranging from the most 

ephemeral wetlands (Cluster 1) to permanently inundated wetlands (Cluster 18). 

Deep open waters of river, lakes and reservoirs depicted in GWD-LR are shown in 

black.   
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Table 3.1. Total area of all surface water (GIEMS-D15), open waters of river 

channels, lakes and reservoirs (GWD-LR), and the total area of each wetland 

cluster. 

Cluster 
GIEMS-D15 

surface waters 
(km

2
) 

GWD-LR 
open-water 

(km
2
)  

Wetlands 
area (km

2
) 

Wetlands 
area (%) 

Months inundated  

1 21,032 2,045 18,987 4.6 March (1 month) 

2 27,055 3,237 23,818 5.8 June -July  (2 months) 

3 13,569 2,453 11,116 2.7 March - April (2 months) 

4 13,404 986 12,418 3.0 February - March (2 months) 

5 23,150 2,618 20,532 5.0 April - June (3 months) 

6 14,016 1,781 12,235 3.0 February - April (3 months) 

7 16,141 703 15,438 3.8 January - March (3 months) 

8 19,339 2,829 16,510 4.0 May - August (4 months) 

9 23,926 1,655 22,271 5.4 January - April (4 months) 

10 11,120 1,881 9,239 2.2 January - May (4 months) 

11 13,006 1,024 11,982 2.9 December - April (5 months) 

12 21,881 1,628 20,253 4.9 March - August (6 months) 

13 16,911 2,211 14,700 3.6 December - May (6 months) 

14 23,876 4,465 19,411 4.7 November - June (8 months) 

15 8,926 721 8,205 2.0 February - September (8 months) 

16 26,772 3,600 23,172 5.6 January - September (9 months) 

17 17,715 3,632 14,083 3.4 November - July (9 months) 

18 255,163 118,611 136,552 33.2 January - December (12 months) 

Total  567,002 156,080 410,922 100   

 

Large wetland complexes in the northern and southern parts of the basin tend 

to have more seasonal inundation regimes compared to the wetlands fringing the 

central Amazon River, which show less seasonal variation in water extent, and a 

high fractional coverage of permanently inundated areas (Figure 3.1). Northern 

wetlands including the Roraima complex were mainly represented by Clusters 2 and 

8, which together with the permanent waters (cluster 18) dominate the inundation 

pattern of this region (Figure 3.2a). In contrast, the southern wetlands including the 

Llanos de Moxos presented a more complex pattern of inundation spanning 11 of the 



91 
 

18 wetland clusters, with cycles of inundation and drainage that are very dynamic 

and variable in their seasonal timing (Figure 3.2b).   

Western and central Amazon wetlands presented a longer period of 

inundation (Figure 3.2c-d). These two regions were mainly grouped into seven 

wetland clusters, each with a transitional characteristic corresponding with the west-

east downriver propagation of the flood pulse. Wetlands in the western Amazon tend 

to flood between November and July, whereas lowland floodplains of the central 

Amazon tend to flood between January and September.  
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Figure 3.2. Expanded representation of major wetland complexes highlighting 

differences in their inundation regimes. a) Northern wetlands (Roraima region), b) 
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Southern wetlands (Llanos de Moxos region), c) Western wetlands (Iquitos region), 

and d) Central Amazon wetlands (Manaus region). 

 

The wetland clusters significantly differ in terms of precipitation patterns 

affecting its inundation regime (MANOVA, Pillai-trace= 0.719, p<0.001). Principal 

components analysis summarized the major precipitation regimes in the Amazon 

basin and revealed distinct correlations of local rainfall with the seasonal timing of 

inundation of the wetland clusters. Together, PC1 (32.6 %) and PC2 (55.9 %) 

accounted for 88.5% of the variance in the precipitation data (Figure 3.3). PC1 was 

associated with the rainy season between April and July and PC2 with the rainy 

season between December and March. The northern wetlands of the Amazon basin 

were influenced by heavy rain between April and July (Figure 3.3, circled in red), 

while the southern wetlands received less rain in the same period (Figure 3.3, circled 

in green). The western and southern wetlands were subjected to a similar rainfall 

regime and appeared grouped together (Figure 3.3, circled in green). The wetlands 

of the Central Amazon appeared in a separate cluster, suggesting a distinct 

inundation regime in the lowland floodplains that is likely reflective of strong riverine 

control in fringing floodplains of the main stem and major tributaries, where 

discharge peaks well after rainfall (Figure 3.3, circled in blue).  
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Figure 3.3. Principal components analysis showing the distinct patterns of rainfall 

and the medoids of the wetland clusters. The arrows indicate more rainfall during the 

months listed in that direction of the component axis. The central Amazon clusters 

appear circled in blue, the western and southern clusters in green, and the northern 

clusters in red.  

 

3.5. Discussion 

The new wetland classification presented here conveys the great diversity of 

hydrological patterns and dynamics among Amazon wetlands in a systematic and 

consistent manner using a methodology that could be applied in other tropical 
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wetlands. The map reveals regions with distinct hydrological clusters of wetlands that 

can be explained by local rainfall timing and the influence of riverine overflow. 

Previous studies have delineated the maximum extent of inundation in the Amazon 

River basin (e.g., Hess et al., 2015) and pointed out the most salient differences in 

inundation timing and duration among the major wetland complexes (e.g., Hamilton 

et al., 2002), but this study goes further by drawing on the remotely sensed, 

downscaled wetlands database of Fluet-Chouinard et al. (2015) to develop an 

unbiased wetland hydroperiod classification, and comparing the results with a 

consistent basin-wide rainfall record.  

These results will be useful for understanding how hydrology influences the 

ecology of Amazonian wetlands, which in turn informs their conservation. For 

example, the predominant influence of local rainfall on inundation patterns in wetland 

complexes such as the northern region, which includes the Roraima wetlands 

(Figure 3.2a, Figure 3.3), makes them sensitive to regional climate change but less 

vulnerable to alterations in river hydrology, whereas the converse is the case for the 

river-dominated inundation in the fringing floodplains of the Amazon River main stem 

(Figure 3.2d). Rainfall-dominated inundation tends to show greater inter-annual 

variation than inundation driven by overflow from large rivers (Hamilton et al., 2002). 

Furthermore, river-dominated floodplains tend to be more productive than those 

inundated by local rainfall, and this productivity extends to fisheries and agricultural 

activities such as cattle grazing (Junk, 1997). The Llanos de Moxos wetland complex 

(Figure 3.2b) includes both river- and local rainfall-dominated inundation regimes, 

and is fed by three distinct major river systems emanating from the Andes 

mountains, lending further complexity to the inundation hydrology of that region 

(Hamilton, Sippel, & Melack, 2004; Hanagarth, 1993).  
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Time lags between peak rainfall or river discharge and floodplain inundation 

can reach several months in the largest wetland complexes. In the Llanos de Moxos 

region, as well as in the central Amazon, the peak inundation occurs 2–3 months 

after the peak of the local rainy season, and substantial flooding persists during the 

local dry season (Hamilton et al., 2002). Such time lags in the timing of inundation 

are reflected by the wetland clusters presented in this study.  

The inundation regimes of the fringing floodplains of the western and central 

Amazon River system reflect the downstream propagation of the flood pulse (Figure 

3.1). Along the western Ucayali-Marañón tributaries (Figure 3.2c), wetland 

inundation occurs mainly between November and July, propagating downriver to the 

central Amazon floodplains that are inundated between January and September. 

The central Amazon region has the largest wetland area with the longest period of 

inundation, (as reflected by clusters 12, 15 and 16), and lowest inter-annual 

variability in maximum water extent (Hamilton et al., 2002). Also cluster 18 is 

predominant in this region, holding the wetlands that remained inundated during the 

averaged 12 months records. It is difficult to determine more precisely the range of 

variation of inter-annual inundation within this important cluster, because only the 

summarized average presence/absence of water over the 12 years was available in 

the downscaled inundation dataset used in this study. The procedure to separate 

floodplains from the open-waters of river channels by subtracting GWD-LR has 

limitations due to the resolutions and accuracy of the datasets for flat areas of 

lowland wetlands (for further discussions see Yamazaki et al., 2014). However, this 

cluster gives an important contribution to the inundation regime detected in the 

central Amazon region. 
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The western Amazon wetlands were described by seven clusters that also 

appeared in the southern wetlands. This could be related to a similar trend in the 

rainfall regime because these two regions appear in the same climatic PCA group 

due to the proximity with the Andes mountains. Wetlands in these regions vary, 

however, in terms of inundation extent, rhythm and spatial complexity, which can be 

attributed to local factors such as geomorphology, soil composition, and vegetation 

types. In the western Amazon, floodplains along major rivers are often narrower, but 

may retain water for a long period of time after the rainy season, with a duration of 

inundation similar to the more extensive floodplain wetlands of the central and 

southern Amazon regions.   

The floodplains along rivers of the Amazon basin are under increasing threat 

by human activities that may directly impact river hydrological regimes. In particular, 

the large number of dams under construction or planned throughout the basin may 

result in widespread changes to river flow and water level regimes (Anderson et al., 

2018; Finer & Jenkins, 2012; Latrubesse et al., 2017; Tundisi, Goldemberg, 

Matsumura-Tundisi, & Saraiva, 2014). Significant changes in rainfall regimes across 

the basin, which may occur with global climate change as well as widespread land 

cover change, can also directly affect the wetlands. Temporal and spatial patterns of 

precipitation have been changing as a result of historical large scale deforestation in 

the Amazon basin, with the extension of the dry season length in some regions 

(Davidson et al., 2012). Wetlands with inundation driven by rainfall may be 

particularly susceptible to altered local climatic regimes (Khanna, Medvigy, 

Fueglistaler, & Walko, 2017). By recognising the differences in flood dynamics and 

the influence of local rainfall in the major wetland complexes throughout the year, the 

spatio-temporal wetland classification presented here can assist regional planning to 
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minimize the effects of hydrological alterations in the wetland complexes and 

preserve their natural functions. For example, in a regional watershed development 

plan, wetlands that have their inundation dynamic highly tied to the riverine flood 

patterns should be saved from impoundment of their upstream catchment, while a 

different strategy should be used to preserve wetlands that respond to the local 

climate conditions and may be less sensitive to the riverine regime.  

In the past decade advances have been made in the field of systematic 

conservation planning to improve methods to account for the integrated nature of 

freshwater ecosystems (Hermoso, Linke, Prenda, & Possingham, 2011; Linke, 

Norris, & Pressey, 2008; Moilanen, Leathwick, & Elith, 2008). However, better 

approaches are still needed to consider the spatio-temporally dynamic nature of 

ecosystems such as Amazonian wetlands. Hydrological connectivity among 

wetlands and between wetlands and river systems needs to be accounted for in 

freshwater conservation planning, particularly in seasonally inundated wetlands, 

which vary in their longitudinal, lateral, vertical, and temporal connectivity (Amoros & 

Bornette, 2002; Castello et al., 2013). In this context, the spatio-temporal map 

provided here helps with the understanding of the monthly dynamics of wetland 

inundation in the different regions of the Amazon basin. This allows better 

conservation strategies to account for wetland’s complex and distinct connectivity 

and functional diversity.  

Protection of wetland hydrological connectivity should consider both upstream 

catchments as well as local wetland boundaries to achieve the maintenance of 

natural flood regimes and ecosystem functions (Amoros & Bornette, 2002; Kingsford, 

Basset, & Jackson, 2016; Pittock et al., 2015; Reis et al., 2017).  However, most 

previous studies on wetland conservation planning have focused on local wetland 
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boundaries (Ausseil, Chadderton, Gerbeaux, Stephens, & Leathwick, 2011; Lourival 

et al., 2009; Schleupner & Schneider, 2013), lacking a catchment-integrated view to 

account for upstream, lateral and, temporal connectivity of those ecosystems. The 

spatio-temporal wetland classification provided here represents an important step 

towards including temporal variation in wetland conservation and management and 

considering how altered rainfall and river hydrology may affect local and downstream 

wetland ecosystems.  

The classification proposed here, spatially represents the monthly annual 

variation in water extent in all wetlands of the Amazon basin. This added a detailed 

temporal dimension to the existing static (Junk et al., 2011) or dual-season (wet-dry) 

approaches (Hess et al., 2015; Hess, Melack, Novo, Barbosa, & Gastil, 2003). This 

spatio-temporal wetland classification can be used to explore the role of seasonality 

on the ecological functioning of different wetlands complexes and represents an 

important step towards including temporal dynamics in wetland conservation 

planning and management. For example, classes of inundation could be used to 

represent different management zones (e.g., Hermoso, Cattarino, Kennard, Watts, & 

Linke, 2015) allowing consideration of how altered rainfall and/or river flow may 

affect local and downstream wetland ecosystems.   

Detailed spatio-temporal classifications, such as the hydrological one 

provided here, can lead to the creation of new frameworks in systematic 

conservation planning to offer integrated protection to wetlands. In the future, explicit 

consideration of connectivity will help to identify priority areas linking the temporal 

dynamics of wetlands with other drivers of ecosystem functioning and biodiversity 

distribution (i.e., vegetation, fish communities, use of wetland natural resources, and 

rare and endangered species). In this way the longstanding goal of integrated 
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protection for river-wetland ecosystems can be achieved, going beyond considering 

only local protection of wetlands based on static maps of their boundaries.  

 

3.6. Acknowledgments 

This work was carried out as part of the lead author’s PhD research at the Australian 

Rivers Institute, Griffith University, with financial support of an Australian 

Postgraduate Award and an International Postgraduate Research Scholarship. SL 

was supported by ARC DECRA DE130100565. VH was supported by a Ramon y 

Cajal fellowship (RYC-2013- 13979) funded by the Spanish Government. We thank 

the GU Hacky hour team for the fruitful discussions and suggestions on the data 

analysis. We also thank Mr. Graeme Curwen for the assistance with the spatial 

analysis.  

 

 

 

 

 

 

 

 

 



101 
 

3.7. References 

Amoros, C., & Bornette, G. (2002). Connectivity and biocomplexity in waterbodies of 

riverine floodplains. Freshwater Biology, 47, 761–776. 

http://doi.org/https://doi.org/10.1046/j.1365-2427.2002.00905.x 

Anderson, E. P., Jenkins, C. N., Heilpern, S., Maldonado-ocampo, J. A., Carvajal-

vallejos, F. M., Encalada, A. C., … Tedesco, P. A. (2018). Fragmentation of 

Andes-to-Amazon connectivity by hydropower dams. Science Advances, 4, 1–7. 

http://doi.org/10.1126/sciadv.aao1642  

Arantes, C. C., Winemiller, K. O., Petrere, M., Castello, L., Hess, L. L., & Freitas, C. 

E. C. (2018). Relationships between forest cover and fish diversity in the 

Amazon River floodplain. Journal of Applied Ecology, 55, 386–395. 

http://doi.org/10.1111/1365-2664.12967 

Ausseil, A. E., Chadderton, W. L., Gerbeaux, P., Stephens, R. T. T., & Leathwick, J. 

R. (2011). Applying systematic conservation planning principles to palustrine 

and inland saline wetlands of New Zealand. Freshwater Biology, 56(1), 142–

161. http://doi.org/10.1111/j.1365-2427.2010.02412.x 

Bunn, S. E., & Arthington, A. H. (2002). Basic Principles and Ecological 

Consequences of Altered Flow Regimes for Aquatic Biodiversity. Environmental 

Management, 30(4), 492–507. http://link.springer.com/10.1007/s00267-002-

2737-0 

Castello, L., Hess, L. L., Thapa, R., Mcgrath, D. G., Arantes, C. C., Renó, V. F., & 

Isaac, V. J. (2017). Fishery yields vary with land cover on the Amazon River 

floodplain. Fish and Fisheries, 00, 1–10. http://doi.org/10.1111/faf.12261 



102 
 

Castello, L., & Macedo, M. N. (2016). Large-scale degradation of Amazonian 

freshwater ecosystems. Global Change Biology, 22, 990–1007. 

http://doi.org/10.1111/gcb.13173  

Castello, L., McGrath, D. G., Hess, L. L., Coe, M. T., Lefebvre, P. A., Petry, P., … 

Arantes, C. C. (2013). The vulnerability of Amazon freshwater ecosystems. 

Conservation Letters, 6(4), 217–229. http://doi.org/10.1111/conl.12008 

Chaudhari, P. M., Dharaskar, R. V, & Thakare, V. M. (2010). Computing the Most 

Significant Solution from Pareto Front obtained in Multi-objective Evolutionary. 

International Journal of Advanced Computer Science and Applications, 1(4), 63–

68. 

Davidson, E. A., de Araújo, A. C., Artaxo, P., Balch, J. K., Brown, I. F., Bustamante, 

M. M. C., … Wofsy, S. C. (2012). The Amazon basin in transition. Nature, 

481(7381), 321–328. http://doi.org/10.1038/nature10717 

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution climate 

surfaces for global land areas. International Journal of Climatology, 37, 4302–

4315. http://doi.org/10.1002/joc.5086 

Finer, M., & Jenkins, C. N. (2012). Proliferation of hydroelectric dams in the andean 

amazon and implications for andes-amazon connectivity. PLoS ONE, 7(4), 1–9. 

http://doi.org/10.1371/journal.pone.0035126 

Fluet-Chouinard, E., Lehner, B., Rebelo, L.-M., Papa, F., & Hamilton, S. K. (2015). 

Development of a global inundation map at high spatial resolution from 

topographic downscaling of coarse-scale remote sensing data. Remote Sensing 

of Environment, 158, 348–361. http://doi.org/10.1016/j.rse.2014.10.015 

Fraser, L. H., & Keddy, P. A. (2005). The World’s Largest Wetlands: Ecology and 

Conservation. Cambridge and New York: Cambridge University Press. 



103 
 

Goulding, M., Barthem, R., & Ferreira, E. J. G. (2003). The Smithsonian Atlas of the 

Amazon. Washington, D.C.: Smithsonian Books. 

Goulding M. (1980). The fishes and the forest, exploration in Amazonian natural 

history. Berkeley/Los Angeles/London: University of California Press. 

Hamilton, S. K. (2009). Floodplains. In G. E. Likens (Ed.), Encyclopedia of Inland 

Waters (Volume 3, pp. 378–386). Oxford: Elsevier. 

Hamilton, S. K., Sippel, S. J., & Melack, J. M. (2004). Seasonal inundation patterns 

in two large savanna floodplains of South America: the Llanos de Moxos 

(Bolivia) and the Llanos del Orinoco (Venezuela and Colombia). Hydrological 

Processes, 18, 2103–2116. http://doi.org/10.1002/hyp.5559 

Hanagarth, W. (1993). Acerca de la geoecología de las sabanas del Beni en el 

noreste de Bolivia. Instituto de Ecología: La Paz, Bolivia 

Harrison, I. J., Green, P. A., Farrell, T. A., Juffe-bignoli, D., Sáenz, L., & Vörösmarty, 

C. J. (2016). Protected areas and freshwater provisioning: A global assessment 

of freshwater provision, threats and management strategies to support human 

water security. Aquatic Conservation: Marine and Freshwater Ecosystems, 26, 

103–120. http://doi.org/10.1002/aqc.2652 

Hermoso, V., Linke, S., Prenda, J., & Possingham, H. P. (2011). Addressing 

longitudinal connectivity in the systematic conservation planning of fresh waters. 

Freshwater Biology, 56(1), 57–70. http://doi.org/10.1111/j.1365-

2427.2009.02390.x 

Hess, L. L., Melack, J. M., Affonso, A. G., Barbosa, C., Gastil-Buhl, M., & Novo, E. 

M. L. M. (2015). Wetlands of the Lowland Amazon Basin: Extent, Vegetative 

Cover, and Dual-season Inundated Area as Mapped with JERS-1 Synthetic 

Aperture Radar. Wetlands, 35(4), 745–756. http://doi.org/10.1007/s13157-015-

0666-y 



104 
 

Junk, W., Bayley, P., & Sparks, R. (1989). The flood pulse concept in river-floodplain 

systems. In D. P. Dodge (Ed.), Proceedings of the International Large River 

Symposium (LARS) (pp. 110–127). Canadian Special Publication of Fisheries 

and Aquatic Science. 106. 

Junk, W. J. (1997). The Central Amazon Floodplain: Ecology of a Pulsing System 

(Ecological Studies, Vol. 126). New York: Springer. 

Junk, W. J., Piedade, M. T. F., Wittmann, F., Schöngart, J., & Parolin, P. (2010). 

Amazonian Floodplain Forests: Ecophysiology, Biodiversity and Sustainable 

Management (Vol. 210). Springer Dordrecht Heidelberg London New York.  

Junk, W. J., Soares, M. G. M., & Bayley, P. B. (2007). Freshwater fishes of the 

Amazon River basin: their biodiversity, fisheries, and habitats. Aquatic 

Ecosystem Health & Management, 10, 153–173.  

Junk, W. J., Teresa, M., Piedade, F., Schöngart, J., Cohn-haft, M., Adeney, J. M., & 

Wittmann, F. (2011). A Classification of Major Naturally-Occurring Amazonian 

Lowland Wetlands. Wetlands, 31, 623–640. http://doi.org/10.1007/s13157-011-

0190-7 

Kaufman, L., & Rousseeuw, P. J. (1990). Finding Groups in Data: An Introduction to 

Cluster Analysis. New York: John Wiley & Sons, Inc. 

Kennard, M. J., Pusey, B. J., Olden, J. D., Mackay, S. J., Stein, J. L., & Marsh, N. 

(2010). Classification of natural flow regimes in Australia to support 

environmental flow management. Freshwater Biology, 55, 171–193. 

http://doi.org/10.1111/j.1365-2427.2009.02307.x  

Khanna, J., Medvigy, D., Fueglistaler, S., & Walko, R. (2017). Regional dry-season 

climate changes due to three decades of Amazonian deforestation. Nature 

Climate Change, 7, 200–204. http://doi.org/10.1038/NCLIMATE3226 



105 
 

Kingsford, R. T., Basset, A., & Jackson, L. (2016). Wetlands: conservation’s poor 

cousins. Aquatic Conservation: Marine and Freshwater Ecosystems, 26(5), 

892–916.  http://doi.org/10.1002/aqc.2709  

Latrubesse, E. M., Arima, E. Y., Dunne, T., Park, E., Baker, V. R., Horta, F. M., … 

Filizola, N. (2017). Damming the rivers of the Amazon basin. Nature Publishing 

Group, 546(7658), 363–369. http://doi.org/10.1038/nature22333  

Lehner, B., & Döll, P. (2004). Development and validation of a global database of 

lakes, reservoirs and wetlands. Journal of Hydrology, 296, 1–22. 

http://doi.org/10.1016/j.jhydrol.2004.03.028 

Linke, S., Norris, R. H., & Pressey, R. L. (2008). Irreplaceability of river networks: 

towards catchment-based conservation planning. Journal of Applied Ecology, 

45(5), 1486–1495. http://doi.wiley.com/10.1111/j.1365-2664.2008.01520.x  

Lobón-Cerviá, J., Hess, L. L., Melack, J. M., & Araujo-Lima, C. A. R. M. (2015). The 

importance of forest cover for fish richness and abundance on the Amazon 

floodplain. Hydrobiologia, 750(1), 245–255. https://doi.org/10.1007/s10750-014-

2040-0  

Lourival, R., McCallum, H., Grigg, G., Arcangelo, C., Machado, R., & Possingham, 

H. (2009). A systematic evaluation of the conservation plans for the Pantanal 

wetland in Brazil. Wetlands, 29(4), 1189–1201. http://doi.org/10.1672/08-118.1 

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., Hornik, K., Studer, M., … 

Gonzalez, J. (2017). cluster: Cluster Analysis Basics and Extensions. R 

Package Version 2.0.6. 

Melack, J., & Hess, L. (2010). Remote sensing of the distribution and extent of 

wetlands in the Amazon basin. In W. Junk, M. Piedade, F. Wittmann, J. 

Schöngart, & P. Parolin (Eds.), Amazonian floodplain forests: Ecophysiology, 



106 
 

ecology, biodiversity and sustainable management. (pp. 43–59). Ecological 

Studies, Springer. 

Milliman, J. D., & Farnsworth, K. L. (2011). River Discharge to the Coastal Ocean: A 

Global Synthesis. Cambridge: Cambridge University Press. 

http://doi.org/https://doi.org/10.1017/CBO9780511781247 

Moilanen, A., Leathwick, J., & Elith, J. (2008). A method for spatial freshwater 

conservation prioritization. Freshwater Biology, 53, 577–592. 

http://doi.org/10.1111/j.1365-2427.2007.01906.x 

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B., & Kent, J. 

(2000). Biodiversity hotspots for conservation priorities. Nature, 403(6772), 853–

8. http://dx.doi.org/10.1038/35002501  

Olden, J. D., Kennard, M. J., & Pusey, B. J. (2012). A framework for hydrologic 

classification with a review of methodologies and applications in ecohydrology. 

Ecohydrology, 5(4), 503–518. http://doi.org/10.1002/eco.251  

Pittock, J., Finlayson, M., Arthington, A. H., Roux, D., Matthews, J. H., Biggs, H., … 

Viers, J. (2015). Managing Freshwater, River, Wetland and Estuarine Protected 

Areas. In G. L. Worboys, M. Lockwood, A. Kothari, S. Feary, & I. Pulsford 

(Eds.), Protected Area Governance and Management (pp. 569–608). Canberra: 

ANU Press. 

Prigent, C., Papa, F., Aires, F., Rossow, W. B., & Matthews, E. (2007). Global 

inundation dynamics inferred from multiple satellite observations, 1993 – 2000. 

Journal of Geophysical Research, 112, 1993–2000. 

http://doi.org/10.1029/2006JD007847 

Reis, R. E., Albert, J. S., Di Dario, F., Mincarone, M. M., Petry, P., & Rocha, L. A. 

(2016). Fish biodiversity and conservation in South America. Journal of Fish 

Biology, 89, 12–47. http://doi.org/10.1111/jfb.13016  



107 
 

Reis, R. E., Kullander, S. O., & Ferraris, C. J. J. (2003). Check List of the Freshwater 

Fishes of South and Central America. Porto Alegre: Edipucrs. 

Reis, V., Hermoso, V., Hamilton, S. K., Ward, D., Fluet-Chouinard, E., Lehner, B., & 

Linke, S. (2017). A Global Assessment of Inland Wetland Conservation Status. 

BioScience, 67(6), 523–533. http://dx.doi.org/10.1093/biosci/bix045 

Schleupner, C., & Schneider, U. A. (2013). Allocation of European wetland 

restoration options for systematic conservation planning. Land Use Policy, 

30(1), 604–614. http://doi.org/10.1016/j.landusepol.2012.05.008  

Sioli, H. (2012). The Amazon: Liminology and Landuse Ecology of a Mighty Tropical 

River and its Basin. Dordrecht: Springer. 

Tockner, K., & Stanford, J. A. (2002). Riverine flood plains: present state and future 

trends. Environmental Conservation, 29(3), 308–330. 

https://doi.org/10.1017/S037689290200022X 

Tundisi, J. G., Goldemberg, J., Matsumura-Tundisi, T., & Saraiva, A. C. F. (2014). 

How many more dams in the Amazon? Energy Policy, 74, 703–708. 

http://doi.org/10.1016/j.enpol.2014.07.013  

Ward, J. V, Tockner, K., & Schiemer, F. (1999). Biodiversity of floodplain river 

ecosystems: ecotones and connectivity. Regulated Rivers: Research & 

Management, 15, 125–139. 

Worboys, G. L., Lockwood, M., Kothari, A., Feary, S., & Pulsford, I. (2015). Protected 

Area Governance and Management. ANU Press. 

Yamazaki, D., O’Loughlin, F., Trigg, M. A., Miller, Z. F., Pavelsky, T. M., & Bates, P. 

D. (2014). Development of the global width database for large rivers. Water 

Resources Research, 50(4), 3467–3480. http://doi.org/10.1002/2012WR013085 

 



108 
 

 

Supplementary material 3.1. Silhouette plot of CLARA classification showing the 

silhouette index of each of the 18 wetland clusters. 
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4.1. Abstract 

Adequate protection of floodplain ecosystems involves accounting for spatio-

temporal connectivity between all waterbodies that compose the riverine landscape. 

The field of systematic conservation planning has contributed to the spatial design of 

reserve networks by recognizing the importance of maintaining the longitudinal 

connectivity of rivers. In the complex and dynamic landscapes of river-floodplain 

systems, however, it is still challenging to account for the different dimensions of 

connectivity. In this study we present new a framework to account for both within-

floodplain and longitudinal river connectivity in freshwater systematic conservation 

planning. We run four prioritization scenarios comparing different rules of 

connectivity for the rivers and floodplains of the entire Amazon basin. The spatial 

framework combines two types of planning units, with connectivity between them 

assessed using two distance-based approaches. We found different levels of 

protection afforded to wetlands across scenarios. The scenario including only within-

floodplain connectivity ignored the propagation of impacts from the surroundings and 

upstream catchment. On the other hand, the scenario that integrated within-

floodplain and longitudinal river connectivity agglomerated subcatchments around 

the priority wetlands, generating catchment-integrated units that efficiently reduced 

impact. We also demonstrate that the integrated connectivity can be manipulated to 

attend to different conservation objectives. The new approach presented here offers 

more ecologically meaningful protection to floodplains because it considers local 

wetland boundaries and connectivity within wetland complexes as well as with the 

upstream landscape. This can be crucial to safeguard the ecosystem functioning of 

the river- floodplain mosaics in the Amazon ecosystem. 
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4.2. Introduction 

Freshwater ecosystems are amongst the most threatened and poorly 

protected globally (Dudgeon et al., 2006; Nel et al., 2007; Vörösmarty et al., 2010), 

yet the field of conservation planning for freshwaters is relatively new. A recent study 

has shown that 70% of world rivers have no protected areas in their upstream 

catchments and only 11% achieve full integrated protection (Abell, Lehner, Thieme, 

& Linke, 2017). The situation of inland wetlands - many of which are seasonally 

inundated floodplains - is also concerning, with only 11% of the global inland 

wetlands in protected areas (Reis et al., 2017), and most of which were not designed 

to guard wetlands against the influences of stressors outside protected areas 

(Pittock et al., 2015; Thieme et al., 2016). This lack of adequate consideration of 

freshwater connectivity in conservation planning and protected area design needs to 

be addressed in order to better preserve global freshwater resources and adhere to 

the Sustainable Development Goals (SDG6 - UN General Assembly, 2015).  

Wetlands, especially river-floodplains, are highly productive and biodiverse 

ecosystems and provide essential ecosystem services to humans yet they have 

been largely degraded and lost globally (Davidson, 2014; Dixon et al., 2016; Junk et 

al., 2013; Reis et al., 2017). The lack of adequate spatial frameworks to account for 

wetland spatio-temporal connectivity in conservation planning may greatly contribute 

to this scenario. Wetlands within floodplains pose a particular challenge for 

conservation planning because they can be affected not only by local stressors such 

as land use within the floodplain and in adjacent upland catchments (Allan, 2004; 

Houlahan & Findlay, 2004; Houlahan, Keddy, Makkay, & Findlay, 2006), but also 

from upriver land use and flow alterations (e.g., dams: Schneider, Flörke, Stefano, & 

Petersen-perlman, 2017). However, wetland protected areas are often delineated 
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from local wetland boundaries and a narrow buffer zone around them, ignoring the 

influence of catchment impacts (Houlahan & Findlay, 2004; Pittock et al., 2015; 

Thieme et al., 2016; Reis et al. 2017).  

In many tropical river systems including the Amazon River – where floodplain 

inundation is strongly driven by an annual flood pulse – seasonally inundated 

floodplains are landscape units that support high biological productivity and diversity, 

and provide ecosystem services such as fisheries and other wild foods as well as 

fertile soils for agriculture (Junk, 2007; Junk et al., 2011). Inundation of floodplains 

can result from riverine overflow and/or from delayed drainage of local rainfall and 

runoff (Hamilton, Kellndorfer, Lehner, & Tobler, 2007). Riverine overbank flow 

depends on the natural pulsing of flow, which in larger unregulated rivers is often a 

monomodal pulse lasting for weeks to months, and typically interacts with local 

rainfall and runoff to produce complex inundation patterns (Hamilton, 2009). Thus 

both longitudinal and lateral hydrological connectivity strongly affect the hydrological 

dynamics and ecological characteristics of floodplains (Amoros & Bornette, 2002; 

Bornette, Amoros, Piegay, Tachet, & Hein, 1998; Hamilton, 2009).  

Systematic conservation planning approaches have led to advances in 

freshwater conservation (Collier, 2011; Linke, Turak, & Nel, 2011), including for 

wetlands (e.g., Ausseil, Chadderton, Gerbeaux, Stephens, & Leathwick, 2011; 

Lourival et al., 2009; Schleupner & Schneider, 2013), but wetlands have often been 

treated as terrestrial features with no consideration of their lateral connectivity with 

rivers or upstream catchments (Driver et al., 2005). Recent studies have integrated 

the use of freshwater-based planning units (i.e., subcatchments) with new rules of 

connectivity. For example, longitudinal connectivity of rivers was addressed by 

Moilanen, Leathwick, and Elith (2008) and Hermoso, Linke, Prenda, and 
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Possingham (2011); multidirectional connectivity allowing also lateral connectivity 

between subcatchments by Hermoso, Kennard, and Linke (2012); water residence 

time in seasonal environments by Hermoso, Ward, and Kennard (2012); upstream 

condition and impact propagation by Linke et al. (2012); and vertical connectivity in 

conservation planning for groundwaters by Linke, Turak, Asmyhr, and Hose (in 

review). 

Despite these advances, quantitatively accounting for lateral connectivity in 

riverine floodplains remains a major challenge for systematic conservation planning 

(Linke et al., 2011). Subcatchments – the spatial planning unit commonly used in 

freshwater planning exercises – are designed to represent upstream-downstream 

(i.e., longitudinal) connectivity between river segments, but this is just one dimension 

of connectivity in complex riverine landscapes. The movement of water expansion 

and retraction in floodplain wetlands often propagate across the lateral boundaries of 

subcatchments. Thus, a spatial design to adequate represent the lateral propagation 

of wetlands needs to go beyond subcatchment spatial units.  

In this study we demonstrate a new approach to improve conservation 

planning in floodplain river systems by explicitly addressing both within-wetland and 

longitudinal river channel connectivity. We developed a spatial framework that 

combines two types of planning units to represent wetland complexes and 

subcatchments and the dynamic connectivity within floodplains and between 

floodplains and river channels. We tested different connectivity rules between spatial 

planning units and compared their efficiency in reducing local and upstream impact 

to wetlands. With this approach, floodplain wetland connectivity can be addressed in 

a comprehensive systematic conservation planning framework to optimize integrated 

protection of floodplain wetlands.  
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4.3. Methods 

4.3.1. Study area 

The Amazon basin drains approximately 7 million km2 in tropical South 

America. The basin harbours the largest extent of floodplain in the world (Fraser & 

Keddy, 2005), with estimated 20 to 25% of the basin seasonally inundated, often in 

connection with the seasonal flows in the river systems (Junk, Bayley, & Sparks, 

1989; Junk, 2001). Amazon floodplain wetlands play a key role for the life cycles of 

many aquatic species (Junk, 2007; Junk et al., 2011), including fisheries of social 

and economic importance, and support a greater diversity of trees compared to the 

upland forests (Luize et al., 2018).  

However, increasing human pressure impacts Amazonian floodplain 

ecosystems (Castello et al., 2013; Castello & Macedo, 2016). Rates of agricultural 

intensification and mechanization are unprecedented and the cumulative negative 

environmental effects of existing and proposed dams will trigger massive 

hydrological and biotic disturbances that will affect the Amazon basin’s floodplains, 

estuary and sediment plume (Latrubesse et al., 2017; Winemiller et al., 2016). Thus 

the Amazon basin is a good model to exemplify integrated protection to river-

floodplain wetland mosaics.  

 

4.3.2. Spatial framework  

Systematic conservation planning generally involves dividing a planning 

region into a series of planning units (PUs). While equal-sized grid cells are often 

used as planning units in terrestrial planning, subcatchments are more appropriate 
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planning units for freshwaters (Hermoso et al., 2011). Subcatchments account for 

the connected nature of rivers and natural boundaries of areas of influence (Linke, 

Pressey, Bailey, & Norris, 2007). In this study, we combined these two spatial 

approaches to integrate longitudinal and within-wetland connectivity.  

To account for connectivity within wetland complexes we designed a grid with 

equal-sized planning units (hexagons of 2-km sides and ~ 11 km2 area) covering the 

wetland extent of the entire Amazon Basin. We used a map of temporal seasonality 

of Amazon wetlands (see Reis et al., in review) based on GIEMS-D15, a spatial 

database derived from passive microwave and radar altimetry remote sensing (Fluet-

Chouinard, Lehner, Rebelo, Papa, & Hamilton, 2015) and modified by Reis et al. 

(2017) to represent only seasonal wetlands. The total wetland coverage was 

represented by 92,520 hexagon planning units that were used later to calculate 

connections within wetland complexes. To account for longitudinal connectivity 

between wetlands and their contributing catchments we used HydroBasins Level 10 

(Lehner & Grill, 2013) subcatchments as planning units. In total 132,890 planning 

units were used (92,520 hexagons and 40,370 subcatchments) to represent the 

entire Amazon basin.  

To focus the prioritization in the floodplain area, we locked out hexagons that 

overlayed rivers and lakes depicted in the Global Width Database for Large Rivers 

(GWD-LR – Yamazaki et al., 2014). This procedure was adopted to force Marxan to 

prioritise the selection of floodplain hexagons, thus avoiding the formation of 

hexagon clumps crossing rivers bank to bank. 
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4.3.3. Wetland seasonality and environmental features 

In the absence of data on species distributions, environmental features can be 

used as surrogates to represent biodiversity (e.g., Hamilton et al., 2007; Thieme et 

al., 2007). In this planning exercise, six environmental features with a total of 96 

categories were used as conservation targets (Supplementary material 4.1). Using 

ArcGIS 10.3.1 we overlayed the environmental features with the hexagon grid, and 

summarised them as proportions in each hexagon. Conservation targets were only 

attributed to hexagon planning units. 

To represent biogeographical patterns in the Amazon wetlands we used the 

databases of the Terrestrial Ecoregions of the World (TEOW – Olson et al., 2001) 

and Freshwater Ecoregions of the World (FEOW – Abell et al., 2008). Other large 

scale remotely sensed environmental features such as water colour, altitude, runoff, 

and seasonality - which can relate to the structure and function of the wetlands - 

were also included.  

 Terrestrial Ecoregions of the World is a biogeographic regionalization 

of the Earth's terrestrial biodiversity. It identifies 867 terrestrial 

ecoregions, classified into 14 different biomes such as forests, 

grasslands, or deserts, and represents the original distribution of 

distinct assemblages of species and communities (Olson et al., 2001). 

The Amazon wetlands encompass 46 terrestrial ecoregions. We 

included terrestrial ecoregions because wetlands can fluctuate 

between terrestrial and aquatic stages, and it is also important to 

consider the presence of terrestrial or semi-aquatic features in them. 
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 Freshwater Ecoregions of the World is a global biogeographic 

regionalization of the Earth's freshwater biodiversity. It defines a 

freshwater ecoregion as a large area encompassing one or more 

freshwater systems (represented by watersheds) that contain a distinct 

assemblage of natural freshwater species. (Abell et al., 2008). There 

are 426 freshwater ecoregions in the world and the Amazon wetlands 

encompass 21 of them. The two most common freshwater ecoregions 

were Amazonas Lowlands, and Mamore - Madre de Dios Piedmont 

that together account for 53 % of the wetland extent. 

 Water colour in the Amazon River system has a major influence on 

biogeochemical processes and on the distribution and dynamics of 

aquatic habitats and biota (Junk et al., 2011; Venticinque et al., 2016). 

There are three main water colours in the Amazon Basin (Sioli, 1985): 

(1) white water, with neutral pH and rich in suspended sediments and 

nutrients; (2) blackwaters, low in pH, nutrients and suspended 

sediments and high in dissolved organic carbon; and (3) clearwaters, 

low to neutral pH and low in nutrients, suspended sediments and 

dissolved organic carbon. Water colours were mapped to the Amazon 

rivers and streams by Venticinque et al. (2016) and the closest river 

was used to estimate water colours to wetlands.  

 Altitudinal gradients in geographic and climatic factors affect species 

richness (McCain & Grytnes, 2010), and can in turn affect ecological 

structure and species distribution in wetlands (Junk, 1997). Altitude 

was sourced from the HydroSHEDS 30-m DEM (Lehner, Verdin, & 
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Jarvis, 2008) and categorized in three intervals to represent low (< 150-

m), medium (151-500-m) and high elevations (> 501-m). 

 Surface runoff represents the overland flow that occurs when the soil is 

saturated by water. This is a major component of the water cycle in 

catchments and together with rainfall has great influence on 

hydrological dynamics of wetlands, representing a local source of water 

and nutrients (Hamilton et al., 2007). Surface runoff was sourced from 

the UNH/GRDC Composite Runoff Fields V1.0 (Fekete, Vörösmarty, & 

Grabs, 2002) a composite data set combining observed river discharge 

information with climate-driven water balance model. Surface runoff 

was categorized into five intervals in an attempt to characterise the 

wetlands according to the amount of water discharge they receive from 

their catchment: 0-500; 501-1200; 1.201-2.200; 2.201-3.200; and 

>3.201 mm/yr.  

 Seasonality is the main determinant of important wetland 

characteristics, such as vegetation types and productivity. Water 

fluctuation in wetlands affects biodiversity distribution because it 

selects organisms that tolerate the hydric stress (Keddy, 2010). 

Wetland seasonality was sourced from a map of seasonal dynamics of 

Amazonian wetlands (see Reis et al. in review) that classified wetlands 

according to their timing and duration of inundation over the course of 

the year. We used the 18 clusters of this classification to represent the 

different regional patterns of wetland seasonality across the Amazon 

basin (Supplementary material 4.1).   
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4.3.4. Connectivity framework 

To build a fully integrated connectivity framework between wetland hexagons 

and subcatchments, three types of connections were considered (Figure 4.1a-c):  

a) Hexagon – Hexagon: To build the within-wetland connectivity file we 

calculated the distance between the centroids of neighbouring hexagons, and 

set a distance threshold of 5 km to restrict the number of connections to the 

immediate next neighbour only. Thus, each hexagon can have a maximum of 

six connections. We identified 427,367 connections between the 92,529 

hexagons used in this exercise.  

b) Subcatchment – Subcatchment: To build the longitudinal connectivity file we 

used the method described in Hermoso et al. (2011), which calculates the 

upstream connections weighted by distance for each subcatchment. The 

penalty for not including upstream subcatchments decreases by a factor 

proportional to the reciprocal of the distance between them. A planning unit 

that is 1-km away from the selected one incurs a penalty of 1, while a 

planning unit 2-km away incurs a penalty of 0.5 (= 1 ⁄ distance). Thus the 

importance of an upstream planning unit decays over the distance to the 

selected downstream planning units (Hermoso et al., 2011). We set a 

maximum distance threshold of 40 km to simplify the problem. We believe this 

distance is long enough to ensure there is no major influence of 

subcatchments that are further away as penalty values became extremely low 

beyond that threshold. Using a total of 40,370 subcatchments resulted in a file 

with 113,263 upstream connections between all subcatchments.  
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c) Hexagon – Subcatchment: To integrate connectivity between hexagons and 

subcatchments we calculated the intersection between the centroid of the 

hexagons and the subcatchments. Thus we generated a file that finds the 

subcatchments that contain the hexagons. Knowing the location of all 

hexagons in their respective subcatchment, we then used the longitudinal 

connectivity file previously calculated to subcatchment-subcatchment, to 

identify the upstream subcatchments to each hexagon. A total of 292,521 

connections between hexagons and subcatchments were used.  

Integrating these three files we allowed consideration of multiple dimensions 

of connectivity to wetlands accounting for lateral (or within-wetland) and upstream-

downstream propagation. 

 

Figure 4.1. Types of connectivity used to integrate hexagon and subcatchment 

planning units include (a) within-wetland connectivity; (b) longitudinal connectivity 

with upstream river channels, and (c) wetland-upland connectivity. 

 

4.3.5. Prioritization and reserve design 

We used the conservation planning algorithm Marxan (Ball, Possingham & 

Watts, 2009) to find the best reserve design in four hypothetical planning scenarios. 
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Based on a simulated annealing optimisation method, Marxan aims to find an 

optimal reserve network that achieves conservation targets at least cost by 

minimising an objective function that considers feature penalties, spatial design and 

cost trade-offs (Eqn 1).  

 

 

 

The mathematical objective in Marxan is to minimise the cost of all the sites 

included in the reserve system while accounting for penalties in solutions that: (1) do 

not meet the conservation target for all features (Feature Penalty, FP, weighted by 

Feature Penalty Factor, FPF) and (2) missing connections weighted by a 

Connectivity Penalty factor (CP). Both penalty factors are used to weight the 

importance of reaching the desired targets and connectivity. After creating a random 

initial reserve system, planning units are added or discarded in an attempt to 

minimise the objective function (eqn 1). The final solution adequately represent a set 

of targets (wetland features in our case) by selecting as few planning units as 

possible.  

To estimate cost in Eqn1 for each planning unit (hexagons and 

subcatchments) we used the averaged human footprint in 2009 (Venter et al., 2016) 

multiplied by the area of the planning unit, similar to Linke et al. (2012). The human 

footprint map is a global data set that measures the cumulative impact of direct 

pressures on nature from human activities and can range from 0 to 50. It includes 

eight inputs: the extent of built environments, crop land, pasture land, human 
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population density, night-time lights, railways, roads, and navigable waterways 

(Venter et al., 2016). As Marxan seeks the best set of planning units at lowest cost, a 

cost of 0 cannot be attributed to planning units, so the lowest value of the human 

footprint index was raised to 0.1.  

The feature penalty (FP) is a penalty for not fully representing all the features 

in the final reserve solution at the targeted level. Marxan considers features as 

objectives rather than constraints, so the final solution might fail to meet adequate 

conservation for a feature if the weighting for the FP is set too low. We set the weight 

of the feature penalties for unmet targets high (FPF = 100), so all targets would be 

met. A general target of 10,000 planning units was set. At this target level rare 

features (in total 24) were fully represented, and common features were represented 

with an average of 20% of the total area similar to Thieme et al. (2007).  

The spatial design of the reserve is determined by a connectivity penalty (CP) 

that forces reserves to be compact. Between hexagon planning units we used a 

connectivity penalty represented by the linear distance between the centroids of 

neighbouring hexagons. Between subcatchment planning units we used a modified 

concept of the connectivity penalty (Hermoso et al., 2011), calculated by the 

reciprocal of the distance between subcatchments as shown in Figure 4.1b. Using 

different weights to the connectivity penalties, we tested the sensitivity of the within-

wetland and longitudinal connectivity in the reserve design outcomes across 

scenarios.  

The Connectivity Strength Modifier (CSM) controls the aggregation of 

planning units in the reserve design outcomes. A CSM of 0 means a planning unit 

can be chosen for biodiversity protection without incurring any penalties for not 

including neighbour planning units within wetlands or upstream planning units. To 
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find an optimal trade-off that balances spatial aggregation with increasing cost, we 

tested different levels of CSM (0 - 10,000) following the method describe by 

Hermoso et al. (2011). We used a CSM of 1,000 after which connectivity benefits 

only increased marginally. 

We ran four planning scenarios in Marxan, testing different spatial designs 

and rules of connectivity to reduce impact to wetlands (Table 4.1). The scenarios 

tested two different effects of connectivity: (1) changes in spatial design when 

addressing different types of connectivity, and (2) changes in threats within and 

outside the assigned reserve systems. In Scenario 1 only within-wetland connectivity 

was considered, thus the spatial framework only included hexagons and connections 

among them. To incorporate upstream connectivity to wetlands, in Scenario 2, we 

used hexagons and subcatchments to produce an integrated framework. We used 

three types of connections (see Figure 4.1a-c) with equal weight on the connectivity 

penalty to both, within-wetland and the longitudinal components (Table 4.1).  

In Scenarios 3 and 4, we also used the same integrated framework as in 

Scenario 2 and examined how connectivity weights can be manipulated to enhance 

protection either within-wetlands or longitudinally. In Scenario 3, connectivity 

between hexagons was modified to give more importance to connectivity within-

wetlands. We multiplied the connectivity penalty for hexagon connections by 100 

(Table 4.1). Alternatively, in Scenario 4, connectivity among the longitudinal 

components was modified to give more importance to upstream-downstream 

connectivity. We multiplied the connectivity penalty for longitudinal components by 

100 (Table 4.1). In all scenarios, subcatchments did not have any conservation 

features, but were only included for consideration of the upstream threats to 

wetlands. 
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In order to compare multiple solutions’ efficiency in reducing impacts to 

wetlands, we used the average human footprint index that was previously attributed 

to all hexagons and subcatchments. Scenario 1 should be able to reduce within-

wetland impact, however it does not account for upstream impacts. Thus we expect 

to find high average HFP from subcatchments connected to priority wetlands in this 

scenario. In contrast, the integrated Scenario 2 should be able to reduce both within-

wetland and upstream impact. In Scenarios 3 and 4, due to the use of the integrated 

framework we also expect reduced impact in both within-wetlands and upstream, but 

with a larger number of hexagons in Scenario 3 and a larger number of 

subcatchments in Scenario 4. 

  

Table 4.1. Summary of the spatial designs and rules of connectivity applied to the 

four Marxan scenarios for wetland conservation planning. 

Planning scenarios Spatial design Connectivity 

Scenario 1 Hexagons  
Within wetlands as represented in Figure 
4.1a 

Scenario 2 
Hexagons and 
subcatchments 

Within wetlands, between wetlands and 
subcatchments, and between 
subcatchments  as represented in Figure 
4.1a-c.  
Equal weight to the connectivity penalty 
was applied for all types of connections. 

Scenario 3 
Hexagons and 
subcatchments 

Within wetlands, between wetlands and 
subcatchments, and between 
subcatchments  as represented in Figure 
4.1a-c.  
High weight to the connectivity penalty (CP 
x 100) was applied to the connections 
within hexagons.  

Scenario 4 
Hexagons and 
subcatchments 

Within wetlands, between wetlands and 
subcatchments, and between 
subcatchments as represented in Figure 
4.1a-c. 
High weight to the connectivity penalty (CP 
x 100) was applied to all the longitudinal 
components involving subcatchment 
connections 
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4.4. Results 

The implementation of the new spatial framework and the integrated 

connectivity between planning units allowed different levels of impact to wetlands 

across scenarios (Table 4.2). It also modified the spatial configuration of the selected 

priority wetlands (Figures 4.2 – 4.3).  

In Scenario 1, a total of 38,081 hexagon planning units were selected 

covering an area of 0.1 x106 km2 (Table 4.2, Scenario 1). The lateral connectivity 

between hexagons (i.e., the within-wetland connectivity) allowed Marxan to select 

neighbouring groups of hexagons to achieve the conservation targets (e.g., hexagon 

clumps featured in Figure 4.2, Scenario 1). Considering only within-wetland 

connectivity in this scenario ignored a large upstream area with regions of high 

average human footprint. The average HFP of the priority wetlands (hexagons 

selected) was slightly higher (2.9) than the average HFP of all wetlands (2.7). 

Similarly, the average HFP of the subcatchments upstream to these hexagons was 

much higher (2.7) than the general average for all subcatchments (2.0) (Table 4.2, 

Scenario 1).  

In Scenario 2, a total of 20,275 hexagons and 11,505 subcatchments were 

selected (Table 4.2, Scenario 2). The integrated connectivity in this scenario led to 

the selection of a much larger area of 1.9 x 106 km2 and also changed the spatial 

configuration of the selected wetlands (Figures 4.2, Scenario 2). This was the best 

scenario in terms of reducing both within-wetland and upstream impacts to wetlands. 

The average HFP of the selected hexagons was lower (2.5) than the average HFP of 

all wetlands (2.7). Subcatchments in the best solution also presented a lower 

average HFP = 1.5 than subcatchments not selected (average HFP = 3.5).  
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In Scenario 3, more planning units were selected than in previous scenarios 

(58,798), including 37,884 hexagons and 20,914 subcatchments (Table 4.2, 

Scenario 3). This corresponded to 41% of all hexagons and 52% of all 

subcatchments. It also covered a large area of 3.4 x 106 km2. This large area also 

reflected an increase in the average human footprint of both hexagons (HFP = 2.8) 

and subcatchments (HFP = 1.9) compared to Scenario 2.  

Similarly, in Scenario 4, a large number of planning units was selected 

(54,727 – including 32,280 hexagons and 22,447 subcatchments) (Table 4.2, 

Scenario 4), but the proportion of hexagons and subcatchments in the solution 

changed to 35% and 56%, respectively. This scenario selected the largest area of all 

scenarios - 3.6 x 106 km2 - covering almost the entire wetland extent (Figure 4.2, 

Scenario 4). This scenario also presented the highest average HFP among the 

integrated connectivity scenarios.  
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Figure 4.2. Best solutions of the four Marxan scenarios for wetland conservation 

planning. 1) lateral connectivity only; 2) lateral and longitudinal connectivity 

integrated; 3) lateral and longitudinal connectivity integrated with emphasis to lateral 

connectivity; and 4) lateral and longitudinal integrated connectivity with emphasis to 

longitudinal connectivity. 
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The different rules of connectivity applied to the four scenarios produced 

differences in the spatial configuration of the planning units (Figures 4.2 and 4.3). In 

Figure 4.3 we can observe these differences in more detail. Comparing Scenarios 1 

and 2, the spatial configuration of the selected hexagons changed to accommodate 

connections to subcatchments, driving the solution to the borders of the wetland 

extent. Subcatchments contiguous with the selected hexagons allowed the 

incorporation of the upstream protection (Figure 4.3, Scenario 2). When selecting the 

subcatchments, Marxan prioritised the ones with the lowest average HFP, which also 

affected the spatial configuration of the solution in Scenario 2. Comparing Scenarios 

3 and 4, the hexagons appear more clumped in Scenario 3. Here, the within-wetland 

connectivity is stronger than in Scenario 4, where longitudinal connectivity is stronger 

and there is more representation of subcatchments. The enhanced longitudinal 

connectivity in Scenario 4 caused a decrease in the strength of the within-wetland 

connectivity and consequent disruption of the hexagon clumps (Figure 4.3, 

Scenarios 3-4).   
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Figure 4.3. Best solution of the four Marxan scenarios for wetland conservation 

planning showing detail in the northern wetlands of the Roraima region. Scenarios 

include: 1) lateral connectivity only; 2) lateral and longitudinal connectivity integrated; 

3) lateral and longitudinal connectivity integrated with emphasis to lateral 

connectivity; and 4) lateral and longitudinal integrated connectivity with emphasis to 

longitudinal connectivity. 
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4.5. Discussion 

This study innovates the way floodplain wetlands are treated in systematic 

conservation planning by directly integrating within-wetland connectivity with the 

surrounding and upstream landscape context. This was achieved by designing a 

spatial framework that combines two types of planning units and built connectivity 

between them applying two distance-based approaches. The spatial framework 

included equal-sized grid cells to represent the wetland distribution and 

subcatchments to represent hydrological connectivity with local and upstream 

catchments. This approach improves spatial planning for wetland conservation in 

several important respects: (1) attribution of specific conservation targets for 

floodplain wetlands, (2) accounting for the wetland location in the river network (as 

we can locate wetlands within the subcatchments that drain to them and represent a 

direct influence), (3) including connectivity between wetlands that propagate laterally 

across subcatchments, and (4) integrating protection from stressors originating both 

within-wetlands and in upstream catchment. Due to these characteristics, this 

framework has potential to improve protected area design for wetlands by 

accounting for the different dimensions of connectivity wetlands have within the 

catchment context. It can also reduce impact propagation to wetlands and address 

specific conservation needs.                     

Most previous studies on systematic conservation planning of freshwaters 

have emphasised the river network and considered wetlands as features of 

subcatchments along the rivers (e.g., Hermoso, Ward, & Kennard, 2012, 2013; 

Thieme et al., 2007). On the other hand, studies directly addressing wetlands have 

considered them as separate spatial entities in the landscape, often disregarding 

connectivity within wetland mosaics (as in the case of floodplains) and with rivers 
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and other water bodies in the riverine landscape. For example, Lourival et al. (2009) 

used square grid cells as planning units to represent wetlands in the comparison of 

conservation scenarios to protect the Pantanal wetlands. Ausseil et al. (2011) used 

pixels aggregated into wetland polygons to map the historical and remaining 

wetlands in New Zealand, and applied the principles of systematic conservation 

planning to prioritize conservation efforts. Schleupner & Schneider (2013) also used 

equal sized grid cells to represent wetland distribution, and proposed a model to 

allocate wetland restoration efforts in Europe. This study combines the best 

attributes of these previous approaches, designing a flexible connectivity framework 

in which subcatchments and wetland grid cells can be integrated with variable 

priorities (Table 4.1).                                                                                                                                                                                                                                                                                                             

Different levels of impacts to wetlands were observed across the different 

scenarios generated in this study, with a reduction in impact levels achieved when 

using the new integrated spatial framework. Consideration of within-wetland 

connectivity only, as exemplified in Scenario 1, did not adequately account for 

downstream impact propagation to wetlands and left a large upstream area of the 

catchment lacking protection (Figure 4.2, Scenario 1). This scenario resulted in high 

human influence in subcatchments that connect with the priority wetlands (Table 4.2, 

Scenario 1). This is comparable to the current situation of most wetlands in protected 

areas, where management is often restricted to the local wetland boundaries, 

sometimes including a narrow buffer zone around them, but ignoring the influence of 

impacts from outside protected areas (Houlahan & Findlay, 2004; Pittock et al., 

2015). This has been proved to be an ineffective approach that exposes wetlands to 

impacts even when they are within protected areas (Reis et al., 2017).  
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River flow regime alterations and modifications in land use are among the 

human activities with greatest impact to freshwaters. The downstream effects of 

individual dams can extend over hundreds of kilometres on large rivers, reducing the 

extent and frequency of floodplain inundation (Collier, Webb, & Schmidt, 1996; Poff, 

Olden, Merritt, & Pepin, 2007). Also, stressors may originate from land use changes 

in the vicinity of wetlands, such as deforestation and increasing road and building 

density. Deforestation of floodplain forests in the Amazon River, results in spatial 

homogenization of fish assemblages and reduced functional diversity at both local 

and regional scales (Arantes et al., 2018). Plant diversity can be affected by adjacent 

land use 250–300 m from the wetland area (Houlahan et al., 2006) and, effects of 

adjacent land-use on wetland sediment and water quality can extend over large 

distances (Houlahan & Findlay, 2004). In that context, the integrated approach 

shown in scenario 2 offers a better design for wetland protected areas with potential 

to curb surrounding and upstream impacts to these ecosystems (Figures 4.2 – 4.3, 

scenario 2). The integrated framework includes a more adequate consideration of 

connectivity in the landscape context where the wetland is inserted, thus considering 

potential human influence within wetlands, in their immediate surroundings, and 

longitudinally through river networks. Even though in practice it can be difficult to 

implement larger protected areas to provide fully integrated protection to large 

wetland complexes, this method allows accessing the trade-offs between level of 

wetland protection and the required size of the protected areas.  

Modifying the strength of connectivity between wetlands and their 

subcatchments led to changes in the spatial configuration of the priority areas, with 

more spatial aggregation within-wetlands in Scenario 3 and more spatial aggregation 

of upstream subcatchments in Scenario 4. The high strength of the longitudinal 



136 
 

connectivity in Scenario 4 weakened within-wetland connectivity, causing local 

disruption in some wetland complexes (Figure 4.3, Scenario 4). This suggests 

considering a maximum limit to increase the weight on longitudinal connectivity and 

not result in loss of connectivity within-wetlands. Managing connectivity differently 

can allow customisation to specific wetland conservation needs, such as in the 

schematic representation of wetland hydrological connectivity in the riverine 

landscape and impact propagation from human activities in Reis et al. (2017). For 

example, in wetlands less connected to river channels, within-wetland connectivity 

could be prioritized. In contrast, in wetlands directly influenced by river fluctuations 

(as the case for floodplains), more weight could be given to the longitudinal 

connectivity.  

This exercise draws attention to the importance of considering integrated 

connectivity frameworks in freshwater conservation planning for large river-floodplain 

ecosystems such as the Amazon River. The Amazon basin has been facing 

mounting pressures on freshwater ecosystems due to a large number of dams that 

may fundamentally alter the natural flow and flood regimes of the river system 

(Anderson et al., 2018; Finer & Jenkins, 2012; Latrubesse et al., 2017; Tundisi, 

Goldemberg, Matsumura-Tundisi, & Saraiva, 2014; Winemiller et al., 2016). The 

framework developed here provides the basis for future planning incorporating more 

realistic scenarios with species targets based on biodiversity (e.g., using the new 

assessment of tree diversity by Luize et al. (2018) and the AmazonFish project 

database (www.amazon-fish.com) currently in development) and specific threats 

(e.g., incorporating the effects of hydroelectric dams as in Hermoso et al. (2018)). 

Besides that, in future applications the use of different weights for connectivity (as 

exemplified in Scenarios 3 and 4) can also allow incorporation of lateral connectivity 
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rules controlled by seasonality to better include wetland temporal dynamics in this 

framework. This will enable to fully integrate all spatial and temporal dimensions of 

wetlands connectivity in systematic conservation planning and contribute to improve 

protected area design for wetlands.  

The new planning approach presented here can offer more ecologically 

meaningful protection to floodplain wetlands. It considers not only local wetland 

boundaries and connectivity within wetland complexes but also the longitudinal 

connectivity through the surrounding local and upstream catchments. Integrating 

terrestrial and aquatic conservation frameworks is crucial to safeguard the 

ecosystem functioning of complex floodplain-river ecosystems. In that context, by 

incorporating the main sources of connectivity between wetlands and their 

landscape, a better spatial design for wetland protected areas and management can 

be achieved. We believe these improvements to spatial planning can be the key to 

guarantee the long-term persistence of those highly dynamic ecosystems in face of 

the current degradation scenario.  
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Supplementary material 4.1. Summary of the 96 classes of environmental features 

used as conservation targets in the scenarios for wetland conservation of the 

Amazon basin.  

Environmental 
Features 

Classes Source 

Terrestrial 
Ecoregion 

Beni Savanna 
Terrestrial Ecoregions of the world 
(https://www.worldwildlife.org/publications
/terrestrial-ecoregions-of-the-world) 

 

Bolivian Montane Dry Forests 

 

Bolivian Yungas 

 

Caqueta Moist Forests 

 

Central Andean Dry Puna 

 

Central Andean Puna 

 

Central Andean Wet Puna 

 

Cerrado 

 

Chiquitano Dry Forests 

 

Cordillera Central Páramo 

 

Cordillera Oriental Montane 
Forests 

 

Dry Chaco 

 

Eastern Cordillera Real Montane 
Forests 

 

Guianan Highlands Moist Forests 

 

Guianan Moist Forests 

 

Guianan Piedmont And Lowland 
Moist Forests 

 

Guianan Savanna 

 

Gurupa Várzea 

 

Iquitos Várzea 

 

Japurá-Solimões-Negro Moist 
Forests 

 

Juruá-Purus Moist Forests 

 

Madeira-Tapajós Moist Forests 

 

Magdalena Valley Montane 
Forests 

 

Marajó  Dry Forests 

 

Marajó Várzea 

 

Mato Grosso Seasonal Forests 
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Monte Alegre Várzea 

 

Napo Moist Forests 

 

Negro-Branco Moist Forests 

 

Northern Andean Páramo 

 

Northwestern Andean Montane 
Forests 

 

Pantanal 

 

Pantepui 

 

Peruvian Yungas 

 

Purus Várzea 

 

Purus-Madeira Moist Forests 

 

Rio Negro Campinarana 

 

Sechura Desert 

 

Solimões-Japurá Moist Forests 

 

Southern Andean Yungas 

 

Southwest Amazon Moist Forests 

 

Tapajós-Xingu Moist Forests 

 

Tumbes-Piura Dry Forests 

 

Uatumã-Trombetas Moist 
Forests 

 

Ucayali Moist Forests 

  
Xingu-Tocantins-Araguaia Moist 
Forests 

Freshwater 
Ecoregion 

North Andean Pacific Slopes - Rio 
Atrato 

Freshwater Ecoregions of the World 
(http://www.feow.org/) 

 

Magdalena - Sinu 

 

Orinoco Guiana Shield 

 

Essequibo 

 

Amazonas High Andes 

 

Western Amazon Piedmont 

 

Rio Negro 

 

Amazonas Guiana Shield 

 

Amazonas Lowlands 

 

Ucayali - Urubamba Piedmont 

 

Mamore - Madre de Dios 
Piedmont 

 

Guapore – Itenez 

 

Tapajos – Juruena 

 

Madeira Brazilian Shield 

 

Xingu 

 

Amazonas Estuary & Coastal 
Drainages 

 

Tocantins – Araguaia 

 

Central Andean Pacific Slopes 

 

Titicaca 

 

Chaco 

  Paraguay 
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Water color Black Amazon Waters (http://amazonwaters.org/) 

 

White 

  Clear 

Altitude (m) low (< 150) HydroSHEDS - DEM 30 m 
(http://www.hydrosheds.org/) 

 

medium (151 - 500) 

  high (> 501) 

Suface runoff 0-500 Global Runoff Database 
(http://www.bafg.de/GRDC/EN/Home/hom
epage_node.html)  

501-1200 

 

1.201-2.200 

 

2.201-3.200 

  >3.201 

Seasonal 
inundation 

March (1 month) 
Seasonal  hydrological classification of the 
Amazon wetlands (Chapter 3, manuscript in 
review) 

 

June -July  (2 months) 

 

March - April (2 months) 

 

February - March (2 months) 

 

April - June (3 months) 

 

February - April (3 months) 

 

January - March (3 months) 

 

May - August (4 months) 

 

January - April (4 months) 

 

January - May (4 months) 

 

December - April (5 months) 

 

March - August (6 months) 

 

December - May (6 months) 

 

November - June (8 months) 

 

February - September (8 months) 

 

January - September (9 months) 

 

November - July (9 months) 

  January - December (12 months) 
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Chapter 5: General discussion  
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5.1. Introduction 

The overall objective of this thesis was to develop a new framework of 

systematic conservation planning for river-floodplain ecosystems that adequately 

accounts for the multidimensional connectivity of wetlands in riverine landscapes. To 

achieve that objective, this thesis combined the use of remote sensing tools with 

statistical modelling and spatial planning and focused on addressing three main 

issues in wetland conservation: 

(1) The lack of comprehensive assessments of the status of conservation of the 

world’s wetlands. To fill this gap, a global, high-resolution analysis of the 

current threats and protection status of wetlands (including floodplains) is 

presented in Chapter 2.  

(2) The difficulty of representing wetland seasonality in traditional mapping that 

often only delineates wetland boundaries based on minimum or maximum 

extent. To better inform conservation and management of seasonal wetlands, 

Chapter 3 presents a new classification of wetland hydrological dynamics, 

based on globally available satellite observations of inundation status.  

(3) The lack of adequate spatial frameworks in systematic conservation planning 

to deal with wetland connectivity in the riverine landscape. Chapter 4 presents 

a new spatial framework that incorporates within-wetland, local catchment, 

and longitudinal connectivity along the river network. 
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5.2. Conservation of seasonal wetlands 

The information provided in Chapter 2 contributes to the field of wetland 

conservation by providing a consistent global portrait of seasonal inland wetland 

distribution, conservation status, and human pressure (Figure 2.1). Many wetlands 

are subject to human pressures, even within protected areas in some cases (Figure 

2.3), and terrestrial protected areas are not always adequate to protect wetland 

ecosystems. This sets up the context for Chapters 3 and 4, which address two of the 

main deficiencies in wetland conservation when they are within terrestrial protected 

areas: (1) lack of consideration of wetland seasonality, and (2) inadequate 

consideration of wetland connectivity, particularly within a catchment context.  

Considering the rapid increase in human population and pressures on global 

wetlands, urgent action is needed to develop better conservation planning 

frameworks that adequately protect and conserve wetlands. In the case of wetlands 

on floodplains, identifying specific conservation needs of different wetland types 

should consider their variation in space and time and functions and ecosystem 

services. Also in the riverine landscape context endogenous and exogenous 

pressures that can cause degradation need to be considered, as shown in Chapter 

2, Figure 2.4. This will help support the development of more effective conservation 

and management plans.  

Another major achievement of this study was to be able to focus on seasonal 

wetlands, which are the most sensitive to variations in the water regime and have not 

been adequately quantified in previous studies (e.g., Lehner and Döll (2004) 

quantified wetland area with no consideration of temporal dynamics and Fluet-

Chouinard, Lehner, Rebelo, Papa, and Hamilton (2015) considered temporal 

dynamics but included open waters of rivers and lakes in their estimations). This was 
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possible by making use of a global map of inundation extent and excluding the open 

waters of rivers and lakes, to focus on the seasonal wetlands. The use of a global 

spatial data set on human pressures and information on protected areas enabled a 

comprehensive estimation of the extent and conservation status of the seasonal 

wetlands.   

Newly available, global, high resolution datasets have been generated (e.g., 

GIEMS-D15 – Fluet-Chouinard et al., 2015; GWD-LR – Yamazaki et al., 2014), 

enabling studies on important global issues to became more available in the last few 

years. Examples are recently published studies showing intense human pressure on 

protected areas (Jones et al., 2018), the issue of global proliferation of small dams 

(Couto & Olden, 2018), the issue of low protection to inland wetlands presented in 

this thesis (Reis et al., 2017) and protection gaps for rivers (Abell, Lehner, Thieme, & 

Linke, 2017). Older studies dealt with implications of dam obstruction for fish 

diversity (Liermann, Nilsson, Robertson, & Ng, 2012), threats to human water 

security and riverine biodiversity (Vörösmarty et al., 2010), consequences of land 

use (Foley et al., 2005), and the effectiveness of protected areas to represent 

biodiversity (Rodrigues et al., 2004). These kinds of studies not only demonstrate our 

increasing capacity to identify and quantify global issues but also draw attention to 

the need for investment to point directions for global solutions. Global datasets can 

offer a common ground to identify multiple stressors across regions, facilitating 

information exchange and the sharing of information on successful actions applied in 

regions with similar issues. Tackling global issues is increasingly necessary, owing 

to the rapid increase in human population and unprecedented degradation of natural 

ecosystems - especially in wetlands as demonstrated in Chapter 2.  
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5.3. Spatial representation of wetland seasonality  

Using the Amazon basin as a model, a new approach to represent wetland 

spatio-temporal hydrological dynamics was developed. The classification proposed 

in Chapter 3, spatially represents the monthly annual variation in water extent in all 

wetlands of the Amazon basin. This added a detailed temporal dimension to the 

existing static (Junk et al., 2011) or dual-season (wet-dry) approaches (Hess et al., 

2015; Hess, Melack, Novo, Barbosa, & Gastil, 2003). This spatio-temporal wetland 

classification can be used to explore the role of seasonality on the ecological 

functioning of different wetlands complexes and represents an important step 

towards including temporal dynamics in wetland conservation planning and 

management. For example, classes of inundation could be used to represent 

different management zones (e.g., Hermoso, Cattarino, Kennard, Watts, & Linke, 

2015) allowing consideration of how altered rainfall and/or river flow may affect local 

and downstream wetland ecosystems.   

Hydrological classifications (e.g., Kennard et al., 2010; Olden, Kennard, & 

Pusey, 2012) and wetland classifications (e.g., Finlayson & van der Valk, 1995; Junk 

et al., 2011; Junk, Piedade, Schoengart, Wittmann, & Nunes, 2016; Pressey & 

Adam, 1995) have been proposed before and applied to a variety of river systems. In 

the Amazon River basin, hydraulic and hydrological models have been used to 

simulate geomorphological processes and flood dynamics providing valuable 

understanding on biogeochemical fluxes in the floodplain area (Coe, Costa, & 

Howard, 2008; Paiva et al., 2013; Rudorff, Melack, & Bates, 2014). However, these 

models do not provide a map representation useful for assessing spatio-temporal 

dynamics in regional planning. The map presented in this thesis differs by 

addressing temporal hydrological dynamics in spatially explicit pixel-based approach 
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that allowed summarising the annual cycle of variation in water extent in a simple 

graphical representation (Figure 3.1). This hydrological map layer has the potential 

to be used in ecological and biogeographic studies in wetlands, together with other 

drivers of ecosystem functioning and biodiversity distribution. For example, water 

residence (represented in each pixel grouped in classes Figure 3.1) can be 

associated with species distribution ranges to inform their tolerance to hydric stress 

and predict species displacement in flow regulation and/or climate change scenarios. 

Also, a more functional approach can be developed associating the use of 

hydrological models to the wetland classification allowing estimates of 

biogeochemical fluxes in the different wetland complexes. Besides that, Its pixel-

based format at 1-km2 spatial resolution is largely compatible with other global and 

regional scale remotely sensed datasets, facilitating the readily use of the spatio-

temporal map together with other environmental features, such as vegetation types 

(e.g., LBA-ECO Vegetation Cover Types – Hansen et al., 2011), soil types (e.g., 

Global SoilGrids – Hengl et al., 2014), climatic data (e.g., WorldClim – Fick & 

Hijmans, 2017). For example, inundation classes can be associated to information 

on biodiversity and land uses (e.g., fish and tree communities, local use of wetland 

natural resources, and rare and endangered species) to estimate what seasonal type 

of wetland is more diverse or more affected by human activities, thereby informing 

site-specific management of each regional complex of wetlands in the Amazon 

basin. While dynamic, the hydrological representation does not estimate spatially 

explicit hydrological fluxes. This has obvious limitations, as the satellite-derived data 

has no underlying hydrological model. To enhance functional representation of 

connectivity in Marxan (Chapter 4), future research directions could include a 

modified connectivity framework that sets connection strength between hexagons 

proportional to explicitly modelled inundation fluxes. 
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In addition, this detailed spatio-temporal classification of floodplain wetlands 

can aid the creation of new frameworks in systematic conservation planning to offer 

integrated protection to wetlands explicitly considering their seasonality and 

ecological functioning. Annual variation in inundation is one important dimension of 

the natural freshwater hydrological connectivity (Poff et al., 1997; Pringle, 2001; 

Ward, 1989) yet largely overlooked in systematic conservation planning (Linke, 

Turak, & Nel, 2011; Nel et al., 2009). This will help planning to mitigate the effects of 

human pressures, such as altered river flow regimes, on permanently and seasonally 

connected wetlands considering their ecological functioning. In this way the 

longstanding goal of integrated protection for floodplain-river ecosystems can be 

achieved, going beyond considering only local protection of wetlands based on static 

maps of their boundaries.  

Conservation planning for floodplains of the Amazon and similar large river 

systems is of paramount importance because connectivity controls geomorphological 

and biological processes through the annual flood pulse (The Flood Pulse Concept - 

Junk, Bayley, & Sparks, 1989). A looming threat that could disrupt this connectivity is 

the proliferation of dams (Tundisi, Goldemberg, Matsumura-Tundisi, & Saraiva, 

2014). If proposed dams are built, they may trigger massive hydrological, physical 

and biotic disturbances to the Amazon basin’s floodplains and estuary, and 

ultimately the coastal zone in the vicinity of the river plume (Latrubesse et al., 2017; 

Winemiller et al., 2016). Thus, understanding the detailed hydrological connectivity in 

the Amazon River system at the catchment scale enables conservation planners to 

identify regional particularities of the inundation patterns (e.g., shown in Chapter 3, 

Figure 3.1) and can help planning to mitigate the effects of hydrological alterations. 
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New high performance computing capacity and software packages for Big 

Data allow studies to perform robust statistical analysis with very large datasets. An 

example is the statistical classification presented here that used a very large matrix 

(>500,000 pixels x 12 months) generated from the monthly hydrological data that 

was derived from GIEMS-D15 exclusively for this study. This facilitated performing a 

temporal classification for the largest river-floodplain of the world (Chapter 3, Figure 

3.1). This large scale classification was developed using a generic model in the R 

statistical platform (CLARA in the ‘cluster’ package (Maechler et al., 2017) that can 

readily be applied to other regions. This improved capacity of modern computing 

science is promising to take statistical analysis to a higher level, allowing ever 

increasingly complex issues in ecology and spatial planning to be resolved. 

 

5.4. Integrating wetland connectivity in spatial planning  

Chapter 4 presents an improved approach to systematic conservation planning 

for floodplain wetlands by including their multidimensional connectivity in a 

comprehensive spatial framework. This new framework integrates the connectivity 

within wetlands with their surrounding and upstream catchment by combining two 

types of planning units and including connectivity between them in a spatial 

framework (Figures 4.1 and 4.2). A combination of an equal-sized grid cell with 

subcatchments was used to represent the wetland distribution and catchment 

context, respectively. This framework accounts for multidirectional wetland 

connectivity in the riverine landscape and was shown to be effective in reducing 

internal and upstream stressors to wetlands (Figure 4.3, Table 4.2). This is the first 

time wetlands are included in a catchment-based framework that is explicitly 

designed to attend their natural connectivity requirements in systematic planning. 
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Adequately considering connectivity can help planning for wetland persistence in 

time as it enables accounting for their main sources of water, sediment and nutrient 

exchanges in the riverine landscape, and can also allow accounting for impact 

propagation.  

This new framework has potential to change the current paradigm of restricted 

local protection to wetlands, offering a more ecologically meaningful alternative to 

current wetland conservation planning approaches. Currently, protected wetlands 

are in either terrestrial protected areas or Ramsar sites (see Juffe-Bignoli et al., 

2014; Reis et al., 2017), and none of those offer an integrated framework able to 

account for degradation beyond the local wetland boundaries. Ignoring the influence 

of exogenous threats leaves wetlands imperiled, even within protected areas (Reis et 

al., 2017). Restricting management to local areas only has been proved inefficient in 

protecting these integrated and dynamic ecosystems (Pittock et al., 2015) and is a 

key cause of wetland degradation around the globe. 

Although the Amazon basin is facing large-scale degradation by human 

activities (Castello et al., 2013; Castello & Macedo, 2016), by global standards the 

region remains pristine overall with ~80% of its original forest extent (Macedo & 

Castello, 2015), offering a chance to promote more integration between human 

economic activities and conservation of biodiversity. This opportunity is exemplified 

by the successful management of pirarucú (Arapaima spp.) in a protected area in 

central Amazon. This commercially and socially important fish that inhabits floodplain 

lakes was disappearing regionally due to overfishing, and now its populations are 

recovering in the protected area, improving fishery yields for local populations 

(Castello, Viana, Watkins, Pinedo-Vasquez, & Luzadis, 2009). At the catchment 

scale, conciliation between economic activities and conservation needs can be 
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facilitated by the use of the systematic conservation planning approach to set zones 

of different uses and management in protected areas (e.g., Hermoso et al., 2015; 

Hermoso, Filipe, & Segurado, 2016). In that context, the systematic planning 

framework presented here can be adapted to help improving management in 

protected areas.  

Owing to the fundamental role wetlands play in maintaining ecosystem 

processes and services in the Amazon basin, it makes sense to focus conservation 

efforts on actions to maintain the ecological integrity of the river-floodplain 

ecosystems. In this context, the new framework developed in this thesis (Chapter 4) 

has the potential to improve conservation planning, management, and decision 

making in the region. The use of more integrated approaches (such as in Chapter 4, 

Figure 4.2.) to protect the floodplain ecosystem can potentially change the paradigm 

of terrestrial forest-based conservation in the Amazon basin and thereby better 

protect its natural resources for the future.  

This case study developed in the Amazon basin is the first integrated 

freshwater systematic conservation planning exercise to explicitly include protection 

to riverine wetlands at the catchment scale. Although other large scale exercises 

have been performed using Marxan (e.g., all of New Zealand with ~ 270,000 km2 - 

Ausseil, Chadderton, Gerbeaux, Stephens, & Leathwick, 2011; Northen Australia 

with ~ 1.19 million km2 - Hermoso, Kennard, & Linke, 2012; and the Pantanal 

wetlands with ~ 365,000 km2 - Lourival et al., 2009), the one presented in this thesis 

is, to date, the largest in area (~ 7 million km2) and has the most complex spatial 

framework (combining two types of planning units). This exemplifies the potential of 

Marxan to be used in very large-scale planning.  
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5.5. Significance of this thesis and future research 

Systematic conservation planning to adequately protect riverine landscapes 

should account for the integrated four-dimensional nature of freshwater ecosystem 

function, including longitudinal, lateral, vertical, and temporal connectivity (Poff et al., 

1997; Pringle, 2001; Ward, 1989). Acknowledging to the advances in the field of 

systematic conservation planning to address connectivity in freshwaters (e.g., 

Hermoso, Linke, Prenda, & Possingham, 2011; Hermoso et al., 2012; Linke, Turak, 

Asmyhr, & Hose, in review; Moilanen, Leathwick, & Elith, 2008), and now the 

integration of multilateral and longitudinal connectivity for floodplain wetlands 

(Chapter 4), an integrated four-dimensional approach is close to being achieved.  

In the future, the connectivity associated with seasonal inundation regimes 

can be addressed more directly for floodplain wetlands using the new spatial 

framework proposed here (Chapter 4). Incorporation of lateral connectivity rules 

controlled by seasonality can be used to better include wetland temporal dynamics in 

this framework. It can be achieved by setting specific rules of connectivity for wetland 

temporal groups identified in the classification, as proposed in Chapter 3. This will 

represent an improvement over other efforts that considered wetlands seasonality 

more indirectly. Examples are Hermoso, Ward, and Kennard (2012), who added a 

metric of water residence time to sub-catchments to plan for seasonal environments; 

or the example presented here (Chapter 4) that only included seasonality as features 

in a wetland grid. Adequately representing seasonality in wetlands is a missing piece 

that will enable systematic conservation planning to be fully capable to account for 

the four dimensions of connectivity in freshwater ecosystems (sensu Ward 1989).  

The Amazon basin is a highly biodiverse region recognised worldwide as key 

ecosystem to focus conservation efforts (Abell et al., 2008; Olson & Dinerstein, 
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2002). This diversity is still incompletely documented, and new species are still being 

described in the region (Junk, Soares, & Bayley, 2007; Reis et al., 2016; Reis, 

Kullander, & Ferraris, 2003). Understanding the landscape determinants of 

biodiversity distribution in the Amazon basin remains a challenge, yet is needed to 

inform conservation planning and management efforts. In future conservation plans, 

the conservation scenarios developed here can be improved by incorporating 

species targets based on biodiversity. This will be possible due to emerging efforts in 

species assessments to the entire Amazon basin; for example the new assessment 

of tree diversity (Luize et al., 2018) and the AmazonFish project database currently 

in development (www.amazon-fish.com). These are the two most diverse groups in 

the Amazon, and the availability of distribution records for them will greatly improve 

future systematic conservation planning in the regions.  

In addition, the inclusion of regional data on specific threats such as 

deforestation, mining concessions, oil concessions, and dams built or in construction 

or proposed, can be used to generate more realistic scenarios of degradation in 

regional and local scale (e.g., incorporate the effects of hydroelectric dams as in 

Hermoso et al. (2018)). This will enable systematic approaches to plan for 

minimizing these effects in priority areas at the catchment scale. Systematic 

conservation planning has been used to implement better management in protected 

areas, for example to establish zones of different uses that balanced conservation 

and sustainable resource use within the Great Barrier Reef in Australia (Day et al., 

2000; Kenchington & Day, 2011). Using the new integrated framework proposed 

here (Chapter 4), a similar approach could be applied to improve conservation and 

management in wetlands of the Amazon basin and other great wetland complexes of 

the world.  
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5.6. Conclusion  

The main contribution and innovation of this thesis was to offer a new 

framework of systematic conservation planning for floodplain wetlands in riverine 

landscapes, which was one of the key missing pieces in freshwater systematic 

conservation planning. This thesis is the first to develop the theoretical basis to 

integrate protection to floodplain wetlands, considering their main sources of 

connectivity in the riverine landscape and at multiple catchment scales. This thesis 

also contributed to the knowledge of the status of global wetland conservation and a 

new spatiotemporal approach to represent seasonality that can have several 

ecological and planning uses. Acknowledging the importance of wetlands to maintain 

vital processes in the catchments, this thesis seeks to provide alternatives for the 

long-term preservation of such ecosystems. The use of the new tools and 

applications provided in this thesis can help improve conservation planning not only 

for wetlands but also for other ecosystems where consideration of multiple 

spatiotemporal dimensions is needed. These new advances can be adapted to use 

in other regions with expanded potential applications for conservation and 

management purposes. This thesis hence provides key information to foster action 

towards improving the status of wetland conservation for the future. 
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