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Chapter 6. Trends in Selected Biomes, Habitats and Ecosystems: Inland Waters

6.1 Introduction 

Earth’s wetlands provide priceless services to society. Wetlands deliver and cleanse fresh water, from head-
water streams to receiving water bodies such as lakes, rivers, and oceans. Freshwater fisheries provide 
protein and food security to much of the world, especially for rural populations in developing countries 
where people have direct access to fishing waters and a large proportion of the catch is consumed locally 
with or without formal marketing arrangements (Coates 1995). Wetlands mitigate natural and anthro-
pogenic processes. Headwater streams process nitrogen inputs from non-point sources very effectively; 
those smaller than 5m in width export only about half of the nitrogen inputs they receive (Peterson et al. 
2001). Wetland vegetation also provides a physical barrier to storms. For example, mangroves buffered 
coastal areas of Sumatra struck by the tsunami of December 26, 2004 (Danielsen et al. 2005). 

About 6 percent of Earth’s surface is covered by freshwater ecosystems. Within that 6 percent of 
Earth’s surface dwells much of the planet’s biodiversity. Species that use freshwater habitats are threat-
ened at greater rates than other taxa (Ricciardi and Rasmussen 1999). Systematics and taxonomy are also 
incomplete in the freshwater realm. Only recently has a global database of amphibians and the threats 
they face been available1. Freshwater fishes, which comprise approximately 30 percent of the planet’s 
vertebrate biodiversity, are not well described. Hundreds of new species are described annually; thus 
their distributions, threats, and life histories are inadequately understood. There is good reason to believe 
current numbers of imperilled taxa will increase in light of ongoing findings in systematics of freshwater 
species. Because of the importance and imperilment of these freshwater species, international attention 
has recently focused on protecting and managing both inland waters and wetlands.

6.1.1 Definition of inland waters

Inland waters refers to lakes, srteams, rivers and other bodies of water located within continental bound-
aries. The CBD supports the Ramsar definition and framework for delineating and protecting “wetlands”. 
That definition encompasses a very wide diversity of ecosystem types: 

… areas of marsh, fen, peatland or water, whether natural or artificial, permanent or 

1  http://www.globalamphibians.org
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temporary, with water that is static or flowing, fresh, brackish or salt, including areas of marine 
water the depth of which at low tide does not exceed six metres… [These areas] may incorporate 
riparian and coastal zones adjacent to the wetlands, and islands or bodies of marine water deeper 
than six metres at low tide lying within the wetlands2.

This chapter addresses both inland waters and wetlands (collectively termed “freshwater systems”) 
because remote sensing and spatial analysis techniques used to study each inform one another and differ 
markedly from those used in terrestrial systems. 

6.1.2 Feasibility of remotely sensed indicators for inland waters

Their importance and imperilment underscore the need to map and monitor freshwater systems using 
remote sensing as well as data collected directly from wetland habitats. When asked about the feasibil-
ity of identifying, delineating, and monitoring wetlands on a global basis using Earth observing (EO) 
satellites, the Chair of the European Space Agency’s Earth Science Advisory Committee, Professor 
Hartmut Graßl, replied that global wetland monitoring is already possible, given the all-weather capa-
bility of synthetic aperture radars on ERS-1/2, Envisat and Radarsat-1 along with many available high 
spatial resolution optical sensors from several space agencies.3

Graßl (2006) pointed out, however, that many nations do not yet have the requisite expertise, 
hardware, and software needed to analyze wetlands using remote sensing. The physical diversity of 
wetlands requires that earth-observing satellite systems acquire data in cloudy as well as cloud-free 
conditions, help distinguish vegetation types by stature and/or species in both dry and wet conditions, 
and offer repeated observations in order to characterize the dynamic changes inherent to hydrologi-
cally dominated systems. Given these different requirements, data from multiple satellite platforms 
and instruments must be employed. 

High spatial resolution satellite and aerial data hold much promise for analyzing wetlands. Data 
from the SPOT sensors launched and managed by Centre National d’Etudes Spatiales (CNES) pro-
vide panchromatic imagery of approximately 1-5 m resolution. Commercial EO data, such as from 
Quickbird and Orbview-3, offer multispectral data with a nominal pixel resolution of approximately 
1 metre. Aerial surveys also offer data at this resolution. In many cases, data acquired from aircraft 
platforms may be available, in which case many types of sensors may be considered. For example, 
hyperspectral optical imagery, light detecion and ranging (lidar), forward-looking infrared (flir), and 
side-looking airborne radar (SLAR) may be available to wetlands researchers via aerial platforms. 
However, because these types of data are both expensive and not globally available, they may not be 
practical for national-level assessments of freshwater ecosystems. The resolution limit of data available 
to government agencies and contractors at an affordable price is approximately 30 m. 

Mapping freshwater systems and deriving biological indicators of species composition or ecosys-
tem condition are conducted collaboratively and in parallel. The products of each set of analyses may 
be statistically related. Taken alone, however, operational wetland indicators via remote sensing are 
somewhat limited. 

The objective of this chapter is to describe how freshwater systems can be delineated using moderate 
resolution remote sensing and to suggest ways to incorporate biophysical assessments into monitoring 
efforts. Static data sets provide baseline boundary information for identifying rivers, inland water bod-
ies, and watersheds. Because wetlands are inherently dynamic due to intra-annual fluctuation of water 
inputs and outflows, time-series methods are used to characterize that hydrologic variability. The most 

2  Articles 1 and 2 of Ramsar Convention, http://www.ramsar.org/about/about_infopack_1e.htm
3  Interview cited on ESA web site (http://www.esa.int/esaEO/SEME290CYTE_index_0.html); accessed November 7, 2006.
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rapid advances in remote sensing of wetlands coincide with direct collaboration between field scien-
tists and remote sensing practitioners, especially when developing indicators of ecosystem integrity. 
In some cases, physical and biological assessments have been repeated through time, thus providing 
insight into the feasibility of operationally monitoring wetlands. These three themes (delineating wet-
lands globally using static representations, characterizing variability in the physical makeup of these 
systems, and collaboration between biodiversity and remote sensing scientists) present avenues and 
opportunities for linking wetland biodiversity to remotely sensed metrics. 

6.2 Delineating extent

6.2.1 Global datasets

currently, there are two global databases of inland waters. The freely available Surface Water Body 
Database4 (Slater et al. 2006) provides boundaries for large water bodies globally constructed using 
elevation data from the Shuttle Radar Topography Mission (SRTM) in combination with optical imagery 
from Landsat. The Global Lakes and Wetlands Database (Lehner and Döll 2004) contains data at three 
coordinated levels on 1) large lakes and reservoirs, 2) smaller water bodies, and 3) wetlands. The input 
data include remote sensing products such as land cover (Birkett and Mason 1995; Loveland et al. 2000). 
High-resolution mapping has been carried out for a small number of countries or regions, but the lack 
of a common classification system has hindered integration of these results with other continental or 
global-scale datasets. 

Delineation and classification of vegetation from space have been demonstrated for a variety of wet-
land types (Atlantis Scientific 2002). However, several geographical features conspire against the opera-
tional use of EO satellites to map and monitor aquatic systems on a global basis. For one, despite the fact 
that water covers most of the planet, inland waters are sparsely distributed. Total global inland water area 
is between 8 and 10 million square kilometres, or 6.2-7.6 percent of total land area. Lakes and reservoirs 
cover much of about 2.7 million square kilometres, or 2 percent of global land area. Freshwater marshes 
and floodplains cover about 2 percent of Earth’s land. The vast majority of wetlands are small. Half are 
less than about 200 ha, and about 90 percent are probably smaller than a 15 km x 15 km area (Atlantis 
Scientific 2002). The size of aquatic ecosystems spans 12 orders of magnitude, from spring seeps on the 
order of 1 m2 (10-6 km2) to the Caspian Sea, whose area is 3.7 x 105 km2. Wetlands that had been listed 
with the Ramsar Convention by 2002 ranged in size from 1 ha to 7 x 106 ha (Atlantis Scientific 2002). 
Delineating wetland extent therefore requires data at all extents and resolutions as well as a diverse set of 
methods aimed at extracting relevant ecosystem parameters. 

6.2.2 Regional or national scale

The task of using remote sensing to inventory inland waters is non-trivial, but there are many Earth 
observation capabilities available that can be exploited more fully to assess wetlands (Melack 2004; 
Mertes et al. 2004). The following sections describe ways of delineating the extent of inland waters and 
wetlands. The first examples address those below detection limits of data commonly available through 
EO satellite platforms while the latter examples address large inundated areas or open water bodies that 
may be studied using EO satellites whose data are affordable to governments around the world.

4  http://www2.jpl.nasa.gov/srtm/
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6.2.2.1 Inland waters below detection limits

Most smaller rivers are not directly detectable using data at or below the 30-m resolution threshold 
considered a practical limit for national assessments. Often, analysts turn to watershed analysis within 
geographic information systems (GIS) software. These methods use digital elevation model (DEM) 
data to infer the direction that water would flow if travelling overland and downhill from any point 
in a landscape (O’Callahan and Mark 1984). Once flow direction information has been extracted, it is 
possible to infer the total number of cells, and hence area, above every cell in a DEM. The GIS database 
may further include watershed and river attributes such as forested area, land use, river discharge at 
measured locations, resident species, important features such as dams, water withdrawal points, dis-
charge points, or other information pertinent to hydrology or biodiversity of wetlands (Hutchinson 
1989). These GIS methods provide a means for tracking physical and biological conditions in rivers 
and watersheds (See Case Study 6.1).

HydroSHEDS (Hydrological data and maps based on SHuttle Elevation Derivatives at multiple 
Scales) represents waterbodies, waterways, watersheds, and surface hydrology on a near-global basis 
and at multiple resolutions (Lehner et al. 2006). The data were built from NASA’s SRTM (NASA 2005) 
data, which describe surface elevations for Earth’s land area lying between +/- 57 degrees latitude. 
HydroSHEDS data may be downloaded free of charge (http://hydrosheds.cr.usgs.gov/). The goal of 
developing this database was to generate key data layers to support watershed analyses, hydrologic mod-
elling, and freshwater conservation planning at previously inaccessible quality, resolution, and extent. 
The seamless coverage of HydroSHEDS makes this dataset useful for continental analyses because it 
eliminates the need to blend multiple data sources.

Case Study 6.1: Stream and Watershed Databases for 
large regions: Construction and Applications

Watershed boundary and river channel identification within a GIS can help delineate and describe 
river ecosystems, These methods are: 1) watershed classification based on watershed and stream 
morphometry, 2) hillslope-derived sediment modelling, and 3) relating watershed characteristics 
with biota in receiving waters (Gardiner 2002). 

The study area was an 8600 km2 region in western North Carolina (Figure 6.1) that included 
four watersheds: Little Tennessee, Tuckaseegee, Pigeon, and French Broad. The backwater reaches 
of Lake Fontana define the watershed outlets for the Little Tennessee and Tuckaseegee River water-
sheds in this study. The North Carolina border with Tennessee defines the northern extent of the 
Pigeon and French Broad study areas. For every stream in this study area, watershed boundaries 
and river networks were extracted and defined. Road density, percent forested area in 1970, and 
percent forested area in 1993 were each measured above sampling locations using GIS analyses 
for each watershed between 10 and 40 km2 and with outlets between 550 and 720 m in elevation. 
Those data were submitted to cluster analysis (statistical classification methodology) to identify 
four distinct classes of watersheds: Undisturbed, Rural, Suburban, and Urban (Figure 6.2). This 
classification scheme allowed stream ecologists to hypothesize where streams with similar condi-
tions might be found within a large region. The watershed database provided focal study areas 
for a sediment model based on the Revised Universal Soil Loss Equation (Renard 1997). Land 
use and local slope each influence the amount of soil loss within a given cell, and each cell’s soil 
loss estimate was accumulated in the down-slope direction until it reached the stream channel. 
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A sediment transport capacity function was used to limit the allowable mass of sediment moving 
through a given cell (Moore and Wilson 1986). This model proved effective at estimating annual 
sediment flux from entire watersheds (Figure 6.3). Further, these measures of sediment loading 
helped to predict the proportion of endemic fishes found within samples throughout the study 
area (see Scott and Helfman 2001). 

Watershed boundaries and river network data provided the framework for watershed classifi-
cation and evaluation of land use effects on stream ecosystems across a large region. By examining 
the broad landscape, water resource professionals will increase their understanding of land use 
effects on water quality and ecological integrity.

FIgure 6.1 Study area, including four watersheds, in western North Carolina.
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FIgure 6.3 Modeled sediment yields were good predictors of calculated sediment yield. Regression 
estimates are shown with a sold line; 95 percent confidence intervals are shown with dotted lines.

Watershed Classes
 Undisturbed
 Rural
 Suburban
 Urban

FIgure 6.2 Watershed classification.
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6.2.2.2 Large inundated areas

Large areas that are inundated may be directly mapped using remote sensing. A simple means of 
evaluating the areal extent of water is to analyze near infrared reflectance in a passive optical image 
because water absorbs most infrared energy, generating strong contrast with surrounding landscape 
features that reflect infrared wavelengths (Figure 6.4). While rapid, deriving boundaries for inundated 
areas requires careful editing to ensure good results. Passive optical imagery is neither effective for 
delineating water beneath a closed canopy nor in cloudy conditions that are perennial throughout 
much of the tropics. 

The limitations of passive optical imagery have promoted radio detection and ranging (radar) 
technology as a rapid means of discerning open water since the wavelengths used are long enough to 
penetrate clouds, haze, and vegetation. Radar also provides unique information about surface texture 
and reflective properties. Radar can effectively discriminate open water, inundated vegetation, and veg-
etation on dry land. Though radar data analysis expertise is not as common as optical remote sensing 
techniques, radar is indispensible to wetland delineation and monitoring. A challenge of analyzing radar 
data is how to properly interpret single-, double-, and multiple-return signals received at the sensor. 
Direct collaboration between vegetation scientists and remote sensing specialists brings both perspec-
tives to the interpretation process. Working collaboratively with experts familiar with vegetation present 
on the ground at Mer Bleue, Atlantis Scientific (2002) used a Van Zyl (1989) classification algorithm to 
attribute single- vs. multiple-return signals to distinct vegetation life forms, such as herbaceous, emer-
gent, shrub, and tree. 

Pilot studies conducted by the Treaty Enforcement Services using Earth Observation (TESEO) pro-
gramme of the European Space Agency (Atlantis Scientific 2002) demonstrated the joint capabilities of both 
passive optical and active radar remote sensing for delineating and identifying wetland vegetation and other 
features at three Ramsar sites: Mer Bleue, Canada; Doñana, Spain; and Djoudj, Senegal. Their study of the 
Mer Bleue wetland in Ottowa, Canada utilized Landsat 7 ETM+ data as well as multi-date, multi-polariza-
tion C-band synthetic aperture radar data from both Envisat’s ASAR sensor and Radarsat-2. Landsat data 
were used to map several vegetation classes. Radar data provided locations of tree stems emerging from 
inundated areas. The optical, Landsat data helped distinguish species associations, which were themselves 
identified through collaboration between remote sensing professionals and vegetation scientists. Radar data 
provided direct evidence for the location and extent of inundated areas and emergent vegetation. 

The work begun by TESEO has continued, now under the auspices of GlobWetland, which itself is 
funded by the European Space Agency to study 17 sites around the world. Methods implemented by 
GlobWetland build on a body of knowledge pioneered by TESEO at Ramsar sites, but a separate effort 
in the Amazon (Melack 2004) provided concordant recommendations. Each of these research efforts 

FIgure 6.4 True colour Landsat 7 ETM+ images of Hamoun Lake, bordering Iran and Afghanistan. 
Source: http://earthobservatory.nasa.gov/Newsroom/NasaNews/2004/2004082717537.html

August 1999 May 2001 May 2003
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concurs that multiple polarizations5 of radar data are essential to differentiate vegetation types and inun-
dated vs. non-inundated forests. Given the utility, availability, and familiarity of optical remote sensing 
data (see Case Study 6.2) and the discriminatory power of radar to detect surface conditions below tree 
canopies as well as clouds, it is clear that multiple data types and sources must be used to effectively map 
wetland vegetation (Atlantis Scientific 2002). 

Case Study 6.2: Remote monitoring of Biodiversity at  
Doñana National Park

Author: Ricardo Díaz-Delgado Hernández

Established in 1968, Doñana National Park (537 km2) is both a Biosphere Reserve and a Ramsar 
Site. It contains the largest wetland in Europe, a com plex matrix of marshlands (273 km2), phreatic 
lagoons, a 25 km-long dune ecosystem, and representative Mediterranean terrestrial plant communi-
ties (Figures 6.5a and 6.5b). Conservation objectives include the preservation of critically endangered 
species (Iberian Lynx, Imperial Eagle), waterfowl, and representative Mediterranean wetlands and ter-
restrial ecosystems. Doñana is both a critical stopover site for Palearctic birds migrating to Africa and 
an important overwintering site for waterfowl.

Remote sensing has been used as a monitoring tool for Doñana ecosystems since 2002; images are 
being used to monitor:

Shoreline and dune system dynamics �
Sedimentation processes in the marshland �
Terrestrial and marshland plant community changes �
Temporal patterns of marsh inundation and water turbidity �
Monitoring progress with ecological restoration of transformed marsh areas �
Land use and land cover changes in the vicinity of Doñana National Park. �

A time series of co-registered and calibrated Landsat satellites images (MSS, TM and ETM+), 
regularly updated through a Landsat-5 TM subscription and many Landsat 7 ETM+ SLC-off scenes, 
provides a record spanning over 30 years (1975-2007). 

Semi-automated image texture and brightness analyses of ETM+ middle infrared (band 7) data 
distinguish sand from other land cover (such as water and pine forests), thus providing dune and 
shoreline boundaries. By comparing scenes from the last 23 years, we have observed that the most 
active dunes have advanced approximately 6 m/yr. In the south of the Park, the beach has advanced 
up to 18 m/yr, though the increase is not evenly distributed across beach front areas (Figure 6.5c). 
Sedimentation rates have increased in the watershed of the marsh in the last decade. Marsh restora-
tion initiatives aim to reduce this trend.

5  For a given wavelength, pulses may be transmitted with horizontal (H) or vertical (V) polarization. Return pulses may be 
recorded in either H- or V-mode, as well. Each radar instrument is characterized by its wavelength (e.g., X, C, L, or P from shorter 
to longer wavelength) as well as the outgoing and return pulse phases, which are designated as HH for horizontal-horizontal, 
HV for horizontal-vertical, and so forth. Shorter wavelength (C-band) radar data are useful for detecting and mapping floating 
macrophytes, emergent vegetation including grasses and wetland rice paddies, and even leaf area. Scattered Melaleuca forests in 
Australia and low-density Varzea forests in Amazonia may be mapped using C-band data (Melack 2004). This frequency is less 
effective under thick canopies or when stem density increases. Longer-wavelength (L-band) data were better suited to penetrate 
dense stands and closed canopies typical of mature wetland forests with high woody biomass. The most dense forests may require 
use of P-band SAR data, but currently P-band SAR data are only available on aerial platforms. Both HH and HV polarizations were 
needed to map flooded vs. non-flooded forests and woody vs. non-woody vegetation in Amazonia (Melack 2004).
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In recent decades, land cover conversion and overgrazing have changed inundation patterns and thus 
susceptibility to drought. We use supervised classification to map both shrublands and marshland vegeta-
tion. Field observations from sampling plots, established as training areas where forest and shrubland stand 
structure are measured on the ground, have corroborated mortality assessments following recent droughts. 
Episodic droughts require joint monitoring via remote sensing and ground-based observations. 

Research focused on discriminating inundation levels, turbidity, and depth using multi- and hyperspec-
tral imagery has enabled us to reconstruct a historical profile of the inundation regime of Doñana marshes. 
Hydroperiod (the time during which a wetland is covered with water) values for every pixel have been 
calculated from inundation maps generated through simple thresholding of TM and ETM+ bands 5 (MSS 
band 4); this near infrared band is the best indicator of water level in shallow wetlands (Díaz-Delgado et al. 
2006a). Hydroperiod helps researchers develop a greater understanding of plant presence, abundance, and 
inundation trends that may be human- or naturally induced (Díaz-Delgado et al. 2006b; Figure 6.6).

A large restoration project called “Doñana 2005” was initiated after a toxic spill from a local mine 
in April 1998 that severely compromised water quantity and quality entering Doñana marshes (Pain 
et al. 1998). Multispectral images together with airborne campaigns of the Airborne Hyperspectral 
Scanner (AHS) tracked the effectiveness of restoration efforts that promoted the return of natural spe-
cies assemblages and the recovery of natural processes.

All information generated from remote sensing is accessible through the worldwide web, allowing 
easy access and use of monitoring results. Two websites are available to visualize and download data:

http://www-rbd.ebd.csic.es/Seguimiento/seguimiento.htm: results for all monitoring topics  �
and methodological protocols.
http://mercurio.ebd.csic.es/seguimiento/: web map server showing the location of all the  �
ground sampling plots and providing results in a spatial context.

The frequent revisit time of Landsat (16 days for either ETM+ or TM but only 7 days using both in 
combination) has proved sufficient for our purposes. The 30m pixels of Landsat have been sufficient 
for landscape monitoring at Doñana. However, the spectral sensitivity of Landsat is insufficient for 
monitoring species assemblages. To discern dominant plant abundance among 8 species of shrub, we 
are using hyperspectral airborne sensors and Spectral Unmixing Analysis (Jiménez et al. 2007).

FIgure 6.5A Location of Doñana (green polygon) inside the autonomous region of Andalucia (red 
polygon) in southern Spain; B Boundary of Doñana National Park (orange line), marshland ecosystems 
(blue line), and Doñana Natural Park (green line); C Zoom of red square in b) displaying an overlay with 
transparency of 1956 (b/w) and 1998 (colour) aerial photos of the mouth of Guadalquivir River showing 
the progradation process (beach creation) at this area. Red and blue lines indicate shoreline in 1984 
and in 2004 respectively as detected through Landsat TM 7 segmentation. 

A C

B
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FIgure 6.6 Average hydroperiod (days) of Doñana marshland estimated from annual hydroperiods of 
the period 1975-2005. a) Rice fields, b) desiccated marsh, c) fisheries, and d) natural marshland.
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6.2.2.3 Mapping variability of water levels and extent

Data acquired at high- and low-water are needed to accurately map wetland extent because these eco-
systems are defined by water level fluctuation and function differently at different water levels (see Case 
Study 6.2). The acquisition time of archived data may be compared to the best-known stage information 
for a given area in order to choose imagery that will be of most use for characterizing high- and low-
water regimes of the targeted ecosystem. For upland wetlands, antecedent soil moisture and precipitation 
affect river discharge, wetland extent, and surface water levels and therefore influence the optimal date 
for acquiring imagery. The situation is more complex for seasonally inundated systems that receive water 
input from rivers because river flood stage and peak flow are influenced by upstream, catchment-wide 
hydrological factors that delay peak discharge relative to peak precipitation events. Temperate rivers 
reach bank full stage with a recurrence interval of between 1.5 and 2.5 years, suggesting that optimal data 
for analysis might appropriately come from different years in order to capture both low- and high-water 
events within the data record for a site. Mapping the high- and low-water stages of rivers with active 
floodplain systems, such as the Amazon, is important since the function of these systems is defined rela-
tive to that variation in water level and extent. 

The behavior, function, and aerial extent of wetlands changes through time, so characterizing 
changes in habitat quality requires a thorough understanding of natural variability. Water and nutri-
ents are transported from headwaters to downstream river ecosystems, but there is a bidirectional  of 
rivers with active floodplains. Nutrient flux from floodplains into river food webs is an important link-
age between rivers and the floodplain habitat associated with them. When researchers first mapped 
and compared the extent of floodplain inundation at high- and low-water levels, they surmised that 
the mass of carbon emitted from rivers in the form of CO2 during high water stages throughout the 
year was comparable in magnitude to the amount of carbon transported down river (see Melack 2004). 
Thus, accurate mapping at high- and low-water levels has led to significant new insights into the struc-
ture and function of aquatic systems. 

Recent remote sensing efforts have demonstrated how to map floodplain forests using a variety of 
satellite sensors and data available at multiple resolutions. Hamilton and colleagues (2007) used remotely 
sensed data in combination with HydroSHEDS river network data to characterize wetlands in flood-
plains of the Madre de Dios River. They mapped floodplains, standing water, and vegetation associated 
with unique geomorphic settings in this flood-dominated ecosystem (see Figure 6.7). This research 
employed object-oriented, contextual classification, a set of techniques that utilizes the spatial setting 
of landscape features to help identify and classify imagery. Image data included Landsat 7 ETM+ data, 
elevation profiles from NASA’s SRTM, and JERS-1 L-band radar scatterometer mosaics. The Landsat 
and SRTM data were stacked and subsequently divided into clusters of pixels. Landsat data and JERS-1 
mosaics were used to classify image clusters describing small features, such as individual meander 
bends. At a coarse scale, SRTM elevation data successfully distinguished uplands from floodplains. Their 
hierarchical, multi-scale analysis combined the unique capabilities of optical and radar data to extract 
vegetation classes and geomorphic types. Both vegetation and geomorphic features were further related 
to hydroperiod, with water and vegetation features closer to the river showing chemical and hydrologic 
influences from the river while features set back into the floodplain were more influenced by groundwa-
ter than by the river. Those biogeochemical classifications were determined and verified through ground 
surveys and laboratory analyses. This study demonstrates the capabilities of modern remote sensing 
image processing when applied to DEM, optical, and radar data. In situ data enhanced the authors’ ability 
to delineate ecologically relevant features of a flood-pulse dominated landscape. 

If a water body is between 0.5 and 1.0 km in width or 100-300 km2 in area, satellite-based radar 
altimeters may be used to monitor their water levels (Mertes et al. 2004). That size restriction eliminates 
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about 90 percent of Ramsar sites (Atlantis Scientific 2002), but for large, open water bodies, this tech-
nology has proven highly valuable. It is being used operationally by the United States Department of 
Agriculture (USDA) Foreign Agriculture Service (FAS) to monitor water supply throughout the world 
(Figure 6.8)6.

The 2002 TESEO study (Atlantis Scientific 2002) emphasized that C-SAR data were effective in 
identifying the varying extent of wetlands through wet and dry seasons. Inundated areas with no vegeta-
tion scattered radar signals but did not reflect them back to the sensor. Thus, water areas appeared dark 
in resultant imagery. This principle underlies the use of radar for delineating the extent of open water. 
Where emergent vegetation was present, some backscatter was evident. This physical property allows 
analysts to clearly identify inundated vegetation. Employing these principles, the TESEO study mapped 
seasonal wetland variability. In spring, there were wide expanses of open water and flooded vegetation 
whose area decreased through the dry summer and early fall; in October 1995, wetland extent increased 
once again. This ability to monitor the seasonal changes in extent of open water and flooded vegetation 

6  http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir/

FIgure 6.7 Floodplain vegetation in the Madre de Dios River System, Brazil (Hamilton et al. 2007).
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is useful for characterizing wetland responses to varying hydrologic periods.

6.2.2.4 Coupling biological and physical assessments

To evaluate in situ biological and physical properties of river ecosystems, researchers often use “mul-
timetric” indicators, statistical descriptions that simultaneously describe a site’s species and local 
habitat relative to undisturbed sites with similar landscape settings. Multimetric indicators are derived 
empirically from a set of sites or through time, for example from density or relative proportion of taxa 
collected at a site or group of sites. The categories and point assignments used to derive multimetric 
scoring systems must be calibrated to the fishes, macroinvertebrates, or microbes found in streams 
and rivers within a bioregion, so this work is conducted by a biologist with the requisite expertise in 
regional fauna and flora. Fish and invertebrate ecologists have the most experience using multimetrics 
to describe and categorize ecosystem health in rivers and streams, but taxonomists and ecologists are 
studying how to develop indicators of stream health that focus on the microbes found at a stream 
sampling site. Multimetric scores can be compared statistically to land use data derived from remote 
sensing and extracted on a watershed basis using GIS software. This statistical approach guides infer-
ences about the effect of watershed practices on streams or rivers. This procedure is widely practiced 
but should be conducted only through direct collaboration among experts in GIS, remote sensing, and 
freshwater biology. 

Large rivers, lakes, reservoirs, and estuaries provide sufficient surface area for direct detection by 
space-based sensors of water and water quality parameters that are sensitive to catchment-wide land use 
changes as well as internal physical, chemical, and biological dynamics. Direct detection and satellite-
based modelling of primary productivity in large lakes has been feasible for several decades (Dekker and 
Seyhan 1988, Dekker et al. 1991, 1992a, 1992b, 1993). Two low-resolution sensors, MODIS and SeaWifs, 
have operational chlorophyll detection algorithms that exploit the high reflectivity of phytoplankton in 
infrared wavelengths. Hyperspectral technologies have also been used to study primary productivity of 
inland waters (Hoogenboom et al. 1998), although these studies focus on very small areas and use data 
not available on a global basis. Optical data are also used to estimate suspended solids concentrations in 
large water bodies (Dekker et al. 2001). 

6.3 Changes in Habitat and ecosystem Quality

Change and variability are inherent to the structure and functioning of wetlands. Just as one may assess 
the natural variability of water extent, exogenous inputs, and biota within wetlands, it is possible to 
measure long-term trends and changes to wetlands using the same or similar methods. Some changes to 
wetlands can be evaluated somewhat directly, for example the influence of land cover change on the tim-
ing and delivery of water and suspended constituents to rivers, or the effect of global warming on boreal 
wetlands. This section focuses on watershed-based, optical, and radar-based monitoring of wetlands that 
are undergoing anthropogenic change. 

6.3.1 Rivers and watersheds

Land cover change upstream of receiving waters alters the hydrologic, nutrient, and physical tem-
plates of those ecosystems. When forested catchments are clear-cut in temperate forest ecosystems, 
recovery of some parameters, such as nutrient retention and turnover, requires up to several years to 
re-establish pre-disturbance regimes. Other physical characteristics require decades for recovery. For 
example, sediment delivered to rivers and streams following a major disturbance, such as watershed-
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FIgure 6.8 Satellite tracks for Jason-1 satellite passing over Lake Kara Bogaz, Turkmenistan, overlain 
on Landsat 5 TM image (top). Graphs on right depict lake elevation from both TOPEX/Poseidon (blue) 
and Jason-1 (credit: USDA global reservoir database). The steady increase from 1992 through 1995 
demonstrates the rising water elevation following a breach of the barrier with the Caspian Sea, which led 
to the formation of this water body.
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wide clear-cutting, may require infrequent, episodic torrential rain events in order to generate suf-
ficient hydrologic power to redistribute large quantities of sediment downstream. Once vegetation 
recovers, the legacy of historic deforestation events can therefore have a very long-lasting impact on 
the habitat template of stream ecosystems. 

In addition to characterizing ongoing changes to streams through monitoring catchment-wide land 
cover change, understanding wetlands requires that one document and understand the historic changes 
that have occurred in that ecosystem’s watershed. The methods for characterizing hydrologic processes, 
and therefore the integrity of flowing water ecosystems, hinge on accurate delineation of land cover and 
historic land cover throughout a watershed. Specific techniques for analyzing land cover are addressed 
throughout this volume. Given adequate land cover data for key dates, for example before and after 
major land use changes, it is possible to quantitatively estimate changes to hydrologic regimes or load-
ings of constituents that alter habitat quality, such as sediment, nutrients, and trace elements. As with the 
assessments described previously (e.g., Case Study 6.1), the relationships between watershed conditions 
and river discharge, loadings, and concomitant habitat quality must be calibrated based on knowledge 
of regional conditions. 

Spatial data describing regional climate patterns, physiography, land cover, and land use lend insight 
into how to manage watersheds. Conservation planners prioritize their effort using the best available 
data describing a region of interest. Often, data describing biodiversity are absent, so planning must 
move forward in the absence of biological information using surrogate measures such as climate infor-
mation. Planners and researchers from WWF-US, Michigan State University, Woods Hole Research 
Center, and WWF-Peru recently prioritized conservation recommendations for a 160,000 km2 headwa-
ter region of the Madre de Dios and Orthon rivers in Peru (Thieme et al. 2007). Each river is a tributary 
of the Amazon River, and the study area as a whole is within the southwestern Amazonian Moist Forests 
ecoregion of the Global 200 priority regions identified by Olson and Dinerstein (1998). The work used 
GIS-based analyses of terrain, vegetation, and existing protected areas to recommend areas for conserva-
tion attention. The study’s authors hope the work will prevent problems arising from road building and 
other land-clearing activities that are likely to accompany oil and gas exploration in the region. Activities 
such as these will remove vegetation and expose soil, thereby increasing sediment delivery to waterways 
through erosion and transport of disturbed soil. Sedimentation is among the most common processes 
that degrade river ecosystems. GIS data describing watershed boundaries, stream channels, and water-
shed morphometry provided requisite data for evaluating potential discharge along stream segments, 
percentage of watershed area found within the Andes, and connectedness of river segments among 
protected areas that have already been identified. Watershed-based analyses, such as those conducted in 
the Madre de Dios River basin, are an essential component of evaluating the potential influence of land 
use decisions on wetlands. 

6.3.2 Ecosystem structure and function

Remote sensing analyses complement campaigns focused on the structure and function of wetland eco-
systems. For example, due to changes in freeze-thaw cycles and permafrost conditions stemming from 
global warming, there is increasing attention and interest in greenhouse gas emissions from boreal for-
ests. Approximately 25 percent of the carbon that is bound within terrestrial ecosystems is likely found 
in high-latitude peat lands (Hess and Melack 1994). When they dry out, peat lands respire CO2 and CH4 
into the atmosphere, so monitoring inundation in these areas is important for quantifying greenhouse 
gas emissions from peat lands. In boreal Siberia and eastern Canada, Gorham (1991) posited that satellite 
data may be used to monitor the declining area of open water as an indicator of global warming effects 
on peat land ecosystems, but that effort also requires contribution from biogeochemists with expertise 
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in quantifying and evaluating outgassing. Conversely, biogeochemists recently estimated that methane 
emissions from seasonally melted lakes in permafrost regions of Siberia may contribute about twice as 
much CH4 to the atmosphere as previously thought (Walter et al. 2006). Their estimates were based on 
field-collected samples from a handful of lakes, and results were extrapolated based on estimates using 
GIS and remote sensing (Figure 6.9). Kimball and colleagues (2006) have used microwave data to show 
that seasonality has changed in recent decades, with warm temperatures arriving earlier in the year and 
cold temperatures arriving later. 

The examples provided demonstrate the feasibility of using remote sensing indicators to measure 
natural variability in wetland extent. Coordinated field campaigns and remote sensing research can 
yield statistically rigorous relationships between remote sensing indicators and biophysical charac-
teristics of wetland ecosystems. For rivers below the detection limits of remote sensing, watershed 
modelling within GIS software utilizes remotely sensed land cover information to derive hydrologic 
and suspended loading information that can be used to infer habitat quality parameters. Larger water 
bodies may be directly mapped, both in terms of aerial extent and water elevation. 

6.4 Summary of the use of Satellite Data for Operational Monitoring

The most promising avenues for developing remote sensing indicators for riverine ecosystems that are below 
the direct detection limits of satellites are: 1) watershed classification, which incorporates GIS data and remote 
sensing measures of land cover and land use, and 2) developing statistical relationships between biota and 
watershed or river reach descriptions stored within a GIS and derived from both GIS data and remote sensing. 
Remotely sensed observations may be used effectively to delineate wetland ecosystems; data interpretation 
requires expertise in ecosystem assessment. Ecologists familiar with a given site can greatly enhance the ability 
of remote sensing analysts to extract meaningful map products from satellite-derived data. 

Mapping wetlands around the world has previously been conducted at low resolution; within 

FIgure 6.9 Seasonally melted, freeze-thaw lakes (yellow outlines) in northeastern Siberia depicted in a 
Landsat 7 image. Methane release from these lakes is greater than previously realized.
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1-degree cells, inundated area was estimated to provide some idea of greenhouse gas emissions from 
five types of wetlands (Matthews and Fung 1987). Mapping at higher resolution will require both opti-
cal and radar sensor systems. Countries seeking to delineate freshwater systems rely on data available 
through government agencies and government purchase agreements. The one- to two-day repeat interval 
offered by low-resolution optical sensors, such as MERIS or MODIS, offers imaging data of particular 
use in areas not obstructed by clouds and for large water bodies. The medium resolution capabilities of 
NASA’s Landsat series of instruments and CNES’ SPOT instruments offer resolution between 30 m and 
5 m and therefore reveal more detail about smaller water bodies and seasonally inundated areas. Canada 
Space Agency’s synthetic aperture radar (SAR) data are an important resource for mapping wetlands 
globally. Radarsat-1 provided HH-polarization only, while Radarsat-2 provides both single- and dual-
polarization. Radarsat-2 can provide SAR data at a resolution of up to 3 m. 

A variety of researchers (see Melack 2004 and references therein) and demonstration projects (see 
Mer Bleue studies by Atlantis Scientific 2002) have found that C-band radar can be used to measure 
seasonal changes in inundation of vegetation, even for low-stature grasses and forbs. The VV polariza-
tion of C-band radar data has been shown to be sensitive to the density of rice in fields as well as natu-
ral wetland, non-woody vegetation. The longer wavelength, L-band of radar penetrates the more dense 
canopies of forests and therefore can distinguish flooded and non-flooded forest vegetation. C-band 
SAR is a promising sensor type for monitoring seasonal changes in flooded vegetation. Polarimetric 
C-band SAR can discriminate major classes of vegetation, such as herbaceous cover, shrubs, and 
forests. Radar altimetry and interferometry hold promise for measuring subtle elevation changes in 
peat bogs and may provide an indication of annual vegetation growth. HH polarization distinguishes 
inundated vegetation from dry vegetation and from water due to backscatter characteristics of each 
of these feature types.

6.5 Data and Other resources

HydroSHEDS
HydroSHEDS promises near-global river drainage information at multiple resolutions (http://www.
worldwildlife.org/freshwater/hydrosheds.cfm)

Surface Water Database from NASA/JPL (http://www2.jpl.nasa.gov/srtm/)
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