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Abstract. This review contributes to a project promoted by the cluster of excellence "Integrated 
Climate System Analysis and Prediction (CliSAP)" to evaluate the preservation potentials of 
freshwater wetlands in Europe under consideration of climate change. In Europe wetlands have 
been drained and converted for centuries. The remaining wetlands are fragmented and often in a 
degraded state. During the last years efforts have been made to restore and preserve wetlands 
for various purposes, because wetlands provide crucial services and functions. They affect the 
carbon, water, and nitrogen cycles, serve as habitat for many plant and animal species, and act 
both as sink and source of greenhouse gases. In this sense, wetlands, its functions, and spatial 
extension may also be of significance in global and regional climate modeling. A fully coupled 
wetland-climate model under consideration of land use has not yet been developed; and within 
earth system models, wetlands are included as static shape with fixed boundaries. Wetlands 
have also received little attention in large-scale economic models of land use. But with relatively 
high European political ambitions for climate change mitigation, biodiversity protection, energy, 
water, food, and civil security, the question arises how to optimally govern wetlands in order to 
maximize market and non-market benefits. Qualitative and quantitative data on wetland 
ecosystems, its functions and services are required as base input for such model approaches. 
But often these studies are hindered by a lack of knowledge on wetland ecosystem functions, 
processes, as well as its spatial and temporal distribution under changing conditions. This paper 
summarizes existing knowledge on European freshwater wetlands under changing climatic 
conditions and discusses research gaps needed to be filled. The paper further compares the 
results with research undertaken globally by indicating uncertainties and variations. 
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1. Introduction  

Wetlands are the transitional areas between aquatic and terrestrial environments. They 

vary in soil, topography, climate, hydrology, water chemistry, vegetation, and often also 

because of human disturbance (Pott & Remy, 2000). The main focus of this study is 

European inland freshwater wetlands. In Europe, inland wetlands are most common on 

floodplains along rivers and streams, along the margins of lakes and ponds, on slopes 

associated with springs, as well as in low-lying areas or depressions where the 

groundwater intercepts the soil surface or where precipitation sufficiently saturates the 

soil. According to the Ramsar Convention on Wetlands (Ramsar, Iran, 1971, Articles 1.1 

and 2.1 of the convention), inland wetlands also include shrub- or tree-dominated 

swamps, as well as marshes and wet meadows dominated by herbaceous plants, which 

are usually manmade. Many of these wetlands are seasonal and may be wet only 

periodically. The quantity of water present and the timing of its presence partly determine 

the functions of a wetland and its role in the environment (Mulamoottil et al., 1996).  

The majority of European wetlands have for centuries been subject to anthropogenic 

modification, principally through drainage and conversion to other land uses. Indeed, it 

has been estimated that more than 70% of all European wetlands existing at the beginning 

of the 20th century have since been lost to urbanization, peat extraction, or agriculture 

(Joosten & Clarke, 2002), and those remaining are fragmented and often in a degraded 

state. This has culminated in the situation we face today, in which wetlands are 

recognized as one of the most threatened ecosystems in Europe and throughout the rest of 

the world (Millennium Ecosystem Assessment, 2005).  

Recent efforts have aimed to restore and preserve European wetlands, driven mainly by 

the recognition that they provide crucial services and functions, but also because of their 



high cultural value (European Commission, 2010). Wetlands affect, among others, the 

carbon, water, and nitrogen cycles, and serve as habitat for many plant and animal 

species. The latest IPCC Report states that climate change may have significant impacts 

on the world’s wetland resources (Parry et al., 2007; Bates et al., 2008), including a 

decline in functioning wetland areas within most ecoregions and a shift in the geographic 

location of certain types of wetlands (Erwin, 2009). At the same time, some studies have 

also shown that wetlands might play a significant role in the global greenhouse gas 

budget (Drösler et al., 2008). In this sense, wetlands, their functions, and spatial 

extension are of great significance in terms of global and regional nature conservation 

and land use planning, but also in climate modeling. 

The European Union has set out relatively high political ambitions for climate change 

mitigation and biodiversity protection, as well as for energy, water, food, and civil 

security (cf. European Commission, 2006 and 2010). Wilby et al. (2010) list those 

European research programs that are addressing aspects of climate change and freshwater 

ecosystem management, and within this context the question arises as to how one governs 

wetlands optimally, against the backdrop of potential climate change effects, in order to 

maximize market and non-market benefits. In principal, integrated models that consider 

land use, the distribution of ecosystems, as well as hydrology and climate, are most 

suitable for solving such large-scale problems. However, all of these models require 

qualitative and quantitative data on wetland ecosystems, their functions and services, as 

well as their resilience to changing climates or hydro-periods as their base inputs.  

The aims of this study are: (i) to give an overview of existing data on freshwater wetlands 

in Europe; (ii) to summarize the state of the art in European wetland distribution 



modeling; and (iii) to review the scientific knowledge about climate-change-driven 

implications for wetland distributions in Europe. The main discussion point is the 

feasibility of integrating the compiled knowledge into regional climate and land use 

models. Contingent research gaps in this context will furthermore be highlighted.  

2. Materials and Methods 

To successfully integrate wetlands into land use and nature conservation planning on a 

European scale, we need geospatial information in three key areas. First, information on 

the actual distribution of existing wetlands and their characteristics, such as size, land 

use, human impacts, and conservation status is crucial. Second, we need to identify 

replacement areas that are potentially suitable for wetland restoration or evasion, and this 

should be done according to physical and natural conditions, as well as in relation to 

strategic and economic factors. And third, the attributes and performance of wetlands 

under changing conditions in hydrology and climate need to be estimated. This also 

includes knowledge of the relationships between catchments and their wetlands. To 

evaluate the available information, we performed a literature search on the following 

topics using ScienceDirect, ISI Web of Knowledge, and Google Scholar: 

a. wetland inventories and existing data on wetlands in the European landscape  
b. wetland distributions in models and models of wetland distributions  
c. ecosystem resilience and the effect of wetlands under climate change  

 

For a particular study to be included in the review, it had to meet certain criteria; namely, 

it must have taken place in Europe, and it must have had a spatial component regarding 

wetland distribution. Only peer reviewed and published studies were selected, and 

relevant journal articles were found in the databases using keyword searches in the three 



topic areas, as well as through scanning the reference lists of these articles for further 

literature. Using the above criteria, searches for studies covering the keyword wetland 

were carried out, as well as further searches for papers relating to the following wetland 

type names: alluvial forest, bog, fen, floodplain, forested swamp, lake, marsh, moor, 

peatland, mire, reed, riverine forest, shallow pond, swamp, wet forest, wet grassland, and 

wet heath. Studies conducted outside of Europe were also taken into account for 

comparison purposes, as well as for a more adequate interpretation of knowledge gaps.  

3. Results 
 
3.1. Spatial Data: Wetland Inventories and Wetlands in the European 

Landscape   

Current climate and land use models are generally conducted on global to continental or 

regional scales (cf. table 2). Owing to their vast coverage areas, these models rely mainly 

on external data rather than field measurements. Knowledge of position, size and 

functions of wetlands in the landscape represent important prerequisites for the 

programming of coherent models aimed at showing potential ecosystem changes. In this 

respect, data integrity is of special significance in order to minimize uncertainties and 

avoid inaccuracies. To date, statistics and data from national or regional wetland 

inventories have been utilized for such models, and most recently, cartographic data have 

also been developed from remote sensing and earth observation techniques (e.g. Prigent 

et al., 2007). This section provides an overview of existing data on European freshwater 

wetlands. 

 

 



3.1.1. Wetland Inventories  

The identification of wetlands and their resources is important for policy making. 

Wetland inventories serve, for example, as tools for the identification of Ramsar sites of 

international importance (Ramsar Bureau). Furthermore, their quantification and spatial 

delineation is important for status and trend analyses of wetland resources, for selecting 

wetlands suitable for restoration, as well as for risk and vulnerability assessments 

(MacKay et al., 2009). On behalf of the Ramsar Convention, numerous national and 

regional wetland inventories have been enforced. The Global Review of Wetland 

Resources and Priorities for Wetland Inventory – GroWI (Finlayson & Spiers, 1999) 

reviews the extent and status of national wetland inventories. The achievements and 

limitations of global wetland inventories have also been assessed and reported as part of 

the Millennium Ecosystem Assessment (2005). As an update and extension of GroWI, 

Nivet & Frazier (2004) published a review of Pan-European Wetland Inventory (PEWI) 

information, which was based on national datasets and described their status and 

limitations. Since 1991, the Mediterranean Wetlands Initiative of the Ramsar Convention 

on Wetlands (MedWet) has collected information on Mediterranean wetlands in a 

comprehensive database (Costa et al., 1996). Analyses of the wetland inventory 

information show that these are inappropriate as a base for consistent spatial distribution 

modeling of wetlands. PEWI revealed that only 13% of European wetland inventory 

material was available as part of a GIS or in a GIS-compatible format (Nivet & Frazier, 

2004). The existing reviews of PEWI and MedWet clearly demonstrate that existing data 

on European wetlands are neither exhaustive nor utilize standardized wetland definitions 

or consistent methodologies, which hampers delineation and international comparisons of 



the individual country estimates (Tiner, 2009). Despite improved coordination and 

integrative inventory regulations, and notwithstanding advancements in earth observation 

applications (Keramitsoglou et al., 2005; Fernandez-Prieto et al., 2006; Fitoka & 

Keramitsoglou, 2008; Melendez-Pastor et al., 2010), exact spatial information is still 

absent for many areas of Europe (van Diggelen et al., 2006). Even the most 

comprehensive wetland inventory information, PEWI, can only be seen as an estimate of 

described wetland cover, and not as true wetland cover. According to Nivet & Frazier 

(2004), the reported data underestimate the extent of wetland sites. Furthermore, it is 

difficult to assess the degree of completeness of individual inventories; plus, estimates of 

the rate of wetland loss and degradation in Europe are incomplete or based on 

unsubstantiated assertions (Moser et al., 1996; Finlayson et al., 2005; Rebelo et al., 

2009). Most recent inventories specify the coordinates and extent of the identified 

wetlands more precisely, as well as ascertain details of the state of the wetland and its 

physical (especially hydrological) and biological functions. These data are of great 

importance for the development of general statements required in models, but so far the 

spatial (and internal) consistency of the combined datasets remains rather limited. 

3.1.2. Earth Observation and Wetland Distribution 

Earth observation technology plays an important role in the provision of wetland geo-

information (MacKay et al., 2009). It simplifies the identification and mapping of 

wetlands at various scales. Several initiatives have started to use earth observation to 

provide better information about wetland distribution, extent, functions and the 

interactions between wetlands and agriculture (Fernandez-Prieto et al., 2006; Davidson & 

Finlayson, 2007; Rosenqvist et al., 2007). The Millennium Ecosystem Assessment (2005) 



promotes the need to build a global assessment and monitoring capability based upon 

earth observation applications. The GlobWetland project (http://www.globwetland.org) 

was launched in 2003 on behalf of the European Space Agency (ESA) and the Ramsar 

Convention Secretariat. Its aims are to develop a coherent and globally comparable 

dataset of geo-information on wetlands by using earth observation techniques. A detailed 

description of the GlobWetland project can be found in Jones et al. (2009). Within the 

framework of the MedWet initiative, Fitoka & Keramitsoglou (2008) describe inventory, 

assessment, and monitoring guidelines for Mediterranean wetlands. Besides inventory 

assessments, earth observation techniques have been used to locate the seasonal and 

episodic inundation of forested and non-forested ecosystems more easily (e.g. Rosenqvist 

et al., 2007), to evaluate status, trends, and changes in wetland ecosystems (Kleinod et 

al., 2005; Milzow et al., 2010), and to derive information on wetland functions (Cai & Ji, 

2009). In this respect, not only satellite data, but also aerial photographs, are a widely 

used data source (Murphy et al., 2007; Aber et al., 2010). So far, these approaches have 

resulted in multiple-scale case studies, where improved wetland-specific methods are 

tested for newly available and advanced remote sensing data (Fernandez-Prieto et al., 

2006; Davidson & Finlayson, 2007; Rosenqvist et al., 2007; Alexandridis et al., 2009; 

Bartsch et al., 2009; Rebelo et al., 2009). However, Pan-European comprehensive spatial 

wetland distribution data based on remote sensing initiatives are still lacking, and in this 

respect the GEOSS (Global Earth Observation System of Systems) and EuroGEOSS (A 

European Approach to GEOSS) initiatives promise to deliver improved data availability 

(cf. GEO Secretariat, 2009). Niu et al. (2009) have shown that such large-scale products 

http://www.globwetland.org/


are possible in developing spatially consistent wetland information for China from 

Landsat ETM+ data. 

3.1.3. Comprehensive Spatial Data on European Wetland Distribution 

Wetland distribution at a global scale has been mapped by Matthews & Fung (1987), 

Aselmann & Crutzen (1989), Stillwell-Soller et al. (1995), Darras et al. (1999), Global 

Land Cover (European Commission, 2003), Lehner & Döll (2004), and Prigent et al. 

(2007). Mitra et al. (2005) compared the outputs of several global wetland databases. 

Owing to the global perspectives of these initiatives, spatial resolutions tend to be coarse, 

and wetlands are seldom differentiated in detail, making the use of these data for wetland 

modeling studies at the European scale inappropriate. Few datasets can be used to obtain 

information about European wetland distribution. For example, the Ramsar list is not 

fully representative of European wetlands because it only includes wetlands of special 

interest. The EUNIS (European Nature Information System) database, with its distinction 

of over 2600 terrestrial habitat classes at the fourth level (Moss & Davies, 2002 a, b), is 

very detailed in the information it contains about wetland habitats in Europe; however, 

the spatial data are not complete and use mainly aggregated CORINE Land Cover data of 

ten major habitat types according to the EUNIS habitat classification.  

The CORINE land cover database (EEA, 2000) is the most detailed database covering the 

European Union. One disadvantage for ecosystem studies is the heterogeneity of the 

classes determined by functional land use and not by land cover itself. While the Ramsar 

database or CORINE biotopes data identify both permanent and seasonal wetlands, 

CORINE identifies permanent wetlands only. A digital map of potential natural 

vegetation in Europe produced by Bohn & Neuhäusel (2003) shows the potential 



distribution of wetland vegetation types across Europe. However, as this does not take 

human influences into account, it is only suitable for modeling future changes. The 

European Soil Database (European Commission, 2004) is also only conditionally 

suitable, limited to detecting wetlands through the identification of areas covered by wet 

soils. The difficulty is that the databases described above do not concentrate on wetlands 

alone, but instead cover the whole range of land cover and ecosystem types. Thus, 

forested and non-peat wetland areas are often included in other ecosystem classes. The 

GIS-based Spatial Wetland Distribution Model (SWEDI) (Schleupner, 2010) has been 

developed to overcome these problems. SWEDI is an extraction tool that denotes wetland 

allocations in Europe. It compiles spatial data describing the present distribution of 

wetlands and uses rule-based statements of spatially explicit information on physical and 

land cover parameters. SWEDI distinguishes between existing wetlands and those sites 

that might be suitable for wetland restoration and evasion but are currently under 

intensive human land use. Comprehensive statements about the state of wetland 

ecosystems are missing in all of the datasets described above. 

3.1.4. On Estimations of the overall Extent of Wetlands in Europe 

Regional and national wetland inventories are based on the aggregation of local 

information. Not surprisingly, estimations on the overall extent of wetlands in Europe are 

controversial due to the poor availability of data. Lehner & Döll (2004) stated a European 

wetland area of 26 million hectares, for example, whereas PEWI (Nivet & Frazier, 2004) 

has provided an estimate of 266 million hectares. Such differences arise because of 

differences in wetland delineation and definition, but also because of diverse regional 



demarcation. Therefore, comparisons such as the one above cannot be drawn in order to 

make statements about the accuracy of these data. 

Table 1 illustrates examples of inconsistencies in wetland extent between different 

datasets within the borders of Germany. As wetland data are not collected at a federal 

level, no summaries of data on wetlands are available in Germany and the real wetland 

extent is hard to estimate. Additionally, there are regional variations in terms of quality 

and quantity of the wetland data within the country itself (German Ramsar National 

Report, 1998).  

Table 1. Estimations of wetland areas in Germany from various sources 

Source wetland area in 
ha 

wetland types included comments 

PEWI (Nivet & Frazier, 
2004) 

785,200  
641,400 

inland waters, 
mires 

based more on 
national statistics 
rather than spatial 
data 

Schultlink & Van Vliet 
(1997)  
German Ramsar 
National Report (1998) 

2,107,483 fens, wet pastures, wet woodlands, water 
courses, lakes, reservoirs, dredging pools, 
open mining lakes, ponds and coastal areas 
up to a depth of 6 meters at low tide 

 

SWEDI (Schleupner, 
2010) 

133,383 
448,462 
  11,345 

peatland, 
wet forest, 
natural wet grassland (reeds, sedges) 

 

CORINE LC 2006 
(EEA, 2000) 

57,151 
53,682 
90,543 

moors and heathland 
inland marshes 
peat bogs 

 

GLWD (Lehner & Döll, 
2004) 

328,472 
  40,556 
       278 

lake 
river 
bog, fen, mire  

rough global scale 
database 

Global Land Cover 
Database (European 
Commission, 2003) 

53,400 
 

338,800 

regularly flooded shrub and/or herbaceous 
cover 
water bodies 

 

Ramsar sites (2008) 296,414 inland wetlands including open waters site area, not 
necessarily wetland 
area 
 
wetlands of special 
interest only 

Irish Peatland 
Conservation Council 
(1998)  
Joosten & Clarke 
(2002) 

1,300,000 peatland  

European Soil Database  
(European Commission, 
2004) 

8,446,300 wet or peaty soils  irrespective of actual 
land use 

 



 
 3.2. Wetland Distributions in Models and Models of Wetland Distributions 
 
3.2.1. Wetland Distributions in Models 

The vast majority of recent models that include wetlands treat them as static shapes with 

fixed boundaries (see table 2), thereby neglecting the fact that the area of a wetland may 

alter even with subtle changes in hydrology. A fully coupled wetland–climate model 

under consideration of land use has not yet been developed. Wetlands have also received 

little attention in large-scale economic models of land use. Table 2 shows examples of 

wetland base data for several integrated dynamic modeling approaches of the earth 

system.  

Table 2. The inclusion and omission of wetlands in global- and European-scale models 

base (wetland) data model scope reference model type comments 

mapped wetlands  global    

Cogley (2003); 
Darras et al. (1999)  

CLM4 (Community Land 
Model) 

Oleson et al. 
(2010) 

land surface model land units: glacier, lake, 
wetland, urban, vegetated 
(wetlands = non-vegetated, 
no soil, constant) 

↓ NCAR LSM (Land Surface 
Model) 

Bonan et al. 
(2002) 

land surface model same as CLM4 

Lehner & Döll (2004) WaterGAP Alcamo & 
Henrichs (2002) 

water budget model  

Matthews & Fung 
(1987) 

IGSM (Integrated Global 
System Model) 

Solokov et al. 
(2005) 

integrated model zonal vegetation integrate 
cited wetland data, but 
wetlands are set constant 

excluding wetlands global    

     

     

BIOME Model,  

Plant functional types 
(PFT) (cf. Prentice et 
al., 1992) 

GUMBO (Global Unified 
Metamodel of the Biosphere) 

Boumans et al. 
(2002) 

vegetation model 11 biomes globally 
aggregated, focusing on 
ecosystem goods and 
services  

↓ Hybrid (Process-based, 
Terrestrial Biosphere Model 
of Ecosystem Dynamics) 

Friend et al. 
(1997) 

dynamic global 
vegetation model 

8 PFT, preindustrial 
vegetation, no wetlands 

↓ IBIS (Integrated Biosphere 
Simulator) 

Kucharik et al. 
(2006) 

dynamic global 
vegetation model 

terrestrial ecosystems, no 
wetlands 

↓ LPJmL (Lund-Potsdam-Jena 
dynamic global vegetation 
model including managed 
land) 

Bondeau et al. 
(2007) 

dynamic global 
vegetation model 

10 PFT, no wetlands 



↓ MC1  Bachelet et al. 
(2001) 

terrestrial ecosystem 
model 

21 vegetation classes, no 
wetlands 

↓ SDGVM (Sheffield Dynamic 
Global Vegetation Model) 

Woodward et al. 
(1998) 

dynamic global 
vegetation model 

vegetation dynamics in all 
climatic zones, no wetlands 

↓ TRIFFID (Top-down 
Representation of Interactive 
Foliage and Flora Including 
Dynamics) 

Cox (2001) dynamic global 
vegetation model 

5 PFT, no wetlands 

↓ VECODE (Vegetation 
Continuous Description 
Model) 

Brovkin et al. 
(1997) 

dynamic global 
vegetation model 

potential vegetation, 
dynamics of grassland and 
forest, no wetlands 

Global Land Cover 
(GLC) (European 
Commission, 2003) 

GLOBIO3 (Global 
Methodology for Mapping 
Human Impacts on the 
Biosphere) 

Alkemade et al. 
(2009) 

biodiversity model aggregated GLC, no 
wetlands, water bodies 
excluded 

↓ IMAGE (Integrated Model to 
Assess the Global 
Environment)  

Bouwman et al. 
(2006), Van 
Vuuren et al. 
(2006) 

integrated model no wetlands, water bodies 
excluded 

mapped wetlands Europe    

CORINE land cover, 
(EEA, 2000) 

ATEAM (Advanced 
Terrestrial Ecosystem 
Analysis and Modeling) 

Metzger et al. 
(2008) 

terrestrial ecosystem 
model 

regional assessments to the 
vulnerability of ecosystem 
services 

Europe (EU15 + Norway 
and Switzerland; 10' by 10' 
grid) 

↓ MIRABEL (Models for 
Integrated Review and 
Assessment of Biodiversity in 
European Landscapes) 

Petit et al. (2001) biodiversity model Europe (28 countries) 

SWEDI (Spatial 
wetland Distribution 
model (Schleupner, 
2010) 

EUFASOM (European Forest 
and Agricultural Sector 
Optimization Model) 

Schleupner & 
Schneider  (2010) 

mathematical 
optimization model 

competing land utilization 
demands 

EU 27 

↓ HABITAT Jantke & 
Schleupner 
(2010)  

systematic 
conservation planning 
model for wetland 
biodiversity 

EU 27 

 

census data Europe    

national statistics CLUE (Conversion of Land 
Use and its Effects) 

Verburg et al. 
(1999) 

land use model EU 27 

 

The majority of dynamic vegetation models utilize the concept of plant functional types 

(PFTs), which divide vegetation patterns into broad biome categories (Prentice et al., 

1992). As PFTs or biomes reflect environmental gradients and interactions, they do not 

include wetland information due to the azonal characteristics of most wetlands (Walter & 

Breckle, 1991). Within the borders of vegetation occurrence, climate – as a main driver 

of wetland existence (through precipitation) – only plays a role for certain wetland types, 



such as bogs and several types of swamp forests. Usually, climate variables, such as 

temperature and precipitation, can be fed into any vegetation model, which produces a 

vegetation cover for the corresponding climate (Wang, 2002). In contrast to other 

vegetation formations that can be aggregated to climate-dependent biomes, many more 

variables are needed to integrate wetlands into such models and evaluate potential 

changes. Wang (2002) and Cramer (2002) have both provided comprehensive overviews 

of dynamic vegetation models. In some models (e.g. CLM4), wetlands are included 

separately in the PFTs and afterwards are categorized as non-vegetated areas without soil 

properties, together with urban areas or glaciers. These non-vegetated land cover 

fractions are held constant throughout the time series.  

The majority of existing models are applied on the global scale with coarse resolutions, 

with only a few models in existence that cover Europe. These applications mainly use 

aggregated or original CORINE land cover information (EEA, 2000), or integrate models 

such as IMAGE or CLUE (Klijn et al., 2005) to obtain information on land cover or 

vegetation. The European-scale SWEDI model (Schleupner, 2010), which concentrates 

explicitly on wetlands, has been implemented in two models so far. However, as with 

global wetland datasets, SWEDI only covers present wetland distributions. 

3.2.2. Modeling Wetland Distribution 

This subsection gives an overview of existing freshwater wetland distribution models and 

tools to model wetlands. Such models are useful for projecting climate change effects on 

wetland systems, as well as in adaptation planning of resilient wetland habitat networks 

(Erwin, 2009). The topic of wetland modeling is complex. The ISI Web of Knowledge 

alone lists around 3,000 articles when searching for the phrase “modeling wetlands”, 



demonstrating that, on the whole, studies on freshwater wetland distribution modeling are 

reasonable in number. However, most of these studies concentrate on certain wetland 

species or chemical wetland components at local scales, and there is an additional strong 

focus on marine and coastal wetlands.  

In general, wetland distribution is modeled at all scales from global (Prigent et al., 2007; 

Stacke & Hagemann, 2010), over continental (Merot et al., 2003; Decharme et al., 2008; 

Fan & Miguez-Macho, 2010), to the catchment level (Miola et al., 2006; Milzow et al., 

2010). Within these differently scaled approaches, several studies have focused on the 

distribution of wetlands during the last glacial maximum (Carrington et al., 2001; Kaplan, 

2002; Miola et al., 2006), while others have incorporated present climate and 

hydrological conditions into the wetland models used (Walter et al., 2001; Merot et al., 

2003; Yu et al., 2006). Only a minority has tended to use a combination of future climate 

and development scenarios; Milzow et al. (2010) is a good example.  

The primary factors determining wetland distributions are water (precipitation, surface 

water, and groundwater) and land topography (Rodhe & Seibert, 1999; Fan & Miguez-

Macho, 2010) which, in combination with other geophysical and climate parameters, set 

the various wetland types (Tiner, 2009b). Hydrology-based models of any kind that 

include these factors are utilized as a base input for the identification of overall wetland 

distribution. Water budget models in particular, which can be used to delineate wetlands 

at the watershed scale, are common. One of these models is the Soil and Water 

Assessment Tool (SWAT) (Arnold et al., 1999), which incorporates surface and 

groundwater interactions. Numerous studies have been performed all over the world in 

which this tool has been applied; indeed, an online database that provides an overview of 



SWAT-based literature (https://www.card.iastate.edu/swat_articles/) lists 673 peer-

reviewed journal articles on the topic. Other tools helpful in identifying wetlands at the 

watershed scale are TOPMODEL (Beven & Kirkby, 1979), which is based on the soil 

wetness index (Güntner et al., 2004), MIKE-SHE (Graham & Butts, 2006), the Wetland 

Dynamic Water Budget Model (WDWBM, Walton et al., 1996), the groundwater flow 

model MODFLOW (Harbaugh et al., 2000), and the eco-hydrological modeling system 

ArcEGMO (http://www.arcegmo.de), to name just a few. A more detailed overview of 

wetland modeling can be found in Ji (2007). 

Silberstein (2006) analyzed the performance of hydrological models. Due to their 

orientation at the watershed scale, applications of these models at the broader continental 

scale have so far hardly ever been tackled (Arnold et al., 1999; Schuol & Abbaspour, 

2006), and within these hydrology-oriented studies wetland delineation and 

characterization receives little attention. Furthermore, hardly any research has been 

undertaken on potential changes in groundwater systems and their effects on wetlands 

(Erwin, 2009). Recent dynamic global inundation or wetland models (Prigent et al., 2007; 

Stacke & Hagemann, 2010) are too coarse and aggregated for applications in studies at 

the European scale. In addition, they do not take into account any past or future 

anthropogenic modifications to terrestrial ecosystems. Studies on wetland distribution 

modeling applied at continental or broad regional scales are therefore the main focus of 

this review. Five studies match these criteria (Carrington et al., 2001; Yu et al., 2006; 

Anyah et al., 2008; Decharme et al., 2008; Fan & Miguez-Macho, 2010), of which only 

one study (Fan & Miguez-Macho, 2010) concentrates explicitly on wetlands. The others 

https://www.card.iastate.edu/swat_articles/
http://www.arcegmo.de/


focus mainly on hydrologic simulations. No article describes the modeling of wetland 

distributions over Europe.  

Often, bioclimatic envelope models are used to describe potential changes in habitat 

delineation, and Heikkinen et al. (2006) provides a comprehensive overview of the 

application of these models. Some recent studies use the methods of bioclimatic envelope 

models, artificial neural networks, or other regression-based modeling approaches, to 

evaluate potential effects of climate changes on certain wetland species (Araújo et al., 

2006; Kennedy et al., 2006; Harrison et al., 2008). However, one should not forget that 

wetlands are usually fed by waters that have accumulated in a catchment area upstream. 

Therefore, the whole catchment area should be taken into consideration in the modeling 

of wetland distribution (Costa et al., 1996). Further, many factors other than climate 

define the range of a species and should be taken into consideration (Heikkinen et al., 

2006). Other studies have shown that the performance of bioclimatic models not only 

depends on a considerable amount of knowledge concerning the factors influencing the 

accuracy of the model performance, but also on the characteristics of the species 

(Heikkinen et al., 2006; Marmion et al., 2009). Thus, bioclimatic envelope models are 

less suitable for modeling spatial wetland distribution per se. They may, though, be of 

interest in modeling changes of species composition and distribution within modeled 

dynamic wetland borders. However, the first step in wetland habitat delineation is the 

understanding of the processes that lead to alternative trajectories and distributions of 

habitat types. The following section provides an overview of existing studies on 

European freshwater wetlands, climate drivers and ecological responses.   

 



3.3. Effects of Change on European Wetland Distributions 

 
Wetlands are dynamic ecosystems on the margins between terrestrial and aquatic land. 

Thus, they are not static in space or time. In Europe, wetlands have mainly remained on 

fragmented sites within a highly modified environment. The question for sustainable 

conservation adaptation planning is how these wetlands may cope with changing climate 

conditions. Parish et al. (2008) further point out that the response of wetlands to changes 

is unlikely to be smooth and monotonic, but will instead happen through the crossing of 

thresholds, beyond which changes are sudden and perhaps irreversible. As palaeo-

environmental studies have shown (Parish et al., 2008), peat accumulation may be 

interrupted for several hundred years by events such as fires, floods, or long-term 

droughts. The identification of these thresholds may thus be a major task for future 

research. 

Wetlands are vulnerable to changes in quantity and quality of their water supply (Erwin, 

2009). One potential effect of climate change might be changes in physical drivers, such 

as more extreme floods and droughts, higher water temperatures etc.; but also of 

importance are biological effects, such as changes in species abundance and ecosystem 

structure (Wilby et al., 2010). As wetlands are mainly influenced by mechanisms of water 

supply and storage (Bartsch et al., 2009), the modeling of climate change impacts on 

wetlands has to take wetland–water relationships into account. In this regard, knowledge 

of the water level requirements of species is important in the understanding of possible 

future habitat composition (Dawson et al., 2003). However, whereas the upper limit of 

wetland wetness is clearly permanent inundation or saturation to the surface, much 

uncertainty exists around the definition of minimum wetness of wetlands (Tiner, 2009b). 



The U.S. Army Corps of Engineers (1997) gives the following definition: “An area has 

wetland hydrology when it is saturated within one foot (~ 30 cm) of the soil surface for 

two weeks or more during the growing season in most years (about every other year on 

average)”. According to Wheeler (1999), the most discriminating variables for the 

occurrence of plant communities are the mean highest and lowest groundwater levels 

during the growing season. We identified numerous published papers within our review 

on the effects of changes on European wetlands. Most of the studies reported upon in 

these works were conducted on sites outside of Europe; namely, the USA or China. 

While these studies may well be useful as a surrogate for European wetlands, thus 

helping to bridge the knowledge gap, they were not included in our review. The majority 

of studies focus upon open water river and lake systems, and not on adjacent wetland 

ecosystems per se (Durance & Ormerod, 2007; Franklin et al., 2008; Johnston et al., 

2009; Mooij et al., 2009). Conlan et al. (2007) evaluated climate change impacts on 

macro-invertebrates living in streams in Yorkshire and Wales by utilizing their optimum 

and amplitude ranges of occurrence. Even if this research was fundamental for the 

understanding of changes in quality and quantity of adjacent wetlands, the distributional 

effects on these wetlands have yet to be accounted for. Only a few studies have dealt with 

the understanding of the environmental preferences and limits of wetland species (Wilby 

et al., 2010), and only a minority of these was developed in Europe. For example, 

Ellenberg et al. (1979, 1991) listed indicator values for Central Europe that indicate the 

tolerances of certain species to mean water tables. Hill et al. (1999) did the same for the 

UK and Ireland. Harrison et al. (2008) used these Ellenberg indicator values for selected 

fen and bog species to project changes in wetlands for Britain, while Klotz et al. (2002) 



developed a database with biologic–ecologic indicators for the flora of Germany. Henle 

et al. (2006) developed and applied methodologies to define ecological indicators of 

species–environment relationships of Central European floodplain species. 

Table 3 lists articles dealing with the effects of changes on wetlands. Most of them 

concentrate on what are clearly climate-dependent wetland types like palsa mires in 

Scandinavia (e.g. Fronzek et al., 2009) or bogs in the UK (Harrison et al. 2008). Drought-

affected Mediterranean wetlands (Castañeda et al., 2005) are also a focus among these 

studies, and a further feature is the modeling of species distributions as indicators of 

wetland distributional changes (Dawson et al., 2003). Whereas studies on wetland 

functions also exist (e.g. Maltby et al., 1996), studies on the relationships between 

wetland persistence and climate, such as that produced by Keith et al. (2010) for 

Australian wetlands, were not found for Europe. Nor were comparable studies found for 

Europe on the linkage of hydrological dynamics with wetland vegetation distribution, as 

conducted by Todd et al. (2010) in the Everglades National Park. 

 

Table 3. Studies on changes of wetlands   

author region covered wetland type comments  

Araújo et al. 
(2006) 

Europe  amphibians and reptiles 

bioclimatic-envelope modeling, 50*50 km grid 

Boix et al. 
(2010) 

Mediterranean 
region 

aquatic river 
species 

the recovery of biological communities from drought 
depends on the type of hydrological event, the environment 
characteristics, the existence of refugia, and the taxonomic 
group concerned 

Castañeda et 
al. (2005) 

Monegros desert, 
Spain 

playa lakes detection of future disturbance, effects of changes in natural 
hydrological regime on wetlands, such as increased 
flooding surface area and habitat degradation by fresh and 
polluted water flow inputs. 

Dawson et al. 
(2003) 

Great Britain and 
Ireland 

rain-fed wet 
meadow 

selected species distributions 

species composition of wetlands will change in response to 
changing climate and hydrology 

Fronzek et al. 
(2009)  

Sub-artic 
Fennoscandia 

palsa mires aims: to map the current distribution of palsa mires, to 
model future changes in palsa mire distribution due to 
projected climate warming, to estimate future changes in 



the CH4 and CO2 budgets of palsa mires; and to assess the 
ecosystem implications of palsa mire degradation and 
investigate possible conservation measures. 

Gascón et al. 
(2009) 

Mediterranean 
region 

aquatic species of 
Mediterranean 
wetlands 

aims: to compare the response of 11 biodiversity metrics in 
order to know which ones are redundant, to identify key 
environmental factors for biodiversity, and to find out 
whether sites with high biodiversity values also have a good 
habitat condition and high protection status. 

Harrison et 
al. (2008) 

Britain fen and bog 
species 

species distribution 

SPECIES model: artificial neural network, utilizing Ellenberg 
indicator values 

Henle et al. 
(2006) 

Middle Elbe, 
Germany 

floodplain species 
of periodically 
flooded grasslands 

impacts of biodiversity under altered hydrological regimes 

species-environment relationships, ecological indicators, 
RIVA project 

Hills et al. 
(1994) 

Europe riverine wetland 
ecosystems 

method for classifying European riverine wetland 
ecosystems using functional vegetation groupings 

Kennedy & 
Murphy 
(2003) 

Scotland floodplain wetland hydrological and hydrochemical conditions characterising 
Carex habitat in a Scottish floodplain wetland. 

Kennedy et 
al. (2006) 

Scotland/northern 
England 

freshwater 
wetlands 

effects of vegetation to hydrological driving factors 

regression based modeling approach 

Melendez-
Pastor  et al. 
(2010) 

south-east Spain artificial 
Mediterranean 
wetland 

land-cover changes are analyzed for a drought-affected 
hydrologic year (2004–2005) in comparison to an average 
hydrologic year (2000–2001) by means of remote sensing 
techniques 

Murphy et al. 
(1994) 

 riverine wetlands biotic indicators of riverine wetland ecosystem functioning 

Strack (2008) global case 
studies 

peatlands the role of peatlands and peat within the current context of 
global climate change 

Vervuren et 
al. (2003) 

Rhine riparian wetlands survival and distribution of plant species due to extreme 
flooding events 

Zuidhoff 
(2002) 

northern Sweden  palsa mire decay of single palsa in relation to weather conditions 

time period: 1996-2000 

4. Discussion 

Wetland inventories and existing data on wetlands in the European landscape. 

Comprehensive and consistent inventory data of wetland spatial distribution in Europe 

are nonexistent. Wetland inventories provide national estimates rather than verified 

values. Therefore, international, and even intranational comparisons of existing data are 

difficult and should only be taken with precaution. Initiatives such as those developed by 

Ramsar and MedWet have tried to overcome these problems, and in this regard earth 

observation techniques play an important role in the comprehensive delineation of 



wetlands. In particular, the evaluation of relative soil moisture through earth observation 

provides the potential to account for external hydrological factors of wetland ecosystems 

(Bartsch et al., 2009). Regular measurements of global soil moisture are available from 

scatterometer data at resolutions of 25–50 km (Wagner et al., 2003), but comprehensive 

continental data for Europe have not yet been produced, and Fernandez-Prieto et al. 

(2006) and Tiner (2009) pointed out that there are many wetland types that may not be 

easily identified through such technology (e.g. certain evergreen forested wetland types 

and partly drained wetlands). Presently, the SWEDI database (Schleupner, 2010) offers 

spatial data for European wetlands compiled from existing data sources. However, 

estimations of the overall extent of European wetlands remain controversial and 

incomparable. 

Wetland distributions in models and models of wetland distributions. Costanza & Sklar 

(1985) provided an earlier review of freshwater wetland models and their effectiveness. 

They reported that even though a large number of models existed, only very few were 

able to be spatially explicit. Our review has found that, within earth system models, 

wetlands are included as static shapes with fixed boundaries. Also, for European studies, 

existing global-scale wetland distribution data are often used, most recently including the 

SWEDI database.  

Wetlands are modeled at all scales. However, existing approaches to modeling wetlands 

globally are too coarse and aggregated for European-scale studies and do not take 

anthropogenic changes into consideration. The majority of studies have focused on the 

catchment scale, where ecohydrological models can be applied, but these models are not 

suitable for broader-scaled analyses. Thus, few studies have modeled wetland 



distributions at the continental scale. A particular difficulty for ecological wetland models 

is that of matching spatiotemporal scales of both hydrologic and biological processes 

(Fitz, 2008). Davidson and Finlayson (2007) therefore postulated to conduct multiple-

scale approaches. The use of future scenarios to evaluate changes in wetland extent and 

distribution is an important topic in sustainable wetland conservation planning. However, 

there is a clear lack of such studies at all scales. Bioclimatic envelope models are useful 

for the evaluation of range shifts of certain species under changing climates, but they are 

not applicable in the evaluation of changes of wetland distribution irrespective of changes 

in species composition. Additionally, the impact of climate change on non-coastal 

wetlands is uncertain and difficult to evaluate because of uncertainties in climate and 

precipitation projections. 

Ecosystem resilience and effect of wetlands under climate change. For appropriate 

wetland modeling the primary goal should be the understanding of fundamental physical, 

chemical, and biological interactions within wetlands. Subsequently, potential wetland 

distribution under changing conditions can be projected. As the number of research 

papers demonstrates, coastal wetlands and aquatic waters have so far received more 

attention than the semi-terrestrial wetlands. There is a lack of studies addressing species–

environment and cause–effect relationships in wetlands, not only in Europe. For example, 

knowledge of the water level requirements of species is an important component for 

understanding possible future habitat composition (Dawson et al., 2003). The 

development of indicator systems might help to understand the environmental 

relationships in complex ecosystems such as floodplains, which are determined by 

parameters and processes that are difficult to measure directly (Henle et al., 2006). 



Another component is the evaluation of wetland thresholds that may lead to sudden 

changes in wetland composition or distribution (Parish et al., 2008). Drivers, pressures, 

and wetland responses to these are still not well understood. Studies on European wetland 

persistence and climate change are not available, but highly recommended. 

General remarks. Climate change is only one of many factors affecting wetlands. Its 

impacts may be exacerbated by other human pressures, including habitat loss, pollution, 

and invasive species (Millenium Ecosystem Assessment, 2005; Wilby et al., 2010). 

Therefore, wetland models need to include at least land use changes. In Europe, land use 

change and climate change are both key drivers of wetland change and interactions 

between these drivers are complex and currently not well understood (Lepers et al., 2005; 

de Chazal & Rounsevell, 2009). Human disturbance to peatlands often makes them much 

more vulnerable to climate change impacts, as Parish et al. (2008) noted. These factors 

need to be analyzed in combination rather than in isolated studies (de Chazal & 

Rounsevell, 2009). There remains much uncertainty about species and ecosystem level 

responses to the combined effect of climatic and non-climatic pressures (Wilby et al., 

2010). Therefore, strategies have to deal with these uncertainties in addressing adaptation 

options (Ormerod, 2009; Wilby et al., 2010). 

Shifts in wetland habitat may also have important implications on surface water 

hydrology, through feedbacks of vegetative resistance to flow, local evapotranspiration 

demands, or organic sediment accumulation and topographic patterns (Fitz, 2008). It is 

certain that wetlands play an important role in the regulation of atmospheric gases and 

groundwater flow. They can serve as carbon sinks or sources depending on their 

utilization. Despite advances in research, wetlands remain one of the biggest unknowns 



of the near future regarding element dynamics and matter fluxes (Paul et al., 2006; Erwin, 

2009), and the role of wetlands in the global carbon cycle is poorly understood (Maltby et 

al., 2003). Knowledge of long-term wetland dynamics also helps in the more precise 

estimation of the contribution of wetlands to the carbon cycle and greenhouse gas 

emissions.  

5. Conclusion 
 
As demonstrated in this review, there is very little knowledge surrounding the effects of 

climate change on wetland distribution and composition. Particularly in Europe, there is a 

fundamental lack of knowledge on wetland ecosystem functions, processes, as well as 

their spatial and temporal distributions under changing conditions. Consequently, the 

ability to project wetland distributional changes is still limited. Therefore, the main 

conclusion to be drawn from this review is the need to produce more process-based 

information for model development. This should include data on existing wetland 

distribution, environmental state, and habitat suitability. More studies such as that 

conducted by Keith et al. (2010) on the relationship between wetland persistence and 

climate need to be carried out, not only in Europe, and at all spatial scales. Knowledge 

about the future extent of wetlands is of importance, especially for adaptation planning. 

Advances in wetland distribution modeling will thus help to improve the resilience of 

wetland ecosystems, such that they continue to provide important services, even under 

changes in climate conditions. 
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