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Abstract

Floodplains include unique environments shaped over a long time horizon
along rivers and smaller streams and formed by alluvial sediments. As
floodplains are flat, often with highly fertile and well-accessible land, they
have become the intrinsic focus of human society—while providing a vari-
ety of goods and ecosystem services. Intensive land use of floodplains is
degrading their natural values and significantly reducing their ecosystem
functions and services. A significant part of these key services is related
with the ability of floodplains to retain water and nutrients, which can be
understood as a flood control and a water-retention function. Although
these ecosystems serve a number of other basic functions, the importance
of floodplains as a place for water retention during extreme discharges cau-
sed by intense rainfall or snowmelt and the supply of water in times of
drought are essential under conditions of global change. In order to
increase the ability of floodplains to perform these functions, it is increas-
ingly required to preserve the connectivity of rivers with surrounding
floodplains and adapt human activities to maintain and restore river eco-
systems. This article reviews the recent understanding of floodplain delin-
eation, the most common causes of disturbance, the ecosystem functions
being performed, discussing in turn the measures being considered to miti-
gate the frequency and magnitude of hydrologic extremes resulting from
ongoing environmental changes.
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1 | INTRODUCTION

Floodplains are specific parts of the natural landscape, whose formation and existence are due to their association with
a watercourse, allowing the exchange of flow, sediment, nutrients, and organisms (Amoros and Bornette, 2002;
Benjankar, Egger, Jorde, Goodwin, & Glenn, 2011). Mostly defined as an area along the watercourse, floodplains are
usually formed by alluvial sediments deposited during floods of varying magnitude and associated geomorphological
processes (e.g., Lewin, 1978; Nardi, Vivoni, & Grimaldi, 2006). Flooding, with a wide variety of discharge magnitudes
and events ranging from extreme low flow events to infrequent high flow events (Poff et al., 1997; Whiting, 2002),
underpin floodplain ecosystem dynamics and influences a variety of biophysical and territorial features (e.g., fluvial
landforms, soil hydrology, or vegetation patterns), being a crucial process for ecosystem functioning. The timing, dura-
tion, and magnitude of floods influence the structure of riparian communities (Auble & Scott, 1998; Scott, Shafroth,
Auble, & Eggleston, 1997), as well as ecosystem functions and services. At the same time, flooding can be a dangerous
phenomenon when floodplains are intensively developed (de Martino, de Paola, Fontana, Marini, & Ranucci, 2012).
The strength of connectivity between a river and the surrounding terrestrial environment (i.e., the floodplain) varies
depending on the hydrogeomorphic control of the downstream flux of water and materials—both dissolved and particu-
late matter (Stanford, Lorang, & Hauer, 2005). A river should retain a flow regime with sufficient variability to encom-
pass the flow levels and events that support important floodplain processes (Opperman et al., 2010). Lateral exchange
between river channels and their floodplains, known as hydrologic connectivity, has been identified as a key variable in
biodiversity and composition of aquatic (e.g., Desjonquéres, Rybak, Castella, Llusia, & Sueur, 2018; Leigh &
Sheldon, 2009; Paillex, Dolédec, Castella, Mérigoux, & Aldridge, 2013) and terrestrial (e.g., Casco, Neiff, & de
Neiff, 2010; Souter, Wallace, Walter, & Watts, 2014) biological communities. Hydrological connectivity also represents a
key feature supporting ecosystem processes such as nutrient turnover and geomorphic change (Hein, Baranyi,
Reckendorfer, & Schiemer, 2004; Schénbrunner, Preiner, & Hein, 2012; Welti, Bondar-Kunze, Tritthart, Pinay, &
Hein, 2012 or Park, 2020).

Floodplain ecosystems are unique in terms of their constantly recurring hydrological dynamics (Funk et al., 2019;
Schindler et al., 2014; 2016), which result from the interaction of geomorphic, hydrological, and biological processes
(Tomscha et al., 2017). Together with the outstanding ability of floodplains to retain water (Getirana et al., 2017), such
intrinsic dynamics modify morphology and water conditions and ensure the high diversity of natural conditions, as well
as their temporal variability (Tockner et al., 2000), maintaining a highly diversified mosaic of habitats, from open soils
to deciduous forests (Fischer et al., 2019), with a marked variability of aquatic, semi-aquatic and terrestrial habitats
(Hughes et al., 2005). Worldwide, with some of the most distinctive examples found in Europe, floodplains are threat-
ened by the loss of floodplain and riparian habitats, as well as by pollution and alteration of hydromorphological condi-
tions (Funk et al., 2020; Habersack et al., 2016; Vorosmarty et al., 2010). The most obvious effect of human activities is
urbanization, which increases the proportion of impermeable surfaces in floodplains, degrades landform diversity, and
affect sediment balance by altering runoff regimes (Chin, 2006; Booth and Bledsoe, 2009; Raska et al., 2019). Addition-
ally, levee construction along rivers often exacerbates the downcutting of riparian forests or plant communities and
increases in bank height, reflecting the urgent need for channel stabilization measures following changes in flow or sed-
iment regimes (Zachary et al., 2003). Higgisson et al. (2020) considers water resource development to be one of the main
causes of floodplain degradation, which has led to a decline in floodplain ecological condition.The embankment and
isolation of rivers from their floodplains, which allows their intensive use for agriculture, settlements or traffic routes,
are among the most common interventions in Central and Southern European floodplains (Hein, Schwarz, et al.,
2016). The floodplain that remains active are altered due to these changes and habitat regeneration is hindered (Diaz-
Redondo et al., 2017). Where floodplain forests remain, they are mostly converted from naturally regenerating stands to
stands managed for forestry. The extensive hardwood forests of Central European floodplains are of particular eco-
nomic importance (Klimo and Hager, 2008). Wetlands are being replaced by plant communities adapted to the water
regime of reservoir shorelines (Keddy, 2010), or even with forestry systems using non-native tree species (Hughes
et al., 2012). Recreation in floodplains is increasing in many parts of Europe, being a threat to conservation goals as well
as a chance for a better public appreciation of the value of floodplains and rivers (Hughes et al., 2012). Channel stabili-
zation and peak flow reduction in turn, disconnect a river channel from a floodplain, reducing both the channel migra-
tion rates and the channel avulsion (rapid channel shift during floods; Shields Jr et al., 2000, Zachary et al., 2003).
Approximately 70-90% of Europe's current floodplain area is estimated to be ecologically degraded due to human activi-
ties over the centuries, especially since the early 1950s (EEA, 2018), thus we can summarize that Europe is the conti-
nent most affected by disconnection of floodplains from rivers (Nilsson et al. 2005; Schindler et al. 2016). Tockner and
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Stanford (2002) suggested that approximately 46% of floodplains in North America (excluding northern Canada and
Alaska) were intensively cultivated, and 11% of floodplains across Africa were farmed at the beginning of the 21st cen-
tury. According to Erwin (2009), 90% of floodplains in North America are described as “cultivated” and non-functional.
Furthermore, climate projections in many parts of Europe, as well as other regions of the world, indicate an increasing
occurence of intense rainfall and prolonged droughts, which would affect the condition of floodplains (e.g. Moradkhani
et al., 2010; Schneider et al., 2011; Politti et al., 2014 or O'Briain, 2019). This article brings an overview of ecosystem
functions and services provided by floodplains and focuses on (a) operational frameworks for defining floodplains,
(b) major causes of their disturbance, and (c) more general approaches for protecting and restoring these ecosystems.
The issue of floodplain protection is outlined in this study with examples of the current situation in several Central and
Southern European countries.

2 | FLOODPLAIN DEFINITION
2.1 | Floodplain as a soil phenomenon

Different approaches have been adopted over the time to distinguish the floodplains from other landscape types.
Derived from the definition of a floodplain as an area along a watercourse formed by alluvial sediments deposited dur-
ing floods, gathering information on the soil properties or spatial extent of the inundation area is the most relevant
approach. A necessary prerequisite for this approach is data available at a relatively detailed scale (spatial resolution)
and comparable across larger territorial units or countries (Jakubinsky et al., 2020). Using soil data, a floodplain is usu-
ally defined based on the spatial distribution of hydromorphic soils, characterized by the temporary or permanent wet-
ting of soil pores. Fluvisol is the most widespread floodplain soil type, formed by erosion of sediments in the upland
zone and deposited in lowland sites with flat valley bottoms in the transfer (piedmont) zone (WRB, 2015). Another soil
type that commonly found within a floodplain is Gleysol (WRB, 2015), the formation of which is influenced by periodic
recurring or persistent excess moisture in the near-surface soil layers. In addition, a much less widespread soil type
within a floodplain is Phaeozems (Fluvic Phaeozems according to WRB [2015]), in the form of deep semi-hydromorphic
soils. The spatial extent of certain soil types represents a stable component of the landscape. In fact, even after a possi-
ble loss of floodplain connectivity with the watercourse due to anthropogenic interventions, the soil types remain for a
long period of time, although the floodplain itself loses its natural functions.

2.2 | Hydrologically conceived floodplain

Hydrological and hydraulic data, mostly the results of modeling based on digital elevation models (DEMs), are often
used to define floodplains, in particular using the extent of inundated areas of 100-year flood (e.g., Omer et al., 2003 or
EEA, 2018). However, other values have been frequently used. For instance, Witner (1966) proposed an area of alluvial
soils corresponding to 50-year floods. Within this hydrological approach, the identification of floodplains relied upon
the creation of flood hazard maps, produced through detailed hydraulic modeling techniques (Grimaldi et al., 2013;
Noman et al., 2001). Existing methods for delineating inundated areas using hydraulic simulations were reviewed by
Noman et al. (2001) and Horritt and Bates (2002). Although these techniques and models can result in highly accurate
delineation of a floodplain, they can be computationally expensive and time-consuming to run, requiring the calibra-
tion of a large number of variables and model parameters (e.g., Horritt and Bates, 2002; Liu and Gupta, 2007). Addition-
ally, adequate input data (e.g., river cross-section or floodplain LiDAR data) are needed to obtain reliable results. The
significant refinement and facilitation of modeling is currently related to the availability of very accurate elevation data
provided by remote sensing technologies such as LiDAR (Light Detection and Ranging) methods in a number of afflu-
ent countries (e.g. Bezak et al., 2018; Rak et al., 2018; Ureta et al., 2020). In contrast to soil data, operational definitions
by flooded area are highly dependent on valley floor terrain characteristics and any anthropogenic intervention can
directly affect the extent of inundated areas and, thus, floodplains defined in this manner.

Since hydrologically and hydraulically defined floodplains depend on terrain characteristics, this delineation
approach is also understood as a “hydrogeomorphic method” (Nardi et al., 2006). This method uses GIS technologies
and hydrologic modeling techniques (e.g., HEC-RAS software; Ackerman et al., 2009; Patel et al., 2016) to delineate
floodplains as buffers at a specified distance from the watercourse (Entwistle et al., 2019), depending on the elevation of
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the terrain above the river water level. Floodplain delineation approaches (based on hydrologic-hydraulic and soils
data) often achieve very similar results in terms of the spatial extent of the defined floodplains in non-urban areas, as
evidenced in Figure 1. In urban areas, on the other hand, both approaches can be very different in terms of the location
of the borderline between the floodplain and the surrounding landscape, due to anthropogenic influences (e.g., the
presence of levees, flood protection walls and road or railway embankments).

In the Figure 2a, a broad active floodplain, which is limited by the slope edge adjacent to the valley floor, is
depicted. In contrast, Figure 2b shows the influence of anthropogenic landforms (presence of levees) affecting the
extent of the active floodplain, which is inundated during regular flood events. Behind the levee, the pedologically
defined floodplain (also referred to as the “geologic floodplain” according to Fuller [2018]), i.e., alluvial soil types
formed in the past, actually shows intermittent connectivity with the riverbed in the presence.

2.3 | Floodplain according to specific vegetation

As floodplains represent a specific environment formed by a long-term connectivity with a watercourse, in the case of
less-significant anthropogenic interventions and a minor modification of the natural environment, they can also be
defined on the basis of specific vegetation cover. These are almost always communities of azonal vegetation that do not

(b) Forest-agricultural area

4
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| Floodplain delineation approach
Hydrological (100-year flood extent)
Pedological (hydromorphic soils)
mmmmm Drevnice River

~"\~~— Other watercourses

FIGURE 1 Comparison of floodplain areas defined on the basis of hydrological and pedological data along the Dfevnice River in the
Czech Republic, in urban (a) and forest-agricultural (b) landscape.
Source: authors, based on data provided by T. G. Masaryk Water Research Institute and Research Institute for Soil and Water Conservation
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FIGURE 2 (a)Floodplain area covering the entire valley floor in the case of a near-natural landscape (the Berounka River floodplain,
Czech Republic); (b) urban floodplain limited by the presence of levees (the Vltava River floodplain in Ceské Budéjovice, Czech Republic).
Source: authors



JAKUBINSKY ET AL. ‘,, WIREs —Wl L EY 50f19

W WATER

occur in any other landscape type than in floodplains, depending on the specific location relative to the channel axis
(Tockner and Stanford, 2002). Spatiotemporal variability in surface and groundwater hydrology, microclimate, geomor-
phology, and soils, combined with inter- and intraspecific competition, results in distinctive floodplain biodiversity
(Hughes et al., 2005; Meli et al., 2014; Robinson et al.,, 2002; Salo et al., 1986) that is most evident along
aquatic-terrestrial boundaries (Bunn and Arthington, 2002). Dynamic fluvial processes cause habitat rejuvenation and
succession (Hohensinner and Drescher, 2008), resulting in habitat heterogeneity (Opperman et al., 2010), which sup-
ports a floodplain with a shifting mosaic of habitat patches in terms of species, age classes, and physical structure
(Ward et al., 2002). Many authors (e.g., Evette et al., 2014; Sponseller et al., 2013; Corenblit et al., 2014 or McShane
et al., 2015) identify hydro-climatic constraints such as climate, soil moisture availability and fluvial disturbance as a
major factor influencing vegetation near watercourses. Gurnell et al. (2016) propose the conceptual model of
vegetation—hydrogeomorphology interactions using so-called dynamic zones within river corridors where different
hydrogeomorphological processes dominate so that plants and hydrogeomorphological processes interact in
different ways.

3 | THE ECOSYSTEM FUNCTIONS AND SERVICES OF A FLOODPLAIN

Floodplains represent one of the most productive ecosystems on Earth (Opperman et al., , 2010b). The high degree of
biodiversity and level of primary productivity of floodplains exceed the production of either purely terrestrial or aquatic
ecosystems (Tockner and Stanford, 2002). The dynamics and naturally high biodiversity of floodplains are responsible
for their high multifunctionality (Meli et al., 2014; Funk et al., 2020). Focusing on the value of global ecosystem ser-
vices, Costanza et al. (1997) found that floodplains are the second best ranked ecosystem type, behind estuaries, in
terms of their per hectare value to society. Despite representing <2% of the Earth's terrestrial land surface area, flood-
plains provide approximately 25% of all “terrestrial” (i.e., non-marine) ecosystem service benefits, with the regulation of
disturbance (i.e., attenuation of flood flows) providing the greatest value (Akanbi et al., 1999). Floodplains contribute to
a wide range of ecosystem functions by controlling the regional hydrologic cycle and the retention and transformation
of nutrients in river systems (Sanon et al., 2012; Schindler et al., 2014; Weigelhofer and Hein 2015). Their connectivity
patterns are also crucial for the provisioning of ecosystem services, including floodwater retention (e.g., Clilverd
et al., 2016; Habersack et al., 2015; Schober et al., 2015), nutrient retention (e.g., Hein et al., 2004; Natho et al., 2013;
Newcomer Johnson et al., 2016), or greenhouse gas emission retention (e.g., Audet et al., 2013; Funk et al., 2020). Other
ecosystem services provided by floodplains include surface water filtration (Mitsch et al., 2001; Noe and Hupp, 2005),
groundwater recharge (Hein et al., 2004; Jolly, 1996), water purification (Hein, van Koppen, et al., 2016), and provision
of food and fiber (e.g., fish, timber, and other plant resources; Welcomme, 1979). Fisheries supported by floodplain pro-
ductivity provide one of the most tangible examples of an economically and socially valuable ecosystem service
(Opperman et al., 2010). Furthermore, recent efforts to quantify the cultural ecosystem services provided by floodplains
and river ecosystems point to a range of non-material benefits (Funk et al., 2020; Hale et al., 2019). Traditionally, flood-
plains provide various water-related recreational opportunities, including swimming, boating, angling, and ice skating
(Funk et al., 2020). River landscapes may also be valued for their aesthetic quality and cultural or heritage significance
(Ghermandi et al., 2020; Thiele et al., 2020; Tieskens et al., 2018). A list of the key ecosystem functions and services pro-
vided by floodplains can be found in Table 1.

Floodplain ecosystem services are inextricably linked to hydrology (Morris et al., 2009); the hydrologic regime of a
floodplain determines what will grow there and how it can be used (Posthumus et al., 2010). Forest ecosystems in par-
ticular depend on natural hydrological and biological diversity (Turner et al., 2016), which are very important for the
delivery of regulation, provisioning, and cultural services (Mamat et al., 2018; Xu et al., 2017). Our understanding of
ecosystem services can benefit greatly from drawing on classic river—floodplain principles that recognize both longitudi-
nal and lateral connectivity (Tomscha et al., 2017).

Floodplains host a unique suite of habitats, and their composition and condition can serve as indicators of the eco-
system services they are able to provide (Burkhard et al., 2012; Podschun et al., 2018). Riparian systems (vegetation in
close proximity to the watercourse) are those of a highest importance; due to their spatial location and connectivity with
stream channels, they are inundated periodically and play an important role in water infiltration and aquifer recharge
(Gonzalez del Tanago et al., 2011), as well as flood attenuation and hydrological risk reduction (Horn and
Richards, 2006). Anderson et al. (2006) reported that these are especially smaller floods (with an average recurrence
interval of 2 or 5years) that are more sensitive to the riparian vegetation conditions, and in these cases riparian
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TABLE 1 The frequently cited ecosystem functions and services of floodplains and their measured parameters/indicators (a
nonexhaustive list)

Category of
service (CICES
section) Ecosystem function Class of ecosystem service (CICESv5) Parameter/indicator
Provisioning Production (biomass) Fibers and other materials from cultivated ~ Gross output'; Annual biomass increase?;
(and wild) plants, fungi, algae and Nutritive productivity?
bacteria for direct use or processing
(excluding genetic materials); Animals
reared for nutritional purposes
Water-retention and Surface water used as a material (non- Difference between water rainfall and
evapotranspiration drinking purposes); Ground and evapotranspiration®*>; Potential for
subsurface water for drinking water provision®
Regulation and Water-retention Hydrological cycle and water flow Time to fill water capacity; Curve
Maintenance regulation (Including flood control, and number (CN) 7; Quality of land cover,
coastal protection) slope, soil permeability and flow

length®; Floodplain water storage
volume®'°; Effective retention
volume'"*?; Net supply of water
remaining after evapotranspiration
losses*; Water holding capacity'?;
Retaining coefficients for forest
management >

Self-cleaning processes of Mediation by other chemical or physical Nutrient leaching ; Nitrogen leaching
water means (e.g. via Filtration, sequestration, from floodplain area *; Total nitrogen
storage or accumulation) and total phosphorus removed from
water®; Phosphorus load in the river
modeled by InVEST"?; Water quality
index 5; Diversity of the instream

macroinvertebrates®®
Evapotranspiration and Regulation of chemical composition of Inverse values of daily temperatures
Condensation atmosphere and ocean (e.g., greenhouse range for land use types %
gases concentration, isotopic variance in  Evapotranspiration'”'®!°; Albedo of
atmospheric moisture); Carbon land use types'”; Extent of vegetation
sequestration by terrestrial ecosystems cover'*; Evapotranspiration and heat

exchange based on functional plant
traits *°; Land surface temperature®!

Carbon capture Carbon sequestration by terrestrial Carbon sequestration by plants* Above
ecosystems ground carbon storage **; Global
warming potential'; Carbon stock ;
Fluxes of greenhouse gases for land use

typ esl 0,4
Mineralization and Decomposition and fixing processes and Soil carbon stock *; Organic matter layer
accumulation of organic their effect on soil quality and total nitrogen in top soil?;
matter, storage and Floodplain connectivity*
recycling of nutrients
Functions of species Maintaining nursery populations and A species value indicator'; Habitat-

composition and diversity ~ habitats (Including gene pool protection) conservation value'; Riparian quality
index***; Habitat provision index®*;
Fish capacity index ** Diversity of the
instream macroinvertebrates '°;
Proportion of natural land cover
weighted by a condition index*;
Presence of threatened species'?;
Habitat value according to Habitat
Valuation Method?
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TABLE 1 (Continued)
Category of
service (CICES
section) Ecosystem function Class of ecosystem service (CICESv5) Parameter/indicator
Cultural Recreation Characteristics of living systems that Possibility to experience the terrain,
enable activities promoting health and Presence of protected areas, Water
wellbeing, recuperation or enjoyment surface area, Presence of sandbanks
through active or immersive interactions;  and meanders, Visibility depth,
Characteristics of living systems that Minimum width for (non-) motorized
enable activities promoting health, boating®®; Frequency of tourists per
recuperation or enjoyment through year®’; Content of geotagged
passive or observational interactions photographs uploaded to social media
sites®®%; Diversity of potential for
nature experiences®’; Recreation
potential, Recreation opportunity
spectrum
Heritage Characteristics of living systems that are Density of monuments and cultural-

resonant in terms of culture or heritage historical facilities, Density of
archeological and natural
monuments®®; Content of geotagged
photographs uploaded to social media

sites®®3?
Aesthetic values Characteristics of living systems that

enable aesthetic experiences

Landscape diversity, naturalness and
uniqueness*®>>; Level of aesthetic
value®’; Content of geotagged
photographs uploaded to social media
sites®®3?

Note: Source: authors. 'Posthumus et al. (2010); *Felipe-Lucia et al. (2014); *Boithias et al. (2016); *Ausseil et al. (2013); *Morri et al. (2014) ®Larsen et al. (2012);
Fu et al. (2013); ®Nin et al. (2016); *Grygoruk et al. 2013; '°Peh et al. (2014); ''Pithart et al. (2010); “Ausseil et al. (2013); *Karpack et al. (2020); *Ghaley

et al. (2014); “Peters (2016); *Johnson et al. (2012); "*Ncube et al. (2018); "West et al. (2011), *Smith et al. (2013); '°Serna-Chavez et al. (2017); *°de Bello

et al. (2010); 2! Alkama and Cescatti (2016); 2Tomscha et al. 2017; 2Gonzalez del Tanago et al. 2011; Z*Fischer et al. 2019; 25Sej.aik et al. (2010); *°Thiele

et al. 2020; >’Ajwang’ Ondiek et al. 2016; **Ghermandi et al. 2020; *’Funk et al. (2020); **Grizzetti et al. (2019); *'Tieskens et al. (2018); **Hale et al. (2019);
*Thiele et al. (2020); **Thiele et al. (2019). CICES stands for the Common International Classification of Ecosystem Services developed by the European
Environment Agency (EEA).

vegetation affects the magnitude of a flood event and the resulting damage. As an important landform agent and flow
resistance factor, riparian vegetation is responsible for the majority of energy losses in fluvial systems by controlling
sediment erosion, transport, and deposition in both the channel and floodplain (Corenblit et al., 2008; Gonzalez del
Tanago et al., 2011). The most important ecological functions of the riparian zone include providing a habitat and ref-
uge for aquatic and terrestrial species, facilitating biological connections across the landscape, maintaining plant diver-
sity, providing organic material to aquatic food chains, and controlling stream water temperature (Forman, 1999;
Gonzalez del Tanago and Garcia de Jalon, 2011). These functions are all related to the dimensions, longitudinal conti-
nuity and vegetation structure of riparian corridors (Gurnell et al., 2016), becoming particularly important in regions
with a Mediterranean-climate (Stella et al., 2013). In addition, riparian vegetation provides many other aesthetic and
economic benefits, including food resources (Pusey and Arthington, 2003).

4 | DISTURBANCE, PROTECTION, AND RESTORATION OF FLOODPLAINS
IN CENTRAL AND SOUTHERN EUROPE

Almost all large rivers in Central and Southern Europe are affected by dikes and other flood-protection measures, in
major catchments, such as the Rhine, Elbe, Danube and Oder, only 10-20% of the former floodplains are left as inunda-
tion areas (Brunotte et al., 2009). Only 10% of the original extent of European floodplain forests has been preserved,
most of which are located in Eastern Europe (Hughes et al., 2012). Areas with the best-preserved floodplain forests
remained in Croatia along the Danube and Sava Rivers (Ani¢, 2008). Many floodplain areas were drained in the past in
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order to intensify agricultural use, for example in Slovakia (Holubova et al., 2003), in the Czech Republic (Brazdil
et al., 2011) or in Hungary in large parts of the Tisza lowland basin (Szmanda et al., 2008). Recently, urbanization and
the development of new transport routes along river valleys with associated channelization works are another threat to
floodplains, particularly in some Mediterranean countries and in the more recent accession countries of Central Europe
(Hughes et al., 2012). The construction of dams also has a significant impact on floodplains, not only affecting the area
inundated by the construction of a waterworks, but the sediment starvation downstream of dams has perhaps the
greatest potential to impact on floodplain development. According to Marren et al. (2014), we can identify several ways
in which floodplains could potentially be affected by dams, with varying degrees of confidence, including a distinction
between passive impacts (floodplain disconnection) and active impacts (changes in geomorphological processes and
functions). According to EEA (2018), 15% of the European population lives in floodplains, rising to 25% in Austria, Slo-
vakia and Slovenia. In Southern Europe, problems with water supply to agriculture have led to an intensive river regu-
lation strategy, including the construction of reservoirs in upland valleys (Hughes et al., 2012). Many lowland rivers
have been realigned to maximize agricultural production. These rivers are among the most regulated in the world
(Magdaleno and Fernandez, 2011), which is reflected in the poor ecological condition of their floodplains. The conclu-
sion of the study by Kuiper et al. (2014), based on a meta-analysis of the scientific literature, was that altering of a natu-
ral flow regime reduces mean species abundance (MSA) of floodplains by more than 50% on average, and species
richness by more than 25%. The effects on species richness and abundance tend to be related to the degree of hydrologic
alteration. A list of the most common causes of floodplain ecosystem degradation and corresponding mitigation mea-
sures, usually taken in Central and Southern Europe can be found in Table 2.

As floodplains are valuable ecosystems that provide a range of ecosystem functions and services, it is necessary to
address their protection and implement selected measures to ensure that their environmental values are maintained or
restored (Hughes et al., 2008). According to EEA (2018), the protection and restoration of European floodplains is pro-
moted within environmental policy, but only indirectly required—i.e., by the Water Framework Directive—WFD
(2000/60/EC), the Floods Directive (2007/60/EC), the Habitat (1992/43/EEC) and Birds—HBD (1979/409/EEC) Direc-
tives, the EU 2020 Biodiversity Strategy, the Green Infrastructure initiative, the EU Climate Change Adaptation Strat-
egy, and the Ramsar Convention. As the protection of such human altered floodplains along large European rivers is
one of the objectives of the WFD and HBD (Funk et al., 2019), achieving these objectives require detailed planning of
various compromise solutions that are ecologically, commercially, and socially acceptable (Rouquette et al., 2011). In
addition to European legislation, the floodplains or at least some of the ecosystems found in Europe (e.g., floodplain for-
ests or wetlands) are subject to legal protection at the level of individual countries. To illustrate the different approaches
to floodplain management, here we outline the current situation in several Central and Southern European countries.
In the Czech Republic floodplains are protected by law; according to Act No. 114/1992 Coll., a floodplain area is consid-
ered a “significant landscape element.” From a practical point of view, this form of floodplain protection is not
completely effective, as it is not clear how to approach the protection of already partially degraded floodplains. The

TABLE 2
effects of degradation (Source: authors)

The most common causes of floodplain degradation in central and southern Europe and appropriate measures to mitigate the

Cause of floodplain degradation

Drainage and riverbed reinforcement
due to agricultural activities

Urbanization and transport
infrastructure development

Technical/structural flood protection
measures limiting lateral floodplain
connectivity (embankment)

Dam construction and construction of
torrent controls

Land-use/land cover changes

Mitigation measure(s)

River restoration (reestablish morphological river type and lateral connectivity), set initial
measures for type-specific self-development of the river/the floodplain system, detention
ponds construction, adopt ad hoc crop rotations and agricultural practices (tillage systems,
soil cover management, etc.), check and rebuild old drainage systems.

Develop urban green infrastructure and stormwater drainage management.

Creation of room for river (polders and areas suitable for periodic flooding) to alleviate floods
where possible.

Mitigate hydropeaking, implement fish bypasses and modify migration barriers in order to
reestablish longitudinal continuum; remove or reconstruct torrent controls in headwater
areas.

Floodplain habitat restoration, modify land-use (afforestation of unused land a pastures).
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same law provides for better protection of floodplains only if they are located in core zones of large-scale protected areas
or in small-scale protected areas. In addition, floodplain protection is hampered by the absence of datasets that capture
the precise spatial extent of floodplain ecosystems. Although floodplains in the Czech Republic represent a significant
part of the landscape, covering approximately 10% of the total area of the country (Stérba, 2008), ineffective legal protec-
tion has led to extensive degradation in the past and it is currently difficult to implement large-scale restorations that
would improve the ecological condition of floodplains. Instead of complex restoration of floodplain ecosystems, these
areas are more often subjected to construction of various flood protection measures, aimed at protecting residential and
industrial infrastructure located directly in flooded areas (Louckovd, 2014). Whether it is a structural measure located
in the urban area of a floodplain (e.g., artificial levee or solid concrete wall) or outside urban areas (e.g., polder), all
these measures affect biodiversity and the quality of ecosystem functions and services provided. While flood control
measures implemented outside urban areas usually have a positive effect on several different ecosystem functions, on
the contrary, measures implemented in built-up areas usually degrade many ecosystem functions. The poor condition
of riparian habitats in the Czech Republic is also related to the practical maintenance of the River Basin Management
Authorities based on the “Water Act” (No. 254/2001 Coll.), which aims to ensure sufficient space for the water flowing
in the riverbed by cutting down forests on the riverbanks.

More often than entire floodplain areas, their individual parts (specific ecosystems or habitats) are protected by law;
for example, in Slovakia, where wetlands, bogs or peat bogs, wet meadows, natural flowing waters and natural standing
(lentic) waters are protected under Act No. 543/2002. There are no specific maps of floodplain areas in Slovakia; how-
ever, background materials are available that can be considered as proxy data of floodplain distribution—e.g., maps of
Quaternary deposits (Maglay et al., 2009), soil maps (Hrasko et al., 1993), or potential primary vegetation (Michalko
et al., 1986). One of the most important localities where the protection of natural values of the floodplain is addressed
in Slovakia is the great floodplain of the Danube River. An example of suitable measures to increase the environmental
values of the floodplains is the LIFE project “Conservation and Management of Danube Floodplain Forests”, which
focuses on the conservation of the last remaining natural floodplain forests in the Slovak part of the Danube floodplain
and the introduction of sustainable forest management in this area (BROZ, 2003). Restoration measures such as
reconnection of meanders with the river system, increase of flow dynamics, excavation of sediment deposits from the
meanders, and a special mowing scheme have been proposed and partially implemented to conserve the natural values
and the derived human benefits (Holubova et al., 2003). Restoration of the Danube floodplain in Slovakia is perceived
as an important factor in improving environmental values, as it is a highly anthropogenically modified area. Major
interventions in this area include, for example, the construction of the Gabc¢ikovo waterworks, leading to a slow degra-
dation of rare and endangered habitats of softwood floodplain forests in the Danube inland delta—see Figure 3
(Petrasova-Sibikova et al., 2017).

In Slovenia, conditions and limitations related to construction and activities in floodplain areas are defined by the
“Decree on conditions and limitations for constructions and activities on flood risk areas” (PISRS, 2020). This regulation
mentions the flooding and erosion processes of surface water and sea. The methodology that should be used to define
endangered floodplain is determined by the “Rules on methodology to define flood risk areas and erosion areas con-
nected to floods and classification of plots into risk classes.” These rules use the concept of 10-year, 100-year, and
500-year return periods. Moreover, in relation to flood risk, the “Water Act” should also be mentioned. As a result of
this legislation, flood hazard maps for various parts of the country have been prepared. However, since the adoption
of this law about 10 years ago, a lot of construction has already taken place in floodplains, especially near the larger cit-
ies such as Ljubljana and Celje (e.g., Glavan et al., 2020). The floodplain area, defined based on the extent of flooding
during the 100-year return period, where much of the urban development of the city of Ljubljana in Slovenia is located,
is shown in Figure 4. The strong dependence of the floodplain extent on the terrain characteristics is a major drawback
of this hydrological (hydraulic) approach, since in the case of urban areas or localities with traffic embankments, the
course of the floodplain borderlines is intensively modified.

River lateral connectivity with floodplains is essential to create and maintain habitats for animals and plants, ensure
ecosystem services and integrity, enhance carbon sequestration and storage (Wohl et al., 2017). A case study of the Orco
River (North-Western Italy) is used to demonstrate how maintaining an adequate width of the river corridor and sus-
taining lateral river migration can be used as an effective solution to (a) mitigate flood risk, (b) minimize damage to
transport infrastructure, (c) support the objectives of the EU Water Framework, Floods and Habitat Directives. The
Orco river basin has a total area of about 910 km?, of which 78% is located in the Alpine mountain range and 22% in
the Po Valley plain. The Orco River flows on the southern slope of the Gran Paradiso massif, where an area of 11 km?
is currently occupied by glaciers. In the Po Valley plain (between the municipality of Cuorgné and the confluence with
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FIGURE 3 Danube floodplain forest near the Gabéikovo waterworks, Slovakia
(Source: Jaroslav Jankovic)

FIGURE 4 Significantly urbanized floodplain area (defined as the extent of flooding of the 100-year return period) of Ljubljanica River
and its tributaries in the eastern part of Ljubljana, Slovenia
(Source: Geoportal ARSO, 2020)

the Po River near Chivasso municipality), the river is characterized by a wandering morphology with a significant lat-
eral migration of bends, due to the intense sediment transport during the autumn and spring floods. Thanks to moder-
ate anthropogenic pressures, the Orco River corridor still preserves a riparian forest in the floodplain, located between
the river banks and the terraces. In late October 2019, a significant meander chute-cut occurred near San Benigno Can-
avese village (Figure 5), with a consecutive evolution of the chute channel in 2020. The chute channel has been formed
in the floodplain peninsula enclosed by the meander loop, resulting in gradual closure of the abandoned channel. The
chute channel is currently continuing to incise and widen into the floodplain. This process naturally preempted and
avoided the realization of a river engineering measure envisioned by the authorities to reduce lateral bank migration
towards the highway. The formation of this new channel did indeed reduce flood risk across the right river bank, mini-
mizing possible damages to the highway and to the San Benigno Canavese village (Figure 5). The river bank protection
by riprap at the outer bend of the meander is also currently not necessary because, after 16 months, the chute channel
is acting as the main channel, conveying the discharge during the majority of time. The shortening of the river
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Meander chute cut-off

FIGURE 5 A meander chute cut-off on the Orco River near San Benigno Canavese village, Italy
(Source: Paolo Maschio, Politecnico di Torino)

centerline has also resulted in increase in water gradient, with the consequent generation of erosion waves slowly
migrating upstream, which will likely affect the hydraulic geometry upstream of the chute.

Water regulation in Italy provides for a very extensive stratification of planning competence, involving the national
level, the regional administrative level and intermediary authorities whose sphere of influence extends beyond tradi-
tional administrative boundaries, such as the basin authorities (Salvati et al., 2012). This complex management frame-
work often collides with the urgency of controlling, managing and regulating water flows in a very complex socio-
economic context, such as in Italy and, more generally, Mediterranean Europe (e.g. Chelleri et al., 2015). Informal set-
tlements spreading in the floodplain areas without considering sufficient buffer zones have sometimes led to severe con-
ditions not only for ecosystems, but also for human health and life (Chelli et al., 2016; Ciommi et al., 2017; Gigliarano
and Chelli, 2016). These situations are exacerbated by erosive processes due to land use changes, fires, landslides and
abandonment of marginal lands (Salvati and Zitti, 2009; Salvati et al., 2011). Regional planning has mainly acted
through integrated tools, which involved regional landscape plans, provincial coordination plans, river basin plans and
planning at a more detailed scale of intervention, allowing both water regulation in contexts of particularly intense
meteoric inflows, and emergency water management under drought conditions to be organized fairly effectively
(e.g. Bajocco et al., 2012). Environmental policies at national and regional level have privileged the protection of relict
floodplains in northern Italy, especially in flat areas, allowing the creation of habitats with high biodiversity, rep-
resenting the natural extension of rivers with an alpine water regime (Smiraglia et al., 2016).

5 | DISCUSSION AND CONCLUSIONS

This article provided comparative insight into different approaches to floodplain delineation and outlined a conceptual
nexus between floodplains and ecosystem functions, both illustrated with case studies. It is worth reiterating that direct
human intervention (e.g., Entwistle et al., 2019; Lewin, 2013; Westra and de Wulf, 2006) can be seen as a major cause
of floodplain ecosystem degradation, most evident in the urban landscape. There, the floodplain area is built-up and
natural ecosystem functions are reduced due to loss of connectivity with the watercourse caused by river bank fortifica-
tion and construction of levees along the river (e.g. Hein, van Koppen, et al., 2016 or Amoateng et al., 2018). In the agri-
cultural landscape, the quality of ecosystem functions performed by the floodplain area is negatively affected by
significant human-induced channel incision and narrowing, resulting in a lowering of the water table. As cropland is
the most prevalent land-use category in floodplains in the Central and Southern European countries (cropland occupies
between 40% and 60% of floodplain area according to EEA, 2018), the above anthropogenic interventions are the most
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common cause of reduced ability of floodplains to perform ecosystem functions. Drainage and replacement of flood-
plain forests by agriculture, primarily fields and meadows, is most common (Klimo et al. 2008), resulting in loss of
inundation areas and increasing sediment and nutrient delivery to the river (van Andel and Aronson 2012).

Based on the above examples, it can be concluded that floodplain protection is at a different stage of development in
each country and has different preferences. Since all floodplains in Central and Southern Europe are very intensively
anthropogenically used and no change can be expected, multifunctional floodplain management can be seen as a solu-
tion to ensure the sustainable use of these areas. Multifunctional floodplain management can be defined as a manage-
ment approach that aims at a balanced provision of multiple ecosystem services that serve the needs of local residents.
Existing trade-offs imply the need of provisioning services reduction to decrease their dominance (Schindler
et al., 2014). Landscapes can be enhanced by adding (or maintaining) semi-natural landscape features designed to pro-
vide multiple ecosystem services (Lovell and Johnston, 2009). The importance of investing in natural ecosystems, in
particular urban green spaces, floodplains and areas for recreation, is recognized as a source of economic development
in EU regional and cohesion policies (COM, 2011). In Germany, for example multifunctionality is to some extent
included in legal regulations - the Federal Water Resources Act requires water managers to preserve, protect and even
enhance natural habitats in order to manage water resources sustainably (Schindler et al., 2016).The solution to these
ecologically unsatisfactory conditions, coupled with increased flood risk, is possible through the restoration of a water-
course or an entire floodplain (Keesstra et al., 2018). In order to find the optimal combination of spatially distinct large-
scale and small-scale measures to increase habitat availability for all relevant species, detailed spatial planning is an
important component of floodplain restoration (Remm et al., 2019). Weigelhofer et al. (2020) consider a combination of
multiple-species (aiming at restoring natural hydrological dynamics) and single-species approaches (focusing on the
conservation status of individual species) as a sound basis for decision-making processes in floodplain restoration in
accordance with the EU Water Framework Directive and the Birds and Habitat Directives, as well as local legislation.

To ensure both ecologically and socially viable restoration efforts, future research should explore the following
uncertainties and trade-offs. First, a proper delineation of current floodplains should take into account the legacy of
Late Holocene climatic oscillations that influence the magnitude of sediment fluxes in floodplains (Stacke et al., 2014),
as well as the legacy of past human activities (Swinnen et al., 2020, 2020). Decoupling the cause-effect feedback
between these processes is difficult (Hoffman and Rohde, 2011), but crucial for establishing historical baselines of flood-
plain restoration to improve ecosystem functions. Second, given the uncertainties associated with ongoing climate
change and its spatio-temporally varying impacts, floodplain management must consider the different scales at which
socio-ecological systems are transformed (Liu et al., 2007), including (a) variations in floodplain adjustment processes
(Chin, 2006), (b) the existing mismatches between the scales of ecohydrological processes and those of planning and
policy interventions (Raska et al., 2019), and (c) complicated and dynamic property rights and tenure systems
(Hartmann, 2009) and the social importance of floodplains (Richards et al., 2017). These issues point out the necessity
to balance ecosystem functions with the livelihood benefits of direct floodplain use (Juarez Lucas and Kibler, 2016).
Awareness of the social significance of floodplain ecosystems is likely to be a key element in improving the overall eco-
logical conditions of floodplains and ensuring their sustainability, as only an awareness of this fact can lead to restora-
tion efforts being supported by floodplain landowners.

ACKNOWLEDGMENTS

The authors would like to thank Paolo Maschio and Jaroslav Jankovi¢ for providing a photo of the Orco River meander
in Italy and the Danube floodplain forest in Slovakia. We are also grateful to the anonymous reviewers for their valu-
able comments and feedback, which helped to improve the quality of the article. This article contributes to the EU
COST Action network “LAND4FLOOD: Natural Flood Retention on Private Land” (CA16209, http://www.land4flood.
eu) and the complementary national Inter-COST Project (MSMT LTC18025). N. Bezak work was partially supported by
the Slovene Research Agency (ARRS) through grant P2-0180.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS

Jifi Jakubinsky: Conceptualization; funding acquisition; methodology; supervision; visualization; writing-original
draft; writing-review & editing. Marcela Prokopova: Data curation; resources; writing-original draft; writing-review &
editing. Pavel Raska: Conceptualization; methodology; writing-original draft; writing-review & editing. Luca Salvati:


http://www.land4flood.eu
http://www.land4flood.eu

JAKUBINSKY ET AL. ‘,‘ 'Y WIREs —Wl L EY 13 of 19

WATER

Methodology; resources; supervision; writing-original draft; writing-review & editing. Nejc Bezak: Data curation;
methodology; visualization; writing-original draft; writing-review & editing. Ondfej Cudlin: Data curation; methodol-
ogy; resources; writing-original draft; writing-review & editing. Pavel Cudlin: Conceptualization; methodology;
resources; supervision; writing-original draft; writing-review & editing. Jan Purkyt: Data curation; resources; visualiza-
tion. Paolo Vezza: Data curation; writing-original draft. Carlo Camporeale: Data curation; writing-original draft. Jan
Danék: Data curation; writing-original draft; writing-review & editing. Michal Pastor: Data curation; resources;
writing-original draft; writing-review & editing. Toma$§ Lepe§ka: Data curation; resources; writing-original draft;
writing-review & editing.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the corresponding author upon reasonable request.

ORCID
Jiri Jakubinsky (@ https://orcid.org/0000-0002-7461-2611
Tomdas Lepeska ‘© https://orcid.org/0000-0003-0385-3482

RELATED WIREs ARTICLES

Developing and using geomorphic condition assessments for river rehabilitation planning, implementation and
monitoring

Natural flood management

Monitoring the effectiveness of floodplain habitat restoration: A review of methods and recommendations for future

monitoring

FURTHER READING

FAO (1988). Soil map of the world. Revised legend. World Soil Resources Report, No. 60. Rome, FAO-UNESCO-ISRIC.

Fausch, K. D., Torgersen, C. E., Baxter, C. V., & Li, H. W. (2002). Landscapes to riverscapes: Bridging the gap between research and conserva-
tion of stream fishes: A continuous view of the river is needed to understand how processes interacting among scales set the context for
stream fishes and their habitat. Bioscience, 52(6), 483-498.

Gonzalez del Tanago, M., & Garcia de Jalon, D. (2011). Riparian Quality Index (RQI): A methodology for characterising and assessing the
environmental conditions of riparian zones. Limnetica, 30(2), 235-254.

Hoffmann, T., Erkens, G., Gerlach, R., Klostermann, J., & Lang, A. (2009). Trends and controls of Holocene floodplain sedimentation in the
Rhine catchment. Catena, 77, 96-106.

Kuiper, J. J., Janse, J. H., Teurlincx, S., Verhoeven, J. T., & Alkemade, R. (2014). The impact of river regulation on the biodiversity intactness
of floodplain wetlands. Wetlands Ecology and Management, 22(6), 647-658.

Leopold, L. B., & O'Brien Marchand, M. (1968). On the quantitative inventory of the riverscape. Water Resources Research, 4(4), 709-717.

Patel, C. G., & Gundaliya, P. J. (2016). Floodplain delineation using HEC-RAS model—A case study of Surat City. Open Journal of Modern
Hydrology, 6(1), 34-42. http://dx.doi.org/10.4236/0jmh.2016.61004.

Pithart, D., Zaloudik, J., Dostdl, T., Valentovd, J., Valenta, P., Weyskrabova, J., & Dusek, J. (2010). Ecosystem services of natural floodplain
segment-Luznice River, Czech Republic. WIT Transactions on Ecology and the Environment, 133, 129-139.

Richards, K., & Hughes, F. (2008). Floodplains in Europe: The case for restoration. In T. Moss & J. Monstadt (Eds.), Restoring floodplains in
Europe. Policy contexts and project experiences (pp. 16-46). IWA.

Wiens, J. A. (2002). Riverine landscapes: Taking landscape ecology into the water. Freshwater Biology, 47(4), 501-515.

REFERENCES

Ackerman, C. T. (2009). HEC-GeoRAS GIS tools for support of HEC-RAS using ArcGIS user’s manual version 4.2. US Army Corps of Engineers
Institute for Water Resources Hydrologic Engineering Center (HEC).

Ajwang' Ondiek, R., Kitaka, N., & Omondi Odour, S. (2016). Assessment of provisioning and cultural ecosystem services in natural wetlands
and rice fields in Kano floodplain, Kenya. Ecosystem Services, 21, 166-173.

Akanbi, A. A, Lian, Y. Q., Soong, T. W. (1999). An analysis on managed flood storage options for selected levees along the lower Illinois river
for enhancing flood protection. Report No 4: Flood Storage Reservoirs and Flooding on the Lower Illinois River. Illinois State Water Sur-
vey. Contract Report 645.

Alkama, R., & Cescatti, A. (2016). Biophysical climate impacts of recent changes in global forest cover. Science, 351(6273), 600-604.

Amoateng, P., Finlayson, C. M., Howard, J., & Wilson, B. (2018). Dwindling rivers and floodplains in Kumasi, Ghana: A socio-spatial analysis
of the extent and trend. Applied Geography, 90, 82-95.

Amoros, C., & Bornette, G. (2002). Connectivity and biocomplexity in waterbodies of riverine floodplains. Freshwater Biology, 47(4), 761-776.


https://orcid.org/0000-0002-7461-2611
https://orcid.org/0000-0002-7461-2611
https://orcid.org/0000-0003-0385-3482
https://orcid.org/0000-0003-0385-3482
https://doi.org/10.1002/wat2.1100
https://doi.org/10.1002/wat2.1100
https://doi.org/10.1002/wat2.1211
https://doi.org/10.1002/wat2.1355
https://doi.org/10.1002/wat2.1355
http://dx.doi.org/10.4236/ojmh.2016.61004

WATER

14 of 19 Wl L EY— "é" WIREs JAKUBINSKY ET AL.

Anderson, B. G., Rutherfurd, I. D., & Western, A. W. (2006). An analysis of the influence of riparian vegetation on the propagation of flood
waves. Environmental Modelling & Software, 21(9), 1290-1296.

Ani¢, 1. (2008). Floodplain forests of Croatia. In E. Klimo & H. Hager (Eds.), The floodplain forests in Europe: Current situation and perspec-
tives, European Forest Institute research report no. 10. Koninklijke Brill NV.

Auble, G. T., & Scott, M. L. (1998). Fluvial disturbance patches and cottonwood recruitment along the upper Missouri River, Montana. Wet-
lands, 18(4), 546-556.

Audet, J., Elsgaard, L., Kjaergaard, C., Larsen, S. E., & Hoffmann, C. C. (2013). Greenhouse gas emissions from a Danish riparian wetland
before and after restoration. Ecological Engineering, 57, 170-182.

Ausseil, A. G., Dymond, J. R., Kirschbaum, M. U. F., Andrew, R. M., & Parfitt, R. L. (2013). Assessment of multiple ecosystem services in
New Zealand at the catchment scale. Environmental Modelling & Software, 43, 37-48.

Bajocco, S., de Angelis, A., & Salvati, L. (2012). A satellite-based green index as a proxy for vegetation cover quality in a Mediterranean
region. Ecological Indicators, 23, 578-587.

Benjankar, R., Egger, G., Jorde, K., Goodwin, P., & Glenn, N. F. (2011). Dynamic floodplain vegetation model development for the Kootenai
River, USA. Journal of Environmental Management, 92(12), 3058-3070.

Bezak, N., §raj, M., Rusjan, S., & Miko§, M. (2018). Impact of the rainfall duration and temporal rainfall distribution defined using the huff
curves on the hydraulic flood modelling results. Geosciences, 8, 69.

Boithias, L., Terrado, M., Corominas, L., Ziv, G., Kumar, V., Marqués, M., Schuhmacher, M., & Acuiia, V. (2016). Analysis of the uncertainty
in the monetary valuation of ecosystem services: A case study at the river basin scale. Science of the Total Environment, 543, 683-690.

Booth, D. B., & Bledsoe, B. P. (2009). Streams and urbanization. In L. Baker (Ed.), The water environment of cities. Springer.

Brazdil, R., Mdcka, Z., Reznitkovd, L., Soukalovd, E., Dobrovolny, P., & Grygar, M. (2011). Floods and floodplain changes of the river
Morava, the Straznické Pomoravi region (Czech Republic) over the past 130 years. Hydrological Sciences Journal, 56(7), 1166-1185.

BROZ. (2003). Conservation and management of Danube floodplain forests (p. 16). BROZ: Regional Association for Nature Conservation and
Sustainable Development.

Brunotte, E., Dister, E., Guenther-Diringer, D., Koenzen, U., & Mehl, D. (2009). Flussauen in Deutschland: Erfassung und Bewertung des
Auenzustandes (Riparian floodplains in Germany: survey and evaluation of floodplain conditions). In Naturschutz und Biologische
Vielfalt (p. 87). BfN.

Bunn, S. E., & Arthington, A. H. (2002). Basic principles and ecological consequences of altered flow regimes for aquatic biodiversity. Envi-
ronmental Management, 30(4), 492-507.

Burkhard, B., Kroll, F., Nedkov, S., & Miiller, F. (2012). Mapping ecosystem service supply, demand and budgets. Ecological Indicators, 21,
17-29.

Casco, S. L., Neiff, J. J., & de Neiff, A. P. (2010). Ecological responses of two pioneer species to a hydrological connectivity gradient in ripar-
ian forests of the lower Parana River. Plant Ecology, 209(1), 167-177.

Chelleri, L., Schuetze, T., & Salvati, L. (2015). Integrating resilience with urban sustainability in neglected neighborhoods: Challenges and
opportunities of transitioning to decentralized water management in Mexico City. Habitat International, 48, 122-130.

Chelli, F. M., Ciommi, M., Emili, A., Gigliarano, C., & Taralli, S. (2016). Assessing the equitable and sustainable well-being of the Italian
provinces. International Journal of Uncertainty, Fuzziness and Knowlege-Based Systems, 24, 39-62.

Chin, A. (2006). Urban transformation of river landscapes in a global context. Geomorphology, 79, 460-487.

Ciommi, M., Gentili, A., Ermini, B., Chelli, F. M., & Gallegati, M. (2017). Have your cake and eat it too: The well-being of the Italians (1861-
2011). Social Indicators Research, 134(2), 473-509.

Clilverd, H. M., Thompson, J. R., Heppell, C. M., Sayer, C. D., & Axmacher, J. C. (2016). Coupled hydrological/hydraulic modelling of river
restoration impacts and floodplain hydrodynamics. River Research and Applications, 32(9), 1927-1948.

COM (2011). Regional policy contributing to sustainable growth in Europe 2020. European Commission, Brussels. COM 17, 2011. http://ec.
europa.eu/regional_policy/sources/docoffic/official/communic/sustainable/comm2011_17_en.pdf

Corenblit, D., Gurnell, A. M., Steiger, J., & Tabacchi, E. (2008). Reciprocal adjustments between landforms and living organisms: Extended
geomorphic evolutionary insights. Catena, 73(3), 261-273.

Corenblit, D., Steiger, J., Tabacchi, E., Gonzdlez, E., & Planty-Tabacchi, A. M. (2014). Ecosystem engineers modulate exotic invasions in
riparian plant communities by modifying hydrogeomorphic connectivity. River Research and Applications, 30(1), 45-59.

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., O'Neill, R. V., Paruedo, J.,
Raskin, R. G., Sutton, P., & van den Belt, M. (1997). The value of the world's ecosystem services and natural capital. Nature, 15
(387), 253-260.

de Bello, F., Lavorel, S., Diaz, S., Harrington, R., Cornelissen, J. H. C., Bardgett, R. D., Berg, M. P., Cipriotti, P., Feld, C. K., Hering, D., da
Silva, P. M., Potts, S. G., Sandin, L., Sousa, J. P., Storkey, J., Wardle, D. A., & Harrison, P. A. (2010). Towards an assessment of multiple
ecosystem processes and services via functional traits. Biodiversity and Conservation, 19, 2873-2893.

de Martino, G., de Paola, F., Fontana, N., Marini, G., & Ranucci, A. (2012). Experimental assessment of level pool routing in preliminary
design of floodplain storage. Science of the Total Environment, 416, 142-147.

Desjonqueres, C., Rybak, F., Castella, E., Llusia, D., & Sueur, J. (2018). Acoustic communities reflects lateral hydrological connectivity in riv-
erine floodplain similarly to macroinvertebrate communities. Scientific Reports, 8(1), 1-11.

Diaz-Redondo, M., Egger, G., Marchamalo, M., Hohensinner, S., & Dister, E. (2017). Benchmarking fluvial dynamics for process-based river
restoration: The upper Rhine River (1816-2014). River Research and Applications, 33(3), 403-414.


http://ec.europa.eu/regional_policy/sources/docoffic/official/communic/sustainable/comm2011_17_en.pdf
http://ec.europa.eu/regional_policy/sources/docoffic/official/communic/sustainable/comm2011_17_en.pdf

JAKUBINSKY ET AL. ‘,‘ 'Y WIREs —Wl L EY 15 of 19

WATER

EEA (2018) European freshwater: Why should we care about floodplains? Briefing No. 14/2018. doi:https://doi.org/10.2800/548993

Entwistle, N. S., Heritage, G. L., Schofield, L. A., & Williamson, R. J. (2019). Recent changes to floodplain character and functionality in
England. Catena, 174, 490-498.

Erwin, K. L. (2009). Wetlands and global climate change: The role of wetland restoration in a changing world. Wetlands Ecology and Man-
agement, 17(1), 71-84.

Evette, A., Zanetti, C., Cavaillé, P., Dommanget, F., Mériaux, P., & Vennetier, M. (2014). The paradox when managing the riparian zones of
rivers with engineered embankments in The French prealps. Revue de géographie alpine, 102-4, http://dx.doi.org/10.4000/rga.2373.

Felipe-Lucia, M. R., Comin, F. A., & Bennett, E. M. (2014). Interactions among ecosystem services across land uses in a floodplain
agroecosystem. Ecology and Society, 19(1). http://dx.doi.org/10.5751/es-06249-190120.

Fischer, C., Damm, C., Foeckler, F., Gelhaus, M., Gerstner, L., Harris, R., Hoffmann, T. G., Iwanowski, J., Kasperidus, H., Mehl, D.,
Podschum, S. A., Rumm, A., Stammel, B., & Scholz, M. (2019). The “habitat provision” index for assessing floodplain biodiversity and
restoration potentials as an ecosystem service: Method and application. Frontiers in Ecology and Evolution, 7, 483.

Forman, R. T. T. (1999). Land mosaics. The ecology of landscapes and regions (p. 632). Cambridge University Press.

Fu, B., Wang, Y. K., Xu, P., & Yan, K. (2013). Mapping the flood mitigation services of ecosystems: A case study in the Upper Yangtze River
basin. Ecological Engineering, 52, 238-246.

Fuller, J.E. (2018). Defining ordinary and natural conditions for state navigability determinations. Arizona Geological Survey Contributed
Report CR-18-B, 135p.

Funk, A., Martinez-Lopez, J., Borgwardt, F., Trauner, D., Bagstad, K. J., Balbi, S., & Hein, T. (2019). Identification of conservation and resto-
ration priority areas in the Danube River based on the multi-functionality of river-floodplain systems. Science of the Total Environment,
654, 763-777.

Funk, A., Tschikof, M., Griiner, B., Bock, K., Hein, T., & Bondar-Kunze, E. (2020). Analysing the potential to restore the multi-functionality
of floodplain systems by considering ecosystem service quality, quantity and trade-offs. River Research and Applications, 37, 221-232.
Getirana, A., Kumar, S., Girotto, M., & Rodell, M. (2017). Rivers and floodplains as key components of global terrestrial water storage vari-

ability. Geophysical Research Letters, 44, 10359-10368.

Ghaley, B. B., Vesterdal, L., & Porter, J. R. (2014). Quantification and valuation of ecosystem services in diverse production systems for
informed decision-making. Environmental Science & Policy, 39, 139-149.

Ghermandi, A., Camacho-Valdez, V., & Trejo-Espinosa, H. (2020). Social media-based analysis of cultural ecosystem services and heritage
tourism in a coastal region of Mexico. Tourism Management, 77, 104002.

Gigliarano, C., & Chelli, F. M. (2016). Measuring inter-temporal intragenerational mobility: An application to the Italian labour market.
Quality and Quantity, 50(1), 89-102.

Glavan, M., Cveji¢, R., Zupanc, V., Knapi¢, M., & Pintar, M. (2020). Agricultural production and flood control dry detention reservoirs:
Example from lower Savinja Valley, Slovenia. Environmental Science and Policy, 114, 394-402.

Gonzalez del Tanago, M., & Garcia de Jalon, D. (2011). Riparian quality index (RQI): A methodology for characterising and assessing the
environmental conditions of riparian zones. Limnetica, 30(2), 235-254.

Grimaldi, S., Petroselli, A., Arcangeletti, E., & Nardi, F. (2013). Flood mapping in ungauged basins using fully continuous hydrologic-
hydraulic modeling. Journal of Hydrology, 487, 39-47.

Grizzetti, B., Liquete, C., Pistocchi, A., Vigiak, O., Zuliana, G., Bouraoui, F., de Roo, A., & Cardoso, A. C. (2019). Relationship between eco-
logical condition and ecosystem services in European rivers lakes and coastal waters. Science of the Total Environment, 671, 452-465.
Grygoruk, M., Mirostaw-Swiatek, D., Chrzanowska, W., & Ignar, S. (2013). How much for water? Economic assessment and mapping of

floodplain water storage as a catchment-scale ecosystem service of wetlands. Water, 5(4), 1760-1779.

Gurnell, A. M., Corenblit, D., Garcia de Jalon, D., Gonzalez del Tanago, M., Grabowski, R. C., O'hare, M. T., & Szewczyk, M. (2016). A con-
ceptual model of vegetation-hydrogeomorphology interactions within river corridors. River Research and Applications, 32(2), 142-163.

Habersack, H., Schober, B., & Hauer, C. (2015). Floodplain evaluation matrix (FEM): An interdisciplinary method for evaluating river flood-
plains in the context of integrated flood risk management. Natural Hazards, 75(1), 5-32.

Habersack, H., Hein, T., Stanica, A., Liska, I., Mair, R., Jiger, E., & Bradley, C. (2016). Challenges of river basin management: Current status
of, and prospects for, the river Danube from a river engineering perspective. Science of the Total Environment, 543, 828-845.

Hale, R. L., Cook, E. M., & Beltran, B. J. (2019). Cultural ecosystem services provided by rivers across diverse social-ecological landscapes: A
social media analysis. Ecological Indicators, 107, 105580.

Hartmann, T. (2009). Clumsy floodplains and the law: Towards a responsive land policy for extreme floods. Built Environment, 35(4),
531-544.

Hein, L., van Koppen, C. K., van Ierland, E. C., & Leidekker, J. (2016). Temporal scales, ecosystem dynamics, stakeholders and the valuation
of ecosystems services. Ecosystem Services, 21, 109-119.

Hein, T., Baranyi, C., Reckendorfer, W., & Schiemer, F. (2004). The impact of surface water exchange on the nutrient and particle dynamics
in side-arms along the River Danube, Austria. Science of the Total Environment, 328, 207-218.

Hein, T., Schwarz, U., Habersack, H., Nichersu, I., Preiner, S., Willby, N., & Weigelhofer, G. (2016). Current status and restoration options
for floodplains along the Danube River. Science of the Total Environment, 543, 778-790.

Higgisson, W., Higgisson, B., Powell, M., Driver, P., & Dyer, F. (2020). Impacts of water resource development on hydrological connectivity
of different floodplain habitats in a highly variable system. River Research and Applications, 36(4), 542-552.


https://doi.org/10.2800/548993
http://dx.doi.org/10.4000/rga.2373
http://dx.doi.org/10.5751/es-06249-190120

16 of 19 Wl L EY— "g’ WIREs JAKUBINSKY ET AL.

W WATER

Hoffman, M. T., & Rohde, R. F. (2011). Rivers through time: Historical changes in the riparian vegetation of the semi-arid, winter rainfall
region of South Africa in response to climate and land use. Journal of the History of Biology, 44(1), 59-80.

Hohensinner, S., & Drescher, A. (2008). Historical change of European floodplains: The Danube River in Austria. The floodplain forests of tem-
perate zone of Europe. Lesnicka prace.

Holubova, K., Hey, R. D., & Lisicky, M. J. (2003). Middle Danube tributaries: Constraints and opportunities in lowland river restoration.
Large Rivers, 15(1-4), 507-519.

Horn, R., & Richards, J. S. (2006). Flow-vegetation interactions in restored floodplain environments. In P. J. Wood, D. M. Hannah & J. P.
Sadler (Eds.), Hydroecology and Ecohydrology: Past, Present and Future (pp. 269-294). Chichester, England: John Wiley & Sons, Ltd.

Horritt, M. S., & Bates, P. D. (2002). Evaluation of 1D and 2D numerical models for predicting river flood inundation. Journal of Hydrology,
268(1-4), 87-99.

Hrasko, J., Linkes, V., Sély, R., & Surina, B. (1993). Pédna mapa Slovenska. 1: 400 000. VUPU/Slov.

Hughes, F. M., Moss, T., & Richards, K. S. (2008). Uncertainty in riparian and floodplain restoration. In S. Darby & D. Sear (Eds.), River resto-
ration: managing the uncertainty in restoring physical habitat. (Vol. 79, pp. 94-119). Chichester, England: John Wiley & Sons, Ltd.

Hughes, F. M., del Tdnago, M. G., & Mountford, J. O. (2012). Restoring floodplain forests in Europe. In A goal-oriented approach to forest
landscape restoration (pp. 393-422). Springer.

Hughes, F. M. R., Colston, A., & Mountford, J. O. (2005). Restoring riparian ecosystems: The challenge of accommodating variability and
designing restoration trajectories. Ecology and Society, 10(1). http://www.ecologyandsociety.org/vol10/iss1/art12/.

Jakubinsky, J., Herber, V., & Cudlin, P. (2020). A comparison of four approaches to river landscape delineation: The case of small water-
courses in The Czech Republic. Moravian Geographical Reports, 27(4), 229-240.

Johnson, K. A., Polasky, S., Nelson, E., & Pennington, D. (2012). Uncertainty in ecosystem services valuation and implications for assessing
land use tradeoffs: An agricultural case study in the Minnesota River basin. Ecological Economics, 79, 71-79.

Jolly, I. D. (1996). The effects of river management on the hydrology and Hydroecology of arid and semi-arid floodplains. In M. G. Anderson,
D. E. Walling, & P. D. Bates (Eds.), Floodplain processes (pp. 577-609). John Wiley & Sons Ltd..

Juarez Lucas, A. M., & Kibler, K. M. (2016). Integrated flood management in developing countries: Balancing flood risk, sustainable liveli-
hoods, and ecosystem services. International Journal of River Basin Management, 14(1), 19-31.

Karpack, M. N., Morrison, R. R., & McManamay, R. A. (2020). Quantitative assessment of floodplain functionality using an index of integrity.
Ecological Indicators, 111, 106051.

Keddy, P. A. (2010). Wetland ecology: Principles and conservation. Cambridge University Press.

Keesstra, S., Nunes, J., Novara, A., Finger, D., Avelar, D., Kalantari, Z., & Cerda, A. (2018). The superior effect of nature based solutions in
land management for enhancing ecosystem services. Science of the Total Environment, 610, 997-1009.

Klimo, E., Hager, H., Machar, I, Bu¢ek, A., & Schmalfus, R. (2008). Revitalization and protection of floodplain forests. Floodplain forests of
the temperate zone of Europe. Lesnickd prace, 87, 301-323.

Larsen, F. W., Turner, W. R., & Brooks, T. M. (2012). Conserving critical sites for biodiversity provides disproportionate benefits to people.
PLoS One, 7(5), €36971.

Leigh, C., & Sheldon, F. (2009). Hydrological connectivity drives patterns of macroinvertebrate biodiversity in floodplain rivers of the
Australian wet/dry tropics. Freshwater Biology, 54(3), 549-571.

Lewin, J. (1978). Floodplain geomorphology. Progress in Physical Geography, 2(3), 408-437.

Lewin, J. (2013). Enlightenment and the GM floodplain. Earth Surface Processes and Landforms, 38(1), 17-29.

Liu, J., Dietz, T., Carpenter, S. R., Alberti, M., Folke, C., Moran, E., & Taylor, W. W. (2007). Complexity of coupled human and natural sys-
tems. Science, 317, 1513-1516.

Liu, Y., & Gupta, H. V. (2007). Uncertainty in hydrologic modeling: Toward an integrated data assimilation framework. Water Resources
Research, 43, W07401. https://doi.org/10.1029/2006 WR005756

Louckova, B. (2014). Eastern European perspective on the environmental aspects in current flood risk management: The example of The
Czech Republic. In A. Bhadurri, J. Bogardi, J. Leentvaar, & S. Marx (Eds.), The global water system in the Anthropocene. Challenges for sci-
ence and governance (pp. 183-196). Springer.

Lovell, S. T., & Johnston, D. M. (2009). Creating multifunctional landscapes: How can the field of ecology inform the design of the landscape?
Frontiers in Ecology and the Environment, 7(4), 212-220.

Magdaleno, F., & Fernandez, J. A. (2011). Hydromorphological alteration of a large Mediterranean river: Relative role of high and low flows
on the evolution of riparian forests and channel morphology. River Research and Applications, 27(3), 374-387.

Maglay, J., Pristas, J., Kucera, M., & Abelovd, M. (2009). Geologicka mapa kvartéru Slovenska, Genetické typy kvartérnych ulozenin 1:500 000.
MZP SR a SGUDS.

Mamat, Z., Halik, U., Keyimu, M., Keram, A., & Nurmamat, K. (2018). Variation of the floodplain forest ecosystem service value in the lower
reaches of Tarim River, China. Land Degradation & Development, 29(1), 47-57.

Marren, P. M., Grove, J. R., Webb, J. A., & Stewardson, M. J. (2014). The potential for dams to impact lowland meandering river floodplain
geomorphology. The Scientific World Journal, 2014, 1-24. http://dx.doi.org/10.1155/2014/309673.

McShane, R. R., Auerbach, D. A., Friedman, J. M., Auble, G. T., Shafroth, P. B., Merigliano, M. F., & Poff, N. L. (2015). Distribution of inva-
sive and native riparian woody plants across the western USA in relation to climate, river flow, floodplain geometry and patterns of
introduction. Ecography, 38(12), 1254-1265.


http://www.ecologyandsociety.org/vol10/iss1/art12/
https://doi.org/10.1029/2006WR005756
http://dx.doi.org/10.1155/2014/309673

JAKUBINSKY ET AL. ‘,‘ 'Y WIREs —Wl L EY 17 of 19

WATER

Meli, P., Benayas, J. M. R., Balvanera, P., & Ramos, M. M. (2014). Restoration enhances wetland biodiversity and ecosystem service supply,
but results are context-dependent: A meta-analysis. PLoS One, 9(4), €93507.

Michalko, J., Berta, J., & Magic, D. (1986). Geobotanickd mapa CSSR (SSR): textovd a mapova c¢ast, 1. vyd (p. 162). Veda.

Mitsch, W. J., Day, J. W., Gilliam, J. W., Groffman, P. M., Hey, D. L., Randall, G. W., & Wang, N. (2001). Reducing nitrogen loading to the
Gulf of Mexico from the Mississippi River basin: Strategies to counter a persistent ecological problem: Ecotechnology—The use of natu-
ral ecosystems to solve environmental problems—Should be a part of efforts to shrink the zone of hypoxia in the Gulf of Mexico. Biosci-
ence, 51(5), 373-388.

Moradkhani, H., Baird, R. G., & Wherry, S. A. (2010). Assessment of climate change impact on floodplain and hydrologic ecotones. Journal
of Hydrology, 395(3-4), 264-278.

Morri, E., Pruscini, F., Scolozzi, R., & Santolini, R. (2014). A forest ecosystem services evaluation at the river basin scale: Supply and demand
between coastal areas and upstream lands (Italy). Ecological Indicators, 37, 210-219.

Morris, J., Posthumus, H., Hess, T., Gowing, D., & Rouquette, J. (2009). Watery land: The management of lowland floodplains in England. In
M. Winter & M. Lobley (Eds.), What is land for (pp. 135-166). New York: Earthscan.

Nardi, F., Vivoni, E. R., & Grimaldi, S. (2006). Investigating a floodplain scaling relation using a hydrogeomorphic delineation method. Water
Resources Research, 42(9), 1-15.

Natho, S., Venohr, M., Henle, K., & Schulz-Zunkel, C. (2013). Modelling nitrogen retention in floodplains with different degrees of degrada-
tion for three large rivers in Germany. Journal of Environmental Management, 122, 47-55.

Ncube, S., Visser, A., & Beevers, L. (2018). A framework for assessing Instream supporting ecosystem services based on Hydroecological
Modelling. Water, 10(9), 1247.

Newcomer Johnson, T. A., Kaushal, S. S., Mayer, P. M., Smith, R. M., & Sivirichi, G. M. (2016). Nutrient retention in restored streams and
rivers: A global review and synthesis. Water, 8(4), 116.

Nilsson, C., Reidy, C. A., Dynesius, M., & Revenga, C. (2005). Fragmentation and flow regulation of the world's large river systems. Science,
308, 405-408.

Nin, M., Soutullo, A., Rodriguez-Gallego, L., & di Minin, E. (2016). Ecosystem services-based land planning for environmental impact avoid-
ance. Ecosystem Services, 17, 172-184.

Noe, G. B., & Hupp, C. R. (2005). Carbon, nitrogen and phosphorus accumulation in floodplains of Atlantic coastal plain rivers, USA. Ecolog-
ical Applications, 15, 1178-1190.

Noman, N. S., Nelson, E. J., & Zundel, A. K. (2001). Review of automated floodplain delineation from digital terrain models. Journal of Water
Resources Planning and Management, 127(6), 394-402.

O'Briain, R. (2019). Climate change and European rivers: An eco-hydromorphological perspective. Ecohydrology, 12(5), €2099.

Omer, C. R., Nelson, E. J., & Zundel, A. K. (2003). Impact of varied data resolution on hydraulic modeling and floodplain delineation. Jour-
nal of the American Water Resources Association (JAWRA), 39(2), 467-475.

Opperman, J. J., Luster, R., McKenney, B. A., Roberts, M., & Meadows, A. W. (2010b). Ecologically functional floodplains: Connectivity, flow
regime, and scale 1. JAWRA Journal of the American Water Resources Association, 46(2), 211-226.

Paillex, A., Dolédec, S., Castella, E., Mérigoux, S., & Aldridge, D. C. (2013). Functional diversity in a large river floodplain: Anticipating the
response of native and alien macroinvertebrates to the restoration of hydrological connectivity. Journal of Applied Ecology, 50(1), 97-106.

Park, E. (2020). Characterizing channel-floodplain connectivity using satellite altimetry: Mechanism, hydrogeomorphic control, and sedi-
ment budget. Remote Sensing of Environment, 243, 111783.

Peh, K. S. H.,, Balmford, A., Field, R. H., Lamb, A., Birch, J. C., Bradbury, R. B., Brown, C., Butchart, S. H. M., Lester, M., Morrison, R.,
Sedgwick, I, Soans, C., Stattersfield, A. J., Stroh, P. A., Swetnam, R. D., Thomas, D. H. L., Walpole, M., Warrington, S., &
Hughes, F. M. R. (2014). Benefits and costs of ecological restoration: Rapid assessment of changing ecosystem service values at a
U.K. wetland. Ecology and Evolution, 4, 3875-3886.

Peters, G. (2016). Identifying and valuing the functions of floodplains. Paper presented at The 2016 Floodplain Management Association
National Conference (pp. 1-16).

PetraSova-Sibikovéd, M., Mate¢ny, 1., Uhercikova, E., Pisut, P., Kubalova, S., Valachovi¢, M., & Medvecka, J. (2017). Effect of the Gabéikovo
waterworks (Slovakia) on riparian floodplain forest ecosystems in the Danube inland delta: Vegetation dynamics and trends. Biologia, 72
(7), 722-734.

PISRS. (2020). Legal information system. Legislation Office of the Government of the Republic of Slovenia. http://www.pisrs.si/Pis.web/

Podschun, S. A., Thiele, J., Dehnhardt, A., Mehl, D., Hoffmann, T. G., Albert, C., & Costea, G. (2018). Das Konzept der
Okosystemleistungen-eine Chance fiir integratives Gew#issermanagement. Hydrologie und Wasserbewirtschaftung, 62(6), 453-468.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D., & Stromberg, J. C. (1997). The natural flow regime. Biosci-
ence, 47(11), 769-784.

Politti, E., Egger, G., Angermann, K., Rivaes, R., Blamauer, B., Klosch, M., Tritthart, M., & Habersack, H. (2014). Evaluating climate change
impacts on alpine floodplain vegetation. Hydrobiologia, 737(1), 225-243.

Posthumus, H., Rouquette, J. R., Morris, J., Gowing, D. J. G., & Hess, T. M. (2010). A framework for the assessment of ecosystem goods and
services; a case study on lowland floodplains in England. Ecological Economics, 69(7), 1510-1523.

Pusey, B. J., & Arthington, A. H. (2003). Importance of the riparian zone to the conservation and management of freshwater fish: A review.
Marine and Freshwater Research, 54(1), 1-16.

Rak, G., Grobljar, S., & Steinman, F. (2018). Flood modelling in urban areas. Acta hydrotechnica, 31(54), 21-33.


http://www.pisrs.si/Pis.web/

18 of 19 Wl L EY— "g’ WIREs JAKUBINSKY ET AL.

W WATER

Raska, P., Slavikovd, L., & Sheehan, J. (2019). Scale in nature-based solutions for flood risk management. In T. Hartmann, L. Slavikova, & S.
McCarthy (Eds.), Nature-based flood risk management on private land (pp. 9-20). Springer.

Ragka, P., Stehlikova, M., Rybovd, K., & Aubrechtova, T. (2019). Managing flood risk in shrinking cities: Dilemmas for urban development
from the central European perspective. Water International, 44(5), 520-538.

Remm, L., Lohmus, A., Leibak, E., Kohv, M., Salm, J. O., Lohmus, P., Rosenvald, R., Runnel, K., Vellak, K., & Rannap, R. (2019). Restoration
dilemmas between future ecosystem and current species values: The concept and a practical approach in Estonian mires. Journal of Envi-
ronmental Management, 250, 109439.

Richards, D. R., Warren, P. H., Maltby, L., & Moggridge, H. L. (2017). Awareness of greater numbers of ecosystem services affects preferences
for floodplain management. Ecosystem Services, 24, 138-146.

Robinson, C. T., Tockner, K., & Ward, J. V. (2002). The fauna of dynamic riverine landscapes. Freshwater Biology, 47, 661-677.

Rouquette, J. R., Posthumus, H., Morris, J., Hess, T. M., Dawson, Q. L., & Gowing, D. J. G. (2011). Synergies and trade-offs in the manage-
ment of lowland rural floodplains: An ecosystem services approach. Hydrological Sciences Journal, 56(8), 1566-1581.

Salo, J., Kalliola, R., Hakkinen, L., Makinen, Y., Niemela, P., Puhakka, M., & Coley, P. D. (1986). River dynamics and the diversity of Ama-
zon lowland forests. Nature, 322, 254-258.

Salvati, L., & Zitti, M. (2009). The environmental “risky” region: Identifying land degradation processes through integration of socio-
economic and ecological indicators in a multivariate regionalization model. Environmental Management, 44(5), 888.

Salvati, L., Bajocco, S., Ceccarelli, T., Zitti, M., & Perini, L. (2011). Towards a process-based evaluation of land vulnerability to soil degrada-
tion in Italy. Ecological Indicators, 11(5), 1216-1227.

Salvati, L., Perini, L., Sabbi, A., & Bajocco, S. (2012). Climate aridity and land use changes: A regional-scale analysis. Geographical Research,
50(2), 193-203.

Sanon, S., Hein, T., Douven, W., & Winkler, P. (2012). Quantifying ecosystem service trade-offs: The case of an urban floodplain in Vienna,
Austria. Journal of Environmental Management, 111, 159-172.

Schindler, S., Sebesvari, Z., Damm, C., Euller, K., Mauerhofer, V., Schneidergruber, A., Bir6, M., Essl, F., Kanka, R., Lauwaars, S. G., Schulz-
Zunkel, C., Sluis, T., Kropik, M., Gasso, V., Krug, A., Pusch, M. T., Zulka, K. P., Lazowski, W., Hainz-Renetzeder, C., ... Wrbka, T.
(2014). Multifunctionality of floodplain landscapes: Relating management options to ecosystem services. Landscape Ecology, 29, 229-244.

Schindler, S., O'Neill, F. H., Bird, M., Damm, C., Gasso, V., Kanka, R., Sluis, T., Krug, A., Lauwaars, S. G., Sebesvari, Z., Pusch, M.,
Baranovsky, B., Ehlert, T., Neukirchen, B., Martin, J. R., Euller, K., Mauerhofer, V., & Wrbka, T. (2016). Multifunctional floodplain man-
agement and biodiversity effects: A knowledge synthesis for six European countries. Biodiversity and Conservation, 25(7), 1349-1382.

Schneider, C., Florke, M., Geerling, G., Duel, H., Grygoruk, M., & Okruszko, T. (2011). The future of European floodplain wetlands under a
changing climate. Journal of Water and Climate Change, 2(2-3), 106-122.

Schober, B., Hauer, C., & Habersack, H. (2015). A novel assessment of the role of Danube floodplains in flood hazard reduction (FEM
method). Natural Hazards, 75(1), 33-50.

Schonbrunner, I. M., Preiner, S., & Hein, T. (2012). Impact of drying and re-flooding of sediment on phosphorus dynamics of river-floodplain
systems. Science of the Total Environment, 432, 329-337.

Scott, M. L., Shafroth, P. B., Auble, G. T., & Eggleston, E. D. (1997). Flood dependency of cottonwood stablishment along the Missouri River,
Montana USA. Ecological Applications, 7, 677-690.

Sejék, I., Cudlin, P., Pokorny, J., Zapletal, M., Petfi¢ek, V., Guth, J., & Vyskot, I. (2010). Hodnoceni funkci a sluzeb ekosystémui Ceské republiky
(198 p). Usti nad Labem: Fakulta zivotniho prosttedi, Univerzita J. E. Purkyné.

Serna-Chavez, H. M., Swenson, N. G., Weiser, M. D., van Loon, E. E., Bouten, W., Davidson, M. D., & Van Bodegom, P. M. (2017). Strong
biotic influences on regional patterns of climate regulation services. Global Biogeochemical Cycles, 31(5), 787-803.

Shields, F. D., Jr., Simon, A., & Steffen, L. J. (2000). Reservoir effects on downstream river channel migration. Environmental Conservation,
27(1), 54-66.

Smiraglia, D., Ceccarelli, T., Bajocco, S., Salvati, L., & Perini, L. (2016). Linking trajectories of land change, land degradation processes and
ecosystem services. Environmental Research, 147, 590-600.

Smith, P., Ashmore, M. R., Black, H. I, Burgess, P. J., Evans, C. D., Quine, T. A., & Orr, H. G. (2013). The role of ecosystems and their man-
agement in regulating climate, and soil, water and air quality. Journal of Applied Ecology, 50(4), 812-829.

Souter, N. J., Wallace, T., Walter, M., & Watts, R. (2014). Raising river level to improve the condition of a semi-arid floodplain forest.
Ecohydrology, 7(2), 334-344.

Sponseller, R. A., Heffernan, J. B., & Fisher, S. G. (2013). On the multiple ecological roles of water in river networks. Ecosphere, 4(2), 1-14.

Stacke, V., Panek, T., & Sedlacek, J. (2014). Late Holocene evolution of the Be¢va River floodplain (Outer Western Carpathians, Czech
Republic). Geomorphology, 206, 440-451.

Stanford, J. A., Lorang, M. S., & Hauer, F. R. (2005). The shifting habitat mosaic of river ecosystems. Internationale Vereinigung fiir theoreti-
sche und angewandte Limnologie: Verhandlungen, 29(1), 123-136.

Stella, J. C., Rodriguez-Gonzilez, P. M., Dufour, S., & Bendix, J. (2013). Riparian vegetation research in Mediterranean-climate regions: Com-
mon patterns, ecological processes, and considerations for management. Hydrobiologia, 719(1), 291-315.

Stérba, O. (Ed.). (2008). Ricni krajina a jeji ekosystémy (p. 391). Univerzita Palackého v Olomouci (in Czech).

Swinnen, W., Broothaerts, N., Hoevers, R., & Verstraeten, G. (2020). Anthropogenic legacy effects control sediment and organic carbon stor-
age in temperate river floodplains. Catena, 195, 104897.



JAKUBINSKY ET AL. ‘,‘ 'Y WIREs —Wl L EY 19 of 19

WATER

Swinnen, W., Daniéls, T., Maurer, E., Broothaerts, N., & Verstraeten, G. (2020). Geomorphic controls on floodplain sediment and soil organic
carbon storage in a Scottish mountain river. Earth Surface Processes and Landforms, 45(1), 207-223.

Szmarnda, J. B., Lehotsky, M., & Novotny, J. (2008). Sedimental record of flood events from years 2002 and 2007 in the Danube river overbank
deposits in Bratislava. Moravian Geographical Reports, 16, 2-8.

Thiele, J., von Haaren, C., & Albert, C. (2019). Are river landscapes outstanding in providing cultural ecosystem services? An indicator-based
exploration in Germany. Ecological Indicators, 101, 31-40.

Thiele, J., Albert, C., Hermes, J., & von Haaren, C. (2020). Assessing and quantifying offered cultural ecosystem services of German river
landscapes. Ecosystem Services, 42, 101080.

Tieskens, K. F., van Zanten, B. T., Schulp, C. J., & Verburg, P. H. (2018). Aesthetic appreciation of the cultural landscape through social
media: An analysis of revealed preference in the Dutch river landscape. Landscape and Urban Planning, 177, 128-137.

Tockner, K., & Stanford, J. A. (2002). Riverine flood plains: Present state and future trends. Environmental Conservation, 29(3), 308-330.

Tockner, K., Bunn, S. E., Gordon, C., Naiman, R. J., Quinn, G. P., & Stanford, J. A. (2000). Flood Plains: Critically threatened ecosystems. In
C. Gordon, T. Tockner, S. E. Bunn, G. P. Quinn, & J. A. Stanford (Eds.), Aquatic ecosystems - trends and global prospects (pp. 45-61).
Cambridge University Press.

Tomscha, S. A., Gergel, S. E., & Tomlinson, M. J. (2017). The spatial organization of ecosystem services in river-floodplains. Ecosphere, 8(3),
1-18.

Turner, K. G., Anderson, S., Gonzales, C. M., Costanza, R., Courville, S., Dalgaard, T., & Ratna, N. (2016). A review of methods, data, and
models to assess changes in the value of ecosystem services from land degradation and restoration. Ecological Modelling, 319, 190-207.
e01728.

Ureta, J. C., Zurqgani, H. A., Post, C. J., Ureta, J., & Motallebi, M. (2020). Application of nonhydraulic delineation method of flood hazard
areas using LiDAR-based data. Geosciences, 10, 338.

van Andel, J., & Aronson, J. (Eds.). (2012). Restoration ecology: The new frontier. John Wiley & Sons.

Vorosmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., & Davies, P. M. (2010). Global threats to human
water security and river biodiversity. Nature, 467(7315), 555.

Ward, J. V., Tockner, K., Arscott, D. B., & Claret, C. (2002). Riverine landscape diversity. Freshwater Biology, 47, 517-539.

Weigelhofer, G., & Hein, T. (2015). Efficiency and detrimental side effects of denitrifying bioreactors for nitrate reduction in drainage water.
Environmental Science and Pollution Research, 22(17), 13534-13545.

Weigelhofer, G., Feldbacher, E., Trauner, D., Polz, E., Hein, T., & Funk, A. (2020). Integrating conflicting goals of the EC water framework
directive and the EC habitats directives into floodplain restoration schemes. Frontiers in Environmental Science, 8, 225.

Welcomme, R. L. (1979). Fisheries ecology of floodplain Rivers. Longman.

Welti, N., Bondar-Kunze, E., Tritthart, M., Pinay, G., & Hein, T. (2012). Nitrogen dynamics in complex Danube River floodplain systems:
Effects of restoration. River Systems, 20(1-2), 71-85.

West, P. C., Narisma, G. T., Barford, C. C., Kucharik, C. J., & Foley, J. A. (2011). An alternative approach for quantifying climate regulation
by ecosystems. Frontiers in Ecology and the Environment, 9(2), 126-133.

Westra, T., & De Wulf, R. (2006). Monitoring floodplain dynamics in the Sahel region to detect land degradation processes. Paper presented
at the Proceedings of the 1st international conference on remote sensing and geoinformation processing in the Assessement and moni-
toring of land degradation and desertification. University of Trier, Trier.

Whiting, P. J. (2002). Streamflow necessary for environmental maintenance. Annual Review of Earth and Planetary Sciences, 30(1), 181-206.

Witner, D. B. (1966). Soils and their role in planning a suburban community. In L. J. Bartelli, A. A. Klingebiel, J. V. Baird, & M. R. Heddleson
(Eds.), Soil surveys and land use planning. Soil Science Society of America and American Society of Agronomy (p. 15-30). Soil Science Soc.
of Amer. and Amer. Soc. of Agronomy.

Wohl, E., Hall, R. O., Jr., Lininger, K. B., Sutfin, N. A., & Walters, D. M. (2017). Carbon dynamics of river corridors and the effects of human
alterations. Ecological Monographs, 87, 379-409.

WRB (2015). World Reference Base for soil resources 2014, update 2015. International soil classification system for naming soils and creating
legends for soil maps. World soil resources reports no. 106. FAO, Rome.

Xu, M., Dong, X., Yang, X., Wang, R., Zhang, K., Zhao, Y., & Jeppesen, E. (2017). Using palaeolimnological data and historical records to
assess long-term dynamics of ecosystem services in typical Yangtze shallow lakes (China). Science of the Total Environment, 584,
791-802.

Zachary, H. B, Ken, D. B., & Terry, J. W. (2003). Effects of flow regulation on shallow-water habitat dynamics and floodplain connectivity.
Transactions of the American Fisheries Society, 132, 809-823.

How to cite this article: Jakubinsky, J., Prokopova, M., Raska, P., Salvati, L., Bezak, N., Cudlin, O., Cudlin, P.,
Purkyt, J., Vezza, P., Camporeale, C., Danék, J., Pastor, M., & Lepeska, T. (2021). Managing floodplains using
nature-based solutions to support multiple ecosystem functions and services. Wiley Interdisciplinary Reviews:
Water, e1545. https://doi.org/10.1002/wat2.1545



https://doi.org/10.1002/wat2.1545

	Managing floodplains using nature-based solutions to support multiple ecosystem functions and services
	1  INTRODUCTION
	2  FLOODPLAIN DEFINITION
	2.1  Floodplain as a soil phenomenon
	2.2  Hydrologically conceived floodplain
	2.3  Floodplain according to specific vegetation

	3  THE ECOSYSTEM FUNCTIONS AND SERVICES OF A FLOODPLAIN
	4  DISTURBANCE, PROTECTION, AND RESTORATION OF FLOODPLAINS IN CENTRAL AND SOUTHERN EUROPE
	5  DISCUSSION AND CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	FURTHER READING
	REFERENCES


