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Summary 12 

Ecosystems at the interface between terrestrial and aquatic areas are of outstanding ecological and 13 

socio-economic importance, yet are under intense pressure due to the concentration of human settlement 14 

and agriculture. Despite this, the broader geography of the land-water interface and how it is changing 15 

remains poorly understood. Here, we develop an operationalizable definition of the land-water interface 16 

and use a fuzzy logic geospatial model to map the land-water interface at high resolution across the 17 

European continent. Our results show that the land-water interface covers ~0.87 million km² (~8% of 18 

Europe) but is strongly affected by human use: in 2020, about 15% of all built-up areas and more than 8% 19 

of all croplands lay within the land-water interface. Analyzing land-cover trends inside the land-water 20 

interface since 1992 showed increasing land take: built-up area more than doubled (from 13,752 km² to 21 

29,302 km²), driven primarily by cropland-to-urban conversion. The expansion and densification of built-22 

up areas occurred particularly in lowland river corridors, deltas, and coastal plains. Cropland decline was 23 

particularly widespread across Central and Eastern Europe, while cropland expansion occurred in land-24 

water interface regions in northern Europe. Across interface types, the lake land-water interface exhibited 25 

the strongest relative increase in built-up areas (>150%) and the sharpest proportional cropland loss 26 

compared to riverine and coastal land-water interfaces. Countries inside the European Union had earlier 27 

and more intense urbanization trends than non-EU regions, with a slowdown after 2010. More broadly, our 28 

results reveal a continental-scale pattern of increasing, and largely irreversible, land take in the land-water 29 

interface, likely straining the ecological integrity, buffering capacity, and connectivity of land-water 30 

ecosystems. Our land-water interface concept and harmonized maps enable consistent mapping and 31 

regional cross-comparisons, support identification of priority areas for conservation and restoration, and 32 

provide a baseline to track progress towards flood-risk reduction and restoration targets. 33 
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Introduction 37 

Where land and water meet, ecotones emerge that contain properties of both terrestrial and aquatic 38 

ecosystems (Downing et al., 1993). Examples of such interfaces include riverbanks, lakeshores, wetlands, 39 

and coastal zones. These ecosystems are widely recognized for being among Earth’s most fertile and 40 

biologically productive landscapes, characterized by intensive biogeochemical cycling and high 41 

biodiversity (Karr & Schlosser, 1978; Ward et al., 2002). The land-water interface is also extraordinarily 42 

important for providing ecosystem services, including the mitigation of flood risk (Grabowski et al., 2022), 43 

the provision of freshwater and food (e.g., fish, crops) (Grabowski et al., 2022; Ward et al., 2002), or for 44 

recreation and tourism (Hall, 2001). 45 

As a result, the land-water interface has been preferred by people since the onset of human 46 

civilization, subjecting it to growing anthropogenic pressure. The land-water interface now hosts a 47 

disproportionately large share of human populations, settlements, and agriculture (Downing et al., 1993; 48 

Grabowski et al., 2022). For instance, globally, approximately 10% of the population resides in low-49 

elevation coastal zones (MacManus et al., 2021), with urban areas expanding faster near estuaries and 50 

coastlines than elsewhere (Neumann et al., 2015). Similarly, settlements, urban sprawl, and recreational 51 

homes expand along inland waters such as rivers and lakes (Rajib et al., 2023). Likewise, approximately 52 

3.4 million km² of inland wetlands have been lost over the past three centuries, predominantly converted to 53 

cropland (Fluet-Chouinard et al., 2023), severely undermining the ecosystem services they provide. 54 

Together, this renders land-water interface areas particularly vulnerable to human pressure (Capon et al., 55 

2013; Fernandes et al., 2016). Clearly, sustainability planning and policies are increasingly critical for land-56 

water interfaces, as population growth, consumption patterns, and urbanization intensify, and climate 57 

change progresses (MacManus et al., 2021; Rajib et al., 2023). 58 

Despite this, these interfaces have historically been neglected, as research has often 59 

compartmentalized terrestrial and aquatic ecosystems, overlooking their transitional boundaries (Campbell 60 

et al., 2022; Fluet-Chouinard et al., 2023; Pekel et al., 2016). Processes such as sediment transport, nutrient 61 

exchange, or species’ movements and migration transcend the land-water divide, yet these interactions are 62 

rarely considered explicitly (Altanov et al., 2025; Grabowski et al., 2022). One reason is that the terrestrial 63 

and aquatic parts of the land-water interface tend to be studied in isolation or as part of highly abstracted, 64 

broader geographic units (e.g., as part of hydrological systems or watersheds; Naiman et al. 2010, Acreman 65 

and Holden 2013). Likewise, policies and ecosystem management also often focus on only one of the 66 

subsections. For instance, when managed solely from a hydrological engineering perspective, aquatic and 67 

terrestrial subsystems tend to become disconnected, diminishing their role in nutrient retention and flood 68 

regulation (Chipps et al., 2006; Verhoeven et al., 2006). Finally, land-water interfaces are rarely considered 69 
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explicitly in broad-scale mapping exercises, with their respective subsystems assigned to broader terrestrial 70 

or aquatic land-cover classes (e.g., riparian forests to broadleaved forests; Johansen et al., 2010), in part 71 

because of spectral similarities that make it challenging to disentangle transitional zones from surrounding 72 

land covers (Fernandes et al., 2013; Weissteiner et al., 2016). Our understanding of the geography of the 73 

land-water interface, and how it has been changing, is therefore overall weak. 74 

A critical barrier in this context lies in the absence of a standardized and operationalizable definition 75 

that would allow a consistent mapping of these interfaces. Existing frameworks, such as the EU Water 76 

Framework Directive and the Ramsar Convention (1971), prioritize water bodies or wetland habitats (i.e., 77 

neglect areas on land connected to these ecosystems), and fail to delineate land-water interfaces as 78 

interconnected systems (González del Tánago et al., 2021; Schweizer et al., 2022). Similarly, global surface 79 

water datasets omit transitional buffers and the terrestrial subsystems of the land-water interface (Pekel et 80 

al., 2016). Definitions for some land-water interfaces, such as riparian zones, exist but vary hugely, from 81 

as narrow as 10 m to as broad as 1 km (Fischer & Fischenich, 2000). Moreover, such definitions have 82 

focused on certain freshwater ecosystems, often rivers, while neglecting others, such as lake margins, 83 

wetland edges, and coastal transition zones (Grabowski et al., 2022). There are many calls for a more 84 

holistic governance of human pressures in interface areas (Grabowski et al., 2022; Pace et al., 2022), yet 85 

without a harmonized definition, quantifying the extent of the land-water interface, monitoring trends 86 

within it, and designing interventions targeted at maintaining its ecological integrity and ecosystem services 87 

remains challenging. 88 

Pressure on the land-water interface is particularly intense in regions with long land-use histories, 89 

such as Europe (Kastner et al., 2022; Kuemmerle et al., 2016). Here, floodplains, coastal zones, and 90 

lakeshores have been subject to settlement and agricultural exploitation for millennia, resulting in the 91 

widespread transformation of natural ecosystems (Tockner & Stanford, 2002). For instance, up to 90% of 92 

historical floodplains have been transformed through agricultural expansion and urbanization (EEA, 2020b). 93 

In recent decades, increasingly divergent land-use trajectories have emerged across the continent, with an 94 

intensification and expansion of agriculture on the one hand, and the de-intensification of abandonment of 95 

agricultural areas on the other (Kastner et al., 2022; Kuemmerle et al., 2011). These dynamics exhibit high 96 

spatial variability. Agricultural abandonment is notably more prevalent in non-EU countries, particularly 97 

across Eastern Europe, following the collapse of the former Soviet Union and with it socialist farming 98 

systems (Estel et al., 2015; Schierhorn et al., 2013). Conversely, land-use patterns within the EU have been 99 

predominantly shaped by successive Common Agricultural Policy (CAP) reforms and bioenergy directives, 100 

which have significantly influenced land management (Levers et al., 2018). This concentration of 101 

production in high-yield, profitable landscapes, particularly fertile floodplains, has likely placed 102 
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disproportionate pressure on the land-water interface (Kuemmerle et al., 2016), yet land-use trends within 103 

these ecotones remain poorly understood. This knowledge gap is critical, as permanent land conversion 104 

within these interfaces has compromised natural flood resilience at a time when climate change is increasing 105 

European flood risk (Jongman et al., 2014). Ecological restoration of the land-water interfaces in Europe is 106 

thus important, but hinges on a better understanding of how agricultural change and urbanization have 107 

impacted it. 108 

In this study, we address these gaps by leveraging high-resolution geospatial data on land use and 109 

land cover. To this end, we have developed an operationalizable definition of the land-water interface and 110 

have mapped it at 30-meter resolution across the European continent. Based on this, we quantified the 111 

extent and spatial patterns of urbanization and cropland change inside the land-water interface for the period 112 

1992 to 2020. Specifically, we ask: 113 

1. What is the spatial extent and geographic distribution of the land-water interface across Europe? 114 

2. How have built-up and cropland changed inside the land-water interface since 1992? 115 

3. How do land-use changes inside land-water interface areas differ inside and outside of the European 116 

Union, as well as between river, lake, and coastal land-water interfaces? 117 

Results 118 

Europe’s land-water interface 119 

Across Europe, the total extent of the land-water interface was about 870,050 km² (~8% of the 120 

European land area). High densities of land-water interface occurred, expectedly, along coastal zones and 121 

in major river corridors (e.g., the Danube, and the Rhine-Meuse-Scheldt delta/lowlands, as well as the 122 

Vistula and Elbe valleys). Interface areas were also widespread in lake-rich regions (e.g., Fennoscandia and 123 

parts of the Alpine forelands) and locally, in dissected terrains where dense river networks are found (Fig. 124 

1A–G). Among interface types, riverine land-water interface dominated (~4.0% of area), followed by lake 125 

land-water interface (~2.4%) and coastal land-water interface (~1.6%; Fig. 1H). Across biomes, the river 126 

land-water interface dominates (about 1.7–7.6%), while coast land-water interface was consistently small 127 

(roughly 0.2–4.3%; Fig. 1I). The highest overall shares of land-water interface occurred in Tundra (~14.4%), 128 

followed by Deserts & Xeric Shrublands (~13.8%), Boreal Forests/Taiga (~9.2%), Temperate Grasslands/ 129 

Shrublands (~8%), Temperate Broadleaf & Mixed Forests (~6.8%), Mediterranean Forests, Woodlands & 130 

Scrub (~4.1%), and the lowest share in Temperate Conifer Forests (~2.8%). Lake land-water interface was 131 
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especially important in the Tundra (~6.5%) and Boreal/Taiga (~4.7%) biomes, but generally lower (~0.8–132 

1.6%) elsewhere. 133 

 134 

Figure 1. Distribution of the land-water interface (LWI) in Europe. (A) Share of LWI in 3-km grid cells, aggregated 135 

from the native 30-m resolution LWI map for visualization purposes. (B–G) Examples of the native, high-resolution 136 

LWI maps. (H) Proportion of the European land area classified as coastal, river, and lake LWI. (I) Share of coastal, 137 
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river, and lake land-water interfaces of biomes (Boreal Forests/Taiga; Deserts & Xeric Shrublands; Mediterranean 138 

Forests, Woodlands & Scrub; Temperate Broadleaf & Mixed Forests; Temperate Conifer Forests; Temperate 139 

Grasslands & Shrublands; and Tundra). 140 

Land take in the land-water interface  141 

Europe’s land-water interface was dominated by cropland and forest, according to our analyses (Fig. 142 

2A). Importantly, the proportion of cropland within the land-water interface declined slightly from 32.61% 143 

in 1992 to 31.64% in 2020 (Fig. 2A), representing about 10,440 km² (Fig. 2B). At the same time, built-up 144 

area in the land-water interface more than doubled from 13,752 km² in 1992 to 29,302 km² in 2020. Notably, 145 

the land-water interface accounted for approximately 15% of Europe’s total urban area (Fig. S1). Cropland 146 

net loss and built-up area net gain were the most pronounced land-cover changes in the land-water interface 147 

(Fig. 2C). 148 

Transition analysis further revealed that built-up expansion within the land-water interface was 149 

indeed mainly happening on former cropland (Fig. 2D). Built-up gains peaked during 2000–2010, when 150 

more than 6,000 km² of cropland was converted to urban land, with gain intensities exceeding 0.17% yr⁻¹. 151 

Although urban expansion slowed during 2010–2020, it continued to occur primarily at the expense of 152 

cropland (Fig. 2D−E). In contrast, cropland gains within the land-water interface weakened over time and 153 

were mainly derived from conversions of forest and grassland (Fig.  S2). Together, these results highlight 154 

that cropland-to-urban conversion was the principal process of land transformation in Europe’s land-water 155 

interfaces in the last decades. 156 
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 157 

Figure 2. Land-cover composition and major land-cover transitions in Europe’s land-water interface (LWI) 158 

between 1992 and 2020. (A) Share of land-cover classes in the LWI. (B) Changes in urban areas and 159 

cropland in the LWI. (C) Gross and net changes by land-cover types. (D) Gains of built-up areas and their 160 

intensities. (E) Loss of cropland and its intensity. The uniform rate line (vertical dashed line; value shown 161 

in each time interval) indicates the constant (period-average) intensity expected under a uniform-rate 162 

assumption, and serves as a benchmark for comparing class-specific intensities. 163 

Analyzing the spatial patterns of land transformations across Europe’s land-water interfaces from 164 

1992 to 2020 showed contrasting patterns (Fig. 3A–B). Built-up density rose strongly along lowland river 165 

corridors, deltas, and coastal zones in Western and Central Europe, especially around major urban 166 

agglomerations in the Rhine, Po, and Danube basins, with hotspots in floodplains and coastal lowlands. 167 

Built-up areas within all land-water interface types expanded steadily, with lake land-water interfaces 168 

exhibiting the strongest relative increases, exceeding 150% growth (Fig. 3C). Compared to non-land-water 169 
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interface areas, all land-water interface types experienced stronger relative expansion. Cropland density 170 

within land-water interface zones declined broadly across much of Central and Eastern Europe, while gains 171 

were spatially patchy and most evident in parts of northern Europe (notably Fennoscandia) and in scattered 172 

areas toward eastern Europe/Russia (Fig. 3B). Many mountainous regions exhibited comparatively weak 173 

or localized changes. Cropland area declined across all land-water interface types, most sharply within lake 174 

land-water interfaces (Fig. 3D). 175 

 176 

Figure 3. Built-up and cropland change inside Europe’s land-water interfaces (LWIs) between 1992 and 177 

2020. (A) Changes in built-up areal density. (B) Changes in cropland areal density. (C) Relative change in 178 

built-up areas (%) since 1992. (D) Relative change in cropland area (%) since 1992. 179 
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Land transformations within the land-water interface inside and outside the EU+ 180 

Within the EU+, the land-water interface had consistently higher fractions of grassland, cropland, and 181 

urban land than in the non-EU+ region (Fig. 4A–B). Built-up area expanded in both regions, with a larger 182 

absolute increase in EU+ than in non-EU+ (≈ 9,884 km² vs 5,673 km², Fig. 4C). In contrast, cropland area 183 

remained consistently higher in non-EU+ than in EU+ throughout the period, while both regions 184 

experienced only modest cropland declines (≈ 188, 320–184,100 vs 165,676–159,443km², Fig. 4D). In both 185 

regions, built-up expanded mainly over cropland in the land-water interface (Fig. 4E–F), but urbanization 186 

intensity was higher inside the EU+ than outside. In terms of cropland change, cropland primarily 187 

transitioned to either forest or built-up areas in both regions, with loss intensity peaking during 2000–2010 188 

(Fig. 4G–H). Together, this reveals a synchronized yet more pronounced pulse of urbanization and cropland 189 

decline in EU+ landscapes, whereas non‑EU+ interfaces display a similar but more subdued pattern of 190 

change. 191 
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 192 

Figure 4. Land-cover transformations in the land-water interface (LWI) of Europe union plus (EU+) and 193 

non-EU+ regions from 1992 to 2020. (A–B) Share of major land cover classes. (C–D) Area changes of 194 

cropland and built-up land. (E–F) Transition gains to built-up land and their corresponding intensities. 195 

(G–H) Transition losses from cropland and their intensities. The uniform rate line (vertical dashed line; 196 

value shown in each time interval) indicates the constant (period-average) intensity expected under a 197 

uniform-rate assumption, and serves as a benchmark for comparing class-specific intensities. 198 

Discussion 199 

The interfaces between terrestrial and aquatic ecosystems are important transitional zones that function 200 

as critical regulatory hubs and provide important habitat for a wide range of species (Grabowski et al., 2022; 201 

Weissteiner et al., 2016). Beyond their ecological importance, land-water interfaces deliver substantial 202 
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societal benefits. As highly productive ecosystems, they supply numerous ecosystem services, store and 203 

sequester substantial amounts of carbon, and, perhaps most importantly, play a crucial role in mitigating 204 

flood risk (Ervin & Wetzel, 2003; Tellman et al., 2021; Tockner & Stanford, 2002). However, land-water 205 

interfaces are under high and rising human pressure. A long history of settlement, agriculture, and 206 

infrastructure development in them have led to their transformation and degradation in many regions (Rajib 207 

et al., 2023), including in Europe, where it is estimated that 70–90% of floodplains (EEA, 2020b), and 60% 208 

of peatlands have been degraded (Wetlands International Europe, 2025), and >80% of river, lake, and 209 

riparian habitats are in unfavorable condition (Bastino et al., 2021). Despite this, land-water interfaces have 210 

been a blind spot in both science and governance, with the focus often on either the terrestrial or aquatic 211 

parts of interfaces. Here, we address two major gaps in this context. First, we developed a harmonized, 212 

generic, and operational definition of land-water interfaces and, second, provided a high-resolution spatial 213 

baseline map of these interfaces at the continental scale. We demonstrate the usefulness of this map by 214 

assessing how urbanization and agricultural land-use change have transformed the land-water interface in 215 

Europe in the period 1992 to 2020. This yielded three main insights. 216 

First, we show that the European land-water interface constitutes an extensive socio-ecological 217 

corridor covering almost 0.87 million km². While representing only 8% of the continent’s area, these zones 218 

host an intensive concentration of human activities, encompassing roughly 15% of all built-up land and 219 

over 8% of European cropland (Fig. S1). This spatial concentration is a direct legacy of a long settlement 220 

history rooted in the exceptional productivity and connectivity of these zones. For millennia, European 221 

communities were drawn to these "riverscapes" to exploit the "meadow economy," in which seasonal floods 222 

provided nutrient-rich silt for high-quality grazing and hay, alongside protein from rich fisheries and vital 223 

trade access (Firth et al., 2026; Hoffmann, 2005; Tesselaar et al., 2023). As these productive areas were the 224 

first to be settled, they established a path dependency that continues to determine much of today's settlement 225 

patterns (Tesselaar et al., 2023). It is estimated that approximately one in eight Europeans currently lives 226 

on flood-prone land, despite floodplains comprising only approximately 7% of European territory 227 

(Christiansen et al., 2019). This historical attraction was followed by a large-scale engineering push during 228 

the 18th−20th centuries, designed to make these lands more accessible by controlling flow regimes and 229 

draining vast floodplain areas (Gatejel, 2025; Wolf et al., 2021). During these periods, wetlands were 230 

increasingly viewed as "mistakes of nature" or "wastelands" that impeded progress and bred disease 231 

(Bruisch, 2020). Technological advancements, such as the introduction of steam-powered dredges in the 232 

mid-19th century, allowed for the systematic canalization of rivers and massive reclamation schemes like 233 

those in the Rhine, Oderbruch and the Po Valley (Brandolini & Cremaschi, 2018; Quast, 2005). This era of 234 

"productivism," often fueled by 20th century government subsidies, resulted in the loss of approximately 235 
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80% of European wetlands, replacing dynamic ecotones with stabilized landscapes that facilitate shipping 236 

and rail networks but lack natural structural resilience (Verhoeven, 2014). 237 

More recently, the primary driver for water-proximate living has undergone a significant "amenity 238 

transition," where proximity to lakes, coasts, and rivers is valued for its recreational, aesthetic, and cultural 239 

significance rather than its relative productivity (Gosnell & Abrams, 2011). This shift is characterized by 240 

the growing importance of second homes, which now account for more than 25% of the housing stock in 241 

Alpine resort communities (Sonderegger & Bätzing, 2013) and over 25% in Mediterranean coastal 242 

provinces like Alicante (Valenzuela-Martin et al., 2025). Our analysis uncovers major spatial nuances in 243 

these transformations; while coastal and riverine zones have been focal points for millennia and were 244 

already heavily built up by the late 20th century (Kasanko et al., 2006; Rosati, 2025), traditionally "remote" 245 

lake shorelines and smaller wetlands are now facing a sharp uptick in human pressure. Lake-associated 246 

land-water interfaces experienced the most intense relative urban growth since 1992 (Fig. 3B), representing 247 

a rapid percentage increase on a previously low-developed base (Fig. S3). This pattern is vividly illustrated 248 

in the Polish and Hungarian lake districts, where shorelines once dominated by natural vegetation or 249 

cropland have seen a boom in resorts, marinas, and tourism infrastructure (Furgała-Selezniow et al., 2020, 250 

2022). In the catchment of Lake Balaton, mass tourism has driven significant urban expansion over recent 251 

decades, demonstrating that even isolated interfaces are now squarely in the path of development 252 

(Petrovszki et al., 2024). Any effective conservation or spatial planning strategy will therefore need to 253 

account for such spatial nuances, balancing the longstanding urban-industrial pressures on big rivers and 254 

coasts with the newly emerging hotspots of change in lake and wetland regions. 255 

Second, we found a major increase in built-up areas, which more than doubled from 1992 to 2020, 256 

resulting in land transformations that have affected over 13,752 km2 within Europe’s land-water interface. 257 

This rapid expansion has been disproportionately concentrated on high-productivity croplands, which are 258 

among the most fertile and biodiverse ecosystems worldwide (Gardi et al., 2015). The systematic sealing 259 

of these prime soils is concerning because it creates a "leakage" effect: as these fertile European floodplains 260 

are lost to development, agricultural production is often displaced to other European regions, potentially 261 

triggering the destruction of primary forests or the cultivation of marginal lands to maintain the global food 262 

supply (Bren d’Amour et al., 2017; Yang et al., 2026). This trend reflects a critical mismatch where 263 

economic development and urban sprawl occur at the expense of non-renewable agricultural resources and 264 

regional food security (van Vliet et al., 2017). Furthermore, converting agricultural and natural landscapes 265 

into urban areas replaces permeable soils with impervious surfaces, which significantly lowers the 266 

landscape's natural water-storage potential and resilience to both floods and droughts (Andreadis et al., 267 

2022; Halecki & Młyński, 2025). 268 
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Beyond the physical disruption of the water cycle, this transformation introduces a complex trade-269 

off in water quality (Giri & Qiu, 2016). While the volume of agricultural nutrients like nitrogen might 270 

decrease, it is replaced by urban micropollutants, including pharmaceuticals, industrial chemicals, and 271 

microplastics.  This largely irreversible land take is therefore likely to have disproportionately large impacts 272 

on biodiversity, beyond what would be expected from area alone. The expansion and densification of built-273 

up areas fragment riparian and coastal habitats, disrupt lateral connectivity between rivers and floodplains, 274 

and impair longitudinal and land-water exchange processes essential to many species’ life cycles (He et al., 275 

2024). Together, these changes hinder biodiversity recovery and erode habitat continuity and functional 276 

connectivity across some of Europe’s most ecologically valuable landscapes (Eppink et al., 2004). At the 277 

same time, these land-use changes effectively “lock in” socio-economic exposure to current and future 278 

climate shocks, as trillions of euros in infrastructure and millions of residents are now permanently located 279 

in high-risk zones (Rentschler et al., 2023). Annual uninsured flood losses in the EU already reach an 280 

estimated 27 billion euros (Bellia et al., 2025), with projected regional GDP losses of up to 0.5% under 281 

future climate scenarios (Knittel et al., 2024). Ultimately, the conversion of cropland into urban land 282 

undermines both food security and natural buffering capacity against climate extremes, reducing Europe’s 283 

climate resilience and flood-mitigation potential (EEA, 2024; Halecki & Młyński, 2025). 284 

Our third main finding is that land-water interfaces are not uniform between regions inside and 285 

outside the EU+, and that their temporal dynamics also differ markedly between these two areas. Countries 286 

inside the EU+, on average, experienced more intensive urbanization within the land-water interface than 287 

neighboring non-EU+ countries. This can be partly explained by Western and Central European countries 288 

historically having higher population density, with major industrial activity and transportation infrastructure 289 

developed along major riverways (e.g., Rhine, Rhone, and their tributaries) and along coasts. Many regions 290 

in Eastern Europe lagged behind this development, historically, but also due to the diverging economic 291 

trajectories countries took in the West and in the former Eastern Bloc. After the breakdown of the Soviet 292 

Union, many Eastern European countries went through period of strong recession, rural outmigration, and 293 

agricultural abandonment (Prishchepov et al., 2012), explaining the later and more gradual land take inside 294 

land-water interfaces we find (Fig. 4). This was followed by a more rapid economic growth in the 2000s, 295 

coinciding with the opening of these economies to global markets and foreign investment (Hennig et al., 296 

2015). This East-West contrast in the timing of land take in the land-water interface is clearly reflected in 297 

our results (Fig. 4D−E) and is well documented. For instance, after the end of socialism, a spike in 298 

construction along the Elbe and Danube corridors occurred in Germany, boosted by investments that did 299 

not reach other post-socialist regions until later (Kasanko et al., 2006). 300 
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Our work provides a first, workable definition of the land-water interface and how this can be 301 

translated into high-resolution maps that can serve as a baseline. This framework is far more than an 302 

academic exercise: it serves as a robust practical tool for tracking environmental change and identifying 303 

critical "pressure zones", such as urbanizing coastal deltas or rapidly developing lakeshores, that require 304 

policy attention and planning (Grabowski et al., 2022; Weissteiner et al., 2016). Considering that most 305 

major catchments in Europe span multiple countries and regions inside and outside the EU, our consistent 306 

continental baseline, our work can also help to move beyond fragmented national data and definitions to 307 

align management with the ambitious goals of the EU Biodiversity Strategy for 2030 and the Nature 308 

Restoration Law, which specifically calls for the reconnection of 25,000 km of free-flowing rivers (EEC, 309 

2025; Stoffers et al., 2024). Conceptually, framing land-water interfaces as a cohesive analytical unit 310 

complements existing terrestrial and aquatic planning approaches by emphasizing their interdependence. 311 

Although floodplains, riverbanks, and coastal systems have long been subject to dedicated management, 312 

these efforts are frequently fragmented across sectors and governance scales. An explicit land-water 313 

interface perspective can therefore enhance coordination among urban planning, water management, and 314 

conservation, helping to safeguard zones that play a central role in climate resilience, nutrient regulation, 315 

and biodiversity movement (Grabowski et al., 2022). 316 

While we used the best-available data and carried out extensive validation exercises and robustness 317 

checks, a few limitations of our work need to be mentioned. First, given the continental scale of our study, 318 

we utilized mainly global datasets, which involves a necessary trade-off between spatial coverage and 319 

spatial precision, specifically regarding spectrally complex environments like wetlands. Second, we 320 

delineated the land-water interface as a static baseline map, as most of our input datasets do not constitute 321 

time series. While our definition is generic, and most features such as geomorphology or lake shapes can 322 

be considered static over the time scale of decades, defining the land-water interface more dynamically 323 

would be beneficial, once the necessary data are available, to better account for changes such as sea-level 324 

rise or climate-driven water surface change (Pekel et al., 2016). Finally, while we quantify land 325 

transformation at the land-water interface, our analysis primarily focuses on cropland and built-up land. 326 

These two types of land best capture the dominant human activities of agriculture and urbanization, and 327 

they exhibit the greatest and most consistently detectable changes in our maps (Fig. S4). Other land-cover 328 

dynamics, such as cropland–grassland transitions, woody encroachment, and losses of semi-natural and 329 

natural habitats, are also likely important within the land-water interface. However, mapping these reliably 330 

would require substantial remote-sensing efforts beyond the scope of this study. 331 

Land-water interfaces are of outstanding social-ecological importance, yet are often neglected in 332 

research and policy. We here provide a generic, robust, and operationalizable definition, along with a 333 
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transparent and reproducible workflow to map the land-water interface. This allowed us to uncover how an 334 

increasing land take in the land-water interface threatens to undermine food security and resilience against 335 

climate pressure, such as through flood risk. This also demonstrates that our concept and maps can provide 336 

a useful spatial architecture for a more dynamic, function-based monitoring system of these vulnerable 337 

transitional zones. Importantly, our methodology is highly scalable. By utilizing modular, open-access 338 

inputs, our workflow is easily transferable to other continents, including data-scarce regions, as well as to 339 

the global scale. This could help us better recognize land-water interfaces as ecologically indispensable and 340 

vulnerable ecotones that provide some of the planet’s most vital green infrastructure. 341 

Methods 342 

Study area 343 

Our study was the entire European continent, from the Atlantic to the Ural Mountains, encompassing 344 

all or portions of 57 countries and territories (Fig. S5). The area includes the entire European Union, the 345 

former Eastern Bloc (e.g., Ukraine, Belarus, and Georgia), as well as European Russia, all of Turkey, and 346 

the Caucasus Mountains. The region thus also covers broad bioclimatic gradients, from the Arctic tundra 347 

to the temperate Atlantic lowlands, the Mediterranean and subtropical forests at the Black Sea, and a variety 348 

of climates, from strongly oceanic to strongly continental. 349 

The hydrographic network in this region traverses a wide range of climatic and topographic zones, and 350 

our region includes several major transboundary rivers and their catchments, including the Danube, Rhine, 351 

Elbe, Vistula, Dniester, and Po, which give rise to a highly varied pattern of flow regimes and watershed 352 

structures across the continent. The region is equally diverse in terms of socio-economic gradients, from 353 

densely settled regions to sparsely populated areas, and in terms of land use, with many regions 354 

characterized by intensive agriculture (e.g., Western European plains) while less intensive land use prevails 355 

in other areas (e.g., many regions of Eastern Europe and the former Soviet Union). This diversity makes 356 

the region an interesting testbed for mapping and analyzing the land-water interface. 357 

Definition of land-water interface 358 

We defined the land-water interface as the dynamic zone in which terrestrial and aquatic systems 359 

interact most closely (Fig. 5A). On the water side, the land-water interface covers the shallow edges close 360 

to the land area, including areas that are only seasonally exposed to water, such as shoreline marshes, reed 361 

beds, and mud and sandflats. On the land side, the land-water interface is the low-lying terrestrial area that 362 

stays connected to the adjacent river, lake, or ocean water body through spatial proximity and/or because 363 

floods, back-flow, or groundwater connect these areas (e.g., floodplains, deltas, and seasonally inundated 364 
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lowlands). Together, the water-side and land-side form a narrow belt, usually only 10s to 100s of meters 365 

wide, where ecological processes are linked. We applied this definition uniformly to rivers, lakes, and 366 

coastal areas. 367 

 368 

Figure 5. Conceptual framework and workflow for mapping the land-water interface and analyzing land 369 

changes within it. HAND: Height Above the Nearest Drainage; TWI: Topographic Wetness Index. 370 

Mapping the land-water interface 371 
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To delineate the land-water interface, we integrated 20 geospatial datasets (see Table S1 for data 372 

sources and details on the datasets), capturing surface-water dynamics, inundation hazard, wetlands, 373 

shorelines, or terrain morphology. We prioritized products that are open-access and have high spatial 374 

resolution (<100 m), documented accuracy, and full continental coverage, thus keeping the workflow 375 

transparent, reproducible, and transferable. In the case of dynamic features, such as surface water and 376 

floodplains, no single map accurately captures these features. We thus adopted an anchor-plus-fusion 377 

strategy: (i) we selected the best-validated, highest-resolution map as an “anchor”; and then (ii) merged one 378 

or more complementary datasets with the anchor to minimize errors of omission and resolve 379 

misclassifications. All fusions were performed after reprojecting to a common 30-m grid. For other features, 380 

such as lakes, coastlines, and digital elevation models, we adopted the single most accurate and up-to-date 381 

dataset available, thereby limiting redundancy and compound uncertainty. Our overall approach to map the 382 

land-water interface and evaluate its accuracy and completeness consisted of four main steps (Fig. 5B). 383 

First, we generated a homogenized map of surface water areas based on datasets capturing water 384 

bodies (Table S1). We embarked from the Global Surface Water Maximum Water Extent dataset (GSW-385 

MWE; Pekel et al., 2016). To remove remaining artefacts and commission errors in this map, we created a 386 

consensus water mask from three broad-scale land-cover maps, namely, ESA World Cover 2020/2021 387 

(WorldCover; Zanaga et al., 2021, 2022), Global Land-Cover Dynamics Monitoring Product (GLC-388 

FCS30D; Zhang et al., 2024b), and Global annual wetland (GWL-FCS30D; Zhang et al., 2024a), retaining 389 

only GSW-MWE objects overlapping with the consensus water class from these maps. We then added 390 

water areas derived from the Sentinel-based World Cover and MERIT Hydro datasets (Yamazaki et al., 391 

2019), improving the inclusion of narrow water bodies (e.g., rivers and streams). We validated this 392 

consensus map using an independent sample, following best-practice methodologies (Olofsson et al., 2014). 393 

The overall accuracy of our consensus water mask (F1 = 0.96) was substantially higher than that of the 394 

individual input datasets (see Supporting Information 1). 395 

Our second step consisted of generating a consensus floodplain map, based on the fusion of five 396 

floodplain datasets. Our anchor for this analysis was the JRC River Flood Hazard Maps (RFHM; Baugh et 397 

al., 2024), representing a “1-in-100-year” inundation model, the most up-to-date validated hydraulic 398 

product for Europe (Dottori et al., 2022). We then used four additional datasets, the Potential Flood Prone 399 

Areas Extent (PFPAE; EEA 2020), GFPLAIN250m (GFPLAIN; Nardi et al., 2019), SHIFT Floodplain 400 

(SHIFT; Zheng et al., 2024), and Global Flood Database (GFD; Tellman et al., 2021), to address errors of 401 

commission in the anchor floodplain dataset. Specifically, a pixel was labelled as floodplain only if either 402 

the anchor and at least one auxiliary source agreed, or if all three auxiliary sources agreed on the 403 

categorization as floodplain. We finally merged this mask with the Global Coast Flood Map (GCF; 404 
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Vousdoukas 2023) dataset to ensure coverage of tidal floodplains. Again, we validated this consensus 405 

floodplain mask using 8,200 reference points sampled from local flood maps. This showed that our 406 

consensus map had high accuracy (F1= 0.74) and outperformed any individual input map (see Supporting 407 

Information 2). 408 

Our third step involved a fuzzy logic-based geospatial model to map the land-water interface itself. 409 

Unlike binary classification schemes, fuzzy logic enables the continuous assessment of class membership, 410 

which is particularly advantageous for ecotones such as floodplains, riparian zones, and wetland margins, 411 

where boundaries are inherently diffuse (Weissteiner et al., 2016). We used five spatial variables: (1) 412 

Distance to surface water (DSW), (2) Distance to flood-prone areas (DFP), (3) Height Above the Nearest 413 

Drainage (HAND; Yamazaki et al. 2019), (4) Wetland probability (WP; Zhang et al. 2024a, Lehner et al. 414 

2025), and (5) the Topographic Wetness Index (TWI; Amatulli et al. 2022). Each variable was transformed 415 

into a fuzzy membership value within the range [0,1], using monotonic linear scaling: 416 

𝑢௜(𝑥) = ൞

1, 𝑥 ≤ 𝑎௜
௕೔ି௫

௕೔ି௔೔
,    𝑎௜ < 𝑥 < 𝑏௜

0, 𝑥 ≥ 𝑏௜

                                                 (1) 417 

𝑢௜(𝑥) = ቐ

0, 𝑥 ≤ 𝑎௜
௫ି ௔೔

௕೔ି௔೔
,    𝑎௜ < 𝑥 < 𝑏௜

0, 𝑥 ≥ 𝑏௜

                                                 (2) 418 

where 𝑢௜(𝑥) is the fuzzy membership score for variable i at a given value x. It ranges between 0 (no 419 

membership) and 1 (full membership). 𝑎௜ is the lower threshold where full membership is assigned. 𝑏௜ is 420 

the upper threshold where membership drops to zero. For variables that decrease the likelihood of being in 421 

the interface as the value grows (i.e., DSW, DFP and HAND) we use a descending linear ramp (1) and vice 422 

versa (2) for variables that increase the likelihood (i.e., WP and TWI). Then we applied a fuzzy-weighted 423 

mean (3): 424 

𝑆(𝑥) = ෍ 𝑤௜

ହ

௜ୀଵ

⋅ 𝑢௜(𝑥)                                                                 (3) 430 

where 𝑆(𝑥) ∈ [0,1] is the composite suitability score for belonging to the land-water interface, and 𝑤௜ is 425 

the weight assigned to indicator i. Higher values of S(x) indicate stronger overall evidence that pixel x 426 

belongs to the land-water interface. To delineate the land-water interface on the water side, we assigned 427 

full membership to all pixels representing seasonal water and additionally defined a nearshore water zone 428 

by applying an inward dilation of three pixels (≈90 m) from the shoreline into water bodies. This distance 429 
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was chosen to be consistent with the spatial resolution of the input data and to capture the immediate 431 

nearshore interface zone while minimizing inclusion of offshore or deep-water areas. Pixels within this 432 

buffered water strip were also assigned full membership. Because tidal flats are not consistently classified 433 

as water in seasonal water products due to tidal variability and surface conditions, we further used the 30-434 

m wetlands classification map to identify and include any remaining coastal tidal-flat pixels not captured 435 

by the previous assignments. We applied a threshold of 0.6 to create the binary land-water interface map. 436 

This threshold was selected because it corresponds to pixels with consistently high membership across 437 

multiple indicators and provides an optimal balance between omission and commission errors. 438 

Finally, we conducted a sample-based accuracy assessment using 2031 independent reference 439 

samples that were randomly selected across the full range of membership values. Each sample was visually 440 

interpreted using high-resolution Google Earth imagery and classified according to the presence of 441 

geomorphic or ecological features indicative of land-water interaction (e.g., shoreline wetlands, riparian 442 

corridors, floodplain features, or seasonal inundation signatures). Using these visually interpreted samples 443 

as reference labels, the threshold of 0.6 yielded the highest F1 score among tested thresholds, achieving an 444 

F1 score of 0.88, with a precision of 0.92 and a recall of 0.85 (see Supporting Information 3). 445 

Our final step consisted of subdividing the generic land-water interface map into coastal, river, and 446 

lake interface classes. Coastal interfaces were defined using a two-tier coastal zone: (i) a 2-km inland buffer 447 

from the EEA coastline (EEA, 2017) without an elevation constraint and (ii) an additional zone within 10-448 

km of the coastline limited to elevations <10-m based on DEM data (Hawker et al., 2022; Pronk et al., 449 

2024). All land-water interface pixels within this zone were assigned to the coastal class, with targeted 450 

manual extensions upstream in major estuaries where clear tidal/estuarine morphology (e.g., funnel-shaped 451 

channels, tidal flats, salt marshes) indicated tidal influence beyond 10-km. The remaining inland land-water 452 

interface was split into riverine and lacustrine classes using a connectivity- and patch-based workflow: we 453 

dilated the inland land-water interface (without removing permanent water) by three pixels (~90-m) to 454 

create a connected river-candidate mask, polygonised it, removed patches < 2-km², and applied adaptive 455 

area–shape thresholds to exclude lake-like patches, supported by consistent visual checks in high-resolution 456 

Google Earth imagery. To refine lake/reservoir separation where lakes were connected to rivers, we used 457 

GLRSED (Bai et al., 2025) and HydroLAKES (Messager et al., 2016) to delineate lake/reservoir water 458 

bodies, split reservoirs at dam crests to retain only upstream lacustrine portions, buffered these polygons, 459 

and masked them out from the river-candidate mask. We finalized the riverine interface mask through a 460 

final visual inspection and minor manual edits. All non-coastal inland land-water interface pixels not 461 

included in this finalized riverine mask were then classified as lacustrine interface. Further details are 462 

provided in Supporting Information 4. 463 
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Land transformations in the land-water interface 464 

To analyze changes in cropland and built-up areas in the land-water interface, we used the ESA 465 

Climate Change Initiative (CCI) Land-Cover series (1992−2020), which offers seamless global annual 466 

coverage at 300-m resolution, has undergone extensive peer-reviewed validation, and is widely used in 467 

land-cover-change analyses (Rajib et al., 2023). We collapsed all CCI classes into the six land categories: 468 

Cropland, Forest, Grassland, Wetland, Built-up, and Others. We then quantified land-cover changes for 469 

four reference years (1992, 2000, 2010, and 2020) for the land-water interface. We derived (i) total area 470 

(km²), (ii) density of built-up or cropland (expressed as the fraction of cell area, ‰), (iii) absolute change 471 

(Δ area, km²) between successive time steps, and (iv) cumulative percentage change relative to the 1992 472 

baseline. We computed these metrics for each land-water interface subtype (river, lake, and coast), and for 473 

the EU+ vs. non-EU+ regions (see Supplementary Information 5 for details). 474 

We further implemented the Intensity Analysis framework (Aldwaik & Pontius, 2012) to evaluate 475 

land-cover changes at the category and transition levels. At the category level, we quantified gross gains 476 

and losses for each land-cover class. We then applied the transition level to identify the specific sources of 477 

these gains, for example, by determining which land-cover types were preferentially converted to built-up 478 

areas. This analysis compares the observed intensity, defined as the annual rate of a specific land-cover 479 

transition, with the uniform intensity, which represents the expected rate of gain for a given category if its 480 

expansion were proportional to the availability of all non-gaining land-cover classes. Effectively acting as 481 

an area-weighted baseline, the uniform intensity describes a hypothetical scenario in which the gaining 482 

category expands indiscriminately across the landscape. When the observed intensity of a transition (e.g., 483 

cropland → built-up) exceeds the uniform intensity of the gaining category, the transition can be interpreted 484 

as systematic targeting rather than proportional expansion. The Intensity Analysis framework were 485 

performed in R using the OpenLand package (Exavier & Zeilhofer, 2020). 486 
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Data availability 494 

The source code for processing input data and mapping the land-water interface is available at: 495 

https://github.com/XiangLIUll/Land-water-interface. The land-water interface maps can be explored at 496 

http://hu.berlin/LWI 497 
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