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 16 

Highlights 17 

 18 

Landscapes and waterscapes are intertwined rather than superimposed.  19 

The meta-ecosystem, based on fluxes between two different adjacent ecosystems, is an attractive 20 

concept in landscape ecology for unifying waterscapes and landscapes.  21 

Spatial and temporal characterization of water bodies and aquatic fluxes is one of the main keys to 22 

bring waterscape and landscape together. 23 

A whole field of research is open on aquatic insects – particularly Diptera – to better characterize the 24 

aquatic signature of temporary water bodies in agricultural landscapes. 25 

 26 

 27 

 28 

Abstract 29 

In landscape ecology, the waterscape refers to permanent or temporary, running or stagnant surface 30 

waters within a terrestrial area. Across ecosystem boundaries, aquatic organisms and nutrients can 31 

reach terrestrial ecosystems, as formalised by the meta-ecosystem theory. Recent studies on aquatic 32 

insects emerging from temperate streams suggest that the extent of their biomass and fluxes across 33 

agricultural landscapes may have been neglected until now. Following a conceptual and empirical 34 

approach, we presently discuss how the temporal dynamics of floods coupled with the emergence 35 

and aerial fluxes of aquatic insects suggests that the waterscape can largely overlap the landscape. 36 

Depending on the season, various species and biomasses of aquatic insects could interact with the 37 

receiving terrestrial ecosystems and ultimately support vital ecosystem services and functions such 38 
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as pollination, soil fertilization, and control of crop pests or facilitation of their natural enemies. In 39 

the current context of a global collapse of terrestrial insect populations, we call for an urgent 40 

research effort to include the temporal dimension of waterscapes into landscape models to estimate 41 

the fluxes of insects emerging from all kinds of aquatic ecosystems and quantify their role in the 42 

functioning of terrestrial ecosystems in agricultural landscapes. 43 

 44 

 45 

Key-words: fluxes, aquatic signature, aquatic insects, aquatic subsidies, permanent and temporary 46 

water bodies 47 

  48 
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Introduction 49 

Freshwater represents about 2% of the terrestrial land surface but hosts nearly 10% of the 50 

Earth's known animal species (Reid et al., 2019). Within the global decline of the biodiversity of 51 

vertebrates (Ceballos et al., 2017; Daskalova et al., 2020; Leung et al., 2020) and invertebrates (Potts 52 

et al., 2010; Raven and Wagner, 2021; Wagner et al., 2021), freshwaters are no exception (Strayer 53 

and Dudgeon, 2010). The threats on freshwater life are multiple (Cazzolla Gatti, 2016), and range 54 

from local ones (e.g., over-exploitation, habitat degradation and fragmentation, flow changes and 55 

water pollution) to global ones (e.g., biological invasions and land-use changes, eutrophication and 56 

acidification, climate change). Freshwater ecosystems in landscape mosaics can create biodiversity 57 

hotspots and locally enhance the overall observed biodiversity because they can host species-rich 58 

communities. Looking beyond conservation issues, freshwater ecosystems have great economic, 59 

cultural, aesthetic and educational values (Dudgeon et al., 2006) and support exclusive services for 60 

human societies, agriculture included (Kumar et al., 2024; Li and Tsigaris, 2024; Raitif et al., 2019). 61 

However, freshwater and terrestrial ecosystems have specific ways of functioning and requirements, 62 

and their dual management remains challenging. In agricultural landscapes, freshwater ecosystems 63 

are often viewed at best as water reserves for irrigation or livestock, at worst as cumbersome 64 

landscape elements sometimes difficult to keep under control (eutrophication, wasteland). They are 65 

part of the landscape mosaics, but they have been surprisingly forgotten in the debate on 66 

biodiversity in agricultural landscapes. Freshwater ecosystems are mostly omitted in scenarios for 67 

designing multifunctional landscapes, notably when discussing the respective merits of land-sharing 68 

(i.e., wildlife-minded farming systems) and land-sparing (i.e., the separation of natural and high-69 

yielding habitats) strategies (Grass et al., 2019), or the role of connectivity and species spillover 70 

between mosaic habitats to support ecosystem services in agricultural landscapes (Senapathi et al., 71 

2015).  72 
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The implementation of ambitious biodiversity management plans for freshwaters requires 73 

the recognition of the extensive diversity of aquatic habitats and species, and a systematic 74 

assessment of how scientific data can be turned into concrete actions at local (e.g., a pond or a 75 

stream section), regional (e.g., a watershed) and global scales (Barouillet et al., 2024; Miller et al., 76 

2024; Valentim et al., 2024).  This argues for freshwater ecosystems to be considered as specific 77 

constituents of complex landscapes, and for their specificities to be taken into account in a broader 78 

management of biodiversity at the territorial scale. But it is also clear that the interactions between 79 

aquatic and terrestrial ecosystems are complex and have been poorly investigated (Guenet et al., 80 

2010). Scientific knowledge on aquatic-terrestrial interactions has been hampered by historically 81 

separated research fields – aquatic ecology and terrestrial ecology – for decades (Casas-Ruiz et al., 82 

2023; Fausch et al., 2002). However, progress has been made about the waterscape (O’Sullivan et al., 83 

2022) and meta-ecosystem (Gounand et al., 2018) concepts – two recent theoretical frameworks in 84 

landscape ecology. The waterscape refers to the surface of water within a terrestrial area as an 85 

integral element of the landscape, while the meta-ecosystem focuses on the interdependent 86 

functioning between adjacent (aquatic and terrestrial) ecosystems through exchanges of matter and 87 

energy. Although they address the same ecosystems, these two concepts have rarely been 88 

considered together. 89 

Over the last ten years, part of research on aquatic ecosystem-terrestrial ecosystem 90 

interactions has focused on aquatic insects in agricultural landscapes, namely the insects with 91 

successive aquatic larval and terrestrial imago. After emerging from the water, winged adults can be 92 

found as far as hundreds of meters from their original aquatic ecosystems (Muehlbauer et al., 2014; 93 

Raitif et al., 2022). As basic knowledge on the fluxes of aquatic insects in terrestrial ecosystems (Raitif 94 

et al., 2022) and their physiological and dispersal characteristics (Gerber et al., 2023a, 2022b) 95 

increases, distribution models tend to show that their presence in the landscape could have been 96 

underestimated (Gerber et al., 2023b). Moreover, their distribution is highly dynamic and depends 97 

on seasonal variations in the waterscape and on the life cycle phenology of the insect species. Adult 98 
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aquatic insects can interact with receiving terrestrial ecosystems, and they are suspected to be 99 

involved in some ecosystem services for agriculture  (Raitif et al., 2019). But their role in supporting 100 

vital functions such as pollination, soil fertilisation, and control of crop pests or facilitation of their 101 

natural enemies has not been quantified in agroecosystems to date. As a global perspective on the 102 

role of freshwater ecosystems in agricultural landscapes is lacking, referring to the concepts of 103 

waterscape and meta-ecosystem could help to refine the multi-functionality of agricultural 104 

landscapes, as well as reconsider some key ecosystem services to agriculture associated with aquatic 105 

insects.  106 

 107 

What does “waterscape” represent?  108 

The notion of “waterscape” in scientific literature is much more recent than that of 109 

landscape, which has a long historical record in ecology (Turner et al., 2001). One of the earliest 110 

mentions dates back to 1978 (Pournelle, 1978). Without defining the term, the word waterscape was 111 

used in the development of large-scale water resource management projects in North America and 112 

Asia. In 1985, two types of waterscape were described – mountain lakes and running water – as part 113 

of a social study on visual landscape preferences (Herzog, 1985). These references to landscape 114 

entities were taken up in Hundley's work (Hundley, 1987). He used the term waterscape to describe 115 

the perception of nature by California Indians. He described the waterscape in terms of landscape 116 

elements such as “California's rivers flowed uninterrupted into valleys, marshes, bays, and the ocean, 117 

freshwater marshlands”. In 1992, Holling also used the term waterscape, referring to the spatial 118 

arrangement of a landscape, but without defining it (Holling, 1992). The term appeared in several 119 

domains including history, spatial planning and political issues in the late 1990s (Arnold, 1996; Neset, 120 

1998; Wilson et al., 1995). It was only in the 2000s that its definition became clearer, notably with 121 

the rise of work on urban water management combining architecture and urban planning (Dreiseitl 122 

et al., 2001; Meybeck, 2004; Rubin et al., 2003). The waterscape was then defined as “a water 123 
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infrastructure system as an integral element of architecture and the urbanscape” (Lim et al., 2002) 124 

and “a perspective that […] includes the way water travels in time and space and is shaped by culture 125 

and geography” (Karpouzoglou and Vij, 2017). Since then, the disciplinary fields relating to the 126 

waterscape have diversified, and they concern environmental studies, geography, management of 127 

water resources through engineering, political, historical, social or legal aspects (see Appendix A for a 128 

complete list of published studies dealing with the notion of waterscape).  129 

The relationship between agriculture and the waterscape is an essential factor in 130 

understanding social, economic and political continuity and rupture in the landscape worldwide 131 

(Aijaz and Akhter, 2020; Rogers, 2012; Taylor, 2022; Wessels, 2023). In the scientific literature, there 132 

are historical and recent examples of the relationships between waterscape, irrigation and 133 

agricultural areas. Many wetland fields, reservoirs and canals provide water resources to 134 

complement floodplain agriculture and water management. For example, the historical 135 

reconstruction of the waterscape in Mount Lebanon during the Ottoman period is rich and varied, 136 

providing a better understanding of the evolution of rural communities (McPhillips et al., 2019). 137 

Other studies have shown that the Maya created a multi-trophic ecological aquaculture by modifying 138 

the waterscape to increase the quantities of food and useful materials, such as fish, turtles, 139 

waterfowl and reeds (Palka, 2024). More recently, in the 1990s, the implementation of water 140 

reforms in rural African landscapes has shown how influential the waterscape could be for 141 

agricultural practices. In particular, privileged farmers have jumped the water queue by moving their 142 

agricultural activities upstream where they illegally divert water straight from the river, while 143 

downstream, in the smallholder irrigation scheme, farmers resort to rainfed farming (Kemerink-144 

Seyoum et al., 2017).  145 

Water as a resource is at the core of the relationship between waterscape and agricultural 146 

landscape. Water scarcity in waterscapes poses management challenges (Tallman et al., 2024) and 147 

research is needed to guide policy, to reinforce stakeholder engagement and to resolve tensions 148 
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between water demands (Ricart et al., 2023). In a context of climate change and dwindling water 149 

resources, these tensions will also be heightened as many water bodies are temporary (Messager et 150 

al., 2021), in particular in agricultural areas (Borthagaray et al., 2023; Cunillera-Montcusí et al., 2023; 151 

Gerber et al., 2022a). However, while historical studies report relationship between the waterscape 152 

and regulated water, there is no example on how temporary water bodies have been taken into 153 

account in the definition of the waterscape. In Europe, Spain is arguably the country where the water 154 

crisis has become most acute in recent years (Swyngedouw, 1999) and where the waterscape is 155 

strongly represented by temporary water bodies (Messager et al., 2021). Although the importance of 156 

water in the Iberian Peninsula has received considerable attention, particularly from researchers 157 

(Swyngedouw, 1999), studies establishing a link between the waterscape and temporary water 158 

bodies are lacking. This may be explained by the hybrid nature of the waterscape, at the interface of 159 

water policy, water culture and water engineering, but also of contemporary water geography and 160 

ecology as the product of centuries of socio-ecological interaction that have remained largely 161 

unexplored. 162 

In the meantime, numerous studies have reported a variable flux of energy and variable 163 

sediment dynamics processes between river channels and floodplains since the 1950s (Church, 164 

2006), underlying the importance of exchanges between aquatic and terrestrial environments. In the 165 

1990s, the definition of "subsidies" made it possible to posit the fundamental role of connections 166 

between ecosystems (Nakano and Murakami, 2001; Polis et al., 1997; Schindler and Smits, 2017). The 167 

term refers to spatiotemporal fluxes of materials (organic or inorganic, particle or solute) from one 168 

ecosystem to another, involved in their functioning. The movement of water bodies (e.g., during 169 

floods, tides, in aquifers) or aquatic organisms (e.g., their dispersal or transportation by predators) 170 

are the chief cause of subsidies of aquatic origin in terrestrial ecosystems (Polis et al., 1997; Schindler 171 

and Smits, 2017). These subsidies are identified by their signature (or fingerprints), i.e., “an emergent 172 

property of a set of processes, both biotic or abiotic, acting on a river landscape” (Gurnell et al., 173 

2016). Aquatic subsidies can be found at the land surface (e.g., vegetation, inorganic material and 174 
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interactions between them) or subsurface (e.g., alluvial deposits, topography). The dynamic 175 

penetration of aquatic subsidies across the landscape is defined as the “envelope”, which 176 

corresponds to the signature of the aquatic compartment in the landscapes (Gurnell et al., 2016). 177 

Such a definition arouses new questions like “how large is a river” (Gurnell et al., 2016), “how wide is 178 

a stream” (Muehlbauer et al., 2014), “where is the bottom of a watershed” (Condon et al., 2020) up 179 

to the definition of the “waterscape continuum” (O’Sullivan et al., 2022). According to O’Sullivan et 180 

al. (2022), the waterscape is delineated by surface water, soil moisture, rock moisture, groundwater 181 

and all associated fluxes (organic and inorganic, particle and solute), and its definition is close to that 182 

of the envelope (Gurnell et al., 2016). 183 

 184 

A waterscape is much more than just water in a landscape  185 

The meta-ecosystem is a theoretical framework that explicitly addresses energy exchanges 186 

between two different ecosystems – e.g., an aquatic one and a terrestrial one – across their 187 

boundaries (Gounand et al., 2018; Loreau et al., 2003). This is very close to the definition of subsidies 188 

(Nakano and Murakami, 2001; Polis et al., 1997; Schindler and Smits, 2017), but it clearly emphasizes 189 

that allochthonous fluxes can ultimately affect the functioning of the receiving ecosystem. Moreover, 190 

these fluxes can fade away in the receiving ecosystem as distance from the donor ecosystem 191 

increases, and the existence of spatial gradients is also implicit. The meta-ecosystem framework 192 

allows formalising energy pathways between ecosystems (Kramer et al., 2023), and it provides a 193 

helpful template in the case of freshwater and terrestrial ecosystems to study the influence of the 194 

waterscape on the landscape and its spatiotemporal variability (Fig. 1). The allochthonous fluxes 195 

considered in the meta-ecosystem approach can be abiotic (e.g., nutrients) or biotic (e.g., living 196 

organisms), but they systematically concern ecosystems of different types (e.g., aquatic-terrestrial). 197 

This differs from the dispersal of living organisms, which refers to the meta-community concept and 198 
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characterises their movements between habitats of a same type of ecosystem (e.g., terrestrial-199 

terrestrial, aquatic-aquatic) within the landscape (Clobert et al., 2001; Heino et al., 2015) (Fig. 1A). 200 

Fluxes of resources and energy from freshwater ecosystems toward terrestrial ecosystems 201 

outline the influence of aquatic environments on landscapes (Gurnell et al., 2016; Muehlbauer et al., 202 

2014). Aquatic subsidies and their effects on the receiving terrestrial ecosystems have been clearly 203 

showed by research on salmon-derived nutrients: the growth rates of Sitka spruce (Picea sitchensis) 204 

increased near salmon spawning streams (Helfield and Naiman, 2001; Naiman et al., 2002). 205 

Mammals and birds preying on freshwater fish can also convey aquatic nutrients across the 206 

landscape (Gerraty et al., 2024; Shakeri et al., 2018). By identifying the spatial extent of this influence 207 

on the landscape, one can characterise the "aquatic envelope" (sensus Gurnell et al., 2016), i.e., the 208 

encroachment of the aquatic ecosystem into the terrestrial ecosystem along the waterscape. 209 

Moreover, the waterscape is usually depicted through its spatial dimension (O’Sullivan et al., 2022), 210 

but this is an extreme simplification of reality given the temporal dynamics of the aquatic element 211 

and its influence on landscapes (Fig. 1B). The water level variations in permanent water bodies such 212 

as ponds, lakes, marshes, streams and rivers, as well as in temporary aquatic habitats like flooded 213 

ditches and meadows (Biggs et al., 2017) indicate that the surface of the waterscape can fluctuate 214 

along the seasons and bring nutrients and fertile sediment into terrestrial ecosystems. Similarly, 215 

aquatic insects emerging from freshwater can disperse beyond the boundaries of the aquatic 216 

ecosystem (Gerber et al., 2023b) and interact with the terrestrial ecosystem that receives them 217 

(Muehlbauer et al., 2014), thus extending the spatiotemporal aquatic influence – or signature – into 218 

the landscape (Fig. 1). The meta-ecosystem provides a dynamic framework to study the functional 219 

interactions between aquatic and terrestrial ecosystems, highlighting how the waterscape and the 220 

landscape are intimately intertwined in the territories. Gathering data on the temporality of 221 

ecological fluxes between different ecosystems is one of the major challenges for research on meta-222 

ecosystems (Kharouba and Wolkovich, 2020).  223 
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Aquatic-terrestrial interactions can be altered by anthropogenic activities such as water 224 

abstraction and diversion, water storage and regulation, climate and land-use changes (Zimmer et al., 225 

2020). They strongly modify the spatial extent of water bodies – whether permanent or temporary 226 

ones (Datry et al., 2023; Søndergaard and Jeppesen, 2007) –, alter the spatial and temporal dynamics 227 

of waterscapes, and can ultimately hamper the functioning of adjacent terrestrial ecosystems (Little 228 

et al., 2022, 2020). For instance, climate warming can shift the lifespan of plants and animals (Morris 229 

et al., 2008) and change the behaviour of many animals (Forrest, 2016). Since responses may vary 230 

among species and populations, in agricultural landscapes, previously synchronised interdependent 231 

key life-cycle stages can be disrupted (Donnelly et al., 2011; Forrest, 2016). Mismatches may occur 232 

when the time span of the energy requirement of a consumer does not match with the availability of 233 

its prey (Both et al., 2006; Visser and Gienapp, 2019). For example, the nutritional quality of aquatic 234 

and terrestrial insect larvae in relation to their fatty acid composition varies seasonally in the 235 

landscape (Shipley et al., 2022; Twining et al., 2019). In agricultural ecosystems, aquatic insects such 236 

as Ephemeroptera, Plecoptera and Trichoptera are some of the first species to be lost from local food 237 

webs following disturbance and exposure to agricultural pesticides (Barmentlo et al., 2021), and their 238 

nutritional contributions to consumers cannot be readily offset by conservation of terrestrial systems 239 

alone (Shipley et al., 2022). The reproductive success of many agricultural consumers such as birds 240 

depends and is positively linked to the availability of aquatic insect prey (Twining et al., 2018, p. 201), 241 

with other cascading effects on terrestrial ecosystems that remain largely unknown. With climate 242 

change, the maximum biomass of emerging aquatic insects tends to occur earlier in the season and 243 

then total production declines, while the biomass of terrestrial insects gradually increases (Shipley et 244 

al., 2022), with a suspected decoupling between aquatic subsidies and energy needs in the receiving 245 

ecosystem (Berzins et al., 2021). In addition, aquatic insects will emerge over a longer period, dilute 246 

in abundance and exhibit less seasonal patterns with smaller fluctuations between months (Nash et 247 

al., 2023b) while insect communities may evolve towards an increasing proportion of short-lived 248 

insects (e.g. Diptera) in aquatic ecosystems that have become temporary (Datry et al., 2014). 249 
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Disruption of ecosystem functions seasonally dependent on aquatic insects, such as riparian 250 

predation, could occur in this context (Nash et al., 2023a).  251 

Water quality is also strongly influenced by the surrounding landscape and affects the 252 

aquatic insect communities that emerge from agricultural water bodies (Raitif et al., 2018; Schulz et 253 

al., 2015). Emerging insects are mainly negatively correlated with pollution tolerance, suggesting a 254 

large-scale loss of this nutritional subsidy for terrestrial environments from altered aquatic 255 

ecosystems (Manning and Sullivan, 2021). In recent years, mass emergence of mayflies could be 256 

reduced by 50% due to eutrophication, algal blooms, and chemical contaminants including pesticides 257 

(Stepanian et al., 2020). If contaminants affect insect emergence, emergence may also result in 258 

contaminant transfer to the adjacent agricultural ecosystem. Consequently, the impact of aquatic 259 

contaminants on terrestrial ecosystems may be determined by changes in the quantity and quality of 260 

adult aquatic insects serving as prey, or contaminants entering terrestrial food webs as part of the 261 

diet of terrestrial predators (Bundschuh et al., 2022). Recent findings on rice farming also highlight 262 

the potential positive effects of pesticide bans on aquatic macroinvertebrate communities, and 263 

hence on improving biodiversity and biological pest control (Pérez-Méndez et al., 2023). Agricultural 264 

impacts are not limited to chemical pollution but can also, through the alteration of landscape 265 

features, have an strong impact on the spatial distribution of aquatic insects through changes in the 266 

composition of aquatic insect communities (Raitif et al., 2022, 2018) or through a reduction in 267 

woodland density or an increase in potential incoming solar radiation (Gerber et al., 2023b).   268 

 269 

Influence of aquatic insects and the waterscape on the landscape 270 

Only few of the publications referring to the waterscape as a structuring element of the 271 

landscape (7% of 635 in total, Appendix A deal with aquatic biota), and aquatic insects in particular. 272 

However, aquatic insects represent a significant proportion of the aerial flying arthropods in the 273 

vicinity of large lakes from which they can emerge in quantities reaching 2,500 kg.ha-1.yr-1 dry 274 

ACCEPTED MANUSCRIPT / CLEAN COPY



 

biomass (Gratton et al., 2008; Gratton and Vander Zanden, 2009; Salvarina et al., 2017). Along the 275 

Upper Mississippi River and the western basin of Lake Erie, a single emergence event can produce 276 

87.9 billion mayflies, releasing more than 3 tons of biomass into the airspace within several hours 277 

(Stepanian et al., 2020). Insect biomass emergence from lakes generally exceeds that from streams 278 

(Bartrons et al., 2013; Williams et al., 2004). Other ecosystems, e.g. estuaries (MacKenzie, 2005; 279 

MacKenzie and Kaster, 2004; Williams and Williams, 1998) or wetlands (Vinnersten et al., 2014), can 280 

support a high emergence of aquatic insects. Tidal freshwaters such as the James River Estuary, 281 

Virginia, USA, produce a mean rate (±1 SE) of 156 ± 20 kg.ha−2.yr−1 dry biomass (Rogers et al., 2024). 282 

In wetlands, emergence can reach 50 kg.ha−2.yr−1 with a dominance of Diptera (Whiles and 283 

Goldowitz, 2001). 284 

In agricultural landscapes in western France, 40 kg.ha-1.yr-1 dry biomass of aquatic insects 285 

emerge from third-order permanent streams on average (Strahler classification), and 12.5 kg.ha-1.yr-1 286 

of these aquatic insects fall to the ground within 10 meters of the stream edge (Raitif et al., 2022). 287 

Although emerging insect biomass is lower than in large lakes, the spatial intertwining of these small 288 

streams and other aquatic ecosystems (ponds, ditches) in landscapes is strong. For example, hardly 289 

any spot where the probability of the presence of aquatic insects dropped to zero was found in an 290 

agricultural landscape including small streams and ponds (Gerber et al., 2023b). This suggests how 291 

the waterscape – especially if it includes the dispersal of aquatic insects in its definition – may be 292 

tightly intertwined with the landscape. Finally, the majority of studies provide annual rates of 293 

emergence, which can hide the phenomena of massive seasonal emergence and the extent of 294 

aquatic insect biomass at peak emergence times. 295 

A central point regarding the distribution of aquatic insects in the landscape is the influence 296 

of aquatic elements acting as a source of production and emergence. Ephemeroptera, Plecoptera, 297 

Trichoptera, Odonata and Megaloptera abundances tend to decrease exponentially with distance 298 

from the aquatic source (Carlson et al., 2016; Muehlbauer et al., 2014; Raitif et al., 2022) depending 299 
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on the species (Fig. 2). The flight ability of Ephemeroptera, Plecoptera and Trichoptera species 300 

greatly varies, and some of them appear to be able to fly several kilometres from their emergence 301 

source (Peredo Arce et al., 2021). However, Diptera are the main source of biomass linked to 302 

emerging aquatic insects (Progar and Moldenke, 2009; Salvarina et al., 2017). More than any other 303 

group of aquatic flying insects, they are a highly diverse order that can dominate biomass production 304 

(Dijkstra et al., 2014). Nearly one-third of all flies (roughly 46,000 species) have some developmental 305 

connection with an aquatic environment (Adler and Courtney, 2019), notably Diptera families with 306 

aquatic larvae such as Chironomidae, Culicidae and some Syrphidae. Diptera fluxes can exceed the 307 

fluxes of other aquatic insect orders, both in biomass and in dispersal distances (Fig. 2), but dispersal 308 

data on these taxonomic groups are rarer. 309 

Most of aquatic insects (e.g., Ephemeroptera, Plecoptera, Trichoptera, Megaloptera or 310 

Odonata) belong to semivoltine or univoltine species that take a year or more to complete their life 311 

cycle. They reproduce once a year, and winged adults have a marked seasonal pattern of emergence, 312 

mostly in spring in the northern temperate hemisphere. Conversely, Diptera include multivoltine 313 

species, and the phenology of their life cycle is less predictable (Salvarina et al., 2017), including 314 

several emergence episodes throughout the year (Corbet, 1964; Pinder, 1986). Their larval 315 

development depends on environmental conditions (e.g., temperature) and can last a few days to 316 

several years for some species (Courtney and Cranston, 2015; Oliver, 1971). It can only take 2 to 3 317 

days from egg hatching to imago emergence for some species of Culicidae and Chironomidae well 318 

represented in temperate regions (Sarwar, 2020). A consequence of the presence of multivoltine 319 

aquatic insect species is that their distribution in landscapes does not necessarily require permanent 320 

aquatic ecosystems throughout the year. Some Diptera females need a small surface of temporary 321 

water to lay their eggs, and for the resulting imagoes to emerge (Knox et al., 2010). This ability to 322 

evolve in environments where water bodies are temporary is also supported by a good capacity of 323 

the eggs and the various larval stages to withstand periods of drought (Lancaster et al., 2008; 324 

Williams, 1996). This also questions our ability to correctly identify and list the aquatic elements of 325 
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the waterscape required to understand aquatic-terrestrial interactions in the landscape (Gerber et 326 

al., 2022a).  327 

 328 

How taking into account emerging fluxes of aquatic insects can change the perception of a 329 

waterscape in a landscape. 330 

When considering permanent and temporary aquatic habitats and the aerial dispersal of various 331 

insect species from aquatic to terrestrial ecosystems, the influence of the waterscape on the 332 

landscape and their overlap can be much greater. To illustrate this point, we simulated the expansion 333 

of the waterscape in an agricultural landscape located in the Loire Valley, France.1The Loire is the 334 

largest river in France (1,012 km), draining a basin of 117,000 km2 (Fig. 3. A.), from mountain streams 335 

to foothills and large lowland rivers. The total length of the river network is estimated to be 107,000 336 

km, and many alluvial plains are regularly flooded in the downstream part of the catchment. An 337 

agricultural area of nearly 32,600 hectares with both permanent and temporary water body surfaces 338 

(flood zones) has been mapped (Fig. 3. B). Temporary water bodies are found in areas of high 339 

flooding probability with a return time of 10 years (https://www.data.gouv.fr/fr/datasets/zone-340 

inondable-de-la-loire-au-1-25000-issue-du-ppri-30383141). We applied buffers of various sizes from 341 

permanent and temporary waterbodies to this map to simulate the spatial coverage of various 342 

aquatic insect orders (Fig. 3. C). According to current knowledge on the dispersal abilities of winged 343 

adults in agricultural areas for Ephemeroptera, Plecoptera and Trichoptera (Gerber et al., 2023b), 344 

and for Chironomidae (Raitif et al., 2022), we estimated the distances at which 10% of the total 345 

emerging biomass occur, i.e. 6.5 m for Ephemeroptera, 109 m for Plecoptera, 304 m for Trichoptera 346 

and 66 m for Chironomids (Fig. 2). Considering the insect fluxes only originating from permanent 347 

water bodies (i.e., using a buffer zone around the permanent water bodies), the proportion of 348 

waterscape in the landscape became non-negligible, i.e., 13.96%, 21.53% and 40.5% for 349 

Ephemeroptera, Plecoptera and Trichoptera, respectively. Considering the insect fluxes from 350 
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permanent and temporary water bodies (i.e., using a buffer zone around the permanent and 351 

temporary water bodies), the proportion of waterscape in the landscape represented 38.56% for 352 

Chironomidae. Interestingly, by considering the potential spatial aquatic signature on the basis of the 353 

presence of Trichoptera and Diptera such as Chironomidae, the waterscape reached more than 1/3 354 

of the landscape. These results illustrate how taking into account aquatic signatures and fluxes 355 

associated with permanent and temporary water bodies on the basis of aquatic insects can modify 356 

landscape perception.  357 

 358 

 359 

Conclusions and perspectives 360 

Freshwater ecosystems are elements of the landscape mosaics. Considered as a whole, they 361 

define the waterscape on a territory. The waterscape is dynamic since its spatial extent and 362 

imbrication in the landscape evolves according to the seasons, in connection with flood and drought 363 

cycles. The production of aquatic insects and their fluxes towards terrestrial ecosystems contribute 364 

to broadening the influence of the waterscape on the landscape. In a meta-ecosystem perspective, 365 

these aquatic subsidies play a role in the functioning of adjacent terrestrial ecosystems, notably at 366 

certain periods of the year. Fluxes of aquatic insects represent freshwater-derived nutrients in 367 

terrestrial ecosystems that may ultimately contribute to many ecosystem services such as soil 368 

fertilisation or the support of trophic chains (Raitif et al., 2019). Winged aquatic insects are part of 369 

the diet of many vertebrates (Sabo and Power, 2002) such as birds and bats (Baxter et al., 2005; 370 

Twining et al., 2018), and of terrestrial arthropods such as web-building or wolf spiders (Collier et al., 371 

2002; Kato et al., 2003; Stenroth et al., 2015). They support active natural enemies of crop pests 372 

(Henschel et al., 2001). Pollination of terrestrial plants can also be facilitated by aquatic insects 373 

visiting flowers (Murail et al., 2024). Yet, the multiple roles of aquatic insects in supporting vital 374 

functions in terrestrial ecosystems are poorly known to date and would deserve quantification. 375 
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Looking beyond the overlooked ecosystem services to agriculture associated with aquatic insects, a 376 

global perspective on the role of freshwater ecosystems in the landscape is needed, and we think 377 

that the waterscape and meta-ecosystem frameworks could help to refine the multi-functionality of 378 

agricultural landscapes. However, only 2 publications mentioning meta-ecosystems and waterscapes 379 

have been referenced to date (Heino et al., 2021; Kramer et al., 2023). This does not mean that these 380 

fields of research are not related, as they are recently theorized concepts. Studies on meta-381 

ecosystems, the characterisation of ecological fluxes and the associated ecological processes show 382 

that in reality landscapes and waterscapes are more intertwined than superimposed. In this sense, 383 

meta-ecosystems bring a major contribution to unify the waterscape and landscape concepts. 384 

 Depending on aquatic insects and their fluxes (e.g., dispersal, use of temporary water 385 

bodies), the portion representing the waterscape is far from negligible in the landscape. This is 386 

particularly true when considering orders such as Trichoptera and Diptera. While literature is 387 

available about Chironomidae, a whole field of research is open about other aquatic Diptera groups, 388 

notably to better characterise biomass production from temporary water bodies, their fluxes in 389 

landscapes and their ecology. Aquatic insects such as Diptera may be better able to adapt to a 390 

changing climate than others (Adler and Courtney, 2019). Quantifying emergence from temporary 391 

water bodies could also be used to help understand how the aquatic signature may be influenced by 392 

a changing climate. 393 

In view of the current global collapse of terrestrial insect populations and climate change 394 

threats on perennial waterbodies (Messager et al., 2021), we call for an urgent research effort to 395 

include the temporal dimension of waterscapes into landscape models, to estimate the fluxes of 396 

insects emerging from all kinds of aquatic ecosystems, and to quantify their role in agricultural 397 

landscapes. 398 

 399 

 400 
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Figures 414 

415 

Fig. 1. A. Schematic spatial representation of a waterscape (grey) within a landscape (colour). Blue 416 

and light blue, permanent (e.g., streams) and temporary (e.g., alluvial plains) aquatic elements, 417 

respectively; hatched blue, extension of the aquatic ecosystems through the emerging aquatic insect 418 

fluxes, or aquatic signatures (Gurnell et al., 2016; Muehlbauer et al., 2014). Arrows, transfer of 419 

aquatic subsidies toward terrestrial ecosystems (red) or dispersal of aquatic organisms among 420 

aquatic ecosystems (black). B. Theoretical temporal evolution of the surface (%) occupied by a 421 

waterscape (i.e., permanent water bodies, temporary water bodies, and aquatic insect signature) 422 

within a landscape in a temperate northern-hemisphere environment. 423 
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 424 

Fig. 2. Diagram summarising the distances to which 50% and 10% of the abundances of aquatic 425 

insects of various taxonomic groups have been observed from their emergence sources (i.e., stream). 426 

Black, red and green arrows, distances extracted from the meta-analyses of Muehlbauer et al. (2014) 427 

in forest environments, and Raitif et al. (2022) and Gerber et al. (2023) in agricultural environments, 428 

respectively (Gerber et al., 2023b; Muehlbauer et al., 2014; Raitif et al., 2022). For ease of reading, 429 

the scale representing distances on the horizontal axis is not proportional. Dotted lines on each 430 

arrow, distance breakpoints. 431 
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 432 

Fig. 3. A. The Loire River (blue), France. B. An area of nearly 32,600 hectares with both permanent 433 

(dark blue) and temporary (light blue) water body surfaces. C. Maps simulating the spatial coverage 434 

of various aquatic insect orders according to current knowledge on the dispersal abilities of winged 435 
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adults in agricultural areas for Ephemeroptera, Plecoptera,Trichoptera and Chironomidae (see text 436 

for details). The proportion of waterscape (blue) in the landscape (green) are shown in the pie charts.  437 
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