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Abstract

Permanent ponds are valuable freshwater systems and biodiversity hotspots. They
provide diverse ecosystem services (ES), including water quality improvement and
supply, food provisioning and biodiversity support. This is despite being under
significant pressure from multiple anthropogenic stressors and the impacts of ongoing
global change. However, ponds are largely overlooked in management plans and
legislation, and ecological research has focused on large freshwater ecosystems, such as
rivers or lakes. Protection of ponds is often insufficient or indirectly provided via
associated habitats such as wetlands. This phenomenon is likely exacerbated due to
lacking a full-scale understanding of the importance of ponds. Inthis review, we
provided a detailed overview of permanent ponds across Europe, including their usages
and the biodiversity they support. By discussing the concepts of pondscape and
metacommunity theory, we highlighted the importance of connectivity among and
between ponds and identified fluxes of emerging insects as another ES of ponds. Those
insects are rich in essential nutrients such as polyunsaturated fatty acids (PUFA), which
are delivered through them to the terrestrial environment, however the extent and
impact of this ES remains largely unexplored. Several potential stressors, especially
related to ongoing global change, which influence pond diversity and integrity were
discussed. To conclude this review, we provided our insights on future pond
management. Adaptive measures, taking into account the pond system per se within the
pondscape, were found to be the most promising to mitigate the loss of natural ponds
and restore and conserve natural small water bodies as refuges and diversity hotspots in

increasingly urbanized landscapes.

Keywords: dietary subsidies, emergence of insects, aquatic insects, pondscape, small

water bodies, biodiversity



1. Introduction

Ponds are found across multiple landscape types, often occurring in high numbers
which surpass those of lakes or rivers. Despite this, they have been historically
overlooked by research focusing on larger aquatic ecosystems. Since ponds share many
characteristics with shallow lakes, wetlands, or more region-specific ecosystems (e.g.,
vernal pools, billabongs), their structural distinction is often unclear. However, certain
features can help to distinguish ponds from other standing water bodies (Sgndergaard et
al. 2005; Richardson et al. 2022). There is a long history of debate around the definition
of ponds which continues to the present (Richardson et al. 2022).-Ponds were frequently
defined as small and shallow, natural or artificial standing water bodies, which can
contain water permanently or fall dry occasionally (Biggs et al. 2005; De Meester et al.
2005). Some much larger water bodies were also sometimes considered as ponds, for
instance, many man-made and shallow fish ponds in some European countries (e.g.,
Austria or the Czech Republic) cover many hectares (Lhotsky 2010). These should,
according to a recent publication, not be referred to as ponds but as shallow lakes
(Richardson et-al. 2022). A maximum depth of 5 meters and a surface area of no more
than 5 hectares were proposed to classify a pond. Characteristics that were also included
within this study are the aphotic zone, which is typically absent in ponds unless they are
very turbid, and macrophytes, which can grow throughout the entire water column
(Biggs et al. 2005) should cover no more than 30% of the water body (Richardson et al.

2022).

Ponds are not isolated systems. They are strongly linked to other aquatic systems and

their surrounding terrestrial environment. One of the most important linkages between



ponds and their terrestrial surroundings is the export of dietary energy from ponds to the
associated terrestrial environment via emerging insects. Within this review, we
incorporate both the historical background of ponds in the landscape and novel insights
on their contributions to export of energy and essential biomolecules, investigating: the
publication bias despite the abundance and ecological importance of ponds (Section 2);
the importance of pond biodiversity in relation to pond connectivity within the
pondscape (Section 3); the influence of stressors on the local and regional scale of
ponds in the pondscape (Section 4); the effect of emerging insects on the terrestrial
environment and the role of this ES (Section 5); and perspectives and future challenges

especially regarding ongoing global change (Section 6).

2. Ponds - ubiquitous but often overlooked systems

Present in all biogeographical regions, ponds are heterogeneously distributed in the
landscape, with densities that decrease from arctic and boreal regions towards the
tropics (Verpoorter et al. 2014).-A global assessment suggested that the number of
natural ponds with a surface area of 0.1-1 ha exceeds 277 million and a total area of
692,600 km? is covered, representing 91% of standing freshwater bodies worldwide and
16% of their surface area (Downing et al. 2006). In Europe, estimates are lacking for
most countries. However, there are some data for ponds between 0.01 ha and 5 ha in
size in Switzerland (32,000 ponds; Oertli et al. 2005), Denmark (120,000 ponds;
Sendergaard et al. 2005) and Great Britain (size: 0.0025 ha - 5 ha; 400,000 ponds;
Biggs et al. 2005). For Austria (>25,000 standing waters larger than 0.025 ha; BMLRT
2021) and Ireland (12,206 freshwater lakes, mostly smaller than 1 ha; Kristensen and
Globevnik 2014), studies on small water body abundances have not exclusively focused
on ponds. The reliability of these high estimates has been questioned (Biggs et al.

2017), considering changes in the number of small water bodies over time (Pekel et al.



2016).

Despite their wide distribution, high abundance, and distinctiveness, smaller-scale
ecosystems, such as ponds, brooks or springs are underrepresented in the scientific
literature (Oertli et al. 2002; De Meester et al. 2005; Cantonati et al. 2021) and excluded
from management plans (Biggs et al. 2017). A literature search for “ponds” returns
three times fewer results than “lakes” and six times fewer results than “rivers/streams”
(Figure 1). A potential confounding factor might be the inclusion of “ponds™ in other
classifications, due to the aforementioned overlaps in definitions, thus leading to
insufficient clarity regarding the contents of the research. This is problematic since
research on ponds is hindered if varying definitions complicate literature searches for
previous studies. A straightforward approach during the development of protection
policies would certainly also benefit from a.common definition, which very recently has

been proposed in the aforementioned Richardson et al. (2022) publication.

Lacking a full-scale understanding of the ecological value of ponds might be one of the
reasons for the continuous degradation and decline of ponds in anthropogenic
landscapes (Oertli 2018). Recent studies on pond management and protection have
improved their conservation status in some European countries (Oertli et al. 2005; Boix
et al. 2012; Labat et al. 2022). Awareness of the ecological value of ponds has greatly
increased in recent years (Oertli et al. 2009; Oertli and Parris 2019), as pointed out by
many studies on different pond types, such as urban ponds (Hassall 2014; Hill et al.
2017), farm ponds (Lewis-Phillips et al. 2020) or even garden ponds (Hill et al. 2015).
However, ponds remain excluded from key freshwater management strategies, both at
national and continental levels. For example, the European Water Framework Directive
(WFD; Council of the European Communities 2000) only considers standing water

bodies larger than 50 ha, whereas the European Habitats Directive (Council of the



European Communities 1992) only defines two types of ponds that should be protected,
namely “Mediterranean temporary ponds” and Irish “Turloughs” (Hill et al. 2018; Oertli
2018). In some cases, ponds are indirectly protected by being included in association
with wetlands under the Ramsar convention (Kingsford et al. 2021), which leads to
enhanced protection despite not being properly named in conservation plans. We argue
that the WFD and Habitats Directive should be adapted to include all permanent and
temporary ponds rather than relying on indirect protection from associated habitats.
Thus, their ecological importance in the rapidly changing landscapes of Europe would
be better acknowledged, and monitoring of their status in response to ongoing global

change improved.

3. Intrinsic biodiversity of ponds and *'the pondscape™

Despite their small size in comparison to other water bodies, ponds constitute
biodiversity hotspots, both in terms of community composition and functional traits,
and are vital for a wide range of rare and protected species (e.g. Oertli et al. 2002;
Williams et al. 2004; EPCN 2008; Céréghino et al. 2014). These small but valuable
ecosystems host many critically endangered taxa, including emblematic "flagship
groups" of wetland biodiversity, such as amphibians, dragonflies and aquatic plants
(Sahlén et al. 2004; Semlitsch et al. 2015; Law et al. 2019). The high biodiversity
generally associated with ponds is related to their particular structural and biotic
features, such as rich ecotone zones and complex interactions with the surrounding
terrestrial environments (Céréghino et al. 2014; Bolpagni et al. 2019). A large part of
these cross-ecosystem interactions can be attributed to species which require both
environments to complete their life-cycle, such as emerging aquatic insects (Schriever
et al. 2014; see Section 4). These act as a vector for dietary energy (as measured in

lipids), exporting essential molecules from the aquatic into the terrestrial environment



(see Mathieu-Resuge et al. 2021).

3.1 Characterization of "'the pondscape™ and its implications for biodiversity

Pond size is often highlighted as one of the main determinants of pond species diversity
(Oertli et al. 2002; Kadoya et al. 2004; Hill et al. 2015). Like other aquatic habitats,
ponds might also be subject to the species-area effect in this regard (Dodson et al.
2000). Likewise, pondscapes are mainly characterized by the size and density of ponds,
along with surrounding land use and pond connectivity (Boothby 1997; Fang 2011,
Jooste et al. 2020). However, the role of pond size in shaping biodiversity can be
difficult to assess as several other environmental (e.g., depth, hydroperiod, and
connectivity; Carchini et al. 2007; Hamer et al. 2012; Tornero et-al. 2016) and biotic
factors (e.g., fish presence and predation, presence of macrophytes; Pearman 1995;
Semlitsch et al. 2015; Kolar and Boukal 2020) may also influence species richness and
the community composition of ponds within the pondscape. The biodiversity within
pondscapes increases with the diversity of environmental factors and landscape
heterogeneity by enhancing the number of ecological niches available to species and
metapopulations (Williams et al. 2004; Boix et al. 2012; Oertli and Parris 2019). A
diverse mosaic of ponds-provides a good variety of characteristics at the landscape
scale, and is crucial to promote and maintain biodiversity at the regional level (Oertli et
al,2002; Goertzen and Suhling 2013; Oertli and Parris 2019). In urban environments,
species richness is mainly affected by artificial barriers (e.g., roads, buildings),
especially in densely populated areas, and by the reduction of, and connection to,

natural areas (Oertli and Parris 2019).

Since metacommunities largely depend on the potential to move between

interconnected aquatic habitat patches, enhancing connectivity within the pondscape



will promote species dispersal and ultimately may increase its biodiversity (Oertli and
Parris 2019). The idea of pondscapes comes hand in hand with the metacommunity
concept. Metacommunity refers to a set of local communities connected through spatial
dispersal. The metacommunity concept incorporates the importance of local processes
and regional dispersal effects into four main mechanisms that act alone or in interaction
within a habitat: species sorting, mass effects, patch dynamics, and neutral processes
(Leibold et al. 2004). The need for pond connectivity poses uniqgue management
challenges at the landscape scale: the aim should be an integration of small water bodies

into densely human-populated landscapes.

3.2 Dispersal abilities and life-histories: how life in the pond interconnects with
the pondscape

Ponds are inhabited and used by a large set of organisms with widely different life
histories and dispersal abilities that define their interactions with the pondscape (Rundle
et al. 2002; Massol et al. 2017; Sarremejane et al. 2020). The ability of organisms to
disperse is crucial for finding new refuges or more suitable conditions within the
pondscape when facing challenges that threaten their individual fitness (e.g., heightened
predation pressure, habitat instability, or harsh competition; Baguette et al. 2013).
Dispersal can be passive (i.e., the organism relies on a vector to disperse) or active (i.e.,
the organism can move and disperse by itself) (Bilton et al. 2001; De Bie et al. 2012).
Dispersal strategies can change dramatically within the life cycle. Emerging insects are
actively dispersing organisms in their adult stage (Bilton et al. 2001). How frequently
and how far organisms move within the pondscape depends mainly on individual
(physiological) needs, their sensory organs and environmental conditions. Certain
dragonfly individuals (Odonata) have been found to cover large distances from their

natal ponds (Conrad et al. 1999), with dragonflies generally being known as rather



strong flyers. For instance, as an exceptional case, the globe skimmer (Pantala
flavescens) takes advantage of the wind to cross the Indian Ocean (Hobson et al. 2012;
Bomphrey et al. 2016). Around 2 km dispersal distances have been recorded for some
caddisfly (Trichoptera) species, depending on body size, with larger species dispersing
further (Kovats et al. 1996). Particularly for rare species with low dispersal abilities
such as certain freshwater beetles (Iversen et al. 2017), connectivity is a major driver

ensuring the functioning of the pondscape at metacommunity level (Chase et al. 2020).

3.3 Local and regional diversity

With high variability in their physicochemical characteristics and.an intrinsically
changing spatiotemporal distribution within the terrestrial landscape, ponds are good
examples of systems hosting metacommunities which are connected, in part, via food
webs (Wilbur 1997; De Meester et al. 2005). Spread across a wide range of geographic
and environmental gradients with generally small catchment areas, ponds typically
reflect local variation in geology, hydrology, climate and vegetation and can harbor a
proportionally higher species richness than larger catchments of lakes and rivers, where
environmental conditions are more uniform (Biggs et al. 2005; Davies et al. 2008).
Previous studies from Great Britain indicated that when comparing the biodiversity of
water bodies within an area of 80 km?, ponds contributed the most to biodiversity at the
regional level, supporting considerably more species, including more unique and rare
species, than other aquatic systems (Williams et al. 2004; see also Anton-Pardo et al.
2019). Individually, ponds may contain relatively few species (a-diversity) in
comparison to larger freshwater ecosystems. However, at the regional level, variations
in the environmental characteristics among ponds create heterogeneity that result in
differentiation between local communities (3-diversity), allowing the coexistence of a

greater number of species at the regional level (y-diversity) (Akasaka and Takamura



2012; Horvath et al. 2019).

Ponds also play an essential role in supporting biodiversity in environments considered
less favorable for most taxa, such as urban, fragmented and intensively cultivated areas
(Hassall 2014; Hill et al. 2017). For instance, urban ponds host diverse communities of
aquatic macroinvertebrates (Hill et al. 2015), including dragonflies and damselflies.of
conservation concern (Goertzen and Suhling 2015) as well as other threatened taxa
(Oertli and Parris 2019). Despite their small size and artificial construction, ponds in
urban areas (e.g., garden ponds) or post-industrial sites (e.g., gravel pit ponds) can
significantly contribute to regional biodiversity (Williams et al. 2004; Davies et al.

2008; Oertli and Parris 2019; Kolar et al. 2021).

4. Ecosystem services of ponds and the influence of stressors

For centuries ponds have been created, modified or managed to provide a variety of
valuable ES to humans, for example, being used as a source of drinking water and food
(e.g. fish production; Fu et al. 2018) or as a tool for flood control (Pokorny and Hauser
2002; Oertli and Parris 2019). Besides this, they provide ES covering social,
environmental, and economic aspects related to climatic regulation, biodiversity
support, aswell as cultural and recreational activities (Céréghino et al. 2008; Moore and
Hunt 2012; Céréghino et al. 2014; Hassall 2014; Figure 2). Even small ponds that were
created exclusively to serve human populations play an important role in the ecosystem
well beyond that of the individual waterbody (Le Viol et al. 2009) and have vital

functions for the human population.

4.1 Land use changes and stressors - influences and consequences

Land-use changes can be highly detrimental to ponds, particularly in landscapes which



are heavily impacted by human activities (Declerck et al. 2006; Dudgeon 2010; Wezel,
Chazoule, et al. 2013). For instance, biodiversity in farm ponds is especially threatened
by the increased demand for land consolidation and changes in pond management over
time, including macrophyte removal or the introduction of fish which can lead to
increased bioturbation or top-down effects via predation on zooplankton with
corresponding increases in phytoplankton biomass (Usio et al. 2017). Land-use change
in catchment areas and management activities, such as agricultural drains and dams,
may have strong impacts on pond ecosystems, constituting serious threats to their
preservation (Wood et al. 2003; M.E.A 2005; Haidary et al. 2013). Changes in land use
during the last few centuries resulted in the loss of a proportion of natural ponds as high
as 90% in some developed European countries (Oertli 2018), where many ponds have
been in-filled and disappeared (Boothby and Hull 1997; Wood et al. 2003). Pond
degradation and loss have also been associated with a decrease in grasslands, an
increase in agricultural areas (Curado et al. 2011) and, more recently, with urbanization
(Hassall 2014). However, the creation of artificial ponds, typically used for livestock
water storage, agriculture irrigation, fire protection, erosion control and various
industrial processes (Oertli-2018), has partially mitigated the effects of the loss of
natural ponds (Williams et al. 1997; Zamora-Marin et al. 2021). Many human-made
and, to a lesser extent, natural ponds are now part of the urban landscape and contribute
to'human well-being. Even though species richness of some taxa, including certain
zooplankton and macroinvertebrate groups, may be higher in human-made than in
natural ponds, and urban species pools may include some threatened species of
conservation interest, the impact of urbanization and improper management practices on

pond species diversity is often negative at the local scale (Oertli and Parris 2019).

Eutrophication, sediment disturbance, water scarcity and chemical stressors, such as



pesticides, also pose a significant threat to ponds and inland waters in general (M.E.A
2005; Benslimane et al. 2019; Ito et al. 2020). Fish ponds in particular often display
high eutrophic levels following the addition of manure and other fertilizers. Nutrient
inputs can occur via water-inflow or directly from the surrounding terrestrial
ecosystems (Declerck et al. 2006; Wezel, Arthaud, et al. 2013; Wezel, Chazoule, et al.
2013; Francova et al. 2019). According to Rosset et al. (2014), eutrophic or even
hypertrophic ponds can host high biodiversity, as many communities are adapted to
high nutrient levels, but climate warming shifts naturally eutrophic ponds towards
hypertrophic, which further leads to homogenization of pond networks that are

dominated by hypertrophic ponds.

Another emergent challenge concerns the changes in the natural hydrological regimes of
inland water bodies, as a result of climate change. Ponds are generally small, and many
rely primarily on rainfall for their water supply, which makes them highly vulnerable to
climate change (Winter 2000; Woodward et al. 2010; Davis et al. 2013). The
hydrological state of ponds is directly influenced by climate, with a high sensitivity to
precipitation, evaporation and snowmelt, especially but not exclusively in mountainous
environments (Lee et al. 2015). Climate change projections estimate an overall
reduction in pond water levels, shorter hydroperiods and transitions from permanent to
intermittent ponds during the 21st century (Lee et al. 2015). At its most intense degree,
hydrological stress can cause the disappearance of ponds, particularly at high elevations
and in arid regions (Davis et al. 2013). Additionally, decreasing precipitation and
increasing evaporation following global change are expected to increase salinization in
lakes in some regions (Jeppesen et al. 2020), which certainly also holds true for other

freshwater systems such as ponds (Cunillera-Montcusi et al. 2022).

Stressors may not only cause species losses but can also change the functional roles of



key persisting taxa, such as macroinvertebrates. Thus, it is reasonable to assume that the
effects of multiple interacting stressors on the diversity and structure of communities
may strongly affect critical ecosystem functions and pond ES, as already observed in

streams (Burdon et al. 2020).

4.2 Stressors on the local and regional scale

How stressors influence ponds in the pondscape largely depends on their mode of action
and the extent of their impact (Figure 3). While some of them are local (e.g., land
consolidation and urbanization), others extend over large spatial scales (e.g., climate
change associated stressors), influencing multiple ponds and interfering with the flux of
aquatic and semi-aquatic organisms (Hanashiro et al. 2019; Chase et al. 2020; Voelker
and Swan 2021). Recent advancements in metacommunity theory provided answers to
some of the interplays between local and global stressors influencing ecosystem patches
such as ponds, linking abiotic filtering on communities with dispersal capabilities and
limitations (Hanashiro et al. 2019; Chase et al. 2020; Voelker and Swan 2021). In
summary, the effects of stressors across the pondscape depend on the ability of
organisms to either tolerate (abiotic filtering) or evade stressors (dispersal processes).
Therefore, stressors expanding past the tolerance and dispersal range of an organism are
likely to induce severe effects and may even lead to local extinctions and drastic
diversity reductions (Relyea 2005; Beketov et al. 2013). This is particularly problematic
as.once key taxa have been removed from the regional species pool following filtering,
the local and regional recovery of the biodiversity, even after stressor mitigation, may
not be possible due to the absence of key dispersers (Voelker and Swan 2021). As
aforementioned, connectivity between ponds is a critical determinant of biodiversity in
ponds. Provided that connectivity is maintained, multiple local stressors resulting from

anthropogenic activity and landscape management practices may even increase [3-



diversity to some extent by creating a gradient of environmental conditions that promote
the coexistence of different taxa (De Meester et al. 2005; Chase et al. 2020). This
phenomenon has been coined "biotic differentiation” (Chase et al. 2020). By contrast,
wide-ranging stressors, such as spread out local management practices or climate-
related stressors, or stressors benefiting tolerant and generalist species over specialists,
may lead to biotic homogenization and a decrease in B-diversity (Socolar et al. 2016;

Chase et al. 2020; Voelker and Swan 2021).

4.3 Management approaches

Effective management can play a key role in reducing the effects of stressors and in
improving the overall ecological status of ponds (Figure 3). Restoration strategies to
recover natural pond structure and functioning can range from the more intensive, such
as dredging to remove sediments (Sychra and Adamek 2011; Jurczak et al. 2018), to
simpler actions, such as riparian vegetation-removal, to increase light availability and
decrease excessive leaf litter input (Janssen et al. 2018). The removal of fish (e.g.
benthivorous carp) that increase bioturbation can allow sediment to settle and improve
macrophyte growth (Roberts et al. 1995; Matsuzaki et al. 2007). Additionally, measures
taken to decrease the trophic status of ponds can increase microhabitat heterogeneity
and enhance macrophyte-richness (Sayer et al. 2012). Post-dredging, measures should
be taken for longer term water quality improvement (Pokorny and Hauser 2002), such
as the inoculation of ponds with pioneer green algae (e.g. Characeae) which has
demonstrable benefits for water quality by regulating turbidity and phytoplankton
growth (Crawford 1979). Regular high-resolution monitoring is indispensable for
appropriate management policies, and can be more easily achieved with the support of
modern technologies, improving accuracy and efficiency. The use of satellite imaging

(Clark et al. 2017) or environmental DNA (Harper et al. 2019) can help monitor the



spread of invasive species and facilitate environmental impact assessment, such as
ecological responses to eutrophication. Policy-based solutions that consider pondscapes
as management units and seek their implementation as sustainable drainage systems in
urban planning (Charlesworth 2010) and natural flood plains (Collentine and Futter
2018) are likely to positively impact ponds. Finally, these pond management solutions
may be improved from a societal standpoint, for example, focussing on measures which
compensate farmers for maintaining biodiverse farmland ponds. The creation of public
engagement programs to reach a broader public audience can increase awareness of the
value of ponds, particularly of the ecosystem services they provide, and improve pond

stewardship.

5. Effects of emerging insects on terrestrial environments - an understudied

ecosystem service of ponds

The small size of ponds results in high perimeter-to-area ratios that enhance the relative
importance of cross-boundary processes between ponds and their surrounding terrestrial
environment. Boundaries between ponds and their environment are critical sites for the
exchange of organisms, energy, and nutrients, which establish important linkages
between aquatic and terrestrial ecosystems (Polis et al. 1997; Bartels et al. 2012;
Schindler and Smits 2017). With both aquatic and terrestrial life stages, semi-aquatic
organisms can-be vectors of energy and nutrients and can contribute to the functioning
of the terrestrial ecosystem.

The linkage of the aquatic system with the surrounding terrestrial environment
via emerging insects constitutes an important flux of dietary energy and nutrients for
recipient terrestrial food webs. The emergence of aquatic insects is one of the most

important and extensively studied fluxes from aquatic to terrestrial food webs (see



Schindler and Smits 2017), however, those studies focus on larger water bodies and in-
depth research for ponds is lacking.

Furthermore, emergent insects can affect ecosystem functioning and wider
ecosystem services (e.g., pollination, soil fertilization, or pest control) in adjacent
terrestrial environments. For example, the high emergence of predatory dragonflies can
lead to reduction of terrestrial pollinators (Knight et al. 2005), but also of pests (Sathe
and Shinde 2008). By feeding on pollen and nectar, adult Diptera within the dipteran
families Stratiomyidae and Syrphidae contribute to plant pollination in adjacent
terrestrial ecosystems (Courtney and Merritt 2009; Walton et al. 2021).

The interplay between trait diversity in emerging insects and the associated
ecological processes is often complex. However, ultimately, its understanding will
provide new insights into the functional roles of these organisms and help pond

management and provisioning of pond ecosystem services beyond aquatic boundaries.

5.1 Export of insects from ponds to terrestrial systems

The annual export of insect biomass from ponds to the surrounding terrestrial
environments is rarely quantified. Reported values suggest high variability in insect
emergence across ponds, which can range from 0.04 to 3.32 g C m? yr (Leeper and
Taylor 1998; Stagliano et al. 1998; Schriever et al. 2014), comparable to those reported
in lakes (0.07-1.23 g C m2 yrt) and river ecosystems (0.42-3.12 g C m2 yr?) (Gratton
and Vander Zanden 2009). The large range in insect biomass exports from ponds is not
surprising, given that the intrinsic features of ponds, such as pond size and depth,
microhabitat availability or physicochemical parameters, are highly variable (Bennion
and Smith 2000), influencing the community composition and abundances of taxa in the
ponds. The often higher productivity (Bennion 1994) and the lack of predatory fish in

many ponds (Dorn 2008) could explain the higher proportional exports of aquatic
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insects in comparison to individual lakes and rivers.

Insect phenology controls the time of emergence and leads to spatiotemporal
fluctuations that tend to have pronounced seasonal patterns, often differing from the
dynamics of terrestrial insects (Nakano and Murakami 2001). The number and timing of
emergence peaks are determined mainly by temperature, light and food availability
(Ivkovi¢ et al. 2013; Raitif et al. 2018). Both interannual weather variation and
environmental heterogeneity affect the distribution of emergence throughout the year
(Anderson et al. 2019). Pond size is also expected to be a strong determinant of overall
insect emergence, where a tenfold increase in pond radius may-cause atenfold increase
in the fluxes of insects to land (Gratton and Vander Zanden 2009; Schriever et al. 2014).
In addition to pond size, pond productivity is another likely key factor driving insect
emergence, with almost twice as many emerging in hypereutrophic compared to
mesotrophic conditions in a mesocosm experiment (Scharnweber et al. 2020). The high
irradiance associated with shallow depths promotes the development of submerged
aquatic vegetation that may provide food sources and refuge for macroinvertebrates,
thus increasing insect emergence compared to macrophyte-free zones in open water
(Stagliano et al.-1998; Lewis-Phillips et al. 2020). Biotic interactions within ponds can
also affect insect emergence fluxes. For example, the presence of invertivorous fish has

been reported to cause a 39% decline in insect emergence (Wesner 2016).

The colonization distance of actively dispersing insects is limited to their dispersal traits
(see Section 3.2) and environmental characteristics of the recipient terrestrial
ecosystem. Overall, the majority of insect biomass deposition is expected within the
first 100 meters from the shoreline (Gratton and VVander Zanden 2009; Martin-
Creuzburg et al. 2017). Steep topography or more open habitats around the pond can

constitute a strongly limiting factor for Diptera dispersal (Carlson et al. 2016).
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Conversely, riparian forests that provide shade and protection from the wind have been
linked to higher dispersal distances in semi-aquatic insects, compared to more open

agricultural landscapes (Carlson et al. 2016).

The magnitude of the effects of semi-aquatic insect fluxes on adjacent terrestrial
systems is noticeable at small spatial scales and on a high fraction of the terrestrial
surface at the landscape level (Bartrons et al. 2013). Therefore, studies focused on the
variability of insect emergence and their spatiotemporal dispersal into the adjacent
environments are key to understanding the processes whereby ponds-and other small

water bodies affect terrestrial ecosystems.

5.2 Impact of aquatic insect subsidies on terrestrial consumers and food webs

Similarly to observations in lakes and streams (Gratton et al. 2008; Sullivan and
Manning 2019), terrestrial and pond nutrient cycles are expected to be linked. On land,
energetic inputs of emerging insects from-aquatic ecosystems can surpass local
secondary production in low to moderately productive terrestrial ecosystems, as shown
for streams and lakes (Bunn et al. 2006; Gratton and VVander Zanden 2009). Either as
prey or detritus, aguatic insects constitute an important resource for a wide variety of
terrestrial consumers in riparian zones, for example comprising up to 80% of beetle
diets (Paetzold et al. 2005), 77% of spider diets (Gergs et al. 2014) and 40% of bird
diets (McCarty and Winkler 1999), along streams. Emerging semi-aquatic insects can
provide a key additional food resource for terrestrial consumers during winter, when
terrestrial productivity is generally low (Nakano and Murakami 2001; Wesner 2010).
Further evidence of the importance of these energy subsidies can be found in terrestrial
predator populations feeding on aquatic insects, which are often higher in abundance

and biomass than those consuming terrestrial prey alone (rivers: Henschel et al. 2001;



streams: Iwata et al. 2003; Marczak and Richardson 2007). There is a lack of
knowledge on the contribution of pond-derived resources for terrestrial predator diets,
with most of the aforementioned studies focused on larger aquatic ecosystems.
However, as similar aquatic insect taxa emerge from ponds as from other water bodies it
can be assumed that aquatic insects are integrated into terrestrial food webs surrounding
ponds. Also, similar recipient consumer communities (e.g. spiders, lizards, birds, bats)
may be present in the riparian zone of lakes, rivers and ponds.

Semi-aquatic insects are sources of essential nutrients, such as polyunsaturated
fatty acids (PUFA), including highly unsaturated fatty acids (HUFA) (Gladyshev et al.
2009), which are scarce at the base of terrestrial food webs (Hixson et al. 2015; Ruess
and Miller-Navarra 2019). Feeding on aquatic insects, which are richer in omega-3
PUFAs than strictly terrestrial insects, can improve the fitness of riparian consumers
and help them meet nutritional demands (Twining et al. 2016; Fritz et al. 2017; Twining
et al. 2018). Migrating songbirds use aquatic insects to refuel during migration
(MacDade et al. 2011). Currently, many species of aerial insectivores, which rely on the
consumption of emerging aquatic insects along their life cycle, are experiencing
unprecedented declines in some continents, in part due to decreased prey abundance
(Spiller and Dettmers 2019). Additionally, insects are a key food source for several bird
species which are not generally insectivorous during the breeding season or to enrich
their diet (Yanega and Rubega 2004; Twining et al. 2021).

Semi-aquatic insects may differ significantly in fatty acid content, partly due to
taxonomic differences (Lau et al. 2012; Martin-Creuzburg et al. 2017) and differences
in their feeding strategies during the larval phase (Guo et al. 2018; Kiihmayer et al.
2020). Although the factors driving the variability of PUFA exports to terrestrial

systems by emerging insects have been studied in lakes (Borisova et al. 2016; Martin-



Creuzburg et al. 2017), rivers (Chari et al. 2020) and mesocosms (Scharnweber et al.
2020), little is known about the driving factors in ponds. Thus, studying PUFA fluxes
and dietary exports from ponds is pivotal for an integrative assessment of their role as
providers of high-quality nutrients to terrestrial food webs.

Habitat heterogeneity within and among ponds may also affect pond dietary
exports, as it promotes asynchronies in the timing of the emergence pulses of semi-
aquatic insects by modulating the life history of their larvae (Schriever et al. 2014). This
potentially benefits mobile terrestrial consumers (i.e., bats or birds), which can follow
resources in the landscape, whereas less mobile consumers, such as ants or spiders, may
benefit more from local time-prolonged emergence (Anderson et al. 2019). On the other
hand, habitat homogenization may promote more synchronous pulses of insect
emergence, shortening the provision of aquatic subsidies to mobile terrestrial consumers
(Schindler and Smits 2017).

Through their effects on predator populations, pond subsidies can indirectly
affect the broader terrestrial ecosystem (Leroux and Loreau 2008). If predators switch
from terrestrial to aquatic prey, local terrestrial prey may increase in abundance
following the relief.in predatory pressure (Sabo and Power 2002; Baxter et al. 2005).
Alternatively, if aquatic prey provides a complementary diet source alongside terrestrial
prey, bolstered predator populations may exert a more significant top-down pressure on
local prey. Aquatic-subsidized spiders have been shown to suppress terrestrial
herbivores in temperate rivers (Henschel et al. 2001), tropical streams (Recalde et al.
2016), and rice paddies (Radermacher et al. 2020), but evidence from ponds is still
lacking. The indirect interactions arising from shared predation across pond-terrestrial
boundaries can substantially affect the dynamics and stability of recipient terrestrial

communities. For example, asynchronies in the availability of resources used



by generalist predators are expected to promote community stability. Maintaining the
asynchronies between terrestrial production and aquatic fluxes and between the pulses
of peaks of the emergence of semi-aquatic insects across the landscape might be critical
to increase community stability and reduce local extinctions (McCann and Rooney

2009).

6. Perspectives and future challenges

Considering the importance of ponds as biodiversity hotspots, the ecosystem services
they deliver and their vulnerability to global change, it is critical to protect ponds more
efficiently and preserve their ecological integrity at both regional and global scales.
Small permanent water bodies are exposed to various-external stressors that not only
impoverish pond biodiversity and reduce their ecological status but also impact crucial
ecological contributions of ponds to the adjacent terrestrial ecosystems. This can also
affect the provision of high-quality nutrients through the emergence of aquatic insects.
However, this influence remains poorly studied, and further collaborative research

efforts should focus on different aspects:

1. Climate change and human population growth will increase impacts on
freshwater quality and availability (e.g., the need for drinking water). Until now,
research efforts have mainly focused on the ecological services provided by
ponds at local and regional scales (Oertli and Parris 2019), but have largely
ignored continental scales (but see Davies et al. 2008; Epele et al. 2022).
Research covering broader temporal and spatial scales (i.e., ecoregions and even
continents) and a higher diversity of pond types would allow the identification
and clearer definition of different pond types. Specific and common features

could be discovered that may inform conservation and management efforts to



preserve the ecological status of these ponds and the valuable ecosystem
services they deliver. Collaborative projects on pond research should also
consider pondscape heterogeneity as an important factor at a regional scale,
promoting the coexistence of different pond types within the landscape and
contributing to the conservation of biodiversity (Oertli 2018; Zamora-Marin et

al. 2021).

Future research (field studies, mesocosm experiments and modeling) should
always consider the ponds as a singular system within a bigger context,
integrating them throughout the management process in landscape scale
approaches. In a multi-faceted approach, knowledge of the entire pondscape
should be generated. Ponds are still insufficiently protected and are usually not
included in water monitoring programmes, unlike other surface freshwater
habitats. Pond attributes are strongly correlated to the landscape features where
they occur and subject to the effects of land use in their surroundings (Declerck
et al. 2006). Their effective conservation requires robust knowledge of the exact
ecological contributions of these small freshwater habitats. Including the pond
types present within the landscape, differing in their structural features (e.qg.,
farm ponds, small reservoirs, stormwater ponds, gravel pit ponds and fish ponds)
and their origin and substrate (near-natural vs artificial ponds) would ensure an
adequate representation of the taxa inhabiting ponds. Finally, large-scale
research would allow to cover a representative sample of permanent ponds
occurring along broad geographical, altitudinal and environmental gradients
(e.g., alpine vs lowland systems, forest vs steppe systems, continental vs coastal
regions, wet vs arid zones), ensuring a better understanding of patterns in pond

ecosystems and biota across continents (Céréghino et al. 2008). Surroundings of



ponds should also be included in conservation and management strategies by
preserving green spaces and limiting the construction of artificial structures that
pose obstacles to species dispersal among sites (Oertli and Parris 2019) and
would thus inhibit potential positive effects of pondscape management.
Furthermore, appropriate land management would also be key to preserve the
pond ecological state since pond attributes are strongly correlated to the
landscape features where they occur and are subject to the effects of land use in

their surroundings (Declerck et al. 2006).

3. To achieve these goals, we propose to develop specific recommendations and
interventions for different ponds based on their type (e.g., permanent or
temporary), successional stages and their connectivity to other aquatic
ecosystems in order to incorporate pond and landscape variability in pond
conservation. This pondscape-based approach, which preserves heterogeneity
among pond types and stages of succession, would enhance the overall
ecological value and increase species richness at the regional scale (Sayer et al.

2012; Hassall et-al. 2016; Hill et al. 2018; Oertli and Parris 2019).

Artificial, near-natural ponds are sometimes suggested as a complementary solution to
mitigate biodiversity declines and compensate for declining natural ponds (Deacon et al.
2018). However, this approach should be assessed carefully from a functional and
multi-taxa point of view, maintaining desired biodiversity enhancing functional targets
whilst creating it. For instance, some intensively managed artificial fish ponds have
been reported to act as ecological traps for various taxa, such as dragonflies (Sigutova et

al. 2015). Nevertheless, artificial systems can play an important role in protecting rare



and endangered freshwater species, for example, in areas with no natural water
reservoirs (Sousa et al. 2021).

We also suggest further collaborative international initiatives targeting ponds that
include a variety of stakeholders from science, management, policy, and the general
public, working together towards a holistic, sustainable base for the conservation and
management of ponds. International collaborative research projects are key to assessing
the contributions of permanent ponds to biodiversity and ecosystem functioning at
larger scales. Within the EUROPONDS project, we aim to contribute to the knowledge
about permanent ponds at European scale, especially concerning the dietary energy
transfers and export of biomass via emerging insects from small water bodies to their
adjacent terrestrial environments, enabling an argumentation for the protection of ponds

as valuable sources of essential nutrients of high importance for terrestrial consumers.

Acknowledgements:

The contributing authors of this review are part of the EUROPONDS project (EUROPONDS
Team 2021). The contributing authors acknowledge the aid of Georgios Fyttis at the very
beginning of the manuscript conceptualisation process. We are grateful to the EFFS Chairperson
for the valuable comments on the early version of the manuscript. Additionally, we would like
to thank three anonymous reviewers for their valuable comments on the manuscript that helped

us to improve our-work greatly.

Funding:

The EUROPONDS project was awarded as "3rd fresh project” (2020 - 2022) by the European
Federation of Freshwater Sciences (EFFS), European Fresh and Young Researchers (EFYR),
and representatives of the Fresh Blood for Fresh Water (FBFW). The funding is provided by the
contributing EFFS societies: Association Francaise de Limnologie (AFL), Association of
Austrian SIL Members (SIL Austria), Associazione Italiana di Oceanologia e Limnologia
(AIOL), Asociacion Ibérica de Limnologia/Associacao Ibérica de Limnologia (AIL), Deutsche

Gesellschaft fiir Limnologie e.V. (DGL), Freshwater Biological Association (FBA), Hrvatsko



Udruzenje Slatkovodnih Ekologa (HUSEK), Magyar Hidrologiai Tarsasag (MHT), Polskie
Towarzystwo Hydrobiologiczne (PTH), Schweizerische Gesellschaft fur Hydrologie und
Limnologie/Société Suisse d'Hydrologie et de Limnologie/Societa Svizzera di Idrologia e
Limnologia (SSHL).

Conflict of interest:

The contributing authors declare no conflict of interest.

References:

Akasaka M, Takamura N. 2012. Hydrologic connection between ponds positively
affects macrophyte a and y diversity but negatively affects B diversity. Ecology.
93(5):967-973. https://doi.org/10.1890/11-0879.1

Ampatzidis P, Kershaw T. 2020. A review of the impact of blue space on the urban
microclimate. Science of The Total Environment. 730:139068.
https://doi.org/10.1016/j.scitotenv.2020.139068

Anderson HE, Albertson LK, Walters DM. 2019. Thermal variability drives synchronicity
of an aquatic insect resource pulse. Ecosphere. 10(8):e02852.
https://doi.org/10.1002/ecs2.2852

Anton-Pardo M, Ortega JCG, Melo AS, Bini LM. 2019. Global meta-analysis reveals that
invertebrate diversity is higher.in. permanent than in temporary lentic water bodies.
Freshwater Biology. 64(12):2234~2246. https://doi.org/10.1111/fwb.13409

Baguette M, Blanchet'S, Legrand D, Stevens VM, Turlure C. 2013. Individual dispersal,
landscape connectivity and ecological networks. Biological Reviews. 88(2):310-326.
https://doi.org/10.1111/brv.12000

Bartels P, Cucherousset J, Steger K, Eklov P, Tranvik LJ, Hillebrand H. 2012. Reciprocal
subsidies between freshwater and terrestrial ecosystems structure consumer resource
dynamics. Ecology. 93(5):1173-1182. https://doi.org/10.1890/11-1210.1

Bartrons M, Papes M, Diebel MW, Gratton C, Vander Zanden MJ. 2013. Regional-level
inputs of emergent aquatic Insects from water to land. Ecosystems. 16(7):1353-1363.
https://doi.org/10.1007/s10021-013-9688-6

Baxter CV, Fausch KD, Carl Saunders W. 2005. Tangled webs: reciprocal flows of
invertebrate prey link streams and riparian zones. Freshwater Biology. 50(2):201-220.
https://doi.org/10.1111/j.1365-2427.2004.01328.x



Beketov MA, Kefford BJ, Schafer RB, Liess M. 2013. Pesticides reduce regional
biodiversity of stream invertebrates. Proceedings of the National Academy of Sciences.
110(27):11039-11043. https://doi.org/10.1073/pnas.1305618110

Bennion H. 1994. A diatom-phosphorus transfer function for shallow, eutrophic ponds
in southeast England. In: Mortensen E, Jeppesen E, Sgndergaard M, Nielsen LK, editors.
Nutrient Dynamics and Biological Structure in Shallow Freshwater and Brackish Lakes
[Internet]. Dordrecht: Springer Netherlands; p. 391-410. https://doi.org/10.1007/978-
94-017-2460-9_35

Bennion H, Smith MA. 2000. Variability in the water chemistry of shallow ponds in
southeast England, with special reference to the seasonality of nutrients and
implications for modelling trophic status. Hydrobiologia. 436(1):145—158.
https://doi.org/10.1023/A:1026527519558

Benslimane N, Chakri K, Haiahem D, Guelmami A, Samraoui F, Samraoui B. 2019.
Anthropogenic stressors are driving a steep decline of hemipteran diversity in dune
ponds in north-eastern Algeria. J Insect Conserv. 23(3):475-488.
https://doi.org/10.1007/s10841-019-00133-1

Biggs J, von Fumetti S, Kelly-Quinn M. 2017. The importance of small waterbodies for
biodiversity and ecosystem services: implications for policy makers. Hydrobiologia.
793(1):3-39. https://doi.org/10.1007/s10750-016-3007-0

Biggs J, Williams P, Whitfield M, Nicolet P, Weatherby A. 2005. 15 years of pond
assessment in Britain: results and lessonslearned from the work of Pond Conservation.
Aquatic Conserv: Mar Freshw Ecosyst. 15(6):693—714. https://doi.org/10.1002/aqc.745

Bilton DT, Freeland JR, Okamura B. 2001. Dispersal in Freshwater Invertebrates. Annual
Review of Ecology and Systematics.3:159-181.
https://doi.org/10.1146/annurev.ecolsys.32.081501.114016

Blinn CR, Kilgore MA. 2001. Riparian Management Practices: A Summary of State
Guidelines. Journal of Forestry. 99(8):11-17. https://doi.org/10.1093/jof/99.8.11

BMLRT. 2021. Rivers and Lakes (Translated from German). Bundesministerium
Landwirtschaft, Regionen und Tourismus [Internet]. [accessed 2022 Jan 16].
https://info.bmlrt.gv.at/themen/wasser/wasser-
oesterreich/zahlen/fluesse_seen_zahlen.html

Boix D, Biggs J, Céréghino R, Hull AP, Kalettka T, Oertli B. 2012. Pond research and
management in Europe: “Small is Beautiful.” Hydrobiologia. 689(1):1-9.
https://doi.org/10.1007/s10750-012-1015-2

Bolpagni R, Poikane S, Laini A, Bagella S, Bartoli M, Cantonati M. 2019. Ecological and
Conservation Value of Small Standing-Water Ecosystems: A Systematic Review of
Current Knowledge and Future Challenges. Water. 11(3):402.
https://doi.org/10.3390/w11030402



Bomphrey RJ, Nakata T, Henningsson P, Lin H-T. 2016. Flight of the dragonflies and
damselflies. Philosophical Transactions of the Royal Society B: Biological Sciences.
371(1704):20150389. https://doi.org/10.1098/rstb.2015.0389

Boothby J. 1997. Pond conservation: towards a delineation of pondscape. 7:127-132.
https://doi.org/10.1002/(sici)1099-0755(199706)7:2<127::aid-aqc224>3.0.co0;2-6

Boothby J, Hull AP. 1997. A census of ponds in Cheshire, North West England. Aquatic
Conservation: Marine and Freshwater Ecosystems. 7(1):75-79.
https://doi.org/10.1002/(SICI)1099-0755(199703)7:1<75::AID-AQC215>3.0.CO;2-7

Borisova EV, Makhutova ON, Gladyshev Ml, Sushchik NN. 2016. Fluxes of biomass and
essential polyunsaturated fatty acids from water to land via chironomid emergence
from a mountain lake. Contemp Probl Ecol. 9(4):446—457.
https://doi.org/10.1134/5199542551604003X

Boyd CE, Tucker CS. 1998. Ecology of Aquaculture Ponds. In: Boyd CE, Tucker CS,
editors. Pond Aquaculture Water Quality Management [Internet]. Boston, MA:
Springer US; p. 8-86. https://doi.org/10.1007/978-1-4615-5407-3_2

Bronmark C, Hansson L-A. 2002. Environmental issues.in lakes and ponds: current state
and perspectives. Envir Conserv. 29(3):290-307.
https://doi.org/10.1017/50376892902000218

Bunn SE, Balcombe SR, Davies PM, Fellows CS, McKenzie-Smith FJ. 2006. Aquatic
productivity and food webs of desert river ecosystems. In: Ecology of Desert Rivers.
Cambridge: Cambridge University Press; p. 76—99.

Burdon FJ, Mclntosh AR, Harding JS. 2020. Mechanisms of trophic niche compression:
Evidence from landscape disturbance. Journal of Animal Ecology. 89(3):730-744.
https://doi.org/10.1111/1365-2656.13142

Cantonati M, Fensham RJ, Stevens LE, Gerecke R, Glazier DS, Goldscheider N, Knight
RL, Richardson-JS, Springer AE, Tockner K. 2021. Urgent plea for global protection of
springs. Conservation Biology. 35(1):378-382. https://doi.org/10.1111/cobi.13576

Carchini G, Della Bella V, Solimini AG, Bazzanti M. 2007. Relationships between the
presence of odonate species and environmental characteristics in lowland ponds of
central Italy. Ann Limnol - Int J Lim. 43(2):81-87.
https://doi.org/10.1051/limn/2007020

Carlson PE, McKie BG, Sandin L, Johnson RK. 2016. Strong land-use effects on the
dispersal patterns of adult stream insects: implications for transfers of aquatic
subsidies to terrestrial consumers. Freshw Biol. 61(6):848—861.
https://doi.org/10.1111/fwb.12745

Céréghino R, Biggs J, Oertli B, Declerck S. 2008. The ecology of European ponds:
defining the characteristics of a neglected freshwater habitat. Hydrobiologia. 597(1):1—
6. https://doi.org/10.1007/s10750-007-9225-8



Céréghino R, Boix D, Cauchie H-M, Martens K, Oertli B. 2014. The ecological role of
ponds in a changing world. Hydrobiologia. 723(1):1-6.
https://doi.org/10.1007/s10750-013-1719-y

Chari LD, Richoux NB, Moyo S, Villet MH. 2020. Dietary fatty acids of spiders reveal
spatial and temporal variations in aquatic-terrestrial linkages. Food Webs. 24:e00152.
https://doi.org/10.1016/j.fooweb.2020.e00152

Charlesworth SM. 2010. A review of the adaptation and mitigation of global climate
change using sustainable drainage in cities. Journal of Water and Climate Change.
1(3):165-180. https://doi.org/10.2166/wcc.2010.035

Chase JM, Jeliazkov A, Ladouceur E, Viana DS. 2020. Biodiversity conservation through
the lens of metacommunity ecology. Ann NY Acad Sci. 1469(1):86—104.
https://doi.org/10.1111/nyas.14378

ChengL, Si B, Wang Y, Liu W. 2021. Groundwater recharge mechanisms on the Loess
Plateau of China: New evidence for the significance of village ponds. Agricultural Water
Management. 257:107148. https://doi.org/10.1016/j.agwat.2021.107148

Clark JM, Schaeffer BA, Darling JA, Urquhart EA, Johnston JM, Ignatius AR, Myer MH,
Loftin KA, Werdell PJ, Stumpf RP. 2017. Satellite monitoring of cyanobacterial harmful
algal bloom frequency in recreational waters and drinking water sources. Ecological
Indicators. 80:84-95. https://doi.org/10.1016/j.ecolind.2017.04.046

Collentine D, Futter MN. 2018. Realising the potential of natural water retention
measures in catchment flood management: trade-offs and matching interests:
Realising the potential of natural-water retention measures. J Flood Risk Management.
11(1):76-84. https://doi.org/10.1111/fr3.12269

Conrad KF, Willson KH, Harvey IF, Thomas CJ, Sherratt TN. 1999. Dispersal
characteristics of seven odonate species in an agricultural landscape. Ecography.
22(5):524-531. https://doi.org/10.1111/j.1600-0587.1999.tb00541.x

Council of the European Communities. 1992. Directive 92/43/EEC of the European
Parliamentand the Council of 21 May 1992 on the conservation of natural habitats and
of wild fauna-and flora.

Council of the European Communities. 2000. Directive 2000/60/EC of the European
Parliament and the Council of 23 October 2000 establishing a framework for
community action in the field of water policy.

Courtney GW, Merritt RW. 2009. Diptera (non-biting flies). In: Likens GE, editor.
Encyclopedia of Inland Waters. Oxford: Academic Press; p. 288-298.
https://doi.org/10.1016/B978-012370626-3.00170-8

Crawford SA. 1979. Farm pond restoration using Chara vulgaris vegetation.
Hydrobiologia. 62(1):17-31. https://doi.org/10.1007/BF00012559



Cunillera-Montcusi D, Beklioglu M, Caifedo-Arglielles M, Jeppesen E, Ptacnik R,
Amorim CA, Arnott SE, Berger SA, Brucet S, Dugan HA, et al. 2022. Freshwater
salinisation: a research agenda for a saltier world. Trends in Ecology & Evolution.
37(5):440-453. https://doi.org/10.1016/j.tree.2021.12.005

Curado N, Hartel T, Arntzen JW. 2011. Amphibian pond loss as a function of landscape
change — A case study over three decades in an agricultural area of northern France.
Biological Conservation. 144(5):1610-1618.
https://doi.org/10.1016/j.biocon.2011.02.011

Davies B, Biggs J, Williams P, Whitfield M, Nicolet P, Sear D, Bray S, Maund S. 2008.
Comparative biodiversity of aquatic habitats in the European agricultural landscape.
Agriculture, Ecosystems & Environment. 125(1):1-8.
https://doi.org/10.1016/j.agee.2007.10.006

Davies SR, Sayer CD, Greaves H, Siriwardena GM, Axmacher JC. 2016.-A new role for
pond management in farmland bird conservation. Agriculture, Ecosystems &
Environment. 233:179-191. https://doi.org/10.1016/j.agee.2016.09.005

Davis J, Pavlova A, Thompson R, Sunnucks P. 2013. Evolutionary refugia and ecological
refuges: key concepts for conserving Australian arid zone freshwater biodiversity
under climate change. Glob Change Biol. 19(7):1970-1984.
https://doi.org/10.1111/gcb.12203

De Bie T, De Meester L, Brendonck L, Martens K, Goddeeris B, Ercken D, Hampel H,
Denys L, Vanhecke L, Van der Gucht K, etal. 2012. Body size and dispersal mode as key
traits determining metacommunity structure of aquatic organisms. Ecology Letters.
15(7):740-747. https://doi.org/10.1111/j.1461-0248.2012.01794.x

De Meester L, Declerck S, Stoks R, Louette G, Van De Meutter F, De Bie T, Michels E,
Brendonck L. 2005. Ponds and pools as model systems in conservation biology, ecology
and evolutionary biology. Aquatic Conserv: Mar Freshw Ecosyst. 15(6):715-725.
https://doi.org/10.1002/aqc.748

Deacon C, Samways MJ, Pryke JS. 2018. Artificial reservoirs complement natural ponds
to improve pondscape resilience in conservation corridors in a biodiversity
hotspot.Chapman MG, editor. PLoS ONE. 13(9):e0204148.
https://doi.org/10.1371/journal.pone.0204148

Declerck S, De Bie T, Ercken D, Hampel H, Schrijvers S, Van Wichelen J, Gillard V,
Mandiki R, Losson B, Bauwens D, et al. 2006. Ecological characteristics of small
farmland ponds: Associations with land use practices at multiple spatial scales.
Biological Conservation. 131(4):523-532.
https://doi.org/10.1016/j.biocon.2006.02.024

Dodson SI, Arnott SE, Cottingham KL. 2000. The Relationship in Lake Communities
Between Primary Productivity and Species Richness. Ecology. 81(10):2662—-2679.
https://doi.org/10.1890/0012-9658(2000)081[2662:TRILCB]2.0.CO;2



Dorn NJ. 2008. Colonization and reproduction of large macroinvertebrates are
enhanced by drought-related fish reductions. Hydrobiologia. 605(1):209-218.
https://doi.org/10.1007/s10750-008-9355-7

Downing JA, Prairie YT, Cole JJ, Duarte CM, Tranvik LJ, Striegl RG, McDowell WH,
Kortelainen P, Caraco NF, Melack JM, Middelburg JJ. 2006. The global abundance and
size distribution of lakes, ponds, and impoundments. Limnol Oceanogr. 51(5):2388—
2397. https://doi.org/10.4319/10.2006.51.5.2388

Dudgeon D. 2010. Prospects for sustaining freshwater biodiversity in the 21st century:
linking ecosystem structure and function. Current Opinion in Environmental
Sustainability. 2(5-6):422-430. https://doi.org/10.1016/j.cosust.2010.09.001

Eggleton J, Thomas KV. 2004. A review of factors affecting the release and
bioavailability of contaminants during sediment disturbance events. Environment
International. 30(7):973-980. https://doi.org/10.1016/j.envint.2004.03.001

EPCN. 2008. The Pond Manifesto [Internet]. http://www.europeanponds.org/wp-
content/uploads/2014/12/EPCN-manifesto_english.pdf

Epele LB, Grech MG, Williams-Subiza EA, Stenert C, McLean K; Greig HS, Maltchik L,
Pires MM, Bird MS, Boissezon A, et al. 2022. Perils of life on the edge: Climatic threats
to global diversity patterns of wetland macroinvertebrates. Science of The Total
Environment. 820:153052. https://doi.org/10.1016/].scitotenv.2022.153052

Fang W-T. 2011. Creating Pondscapes for Avian Communities: An Artificial Neural
Network Experience Beyond Urban Regions. In: Hong S-K, Kim J-E, Wu J, Nakagoshi N,
editors. Landscape Ecology in‘Asian Cultures [Internet]. Tokyo: Springer Japan;
[accessed 2021 Feb 5]; p. 187-200. https://doi.org/10.1007/978-4-431-87799-8_13

Fiener P, Auerswald K, Weigand S. 2005. Managing erosion and water quality in
agricultural watersheds by small detention ponds. Agriculture, Ecosystems &
Environment. 110(3):132-142. https://doi.org/10.1016/j.agee.2005.03.012

Francova K, Sumberova K, Janauer GA, Addmek Z. 2019. Effects of fish farming on
macrophytes in temperate carp ponds. Aquacult Int. 27(2):413-436.
https://doi.org/10.1007/s10499-018-0331-6

Fritz KA, Kirschman LJ, McCay SD, Trushenski JT, Warne RW, Whiles MR. 2017.
Subsidies of essential nutrients from aquatic environments correlate with immune
function in terrestrial consumers. Freshw Sci. 36(4):893-900.
https://doi.org/10.1086/694451

Fu B, Xu P, Wang, Yan K, Chaudhary S. 2018. Assessment of the ecosystem services
provided by ponds in hilly areas. Science of The Total Environment. 642:979-987.
https://doi.org/10.1016/j.scitotenv.2018.06.138

Gergs R, Koester M, Schulz RS, Schulz R. 2014. Potential alteration of cross-ecosystem
resource subsidies by an invasive aquatic macroinvertebrate: Implications for the



terrestrial food web. Freshw Biol. 59(12):2645-2655.
https://doi.org/10.1111/fwb.12463

Ghermandi A, Fichtman E. 2015. Cultural ecosystem services of multifunctional
constructed treatment wetlands and waste stabilization ponds: Time to enter the
mainstream? Ecological Engineering. 84:615-623.
https://doi.org/10.1016/j.ecoleng.2015.09.067

Gilbert PJ, Taylor S, Cooke DA, Deary ME, Jeffries MJ. 2021. Quantifying organic carbon
storage in temperate pond sediments. Journal of Environmental Management.
280:111698. https://doi.org/10.1016/j.jenvman.2020.111698

Gladyshev MlI, Arts M.T., Sushchik NN. 2009. Preliminary estimates of the export of
omega-3 highly unsaturated fatty acids (EPA+DHA) from aquatic to terrestrial
ecosystems. In: Kainz M, Brett MT, Arts Michael T., editors. Lipids in-Aquatic
Ecosystems [Internet]. New York, NY: Springer; [accessed 2021 Oct 31]; p. 179-210.
https://doi.org/10.1007/978-0-387-89366-2_8

Goertzen D, Suhling F. 2013. Promoting dragonfly diversity in cities: major
determinants and implications for urban pond design. J Insect Conserv.:11.

Goertzen D, Suhling F. 2015. Central European cities maintain substantial dragonfly
species richness - a chance for biodiversity conservation? Insect Conserv Divers.
8(3):238-246. https://doi.org/10.1111/icad.12102

Gratton C, Donaldson J, Zanden MJV. 2008. Ecosystem Linkages Between Lakes and the
Surrounding Terrestrial Landscape in Northeast Iceland. Ecosystems. 11(5):764-774.
https://doi.org/10.1007/s10021-008-9158-8

Gratton C, Vander Zanden-MJ. 2009. Flux of aquatic insect productivity to land:
comparison of lentic and lotic ecosystems. Ecology. 90(10):2689-2699.
https://doi.org/10.1890/08-1546.1

Guo F, BunnStuart E., Brett Michael T., Fry Brian, Hager Hannes, Ouyang Xiaoguang,
Kainz Martin J..2018. Feeding strategies for the acquisition of high-quality food sources
in stream macroinvertebrates: Collecting, integrating, and mixed feeding. Limnol
Oceanogr.63(5):1964-1978. https://doi.org/10.1002/In0.10818

Haidary A, Amiri BJ, Adamowski J, Fohrer N, Nakane K. 2013. Assessing the Impacts of
Four Land Use Types on the Water Quality of Wetlands in Japan. Water Resour
Manage. 27(7):2217-2229. https://doi.org/10.1007/s11269-013-0284-5

Hamer AJ, Smith PJ, McDonnell MJ. 2012. The importance of habitat design and
aquatic connectivity in amphibian use of urban stormwater retention ponds. Urban
Ecosyst. 15(2):451-471. https://doi.org/10.1007/s11252-011-0212-5

Hanashiro FTT, Mukherjee S, Souffreau C, Engelen J, Brans Kl, Busschaert P, Meester
LD. 2019. Freshwater Bacterioplankton Metacommunity Structure Along Urbanization



Gradients in Belgium. Frontiers in Microbiology. 10.
https://doi.org/10.3389/fmicb.2019.00743

Harper LR, Buxton AS, Rees HC, Bruce K, Brys R, Halfmaerten D, Read DS, Watson HV,
Sayer CD, Jones EP, et al. 2019. Prospects and challenges of environmental DNA
(eDNA) monitoring in freshwater ponds. Hydrobiologia. 826(1):25-41.
https://doi.org/10.1007/s10750-018-3750-5

Hassall C. 2014. The ecology and biodiversity of urban ponds. WIREs Water. 1(2):187-
206. https://doi.org/10.1002/wat2.1014

Hassall C, Hill MJ, Gledhill D, Biggs J. 2016. The ecology and management of urban
pondscapes. In: Francis RA, Millington JDA, Chadwick MA, editors. Urban landscape
ecology: science, policy and practice. London, UK: Routledge; p. 129-147.

Henschel JR, Mahsberg D, Stumpf H. 2001. Allochthonous aquatic insects increase
predation and decrease herbivory in river shore food webs. Qikos. 93(3):429-438.
https://doi.org/10.1034/j.1600-0706.2001.930308.x

Hill MJ, Biggs J, Thornhill I, Briers RA, Gledhill DG, White JC, WoodPJ, Hassall C. 2017.
Urban ponds as an aquatic biodiversity resource in modified landscapes. Global
Change Biology. 23(3):986—999. https://doi.org/10.1111/gcb.13401

Hill MJ, Biggs J, Thornhill I, Briers RA, Ledger M, Gledhill DG, Wood PJ, Hassall C. 2018.
Community heterogeneity of aquatic macroinvertebrates in urban ponds at a multi-city
scale. Landscape Ecol. 33(3):389-405. https://doi.org/10.1007/s10980-018-0608-1

Hill MJ, Mathers KL, Wood PJ. 2015. The aquatic macroinvertebrate biodiversity of
urban ponds in a medium-sized European town (Loughborough, UK). Hydrobiologia.
760(1):225-238. https://doi.org/10.1007/s10750-015-2328-8

Hixson SM, Sharma B, Kainz MJ, Wacker A, Arts MT. 2015. Production, distribution, and
abundance of long-chain omega-3 polyunsaturated fatty acids: a fundamental
dichotomy between freshwater and terrestrial ecosystems. Environ Rev. 23(4):414—
424. https://doi.org/10.1139/er-2015-0029

Hobson KA, Anderson RC, Soto DX, Wassenaar LI. 2012. Isotopic Evidence That
Dragonflies (Pantala flavescens) Migrating through the Maldives Come from the
Northern Indian Subcontinent. PLOS ONE. 7(12):e52594.
https://doi.org/10.1371/journal.pone.0052594

Holgerson MA, Lambert MR, Freidenburg LK, Skelly DK. 2018. Suburbanization alters
small pond ecosystems: shifts in nitrogen and food web dynamics. Can J Fish Aquat Sci.
75(4):641-652. https://doi.org/10.1139/cjfas-2016-0526

Horvath Z, Ptacnik R, Vad CF, Chase JM. 2019. Habitat loss over six decades accelerates
regional and local biodiversity loss via changing landscape connectance.Coulson T,
editor. Ecol Lett. 22(6):1019-1027. https://doi.org/10.1111/ele.13260



Ito HC, Shiraishi H, Nakagawa M, Takamura N. 2020. Combined impact of pesticides
and other environmental stressors on animal diversity in irrigation ponds. PLoS ONE.
15(7):e0229052. https://doi.org/10.1371/journal.pone.0229052

Iversen LL, Rannap R, Briggs L, Sand-Jensen K. 2017. Time-restricted flight ability
influences dispersal and colonization rates in a group of freshwater beetles. Ecol Evol.
7(3):824-830. https://doi.org/10.1002/ece3.2680

Ivkovié M, Milisa M, Previsi¢ A, Popija¢ A, Mihaljevié Z. 2013. Environmental control of
emergence patterns: Case study of changes in hourly and daily emergence of aquatic
insects at constant and variable water temperatures. Int Rev Hydrobiol. 98(2):104—
115. https://doi.org/10.1002/iroh.201301483

Iwata T, Nakano S, Murakami M. 2003. Stream meanders increase insectivorous bird
abundance in riparian deciduous forests. Ecography. 26(3):325-337.
https://doi.org/10.1034/j.1600-0587.2003.03355.x

Janssen A, Hunger H, Konold W, Pufal G, Staab M. 2018. Simple pond restoration
measures increase dragonfly (Insecta: Odonata) diversity. Biodiversity and
Conservation. 27(9):2311-2328. https://doi.org/10.1007/s10531-018-1539-5

Jeppesen E, Beklioglu M, Ozkan K, Akyiirek Z. 2020. Salinization Increase due to
Climate Change Will Have Substantial Negative Effects on Inland Waters: A Call for
Multifaceted Research at the Local and Global Scale. The Innovation. 1(2):100030.
https://doi.org/10.1016/j.xinn.2020.100030

Jooste ML, Samways MJ, Deacon C. 2020. Fluctuating pond water levels and aquatic
insect persistence in a drought-prone Mediterranean-type climate. Hydrobiologia.
847(5):1315-1326. https://doi.org/10.1007/s10750-020-04186-1

Jurczak T, Wojtal-Frankiewicz A, Kaczkowski Z, Oleksifnska Z, Bednarek A, Zalewski M.
2018. Restoration-of‘a shady urban pond — The pros and cons. Journal of
Environmental Management. 217:919-928.
https://doi.org/10.1016/j.jenvman.2018.03.114

Kadoya T, Suda S, Washitani |. 2004. Dragonfly species richness on man-made ponds:
effects of pond size and pond age on newly established assemblages: Species diversity
of dragonfly. Ecological Research. 19(5):461-467. https://doi.org/10.1111/j.1440-
1703.2004.00659.x

Kingsford RT, Bino G, Finlayson CM, Falster D, Fitzsimons JA, Gawlik DE, Murray NJ,
Grillas P, Gardner RC, Regan TJ, et al. 2021. Ramsar Wetlands of International
Importance—Improving Conservation Outcomes. Frontiers in Environmental Science. 9.
https://doi.org/10.3389/fenvs.2021.643367

Knight TM, McCoy MW, Chase JM, McCoy KA, Holt RD. 2005. Trophic cascades across
ecosystems. Nature. 437(7060):880—-883. https://doi.org/10.1038/nature03962



Kolar V, Boukal DS. 2020. Habitat preferences of the endangered diving beetle
Graphoderus bilineatus : implications for conservation management. Insect Conserv
Divers. 13(5):480-494. https://doi.org/10.1111/icad.12433

Kolar V, Tichanek F, Tropek R. 2021. Evidence-based restoration of freshwater
biodiversity after mining: Experience from Central European spoil heaps. Journal of
Applied Ecology. 58(9):1921-1932. https://doi.org/10.1111/1365-2664.13956

Kovats Z, Ciborowski J, Corkum L. 1996. Inland dispersal of adult aquatic insects.
Freshwater Biology. 36(2):265-276. https://doi.org/10.1046/j.1365-2427.1996.00087.x

Kristensen P, Globevnik L. 2014. European small water bodies. Biology and
Environment: Proceedings of the Royal Irish Academy. 114B(3):281-287.
https://doi.org/10.3318/bioe.2014.13

Krivtsov V, Forbes H, Birkinshaw S, Olive V, Chamberlain D, BuckmanJ, Yahr R, Arthur
S, Christie D, Monteiro Y, Diekonigin C. 2022. Ecosystem services provided by urban
ponds and green spaces: a detailed study of a semi-natural site with global importance
for research. Blue-Green Systems. 4(1):1-23. https://doi.org/10.2166/bgs.2022.021

Kihmayer T, Guo F, Ebm N, Battin TJ, Brett MT, Bunn SE, Fry B, Kainz MJ. 2020.
Preferential retention of algal carbon in benthicinvertebrates: Stable isotope and fatty
acid evidence from an outdoor flume experiment. Freshwater Biology. 65(7):1200—
1209. https://doi.org/10.1111/fwb.13492

Labat F, Piscart C, Thiébaut G. 2022. Invertebrates in small shallow lakes and ponds: a
new sampling method to study the influence of environmental factors on their
communities. Aquat Ecol. https://doi.org/10.1007/s10452-021-09939-1

Lau DCP, Vrede T, PickovaJ, Goedkoop W. 2012. Fatty acid composition of consumers
in boreal lakes — variation-across species, space and time. Freshw Biol. 57(1):24—38.
https://doi.org/10.1111/j.1365-2427.2011.02690.x

Law A, Baker'A, Sayer C, Foster G, Gunn IDM, Taylor P, Pattison Z, Blaikie J, Willby NJ.
2019. The effectiveness of aquatic plants as surrogates for wider biodiversity in
standing fresh waters. Freshw Biol. 64(9):1664—-1675.
https://doi.org/10.1111/fwb.13369

Le Viol'l, Mocq J, Julliard R, Kerbiriou C. 2009. The contribution of motorway
stormwater retention ponds to the biodiversity of aquatic macroinvertebrates.
Biological Conservation. 142(12):3163-3171.
https://doi.org/10.1016/j.biocon.2009.08.018

Lee S-Y, Ryan ME, Hamlet AF, Palen W, Lawler JJ, Halabisky M. 2015. Projecting the
Hydrologic Impacts of Climate Change on Montane Wetlands.Richardson CJ, editor.
PLoS ONE. 10(9):e0136385. https://doi.org/10.1371/journal.pone.0136385



Leeper DA, Taylor BE. 1998. Insect emergence from a South Carolina (USA) temporary
wetland pond, with emphasis on the Chironomidae (Diptera). J North Am
Benthological Soc. 17(1):54-72. https://doi.org/10.2307/1468051

Leibold MA, Holyoak M, Mouquet N, Amarasekare P, Chase JM, Hoopes MF, Holt RD,
Shurin JB, Law R, Tilman D, et al. 2004. The metacommunity concept: a framework for
multi-scale community ecology. Ecology Letters. 7(7):601-613.
https://doi.org/10.1111/j.1461-0248.2004.00608.x

Leroux SJ, Loreau M. 2008. Subsidy hypothesis and strength of trophic cascades across
ecosystems. Ecology Letters. 11(11):1147-1156. https://doi.org/10.1111/j.1461-
0248.2008.01235.x

Lewis-Phillips J, Brooks SJ, Sayer CD, McCrea R, Siriwardena G, Robson H, Harrison/AL,
Axmacher JC. 2019. Seasonal benefits of farmland pond management for birds. Bird
Study. 66(3):342—-352. https://doi.org/10.1080/00063657.2019.1688762

Lewis-Phillips J, Brooks SJ, Sayer CD, Patmore IR, Hilton GM, Harrison A, Robson H,
Axmacher JC. 2020. Ponds as insect chimneys: Restoring overgrown farmland ponds
benefits birds through elevated productivity of emerging aquaticinsects. Biol Conserv.
241(June 2019):108253-108253. https://doi.org/10.1016/j.biocon.2019.108253

Lhotsky R. 2010. The role of historical fishpond systems during recent flood events.
Journal of Water and Land Development. https://doi.org/10.2478/v10025-011-0005-5

Liu Y, Wang D, Gao J, Deng W. 2005. Land Use/Cover Changes, the Environment and
Water Resources in Northeast China. Environmental Management. 36(5):691-701.
https://doi.org/10.1007/s00267-004-0285-5

MacDade LS, Rodewald PG, Hatch-KA. 2011. Contribution of Emergent Aquatic Insects
to Refueling in Spring Migrant Songbirds - Contribucidn de los Insectos Acuaticos
Emergentes al Reaprovisionamiento de las Aves Canoras Migratorias de Primavera.
The Auk. 128(1):127-137. https://doi.org/10.1525/auk.2011.10186

Malyan SK, Singh-O, Kumar A, Anand G, Singh R, Singh S, Yu Z, Kumar J, Fagodiya RK,
KumarA.2022. Greenhouse Gases Trade-Off from Ponds: An Overview of Emission
Process and Their Driving Factors. Water. 14(6):970.
https://doei.org/10.3390/w14060970

Marczak LB, Richardson JS. 2007. Spiders and subsidies: Results from the riparian zone
of a coastal temperate rainforest. J Anim Ecol. 76(4):687-694.
https://doi.org/10.1111/j.1365-2656.2007.01240.x

Marsh DM, Fegraus EriCH, Harrison S. 1999. Effects of breeding pond isolation on the
spatial and temporal dynamics of pond use by the tungara frog, Physalaemus
pustulosus. Journal of Animal Ecology. 68(4):804—814. https://doi.org/10.1046/j.1365-
2656.1999.00332.x



Martin-Creuzburg D, Kowarik C, Straile D. 2017. Cross-ecosystem fluxes: Export of
polyunsaturated fatty acids from aquatic to terrestrial ecosystems via emerging
insects. Sci Total Environ. 577:174-182.
https://doi.org/10.1016/j.scitotenv.2016.10.156

Massol F, Altermatt F, Gounand |, Gravel D, Leibold MA, Mouquet N. 2017. How life-
history traits affect ecosystem properties: effects of dispersal in meta-ecosystems.
Oikos. 126(4):532-546. https://doi.org/10.1111/0ik.03893

Mathieu-Resuge M, Martin-Creuzburg D, Twining CW, Parmar TP, Hager HH, Kainz MJ.
2021. Taxonomic composition and lake bathymetry influence fatty acid exportvia
emergent insects. Freshwater Biology. 66(12):2199-2209.
https://doi.org/10.1111/fwb.13819

Matsuzaki SS, Usio N, Takamura N, Washitani |. 2007. Effects of common carp on
nutrient dynamics and littoral community composition: roles of excretion and
bioturbation. Fundamental and Applied Limnology.:27-38.
https://doi.org/10.1127/1863-9135/2007/0168-0027

McCann KS, Rooney N. 2009. The more food webs change, the more they stay the
same. Phil Trans R Soc B. 364(1524):1789-1801.
https://doi.org/10.1098/rstb.2008.0273

McCarty JP, Winkler DW. 1999. Foraging ecology and diet selectivity of tree swallows
feeding nestlings. The Condor. 101(2):246—254. https://doi.org/10.2307/1369987

M.E.A. 2005. Ecosystems and human well-being Millennium Ecosystem Assessmen.

Moore TLC, Hunt WF. 2012. Ecosystem service provision by stormwater wetlands and
ponds — A means for evaluation? Water Research. 46(20):6811-6823.
https://doi.org/10.1016/j.watres.2011.11.026

Nakano S, Murakami M. 2001. Reciprocal subsidies: Dynamic interdependence
between terrestrial and aquatic food webs. PNAS. 98(1):166—170.
https://doi.org/10.1073/pnas.98.1.166

Oertli-B. 2018. Editorial: Freshwater biodiversity conservation: The role of artificial
ponds in‘the 21st century. Aquatic Conserv: Mar Freshw Ecosyst. 28(2):264-269.
https://doi.org/10.1002/aqc.2902

Oertli B, Auderset Joye D, Castella E, Juge R, Lehmann A, Lachavanne J-B. 2005. PLOCH:
a standardized method for sampling and assessing the biodiversity in ponds. Aquatic
Conserv: Mar Freshw Ecosyst. 15(6):665-679. https://doi.org/10.1002/aqc.744

Oertli B, Céréghino R, Hull A, Miracle R. 2009. Pond conservation: from science to
practice. Hydrobiologia. 634(1):1-9. https://doi.org/10.1007/s10750-009-9891-9



Oertli B, Joye DA, Castella E, Juge R, Cambin D, Lachavanne J-B. 2002. Does size
matter? The relationship between pond area and biodiversity. Biological Conservation.
104(1):59-70. https://doi.org/10.1016/S0006-3207(01)00154-9

Oertli B, Parris KM. 2019. Review: Toward management of urban ponds for freshwater
biodiversity. Ecosphere. 10(7):e02810. https://doi.org/10.1002/ecs2.2810

Paetzold A, Schubert CJ, Tockner K. 2005. Aquatic terrestrial linkages along a braided-
river: Riparian arthropods feeding on aquatic insects. Ecosystems. 8(7):748—759.
https://doi.org/10.1007/s10021-005-0004-y

Pearman PB. 1995. Effects of pond size and consequent predator density on-two
species of tadpoles. Oecologia. 102(1):1-8. https://doi.org/10.1007/BF00333303

Pekel J-F, Cottam A, Gorelick N, Belward AS. 2016. High-resolution mapping of global
surface water and its long-term changes. Nature. 540(7633):418-422.
https://doi.org/10.1038/nature20584

Peretyatko A, Teissier S, De Backer S, Triest L. 2010. Restoration potential of
biomanipulation for eutrophic peri-urban ponds: the role of zooplankton size and
submerged macrophyte cover. In: Oertli B, Céréghino R, Biggs J, Declerck S, Hull A,
Miracle MR, editors. Pond Conservation in Europe. Dordrecht: Springer Netherlands; p.
281-291. https://doi.org/10.1007/978-90-481-9088-1 24

Pokorny J, Hauser V. 2002. The restoration of fish ponds in agricultural landscapes.
Ecological Engineering. 18(5):555-574. https://doi.org/10.1016/50925-8574(02)00020-
4

Polis GA, Anderson WB, Holt RD. 1997. Toward an integration of landscape and food
web ecology:The dynamics of spatially subsidized food webs. Annu Rev Ecol Syst.
28(1):289-316. https://doi.org/10.1146/annurev.ecolsys.28.1.289

Pouil S, SamsudinR, Slembrouck J, Sihabuddin A, Sundari G, Khazaidan K, Kristanto AH,
Pantjara B, Caruso D. 2019. Nutrient budgets in a small-scale freshwater fish pond
system in‘Indonesia. Aquaculture. 504:267-274.
https://doi.org/10.1016/j.aquaculture.2019.01.067

Radermacher'N, Hartke TR, Villareal S, Scheu S. 2020. Spiders in rice-paddy ecosystems
shift from aquatic to terrestrial prey and use carbon pools of different origin.
Oecologia. 192(3):801-812. https://doi.org/10.1007/s00442-020-04601-3

Raitif J, Plantegenest M, Agator O, Piscart C, Roussel J-M. 2018. Seasonal and spatial
variations of stream insect emergence in an intensive agricultural landscape. Sci Total
Environ. 644:594—-601. https://doi.org/10.1016/j.scitotenv.2018.07.021

Recalde FC, Postali TC, Romero GQ. 2016. Unravelling the role of allochthonous aquatic
resources to food web structure in a tropical riparian forest.Cottenie K, editor. J Anim
Ecol. 85(2):525-536. https://doi.org/10.1111/1365-2656.12475



Relyea RA. 2005. The Impact of Insecticides and Herbicides on the Biodiversity and
Productivity of Aquatic Communities. Ecological Applications. 15(2):618—-627.
https://doi.org/10.1890/03-5342

Rey-Valette H, Blayac T, Salles J-M. 2022. Evaluating the contribution of nature to well-
being: The case of ecosystem services related to fish-farming ponds in France.
Ecological Economics. 191:107217. https://doi.org/10.1016/j.ecolecon.2021.107217

Richardson DC, Holgerson MA, Farragher MJ, Hoffman KK, King KBS, Alfonso MB,
Andersen MR, Cheruveil KS, Coleman KA, Farruggia MJ, et al. 2022. A functional
definition to distinguish ponds from lakes and wetlands. Sci Rep. 12(1):1-13.
https://doi.org/10.1038/s41598-022-14569-0

Roberts J, Chick A, Oswald L, Thompson P. 1995. Effect of carp, Cyprinus carpio L., an
exotic benthivorous fish, on aquatic plants and water quality in experimental ponds.
Mar Freshwater Res. 46(8):1171-1180. https://doi.org/10.1071/mf9951171

Rosset V, Angélibert S, Arthaud F, Bornette G, Robin J, Wezel A, Vallod D, Oertli B.
2014. Is eutrophication really a major impairment for small waterbody biodiversity?
Journal of Applied Ecology. 51(2):415-425. https://doi.org/10.1111/1365-2664.12201

Ruess L, Miller-Navarra DC. 2019. Essential biomolecules in food webs. Front Ecol
Evol. 7. https://doi.org/10.3389/fevo0.2019.00269

Rundle SD, Foggo A, Choiseul V, Bilton DT. 2002. Are distribution patterns linked to
dispersal mechanism? An investigation using pond invertebrate assemblages.
Freshwater Biology. 47(9):1571-1581. https://doi.org/10.1046/j.1365-
2427.2002.00886.x

Sabo JL, Power ME. 2002. River—watershed exchange: effects of riverine subsidies on
riparian lizards and their terrestrial prey. Ecology. 83(7):1860-1869.
https://doi.org/10.1890/0012-9658(2002)083[1860:RWEEOR]2.0.CO;2

Sahlén G, Bernard R, Rivera AC, Ketelaar R, Suhling F. 2004. Critical species of Odonata
in Europe: International Journal of Odonatology. 7(2):385-398.
https://doi.org/10.1080/13887890.2004.9748223

Sarremejane R, Cid N, Stubbington R, Datry T, Alp M, Cafiedo-Argielles M, Cordero-
Rivera A, Csabai Z, Gutiérrez-Canovas C, Heino J, et al. 2020. Preprint: DISPERSE — A
trait database to assess the dispersal potential of agquatic macroinvertebrates.
biorRxiv. https://doi.org/10.1101/2020.02.21.953737

Sathe T, Shinde K. 2008. Dragonflies and Pest Management. 1st ed. Delhi: Daya
publishing House.

Sayer C, Andrews K, Shilland E, Edmonds N, Edmonds-Brown R, Patmore I, Emson D,
Axmacher J. 2012. The role of pond management for biodiversity conservation in an
agricultural landscape: POND MANAGEMENT AND BIODIVERSITY CONSERVATION.



Aquatic Conservation: Marine and Freshwater Ecosystems. 22(5):626—638.
https://doi.org/10.1002/aqc.2254

Sayer CD. 2014. Conservation of aquatic landscapes: ponds, lakes, and rivers as
integrated systems. WIREs Water. 1(6):573-585. https://doi.org/10.1002/wat2.1045

Scharnweber K, Chaguaceda F, Dalman E, Tranvik L, Eklov P. 2020. The emergence of
fatty acids—Aquatic insects as vectors along a productivity gradient. Freshw Biol.
65(3):565-578. https://doi.org/10.1111/fwb.13454

Schindler DE, Smits AP. 2017. Subsidies of aquatic resources in terrestrial ecosystems.
Ecosystems. 20(1):78-93. https://doi.org/10.1007/s10021-016-0050-7

Schriever TA, Cadotte MW, Williams DD. 2014. How hydroperiod and species richness
affect the balance of resource flows across aquatic-terrestrial habitats. Aquat Sci.
76(1):131-143. https://doi.org/10.1007/s00027-013-0320-9

Sebastian-Gonzalez E, Green AJ. 2014. Habitat Use by Waterbirds in'Relation to Pond
Size, Water Depth, and Isolation: Lessons from a Restoration-in Southern Spain.
Restoration Ecology. 22(3):311-318. https://doi.org/10.1111/rec.12078

Semlitsch RD, Peterman WE, Anderson TL, Drake DL, Ousterhout BH. 2015.
Intermediate pond sizes contain the highest density, richness, and diversity of pond-
breeding amphibians. PLoS One. 10(4):e0123055.
https://doi.org/10.1371/journal.pone.0123055

Sigutova H, Sigut M, Dolny A. 2015. Intensive fish ponds as ecological traps for
dragonflies: an imminent threat to the endangered species Sympetrum
depressiusculum (Odonata: Libellulidae). J Insect Conserv. 19(5):961-974.
https://doi.org/10.1007/s10841-015-9813-2

Socolar JB, Gilroy JJ, Kunin WE, Edwards DP. 2016. How Should Beta-Diversity Inform
Biodiversity Conservation? Trends in Ecology & Evolution. 31(1):67-80.
https://doi.org/10.1016/j.tree.2015.11.005

Sendergaard M, Jeppesen E, Jensen J, Peder. 2005. Pond or lake: does it make any
difference? archiv_hydrobiologie. 162(2):143-165. https://doi.org/10.1127/0003-
9136/2005/0162-0143

SousaE, Quintino V, Palhas J, Rodrigues AM, Teixeira J. 2016. Can Environmental
Education Actions Change Public Attitudes? An Example Using the Pond Habitat and
Associated Biodiversity. PLOS ONE. 11(5):e0154440.
https://doi.org/10.1371/journal.pone.0154440

Sousa R, Halabowski D, Labecka AM, Douda K, Aksenova O, Bespalaya Y, Bolotov |,
Geist J, Jones HA, Konopleva E, et al. 2021. The role of anthropogenic habitats in
freshwater mussel conservation. Glob Change Biol. 27(11):2298-2314.
https://doi.org/10.1111/gcb.15549



Spiller KJ, Dettmers R. 2019. Evidence for multiple drivers of aerial insectivore declines
in North America. The Condor. 121(2):duz010. https://doi.org/10.1093/condor/duz010

Stagliano DM, Benke AC, Anderson DH. 1998. Emergence of aquatic insects from 2
habitats in a small wetland of the southeastern USA: temporal patterns of numbers
and biomass. J North Am Benthological Soc. 17(1):37-53.
https://doi.org/10.2307/1468050

Steeneveld GJ, Koopmans S, Heusinkveld BG, Theeuwes NE. 2014. Refreshing the role
of open water surfaces on mitigating the maximum urban heat island effect.
Landscape and Urban Planning. 121:92-96.
https://doi.org/10.1016/j.landurbplan.2013.09.001

Sullivan SMP, Manning DWP. 2019. Aquatic—terrestrial linkages as complex systems:
Insights and advances from network models. Freshw Sci. 38(4):936-945.
https://doi.org/10.1086/706071

Sychra J, Adamek Z. 2011. The impact of sediment removal on the aquatic
macroinvertebrate assemblage in a fishpond littoral zone. Journal of Limnology.
70(1):129-138. https://doi.org/10.4081/jlimnol.2011.138

Tang Y, Leon AS, Kavvas ML. 2020. Impact of Dynamic Storage Management of
Wetlands and Shallow Ponds on Watershed-scale Flood-Control. Water Resour
Manage. 34(4):1305-1318. https://doi.org/10.1007/s11269-020-02502-x

Tornero |, Sala J, Gascén S, Avila N, Quintana XD, Boix D. 2016. Pond size effect on
macrofauna community structure in a highly connected pond network. Limnetica.
35(2):337-354. https://doi.org/10.23818/limn.35.27

Twining CW, Brenna JT, Lawrence P, Shipley JR, Tollefson TN, Winkler DW. 2016.
Omega-3 long-chain polyunsaturated fatty acids support aerial insectivore
performance more than food quantity. PNAS. 113(39):10920-10925.
https://doi.org/10.1073/pnas.1603998113

Twining CW, Parmar TP, Mathieu-Resuge M, Kainz MJ, Shipley JR, Martin-Creuzburg D.
2021. Use of Fatty Acids From Aquatic Prey Varies With Foraging Strategy. Frontiers in
Ecology and Evolution. 9. https://doi.org/10.3389/fevo0.2021.735350

Twining CW, Shipley JR, Winkler DW. 2018. Aquatic insects rich in omega-3 fatty acids
drive breeding success in a widespread bird.Jeyasingh P, editor. Ecology Letters.
21(12):1812-1820. https://doi.org/10.1111/ele.13156

Usio N, Nakagawa M, Aoki T, Higuchi S, Kadono Y, Akasaka M, Takamura N. 2017.
Effects of land use on trophic states and multi-taxonomic diversity in Japanese farm
ponds. Agriculture, Ecosystems & Environment. 247:205-215.
https://doi.org/10.1016/j.agee.2017.06.043



Verpoorter C, Kutser T, Seekell DA, Tranvik LJ. 2014. A global inventory of lakes based
on high-resolution satellite imagery. Geophys Res Lett. 41(18):6396—6402.
https://doi.org/10.1002/2014GL060641

Voelker N, Swan CM. 2021. The interaction between spatial variation in habitat
heterogeneity and dispersal on biodiversity in a zooplankton metacommunity. Science
of The Total Environment. 754:141861.
https://doi.org/10.1016/j.scitotenv.2020.141861

Walton RE, Sayer CD, Bennion H, Axmacher JC. 2021. Once a pond in time: employing
palaeoecology to inform farmland pond restoration. Restoration Ecology.
29(1):e13301. https://doi.org/10.1111/rec.13301

Wesner JS. 2010. Seasonal variation in the trophic structure of a spatial prey subsidy
linking aquatic and terrestrial food webs: adult aquatic insects. Oikos. 119(1):170-178.
https://doi.org/10.1111/j.1600-0706.2009.17687.x

Wesner JS. 2016. Contrasting effects of fish predation on benthic versus emerging
prey: a meta-analysis. Oecologia. 180(4):1205-1211. https://doi.org/10.1007/s00442-
015-3539-4

Wezel A, Arthaud F, Dufloux C, Renoud F, Vallod D, Robin J, Sarrazin B. 2013. Varied
impact of land use on water and sediment parameters in fish ponds of the Dombes
agro-ecosystem, France. Hydrological Sciences Journal. 58(4):854—-871.
https://doi.org/10.1080/02626667.2013.780656

Wezel A, Chazoule C, Vallod D. 2013. Using biodiversity to valorise local food products:
the case of fish ponds in a cultural landscape, their biodiversity, and carp production.
Aquacult Int. 21(6):1395-1408. https://doi.org/10.1007/s10499-013-9641-x

Wilbur HM. 1997. Experimental Ecology of Food Webs: Complex Systems in Temporary
Ponds. Ecology. 78(8):2279—-2302. https://doi.org/10.1890/0012-
9658(1997)078[2279:EEOFWC(C]2.0.CO;2

Williams P, BiggsJ, Corfield A, Fox G, Walker D, Whitfield M. 1997. Designing new
ponds for wildlife. British Wildlife. 8(3):137-150.

Williams P, Whitfield M, Biggs J, Bray S, Fox G, Nicolet P, Sear D. 2004. Comparative
biodiversity of rivers, streams, ditches and ponds in an agricultural landscape in
Southern England. Biological Conservation. 115(2):329-341.
https://doi.org/10.1016/5S0006-3207(03)00153-8

Winter TC. 2000. The vulnerability of wetlands to climate change: a hydrologic
landscape perspective. Journal of the American Water Resources Association.
36(2):305-311. https://doi.org/10.1111/j.1752-1688.2000.tb04269.x

Wood PJ, Greenwood MT, Agnew MD. 2003. Pond biodiversity and habitat loss in the
UK. Area. 35(2):206-216. https://doi.org/10.1111/1475-4762.00249



Woodward G, Perkins DM, Brown LE. 2010. Climate change and freshwater
ecosystems: impacts across multiple levels of organization. Phil Trans R Soc B.
365(1549):2093-2106. https://doi.org/10.1098/rstb.2010.0055

Xu G, Jiao L, Zhao S, Yuan M, Li X, Han Y, Zhang B, Dong T. 2016. Examining the Impacts
of Land Use on Air Quality from a Spatio-Temporal Perspective in Wuhan, China.
Atmosphere. 7(5):62. https://doi.org/10.3390/atmos7050062

Yanega GM, Rubega MA. 2004. Feeding mechanisms: Hummingbird jaw bends to aid
insect capture. Nature. 428(6983):615. https://doi.org/10.1038/428615a

Yu G, Feng J, Che Y, Lin X, Hu L, Yang S. 2010. The identification and assessment of
ecological risks for land consolidation based on the anticipation of ecosystem
stabilization: A case study in Hubei Province, China. Land Use Policy. 27(2):293-303.
https://doi.org/10.1016/j.landusepol.2009.03.004

Zamora-Marin JM, Zamora-Lépez A, Jiménez-Franco MV, Calvo JF, Oliva-Paterna FJ.
2021. Small ponds support high terrestrial bird species richness in-a-Mediterranean
semiarid region. Hydrobiologia. 848(7):1623-1638. https://doi.org/10.1007/s10750-
021-04552-7

Figure 1: Number of recorded publications per year mentioning the terms "*pond*",
"*lake*" and ("*river*" or "*stream*") in the Web of Science database. All publications
within the field of Ecology from 1970 to 2021 were included (date of search query:
17.01.2022).
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Figure 2: Schematic overview of pond ecosystem services. 1. Culture and recreation:
recreational activities (see e.g., EPCN 2008; Ghermandi and Fichtman 2015),
educational programmes (Ghermandi and Fichtman 2015), wildlife viewing and bird
watching (Sebastian-Gonzalez and Green 2014), enabling of research projects e.g., for
schools (Ghermandi and Fichtman 2015); 2. Hydrology: increase groundwater
discharge (Cheng et al. 2021), reduce peak runoff rates (Fiener et al. 2005; Krivtsov et
al. 2022), control stormwater flow (Moore and Hunt 2012), act as water reservoirs (Fu
et al. 2018), erosion control (Fiener et al. 2005); 3. Air quality: filtration and absorption
of particulates by vegetation and substrates (Xu et al. 2016; Krivtsov et al. 2022); 4. Gas
balance: gas storage through vegetation, burial and sediment accretion (Gilbert et al.
2021), CO2 release: microbial and benthos respiration, production of methane and other
greenhouse gasses (GHG) (Malyan et al. 2022); 5. Climate: regulation of microclimate
through shading and evapotranspiration, influence on humidity and heat exchange,
mitigation of urban heat islands (Steeneveld et al. 2014; Ampatzidis and Kershaw
2020); 6. Food and energy: provision of energy to (terrestrial) consumers via e.g.,
emerging insects (Schriever et al. 2014), globally used for food production (fish) (Boyd
and Tucker 1998); 7. Water quality and supply: improvement of runoff quality
(Krivtsov et al. 2022), removal of sediments and heavy metals via sediments and
macrophytes (Fiener et al. 2005), carbon sequestration in sediments and plants (Moore
and Hunt 2012), water reserves for livestock, irrigation and fire protection (Oertli
2018); 8. Biodiversity: enhance landscape biodiversity (y-diversity), essential for
migration, dispersal and genetic exchange among wild species (Oertli and Parris 2019),
biodiversity hotspot especially in anthropogenic areas (Hill et al. 2017), refuges for rare
and endemic species, support of semi-aquatic and terrestrial flora and fauna (Usio et al.
2017); 9. Aesthetics: pleasant environments that provide soothing benefits, promote
health and well-being (Rey-Valette et al. 2022).
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Figure 3: Schematic representation of seasonal dietary energy flow via emerging
insects, the stressors influencing the individual pond ecosystems and the pondscape and
the management approaches for biodiversity conservation and pond restoration.
Stressors associated with a) Climate Change: precipitation regime, evaporation and
snowmelt changes, water scarcity (Bronmark and Hansson 2002); b) Catchment Area:
decrease in grassland and increase in arable fields (Liu et al. 2005), land consolidation
(e.g., Yu et al. 2010), urbanization (Holgerson et al. 2018); c) Local processes: pond
isolation (Marsh et al. 1999), high nutrient load (Rosset et al. 2014), chemical stressors
(e.g., pesticides; Bronmark and Hansson 2002), sediment disturbance (Eggleton and
Thomas 2004); Management approaches: Management of flood water (Tang et al.
2020), nutrient inputs (Pouil et al. 2019), protection of riparian vegetation (Blinn and
Kilgore 2001), restoration strategies to recover the natural structure and functioning of
ponds (Davies et al. 2016; Lewis-Phillips et al. 2019), recreation of new wetlands
(Moore and'Hunt 2012), indirect measures to decrease organic matter and or pesticide
content (Peretyatko et al. 2010), regular high-resolution monitoring (Biggs et al. 2005),
policy-based solutions and measures in urban planning (Hassall 2014), natural flood
plains (Sayer 2014), educational pedagogical programs for the broader audience (Sousa
et al. 2016), dispersed local management practices (Hill et al. 2018).
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