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Novel ecosystems: Quarry lakes
Humans have actively changed the natural landscape to work for their purposes by e.g.
canalizing rivers, digging canals and draining entire regions since the industrial age
(Savenije et al., 2014). This is very visible in the Netherlands, a small country at the nexus of
the Rhine and Meuse delta in Western Europe (Lintsen, 2002). Since 1900 a new landscape
altering activity has started, not only in Europe, but in most countries and areas where
construction was required; sand and gravel mining (i.e. (de Leeuw et al., 2010; J.W. Padan,
1983; Petit et al., 1996). Gravel and sand are essential for the construction of roads, buildings
and the manufacture of concrete, and are therefore mined continually around the world
(USGS, 2015). Both building materials can be found not only in eskers, alluvial fans and beach
deposits, but also in (former) river stream beds (Kondolf, 1994; Peckenham John M. and
Thornton, 2008). Mining for gravel and sand in these locations has resulted in the creation of
numerous gravel or sand quarry lakes. In the Netherlands alone, over 500 quarry lakes can
be found (CBS et al., 2018). The number of quarry lakes worldwide will continue to increase
in the coming decades (Castagna et al., 2015a; Castendyk and Eary, 2009; Castro and Moore,
2000; Klapper and Geller, 2002). The type and method of construction of these lakes have
numerous morphological and chemical consequences for the resulting in-lake ecosystem
and surrounding landscape (Mollema and Antonellini, 2016). These novel ecosystems have
been underperceived, as many water managers and scientists have regarded these deep
systems as unnatural and in general of low value to the landscape.

Quarry lakes, their origin and characteristics
Quarry lakes are created when sand or gravel are mined at or below the water table, after
which they fill up with rainwater, surface water and/or groundwater via seepage (Castagna
et al., 2015a). As a result of maximizing the amount of sand mined per surface area, quarry
lakes are usually deep (up to 60 meters) and have steep banks and lack a riparian zone.
Their surface area is in general relatively small, (< 50 ha), as miners seek to be as efficient as
possible to offset the cost of acquiring land. Quarry lakes can have a direct connection with
surrounding surface waters if they have been created in a natural lake or river (e.g. de Leeuw
et al., 2010; Padan, 1983; Lintsen, 2002; Petit et al., 1996), however, most quarry lakes are
hydrologically isolated from other surface waters (Mollema and Antonellini, 2016; Niccoli,
2009). Located in areas with high sand deposition such as deltas, they are often the only
deep, stratifying, aquatic ecosystems to be found in the surrounding landscape (Castagna
et al., 2015a).
Quarry lakes located in a temperate region with a maximum depth of over 6 meters
can stably stratify during summer and (cold) winters (Fig. 1.1). As the surface water warms
in the spring, this heat is transported throughout the water column which allows the
quarry lake to warm up. As spring and summer progress, surface water warms faster than
the heat can be transferred through the entire water column allowing for the creation of
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Fig 1.1 Schematic overview of a stratifying quarry lake (adapted from margreetdeheer.nl).

multiple water layers (Wetzel, 2001a). The warm top layer, which can be up to 8 meters
deep depending on lake size and time of year, contains most life (epilimnion). Below the
epilimnion, the metalimnion, is found in which the water temperature drops rapidly. The
water layer below the metalimnion, is colder (around 4-6 °C), and usually receives less
light compared to the epilimnion. During thermal stratification the layers can hardly mix
due to the density dependent properties of water. Therefore, most material (particles,
algae, zooplankton, fish etc.) which sediment from the epilimnion to the hypolimnion are
trapped and decomposed by sediment biota. Part of the sedimented material settles on
the metalimnion and will be decomposed there. As the year progresses, the surface water
temperature lowers and thermal stratification ceases, which allows for nutrients previously
captured in the hypolimnion to be available for the food web in the whole water column
once again (Wetzel, 2001a).

Determining the ecology quality of quarry lakes
The mechanics of thermal stratification and the impact thereof on aquatic food webs are
widely known from research in large deep lakes such as the Great Lakes (USA), Lough Neagh
(Ireland) or Lake Baikal (Russia) (e.g. Bunting et al., 2007; Hampton et al., 2008; O’Beirne et
al., 2017). However, in-depth research towards understanding the ecology of these small
deep (quarry) lakes is still lacking (Soni et al., 2014) as limnological research has focused
mostly on shallow lakes, the most abundant lake type in the world (Verpoorter et al., 2014)
or the previously mentioned iconic deep lakes. Results of quarry lake research can be
found in general in ‘grey’ literature such as conference proceedings or technical reports
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in (peer-reviewed) mining industry journals. Currently, the much needed studies towards
(deep) quarry lakes ecology are missing, while they remain essential to understanding these
unique novel ecosystems (Blanchette and Lund, 2016). To determine whether a quarry lake
can be considered a useful aspect to the landscape, communities, miners, regulators, policy
makers and scientists should include ecological principles and research methods.
Biodiversity and ecosystem functioning
The loss of biodiversity has accelerated since the start of the Anthropocene and its causes
have been studied for various ecosystems (Pimm et al., 2014). Interestingly, the loss of
biodiversity is mostly caused by the fact that communities resemble each other more and
more (McGill et al., 2015). Thus, species are lost but other species replace them resulting in
individual communities retaining their absolute species number (alpha diversity). However,
the difference between communities (beta-diversity) is lost (Whittaker, 1960).
The link between community composition and ecosystem functioning (and the eco
system services the system can supply) is not fully understood (Fig 1.2). In the past decades,
many studies have been done towards the link between biodiversity and ecosystem
functioning, by testing the hypothesis that ecosystems with species-poor communities,
function poorer and are less resistant and resilient to disturbance (e.g. Cardinale et al.,
2012, 2011; Covich et al., 2004; Delgado-Baquerizo et al., 2016). Unfortunately, most of these
studies have been done in the terrestrial environment and research towards the biodiversityecosystem functioning link in aquatic systems is relatively rare (Bardgett and van der Putten,
2014; Daam et al., 2019; Dudgeon et al., 2006; Giller et al., 2004). An example of a study
towards the link between biodiversity and ecosystem functioning in streams showed a
reduced decomposition process (slower decomposition rate of allochthones material) when
the decomposing invertebrate community was less diverse (Gessner et al., 2010). The main
drivers of ecosystem processes are usually attributed to common species (Vaughn, 2010),
however this does not indicate a functional redundancy of rare species (Mouillot et al.,
2013). Rare species can supply high functional uniqueness as demonstrated in the study of
Bracken and Low (2012) were rare species loss of 10% lead to a disproportionate large effect
on the biomass production of the ecosystem (- ~45%).
Biodiversity and ecosystem functioning are linked, but the direction of the relationship
and the mechanisms underpinning these relationships can differ between and within
ecosystems depending on the ecosystems characteristics and its pressures.
The composition of a community is determined by competition, facilitation and pre
dation, dispersal and the environmental conditions they endure (Jewell, 1935; Neill,
1975). Ecosystem functioning and processes are determined by the multiple interactions
between the physical, chemical and biological conditions, including species diversity, in
an ecosystem. The effect of biodiversity loss on ecosystem functioning thus also depends
on the environmental conditions (Vaughn, 2010). A study by Boyer et al. (2009) showed
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Ecosystem functioning

Ecosystem services

Fig. 1.2 The influence and dependency of humans on biodiversity and ecosystem functioning (adapted
from Isbell et al., 2017).

that changes in trophic state (nutrient concentrations) can lead to increases in algal
species richness (biodiversity) but does not always lead to increased biomass (ecosystem
functioning). Underpinning the importance of understanding this link between biodiversity
via ecosystem functioning to ecosystem services is key for ecosystem- based management
(Yasuhara et al., 2016).
Ecosystem services
The first cities arose along river valleys and floodplains and not without good reason; access
to sufficient quantities of freshwater have been detrimental to the advancement of human
societies. Natural systems as well as many human dominated landscapes depend on the
availability of freshwater and are governed by the hydrological cycle. Freshwater is thus
invaluable for life as we know it and can be considered the primary service that ecosystem
Earth provides. Ecosystem services are defined as “the benefit human populations derive,
directly or indirectly, for ecosystem functions” (Costanza et al., 1997) or “the conditions and
processes through which natural ecosystems, and the species that make them up, sustain
and fulfill human life” (Daily, 1997).
Freshwater ecosystems provide a range of services as defined by Postel and Carpenter (1997),
including importantly drinking water, but also supply of goods such as fish, waterfowl and
mussels or services as flood control, transportation, wildlife habitat and recreation (Fig.1.3).
Which services can be provided by a freshwater ecosystem depends on the ecological
quality of that ecosystem (Daily, 1997). Hence, not all potential ecosystem services can be
optimally provided by one ecosystem. An integrated approach (including water managers,
scientists and various stakeholders such as recreants, farmers etc.) per type of ecosystem is
needed to determine which services should prevail on others.
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Fig. 1.3 Ecosystem services benefit categories (WWF, 2018).

Biodiversity is an often underappreciated ecosystem service as it “only” indirectly benefits
human welfare. To some scientists, biodiversity is not an ecosystem service at all, but it
rather provides ecosystem services (Wall and Nielsen, 2012). Others see biodiversity as a final
ecosystem service as biodiversity has a key role in ecosystem service theory; as a regulator
of underpinning ecosystem processes, as a final ecosystem service beyond other services
and as good provided by the ecosystem that is subject to valuation (Mace et al., 2012). In
this thesis biodiversity is seen both as a final ecosystem service as well as a regulator of
ecosystem services, pivotal to other ecosystem services ranging from the provisioning,
regulating and cultural domain.
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Often located near or in residential areas, man-made quarry lakes are in many instances
the primary aquatic system people interact with. As quarry lakes are firmly embedded in
urbanized areas, pressures on these systems directly derive from anthropogenic activities,
which affects the services these systems can provide (Castagna et al., 2015a). Moreover, the
ecosystem services these man-made lakes can provide are rarely quantified, qualified or
even appreciated by science and local (water) policy makers.
Water management in Europe
As stated before, freshwater is a limited resource under anthropogenic threat. Since 1900, the
world population has tripled but freshwater use has increased a staggering 6-fold following
increasing incomes and thus higher and different food demands (Alcamo and Rosch,
2000; Cosgrove et al., 2000). Additionally, ecosystems are affected by massive amounts of
freshwater abstractions for human use (drinking, irrigation, power supply). Meeting these
competing demands requires adequate water resource management where both social and
economic aspects and the value of freshwater nature itself, are considered.
In 2000, the European Water Framework Directive (WFD) (Directive 2000/60/EC) was
implemented to clean Europe’s polluted waters and ensure that clean waters remained
clean (EU, 2000). The WFD was the first guideline based on ecological principles, replacing
previous legislations focusing solely on chemistry (Moss et al., 2003). The WFD asks all waters
in Europe to achieve a “good status” by 2027. However, quarry lakes, similar to other small
lakes (<50 ha), are designated as ‘non-WFD’ water bodies and monitoring of these systems is
not mandated (WFD, 2006/118/EC; Altenburg et al., 2012; EU, 2006). Additionally, quarry lakes
are overlooked in the European Natura 2000 legislation and Habitats Directive (EC 92/43/
EEC; EU, 1992), although these lakes can provide possible stepping stones of biodiversity in
highly urbanized areas (Teurlincx et al., 2019a).
To successfully protect the ecological quality of Europe’s water, the WFD promotes citizens’
engagement in water quality assessment and solutions. Additionally, it encourages water
managers and scientists to invest in outreach initiatives that deal with water awareness and
further collaborations with non-government organizations (NGOs; Dickinson et al., 2012).
Water awareness implies the ability of citizens to being cognizant of how much water is used
in their day to day life, the realization of water quality threats and the recognition that fresh
water is a limited recourse. Being very water aware would then link directly to environmentally
responsible behavior. Clearly, improving water quality together is key as engaging citizens
in protecting freshwater resources encourages environmentally responsible behavior. One
effective way of including stakeholders in local water management is to start citizen science
projects. In these projects, individuals or groups learn about, monitor, preserve and improve
water quality.
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Thesis outline
Freshwater systems can provide numerous ecosystem services ranging from supporting
services (drinking water supply) and biodiversity to more beneficial services such as
contribution to well-being and learning from nature. In this thesis I firstly delve into the
quarry lake ecosystem, their ecological functioning and the ecosystem services they can
provide.
I have outlined a framework by which one can determine the suitability of a quarry lake
to supply a specific ecosystem service based upon their ecological functioning (Chapter 2).
Subsequently, in Chapter 3, I describe the biodiversity of macrophytes in quarry lakes
located in the delta of the Rhine and Meuse rivers. This final ecosystem service, as well as a
regulator of other ecosystem services, is largely unknown to water managers and scientists,
and therefore underestimated in these novel ecosystems.
Human activities have impacted freshwater systems in numerous ways, but we are also
heavily dependent on aquatic ecosystems, their quality and the services they provide. Can
citizens assess their own impact on water quality and identify what they can do to improve
(local, regional and global) water systems? I have aimed to find an answer to this question
in Chapter 4.
One way to include citizens in the assessment and improvement of aquatic ecosystems is to
actively include them in the scientific process through citizen science. Through a European
network of water managers, aquatic scientists and stakeholders (NETLAKE) interested in
water quality, we have set up a citizen science project in which fishermen, divers, teachers
and their students and other stakeholders worked together with aquatic ecologists in
learning more about their local lake. This project resulted in the collection of data through
the use of simple everyday items which helped to provide insight into the functioning of
lakes across the European continent (Chapter 5). Citizen science not only improves scientific
and environmental literacy of its participants but can also result in generating data which
can be used by water managers to improve local water quality and the ecosystem services
they provide. Citizen science can aid to understanding the functioning of rarely researched
waters and/or novel ecosystem such as quarry lakes. In Chapter 6, I summarize and discuss
the results presented in this thesis and provide a personal outlook towards the future of
quarry lake management.
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ABSTRACT
Globally the number of relatively deep, isolated lakes is increasing year by year due to
sand, gravel or clay excavation activities. As the major sand, gravel and clay depositions are
located within the delta areas of rivers, the resulting deep freshwater ecosystems -so-called
quarry lakes- are unique to the landscape, as they are embedded in a landscape comprised
of shallow, naturally formed lakes. Water managers in these delta areas are therefore
relatively uninformed about the characteristics of these new deep ecosystems and are
having difficulties optimally managing water quality and optimal provision of ecosystem
services.
All lakes in delta areas undergo similar pressures such as urbanization and eutrophication
which take their toll on the lake ecosystem, leading to shifts in diversity and ecosystem
functioning, and ultimately change the ecosystem services the system can provide. In this
paper, we propose a framework to enable water managers to assess the ability of a specific
quarry lake to provide specific ecosystem services, based upon their ecological quality. For
each ecosystem service we determined threshold values based upon available scientific
literature, an extensive field survey of 51 quarry lakes in the Netherlands and/or expert
knowledge. Additionally, we propose an ecosystem state approach to be applied to the
same quarry lakes, based upon their ecological quality. We linked elements of alternative
stable state theory with our ecosystem services approach to facilitate communication
between stakeholders, scientists, water managers and policy makers.
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Globally the number of relatively deep, isolated lakes is increasing year by year due to sand,
gravel or clay excavation activities (Mollema and Antonellini, 2016). As the depositions of
these materials are located within the delta areas of rivers, the resulting deep freshwater
ecosystems are unique to the landscape; they are embedded in a landscape comprised
of shallow, naturally formed, lakes and rivers (Castagna et al., 2015a). Water managers in
these delta areas are therefore relatively uninformed about the characteristics of these
novel deep ecosystems. Since they are responsible for the water quality in their region,
understanding the ecosystem is key in order to take appropriate management measures.
The lack of understanding of the ecological functioning of novel quarry lake ecosystems
can lead to undesirable outcomes, such as the mismatch between the demand and the
realizable supply of a wide suite of services (Mouchet et al., 2014). The purpose of this paper
is to outline a framework which can be used by scientists and water managers to determine
the ecological state and possible ecosystem services a specific quarry lake can provide.
The proposed framework is also suitable to communicate the results of this analysis to
stakeholders and policy makers.
Quarry lakes and their role in the landscape
Although most limnological research focuses on large shallow lakes (Verpoorter et al.,
2014) or large, deep iconic lakes (e.g. Bunting et al., 2007; Hampton et al., 2008; O’Beirne
et al., 2017), water bodies smaller than 0.01 km2 are the most abundant waters in the world
(Downing et al., 2006). Moreover, these small freshwater ecosystems continue to be created
due to the excavation of sand, gravel and clay as building materials. In low-lying (delta)
areas, these quarries, or mining pit locations, fill up with surface-, ground- and rainwater
and thus create novel freshwater ecosystems (Higgs, 2017). These young lakes may provide
oligotrophic circumstances which are relatively rare in a world where global change has
impacted freshwater ecosystems drastically (Woodward et al., 2010). A combined effect
of climate change, urbanization and eutrophication has already pushed many small lake
ecosystems towards a phytoplankton dominated state (Peeters et al., 2007). Hence, manmade quarry lakes may potentially serve as refuges for species that require oligotrophic
conditions (Søndergaard et al., 2018).
Man-made quarry lakes, created by excavation activities, are different from natural lakes
in various ways. Maximizing the efficiency of the excavation activity leads to deep lakes with
steeper slopes, larger hypolimnia and a lack of large shallow- and marsh zones compared
to naturally formed lakes (Blanchette and Lund, 2016). All lakes that thermally stratify for
longer periods of time, including quarry lakes, can act as a funnel trapping precipitated
material in their hypolimnion (see Hansson et al., 1994 for an example for phytoplankton).
After decomposition of this material in the sediment, the thermal barrier (thermocline) keeps
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the nutrients released through decomposition processes, locked within the hypolimnion.
This nutrient concentrating effect, or nutrient funneling effect, aids the usually clear water
of deep lakes in the summer by starving the algae in the epilimnion of nutrients (Wetzel,
2001a). As quarry lakes are often located in low-lying (delta) areas, they become the only
deep and thus stably stratifying systems in a landscape comprised of shallow water bodies
(lakes, rivers, canals).
Quarry lakes also differ in their hydrological connectivity with surrounding water bodies,
often being hydrologically isolated from other surface waters. This differs significantly from
similarly sized naturally formed lakes, leading to a different distribution of dominant water
sources to the lake (i.e. rain and groundwater) and relatively high-water residence time (e.g.
Waajen et al., 2016) lack of connection will also impact transport of energy, substances and
organisms from upstream water bodies (Teurlincx et al., 2019b). Diagnosing and tackling
water quality issues of quarry lakes therefore requires a different frame of reference than is
generally applicable to shallow lakes or large deep lakes (Welch and Cooke, 2005).
The Water Framework Directive (WFD; 2000/60/EC) asks all waters in Europe to achieve a
“good status” by 2027 (EU, 2000). However, most small lakes (<50 ha) are designated as ‘nonWFD’ water bodies and monitoring of these systems is not mandated (WFD; Altenburg et al.,
2013). Quarry lakes are often located close to the project that requires the building material,
such as roadworks or residential areas. In these urbanized areas, excavated lakes, through
their proximity, are locations where people interact with freshwater ecosystems. Although
the WFD does not mandate monitoring for these small waters, local water managers have
good reason to strive to maintain good water quality in these types of lakes to safeguard
their functions for human use.
Ecosystem services provided by quarry lakes
For local residents and communities, small quarry lakes can provide numerous ecosystem
services after mining activities are completed (Castagna et al., 2015a). There are many
models which aim to identify, characterize and value ecosystem goods and services (e.g.
Bagstad et al., 2013; Carpenter et al., 2009). The European Environment Agency together
with international partners provided a common international classification of ecosystem
services (CICES) in 2013 and has published an updated version (5.1) in 2018 (Haines-Young
and Potschin, 2018). In this paper we focus on the potential services of a specific type of
novel ecosystems: quarry lakes.
We used the CICES system to identify and describe all possible ecosystem services
a quarry lake can provide (Table 2.1). Services have been identified from all sections and
division groups and include the following:
Provisioning (biotic) services include aquatic animals for nutrition, material or
energy such as aquaculture. For quarry lakes we defined this service to specifically
address the culturing of fish as food (i.e. professional fishponds 1.1.4.1). Additionally,

•
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quarry lakes can produce wild edible plants that can be harvested such as Typha
species and Mentha aquatica (1.1.5.1). Helophytes found around quarry lakes such as
common reed (Phragmites australis) can be used as a building material, for example
to thatch roofs (1.1.5.2). Finally, another biomass provisioning service a quarry lake
can provide includes raw materials for the production of food as a harvestable
surplus, such as sport fishing for, for example, trout (Salmo trutta) or carp (Cyprinus
carpio) (1.1.6.1).
Regulation and maintenance (biotic services) which a deep quarry lake can
provide include the transformation of biochemical inputs to the ecosystem (2.1.1.2)
and regulation of physical, chemical and biological conditions (2.2.2.3; 2.2.4.2;
2.2.5.1; 2.2.6.1). Macrophytes can filter carbon from incoming waters and help to
reduce a product of anthropogenic origin through a living process (2.1.1.2). The
regulation of physical, chemical and biological conditions include the maintenance
of habitats to sustain populations and iconic species such as aimed at by the Water
Framework Directive (2000/60/EC; 2.2.2.3) but also burial of carbon and nutrients
(nitrogen and phosphorus) in the lake’s sediment (2.2.4.2). Additionally water- and
atmospheric conditions can be regulated by the vegetated banks of the quarry
lakes which capture nutrients (2.2.5.1) and act as a net carbon sink (2.2.6.1).
Cultural, direct, in-situ and outdoor interactions with quarry lake ecosystems
provide opportunities for nature enjoyers (wildlife watchers: hikers and birders;
3.1.1.2), science (3.1.2.1) and educational purposes including citizen science (3.1.2.2).
Quarry lakes also provide habitat for rare species such as charophytes which people
seek to preserve for future generations to maintain moral well-being (3.2.2.2).
Abiotic provisioning services that quarry lakes offer humankind include water for
drinking (4.2.1.1), irrigation (4.2.1.2) and hydropower (4.2.1.3).
Abiotic cultural services include recreation such as kayaking, swimming, diving
and boating (6.1.1.1).

Linking ecological parameters to ecosystem services
To connect ecosystem quality directly to ecosystem services, we determined threshold
values for a range of parameters (e.g. fish biomass, cyanobacteria biomass, water depth,
etc.) for each ecosystem service. These threshold values are the minimum or maximum
concentration, biomass, cover or amount of a certain water quality parameter a quarry
lake needs to supply for the service to be successfully exploited. The threshold values are
based upon published peer-reviewed literature, a field campaign covering 51 quarry lakes
in the Province of Noord Brabant, the Netherlands, and expert judgement (Table 2.2). The
details of this field campaign are described in detail in Chapter 3. In short, we performed a
snap-shot sampling campaign in 51 quarry lakes deeper than 6 meters in the Province of
Noord-Brabant, the Netherlands, located at the nexus of Rhine and Meuse delta in Western
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Table 2.1 Overview of identified ecosystem services quarry lakes can provide based upon CICES
framework (Haines-Young and Potschin, 2018).
Section
Provisioning
(Biotic)

Regulation
and
Maintenance
(Biotic)

Cultural
(Biotic)

Division
Biomass

Transformation
of biochemical or
physical inputs to
ecosystems
Regulation of
physical, chemical,
biological conditions

Direct, in-situ and
outdoor interactions
with living systems
that depend on
presence in the
environmental
setting

Indirect, remote,
often indoor
interactions with
living systems that do
not require presence
in the environmental
setting

22

Group
Reared aquatic
animals for nutrition,
materials or energy
Wild plants (terrestrial
and aquatic) for
nutrition, materials or
energy

Class
Animals reared by in-situ
aquaculture for nutritional
purposes
Wild plants (terrestrial and
aquatic, including fungi, algae)
used for nutrition
Fibers and other materials
from wild plants for direct
use or processing (excluding
genetic materials)
Wild animals (terrestrial and
aquatic) used for nutritional
purposes
Filtration/sequestration/
Mediation of wastes
or toxic substances of storage/accumulation by
anthropogenic origin micro-organisms, algae,
plants, and animals
by living processes
Maintaining nursery
Lifecycle
maintenance, habitat populations and habitats
(Including gene pool
and gene pool
protection)
protection
Regulation of soil
Decomposition and fixing
quality
processes and their effect on
soil quality
Water conditions
Regulation of the chemical
condition of freshwaters by
living processes
Regulation of chemical
Atmospheric
composition of atmosphere
composition and
and oceans
conditions
Characteristics of living
Physical and
systems that enable
experiential
activities promoting health,
interactions with
natural environment recuperation or enjoyment
through passive or
observational interactions
Characteristics of living
Intellectual and
systems that enable scientific
representative
investigation or the creation
interactions with
natural environment of traditional ecological
knowledge
Characteristics or features of
Other biotic
living systems that have an
characteristics that
have a non-use value option or bequest value

Code
1.1.4.1

1.1.5.1

1.1.5.2

1.1.6.1

2.1.1.2

2.2.2.3

2.2.4.2

2.2.5.1

2.2.6.1

3.1.1.2

3.1.2.1

3.2.2.2

Section
Provisioning
(Abiotic)

Cultural
(Abiotic)

Division
Water

Direct, in-situ and
outdoor interactions
with natural physical
systems that depend
on presence in the
environmental
setting

Group
Surface water
used for nutrition,
materials or

Physical and
experiential
interactions with
natural abiotic
components of the
environment

Class
Surface water for drinking
Surface water used as a
material (non-drinking
purposes)
Freshwater surface water used
as an energy source
Natural, abiotic characteristics
of nature that enable active
or passive physical and
experiential interactions

Code
4.2.1.1
4.2.1.2

4.2.1.3
6.1.1.1

Europe. This campaign entailed chemical measurements of the water column and sediment
including nutrient and chlorophyll-A measurements, and an extensive vegetation survey.
Some ecosystem services remain difficult to quantify, as the question “to what extent
does a certain parameter value meet the demands of an ecosystem service” is sometimes
hard to answer. We therefore chose to quantify these services per parameter as ‘the more,
the better’: 2.1.1.2 (the higher the amount of suspended solids captured by macrophytes,
the better); 2.2.4.2 (the more carbon and nutrients are buried in the sediment, the better)
and 2.2.5.1 (the higher the filtering capacity for external nutrients by the littoral zone, the
better).

Provisioning biotic services: fish and plant biomass
The average total fish biomass in 17 deep quarry lakes in the Netherlands has been observed
to be 100 kg/ha (Puts and Droog, 2016; van Emmerik and Verspui, 2012). We assume this is
the natural carrying capacity of an average quarry lake and thus assess the suitability of
a lake to provide the service ‘professional fish pond’ (1.1.4.1) by this number. Below a fish
biomass of 10 kg/ha, aquaculture is assumed to no longer be economically feasible.
Sport fishing is a popular pastime for many people (Schramm Jr. et al., 1991). Based upon
the differences in ecological requirements of benthivorous or piscivorous fish, this service
has been split into two parts: sport fishing for piscivorous fish (clear water fishing 1.1.6.1) or
sport fishing for benthivorous fish (turbid water fishing 1.1.6.1). Fishing for piscivorous fish
species (including pike, trout) requires a minimum density of 0.02 kg/ha, and ideally 0.7 kg/
ha, based upon the fish yield of pike fisheries in Europe (Dill, 1993). Fishing for benthivorous
fish species (bream, carp) requires a higher density of at least 30 kg/ha but ideally above 250
kg/ha (van Emmerik and Verspui 2012). Sport fishing at quarry lakes is often only permitted
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from the shoreline, thus requiring a relatively small helophyte zone (preferable < 2 meters,
max. 5 meters) and low cover in the shallow zone by macrophytes (< 50%) to be able to cast
and prevent snatching of the hook on aquatic vegetation (Verhofstad and Bakker, 2017).
These parameters were added to the minimum fish biomass requirements to determine the
suitability of a quarry lake to provide sport fishing services (1.1.6.1).
The helophyte border around lakes can provide habitat for edible macrophyte species. One
of the most popular food sources are the rhizomes of Typha (Gott, 1999; Liptay, 1989). We
assumed a person is willing to search and dig up 5 m2 for a meal of 0.5 kg fresh weight,
making a minimum root biomass per m2 of 50 gram dry weight sufficient to warrant noncommercial harvest for food (1.1.5.1). Thatching a roof with common reed (Phragmites
australis) has been a proven way of building for hundreds of years. For an average roof of
100 m2, 25 kg common reed /m2 with a 10% moisture content is needed (Long and Oelofson,
1978). For a quarry lake to be able to supply this service, the helophyte zone should offer at
least 2500 gram dry weight/m2 shoot biomass (Long and Oelofson, 1978; 1.1.5.2).

Regulating biotic services: plant biomass and their specific functions
Submerged macrophytes can reduce particle resuspension in a lake by trapping carbon
(sediment particles) from the water column, preventing them from re-entering the lake
ecosystem. With a biomass of at least 20 gram fresh weight per m2, but ideally > 200 gram
fresh weight per m2, sediment resuspension was greatly reduced (James et al., 2004; 2.1.1.2.).
Quarry lakes can provide habitat for numerous macrophyte species and can thus contribute
to sustaining populations, making them valuable for the Water Framework Directive. The
field campaign in 51 quarry lakes provided a threshold value of at least 30%, but ideally >
60%, cover for optimal macrophyte communities to occur (Supplement 1; 2.2.2.3).
As nutrients (carbon, nitrogen, phosphorus) enter the quarry lake system, they can be
retained in the ecosystem. If nutrient burial takes place in the lake sediment, nutrient
pollution is removed from the surrounding landscape. A net burial of these nutrients is
beneficial in a world where eutrophication has polluted water bodies and terrestrial systems
(Radbourne et al., 2017; 2.2.4.2).
Additionally, water- and atmospheric conditions can be regulated by the vegetated
banks of the quarry lakes with the capture of incoming nutrients by at least 20%, and
optimally at least 50% (Sollie et al., 2008a, 2008b; 2.2.5.1). Climate regulation by the
sequestration of carbon in the sediments of quarry lakes is possible, although no concrete
threshold values could be found. We defined quarry lakes with a net carbon sequestration
as suitable for supplying this service, and a net release of carbon into the atmosphere as
unsuitable (Mendonça et al., 2017; 2.2.6.1).
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Cultural, direct, in-situ and outdoor interactions
Wildlife watchers can enjoy the surroundings of quarry lakes by hiking alongside its shores.
We assume that for this to be enjoyable, the hiker would like to see the water, and, if so,
see into the water (Seelen et al., 2019). Therefore, a threshold value for the helophyte
border width of 5 meters is set and water clarity of at least 0.5 meters Secchi depth (expert
judgement; 3.1.1.2). Bird wildlife watchers are more interested in specific fish eating birds
such as the great crested grebe (Podiceps cristatus). A suitable habitat for these fish eating
birds should provide a minimum fish population of 81 kg/ha/year per bird (Bon and Ogunja,
1988; Ulenaers and van Vessem, 1994). Birders interested in macrophyte eating species
such as Eurasian coot, Fulica atra, requiring a minimum macrophyte biomass of 73 gram dry
weight/m2 for 10 birds during the year (Driver, 1984). Both fish eating as well as macrophyte
eating birds can dive up to 5 meters (Ingram, Salmon, and Dewar, 1942) hence we assume a
required water clarity up to 5 meters (Secchi depth) (3.1.1.2).
In order for scientists and citizens to make optimal use of a quarry lake, a lake needs to
harbor something to study and discover. These groups can enjoy discovering the specific
quarry lakes ecosystems without requirements for the ecological system itself. Rather, the
opportunity to research and learn from the ecosystem is requirement enough, leading to no
threshold being set for these functions (3.1.2.1 and 3.1.2.2).
A characteristic of a living system that can supply a bequest value includes the provision
of habitat for rare species. Macrophyte species identified by the IUCN Red List as ‘rare’ or
‘very rare’ have been found in numerous quarry lakes (Nat, 2006; NDFF Verspreidingsatlas,
2020; Siebel et al., 2013, 2005; Sparrius et al., 2014). Quarry lakes with a total phosphorus (TP)
concentration of < 35 μg/l are very likely to contain species that are unique in the regional
species pool. Quarry lakes with a TP concentration of above 100 μg/l will be very unlikely to
harbor any Red List species (Chapter 3; 3.2.2.2).
Recreation on- and in- water requires visibility, low cyanotoxin (microcystin) concentrations
and the absence of nuisance vegetation. Maximum concentrations of microcystin for
swimming have been determined to be 50 µg/l, preferably <10 µg/l, by the World Health
Organization (WHO, 2006). Minimum transparency (Secchi depth) has been set at 1.5 meter
so that swimmers are able to see their toes. Macrophytes are considered a nuisance for
shallow recreation (swimming, kayaking etc.) when less than 0.5 meters of the water column
is free of vegetation. For recreation purposes that require a larger vegetation-free water
column (such as larger boats), the threshold value is set to 1 meter (Verhofstad and Bakker,
2017; 6.1.1.1). If the size of the littoral zone (defined as the zone with an average depth of
1.5 meters) is smaller than 5 meters, nuisance caused by plants is considered negligible. As
we focused on the link between ecological water quality and the provision of ecosystem
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services, we decided to not include contamination by human pathogens as a requirement
to determine suitability for recreation. These parameters are, however, well-defined and
threshold values are readily available (EU, 2006b; WHO, 2006).

Abiotic provisioning service
To be able to take in water for drinking purposes, suspended solids and cyanotoxins
(microcystin) concentrations should be below the threshold values outlined by the World
Health Organization and European Union (EU, 1998; Falconer et al., 1999; World Health
Organization, 2017; 4.2.1.1) at 1 NTU and 1 μg/l respectively.
For water to be suitable as irrigation water for crops intended for human consumption, the
maximum cyanotoxin (microcystin) concentration is 20 μg/l (Falconer et al., 1999; 4.2.1.2).
Hydropower requires a minimum amount of water to reach the lake. We assume a stable
water level is preferable and therefore calculated a minimum input of 3285 m3/day to
generate a maximum output of 25 kW, which is considered the smallest economically viable
hydropower system (Renewables First, 2019).

26

Parameter
Fish biomass
Shoot and root biomass of helophytes
(marsh zone) and macrophytes
Shoot biomass helophytes (marsh
zone)
Piscivorous fish biomass
Benthivorous fish biomass
Helophyte and macrophyte cover
shallow zone
Width littoral zone
Suspended solids reduction by
macrophytes present in quarry lake
Percentage cover by macrophytes in
potentially habitable area
Carbon burial per year
Phosphorous burial per year
Nitrogen burial per year
Filtering capacity of external
phosphorus load by plants in littoral
zone
Filtering capacity of external nitrogen
load by plants in littoral zone
-

-

-

g dryweigth/m2/day
g P/m2/day
g N/m2/day
%

%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

unsuitable
<50

m
g freshweight
macrophytes/m2
m2

Unit
kg/ha
g dryweigth/m2
biomass
g dryweigth/m2 shoot
biomass helophytes
kg/ha
kg/ha
%

-

-

-

-

-

-

suitable
>50

edible plants
(helophytes and
macrophytes)

1.1.5.1

Professional fishing - fishponds
moderately
unsuitable suitable
suitable
< 10
10-100
>100
-

1.1.4.1

Chapter 2

-

-

-

-

-

<2500

unsuitable
-

-

-

-

-

-

>2500

suitable
-

1.1.5.2
Common reed
(Phragmites australis)
production for roof
thatching

Table 2.2 Overview of potential ecosystem services that can be supplied by quarry lakes and their defining parameters. Per parameter threshold values
are categorized as making a quarry lake unsuitable, moderately suitable or suitable to supply the corresponding ecosystem service. - : not required for that
service.

Serving many masters at once | Chapter 2

27

28
-

NTU
m3/day
m
m

Piscivorous fish biomass
Benthivorous fish biomass

-

-

-

-

-

-

unsuitable
-

0.02-0.7
-

-

>0.7
-

-

-

-

-

unsuitable
-

-

-

-

suitable
-

1.1.5.2
Common reed
(Phragmites australis)
production for roof
thatching

<30

-

unsuitable
-

30-250

-

moderately suitable
-

>250

-

suitable
-

1.1.6.1
Sport fishing for benthivorous fish
species

-

-

-

suitable
-

edible plants
(helophytes and
macrophytes)

1.1.5.1

Sportfishing for piscivorous fish
species
moderately
unsuitable suitable
suitable
-

1.1.6.1

-

-

-

Unit
kg/ha
g dryweigth/m2
biomass
g dryweigth/m2 shoot biomass helophytes
kg/ha
<.02
kg/ha
-

-

-

gr dryweigth biomass
macrophytes
µg/l
µg/l

Unit
g C/m2/day

Parameter
Fish biomass
Shoot and root biomass of helophytes (marsh zone)
and macrophytes
Shoot biomass helophytes (marsh zone)

TP water column
Cyanotoxin concentration
(Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water
table

Parameter
Production and respiration of quarry
lake (water column and sediment)
Plant biomass littoral zone

Professional fishing - fishponds
moderately
unsuitable suitable
suitable
-

1.1.4.1
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TP water column
Cyanotoxin concentration (|Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water table

Parameter
Helophyte and macrophyte cover shallow zone
Width littoral zone
Suspended solids reduction by macrophytes present in quarry lake
Percentage cover by macrophytes in potentially
habitable area
Carbon burial per year
Phosphorous burial per year
Nitrogen burial per year
Filtering capacity of external phosphorus load by
plants in littoral zone
Filtering capacity of external nitrogen load by
plants in littoral zone
Production and respiration of quarry lake (water
column and sediment)
Plant biomass littoral zone
-

gr dryweigth biomass
macrophytes
µg/l
µg/l
NTU
m3/day
M
M
-

-

g C/m2/day

-

-

-

-

-

-

-

-

-

-

-

-

-

%

Chapter 2

-

-

-

-

-

-

-

g dryweigth/m2/day
g P/m2/day
g N/m2/day
%
-

-

>50

-

moderately suitable
2 -5
-

unsuitable
>5
-

-

-

-

-

-

<50

suitable
<2
-

1.1.6.1
Sport fishing for benthivorous fish
species

Sportfishing for piscivorous fish
species
moderately
unsuitable suitable
suitable
Unit
%
m
>5
2 -5
<2
g freshweight macro- phytes/m2
m2
>50
<50

1.1.6.1
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2.1.1.2
Suspended solids (carbon) capture by macrophytes (reduced
water flow)
mode
rately
unsuitsuitable suitable
able
Parameter
Unit
Fish biomass
kg/ha
Shoot and root biomass of helophytes g dryweigth/m2 biomass (marsh zone) and macrophytes
Shoot biomass helophytes (marsh
g dryweigth/m2 shoot
zone)
biomass helophytes
Piscivorous fish biomass
kg/ha
Benthivorous fish biomass
kg/ha
Helophyte and macrophyte cover
%
shallow zone
Width littoral zone
m
Suspended solids reduction by
g freshweight
<20
20-200
>200
macrophytes present in quarry lake
macrophytes/m2
Percentage cover by macrophytes in m2
potentially habitable area
Carbon burial per year
g dryweigth/m2/day
Phosphorous burial per year
g P/m2/day
Nitrogen burial per year
g N/m2/day
%
Filtering capacity of external
phosphorus load by plants in littoral
zone
Filtering capacity of external nitrogen %
load by plants in littoral zone
Production and respiration of quarry g C/m2/day
lake (water column and sediment)
Plant biomass littoral zone
gr dryweigth bio-mass
macrophytes

30
30-60
-

-

<30
-

-

-

-

-

-

>60

-

-

-

-

-

<0
<0
<0
-

-

-

-

-

-

-

-

unsuitable
-

-

-

-

>0
>0
>0
-

-

-

-

-

suitable
-

2.2.4.2
Carbon, nutrient
(P+N) burial in lake
sediment

Maintenance of habitats for
Water Framework Directive
mode
rately
unsuitsuitable suitable
able
-

2.2.2.3
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-

NTU
m3/day
m
m

-

-

Unit
µg/l
µg/l
-

-

-

unsuitable
-

-

-

Chapter 2

suitable
-

unsuitable
-

-

suitable
-

2.2.4.2
Carbon, nutrient
(P+N) burial in lake
sediment

Net carbon sink

2.2.6.1

-

Maintenance of habitats for
Water Framework Directive
mode
rately
unsuitsuitable suitable
able
-

2.2.2.3

2.2.5.1
Reduction of nutrients (phosphorus and nitrogen)
by littoral zone
moderately
unsuitable
suitable
suitable
Parameter
Unit
Fish biomass
kg/ha
Shoot and root biomass of helophytes g dryweigth/m2 biomass (marsh zone) and macrophytes
Shoot biomass helophytes (marsh
g dryweigth/m2 shoot
zone)
biomass helophytes
Piscivorous fish biomass
kg/ha
Benthivorous fish biomass
kg/ha
Helophyte and macrophyte cover
%
shallow zone
Width littoral zone
m
Suspended solids reduction by
g freshweight
macrophytes present in quarry lake
macrophytes/m2

Parameter
TP water column
Cyanotoxin concentration
(Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water
table

2.1.1.2
Suspended solids (carbon) capture by macrophytes (reduced
water flow)
mode
rately
unsuitsuitable suitable
able
-
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TP water column
Cyanotoxin concentration
(Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water
table

Parameter
Percentage cover by macrophytes in
potentially habitable area
Carbon burial per year
Phosphorous burial per year
Nitrogen burial per year
Filtering capacity of external
phosphorus load by plants in littoral
zone
Filtering capacity of external nitrogen
load by plants in littoral zone
Production and respiration of quarry
lake (water column and sediment)
Plant biomass littoral zone
<20
-

g dryweigth/m2/day
g P/m2/day
g N/m2/day
%

%
g C/m2/day
gr dryweigth biomass
macrophytes
µg/l
µg/l
NTU
m3/day
m
m

-

-

-

-

20-50

-

-

-

-

>50

>50

<20

Unit
m2
20-50

2.2.5.1
Reduction of nutrients (phosphorus and nitrogen)
by littoral zone
moderately
unsuitable
suitable
suitable
-

-

-

-

<0

-

-

unsuitable
-

Net carbon sink

2.2.6.1

-

-

-

>0

-

-

suitable
-
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unsuitable
Parameter
Unit
Fish biomass
kg/ha
Shoot and root biomass of helophytes g dryweigth/m2 biomass (marsh zone) and macrophytes
Shoot biomass helophytes (marsh
g dryweigth/m2 shoot
zone)
biomass helophytes
Piscivorous fish biomass
kg/ha
Benthivorous fish biomass
kg/ha
Helophyte and macrophyte cover
%
shallow zone
Width littoral zone
m
>2; <0.1
Suspended solids reduction by
g freshweight
macrophytes present in quarry lake
macrophytes/m2
Percentage cover by macrophytes in m2
potentially habitable area
Carbon burial per year
g dryweigth/m2/day
Phosphorous burial per year
g P/m2/day
Nitrogen burial per year
g N/m2/day
%
Filtering capacity external
phosphorus load by plants in littoral
zone
Filtering capacity of external nitrogen %
load by plants in littoral zone
Production and respiration of quarry g C/m2/day
lake (water column and sediment)
Plant biomass littoral zone
gr dryweigth biomass
macrophytes

3.1.1.2
Hikers

-

-

-

-

<73

-

-

-

-

-

-

-

-

-

-

-

>73

-

-

-

-

-

-

-

-

-

-

-

-

-

Chapter 2

1-2
-

0.1-1
-

-

-

-

-

-

-

-

-

-

-

mode
Environment
rately
for scientific
suitable suitable research
>67
-

3.1.2.1

mode
rately
unsuitsuitable suitable able
<67
-

Birders

-

-

-

-

-

-

-

-

Environmental
educating
and citizen
science
-

3.1.2.2

Serving many masters at once | Chapter 2

33

34
<1.5
-

-

-

-

-

-

-

-

-

-

-

unsuitable
suitable
-

-

Irrigation

-

Drinking water
mod
rately
unsuitsuitable
able
-

>5
-

-

-

-

suitable
-

Environmental
educating
and citizen
science
-

3.1.2.2

4.2.1.2

1.5-5
-

mode
Environment
rately
for scientific
suitable suitable research
-

3.1.2.1

4.2.1.1

NTU
m3/day
m
m

>1.5
-

<0.5
-

Unit
µg/l
µg/l
0.5-1.5
-

mode
rately
unsuitsuitable suitable able
-

unsuitable
-

3.2.2.2
Habitat for rare species (Red List
Species)
mode
rately
unsuitsuitable suitable
able
Parameter
Unit
Fish biomass
kg/ha
Shoot and root biomass of helophytes g dryweigth/m2 biomass (marsh zone) and macrophytes
Shoot biomass helophytes (marsh
g dryweigth/m2 shoot
zone)
biomass helophytes
Piscivorous fish biomass
kg/ha
Benthivorous fish biomass
kg/ha
Helophyte and macrophyte cover
%
shallow zone
Width littoral zone
m
Suspended solids reduction by
g freshweight
macrophytes present in quarry lake
macrophytes/m2

Parameter
TP water column
Cyanotoxin concentration
(Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water
table

Birders

3.1.1.2
Hikers

Chapter 2 | Serving many masters at once

TP water column
Cyanotoxin concentration
(Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water
table

Parameter
Percentage cover by macrophytes in
potentially habitable area
Carbon burial per year
Phosphorous burial per year
Nitrogen burial per year
Filtering capacity of external
phosphorus load by plants in littoral
zone
Filtering capacity of external nitrogen
load by plants in littoral zone
Production and respiration of quarry
lake (water column and sediment)
Plant biomass littoral zone
>100
-

g dryweigth/m2/day
g P/m2/day
g N/m2/day
%

%
g C/m2/day
gr dryweigth biomass
macrophytes
µg/l
µg/l
NTU
m3/day
m
m

-

35-100
-

-

-

-

-

<35
-

-

-

-

-

-

Unit
m2
-

3.2.2.2
Habitat for rare species (Red List
Species)
mode
rately
unsuitsuitable suitable
able
-

>1
-

>1

-

-

-

-

0.2-1
-

-

-

-

-

-

<0.2
-

<1

-

-

-

-

Chapter 2

-

>20

-

-

-

-

unsuitable
-

Irrigation

Drinking water
mod
rately
unsuitsuitable
able
suitable
-

4.2.1.2

4.2.1.1

-

<20

-

-

-

-

suitable
-
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TP water column

Parameter
Fish biomass
Shoot and root biomass of helophytes
(marsh zone) and macrophytes
Shoot biomass helophytes (marsh
zone)
Piscivorous fish biomass
Benthivorous fish biomass
Helophyte and macrophyte cover
shallow zone
Width littoral zone
Suspended solids reduction by
macrophytes present in quarry lake
Percentage cover by macrophytes in
potentially habitable area
Carbon burial per year
Phosphorous burial per year
Nitrogen burial per year
Filtering capacity of external
phosphorus load by plants in littoral
zone
Filtering capacity of external nitrogen
load by plants in littoral zone
Production and respiration of quarry
lake (water column and sediment)
Plant biomass littoral zone
-

-

g dryweigth/m2/day
g P/m2/day
g N/m2/day
%

%
g C/m2/day
gr dryweigth biomass
macrophytes
µg/l

-

-

-

-

-

-

-

-

-

-

-

-

-

suitable
-

m
g freshweight
macrophytes/m2
m2

g dryweigth/m2 shoot
biomass helophytes
kg/ha
kg/ha
%

unsuitable
Unit
kg/ha
g dryweigth/m2 biomass -

4.2.1.3
Hydropower

-

-

-

-

-

-

>50
-

-

-

-

-

-

-

-

-

5-50
-

-

-

6.1.1.1
Shallow recreation
mode
rately
unsuitsuitable
able
-

-

-

-

-

-

-

<5
-

-

-

suitable
-

-

-

-

-

-

-

>50
-

-

-

-

-

-

-

-

-

5-50
-

-

-

Deep recreation
mode
rately
unsuitsuitable
able
-

-

-

-

-

-

-

<5
-

-

-

suitable
-
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Parameter
Cyanotoxin concentration
(Microcystin)
Suspended solids concentration
Volume of inflow quarry lake
Visibility
Plant nuisance - height below water
table

unsuitable
<3285
-

Unit
µg/l
NTU
m3/day
m
m

>3285
-

suitable
-

4.2.1.3
Hydropower

<0.5
0

0.5-1.5
0-0.5

6.1.1.1
Shallow recreation
mode
rately
unsuitsuitable
able
>50
10-50
>1.5
>0.5

suitable
<10
<0.5
0

Chapter 2

0.5-1.5
0-1

Deep recreation
mode
rately
unsuitsuitable
able
>50
10-50
>1.5
>1

suitable
<10

Serving many masters at once | Chapter 2

37

Chapter 2 | Serving many masters at once

Which services can co-exist, which are mutually exclusive?
As described, quarry lakes can provide a suite of ecosystem services. Often, all of these
possible services cannot be provided simultaneously as the competing interests and
potential conflicts of the demands cannot be fulfilled by the lake’s finite resources (Barbier
et al., 2008; Sharmina et al., 2016). For instance, non-consumptive services such as fishing
and natural areas cannot coincide with consumptive uses such as provision of drinking
water. Prioritization of the potential services can arise from social drivers in the form of
law requirements, economic influences, community belief values and more. Non-market
valuation methods such as hedonic pricing, willingness-to-pay and other socioeconomic
principles can be implemented to estimate the degree of benefit that arise from the
anthropogenic interests (see National Research Council (2005) for more details). After
undergoing the prioritization process, managers must have the in-depth knowledge of
the specific lake’s ecological state and functioning to ensure a service’s sustained provision
(Yates et al., 2005). Services such as fishing (either recreational or professional), swimming,
diving, boating and nature area to be enjoyed, provision of drinking water, hydropower or
storage basin, require different ecosystem traits and/or ecosystem states (Vásquez and de
Rezende, 2018). For example, a swimming lake requires clear water and limited vegetation
whereas a fishing lake needs an ecosystem that can sustain a relatively high fish yield. The
provisioning of ecosystems services is thus dependent on the nutrient status, i.e. trophic
state of the lake (see also Table 2.2).

Case study “De Kuil”
We applied the threshold values of the different water quality parameters for ecosystem
services (Table 2.2) to quarry lake “De Kuil’’ in Breda, the Netherlands. This quarry lake is 6.7
ha large with a maximum depth of 9 meters and has been researched thoroughly by Waajen
et al. (2016). Data from 1992-2008 and 2009-2014 were used to assess the potential services
de Kuil can provide. In 2009, internal P-loading of the lake was reduced through a Flock and
Lock method (Lürling and Oosterhout, 2013) as a way to reduce cyanobacterial blooms. Iron
(III) chloride was used as a flocculent after which lanthanum modified bentonite (Phoslock)
bound the phosphate. This technological restoration measure was successful in reducing
the occurrence of cyanobacterial blooms. Lake De Kuil provides us with a case study of
ecosystem provision before and after ecosystem rehabilitation (Table 2.3). De Kuil was
not included in the sampling campaign, but is located in the study area of the snapshot
sampling of quarry lakes in 2014-2015. However this is not a prerequisite to be able to use
the threshold values for their intended purpose. The threshold values per parameter, the
parameters themselves and the ecosystem services have been identified in order to be
generally applicable for quarry lakes around the world.
Between 1992-2008 (before intervention), the lake provided (sport)fishermen with
moderate to good circumstances, and hikers, scientists and citizen scientists with ample
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CICES CODE
1.1.4.1
1.1.5.1
1.1.5.2
1.1.6.1
2.1.1.2

2.2.2.3
2.2.4.2
2.2.5.1
2.2.6.1
3.1.1.2
3.1.2.1
3.1.2.2
3.2.2.2
4.2.1.1
4.2.1.2
4.2.1.3
6.1.1.1

Ecosystem service
Professional fishing - fishponds
Edible plants (helophytes and
macrophytes)
Common reed (Phragmites australis)
production for roof thatching
Sportfishing for piscivorous fish species

1992-2008
2009-2014
moderately suitable suitable
unsuitable
unsuitable

Sport fishing for benthivorous fish species
Suspended solids (carbon) capture
between macrophytes due to settlement
(reduced water flow)
Maintenance of habitats for Water
Framework Directive
Carbon, nutrient (P+N) burial in lake
sediment
Reduction of nutrients (phosphorus and
nitrogen) by littoral zone
Net carbon sink
Hikers
Birders
Environment in which scientific research
can be done
Environmental education and citizen
science
Habitat for rare species (Red List Species)
Drinking water
Irrigation
Hydropower
Shallow recreation
Deep recreation

Chapter 2

Table 2.3 Overview of ecosystem services which Lake De Kuil can provide in two time periods:1992-2008
before - and 2009-2014 after - addressing internal P loading issues using a Flock and Lock method in 2009
(Waajen et al., 2016).

unsuitable

unsuitable

suitable

suitable

unsuitable
not assessable

moderately suitable
not assessable

not assessable

not assessable

not assessable

not assessable

not assessable

not assessable

not assessable
suitable
unsuitable
suitable

not assessable
suitable
moderately suitable
suitable

suitable

suitable

moderately suitable
unsuitable
unsuitable
unsuitable
moderately suitable
moderately suitable

suitable
unsuitable
suitable
unsuitable
suitable
suitable

opportunities to enjoy the quarry lake. Between 2009-2014 (after intervention), lake De Kuil
became even more suitable for recreation (birders, swimmers, boaters etc.). The Flock and
Lock intervention in De Kuil’s ecosystem has increased the number of ecosystem services
this quarry lake can provide (Table 2.3; Waajen et al., 2016). By reducing the nutrient (P)
levels in the water column, the lake has become more suitable for recreation, as a habitat
for rare species and as irrigation water but also for sport fishing for benthivorous fish. The
increase in suitability for sport fishing is rather odd, as decreasing the total phosphorus
concentration in the lake will support a smaller benthivorous community (Yurk and Ney,
1989). The increased benthivorous fish biomass could be due to stocking or the increase in
habitat as the hypolimnion is no longer oxygen depleted during stratification.
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Aligning ecosystem services and ecological states of quarry lakes
Ecological states of lakes have been an important backbone in limnological theory
(Carpenter, 2005; Scheffer et al., 2001; Wetzel, 2001a). These states are a result of the
ecological characteristics of the lakes (e.g. nutrient concentrations, chlorophyll -A
concentration, macrophyte abundance). The ecological state thus describes a set of unique
biotic and abiotic conditions that are relatively stable (Jeppesen et al., 2009). The definition
of the ecological state of an aquatic ecosystem aids stakeholders, water managers and
scientists by visualizing and summarizing the ecosystems key parameters. The ecological
characteristics used to define ecological states may not fully align with those required for
the assessment of ecosystem services though. For instance, the oxygen concentration in the
hypolimnion determines the ecological state of the pelagic, but does not come into play
while determining the suitability to supply any ecosystem service. Therefore, a link between
the higher level, communicable images of ecological states and the required, specific
ecosystem services is imperative for applicability of our proposed service framework to
water practitioners.
Ecological states are mediated by positive feedback mechanisms (Scheffer et al., 1993) which
increase the resistance of a system to critical transition from one alternative stable state to
the other. This gives inherent resilience to the state, making it difficult to alter the state of a
lake (Scheffer et al., 2001). Under equal environmental conditions, multiple stable states can
exist, a process that is called hysteresis. To exemplify, two alternative stable states have been
described for shallow lakes; (1) turbid and phytoplankton dominated and (2) clear-water
and macrophyte dominated (Scheffer et al., 2001). Anthropogenic eutrophication has been
proven to be a leading cause of the shift from clear to turbid water states in many lakes in
northwestern Europe (Janse et al., 2008; Jeppesen et al., 1991; Moss, 1988). The presence
of hysteresis in shallow lakes is indicated by the observation that a reduction of nutrient
loading in shallow lakes to low pre-turbid state shift levels, does not result in the desired
clear macrophyte dominated state (Scheffer et al., 2001, 1993). Rather, in order for the state
shift to occur, the external nutrient loading has to be reduced more drastically.
Deep lakes, however, have been shown to be less prone to these critical transitions, with
littoral habitats changing abruptly to changes in P-loading, and pelagic habitats showing
no evidence of hysteresis (Bruel et al., 2018). Total phosphorus concentrations and the
exchange of phosphorus between water and sediment has been shown to be an important
driver of bistability in deep lakes (Carpenter, 2005). As stratification of deep lakes can
increase temporary binding of P in the hypolimnion, these effects will be more pronounced
(Nürnberg, 1984). This binding of P leads to a lack of nutrients available for phytoplankton
growth in the epilimnion. However, as lakes get increasingly enriched, sediment nutrient
fluxes and thereby hypolimnetic nutrient concentrations can lead to epilimnetic phyto
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Defining the ecological states of a quarry lake
As our ecosystem services framework uses both littoral and pelagic ecosystem
characteristics we choose to separately define an ecological state for the littoral and pelagic
zone of quarry lakes. Importantly, these states do not reflect the alternative stable states as
outlined by Scheffer et al. (1993), but rather sets of water quality parameters, which provide
communicable images.
We define the state of the littoral zone of the lake as the part up to 3 meters deep, similar
to the distinction made by the Water Framework Directive (Altenburg et al., 2013). To
determine whether the littoral zone is clear or turbid, we calculated depth at which 4% light
is available (PAR measurements) as the explanatory variable. Four percent light availability is
considered the minimum light intensity needed for macrophytes to germinate (Dobberfuhl,
2007; Kemp et al., 2004; Kenworthy and Fonseca, 1996; Penning, 2012). If the depth at which
4% light is available exceeds 3 meters, the littoral zone is considered clear. Otherwise,
we consider the littoral zone turbid. A clear state of the littoral zone has the potential for
macrophyte growth as light can reach the lake bed. When macrophytes are indeed present
(minimum of 3 species, with a maximum growth depth of >3 meters), we assign the littoral
to be in a clear, macrophyte dominated state (Field campaign, Chapter 3). The turbid state of
the littoral zone can be caused by dominance of green algae, cyanobacteria (or “blue-green
algae”) or suspended solids.
The state of the pelagic zone is to a large extent determined by its oxygen conditions,
phytoplankton biomass, and the turbidity of the water column (Janssen et al., 2019; Nürnberg,
2004). Therefore, we determined the ecological state of the pelagic zone based on oxygen
concentrations and by calculating the Trophic State Index (TSI) based on Chlorophyll-A,
Total phosphorus concentration and Secchi depth (Carlson, 1977). If all TSI calculations
remain within the threshold values set for oligotrophic lakes (TSI < 40; Carlson and Simpson,
1996), and the oxygen measurements in the water column are 2 mg/l or higher, the lake is
assigned to be clear and oxic, with a high nutrient funneling capacity of the hypolimnion
(Nürnberg, 2004; Table 2.4).
If one or more TSI calculations exceed the threshold for oligotrophic lakes, or oxygen
concentrations fall below 2 mg/l, the lake is considered to be periodically turbid and/or
periodically anoxic, resulting in a moderate nutrient funneling capacity of the hypolimnion.
If both (any of) TSI and oxygen are < 2mg/l, the lake can be described as turbid and anoxic,
with a low or negative nutrient funneling capacity of the hypolimnion (Fig. 2.1).
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plankton blooms. This is most likely to happen under hypoxic or anoxic conditions where
internal nutrient loads to the epilimnion are highest (Nürnberg, 1984).
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Fig. 2.1 Various ecosystem states of the littoral and pelagic zone of quarry lakes; a: clear and oxic pelagic
and clear and vegetated littoral zone; b: turbid and anoxic pelagic and turbid littoral zone; c: periodically
turbid or anoxic pelagic with a clear vegetated littoral zone.

To exemplify, in Lake De Kuil 1992-2008, before application of the Flock and Lock technique,
the pelagic zone would be described as being in a turbid and anoxic ecosystem state (Fig.
2.1b), whereas after Flock and Lock treatment the pelagic zone of the lake would resemble
a periodically turbid or periodically anoxic state (Fig. 2.1c). The littoral zone of Lake De Kuil
before application would be considered turbid, whereas after application of the Flock and
Lock treatment the littoral became clear and dominated by macrophytes. By applying
our ecosystem services framework conjointly with identifying an ecological state we can
communicate more effectively that improving the ecological state has impacts on humandesired services. Easily communicable messages such as this are essential in facilitating
decision making processes with end-users and legislators (Shin et al., 2010; Fig 2.2).
Conclusions and next steps
In this study, we have identified the potential ecosystem services a quarry lake can provide
(Table 2.1) and identified the threshold values associated with the parameters determining
whether a lake can indeed provide that service (Table 2.2). We have shown the usefulness of
this approach by determining the ecosystem services that quarry lake De Kuil can provide,
while residing in two distinct different ecosystem states. Furthermore, we linked elements
of alternative stable state theory with our ecosystem services approach to facilitate
communication between stakeholders, scientists, water managers and policy makers.
Additionally, the threshold values of a suite of water quality parameters per ecosystem
service can be used to optimize the ecosystem functioning of a lake in order to supply a
distinct service or multiple services. Our approach shows which ecosystem services are
mutually exclusive. For example, the service professional fishing (fish pond 1.1.4.1) requires
a high fish biomass, which in turn reduces light availability and prevents the optimal
provisioning of recreation (3.1.1.2; 6.1.1.1).

From diagnosis to scenario analysis
We provide a semi-quantitative way to assess which ecosystem services a quarry lake can
provide (Table 2.2). The table is intended to be an organic document that will be adjusted
when new insights arise. Formalizing this approach into a computational model framework
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Table 2.4 Possible ecosystem states of the littoral and pelagic zone in quarry lakes

Pelagic

Parameters
Depth 4% light availability < 3 meters

Process
Dominance of green
algae, cyanobacteria or
suspended solids
Depth 4% light availability > 3 meters + Disturbance by
e.g. presence of
Number of macrophyte species <3 +
Maximum growth depth macrophytes benthivorous fish, absent
seedbank or dispersal
<3 meters
limitation
Depth 4% light availability > 3 meters + Diverse vegetation
Number of macrophyte species >3 +
Maximum growth depth macrophytes
>3 meters
TSI: ChlA, P or SD > oligotrophic class + Low nutrient funneling
anoxic
capacity
TSI: ChlA, P or SD > oligotrophic class
Moderate nutrient
OR anoxic
funneling capacity
TSI: ChlA, P or SD < oligotrophic class
High nutrient funneling
and oxic
capacity

Ecosystem state
Turbid
Chapter 2

Littoral

Clear without
macrophytes

Clear with macrophytes

Turbid and anoxic
periodically periodically
turbid
anoxic
Clear and oxic

Fig. 2.2 Shift in ecosystem state and changes in ecosystem services in Lake De Kuil after application of
Flock and Lock in 2009. (Photos by Guido Waajen, images from IAN, 2019).

will improve useability and improve the possibility to link to existing ecosystem models (e.g.
Couture et al., 2018). To use the framework to not only retroactively diagnose the impact of
ecological changes on ecosystem services, as shown here for lake De Kuil, but also use it in
forecasting future impacts on ecosystem services such linkage is imperative (Couture et al.,
2018). In a changing world, where we are increasingly confronted with new and previously
unknown pressures on lake ecosystems, quantifying impacts on lake ecosystems and the
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services they can provide is essential (Carpenter et al., 2009; Janse et al., 2019; Sanon et al.,
2012).
Using our framework in the context of (future) scenario analysis requires linking it to the
wide range of existing ecological models that have been developed to assess water quality
of lake ecosystems and to understand and predict their response to various (environmental)
cues. Lake ecosystems can be modelled with a wide range of mathematical complexity;
from a few equations (i.e. Nürnberg, 2004), to intermediate complexity with short run times
(e.g. PCLake+, Janssen et al., 2019) to frameworks that allow for a high level of detail and
simulate complexity on a spatial scale (FABM, Bruggeman and Bolding, 2014; Delft3DWAQ/ECO, Los, 2009). Models which include key lake food web components and ecological
feedback mechanisms are suitable to determine what ecological state a lake is in and
calculate the parameters used in Table 2.2 (see Janssen et al., 2015 for an extensive review
on a wide range of aquatic ecosystem models and their properties). To be useful for our
application, these models will need to explicitly model at least the interplay between the
littoral and (stratified) pelagic zone and the effect thereof on key ecosystem properties. If
applicable, these models may then also be used to improve the threshold values themselves
through running exploratory scenarios across environmentally relevant gradients where
both ecological state as well as the associated services are assessed.

From tables to computer model
To formalize our framework in a computational model we suggest to couple process-based
models as described above to a Bayesian Belief Network (BBN; Couture et al., 2018). BBNs
are multivariate statistical models which allow for a probabilistic modelling approach
(Bagstad et al., 2013; Barton, 2006; Grizzetti et al., 2016; Landuyt et al., 2013; Villa et al., 2014).
The network consists of multiple nodes that are connected to each other via statistical
dependencies, i.e. cause-effect relations. Each relationship between parent and child node
is unidirectional, meaning feedback from child to parent node is not possible. BBNs are
very transparent, give the possibility to combine empirical data with expert knowledge
and explicitly take uncertainties into account (Landuyt et al., 2013). Bayesian networks have
the distinct capability to retain uncertainty throughout their network and are thus highly
suitable to assess the capacity for providing an ecosystem service and ecosystem state with
a measure of uncertainty (Moe et al., 2016; Varis and Kuikka, 1999; Fig. 2.3).
Towards integrated assessment and prediction of ecology, water quality and ecosystem
services
The need for estimating impacts of climate (Schröter et al., 2005), weather (Williamson et
al., 2016) and human induced changes (Dudgeon et al., 2006; Janse et al., 2019; Zhang et
al., 2018) on water quality and its resulting ecosystem services is obvious. However, while
tools exist for both applications, integration between the two is often a challenge (Bagstad
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Ecosystem services

Scenario’s

Ecosystem functioning
Ecosystem states

Fig 2.3 Schematic overview of proposed workflow to couple process-based models to a Bayesian Belief
Network to determine a quarry lakes’ suitability to supply ecosystem services and its ecosystem states
based upon its ecological functioning (Images from IAN, 2019).

et al., 2013). Here, we have presented a first step towards a system where, when formalized
in a BBN, integration between ecological outcomes and services becomes explicit and
communicable to a wide audience. Both the temporal and spatial dimension of this approach
is flexible. Process-based model scenarios may be generated on a daily basis which could be
useful in the context of assessing the risk on deterioration of bathing water quality under
different scenarios such as heatwaves (e.g. Jöhnk et al., 2008), but also on decadal time
spans to assess carbon sequestration potential (e.g. Tranvik et al., 2009). Also, the output
may be generated at different levels of spatial scales, much akin to multi-dimensional use of
aquatic ecosystem models (e.g. Bruce et al., 2018; Janssen et al., 2017). Through the inherent
flexibility of the coupling of a process-based model to a BBN, this approach is well suited to
a wide range of management relevant questions ranging from efficacy of local restoration
measures to impacts of large scale changes in legislation.
Assessing ecosystem services under varying levels of ecological health is important to
initiate action from legislators, managers and communities. When their valued services
become endangered they are likely to care (Seelen et al., 2019), thereby promoting their
environmental stewardship for the ecological state at large. Through our framework we
have made a first step towards defining and quantifying such services for quarry lakes,
an often unique and partly overlooked part of the delta landscape. By establishing a link
between ecological water quality-ecosystem state-ecosystem services, we have provided a
sound basis for initiating conversations on the importance of restoration and conservation
of such systems with involved actors, and hence make a big leap towards more evidencebased decision making.
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SUPPLEMENT 1

For the description of the field campaign and the data-analysis of 51 deep quarry lakes see
Chapter 3.
The percentage cover of macrophytes up to their maximum growth depth in each quarry
lake was converted to the cover for the whole lake. Twelve (12) quarry lakes had a total cover
of 0-30 percent; 7 quarry lakes had a total cover between 30-60% and 32 quarry lakes had
macrophytes present on more than 60% of their sediment surface. The bin cut off value
for cover was chosen based upon the average number of macrophyte species and number
of red list species per bin. The quarry lakes with a cover up to 30% contained on average
5.5 species and 1.1 Red list species; quarry lakes with a cover between 30 - 60% contained
7.9 macrophyte species and 1.4 Red list species; quarry lakes with a total cover of > 60%
contained on average 8.2 macrophyte species and on average 1.7 Red list species (Table 1).
Table 1 Number of macrophyte species per quarry lake based upon percentage cover of total lake
sediment surface area.
Cover
Number of quarry lakes
Number of macrophyte species

n
average
median
Red list

<30%
12
5.5
5
1.1

30-60%
7
7.9
7
1.4

>60%
32
8.2
8.5
1.7
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ABSTRACT
Intense sand and gravel mining have created numerous man-made lakes around the world
in the past century. These small quarry lakes (1-50 ha) are usually hydrologically isolated,
often deep (6 – 40 meters) and stratified during summer and in cold winters. Due to their
small size, these deep man-made lakes are usually not included in the regular monitoring
campaigns, such as monitoring required for the European Water Framework Directive.
Therefore, not much is known about the ecological functioning of these novel ecosystems.
During two summers, we determined the macrophyte diversity and measured a range of
physico-chemical and biological parameters in 51 quarry lakes in the catchment area of the
rivers Meuse and Rhine. We compared the results of this campaign to the chemical and
macrophyte sampling as performed for the Water Framework Directive in the immediate
surrounding shallow standing waters in the same region. Alpha (local) and beta diversity
(regional), and local contribution to beta diversity were calculated for the whole region of
which beta diversity was further partitioned into a true species replacement and richness
difference component. Quarry lakes contain higher water quality reflected by lower
nutrient and chlorophyll-a concentration compared with shallow standing water bodies.
Additionally, quarry lakes contribute significantly to the regional macrophyte diversity pool
by harboring distinctly different macrophyte communities compared with the shallow
surrounding waters (beta diversity - replacement). Specifically quarry lakes with a total
phosphorus concentration in the water column below 35 µg P/l contribute most to beta
diversity among quarry lakes.
Novel ecosystems such as deep quarry lakes are often perceived as less valuable
ecosystems, with strong implications regarding their management. Our results show that
quarry lakes are in general of better chemical and biological quality compared with shallow
standing waters. We therefore call for a more integrated assessment of the quality of quarry
lakes and corresponding management strategy of these waters by water Dutch water
managers.
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Gravel and sand are a much sought after good due to their essential role in the construction
of roads, buildings and concrete (USGS, 2015). These resources can be found not only in
alluvial fans and beach deposits but also in (former) stream beds of rivers. Mining activities
have resulted in the creation of numerous gravel or sand quarry lakes throughout the world.
For example, in a small country such as the Netherlands, at the nexus of Rhine and Meuse
delta in Western Europe, over 500 quarry or gravel pit lakes can be found (CBS et al., 2018).
Sand or gravel quarry lakes are usually located near the site where the mining material
is needed and construction is taking place, and are thus novel aquatic ecosystems in an
urbanized landscape (Higgs, 2017). Additionally, often located near or in residential areas,
man-made quarry lakes are in many instances the primary aquatic system people interact
with. In most catchments these deep quarry lakes are outnumbered by shallow lakes, but
they can provide similar, or even additional, ecosystem services such as swimming water,
or fishing grounds for certain fish species (Mollema and Antonellini, 2016). However, due
to their artificial origin and their young age, the natural values of these lakes are ill-known
and underperceived (Blanchette and Lund, 2016). Additionally, the ecosystem services
provided by deep lakes are not always visible outside the local community, which adds
to the low perceived value of novel ecosystems by water management and science. The
type and manner of construction of these lakes has numerous morphological and chemical
consequences for the resulting lake ecosystem and surrounding landscape (Mollema and
Antonellini, 2016). Limnological research has focused mostly on shallow lakes, the most
abundant lake type in the world (Verpoorter et al., 2014), and iconic deep lakes such as the
Great Lakes (USA), Lough Neagh (Ireland) or Lake Baikal (Russia) (e.g. Bunting et al., 2007;
Hampton et al., 2008; O’Beirne et al., 2017). But in-depth research towards understanding
small deep lakes is still lacking.
Morphology and hydrology of quarry lakes
Man-made quarry lakes differ substantially from natural shallow and deep lakes. Quarry
lakes are usually small (<50 ha), are often isolated from other surface waters, lack in marsh
zones and are deep enough for stable stratification to occur (Miller et al., 1996; Schultze et
al., 2011b; Younger and Wolkersdorfer, 2004). Located in areas with high sand deposition
such as deltas, they are often the only deep and stably stratifying aquatic ecosystems to
be found in the surrounding landscape (Castagna et al., 2015a). Gravel quarry lakes are
created when sand or gravel are mined at or below the water table, after which they fill up
with rain- or groundwater through seepage. As a result of maximizing the amount of sand
mined per surface area, quarry lakes can be up to 60 meters deep. Quarry lakes which have
been established in a lake or river will usually have an in-and outflow, however, most quarry
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lakes are hydrologically isolated from other surface waters (Mollema and Antonellini, 2016).
Mining has an immediate effect on the groundwater flows surrounding these new lakes,
resulting in a strong influence of ground water on the lake itself (Castagna et al., 2015b;
Muellegger et al., 2013). The quality of the groundwater thus highly influences the quality
of the quarry lake, as opposed to most natural lakes, which often have an in and/or outflow
of surface water.
Quarry lakes are not only deeper but also harbor much steeper lake banks than natural
lakes in delta areas (Blanchette and Lund, 2016). This results in a relatively small littoral
zone and often a missing marsh zone, which has direct consequences for the whole lake
ecosystem as the exchange between the littoral and pelagic is limited (Sollie et al., 2008b).
Quarry lakes therefore resemble asteroid or crater lakes in morphology (Blanchette and
Lund, 2016). Water quality varies among quarry lakes based upon geological subsoils and
catchment interaction, i.e. hydrological connections with ground- and surface-waters, and
thus range in their pH and trophic states (Castagna et al., 2015a; Miller et al., 1996; Younger
and Wolkersdorfer, 2004). Some quarry lakes contain high concentration of toxic substances
such as heavy metals due to the specific material that was mined at the location. Examples
of quarry lakes in the USA, Australia and Canada can contain lethal concentrations of copper,
zinc, iron, oil or uranium (Blanchette and Lund, 2016). In this paper, we focus on quarry lakes
which originate from sand and gravel mining in fluvial planes. These forms of mining do
not result in heavily polluted waters and the resulting lakes may contain very good quality
water.
Diversity of quarry lakes
Due to the creation of new and unique niches, deep quarry lakes can be important
stepping stones for aquatic diversity in an urbanized landscape. Macrophytes play an
important role in structuring aquatic diversity and ecosystem functions, through providing
substrate, food and shelter, and affecting water and sediment chemistry, biogeochemical
cycles and productivity (Jeppesen et al., 1998; Scheffer, 1998; Wetzel, 2001a). Submerged
macrophytes are very important for the stabilization of the aquatic ecosystem. Their
presence stabilizes the clear water state in shallow water, as they compete for nutrients
and light with phytoplankton and periphyton (Scheffer, 1998). Both the abundance and
macrophyte species determine the strength of the stabilization effect and are important
factors in determining the ecological quality of a lake. The presence of aquatic macrophytes
is influenced by geomorphology, biotic interactions and environmental conditions (Gasith
and Hoyer, 1998; Jeppesen et al., 1998). The importance of water depth, bank slope,
temperature and transparency on macrophyte growth and colonization in natural lakes
has been researched thoroughly (Canfield et al., 1985; Dale, 1986; Duarte and Kalff, 1986).
All of these factors, i.e. depth, temperature (thermal stratification), transparency and bank
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One way of determining the diversity of submerged macrophytes in and across lakes is by
calculating the alpha, beta and gamma diversity (Whittaker, 1960). Alpha diversity represents
the local-lake-level diversity, whereas beta diversity describes the spatial differentiation
in diversity among lakes. Gamma diversity describes the total diversity at a regional level
(Whittaker, 1972). By calculating the local contribution to beta diversity per lake, we can
determine which lakes harbor unique macrophyte communities on a regional scale. The
species diversity reflects and is determined by surrounding land use, impacting the lake
habitat conditions. To exemplify, agricultural practices will result in surplus fertilizer ending
up in the adjacent surface waters. The added nutrients have a distinct eutrophying effect,
directly resulting in changing macrophyte communities (Alahuhta et al., 2013). Moreover,
the species composition and diversity in a lake may also be influenced by the diversity in
surrounding lakes through dispersal between them (Alahuhta and Heino, 2013).
Although numerous of these man-made lakes are present throughout the world, few
countries monitor the ecological quality or water quality of these systems. Historically,
quarry activities and their planning and monitoring do not go beyond the mining stage,
resulting in lakes which are not optimally formed to provide any ecosystem service, ranging
from recreation to nature hotspot. Nowadays, a clear vision as how to manage and use these
lakes is required and needed because quarry lakes are not merely unused relics from past
mining, but fulfill often multiple functions (recreation, amenity, nature). Therefore, a good
understanding of the ecology, functioning and value of deep quarry lakes is required.
Due to their small size (<50 ha), quarry lakes are so-called ‘non-WFD’ lakes and are not
subject to the mandatory monitoring required of lakes appointed in the Water Framework
Directive (WFD, 2006/118/EC) (Altenburg et al., 2013; EU, 2006a). Additionally, quarry lakes
are overlooked in the European Natura 2000 legislation and Habitats Directive (EC 92/43/
EEC; (EU, 1992), although these lakes can provide possible stepping stones of biodiversity in
highly urbanized areas (Teurlincx et al., 2019a).
Aims and Hypotheses
In this paper, we aim at unveiling biodiversity patterns of macrophytes in deep man-made
sand quarry lakes at a regional scale to improve evidence-based water management. As
deep quarry lakes are fed by nutrient poor ground water, we expect that these lakes have a
higher macrophyte diversity than shallow stagnant water systems in the same region. More
specifically, we test the following hypotheses:
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slope differ significantly between natural shallow lakes and quarry lakes. Therefore, quarry
lakes may potentially have a distinct different macrophyte community structure compared
with natural shallow waters, providing the good quality habitat needed for macrophyte
communities which require these specific circumstances.
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1. Quarry lakes have a higher water quality, as reflected by lower total phosphorus
and total nitrogen concentration in the water column, higher clarity (Secchi depth)
and lower chlorophyll-a concentration.
2. Deep quarry lakes have a higher macrophyte (alpha) diversity than shallow
stagnant water systems in the same region.
3. Macrophyte communities in deep quarry lakes contribute disproportionately more
to the regional diversity than shallow standing water bodies.

MATERIAL AND METHODS
Study area
We tested our hypotheses by sampling man-made quarry lakes that could thermally stratify
during summer in the province of Noord Brabant (5081 km2), the Netherlands, located at
the nexus of Rhine and Meuse delta in Western Europe. In this area, multiple anthropogenic
stressors such as land use, eutrophication and habitat fragmentation compromise the
services these aquatic systems can provide. Our study area represents one of Europe’s most
affected areas for agricultural pollution as 62% of the land surface is devoted to agriculture
(Meinardi et al., 2005; Rozemeijer and Broers, 2007; Vermooten et al., 2006). Thirteen (13%)
of the Province surface area is assigned to intensive agricultural practices and 8% of the
Province is assigned as residential area, resulting in on average 506.6 people/km2.
Of the 184 man-made lakes in the Province, 144 are deeper than six meters allowing
for stable thermal stratification of the water column during summer. Of these, 51 lakes
were selected for sampling (Fig. 1.1) using a fuzzy modeling clustering method based upon
surrounding landscape, Pleistocene subsoil type and geological subsoil type, seepage
maps, surface area, depth, connections to surface waters and age (function ‘Fanny’, cluster
package v2.0.7-1; Maechler et al. 2018; R Core Team, 2018). Only one of the lakes had a
direct surface inlet/outlet compared to 50 hydrologically isolated lakes. All of the lakes had
a relatively stable water level with a maximum annual fluctuation of 2 meters. Of the 51
lakes, 49 were thermally stratified during sampling, of which the epilimnion comprised the
upper 2 to 5 meters depending on lake size. The 2 lakes that were not thermally stratified
during sampling were among the relatively shallowest lakes sampled (mean depth of 3.53.7 meters).
Sampling
The selected quarry lakes were sampled for various water quality parameters and
macrophyte community characteristics. Sampling was done following a snapshot approach
(Mantzouki et al., 2018) in the summer (May - September) of 2014 (23 lakes) and 2015 (28
lakes).
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Water and sediment quality
Prior to sampling a bathymetric map of the quarry lake was created using a Lowrance
Elite5 echosounder, which allowed for the identification of the deepest point and the
depth of the thermocline. At the deepest point of the quarry lake, water samples were
taken at each meter using a water sampler (UWITEC 5 liter). Subsequently, water samples
were pooled according to their depth into epilimnion, hypolimnion and full water column
samples, and filtered over a pre-washed 0.45 µm glass microfiber filter (Whatman® GF/F;
GE Healthcare GmbH, Germany) and stored at -20 °C upon arrival in the lab for nutrient
and chlorophyll-a analysis. Additionally, the filtrate of each pooled fraction was returned to
the lab in dark bottles and stored at -20 °C for subsequent analysis of dissolved nutrients.
Analysis of particulate organic carbon (C), nitrogen (N), and phosphorus (P) in the water
samples was done from filters which were dried at 60°C overnight, and stored dry and dark
until analysis. Using a hole puncher, 4 × 3 mm subsamples were taken from the GF/F filters
(~9.4%). These subsamples were thereafter folded together into a pewter cup (Elemental
Microanalysis, Okehampton, UK) and analyzed for particulate C and N on a FLASH 2000 NC
elemental analyzer (Brechbuhler Incorporated, Interscience B.V., Breda, The Netherlands).
The remainder of the filter was combusted in a Pyrex glass tube at 550°C for 30 min.
Subsequently, 5 mL of persulfate (2.5%) was added and samples were autoclaved for 30
min at 121°C. Chlorophyll-a analysis was done from additional GF/F filter from which after
defrosting, the chlorophyll-a was extracted using ethanol according to Nusch (1980). This
entails a single 5 mL 83% ethanol extraction for 10 min at 80 °C in the dark. Afterwards, the
samples were centrifuged at 1600 g for 5 min at 4 °C and stored in amber glass vials. Using
high-performance liquid chromatography (column Agilent Hypersil ODS 25cm, 5mm, 4.6 x
250 mm at 40°C; carrier methanol/acetone 70/30% (v/v), flow of 1.1 ml/min) chlorophyll-a
concentration (eluted at ca. 6 minutes) was determined per sample.
Temperature-, oxygen-, pH-, total dissolved salts-, and ambient light (PAR) - profiles
were made at the deepest point of the quarry lake using a Hydrolab® DS5 multiprobe.
Sediment samples were taken at the same location using an UWITEC sediment corer, with
cores of 60 cm long and an inner diameter of 60 mm. The sediment cores were sliced and
divided into 4 fractions: (1) the organic top layer (2) first 5 cm of the sediment core, (3) 5-10
cm and (4) 10-15 cm. The fractions of three sediment cores were combined and stored
directly in a vacuum bag before transport at 4°C to the laboratory. Pore water was extracted
of each sediment fraction using a rhizon® sampler (0.15µm). Concentrations of dissolved
nutrients PO43−(Henriksen, 1965), NO2-, NO3- (Kamphake et al., 1967) and NH4+ (Grasshoff and
Johannsen, 1972) of both pore water- and water samples were determined on a QuAAtro39
Auto-Analyzer (SEAL Analytical Ltd., Southampton, U.K.).
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Macrophyte vegetation
The aquatic vegetation of 51 lakes with a maximum depth of > 6 meters was snapshot
sampled between May and October (2014 and 2015). The submerged and floating
macrophytes were quantified using Scuba diving following Oldorff et al. (2015). Location
of the dive was determined based on the bathymetric map (see above) and based upon
accessibility and representation of the location in relation to the whole lake. Subsequently,
a 100-meter line was rolled out from the lake shoreline towards the deepest part of the
lake. Following this line, the macrophyte species and occurrence (Tansley, 1935), and water
depth, was noted at fixed distances from the shore line at 2, 5, 10, 20, 50 and 100 meters. If
macrophyte species were not identifiable under water, the plant was taken to the lab, stored
in 70% ethanol and identified as soon as possible using van de Weyer and Schmidt (2011a;
2011b). Tansley scales were converted to percentage (%) coverage following Beers et al.
(2014). The presence of filamentous algae was recorded but excluded from further analysis.
Other datasets used
Shallow water bodies in the Province of Noord-Brabant were used as a comparison to the
sand and gravel quarry lakes in this study. Only standing water bodies were selected for
comparison, consisting of shallow lakes and small to bigger canals, resulting in 332 stagnant
shallow water bodies to compare to the 51 sampled deep sand or gravel quarry lakes
(Fig. 3.1).

Water quality
The dataset containing chemical parameters was downloaded from waterkwaliteitsportaal.
nl, which collects, manages and provides access to Dutch data collected for the WFD. Data
was collected according to national WFD methodology (Altenburg et al., 2012). We calculated
the summer mean values (May until September) of the selected chemical parameters (i.e.
total nitrogen and total phosphorus) found at WFD sites between 2011-2016. Mean values
per parameter per year were calculated before calculating a mean over the period 20112016.
Macrophyte vegetation
The macrophyte data for shallow water bodies was provided by the regional water
authorities Rivierenland, Brabantse Delta, De Dommel and Aa en Maas upon request. At
these WFD sites, a comprehensive macrophyte survey is carried out every three years, of
which macrophyte data collected between 2000-2016 was analyzed. Macrophyte diversity
was inventoried using standardized methods according to national WFD methodology
(Beers et al., 2014). The supplied vegetation data was further subsampled to contain only
helophyte and hydrophyte species based upon their Ellenberg value for moisture (F >9: Hill
et al. 1999).
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Fig. 3.1 Overview map of the 184 man-made lakes located in the study area, the province of Noord –
Brabant, the Netherlands (black dots), the 51 deep man-made lakes, > 6 meters, that have been selected
as field sites 2014-2015 (blue squares) and standing shallow waters with macrophyte data between 20002016 (crosses).

Biodiversity indicators
Using macrophyte presence-absence data, we calculated the local (alpha) and regional
(gamma) diversity based on species occurrences for the entire region of Noord Brabant. The
additive beta-diversity, a measure of the differences between communities, was calculated
as suggested by Jost (2007). Furthermore, we partitioned the β component into two additive
components, a component of ‘true species replacement’ (βrepl) and a ‘richness difference’
component (βrich) using the approach proposed by Podani and Schmera (2011) (Teurlincx
et al., 2018). These βrepl and βrich partitions were calculated from a Jaccard-based multi-site
β-diversity index (Ensing and Pither, 2015). Next, we repeated these calculations for two
subsets of the data, one containing only the deep lakes, and the other containing only the
shallow water bodies in the region.
To estimate and visualize the degree of complementarity between shallow standing
waters and quarry lakes we calculated the relative contribution of each water body to the
total, richness difference and replacement partition of beta diversity. The local contribution
to beta diversity (LCBD index: as per Legendre and De Cáceres, 2013) is a relative measure
of the degree to which a site (here shallow standing water or quarry lake) contributes to
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the overall beta-diversity of the region. As the LCBD is a relative measure, adding up all
LCBD values will equal to 1. LCBD values for the different components of beta diversity were
calculated based on a Jaccard index using the method and scripts supplied by Legendre
(2014). We scaled these values between -1 and 1 for interpretation purposes, making all
negative values indicative of less than average contributions to the region and all positive
values reflecting above average contributions of beta diversity to the region. For illustration
purposes, average LCBD values were rescaled by multiplying by the number of sites within
the entire data set and expressed as a percentage. The resulting value means and medians
may be interpreted as percentage increases or decreases in beta diversity of the given data
set (i.e. of quarry lakes and shallow water bodies data) relative to the regional diversity (e.g.
deep lakes contribute 20% more to the regional diversity compared to the regional average).
Finally, we also zoomed in to potential predictors of macrophyte diversity patterns in the
deep quarry lakes. The LCBD score per quarry lakes was calculated using the abundance data
(%) of macrophyte community among -only- the 51 samples quarry lakes. We estimated the
relationship between LCBD scores per quarry lakes as a dependent variable and explanatory
variables mean depth, chlorophyll-a concentration, pH, total phosphorus concentration in
the water column, phosphate concentration in pore water and thickness of organic layer
using linear regression (see below).
Statistical analysis
To test for significant differences in physical-chemical characteristics of shallow waters vs.
deep quarry lakes, we used t-tests with unequal variance (Dunnett, 1980). Additionally, we
tested for significant differences between the biodiversity metrics of macrophyte diversity
between deep quarry lakes versus shallow standing water bodies. Alpha diversity was
tested using a generalized linear model with poisson distribution and a log-link function.
Community differences (beta diversity) on occurrence data of macrophytes was tested
using a multivariate GLM with a binomial distribution and a complementary log-log link
function (R package mvabund). LCBD values were compared between shallow water bodies
and deep quarry systems using a linear model.
In addition, the LCBD score was calculated for each lake using only macrophyte abun
dance data as collected during the field campaign. Using linear models, these LCBD scores
were tested against the explanatory variables (R package stats). Next, we rescaled the LCBD
scores per quarry lakes against the average overall LCBD scores for the sampled quarry lakes
(above average as 1, below average as 0), and used a generalized linear model to find the
relationship with total phosphorus concentration in the water column. This limit value can
then be used as a first approximation to determine whether a quarry lake may contain a
macrophyte community of high or low value for the region. The model fit was tested against
a null model using an anova Chi-square test (R package stats). All analyses were carried out
in R 3.6.1 using the stats (R Core Team, 2018), vegan (Oksanen et al., 2017), mvabund (Wang

58

The value of novel ecosystems | Chapter 3

et al., 2012) and ggplot2 (Wickham, 2009) library and the custom code supplied by Legendre
(2014).

Physico-chemical data
The surface area of the quarry lakes varied from 1.26 to 63.19 ha and the quarry lakes
maximum depth varied between 6.1 to 33.3 meters (Table 3.1). Nutrient concentrations
in the quarry lakes were generally low (mean total phosphorus (TP) concentration 0.042
mg P/l and total nitrogen (TN) concentration 0.61 mg N/l), which was significantly lower
than the TP and TN concentration found in shallow surface waters (p <0.0001; Table 3.1).
This pattern also holds for inorganic phosphorus (PO4) and nitrate (NO3), but no significant
difference was found for the ammonium (NH4) concentration between both water types
(Table 3.1). In addition to nutrient concentrations, deep quarry lakes also had significantly
lower chlorophyll-a concentrations and higher Secchi readings compared with shallow
surface waters in the same region. TN:TP ratio and chlorophyll-a:TP ratio in quarry lakes
was significantly higher, and respectively lower, compared with shallow standing waters
(Table 3.1). In quarry lakes, generally higher concentrations of TP and TN were found in the
hypolimnion compared to the epilimnion (p < 0.001, data not shown).
Macrophyte diversity
In total 166 macrophyte species were found in the region of Noord-Brabant (Fig. 3.2A),
including emerged, submerged and floating species. In shallow surface water bodies on
average 10.6 macrophyte species per site were found, significantly more than the 7.6 species
found in sand and gravel pit lakes (p < 0.001, GLM). A total of 78 floating or submerged
macrophytes species were found in the 51 sand and gravel quarry lakes. The most common
species was Phragmites australis (found in 21 lakes), followed by Elodea nuttallii (15 lakes),
Potamogeton pusillus (11 lakes), Juncus bulbosus (9 lakes) and Chara globularis (8 lakes). In
31 of the 51 quarry lakes, charophytes were found including relatively rare species for the
Netherlands: Chara contraria, Nitella opaca, Tolypella prolifera and Nitellopsis obtusa. Other
rare macrophyte species found included Luronium natans, Baldellia repens, Myriophyllum
alterniflorum, Elatine hexandra and Najas marina. Macrophytes were found up to 18.9
meters water depth. In shallow water bodies a total of 144 species were found of which
Phragmites australis, Lemna minor, Glyceria maxima, Elodea nuttallii and Nuphar lutea were
most common. Of the 144 species, 38 species are considered to be relatively rare to very
rare in the Netherlands, including five Chara species, Tolypella prolifera, Nitella opaca and
Nitella mucronata. Other rare macrophyte species include Potamogeton filiformis, Lobelia
dortmanna and Najas marina.
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Table 3.1 Mean and median values of the investigated variables in shallow surface waters (2011-2016)
and gravel quarry lakes (2014-2015) and results of test for difference in mean values (unequal variances
t-test), ns = non-significant; *** < 0.001; ** <0.01; *<0.05.
Variable

Unit

Area
Mean depth
Max depth
pH
TP
PO4
TN
NO3
NH4
ChlA
Secchi
TN:TP
ChlA:TP

ha
meter
meter
mg/l
mg/l
mg/l
mg/l
mg/l
µg/l
meter
mg/mg
µg/mg

Shallow surface waters
(n = 204-382)
Mean
Median

7.4
0.241
0.107
3.54
1.67
0.34
27.4
0.7
14.8
113

7.4
0.135
0.022
2.64
0.75
0.11
8.9
0.6
21.2
63

Quarry lakes
(n=51)
Mean
17.94
7.8
33.3
7.6
0.042
0.013
0.61
0.24
0.28
1.6
4.1
51.0
67

Difference
(p-value)
Median
13.45
7.4
17.0
8.3
0.014
0.000
0.41
0.07
0.02
0.7
3.9
15.4
53

0.458
<0.001
<0.001
<0.001
0.001
0.500
0.001
<0.001
0.009
0.017

ns
***
***
***
***
ns
***
***
**
*

Alpha diversity accounted for 25.2% of the total regional diversity. Beta diversity was thus
found to be the major component of the total regional diversity, contributing 74.8%. In
the region of North Brabant, both shallow as well as quarry lakes showed little similarity in
macrophyte community composition, resulting in a 54.9% contribution of the replacement
component to the beta diversity (Fig. 3.2B). In quarry lakes specifically, replacement
accounted for 64.4%, contributing significantly more unique species to the region compared
with shallow standing waters (βrepl = 53.0%). The local contribution of quarry lakes versus
shallow standing water bodies to regional beta diversity differs between both types of
water bodies (p = 0.001; GLM).
Quarry lakes contribute relatively more to the total LCBD of the region (p < 0.001; manyGLM).
Separating the LCBD score for both water bodies types into a true species replacement
contribution (p < 0.001; GLM) and a species richness contribution to the LCBD score (p
= 0.065; GLM), it becomes apparent that quarry lakes contribute more unique species to
the regional diversity, although they may contain fewer species in general than shallow
standing waters (Fig. 3.3).
Predictors of macrophyte diversity in deep lakes
The possible relationship of different physical-chemical characteristics of the water and
sediment quality of quarry lakes to their macrophyte community (LCBD) was tested using
linear regression analysis. Of all parameters tested total phosphorus (p < 0.001), phosphate
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Fig. 3.2 (A) Macrophyte species richness in quarry lakes and shallow standing water bodies, and both
water types combined (total) in the Province of Noord-Brabant, the Netherlands. Average number
of macrophyte species per water body (alpha) differs significantly between quarry lakes and shallow
standing water bodies (p < 0.001 GLM [***]) as do their contribution to regional diversity (beta; p = 0.001
manyGLM [***]). (B) The replacement partition of the total beta diversity was found to be larger for
quarry lakes than for shallow standing water bodies (11.4% larger). Macrophyte communities of shallow
standing water bodies (n = 332) were sampled in summer 2000-2016, quarry lakes (n = 51) were sampled
in summer 2014-2015.

Fig. 3.3 Local contribution to beta-diversity (LCBD) scores of macrophyte communities in quarry lakes
and shallow standing water bodies in the region of Noord-Brabant, the Netherlands. Violin plots show
the differences in total (A), replacement (B) and richness (C). LCBD scores between shallow versus quarry
lakes scaled to the average overall LCBD of the region (set to 0, in percentage (%)). Quarry lakes contribute
more (LCBD total > 0; p < 0.001) and more unique ‘quarry’ species (LCBD replacement > 0; p < 0.001) to
the total regional diversity pool compared with shallow standing water bodies. Average macrophyte
species richness in shallow standing water seems to be higher than quarry lakes (LCBD richness; p =
0.065).
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Fig. 3.4 Relationship between local contribution of beta diversity (LCBD) of 51 quarry lakes calculated
from abundance data of their macrophyte community, and their total phosphorus concentration
in the water column (in µg/l) assessed by linear regression (blue incl. standard error in grey; R2 = 0.5;
p < 0.001).

in pore water (p = 0.012), thickness of organic top layer of the sediment (p < 0.001) and
chlorophyll-a (p < 0.001) showed a significant relationship with macrophyte diversity.
These explanatory variables are all related to the level of eutrophication the quarry lake
endures (Fig. 3.4). Additionally, the higher the average depth of the lake, the more the lake
contributed to the overall quarry lakes LCBD score (p < 0.001).
We rescaled the LCBD abundance scores from the quarry lakes to their overall average score
in order to find a limit value for the total phosphorus (TP) concentration in the water column.
This limit value can then be used as a first approximation to determine whether a quarry
lake may contain a macrophyte community of high or low value for the region. Hence, we
tested these rescaled values using a generalized linear model against the TP concentration
in the water column. If the TP concentration in a deep quarry lake exceeds 100 µg P/l, the
lake is likely not to contribute any unique species to the regional species pool. If the TP
concentration in the quarry lake is below 35 µg P/l, the quarry lake will likely contribute
unique species to the regional pool. Quarry lakes with a TP concentration of between
35 -100 µg P/l, can either contain a below average, average or above average macrophyte
species community (tested against null model, p < 0.001, Fig. 3.5).

DISCUSSION
Quarry lakes are novel ecosystems created by anthropogenic activities and they are often
located in a landscape in which these deep systems are unique. In this study we compare
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Fig. 3.5 Relationship between local contribution of beta diversity (LCBD) of quarry lakes calculated from
abundance data of their macrophyte community rescaled to the average LCBD score of the 51 quarry
lakes against their total phosphorus concentration in the water column (µg/l) as assessed by generalized
linear model.

the macrophyte diversity quantified during a snap-shot sampling campaign using scuba
diving with the macrophyte diversity found in standing waters by the Water Framework
Directive (WFD) sampling campaign in the same region.
As expected, the quarry lakes had a higher water quality than shallow lakes, as reflected
by lower total phosphorus and total nitrogen concentration in the water column, higher
clarity (Secchi depth) and lower chlorophyll-a concentration. In contrast to our expectation,
deep quarry lakes had a lower macrophyte (alpha) diversity than shallow stagnant water
systems in the same region. However, as expected, the quarry lakes contributed more
unique macrophyte species to the regional pool compared with shallow water bodies
(beta diversity). The high-quality waters of quarry lakes in the delta area of the Meuse and
Rhine river are likely beneficial to the occurrence of these unique macrophyte species. Most
likely, the large contribution of good quality groundwater to their water budget results
in relatively oligotrophic quarry lakes in a landscape dominated by land use impacted
eutrophic (shallow) water systems. In addition, the large depth of quarry lakes may aid to
keep the nutrient conditions low, especially during the growth season by means of the
accumulation of nutrients in the hypolimnion (Castagna et al., 2015a; Søndergaard et al.,
2003). In this study we indeed found higher concentrations of total phosphorus and total
nitrogen in the hypolimnion compared with the epilimnion (p < 0.001).
Intrinsic value of deep-man made quarry lakes
By using a fuzzy clustering approach based upon landscape scale parameters we selected
51 lakes that would allow the results of this study to be extrapolated to the Province of
Noord Brabant. The analysis shows that most quarry lakes in this region have a good
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chemical and biological quality; they have low nutrient concentrations, clear water and
are in a significantly better state than the shallow standing waters in the same Province.
Based upon our chlorophyll-a, TP, TN and Secchi depth measurements 33 out of 51 quarry
lakes would achieve a good ecological state as required by the European WFD, as for lakes
with a mean depth of >3 m the limit values in the Netherlands are: chlorophyll-a 10 µg/l, TP
0.03 mg/l, TN 0.9 mg/l and Secchi 1.7 m. Our results are in agreement with the results of a
similar study by Søndergaard et al. (2018) in which 35 gravel quarry lakes were compared to
854 natural lakes in Denmark. They concluded that quarry lakes are generally nutrient poor
systems compared with natural lakes and in general add a positive element in an agriculture
dominated landscape.
This study therefore supports the conclusion as made by Søndergaard et al. (2018),
Mollema and Antonellini (2016) and Blanchette and Lund (2016) that quarry lakes can be
valuable ecosystems.
The nutrient poor conditions of the quarry lakes can partially be explained by their depth as
lakes with a large hypolimnion are less susceptible to eutrophication than fully mixed shallow
water bodies (Welch and Cooke, 2005). In deeper, stably stratified systems, nutrients in the
form of precipitating particles, algae and other organisms sink through the metalimnion
and are trapped in the hypolimnion. These nutrients are only available for organisms that
can transfer this thermal barrier or after mixing of the water column, which occurs at the
end of the growing season. Other influencing factors include age; quarry activities started at
the sampled lakes between 1933-2000, which makes the quarry lakes substantially younger
than most shallow water bodies. Quarry lakes thus resemble pioneer conditions which
have yet to accumulate nutrients in this landscape dominated by agricultural practices.
However, no relationship between age and nutrient concentration among the 51 quarry
lakes was found (data not shown). Quarry lakes might retain their low-nutrient conditions
for years if external nutrient loading is poor (Søndergaard et al., 2018). Moreover, the
connection to the groundwater system, and the quality of groundwater, is of much more
importance in quarry lakes compared with other water bodies due to the relatively small
contribution of surface water to their overall water budget. The quality of the groundwater
therefore has a disproportionate influence on the quality of the quarry lake (Castagna et
al., 2015a). Unfortunately, in a dense populated area such as the Province of Noord Brabant,
good groundwater quality is not guaranteed. Decades of intensive agricultural practices
eutrophied not only surface waters but also most (shallow) groundwater systems (Visser,
2009). Consequently, the fate of most of these quarry lakes is that without change in land
use they eventually will become more eutrophic. Additionally, precipitation, run-off from
adjacent land, the presence of water birds and the input of leaf litter can add even more
nutrients to the ecosystem pushing quarry lakes into more eutrophied ecosystem states.
This is exemplified in two small quarry lakes in the region, Lake Rauwbraken (Lürling and
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Oosterhout, 2013) and Lake De Kuil (Waajen et al., 2016) that developed cyanobacterial
blooms after decades of good water quality. Additionally, groundwater abstraction has aided
the spread of polluted groundwater by diffusion towards the well. Adding groundwater
quality measurements, which will differ from quarry lake to quarry lake, to this study would
be a next to further substantiate our findings. However, water quality also seemed to be
influenced by the dominant ecosystem service the quarry lake was providing. Some of
the quarry lakes in our study were used for sport fishing, and those lakes displayed higher
nutrient and chlorophyll-a concentrations in the water column, and lower macrophyte
diversity and LCBD (data not shown). Alternatively, the water quality determines the
dominant ecosystem service. More productive water with more fish are more attractive to
fisherman, clear, less productive water are more attractive to scuba divers. However, the
impact of human activities on the lake, such as using boilies or fish fodder to attract fish,
can greatly influence water quality and limit the provisioning of other ecosystem services
by the lake.
Quarry lakes are created as a by-product of the mining process, and the practical
implementation of lake design only comes into play at the very end of the mining activity.
Currently, the emphasis in the design of the quarry lake is focused on physical and chemical
characteristics such as bank stability preventing erosion and prevention of pollution of
the lake by quarry activities (Klapper and Geller, 2002). The need for diverse microhabitats
and landscape connectivity for optimal ecosystem development is completely lacking
(Blanchette and Lund, 2016). However, this does not mean that established quarry lakes do
not hold value for the regional diversity as is shown in this study. Isolated quarry lakes in
the delta region of the Rhine and Meuse contain much lower nutrient concentrations (TP
and TN), lower chlorophyll-a concentrations and contribute relatively more to the regional
macrophyte species pool (LCBD) than stagnant shallow waters in the same region. Including
the requirements for optimal ecosystem development in quarry lakes design, might further
increase the value of these man-made systems. In some cases, the requirements of some
components of the ecosystem (e.g. helophyte zone) are included in the design, but this
can be further extended by including other zones (deeper parts) and communities. Before
current established quarry lakes are to be changed to improve their ecosystem services
(e.g. for the regional biodiversity), a system analysis is needed to determine whether the
desired changes will actually improve the quarry lake ecosystem at all (Lürling et al., 2016).
Understanding the nutrient status of water and sediments of the quarry lake through
knowledge of water and nutrient fluxes into and out of the lake is paramount to determine
the value of the system (Nürnberg, 1988, 1984).
The steep, highly mobile banks and the absence of riparian vegetation, characteristic
of many quarry lakes, deprive the lake of nutrients and habitat complexity (Blanchette
and Lund, 2016). These characteristics create an ecosystem with relatively less macrophyte
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species compared with surrounding more natural waters (Fig. 3.2A). However, the
macrophyte species found in the quarry lakes are distinctly different and often rarer species,
taking optimal advantage of the low nutrient conditions. In this study, 19 macrophyte
species were found that are labelled “quite rare” to “rare” to “very rare” in the Dutch Red
List species list (Nat, 2006; NDFF Verspreidingsatlas, 2020; Siebel et al., 2013, 2005; Sparrius
et al., 2014). Of these Red List species, 8 were charophytes, a group of macro-algae highly
valued by European water managers (Poikane et al., 2018). As the occurrence of this group
has declined rapidly in Dutch waters (Simons and Nat, 1996), quarry lakes can thus provide
a new habitat for these species. This is demonstrated by the fact that in 31 out of 51 quarry
lakes, 1-5 charophyte species were recorded. Moreover, Chara species were found up to
9 meters deep in clear quarry lakes, and up to 16.8 meters deep for Nitella and Nitellopsis
species. Thus, specifically the deeper parts of the quarry lakes offer good quality habitat for
these rare charophytes. The maximum depth at which macrophytes were found overall was
18.9 meters, much further than the 6 meters assumed previously by Dutch water managers
(Altenburg et al., 2013).
The sampling strategy used in this study, i.e. scuba diving, differed substantially from the
strategy used by the Dutch water managers following the WFD, by using a rake (Beers et al.,
2014). Using a rake to assess the macrophyte community in a lake has positive and negative
aspects compared with scuba diving. Although a larger area of the lake can be covered
using a boat and rake, macrophytes tend to fall from the rake while reeling it in over large
depths, or macrophytes might just be too low in density or small in size to be caught by the
rake at all (e.g. Wingfield, Murphy, and Gaywood 2006). Scuba diving allows for a literal close
up view of the macrophyte community which increases the chance of finding macrophytes
in low density situations or as small individuals. Raking is the worldwide accepted method
for sampling macrophyte communities and is proven to be reliable in shallow systems (i.e.
Kissoon et al., 2013), but scuba diving has been identified as more precise (Melzer, 1999) and
for deeper systems indispensable (Birk et al., 2010). We used the macrophyte sampling data
of WFD sites (sampled every 3 years) from 2000-2016 sampled via the raking method, and
compared this with the results from the snapshot sampling using scuba diving in the quarry
lakes. Even though the shallow standing water bodies were sampled 3-6 times during this
time period ánd all species ever encountered were included in the analysis, the macrophyte
community in quarry lakes was distinctly different from the shallow standing waters in the
region (Fig. 3.2B and 3.3).
By calculating the local contribution to beta diversity (LCBD), and its replacement and
richness component, among quarry lakes and in relation to surrounding shallow water
bodies we show that quarry lakes add significantly to regional macrophyte diversity.
Overall species richness in the region of Noord Brabant is predominantly determined by
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beta diversity, of which quarry lakes contribute more to the region compared to the shallow
standing water bodies (Fig. 3.3). Determining which aspects of quarry lakes add to the high
LCBD replacement score, resulted in finding an indicative threshold for total phosphorus
(TP) concentration for quarry lakes contributing unique species to the regional species
pool (Fig. 3.5). Below a TP concentration of 35 µg/l, quarry lakes are likely to contribute
significantly more to the diversity of the region. Quarry lakes with a TP concentration of over
100 µg/l, are very unlikely to contribute to the regional species pool. These cut off values
could be used as a first guideline in assessing the possible nature value of a quarry lake
outside our sampling scheme. The LCBD methodology thus proves to be useful not only
to determine ecological quality (similar to the WFD) as it proves that quarry lakes contain a
diverse macrophyte community, but also for nature conservation targets (similar to Nature
2000), as it identifies the most valuable quarry lakes in the region.
Managing deep quarry lakes
As quarry lakes are firmly embedded in urbanized areas, pressures on these systems
directly derive from anthropogenic activities. Similar to natural waters, eutrophication
is an important pressure (Vitousek et al., 1997). In addition, since most quarry lakes are
hydrologically isolated, polluted groundwater can be a major issue for the water quality of
the lakes (Muellegger et al., 2013; Nixdorf et al., 2005; Søndergaard et al., 2018). Beneficial
uses, or ecosystem services, that quarry lakes can provide, range from biodiversity hotspot,
aquaculture, drinking water supply, irrigation and various ways of recreation to the storage
of harmful substances (Mccullough and Lund, 2006). Quarry lakes are very unlikely to be
able to provide all these services adequately at the same time. Water managers together
with stakeholders will have to decide which services should be prioritized over others.
Depending on the demands by stakeholders and changing environmental conditions,
the provision of ecosystem services will change over time, which calls for more adaptive
management potentially in a dynamic fashion, depending on the required service at the
time and the quarry lakes responding to changing conditions (Blanchette and Lund, 2016;
Cross et al., 2014).
Because quarry lakes are man-made, they are often not regarded as ‘nature’, which has
resulted in numerous instances of dumping of building materials and household garbage
but also of contaminated sediments resulting from anthropogenic activities elsewhere
(e.g. shoaling; Schultze, Boehrer, et al. 2011). Quarry lakes are increasingly exploited to store
dredging material under the hypothesis of improving habitat and water quality (Bolleboom
et al., 2010). Generally, the ecological quality of the deep quarry lake before shoaling is
regarded as low, as deep eutrophied systems can display anoxic conditions and have the
potential to create low oxygen conditions after turnover. As monitoring in deep waters of
the quarry lakes is not mandatory, evidence contradicting the view of deep anoxic waters
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is scarce (Altenburg et al., 2013). Therefore, shoaling is very often regarded as a method
to improve water quality by removing the anoxic hypolimnion and decreasing the chance
of cyanobacterial blooms which can benefit from stratification (Bolleboom et al., 2010).
Fortunately, more and more evidence emerges that contradict the underperceived values
of quarry lakes.
The high intrinsic value of quarry lakes as demonstrated in this paper, shows that quarry
lakes can be diversity hotspots in this region of the Meuse and Rhine delta. To remain
regional hot spots, water managers are challenged not only by people with economic goals
(“shoalers”), but also by future pressure scenarios such as climate change and the continuing
changes in land use surrounding the lakes.

CONCLUSIONS

•
•
•
•

•
•

Quarry lakes contain a better water quality (lower nutrient concentrations) than
surrounding shallow standing water bodies in the delta region of the Meuse and
Rhine.
Quarry lakes contain a macrophyte community distinctly different from communities
in shallow standing water bodies in the same region (beta diversity - replacement).
Quarry lakes contribute significantly to the regional macrophyte species pool made
up of shallow standing waters (LCBD), acting as possible regional hot spots.
Quarry lakes with a total phosphorus concentration in the water column of < 35
µg/l contribute most to the regional diversity. When TP concentration of the quarry
lake exceeds 100 µg/l, the likelihood of contributing to the regional species is very
small. These TP concentration threshold values can be used as a first indicator of the
potential nature value of a quarry lake.
Quarry lakes are a distinct and important part of the landscape and should no
longer be regarded as suboptimal ecosystems by water managers.
Managing quarry lakes to fulfill their full potential asks for a different approach than
described currently in Dutch WFD. The deeper parts of the quarry lakes should be
integrally taken along in determining the state of the quarry lake ecosystem.
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ABSTRACT
Fresh water is a limited resource under anthropogenic threat. Europeans are using an
average of 3550 L per capita per day and this amount is increasing steadily as incomes rise.
Water saving options are being actively promoted, but these intensified measures do not
yet come close to saving enough water to prevent water shortages that may seriously affect
our way of life in the near future. With projected increases in demands for good quality fresh
water, educating the public about sustainable personal water use and water quality threats
becomes an absolute necessity. One way to achieve this is through engaging citizens in
water issues, e.g. through citizen science projects. Using snowball convenience sampling,
we distributed a questionnaire among 498 people in 23 countries to investigate whether
people were aware of how much water they used, what they perceived as threats to water
quality and whether they would like to help improve water quality. Our results showed that
the amount of daily water use was greatly underestimated among respondents, especially
indirect use of water for the production of goods and services. Furthermore, the effects
of climate change and detrimental habits such as feeding ducks were underestimated,
presumably because of environmental illiteracy. However, eighty-five percent (85%) of our
participants indicated an interest in directly working together with scientists to understand
and improve their local water quality. Involving citizens in improving local lake quality
promotes both environmental and scientific literacy, and can therefore result in a reduction
in daily personal water use. The next iteration of the Water Framework Directive legislation
will be launched shortly, requiring water managers to include citizens in their monitoring
schemes. Engaging citizens will not only help improve surface water quality, and educate
about cause and effect chains in water quality, but will also reduce the personal fresh water
usage.
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Water scarcity now and in the future
In recent years, it has become evident that fresh water is a limited resource under anthro
pogenic threat. During the last century, the world population has tripled but freshwater
use has increased 6-fold, paralleling increasing incomes and thus higher and different food
demands (Alcamo and Rosch, 2000; Cosgrove et al., 2000). Although projected freshwater use
by humans in 2016 already exceeded the global sustainable freshwater supply (Wigginton,
2015), a staggering 1/5 of the world population does not have adequate access to safe
drinking water (Cosgrove et al., 2000). Increasing human population will further intensify
global pressure on available freshwater resources (Rijsberman, 2006; Vorosmarty et al.,
2000). Population growth not only directly increases freshwater demand but also affects the
quantity and quality of fresh water in numerous ways via global change (Vorosmarty et al.,
2000). More specifically, threats to water quality range from agriculture (nutrient pollution,
pesticides, herbicides, and fertilizers), domestic domain (sewage, industry, pharmaceuticals
and personal care products, and human activities such as feeding ducks), industry (energy,
water abstraction, pollution) and climate change. Global change will increase freshwater
demand by humans, but will also affect the freshwater demand by ecosystems through e.g.
increased evaporation. Ecosystems are already affected by massive amounts of freshwater
abstractions for drinking water, irrigation and power supply (dams), with half of the world
wetlands disappearing in the twentieth century due to these abstractions on top of changes
in land use (Cosgrove et al., 2000). Under warmer conditions, the ecological water demand
of ecosystems will increase, further underlining the need to protect and smartly manage
our water resources.
Furthermore, when the water demand by ecosystems is included in water scarcity
calculations, the map of water scarce countries is drastically altered. If ecosystems’ water
demand is included, previously water-abundant western countries suddenly become waterscarce, belying the idea that water scarcity is mostly a problem exclusive to third world
countries (Rijsberman, 2006).
Water Policies
In order to meet current and future freshwater demands, water resources should be
properly managed. For effective water management, both social aspects, e.g. public accep
tance, regional culture and history as well as economic aspects, e.g. investments in water
infrastructure and technology should be considered when planning for the sustainable
protection of natural ecosystems (Shen and Varis, 2000). In 1995, European citizens
and environmental organizations demanded cleaner freshwater resources, resulting in
the European Commission making water protection one of their priorities (European
Commission, 2016). The European Water Framework Directive (WFD; Directive 2000/60/EC)
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replaced the Drinking Water Directive and Urban Waste Water Treatment Directive with the
aim of cleaning polluted waters and ensuring that clean waters remain clean (EU, 2000). The
WFD was the first guideline based on ecological principles, replacing previous legislations
focusing solely on chemistry, using emission standards for water quality (Moss et al., 2003). To
successfully protect the ecological quality of all Europe’s water, the WFD promotes citizens’
engagement in water quality assessment and solutions, encourages water managers
and scientists to invest in outreach initiatives that deal with water awareness and further
collaborations with non-government organizations (NGOs; Dickinson et al., 2012).
Water awareness
We define water awareness as being cognizant of how much water is used daily through
direct use such as drinking and washing, and indirect use, e.g. how much water is used
for the production of food items or clothing. Additionally, water awareness includes the
realization of water quality threats such as agricultural run-off and the recognition that fresh
water is a limited recourse. Engaging citizens in protecting freshwater resources encourages
environmentally responsible behavior. This refers to “any action, individual or group, directed
toward remediation of environmental issues/problems” as stated by Sivek and Hungerford
(1990) and is nowadays popularly described by the term “citizen science” (Bonney et al.,
2009). In this paper we defined citizen science as a form of environmentally responsible
behavior in which individuals or groups learn about, monitor, preserve and improve lake
water quality. Different attitudes, opinions and underlying personal experiences can
attribute to a person’s water awareness.
The 2016 report of the Global Education Monitoring team indicated that the higher the
level of education a person has received, the higher the value that person gives to the
environment and addressing environmental problems (GEM Report Team and UNESCO,
2016). In recent years, environmental education, with a focus on the impact humans have
on the environment have been included in schools’ curricula around the world (GEM Report
Team and UNESCO, 2016), possibly making younger age classes more water aware.
Working in a scientific environment encourages critical thinking and provides an inter
national, global perspective on the topic of choice. These traits can contribute to correctly
identifying and interpreting environmental issues (Bybee, 2008; Hayes, 2001).
The United Nations (UN) sustainable development goals specifically underline the
importance of including women in addressing water (quality) issues. Globally, women are
more involved with daily direct water use as they are generally primary responsible for
housework and family care. This includes cooking and washing and even trips to the local
water source, making women daily witnesses to water quantity and quality (United Nations,
2016a). However, although much progress has been made since early 2000, 16 million girls
will never receive an education, including environmental or scientific tuition (UNESCO, 2018).
Gender might therefore not have a clear relation to identifying threats to water quality.
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Rurally located families might be more directly involved with their water source. Forty-six
percent (46%) of the world’s population lives in a rural area and many have their own water
source (United Nations, 2016a). Consequently, people raised in urban areas can be more
disconnected to the source of their water compared to their rural counterparts. Personal
experiences regarding water shortage (droughts) and water abundance (heavy rains and
floods) might also influence a person’s attitude towards the value of water. This difference
could become apparent across Europe as, for example, southern Europeans will have
experienced more chronic water shortage problems compared to northern Europeans,
while northern Europeans are relatively more exposed to flooding incidents (European
Environmental Agency, 2015).
All the above-mentioned factors come together to determine one’s view towards
water: is it only a resource for human survival or does water mean more, i.e. the source of
life in general, essential for ecosystem functioning? We hypothesize that differences in the
perception of water might influence the water awareness of a person but possibly also their
willingness to engage in water quality protection.
Other European surveys
In a large-scale survey commissioned by the European Union, 25.425 Europeans of age 15
years old and older were asked to state their opinion about fresh water and coastal issues
(TNS Political and Social, 2012). Whereas most participants felt ill-informed, they did believe
water quality was a serious concern, with agricultural (90%) and chemical pollution (84%)
indicated as drivers of freshwater quality and quantity. Most participants were already taking
individual actions to reduce their water use and believed that stronger efforts were needed
to address water quality issues in general. Two-thirds (67%) of the EU survey participants
thought that providing more information on the environmental consequences of water use
is the most effective way to tackle water problems.
Within the first cycle of River Basin Management Planning for the EU WFD, a call was put out
for a more bottom-up approach towards community-led actions in water management (EU,
2000). In a survey distributed in the Republic of Ireland and the United Kingdom at the end
of the first cycle of WFD plans (2015), 81% of respondents did not feel included in decision
making about water resources. Only 32% of the participants had been invited to attend
a community event regarding water issues, although the survey was already targeted
towards societal groups interested in water resource management (Rolston et al., 2017).
Both these surveys indicated that there is a strong interest in water quality related issues
amongst European citizens, and room for improvement regarding communication on, and
involvement in addressing water quality issues.
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Hypotheses
In this study, we address three topics to assess the water awareness of citizens in 23 countries,
predominately located in Europe. Using a survey, we identified how people [1] assess their
own water use, and [2] perceive local water quality and its major stressors. Additionally, [3]
we tested whether the motivation for environmentally responsible behavior co-aligns with
water awareness. We hypothesized that:
– Participants who enjoyed a higher education are more water aware and thus
assess their direct and indirect water use correctly, and identify more threats to
water quality.
– Younger participants are more water aware.
– Participants working in the sciences are more water aware.
– Women are more water aware than men.
– Rurally located participants are more water aware than participants living in urban
areas.
– Participants who are prone to flooding will assess more water quality threats than
participants who experience more drought (based upon country of residence).
– Participants who view water as an important factor for life itself, will be more water
aware than people who view water to be a resource for humanity.
– Participants who view water with a more holistic view will be more willing to
actively participate in improving their local water quality.

MATERIALS AND METHODS
In order to assess water awareness among European citizens, a 40-question survey was
distributed among water managers in different European regions and different stakeholder
groups with a vested interest in water, such as diving associations and fisherman. These
contacts further distributed the survey within their network using social media. In this
questionnaire, three themes were addressed, [1] awareness of personal water usage, [2]
the perception of water quality issues, and [3] the willingness to engage in environmentally
responsible behavior. Both quantitative (multi-answer, multiple-choice questions, single
answer, multiple-choice questions and ranking scale questions) and qualitative (open
questions and comment boxes at multiple choice and ranking scale questions) questions
were included (Supplement 1).
Recruitment and survey design
The survey was set up on SurveyMonkey (2015) and distributed via targeted contact persons
to be able to get a general view of water perception among ‘water interested’ Europeans.
The survey was distributed in professional and personal networks of the authors which
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included aquatic scientists (Global Lake Observatory Network (GLEON) and Networking
Lake Observatories in Europe (NETLAKE COST Action 1201), water managers from different
levels of the government and stakeholder groups (citizen groups, angler associations, diving
associations such as Project Baseline). From there on, the survey was distributed further
throughout the network by the participants themselves, i.e. through snowball sampling
(Goodman, 1961). Through the use of social networks (LinkedIn, Facebook, Twitter) and
virtual snowball convenience sampling we aimed to maximize the number of participants
in this survey (Lake et al., 2019; Mirzaei et al., 2019; Noga and Wolbring, 2013; Valerio et al.,
2016). No inclusion or exclusion criteria were used to include as many people from as many
different backgrounds as possible. Media attention was drawn to the survey by means of
a press release. The survey was open to the public from 22 September 2015 until 1 March
2016.
Questions were made available in English, Dutch and Italian, as well as versions spe
cifically tailored for children (6 - 18 years old) and adults (>18 years old). We adhered to the
Netherlands Code of Conduct for Academic Practice in which “Every academic practitioner
demonstrates respect for the people… involved in scientific research. Research on human
subjects is exclusively permitted if the persons concerned have freely given informed
consent, the risks are minimal and their privacy is sufficiently safeguarded.” (Principle 1.2)
(VSNU – Association of Universities in the Netherlands, 2004). The introduction section of the
survey included the following statement “The information you supply will be anonymous
and you will not be identified in any report or article that is published as a result of this
questionnaire”; Supplement 1). All survey versions retained the same questions in the same
order. After closing the survey, quality of the data was assured by removing surveys without
demographic information, or with demographic information but no other questions
answered. We used no other inclusion or exclusion criteria. Dutch and Italian survey answers
were translated to English by native speakers and combined in one database for further
analysis, resulting in a database of 498 completed questionnaires. For each question, nonresponders for that specific question were removed to create a new data file with which
further analysis of that question was carried out.
Participants were grouped according to education, occupation, gender, age, country of
residence, rural or urban located. Five age classes (<18, 19-30, 31-45, 46-55 and >56) ensured
a sufficient number of participants per class for further analysis. For group size per survey
question we refer to Supplement 2. Additionally, we grouped people according to their
answer to the question “Can you describe what water means to you”. The answers to this
open-ended question could be allocated to 4 different categories: [1] the “Water is Life“
group, where participants saw water as more than a human resource (i.e. “Essential to life”,
“important for nature”); [2] the “Water as a Resource” group (i.e. “Drinking”, “washing”),
[3] answers that entailed both “Life and Resource” (i.e. “Drinking and for nature”) and [4]
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Fig 4.1 Word cloud compiled from answers to Question “Can you describe what water means to you”
of the survey. A word cloud gives greater prominence to words that appear more frequently among the
answers given by the participants (created through https://wordart.com/)

a group in which the distinction could not be made (i.e. “Water is water”) (Fig. 4.1). Three
independent researchers allocated the answers to these 4 categories individually after
which the average allocation was calculated and applied to form the definitive groups. If
the answer was allocated to three different categories by the three researchers, the answer
was allocated to group 4 (no distinction possible).
Data analysis
The semi-structured questionnaire consisted of quantitative (single answer, multiple
choice questions, multi-answer, multiple choice questions and ranking scale questions),
and qualitative (open questions and comment boxes at multiple choice and ranking scale
questions) questions (Supplement 1). Different types of questions required specific statistical
approaches as outlined in Table 4.1. Differences in gender, age, education, occupation,
country, rural or urban, and “Water as Life” or “Water as a Resource” were tested by Pearson’s
Chi2 test for count data (Pearson, 1900) (R package ‘stats’). To prevent inaccurate inference
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The multi-answer, multiple choice questions were analyzed in three ways. Firstly, by counting
the number of ticked answers for each group and testing whether differences could be
found using Pearson’s Chi2 test for comparing groups; e.g. do men identify more threats to
water quality than women? A Fisher Chi2 post hoc test with FDR correction was performed
in case of multiple groups such as age classes (Benjamini and Hochberg, 1995; Fisher, 1935;
Pearson, 1900). Secondly, a ‘Species Scatter plot’(CANOCO v5) was made to detect whether
some indicated threats were more ‘related’ to each other, i.e. would be chosen together
more often than others. The distance between the symbols approximates the dissimilarity
of distribution of relative abundance of those threats across the samples as measured by
their Chi-square distance (Braak and Šmilauer, 2012; Terbraak, 1986). Thirdly, to get more
insight in the relative importance of each factor (i.e. education level, occupation, gender,
age, rural or urban located, country of residence and overall attitude (‘Water is Life’/ ‘Water as
a resource’)), we also carried out a Principal coordinates analysis (PCoA) including all factors
in one model to analyze the number of threats indicated by the participants (Question 30).
Relevant factors (groups) were identified using a permutation test for the Redundancy
Analysis under reduced model, on the PCoA results, in which terms were added sequentially
(ANOVA, 9999 permutations).
Questions where participants were asked to rank statements were transformed by
dividing rank number by the sum of the ranks. Generalized linear models (GLM) were
used to detect differences in group choice in determining the importance of a specific
water quality threat (McCullagh and Nelder, 1989). The GLM was performed on these
proportional response variables using the binomial (link = logit) family, and included tests
for overdispersion (Crawley, 2007). A constrained ordination technique was used to detect
whether variations in ranking could be explained by the grouping, specifically a Canonical
Correspondence Analysis (CCA) using CANOCO v5 (Braak and Šmilauer, 2012; Terbraak, 1986).
All analyses, except for CCA, were performed in R using functions of basic R, the Fifer package
and the Vegan package (Fife, 2014; Oksanen et al., 2017; R Development Core Team, 2015). All
tests were performed against a 5% significance value.
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in the Chi2 groups with counts smaller than 5 (Agresti, 2007; McHugh, 2013), these groups
were combined with the adjacent group up to the point that >80% of groups had counts
>5, and none had 0. To exemplify, few participants (n < 5) from the “Water is Life” or “Water
is a Resource” group choose the 250 liter option in estimating their daily direct water use
and thus these respondents were added to the 200 liter group to form the >200 liter option
for further analysis. If more than two groups were present, i.e. age groups, education level
and countries, a Fisher post hoc test was performed to compare all subgroups pairwise
(Fisher, 1935) (R Package ‘fifer’; Fife, 2014). In these post- hoc tests, p-values were corrected
using the False Discovery Rate (FDR) correction method to correct for multiple comparisons
(Benjamini and Hochberg, 1995).
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Open questions

Question type
Multiple choice

CCA (biplot)
PCoA

multi answer
multi answer
Two groups

GLM

Two or multiple (>2)
groups

multi answer

ranking scale

Two groups
Multiple groups (>2)

single answer
single answer

Analysis
Pearson’ Chi2 test for count data
Pearson’ Chi2 test for count data +
Fisher Chi2 post hoc test
Pearson’ Chi2 test for count data

Group member

All groups
All groups

Counts per group
Threats indicated per
individual
Counts per choice

Relative ranking

Counts per choice

Group member
All groups

Response variable
Counts per choice
Counts per choice

Predictor
variable
Group member
Group member

12

30
30

29

28, 30

Question in
survey
24-26, 31, 33
24-26, 33

Table 4.1 Overview of statistical methods used per question type. “Groups” refer to 991 participants belonging to either gender (2 groups, male or female),
age class (multiple 992 groups), residence in rural or urban area (2 groups), education level (multiple groups), science 993 or non-science occupation (2 groups)
or “Water is Life” versus “Water is a Resource” group 994 (2 groups).
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Demographics
A total of 603 people participated in the survey, 498 participants completed the survey
to such an extent that statistical analysis was possible. No other inclusion or exclusion
criteria were used. Of these 498 people, 229 identified as female and 265 as male, 4 people
declined to answer. The age of participants ranged from 6 to > 65, with most participants
in the 19-45 yr. group (n = 281, Fig. 4.2A). Eighty-five percent of the participants indicated
an education level of ‘higher education beyond secondary school’, 51% of all participants
attended University. Additionally, 142 people (29%) identified themselves as working in
a scientific environment, and 356 people (71%) working in a different field (Fig. 4.2B). The
survey respondents came from 23 countries, 302 people considered themselves to live in an
urban and 194 in a rural environment (Fig. 4.3). Further analysis towards country differences
focuses on the top four represented countries in this survey, i.e. Spain (n = 29), Ireland (n
= 29), Italy (n = 67) and the Netherlands (n = 302). Relatively more scientists were present
among survey participants from Spain (38%), Ireland (41%) and the Netherlands (25%)
compared to Italy (18%).
The participants used lakes in different ways for recreation, i.e. swimming (29%), aesthetic
enjoyment (26%), hiking (15 %), boating (11%), scuba diving (9%) and fishing (5%) or in other
ways (i.e. bird watching) (2%). Two percent of the participants did not use lakes for any form
of recreation. The number of times the participants visited a lake or reservoir in the past year
ranged from daily (5%) to never (7%). Most participants visited a lake at least once a month
(28%), once or twice a year (25%), once or twice a week (19%) or every 2-3 months (17%).
Perception of whether good environmental conditions existed for the lake that participants
visited most often was answered “Yes” by 55%, ”No” by 20% and “I don’t know” by 26 %.
Water use
In this study, 80% of the participants underestimated their daily direct water use compared
to the European average of 150 liters per day (European Environmental Agency 2014)
(Question 24, Fig. 4.4A). The level of education of the participants significantly influenced
their daily direct water use estimate (χ2 = 22.0, p = 0.019). Participants with a secondary
education indicated a lower direct water use than participants with a higher education
other than university (p = 0.009) or university alumni (p = 0.003) (Fig. 4.5A), while scientists
estimated a higher direct water use than non-scientists (χ2 = 11.3, p = 0.023). Differences in
daily water use assessment were also found among the four most represented countries in
this study, i.e. the Netherlands, Italy, Spain and Ireland, (χ2 = 22.7, p = 0.007); of all pair-wise
comparisons only the Dutch participants estimated a significantly higher direct water use
than Italians (Chi2 post hoc test, p = 0.001). The “Water is a Resource” group estimated a
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Fig. 4.2 Demographics of survey participants, gender and age distribution (A), and level of education
and science of non-science occupation (B).

Fig 4.3 The survey was distributed through snowball sampling via social networks, originating in the
Netherlands and Italy. At time of participation, participants lived in Belgium [n = 9], Brazil [2], China [1],
Colombia [1], Croatia [2], Czech republic [3], Estonia [2], Germany [5], Greece [1], Hungary [2], Ireland [29],
Israel [1], Italy [67], Malaysia [1], Norway [2], Poland [21], Serbia [2], Spain [29], Sweden [7], Switzerland [3],
The Netherlands [302], UK [3] and USA [3] residing either in rural of urban areas.
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Fig. 4.4 Distribution of answers given by participants to multiple choice question 24: How many liters
of water do you think you use directly daily?”(A) and question 25: How much water do you think it takes
to produce the goods, food and beverages you use on a daily basis? (B). Hatched bar indicates correct
answer (European Environmental Agency and Denmark, 2014).

higher direct water use (in liters per day) than the “Water is Life” (χ2 = 10.8, p = 0.013). Gender,
age, or residing in a rural/urban residence did not influence estimates about daily direct
water use (Supplement 2).
Daily indirect water use (water used for the production of food, clothes, etc.) was
underestimated by 86% of the participants when compared to the European average
of 3400 liters per day (European Environmental Agency and Denmark, 2014) (Question
25, Fig. 4.4B). The educational background of the participants played a significant role in
influencing indirect water use (χ2 = 32.2 p < 0.001). Participants with an education up to
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Fig. 4.5 Violin plot indicating distribution of answers by participants to questions “How many liters of
water do you think you use directly daily?” (A) and “How much water do you think it takes to produce
the goods, food and beverages you use on a daily basis?” (B) according to education level. Width of
the density plot indicates frequency, whiskers 95% confidence interval and dot median, the vertical line
indicates correct answer (European Environmental Agency and Denmark, 2014), * indicate significant
differences between education levels (p < 0,05).
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secondary school estimated a lower indirect water use compared to participants with an
education beyond secondary school. However, no significant differences were found when
we zoomed in to education levels within the group of participants with an education up
to or beyond secondary school (Fig. 4.5B). Similar to direct water use, scientists estimated
a higher indirect water use compared to non-scientists (χ2 = 15.9, p = 0.003). Participants
from the Netherlands, Italy, Spain and Ireland estimated their indirect water use differently
(χ2 = 47.3, p < 0.001). Specifically, the Irish (p = 0.005) and Dutch (p < 0.001) participants
estimated a higher indirect water use than Italian participants, but still underestimated their
use compared to the European average of 3400 liters per day (European Environmental
Agency and Denmark, 2014). The other pair-wise comparisons did not indicate significant
differences among countries. Gender (χ2 = 5.9, p = 0.204), urban versus rural residence (χ2 =
5.7, p = 0.226) and age (χ2 = 14.0, p = 0.301) had no influence on the estimation of indirect
water use. When participants were grouped according to their perceptions of water (“Water
is Life” versus “Water is a Resource”), groups did not influence their indirect water estimates
(χ2 = 3.0, p = 0.569).
Additionally, we asked participants to compare their personal water use to the European
average (Question 26). Forty-two percent (42%) of the participants estimated their water
use to be below the European average of 150 liters, 47% estimated their water use to be
comparable to the European average whereas 5% estimated an above average personal
water use. Scientists versus non-scientists (χ2 = 0.4, p = 0.820), “Water is Life” versus “Water is
a Resource” (χ2 = 5.0, p = 0.084) or area of residence (urban or rural, χ2 =2.9, p = 0.24) did not
influence estimated water use average, while education was marginally non-significant (χ2
= 12.6, p = 0.051). Age groups differed in their opinion when comparing their water use to
the European average (χ2 = 17.3, p = 0.027). As post-hoc tests revealed, children (<18) choose
“average” or “above average” more than adults (Chi2 post hoc test p = 0.044). Additionally,
more men than women thought their water use was below the European average (χ2 = 6.2, p
= 0.044). Participants from Italy, Spain, the Netherlands and Ireland also differed in assessing
their water use compared to the European average (χ2 = 14.1, p = 0.029). Pair-wise comparison
indicated significant differences only between participants from the Netherlands and Spain
(Chi2 post hoc, p = 0.017). To test whether different attitudes towards water were related to
willingness to save water, we asked participants which of the following actions they took
in order to preserve water; “limit shower time”, “no car washing”, “limited watering of the
garden”, “not letting the tap run”, “collect rain water” or “other” (Question 28, Supplement
2). Participants from the “Water is Life” group indicated on average 3.0 water saving actions,
which differed significantly with participants from the “Water is a Resource” group who
indicated, on average, 2.6 water saving actions (χ2 = 12.3, p = 0.016).
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Fig. 4.6 Number of water quality threats indicated by participants with various different educational
backgrounds scaled to the number of participants belonging to each educational group (%).

Perception of water quality
Many products or actions can threaten water quality (Vorosmarty et al., 2000). On average,
every participant identified 6 out of 9 threats to water quality (66 %). The <30 and 31-45 age
groups indicated more threats to water quality compared to >56 groups (χ2 = 54.8, p < 0.001)
as did participants with higher education (χ2 = 41.8, p < 0.001) (Fig. 4.6). Additionally, scientists
identified more threats compared to non-scientists (χ2 = 43.0, p < 0.001, Fig. 4.7). Participants
from the Netherlands and Ireland indicated more threats compared to participants living
in Spain or Italy (χ2 = 29.2, p = 0.004). Gender (χ2 = 11.1, p = 0.192), area of residence (rural
or urban χ2 = 6.5, p = 0.586) or “Water is Life” versus “Water is a Resource” (χ2 = 3.4, p =
0.910) did not influence the number of threats identified (Question 30, Supplement 2). In
general, pesticides and herbicides, fertilizers, sewage, industry, pharmaceuticals, personal
care products and plastics were chosen as threats almost twice as much as climate change,
water abstraction and feeding ducks. Explanatory factors (group allocation e.g. education
level and gender) accounted for 13% of total variation (Supplement 3).
Additionally, we incorporated all explanatory variables in one RDA model for this question
using all participants to estimate the relative importance of the individual explanatories.
This resulted in the following order of relative explanatory power of the groups; country of
residence, age, education level, gender, science or non-science occupation, rural of urban
area and lastly overall attitude “Water is Life” or “Water as a Recourse” (Supplement 4).
When asked to rank threats to water quality (Question 29) dumping garbage was indicated
as most threatening action, closely followed by dumping the contents of one’s aquarium,
cleaning one’s boat, feeding fish and not cleaning up dog waste. Feeding ducks was seen as
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Fig. 4.7 Number of water quality threats indicated by the participants working in science compared to other
fields of employment scaled to the number of participants belonging to each group (%).

Fig. 4.8 Overall pattern in ranking water quality threats of all participants from 1: most threatening to water
quality to 6: least important factor threatening water quality. No differences among groups were found (GLM
p > 0.05).

the least important action threatening water quality (Fig. 4.8). No differences were found for
education level, scientists vs non-scientists, gender, age, urban vs rural residence or “Water
is Life” vs “Water is a Resource” when ranking water quality threats (GLM p > 0.05).
Motivation for environmentally responsible behavior
Interestingly, more than half of the participants (58%) were not familiar with the term ‘citizen
science’ before the questionnaire, but saw its potential in raising environmental awareness,
helping science and addressing scientific literacy. Only a small number of the participants
thought citizen science’s only goal is to engage with nature (9%). Most participants (85%)
saw a role for citizen science in monitoring and preserving water quality. Reasons for doing
so included good citizenship (38%), taking care of the environment (29%) and helping
scientists (20%). Making friends was predominately chosen among the <18 age category.
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Overall 8% of the participants indicated that being part of a community was the reason
to become involved. Almost half of the participants (45%) saw themselves potentially
playing a role in collecting data and raising environmental awareness. Most participants
would invest time once a month (36%) or once a year (28%) to work towards better water
quality. Education level, scientists vs non-scientists, gender, age, urban vs rural residence or
“Water is Life” vs “Water is a Resource” did not influence participants’ ideas about the role
citizens can play in monitoring and preserving water quality (Supplement 2). Importantly,
the “Water is Life” group is more willing to invest both time and money towards better water
quality compared to only a time investment from the “Water is a Resource” group (Question
31, χ2 = 8.8, p = 0.037).

DISCUSSION
Large scale changes linked to anthropogenic factors, for example nutrient enrichment and
directional climate change (de Senerpont Domis et al., 2013; Flaim et al., 2016; Jennings et
al., 2009) are negatively influencing freshwater supply and demand for both humans and
ecosystems. These effects will likely continue and worsen in the coming decades (Randers,
2012). Although several important actions such as the WFD (European Commission, 2016)
have been initiated to improve the quality of water resources, public participation in
protecting and preserving our fresh waters is still low in Europe (Rolston et al., 2017; TNS
Political and Social, 2012). This despite the fact that Article 14.1 of the WFD specifically
requires that Member States encourage the active involvement of all interested parties in
the implementation of the Directive, and that the EU has published guidance on increasing
public participation (European Commission, 2003). Our study identified what ‘water
interested’ Europeans perceived their personal water use to be, what they perceived as
threats to water quality and whether there was a willingness to address water quality issues.
Provision of semi-quantitative data can help inform implementation of the WFD and similar
water protection initiatives. Additionally, our study underlines the notion that addressing
environmental and scientific literacy are important pillars to increase water awareness.
Water awareness, water use and threats to water quality
Our study clearly indicated that Europeans, who are actively engaged in water via work or
personal interest, notably underestimated their direct water use. According to the European
Environment Agency, 130-150 liters of drinking water is used by an average European
citizen per day (European Environmental Agency and Denmark, 2014). Clearly, gaining
insight into one’s own direct water use through drinking, cooking and washing remains a
difficult concept although it has been the focal point of many water saving advertisements
and campaigns (United Nations, 2016b). Indirect water use is the water used for producing
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agricultural and industrial goods such as fruit, meat and clothing (Vanham and Bidoglio,
2013). In Europe, average indirect water usage is approximately 3400-4200 L/person/day
(Vanham and Bidoglio, 2013) and is underestimated by most of the participants of our
survey. We saw a clear difference among education level in water awareness, because direct
and indirect water use, as well as threats to water quality, were estimated to be higher
among more educated participants. Previous studies are in support of this relationship
(Dolnicar and Hurlimann, 2010; Hoy and Stelli, 2016; Willis et al., 2011). Gregory and Di Leo
(2003) found that Australians who received a higher education used more water per person
because they could afford a more luxurious lifestyle, for example swimming pools and
automated sprinkler installations. Although higher-educated Australians were more willing
to buy water saving technologies and had greater intentions of saving water, less educated
Australians were more prone to engage in behavioral changes and actually use less water
(Gregory and Di Leo, 2003).
Scientists in our study showed a higher water awareness compared to non-scientists,
but still underestimated direct and indirect water use. Scientific literacy also promotes
critical thinking and could lead to a more accurate assessment of the impact of one’s
personal habits on the environment (Dyck, 2013; Forawi, 2016). Addressing scientific literacy
alongside environmental literacy could thus add to increasing water awareness for the
general population (Arslan, 2012).
Gender is explicitly considered in the United Nations Water and Gender Equality
statements (United Nations, 2016a) because women usually take on more house work.
Consequently, women are more closely involved in day to day decisions about water,
especially in developing countries where women and children are the main water collectors
(United Nations, 2016a). Interestingly, we did not see a gender effect in water awareness,
as direct and indirect water use and threats to water quality, were comparably assessed
by both sexes (Supplement 2). Our participants were predominantly European, where
household duties might be more equally distributed and living standards are higher with
readily available tap water (European Environmental Agency and Denmark, 2014). In our
study, age did not influence personal water use but did influence opinions regarding threats
to water quality. Age groups 19-30 and 31-45 indicated more threats to water quality then
the <18 and >56 groups. This is not in line with previous research in which older participants
were more aware of water quality problems (Gregory and Di Leo, 2003; TNS Political and
Social, 2012).
We expected a difference in water awareness between urban and rural residents as we
hypothesized that the latter group might be more informed on the origin of their water,
for instance because they have a private well. Several studies in Africa and China indicate
that rural and urban water quantity and quality problems are different in origin: farmers in
rural areas might struggle with irrigation issues, while urban water problems may constitute
recreation restrictions (Anderson et al., 2007; Wang et al., 2008). However, we did not see
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differences between urban and rural participants, and we attribute this homogeneity to
the fact that most participants are from Europe. Even most rural Europeans are connected
to a regional water supply or if connected to a well, this well is generally checked and
maintained regularly (World Health Organization, 2017). However, other research on the
European population indicated a more informed rural population compared to urban
residents regarding water quality issues (TNS Political and Social, 2012).
The majority of the survey participants lived in northwestern European countries, i.e. The
Netherlands and Ireland, and southern European countries, i.e. Spain and Italy. Personal
experiences, local values and climate could contribute to the different attitudes towards
water and its problems. Droughts and floods can affect people’s lifestyle to such a degree
that they can result in behavioral changes, including reducing water use or becoming
more water aware. Overall, Dutch and Irish participants seemed to be more water aware
compared to Spanish and Italian participants, although the unbalanced group size among
countries makes this distinction tentative. The observed difference could be due to the
higher lake surface area to land surface area ratio present in the Netherlands (7%) and
Ireland (4%) compared to Spain (1%) and Italy (1%) (European Environmental Agency and
Denmark, 2014). Presumably, a higher lake to land surface ratio indicates a higher chance
of encountering water-related problems (“Seeing is believing”). In fact, Dutch and Irish
participants visited their lakes more often (data not shown). Additionally, Dutch water
quality is among the worst surface water quality of Europe, resulting in more news items
concerning water quality problems throughout the year (European Environmental Agency,
2018). This could also lead to a higher water awareness among its inhabitants.
These differences among participants from Ireland, the Netherlands, Spain and Italy do
not, however, coincide with the results from a large scale European survey (TNS Political
and Social, 2012). There, more Italian (91%) and Spanish (72%) participants indicated water
quality problems to be a serious problem in their country compared to Irish (67%) and Dutch
(45%) participants. Additionally, more participants from Italy and Spain indicated drought
and floods as a serious problem, compared to participants from Ireland and the Netherlands
(TNS Political and Social, 2012). Of course, our survey included more parameters about water
awareness (water use estimates combined with identifying water quality threats) compared
to the TNS Political and Social survey (2012) which asked if certain threats are a serious
problem in your country, underlining the different conclusions drawn. Lastly, relatively
more of our Spanish (38%), Dutch (25%) and Irish (41%) participants worked in the scientific
field compared to Italian participants, of whom worked more in other fields (82%). As our
results show, a higher education combined with a scientific background could potentially
be associated with a higher water awareness, which could influence our results regarding
country- based differences in water awareness.
People who identified “Water as a Resource” versus the broader “Water is Life” option
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indicated different personal water use estimates, water quality issues and willingness to
resolve water quality issues. Although the “Water as a Resource” group estimated a more
realistic direct water use, “Water is Life” participants applied more water saving actions in
day to day life. Saving water, being water aware and a willingness to address water issues
constitutes a behavioral change (Gregory and Di Leo, 2003).
Our survey evidenced a distinct division between the perception of direct visible
threats and indirect threats. The later would comprise climate change, feeding ducks and
water abstraction, which were perceived as smaller problems with respect to the impact
of direct visible threats as agriculture, industry, personal care products and plastics. It is
encouraging that people identify personal care products and plastic as threats, as research
towards the effects of these anthropogenic products on the environment is relatively new
(Eerkes-Medrano et al., 2015). Despite this, both threats have been widely taken up by
media and (citizen) environmental groups as a serious issue threatening ecosystems, which
might explain its placement in the major threats group (e.g. “Beat the Microbead”). Threats
to freshwater systems that are harder to visualize or not immediately obvious, such as the
effects of climate change, feeding ducks and water abstraction, were perceived to be less
threatening to water quality among participants. Scaling threats from most important to
least important is, of course very difficult, and will change from system to system (Brown and
Froemke, 2012). But overall climate change is regarded as one of the most influential factors
affecting fresh water quality and quantity now and in the future (de Senerpont Domis et al.,
2013; Flaim et al., 2016; Jennings et al., 2009; Michalak, 2016; Woodward et al., 2010). The gap
between scientists and citizens in assessing the relative importance of climate change on
water quality has to be addressed in future research and legislation.
Citizen Science
Citizen science projects can be an excellent tool for citizens to learn about and/or even
monitor lake water quality (Bonney et al., 2009; Seelen et al., 2019). Our study identified
a great willingness to engage in citizen science activities among Europeans. In addition,
our results show that by emphasizing the critical role water plays in sustaining life on
earth (“Water is life”), citizen science programs could potentially reach a larger audience.
Improving and deepening citizens’ understanding of water quality issues might lead to
more environmental responsible behavior and thus a higher motivation to preserve and
improve water quality (Jollymore et al., 2017; Rudd, 2015). As stated by Storey et al. (2016),
participation in water quality monitoring also leads to increased scientific literacy, as well as
increased awareness of the local environment and broader environmental issues (Kin et al.,
2016). Additionally, citizen science (groups) can built stronger relationships between citizens
and local government that might lead to a more effective community engagement with
local, regional and national government in freshwater decision making (Kin et al., 2016; Sinner
et al., 2016). Article 14.1 of the WFD encourages “active involvement” in the implementation
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of the directive which includes access to background information and the collecting and
processing of the public’s input. Together with three rounds of written consultation in the
planning process, public participation is solidly cemented in the WFD (Mosterd et al., 2003).
According to our results this transparency will be embraced by EU citizens who are happy
to provide input, expertise, time and even money to help protect our fresh waters. This
willingness to public participation as revealed by our study provides a great opportunity to
enhance environmental and scientific literacy among these volunteers.
Other European surveys
In the large scale European survey (TNS Political and Social, 2012), 25,425 Europeans of age
15 years old and older were asked to state their opinion about fresh water and coastal issues.
The major water quality threats identified in the TNS survey coincide with the results from
the current survey as agriculture was indicated to be the biggest threat to water quality.
Climate change was identified as a threat to water quality by 55% of the participants in the
TNS survey; in our survey climate change placed 7th among threats to water quality.
The EU survey participants indicated that providing more information on the envi
ronmental consequences of water use is the most effective way to tackle water problems.
Providing this information can be most effectively achieved by active participatory learning,
i.e. citizen science. The scope for doing citizen science was not included in the EU survey,
but 51% of their participants stated they would be interested in lending their opinion
and insights for the next revision of the River Basin Management Plan. These findings are
confirmed by the 498 participants in the current survey, of whom most indicated an interest
in actively helping to improve water quality.
Previous surveys have focused their effort towards pinpointing the impact of citizen
science engagement on the environmental behavior of the participants (i.e. Bonney et al.,
2009; Jollymore et al., 2017; Jones et al., 2013). They underlined the importance of community
building between academia, the water professional sector and citizens and conclude that
especially long-term involvement with citizen science increases environmental awareness
(Jones et al., 2013). Even engaged citizens have trouble finding opportunities to be included
in water management plans, although such inclusion is also mandatory in the second
cycle of WFD plans (Head, 2007; Rolston et al., 2017). Bottom up approaches towards water
management should therefore be encouraged even if WFD legislation is still controlled topdown by the EU (Rolston et al., 2017). We suggest that this will to be one of the greatest
challenges in the coming years among scientists, water managers, citizens and policy
makers.

92

Opportunities, limitations and recommendations
The internet provides researchers with an almost unlimited platform to sample opinions
and is used widely to gather various types of information without time-consuming personal
meetings (Karpf, 2012). However, this on-line platform could potentially lead to an age or
education skewed response because of the necessary computer skills needed, but these
skills are increasingly being encouraged and taught throughout the age classes (European
Commission, 2014). Although, the majority of participants completed the survey online (n
= 406), we provided paper versions of the questionnaire on events like the Dutch Ecology
Days (NERN 2016 Lunteren, the Netherlands) and at the World Water Day organized by
Aquatic Knowledge Center Wageningen (AKWA), NIOO-KNAW, in Breda, the Netherlands, to
counter this potential bias. We favored snowball convenience sampling for its simplicity and
to obtain the greatest number of participants in a short period of time. This widely applied
method allows for understanding key perceptions from a wide variety of participants. We
are aware that this methodology is not representative of the entire population, preventing
the 1 on 1 extrapolation of the results obtained in this survey to Europeans in general. The
first recipients of the survey have had a large impact on the sampling design as they are the
first link in distributing the survey further. We therefore distributed the survey starting with
as diverse as possible initial informants (Valerio et al., 2016) which resulted in reaching not
only scientists and water managers but a diverse group of participants, of whom most are
actively involved with water, either through personal or professional interests.
Snowball convenience sampling thus results in the exclusion of certain societal groups
and over-representation of individuals that already have an interest in water (Noga and
Wolbring, 2013) as the distribution of the survey was started within our professional and
personal circles. Our results indicated both an underestimation of water use as well as the
direct effect we humans have on water quality among Europeans who were highly educated,
and already interested in water issues.
Further research is needed to pry apart the regional differences emerging from this
survey. Are southern Europeans less aware of water quality issues compared to Northwestern
Europeans, and does this coincide with previous experiences regarding water quality and
quantity issues? For example, Italian participants were predominantly from Alpine regions
which are less subject to droughts and the survey results would not necessarily reflect
responses for Italy as a whole. Future research could focus upon a different sampling
methodology, such as random sampling, to be able to differentiate between European
regions and the effect of climate on the water awareness of Europeans. Additionally,
translations of the survey in multiple languages will be needed to achieve this goal. The
current study was translated to Dutch, and Italian (alongside the English version) which
might have limited responses from other countries such as Spain. This has contributed to
the unbalance between participants based upon country of residence. Lastly, additional
research is needed towards what kind of education makes people more water aware. Is
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addressing environmental literacy, including the effects of climate change, enough to make
people more water aware, or should scientific literacy be addressed at the same time for
maximal effect?

CONCLUSION
Participants greatly underestimated their personal direct and indirect water use and showed
some lack of insight into which factors can threaten water quality. There is much ground to
cover in communicating water quality issues to citizens, especially on the effects of climate
change, the consequences of duck feeding, and the effects of water abstraction on water
quality. On the positive side, people were very willing to help improve their local lake quality
i.e. by means of citizen science. This is a positive sign for the next cycle in the implementation
of the Water Framework Directive legislation, which requires water managers to include
citizens in their monitoring schemes.
Our results underlined the importance of addressing scientific and environmental
literacy. Scientists, managers and policy makers should engage more with the public to
inform citizens (and themselves), who are the ultimate decision makers in European society,
about water quality issues, water saving, and water quality improving actions. Our study
provides first guidance on capitalizing on the potential of citizens to engage in water quality
issues, by emphasizing the crucial role water plays in sustaining life on earth.
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SUPPLEMENT 1
NETLAKE Citizen Engagement Water Survey
Thank you for participating in our survey. Your feedback is important.

The information you supply will be anonymous and you will not be identified in any report
or article that is published as a result of this survey. Thank you for your time and for helping
us towards engaging citizens in monitoring, preserving and improving lake water quality.
More information on this project can be found on
https://nioo.knaw.nl/en/world-water-monitoring-challenge
Demographics
Q1: Are you male or female?
Q2: What is your age?
Q3: What country are you from?
Q4: What province do you live in?
Q5: Are you from a rural or urban area?
Q6: What is the highest level of school you have completed or the highest degree you have
received?
primary school
secondary school
University
Higher education other than university
Q7: Which of the following best describes your current field of occupation?
Agriculture
Construction
Education
Finance and Commerce
Forestry and Fisheries
Healthcare
ICT
Industry

•
•
•
•
•
•
•
•
•
•
•
•
•
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•
•
•
•
•
•
•

Public service
Pupal
Science
Tourism and Hospitality
Transport
Student
Other, please specify….

Q8: How many people currently live in your household?
Q9: Do you have any children aged 0-6 years?
Q10: Do you have any children aged 6-12 years?
Q11: Do you have any children aged 12-18 years?
Knowledge on water and water management
Q12: Can you describe what water means to you?
Q13: What source does your water come from?
Ground water
Bottled water
River water
Lake or reservoir
I don’t know
Q14: How do you use water in your day to day life (more than one answer is allowed)?
Drinking water
Sanitation
Irrigation
Recreation
Power supply
Q15: For what type of recreation do you use lakes and reservoirs (more than one answer is
allowed)?
Fishing
Aesthetic enjoyment
Boating
Swimming
Scuba diving
Hiking
None
Other, please specify…
Q16: How close are you to a lake or reservoir?

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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Q17: In the past year, how often did you visit a lake or reservoir?
Daily
Once or twice a week
At least once a month
Every 2-3 months
Once or twice a year
Never
Q18: Do you think that the lake or reservoir you visit most often is in good environmental
condition?
Yes
No
I don’t know
Q19: What would prompt you to visit a lake or reservoir (more than one answer is allowed)?
Good water quality
Beautiful landscape
Weather conditions
Proximity to home
Recommendations by other people
Media attention
Q20: How do you get your information on water issues (more than one answer is allowed)?
Newspaper
Social media/internet/email
Snail mail/local newsletters
Word of mouth
Q21: Which of the following stops you from using a lake or reservoir for recreational purposes
(more than one answer is allowed)?
Murky water
Bad odour
Scums
Debris
Dead animals
Swimming bans
Fast currents
Weather conditions
Steep banks (inaccessible waterfront)
Q22: If you are concerned about water quality how would you rank the following issues
(1:most important to 9:least important issue)
1. Murky water
2. Bad odour

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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3. Debris or waste dumping
4. Dead animals
5. No fish to catch
6. Few plants or animals
7. Industrial pollution
8. Agricultural pollution
9. Waste water pollution
Q23: If you detect an environmental problem in your lake or reservoir who do you contact?
Environmental agency
Municipality/local authority
Drinking water company
Fishing club
Police
Water protection agency

•
•
•
•
•
•

Water awareness
Q24: How many liters of water do you think you use directly daily?
50
100
150
200
>200
Q25: How much water do you think it takes to produce the goods, food and beverages you
use on a daily basis?
50 liter
150 liter
500 liter
1500 liter
3000 liter
Q26: How do you think your daily water usage compare to the national average?
Below average
Average
Above average
Q27: Do you think we have to preserve water?
Yes
No
I don’t know

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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Q28: What action do you take to preserve water (more than one answer is allowed)?
Limit shower time
No car washing
Limited watering of the garden
Not letting the tap run
Collect rain water
Other, please specify….
Q29: How do you rank these actions in threatening water quality? (1:most threatening to 6:
least important)
1. Walking dogs without taking care of pet waste
2. Feeding ducks
3. Dumping your aquarium
4. Using boilies to attract fish
5. Dumping garbage
6. Not cleaning your boat when visiting multiple lakes
Q30: What do you think are threats to water quality (more than one answer is allowed)?
Fertilizers
Pesticides/herbicides
Feeding ducks or fish
Sewage
Climate change
Industry
Water abstraction
Pharmaceuticals and personal care products
Plastic
Other, please specify…
Q31: What are you willing to invest in better water quality?
Time
Money
Time and Money
Nothing, water is a basic commodity
Q32: How much do you pay for a cubic meter of water?

•
•
•
•
•
•
•
•
•
•
•
•
•
•

Citizen engagement
Q33: Do you see a role for citizens in monitoring and preserving water quality?
Yes
No
I don’t know

•
•
•
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Q34: What is your reason for becoming engaged in monitoring, preserving and improving
lake water quality (more than one answer is allowed)?
Make friends
Learn more about science
Learn more about the environment
Good citizenship
Other, please specify…
Q35: What role could you play in monitoring, preserving and improving lake water quality
(more than one answer is allowed)?
Collecting information on water clarity, water colour and other info on water quality
Raising environmental awareness
Coordinating activities
Analyzing data
Developing tools/equipment
Other, please specify…
Q36: What time investment would you give towards monitoring, preserving and improving
lake water quality?
Once a week
Once a month
Once a year
One-time only
Never
Q37: Have you heard of citizen science?
Yes
No
Q38: What is the goal of citizen science (more than one answer is allowed)?
Raising environmental awareness
Helping scientists
Raising scientific literacy
No goal other than loving nature
Other, please specify…
Q39: Do you have a science partner? If yes, who is it?
A science partner is your contact point for monitoring of water quality by citizens
Q40: If you have any other comments or suggestions on this questionnaire, please indicate
them here:

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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SUPPLEMENT 2: OVERVIEW OF GROUP SIZE AND RESULTS CHI-SQUARE
TEST FOR EACH QUESTION.
Statistical analyses: significant results are indicated by an asterix (*), with * indicating significance at the
95% probability level, ** indicating significance at the 99% probability level, and *** indicating
significance at the 99,9% level. Orange cells indicate combined groups for statistical testing.
Question

Group

24
direct
>200

25
indirect

<30
<secondary
school

26
compared to national
average

28
willingness to save water

33
CS role

30

31

102

< secondary
school

answer
options
50
100
150
200
250
χ2
p
df
50
150

Gender
Female

Male

Urban /rural
Urban Rural

Age
<18

19-30

31-45

46-55

>56

58
43
16
6
2

46
63
26
5
2

45
31
6
5
1

37
28
11
3
5

36
51

9
12
2
4
1
21.5
*
12
8
6

16
25

18
30

14
27

17
27

Education
primairy
school
8
7
2
2
1
22.0
**
9
8
3

108
108
43
17
4
9.0
0.06
4
38
64

87
69
18
6
7

44
30
26

9
7
0

46
27
19

19
16
12

14
14
11

6
5
0

14

3

34
26
23
14
0.3
12
9

5

6

4

2

9
5
5
32.2
***
8
3

18

18

3

23

secundairy
school
30
10
0
3
1

87
85
27
13
4
1.6
0.81
4
26
58

107
92
34
10
6

500
1500
3000
χ2
p
df
above
average
average

61
38
32
5.9
0.20
4
16

61
52
32

9

78
60
38
5.7
0.23
4
13

114

117

146

86

21

61

81

34

35

below
average
χ2
p
df
1
2
3
4
5
6
χ2
p
df
Yes

86

123

120

88

7

54

55

48

44

182

204

230

156

26

98

120

74

69

21

33

No
I don’t
know
χ2
p
df
1
2
3
4
5
6
7
8
9
χ2
p
df
time
money
time and
money
nothing
χ2
p
df

7
23

17
20

12
30

13
14

1
6

6
15

10
9

4
6

3
8

0
4

1
9

3
8
18
34
44
54
42
22
25

2.7
0.25
2
6
7
15
38
39
66
49
23
37
6.5
0.59
8

2
3
15
21
34
44
25
21
23

7.6
0.47
8
1
1
4
7
5
10
3
1
0

1
1
4
5
2
7
1
1
0

11.9
*
4
2
1
5
7
14
11
3
0
1
41.8
***
14

47
56

6.2
*
2

3.8
0.15
2
5
2
12
25
28
56
31
22
35
11.1
0.19
8

2.9
0.24
2

17.3
*
8

16
9

12.6
0.05
6

5
4
10
20
12
23
12
14
25
54.8
***
21

0
2
4
10
19
30
33
21
22

0
1
5
13
17
26
12
6
8

2
2
8
9
20
22
14
2
5
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Countries
the
Netherlands
106
113
39
14
7
22.7
**
9
31
76

77
62
42

13

45
25
23
15.9
**
4
8

82

114

65

117

university

19
50

31
53

33
29
23

74
50
37

9

91
102
39
10
5

Italy

Spain

Ireland

42
15
2
1
2

14
12
2
0
1

12
14
2
0
1

25
8

7
6

1
12

14
5
10

7
7
2

10
4
2

19

72
58
42
47.3
***
12
15

4

1

71

162

150

27

58

151

118

31

0.4
0.82
2

Life/Resource
Life
Resource
110
89
22
9
2
10.8
*
3
42
60

49
35
19
10
4

23
26
19

0

59
42
28
2.9
0.57
4
17

6

15

109

70

21

14

107

41

127

206

118

270

226

54

25

27

4.9
0.08
2
23
67
63
56
23
2
12.3
*
4
186

12
14

12
17

8
9

17
35

17
32

3
4

1
1

1
1

17
23

3
7
14
28
32
52
37
31
41

2.0
0.38
2
1
3
5
15
14
25
19
28
27
43
***
8

7
7
26
44
59
86
55
16
33

5.2
0.51
6
3
5
18
34
43
67
53
22
39
29.2
**
12

2
1
8
19
24
41
33
12
17

14.1
*
6

2
0
6
10
16
16
4
0
6

0
0
0
3
4
7
6
6
2

0
1
0
3
3
5
3
6
8

4.1
0.13
2
4
6
18
29
35
55
36
24
27
3.4
0.91
8
77
45
112
50
8.849
0.037
3

19
30

Chapter 4

Science/non-science
Science Non-
science
47
150
53
124
28
33
6
17
4
7
11.3
*
4
9
66
31
84

Higher education
other than university
67
57
20
8
4

7

22
38
35
16
5
1

104
4
7

1
2
7
19
20
31
17
8
13

65
19
52
34
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SUPPLEMENT 3
“Species scatter plot”
Score scaling is focused on number of indicated ‘possible factors threatening water quality’
by participants to threaten water quality (Question 30). All groups (gender, age, residential
area etc.) are included as supplementary variables to explain possible variation.
The distance between the symbols approximates the dissimilarity of distribution of
relative abundance of those threats across the samples as measured by their chi-square
distance. Points in proximity correspond to threats often occurring together.
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SUPPLEMENT 4
RDA Question 30
Results permutation test for RDA under reduced model for question 30, terms added sequentially (first
to last), with 9999 number of permutations.
Df
2
4
21
1
3
1
1
432

Variance
0.00095
0.0054
0.01084
0.00035
0.00133
0.00067
0.00021
0.11711

F
1.7503
4.9767
1.904
1.2712
1.6316
2.4614
0.7845

Pr(>F)
0.0611
0.0001
0.0001
0.2456
0.0283
0.0113
0.6217

.
***
***
*
*
Chapter 4

Groups
Gender
Age
Country of residence
Rural or urban
Education level
Occupation
Life/Recourse
Residual
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ABSTRACT
Litter decomposition is a vital part of the global carbon cycle as it determines not only
the amount of carbon to be sequestered, but also how fast carbon re-enters the cycle.
Freshwater systems play an active role in the carbon cycle as it receives, and decomposes,
terrestrial litter material alongside decomposing aquatic plant litter. Decomposition of
organic matter in the aquatic environment is directly controlled by water temperature and
nutrient availability, which are continuously affected by global change.
We adapted the Tea Bag Index (TBI), a highly standardized methodology for deter
mining soil decomposition, for lakes by incorporating a leaching factor. By placing Lipton
pyramid tea bags in the aquatic environment for 3 hours, we quantified the period of
intense leaching which usually takes place prior to litter (tea) decomposition. Standard TBI
methodology was followed after this step to determine how fast decomposition takes place
(decomposition rate, k1) and how much of the material cannot be broken down and is thus
sequestered (stabilization factor, S). A Citizen Science project was organized to test the
aquatic TBI in 40 European lakes located in four climate zones, ranging from oligotrophic
to hypereutrophic systems. We expected that warmer and/or eutrophic lakes would have
a higher decomposition rate and a more efficient microbial community resulting in less tea
material to be sequestered.
The overall high decomposition rates (k1) found confirm the active role lakes play in
the global carbon cycle. Across climate regions the lakes in the warmer temperate zone
displayed a higher decomposition rate (k1) compared to the colder lakes in the continental
and polar zones. Across trophic states, decomposition rates were higher in eutrophic
lakes compared to oligotrophic lakes. Additionally, the eutrophic lakes showed a higher
stabilization (S), thus a less efficient microbial community, compared to the oligotrophic
lakes, although the variation within this group was high. Our results clearly show that the
TBI can be used to adequately assess the decomposition process in aquatic systems. Using
“alien standard litter” such as tea provides a powerful way to compare decomposition across
climates, trophic states and ecosystems.
By providing standardized protocols, a website, as well as face to face meetings, we
also showed that collecting scientifically relevant data can go hand in hand with increasing
scientific and environmental literacy in participants. Gathering process-based information
about lake ecosystems gives managers the best tools to anticipate and react to future global
change. Furthermore, combining this process-based information with citizen science, thus
outreach, is in complete agreement with the Water Framework Directive goals as set in 2010.
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The global carbon cycle traces the flow of carbon as it is being recycled and reused throug
hout the biosphere. The cycle entails long term processes such as carbon sequestration
to, and release from, carbon sinks. This biogeochemical process exchanges carbon among
various compartments including land, ocean and atmosphere (Falkowski et al., 2000). The
relationships and exchanges between these three compartments have been researched in
depth (i.e. Bristow and Kennedy, 2008; Hayes and Waldbauer, 2006; Knauth and Kennedy,
2009; Macbean and Peylin, 2014). While historically, carbon fluxes in inland waters have
received little attention, recently freshwaters have been recognized as an important part in
the global carbon cycle (Biddanda, 2017; Cole et al., 2007; Kortelainen et al., 2004). Freshwater
systems are both an export pipeline from land to ocean and an active compartment in which
up to 1,0 Pg C y-1, or 48% of terrestrial C, is sequestrated and stored in its sediments (Butman
et al., 2016; Cole et al., 2007). Organic carbon burial in inland water sediments can even
exceed the organic carbon sequestration on the ocean floor (Tranvik et al., 2009). Inland
waters not only include rivers and streams of various sizes but also standing waters, ranging
from ponds to large lakes and reservoirs. They play a distinct role in the global carbon cycle
as they are very active sites of carbon cycling, especially considering the small area lakes
occupy in the landscape; i.e. only 3% of the earth’s total land surface area (Tranvik et al.,
2009; Williamson et al., 2009).
Drivers of the decomposition process in lakes
A core ecosystem process in the carbon cycle is decomposition. Only a small fraction of the
organic carbon produced by terrestrial plants is incorporated into biomass by herbivores or
is sequestrated and stored long term in soils (Battle et al., 2000; Duarte and Cebrian, 1995).
The remaining 90% of organic carbon is broken down by microbes and invertebrates and
quickly reenters the carbon cycle. This makes decomposition of plant litter one of the most
important ecosystem processes in the biosphere (Cebrian, 1999).
Factors controlling terrestrial and aquatic decomposition include temperature, mois
ture, concentration of acid-unhydrolyzable residue (AUR -formerly referred to as lignin),
phosphorus, polyphenol and AUR:N ratio (Zhang et al., 2008). In terrestrial systems moisture
is the first factor that can influence the rate and completeness of decomposition, followed
by temperature (Bradford et al., 2017; Prescott, 2010). If these factors surpass their optimal
range, 60–75% moisture and 30–40 °C, decomposition is influenced or even inhibited
(Prescott, 2010). For aquatic systems, optimal ranges of factors controlling decomposition
are not yet clear. The sustained contact with water inherent to aquatic environments is
thought to substantially increase leaching, which in turn importantly affects weight loss
and decomposition rate (Gessner et al., 2010).
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Decomposition and spatial variability in lakes
Lakes are heterogeneous in space and time. Spatial variability in lakes, i.e. a littoral and
pelagic zone, has direct consequences for decomposition, as these zones are directly
related to substrate availability (Wetzel, 2001b). In the littoral zone, both allochthonous
and autochthonous leaf litter material accumulates, supplying benthic detritivores and
microorganisms with substrate to break down. The released nutrients in the littoral can
be taken up by either macrophytes or microorganisms including (cyano-) bacteria, algae
(green algae and diatoms) and periphyton (Wetzel, 2001b). In general, this is the most ideal
place for decomposition because with respect to the pelagic, the littoral has more substrate,
higher water temperatures and contact with the sediment, from which detritivores benefit.
Decomposition in the pelagic is slower and less complete due to temperature and substrate
limitations (Nishri et al., 2011).
Decomposition and environmental change
As is the case in terrestrial habitats, the decomposition process in water is carried out by
microbial decomposers and invertebrate detritivores (Gessner et al., 1999) and is sensitive to
changes in environmental conditions, such as increases in nutrient availability (Woodward
et al., 2012). An increase in nutrient availability in aquatic environments has been shown to
accelerate the decomposition process as microbes grow faster, thus stimulating microbial
and invertebrate consumption (Gulis and Suberkropp, 2003; Woodward et al., 2012).
Eutrophication may, however, also decrease decomposition efficiency through suppression
of the diversity of the decomposing community (Gessner et al., 2010). Land use change and
climate change have altered nutrient dynamics throughout the world (Vitousek et al., 1997),
thereby intensifying eutrophication effects on decomposition (Murdoch et al., 2000).
The process rate of (exo-) enzymes, generally the rate-limiting factor in microbial decom
position, is strongly determined by the temperature of the environment (Blagodatskaya et
al., 2016; Cunha et al., 2010; Peterson et al., 2007). Global warming of surface waters (O’Reilly
et al., 2015) has a direct accelerating effect on the decomposition process, with up to 80%
of decomposition being driven by microbial activity (Griffiths and Tiegs, 2016; Pascoal and
Cássio, 2004). Moreover, eutrophication may intensify the effect of global warming on litter
decomposition in lakes (Ferreira and Chauvet, 2011).
Of course these drivers do not act in isolation, but results from published studies are
ambiguous on the combined effect of eutrophication and temperature on decomposition
(Durance and Ormerod, 2007; Ferreira and Chauvet, 2011; Marcarelli and Wurtsbaugh, 2006).
Other environmental factors, such as detritivore density or litter recalcitrance, may also
change along a climatic gradient thus confounding results of large-scale manipulations
(Ferreira et al., 2015). To disentangle the effect of temperature and litter quality on the
decomposition process among climate regions, a standardized litter is needed (Keuskamp
et al., 2013; Tiegs et al., 2013).
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Measuring decomposition
Traditionally, both in terrestrial and aquatic environments the decomposition process
is studied by using leaf litter packs (Bradford et al., 2017; Ferreira et al., 2015; Ferreira and
Chauvet, 2011; Garcia-Palacios et al., 2016; Gessner et al., 1999; Griffiths and Tiegs, 2016;
Gulis and Suberkropp, 2003; Keuskamp et al., 2013; Petersen and Cummins, 1974; Prescott,
2010; Wieder and Lang, 1982). When leaf litter enters the environment, a leaching event will
take place (Gessner et al., 1999). Water soluble substances leach from the material, while
microbes colonize and start to break down the litter. Macroinvertebrates shred the material
by eating both the microbial and leaf biomass after which only the most indigestible part of
the leaf material remains and is eventually stored in the sediment or sequestered (Gessner
et al., 1999). Litter packs capture the integrated result of these processes by their weight loss
in time. The rate at which mass loss takes place is often approximated by the decomposition
constant (k1 value) (Prescott, 2010). K-estimators have been frequently used to capture
differences in decomposition at a temporal or spatial scale, and among different sources
of litter material (Garcia-Palacios et al., 2016; Gessner et al., 1999; Hayes and Waldbauer,
2006). Additionally, the amount of material which is not broken down by the decomposing
community (stabilization factor S) gives information about the effectiveness of the
decomposing community under the current environmental conditions. This component of
the decomposition process has only been added to decomposition analyses fairly recently
(Harmon et al., 2009). The resulting two-phase decomposition process provides insight in
the carbon burial potential of ecosystems in which decomposition is measured. In light of
climate change, mapping, or even exploiting the carbon burying potential of ecosystems
might provide an opportunity to minimize the effects of anthropogenic CO2 emissions
(Keuskamp et al., 2013).

The Tea Bag Index
To see the effects of environmental factors on the decomposition process, a standard
uniform litter should be subjected to different levels of the desired factor. To be able to
accurately assess the impact of these factors, the decomposition process has to be mapped
across scales, thus ecosystems and climate regions, and at high spatial resolution.
The Tea Bag Index (TBI) is a method, designed by Keuskamp et al. (2013), where Lipton
tea bags are used as standard leaf litter to determine a decomposition constant (k1) and
stabilization factor (S). By determining the amount of recalcitrant material, this stabilization
factor is a measure for the effectiveness of the decomposing community under current
environmental conditions. The TBI was originally designed to provide process-driven
information on soil functions at local, regional and global scales. In this study, we tested
its usefulness in the aquatic environment. Using a fixed incubation period and two types
of tea, i.e. green tea to determine the stabilization factor and rooibos tea to determine the
decomposition constant, the TBI allowed for modelling of both decomposition rate (k1), as
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stabilization factor S. As it is an affordable, easy and fast standardized methodology, the TBI
allows for decomposition experiments at a much larger scale and, offers opportunities for
citizen science projects.
Opportunities of Citizen Science
While Citizen Science can refer to the remediation of environmental issues or problems
by any action, individual or group (Bonney et al., 2009; Sivek and Hungerford, 1990),
this definition has been broadened as seen in the 2014 edition of the Oxford Dictionary:
“scientific work undertaken by members of the general public, often in collaboration with
or under the direction of professional scientists and scientific institutions.” In recent years,
Citizen Science has received increasing attention from the scientific community as a way
to combine outreach, to address environmental literacy and as a means of doing scientific
research at larger scales (e.g. Arslan, 2012; Forawi, 2016; Henderson et al., 2012). Additionally, a
call for participatory science has been set out at the governmental level. The European Water
Framework Directive (WFD; EU, 2000) underlines the importance of public involvement for
the successful integration of sustainable water use. To successfully protect the ecological
quality of all Europe’s water, the WFD promotes citizens’ engagement in water quality
assessment and solutions, encourages water managers to invest in outreach initiatives that
deal with water awareness and further collaborations with non-government organizations
(NGOs; Dickinson et al., 2012). A standardized, affordable method such as the TBI index offers
a unique opportunity to collect scientifically robust data while contemporarily addressing
environmental issues and increasing scientific literacy of Citizen Science participants.
Objectives
The objectives of our study were twofold, (1) to assess the potential of the Tea Bag Index
(TBI) as an standard litter decomposition method for the aquatic environment, and (2) to
test to what extent large scale (trophic state, climate zone) and small scale patterns (lake
zone) drive decomposition as assessed by TBI methodology. To this end, a multi-lake
survey (40 lakes) was initiated by a consortium of scientists and citizen scientists working
together in EU-COST program Networking Lake Observatories in Europe (EU Cost action
1201; NETLAKE).

MATERIAL AND METHODS
This research consisted of a development phase in which we adapted the terrestrial TBI
method to the aquatic environment. In the second phase we applied the adapted TBI
method to assess decomposition rates in multiple lakes across climate zones and a gradient
of trophic states.
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Placement of teabags in lakes
The Tea Bag Index was carried out following Keuskamp et al. (2013). In short, 2–5 tetrahedronshaped synthetic tea bags containing green tea (Lipton pyramid bags EAN 87 22700 05552
5) and 2–5 tetrahedron-shaped synthetic tea bags containing Rooibos tea (Lipton pyramid
bags EAN 87 22700 18843 8) were placed together in the littoral, i.e. on top of the sediment
(1), in the pelagic (2) and buried 8 cm in the sediment following standard TBI protocol (3).
By placing the tea bags at different position in the lake, we aimed to follow the spatial
variability in decomposition. Placing the tea bags 8 cm in the lake sediment coincides with
the traditional TBI as it prevents tea bag loss due to predation or scouring but still allows the
littoral decomposing community to reach the tea bag. The standard retrieval time of the
tea bags is approximately 90 days after deployment. This time scale was used in upscaling
part of this research. After the tea bags were retrieved, they were gently washed with tap
water to remove adhering sediment and macroinvertebrates. The tea bags were then air
dried for 5 days at room temperature, after which the remaining dry weight was determined
using the same balances to determine initial weight, and weighted to the nearest 0.01g
(Keuskamp et al., 2013).
Adapting Tea Bag Index method to the aquatic environment
Because decomposition in aquatic environments entails a much larger leaching effect
compared to the terrestrial domain, we aimed to add this additional leaching effect to the
TBI analyses. Henceforth, we experimentally determined a ‘leaching factor’ to adapt the
TBI method to aquatic environments. To this end, on 29 April 2016, 288 Lipton green and
rooibos tea bags were placed in the pelagic, littoral and buried 8 cm in the sediment of a
small pond in Wageningen, the Netherlands (‘Wadi’, 0.03 ha; zmax 1.1 m; 51.987561, 5.670941).
We placed the pelagic tea bags on 20 locations in the Wadi, in which every location differed
in water depth, thickness of the organic layer and amount of macrophyte growth. We
placed the tea bags between 10 - 100 cm water depth, the littoral ones at a water depth
of 30 – 100 cm and the tea bags in the sediment at 8 cm but with different thickness of the
organic matter layer (0 - 9 cm). Macrophyte growth ranges from 0 – 60% cover, the water
temperature ranges from 9.5 °C to 14 °C during the leaching period. A bamboo stick was
used to facilitate placement and retrieval of the tea bags.
The variability of the amount and time frame of the leaching phase in aquatic
environments is high (France et al., 1997; Gessner et al., 1999). However, the TBI uses
commercial tea which has been dried for several days before packaging. This kills the
cells resulting in a loss of structural integrity which facilitates the rapid leaching of soluble
components (Gessner et al., 1999). To compensate for initial intense leaching we have
estimated leaching over the first 3 hours of submersion. This period is regarded as a pre-
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conditioning phase, to reflect leaching that takes place prior to colonization by microbes,
and can start relatively fast after entering the system (Krevš et al., 2017).
The fraction of weight loss relative to the initial weight of the green tea and rooibos tea
bags after 3 hours submersion in water was calculated for each zone (littoral, pelagic and
sediment). In this time frame, microbial decomposition is unlikely to break down detectable
amounts of material, but leaves sufficient time to capture the period of intense leaching
from the tea material. Differences in intense leaching among tea type and location in the
water column (zone) was tested using a pairwise t-test with Bonferroni correction. This
leaching factor was used as a correction factor for the initial tea weight, as leaching is not
an active part of the decomposition process, in further use of the TBI methodology in this
paper (see below for model calculations).

Two phase decomposition model with leaching factor
Decomposition rates and the amount of recalcitrant material (i.e. remaining fraction) are
estimated using a model in which a two phase decomposition process is assumed (as
described by Keuskamp et al., 2013; Wieder and Lang, 1982)
eq.1
In which Wt is the remaining mass of leaf litter (in grams) after the incubation period (t in
days), k1 is the decomposition rate (in day-1), and a is the decomposable fraction.
Function (eq. 1) was parameterized by fitting the weight losses of both tea types over
4 incubation periods: 3 hours and 27, 89, 138 days in the same Wadi pond located in
Wageningen, the Netherlands from 29 April 2016 until 14 September 2016.
In the TBI methodology, green and rooibos tea bags from the same location are coupled to
recreate this two phase decomposition model using only one incubation period in which
rooibos tea allows for estimation of k, and green tea for a (as established by Keuskamp
et al. (2013). As the decomposition process progresses, part of the labile, decomposable
fraction stabilizes and becomes recalcitrant (Prescott, 2010). This stabilization is conditional
on the environment and will thus result in deviations of the actual decomposed fraction a.
This inhibiting effect of the environment on the decomposition process is captured in the
stabilization factor S, which is calculated using equation 2.
eq.2
In which S is the stabilization factor, ag is the decomposable fraction and Hg is the hydrolysable
fraction of green tea. ag is determined by dividing the final weight by its initial weight
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The leaching factor was used as a correction factor for the initial tea weight, by subtracting
the multiplication of the initial tea mass times the leaching factor, specific for the position of
the tea bag in the water column.
As leaching reduces the initial tea weight, it specifically reduces the relative size of
the hydrolysable fraction for both green tea and rooibos tea (Hg and Hr). Therefore, we
subtracted the specific leaching factor for green tea or rooibos tea from respectively Hg and
Hr and divided this by 1-leaching factor. The resulting corrected hydrolysable fraction was
thereafter used to calculate the stabilization factor S and decomposition rate k1.
To assess the effect of the inclusion of a leaching factor on our results we compared
the results obtained using the leaching factor, to the results obtained when using the
traditional TBI calculation, i.e. not applying the leaching factor. The variance within groups
was larger compared to when the leaching factor was used, leading to non-significant
results between groups (results not shown, available upon request). Moreover, leaching
in the aquatic environment plays a larger role compared to the terrestrial ecosystem. We
therefore recommend not to disregard the leaching factor when deploying the TBI method
in the aquatic environment.
Scaling up: testing large and small scales patterns using citizen science
Citizen Science relies on willing individuals with an interest in their environment (lakes) and
curious about science. Therefore, the lakes were selected based on the following criteria: the
presence of a citizen scientist teamed up with science partner to ensure quality assurance
when collecting data and timely feedback during the sampling period. Prior limnological
knowledge of the lake was considered to be an important factor when choosing among
different lakes in a single area. Additional quality assurance check points in the sampling
procedure included standardization of scales used and photographic checks of tea bag
placement.
To ensure standardization of the TBI methodology we trained scientists and citizen
scientists during a NETLAKE EU COST Action (1201) workshop in the Czech Republic in 2016
(visit http://ekolbrno.ibot.cas.cz/en/2016/06/20/zprava-z-training-school-cost-netlake/ to
see the report including photos from this workshop). During this workshop the protocols
were further fine-tuned and a website and Facebook group was created, after which 25
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of green tea. Hg is the sum of the nonpolar extractives, water solubles and acid solubles
of green tea as determined by Keuskamp et al. (2013) using a sequential carbon fraction
extraction technique by Ryan et al. (1990).
Subsequently, equation 1 was rewritten to calculate the decomposition constant k1
using the one time point approach of the TBI methodology. For the decomposable fraction
(a), the decomposable fraction of rooibos tea was used (ar), calculated by multiplying the
hydrolysable fraction of rooibos Hr by (1-S).
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groups signed up to study a lake for this European wide citizen scientist project. Six lakes
repeated the TBI measurement in 2017, and additional 8 lakes joined in 2017. The results
from TBI placement in 7 lakes in 2015 were included, bringing the total number of lakes to
40 (Fig. 4.1; Supplement 1). For the TBI methodology, tea bags were weighted to the nearest
0.01 grams according to the provided protocol (visit www.nioo.knaw.nl/netlake-citizenscience to access the protocols).

Study sites for citizen science
The TBI adapted to the aquatic environment was deployed in 40 lakes across Europe in
2015–-2017 (Fig.5.1). Using the Köppen – Geiger climate classification, lakes were assigned to
their specific climate region (Rubel and Kottek, 2010). For the Italian lakes the more detailed
classification by (Rubel et al., 2017) was used. Volunteers placed more than 500 tea bag
pairs in the littoral, pelagic and sediment zones across four Köppen- Geiger climate zones:
27 lakes in temperate regions without a dry season (Köppen- Geiger climate region Cf), 3
lakes with a dry summer (Cs), 5 lakes in cold continental regions without a dry season (Df)
and 5 lakes in a polar region with a tundra climate (ET). In addition, we placed (IButton®)
temperature loggers in the littoral zone in 34 out of the 40 European lakes.
To be able to assign trophic state to each of the participating lakes, volunteers were asked
to measure Secchi depth. Using the trophic state index (TSI) for lakes (Carlson, 1977), Secchi
depths were converted to a trophic state index using equation 3.
eq.3
Where TSI = Trophic State Index and SD = Secchi disk depth (m). A TSI score of above
70 indicates a hypereutrophic lake, a score between 50 and 70 is classified as eutrophic,
between 40 and 50 as mesotrophic and below 40 as oligotrophic.
In total across our lakes, 105 sites were chosen to determine the decomposition rate and
stabilization constant. Of these 105 sites, 60 sites were located in the littoral zone, 34 sites
in the pelagic and 11 sites in the sediment (Supplement 1). Each site was composed of 2-5
tea bag pairs.
Of the deployed teabags, 313 tea bag pairs where used for further analysis. Causes of
exclusion included loss of tea bags due to vandalism or weather conditions or inaccurate
final tea weight determination due to trapped macrofauna, sediment particles or biofilm
formation.
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Fig. 5.1. Overview of participating lakes in the NETLAKE citizen science COST Action 1201 in 2015 (blue),
2016 (white), 2017 (red) and both in 2016 and 2017 (yellow). Red square indicates location of validation
of TBI methodology in 2016. The background map displays Köppen-Geiger climate regions (Rubel et
al., 2017; Rubel and Kottek, 2010), longitude and latitude geographic coordinates (decimal degrees) are
indicated around each panel.

Data analyses
Differences in fraction mass loss for green and rooibos tea among climate zones and TSI
was tested using an ANOVA, modified to use permutation tests instead of normal theory
tests (aovp). This same test was used to determine differences among the decomposition
constant (k1) and stabilization factor (S) between climate regions, TSI and position in the
water column. To avoid pseudoreplication (Hurlbert, 1984), we used “lake position in the
water column” as our experimental unit, allowing us to test for differences in decomposition
at lake zones across a climatic and trophic gradient. As we expected that our unbalanced
design could have an effect on the outcome of our analyses, we ran a separate analyses
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where we randomly selected 5 lakes in the Cf climatic region (temperate climate without a
dry season; overrepresented in our dataset) and all other climate regions were retained in
the original sample size.
All analyses were carried out using R version 3.2.3 with base package stats and the dplyr
v0.4.3, lmPerm v2.1.0, ggplot2 v2.2.1 and minpack.lm v1.2-0 package (Elzhov et al., 2015; R
Development Core Team, 2015; Wheeler and Torchiano, 2016; Wickham, 2009; Wickham and
Francois, 2015).

RESULTS
Developing the Tea Bag Index method for the aquatic environment
The average weight loss of tea bags placed in a shallow eutrophic lake for 3 hours differed
based on the location. On average, 0.243 mg (± 0.059 SD) of green tea and 0.098 mg (± 0.030
SD) of rooibos tea was leached from the tea bags over the 3 hours (Table 5.1). Additionally, the
leaching fraction differed significantly between the tea bags placed in the pelagic zone and
tea bags placed in the littoral zone or buried 8 cm in the sediment (Fig. 5.2, p = 0.003). Water
depth, macrophyte cover or thickness of the organic matter layer on top of the sediment did
not significantly influence the leaching factor. To determine the decomposition constant
and stabilization factor using the TBI in an aquatic environment, this leaching fraction,
specific for the position of the tea bags in the water column (resulting in pelagic, littoral and
sediment fraction), was used to correct the initial tea weight.
Recreating the decomposition dynamics of rooibos and green tea in an aquatic environment
required a multi-harvest approach as previously described by Keuskamp et al. (2013)
(Fig.5.3). Green tea decomposed relatively fast and began to level off after 30-60 days
depending on the location in the water column. Rooibos tea decomposed much slower and
only started to level off at the end of the experiment (±130 days). As green tea reached its
limit value relatively fast, it allowed for estimation of S, while rooibos was still being actively
decomposed allowing the estimation of k1. Based on these results the TBI incubations for
the across site assessment where kept at 90 days, similar to the standard TBI protocol for
soils.
Rolling out to larger scale using Citizen Science

Decomposition constant (k1) and stabilization factor (S)
The calculated decomposition constant (k1) and stabilization factor (S) per lake was
compared to the range of k1 and S as found by Keuskamp et al. (2013). The values for S found
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Table 5.1. Weight loss (grams and fraction of start weight) of green tea and rooibos tea during a 3 hour
leaching event. Tea bags were placed at 3 locations in the lake; pelagic zone +/- 5 cm under de water
surface, in the littoral between submerged plants, and buried 8 cm in the sediment according to the
standard TBI protocol (mean ±SD).
fraction
0.280 (± 0.014)
0.218 (± 0.081)
0.230 (± 0.037)
0.243 (± 0.059)

Rooibos tea
grams
0.252 (± 0.044)
0.199 (± 0.083)
0.201 (± 0.057)
0.217 (± 0.068)

fraction
0.113 (± 0.019)
0.090 (± 0.037)
0.090 (± 0.025)
0.098 (± 0.030)

Chapter 5

Pelagic
Littoral
Sediment
Lake average

Green tea
grams
0.581 (± 0.042)
0.454 (± 0.170)
0.480 (± 0.080)
0.505 (± 0.124)

Fig 5.2. Fraction mass loss of green tea and rooibos tea relative to start weight after 3 hours submersion
to capture the period of intense leaching in pond Wadi, Wageningen, the Netherlands. Position indicates
the difference between placing the tea bags buried 8 cm in the sediment (S), laying on top of the
sediment - littoral zone (L) or hanging in the water column – pelagic zone (P). Letters indicate significant
pairwise differences between the different positions and tea types (p <0.05).

in our experiment ranged from -0.39 to 0.8 (average 0.106 ± 0.191 SD). The decomposition
constant (k1) values calculated in our experiment ranged from 0.00001 to 0.06 day-1 (average
0.0078 day-1 ± 0.0067 SD). These values are somewhat higher than the ones obtained by
Keuskamp et al. (2013) (Fig.5.4).

Decomposition and spatial variability in lakes
We placed tea bags at different positions in the lake i.e. in the pelagic, in the littoral
between aquatic plants, and buried in the lake sediment, to follow different decomposing
communities. A significant difference was found for relative mass loss of rooibos tea

119

Chapter 5 | Tea Bag Index for surface waters

Fig. 5.3. Relative mass remaining of rooibos and green tea as measured in shallow lake in different
positions in the water column (Pelagic, hanging in the water column; littoral, laying on top of the
sediment; sediment, buried 8 cm in the sediment). The tea bags were retrieved after 3 hours, and 27, 89
and 136 days of incubation (n = 45). Lines show fitting to exponential decay function (eq 1). Vertical bars
represent standard errors.

Fig. 5.4. Decomposition constant (k1, day-1) and stabilization factor (S) across terrestrial ecosystems ([1] –
[15], in color; data from Keuskamp et al. [2013]) and European lakes per decomposition zone (littoral [16],
pelagic [17] and in the sediment [18]; in black).
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(p=0.002) and for the relative mass loss of green tea (p=0.001) between the pelagic, littoral
and sediment in lake zones. Likewise, a significant difference between these positions in the
water column was found for the stabilization factor S (p=0.042) and for the decomposition
constant k1 (p=0.045).

Trophic gradient
The trophic state index could not be calculated for 8 of the 40 lakes as no Secchi depth
was available during the tea bag incubation period. Twelve oligotrophic and 17 eutrophic
lakes were subsampled and tested against 7 mesotrophic lakes per tested parameter.
Hypereutrophic lakes (n = 2) and lakes where trophic state could not be determined were
excluded from the analysis. Significant differences among trophic state were found in mass
loss of rooibos tea (p = 0.026) and for the decomposition constant k1 (p = 0.012). On average, a
higher decomposition rate was found in eutrophic lakes, however the highest decomposition
rates were found in an oligotrophic lake (p < 0.05). Additionally, a significance difference
of mass loss of green tea were found (p = 0.007), leading to a significant difference for
stabilization factor S (p = 0.004) over trophic states (Fig.5B). Eutrophic sites had significantly
higher stabilization constants than oligotrophic and mesotrophic sites (p < 0.05).

DISCUSSION
Litter decomposition is widely used as an indicator of ecosystem functioning in streams
and rivers (Gessner et al., 1999). The weight loss of two tea types, a highly standardized
litter material, was followed in order to determine the suitability for the use of this tea bag
methodology (TBI) in an aquatic environment. We introduced the leaching factor to correct
for the initial leaching event which plays a much larger role in aquatic decomposition
compared to terrestrial decomposition. We recommend that this leaching factor should
be added to standard TBI methodology to calculate the decomposition constant and
stabilization factor in aquatic environments. By placing tea bags in 40 lakes across four
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Climate region
After correcting for the overrepresentation of the temperate region without a dry season
(Cf), a significant difference among the relative weight loss per rooibos tea bag was found
(p < 0.0001), which resulted in a significant difference for decomposition factor (k1) among
climate regions (p = 0.0007, Fig.5.5A). No significant difference in the rate at which green tea
decomposed across the climate regions was found (p = 0.052), consequently, no significant
climate region effect in the stabilization factor S (p = 0.078) was found. The temperate
regions (Cf and Cs) had significantly higher decomposition rates than the cold continental
region (Df) and polar region (ET) (p < 0.05).
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Fig 5.5. A Measured variation in decomposition rate or constant (k1, day-1) among different climate zones
in 40 lakes across Europe. Climate zones include temperate regions without a dry season (KöppenGeiger climate region Cf, n = 27), with a dry summer (Cs, n = 3), cold continental regions without a dry
season (Df, n = 5) and polar region with a tundra climate (ET, n = 5) (corrected for overrepresentation of
Cf region). Letters indicate significant pairwise differences between climate regions (p <0.05).
B Measured variation among stabilization factor (S) among lakes with different trophic states based
upon Secchi depth. Twelve oligotrophic and 17 eutrophic lakes were subsampled and tested against
7 mesotrophic lakes. Hypereutrophic lakes (n = 2) and lakes where no trophic state could be determined
were excluded from the analysis. Letters indicate significant pairwise differences between trophic states
(p <0.05).

climate zones and trophic states we show that the TBI, with leaching factor adjustment,
is able to pick up a temperature and eutrophication signal. Here, we offer an extension of
the TBI methodology in an effort to create a validated global decomposition map across
ecosystems as proposed by Keuskamp et al. (2013) and (Garcia-Palacios et al., 2016).
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Tea Bag Index
The Tea Bag Index (TBI) methodology is a standardized litter bag experiment to determine
terrestrial decomposition, similar to those performed since the 1970s (Winterbourn, 1978).
However the simultaneous use of two tea types (used in the current study as well) allows
for only one time point to calculate decomposition rates. This greatly reduces the amount
of samples needed and effort required by (citizen) scientists. Additionally, using the TBI
provides not only the traditional decomposition constant k1 (reflecting the decomposition
rate) but also a stabilization factor S (reflecting the amount of material that cannot be
broken down). This gives additional information about the decomposition curve but also
about the amount of the tea material that can be broken down by the microbial community
in situ under the present environmental conditions. Adapting this methodology to aquatic
environments creates opportunities to include these ecosystems in global carbon maps and
for non-experts to contribute to decomposition databases. The TBI excludes detrivorous
macrofauna that play a role in natural decomposition as they feed not only on the litter
itself but also on the fungal mycelium colonizing the litter (Garcia-Palacios et al., 2016;
Gessner et al., 1999). As with the traditional fine mesh litter bag method, by excluding
these detritivores their contribution to the decomposition process and rate is not taken into
account (Benfield, 2006). As macroinvertebrates are especially sensitive to changes, they
are likely to be impacted by degradation of their ecosystem quite early on, thus effecting
the decomposition process early on (Gessner et al., 2010; Hodkinson and Jackson, 2005).
If the TBI methodology would be used for the early detection of ecosystem degradation,
the exclusion of detritivores might lead to an underestimation of k1 and S. However, the
microbial community can also respond quickly to environmental change as shown by
Suberkropp and Chauvet (1995), where significant changes in microbial decomposition of
leaves were seen after 5 days of transferring the leaf material to a stream with contrasting
water chemistry.
The TBI can thus provide a good estimation of the speed (k1) and completeness (S) of
microbial decomposition which is not confounded with detritivore effects. Other substantial
benefits of the TBI are ease of deployment and low costs.
The use of “alien standard litter” is necessary to be able to compare decomposition
rates (k1) and stabilization factor (S) across climate zones and trophic states, but especially
across ecosystems. This does not replace the need of decomposition experiments with
allochthonous or local autochthonous litter in terrestrial and aquatic systems but rather
adds additional information transcending ecosystem boundaries and allowing for global
mapping of a key ecosystem process.

Tea Bag Index methodology standardization for the aquatic environment
The decomposition process in the aquatic environment can be described in three stages;
leaching, conditioning and fragmentation. In the decomposition process of tree leaves,
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leaching can take up to 24 hours for autumn leaves, and up to several days or even weeks
for fresh leaves (France et al., 1997; Gessner et al., 1999). We defined a leaching period of
3 hours sufficient to capture the initial intense leaching of sun dried tea material (Whitworth
et al., 2014). The contribution of intense leaching to mass loss in these 3 hours differed
between lake zones (Fig. 5.2). Stronger contact with water in the pelagic, resulted in more
pronounced leaching from tea bags placed there compared to tea bags placed in the
littoral or in sediment. These differences should be, and have been, taken into account
in determining the k1 and S in each lake zone. By measuring weight loss at five different
time points, we were able to fit a two phase model for decomposition as an independent
control of the quality of single-point TBI estimations of k1 and S. (Fig. 5.3). Both green tea and
rooibos tea decomposition in our lakes followed the same model as in the laboratory (dry)
conditions (Fig. 2 in Keuskamp et al., 2013). This clearly shows that the TBI can be used to
adequately assess the decomposition process in aquatic systems.
Factors influencing the decomposition process
The rate of terrestrial decomposition is determined by several factors, including temperature,
moisture and pH, the quantity and quality of the decomposing material and the microbial
community involved in decomposition (Chapin III et al., 2002).
Temperature affects the decomposition process not only by determining the activity
of decomposing community but also the leaching stage. Whitworth et al. (2014) looked at
the effect of temperature on DOC leaching from natural litter. After 5 hours of incubating
sterile litter with Nanopure water, litter placed at 25 °C and 30 °C lost roughly double
the amount of DOC compared to litter that incubated at 5 °C, 10 °C, 15 °C and 20 °C
(Whitworth et al., 2014; figure 1). Additionally, the amount of DOC leaching at 5 °C, 10 °C,
15 °C and 20 °C is very similar. During the 3 hour leaching event in this research, the water
temperature ranged from 9.5 to 14 °C in lake Wadi. At the start of the European scale TBI
experiment, the water temperatures ranged from 9.7 °C to 25.1 °C. Of our European lakes,
19 of the 34 lakes had a start temperature colder than 20 °C, while 15 have a temperature of
above 20 °C at the leaching phase. For these 15 lakes, we might underestimate the weight
loss by leaching when using the leaching factor determined in lake Wadi according to
Whitworth et al. (2014). However, as we have used dried tea leaves as opposed to natural
litter material, the difference between the amount of leaching at < 20 °C and > 20 °C might
be less pronounced.
In aquatic environments, as opposed to the terrestrial ecosystem, moisture is not a
determining factor, while oxygen plays a much more important role (Pascoal and Cássio,
2004). As oxygen concentrations drop, microbial decomposition slows down substantially,
albeit not coming to a full stop (Gomes et al., 2018). Aquatic microbial communities frequently
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encounter low oxic conditions due to anthropogenic factors such as intensified agriculture
resulting in higher nutrient concentrations in waters. This stimulates microbial activity,
depleting oxygen as it is used as the primary electron acceptor during respiration by aerobic
organisms. In the aquatic environment, anaerobic organisms will then take over and will
use other electron acceptors such as nitrate and sulfate, thus continuing the decomposition
process (Krevs and Kucinskiene, 2012). These essential environmental differences between
terrestrial and aquatic system contributed to the wider range of decomposition rates (k1)
and stabilization factors (S) as found in this study. The negative S values that were frequently
obtained indicate the net loss of stable compounds, a phenomenon not frequently seen in
terrestrial deployment of TBI (Keuskamp et al., 2013). The hypothetical un-decomposable
fraction (resulting in S) includes not only untransformed material that will not decompose
under the current conditions, but also stabilized primary and secondary compounds.
Clearly, in our lakes, the microbial community was able to use (one of these) compounds for
growth thus resulting in negative S values.
Additionally, higher decomposition rates (k1) were found in this study compared to
Keuskamp et al. (2013) (Fig. 5.4). Terrestrial decomposition rates can be limited by moisture
(Prescott, 2010). For obvious reasons, moisture is not a limiting factor in lakes. As water is a
more permeable environment than soil, the tea material could be easier accessible for the
microbial community. The present lack of comparison between terrestrial versus aquatic
decomposition hampers our understanding of this underlying mechanisms governing
these differences. By disclosing the TBI methodology for the aquatic environment a whole
new avenue of comparative research is opened up.

Climate regions
Temperature effects on decomposition have been researched extensively in various
ecosystems (i.e. Griffiths and Tiegs, 2016; Zhang et al., 2008). Litter decomposition in
terrestrial ecosystems (k) tends to decrease with latitude, and increase with temperature
and nutrient conditions (Prescott, 2010; Zhang et al., 2008). The results of our multi-lake
survey indicated that microbial decomposition rates in lakes in warmer climates are indeed
higher than lakes in colder climates. This was also found in numerous studies with natural
and artificial decomposable material and in other aquatic systems such as streams (Boyero
et al., 2011; Davidson and Janssens, 2006; Irons III et al., 1994).
Aquatic systems are very suitable to assess the impact of climate warming on
decomposition as – contrary to terrestrial systems – moisture availability is not a confounding
factor. Using lakes across latitudinal gradients as surrogates for future temperature changes
(time-for-space substitution), the effects of climate change on decomposition can be
predicted (Parmesan and Yohe, 2003). In this study we show that the highly standardized
TBI methodology can pick up these effects of climate change using a latitudinal gradient.
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Eutrophication gradient
By placing the TBI in lakes across Europe we show that the aquatic TBI is able to pick up an
eutrophication signal on the in-lake decomposition process. This confirms our hypothesis
that nutrient conditions can greatly influence the decomposition process. In a meta-analysis
of the effect of nutrient addition to in-stream decomposition by Ferreira et al. (2015),
nutrients were found to increase the decomposition rate on average by ± 50%. Likewise, in
our study, the effect of eutrophication (indicated by the trophic state index) was found in
the decomposition rate (k1) and also in stabilization factor (S). The occasional high S values
found for eutrophic lakes indicate a less efficient microbial community possibly caused by
the fact that plenty of decomposable material is present. This reduces the need of microbes
to decompose the harder, more recalcitrant, material for growth. Oligotrophic lakes could
have less total litter material available for the decomposing community, making them
more efficient when breaking down the limited amount of available material. Overall, the
variation of S in eutrophic lakes is much higher than for mesotrophic and oligotrophic lakes
probably due to a cofounding effect with lake zones and climate regions. As eutrophication
is expected to increase in the future due to increased land use changes, population growth
and climate change (Ferreira et al., 2015), a better understanding of its effect on ecosystem
processes is vital to proper management of water bodies.
We encountered a high variability within certain trophic states and climate regions and an
overrepresentation of certain bins, partly a consequence of our citizen science approach.
Nevertheless, we were still able to pick up a climate and trophic signal using the TBI. For
further research a targeted outreach to, for instance, lake associations and lakeshore
inhabitants following a nested sampling design might result in a more evenly distributed
dataset and allow deeper analysis of the effects of both climate change and eutrophication
on aquatic decompositions. Additionally, the trophic state index based upon a limited
number of Secchi readings is not ideal to determine the trophic state of a lake. For further
research, the nutrient status of the lakes should be assessed using simple inexpensive kits
and/or via remote sensing (e.g. Shi et al., 2018).
Opportunity for management
The European Water Framework Directive 2000/60/EU (WFD) has been implemented
to restore Europe’s waters and is the most substantial and ambitious piece of European
environmental legislation to date. However, since its implementation 18 years ago, the main
goal of good ecological status of all EU waters has not been achieved. Voulvoulis et al. (2017)
assign this to the lack of integrated catchment management, i.e. considering the whole
system, a pre-requisite for the effective implementation of the WFD. Methods such as the
TBI can be applied in both terrestrial and aquatic systems to assess a key ecosystem process.
Incorporation of decomposition rates and stabilization factors in standard monitoring
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regime can be of great use to achieve this shift to more system-based approach. Studying
decomposition, a fundamental ecological process on the catchment scale, can advance
integrative water management whilst at the same time contributing to scientific research
on a global scale.
Besides achieving a good status for all Europe’s water, the WFD aims to actively involve
citizens in the catchment based approach. The TBI is highly suitable to combine these goals
in one methodology. This standardized, affordable method offers a unique opportunity
to combine the goals of the WFD while simultaneously addressing environmental and
scientific literacy.

•
•
•
•
•

The lack of a standardized litter decomposition method for aquatic vs. terrestrial
ecosystems is an obstacle for the development of common decomposition models
(Garcia-Palacios et al., 2016).
By adding a leaching factor to the TBI methodology, currently only validated for
terrestrial systems, the TBI methodology can be deployed in aquatic systems.
The TBI methodology can pick up patterns in climate and eutrophication across
ecosystems. This is a first step in using the TBI in mapping global decomposition
patterns in aquatic systems.
Future studies should look at balanced design and more suitable predictor variables
(temperature, oxygen and nutrient concentrations).
Citizen science can contribute to gathering relevant data on ecosystem processes
across ecosystems using standardized, easy and cheap methodologies.
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Year
sampled
2016
2016
2016
2016
2016
2016
2016
2016
2017
2016, 2017
2017
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016

Country
B
B
B
B
B
B
B
CZ
CZ
CZ
CZ
DN
DN
IR
IR
IR
IR
IR
IR
IR
IR
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT

Lake
Ekeren
Ekeren
Ekeren
Ekeren
Ekeren
Ekeren
Ekeren
Dehtář
Holásecký
Žebětínský
Hamerský
Knudsø
Knudsø
Emy
Emy
Emy
Emy
Emy
Emy
Emy
Emy
Campo
Roncone
Roncone
Roncone
S. Giustina
Lugano
Corvo
Malghette
Maggiore
Mezzana
Fischzuchtteich

Altitude
above sea
Latitude N Longitude E level (m)
51.28379
4.39302
1
51.28379
4.39302
1
51.28379
4.39302
1
51.28379
4.39302
1
51.28379
4.39302
1
51.28379
4.39302
1
51.28379
4.39302
1
49.00736
14.2971
412
49.14611
16.6425
193
49.21421
16.4929
306
50.05230
14.4861
220
56.10177
9.76367
20
56.10177
9.76367
20
54.33509
-6.93902
48
54.33509
-6.93902
48
54.33779
-6.93327
48
54.33779
-6.93327
48
54.34475
-6.93679
48
54.34475
-6.93679
48
54.34214
-6.94121
48
54.34214
-6.94121
48
46.04049
10.49856
1943
45.98593
10.67775
782
45.98593
10.67775
782
45.98593
10.67775
782
46.37199
11.05023
553
45.98315
8.95699
271
46.44074
10.81447
2462
46.26685
10.81890
1880
45.93108
8.48100
193
46.27778
10.80972
2001
46.71771
11.65724
500

Overview of participating lakes and lake characteristics

SUPPLEMENT 1

area
km2
0.20
0.20
0.20
0.20
0.20
0.20
0.20
2.46
0.02
0.04
0.03
1.91
1.91
0.43
0.43
0.43
0.43
0.43
0.43
0.43
0.43
0.09
0.03
0.03
0.03
3.50
48.70
0.06
0.10
212.00
0.01
0.00
5
177

7
7
5
5
5
5
5
5
5
5
13.7
2
2
2
152

129

TBI
TBI placed placement
in lake zone depth (m)
littoral
1
pelagic
1
pelagic
3
pelagic
6
pelagic
9
pelagic
12
pelagic
15
littoral
1
littoral
0.8
littoral
1
littoral
1
littoral
1
pelagic
1
sediment
1
littoral
1
sediment
1
littoral
1
sediment
1
littoral
1
sediment
1
littoral
1
littoral
1
pelagic
1
pelagic
1
littoral
1
pelagic
1
littoral
10
littoral
1
pelagic
1
littoral
10
littoral
1
littoral
1
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20
11
370
12.5
5

27
4
4
4
52

30
30

Mean Max
depth depth
(m)
(m)
21
21
21
21
21
21
21
6
Secchi
(m)
3.00
3.00
3.00
3.00
3.00
3.00
3.00
0.40
0.58
0.54
0.82
2.80
2.80
1.40
1.40
1.40
1.40
1.40
1.40
1.40
1.40
12.10
2.15
2.15
2.15
3.20
6.00
12.50
10.30
6.00
NA
1.03

Trophic State
Index
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Hypereutrophic
Eutrophic
Eutrophic
Eutrophic
Mesotrophic
Mesotrophic
Eutrophic
Eutrophic
Eutrophic
Eutrophic
Eutrophic
Eutrophic
Eutrophic
Eutrophic
Oligotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
NA
Eutrophic

Koppen
Geiger
climate
classification
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Df
Cf
Cf
Cf
Cf
Cs
ET
Df
Cs
ET
Cf
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Year
sampled
2016
2016
2016
2016, 2017
2017
2016, 2017
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2017
2017
2016, 2017
2017
2016, 2017
2017
2017
2016, 2017
2015
2015
2015
2015
2015
2015
2015
2016

Country
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
IT
NL
NL
NL
NL
NL
NL
NL
NL

Lake
Millander Au
Seeburgweihe
Vahrner See
Tovel
Casinei
Corvo
Tovel
Lugano
Lugano
Maggiore
Maggiore
Maggiore
Maggiore
Lases
Lases
Lases
Tovel
Tovel
Campo
Fishpond
Maresse
Mare
Campo
Wildersee
S. Giustina
Valagola
Barco
Mezzana
Rosmalense plas
Engelermeer
de Omloop
Blauwe meer
Gat van Waalre
Plas Wagenberg
Leemkuilen
Haarlemmermeer

Altitude
above sea
Latitude N Longitude E level (m)
46.70854
11.65946
500
46.71771
11.65724
600
46.76538
11.63461
712
46.26137
10.94984
1178
45.945123 10.511861
2059
46.44074
10.81447
2462
46.26137
10.94984
1178
45.98315
8.95699
271
45.98315
8.95699
271
45.93108
8.48100
193
45.93108
8.48100
193
45.93003
8.48169
193
45.93003
8.48169
193
46.13908
11.22125
632
46.13908
11.22125
632
46.13908
11.22125
632
46.26137
10.94984
1178
46.26137
10.94984
1178
46.04049
10.49856
1943
46.18081
11.12739
228
45.92939
10.552052
1842
46.059754 10.497431
2232
46.04049
10.49856
1943
46.898193 11.5899
2532
46.37199
11.05023
553
46.165991 10.82025
1595
46.273486 10.706155
1904
46.27778
10.80972
2001
51.723447 5.334576
4
51.702733 5.239674
1.3
51.791854 4.950042
0.8
51.613653
5.057933
9
51.396893 5.445546
28.5
51.656317
4.752216
0.3
51.60757
5.184475
6
52.329063 4.673379
-3
area
km2
0.00
0.00
0.02
0.39
0.06
0.06
0.39
48.70
48.70
212.00
212.00
212.00
212.00
0.12
0.12
0.12
0.39
0.39
0.09
0.00
0.00
0.01
0.09
0.10
3.50
0.03
0.02
0.01
0.19
0.15
0.06
0.20
0.15
0.10
0.38
0.24

130
27
152
4
8
12.5
11.6
8.1
6.8
23.4
11.7
7.0
7.3
20

13.7
52

31.2
15.5
13.5
10.8
22.7
17.5
15.5
11

20
19
288
288
370
370
370
370
26
26
26
19
19
27
1.5

39
134
134
177
177
177
177
15.2
15.2
15.2
39
39
13.7

Mean Max
depth depth
(m)
(m)
1
2
2
3.5
39
19

TBI
TBI placed placement
in lake zone depth (m)
littoral
1
littoral
1
littoral
1
pelagic
1
littoral
1
littoral
1
sediment
4
sediment
1
pelagic
1
sediment
1
pelagic
1
sediment
1
pelagic
1
pelagic
5
pelagic
10
pelagic
15
pelagic
1
littoral
1
pelagic
1
littoral
1
littoral
1
littoral
1
pelagic
1
littoral
1
pelagic
1
littoral
1
littoral
1
littoral
1
littoral
0.5
littoral
0.5
littoral
0.5
littoral
0.5
littoral
0.5
littoral
0.5
littoral
0.5
sediment
1.2
Secchi
(m)
1.20
0.73
1.28
15.70
NA
12.50
10.60
6.00
6.00
6.00
6.00
4.50
4.50
6.59
6.59
6.59
10.60
10.60
12.10
1.20
NA
NA
9.60
NA
3.20
3.50
NA
NA
4.20
4.50
0.90
6.45
4.65
3.35
3.15
5.50

Trophic State
Index
Eutrophic
Eutrophic
Eutrophic
Oligotrophic
NA
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Eutrophic
NA
NA
Oligotrophic
NA
Mesotrophic
Mesotrophic
NA
NA
Oligotrophic
Oligotrophic
Eutrophic
Oligotrophic
Oligotrophic
Mesotrophic
Mesotrophic
Oligotrophic

Koppen
Geiger
climate
classification
Cf
Cf
Cf
Cf
ET
ET
Cf
Cs
Cs
Cs
Cs
Cs
Cs
Cf
Cf
Cf
Cf
Cf
Df
Cf
Df
ET
Df
ET
Cf
Df
Df
ET
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
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Year
sampled
2016
2016
2016
2016
2016
2016
2016
2016
2016
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2016
2016
2016
2016
2016

Country
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
RS
RS
RS
S
T

Lake
Haarlemmermeer
Haarlemmermeer
Vinkeveen
Vinkeveen
Vinkeveen
Haarlemmermeer
Haarlemmermeer
Haarlemmermeer
Vinkeveen
Rosmalense plas
Rosmalense plas
Rosmalense plas
Engelermeer
Engelermeer
Engelermeer
de Omloop
de Omloop
de Omloop
Blauwe meer
Blauwe meer
Blauwe meer
Gat van Waalre
Gat van Waalre
Gat van Waalre
Plas Wagenberg
Plas Wagenberg
Plas Wagenberg
Leemkuilen
Leemkuilen
Leemkuilen
Palic
Palic
Palic
Erken
Eymir

Altitude
above sea
Latitude N Longitude E level (m)
52.329063 4.673379
-3
52.329063 4.673379
-3
52.23526
4.95843
1
52.23526
4.95843
1
52.23526
4.95843
1
52.32899
4.673459
-3
52.32899
4.673459
-3
52.32899
4.673459
-3
52.23526
4.95843
1
51.723447 5.334576
4
51.723447 5.334576
4
51.723447 5.334576
4
51.702733 5.239674
1.3
51.702733 5.239674
1.3
51.702733 5.239674
1.3
51.791854 4.950042
0.8
51.791854 4.950042
0.8
51.791854 4.950042
0.8
51.613653
5.057933
9
51.613653
5.057933
9
51.613653
5.057933
9
51.396893 5.445546
28.5
51.396893 5.445546
28.5
51.396893 5.445546
28.5
51.656317
4.752216
0.3
51.656317
4.752216
0.3
51.656317
4.752216
0.3
51.60757
5.184475
6
51.60757
5.184475
6
51.60757
5.184475
6
46.07632
19.75719
98
46.07632
19.75719
98
46.07632
19.75719
98
59.84653
18.56929
11
39.82584
32.83349
984
area
km2
0.24
0.24
0.96
0.96
0.96
0.24
0.24
0.24
0.96
0.19
0.19
0.19
0.15
0.15
0.15
0.06
0.06
0.06
0.20
0.20
0.20
0.15
0.15
0.15
0.10
0.10
0.10
0.38
0.38
0.38
4.60
4.60
4.60
23.70
1.10

Mean
depth
(m)
11
11
4
4
4
11
11
11
4
31.2
31.2
31.2
15.5
15.5
15.5
13.5
13.5
13.5
10.8
10.8
10.8
22.7
22.7
22.7
17.5
17.5
17.5
15.5
15.5
15.5
1.9
1.9
1.9
9
3
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TBI
TBI placed placement
in lake zone depth (m)
littoral
1.2
pelagic
1.2
pelagic
6
pelagic
12
pelagic
18
sediment
0.9
littoral
0.9
pelagic
0.9
pelagic
1
littoral
2
littoral
5
littoral
10
littoral
2
littoral
5
littoral
10
littoral
2
littoral
5
littoral
10
littoral
2
littoral
5
littoral
10
littoral
2
littoral
5
littoral
10
littoral
2
littoral
5
littoral
10
littoral
2
littoral
5
littoral
10
pelagic
1
littoral
1
sediment
1
pelagic
1
littoral
1
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Max
depth
(m)
20
20
58
58
58
20
20
20
58
11.6
11.6
11.6
8.1
8.1
8.1
6.8
6.8
6.8
23.4
23.4
23.4
11.7
11.7
11.7
7.0
7.0
7.0
7.3
7.3
7.3
3.5
3.5
3.5
21
Secchi
(m)
5.50
5.50
5.00
5.00
5.00
5.50
5.50
5.50
5.0
4.20
4.20
4.20
4.50
4.50
4.50
0.90
0.90
0.90
6.45
6.45
6.45
4.65
4.65
4.65
3.35
3.35
3.35
3.15
3.15
3.15
0.20
0.20
0.20
4.5
1.70

Trophic State
Index
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Eutrophic
Eutrophic
Eutrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Oligotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Mesotrophic
Hypereutrophic
Hypereutrophic
Hypereutrophic
Oligotrophic
Eutrophic

Koppen
Geiger
climate
classification
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cf
Cs
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Quarry lakes have been created as a by-product of human development, therefore they will
continue to be created to meet mankind’s demands. Even if society becomes fully circular
by banning the use of fossil fuels, building solar panels, wind farms, sustainable homes and
computers will still require mining products. Hence, the creation of new quarry lakes will
continue far into the future (Blanchette and Lund, 2016). This legacy of the Anthropocene
will continue to alter landscapes and leave its footprint, positively and negatively, not only
on humans but also on diversity of flora and fauna.

NOVEL QUARRY LAKE ECOSYSTEMS AND THEIR ECOSYSTEM SERVICES
Isolated quarry lakes are the quintessential novel ecosystems, as they are a result of the
direct alteration of the ecosystem characteristics by humans (mining); cross a threshold for
ecosystem properties which is difficult or impossible to return to (grassland to lake), hold a
unique species composition and are self-sustaining in terms of abiotic and biotic properties
without continued human involvement (Morse et al., 2014).
These novel ecosystems can supply a suite of ecosystem services. Shortly after completion
of the quarry activities, people are quick to find and utilize the pristine environments either
for swimming, fishing, diving or boating. Some quarry lakes are even designed to be the
center of the new residential area that required the sand to build in the first place (Fig. 6.1).
But other benefits can be gained from quarry lakes as well. The lakes can sequester
carbon in their sediments, filter anthropogenic pollutants from air and water and supply
harvestable flora and fauna. In Chapter 2 we propose a way to quantify the ecosystem
services a quarry lake can provide based upon their ecological quality, and a way of
communicating these findings to the general public.
The ecological quality of a quarry lake determines the ecosystem services the lake can
provide (Chapter 2; Postel and Carpenter 1997). Directly communicating parameters that
elucidate this quality, such as total phosphorus or nitrogen levels, are difficult to comprehend
for the general audience. Integrating multiple quality parameters in ecosystem states,
provides us with an image representing ecological quality that is intuitive to understand.
I.e. stakeholders can relate to clear water with water plants and fish or murky smelly water
systems instead of a TP of 0.01 mg/l versus 2 mg/l (for a Dutch example for shallow water
bodies see Cusell et al. 2018).
Using these summaries of ecological quality and the concept of ecosystem services
creates a clear view of the use of ecosystems such as quarry lakes for human benefit.
Ecological states are also a powerful tool for explaining the effect of human actions on the
ecosystem itself. Awareness of this effect stimulates environmentally responsible behavior
which in turn can affect the way human actions are taken. To motivate more environmentally
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responsible behavior towards aquatic ecosystems, the water awareness of European citizens
should be enlarged (De Young, 2000). As described in Chapter 4, Europeans underestimate
the amount of water used in daily life and the effect of their actions on water quality.
However, most participants in our survey are willing to learn about and actively improve
local water quality. Citizen science provides an excellent way of involving citizens in water
management related issues (Chapter 5). They are the foremost stakeholders interacting
with the intended medium, i.e. quarry lake, and have the resources and stakes to make sure
the interests of the local community are taken to heart.
Quarry lakes as hotspots for biodiversity
Human activities, whether it be pollution, climate change, the introduction of invasive
species, land use changes (habitat loss and habitat fragmentation) or overexploitation
of resources have increased the rate of species extinction on a global scale (Pimm et al.,
2014). The indirect link between some of these causes and species extinction has led to
the denial or indifference to the disappearance of species (Isbell et al., 2017). This is further
hampered by the unclear mechanism linking species richness and ecosystem functioning,
although species loss is observed to impair the resilience of ecosystems by altering the
pools and fluxes of substances and energy in nature (Tilman et al., 2014). Biodiversity can be
interpreted much broader than species richness alone; interactions between species, rare
versus common species, phylogenetic diversity or functional traits can be better predictors
of ecosystem functioning and services depending. But species richness may still be a
useful predictor of a community’s response to disturbances as there is much species data
available. Combining multiple metrics (alpha and beta diversity, replacement and richness,
see Chapter 3) that may reflect the effect of human actions on ecosystem functioning is in
my opinion the way forward to understanding, and ultimately, predicting the influence of
human activities on the natural environment.
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Fig. 6.1 Aerial pictures of two quarry lakes in the Province of Noord-Brabant. The Galderse Meren (left),
located in a more natural setting, used as an official swimming location, and the Asterdplas (right), an
essential aspect of a recent residential area (Photo’s via Het Waterschapshuis, 2018).

Chapter 6 | General discussion

Quarry lakes can provide high quality habitats for aquatic species in a landscape
affected by land use changes, habitat loss and nutrient enrichment. In Chapter 3, we show
that quarry lakes in the delta of the Meuse and Rhine river in the Netherlands have a better
water quality, and higher transparency (Secchi depth) than surrounding stagnant shallow
water bodies. These quarry lakes contribute unique species to the regional species pool
as these species require the oligotrophic state most quarry lakes still possess. As aquatic
systems are disproportionately impacted by biodiversity loss compared to e.g. their
terrestrial counterparts (Sala et al., 2000), novel aquatic ecosystems such as quarry lakes can
provide refuges to rare species.
Quarry lakes and the future
The United Nations declared 2005-2015 the Decade of “Water for Life” and 2011-2020 the
“Decade of Biodiversity” (United Nations, 2011, 2016b). Both declarations contributed to the
intertwinement of social and ecological solutions to environmental problems as the UN is
a strong driving force behind (international) policy, societal transformations and science.
Aquatic ecosystems are the ultimate recipient of human waste via atmosphere (deposits)
and land (run-off and direct pollution)(Turner et al., 1993). Economic use of aquatic systems
has introduced or eradicated species, affected water-and sediment quality negatively and
demands resources continuously. Furthermore, climate change, population growth and
land use change place extra burdens on aquatic resources (United Nations, 2017). Herein lies
the collective challenge of this century - to use these resources in a socially and ecologically
acceptable manner. Water managers thus face a daunting task of discovering, conserving
and restoring aquatic ecosystems and furthermore, effectively integrate these solutions in
policy and society.
Quarry lakes are at the very beginning of this trajectory of discovery, conservation and
restoration, and still in the process of being recognized as ecosystems to a certain extent.
As we show in Chapter 3, the biodiversity in quarry lakes should no longer be regarded
as low. The surplus of dredged sediment which is applied to at least 70 deep quarry lakes
in the Province of Noord-Brabant, is getting more and more negative responses in media
and policy (NIOO-KNAW, 2019). Local citizens and groups are becoming strong advocates
of the quarry lake’s intrinsic quality, thereby fostering consensus on the growing demand
of society to conserve and perhaps even restore quarry lakes as unique elements in the
landscape. In my view, water managers and policy makers should adopt a landscape or
ecosystem-scale perspective with a strong link to science and public engagement.
In Chapter 2 we propose a framework through which water managers can identify
the ecosystem services a quarry lake can provide. Alternatively, this system can be used
to determine the bandwidth of specific environmental parameters needed to supply a
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The use of the ecosystem services of quarry lakes by humans, can have its effect on the
quality of the lake. To exemplify, swimmers can pollute the quarry environment by leaving
waste, they can trample macrophytes and introduce nutrients via excrement and food.
Walking the dog and refraining from picking up their faeces, feeding waterfowl or fish, all
these human actions can impact water quality (Chapter 4). As a consequence of intensive
use of the lake’s ecosystem services, the provisioning of ecosystem services can deteriorate
over time.
This supply of services provided by quarry lakes is likely to be subject to change as well.
Climate change will have an enormous effect on freshwater ecosystem services by altering
precipitation patterns leading to higher runoff of nutrients into surface waters, saltwater
intrusion through rising sea levels and increases in water abstraction for irrigation (Jeppesen
et al., 2009; Oude Essink et al., 2010; Taylor et al., 2013).
At the same time, the energy transition as mandated by the Paris Climate Agreement
(UNFCCC 2015) may also alter the type of demands of ecosystem services. For example,
quarry lakes can be used to offset carbon emissions by capturing carbon in lake sediments.
Especially quarry lakes with high sulphate concentrations and anoxic conditions, capture
carbon from the atmosphere as bacterial methanogenesis is inhibited, preventing the
emission of the potent greenhouse gas methane (Younger and Mayes, 2015). Alternatively,
quarry lakes can be used to place solar panels to generate green electricity or provide cold
hypolimnion water for cooling. As we have shown, quarry lakes have the potential to supply
unique biodiversity and a range of ecosystems services, so further research is needed to
determine when solar panels are a viable service to be supplied. As it is not yet clear what
impact the presence of solar panels in lakes has on lake ecological functioning, this should
be to my opinion be restricted to low value quarry lakes, i.e. (hyper)eutrophic lakes. Colder
hypolimnetic waters have also been used to cool buildings and industry (Fink et al., 2014).
These deep water withdrawings have been shown to affect the stability of stratification,
with potential cascading negative effects on water quality (Boyce et al., 1993; Marshall et
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specific service. Unfortunately, managers and policy makers often prioritize short-term
local benefits and thus services without taking a larger time- and spatial scale into account.
By disregarding the value of services such as mitigating climate change (e.g. lakes acting
as carbon sinks (Cole et al., 2007) or the distribution of ecosystem services within the
landscape (not every lake has to supply the exact same services in spatially heterogeneous
landscape), the valuation of aquatic ecosystems for society as a whole is incomplete. This
requires the involvement of (water)managers not only at a local and regional scale, but also
on a national scale and beyond - facilitated through intergovernmental organizations such
as the European Union and the United Nations. Quarry lakes can fulfill multiple ecosystem
services for local, national and even global scale due to their ever increasing numbers and
their unique ecology
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al., 2006). Care should be taken before commencing such techniques that the ecosystem is
resilient enough to be able to cope with these changes.
As an inevitable consequence of intense agricultural activities in Noord-Brabant,
most of the quarry lakes I have studied will become more eutrophic over time. This will
further complicate the supply of (future) services, as nutrient poorer lakes can supply more
ecosystem services as demonstrated by case De Kuil in Chapter 2.
Shoaling and its threats to quarry lake ecosystems
Quarry lakes provide citizens with a unique firsthand experience of water quality, water
management and the effect of human action on lakes. Many stakeholders have expressed
concerns when confronted with plans to alter this environment. For instance the utilization
of quarry pit lakes for the deposition of dredged materials has been subject to a heated
societal debate in recent years (‘Shoaling’; NIOO-KNAW 2019). Water managers, policy
makers and shoalers falsely assumed quarry lakes to be ecologically “dead” due to their
large hypolimnion, and their relatively steep banks. This thesis shows that deep quarry lakes
are not ecologically “dead” and provide a unique contribution to the landscape (Chapter
3). Underperception of the value of the quarry lake ecosystem, may underlie the false
assumption that deposition of dredged material to turn deep lakes into shallow lakes leads
to an increase in water quality and a more desired ecosystem state. For the quarry lake to
become shallow (< 6 meters) much material is needed, and since the Netherlands -being
the drainage basin of three large European rivers- has a surplus of dredged sediments, this
material is applied in quarry lakes throughout the Netherlands. However, as these dredged
materials are high in nutrients and sometimes contain contaminants such as heavy metals,
invasive species and anthropogenic materials, a high ecological quality of the newly formed
shallow quarry lake is not guaranteed (Ministry of Infrastructure and Water management.
Government of the Netherlands, 2019); (Zuliani et al., 2016). In some instances, the situation
after shoaling created much more nuisance than before the shoaling action (Zembla, 2019). As
the nutrient funneling and concentration effect of deep systems was lost, nutrients became
readily available leading to (cyanobacterial) blooms and anoxic conditions throughout the
summer (Stroom and Kardinaal, 2016). In addition, as intensive agricultural practices in the
Netherlands are a major driver of eutrophication in the Netherlands, reducing the volume
of a lake, without nutrient abatement will lead to a larger external nutrient loading of the
newly formed shallow lake.
Moreover, the import of dredged materials from abroad as an economically profitable
model in the Netherlands has been on the rise since 2012. Under the pretence of a shortage
to complete a shoaling plan, dredged material from France, Belgium and Germany is
brought in to finish the shoaling project within its 10 years lifespan. These foreign materials
have been a source for concern as the quality is not always guaranteed. Large amounts of
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plastic and other waste materials and the general idea that if a country wants to get rid
of the material it must be faulty, has created a strong social movement (Zembla, 2019).
More and more, shoaling plans have been opposed by citizen’s initiatives questioning the
hypothesis that deep quarry lakes will improve after shoaling. As a consequence, citizens
are motivated to actively assemble (scientific) data, solicit for expert opinions and question
the core assumptions underlying shoaling projects. These citizen initiatives actively involve
stakeholders in the water management and policy process, creating awareness and are an
important step forward towards more integrated water management. I urge water managers
and policy makers to actively participate in the process of addressing viable options for
quarry lakes, and to continue this momentum towards inclusive water management in all
aspects of managing a catchment. The lessons learned from quarry lakes can be applied in
the decision process concerning the use, quality and services to be demanded from aquatic
systems worldwide.
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Summary
Gravel and sand are essential for the construction of roads, buildings and the manufacture
of concrete, and are therefore mined continually around the world. These mining activities
have resulted in the creation of numerous gravel or sand quarry lakes. In the Netherlands
alone, over 500 quarry lakes can be found. Located in areas with high sand deposition such
as deltas, they are often the only deep, stratifying, aquatic ecosystems to be found in the
surrounding landscape dominated by shallow water bodies. In-depth research towards
understanding the ecology of these man-made small deep (quarry) lakes is still lacking.
Freshwater ecosystems provide a range of services including drinking water, flood
control, transportation, wildlife habitat, recreation and supply of goods such as fish,
waterfowl and mussels. Often located near or in residential areas, quarry lakes are in many
instances the primary aquatic system people interact with. The ecosystem services these
man-made lakes can provide are rarely quantified or qualified by science and local (water)
policy makers. However, local citizens ask various services to be supplied of these systems.
Which services can be provided by a freshwater ecosystem depends to a large extent on the
ecological quality of that ecosystem. Quarry lakes with high water clarity, low in nutrients
and high in biodiversity can supply services as habitat for biodiversity and swimming,
whereas quarry lakes higher in nutrients can sustain a bigger fish population suitable for
professional or recreational fishing. Hence, not all potential ecosystem services can be
optimally provided for by one system. Including citizens in determining which, and why,
specific services can be provided for by the lake creates understanding of lake ecology and
increases environmental literacy.
In this thesis we propose a framework to enable water managers to assess the ability of
a specific quarry lake to provide specific services based upon their ecological quality
(Chapter 2). For each ecosystem service we determined threshold values based upon
available scientific literature, an extensive field survey of 51 quarry lakes located in the Meuse
delta, the Netherlands or expert knowledge. We applied this system to Lake De Kuil (the
Netherlands) where regular cyanobacterial blooms occurred due to eutrophication. After a
restoration measure was performed in which nutrient concentrations in the water column
and lake sediment were lowered, cyanobacterial blooms disappeared. After restoration,
Lake De Kuil was more suitable to supply various ecosystem services including swimming;
the primary service required by the local residents. Alternatively, this system can be used to
determine the bandwidth of specific environmental parameters needed to supply a specific
service.
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Additionally, we linked ecosystem states with elements of alternative stable state theory
to our ecosystem services approach to facilitate communication between stakeholders,
scientists, water managers and policy makers. Ecological states are also a powerful tool for
explaining the effect of human actions on the ecosystem itself.
In Chapter 3, we focused on the biodiversity of macrophytes which can be found
in quarry lake ecosystems. The link between community composition and ecosystem
functioning (and the ecosystem services the system can supply) is not fully understood. The
main drivers of ecosystem processes are usually attributed to common species, however
this does not indicate a functional redundancy of rare species. Rare species can supply
high functional uniqueness as rare species loss can lead to a disproportional large effect on
the biomass production of the ecosystem. Biodiversity is thus directly linked to ecosystem
functioning, and the services an ecosystem can supply. We compared the macrophyte
diversity and water quality of 51 quarry lakes in the Province of Noord-Brabant (Meuse delta,
the Netherlands) to the surrounding shallow water bodies. Quarry lakes are clearer, nutrient
poorer and contain macrophyte species not found in the surrounding shallow waterbodies.
Oligotrophic quarry lakes contribute disproportionality to the regional macrophyte species
pool and should therefore be protected from anthropogenic activities that can impact
these unique novel ecosystems.
In the second part of this thesis we focus on the importance of including stakeholders in
water management and aquatic environmental research as fresh water is a limited resource
under anthropogenic threat. To successfully protect the ecological quality of Europe’s water,
the Water Framework Directive promotes citizens’ engagement in water quality assessment
and solutions. Educating the public about sustainable personal water use and water
quality threats becomes an absolute necessity. In Chapter 4 we describe the results for a
questionnaire distributed among European citizens about water awareness. We analyzed
the results from 498 people in 23 countries to investigate whether people were aware of how
much water they used, what they perceived as threats to water quality and whether they
would like to help improve water quality. Our results showed that the amount of daily water
use was greatly underestimated among respondents. Furthermore, the effects of climate
change and detrimental habits such as feeding ducks were underestimated, presumably
because of environmental illiteracy. However, eighty-five percent (85%) of our participants
indicated an interest in directly working together with scientists to understand and improve
their local water quality. Engaging citizens may not only help improve surface water quality,
and raise awareness about cause and effect chains in water quality, but will also reduce the
personal fresh water usage.
One effective way of including stakeholders in local water management is to start
citizen science projects. In these projects, individuals or groups learn about, monitor,
preserve and improve water quality. To exemplify a way in which citizens can contribute
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to aquatic research and water management we describe the use of the Tea Bag Index (TBI)
in lakes by citizens in Chapter 5. We adapted the TBI, a highly standardized methodology
for determining soil decomposition, for lakes by incorporating a leaching factor. A citizen
science project was then organized to test the aquatic TBI in 40 European natural and quarry
lakes, located in four climate zones, ranging from oligotrophic to hypereutrophic systems.
By providing standardized protocols, a website, as well as face-to-face meetings, we also
showed that collecting scientifically relevant data can go hand in hand with increasing
scientific and environmental literacy in participants. Gathering process-based information
about lake ecosystems gives managers the best tools to anticipate and react to future global
change.
Water managers and policy makers should adopt a landscape or ecosystem-scale
perspective with a strong link to science and public engagement. Active participation by all
stake holders in the process of addressing viable options for quarry lakes is vital for inclusive
water management. The lessons learned from quarry lakes can be applied in the decision
process concerning the use, quality and services to be demanded from aquatic systems
worldwide.
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Samenvatting
Grind en zand zijn essentieel voor de aanleg van wegen, gebouwen en de productie van
beton en worden daarom voortdurend over de hele wereld gedolven. Deze mijnactiviteiten
hebben geleid tot de aanleg van talloze grind- of zandwinplassen. Alleen al in Nederland
zijn meer dan 500 grind-of zandwinplassen te vinden. Gelegen in gebieden met een hoge
zandafzetting zoals delta’s, zijn ze vaak de enige diepe, gelaagde, aquatische ecosystemen
in een landschap gedomineerd door ondiepe waterlichamen. Diepgaand onderzoek naar
de ecologie van deze door de mens gemaakte kleine diepe grind- of zandwinplassen
ontbreekt.
Zoetwaterecosystemen bieden een scala aan ecosysteemdiensten, waaronder
drinkwater, overstromingsbeheersing, transport, natuurhabitat, recreatie en levering van
goederen zoals vis, watervogels en mosselen. Vaak gelegen nabij of in woonwijken, zijn
grind- of zandwinplassen in veel gevallen het primaire watersysteem waarmee mensen
omgaan. De ecosysteemdiensten die deze door de mens aangelegde meren kunnen
bieden worden zelden gekwantificeerd of gekwalificeerd door wetenschap en lokale
watermanagers en beleidsmakers. Burgers vragen echter om verschillende diensten die
door een en hetzelfde systeem zou moeten worden geleverd. Welke diensten door een
zoetwaterecosysteem geleverd kunnen worden, hangt in grote mate af van de ecologische
kwaliteit van dat ecosysteem. Grind- of zandwinplassen met een hoge waterhelderheid,
weinig voedingsstoffen en een hoge biodiversiteit kunnen diensten leveren als habitat voor
biodiversiteit en zwemmen, terwijl grind- of zandwinplassen met meer voedingsstoffen
een grotere vispopulatie kunnen onderhouden en dus geschikter zijn voor professionele of
recreatieve visserij. Niet alle potentiële ecosysteemdiensten kunnen dus optimaal door één
systeem worden geleverd. Door burgers te betrekken bij het bepalen van welke specifieke
diensten door de plas kunnen worden geleverd, ontstaat inzicht in de ecologie van het
meer en neemt de kennis van het milieu bij alle belanghebbenden toe.
In dit proefschrift stellen we een kader voor waarmee waterbeheerders voor een specifiek
grind- of zandwinplassen kunnen beoordelen welke specifieke ecosysteemdiensten
kunnen worden geleverd op basis van hun ecologische kwaliteit (Hoofdstuk 2). Voor
elke ecosysteemdienst hebben we drempelwaarden bepaald op basis van beschikbare
wetenschappelijke literatuur, een uitgebreid veldonderzoek van 51 grind- of zand
winplassen in de Nederlandse Maasdelta, of kennis van experts. We hebben dit systeem
toegepast op zandwinplas De Kuil (Breda, Noord-Brabant) waar regelmatig cyanobacteriebloei plaatsvond als gevolg van eutrofiëring. Nadat een herstelmaatregel was uitgevoerd
waarbij de nutriëntenconcentraties in de waterkolom en het sediment van de plas waren
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verlaagd, verdween de cyanobacterie-bloei. Na restauratie was De Kuil geschikter om
verschillende ecosysteemdiensten te leveren, waaronder zwemmen; de primaire service
vereist door de lokale bewoners. Als alternatief kan dit systeem worden gebruikt om de
bandbreedte te bepalen van specifieke omgevingsparameters die nodig zijn om een
specifieke service te leveren. Daarnaast hebben we ecosysteem toestanden gekoppeld
aan elementen van de alternatieve stabiele toestandstheorie en vervolgens aan onze
ecosysteemdienstenbenadering om de communicatie tussen belanghebbenden,
wetenschappers, waterbeheerders en beleidsmakers te vergemakkelijken. Ecologische
toestanden zijn een krachtig hulpmiddel om het effect van menselijke acties op het
ecosysteem zelf te verklaren.
In Hoofdstuk 3 hebben we ons gericht op de biodiversiteit van macrofyten die
gevonden kunnen worden in grind- of zandwinplassen. Het verband tussen de samen
stelling van de macrofytengemeenschap en het functioneren van het ecosysteem (en
de ecosysteemdiensten die het systeem kan leveren) wordt niet volledig begrepen. De
belangrijkste ecosysteemprocessen worden meestal toegeschreven aan algemene soorten,
maar dit duidt niet op een functionele redundantie van zeldzame soorten. Zeldzame
soorten kunnen een hoge functionele uniciteit bieden, omdat het verlies kan leiden tot
een onevenredig groot effect op bijvoorbeeld, de biomassaproductie van het ecosysteem.
Biodiversiteit is dus direct gekoppeld aan het functioneren van ecosystemen en de diensten
die een ecosysteem kan leveren. We hebben de macrofyten diversiteit en waterkwaliteit
van 51 grind- of zandwinplassen in de provincie Noord-Brabant (Maasdelta, Nederland)
vergeleken met de omliggende ondiepe waterlichamen. Grind- of zandwinplassen zijn
helderder, armer aan voedingsstoffen en bevatten macrofytensoorten die niet voorkomen
in de omringende ondiepe waterlichamen. Oligotrofe grind- of zandwinplassen dragen
disproportioneel bij aan de regionale pool van macrofytensoorten en moeten daarom
worden beschermd tegen antropogene activiteiten die van invloed kunnen zijn op deze
unieke nieuwe ecosystemen.
In het tweede deel van dit proefschrift focussen we op het belang van het betrekken van
belanghebbenden bij waterbeheer en aquatisch (wetenschappelijk) onderzoek, aangezien
zoet water een beperkte bron is onder antropogene bedreiging. Om de ecologische kwaliteit
van het Europese water met succes te beschermen, bevordert de Kaderrichtlijn Water de
betrokkenheid van de burger bij de beoordeling en verbeteren van de waterkwaliteit.
Het publiek informeren over duurzaam persoonlijk watergebruik en de factoren die
de waterkwaliteit bedreigen is een absolute noodzaak. In Hoofdstuk 4 beschrijven
we de resultaten van een vragenlijst die onder Europese burgers werd verspreid over
waterbewustzijn. We analyseerden de resultaten van 498 deelnemers in 23 landen om te
onderzoeken of mensen wisten hoeveel water ze gebruikten, wat ze zagen als bedreigingen
voor de waterkwaliteit en of ze wilden helpen de waterkwaliteit te verbeteren. Uit onze
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resultaten bleek dat de dagelijkse hoeveelheid watergebruik onder de respondenten sterk
werd onderschat. Bovendien werden de effecten van klimaatverandering en schadelijke
gewoonten, zoals het voeren van eenden, onderschat. Vijfentachtig procent (85%) van onze
deelnemers gaf aan geïnteresseerd te zijn in directe samenwerking met wetenschappers
en waterschappers om hun lokale waterkwaliteit te begrijpen en te verbeteren. Het
betrekken van burgers kan niet alleen bijdragen aan het verbeteren van de kwaliteit van
het oppervlaktewater en het vergroten van het bewustzijn over de oorzaak en gevolg van
menselijke activiteiten op de waterkwaliteit, maar zal ook het persoonlijk gebruik van zoet
water verminderen.
Een effectieve manier om belanghebbenden bij het lokale waterbeheer te betrekken,
is door burgerwetenschapsprojecten te starten. In deze projecten leren individuen of
groepen de waterkwaliteit bewaken, behouden en verbeteren. Om een voorbeeld te geven
van hoe burgers kunnen bijdragen aan aquatisch onderzoek en waterbeheer beschrijven
we het gebruik van de Tea Bag Index (TBI) in meren door burgers in Hoofdstuk 5. We
hebben de TBI, een zeer gestandaardiseerde methode voor bepalen van de decompositie
in grond, aangepast voor gebruik in meren door het opnemen van een uitloogfactor. Een
burgerwetenschapsproject werd vervolgens georganiseerd om de aquatische TBI te testen
in veertig Europese natuurlijke zandwinplassen, gelegen in vier klimaatzones, variërend van
oligotrofe tot hypereutrofe systemen. Door gestandaardiseerde protocollen, een website
en face-to-face bijeenkomsten aan te bieden, toonden we ook aan dat het verzamelen
van wetenschappelijk relevante gegevens hand in hand kan gaan met toenemende
wetenschappelijke en ecologische kennis bij deelnemers. Het verzamelen van proces
gebaseerde informatie over ecosystemen van meren biedt managers de beste tools om te
anticiperen en te reageren op toekomstige wereldwijde veranderingen.
Waterbeheerders en beleidsmakers moeten een landschaps- of ecosysteemschaalperspectief
hanteren met een sterke link naar wetenschap en publieke betrokkenheid. Actieve partici
patie van alle belanghebbenden bij het aanpakken van haalbare opties voor grind- of
zandwinplassen is van vitaal belang voor inclusief waterbeheer. De lessen die uit grind- of
zandwinplassen zijn getrokken, kunnen worden toegepast in het besluitvormingsproces met
betrekking tot het gebruik, de kwaliteit en de diensten die wereldwijd van watersystemen
worden verlangd.
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